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Abstract

Food fraud is a challenge in today’s expanding global food industry. Recently

weaknesses in current testing methods for meat authentication have been exposed.

Labels are assumed to accurately describe the contents of meat products, however

these can be easily manipulated. Consumers must have confidence in food products

for various reasons, including allergies and religious beliefs. Techniques have been

created to target obvious types of fraud, however the more subtle types remain

difficult to combat. This work aimed to understand the chemical composition of meat

products in order to develop methods that can tackle complex frauds. The

development of a data processing and statistical workflow sufficient for vast

untargeted metabonomic datasets was also essential for this research.

Liquid chromatography quadrupole time-of-flight mass spectrometry, with robust

quality control procedures and multivariate statistics, were used to measure changes

in the metabolic profile of meat samples. Specifically, the differentiation between

normally slaughtered and dead on arrival chicken was achieved, and sphingosine was

identified as a key marker in the muscle tissue. An investigation into the duration of

frozen storage and freeze-thaw cycling of meat found the fatty acid degradation

pathways were most affected. The adulteration of minced beef products with other

meat species yielded the tentative identifications of several markers that could be

used to detect adulterated beef products regardless of whether the meat is raw or

cooked. Finally, the metabolic changes occuring during the spoilage of chicken were

observed, and showed that amino acid and fatty acid concentration could be used to

determine the shelf-life of meat products.

The methodologies that have been presented in this work have shown potential to be

implemented and developed as robust detection methods to combat subtle food

frauds in the future.
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Chapter 1

Introduction

1.1 Food fraud

1.1.1 Background

Food fraud occurs when food is placed on the market with the deliberate intent of

deceiving the customer, whether it is for financial gain or an easier method of

producing the product [1]. It includes adulteration, ingredient substitution, and

tampering of the label [2] to reduce production costs whilst appearing to offer the

same product in the eyes of the consumer. Adulterating with cheap alternatives,

stating false information on the labels, and extending the shelf-life of products are all

manners in which manufacturers commit food fraud [3]. The increasing globalisation

of the food industry creates complex issues when authenticating food products, which

means methods need to be developed to detect these fraudulent activities.

Food fraud is generally considered to be an economic issue, however any modification

to the food product that the consumer is not aware of may lead to adverse health

effects. The criminal is the only person aware of changes to the product not stated on

the label, but would not have the expertise to deduce if the changes to the product

have any toxic or hazardous effects to the consumer [4]. A change to a food product

that remains unknown to the public is also an issue for people with allergies; if the

label does not state exactly what is in the product, it could cause serious harm to the

consumer. Some religious communities also require the labels on food products to be

correct in order to avoid ingredients that are prohibited due to their beliefs [5]. This

is why it is crucial that the contents within a food item are specified on the label,
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describing exactly what is in the product, enabling the consumer to make an educated

decision to buy food items that suit their own particular requirements or religion [6].

Not only do these fraudulent activities affect the consumer, but they also cause an

issue for honest producers. The cost of their production remains as expected, and so

the profit margin is considerably less than producers who deliberately deceive

consumers in order to reduce production costs. This provides additional temptation

for more producers to start being dishonest about the production method or contents

of their products, especially when many acts of fraud go undetected due to the subtle

nature of the changes to the product, and the lack of a method of detection.

The Food Standards Agency (FSA) is a governmental body covering England, Wales

and Northern Ireland. They aim to protect the consumer’s health and interests in

relation to food, and is responsible for the safety and hygiene of food, as well as

maintaining the consumers’ confidence in the food they purchase. The FSA have

carried out ‘The Food and You survey’ every 2 years since 2010. This questionnaire

aids in understanding the public’s perception of the food industry. In 2014, only 34%

of respondents said they always felt confident in the information on labels of food

products, and of those who were not confident, 31% said they read the food labels

more carefully [7]. This is evidence that consumers put a large amount of faith into

the information on food labels, but unfortunately mislabelling is one of the main

methods for food fraud, and it is difficult to detect.

1.1.2 Recent food fraud incidents

There are a vast range of food products that have been targeted by food fraud in

recent years. Specifically: honey, olive oil, seafood, meat, dairy products and herbs

and spices [8]. Due to the direct impact these incidents can have to the public, many

of these fraudulent activities are reported in the news, making the public aware of the
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issues within the food industry and decreasing their trust in food products. The Joint

Research Centre (JRC) of the European Commission provides a monthly report on

the issues that have arisen in media coverage regarding the global food industry [9].

From the 2018 reports, the main acts of fraud are through mislabelling of products,

substitution of ingredients and masking of the origin of the product. The main food

areas that have been targeted are seafood, meat and wine. Specifically in the UK,

fish products were illegally exported through the use of another company’s label, an

Indian restaurant was found to be selling mutton as lamb and eggs were sold as

free-range at a high price despite not meeting the criteria for free-range products [9].

Within these reports, there have also been many cases of fraud that could have posed

a health risk to the public had it not been detected. Bakeries in Pakistan were selling

products containing possible carcinogenic substances replacing food colours, meat in

Brazil had been found to be adulterated with starch at a level above the legal limit

and contaminated with listeria, and meat not suitable for human consumption

entered the Belgium market as minced meat with falsified expiry dates. The incorrect

storage or consumption after the use-by date has severe health implications, as

bacteria accumulates on food products, causing food poisoning. Adulteration with

unknown compounds can also cause health implications. One of the most known

cases of this in recent years was the adulteration of milk with melamine in China in

2008. Melamine is a chemical used in glues and adhesives, and is used in milk to

increase the nitrogen concentration. This falsely indicates an increase in protein

concentration, despite the dilution of the milk [10]. The health effects of this

adulteration were vast, with 52,000 children hospitalised, and 6 infant deaths, caused

by the detrimental effects melamine has on the human body [11].

The meat industry appears to be heavily targeted for fraud on a regular basis. The

detection of undeclared horsemeat in processed beef products in Europe in 2013

confirmed the vulnerability of this industry. With the vast complexity of the food
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supply chain, it became evident that the authentication methods in place were not

sufficient to stop a large scale adulteration event to occur. Despite this realisation 5

years ago, undeclared horsemeat has continued to be found in meat products,

specifically in the Irish market [9].

1.1.3 Authentication techniques

The authentication of food products confirms the information on the label is correct.

This information includes geographical origin, ingredient content, and production and

processing methods [12]. Many organisations and governments have been created

around the world to provide standardised criteria for higher quality items that can be

sold at a more expensive cost. This creates an opportunity for counterfeiting and

mislabelling in order to benefit economically. With the advancement of technology,

there are several techniques that can be employed to authenticate food products,

including genomics and proteomics, chromatography, isotope ratio methods,

immunological methods, and spectroscopy [12].

DNA-based techniques have been particularly useful in determining the species in

meat and fish products, especially in processed foods [13]. A polymerase chain

reaction (PCR) assay is the fundamental approach in DNA-based food authentication

methods, where specific small fragments of DNA are amplified to determine the

species or origin of a product, usually analysed through the use of gel electrophoresis.

This is useful when looking at the adulteration with different species, however it has

limited value when meat is adulterated with tissue of the same species. This is an

issue when products are represented as 100% chicken breast tissue, for example. Food

authentication methods using a proteomic approach involves the use of high

resolution mass spectrometry to detect peptide markers associated with different

foods. This technique is mostly used for species determination, and as such,

complements DNA-based techniques [14]. These techniques were particularly useful
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during the investigation of undeclared horsemeat in processed beef products.

Chromatographic methods are able to separate the individual components within a

complex mixture that can be encountered during food analyses, and can attempt to

identify compounds when coupled to other techniques, such as mass spectrometry.

High performance liquid chromatography (HPLC) is able to detect proteins,

carbohydrates and lipids, and gas chromatography is more applicable to volatile

compounds. Gas chromatography has been used in detecting the adulteration of olive

oil based on the fatty acid content, as well as determining the geographical origin of

olive oil [15]. HPLC is a fairly new addition to the tools used for authenticating of

food products, and has been used to detect the adulteration of milk, and the analysis

of triglycerides to differentiate between coffee types. Ultra high performance liquid

chromatography (UHPLC) has been successful in quantifying polyphenols in fruit

juice, which is important due to the elevated prices associated with fruit juice

containing a high concentration of polyphenols based on the health benefits of these

compounds [16].

EU legislation [17] provides protection for food products based on geographical

origin [18]. Protected Designation of Origin (PDO) is the term used for food items

that are associated to a specific region based on exact and unique processing

techniques that cannot be carried out in alternative locations. These food products

have a higher value associated to them, and therefore analytical techniques are

required in order to verify their geographical origin. This aids in preventing

mislabelling and origin masking that causes consumers to pay more for a food

product that has not originated from a location with associated higher prices. Many

techniques have been implemented to determine the geographical origin of products,

including gas chromatography mass spectrometry, spectroscopic techniques such as

nuclear magnetic resonance (NMR) and infrared (IR) spectroscopy, and HPLC and

capillary electrophoresis (CE) [19]. The best approaches for the authentication of

5



Chapter 1

geographical origin, however, are isotope-based techniques, such as isotope ratio mass

spectrometry (IRMS), and elemental analysis methods, such as inductively coupled

plasma mass spectrometry (ICP-MS) [18]. The isotopic and elemental composition of

soil and fodder varies globally, and these properties allow IRMS and ICP-MS to be

beneficial in verifying the geographical origin of food products. IRMS has been used

to differentiate between cheeses from different regions of Italy based on the carbon

and nitrogen isotopes [20], and ICP-MS has been successful in determining the origin

of onions based on the mineral composition [21].

Immunoassays are commonly used within the meat industry for authentication

purposes due to their high sensitivity and low cost. They use antibodies that bind

specifically to a protein of interest in a food sample and are most often used to

identify the species of a meat product and any potential adulterant meat. Enzyme

Linked Immunosorbent Assay (ELISA) is the most prevalent method for food

authentication, and again is mostly used to differentiate between meat species [22].

Despite many advantages, these techniques can give false-positive results, rely on the

availability of antibodies for the proteins of interest, and are not useful with

processed products that have undergone extreme heat [23].

Spectroscopic techniques are often used in food authentication due to the speed of

analysis, cost of equipment, and its non-destructive nature. These methods usually

require the use of advanced mathematical and statistical processes to aid in the

interpretation of the results. Fluorescence spectroscopy detects polyaromatic

hydrocarbons and heterocyclic compounds, and has been used to differentiate

between virgin olive oil and other cheaper alternatives. Infrared spectroscopy has

been used to authenticate a wide range of food products such as honey, meat and

cheese, and it has also been implemented to detect and quantify the adulteration of

milk. Raman spectroscopy is not subjected to interference by water like other

spectroscopic techniques, and so is particularly useful with food that has a high water
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content, such as fruit and vegetables. It has been able to detect the adulteration of

honey, olive oil, meat and fish [24].

All of these techniques have been successful in a variety of areas within the food

industry, however they all have disadvantages associated with them, and many of

them require prior knowledge before analysing samples. The development of

techniques that gain a global view of the chemical composition of the food products

will provide the fundamental research needed for targeted assays to be developed,

that may be more efficient than current methods.

1.1.4 Meat fraud

As previously mentioned, one of the main areas of interest today is meat fraud,

mainly stimulated by the detection of horse meat in processed meat in 2013 [6]. Ever

since this incident, the consumers trust in meat products has decreased substantially,

and it has become evident that there are weaknesses in the testing of the authenticity

of meat products. There have been many studies investigating methods to measure

the authenticity of meat, as described previously, however, these techniques all have

disadvantages, especially when investigating the more subtle changes to food

products that currently rely on the information on the label.

It is essential to develop untargeted methods and workflows that are able to provide

an insight into the chemical composition of meat products and associated fraudulent

products. These will subsequently determine specific markers or types of compounds

that are significant to particular types of fraud, which will aid in the development of

targeted assays to combat fraud within the increasingly complex food industry.
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1.2 The chemistry of meat

1.2.1 Muscle to meat conversion

Animals have three kinds of muscle tissue; skeletal, smooth and cardiac. It is the

skeletal muscle that is most commonly used in meat products. Skeletal muscle, the

structure of which can be seen in Figure 1.1, consists of long, thin cells called muscle

fibres, which contain myofibrils that form the contracting part of the muscle. A

number of muscle fibres are gathered together and encased in connective tissue called

endomysium, and surrounded by a thin sheet of connective tissue called

perimysium [25]. Many of these bundles are held together by a thicker layer of

connective tissue called epimysium, and blood vessels run throughout these

structures. These blood vessels provide the oxygen necessary for oxidative

phosphorylation to occur and energy in the form of adenosine triphosphate (ATP) to

be produced for muscle contraction. When muscle contraction occurs there is a delay

in the increase of ATP production, so in the meantime creatine phosphate aids in the

rapid production of ATP. The blood vessels also transport carbohydrates, proteins

and lipids around the body where they are stored in or near the muscle tissue ready

to be used for energy once the muscle ATP stores are depleted, particularly during

times of exercise [26].

Epimysium

Perimysium

Endomysium

Muscle fibre
(cell)

Myofibril

Blood vessels

Figure 1.1: Structure of skeletal muscle, adapted from Stanfield and Germann [26]
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The conversion of muscle to meat is a complicated biochemical process that happens

after death. Once blood circulation stops, anaerobic conditions begin, causing the

local energy sources to be used. ATP is immediately generated by the

dephosphorylation of creatine phosphate, and then later by glycogenolysis and

glycolysis. However, once the concentration of creatine phosphate decreases, ATP

decreases and free phosphate groups increase, which causes the accumulation of

lactate and a decrease in pH. Rigor mortis is the point in which the muscles become

stiff and rigid due to reaching a plateau in the lactate concentration and pH

level [27]. This also causes a decrease in the water-holding capacity of the muscle,

where water moves into the extracellular space and out of the muscle, resulting in

shortening of the myofibrils and shrinkage. Proteases then degrade proteins within

the muscle, thus improving the tenderness [27]. The anaerobic conditions in the

muscle tissue results in the production of reactive oxygen species, which then cause

oxidative damage to proteins. This aids in the tenderisation of the meat, however if it

continues, the meat becomes tough and dark, decreasing the quality of the meat

product [28]. All of these processes show that vast chemical changes occur after

death, and these can be exploited to detect complex fraud within the meat industry.

1.2.2 Different tissue types

Muscle is the most common tissue type used in meat products in the UK. The

consumption of other tissue types, such as liver and heart, has increased around the

world due to their nutritional benefits. Liver has been found to contain higher

amounts of polyunsaturated fatty acids (PUFA), creatine and carnosine compared to

muscle tissue [29], and heart tissue has been reported to have a high amount of

leucine, lysine and other amino acids [29, 30]. It is also known that the cholesterol

content is higher in the organs of animals compared to the muscle tissue.

The chemical composition varies substantially between tissue types, as well as being
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affected by environmental influences, such as diet, geographical origin and exposure

to light [31]. This can cause the chemical analysis of different tissue types to become

very complex.

1.3 Metabonomics

Metabonomics is the study of metabolites, which are low molecular weight

compounds (less than 1500 Da); collectively known as the metabolome. They include

mainly organic species such as amino acids, fatty acids, carbohydrates, vitamins and

lipids [32]. Metabonomics can be defined as the ‘quantitative measurement of the

dynamic multiparametric metabolic response of living systems to pathophysiological

stimuli or genetic modification’ [33, 34]. It focusses on the changes in metabolic

profile caused by disease or environmental influences. This term can be confused with

metabolomics, which is the study of the metabolites present within an organism, cell

or tissue [35], and both terms have been used interchangeably [36]. Metabolomics

tends to describe the study of metabolites within a single cell, whereas metabonomics

studies the full systems biology approach, which encompasses the whole organism,

including all organs and cell types, and the changes that occur over time [34]. It can

be classified within the ‘omics’ technologies, which includes genomics, the study of

the genome; transcriptomics, the study of gene expression; proteomics, the study of

protein expression; and finally metabonomics, the study of the metabolome [36].

Analyses using metabonomic methods can be both targeted, where a specific

compound or class of compound can be searched for, and untargeted. The latter is

more of an issue due to the vast number of metabolites that can be present within a

sample, however, it is a very useful technique for initial investigations [35]. Many

metabolites can be found, and any metabolic changes due to diet, environment,

disease, or drugs can be monitored over a period of time [37].
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Metabonomics has the advantage of analysing the metabolic profile of the whole

organism, which increases its usefulness in many fields of research [38], including

medicine [39, 40], nutrition [41, 42], environmental sciences [43–45], and

toxicology [46–48]. The concept of metabonomics originated from work using nuclear

magnetic resonance (NMR) to study the metabolism of metal compounds in human

blood [49]. The use of NMR as an analytical technique for metabonomics has been

the main focus for research due to the structural information that can be obtained

from this method [50]. In the last 10 years, the use of mass spectrometry has become

increasingly more popular in the field of metabonomics [51, 52], and it can be coupled

with techniques such as gas chromatography, liquid chromatography and capillary

electrophoresis [53].

Metabonomics has become a frequently used tool for the quality, processing and

safety of food products. Utilising an untargeted approach, a metabolic profile can be

obtained, and markers can be found that can be used to detect food fraud [54]. The

untargeted approach is particularly beneficial in this field as any changes to the

metabolic profile can be detected without any previous knowledge. There are a

number of areas within the food industry with the potential to use this technique,

including honey, oils, alcohol, fruit juices and meat [55]. Adulteration of fruit juices is

a common area of fraud due to the high cost of producing 100% fresh juice, and it is

difficult to detect adulterants just by taste or aroma [42]. The metabolic profile of

juice can be obtained by analytical methods such as ultra-high performance liquid

chromatography coupled with quadrupole time-of-flight mass spectrometry

(UHPLC-Q-ToF), and the purity of the juice can be investigated to see if it has been

adulterated with other fruit juices, water, or added sugars, to assess the overall

authenticity of the juice [56]. There has also been a lot of research in the use of

metabonomic techniques for investigating the authenticity of high price items such as

honey, oils and wine [57]. It is common to get fraud occurring within the expensive

products on the market, due to the manufacturers excluding the ingredient that
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makes the product expensive, and replacing it with a cheaper alternative, without the

consumers’ knowledge. The origin of the ingredients is also a factor when it comes to

the price of food items, with certain food products considered to be of better quality

originating from one location over another. Many analytical techniques are used in

order to determine the geographical origin of food products, including mass

spectrometry, spectroscopy, and chromatography [19]. Interestingly, metabonomics

has been applied to orange origin discrimination with the use of UHPLC-Q-ToF,

using robust quality control protocols, to identify markers for the authentication of

Valencia oranges [58].

Focussing on the meat industry, previous metabonomic approaches have been applied

to the verification of the origin of meat, the identification of any meat substitution,

the identification of meat processing treatments and the detection of any non-meat

additives [59]. Specifically, inductively coupled plasma-mass spectrometry (ICP-MS)

has been found to be useful in determining the origin of meat products based on the

elemental composition. NMR-based metabonomics has also proven useful in

determining the geographical origin of beef products [60]. The detection of the illegal

act of mechanically recovered meat (MRM) using metabolic profiles obtained from

gas chromatography-mass spectrometry (GC-MS) has also been investigated, with

specific markers found to show potential in detecting this fraudulent activity [61].

This study included additional extraction processes to ensure all metabolites were

obtained, and reproducibility tests to gain reliable data. The application of

metabonomics and small molecule profiling to understanding the complex chemical

changes that occur in animals prior to and after slaughter, as well as during different

storage conditions, could aid in the detection of very subtle and complex frauds that

occur within the meat industry. These include the falsification of shelf-life dates, and

mislabelled fresh products that have been previously frozen.
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1.4 Rationale and aims

The importance of authenticating meat products has reached a critical point in

society. The food supply chain has become more complex and global in nature,

causing frauds to continue without detection despite tests being in place. The more

subtle frauds that rely on trusting the labelling of products are extremely difficult to

control due to the lack of methods that can detect them. These subtle frauds can

cause many concerns to the consumer as the changes made to the product could defy

their personal or religious beliefs, as well as potentially causing negative health

effects.

This work aims to address key areas within the meat industry, some of which do not

currently have a chemical method of detection. Using an untargeted metabonomic

approach, a deeper understanding of the chemical changes that occur within meat

products before and after slaughter could aid in the development of more specific

targeted assays that can then be used within the meat industry to detect the more

subtle changes to food products. This fundamental research aimed to present a

workflow suitable for initial small molecule profiling studies that focussed on

extremely subtle changes in meat products. This was with the purpose to aid in the

development of targeted approaches for the issues specified in this work. The

application of the workflows and techniques used in this research could also be

implemented to detect other subtle frauds in complex matrices other than meat in

the future.

The specific aims for this research are as follows:

� To develop a data processing and statistical workflow suitable for untargeted

metabonomic studies

� To investigate the metabolic differences between normally slaughtered and dead

on arrival poultry meat
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� To examine the changes in metabolic content during frozen storage of chicken

muscle, lamb muscle and lamb liver tissue

� To determine the effect that freeze-thaw cycling has on the metabolic content of

chicken muscle and lamb liver tissue

� To analyse the effect of adulteration on raw and cooked minced beef with different

percentages of minced pork, lamb or turkey meat

� To investigate the metabolic changes that occur during the spoilage process in

chicken muscle tissue stored at different temperatures to independently determine

the shelf-life of chicken
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Analytical techniques and methodologies

2.1 Chromatography

Chromatography is a technique that is used to separate components within a complex

mixture. The method is based on the transport of a mixture suspended in a mobile

phase through a stationary phase. The components within the mixture are separated

depending on the affinity to both phases [62]. The stationary phase is usually a solid

in a small-particle form, and the mobile phase is either a gas (gas-chromatography) or

a liquid (liquid chromatography) [63].

2.1.1 High performance liquid chromatography

Liquid chromatography is a technique that can be used to separate a variety of

organic compounds. It can provide both a qualitative and quantitative analysis of a

mixture, with each component having its own retention time and peak area

proportional to the amount of that component [63]. Some components can have the

same retention time as each other under the same conditions, and this is known as

co-eluting. The basic instrumentation consists of a solvent reservoir, a pump, an

injector port, the column, a detector, and a data processing system [64]. The solvent

reservoir contains the mobile phase, which usually consists of water and an organic

solvent. The mobile phase aids in the transport of compounds within the mixture

and affects the separation of individual components. The pump forces the mobile

phase through the system at a high pressure. These can be binary in order to pump

two different mobile phases at the same time, or quaternary for four mobile phases.
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The injector port controls the introduction of the liquid sample and works via a

rotating valve system. In the load position, the mobile phase flows from the pump to

the column, while the sample is injected and fills the loop, and any excess is removed

via the waste line. In the inject position, the mobile phase flows from the pump,

through the loop, and to the column, carrying the sample [62].

The column contains the stationary phase, which works with the mobile phase to

separate the mixture dependent on how the individual components interact with each

phase. Typically, the stationary phase is made up of spherical silica gel beads. The

type of liquid chromatography depends on the polarity of the stationary phase;

normal phase HPLC will have a polar stationary phase and a less polar mobile phase,

and reversed phase HPLC will have a nonpolar stationary phase and a more polar

mobile phase.
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Figure 2.1: Separation of compounds in Reversed Phase Liquid Chromatography,
adapted from Bayne and Carlin [64]

A compound that has a higher affinity for the stationary phase than the mobile phase

will be retained on the column for longer and so will have a longer retention time.

Ideally, individual components within a sample will have differing affinities for the

stationary phase, so all compounds will have different retention times and produce a

chromatogram containing peaks with good separation, as shown in Figure 2.1. The

compounds that have a low affinity for the stationary phase will travel through the

column faster, and reach the detector first, causing a peak in the chromatogram.
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In reversed phase HPLC, which is the type of chromatography used in this work, the

stationary phase consists of silica gel beads that are coated with hydrophobic alkyl

chains of varying lengths; C4, C8 and C18. The longer the alkyl chain, the less polar

the stationary phase [64]. The mobile phase is made up of an aqueous solvent, and

an organic solvent with a stronger eluting power, commonly methanol or acetonitrile.

The addition of a buffer is beneficial when analysing ionisable compounds to ensure

the pH is kept constant, which helps promote separation. Keeping the concentration

of the aqueous and organic solvent constant is known as an isocratic separation, and

a varied concentration throughout the analysis is known as a gradient separation. A

gradient separation is most likely to be used in reversed phase HPLC, especially during

initial analyses when the conditions for a successful separation of a complex mixture

are unknown [63]. This usually begins with a low concentration of organic solvent, such

as 5%, with a gradual increase to 100% to assess the separation of the components.

It is not recommended to use 100% aqueous solvent as this causes the long carbon

chains within the stationary phase to collapse. A gradient method can be developed to

include varying rates of increasing organic solvent in order to get the best separation

in the most efficient amount of time. The most nonpolar compounds will be retained

by the stationary phase for longer, and the most polar compounds will elute first. By

changing the concentration of the organic solvent, the retention time for compounds can

be optimised for a more efficient analysis. Increasing the concentration of the organic

solvent in the mobile phase will decrease the polarity of the mobile phase, causing the

nonpolar components within the mixture to be less retained on the stationary phase

and to elute quicker. The rate in which the organic solvent is increased is also a useful

tool when developing an efficient chromatographic separation; by slowing the rate of

an increase in organic solvent concentration, compounds that elute close together can

be better separated. Once the sample has been separated using chromatography, the

individual components can be measured via a variety of detectors, including diode

array detectors and mass spectrometers.
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2.2 Mass spectrometry

Mass spectrometry (MS) is an analytical technique that determines the molecular

masses of individual compounds within a sample [62]. In LC-MS, the sample reaches

the mass spectrometer after separation via liquid chromatography. During mass

spectrometry, the sample undergoes a series of steps: ionisation, where the sample is

converted to a gas and ionised in the ion source; separation, where the ions enter a

mass analyser and are separated based on their mass-to-charge ratio (m/z); and

detection, where the ions strike the detector and the electrical charge is measured.

Finally, a data processing system is used to display the mass spectrum, with an

x-axis showing m/z and the y-axis showing the signal intensity. The spectrum can be

interpreted to give an indication to the composition and structure of the

molecule [62].

2.2.1 Ionisation

There are a number of ion sources that can be utilised in mass spectrometry. In this

work, electrospray ionisation (ESI) was used, which is the most commonly used

technique for analysing liquid samples due to its compatibility with chromatographic

techniques, low chemical specificity, and high ionisation efficiency [65].

2.2.1.1 Electrospray ionisation

During the transition from liquid to gas, the sample solution is subjected to three

main processes; generation of charge droplets, solvent evaporation, and the production

of gas-phase ions [66]. The solution is passed through a small capillary tube, which

has a high voltage, and an aerosol of charged droplets is formed that have the same

polarity as the capillary voltage [67]. These droplets are then passed through a curtain

of inert gas, usually nitrogen, which causes desolvation of the droplets. The charges in
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the droplets are arranged equally on the surface. The surface tension of the charged

droplet tries to keep the shape of the droplet, while the charges of the same polarity on

the surface of the droplet repel each other, which is known as the Coulomb force [66].

The size of the droplet decreases as desolvation occurs, caused by the presence of a

drying gas and an elevated temperature, which leads to a greater charge density. When

it reaches the point where the Coulomb force is greater than the surface tension, the

droplet breaks apart, which is known as a Coulomb explosion. This causes ions at

the surface of the droplet to be ejected into the gaseous phase [67]. These charged

ions are then passed through a skimmer cone, to focus the ion beam and ensure the

trajectory of the ions is stable [66], and accelerated towards the mass analyser, where

their mass-to-charge ratio is measured.
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Figure 2.2: Representation of the electrospray ionisation process, showing the generation
of a droplet, desolvation, and formation of gas-phase ions. Adapted from de Hoffman and
Stroobant [68]

The formation of adducts is commonly observed in electrospray ionisation. A

protonated molecule, denoted by M+H, is the most prevalent adduct, however

sodium (M+Na) and ammonium (M+NH4) adducts can also be encountered [69].

These adducts usually originate from mobile phase buffers and solvent impurities.
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2.2.2 Mass analysers

There are a variety of mass analysers that separate the ions based on different

principles, such as trajectory stability and velocity [68].

2.2.2.1 Quadrupole

The quadrupole mass analyser separates ions based on their mass-to-charge ratio

using the stability of trajectories within an electric field [68]. It is made up of four

parallel cylindrical rods spaced equally around a central void. The rods all have an

electrical potential, with the opposite rods having the same charge and adjacent rods

having a different charge (Figure 2.3). This creates an area in which only ions with a

specific mass-to-charge ratio will be allowed to pass through to the detector, and any

other ions will collide with the rods and are therefore removed from the sample

stream [64].

To detector 

From ion source 

Ion beam 

Ions with specific 

m/z 

Unspecific ions 

Figure 2.3: Representation of a quadrupole mass analyser, showing ions with a specific
m/z passing through to the detector and the removal of unspecific ions
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2.2.2.2 Orbitrap

The Orbitrap contains three electrodes; two outer and one central. A voltage is

applied between these electrodes, causing an electric field. A pulse injects the ions

into this space tangentially, and they begin oscillating around the central electrode. If

the correct parameters are set, the ions remain circling in a spiral due to the balance

of the attraction to the central electrode and centrifugal force [70]. The shape of the

outer electrodes causes the ions to be pushed towards the widest part of the ion trap.

Ions with different mass-to-charge ratios will oscillate at different frequencies, and the

outer electrodes act as a detector for the ion image current. When all ions of interest

have entered the ion trap and moved away from the outer electrodes, the central

electrode voltage becomes stable, and this is the point in which the image current of

the oscillations can be detected [71]. This image current is then Fourier-transformed

into a mass spectrum [72].

Central 
electrode

Outer 
electrodes

Figure 2.4: Representation of an Orbitrap mass analyser, showing the separation of three
ions with different m/z values
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2.2.2.3 Time-of-flight

Another type of mass analyser that was used within this project is the time-of-flight

mass analyser, which separates ions based on their velocities when drifting in a

free-field region known as the flight tube [68]. After ionisation in the ion source, the

ions pass through a series of ion optics to narrow the ion beam. When they reach the

bottom of the flight tube, the ions flow over the pulser, which produces a high voltage

pulse that accelerates the ions upwards, and ions not involved in this continue

forward and are removed from the analysis. Not all ions are therefore analysed, which

reduces the sensitivity of the technique, but it gives a start point for the timer and

attempts to make the kinetic energy the same for all ions, enhancing the mass

accuracy and selectivity. Each of the ions will have a different mass-to-charge ratio

and so will have different velocities, meaning they will take different times to travel

the flight tube and reach the detector [73]. The lower the mass of the ion, the quicker

it will reach the detector. This mechanism is represented in Figure 2.5. The ions then

reach the detector at the end of the flight tube, and a mass spectrum with each ion

represented by a peak is produced.

Flight tube

Ion source

Ion optics

Ion pulser

Detector

Figure 2.5: Representation of a flight tube in a time-of-flight mass analyser, shown as a
linear time-of-flight tube for simplicity. Orange, yellow and green ions have different
mass-to-charge ratios
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The mass resolution can be improved by the inclusion of a reflectron at the end of the

flight tube. The ions travel through the flight tube, and at the end the reflectron acts

as an ion mirror, where the ions are deflected back down the flight tube. The detector

is placed next to the ion pulser, so the ions can be detected after being reflected

(Figure 2.6). The purpose of the reflectron is to compensate for minor velocity

differences between ions with the same m/z, by decreasing the spread of flight times,

which improves the resolving power. Ions with more kinetic energy and so more

velocity will enter the reflectron deeper than ions with a lower velocity, and so will

spend more time in the reflectron, causing both ions with the same m/z to reach the

detector simultaneously [68].
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Ion source 

Ion optics 
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Figure 2.6: Representation of a reflectron in a time-of-flight mass analyser, showing how
the reflectron improves mass resolution. Green and yellow ions have same mass-to-charge
ratios
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2.2.3 Hybrid instruments

2.2.3.1 Quadrupole time-of-flight

The combination of two different types of mass analysers are known as hybrid

instruments, which aim to combine the advantages of the two mass analysers for

enhanced performance. Within this work, a quadrupole time-of-flight (Q-TOF) mass

spectrometer was used, which can be described as the addition of a quadrupole and

collision cell to a time-of-flight mass analyser [68]. This combination of mass

analysers increases the sensitivity and mass accuracy, and can be utilised in both MS

and tandem MS mode. For initial untargeted analyses, single MS mode is most

beneficial, where the first quadrupole allows all ions with a range of m/z through,

allowing a more holistic approach. A schematic of this instrument can be seen in

Figure 2.7.
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Figure 2.7: Representation of a quadrupole time-of-flight instrument

The ion source consists of two nebulisers; the first nebuliser converts the sample into

fine droplets, as described in Section 2.2.1.1, and an additional nebuliser introduces a

reference mass solution to maintain a continuous mass accuracy. A counterflow
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drying gas reduces the noise related to the incomplete drying of solvent droplets. The

skimmer reduces the broadening of the ion beam, which then proceeds into the first

octopole ion guide. The two lenses enhance the high mass ion transmission and

increases the sensitivity. The quadrupole mass filter allows ions of a specific m/z to

pass through and continue to the collision cell, which ensures all ions exit with nearly

identical energy. The ions pass through another octopole guide and quadrupole mass

filter, until they reach the slicer. This reduces the variations in vertical movement of

the ions before entering the bottom of the flight tube. The ions are then separated in

the flight tube, as described previously.

2.2.3.2 Quadrupole Orbitrap

In this work, a Q Exactive Plus was used, which is the combination of a quadrupole

with an Orbitrap, represented in Figure 2.8.

Nebuliser

Orbitrap

Collision cell Quadrupole
Bent flatapole

Injection flatapole

RF-lens

Octopole
C-trap

Figure 2.8: Simplified representation of a Q Exactive Plus instrument, adapted from
Thermo Fisher Scientific [74]

The sample is ionised via electrospray ionisation, the ions then pass through an RF

lens which captures and focusses the ions into a close beam. The two flatapoles aim

to continue to guide the ion beam, and attempt to reduce noise by removing neutrals
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and any clusters of ions with a high velocity from entering the quadrupole, which

allows ions with a specific m/z through [74]. This can be used to allow a range of ions

through, or ions with a more specific m/z for targeted analyses where tandem mass

spectrometry (MS/MS) can be carried out. After passing through a short octopole

for further focussing of the ion beam, the ions reach the C-trap. This is a curved RF

quadrupole ion trap that injects the ions into the Orbitrap mass analyser [72]. The

C-trap is filled with nitrogen, so upon entering, ions collide with nitrogen and lose

energy. The RF of the electrodes is then decreased, and high-voltage pulses are

applied across the trap. This directs the ions to a slot in one of the electrodes, where

they are accelerated out of the C-trap and into the Orbitrap mass analyser [72]. The

collision cell is used for fragmentation during MS/MS analyses.

2.2.4 Tandem mass spectrometry

Tandem mass spectrometry (MS/MS) is any method that consists of two stages of

mass analysis, where the first analyser allows certain ions through, and the second

analyser analyses the product ions. Fragmentation of ions in between these two mass

analysers occurs in a collision cell that is filled with an inert gas, usually nitrogen.

There are four main types of scan modes that can be used in MS/MS; product ion

scan, precursor ion scan, neutral loss scan, and selected reaction monitoring (Figure

2.9) [68]. Product ion scan isolates a precursor ion with a specific m/z, and analyses

all product ions that occur after fragmentation. Precursor ion scan selects a product

ion to analyse in order to detect the precursor ions. For this mode, the first analyser

is set to scan mode, and the second analyser is set to detect product ions with a

specific m/z. Neutral loss scan has the first analyser set to scan a specific m/z range

(x), and the second analyser scans for the same range but offset by the mass of the

expected lost neutral molecule (y). Finally, selected reaction monitoring sets both

mass analysers to specific m/z, where the first analyser is set to detect an ion with a

specific m/z (a) and the second analyser is set to a specific fragment of that ion (b).
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In this work, product ion scan mode has been implemented in order to confirm the

identification of a marker by setting the first analyser to the specific m/z of that

marker and setting the second analyser to scan mode so that all product ions can be

seen. The product ions can then be compared to that of a chemical standard.
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Figure 2.9: Scan modes using tandem mass spectrometry, showing settings for the first
mass spectrometer (MS1) and the second mass spectrometer (MS2).
x = specific m/z, y = mass of neutral molecule, a = specific m/z, b = fragment of a.
Adapted from de Hoffman and Stroobant [68]
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2.3 Analytical considerations in metabonomic

studies

Metabonomic studies are complex, producing vast datasets that are time-consuming

to process and interpret. Many features can be detected, however some of these

features may not actually be of interest as a marker as they are not statistically

significantly different between sample types. For clarity, the term “feature” is for a

retention time and m/z ion pair the instrument has detected, and the term “marker”

is for any of these features that are statistically significantly different at a p-value of

< 0.05.

Often, time is spent investigating markers that appear significant between the

analysed sample sets, however this significance could be due to instrumental or

analytical bias [75]. It is therefore essential to carefully plan the design of the

experiment from the start to ensure the discovered markers are robust and useful,

and not just an artefact of the analysis. To do this, several analytical considerations

must be addressed and accounted for within the experimental set-up.

2.3.1 Quality control samples

When using chromatographic methods, there is the issue of instrumental drift caused

by the length of the analytical run [76], column degradation, temperature change, or

instrument contamination. Many studies fail to include a solution to these problems,

so it can be questioned whether the data obtained is reliable. Quality control (QC)

samples can be used to combat this issue. QC samples in this work are equal aliquots

from every sample within the analytical run combined to represent all molecules in all

samples [77]. They can be used to condition the column, as well as monitoring the

quality of the data. Obtaining repeatable results is vital in order to gain useful data,
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especially in metabonomic studies where the datasets are complex and vast. The

retention time, signal intensity and mass accuracy are the three main factors that

need to be stable throughout a run [75]. The first few injections of a biological sample

are usually unrepresentative due to changes in these three factors. Recommendations

in literature [75, 78–81] states several injections of the QC samples should be run at

the beginning of the main run to stabilise the system. The number of injections

depend on the column and instrument used; a different number of QC samples may

be required for different analytical runs before the chromatograms appear stable. It

has been shown that some analyses require a more thorough procedure for

conditioning the column, where a series of QC samples at a high injection at a faster

solvent gradient aids in stabilising the system [79].

The QC samples are also used to assess the quality of the data. One QC sample is

injected at regular intervals, usually every 5 to 10 samples depending on the length of

the analytical run, allowing potential issues such as reducing sensitivity, retention

time drift, or reducing mass accuracy to be found [78]. The simplest way to establish

whether there was any instrumental instability that would cause the data to be

invalid is by using multivariate statistics, such as Principal Component Analysis

(PCA), to visualise the clusters of sample groups, including the QC samples. As

these QC samples have an identical composition, they should form a tight cluster in

the PCA plot, which indicates the data obtained are worthy of more in-depth

investigations. Additional statistical tests on individual features within a dataset that

assesses the spread of the data within the QC samples also helps to remove any

features that are not reliable within the QC samples, and therefore not reliable within

the samples.
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2.3.2 Analytical run order

In order to remove any bias associated with instrumental drift, the samples can be

injected in a random order [78]. This ensures that if there are any issues with the

instrument during a long analytical run, partial datasets are still obtained, which can

be utilised if there is limited time to repeat the analytical run. QC samples can also

be injected throughout the analytical run, and statistical tests carried out on these

ensure the retention time and peak area variability is within an acceptable limit. Any

features that are not reliable in the QC samples are not considered to be robust and

so are not statistically analysed further as a potential marker of interest.

2.4 Data pre-processing and software

There are many openly available platforms online that can be used to pre-process

data, including OpenMS, XAlign and MZmine [82], as well as software packages such

as MarkerLynx (Waters), Profinder and Mass Profiler Professional (Agilent

Technologies), and Compound Discoverer (Thermo Fisher Scientific). The data

produced throughout this project was pre-processed using XCMS Online, with

additional statistical tests carried out on Microsoft Excel and IBM SPSS statistics

software.

XCMS Online is an online platform that allows feature detection, retention time

correction, and chromatogram alignment to be carried out [83]. This software allows

the pre-processing of metabonomic data in three stages; upload of data, selection of

parameters, and interpretation of results. Data files must be in a specific format prior

to upload, and so each individual raw data file obtained throughout this work was

converted from a .d file to a .mzXML file through the use of MSConvertGUI from

ProteoWizard, which provides open-source databases for proteomic studies. XCMS

Online has predefined parameters based on the instrumental setup of a study, with
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the option of adapting these parameters to specify signal/noise thresholds, retention

time correction, and normalisation of data [84]. The results from these analyses can

be viewed online, which also involves interactive plots and additional tools that link

to the METLIN database, and the results can also be downloaded. This results folder

provides a large feature table, which has retention time and m/z pairs for every

feature detected in the samples, with the peak area for each feature in each sample.

This feature table can be imported into other programs such as Microsoft Excel for

manual statistical analyses.

Microsoft Excel was used to visualise the feature table created from XCMS Online and

carry out manual statistical analyses. Principal component analyses were also carried

out with the use of the Multivariate Analysis add-in [85]. SPSS was used to carry out

additional statistical analyses, including homogeneity of variance, ANOVA and Welch

tests, on normalised (peak areas obtained through XCMS Online) and raw data (peak

areas obtained through extracted ion chromatograms (EICs) in MassHunter Qualitative

Analysis) throughout this research.

• Raw file conversion to .mzXMLMSConvertGUI

• Retention time correction

• Chromatogram alignment

• Feature table (RT/m/z pairs)
XCMS Online

• Manual statistics

• Principal Component Analysis

• Scores plots
Microsoft Excel

• Statistics on normalised and raw data

• Homogeneity of variance

• ANOVA/Welch
SPSS

• Raw data visualisation

• Extracted ion chromatograms

• Formulae predictions

Masshunter
Qualitative Analysis

Figure 2.10: Software used within this work for data processing and statistical analysis
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2.5 Statistical analysis

2.5.1 Normal distribution

A normal distribution of data, also known as a Gaussian distribution, is determined

by the mean and the standard deviation of a data set, and a characteristic feature of

this type of distribution is a symmetric bell-shaped curve around the mean [86]

(Figure 2.11). The majority of the data, 68%, is expected to fall within one standard

deviation of the mean, 95% within two standard deviations, and 99.7% within three

standard deviations. The standard deviation controls the spread of the curve, so the

higher the standard deviation, the more spread the curve will be around the mean.

There are a number of tests that can be performed to check the distribution of data,

including Kolmogorov-Smirnov test and the Anderson-Darling test [87]. When a data

set follows a normal distribution, parametric tests can be used, however if a data set

is not normally distributed, non-parametric tests should be performed.

µ 1σ 2σ-1σ-2σ-3σ 3σ

68%

95%

99.7%

Figure 2.11: Normal distribution curve
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Many statistical tests assume the data has a normal distribution, and so tests are

required to check the data is indeed normal. These tests, however, are not powerful

enough to use on the small data sets that are common in analytical science [88]. It

is for this reason that this research has assumed normality in all data sets, and only

parametric statistical tests have been used. There is no reason for the data sets to

not follow a normal distribution, as only one variable was changed in each experiment,

quality control samples were implemented to monitor instrumental drift that may cause

bias, and all samples were randomised prior to injection.

2.5.2 Homogeneity of variance

The homogeneity of variance, or equal variance, is an important assumption for many

statistical tests. For datasets of the same size, the homogeneity of variance must be

tested prior to selecting a statistical technique to use. For example, when analysing

two sample sets, a Student’s t-test is used, and this can be carried out assuming equal

variances, or unequal variances. When more than two sample sets are being analysed,

an analysis of variance (ANOVA) test is used for data with equal variances, and

Welch’s test is used for data with unequal variances. If the sample sizes are unequal,

it is appropriate to assume unequal variances and carry out the relevant statistical

tests.

A Levene’s test is used to calculate the homogeneity of variances. This uses the absolute

deviations from group means, or medians, where large variances cause deviations from

the group mean, which increases the mean of the absolute deviations [88]. A one-

way ANOVA can then be used on these absolute deviations to assess if the difference

between the groups is significant, and if so, the data is found to have unequal variances.

2.5.3 Student’s t-test

The t-statistic is based on the difference between the population means of two

independent groups, with the null hypothesis stating that the two means are equal
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(Equation 2.1) and the alternative hypothesis stating the two means are not equal

(Equation 2.2).

H0 : µ1 = µ2 (2.1) H1 : µ1 6= µ2 (2.2)

There are three types of this statistical test; one-sample t-test, used to determine if

the mean of a single sample is different to an expected value, a paired t-test, used for

seeing differences between two sets of paired observations, and two-sample t-test, or

unpaired t-test, used to test differences between two independent sets of

measurements [87]. In this work, the unpaired t-test was used as the two datasets

were independent from each other.

2.5.4 Analysis of variance/Welch’s test

Analysis of variance (ANOVA) is a statistical test that allows the variation between

more than two sets of data to be estimated [88]. One-way ANOVA is applicable when

only one experimental variable is under investigation; for example, the length of

frozen storage. This statistical technique examines the variability of the data, as

opposed to the t-test, which examines the mean. Between-group variability is the

differences in mean between each group of data, and looks at the difference of each

group’s mean to the overall mean. Within-group variability is the spread of the data

within each group, and ANOVA is a comparison of these two types of variability [87].

It uses the F-test to measure the ratio of these two types of variability. An ANOVA

test requires the assumptions that the data is normally distributed and the variances

are equal. As previously discussed, normality has been assumed for all datasets in

this research. With regards to the variances, if they are found to be unequal, Welch’s

test can be used. When the variances are unequal, the F-test has been shown to not

be robust, and so an alternative test must be used. A Welch’s test is the most widely

recommended method for correcting the heterogeneity of variances [89]. This test
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adjusts the F-test to combat against errors that the original F-test is vulnerable to

when the variances are unequal. It is available in many statistical software packages,

such as SPSS.

2.5.5 Coefficient of variance

The standard deviation (SD) represents the dispersion of the data around the mean.

The coefficient of variance (CV), also known as the relative standard deviation, is a

ratio of the standard deviation to the mean for a specific set of data. It represents the

spread of results as a proportion of the mean value, allowing direct comparisons to be

made between datasets that may have means of varying magnitudes [86]. This value

is usually expressed as a percentage, and it is calculated using the following formula:

CV% =
Standard deviation

Mean
× 100 (2.3)

The coefficient of variance can be calculated using the peak areas of each feature in

the quality control samples run throughout an analytical run, in order to monitor

the overall precision of the data and the stability of individual features. Usually a

coefficient of variance value of up to 15% is recommended as the accepted value [80],

but in metabonomics and the discovery of biomarkers, the coefficient of variance value

can have an upper limit of 30% and still be considered adequate due to the untargeted

nature of the analyses [90]. Therefore, markers with a CV% of less than 30% in the

quality control samples are seen as robust and reliable throughout the analytical run,

and could be used to differentiate between sample types.
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2.5.6 Multivariate statistics

Metabonomic studies produce vast and complex multivariate data sets, and in order

to analyse this data, chemometric methods are required. Chemometrics can be

defined as the application of statistical and mathematical methods to chemical

analyses [91].

One of the most useful tools within chemometrics is pattern recognition, and the most

commonly used multivariate statistical technique is Principal Component Analysis

(PCA) [92]. Usually a correlation can be seen between the variables in a dataset,

however this information is redundant. PCA condenses large datasets with multiple

variables into fewer parameters called Principal Components (PCs), removing any

correlations. An eigenvalue corresponds to each PC, which represents the amount of

variance in the dataset, with the largest variance in the first component [93].

Principal component analysis generates score and loading values; the scores provide

the coordinates of samples in the PC space, allowing visualisation of similarities or

differences in samples and any sample groupings, displayed in a scores plot, whereas

loadings signify the amount that each original variable contributes to the PCs [94].

During the analysis, it is sometimes appropriate to standardise the data, especially

when the variables are measured on different scales, or one variable has a larger

variance than others, which would dominate the scores plot [93]. Standardising the

data allows the measurement scale to be converted into a relative one [94].

A scores plot, which is how the PCA has been represented in this work, can show if

the data can be separated into groups based on the variance between the sample sets.

It can also represent the precision of the data by examining the quality control

samples and seeing if they are tightly clustered, showing high precision in the dataset,

or if they are spread out or in a line, which could mean instrumental drift has had a

high impact on the results. The coefficient of variance percentage of the markers,
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calculated from the peak areas of the quality control samples for each marker, affects

the spread of the data points in the PCA scores plots; the lower the CV%, the more

stable that marker is throughout the analytical run.

PC2

PC3 QC
Group 1
Group 2
Group 3

1

2

Figure 2.12: Diagram representing separation in a PCA scores plot. Arrow 1 indicates
instrumental drift, Arrow 2 indicates separation of two groups

In an ideal plot, represented in Figure 2.12, all the quality control samples would be

in the exact same position as they are repeat injections from the same vial. Any

deviations are usually a sign of instrumental drift within the analytical run.

Practically, this can be extremely difficult to achieve as there is always some element

of drift within an analytical run, so having the quality control samples tightly

clustered is acceptable. In Figure 2.12, Arrow 1 demonstrates the instrumental drift

seen among the QC samples. Arrow 2 represents the separation between Group 1 and

Group 2. If Arrow 2 is larger than Arrow 1, then it can be stated that the separation

between the two sample groups is caused by chemical differences, and not by

instrumental instability. Group 1 and Group 3 are not separated at a distance larger

than Arrow 1, and therefore can not be differentiated from each other based on

chemical composition as it could be caused by instrumental drift. However, it can be
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stated that the samples from the same group do show a pattern and have clustered

together, and due to the fact the samples are randomised prior to injection, this

clustering can most likely be attributed to chemical composition.

The principal component that is responsible for the separation between sample

groups can be used to find the markers that cause the separation; the higher the

loading value, the more responsible for the separation between sample groups. In

Figure 2.12, PC2 represents the most separation between sample groups, and so could

be used to find the markers most responsible for this separation. In some data sets it

is not possible to use this method to find the most significant markers between

sample types because the principal component analysis plot is unsuccessful in

separating the sample groups. In these situations, other statistical tests can be used

to determine the most significant markers.

2.6 Identification of markers

The identification of markers that appear to be significantly different between sample

types is widely acknowledged as a major issue in metabonomics [83]. There is a

limited availability of authentic chemical standards for many metabolites, which

makes confirmatory identification difficult, and is an area that requires crucial

development [95]. Within metabonomic literature, specific levels of identification have

been reported, and these have been summarised as guidelines with the aim to

standardise the approach to the identification of markers in untargeted analyses [96].

These guidelines consist of four levels; identified compounds, tentatively identified

compounds, tentatively identified classes of compounds, and unknown compounds.

Identified compounds must have a minimum of two matching independent variables

to a chemical standard, for example, retention time and mass spectrum. Tentatively

identified compounds and classes of compounds do not use chemical standards, but
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are based on similarities in mass spectra found on public databases. Unknown

identifications are unidentified but can still be differentiated based on the mass

spectra [96].

The methods used for identification throughout this research are based on these

published guidelines, using a three step approach. The first is a very preliminary

identification obtained as part of the XCMS Online data processing method, where

the marker can be searched for on the METLIN database to find likely identifications.

A manual search of the m/z value on this database can also be carried out. This

preliminary identification can give an idea of the kind of compound the marker could

be.

The second step is a tentative identification, as per the published guidelines

previously described, which does not involve the use of a chemical standard, so it can

be verified as a very likely but not confirmed identification. This includes gaining an

accurate m/z value for the marker in question in order to match this feature to

molecular formulae. Time-of-flight instruments have high mass resolution and mass

accuracy, therefore the number of potential molecular formulae matches are reduced.

MassHunter Qualitative Analysis is able to predict the formula of a compound from

the mass spectrum based on monoisotopic mass, isotope abundances, and spacing

between isotope peaks [97]. This feature also gives a score showing how likely this

formula matches the experimental data. The formulae can then be searched for on

METLIN, and the mass spectrum for the unknown marker can be compared to the

mass spectrum on the database. If the spectra match, a tentative identification can

be made. This is very useful in situations where a chemical standard can not be

purchased.

The third step is a confirmed identification, again following the guidelines previously

described, which relies on the availability of a chemical standard. In such cases,
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MS/MS analysis in product ion scan mode can be carried out on the chemical

standard and a QC sample containing the potential marker. The mass spectra can

then be compared and the similarities or differences in the fragmentation pattern

indicate whether or not the identification can be confirmed. The retention time of the

compound in the chemical standard and in the QC sample can also be compared to

confirm the chromatographic properties are the same, and a spiked QC sample with

the chemical standard can further confirm the matching retention time.
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Using metabonomic profiling to

differentiate between normally slaughtered

and dead on arrival poultry meat *

The aim of this experiment was to investigate the potential of using metabonomic

profiling to differentiate between normally slaughtered and dead on arrival chicken. It

strives to show that the workflow used within this study is capable of reducing large

and complex datasets to a small number of significant markers. An identification of

these markers can then be attempted, to provide a direction for larger studies in

developing a targeted assay for this type of food fraud.

* The work presented in this chapter has been published [98]: K. L. Sidwick, A. E. Johnson, C. D.

Adam, L. Pereira, D. F. Thompson, “Use of liquid chromatography quadrupole time-of-flight mass

spectrometry and metabonomic profiling to differentiate between normally slaughtered and dead on

arrival poultry meat,” Analytical Chemistry, vol. 89, pp. 12131-12136.

3.1 Introduction

Legislation in the United Kingdom states that “whole poultry bodies where animals

are dead on arrival at the slaughterhouse” must be stained with a colouring agent in

order to distinguish it as a product not fit for human consumption [99]. Despite this

legal obligation to remove dead on arrival poultry, it can be tempting for companies

to allow these birds to continue into the food chain to prevent any loss of profit,

especially since there would not be any visual difference in the final chicken products.
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A recent study carried out by the Food Standards Agency [100] found that 1.35

million chickens and 21,500 other poultry birds were dead on arrival to the

slaughterhouse, either dying during transport or while waiting for slaughter. This

study was conducted over a 15 month period between 2016 and 2017, and it also

discovered 680,000 birds had bruising or fractures, 278,000 had a respiratory disease,

and 376,000 were in an emaciated state. These figures indicate how many birds can

be potentially removed from the food chain in a year, producing a large amount of

waste and a decrease in potential profit. In the UK in 2016, over 1 billion chickens

were slaughtered [101], resulting in a value of £1.76 billion [102], so even though the

percentage of birds that are dead on arrival is extremely small, it could equate to

approximately £2.3 million in lost revenue.

The difference between dead on arrival (DOA) and normally slaughtered chicken is

very subtle, with the only difference being the manner in which they died and the

time of death; chickens originating from the same batch would be the same age and

breed, have been fed the same diet, and been transported in the same environment.

DOA poultry die whilst being transported to the slaughterhouse. During this journey,

they are subjected to a range of stressors including vibration, motion, lack of food

and water, heat, and noise [103], so it is reasonable to assume there could be a variety

of different ways in which these chickens could die. Research has shown the manners

in which these chickens could die include suffocation, injury, congestive heart failure,

heart and circulation disorders [104], lung congestion, and nephropathy accompanied

by dehydration [105]. This means that there could be many differences in metabolic

content amongst the dead on arrival birds, as there is such a wide range of ways in

which they could have died. This could add variation to the results as there would be

a greater diversity in the DOA birds compared to the normally slaughtered birds. On

the other hand, the changes may be so subtle, the only metabolic differences between

all birds would be caused by general biological variation, making a discrimination
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between DOA and normally slaughtered chickens extremely difficult. The way in

which chickens are normally slaughtered involves the rapid bleeding of the bird for no

less than 90 seconds. The bird is first stunned, usually by gas or electrical stunning,

and must remain unconscious until death. The only exception to this is during a

religious slaughter, by the Jewish method for Shechita food or by the Muslim method

for Halal food, where no stunning is required prior to death. In this case, the bird is

killed by the severance of both carotid arteries with a hand-held knife. During this

research, the normally slaughtered chickens were slaughtered using Halal methods.

These differences in how the two subsets of chickens died may cause a change in the

metabolic content, and therefore a marker could be used to detect this kind of fraud.

Regarding the difference in time since death, there is a significant amount of research

that tackles the issues in calculating post-mortem interval, especially in humans for

forensic purposes [106]. However, this mainly involves physical changes to the body,

such as rigor mortis, or the use of insects to determine the post-mortem interval. It is

sensible to assume there are many biochemical changes that occur in all body tissues

after death, mainly due to the lack of oxygen, and so a change from aerobic

respiration to anaerobic respiration is to be expected [107]. The biochemical profiles

of body tissue and fluids after death can give an insight into the metabolic changes

occurring during the decomposition process, and these changes in metabolic content

can aid in the determination of time since death. Research has found that there are

many metabolites in blood that are known to change in concentration after death; for

example, glucose, lactic acid and hypoxanthine all increase [108], so these types of

compounds and the associated pathways could be important in determining

post-mortem interval. However, when blood is not available, the tissue could contain

additional important metabolites, that could then aid in the discrimination between

normally slaughtered and dead on arrival chickens. This is important as the tissue is

the final product in chicken manufacturing, and by this point the blood for that

specific chicken would not be available, and so tissue is most appropriate to use when
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developing an authentication test. Little has been done to specifically target the

tissue and how the metabolites change after death.

At present, there are no methods to detect if a chicken product was dead before

reaching the slaughterhouse. Only the paperwork associated with the chicken

products and labels are used to assess the authenticity of the product. With the use

of metabonomic methods, markers could be found to determine whether the product

was in fact dead on arrival to the slaughterhouse and should not be in the food chain.

The difference in metabolic content between different sample types is complex;

metabolites within the samples could be present in one sample type and not the

other, or there could be a difference in concentration. After death, some molecules

will increase in concentration and some will decrease, depending on the mechanisms

within specific metabolic pathways. The generation of one metabolite could involve

the use of another metabolite, thus increasing one and decreasing another. Not only

could this aid in the elimination of dead on arrival meat in the food chain, but it

could also be a starting point for the development of similar assays that could target

other problem areas within the food industry.
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3.2 Experimental method

3.2.1 Materials

Methanol, dichloromethane and formic acid were purchased from Fisher Scientific

(Loughborough, UK), and acetonitrile was purchased from VWR (East Grinstead,

UK). Ultrapure water (18.2 MΩ) was purified using an in-house Milli-Q system from

Elga (High Wycombe, UK). ESI-L low concentration tuning mix and API-TOF

reference mass solution were purchased from Agilent Technologies (California, USA).

Chemical standard for D-sphingosine was purchased from Sigma-Aldrich (UK).

3.2.2 Sample collection and storage

Chicken samples were collected from a certified poultry processor. Five DOA chickens

and ten normally slaughtered chickens were obtained from the slaughterhouse on the

day of slaughter. The number of DOA animals chosen was limited by the number of

animals that were lost in transit on the day of collection. All chickens originated from

the same farm, were the same age and breed, and had been fed the same diet. The

tissue type selected for this study was based on what was available on the day of

collection, as well as the consideration of what would be available during a fraud

investigation. Blood samples were not obtained as collection of this sample would be

unlikely during such an investigation. The muscle, heart and liver tissue was removed

from each carcass and placed in individual polythene bags. All samples were

immediately transported to Keele University in a refrigerated van held at 4◦C, and

stored at -80◦C prior to extraction.
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3.2.3 Metabolite extraction

Metabolite extraction was carried out on the muscle, heart and liver tissue; a section

of breast tissue was used for the muscle, part of the myocardium from the ventricular

wall was used for the heart, and a section of liver tissue from the edge of the right

lobe was used for the liver. A small portion of each sample was homogenised using

surgical scissors and approximately 100 mg was placed into an Eppendorf tube. To

avoid carryover, the scissors were thoroughly cleaned with methanol between each

sample. Methanol/H2O (1:1) was added (1 mL per 100 mg of sample), then the

sample was sonicated for 10 minutes and centrifuged at 16,100 rcf for 20 minutes.

The supernatant was then moved to a glass vial and retained as the aqueous (AQ)

extract. The tissue pellet was broken up using a clean pipette tip, and

dichloromethane/methanol (3:1) was added (1 mL per 100 mg of sample). The

sample was sonicated for 10 minutes and centrifuged at 16,100 rcf for 20 minutes, and

1 mL of the supernatant was then moved to a glass vial and allowed to evaporate

overnight, then resuspended in 1 mL of methanol. After briefly vortexing the sample,

it was retained as the organic (OR) extract. Both the aqueous and organic extracts

were stored at -25◦C prior to analysis.

3.3 Instrumental set-up

3.3.1 Analytical considerations

Quality control samples were made for each analytical run, consisting of an equal

aliquot of every sample within each run. At the start of each analytical run, 10 QC

samples were injected at a volume of 10 µL, then 20 QC samples at an injection

volume of 3 µL were injected to condition the column. All non-QC samples were

randomised to eliminate any issues arising from instrumental drift.
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3.3.2 Chromatographic parameters

Chromatographic separation of extracts was performed with a Thermo Scientific

Hypersil GOLD aQ column (100 mm x 2.1 mm, particle size of 1.9 µm) using an

Agilent 1260 Binary Pump HPLC. The column was maintained at 40◦C and the

injection volume was 3 µL. The flow rate of the mobile phase was 0.3 mL/min and

consisted of 0.1% formic acid (solvent A) and acetonitrile with 0.1% formic acid

(solvent B). The chromatographic gradient method for positive ionisation mode can

be seen in Table 3.1, and Table 3.2 for negative ionisation mode. A needle wash

method was included after every injection, consisting of 100 µL from 3 separate vials

of methanol each used in a specific order, with 3 washes per vial, to reduce any

potential carryover.

Table 3.1: Solvent gradient method used for the analysis of organic extracts from
dead on arrival and normally slaughtered chickens in positive ionisation mode

Time (mins) Solvent A (%) Solvent B (%)

0 95 5

2 95 5

3 47.5 52.5

30 0 100

40 0 100

41 95 5

50 95 5

47



Chapter 3

Table 3.2: Solvent gradient method used for the analysis of organic extracts from
dead on arrival and normally slaughtered chickens in negative ionisation mode

Time (mins) Solvent A (%) Solvent B (%)

0 95 5

2 95 5

3 40 60

13 35 65

25 20 80

28 0 100

35 0 100

45 95 5

50 95 5

3.3.3 Q-TOF parameters

An Agilent Technologies 6530 Accurate Mass Q-TOF LC/MS was used for the

analysis. An electrospray ionisation source was used, and the parameters were set as

shown in Table 3.3. The reference mass solution was continually run through the

analysis, and used purine (121.0509 m/z) and hexakis (1H, 1H,

3H-tetrafluoropropoxy)phosphazine (922.0098 m/z) for positive ionisation mode, and

ammonium trifluoroacetate (112.9856 m/z) for negative ionisation mode, as internal

reference masses to ensure mass accuracy. The data was collected in profile mode.

Table 3.3: Q-TOF parameters used in this experiment

Parameter Setting

Drying gas temperature 320◦C

Drying gas flow rate 11 L/min

Capillary voltage 4000 V

Fragmentor voltage 125 V

Skimmer voltage 65 V

Mass range 100-1000 m/z
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3.4 Data pre-processing

The data was pre-processed using XCMS Online. The parameters for the method

used on this online platform were set to the default settings specifically designed by

XCMS Online for analyses carried out with HPLC and ESI-QTOF-MS instruments,

and were as shown in Table 3.4. This software also carried out normalisation of the

raw data using the median fold change method. A feature table was produced, which

included a list of m/z values and their median retention times, the peak areas for

these features in each sample, the coefficient of variance calculated from the quality

control samples, and a p-value based on the statistical test carried out within the

software.

Table 3.4: Parameter settings for XCMS Online used in this experiment

XCMS method Parameter Setting

Feature detection = CentWave

ppm 30

min peak width (seconds) 10

max peak width (seconds) 60

mzdiff (m/z) 0.01

Retention time correction = Obiwarp profStep (m/z) 0.5

bw (seconds) 5

Alignment minfrac 0.5

mzwid 0.025
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3.5 Statistical analysis

Feature table from 

XCMS Online
Peak areas for all detected 

features in all samples

Coefficient of 

Variance (CV%)

To reduce dataset to most 
reliable features with a 

CV% < 10%

Principal Component 

Analysis

Visual separation between 
sample types, and reliability of 

analytical run (QCs)

25 most significant 

markers

From statistical test in XCMS 

Online, to reduce dataset for 
manual statistics

T-tests on normalised 

data
To manually confirm 

significance of marker

T-tests and CV% on 

raw data

To confirm significance in raw 
data, and confirm reliability in 

QC samples

Figure 3.1: Statistical workflow for all datasets analysing extracts from normally
slaughtered and DOA chickens

The statistical workflow used in this research is shown in Figure 3.1. The standard

deviation, average, and coefficient of variance percentage were calculated using the

peak areas of each feature in the QC samples throughout the analytical run. All

features that had a CV% of more than 10% were removed, along with any features

that had missing peak areas for some samples. A principal component analysis with

standardisation was carried out using the Multivariate Analysis add-in for Microsoft

Excel 2010 [85], and a scores plot was produced in order to visualise any separation

between normally slaughtered and DOA samples for each tissue type. The first six

principal components were plotted in all combinations to find the components that

best represented the separation of the sample types. The feature table was ordered
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based on the p-value generated by XCMS Online, and the 25 most significantly

different markers for each tissue type (muscle, heart and liver) were analysed further

with a t-test using Microsoft Excel 2010, in order to verify their significance. The

t-tests were carried out with a confidence level of 95%, giving an α value of 0.05, and

assuming unequal variance. If the p-value was less than the α value, it indicated the

abundance of that marker in the two sample groups was statistically different.

The raw data was then analysed in Masshunter Qualitative Analysis (Agilent

Technologies) to produce extracted ion chromatograms (EICs) for the markers that

were confirmed to be significantly different. T-tests were carried out on the peak

areas of the EICs, as well as CV% of the QC samples. This process ensured the

markers were significant before normalising the data in the pre-processing step. Any

features that were found to not be significantly different or had a CV% of more than

30% were removed. This additional step in the methodology ensured the final

markers were robust and reliable, with the intention of being able to confidently use

these markers to detect this subtle type of fraud.

3.6 Identification of markers

The integrated METLIN search in the XCMS Online processing gave an indication of

the potential identification to the most robust markers, and the potential molecular

formulae predicted by MassHunter Qualitative Analysis were used to search the

METLIN database manually. A tentative identification was made based on the

comparison of the mass spectra of the sample and the mass spectra on the METLIN

database (if available). An identification was confirmed with the use of a chemical

standard, which was analysed in MS/MS mode. All parameters were the same as

described previously in Table 3.3. The MS/MS parameters were set to a mass range

of 25 - 350 m/z. The targeted analysis was set to the specific m/z of the chemical
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standard (300.2893 m/z), and the retention time of the unknown marker in the

sample (13.3 minutes). This produced a chromatogram that only showed peaks for

this ion at this retention time. A collision energy of 10, 20 and 40 V was used in this

analysis. The MS spectra were compared for the standard and the sample to confirm

the identity of the marker. A sample was also spiked with the standard and analysed

on an LC/MS in order to compare the chromatographic properties.

3.7 Repeatability on different instruments

With these types of studies, there are several different ways the datasets can be

processed and statistically analysed after instrumental analysis. This can lead to

differences in results that make it difficult to gain robust findings that can be

replicated, especially when only a few markers are analysed in detail, based on

specific parameters to reduce the dataset. There can be many variables affecting the

instrumentation, so the data collected from two different instruments can be

extremely different, especially if analysed on different days. In addition to this, the

two instruments may have different mass analysers, so the time it takes for

compounds to reach the detector varies based on the workings of these mass

analysers. This, coupled with the differences in data processing and statistical

analysis, can lead to a set of very different markers at the end of the process,

especially when only the top 25 significantly different markers are analysed in detail.

The aim of this work was to compare the findings from data collected from two

different instruments that have been processed and statistically analysed differently.

The muscle extracts were therefore also analysed in positive ionisation mode on a Q

Exactive Plus coupled to an UltiMate quaternary LC system at Thermo Fisher

Scientific in Runcorn. Chromatographic separation of extracts was performed with a

Thermo Scientific Hypersil GOLD aQ column (100 mm x 2.1 mm, particle size of 1.9
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µm). The column was maintained at 40◦C and the injection volume was 3 µL. The

flow rate of the mobile phase was 0.3 mL/min and consisted of 0.1% formic acid

(solvent A) and acetonitrile with 0.1% formic acid (solvent B). The solvent gradient

was optimised for this instrumental set-up, and was as shown in Table 3.5. The

parameters for the ESI source were set as shown in Table 3.6, which were the default

settings.

Table 3.5: Solvent gradient method used for the analysis of muscle extracts from
dead on arrival and normally slaughtered chickens in positive ionisation mode on LC
coupled with a Q Exactive Plus

Time (mins) Solvent A (%) Solvent B (%)

0 95 5

2 95 5

3 35 65

13 35 65

25 20 80

28 0 100

35 0 100

45 95 5

50 95 5

Table 3.6: MS parameters on Q Exactive Plus

Parameter Setting

Auxillary gas temperature 350◦C

Auxillary gas flow 10 a.u.

Spray voltage 3015 V

Skimmer voltage 15 V

Mass range 100-1500 m/z
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3.8 Results and discussion

3.8.1 Column conditioning
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Figure 3.2: Total ion chromatograms of QC samples of muscle extracts from dead on
arrival and normally slaughtered chickens, showing gradual conditioning of column

During preliminary studies, it became apparent that the chromatograms within the

analytical run had some substantial drift during the QC samples that were injected at

the beginning of the run to condition the column. The optimum conditioning

sequence was tested by running QC samples at the beginning of the run until the

chromatograms overlaid each other with minimal drift. Figure 3.2 shows that

injections QC1-9 have an increased baseline between 7.5 and 30 minutes, which then

gradually decreases as the number of repeat injections increases. QC10-15 are less

erratic, however there are still deviations in the baseline. It is not until the last 5

injections (QC16-20) that the baseline becomes stable and the chromatograms are

reproducible.
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The optimum conditioning sequence was found to be 10 QC samples at a high volume

(20 µL) using a shorter method, followed by 20 QC samples at the same volume and

using the same method as the samples within the analytical run. This procedure was

found to be efficient in stabilising the instrument, causing reproducibility in the

chromatograms produced by the samples.

3.8.2 Aqueous extracts

Using the equipment described previously, it was not possible to create satisfactory

chromatographic separation for the aqueous extracts that would ensure meaningful

statistical analysis to take place. Therefore no further work on these extracts was

undertaken.
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3.8.3 Muscle tissue organic extracts

3.8.3.1 Quality control

Positive ionisation mode

0.00E+00

5.00E+06

1.00E+07

1.50E+07

2.00E+07

2.50E+07

3.00E+07

3.50E+07

4.00E+07

0 5 10 15 20 25 30 35

D
et

ec
to

r 
re

sp
o

n
se

Retention time (minutes)

QC1

QC2

QC3

QC4

QC5

QC6

Figure 3.3: Total ion chromatograms of QC samples throughout analytical run for
muscle tissue extracts in positive ionisation mode

Figure 3.3 shows that there was some instability in two of the QC samples run during

this analysis; QC1 in particular has a large amount of retention time drift towards

the end of the chromatogram, with a peak at 29.5 minutes where the same peak in

the other QC samples is at 27.5 minutes. The data processing method is able to

accommodate for this kind of retention time drift, and the samples are injected in a

random order so all samples feel the effect of any instrumental variation during the

run. This kind of retention time drift was most likely caused by the column not being

entirely conditioned, and so future analytical runs included additional QC injections

before the samples, despite significantly increasing the analysis time.
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Figure 3.4: Variability of retention time (A) and peak area (B) of 6 peaks in QC samples
throughout the analytical run for muscle tissue extracts in positive ionisation mode

To monitor the stability of the instrument throughout the analysis, six peaks in the

total ion chromatogram were selected at differing retention times and peak

intensities. Figure 3.4 shows the retention time variability and the peak area

variability of these six peaks in all QC samples during this analytical run.
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Table 3.7: Variability of retention time and peak area of 6 peaks in chromatograms of QC
samples during the analysis of muscle tissue extracts in positive ionisation mode

Retention time (minutes)

Peak QC1 QC2 QC3 QC4 QC5 QC6 SD Average CV%

1 8.64 8.89 8.56 8.54 8.65 8.60 0.13 8.65 1.48

2 17.22 17.46 16.91 16.83 17.01 16.92 0.24 17.06 1.39

3 19.76 19.60 19.09 18.99 19.17 19.07 0.32 19.28 1.66

4 21.04 21.13 20.66 20.58 20.75 20.65 0.23 20.80 1.09

5 24.78 24.61 24.21 24.19 24.33 24.24 0.24 24.39 1.00

6 29.57 28.21 27.78 27.75 27.93 27.84 0.70 28.18 2.49

Peak area

Peak QC1 QC2 QC3 QC4 QC5 QC6 SD Average CV%

1 17197840 32339864 29111355 34485954 29236672 30820700 6063267 28865398 21.01

2 18419820 27828790 28843738 31908700 34376239 36415756 6376463 29632174 21.52

3 50573562 51412965 56633056 59937423 62169393 63572537 5483013 57383156 9.56

4 44642292 51334009 46203277 48487131 52932074 53080112 3561863 49446483 7.20

5 39178779 46937645 44836277 49646033 56217625 53285991 6105662 48350392 12.63

6 179488196 187028150 176373987 178811867 175917446 173552660 4678972 178528718 2.62

The retention time variation was between 1.00 and 2.49%, with the higher value

calculated from the peak at 29.5 minutes in QC1 that was previously mentioned to

have quite substantially drifted in retention time. The peak area variation was

between 2.62 and 21.52%, and the highest values at 21.01 and 21.52% are calculated

from two peaks that had a low abundance in QC1 and 2, further indicating that the

column may not have been completely conditioned prior to injecting the samples.

However, with all CV% for the peak areas under 30%, it can be concluded that the

instrument was stable throughout this analytical run.
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Negative ionisation
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Figure 3.5: Total ion chromatograms of QC samples throughout analytical run for
muscle tissue extracts in negative ionisation mode

Figure 3.5 shows the QC samples throughout this analytical run, and they appear to

be mostly stable. QC1 and 3 did have some baseline drift, but the retention times do

not appear shifted.
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Figure 3.6: Variability of retention time (A) and peak area (B) of 6 peaks in QC samples
throughout analytical run for muscle tissue extracts in negative ionisation mode

Figure 3.6 illustrates the variability of the retention time and peak area of six peaks

throughout the analytical run in negative ionisation mode. The retention time was

very stable with minimal drift, and the peak areas did contain some variability,

particularly in peak 6, however it was within an acceptable amount of variability.
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Table 3.8: Variability of retention time and peak area of 6 peaks in chromatograms of QC
samples during the analysis of muscle tissue extracts in negative ionisation mode

Retention time (minutes)

Peak QC1 QC2 QC3 QC4 QC5 QC6 SD Average CV%

1 9.14 9.14 9.14 9.18 9.20 9.22 0.04 9.17 0.39

2 10.15 10.15 10.16 10.19 10.21 10.24 0.04 10.18 0.36

3 11.78 11.761 11.77 11.80 11.84 11.85 0.04 11.80 0.31

4 13.51 13.49 13.48 13.56 13.60 13.62 0.06 13.54 0.45

5 15.65 15.63 15.62 15.69 15.72 15.76 0.06 15.68 0.37

6 19.93 19.93 19.88 19.99 20.04 20.06 0.07 19.97 0.35

Peak area

Peak QC1 QC2 QC3 QC4 QC5 QC6 SD Average CV%

1 7230566 7373970 7313162 6885643 7138983 7188021 170812 7188391 2.38

2 3898530 3695071 4027611 3573273 4098152 3972045 203193 3877447 5.24

3 5127767 5067027 5702507 5412826 5262487 5520089 242590 5348784 4.54

4 6417111 6214879 6581020 6517158 6734598 7191457 333587 6609371 5.05

5 3913036 3923720 3911520 3387441 3923306 4541921 365912 3933491 9.30

6 4491817 4563657 4252627 4899908 5636614 5343526 534914 4864692 11.00

The retention time variability was minimal, with CV% values between 0.31 and

0.45%, and the peak area variability was between 2.38 and 11.00%. Therefore, the

instrument was stable throughout this analytical run.
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3.8.3.2 Metabolic fingerprinting
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Figure 3.7: Example total ion chromatograms in (A) positive and (B) negative ionisation
mode of muscle tissue extracts from normally slaughtered and DOA chickens

The total ion chromatograms (TICs) from the muscle tissue extracts showed a similar

peak pattern in the normally slaughtered and the DOA chickens in both positive and

negative mode (Figure 3.7). There is a slight discrepancy in the retention time of the

overlaid chromatograms for positive ionisation, however this is accommodated for in

the data processing. There does not appear to be any peaks that are present in the

TIC for one sample type and not the other, but there are slight differences in the

intensities of some of the peaks. In particular, in the positive ionisation mode, the

peak at 28 minutes has a higher detector response in the DOA sample compared to
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the normally slaughtered. In negative ionisation mode, the peak at 7.5 minutes has a

higher intensity in the DOA sample, and the peaks at 14, 15.5 and 19.5 minutes all

have a higher abundance in the normally slaughtered sample.

3.8.3.3 Multivariate statistics
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Figure 3.8: Principal component analysis scores plot of PC2 (0.163%) and PC3 (0.079%)
for muscle tissue extracts in positive ionisation mode. PCA was carried out using markers
with a p-value of < 0.05 and CV<10%

The principal component analysis plot for the muscle tissue extracts analysed in

positive ionisation mode (Figure 3.8) shows the QC samples tightly clustered, and

even though there is a slight overlap between the normally slaughtered and the DOA

samples, this plot shows some separation between the two sample types. The sample

data points are spread across the plot, implying there may have been some

instrumental instability during this analytical run, however this pattern of data

points is unlikely to be caused by this as the samples were randomised before

injection.
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Figure 3.9: Principal component analysis scores plot of PC2 (1.182%) and PC3 (0.144%)
for muscle organic extracts in negative ionisation mode. PCA was carried out using markers
with a p-value of < 0.05 and CV<10%

The PCA plot for muscle tissue extracts in negative ionisation mode (Figure 3.9)

shows the DOA samples grouped on the right and the normally slaughtered samples

grouped on the left. The groupings for the two sample types overlap, so this

multivariate technique is not appropriate to differentiate between normally

slaughtered and DOA chicken muscle tissue.

3.8.3.4 Significant markers

The number of features detected in the muscle extracts found through XCMS Online

was 9087 in positive ionisation mode and 2800 in negative ionisation mode. After

removing all features with a CV% of more than 10% and a p-value of more than 0.05,

203 markers and 124 markers were remaining respectively. These markers were

significantly different between the two sample types, and were reliable throughout the

analytical run.

After taking the top 25 markers that had the lowest p-value from the statistical test

in XCMS Online, Table 3.9 shows the markers that proved to be the most robust and
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significantly different between normally slaughtered and DOA chickens. These

markers were significantly different based on the XCMS Online statistical analysis, as

well as in the t-tests of the peak areas in the raw data. All markers have a CV% of

less than 10% in the normalised data and 30% in the raw data, indicating they were

stable throughout the analytical run and were not affected by instrumental drift.

Table 3.9: Summary of remaining compounds from top 25 markers that were significantly
different between normally slaughtered and dead on arrival chickens in muscle tissue
extracts, in order of significance based on p-value from XCMS Online. Asterisk indicates
markers were upregulated in the dead on arrival samples

Polarity m/z
Retention time
median (mins)

P-value from
t-test (XCMS)

CV %
(XCMS)

P-value from
t-test (EICs)

CV %
(EICs)

216.1944* 7.78 1.63E-03 6.62 2.45E-04 3.57

130.1570 6.47 2.98E-03 6.04 4.73E-03 8.34

708.1774* 1.02 5.71E-03 9.56 4.46E-02 6.73

+ 178.5856* 1.01 6.11E-03 5.65 4.01E-03 4.89

300.2893 12.37 9.48E-03 6.61 1.47E-02 7.08

421.2538 19.09 9.82E-03 6.95 2.76E-02 15.55

509.2041* 1.49 1.43E-02 9.55 9.19E-03 5.67

371.1599* 1.05 5.58E-03 3.70 1.99E-03 27.03

- 297.2461* 11.78 3.02E-02 4.85 3.06E-02 27.15

180.0669* 1.12 3.72E-02 2.23 4.09E-02 3.79

In the muscle extracts, there was a mix of upregulated and downregulated markers in

the DOA samples compared to the normally slaughtered samples. This shows the

complexity of the metabolic processes that occur after death, and how the time since

death can cause significant changes on metabolite concentrations. In the DOA

samples, the time since death is longer than in the normally slaughtered samples, and

so therefore the concentration of molecules will have changed more, whether it be

increasing or decreasing, depending on the metabolic pathway in action.
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3.8.3.5 Marker identification

The identification method within the XCMS Online process gave a potential

indication to the identity of a few of the compounds. Markers with an m/z of

421.2538 and 509.2041 could be peptides, the marker with an m/z of 180.0669 could

be L-tyrosine, and the marker with an m/z of 300.2893 could be sphingosine.

Tentative identification

The marker with an m/z of 300.2897 at 12.37 minutes gave a predicted formula of

C18H37NO2 with a likelihood score of 98.91%. The METLIN database suggested this

molecule could be sphingosine, and the mass spectrum from the experimental data

matched the mass spectrum on the database, making this a tentative identification.
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Figure 3.10: Molecular structure of sphingosine
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Confirmed identification

After running a muscle tissue extract sample and the sphingosine chemical standard

in MS/MS mode at a collision energy of 10 V, 20 V, and 40 V, the mass spectra were

compared.
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Figure 3.11: Mass spectra from MS/MS analysis of a muscle tissue extract sample (A)
and the sphingosine chemical standard (B) at a collision energy of 10 V

With a collision energy of 10 V (Fig. 3.11), it can be seen that the fragmentation

pattern in the muscle extract spectrum matches the fragmentation pattern in the

sphingosine spectrum. Both spectra show fragment peaks at 282 m/z, caused by the

loss of one water molecule, 264 m/z, caused by the loss of two water molecules, and

252 m/z, caused by the loss of one water molecule and a formaldehyde molecule.
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Figure 3.12: Mass spectra from MS/MS analysis of a muscle tissue extract sample (A)
and the sphingosine chemical standard (B) at a collision energy of 20 V

The two spectra also match with a collision energy of 20 V (Fig. 3.12); the most

prominent peaks at 55 m/z, caused by an alkyl group, and 282 m/z, caused by the

loss of one water molecule, are consistent in both the muscle extract and the

sphingosine chemical standard spectra, with the smaller peaks also the same.
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Figure 3.13: Mass spectra from MS/MS analysis of a muscle tissue extract sample (A)
and the sphingosine chemical standard (B) at a collision energy of 40 V

Finally, when a collision energy of 40 V was used, the fragmentation patterns in the

two mass spectra match; there are several peaks in the muscle tissue extract sample

that match peaks in the sphingosine standard sample, specifically at 41, 55, 67 and 95

m/z, all caused by alkyl groups. There are some additional peaks in the muscle tissue

extract that are at a higher abundance than in the sphingosine standard, however

this is expected as the sample contained many components that may have co-eluted

with sphingosine, whereas the sphingosine standard was pure.
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Figure 3.14: Total ion chromatograms comparing retention time for (A) sphingosine
standard, (B) muscle extract sample, (C) muscle extract sample with internal standard of
sphingosine

The sphingosine standard, a muscle extract sample, and a muscle extract sample with

a sphingosine internal standard were all analysed on an HPLC-MS in selected ion

monitoring (SIM) mode, using a specific m/z of 300.3. The chromatograms, as shown

in Figure 3.14, indicate a main peak at a retention time of 13.2 minutes in all

chromatograms. The top chromatogram shows the sphingosine standard, which

confirmed the retention time for sphingosine at these chromatographic conditions.

The middle chromatogram shows a muscle tissue extract from a normally slaughtered

chicken, showing the same peak at 13.2 minutes at a smaller intensity. Finally, the
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bottom chromatogram shows the same muscle tissue extract with an internal

standard of sphingosine. This chromatogram shows a single peak at 13.2 minutes,

and there are not two peaks for the sphingosine standard and the unknown marker in

the muscle tissue extract. All of these three peaks align at the exact same retention

time, indicating the unknown marker in the muscle extract is either a molecule with

the same molecular mass and same chromatographic properties as sphingosine, or it

is sphingosine. Taking the tentative identification, the MS/MS analysis, and

chromatographic properties into account, the identification of this marker can be

confirmed.

Sphingosine is a sphingolipid found endogenously in cells, and is the backbone to

many sphingolipids, including ceramide. These sphingolipids are involved in a variety

of cell signalling and pathological functions, specifically in the process of

apoptosis [109, 110], and stress responses [111]. Sphingosine synthesis begins with the

condensation of serine and palmitoyl CoA, producing 3-ketodihydrosphingosine. This

is then reduced to dihydrosphingosine and acylated to dihydroceramide. Ceramide is

then formed through a dehydrogenation reaction, and finally deacylated to form

sphingosine. This pathway can be seen in Figure 3.15.
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Ceramide
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Figure 3.15: Metabolic pathway of sphingosine (created from information in Maceyka
and Spiegel [112], and Gault et al. [113])
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The regulation of sphingosine and ceramide is very important in maintaining

functional levels of sphingolipids within an organism. As shown in Figure 3.16,

sphingosine can either be phosphorylated to sphingosine-1-phosphate, which is key in

the generation of glycerolipids, and then irreversibly degraded to

phosphoethanolamine and hexadecenal. It can also be recycled back to ceramide

following the reutilisation pathway, maintaining sphingolipid homeostasis [112] .

It has been found that ceramide production is induced by stress stimuli including

hypoxia [114]. It is therefore possible that the presence of sphingosine in the chicken

muscle is a result of the breakdown of ceramide, which accumulated in the muscle

during the transport and slaughter of the chicken where there may have been a

deficiency in oxygen reaching the muscle tissue. This marker was found to be

upregulated in the normally slaughtered chicken muscle tissue compared to the DOA

chicken muscle tissue, which could be because the DOA chickens have been dead for

longer so the sphingosine was recycled back to ceramide in the time between death

and sampling, or it has continued to form sphingosine-1-phosphate, and further

broken down to hexadecenal and phosphoethanolamine [113].
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Ceramide

Sphingosine

Sphingosine-1-phosphate

Phosphoethanolamine Hexadecenal

Figure 3.16: The breakdown pathways of sphingosine (created from information in
Maceyka and Spiegel [112], and Gault et al. [113])
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3.8.4 Liver tissue extracts

3.8.4.1 Quality control

Positive ionisation
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Figure 3.17: Total ion chromatograms of QC samples throughout analytical run for liver
tissue extracts in positive ionisation mode

The chromatograms for the QC samples injected throughout the analysis of the liver

tissue extracts in positive ionisation mode appear to be reproducible. QC1 and 2

both have slight baseline drift, particularly during the part of the solvent gradient

that consists of 100% acetonitrile, however this did not affect the retention time or

peak area variability.
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Figure 3.18: Variability of retention time (A) and peak area (B) of 6 peaks in QC
samples throughout analytical run for liver tissue extracts in positive ionisation mode

Six peaks were selected to monitor the stability of the instrument during the

analytical run, and the variability in retention time for each of these peaks in all QC

samples was very minimal, and the peak area variability was low (Figure 3.18).
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Table 3.10: Variability of retention time and peak area of 6 peaks in chromatograms of
QC samples during the analysis of liver tissue extracts in positive ionisation mode

Retention time (minutes)

Peak QC1 QC2 QC3 QC4 QC5 QC6 SD Average CV%

1 12.35 12.33 12.35 12.35 12.35 12.34 0.01 12.35 0.06

2 17.73 17.73 17.71 17.73 17.72 17.71 0.01 17.72 0.05

3 18.71 18.71 18.71 18.71 18.70 18.71 0.00 18.71 0.02

4 22.66 22.66 22.66 22.66 22.65 22.65 0.00 22.65 0.02

5 23.93 23.95 23.93 23.95 23.95 23.94 0.01 23.94 0.04

6 27.12 27.12 27.11 27.14 27.13 27.13 0.01 27.13 0.04

Peak area

Peak QC1 QC2 QC3 QC4 QC5 QC6 SD Average CV%

1 208237889 222373901 224848713 222176405 217207775 227249237 6809503 220348987 3.09

2 59997668 57389830 56891868 59911561 58196760 58986232 1292993 58562320 2.21

3 273684502 279168223 256097863 268719604 260635687 265321542 8455083 267271237 3.16

4 58879870 56482854 59414616 58419011 63823202 63776867 3008092 60132737 5.00

5 169403984 157118872 147111814 134816921 164531950 163900197 12990138 156147290 8.32

6 632421710 627806736 656217259 624337515 664995180 675492446 21517488 646878474 3.33

The retention time variability for the six peaks was extremely low, with the CV%

ranging from 0.02 to 0.06%, showing the retention time for each peak was very

reproducible throughout the analytical run. The peak area variability was between

2.21 and 8.32%. This statistical analysis demonstrates the instrument was stable for

the duration of this run and contained minimal drift effects, if any.
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Negative ionisation
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Figure 3.19: Total ion chromatograms of QC samples throughout analytical run for liver
tissue extracts in negative ionisation mode

Figure 3.19 show the chromatograms for the QC samples run throughout the analysis,

and all chromatograms are reproducible with extremely minimal drift. The only area

of variability is at 34 minutes, but this does not look like an actual peak and may just

be irregularity during the decrease of acetonitrile in the solvent gradient.
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Figure 3.20: Variability of retention time (A) and peak area (B) of 6 peaks in QC
samples throughout analytical run for liver tissue extracts in negative ionisation mode

The variability in retention time and peak area is demonstrated in Figure 3.20, which

shows the consistency in retention time for all six peaks in each QC throughout the

analytical run. The peak area also appears stable, with one peak increasing slightly

over the course of the analysis.
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Table 3.11: Variability of retention time and peak area of 6 peaks in chromatograms of
QC samples during the analysis of liver tissue extracts in negative ionisation mode

Retention time (minutes)

Peak QC1 QC2 QC3 QC4 QC5 QC6 SD Average CV%

1 7.72 7.73 7.74 7.76 7.81 7.78 0.03 7.75 0.42

2 8.92 8.94 8.945 8.97 9.00 8.99 0.03 8.96 0.36

3 11.92 11.98 11.97 12.01 12.07 12.06 0.06 12.00 0.49

4 15.90 16.00 15.95 15.99 16.06 15.99 0.05 15.98 0.33

5 24.39 24.46 24.45 24.47 24.54 24.48 0.05 24.46 0.20

6 29.68 29.72 29.74 29.73 29.78 29.72 0.03 29.73 0.11

Peak area

Peak QC1 QC2 QC3 QC4 QC5 QC6 SD Average CV%

1 97980615 99209288 103168307 103240228 104260029 107230703 3397768 102514862 3.31

2 7281736 7021155 7342462 8109400 7558830 8002929 427275 7552752 5.66

3 23412628 24675874 24880103 24782431 26311934 26223442 1085433 25047735 4.33

4 36102188 40653615 39494326 40434290 41101107 39380509 1806771 39527673 4.57

5 39428903 38291612 40113677 39421673 39010152 41035842 941442 39550310 2.38

6 10136012 11758637 10886687 11169244 12292073 11884825 782496 11354580 6.89

The variability in retention time was between 0.11 and 0.49%, showing very good

stability throughout the analysis, and the peak area variability was between 2.38 and

6.89%. These values confirm the instrument was stable throughout this analytical

run.

3.8.4.2 Metabolic fingerprinting

The overlaid chromatograms for the liver organic extracts (Fig. 3.21) show the

normally slaughtered and the DOA chickens had very similar metabolic contents, but

the majority of peaks are at a higher intensity in the dead on arrival chickens

compared to the normally slaughtered. This could be attributed to the difference in

time since death between the two sample types, and so any metabolic pathways that

are activated after death had been occurring for longer in the DOA samples.
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Figure 3.21: Example total ion chromatograms in (A) positive and (B) negative
ionisation mode of liver tissue extracts from normally slaughtered and DOA chickens

There are some peaks that do not follow this trend in both ionisation modes. In positive

ionisation mode, the peaks at 8 and 24.5 minutes have the same intensities in both

sample types, and in the negative ionisation mode, the peaks at 9, 32 and 33 minutes

also have the same intensities in both sample types. There are more peaks in the

chromatograms for positive ionisation compared to negative ionisation, indicating that

the positive ionisation mode may prove to be more useful during these global metabolic

approaches as there are more features in these analyses, increasing the chance of finding

useful markers, making it a good starting point in an untargeted analysis study.
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3.8.4.3 Multivariate statistics
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Figure 3.22: Principal component analysis scores plot of PC2 (3.808%) and PC3
(0.230%) for liver organic extracts in positive ionisation mode. PCA was carried out using
markers with a p-value of < 0.05 and CV<10%

The spatial positioning of the data in the PCA plot for the significantly different

markers with a CV% of less than 10% (Figure 3.22) is quite spread out, but the two

groups can be seen, despite some overlap. This plot is not sufficient to identify if a

piece of liver tissue is from a DOA chicken or a normally slaughtered chicken, but

does show promise in markers being found that are statistically significantly different.

The quality control samples are tightly clustered in the middle of the plot, showing

stability within the analytical run. This is the same for the significantly different

markers found in the negative ionisation mode, shown in Figure 3.23.
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Figure 3.23: Principal component analysis scores plot of PC2 (2.629%) and PC3
(0.422%) for liver organic extracts in negative ionisation mode. PCA was carried out using
markers with a p-value of < 0.05 and CV<10%

3.8.4.4 Significant markers

The number of features detected in the liver extracts found through XCMS Online

was 14910 in positive ionisation mode and 5079 in negative ionisation mode. After

removing all features with a CV% of more than 10% and a p-value of more than 0.05,

633 markers and 488 markers were remaining respectively. These markers were

significantly different between the two sample types, and stable in the QC samples.

After taking the top 25 markers that had the lowest p-value from the statistical test

in XCMS Online, Table 3.12 shows the markers that proved to be the most robust

and significantly different between normally slaughtered and DOA chickens. These

markers were significantly different based on the XCMS Online statistical analysis, as

well as in the t-tests of the peak areas in the raw data. All markers have a CV% of

less than 10% in the normalised data and 30% in the raw data, indicating they were

stable throughout the analytical run and were not affected by instrumental drift.

83



Chapter 3

Table 3.12: Summary of remaining compounds from top 25 markers that were
significantly different between normally slaughtered and dead on arrival chickens in liver
tissue extracts, in order of significance based on p-value from XCMS Online. Asterisk
indicates markers were upregulated in the dead on arrival samples

Polarity m/z
Retention time
median (mins)

P-value from
t-test (XCMS)

CV %
(XCMS)

P-value from
t-test (EICs)

CV %
(EICs)

548.2953* 14.11 1.94E-05 9.41 1.71E-03 22.41

524.3002* 11.92 1.11E-03 6.97 2.62E-04 6.93

282.6343* 14.11 1.34E-03 3.41 3.53E-03 8.36

526.3129* 14.11 1.59E-03 0.78 3.02E-03 1.58

+ 508.3065* 14.11 3.20E-03 3.54 2.84E-02 24.17

291.6224* 14.11 3.92E-03 5.05 5.28E-04 29.87

312.1370* 14.11 5.11E-03 9.32 8.35E-05 9.45

498.2808* 11.39 8.00E-03 0.45 1.53E-02 0.88

106.0501 1.03 1.40E-02 1.54 4.19E-02 1.33

333.2389* 15.24 2.31E-02 5.38 2.36E-02 8.93

485.2729* 13.33 5.97E-03 1.08 3.49E-03 28.83

- 614.2536* 14.30 1.93E-02 5.27 4.97E-03 10.63

319.2214* 11.23 3.61E-02 2.79 4.18E-02 29.57

296.2258* 11.02 3.69E-02 5.27 4.40E-03 26.76

All but one of the markers were found to be at a higher abundance in the DOA

samples compared to the normally slaughtered samples.

3.8.4.5 Marker identification

No markers were able to be identified within the liver extracts. Only the top 25

significantly different markers were analysed and so despite there not being a

successful identification within these markers, there may be other markers that are

still significantly different that could be identified, however further research would be

required.
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3.8.5 Heart tissue extracts

3.8.5.1 Quality control

Positive ionisation
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Figure 3.24: Total ion chromatograms of QC samples throughout analytical run for heart
tissue extracts in positive ionisation mode

Figure 3.24 shows there was some instrumental drift during the analytical run; in

particular, all peaks in QC4 and 5 have shifted to the right of the chromatogram, and

the compounds within the sample have been retained for longer on the column. The

first peaks at 2 minutes have the same retention time in all QC samples, and it is

after this point that the retention time drift begins, therefore it was not an error in

the injection of these samples. These are the last QC samples injected in the

analytical run, and so it could have been a change in pressure in the system, or

ambient temperature, that caused this retention time drift. Nonetheless, this was

corrected during the data processing, and was still within the recommended threshold

of variability.

85



Chapter 3

0

5

10

15

20

25

30

35

1 2 3 4 5

R
et

en
ti

o
n

 t
im

e 
(m

in
u

te
s)

QC sample

Peak 1

Peak 2

Peak 3

Peak 4

Peak 5

Peak 6

A

0.00E+00

1.00E+08

2.00E+08

3.00E+08

4.00E+08

5.00E+08

6.00E+08

1 2 3 4 5

P
ea

k
 a

re
a

QC sample

B

Figure 3.25: Variability of retention time (A) and peak area (B) of 6 peaks in QC
samples throughout analytical run for heart tissue extracts in positive ionisation mode

The retention time and peak area variability are illustrated in Figure 3.25. The slight

change in retention time in QC4 and 5 can be seen in the retention time variability

plot, but overall the retention times appear stable throughout the analysis. The peak

areas also show stability during the run.
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Table 3.13: Variability of retention time and peak area of 6 peaks in chromatograms of
QC samples during the analysis of heart tissue extracts in positive ionisation mode

Retention time (minutes)

Peak QC1 QC2 QC3 QC4 QC5 SD Average CV%

1 11.15 11.14 11.13 11.51 11.58 0.23 11.30 2.00

2 13.78 13.70 13.70 14.12 14.24 0.25 13.91 1.83

3 14.30 14.26 14.25 14.72 14.84 0.28 14.47 1.95

4 24.22 24.24 24.22 24.54 24.70 0.22 24.38 0.91

5 27.72 27.85 27.78 28.13 28.30 0.25 27.96 0.88

6 30.79 30.84 30.80 31.10 31.27 0.21 30.96 0.69

Peak area

Peak QC1 QC2 QC3 QC4 QC5 SD Average CV%

1 123946828 116890494 122522554 122671594 122252548 2742998 121656804 2.25

2 136306217 142042100 157724065 162730220 162033349 12184883 152167190 8.01

3 477596852 486225114 528783372 524159355 527063802 24759177 508765699 4.87

4 48422156 47658537 50088337 54300646 59743674 5013783 52042670 9.63

5 162849434 184569712 184923791 189478792 195929293 12448273 183550204 6.78

6 7869388 9252853 8765728 9420359 10250809 876898 9111827 9.62

The variability in retention time was between 0.69 and 2.00%, and the peak area

variability was between 2.25 and 9.63%. These values indicate that the instrument

was stable throughout the analytical run.
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Negative ionisation
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Figure 3.26: Total ion chromatograms of QC samples throughout analytical run for heart
tissue extracts in negative ionisation mode

Overall, the stability of the QC samples throughout this analytical run was

consistent, with all chromatograms overlaying each other. There were some

fluctuations along the baseline, however these were minimal.

88



Chapter 3

0

5

10

15

20

25

30

1 2 3 4 5

R
et

en
ti

o
n

 t
im

e 
(m

in
u

te
s)

QC sample

Peak 1

Peak 2

Peak 3

Peak 4

Peak 5

Peak 6

A

0.00E+00

5.00E+07

1.00E+08

1.50E+08

2.00E+08

2.50E+08

1 2 3 4 5

P
ea

k
 a

re
a

QC sample

B

Figure 3.27: Variability of retention time (A) and peak area (B) of 6 peaks in QC
samples throughout analytical run for heart tissue extracts in negative ionisation mode

The variability in retention time and peak area in six selected peaks within the total

ion chromatograms of the QC samples are illustrated in Figure 3.27, and both appear

to be stable throughout the analytical run.
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Table 3.14: Variability of retention time and peak area of 6 peaks in chromatograms of
QC samples during the analysis of heart tissue extracts in negative ionisation mode

Retention time (minutes)

Peak QC1 QC2 QC3 QC4 QC5 SD Average CV%

1 9.20 9.23 9.24 9.25 9.26 0.03 9.23 0.28

2 11.03 11.10 11.12 11.14 11.14 0.04 11.11 0.40

3 13.20 13.24 13.29 13.30 13.30 0.05 13.26 0.34

4 15.42 15.50 15.53 15.55 15.55 0.06 15.51 0.36

5 19.62 19.70 19.72 19.75 19.79 0.06 19.71 0.32

6 23.77 23.85 23.85 23.90 23.92 0.06 23.86 0.25

Peak area

Peak QC1 QC2 QC3 QC4 QC5 SD Average CV%

1 17080827 17163500 17876338 17952157 18880445 727710 17790653 4.09

2 17480140 16547806 17273227 18128199 17283138 564829 17342502 3.26

3 78260413 77904246 79297863 81620958 81670102 1803980 79750716 2.26

4 190407978 192514042 192966340 196654441 198610909 3324886 194230742 1.71

5 36267337 35258292 37227262 37226649 37985234 1052343 36792955 2.86

6 19197094 19509976 19782536 19236646 20779800 647397 19701210 3.29

The variability in retention time was between 0.25 and 0.40%, and the peak area

variability was between 1.71 and 4.09%. These values indicate that the instrument

remained stable throughout this analysis.
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3.8.5.2 Metabolic fingerprinting
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Figure 3.28: Example total ion chromatograms in (A) positive and (B) negative
ionisation mode of heart tissue extracts from normally slaughtered and DOA chickens

The chromatograms for the heart tissue extracts (Fig. 3.28) show many peaks are at

a higher intensity in the normally slaughtered compared to the DOA chickens. This is

opposite to the liver extracts, where the peaks are at a higher intensity in the DOA

extracts. This may indicate that the metabolites present in the heart muscle are

decreasing after death, and so are downregulated in the DOA samples as these have a

longer post-mortem interval than the normally slaughtered samples. There are some

peaks that do not follow this trend; in positive ionisation mode, the peak at 11.5

minutes has a higher abundance in the DOA sample, and in the negative ionisation
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mode, the peak at around 10 minutes also has a higher intensity in the DOA sample.

Additionally, the peaks at the beginning of the chromatogram in both ionisation

modes all have a higher abundance in the DOA sample, which are very polar

compounds that are the least retained by the column and therefore elute rapidly.

3.8.5.3 Multivariate statistics
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Figure 3.29: Principal component analysis scores plot of PC2 (0.493%) and PC3
(0.382%) for heart tissue extracts in positive ionisation mode. PCA was carried out using
markers with a p-value of < 0.05 and CV<10%

The PCA plot (Figure 3.29) was constructed by using only the significantly different

markers found by XCMS Online at a p-value of 0.05, with a CV% of less than 10%.

Looking at the PCA plot, the QC samples are tightly clustered, showing good

precision within the data, and the distance between the normally slaughtered samples

and the DOA samples is greater than the spread within the QC samples, showing

that the difference is caused by the difference in metabolic content in the samples and

not by instrumental drift.
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Figure 3.30: Principal component analysis scores plot of PC2 (0.811%) and PC3
(0.348%) for heart tissue extracts in negative ionisation mode. PCA was carried out using
markers with a p-value of < 0.05 and CV<10%

The PCA plots for the negatively charged markers (Figure 3.30) showed greater

separation than the positively charged markers. The separation between the two

sample types is greater than the spread within the QC samples.

Taking these multivariate analysis results into account, it can be concluded that

untargeted analysis of extracts taken from slaughtered chicken hearts, with the use of

these multivariate techniques, has the potential of being used as a preliminary test to

differentiate between normally slaughtered and DOA chickens, without the need for

detecting specific compounds. Due to the small sample size in this study, this

conclusion can not be definite, however if these results were to be replicated in a

larger study it would increase the usefulness of this multivariate technique in

discriminating between normally slaughtered and DOA chickens.
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3.8.5.4 Significant markers

The number of features detected in the heart tissue extracts found through XCMS

Online was 10919 in positive ionisation mode and 4278 in negative ionisation mode.

After removing all features with a CV% of more than 10% and a p-value of more

than 0.05, 842 markers and 729 markers were remaining respectively. These markers

were significantly different between the two sample types, and were stable in the QC

samples throughout the analytical run.

After taking the top 25 markers that had the lowest p-value from the statistical test

in XCMS Online, Table 3.15 show the markers that proved to be the most robust and

significantly different between normally slaughtered and DOA chickens. These markers

were significantly different based on the XCMS Online statistical analysis, as well as

in the t-tests of the peak areas in the raw data. All markers have a CV% of less

than 10% in the normalised data and 30% in the raw data, indicating they were stable

throughout the analytical run and were not affected by instrumental drift. All markers

in this table were found at a lower concentration in the DOA samples compared to the

normally slaughtered, which coincides with the findings from the peak patterns in the

chromatograms.
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Table 3.15: Summary of remaining compounds from top 25 markers that were
significantly different between normally slaughtered and dead on arrival chickens in heart
tissue extracts, in order of significance based on p-value from XCMS Online

Polarity m/z
Retention time
median (mins)

P-value from
t-test (XCMS)

CV %
(XCMS)

P-value from
t-test (EICs)

CV %
(EICs)

261.6288 17.83 1.44E-07 2.89 2.60E-06 4.40

282.1428 17.83 2.74E-07 8.44 6.31E-03 21.34

467.3261 14.74 4.66E-07 2.72 5.15E-05 25.26

268.1302 14.16 5.46E-07 8.79 9.18E-03 29.28

270.1278 16.67 7.35E-07 4.22 6.65E-04 11.08

238.6263 14.16 8.88E-07 5.34 1.62E-03 7.51

747.9430 16.68 8.90E-07 9.91 1.41E-03 25.79

+ 216.0630 16.68 1.04E-06 4.82 1.84E-04 11.03

482.3266 16.68 2.25E-06 0.66 1.34E-05 4.52

988.1003 16.68 6.61E-06 6.24 2.41E-05 11.40

741.9572 16.68 1.51E-05 4.00 5.66E-05 6.95

539.2375 14.18 2.23E-05 8.74 2.41E-04 28.34

290.1398 16.68 2.51E-05 4.96 6.99E-05 5.12

982.6152 16.68 6.03E-05 7.27 7.96E-06 25.04

501.8004 16.67 6.48E-05 4.47 9.13E-04 24.88

521.2542 12.65 3.90E-08 1.89 1.12E-02 20.24

980.5186 12.65 4.29E-08 4.22 5.66E-09 4.31

963.5288 12.65 4.36E-08 2.52 1.94E-08 6.31

504.2655 12.65 8.20E-08 1.84 5.51E-05 3.22

522.2672 17.08 1.56E-07 3.19 3.17E-04 6.62

462.2929 13.96 2.05E-07 4.34 2.25E-05 3.14

895.5412 12.65 3.13E-07 2.18 2.04E-06 4.09

988.6422 15.93 3.24E-07 6.19 1.14E-04 25.70

617.2718 17.08 3.54E-07 3.90 1.26E-04 6.46

436.2792 12.65 5.69E-07 1.98 8.01E-04 2.65

572.2515 12.65 6.06E-07 3.32 9.59E-03 29.00

- 925.5891 13.23 6.92E-07 4.93 1.74E-06 6.07

549.2846 17.08 8.83E-07 3.36 8.75E-04 10.58

494.2358 12.66 9.13E-07 5.62 9.44E-04 1.84

462.2937 13.23 1.21E-06 2.18 2.43E-05 2.30

600.2811 17.08 1.43E-06 3.58 3.77E-03 1.14

959.6218 13.28 1.78E-06 2.44 9.93E-06 23.50

482.3097 15.54 1.97E-06 1.99 3.82E-02 1.38

947.5698 13.21 4.16E-06 4.39 8.26E-08 6.81

961.6116 15.54 5.31E-06 1.22 6.35E-03 21.51

668.2685 17.09 1.29E-05 2.38 6.47E-06 1.99

965.6203 15.54 3.59E-05 3.73 9.45E-04 21.09

999.5758 13.43 7.24E-05 9.11 8.28E-05 11.04
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3.8.5.5 Marker identification

No markers were able to be identified in the heart extracts. Only the top 25

significantly different markers were analysed and so despite there not being a

successful identification within these markers, there may be other markers that are

still significantly different that could be identified with further analysis.

3.8.6 Targeted approach

Based on previous research, a number of metabolites have been found to change in

blood after death. As an additional step to the analysis, metabolites that have been

found to be a marker of interest in post-mortem studies were searched for within the

raw data. In particular, the m/z (M+H) for hypoxanthine, uric acid, lactic acid,

adrenaline and creatinine were attempted to be extracted from the chromatograms

for all extracts. The only marker that appeared to be present in any of the tissue

types was hypoxanthine, however this was poorly retained by the column and eluted

quickly. Therefore, this marker would not be useful in this type of analysis and would

be better suited to other chromatographic conditions, such as with the use of a

HILIC (hydrophilic interaction chromatography) column, or gas chromatography,

which is a technique more suited to analysing volatile compounds.
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3.8.7 Repeatability on different instruments

3.8.7.1 Multivariate statistics

In order to directly compare the separation of groups in a principal component

analysis scores plot, both sets of data needed to be processed in the same way. The Q

Exactive Plus data was processed using XMCS Online with the same parameters as

the Q-TOF data, as stated in Table 3.4. This allowed PCA scores plots to be carried

out on the peak areas of the significantly different markers with a CV% of less than

10% for each sample. The differences in group separation between analytical runs on

different instruments could then be visualised.

The PCA plot for the muscle tissue extracts analysed on the Q Exactive Plus (Figure

3.31 B) is very different to the PCA plot for the samples analysed on the Q-TOF

(Figure 3.31 A). Firstly, the quality control samples are more tightly clustered in the

data analysed on the Q Exactive Plus, implying the analytical run had less

instrumental drift and more stability. However, the spread of the normally

slaughtered samples is wider in this plot. The differences observed highlight the

weaknesses of PCA scores plots; it is very useful when presenting the differences

between sample types in a visual way, however, it is difficult to use as a method to

differentiate between the sample types when the differences are extremely small,

especially when analysed on different instruments on different days.
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Figure 3.31: Principal component analysis scores plots of PC2 and PC3 for muscle tissue
extracts in positive ionisation mode, using A) an Agilent Technologies 6530 Accurate Mass
Q-TOF LC/MS, and B) a Thermo Fisher Q Exactive Plus. PCA was carried out using
markers that were significantly different with a p-value of < 0.05 and a CV < 10%

3.8.7.2 Marker identification

The data obtained from the Q Exactive Plus was analysed using Compound Discoverer.

The workflows for the two data sets were very different and so it is difficult to directly

compare them thoroughly. Compound Discoverer created a volcano plot that showed

the significantly different markers at specific p-values and markers that increased or

decreased by a specific fold change. This allowed only the most interesting markers to

be further analysed for potential identification.
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In the muscle extracts, only 4 markers were found to be significant at a p-value of less

than 0.05 and different by a fold change of 0.5. Due to the unknown specifics of the

statistical tests used within the Compound Discoverer software, manual t-tests were

carried out to confirm the significance of these 4 markers; only 2 were confirmed as

significant. All four markers could be found in the Agilent Q-TOF feature table, and

so the two datasets were compared (Table 3.16). Of the two markers confirmed to be

significantly different in the Q Exactive Plus data, one of these was not found to be

significantly different in the Q-TOF data. The other compound was significant in

both datasets and had a CV% of less than 10%. Interestingly, this compound had an

m/z of 300.2892, and the identification based on database searches within the

Compound Discoverer software found this marker to be sphingosine. This compound

is the same compound that was successfully identified in the Q-TOF dataset, shown

in Section 3.8.3.5.

Table 3.16: Comparison of significantly different markers in muscle tissue extracts
analysed on an Agilent Q-TOF and a Thermo Q Exactive Plus. P-value calculated from
manual t-test on normalised peak areas

m/z
Retention time
median (mins)

P-value
(QE Plus)

P-value
(Q-TOF)

CV% (QE Plus) CV% (Q-TOF)

522.3554 8.25 0.153 0.303 9.39 44.73

300.2892 6.93 <0.001 0.010 1.57 6.61

298.0967 3.95 0.031 0.462 2.52 58.75

466.3286 10.57 0.071 0.237 4.63 5.79

The difference in results when using two different instruments with different

workflows demonstrates how varied untargeted analyses can be, and how the

discovery of markers for diagnostic purposes largely depends on the techniques used

in initial investigations. The fact that the only marker that was significantly different

between DOA and normally slaughtered chicken muscle in both analyses was

sphingosine shows the reliability and robustness of this marker.
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3.9 Conclusion

This work has shown that it is possible to use established metabonomic profiling

methods to differentiate between animals that have died in transit and those that

were subjected to the normal slaughter process. This approach has also shown that it

is possible to generate a large dataset of metabolites that can be statistically analysed

to determine potential markers that could be useful for the detection of this type of

fraud.

The liquid chromatography-mass spectrometry techniques used in this work have

shown to produce reliable data, through the use of quality control samples injected

throughout the analytical run. In all analyses, the QC samples had minimal retention

time and peak area variability, and have proved to be a beneficial way in ensuring the

data is reliable for continued statistical analysis.

This untargeted approach on the analysis of muscle, liver and heart tissue extracts

obtained metabolic profiles that could be used to detect features within the samples.

Overall, the use of positive ionisation mode on the Q-TOF obtained more features

than in negative ionisation mode, and the liver appeared to contain the most features

overall. Despite this, the heart had the most remaining features by the end of the

statistical analysis, with 37 out of 50 features being significantly different between the

two sample types (p-value < 0.05) and stable throughout the analysis (CV% < 30%

in QC samples in the raw data), compared to the liver, which had 14 out of 50

features, and the muscle, which had 10 out of 50 features. The muscle tissue had the

fewest features detected in the chromatograms, however the muscle was the only

tissue type that was able to provide a marker that could be identified successfully.

In the muscle tissue, a marker was identified as sphingosine, and the intensity of this

marker was found to be downregulated in the dead on arrival chickens compared to
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the normally slaughtered chickens. It was postulated that the presence of sphingosine

is likely due to the accumulation of ceramide during the transport and slaughter, and

the breakdown of this compound to sphingosine. The difference in concentration of

sphingosine between DOA and normally slaughtered chickens could be attributed to

the difference in time of death. Due to the number of samples available for this study,

it is clear that further work is required to validate this marker for this purpose.

However, this work highlights the potential of this approach to provide markers that

could be used in targeted assays to detect fraud of this nature.

Due to the time consuming data analysis methodologies involved in this research,

only the top 25 significantly different compounds were analysed in detail, including

confirmation of significance, statistical testing of the raw data, and attempted

identification. This means that there was only one successful identification made

within this work. In future work, more significantly different markers would be

analysed in detail in order to gain more identifications of the markers that contribute

to the differences between normally slaughtered and DOA chickens.

To evaluate the variability between instruments, the extracts were analysed on two

separate systems and processed in different ways. Very few markers were found to be

significant in the Q Exactive data, but sphingosine was among these. This

demonstrates the robustness of this marker; the fact that it was the single marker

found in both methods in this small study increases the potential usefulness of this

compound as a marker for detecting dead on arrival meat in the human food market.

Overall, the analytical techniques and workflows used within this research was able to

discriminate between DOA and normally slaughtered chickens, and successfully identify

a statistically significantly different marker as sphingosine. It has shown that these

techniques are suitable for detecting very subtle differences in food matrices that can

be exploited in future initial untargeted analyses.
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The effect of freezing duration and

freeze-thaw cycling on the metabolic

profile of meat

The aims of this experiment were to determine how the metabolic profile of meat

changes depending on the duration of frozen storage, and the number of freeze-thaw

cycles the meat product has undergone, using liquid chromatography-mass

spectrometry and untargeted metabonomic techniques.

4.1 Introduction

Consumers rely on the information provided on labels of products in order to make

an educated choice when purchasing, however these details can be falsified to benefit

the manufacturer. Within the meat industry, it can be expensive to dispose goods

that have not been sold before the end of their shelf life, so it can be tempting to

freeze products and claim they have never been frozen, or alter the date of freezing to

make the duration of frozen storage appear shorter. The Fresh Meat (Hygiene and

Inspection) Regulations 1995 [115] states that all meat must be “stamped before

freezing so as to indicate the month and year in which it is frozen or a label is

attached to it after freezing indicating this.” Council Regulation (EC) No

1234/2007 [116] states that poultry meat can only be marketed as either fresh, frozen,

or quick-frozen. Fresh refers to meat that has been kept between -2◦C and 4◦C and

not been stiffened by the cooling process and frozen refers to meat that must be

frozen as soon as possible within the constraints of normal slaughtering procedures
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and is kept at a temperature no higher than -12◦C at any time. Quick-frozen refers to

meat that is kept at a temperature no higher than -18◦C at any time. It is therefore

essential that techniques are available to combat the mislabelling of fresh or frozen

meat products.

Not only is there legislation regarding the action of freezing meat, but there are also

regulations to control multiple freeze-thaw cycles of meat products. Regulations (EC)

No 853/2004 [117] states that “minced meat, meat preparations and MSM

(mechanically separated meat) must not be re-frozen after thawing.” This legislation

dictates that any meat that has been frozen, thawed, and then re-frozen is illegal, and

therefore it is important to develop techniques that can not only detect if a meat

product has been previously frozen, but also whether it has undergone multiple

freeze-thaw cycles, due to risk of bacterial growth.

At present, many consumers make the decision to purchase fresh meat instead of

frozen meat due to the sensory and nutritional benefits of the product, despite the

cost of fresh meat being significantly higher than frozen meat [118]. This creates a

target for retailers to fraudulently mislabel their frozen-thawed meat products as

fresh, for economic benefit. There is no visual difference between fresh and thawed

chicken, so the customer could be deceived into purchasing thawed chicken at the

higher price. Some research has been conducted on meat quality after freezing in

beef, lamb and chicken meat [118–122]. The physico-chemical changes in chicken

meat have been investigated in meat that has undergone multiple freeze-thaw cycles

compared to fresh chicken, with lipid and protein oxidation increasing after 4

freeze-thaw cycles [122], and the use of impedance measurements has been able to

discriminate between fresh and frozen-thawed meat [118]. Spectroscopic methods

have also been successful in differentiating between fresh and frozen-thawed chicken

meat [121], and an inter-laboratory experiment was successful in using the presence of

a mitochondrial enzyme called β-hydroxyacyl-CoA-dehydrogenase (HADH) to
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determine if a piece of chicken had been previously frozen [123]. This research can

differentiate between fresh and frozen, but can not determine the length of frozen

storage. Also, little research has been carried out using liquid chromatography-mass

spectrometry in order to monitor the change in metabolic content that may occur

during multiple freeze-thaw cycles. The application of this technique would be

beneficial in initial untargeted analyses due to the holistic nature of this type of

analysis.

Meat quality is affected by protein and lipid oxidation [124,125]. The length of time a

poultry product has been frozen for affects the quality of the meat. Many studies

have found that protein and lipid oxidation occurs during the freezing

process [126, 127]. This not only causes a decrease in the quality of the meat, but

may also have a negative impact on the health of the consumer [128]. Oxidative

stress is known to be an issue resulting in disease such as cancer and atherosclerosis.

It is caused by an imbalance of oxidants and antioxidants that can result in damage

to cells. Reactive oxygen species (ROS) is the active form of oxygen and is required

for a number of functions within a biological system [129], however the amount of

ROS must be controlled before a chain reaction is initiated, resulting in cell death

and tissue damage. Antioxidants can neutralise ROS to stop oxidative effects, with

defence mechanisms activating when ROS activity becomes excessive. These

antioxidants can be endogenous, such as glutathione, or introduced through the diet,

such as vitamin C and E [129]. However, it is important to note that too many

antioxidants can cause a disruption in the normal functions ROS are involved with,

which is why oxidative stress occurs when there is an imbalance of these two

mechanisms. Specific biomarkers of oxidative stress have been found in chronic

diseases; specifically cardiovascular diseases and cancer. These biomarkers are

difficult to detect due to their short half life, but the by-products of oxidative stress

can be used to indicate excessive ROS production; specifically malonaldehyde [129].

Interestingly, this molecule has been found to increase in concentration after frozen
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storage [130], as well as after a series of freeze-thaw cycles [122] due to lipid and

protein oxidation. This indicates that oxidative stress continues after death and is

not prevented even during the freezing process. If this is the case, then it is in the

public’s best interest to be aware of any adverse effects that frozen meat could have

to their health.

Lipid oxidation is one of the main contributors to the deterioration of muscle food,

and it has been found that chicken is more susceptible to lipid oxidation due to a

high poly-unsaturated fatty acid content [127]. Oxidation of lipids is considered to be

the most important mechanism of lipid oxidation within meat products, and it

consists of initiation, which is the formation of unstable free radicals, propagation,

which is the chain reaction of free alkyl radicals and peroxy radicals, and termination,

which is the formation of nonradical products and ends the chain reaction [131].

Lipid oxidation favours unsaturated fatty acids due to the presence of double carbon

bonds that are vulnerable to being attacked by free radicals. Pre-slaughter, lipid

oxidation is usually controlled by antioxidants that donate electrons to free radicals

in order to stabilise them and prevent continued oxidation. Post-slaughter, meat

undergoes a variety of complex biochemical changes, including the destruction of cell

membranes, and many biological functions cease to occur, such as circulation of

nutrients, aerobic metabolism, and the preventative antioxidant enzyme system [132].

Oxidation can no longer be controlled and autoxidation occurs, leading to complete

break down of the phospholipid membranes, which are mostly made up of

phosphatidylcholines. These degrade into fatty acids, which are further oxidised by

free radicals.
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4.2 Experimental procedures

4.2.1 Materials

Acetonitrile (HPLC grade), methanol (HPLC grade) and dichloromethane (analytical

grade) were purchased from VWR (East Grinstead, UK), and ultra pure water (18.2

MΩ) was purified using an in-house Milli-Q system from Elga (High Wycombe, UK).

Formic acid (laboratory reagent grade) was purchased from Fisher Scientific

(Loughborough, UK). ESI-L low concentration tuning mix and API-TOF reference

mass solution were purchased from Agilent Technologies (California, USA).

4.2.2 Sample collection and storage

Chicken breasts, lamb shoulders and lamb livers were obtained from a local butcher.

Each tissue type was cut into equal sized portions approximately 2 cm by 2 cm,

stored in individual polythene bags, and frozen in a domestic freezer that had been

set to the recommended ‘medium’ temperature setting. Measurements were taken

over 24 hours and 72 hours to ascertain the exact temperature and any fluctuations.

4.2.3 Sampling

4.2.3.1 Freezing duration

Metabolites were extracted from a fresh sample from each tissue type on the day of

collection, to determine the metabolic content of meat that had not been previously

frozen. A sample from each tissue type was then removed from the freezer at 1, 2, 3,

4, 6, 8, and 10 weeks, (1, 2, 3, 4, 6, 7, and 10 weeks for chicken muscle tissue) and

allowed to defrost at 4◦C for 24 hours. Six replicate extracts were obtained.
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4.2.3.2 Number of freeze-thaw cycles

Six freeze-thaw cycles (FT1-6) were investigated with six replicates for each cycle. To

ensure all samples were frozen for the same amount of time, all samples were stored

in the freezer for a total of 6 weeks. Over the 6 weeks, the samples were removed, as

shown in Table 4.1, and stored at 4◦C for 24 hours, after which they were returned

to the freezer. After 6 weeks, all samples were removed, allowed to thaw at 4◦C for

24 hours, and then metabolite extraction was carried out. This was conducted with

chicken muscle and lamb liver tissue.

Table 4.1: Sample preparation for freeze-thaw samples

Week Samples removed from freezer

1 FT6

2 FT6, FT5

3 FT6, FT5, FT4

4 FT6, FT5, FT4, FT3

5 FT6, FT5, FT4, FT3, FT2

6 All samples

4.2.4 Metabolite extraction

Approximately 500 mg of each portion of meat was homogenised with small surgical

scissors, and approximately 110 mg was placed into an Eppendorf tube. Methanol/H2O

(1:1) was added (1 mL per 100 mg of sample), then the sample was sonicated for 15

minutes and centrifuged at 16100 rcf for 20 minutes. The supernatant was then moved

to a glass vial and retained as the aqueous (AQ) extract. The tissue pellet was broken

up using a clean pipette tip, and dichloromethane/methanol (3:1) was added (1 mL

per 100 mg of sample). The sample was sonicated for 15 minutes and centrifuged at

16100 rcf for 20 minutes, and 1 mL of the supernatant was then moved to a glass vial

and allowed to evaporate overnight, then resuspended in 1 mL of methanol. This was

retained as the organic (OR) extract. Both the aqueous and organic extracts were

stored at -25◦C prior to analysis.
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4.2.5 Stability of freezer temperature

The freezer was set to the recommended ‘medium’ temperature setting, however as it

was a domestic freezer, there was no digital display with the exact temperature. The

temperature within the freezer was monitored using a temperature probe, which

logged the temperature every minute. The temperature measurements were recorded

over a 24 hour period, to monitor any temperature fluctuations, and the average

temperature measurements from each hour over a 72 hour period were recorded, to

monitor any overall fluctuations over multiple days.
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4.3 Instrumental set-up

4.3.1 Analytical considerations

Quality control samples were made for each analytical run, consisting of an equal

aliquot of every sample within each run. At the start of each analytical run, 10 QC

samples were injected at a volume of 10 µL, then 20 QC samples at an injection

volume of 3 µL were injected to condition the column. All non-QC samples were

randomised to eliminate any issues arising from instrumental drift.

4.3.2 Chromatographic parameters

Chromatographic separation of the extracts was performed with a Thermo Scientific

Hypersil GOLD aQ column (100 mm x 2.1 mm, particle size of 1.9 µm) using an

Agilent 1260 Binary Pump HPLC. The column was maintained at 40◦C and the

injection volume was 3 µL. The flow rate of the mobile phase was 0.3 mL/min and

consisted of 0.1% formic acid (solvent A) and acetonitrile with 0.1% formic acid

(solvent B). The chromatographic gradient method can be seen in Table 4.2. A

needle wash method was included after every injection, consisting of 3 separate vials

of methanol, each used in a specific order, with 3 washes per vial. The column was

flushed with 100% organic solvent after each run to reduce any potential carryover.
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Table 4.2: Solvent gradient method used for the analysis of organic extracts from all
sample types

Time (mins) Solvent A (%) Solvent B (%)

0 95 5

2 95 5

3 47.5 52.5

30 0 100

40 0 100

41 95 5

50 95 5

4.3.3 Q-TOF parameters

For the analysis, an Agilent Technologies 6530 Accurate Mass Q-TOF was used with

an electrospray ionisation source, and the parameters were set as shown in Table 4.3.

The reference mass solution was continually run through the analysis, and used

purine (121.0509 m/z) and hexakis (1H, 1H, 3H-tetrafluoropropoxy)phosphazine

(922.0098 m/z) in positive ionisation mode as internal reference masses to ensure

mass accuracy. The data was collected in both profile and centroid mode.

Table 4.3: Q-TOF parameters used in this experiment

Parameter Setting

Drying gas temperature 320◦C

Drying gas flow rate 11 L/min

Capillary voltage 4000 V

Fragmentor voltage 125 V

Skimmer voltage 65 V

Mass range 100-1000 m/z
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4.4 Data pre-processing

The data was pre-processed using XCMS Online. The parameters for the method

used on this online platform were set to the default settings specifically designed by

XCMS Online for analyses carried out with HPLC and ESI-QTOF-MS instruments,

and were as shown in Table 4.4. This software also carried out normalisation of the

raw data using the median fold change method. A feature table was produced, which

included a list of m/z values and their median retention times, and the peak areas for

these features in each sample.

Table 4.4: Parameter settings for XCMS Online used in this experiment

XCMS method Parameter Setting

Feature detection = CentWave

ppm 30

min peak width (seconds) 10

max peak width (seconds) 60

mzdiff (m/z) 0.01

Retention time correction = Obiwarp profStep (m/z) 0.5

bw (seconds) 5

Alignment minfrac 0.5

mzwid 0.025
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4.5 Statistical analysis

Feature table from 

XCMS Online
Peak areas for all detected 

features in all samples

Coefficient of 

Variance (CV%)

To reduce dataset to most 
reliable features with a 

CV% < 30%

Principal Component 

Analysis

Visual separation between 
sample types, and reliability of 

analytical run (QCs)

50 most significant 

markers

From manual ANOVA, to 
reduce dataset for manual 

statistics

ANOVA/Welch on 

normalised data
To manually confirm 

significance of marker

ANOVA/Welch and 

CV% on raw data

To confirm significance in raw 
data, and confirm reliability in 

QC samples

Manual ANOVA
To calculate p-value for each 

feature

Figure 4.1: Statistical workflow for all datasets analysing extracts from tissue stored in
the freezer for different lengths of time, and from tissue that has undergone different
numbers of freeze-thaw cycles

The standard deviation, average, and coefficient of variance percentage were

calculated using the peak areas of each feature in the QC samples throughout the

analytical run. All features that had a CV% of more than 30% were removed. A

manual ANOVA test in Microsoft Excel was carried out on the peak areas of each

sample in order to get a p-value for each feature. A principal component analysis

with standardisation was carried out on all features with a p-value < 0.05 using the

Multivariate Analysis add-in for Microsoft Excel 2010 [85], and a scores plot was

produced in order to visualise any separation between sample types. The first six
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principal components were plotted in all combinations to find the components that

best represented the separation of the sample types. The feature table was ordered

based on the p-value in the manual ANOVA test, and the 50 most significantly

different markers were analysed in SPSS, in order to verify their significance. Either

ANOVA or Welch tests were performed, depending on the homogeneity of variance

value for each marker. The tests were carried out with a confidence level of 95%,

giving an α value of 0.05. If the p-value was less than the α value, it indicated the

abundance of that marker was statistically different between sample groups.

The raw data was then analysed in Masshunter Qualitative Analysis (Agilent

Technologies) to produce extracted ion chromatograms (EICs) for the markers that

were confirmed to be significantly different. Using SPSS, ANOVA or Welch tests were

carried out on the peak areas of the EICs. The CV% of the QC samples was also

calculated. This process ensured the markers were significant even before normalising

the data in the pre-processing step. Any markers that were found to not be

significantly different or had a CV% of more than 30% in the QC samples were

removed. This additional step in the methodology ensured the final markers were

robust and reliable, with the intention of being able to confidently use these markers

as an indicator of frozen storage length or number of freeze-thaw cycles.

It is important to note that these analyses generate vast datasets that detect many

features within a chromatogram. After the removal of unstable features (CV% > 30%)

and not significantly different features (p-value > 0.05), there are still many features

remaining. Due to the nature of the workflow and the extensive manual statistics each

feature undergoes, only the top 50 most significantly different features are investigated

in the raw data and attempted to be identified. This means there is a strong likelihood

of many other markers that were not in the top 50 that could prove to be useful as an

indicator for the number of freeze-thaw cycles meat has undergone, however further

research would be required.
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This statistical analysis was then repeated with fewer sample types in order to gain a

deeper insight into the markers that may be significantly changing during specific

times of the frozen storage process. The time periods were; Week 1 to Week 10, to

examine samples that have been previously frozen only; Week 4 to Week 10, to

examine the later stages of the freezing process; and Fresh to Week 4, to examine the

initial stages of the freezing process. During this, only the top 10 most significantly

different markers were statistically analysed through the full workflow.

4.6 Identification of markers

The potential formulae predicted by MassHunter Qualitative Analysis were used to

search the METLIN database manually. A tentative identification was made based on

the comparison of the mass spectrum of the sample and mass spectra of compounds

with the same formula on the METLIN database, if available. If a tentative

identification could not be made, an idea of the class of compound could be

determined based on the predicted formulae matching to a number of similar

compounds on the METLIN database.
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4.7 Results and discussion

4.7.1 Stability of freezer temperature

The temperature change over 24 hours can be seen in Figure 4.2A. There was a

fluctuation in temperature every 9 minutes, from approximately -20.5◦C to -24.5◦C,

which is quite a large range, however it is well below the -18◦C recommendation [133],

and these fluctuations were consistent throughout this time period. The average

temperature of each hour can be seen in Figure 4.2B. This average ranged from

-22.41◦C to -22.92◦C, showing stability in the temperature of the freezer.
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Figure 4.2: Change in temperature of freezer; A) Recorded temperature at intervals of
one minute over 24 hours, B) Recorded hourly average temperature over 72 hours
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4.7.2 Freezing duration of chicken muscle tissue

4.7.2.1 Quality control
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Figure 4.3: Total ion chromatograms of QC samples throughout analytical run for
extracts from chicken muscle tissue frozen for different lengths of time

The QC samples run during this analysis created reproducible chromatograms

(Figure 4.3) with no visible retention time variability. There are slight differences in

peak intensity, specifically in the peak at 27.5 minutes (indicated with an asterisk),

where QC2 and 6 have a higher peak intensity than the other QC samples, however

this is only a small difference.
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Figure 4.4: Variability of retention time (A) and peak area (B) of 6 peaks in QC samples
throughout analytical run for extracts from chicken muscle tissue frozen for different lengths
of time

Figure 4.4 show the retention time and peak area of six peaks in the QC sample

chromatograms. The retention time appears very stable in all six peaks, and the peak

area is stable in the majority of these peaks, with slight variation in Peak 6, which is

the peak previously mentioned that had a visible difference in intensity in the total

ion chromatogram.
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Table 4.5: Variability of retention time and peak area of 6 peaks in chromatograms of QC
samples during the analysis of extracts from chicken muscle tissue frozen for different
lengths of time

Retention time (minutes)

Peak QC1 QC2 QC3 QC4 QC5 QC6 QC7 SD Average CV%

1 11.52 11.54 11.52 11.52 11.53 11.55 11.52 0.01 11.53 0.11

2 13.63 13.66 13.66 13.64 13.66 13.67 13.65 0.01 13.65 0.10

3 14.49 14.52 14.50 14.51 14.50 14.52 14.51 0.01 14.51 0.08

4 19.04 19.10 19.10 19.07 19.06 19.09 19.05 0.02 19.07 0.13

5 22.97 23.05 23.05 23.00 23.01 23.04 23.00 0.03 23.02 0.13

6 27.55 27.66 27.66 27.58 27.60 27.65 27.58 0.04 27.61 0.16

Peak area

Peak QC1 QC2 QC3 QC4 QC5 QC6 QC7 SD Average CV%

1 4954447 4706746 5078072 4246364 4581845 4537112 4399248 294968 4643405 6.35

2 2426735 2267751 2415083 2274630 2266419 2221512 1910226 171166 2254622 7.59

3 8626433 7543431 8211082 7719404 8294026 8066633 8345162 374466 8115167 4.61

4 28046948 27672017 27460030 27558745 28140666 28163534 28628703 412786 27952949 1.48

5 18037318 17280711 17463745 17535140 17651075 17677756 17155561 288513 17543044 1.64

6 60891655 71021212 58256494 61385302 57587193 65229808 59563634 4705355 61990757 7.59

The retention time variability was between 0.08 and 0.16%, which indicates a very

accurate and reproducible set of data was obtained, and the peak area variability was

between 1.48 and 7.59%, again demonstrating that the instrument was stable

throughout this analysis.
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4.7.2.2 Metabolic fingerprinting
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Figure 4.5: Example total ion chromatograms of extracts from chicken muscle tissue
frozen for different lengths of time

The chromatograms in Figure 4.5 show that the Week 10 samples generally have a

higher intensity for most peaks compared to chicken that had been frozen for less

time. The peaks at 19.5 (peak 1) and 22.5 (peak 2) minutes have a higher intensity in

the Week 3 sample, and the Week 7 sample has a higher intensity in the peaks

between 10 and 15 minutes.
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4.7.2.3 Multivariate statistics
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Figure 4.6: Principal component analysis scores plot of PC2 (0.625%) and PC3 (0.108%)
for extracts from chicken muscle tissue frozen for different lengths of time. PCA was carried
out using markers with a p-value of < 0.05 and CV < 10%

The PCA plot in Figure 4.6 shows the quality control samples are tightly clustered,

indicating the analytical run was stable and there was minimal instrumental drift. All

sample types overlap so it is difficult to see the groupings for each freezing length

sample group, however the fresh samples are separated from the frozen samples. This

implies that the metabolic profile was significantly different between fresh chicken

and chicken that had been frozen. At this point, it is not evident that the freezing

duration had a significant effect on the metabolic content.
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4.7.2.4 Significant markers

The following tables include the remaining markers from the most significantly

different markers in each case after statistical analysis and confirmation with the raw

data. Table 4.6 shows the most robust markers found in the top 50 significantly

different markers in the chicken muscle that were statistically different from Fresh to

Week 10 throughout the whole time period. All markers had a very strong

significance with a p-value of less than 0.001 in the normalised and raw data. All

markers were stable throughout the analytical run, with all CV% values from the QC

samples less than 30%, and the majority less than 10%. The trends of these markers

varied; some markers increased and some decreased, while a few had a more erratic

trend.
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Table 4.6: Summary of remaining compounds from top 50 markers that were significantly
different among Fresh to Week 10 chicken muscle tissue samples, in order of significance
from manual ANOVA.
Marker trend: ↓ = decreased, ↑ = increased, l = increased then decreased, * = random

m/z
Retention

time median
(mins)

P-value from
ANOVA/Welch

(XCMS)

CV%
(XCMS)

P-value from
ANOVA/Welch

(EICs)

CV%
(EICs)

↓ 339.0960 7.62 <0.001 13.23 <0.001 21.63

↓ 361.3306 21.12 <0.001 4.99 <0.001 10.61

↑ 197.1194 16.41 <0.001 9.61 <0.001 10.56

↓ 471.3646 20.32 <0.001 6.65 <0.001 5.97

↑ 361.2730 16.18 <0.001 8.38 <0.001 4.87

↑ 337.2735 16.41 <0.001 2.49 <0.001 2.79

↓ 397.3263 23.18 <0.001 10.81 <0.001 9.31

↑ 265.2513 18.91 <0.001 10.85 <0.001 9.42

↓ 347.3149 19.04 <0.001 3.49 <0.001 4.41

↓ 364.3404 19.18 <0.001 4.91 <0.001 11.27

* 126.0204 1.05 <0.001 3.50 <0.001 13.50

↓ 485.3805 22.33 <0.001 5.54 <0.001 18.69

↑ 381.2994 17.52 <0.001 4.14 <0.001 8.73

↑ 205.1054 16.41 <0.001 9.47 <0.001 9.11

↑ 584.8932 16.41 <0.001 18.14 <0.001 15.84

↑ 379.2812 18.91 <0.001 6.93 <0.001 7.63

↓ 596.5090 24.09 <0.001 9.58 <0.001 8.27

↑ 405.2993 16.77 <0.001 5.33 <0.001 8.31

↑ 576.9056 16.41 <0.001 19.66 <0.001 24.08

↑ 358.3025 18.91 <0.001 5.01 <0.001 3.63

↓ 331.3155 23.79 <0.001 4.91 <0.001 9.41

↑ 353.2703 14.55 <0.001 6.59 <0.001 5.98

↓ 464.3134 14.40 <0.001 2.01 <0.001 1.96

↓ 309.1283 7.59 <0.001 15.17 <0.001 26.90

↑ 245.2252 16.41 <0.001 6.67 <0.001 6.38

↓ 583.4944 23.06 <0.001 6.57 <0.001 20.48

l 462.2973 12.54 <0.001 3.35 <0.001 1.77

l 374.3255 19.45 <0.001 4.94 <0.001 7.62

↓ 510.4354 20.03 <0.001 6.51 <0.001 8.09

l 315.2879 21.14 <0.001 4.79 <0.001 4.48

* 373.1705 0.94 <0.001 16.41 <0.001 6.46

↑ 459.8101 18.90 <0.001 13.42 <0.001 25.34

↑ 339.2890 18.91 <0.001 2.41 <0.001 3.07

↓ 626.5195 22.15 <0.001 7.72 <0.001 7.05

↓ 598.4873 18.90 <0.001 7.17 <0.001 7.94

↓ 325.2707 19.63 <0.001 9.36 <0.001 13.28
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Table 4.6 continued: Summary of remaining compounds from top 50 markers that were
significantly different among Fresh to Week 10 chicken muscle tissue samples, in order of
significance from manual ANOVA.
Marker trend: ↓ = decreased

m/z
Retention

time median
(mins)

P-value from
ANOVA/Welch

(XCMS)

CV%
(XCMS)

P-value from
ANOVA/Welch

(EICs)

CV%
(EICs)

↓ 477.4124 23.86 <0.001 7.17 <0.001 14.63

↓ 964.5481 6.80 <0.001 9.28 <0.001 29.95

↓ 524.4497 22.02 <0.001 9.86 <0.001 12.54

↓ 684.5616 24.37 <0.001 5.17 <0.001 5.25

↓ 568.4775 20.62 <0.001 6.09 <0.001 6.80

In order to gain a more thorough idea of how the metabolic content changes during

specific stages of the freezing process, additional investigations were carried out on

differences from Week 1 to Week 10, Week 4 to Week 10, and Fresh to Week 4, where

the top 10 markers were analysed. Looking at the metabolic differences of samples at

Week 1 to Week 10 (Table 4.7), most of the markers increased over the freezing time,

with two decreasing, and one having an erratic trend. Interestingly, the retention

time for three of the increasing markers was the same, so these compounds could be

of a similar class of compound.

Table 4.7: Summary of remaining compounds from top 10 markers that were significantly
different among Week 1 to Week 10 chicken muscle tissue samples, in order of significance
from manual ANOVA.
Marker trend: ↓ = decreased, ↑ = increased, * = random

m/z
Retention

time median
(mins)

P-value from
ANOVA/Welch

(XCMS)

CV%
(XCMS)

P-value from
ANOVA/Welch

(EICs)

CV%
(EICs)

↑ 197.1194 16.41 <0.001 9.61 <0.001 10.56

↑ 361.2730 16.18 <0.001 8.38 <0.001 4.87

* 126.0204 1.05 <0.001 3.50 <0.001 13.50

↑ 263.2361 16.41 <0.001 3.78 <0.001 4.36

↓ 471.3647 19.91 <0.001 4.07 <0.001 4.96

↓ 373.1705 0.94 <0.001 16.41 <0.001 6.46

↑ 337.2735 16.41 <0.001 2.49 <0.001 2.79

124



Chapter 4

Table 4.8 shows the markers that were significantly different among the chicken that

had been frozen for 4 to 10 weeks. All of these markers showed a very erratic trend

and so therefore would not be suitable as markers to determine the duration of freeze

length for a piece of chicken muscle.

Table 4.8: Summary of remaining compounds from top 10 markers that were significantly
different among Week 4 and Week 10 chicken muscle tissue samples, in order of
significance from manual ANOVA.
Marker trend: * = random

m/z
Retention

time median
(mins)

P-value from
ANOVA/Welch

(XCMS)

CV%
(XCMS)

P-value from
ANOVA/Welch

(EICs)

CV%
(EICs)

* 126.0204 1.05 <0.001 3.50 <0.001 13.50

* 333.1534 16.90 <0.001 11.22 <0.001 16.01

* 605.6707 6.55 <0.001 17.60 <0.001 26.70

* 161.0912 1.07 <0.001 3.00 <0.001 9.34

* 258.1080 1.03 <0.001 2.36 <0.001 11.80

* 584.8932 16.41 <0.001 18.14 0.005 15.84

* 659.0319 6.61 <0.001 6.83 <0.001 7.53

* 442.3508 14.50 <0.001 9.67 <0.001 13.63

When examining the differences from Fresh to Week 4 (Table 4.9), all markers were

very stable within the analytical run, and all were highly significant. These markers

mostly followed a trend where the fresh samples were the most different to the other

samples, potentially giving markers that could be used to determine whether chicken

has been previously frozen. These markers were either increasing or decreasing during

the freezing process.
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Table 4.9: Summary of remaining compounds from top 10 markers that were significantly
different among Fresh and Week 4 chicken muscle tissue sample, in order of significance
from manual ANOVA.
Marker trend: ↓ = decreased, ↑ = increased

m/z
Retention

time median
(mins)

P-value from
ANOVA/Welch

(XCMS)

CV%
(XCMS)

P-value from
ANOVA/Welch

(EICs)

CV%
(EICs)

↓ 361.3306 21.12 <0.001 4.99 <0.001 10.61

↓ 339.0960 7.62 <0.001 13.23 <0.001 21.63

↑ 390.8911 6.37 <0.001 15.13 <0.001 20.71

↓ 347.3149 19.04 <0.001 3.49 <0.001 4.41

↑ 263.2361 16.41 <0.001 3.78 <0.001 4.36

↓ 471.3646 20.32 <0.001 6.65 <0.001 5.97

↑ 355.2840 16.41 <0.001 2.93 <0.001 1.40

↑ 339.2890 18.91 <0.001 2.41 <0.001 3.07
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4.7.2.5 Tentative identifications

Most markers generated a formula in the Masshunter software, however when

searching for these formulae on available databases, very few gave a potential

identification. Three markers found to be significantly different among all freezing

lengths including fresh chicken samples with an m/z of 358.3025, 379.2812 and

405.2993 at retention times of 18.91 minutes for the first two markers and 16.77

minutes for the latter, all gave a likely formula that matched to monoglycerides.

These markers increased from Fresh to Week 3, then became more erratic but

generally still increased, with all markers following a very similar trend (Figure 4.7).
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Figure 4.7: Trends of the three markers with formulae that matched monoglycerides that
were significantly different among all extracts from chicken muscle tissue frozen for different
lengths of time, including fresh chicken. Error bars correspond to ± 1 standard deviation

Two of these markers were able to be tentatively identified by comparing the mass

spectrum of the sample with available mass spectra on the METLIN database. The

marker with an m/z of 379.2812 at a retention time of 18.91 minutes gave a likely

formula of C21H40O4 with a M+Na adduct. This formula matched that of
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MG(18:1(9Z)/0:0/0:0) on the METLIN database, and after further analysis of the

available mass spectrum at 0 V collision energy, it can be seen that this mass

spectrum matches the mass spectrum of this peak in the sample. In Figure 4.8, the

M+Na peak can be seen in the top mass spectrum. The M+H peak at 357.2998 m/z

can be seen in both spectra, as well as the two fragments at 339.2898 m/z, which is

due to loss of water, and 265.2519 m/z, which is caused by hydrolysis in the ester

bond. Due to these mass spectra matching, this marker can be tentatively identified

as the monoglyceride, MG(18:1(9Z)/0:0/0:0).
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Figure 4.8: Mass spectrum of marker 379.2812 m/z at a retention time of 18.91 minutes
in QC sample (top) compared to the mass spectrum of MG(18:1(9Z)/0:0/0:0) found on
METLIN (bottom)

The marker with an m/z of 358.3025 also at the retention time of 18.91 minutes again

gave a likely formula of C21H40O4. After looking at the mass spectrum for this

extracted ion chromatogram, this is an isotopic peak of the M+H peak at 357.2984

m/z previously tentatively identified as the monoglyceride MG(18:1(9Z)/0:0/0:0). It

is interesting that the isotopic peak was the significant feature and not the M+H

peak, however, only the top 50 features were analysed, so the M+H peak may just

not be as significant as the isotopic peak. After searching for the M+H peak in the
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feature table, it appeared that this feature is indeed statistically different among

samples from Fresh to Week 10, with a highly significant p-value of less than 0.001.
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Figure 4.9: Mass spectrum of marker 358.3025 m/z at a retention time of 18.91 minutes
in QC sample (top) compared to the mass spectrum of MG(18:1(9Z)/0:0/0:0) found on
METLIN (bottom)

MG(18:1(9Z)/0:0/0:0) is a monoglyceride, or monoacylglycerol, consisting of glycerol

and one fatty acid. It is involved in the glycerolipid metabolism pathway, where

monoacylglycerol is converted to diacylglycerol, then triacylglycerol, which acts as

storage for fatty acids that can be released for energy when required. Lipolysis is the
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reverse of this, where monoacylglycerol is formed through the break down of

triacylglycerol in order to release fatty acids for energy. This is catalysed by the

enzyme lipase, and usually only partially hydrolyses triacylglycerols due to a

preference in hydrolysing fatty acids that are bonded to the first carbon in the

glycerol molecule. This causes an accumulation of monoacylglycerols and fatty

acids [134]. This catabolism of triacylglycerol explains the accumulation of

monoacylglycerol in this work, and is supported by other research, where

monoacylglycerol content was found to increase during frozen storage [135]. The fact

that the monoacylglycerol concentration increased even when the meat was frozen

shows that degradation still occurs, which is the opposite of the desired effect of

preserving the quality of the meat.
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4.7.3 Freezing duration of lamb muscle tissue

4.7.3.1 Quality control
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Figure 4.10: Total ion chromatograms of QC samples throughout analytical run for
extracts from lamb muscle tissue frozen for different lengths of time

The chromatograms for the QC samples throughout this analytical run (Figure 4.10)

show all peaks aligned at the same retention time. One observation is that the

baseline appears unstable, particularly in QC5, 6 and 7 towards the end of the

chromatogram. After examining the pressure curves of these samples, it could be seen

that the pressure was consistent in all quality control samples. This unstable baseline

may have been due to a change in temperature during this part of the analytical run,

as these were run towards the end.
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Figure 4.11: Variability of retention time (A) and peak area (B) of 6 peaks in QC
samples throughout analytical run for extracts from lamb muscle tissue frozen for different
lengths of time

Figure 4.11 illustrates the retention time and peak area differences for six of the

peaks in the QC samples. The retention time appears to have been very stable

throughout the analysis, and the peak area looks stable for 5 of the peaks, however

there were some variations in the peak at 27.5 minutes, which was where the baseline

had some variability and so could have been caused by this.
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Table 4.10: Variability of retention time and peak area of 6 peaks in chromatograms of
QC samples during the analysis of extracts from lamb muscle tissue frozen for different
lengths of time

Retention time (minutes)

Peak QC1 QC2 QC3 QC4 QC5 QC6 QC7 SD Average CV%

1 11.49 11.48 11.50 11.47 11.49 11.49 11.50 0.01 11.49 0.09

2 14.48 14.48 14.45 14.46 14.48 14.50 14.49 0.02 14.48 0.12

3 19.04 19.03 18.96 19.01 19.03 19.04 19.02 0.03 19.02 0.15

4 22.29 22.31 22.25 22.27 22.29 22.33 22.30 0.03 22.29 0.12

5 22.96 22.96 22.88 22.90 22.94 22.97 22.95 0.03 22.94 0.15

6 27.52 27.52 27.41 27.47 27.50 27.57 27.51 0.05 27.50 0.18

Peak area

Peak QC1 QC2 QC3 QC4 QC5 QC6 QC7 SD Average CV%

1 6706350 6578408 6374637 5914869 4958489 5744786 5681502 609941 5994149 10.18

2 11055657 11590023 11018914 10509493 10075236 10158395 10303930 561561 10673093 5.26

3 21971162 21548452 21201250 20600304 19327693 18896752 19825346 1166395 20481566 5.69

4 2365694 3083305 2476785 2944418 2312069 2565408 2855395 302326 2657582 11.38

5 11582579 10730788 9822762 10084032 8650383 8804970 8773266 1117122 9778397 11.42

6 70597846 73673631 72892574 72971632 58811142 60645451 60442235 6808741 67147787 10.14

The retention time variability was between 0.09 and 0.18%, showing strong stability

and reproducibility in this analytical run. The peak area variability was between 5.26

and 11.42%, which confirms the stability of the instrument during this analysis.
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4.7.3.2 Metabolic fingerprinting
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Figure 4.12: Example total ion chromatograms of extracts from lamb muscle tissue
frozen for different lengths of time

In Figure 4.12, the baseline becomes irregular towards the end of the chromatograms,

which is the same as seen previously in the QC samples for this analytical run. The

samples that have a lower baseline are the samples that were run later in the analysis,

in between QC5, 6 and 7, so it is a gradual change in baseline over the time of the

analysis. This did not affect the reliability of this dataset though, as shown in the

statistical analysis of the QC samples. Week 8 has a noticeably higher peak intensity

for many of the peaks, and this could have been caused by this piece of lamb having

a different chemical composition, potentially a higher fat content. In general, Week

10 has a lower intensity than all other samples, and Week 3 samples have a higher

intensity in some peaks. However, it does appear that the baseline is not the same for

all samples, and so the intensity observed in these chromatograms is only qualitative,

and the integrated peak areas will give a more accurate indication of the differences in

these sample types.
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4.7.3.3 Multivariate statistics
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Figure 4.13: Principal component analysis scores plot of PC2 (1.715%) and PC3
(0.537%) for extracts from lamb muscle tissue frozen for different lengths of time. PCA was
carried out using markers with a p-value of < 0.05 and CV < 10%

In Figure 4.13, the QC samples are tightly clustered showing stability within the run.

The Week 1 and Week 2 freeze length sample groups are separated from the others,

while the rest generally overlap each other. Interestingly, the Fresh samples are not

separated in the PCA plot but are in the same overlapped area as the Week 3-10 freeze

length samples. However the most separated group in this PCA plot is the Week 8

samples that are clustered in the top right. After further analysis of the data, it appears

all the significantly different markers were either higher or lower at Week 8 compared

to all other freezing lengths. Whilst this could be a possibility in lamb tissue, it is

more likely that the piece of lamb used for this freeze length contained a higher fat

content and so was different to the pieces of lamb used in the other freeze lengths. This

would explain why the metabolic content was vastly different in this freeze length and

potentially skewed the results. It is for this reason that further analysis was carried

out without including Week 8 data.
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After removing Week 8 samples from the principal component analysis, the PCA plot

(Fig. 4.14) shows more overlap of sample types than the previous PCA plot, and the

QC samples are less tightly clustered. The first PCA plot (Fig. 4.13) shows more

separation in sample types because the Week 8 samples are very different to the other

sample types, and so therefore the principal component analysis accentuated this

separation, causing the other sample types to be more tightly clustered. Once Week 8

samples are removed (Fig. 4.14), the difference in the sample types is considerably

less, causing more overlap in the data, and the QC samples to be more spread due to

the lack of difference. In Figure 4.14, Fresh and Week 10 samples overlap, and Week

1 and Week 2 are on the other side of the plot, which is unexpected.
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Figure 4.14: Principal component analysis scores plot of PC2 (1.589%) and PC3
(0.231%) for extracts from lamb muscle tissue frozen for different lengths of time with the
removal of Week 8. PCA was carried out using markers with a p-value of < 0.05 and CV<
10%
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4.7.3.4 Significant markers

The following tables include the remaining markers from the most significantly

different markers in each case after statistical analysis and confirmation with the raw

data. The markers in Table 4.11 were all highly significant with a CV% of these

markers in the QC samples all below 30% in both the normalised and raw data. The

trends of these markers varied; some increased or decreased specifically at Week 10,

some increased at Week 1 and Week 2 and then decreased, and others had an erratic

trend.
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Table 4.11: Summary of remaining compounds from top 50 markers that were
significantly different among Fresh to Week 10 lamb muscle tissue samples, excluding
Week 8, in order of significance from manual ANOVA.
Marker trend: ↓ = decreased, ↑ = increased, y = increased Week 4 then decreased,
y = increased Week 1 and 2 then decreased, * = random

m/z
Retention

time median
(mins)

P-value from
ANOVA/Welch

(XCMS)

CV%
(XCMS)

P-value from
ANOVA/Welch

(EICs)

CV%
(EICs)

↑ 343.0547 15.00 <0.001 8.60 <0.001 8.20

↑ 134.0710 7.10 <0.001 19.92 <0.001 22.67

↑ 300.2887 23.04 <0.001 5.19 <0.001 8.78

y 323.2571 18.98 <0.001 5.38 <0.001 12.02

y 351.2889 22.21 <0.001 5.91 <0.001 8.40

↓ 652.4518 20.10 <0.001 4.08 <0.001 21.98

y 400.3420 18.11 <0.001 2.39 <0.001 2.59

↓ 556.4405 13.47 <0.001 7.08 <0.001 6.64

↓ 657.4881 14.30 <0.001 6.45 <0.001 5.60

↓ 512.4143 13.51 <0.001 8.70 <0.001 7.47

y 428.3736 24.30 <0.001 3.63 <0.001 3.79

* 319.2626 23.04 <0.001 4.62 <0.001 7.27

* 317.2472 20.90 <0.001 5.16 <0.001 8.97

y 440.3713 21.43 <0.001 20.84 <0.001 7.47

↓ 468.3869 13.55 <0.001 11.02 <0.001 9.17

y 414.3569 20.93 <0.001 4.16 <0.001 2.92

↓ 600.4670 13.45 <0.001 8.60 <0.001 6.16

↓ 613.4627 14.36 <0.001 7.08 <0.001 25.14

y 349.7267 6.73 <0.001 10.18 <0.001 13.93

y 426.3576 18.87 <0.001 2.18 <0.001 4.17

y 366.3102 17.64 <0.001 8.15 <0.001 5.21

↓ 235.1309 10.40 <0.001 18.05 <0.001 20.79

y 345.2780 23.55 <0.001 6.32 <0.001 9.16

y 501.2800 10.76 <0.001 5.06 <0.001 4.78

Further analysis of the overall feature table allowed additional insight into markers

that were different during various points of the freezing period. Table 4.12 includes

markers that were statistically different from Week 1 to Week 10, and so could be

used as indicators to determine the length of time a meat product has been frozen

for. Two of these markers, 342.0547 and 134.0710 m/z, were also found to be different

in Fresh to Week 10 samples, and these markers have a higher concentration in Week

10 compared to all other weeks. The other two markers increased at Week 3 and
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Week 4, then began to decrease, indicating that these markers may be of a similar

class of compound.

Table 4.12: Summary of remaining compounds from top 10 markers that were
significantly different among Week 1 to Week 10 lamb muscle tissue samples, excluding
Week 8, in order of significance from manual ANOVA.
Marker trend: ↑ = increased Week 10, y = increased then decreased

m/z
Retention

time median
(mins)

P-value from
ANOVA/Welch

(XCMS)

CV%
(XCMS)

P-value from
ANOVA/Welch

(EICs)

CV%
(EICs)

↑ 343.0547 15.00 <0.001 8.60 <0.001 8.20

↑ 134.0710 7.10 <0.001 19.92 <0.001 22.67

y 351.2889 22.21 <0.001 5.91 <0.001 8.40

y 323.2571 18.98 <0.001 5.38 <0.001 12.02

The markers found to be significantly different between Week 4 and Week 10 are

shown in Table 4.13, and the same two markers as previously discussed, 342.0547 and

134.0710 m/z, are present. This is expected as the trend for these markers was an

increase at Week 10.

Table 4.13: Summary of remaining compounds from top 10 markers that were
significantly different among Week 4 to Week 10 lamb muscle tissue samples, excluding
Week 8, in order of significance from manual ANOVA.
Marker trend: ↓ = decreased, ↑ = increased

m/z
Retention

time median
(mins)

P-value from
ANOVA/Welch

(XCMS)

CV%
(XCMS)

P-value from
ANOVA/Welch

(EICs)

CV%
(EICs)

↑ 343.0547 15.00 <0.001 8.60 <0.001 8.20

↑ 134.0710 7.10 <0.001 19.92 <0.001 22.67

↓ 556.4405 13.47 <0.001 7.08 <0.001 6.64

↓ 468.3869 13.55 <0.001 11.02 <0.001 9.17

Nine out of the ten markers investigated that were significantly different between

Fresh and Week 4 were confirmed to be significant in the normalised data as well as

the raw data. These markers could prove useful in determining the difference between

fresh meat products, and products that have been previously frozen. The trends
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indicate that some markers increase at Week 1 and Week 2, and so these markers

could also aid in estimating the length of time a meat product has been frozen for.

Table 4.14: Summary of remaining compounds from top 10 markers that were
significantly different among Fresh to Week 4 lamb muscle tissue samples, in order of
significance from manual ANOVA.
Marker trend: ↓ = decreased, ↑ = increased, y = increased Week 1 and 2 then decreased,
* = random

m/z
Retention

time median
(mins)

P-value from
ANOVA/Welch

(XCMS)

CV%
(XCMS)

P-value from
ANOVA/Welch

(EICs)

CV%
(EICs)

↑ 323.2571 18.98 <0.001 5.38 <0.001 12.02

↑ 351.2889 22.21 <0.001 5.91 <0.001 8.20

* 317.2472 20.90 <0.001 5.16 <0.001 8.97

* 319.2626 23.04 <0.001 4.62 <0.001 7.27

y 258.2772 14.14 <0.001 14.24 <0.001 23.01

y 345.2780 23.55 <0.001 6.32 <0.001 9.16

y 400.3420 18.11 <0.001 2.39 <0.001 2.59

↓ 652.4518 20.10 <0.001 4.08 <0.001 21.98

y 349.7267 6.73 <0.001 10.18 <0.001 13.93
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4.7.3.5 Tentative identifications

As before, most markers generated a likely formula in the Masshunter software,

however when searching for these formulae on available databases, very few gave a

potential identification. There were three markers with predicted formulae that

matched acyl carnitines, which are fatty acids attached to carnitine through an ester

bond. The trends for these three markers, as shown in Figure 4.15, are all very

similar, increasing at Week 1 and Week 2, then decreasing from Week 3 to Week 10.
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Figure 4.15: Trends of three markers tentatively identified as acyl carnitines that were
significantly different among all extracts from lamb muscle tissue frozen for different lengths
of time, including Fresh, excluding Week 8 samples. Error bars correspond to ± 1 standard
deviation

The marker 400.3420 m/z at a retention time of 18.11 minutes could be tentatively

identified as palmitoyl-L-carnitine, with the mass spectrum for this peak in the

sample matching the mass spectrum for this compound on the METLIN database, as

seen in Figure 4.16. The other two compounds could not be tentatively identified as

the mass spectra were not available at 0 V collision energy, however the marker
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414.3569 m/z at 20.93 minutes had the same predicted formula as heptadecanoyl

carnitine, and the marker 426.3576 m/z had the same predicted formula as vaccenyl

carnitine or elaidic carnitine, and as these markers follow a similar trend to

palmitoyl-L-carnitine, it can be assumed these markers could also be acyl carnitines.
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Figure 4.16: Mass spectrum of marker 400.3420 m/z at a retention time of 18.11 minutes
in QC sample (top) compared to the mass spectrum of palmitoyl-L-carnitine found on
METLIN (bottom)

Acyl carnitines are an intermediate in fatty acid degradation. Acyl-CoA is generated

by a thioester bond forming between the carboxyl group of a fatty acid and the thiol
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group of coenzyme A (CoA), which requires ATP and generates adenosine

monophosphate (AMP) and 2 phosphate groups. This occurs in the cytosol of the

cell, but lipid oxidation occurs in the mitochondrial matrix, so the activated fatty

acid is transported to the mitochondrion. The acyl CoA is able to pass through the

outer membrane, but must be converted to acyl carnitine through transesterification

before being able to pass through the inner membrane into the matrix. This is known

as the carnitine shuttle pathway. This is catalysed by the enzyme carnitine

palmitoyltransferase (CPT-I). Once the acyl carnitine is in the matrix, the acyl group

is transferred from the carnitine to mitochondrial CoA forming acyl CoA again,

catalysed by a second carnitine palmitoyltransferase (CPT-II). This is then oxidised

by a repeated sequence of reactions, each reaction cleaving two carbon units from the

fatty acid, and this process is known as β-oxidation. Each reaction is made up of four

individual reactions, beginning with the acyl-CoA being oxidised to unsaturated

acyl-CoA. This is then hydrated to produce β-hydroxylacyl-CoA, then oxidised

forming β-ketoacyl-CoA. Cleavage then occurs, requiring a CoA molecule, producing

acetyl-CoA and an acyl-CoA that has two less carbons than the original molecule.

These four reactions continue until the fatty acid can no longer be cleaved. The

acetyl-CoA produced enters the citric acid cycle to generate energy [136].

Immediately after death, several biological changes happen; specifically, circulation

stops, causing a decrease in oxygen concentration, anaerobic respiration to occur and

the citric acid cycle to stop [107]. This causes pyruvate to convert to lactic acid,

which oxidises nicotinamide adenine dinucleotide, NADH to NAD+, which is then

used in generating ATP from glucose [136]. The generation of lactic acid causes a

decrease in the pH of the tissue, causing denaturation of proteins. In addition to this,

lipids undergo autoxidation, where free radicals attack fatty acids and phospholipids,

destroying cell membranes.

Palmitoyl carnitine, as well as the other two acyl carnitines, were found to increase at
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Week 1 and Week 2 of frozen storage, and then decrease after this point. Using the

knowledge previously discussed, there are a number of reasons why this trend was

observed. The increase could be caused by the continuation of palmitoyl carnitine

generation through the normal processes as described previously, while NADH and

ATP still remained in the tissue. The decrease could have been caused by the lack of

palmitic acid due to fatty acid stores becoming depleted through lipid autoxidation

breaking down remaining fatty acids in the tissue, and so palmitoyl carnitine stopped

being generated, and existing palmitoyl carnitine depleted as it continued through

β-oxidation. Another reason for this decrease could be all pyruvate had been

converted to lactic acid, no longer generating any more NAD+, which is required for

glycolysis, and so ATP stores became depleted and palmitic acid and CoA could no

longer create palmitoyl-CoA and then palmitoyl carnitine. This decrease could also

have been observed due to the decrease in pH causing the denaturation of the

enzymes involved in the carnitine shuttle pathway. During the decomposition process,

the increase in free radicals through lipid oxidation prevents all metabolic pathways

from continuing, and causes cell death, which is potentially the most likely cause of

the decrease in palmitoyl carnitine and the other acyl carnitines after Week 2.

Another variable to consider is the generation of carnitine. Carnitine is an amino

acid, synthesised from lysine and methionine [137]. Without the generation of

carnitine, the transport of palmitoyl-CoA from the cytosol to the mitochondria can

not occur, meaning that fatty acid β-oxidation to acetyl-CoA can not happen. This

could play a role in the increase in concentration of palmitoyl carnitine initially at

Week 1 and 2, where there were still enough amino acids to generate carnitine,

however the store of lysine and methionine depleted, and so carnitine stores depleted

also, causing a decrease in the generation of palmitoyl carnitine.

The marker 319.2626 m/z at 23.04 minutes can be tentatively identified as

arachidonic acid methyl ester, due to the mass spectrum of this peak in the sample
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matching the mass spectrum of this compound on the METLIN database (Figure

4.17). This marker had a random trend (Figure 4.18), and did not have a specific

pattern correlating to the length of frozen storage, so despite it not necessarily being

a useful marker for determining the length of time meat has been frozen for, it does

illustrate the complexity of the metabolic processes that occur after death, even when

frozen.
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Figure 4.17: Mass spectrum of marker 319.2626 m/z at a retention time of 23.04 minutes
in QC sample (top) compared to the mass spectrum of arachidonic acid methyl ester found
on METLIN (bottom)
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Figure 4.18: Trend of one marker tentatively identified as arachidonic acid that was
significantly different among all extracts from lamb muscle tissue frozen for different lengths
of time including Fresh, excluding Week 8 samples. Error bars correspond to ± 1 standard
deviation
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4.7.4 Freezing duration of lamb liver tissue

4.7.4.1 Quality control

0.00E+00

2.00E+06

4.00E+06

6.00E+06

8.00E+06

1.00E+07

1.20E+07

1.40E+07

0 5 10 15 20 25 30 35

D
et

ec
to

r 
re

sp
o

n
se

Retention time (minutes)

QC1

QC2

QC3

QC4

QC5

QC6

QC7

Figure 4.19: Total ion chromatograms of QC samples throughout analytical run for
extracts from lamb liver tissue frozen for different lengths of time

The chromatograms for the QC samples throughout this analytical run appear to

have very good reproducibility in the first 17.5 minutes of the analysis, and then the

second part of the chromatograms include some baseline drift, as well as slight

retention time deviation. In particular, QC3 appears to have a higher peak intensity

and baseline in this second half of the chromatogram. It is also very noticeable that

there are many more peaks present in these chromatograms compared to the

chromatograms for chicken and lamb muscle tissue, indicating the liver tissue

contains a more complex chemical composition.
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Figure 4.20: Variability of retention time (A) and peak area (B) of 6 peaks in QC
samples throughout analytical run for extracts from lamb liver tissue frozen for different
lengths of time

Figure 4.20 shows that the retention time is consistent within the QC samples for six

peaks, and the peak area is mostly consistent with some slight variability, particularly

in peak 5.
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Table 4.15: Variability of retention time and peak area of 6 peaks in chromatograms of
QC samples during the analysis of extracts from lamb liver tissue frozen for different
lengths of time

Retention time (minutes)

Peak QC1 QC2 QC3 QC4 QC5 QC6 QC7 SD Average CV%

1 11.14 11.19 11.19 11.18 11.21 11.21 11.18 0.02 11.19 0.21

2 12.04 12.05 12.07 12.04 12.07 12.08 12.04 0.02 12.06 0.14

3 13.08 13.10 13.10 13.08 13.12 13.12 13.09 0.02 13.10 0.13

4 18.51 18.61 18.53 18.56 18.59 18.63 18.53 0.05 18.57 0.24

5 21.04 21.16 21.08 21.11 21.16 21.17 21.07 0.05 21.11 0.24

6 25.17 25.34 25.23 25.29 25.34 25.36 25.18 0.08 25.27 0.31

Peak area

Peak QC1 QC2 QC3 QC4 QC5 QC6 QC7 SD Average CV%

1 3534314 4041132 4004108 3509926 3947523 3638078 4718983 419716 3913438 10.73

2 5631703 5104981 4772634 5007204 5643433 5215964 5551880 340617 5275400 6.46

3 26125250 27796557 26223474 26958385 27467996 27338718 26229317 686341 26877100 2.55

4 13604563 12873031 13609978 13348103 14498208 14672492 14838697 748709 13920725 5.38

5 42375979 42226801 44603615 45617960 48787400 45427816 41781369 2500240 44402991 5.63

6 22838862 24560973 22920005 23361817 25076763 25252842 20683510 1602295 23527825 6.81

The retention time variability was between 0.13 and 0.31%, and the peak area

variability was between 2.55 and 10.73%, which both indicate that the analytical run

was stable throughout this analysis.
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4.7.4.2 Metabolic fingerprinting
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Figure 4.21: Example total ion chromatograms of extracts from lamb liver tissue frozen
for different lengths of time

The chromatograms for the liver samples (Figure 4.21) appear to all have similar

metabolic profiles based on the peak pattern. It does, however, show differences in

the intensities of these peaks. In particular, Week 10 has a higher intensity for the

majority of peaks through the chromatogram, and Fresh has a lower intensity, and

this is also seen in the baseline. There is a slight retention time drift, which was

expected as it was also seen in the QC sample chromatograms.
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4.7.4.3 Multivariate statistics
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Figure 4.22: Principal component analysis scores plot of PC2 (2.762%) and PC3
(1.183%) for extracts from lamb liver tissue frozen for different lengths of time. PCA was
carried out using markers with a p-value of < 0.05 and CV < 10%

The PCA plot for the liver extracts show there is a distinct separation between the

fresh samples and the rest of the freezing length sample types. It can also be seen

that the Fresh, Week 1, and Week 10 samples are all separated from each other,

indicating that the metabolic profile is different enough between these sample types

to be separated in this unsupervised method. Many of the sample types have a large

spread within each grouping, demonstrating the diversity of the chemical composition

between replicate samples with the same frozen storage period. The QC samples are

tightly clustered showing stability within the analytical run.
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4.7.4.4 Significant markers

The following tables include the remaining markers from the most significantly

different markers in each case after statistical analysis and confirmation with the raw

data. Table 4.16 contains the markers that were highly significant from Fresh to

Week 10 samples. These markers all had a CV% in the QC samples of less than 30%

in both normalised and raw data, with the majority of markers having less than 10%,

indicating these are very robust and stable within the QC samples. The trends for

these markers varied substantially, with only a few markers producing an increasing

or decreasing trend over the frozen storage time period.
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Table 4.16: Summary of remaining compounds from top 50 markers that were
significantly different among Fresh to Week 10 lamb liver tissue samples, in order of
significance from manual ANOVA.
Marker trend: ↓ = decreased, ↑ = increased, y = increased Week 1 and 2 then decreased,�

= increased Fresh then decreased,

�

= increased Week 10, ↓ = decreased Week 10

m/z
Retention

time median
(mins)

P-value from
ANOVA/Welch

(XCMS)

CV%
(XCMS)

P-value from
ANOVA/Welch

(EICs)

CV%
(EICs)

�

316.2462 9.12 <0.001 8.74 <0.001 8.55

�

344.2755 11.08 <0.001 5.46 <0.001 8.17

↓ 283.6320 12.08 <0.001 2.50 <0.001 3.42

y 311.2572 18.48 <0.001 1.91 <0.001 2.99

y 514.2596 9.27 <0.001 5.07 <0.001 20.03

�

361.2683 9.99 <0.001 7.34 <0.001 8.30

y 516.2738 9.97 <0.001 4.65 <0.001 20.87

�

465.1164 9.62 <0.001 11.26 <0.001 26.24

y 307.2625 21.02 <0.001 3.80 <0.001 4.66

↓ 270.6250 11.56 <0.001 2.91 <0.001 3.79

�

218.1382 1.76 <0.001 4.32 <0.001 2.94

↑ 307.2263 14.80 <0.001 1.65 <0.001 3.79

y 348.2500 14.80 <0.001 4.35 <0.001 9.49
�

603.2987 9.98 <0.001 6.77 <0.001 10.38

y 332.2319 14.92 <0.001 3.84 <0.001 7.55

�

359.2540 9.32 <0.001 9.97 <0.001 12.18

y 600.3302 10.63 <0.001 2.82 <0.001 3.78

y 289.2156 14.80 <0.001 2.15 <0.001 7.80

y 217.1582 14.78 <0.001 6.63 <0.001 9.66

y 383.3290 25.63 <0.001 18.33 <0.001 16.60

↓ 522.2594 10.55 <0.001 5.19 <0.001 8.33

↑ 203.1783 19.23 <0.001 7.94 <0.001 14.51

�

339.2867 10.96 <0.001 6.54 <0.001 6.54

y 257.1925 14.80 <0.001 5.65 <0.001 11.48

↓ 547.2851 12.07 <0.001 8.18 <0.001 10.38

↑ 329.2474 18.08 <0.001 4.29 <0.001 3.61

↑ 657.4868 18.08 <0.001 6.13 <0.001 7.23

↓ 657.4870 14.37 <0.001 5.65 <0.001 5.27

y 349.2348 16.21 <0.001 7.17 <0.001 8.62

↑ 259.6320 14.05 <0.001 1.40 <0.001 3.63

�

343.0553 15.15 <0.001 9.47 <0.001 17.80

↓ 524.2779 11.56 <0.001 7.02 <0.001 7.60
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Table 4.16 continued: Summary of remaining compounds from top 50 markers that were
significantly different among Fresh to Week 10 lamb liver tissue samples, in order of
significance from manual ANOVA.
Marker trend: ↓ = decreased, ↑ = increased, y = increased Week 1 and 2 then decreased,�

= increased Fresh then decreased,

�

= increased Week 10, ↓ = decreased Week 10

m/z
Retention

time median
(mins)

P-value from
ANOVA/Welch

(XCMS)

CV%
(XCMS)

P-value from
ANOVA/Welch

(EICs)

CV%
(EICs)

�

629.3117 10.36 <0.001 11.48 <0.001 16.17

↑ 305.2467 18.29 <0.001 4.96 <0.001 10.12

↑ 440.2786 11.81 <0.001 6.55 <0.001 9.85

y 155.1064 13.92 <0.001 3.45 <0.001 4.93

Table 4.17 shows the markers that were significantly different from Week 1 to Week

10 frozen storage period. The majority of these markers were at a higher

concentration at Week 1 and Week 2, and then the concentration decreased rapidly

and remained relatively consistent for the rest of the frozen storage duration.

Table 4.17: Summary of remaining compounds from top 10 markers that were
significantly different among Week 1 to Week 10 lamb liver tissue samples, in order of
significance from manual ANOVA.
Marker trend: y = increased Week 1 and 2 then decreased,

�

= increased Week 10

m/z
Retention

time median
(mins)

P-value from
ANOVA/Welch

(XCMS)

CV%
(XCMS)

P-value from
ANOVA/Welch

(EICs)

CV%
(EICs)

y 311.2572 18.48 <0.001 1.91 <0.001 2.99

y 514.2596 9.27 <0.001 5.07 <0.001 20.03

y 275.1994 14.80 <0.001 6.06 <0.001 9.72

y 383.3290 25.63 <0.001 18.33 <0.001 16.60

�

465.1164 9.62 <0.001 11.26 <0.001 26.24

y 348.2500 14.80 <0.001 4.35 <0.001 9.49

y 313.2173 14.95 <0.001 4.63 <0.001 7.49

Table 4.18 shows the markers that were significantly different from Week 4 to Week

10, and these markers were fairly consistent in Week 4, Week 6 and Week 8 samples,

and it was Week 10 samples that had either a significant increase or decrease in

concentration. This could have been caused by a number of reasons, however these
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trends do not aid in understanding the overall metabolic changes during the frozen

storage time period.

Table 4.18: Summary of remaining compounds from top 10 markers that were
significantly different among Week 4 to Week 10 lamb liver tissue samples, in order of
significance from manual ANOVA.
Marker trend:

�

= increased Week 10, ↓ = decreased Week 10

m/z
Retention

time median
(mins)

P-value from
ANOVA/Welch

(XCMS)

CV%
(XCMS)

P-value from
ANOVA/Welch

(EICs)

CV%
(EICs)

↓ 314.3039 11.80 <0.001 3.43 <0.001 5.33

�

657.4870 14.37 <0.001 5.65 <0.001 5.27

�

465.1164 9.62 <0.001 11.26 <0.001 26.24

↓ 512.4130 13.57 <0.001 6.62 <0.001 9.40

↓ 556.4394 13.54 <0.001 7.31 <0.001 8.26

The markers that were significantly different from Fresh to Week 4 samples (Table

4.19) mostly appeared to have an increase in concentration in the Fresh samples, and

all frozen samples were very low in concentration, with no significant differences in

frozen storage time. Marker 283.6320 m/z at 12.08 minutes decreased over the frozen

storage period, and marker 259.6320 m/z at 14.05 minutes increased over the frozen

storage period. Both of these markers were also significant in the analysis of Fresh to

Week 10, however on observation of these trends, it can be seen that the

concentration changes from Fresh to Week 4, and then becomes fairly stable after this

point. Therefore, these markers could have the potential in being useful during the

early frozen storage period of up to 4 weeks, but then may not be able to determine

the longer frozen storage durations.
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Table 4.19: Summary of remaining compounds from top 10 markers that were
significantly different among Fresh to Week 4 lamb liver tissue samples, in order of
significance from manual ANOVA.
Marker trend: ↓ = decreased, ↑ = increased, y = increased Week 1 and 2 then decreased,�

= increased Fresh then decreased

m/z
Retention

time median
(mins)

P-value from
ANOVA/Welch

(XCMS)

CV%
(XCMS)

P-value from
ANOVA/Welch

(EICs)

CV%
(EICs)

�

316.2462 9.12 <0.001 8.74 <0.001 8.55

�

344.2755 11.08 <0.001 5.46 <0.001 8.17

↓ 283.6320 12.08 <0.001 2.50 <0.001 3.42

�

361.2683 9.99 <0.001 7.34 <0.001 8.30

↑ 259.6320 14.05 <0.001 1.40 <0.001 3.63

y 275.1994 14.80 <0.001 6.06 <0.001 9.72

�

218.1382 1.76 <0.001 4.32 <0.001 2.94

�

359.2540 9.32 <0.001 9.97 <0.001 12.18

y 311.2572 18.48 <0.001 1.91 <0.001 2.99

4.7.4.5 Tentative identifications

Due to the availability of MS spectra on the METLIN database, no markers were able

to be tentatively identified in the liver extracts.
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4.7.5 Number of freeze-thaw cycles - Chicken muscle

4.7.5.1 Quality control
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Figure 4.23: Total ion chromatograms of QC samples throughout analytical run for
extracts from chicken muscle tissue that has undergone multiple freeze-thaw cycles

As shown in Figure 4.23, QC6 did not inject correctly during this analysis, as it is

very obviously completely different to the other QC samples. Many peaks are

missing, and so it would appear that no sample was actually injected. Therefore, it

was appropriate to remove this from any further analysis. The remaining QC samples

appear to be very stable in retention time and peak intensity, illustrated by the

reproducible chromatograms.
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Figure 4.24: Variability of retention time (A) and peak area (B) of 6 peaks in QC
samples throughout analytical run for extracts from chicken muscle tissue that has
undergone multiple freeze-thaw cycles

After manually integrating six peaks within the QC samples, it can be seen in Figure

4.24 that the retention time is very stable in all peaks, and the peak area is mostly

consistent, apart from peak 6, where QC4 had a lower peak area than the other QC

samples.
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Table 4.20: Variability of retention time and peak area of 6 peaks in chromatograms of
QC samples during the analysis of extracts from chicken muscle tissue that has undergone
multiple freeze-thaw cycles

Retention time (minutes)

Peak QC1 QC2 QC3 QC4 QC5 QC7 SD Average CV%

1 9.06 9.06 9.07 9.04 9.05 9.06 0.01 9.06 0.11

2 11.56 11.55 11.54 11.51 11.54 11.52 0.02 11.54 0.16

3 18.56 18.53 18.51 18.47 18.52 18.48 0.03 18.51 0.18

4 21.80 21.82 21.71 21.66 21.76 21.69 0.06 21.74 0.29

5 23.12 23.13 23.04 22.99 23.08 23.00 0.06 23.06 0.26

6 27.79 27.80 27.66 27.58 27.73 27.61 0.09 27.70 0.33

Peak area

Peak QC1 QC2 QC3 QC4 QC5 QC7 SD Average CV%

1 11621122 11174036 10997619 10912281 10847981 11349185 294331 11150371 2.64

2 6251637 5862572 6644637 6049506 4918481 5668213 586342 5899174 9.94

3 4015101 3642992 4213916 4271064 3571042 3474581 345626 3864783 8.94

4 18288399 17661652 17754791 18222890 17088164 16109738 816701 17520939 4.66

5 25718584 26796784 26051497 26604065 24214612 24680006 1038067 25677591 4.04

6 71974236 72905753 72147101 58579594 72746886 68791243 5568205 69524136 8.01

The retention time variability was between 0.11 and 0.33%, and the peak area

variability was between 2.64 and 9.94%. These values confirm that the instrument

was stable throughout this analytical run, and the data obtained was reliable.
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4.7.5.2 Metabolic fingerprinting
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Figure 4.25: Example total ion chromatograms for chicken muscle tissue that has
undergone multiple freeze-thaw cycles

The chromatograms for each sample type (number of freeze-thaw cycles 1-6,

FT1-FT6) can be seen in Figure 4.25. Each chromatogram for the different number of

freeze-thaw cycles shows a very similar peak pattern, with slight differences in

abundance. Between 12 minutes and 23 minutes, the chromatograms for FT1-5 are

all very similar, but FT6 has the highest intensity, indicating that the ions

responsible for these peaks increase from FT5 to FT6. The peak at 22 minutes

(indicated with an asterisk) has a decreasing intensity from FT6 down to FT1.
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4.7.5.3 Multivariate statistics

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

-0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

PC3

PC2

FT1

FT2

FT3

FT4

FT5

FT6

QC

Figure 4.26: Principal component analysis scores plot of PC2 (1.345%) and PC3
(0.097%) for extracts from chicken muscle tissue that has undergone multiple freeze-thaw
cycles. PCA was carried out using markers with a p-value of < 0.05 and CV < 10%

The PCA plot (Fig. 4.26) shows very good separation between the different sample

types. The first 4 freeze-thaw cycles are gathered in the same area, with some

individual separation particularly between FT1 and FT4, and FT5 samples are

separated from these. FT6 samples are completely separated from all other sample

types. The FT1 samples are in the left of the plot, and as the number of freeze-thaw

cycles increases, the groups move across the plot, shown by the blue arrow. The

groups appear to be slightly elongated in the direction of the y-axis (PC3), and this

can also be seen in the QC samples. This is most likely showing the slight instrument

variability within the analytical run. The QC samples are gathered together, and the

separation between sample types is across the x-axis, PC2, and so not affected by

instrumental variability.
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4.7.5.4 Significant markers

The markers found in the chicken mostly increased in abundance the more freeze-thaw

cycles the chicken had undergone. Some markers decreased instead, however these

markers were not retained on the column, so are very polar and would be better suited

to being analysed using a column with a different stationary phase.
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Table 4.21: Summary of remaining compounds from top 50 markers that were
significantly different among all chicken muscle tissue samples that have undergone multiple
freeze-thaw cycles, in order of significance from manual ANOVA. Arrow indicates marker
increased or decreased the more freeze-thaw cycles the chicken had undergone

m/z
Retention

time median
(mins)

P-value from
ANOVA/Welch

(XCMS)

CV%
(XCMS)

P-value from
ANOVA/Welch

(EICs)

CV%
(EICs)

↓ 175.1171 0.98 <0.001 0.85 <0.001 2.78

↑ 103.1226 0.93 <0.001 5.58 <0.001 11.22

↑ 365.3500 13.92 <0.001 11.88 <0.001 7.35

↑ 409.2702 17.27 <0.001 11.23 <0.001 19.97

↑ 480.3441 16.01 <0.001 2.09 <0.001 1.41

↑ 131.1275 0.94 <0.001 2.02 <0.001 3.09

↑ 506.3595 16.56 <0.001 3.09 <0.001 2.08

↑ 508.3754 16.98 <0.001 2.54 <0.001 1.70

↓ 269.0889 1.08 <0.001 4.04 <0.001 4.53

↑ 395.3714 17.07 <0.001 13.23 <0.001 19.83

↑ 281.2468 19.51 <0.001 2.89 <0.001 4.64

↑ 775.9876 14.58 <0.001 12.27 <0.001 12.93

↑ 174.1107 6.75 <0.001 15.67 <0.001 19.69

↑ 341.3483 15.73 <0.001 9.90 <0.001 20.32

↑ 75.0445 21.17 <0.001 4.68 <0.001 7.10

↑ 482.3551 16.57 <0.001 3.57 <0.001 2.26

↑ 537.5222 21.17 <0.001 8.96 <0.001 11.22

↑ 265.2518 14.65 <0.001 4.05 <0.001 5.00

↑ 369.3561 16.23 <0.001 25.32 <0.001 18.08

↑ 464.3133 14.45 <0.001 3.28 <0.001 2.43

↑ 509.3458 16.57 <0.001 5.00 <0.001 5.73

↑ 93.0549 21.72 <0.001 4.09 <0.001 5.83

↑ 290.2028 1.36 <0.001 6.47 <0.001 18.45

↓ 564.1231 1.46 <0.001 5.35 <0.001 7.12

↑ 105.0687 3.45 <0.001 11.52 <0.001 5.68

↑ 345.3351 25.91 <0.001 7.45 <0.001 6.42

↓ 306.1880 1.03 <0.001 8.15 <0.001 19.96

↑ 337.2701 19.03 <0.001 3.68 <0.001 9.23

↑ 401.2060 1.79 <0.001 2.89 <0.001 6.24

↑ 295.2621 24.49 <0.001 6.14 <0.001 26.88

↑ 524.3619 15.11 <0.001 2.43 <0.001 7.89

↑ 561.4870 19.50 <0.001 4.93 <0.001 4.55

↓ 292.1963 1.03 <0.001 7.12 <0.001 5.18

↑ 297.2769 19.03 <0.001 1.82 <0.001 3.38

↑ 482.3237 15.63 <0.001 4.14 <0.001 3.08
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4.7.5.5 Tentative identifications

Table 4.22 shows the possible formula and likelihood score for the markers that were

able to generate a formula in Masshunter Qualitative Analysis. It also shows the trend

of these markers, with most of them increasing the more freeze-thaw cycles the chicken

meat had undergone.

Table 4.22: Predicted formulae and possible identifications of significantly different
compounds in extracts from chicken muscle tissue samples that have undergone 1-6
freeze-thaw cycles. Arrow indicates trend of marker, and asterisk indicates marker was
found to be an isotopic peak

m/z
Retention

time median
(mins)

Possible
formula

Adduct
Likelihood
score (%)

Potential METLIN
identification

↓ 175.1171 0.98 C4H16N4O2 M+Na 78.33

↑ 103.1226 0.93 C5H14N2 M+H 80.02

↑ 480.3441 16.01 C23H48N5O2P M+Na 83.31

↑ 506.3595 16.56 C23H48ClN7O3 M+H 86.77

↑ 508.3754 16.98 C26H54NO6P M+H 96.40 phosphatidylcholines

↓ 269.0889 1.08 C13H14N2O3 M+Na 91.78

↑ 281.2468 19.51 C18H32O2 M+H 76.04 linoleic acid/linoelaidic acid

↑ 341.3483 15.73 C11H33N9OS M+H 85.88

↑ 75.0445 21.17 C3H6O2 M+H 79.75 propionic acid/lactaldehyde

↑ 482.3551 16.57 C24H49N3O5 M+Na 99.34

↑ 265.2518 14.65 C18H32O M+H 81.13

↑ 464.3133 14.45 C23H46NO6P M+H 96.96

↑ 509.3458 16.57 C21H46ClN9O3 M+H 84.63

↑ 345.3351 25.91 C21H44O3 M+H 93.43 monoglycerides

↑ 337.2701 19.03 C11H33N10P M+H 82.86

* 524.3619 15.11 C26H52NO7P M+H 99.21 phosphatidylcholines

↑ 561.4870 19.50 C35H62N4 M+Na 85.39

↑ 482.3237 15.63 C23H48NO7P M+H 99.00 glycerophospholipids

Due to the nature of these compounds, the majority of the markers could not be

tentatively identified through comparison with mass spectra on the METLIN

database as the mass spectra were not available at 0 V collision energy. The general

class of compound could be assumed if most of the compounds in each search were of

a particular group of compound. After searching the METLIN database, markers

482.3237 m/z at 15.63 minutes, 508.3754 m/z at 16.98 minutes, and 524.3619 m/z at
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15.11 minutes are all most likely glycerophosolipids.

The trend for markers 524.3619 m/z and 508.3754 m/z can be seen in Figure 4.27, and

both of these markers had predicted formulae that matched phosphatidylcholines.
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Figure 4.27: Trends of two markers with formulae that matched phosphatidylcholines
that were significantly different among all chicken muscle tissue samples that have
undergone multiple freeze-thaw cycles. Error bars correspond to ± 1 standard deviation

The marker 281.2468 m/z at a retention time of 19.51 minutes gave a likely formula of

C18H32O2, with a likelihood score of 76.04 %. This matched to many compounds on the

METLIN database, however when comparing the mass spectrum with that of linoleic

acid and linoelaidic acid (Figure 4.28), all spectra have a peak at 281.25 m/z, which

was the M+H peak, and a fragment peak at 263.24 m/z, which was caused by the loss

of water. Therefore, this marker could be tentatively identified as either linoleic acid,

or its isomer linoelaidic acid. Despite this tentative identification, the likelihood of this

marker having the same formula as linoleic acid or linoelaidic acid was not very high,

so this marker could be another molecule with a different formula that fragments in a

similar way, as the loss of a water molecule is a common fragmentation.
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Figure 4.28: Mass spectrum of marker 281.2468 m/z at a retention time of 19.51 minutes
in QC sample (top) compared to the mass spectra of linoleic acid (middle) and linoelaidic
acid (bottom) found on METLIN
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Figure 4.29: Trend of one marker tentatively identified as linoleic acid or linoelaidic acid
that was significantly different among all chicken muscle tissue samples that have undergone
multiple freeze-thaw cycles. Error bars correspond to ± 1 standard deviation

Linoleic acid is a polyunsaturated fatty acid that is involved in the production of

arachidonic acid, which in turn produces eicosanoids. Linoleic acid also contributes to

cell membrane structure. The trend of this marker (Figure 4.29) showed an increase

as the number of freeze-thaw cycles increased. The degradation that occurs after

death involves the breakdown of cell membranes, as previously discussed, and so it is

therefore expected that linoleic acid or linoelaidic acid would increase as the

phospholipid bilayer of the cell membrane is destroyed, as this releases fatty acids. If

this marker is linoelaidic acid, which is a trans fatty acid and the isomer of linoleic

acid, then this could be a cause for concern for the consumers’ health. Trans fatty

acids have been shown to cause cardiovascular disease [138], and the FDA state that

trans fatty acids must be included on the label of products to inform the consumer.

Therefore, it would be important to try and identify this marker in further research

to assess if there are health implications associated with frozen-thawed meat.
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4.7.6 Number of freeze-thaw cycles - Lamb liver

4.7.6.1 Quality control
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Figure 4.30: Total ion chromatograms of QC samples throughout analytical run for
extracts from lamb liver tissue that has undergone multiple freeze-thaw cycles

Figure 4.30 shows overlaid chromatograms of the QC samples injected during this

analytical run. These samples appear to be very replicable, with only slight retention

time variation in QC1 compared to the other samples. The baseline looks stable

throughout the analysis.
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Figure 4.31: Variability of retention time (A) and peak area (B) of 6 peaks in QC
samples throughout analytical run for extracts from lamb liver tissue that has undergone
multiple freeze-thaw cycles

After six peaks were selected from the chromatograms for the QC samples, Figure

4.31 illustrates the stability of the retention time and the peak area. It can be seen

that all six peaks are stable in retention time and peak area in the QC samples.
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Table 4.23: Variability of retention time and peak area of 6 peaks in chromatograms of
QC samples during the analysis of extracts from lamb liver tissue that has undergone
multiple freeze-thaw cycles

Retention time (minutes)

Peak QC1 QC2 QC3 QC4 QC5 QC6 QC7 SD Average CV%

1 7.40 7.36 7.36 7.38 7.36 7.37 7.38 0.01 7.37 0.20

2 9.08 9.10 9.10 9.12 9.08 9.11 9.12 0.02 9.10 0.18

3 11.57 11.64 11.62 11.63 11.59 11.62 11.61 0.02 11.61 0.21

4 18.58 18.72 18.69 18.71 18.65 18.68 18.67 0.05 18.67 0.25

5 21.10 21.26 21.21 21.25 21.17 21.22 21.23 0.06 21.21 0.26

6 27.81 28.16 28.07 28.15 27.98 28.04 28.10 0.12 28.04 0.43

Peak area

Peak QC1 QC2 QC3 QC4 QC5 QC6 QC7 SD Average CV%

1 3574228 3708073 3262714 3542251 3382035 3595878 3373114 155755 3491185 4.46

2 6462373 6770731 6667240 6545422 6920318 7042512 6766406 202442 6739286 3.00

3 8653838 8785081 8726388 9202886 9034916 8544282 9180142 262885 8875362 2.96

4 20475735 19179053 18147363 19385829 19863323 19462456 17472104 1019846 19140838 5.33

5 45688377 42793587 44119769 44711041 45139183 42821341 41145775 1597002 43774153 3.65

6 54326761 56465912 55008691 59604636 56560684 54852402 55098479 1799815 55988224 3.21

The retention time variability was between 0.18 and 0.43% and the peak area

variability was between 2.96 and 5.33%. These values confirm that the instrument

was stable throughout, and the data collected from this analytical run was reliable.
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4.7.6.2 Metabolic fingerprinting
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Figure 4.32: Example total ion chromatograms for extracts from lamb liver tissue that
has undergone multiple freeze-thaw cycles

The overlaid chromatograms for the lamb liver extracts in Figure 4.32 contain many

peaks, showing the metabolic profile of liver tissue is quite complex. On observation,

the number of freeze-thaw cycles does appear to have had an effect on the abundance

of some of these peaks. The first ten minutes of the chromatogram visibly shows the

abundance of the peaks increasing as the number of freeze-thaw cycles increases,

specifically at 2, 3, 4.5 and 7 minutes. In general, the total ion count appears to

increase as the number of freeze-thaw cycles increases, and this can be seen by the

elevated baseline. Between 11 minutes and 15 minutes, the FT1 and FT2 samples

appear to have the highest abundance for most peaks, and then from 15 minutes

onwards, the majority of the peaks have the highest abundance in the FT5 and FT6

samples, especially in the peaks at around 19 minutes and 28 minutes.
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4.7.6.3 Multivariate statistics
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Figure 4.33: Principal component analysis scores plot of PC2 (2.748%) and PC3
(0.377%) for extracts from lamb liver tissue that has undergone multiple freeze-thaw cycles.
PCA was carried out using markers with a p-value of < 0.05 and CV < 10%

The PCA plot for the liver samples that have undergone a different number of freeze-

thaw cycles (Figure 4.33) shows each sample type grouped together. The FT1 samples

in yellow are clustered on the right hand side of the plot, with the FT2 samples clustered

next in blue. The groupings go across the plot along the x-axis, increasing in the

number of freeze-thaw cycles, ending with the FT6 samples on the left in purple. This

trend, shown by the blue arrow, shows that it could be determined whether meat has

undergone multiple freeze-thaw cycles based purely on the overall metabolic profile

using multivariate statistics, however this trend would need further research. Again,

the QC samples are tightly grouped, and the separation between FT1 and FT2 and

the rest of the sample types is greater than the spread within the QC samples, showing

any differences are caused by metabolic differences and not by instrumental instability

or drift.
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4.7.6.4 Significant markers

The markers found to be significantly different between all samples of liver that had

undergone 1-6 freeze-thaw cycles are shown in Table 4.24. The majority of markers

decreased as the number of freeze-thaw cycles increased, which is different to what was

observed in the chicken muscle samples.

Table 4.24: Summary of remaining compounds from top 50 markers that were
significantly different among all lamb liver tissue samples that have undergone multiple
freeze-thaw cycles, in order of significance from manual ANOVA. Arrow indicates marker
increased or decreased the more freeze-thaw cycles the liver had undergone

m/z
Retention

time median
(mins)

P-value from
ANOVA/Welch

(XCMS)

CV%
(XCMS)

P-value from
ANOVA/Welch

(EICs)

CV%
(EICs)

↓ 303.6476 12.40 <0.001 4.84 <0.001 5.13

↓ 272.6665 14.62 <0.001 8.50 <0.001 15.92

↓ 219.0261 0.98 <0.001 3.71 <0.001 4.13

↓ 279.6475 12.60 <0.001 5.25 <0.001 5.11

↑ 598.4156 12.28 <0.001 4.89 <0.001 4.95

↓ 291.6458 12.49 <0.001 4.24 <0.001 4.76

↓ 278.6395 11.30 <0.001 5.69 <0.001 12.61

↓ 568.3398 12.40 <0.001 1.05 <0.001 1.47

↑ 430.2981 15.36 <0.001 1.27 <0.001 1.57

↓ 258.6241 11.63 <0.001 7.16 <0.001 19.68

↓ 280.6568 14.62 <0.001 3.14 <0.001 6.06

↓ 528.8234 14.65 <0.001 8.56 <0.001 11.29

↓ 621.3068 10.02 <0.001 9.25 <0.001 18.92

↓ 564.3072 11.27 <0.001 5.77 <0.001 8.81

↓ 570.3557 13.14 <0.001 1.26 <0.001 1.20

↓ 541.3321 14.62 <0.001 9.23 <0.001 6.12

↓ 271.6574 12.60 <0.001 7.56 <0.001 11.83

↑ 86.09642 0.93 <0.001 7.24 <0.001 4.41

↑ 428.2826 13.36 <0.001 2.38 <0.001 9.83

↓ 344.1299 1.38 <0.001 14.02 <0.001 12.64

↓ 476.2773 10.56 <0.001 1.36 <0.001 3.68

↓ 355.2851 17.56 <0.001 9.69 <0.001 3.30

↓ 572.3705 14.77 <0.001 1.60 <0.001 2.20

↑ 389.3512 14.19 <0.001 2.71 <0.001 4.45

l 277.1799 10.75 <0.001 2.13 <0.001 1.86

↑ 452.2827 13.43 <0.001 2.03 <0.001 3.83

↓ 520.3400 12.60 <0.001 1.44 <0.001 1.51
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Table 4.24 continued: Summary of remaining compounds from top 50 markers that were
significantly different among all lamb liver tissue samples that have undergone multiple
freeze-thaw cycles. Arrow indicates marker increased or decreased the more freeze-thaw
cycles the liver had undergone

m/z
Retention

time median
(mins)

P-value from
ANOVA/Welch

(XCMS)

CV%
(XCMS)

P-value from
ANOVA/Welch

(EICs)

CV%
(EICs)

↓ 546.3548 13.61 <0.001 1.72 <0.001 1.93

↓ 537.1601 1.48 <0.001 3.47 <0.001 4.39

↓ 296.6669 13.13 <0.001 16.53 <0.001 27.56

↓ 544.3397 12.49 <0.001 1.00 <0.001 1.34

↓ 148.0024 1.00 <0.001 8.92 <0.001 8.57

↓ 403.2822 16.00 <0.001 5.22 <0.001 10.54

↓ 304.6555 13.52 <0.001 20.72 <0.001 6.91

↓ 478.2927 11.63 <0.001 0.97 <0.001 1.49

↓ 283.6319 12.15 <0.001 5.35 <0.001 5.62

↓ 337.2725 11.62 <0.001 9.20 <0.001 12.62

↓ 539.8161 12.59 <0.001 7.25 <0.001 11.22

↓ 518.3236 11.29 <0.001 1.07 <0.001 6.60

↓ 581.3101 10.99 <0.001 4.07 <0.001 21.17

↓ 575.1223 1.48 <0.001 14.78 <0.001 12.08

↓ 587.8177 12.69 <0.001 12.52 <0.001 9.82

↓ 500.2763 12.02 <0.001 2.97 <0.001 7.71

↓ 123.0520 1.31 <0.001 4.27 <0.001 22.54

4.7.6.5 Tentative identifications

Table 4.25 shows the possible formulae and likelihood score for the markers that were

able to generate a formula in Masshunter Qualitative Analysis. It also shows the

trend of these markers, with most of them decreasing the more freeze-thaw cycles the

lamb liver tissue had undergone. No markers were tentatively identified due to the

availability of the mass spectra on the METLIN database.
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Table 4.25: Predicted formulae and possible identifications of significantly different
markers of significantly different compounds in extracts from lamb liver tissue samples that
have undergone 1-6 freeze-thaw cycles. Arrow indicates trend of marker

m/z
Retention

time median
(mins)

Possible
formula

Adduct
Likelihood
score (%)

Potential METLIN
identification

↓ 219.0261 0.98 C6H7ClN4O3 M+H 87.67

↓ 279.6475 12.60 C31H45NO4P2 M+2H+2 97.87

↑ 598.4156 12.28 C34H55N5O2S M+H 86.68

↓ 291.6458 12.49 C30H45N5P2 M+2Na+2 89.05

↓ 278.6395 11.30 C23H50N3O3PS2 M+2Na+2 84.31

↓ 568.3398 12.40 C30H50NO7P M+H 99.18 phosphatidylcholine

↑ 430.2981 15.36 C23H43NO4S M+H 98.02

↓ 280.6568 14.62 C26H46N3O8P M+2H+2 86.99

↓ 528.8234 14.65 C25H53ClN3PS2 M+H 88.62

↓ 621.3068 10.02 C14H42N18O6P2 M+H 93.46

↓ 570.3557 13.14 C30H52NO7P M+H 99.30 lysophosphatidylcholine

↑ 86.09642 0.93 C5H11N M+H 87.14 piperidine

↓ 344.1299 1.38 C22H17NO3 M+H 80.85

↓ 476.2773 10.56 C23H45N3OS3 M+H 86.90

↓ 355.2851 17.56 C17H40N4S M+Na 76.93

↓ 572.3705 14.77 C33H45N7O2 M+H 76.24

↑ 389.3512 14.19 C23H46N2O M+Na 76.62

↓ 277.1799 10.75 C17H24O3 M+H 99.72

↓ 520.3400 12.60 C26H50NO7P M+H 97.31 phosphatidylcholine

↓ 546.3548 13.61 C28H52NO7P M+H 96.48 phosphatidylcholine

↓ 537.1601 1.48 C21H28N10P2S M+Na 90.51

↓ 296.6669 13.13 C24H51N9P2S M+2H+2 86.04

↓ 544.3397 12.49 C28H50NO7P M+H 98.26 phosphatidylcholine

↓ 148.0024 1.00 C4H7N5 M+Na 87.20

↓ 478.2927 11.63 C23H47N3OS3 M+H 82.54

↓ 283.6319 12.15 C24H35N7O9 M+2H+2 90.18 four amino acid chain

↓ 337.2725 11.62 C17H37NS2 M+NH4 83.35

↓ 518.3236 11.29 C27H52NO2PS2 M+H 89.56

↓ 575.1223 1.48 C27H28N4O3S3 M+Na 79.80

↓ 500.2763 12.02 C28H46Cl2NP M+H 81.12

Despite not achieving a tentative identification for any of these markers, some

molecular formulae did match specific classes of compounds. Markers with an m/z of

520.3400, 544.3397, 546.3548 and 568.3398 all had predicted formulae that matched

phosphatidylcholine compounds. All of these markers decreased as the number of
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freeze-thaw cycles increased, as seen in Figure 4.34, which is different to the chicken

muscle samples. This trend could have been found because phosphatidylcholine

contributes to cell membranes, and so as these break down, phosphatidylcholine

continues to break down into glycerophosphocholine, releasing fatty acids. The

difference in trends could be caused by a difference in the rate of metabolism in the

two tissue types.
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Figure 4.34: Trends of four markers with formulae that matched phosphatidylcholines
that were significantly different among all lamb liver tissue samples that have undergone
multiple freeze-thaw cycles. Error bars correspond to ± 1 standard deviation
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4.8 Conclusions

The data gathered in this work has shown to be reproducible and reliable, and this

was confirmed through the use of quality control samples injected throughout each

analytical run. In all analyses, the QC samples had minimal retention time and peak

area variability, and the implementation of QC samples proved to be a successful way

to monitor the reliability of the data obtained.

The multivariate statistics employed in this research was most successful when

investigating freeze-thaw cycling, where all groups were separated from each other in

both the chicken muscle and lamb liver extract analyses. Consequently, this technique

could be used to determine whether meat has previously undergone a freeze-thaw

cycle, and potentially how many.

The statistical approaches used in this research were able to find markers that were

significantly different in each analysis, however due to the nature of the statistical

tests, the trends of these markers sometimes appeared quite random and did not

prove to be of interest. Ideally, a statistical test to discover the markers that have an

increasing or decreasing trend as the frozen storage time period increased would have

been more beneficial, however this is not possible to do with such a large dataset and

would have required manual statistics for each individual marker prior to any

reduction of the size of the dataset. For the purpose of this untargeted analysis,

ANOVA was suitable to detect markers that were significantly different overall, and

despite meaning this detected a large number of markers that were not suitable to

determine the frozen storage time period due to the erratic trends, it did find a small

number of markers that could be further investigated for this purpose.

When investigating the length of frozen storage time, it was clear from the

chromatograms that the lamb liver tissue samples contained the most number of
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small molecules, and the chicken muscle tissue and lamb muscle tissue contained a

similar amount to each other. The multivariate statistics showed some group

separation, however there was a lot of overlapping sample types in all datasets.

Nevertheless, it was able to separate the fresh samples from the frozen samples in the

chicken muscle dataset and the lamb liver tissue dataset.

In the experiment involving multiple freeze-thaw cycles, it was found that both

chicken muscle and lamb liver change in metabolic content depending on how many

freeze-thaw cycles they have undergone. Specifically, as the number of freeze-thaw

cycles increased, the majority of markers in the chicken increased, and the majority of

markers in the liver decreased. This could be caused by a difference in the rate of

degradation in these tissue types. Specifically, both the chicken muscle and the lamb

liver extracts showed changes in the concentration of phosphatidylcholines, however

the trends for these compounds were different in the two tissue types. The chicken

muscle had increasing concentrations of these compounds, and the lamb liver had

decreasing concentrations. The liver tissue could be degrading more rapidly than the

chicken muscle tissue, causing phosphatidylcholine to already be decreasing as it

converts to glycerophosphocholine and fatty acids. The chicken muscle could be

degrading slower and still releasing phosphatidylcholines during cell degradation,

which was observed in the increasing trend in this experiment. Further investigations

would be needed in order to better understand the complex nature of the degradation

processes in the soft tissues after death, and how this could affect the nutritional

value of meat. In particular, monitoring the metabolic changes in different tissue

types from the same animal could help to discern the differences in the rate of

degradation.

Investigating the effect of freeze-thaw cycling in chicken muscle tissue obtained a

marker that was tentatively identified as either linoleic acid or linoelaidic acid.

Further research would be required to confirm which fatty acid this marker was,
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especially due to the vast amount of evidence proving that linoelaidic acid could have

severe health implications for the consumer.

This untargeted study has shown that the metabolic profile does change depending

on the length of frozen storage time as well as the number of freeze-thaw cycles, and

that these techniques could be developed in order to specifically determine these

parameters and assist in detecting subtle frauds that involve the mislabelling of meat

products. Additional investigations would be needed in order to identify specific

markers, or the technique could be adapted to focus specifically on the lipid profile as

this class of compound appeared to be of most interest in this study. This experiment

investigated the frozen storage time and number of freeze-thaw cycles using tissue

from one animal at a time, however a repeated study with different animals of the

same species could provide a deeper insight into whether the changes in metabolic

profile can still be observed despite differences in metabolic profile due to

biovariability.
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The detection of adulterated meat

products with other meat species

This work investigated the difference in metabolic content between species and how

this can aid in the detection of adulterated meat products. Different percentages of

adulterant meat were investigated, as well as the adulteration of minced beef of

different fat contents, and whether the detection of adulterant meat is affected by the

meat being cooked or raw.

5.1 Introduction

The United Kingdom has a clear law on the labelling of meat products; in The Meat

Products (Hygiene) Regulations 1994, it states that all meat products must be

labelled with the “species of meat used in the manufacture of the product”. The

substitution of meat products for financial gain is not only an economic issue, but

also a problem for religious communities and people with allergies. Additionally,

consumers have the right to make an informed decision on their purchases.

Within the Muslim and other religious communities, certain food is prohibited under

strict dietary laws laid out in religious texts, specifically any product derived from

pigs [139]. Pork meat is readily available and inexpensive, and is ideal to use when

adulterating or substituting high-price meat items, which is especially easy with

minced meat products as the original cut of meat is no longer visible [140]. These

consumers must be able to have confidence in the meat products they purchase, and
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due to mislabelling, robust methodologies for authenticating meat products must be

developed.

There is a vast array of techniques targeting the issue of adulterating meat products

with other meat species, the largest being protein- and DNA-based techniques.

Enzyme-linked immunosorbent assay (ELISA) has been implemented for the

detection of meat substitution with different species and with different tissue

types [59]. The discrimination between pork, beef, lamb and poultry was achieved

with the use of ELISA, however due to the multiple variables associated with

processed food products, such as fat content, processing temperatures, and muscle

origin, the level of detection may be different from one product to another [22].

Another ELISA technique has been developed to detect porcine skeletal muscle in

raw, cooked and autoclaved samples, and is able to specifically discriminate porcine

skeletal muscle from cardiac muscle, smooth muscle, blood, and organs [141].

Protein-based techniques have proven to be fast with limited sample preparation, and

useful in developing rapid on-site testing. Nevertheless, these techniques are not

suitable for reliable and robust testing of processed meat products, where the

manufacturing of these products involves subjecting the meat to high temperatures.

This causes the denaturation of the proteins, making these techniques unsuitable.

DNA techniques are more advantageous than protein-based techniques when

analysing processed meat products that have undergone heating processes as the

short fragments of DNA are still able to be obtained. There are many different

methods that can use DNA in order to determine the species of a meat product,

including polymerase chain reaction (PCR) based methods, restriction fragment

length polymorphism (RFLP) assays, real-time PCR, and random amplified

polymorphic DNA (RAPD) PCR [142]. DNA hybridisation techniques have been

used in the past for the identification of meat products, however this is a complicated

and insufficient method. PCR is more time efficient, and has been utilised in

distinguishing between beef, pork, chicken, lamb, goat, and horse [143]. A quick
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multiplex PCR method has been created that was able to identify six meats at the

same time, and investigated the effect of cooking on the results, however the primer

selection is more critical in multiplex PCR studies compared to conventional PCR

assays. Also, this study only investigated cooking at temperatures up to 120◦C and

showed the PCR products were considerably more faded on the gel electrophoresis

results. Meat is usually cooked at much higher temperatures than this, indicating

this method would not be very useful for detecting different meat species in meat

products once cooked. RFLP has been successfully used to identify 10 salmon

species, where a length of DNA was exploited that is still intact after processing,

which could be useful in detecting adulteration of processed salmon products [144].

Several real-time PCR techniques have been successful in detecting different meat

species in meat products, in particular with the use of the EvaGreen dye and a

TaqMan fluorescent probe. The detection of low levels of horse meat in beef products

was achieved with EvaGreen fluorescent dye [145]. In China, there has been an

increase in meat fraud where mutton meat has been substituted with meat from

rodents. The TaqMan probe has been successfully utilised to detect small traces of

rodent meat down to 0.1% in a mutton meat mixture, showing how sensitive this

technique is [146]. Despite all this valuable and reliable research, DNA can still

degrade substantially during the processing of the meat product, and can become

undetectable [147], as well as the data-mining being difficult to carry out after

analysis [148]. Techniques that do not involve the collection of DNA would be more

universally applicable to all types of meat products.

Spectroscopic methods have been investigated for these types of frauds.

Ultraviolet-visible, near infrared and mid-infrared spectroscopy have been used to

detect turkey meat in minced beef, and it was found that a combination of these

techniques was most suitable for preliminary testing of suspected adulterated meat

products [149]. The application of Fourier transform infrared spectroscopy to the

detection of rat meat in beef meatballs has been carried out, proving this technique is
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beneficial in finding this fraudulent activity [150]. This technique has also been

successful in determining the presence of pork fat in meatballs, which is an extremely

important issue within religious communities [151]. These studies also showed the

importance of coupling techniques with advanced chemometrics in order to visually

interpret the results with the intention of creating a predictive model for unknown

samples. Another spectroscopic technique that has been successful in discriminating

horsemeat from beef is Raman spectroscopy, where PCA analysis proved to be

appropriate to illustrate the difference in the percentage of horsemeat [152].

Spectroscopic techniques have many advantages; they are non-destructive, require

minimal sample preparation, and are quick. However, they do not allow for the

potential of identifying the compounds that cause the differences.

There has been limited research in the use of liquid chromatography-mass

spectrometry for detecting adulteration of meat products.
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5.2 Experimental procedures

5.2.1 Materials

Acetonitrile (HPLC grade), methanol (HPLC grade) and dichloromethane (analytical

grade) was purchased from VWR (East Grinstead, UK), and ultra-pure water (18.2

MΩ) was purified using an in-house Milli-Q system from Elga (High Wycombe, UK).

Formic acid (laboratory grade) was purchased from Fisher Scientific (Loughborough,

UK). ESI-L low concentration tuning mix and API-TOF reference mass solution were

purchased from Agilent Technologies (California, USA).

5.2.2 Sample collection

Minced beef, pork, lamb and turkey products were purchased from the national retail

outlet, Sainsbury’s, and immediately stored at 4◦C before processing the following

day. Two types of minced beef were purchased based on the fat content; 5% and 20%.

Only one type of minced pork, lamb and turkey were used (10%, 10% and 7% fat

content respectively) to keep variability to a minimum.

5.2.3 Sample preparation

The minced meat was accurately weighed to produce two sets of 9 meatballs for each

type of adulterant meat; one set to analyse raw, and one set to analyse after cooking.

Each meatball had a different percentage of adulterant meat, as shown in Table 5.1.

From this point on, the meatballs will be referred to based on the percentage of

adulterant meat, except for meatballs with 100% beef. Extraction was carried out on

one set of meatballs immediately after sample preparation. The other set of meatballs

were cooked on the same day as preparation at 200◦C for 20 minutes, allowed to cool,

and then stored at 4◦C. The extraction was carried out the day after cooking.
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Table 5.1: Sample preparation for adulterated meatballs

Meatball Fat content in beef Beef % Adulterant meat %

1

5%

100 0

2 90 10

3 75 25

4 50 50

5

20%

100 0

6 90 10

7 75 25

8 50 50

9 n/a 0 100

5.2.4 Metabolite extraction

A small section from the middle of each meatball was homogenised with surgical

scissors, and approximately 110 mg was placed into an Eppendorf tube.

Methanol/H2O (1:1) was added (1 mL per 100 mg of sample), then the sample was

sonicated for 10 minutes and centrifuged at 16100 rcf for 20 minutes. The

supernatant was then moved to a glass vial and retained as the aqueous (AQ)

extract. The tissue pellet was broken up using a clean pipette tip, and

dichloromethane/methanol (3:1) was added (1 mL per 100 mg of sample). The

sample was sonicated for 10 minutes and centrifuged at 16100 rcf for 20 minutes, and

1 mL of the supernatant was then moved to a glass vial and allowed to evaporate

overnight, then resuspended in 1 mL of methanol. This was retained as the organic

(OR) extract. This two-part metabolite extraction was carried out 3 times to get

replicate samples. Both the aqueous and organic extracts were stored at -25◦C prior

to analysis.
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5.3 Instrumental set-up

5.3.1 Analytical considerations

Quality control samples were made for each analytical run, consisting of an equal

aliquot of every sample within each run. At the start of each analytical run, 10 QC

samples were injected at a volume of 10 µL, then 20 QC samples at an injection

volume of 3 µL were injected to condition the column. All non-QC samples were

randomised to eliminate any issues arising from instrumental drift.

5.3.2 Chromatographic parameters

Chromatographic separation of the extracts was performed with a Thermo Scientific

Hypersil GOLD aQ column (100 mm x 2.1 mm, particle size of 1.9 µm) using an

Agilent 1260 Binary Pump HPLC. The column was maintained at 40◦C and the

injection volume was 3 µL. The flow rate of the mobile phase was 0.3 mL/min and

consisted of 0.1% formic acid (solvent A) and acetonitrile with 0.1% formic acid

(solvent B). The chromatographic gradient method can be seen in Table 5.2. A

needle wash method was included after every injection, consisting of 3 separate vials

of methanol, each used in a specific order, with 3 washes per vial. The column was

flushed with 100% organic solvent after each run to reduce any potential carryover.
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Table 5.2: Solvent gradient method used for analysis of organic extracts from all
sample types

Time (mins) Solvent A (%) Solvent B (%)

0 95 5

2 95 5

3 47.5 52.5

30 0 100

40 0 100

41 95 5

50 95 5

5.3.3 Q-TOF parameters

For the analysis, an Agilent Technologies 6530 Accurate Mass Q-TOF was used with

an electrospray ionisation source, and the parameters were set as shown in Table 5.3.

The reference mass solution was continually run through the analysis, and used

purine (121.0509 m/z) and hexakis (1H, 1H, 3H-tetrafluoropropoxy)phosphazine

(922.0098 m/z) in positive ionisation mode as internal reference masses to ensure

mass accuracy. The data was collected in both profile and centroid mode.

Table 5.3: Q-TOF parameters used in this experiment

Parameter Setting

Drying gas temperature 320◦C

Drying gas flow rate 11 L/min

Capillary voltage 4000 V

Fragmentor voltage 125 V

Skimmer voltage 65 V

Mass range 100-1000 m/z
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5.4 Data pre-processing

The data was pre-processed using XCMS Online. The parameters for the method

used on this online platform were set to the default settings specifically designed by

XCMS Online for analyses carried out with HPLC and ESI-QTOF-MS instruments,

and were as shown in Table 5.4. This software also carried out normalisation of the

raw data using the median fold change method. A feature table was produced, which

included a list of m/z values and their median retention times, and the peak areas for

these features in each sample.

Table 5.4: Parameter settings for XCMS Online used in this experiment

XCMS method Parameter Setting

Feature detection = CentWave

ppm 30

min peak width (seconds) 10

max peak width (seconds) 60

mzdiff (m/z) 0.01

Retention time correction = Obiwarp profStep (m/z) 0.5

bw (seconds) 5

Alignment minfrac 0.5

mzwid 0.025
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5.5 Statistical analysis

Feature table from 

XCMS Online
Peak areas for all detected 

features in all samples

Coefficient of 

Variance (CV%)

To reduce dataset to most 
reliable features with a 

CV% < 10%

Principal Component 

Analysis

Visual separation between 
sample types, and reliability of 

analytical run (QCs)

50 markers with 

highest loading value

From Principal Component that 
separates samples, to reduce 
dataset for manual statistics

ANOVA/Welch on 

normalised data
To manually confirm 

significance of marker

ANOVA/Welch and 

CV% on raw data

To confirm significance in raw 
data, and confirm reliability in 

QC samples

Manual ANOVA
5% and 20% fat content 

separately. To calculate p-
value for each feature

PCA on both fat 

content datasets

To choose which dataset 
shows best separation 

between samples

Figure 5.1: Statistical workflow for all datasets analysing extracts from beef samples
adulterated with other meat species

The standard deviation, average, and coefficient of variance percentage were

calculated using the peak areas of each feature in the QC samples throughout the

analytical run. All features that had a CV% of more than 10% were removed. A

principal component analysis with standardisation was carried out using the

Multivariate Analysis add-in for Microsoft Excel 2010 [85], and a scores plot was

produced in order to visualise any separation between sample types, and to gain an
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understanding of the comparison of beef with different fat contents. The first six

principal components were plotted in all combinations to find the components that

best represented the separation of the sample types. Focussing on each fat content

dataset separately (5% fat content and 20% fat content), a manual ANOVA test in

Microsoft Excel was carried out on the peak areas of each sample in order to get a

p-value for each feature. After removing all features that were not significantly

different, additional principal component analyses with standardisation were carried

out, and scores plots were created for each beef fat content type separately, to

ascertain whether 5% or 20% fat content in beef showed the most difference among

adulterated beef samples. The dataset that showed the best separation was the single

dataset used for the rest of the analysis. The principal component that represented

the separation between sample types was used to find the top 50 markers that were

most responsible for this separation, based on the loading values. These were

analysed in SPSS, in order to verify their significance, where either ANOVA or Welch

tests were performed, depending on the homogeneity of variance value for each

marker. The tests were carried out with a confidence level of 95%, giving an α value

of 0.05. If the p-value was less than the α value, it indicated the abundance of that

marker in the sample groups was statistically different.

The raw data was then analysed in Masshunter Qualitative Analysis (Agilent

Technologies) to produce extracted ion chromatograms (EICs) for the markers that

were confirmed to be significantly different. ANOVA or Welch tests in SPSS were

carried out on the peak areas of the EICs, as well as CV% of the QC samples. This

process ensured the markers were significant even before normalising the data in the

pre-processing step. Any markers that were found to not be significantly different or

had a CV% in the QC samples of more than 30% were removed. This additional step

in the methodology ensured the final markers were robust and reliable, with the

intention of being able to confidently use these markers as an indicator of adulterated

beef products with pork, lamb or turkey.
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5.6 Identification of markers

The potential formulae predicted by MassHunter Qualitative Analysis were used to

search the METLIN database manually. A tentative identification was made based on

the comparison of the mass spectrum of the sample and mass spectra of compounds

with the same formulae on the METLIN database, if available. If a tentative

identification could not be made, an idea of the class of compound could be

determined based on the predicted formulae matching to a number of similar

compounds on the METLIN database.
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5.7 Results and discussion

5.7.1 Raw minced beef adulterated with minced pork

5.7.1.1 Quality control

Both the raw and cooked samples were analysed in the same analytical run, and so

the quality control sample analysis applies to both datasets.
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Figure 5.2: Total ion chromatograms of QC samples throughout analytical run for
extracts from minced beef adulterated with minced pork

The quality control samples that were injected throughout the analytical run

appeared mostly stable when overlaid (Figure 5.2). There is some slight baseline

variation from 7 to 20 minutes, however the samples were randomised so this effect

will be minimised on the dataset as a whole.
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Figure 5.3: Variability of retention time (A) and peak area (B) of 6 peaks in QC samples
throughout analytical run for extracts from minced beef adulterated with minced pork

Throughout the chromatograms, 6 peaks were selected at varying retention times and

peak intensities to assess the stability of the analytical run. Figure 5.3 shows that the

retention time was very stable in the QC samples for all peaks, and the peak areas

showed minimal variation.
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Table 5.5: Variability of retention time and peak area of 6 peaks in chromatograms of QC
samples during the analysis of extracts from minced beef adulterated with minced pork

Retention time (minutes)

Peak QC1 QC2 QC3 QC4 QC5 QC6 QC7 SD Average CV%

1 11.46 11.49 11.46 11.49 11.48 11.48 11.48 0.01 11.48 0.11

2 13.54 13.53 13.51 13.54 13.53 13.52 13.54 0.01 13.53 0.09

3 14.46 14.47 14.46 14.49 14.46 14.47 14.47 0.01 14.47 0.07

4 18.89 18.89 18.87 18.90 18.88 18.86 18.90 0.02 18.88 0.08

5 22.74 22.75 22.72 22.77 22.74 22.73 22.75 0.02 22.74 0.07

6 27.24 27.26 27.20 27.26 27.25 27.21 27.24 0.02 27.24 0.09

Peak area

Peak QC1 QC2 QC3 QC4 QC5 QC6 QC7 SD Average CV%

1 6082269 6294988 5422940 6251566 6136383 5898173 6176703 300106 6037575 4.97

2 2592657 3046076 2994572 2961451 2960833 2882351 2980394 151103 2916905 5.18

3 15217770 16514430 16162572 15636824 16152800 15661459 15093215 523926 15777010 3.32

4 11250096 10697096 11206374 11418835 11303260 10985421 11011782 243512 11124695 2.19

5 4240450 5124344 4740405 4265987 5200444 4393094 4544781 393319 4644215 8.47

6 58459373 63235499 66900768 66282751 64358133 64573694 63153126 2766751 63851906 4.33

After statistical analysis, it can be seen in Table 5.5 that all 6 peaks had a very small

CV% from the retention times of each peak in all QC samples, indicating the

retention time variability was minimal. The peak area variability was also small, with

all CV% values less than 10%. Due to these results, it can be confirmed that this

analytical run was stable throughout, and all data collected was reliable.
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5.7.1.2 Metabolic profiling
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Figure 5.4: Example total ion chromatograms of extracts from raw minced beef
adulterated with different percentages of minced pork. A) Beef with 5% fat content,
B) Beef with 20% fat content

Looking at the overlaid chromatograms for beef with 5% fat content in Figure 5.4A,

the peak pattern appears very similar in all sample types, however there are some

differences in peak intensities. Specifically, the peak at 14.5 minutes has a higher

intensity in the 100% beef sample and other samples containing adulterant pork

meat, and the 100% pork sample has the lowest intensity. Similarly, there are two

small unresolved peaks at around 3 minutes that have a noticeably higher intensity in

the 100% beef sample, and gradually decreases as the beef percentage decreases, with
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the 100% pork sample having no peak present. Figure 5.4B shows the overlaid

chromatograms for beef with 20% fat content, and these show noticeable differences

in percentage of adulterant pork. The peak at 19 minutes has the highest intensity in

the 100% beef sample, and the lowest intensity in the 100% pork sample, and the

peaks at 14.5, 16.5 and 22 minutes have a decreasing trend from 100% beef down to

100% pork. Comparing the chromatograms obtained from 5% and 20% fat content in

beef, both follow a very similar peak pattern, however beef with 20% fat content has

a larger peak at 22 minutes compared to beef with 5% fat content, and this peak is

one that shows a difference in intensity for the different percentages of adulterant

pork. The compounds that are eluting in this peak could prove useful in detecting

adulterations in beef with a high fat content, but may not be as useful in beef with a

lower fat content.
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5.7.1.3 Multivariate statistics
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Figure 5.5: Principal component analysis scores plot of PC3 (0.446%) and PC4 (0.138%)
for extracts from raw minced beef with 5% and 20% fat content adulterated with different
percentages of minced pork. PCA was carried out using all features detected with a CV <
10%

Figure 5.5 shows the samples that were adulterated with different percentages of

pork, with the 100% pork samples clustered individually on the left of the plot. It

can be seen that for both percentages of fat content, the 100% minced beef and the

beef adulterated with 10% and 25% pork were not separated from each other,

however the minced beef adulterated with 50% pork were clustered individually for

both the minced beef with 5% fat content, and with 20% fat content. The trend of

the sample groups moved from the right of the plot to the left as the percentage of

adulterant meat increased, as shown by the blue and red arrows. The two minced

beef products with 5% and 20% fat content could also be differentiated from each

other regardless of the amount of adulteration, illustrating that even the subtle

difference of fat content in the same type of meat caused separation in the PCA plot.

However, it is important to note that this disparity may not be caused just by fat
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content, but could also be due to the manufacturing processes, as these samples

originated from different meat products. The quality control samples are tightly

clustered, showing the analytical run was stable throughout. This plot indicates there

may be a number of markers that differ in concentration between beef and pork.

Manual ANOVA tests were carried out on both datasets individually; beef with 5%

fat content, and 20% fat content. PCAs were carried out on significant markers with

a CV% in the QC samples of less than 10% to determine which percentage of fat

content in beef was most suitable for finding markers that indicate the presence of

adulterant meat. It was found that minced beef with a 20% fat content gave the best

separation in the PCA scores plot between beef and the meatballs with varying

percentages of adulteration. Figure 5.6 shows this separation, with the differences

most represented along the x-axis (PC2). The trend of these groups is represented by

the blue arrow. This principal component was used to find the top markers that were

the most responsible for the differences, based on the loading values.
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Figure 5.6: Principal component analysis scores plot of PC2 (5.746%) and PC3 (1.492%)
for extracts from raw minced beef with 20% fat content adulterated with different
percentages of minced pork. PCA was carried out using all markers with a CV < 10% and
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5.7.1.4 Significant markers

Table 5.6: Summary of compounds that contribute the most to the differences among all
extracts from raw minced beef with a 20% fat content that has been adulterated with
different percentages of pork, including 100% beef and 100% pork, using PC2.
FC = fat content. Red values indicate p-value > 0.05.
Marker trend: ↓ = decreased, ↑ = increased, * = random or consistent

m/z
Retention time
median (mins)

P-value from
ANOVA/Welch

(XCMS)
CV%

(XCMS)

P-value from
ANOVA/Welch

(EICs)
CV%

(EICs)

5% FC 20% FC 5% FC 20% FC

↑ 502.2930 11.49 <0.001 0.016 3.96 <0.001 0.007 3.16

↑ 269.0860 1.44 <0.001 <0.001 4.68 <0.001 <0.001 4.44

↑ 482.3550 16.40 0.029 0.002 2.58 0.021 0.006 4.54

↓ 496.3399 14.48 0.001 <0.001 1.32 0.001 <0.001 2.81

* 438.2977 13.87 0.020 0.001 2.03 0.054 0.001 1.63

↑ 249.1457 1.04 <0.001 <0.001 8.24 <0.001 <0.001 5.84

↑ 295.2621 23.90 <0.001 0.003 5.07 <0.001 0.003 4.89

↑ 464.3130 14.38 <0.001 <0.001 1.79 <0.001 <0.001 2.61

↑ 229.1456 1.09 0.001 <0.001 3.57 0.001 0.001 4.74

* 524.3717 18.81 0.092 0.021 3.69 0.008 0.018 5.67

* 466.3289 17.33 0.528 0.001 6.71 0.489 <0.001 7.51

↑ 297.2778 26.54 <0.001 0.001 4.81 0.001 0.005 5.65

↑ 271.2620 26.64 0.001 0.017 6.78 0.001 0.034 6.08

↑ 116.0628 1.06 0.001 0.003 5.15 <0.001 <0.001 4.53

↑ 258.1014 1.06 <0.001 <0.001 5.11 0.001 <0.001 5.03

↑ 265.0711 0.95 0.004 <0.001 6.97 0.014 0.007 7.63

↑ 508.3753 16.85 <0.001 0.002 2.49 <0.001 0.001 3.96

↑ 530.3237 13.30 <0.001 0.005 3.64 <0.001 0.004 2.94

↓ 147.0690 1.08 <0.001 <0.001 7.35 <0.001 <0.001 7.83

↑ 241.1513 1.51 0.045 0.045 8.45 0.139 0.027 7.53

↓ 544.3394 12.36 <0.001 <0.001 2.67 <0.001 0.003 2.82

* 583.3238 13.06 0.002 0.011 2.54 0.004 0.004 1.94

↑ 440.3116 13.98 0.012 <0.001 1.16 0.038 0.001 1.90

↑ 220.1169 2.37 <0.001 <0.001 5.03 <0.001 <0.001 5.28

↑ 319.2624 22.96 <0.001 0.001 5.13 <0.001 0.002 6.39

↑ 389.1661 0.96 0.003 0.008 9.12 0.006 <0.001 16.28

↑ 466.3266 14.43 <0.001 <0.001 2.94 <0.001 <0.001 5.67

↑ 452.3130 15.49 0.004 <0.001 2.71 0.006 0.006 4.79

↑ 300.2885 13.26 <0.001 0.007 5.79 <0.001 0.002 5.07

* 269.2477 23.17 0.001 0.003 7.06 <0.001 0.002 8.07

* 211.2045 17.48 0.008 0.008 6.03 0.009 <0.001 6.43

↑ 144.0932 1.06 0.051 0.014 4.41 0.013 0.009 4.65

201



Chapter 5

Table 5.6 shows markers that were significantly different among all adulterant meat

samples using beef with a fat content of 20% in both normalised and raw data.

Nearly all of these markers were also significantly different in samples made using

beef with a fat content of 5%, however a few markers appear to only be significant in

the samples made using beef with 20% fat content. This shows that there could be

markers that would only be useful in beef samples containing a higher fat content.

5.7.1.5 Tentative identification

Table 5.7: Compounds that were significantly different and tentatively identified in
extracts from raw minced beef (20% fat content) adulterated with minced pork based on
comparison of mass spectra on METLIN

m/z
Retention

time median
(mins)

Possible formula
Likelihood
score (%)

Tentative identification

496.3399 14.48 C24H50NO7P 99.70 PC(16:0/0:0)

295.2621 23.90 C19H34O2 91.64 linoleic acid methyl ester

271.2620 26.64 C17H34O2 85.26 palmitic acid methyl ester

300.2885 13.26 C18H37NO2 85.82 sphingosine

Four markers were tentatively identified, as shown in Table 5.7 (see Appendix A for

mass spectra comparisons). Some of these tentative identifications are quite hesitant

because the intensity of the peaks in the mass spectrum are low and so become lost in

the noise. Therefore, the tentative identifications are less confident than in previous

experiments and are only used as a guide to the potential identification, and it is

known that more research would be required in order to fully tentatively identify

them.

Two of these markers exhibited an interesting trend relating to the increase in

adulterant pork. Figure 5.7 shows the trend of marker 271.2620 m/z that was

tentatively identified as palmitic acid methyl ester, and Figure 5.8 shows the trend for

marker 295.2621 m/z that was tentatively identified as linoleic acid methyl ester.
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Both of these markers increase as the percentage of adulterant pork increases. These

markers were found through the statistical analysis of the beef with 20% fat content

samples, however the trends are actually more prominent in the beef with 5% fat

content, so these markers could have potential in detecting adulterant pork regardless

of fat content percentage. Both of these markers are types of fatty acid methyl esters,

however despite the fact these can be found endogenously due to endogenous

methanol, it is unlikely these compounds were naturally present in the meat samples.

It is more likely these methyl esters were formed during the extraction process,

potentially when sonicating. Other results on the METLIN database that matched

the predicted formulae, but did not have available mass spectra, were types of fatty

acids, and so these markers are still likely to be of this class of compound.

Interestingly, previous research found that linoleic acid was higher in pork meat

compared to beef meat, however palmitic acid was found to be higher in beef

compared to pork [153], which is different to what was observed in this experiment.

From this analysis, it could be that pork meat has a higher fatty acid concentration

compared to beef meat, if these tentative identifications were to be confirmed.

If these markers are indeed fatty acids, it is interesting that the beef with a fat

content of 5% had a higher concentration of these markers compared to beef with a

20% fat content; it would be expected to be the other way round with a higher

concentration in the beef with a higher fat content. This could be because the lower

fat content beef has an abundance of free fatty acids, which are components in

triglycerides, whereas the higher fat content contains fully formed triglycerides.
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Figure 5.7: Trend of marker tentatively identified as palmitic acid methyl ester that was
significantly different among all raw minced beef (20% fat content) adulterated with minced
pork samples. Error bars correspond to ± 1 standard deviation
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Figure 5.8: Trend of marker tentatively identified as linoleic acid methyl ester that was
significantly different among all raw minced beef (20% fat content) adulterated with minced
pork samples. Error bars correspond to ± 1 standard deviation
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5.7.2 Raw minced beef adulterated with minced lamb

5.7.2.1 Quality control

Both the raw and cooked samples were analysed in the same analytical run, and so

the quality control analysis applies to both datasets.
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Figure 5.9: Total ion chromatograms of QC samples throughout analytical run for
extracts from minced beef adulterated with minced lamb

The overlaid chromatograms of the QC samples injected throughout this analytical

run (Figure 5.9) show that overall the chromatograms are reproducible. QC1 does

have a slightly raised baseline, but this was the last QC in the series of injections at

the beginning of the run to condition the system. Once samples were injected after

this point, it appears the QC injections throughout the analytical run have stabilised

at a lower baseline. This shows the importance of assessing the stability through the

use of QC injections to highlight any stability issues, and to statistically determine

whether these issues are enough to cause the collection of unreliable data.
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Figure 5.10: Variability of retention time (A) and peak area (B) of 6 peaks in QC
samples throughout analytical run for extracts from minced beef adulterated with minced
lamb

The retention time and peak area variability were investigated in 6 peaks throughout

the analytical run. Figure 5.10 shows the trends of these peaks, and it can be seen

that both the retention time and peak area were stable.
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Table 5.8: Variability of retention time and peak area of 6 peaks in chromatograms of QC
samples during the analysis of extracts from minced beef adulterated with minced lamb

Retention time (minutes)

Peak QC1 QC2 QC3 QC4 QC5 QC6 QC7 SD Average CV%

1 11.62 11.65 11.63 11.64 11.64 11.64 11.65 0.01 11.64 0.09

2 13.26 13.30 13.27 13.30 13.28 13.30 13.31 0.02 13.29 0.14

3 18.65 18.70 18.65 18.67 18.66 18.68 18.69 0.02 18.67 0.10

4 22.45 22.50 22.45 22.49 22.47 22.48 22.79 0.12 22.52 0.54

5 24.64 24.69 24.62 24.68 24.64 24.65 24.68 0.03 24.66 0.11

6 26.91 26.96 26.89 26.97 26.92 26.92 26.95 0.03 26.93 0.11

Peak area

Peak QC1 QC2 QC3 QC4 QC5 QC6 QC7 SD Average CV%

1 3069696 3008824 2972546 3017575 3114801 2673084 2859565 149587 2959442 5.05

2 3056191 3107593 3271047 2786084 3118023 3254734 2787615 198795 3054470 6.51

3 14100498 12680553 12299849 11722579 12658328 12179554 12043100 771393 12526352 6.16

4 9780929 9258806 9133170 9447785 9313918 9165848 9308310 218823 9344109 2.34

5 5532453 5778638 5674395 5211159 5223354 5459740 5731082 231781 5515832 4.20

6 71027454 75170221 76106754 73862790 74179437 73283490 72295146 1707819 73703613 2.32

The retention time variability was between 0.09 and 0.54%, and the peak area

variability was between 2.32 and 6.51%. These values confirm that the analytical run

was stable throughout and collected reliable data.
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5.7.2.2 Metabolic profiling
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Figure 5.11: Example total ion chromatograms of extracts from raw minced beef
adulterated with different percentages of minced lamb. A) Beef with 5% fat content, B)
Beef with 20% fat content

The chromatograms in 5.11A (beef with 5% fat content) have several peak intensity

differences; peaks between 16 and 27.5 minutes all have a higher intensity in the 100%

lamb samples. The chromatograms in 5.11B (beef with 20% fat content) show the

beef with 50% lamb samples and 100% lamb samples have the highest intensity in the

peaks after 15 minutes. The two unresolved peaks at 3 minutes that were seen to have

intensity differences in the beef adulterated with pork samples do not appear to be

different in these beef adulterated with lamb samples.
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5.7.2.3 Multivariate statistics
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Figure 5.12: Principal component analysis scores plot of PC3 (0.310%) and PC5
(0.154%) for extracts from raw minced beef with 5% and 20% fat content adulterated with
different percentages of minced lamb. PCA was carried out using all features detected with
a CV < 10%

The PCA plot for raw beef adulterated with varying percentages of lamb (Figure

5.12) shows some separation between the 100% beef at differing fat contents (5% and

20%), and 100% lamb. There is a lot of overlap between all other samples, but both

100% beef samples are separated from all samples of beef adulterated with lamb.

This PCA plot analysed all features that had a CV% of less than 10%, without any

prior filtering through the use of a p-value from a statistical test. The separation seen

shows that the overall metabolic profile of these samples are different enough to be

seen without focussing purely on statistically significant markers.
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Figure 5.13: Principal component analysis scores plot of PC2 (3.927%) and PC3
(1.149%) for extracts from raw minced beef with 20% fat content adulterated with different
percentages of minced lamb. PCA was carried out using all markers with a CV < 10% and
p-value of < 0.05

After statistical analysis of the beef with 5% fat content samples, and the beef with

20% fat content samples, the best separation in the principal component analysis

scores plots could be seen with markers that were significantly different in the beef

with 20% fat content samples. The PCA plot in Figure 5.13 shows separation

between all sample types, and the quality control samples are tightly clustered. The

difference between each sample set is greater than the spread of the individual QC

samples, so these differences can be attributed to the metabolic content of each

sample type, and are not caused by any instrumental instability during the analytical

run. The separation of these sample groups lies along the x-axis, starting with the

100% beef samples on the left of the plot, and gradually moving across as the

percentage of adulterant lamb increases, as shown by the blue arrow. Therefore, PC2

was used to find the markers most responsible for this separation, based on the

loading values.
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5.7.2.4 Significant markers

Table 5.9: Summary of compounds that contribute the most to the differences among all
extracts from raw minced beef with a 20% fat content that has been adulterated with
different percentages of lamb, including 100% beef and 100% lamb, using PC2. All markers
increased as the percentage of adulterant lamb increased. FC = fat content.

m/z
Retention time
median (mins)

P-value from
ANOVA/Welch

(XCMS)
CV%

(XCMS)

P-value from
ANOVA/Welch

(EICs)
CV%

(EICs)

5% FC 20% FC 5% FC 20% FC

428.3735 20.60 <0.001 <0.001 2.71 <0.001 <0.001 3.30

482.3244 16.65 <0.001 <0.001 1.22 <0.001 <0.001 1.50

269.0860 1.45 <0.001 <0.001 1.05 <0.001 <0.001 2.16

297.2787 26.09 <0.001 <0.001 2.43 <0.001 <0.001 2.80

537.1673 1.45 <0.001 <0.001 2.23 <0.001 <0.001 2.87

466.3291 17.88 <0.001 <0.001 1.75 <0.001 <0.001 2.37

456.4045 26.30 <0.001 <0.001 2.21 <0.001 0.001 2.87

400.3421 16.27 <0.001 <0.001 2.50 <0.001 <0.001 3.53

438.2980 14.21 <0.001 <0.001 1.36 <0.001 <0.001 2.13

241.1286 0.97 <0.001 <0.001 8.46 <0.001 0.001 9.60

271.2626 26.16 <0.001 0.001 2.39 0.003 0.002 2.53

295.2629 23.47 <0.001 <0.001 4.02 <0.001 0.001 3.82

524.3710 20.66 <0.001 <0.001 3.30 <0.001 <0.001 2.33

293.2471 21.23 <0.001 0.001 3.09 0.002 0.002 3.67

480.3448 17.10 0.002 0.001 1.46 0.002 0.002 1.89

480.3088 14.28 <0.001 <0.001 0.99 <0.001 <0.001 3.02

312.2898 26.16 <0.001 0.001 2.83 0.004 0.002 3.64

303.2317 16.20 <0.001 <0.001 1.21 <0.001 <0.001 2.35

464.3132 15.23 <0.001 <0.001 2.38 <0.001 <0.001 2.99

279.2314 16.55 <0.001 <0.001 2.68 0.002 <0.001 3.21

500.2773 10.63 0.007 0.001 7.58 0.002 <0.001 4.15

496.3403 15.47 0.006 0.002 0.71 0.038 0.003 1.75

372.3107 12.90 <0.001 <0.001 3.05 <0.001 <0.001 2.46

426.3574 17.43 <0.001 <0.001 3.86 <0.001 <0.001 4.85

329.2479 17.57 <0.001 <0.001 4.43 <0.001 <0.001 5.14

317.2477 20.45 0.006 0.003 6.37 0.010 0.005 7.26

454.3884 21.61 <0.001 <0.001 2.42 <0.001 <0.001 6.43

414.3574 18.33 <0.001 <0.001 3.10 <0.001 <0.001 3.81

508.3759 23.54 0.001 <0.001 8.44 0.001 <0.001 3.52

305.2474 18.06 0.039 0.001 2.36 0.019 0.001 2.54

963.6401 16.65 <0.001 <0.001 2.65 <0.001 <0.001 3.02

319.2630 22.52 <0.001 0.002 4.64 <0.001 0.003 6.76

262.1635 1.73 <0.001 <0.001 4.65 <0.001 <0.001 2.90
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Table 5.9 continued: Summary of compounds that contribute the most to the differences
within among all extracts from raw minced beef with a 20% fat content that has been
adulterated with different percentages of lamb, including 100% beef and 100% lamb, using
PC2. All markers increased as the percentage of adulterant lamb increased. FC = fat
content.

m/z
Retention time
median (mins)

P-value from
ANOVA/Welch

(XCMS)
CV%

(XCMS)

P-value from
ANOVA/Welch

(EICs)
CV%

(EICs)

5% FC 20% FC 5% FC 20% FC

267.2680 24.71 <0.001 <0.001 3.77 <0.001 <0.001 4.00

444.3676 15.94 0.005 <0.001 8.46 <0.001 <0.001 4.14

454.3886 20.82 <0.001 <0.001 1.68 <0.001 <0.001 3.16

370.2954 11.37 <0.001 <0.001 3.06 <0.001 <0.001 5.78

284.0968 1.46 <0.001 0.001 7.14 <0.001 <0.001 5.72

212.1018 0.96 <0.001 <0.001 5.61 <0.001 <0.001 6.86

299.2937 29.29 <0.001 0.006 7.16 0.006 0.006 4.64

526.2934 11.60 <0.001 <0.001 4.54 0.001 <0.001 4.98

452.3133 15.92 <0.001 <0.001 1.44 <0.001 <0.001 6.48

575.1243 1.06 0.014 <0.001 4.78 <0.001 <0.001 5.09

307.2630 20.38 <0.001 <0.001 6.40 <0.001 <0.001 6.12

The markers in Table 5.9 were all found using principal component 2 from the PCA

plot in Figure 5.13. All of these markers were very robust in the QC samples, with a

CV% of less than 10% in the normalised data obtained through XCMS and the raw

data from the extracted ion chromatograms. Markers were confirmed to be significant

in the raw data in the beef with 20% fat content samples, and the beef with 5% fat

content. The trends of these markers all increased as the percentage of adulterant

lamb increased.
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5.7.2.5 Tentative identification

Table 5.10: Compounds that were significantly different and tentatively identified in
extracts from raw minced beef (20% fat content) adulterated with minced lamb based on
comparison of mass spectra on METLIN

m/z
Retention

time median
(mins)

Possible formula
Likelihood
score (%)

Tentative identification

400.3421 16.27 C23H45NO4 99.58 palmitoyl-L-carnitine

271.2626 26.16 C17H34O2 96.83 palmitic acid methyl ester

524.3710 20.66 C26H54NO7P 99.67 platelet activating factor (PAF) C-16

303.2317 16.20 C20H30O2 97.33 eicosapentanoic acid

496.3403 15.47 C24H50NO7P 99.46 PC(16:0/0:0)

372.3107 12.90 C21H41NO4 98.36 myristoylcarnitine

305.2474 18.06 C20H32O2 99.39 arachidonic acid

Seven markers were tentatively identified in these samples, as shown in Table 5.10.

Each formula matched a compound on the METLIN database that had an available

mass spectrum, and these can be seen in Appendix B. Again, these tentative

identifications must be treated with caution due to the lack of fragmentation at 0 V

collision energy, and the lack of available mass spectra for many compounds with the

same formula on METLIN. However, they can give an insight into the potential type

of compound that these markers may be.

All of these markers increased in concentration as the percentage of adulterant lamb

increased. Two of these compounds were tentatively identified as palmitoyl carnitine

and myristoyl carnitine, which are acyl carnitines involved in the β-oxidation of fatty

acids generating acetyl-CoA for the citric acid cycle, and have been previously

discussed in Chapter 4, Section 4.7.3.5.

Both of these acyl carnitines increase in concentration as the percentage of lamb

increases (Figure 5.14 and 5.15), showing that lamb muscle has a higher concentration

of these carnitines compared to beef muscle. It has been found that lamb muscle
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contains over three times the amount of carnitine than beef muscle [154], and so this

explains the increasing trend of acyl carnitines observed in this research. Generally,

the beef with a fat content of 20% has a higher amount of these markers compared to

beef with a fat content of 5%, except for myristoyl carnitine in beef with 25% lamb.
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Figure 5.14: Trend of marker tentatively identified as palmitoyl carnitine that was
significantly different among all raw minced beef (20% fat content) adulterated with minced
lamb samples. Error bars correspond to ± 1 standard deviation
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Figure 5.15: Trend of marker tentatively identified as myristoyl carnitine that was
significantly different among all raw minced beef (20% fat content) adulterated with minced
lamb samples. Error bars correspond to ± 1 standard deviation
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5.7.3 Raw minced beef adulterated with minced turkey

5.7.3.1 Quality control

Both the raw and cooked samples were analysed in the same analytical run, and so

the quality control analysis applies to both datasets.
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Figure 5.16: Total ion chromatograms of QC samples throughout analytical run for
extracts from minced beef adulterated with minced turkey

Figure 5.16 shows the overlaid chromatograms for the QC samples injected

throughout this analytical run. The chromatograms appear to be reproducible, and

there is minimal retention time variation observed. There is some baseline variation

between 17 and 27 minutes, and so further statistical analysis is required to assess the

reliability of the data from this run.
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Figure 5.17: Variability of retention time (A) and peak area (B) of 6 peaks in QC
samples throughout analytical run for extracts from minced beef adulterated with minced
turkey

Peaks were selected from a range of retention times and peak intensities to further

determine the stability of this analytical run. Figure 5.17 shows that the retention

time and peak areas were stable in all QC samples for these 6 peaks.
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Table 5.11: Variability of retention time and peak area of 6 peaks in chromatograms of
QC samples during the analysis of extracts from minced beef adulterated with minced
turkey

Retention time (minutes)

Peak QC1 QC2 QC3 QC4 QC5 QC6 QC7 SD Average CV%

1 11.58 11.61 11.57 11.60 11.61 11.59 11.62 0.02 11.60 0.16

2 16.56 16.61 16.58 16.60 16.60 16.56 16.60 0.02 16.59 0.12

3 18.60 18.68 18.62 18.67 18.66 18.62 18.65 0.03 18.64 0.16

4 22.40 22.51 22.44 22.50 22.48 22.44 22.47 0.04 22.46 0.17

5 24.67 24.72 24.63 24.72 24.68 24.63 24.68 0.04 24.68 0.15

6 26.86 27.02 26.92 27.03 26.99 26.92 26.96 0.06 26.96 0.23

Peak area

Peak QC1 QC2 QC3 QC4 QC5 QC6 QC7 SD Average CV%

1 2673734 2783074 2755159 2807911 2718131 2738113 2513540 98046 2712809 3.61

2 3131375 3142839 3150036 3136273 2954563 2789635 3082419 135673 3055306 4.44

3 14773344 14777063 14482896 14111684 14211750 14636569 13526130 450068 14359919 3.13

4 11280303 10839161 11290124 11297110 10598814 11203509 10856401 283077 11052203 2.56

5 3749450 2662162 3609691 3425631 3654287 3615344 3662704 374891 3482753 10.76

6 54833114 55967285 55880510 55099823 53715259 53004236 52508605 1373184 54429833 2.52

The retention time variability was between 0.12 and 0.23%, and the peak area

variability was between 2.52 and 10.76%, showing the data was very reproducible.

These values confirm that this analytical run was stable and obtained reliable data.
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5.7.3.2 Metabolic profiling
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Figure 5.18: Example total ion chromatograms of extracts from raw minced beef
adulterated with different percentages of minced turkey. A) Beef with 5% fat content, B)
Beef with 20% fat content

The chromatograms in Figure 5.18 do not show many differences in peak pattern,

only subtle differences in peak intensity. In the chromatograms for beef with a fat

content of 5% (A), two peaks at 18.5 (peak 1) and 22.5 minutes (peak 2) have the

highest intensity in the 100% turkey samples. The peaks at the beginning of the

chromatograms that are attributed to the non-retained polar compounds in the

samples all show a higher intensity in the 100% beef and a lower intensity in the

100% turkey. In particular, the two unresolved peaks at 3 minutes that have been
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seen previously to be different in adulterated pork samples but not in adulterated

lamb samples, do show a difference in these adulterated turkey samples. The

chromatograms from beef with a fat content of 20% (B) show very similar

characteristics to beef with a fat content of 5% (A), however there is one difference

between chromatograms A and B at around 21 minutes (indicated by the asterisks),

where the beef with a fat content of 20% has a higher abundance than in beef with a

fat content of 5%. This difference may be caused by lipids that are at a higher

concentration in the beef with a higher fat content.

5.7.3.3 Multivariate statistics
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Figure 5.19: Principal component analysis scores plot of PC3 (0.407%) and PC4
(0.159%) for extracts from raw minced beef with 5% and 20% fat content adulterated with
different percentages of minced turkey. PCA was carried out using all features detected
with a CV < 10%. Dotted line shows separation of beef with a fat content of 5% and beef
with a fat content of 20% sample groups

All features in the raw beef adulterated with turkey with a CV% in the QC samples

of less than 10% were analysed using principal component analysis and a scores plot
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was produced (Figure 5.20), and each sample set is clearly distinguishable. The two

types of beef with differing fat content are clearly separated, as shown by the grey

dotted line; the top part of the plot contains the beef with a fat content of 20%, and

the lower part of the plot contains the beef with a fat content of 5%. Both 100% beef

samples of both fat content percentages and the 100% turkey samples are separated

from each other.
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Figure 5.20: Principal component analysis scores plot of PC3 (0.444%) and PC5
(0.029%) for extracts from raw minced beef with 20% fat content adulterated with different
percentages of minced turkey. PCA was carried out using all markers with a CV < 10% and
p-value of < 0.05

The sample groups show an overall trend, represented by the blue arrow. Despite

there being a large variation in the 100% beef samples, there is separation between

sample types along the x-axis, representing PC3. Therefore, PC3 was used to

determine the markers that were most responsible for this separation, based on the

loading values.
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5.7.3.4 Significant markers

Table 5.12: Summary of compounds that contribute the most to the differences among
all extracts from raw minced beef with a 20% fat content that has been adulterated with
different percentages of turkey, including 100% beef and 100% turkey, using PC3. FC = fat
content. Red values indicate p-value > 0.05. Marker trend: ↑ = increased, * = random or
consistent

m/z
Retention time
median (mins)

P-value from
ANOVA/Welch

(XCMS)
CV%

(XCMS)

P-value from
ANOVA/Welch

(EICs)
CV%

(EICs)

5% FC 20% FC 5% FC 20% FC

↑ 241.1298 0.96 <0.001 <0.001 1.52 <0.001 <0.001 4.44

* 482.3241 16.61 0.001 <0.001 1.16 0.001 <0.001 1.45

* 338.3422 26.99 0.223 0.022 2.40 0.513 0.020 3.10

↑ 249.1557 1.05 0.002 0.003 1.87 <0.001 <0.001 2.46

↑ 520.5080 36.54 0.002 0.002 4.51 0.001 0.001 5.13

↑ 454.2925 13.26 <0.001 <0.001 2.59 <0.001 <0.001 3.43

↑ 281.2474 18.52 0.002 <0.001 2.75 <0.001 <0.001 3.10

↑ 271.2629 26.14 0.003 0.003 4.23 0.003 0.003 5.26

↑ 530.3235 13.47 <0.001 <0.001 2.62 <0.001 <0.001 3.72

↑ 212.1028 0.95 <0.001 <0.001 4.55 <0.001 <0.001 1.87

↑ 524.3706 20.62 <0.001 0.002 1.91 <0.001 0.021 2.22

↑ 295.2628 23.42 0.001 0.005 2.29 0.001 0.005 4.03

↑ 502.2928 11.61 0.004 0.001 2.01 0.003 <0.001 2.22

↑ 560.5007 36.56 0.003 <0.001 6.63 0.003 <0.001 5.86

↑ 300.2893 12.44 <0.001 <0.001 3.91 <0.001 <0.001 7.14

↑ 141.5820 0.95 <0.001 <0.001 7.80 <0.001 <0.001 7.20

↑ 340.3568 31.83 0.485 0.036 9.68 0.622 0.047 10.01

↑ 537.1650 1.45 0.001 0.001 4.12 0.004 0.001 4.57

↑ 572.3705 15.35 0.005 0.001 2.10 0.004 0.001 2.43

↑ 279.2314 16.50 <0.001 <0.001 2.38 <0.001 0.001 3.00

↑ 305.2475 18.02 0.006 <0.001 4.68 0.010 <0.001 3.57

↑ 528.3101 12.77 <0.001 <0.001 2.51 <0.001 <0.001 4.67

↑ 526.2928 11.55 <0.001 <0.001 1.66 0.001 <0.001 4.09

↑ 298.2740 18.51 0.002 <0.001 3.15 <0.001 <0.001 3.01

↑ 464.3128 14.67 0.002 0.003 2.63 0.002 0.007 3.43

↑ 263.1117 0.95 <0.001 0.001 7.49 <0.001 0.001 7.71

↑ 496.3392 14.74 0.011 <0.001 2.75 0.003 0.002 3.19

↑ 372.1985 1.05 <0.001 0.001 6.16 <0.001 <0.001 6.75

↑ 640.4995 33.11 <0.001 <0.001 7.57 <0.001 <0.001 11.61

* 580.3609 18.60 0.030 0.003 2.66 0.027 0.001 3.17

↑ 302.3047 13.22 <0.001 <0.001 3.95 <0.001 <0.001 7.33

* 336.3258 23.96 0.068 0.035 3.24 0.123 0.036 3.08

↑ 431.3517 29.93 0.013 0.003 9.13 0.014 0.003 10.75
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Table 5.12 shows there were a number of markers that remained from the top 50

markers with the highest loading values in PC3 after statistical analysis was carried

out on the raw data. Most of the markers had an increasing trend, however the beef

with 50% turkey sample showed a slight decrease before increasing again for 100%

turkey. This could be caused by the crude nature in which the meatballs were formed

prior to extraction.

5.7.3.5 Tentative identification

Table 5.13: Compounds that were significantly different and tentatively identified in
extracts from raw minced beef (20% fat content) adulterated with minced turkey based on
comparison of mass spectra on METLIN

m/z
Retention

time median
(mins)

Possible formula
Likelihood
score (%)

Tentative identification

338.3422 26.99 C22H43NO 99.17 13Z-docosenamide

271.2629 26.14 C17H34O2 95.32 palmitic acid methyl ester

524.3706 20.62 C26H54O7P 99.00 PAF C-16

300.2893 12.44 C18H37NO2 96.32 sphingosine

305.2475 18.02 C20H32O2 99.56 arachidonic acid

298.2740 18.51 C18H35NO2 94.58 3-ketosphingosine

Some markers were successfully tentatively identified by matching the mass spectrum

to available mass spectra on METLIN, and are shown in Appendix C. Two of these

markers were tentatively identified as sphingosine and 3-ketosphingosine, which are

both sphingolipids. The increasing trends observed as the percentage of turkey

increases (Figure 5.21 and 5.22) indicates that turkey meat contains a higher

concentration of sphingolipids than beef.
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Figure 5.21: Trend of marker tentatively identified as sphingosine that was significantly
different among all raw minced beef (20% fat content) adulterated with minced turkey
samples. Error bars correspond to ± 1 standard deviation
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Figure 5.22: Trend of marker tentatively identified as 3-ketosphingosine that was
significantly different among all raw minced beef (20% fat content) adulterated with minced
turkey samples. Error bars correspond to ± 1 standard deviation
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5.7.4 Cooked minced beef adulterated with minced pork

5.7.4.1 Metabolic profiling
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Figure 5.23: Example total ion chromatograms of extracts from cooked minced beef
adulterated with different percentages of minced pork. A) Beef with 5% fat content, B)
Beef with 20% fat content

The chromatograms for cooked beef adulterated with pork (Figure 5.23) show similar

peak patterns, with differences in peak intensity for each sample type. Specifically,

the peaks between 12.5 and 16 minutes show a higher intensity in the chromatograms

for 100% beef samples, and gradually decrease as the percentage of adulterant pork

increases. The peaks in the chromatograms for 100% pork samples have a very low

abundance, with some peaks not present, such as the peaks at 8 and 15.5 minutes.
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5.7.4.2 Multivariate statistics
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Figure 5.24: Principal component analysis scores plot of PC2 (1.021%) and PC3
(0.692%) for extracts from cooked minced beef with 5% and 20% fat content adulterated
with different percentages of minced pork. PCA was carried out using all features detected
with a CV < 10%

The cooked samples for beef adulterated with pork produced a PCA plot that had

most of the sample types overlapping. Despite only using features with a CV% in the

QC samples of less than 10%, the QC samples are not very tightly clustered, implying

there was some instability within the analytical run, although this was not seen in the

QC analysis. However, there is no trend in the spatial placement of the QC samples,

and so there does not appear to have been any gradual drift during the analytical

run. This spread of data points may be because the separation between the sample

types was extremely small, and so the multivariate statistical technique found all

samples to be very similar, thus decreasing the overall spread of data points,

emphasising the subtle differences. The 100% pork samples are separated from the

other samples, but no differences can be seen between the two types of beef with

differing fat contents.
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Figure 5.25: Principal component analysis scores plot of PC2 (4.325%) and PC3
(0.403%) for extracts from cooked minced beef with 5% fat content adulterated with
different percentages of minced pork. PCA was carried out using all markers with a CV<
10% and p-value of < 0.05

Individual principal component analyses were carried out on the samples with each

fat content in the beef, to assess which showed the largest difference among samples

with differing percentages of adulterant pork. This was found to be in beef with a 5%

fat content, and the separation between sample types can be seen in Figure 5.25. The

trend of the sample groups goes from the right side of the plot to the left as the

percentage of adulterant meat increases, as shown by the blue arrow. The QC

samples are tightly clustered, confirming that there was minimal drift in the

analytical run, and the separation of the sample types can be attributed to PC2 on

the x-axis.
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5.7.4.3 Significant markers

Table 5.14: Summary of compounds that contribute the most to the differences among
all extracts from cooked minced beef with a 5% fat content that has been adulterated with
different percentages of pork, including 100% beef and 100% pork, using PC2. FC = fat
content. Red values indicate p-value > 0.05. Marker trend: ↓ = decreased, * = random or
consistent

m/z
Retention time
median (mins)

P-value from
ANOVA/Welch

(XCMS)
CV%

(XCMS)

P-value from
ANOVA/Welch

(EICs)
CV%

(EICs)

5% FC 20% FC 5% FC 20% FC

↓ 522.3561 14.47 <0.001 <0.001 2.07 <0.001 0.001 2.63

↓ 520.3404 12.48 <0.001 0.425 2.70 <0.001 0.318 3.07

↓ 162.1039 1.03 <0.001 <0.001 5.60 0.001 <0.001 5.48

↓ 482.3248 16.18 <0.001 <0.001 2.39 <0.001 <0.001 2.50

* 496.3401 14.48 0.004 0.069 1.21 0.002 0.040 2.81

↓ 480.3085 13.04 0.001 0.005 2.56 0.001 0.008 2.44

↓ 160.1254 1.08 <0.001 <0.001 6.94 <0.001 <0.001 6.71

↓ 478.2932 11.48 0.010 0.065 3.81 0.010 0.187 3.10

↓ 480.3445 15.86 <0.001 <0.001 2.10 <0.001 <0.001 3.19

↓ 544.3395 12.36 <0.001 0.006 2.48 <0.001 0.027 3.12

* 204.1157 1.08 0.003 0.019 4.67 0.011 0.061 7.17

↓ 546.3550 13.49 <0.001 0.003 2.33 <0.001 0.006 5.07

↓ 310.3100 23.34 0.030 0.055 7.93 0.008 0.014 8.21

↓ 205.1425 8.24 <0.001 <0.001 8.45 <0.001 0.001 8.11

↓ 570.3551 13.02 <0.001 <0.001 2.78 <0.001 0.001 3.25

↓ 400.3414 17.92 <0.001 <0.001 3.46 <0.001 <0.001 4.27

↓ 528.3088 12.00 <0.001 0.005 3.12 <0.001 0.006 3.62

↓ 518.3237 11.18 <0.001 0.001 2.88 <0.001 0.002 3.29

↓ 583.3238 13.06 <0.001 0.300 2.40 <0.001 0.231 2.33

↓ 504.3088 12.33 <0.001 0.093 3.72 <0.001 0.011 2.80

↓ 508.3393 12.92 <0.001 0.001 2.47 <0.001 <0.001 2.92

↓ 87.04437 8.24 <0.001 0.003 5.97 <0.001 <0.001 4.68

↓ 494.3237 11.63 <0.001 0.001 2.53 <0.001 0.002 2.98

↓ 327.0081 9.44 <0.001 0.011 4.19 <0.001 0.010 3.65

↓ 552.3284 44.78 <0.001 0.450 9.09 <0.001 0.229 11.03

↓ 550.3505 16.44 <0.001 <0.001 6.76 <0.001 <0.001 7.21

↓ 578.3810 18.12 <0.001 0.015 6.95 <0.001 0.010 5.80

↓ 580.3621 18.20 <0.001 0.243 3.86 <0.001 0.097 6.18

↓ 542.3235 11.15 <0.001 <0.001 4.86 <0.001 <0.001 3.98

↓ 552.3286 9.35 0.003 0.139 4.69 0.001 0.074 3.76

↓ 429.3758 23.61 <0.001 <0.001 8.29 <0.001 <0.001 7.09

↓ 500.2768 10.50 <0.001 0.001 3.56 <0.001 0.001 3.64

* 336.3254 24.19 0.004 0.027 8.39 0.010 0.105 7.99
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Table 5.14 continued: Summary of compounds that contribute the most to the difference
among all percentages of cooked pork adulteration in beef with 5% fat content, including
100% beef and 100% pork, using PC2. Arrows indicate marker decreased the higher
percentage of adulterant pork. FC = fat content. Red values indicate p-value > 0.05

m/z
Retention time
median (mins)

P-value from
ANOVA/Welch

(XCMS)
CV%

(XCMS)

P-value from
ANOVA/Welch

(EICs)
CV%

(EICs)

5% FC 20% FC 5% FC 20% FC

↓ 426.3569 18.68 <0.001 <0.001 4.77 <0.001 <0.001 4.93

↓ 465.3429 11.02 0.003 0.027 8.71 0.002 0.029 7.90

↓ 606.4121 20.47 <0.001 0.006 9.58 <0.001 0.023 7.18

↓ 454.3878 23.88 <0.001 <0.001 5.62 <0.001 <0.001 7.52

↓ 650.4384 22.11 0.021 0.406 6.07 0.007 0.547 9.15

↓ 548.3385 14.05 <0.001 0.325 6.71 <0.001 0.011 7.74

↓ 526.3137 14.64 <0.001 0.007 2.12 <0.001 0.006 1.49

↓ 594.3757 16.74 <0.001 0.125 4.35 <0.001 0.012 5.28

↓ 153.0385 1.34 <0.001 <0.001 5.20 <0.001 <0.001 3.39

↓ 372.3108 13.75 <0.001 <0.001 5.81 <0.001 <0.001 5.40

↓ 510.3913 22.47 0.002 0.227 3.76 <0.001 0.298 3.15

↓ 508.3753 20.88 <0.001 <0.001 4.02 <0.001 <0.001 3.14

↓ 259.1896 12.89 0.025 0.439 6.39 0.020 0.415 6.43

The majority of the top 50 markers with the highest loading values in PC2 remained

after confirming CV% in the QC samples and significance in raw data. A large amount

of these markers were not found to be significantly different in samples consisting of

beef with a 20% fat content, however these markers were specifically found by using

the PCA plot generated from the analysis of the beef with 5% fat content. All markers

had a very low CV% in the QC samples of below 12%, which is extremely robust in an

untargeted metabonomic study. Despite not showing a gradual trend as the percentage

of adulterant meat increased, the majority of these markers were found to be at a lower

concentration in the 100% pork samples compared to all other sample types, which is

the opposite of what was observed in raw beef adulterated with pork. This is most

likely caused by the workflow and the use of a principal component to find markers of

interest, as the largest separation in this case could be caused by markers with a lower

concentration in the 100% pork samples, and so the workflow would only highlight

markers with this trend.
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5.7.4.4 Tentative identification

Table 5.15: Compounds that were significantly different and tentatively identified in
extracts from cooked minced beef (5% fat content) adulterated with minced pork based on
comparison of mass spectra on METLIN

m/z
Retention

time median
(mins)

Possible formula
Likelihood
score (%)

Tentative identification

496.3401 14.48 C24H50NO7P 99.70 PC(16:0/0:0)

400.3414 17.92 C23H45NO4 91.49 palmitoyl carnitine

372.3108 13.75 C21H41NO4 97.85 myristoyl carnitine

Three markers were tentatively identified, and their matching mass spectra can be

seen in Appendix D. Two of these markers were tentatively identified as acyl

carnitines, and these both had a decreasing trend as the percentage of adulterant

pork increased (Figure 5.26 and 5.27). These tentative identifications were not made

in the raw beef with pork samples. The very low abundance of these acyl carnitines

in the 100% pork samples could imply that acyl carnitines are more susceptible to

degradation during the cooking process in pork than in beef. The samples containing

varying percentages of pork do not follow the gradual decreasing trend, but this could

be caused by the sampling process, where the small samples taken from each

homogenised meat sample did not actually contain the expected percentage of

adulterant meat. Despite this, the 50% pork samples do show a decreased abundance

that falls in between the 100% beef and 100% pork concentration, indicating there is

an acyl carnitine concentration difference in beef and pork once cooked.
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Figure 5.26: Trend of marker tentatively identified as palmitoyl carnitine that was
significantly different among all cooked minced beef (5% fat content) adulterated with
minced pork samples. Error bars correspond to ± 1 standard deviation
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Figure 5.27: Trend of marker tentatively identified as myristoyl carnitine that was
significantly different among all cooked minced beef (5% fat content) adulterated with
minced pork samples. Error bars correspond to ± 1 standard deviation
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5.7.5 Cooked minced beef adulterated with minced lamb

5.7.5.1 Metabolic profiling
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Figure 5.28: Example total ion chromatograms of extracts from cooked minced beef
adulterated with different percentages of minced lamb. A) Beef with 5% fat content, B)
Beef with 20% fat content

Several peaks in the chromatogram for beef with a fat content of 5% (Figure 5.28A)

show a difference in abundance as the percentage of adulterant lamb changes,

particularly for the peaks between 11 and 15.5 minutes. The peaks between 16 and

22.5 minutes all show a slightly higher abundance in the 100% lamb samples, however

in the early part of the chromatogram (up to 15.5 minutes), the 100% lamb samples

have a lower intensity than all other sample types. The chromatograms for the 100%
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beef sample shows a peak at 8 minutes (indicated with an asterisk) that is not

present in any other samples. The chromatograms for beef with a fat content of 20%

(Figure 5.28B) have a higher peak intensity in the beef with 50% lamb for many of

the peaks, however the peak at 20.5 minutes (peak 1) has a decreasing peak intensity

from 100% lamb down to 100% beef. The peak at 27 minutes (peak 2) has the

highest peak intensity in the 100% beef sample.

5.7.5.2 Multivariate statistics
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Figure 5.29: Principal component analysis scores plot of PC3 (0.338%) and PC4
(0.282%) for extracts from cooked minced beef with 5% and 20% fat content adulterated
with different percentages of minced lamb. PCA was carried out using all features detected
with a CV < 10%

The cooked beef with adulterated lamb produced a PCA plot with many overlapping

data points. The QC samples are clustered, but all other sample types are spread

across the plot. The sample groups for beef with a fat content of 5% show greater

spread within each sample type than beef with a fat content of 20%. The 100% lamb

samples are clustered on the left hand side of the plot, but are overlapped slightly by

beef with a fat content of 5% with 50% lamb.
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Figure 5.30: Principal component analysis scores plot of PC2 (3.959%) and PC3
(0.251%) for extracts from cooked minced beef with 20% fat content adulterated with
different percentages of minced lamb. PCA was carried out using all markers with a CV <
10% and p-value of < 0.05

Features found to be significant in beef with a fat content of 20% proved to show the

best separation of sample types during principal component analysis. Figure 5.30

shows separation between all sample types. Looking at the blue arrow, which shows

the trend of the sample groups, the 100% beef samples appear on the left of the plot,

and the percentage of adulterant meat increases across the x-axis (PC2), with the

100% lamb samples on the right side of the plot. There is some overlap of the

adulterated samples, but that could be caused by the variation attained during the

sampling process. The QC samples are clustered together, confirming the analytical

run was stable throughout.
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5.7.5.3 Significant markers

Table 5.16: Summary of compounds that contribute the most to the differences among
all extracts from cooked minced beef with a 20% fat content that has been adulterated with
different percentages of lamb, including 100% beef and 100% lamb, using PC2. All markers
increased the higher percentage of adulterant lamb. FC = fat content. Red values indicate
p-value > 0.05

m/z
Retention time
median (mins)

P-value from
ANOVA/Welch

(XCMS)
CV%

(XCMS)

P-value from
ANOVA/Welch

(EICs)
CV%

(EICs)

5% FC 20% FC 5% FC 20% FC

428.3737 20.51 0.001 <0.001 2.76 0.145 <0.001 3.22

482.3246 16.58 0.042 0.007 1.51 0.065 0.014 1.47

466.3291 17.81 0.005 0.005 1.98 0.010 0.007 2.37

269.0849 1.45 <0.001 <0.001 1.34 <0.001 0.005 2.06

456.4045 26.21 0.072 0.010 2.27 0.093 0.003 2.87

400.3422 16.20 <0.001 <0.001 2.55 0.001 0.001 3.53

267.2680 24.61 <0.001 0.001 4.06 0.001 0.004 4.00

480.3085 13.74 0.195 0.024 1.35 0.149 0.030 1.68

279.2315 16.48 <0.001 <0.001 3.00 <0.001 0.001 2.79

241.1286 0.97 <0.001 <0.001 8.32 <0.001 <0.001 9.60

303.2317 16.14 0.003 0.001 1.32 <0.001 0.004 2.15

537.1663 1.45 <0.001 <0.001 2.21 <0.001 <0.001 2.87

305.2474 17.99 0.061 0.003 2.58 0.024 0.020 2.54

464.3132 15.17 0.001 0.001 2.45 0.006 0.016 2.99

500.2773 10.60 0.282 0.001 7.29 0.242 0.016 4.15

329.2479 17.51 0.003 0.003 4.66 <0.001 0.006 5.14

464.3132 14.65 0.013 0.023 3.40 0.004 0.018 2.43

426.3576 17.36 0.006 0.001 4.11 0.007 <0.001 4.85

454.3885 21.54 0.014 <0.001 2.58 0.022 0.001 3.81

963.6399 16.58 0.064 0.022 2.90 0.081 0.028 3.02

372.3108 12.85 0.011 0.001 3.00 0.014 0.001 2.75

357.3001 18.50 0.002 0.008 2.90 0.038 0.039 6.92

414.3574 18.25 0.001 0.001 3.45 0.002 0.002 3.81

452.3132 15.85 0.015 0.032 1.33 0.007 0.044 6.47

444.3676 15.86 0.004 0.001 8.32 0.001 <0.001 4.14

526.2931 11.57 0.037 0.009 4.83 0.051 0.015 5.38

307.2629 20.31 0.003 0.001 6.61 0.005 0.005 6.20

253.2520 22.82 <0.001 0.015 4.37 0.001 0.010 5.76

414.3571 17.62 <0.001 <0.001 6.56 0.001 <0.001 6.07

370.2956 11.34 <0.001 0.006 3.10 0.028 0.028 5.79

398.3266 13.66 0.009 0.025 5.03 0.009 0.041 6.77

322.2739 18.50 0.038 0.017 4.54 0.092 0.045 4.50
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Table 5.16 continued: Summary of compounds that contribute the most to the
differences within all percentages of lamb adulteration in beef with 20% fat content,
including 100% beef and 100% lamb, in cooked meatball samples, using PC2. All markers
increased the higher percentage of adulterant lamb. FC = fat content. Red values indicate
p-value > 0.05

m/z
Retention time
median (mins)

P-value from
ANOVA/Welch

(XCMS)
CV%

(XCMS)

P-value from
ANOVA/Welch

(EICs)
CV%

(EICs)

5% FC 20% FC 5% FC 20% FC

468.3109 14.80 0.004 0.003 3.29 0.009 0.010 5.23

317.3044 21.12 0.005 <0.001 5.09 0.006 0.006 4.53

212.1018 0.97 <0.001 <0.001 5.36 0.002 0.014 6.86

296.0657 1.00 0.007 0.032 6.74 0.004 0.022 10.15

All markers in Table 5.16 proved to be significantly different in the beef with 20% fat

content samples in the normalised data and in the raw data, as well as showing

reliability in the QC samples with a CV% of less than 11%. Most of these markers

were also significantly different in the beef with 5% fat content samples, however

some had a p-value of more than 0.05, and so would not be suitable markers to use to

detect adulteration in beef products with a lower fat content. All of these markers

showed an increasing trend as the percentage of adulterant lamb increased, with the

majority showing a gradual trend in the adulterated samples.

5.7.5.4 Tentative identification

Table 5.17: Compounds that were significantly different and tentatively identified in
extracts from cooked minced beef (20% fat content) adulterated with minced lamb based on
comparison of mass spectra on METLIN

m/z
Retention

time median
(mins)

Possible formula
Likelihood
score (%)

Tentative identification

400.3422 16.20 C23H45NO4 99.58 palmitoyl carnitine

305.2474 17.99 C20H32O2 99.93 arachidonic acid

372.3108 12.85 C21H41NO4 98.36 myristoyl carnitine
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Three markers were tentatively identified as acyl carnitines and arachidonic acid

(Table 5.17), and the matching mass spectra to standards on the METLIN database

can be seen in Appendix E. All of these compounds have been seen in this research

previously, and they all follow a similar increasing trend as the percentage of

adulterant lamb increases. In particular, the acyl carnitines have a low concentration

in the beef samples, and this concentration gradually increases, with a higher

concentration in the 100% lamb samples, as seen in Figures 5.31 and 5.32.
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Figure 5.31: Trend of marker tentatively identified as palmitoyl carnitine that was
significantly different among all cooked minced beef (20% fat content) adulterated with
minced lamb samples. Error bars correspond to ± 1 standard deviation
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Figure 5.32: Trend of marker tentatively identified as myristoyl carnitine that was
significantly different among all cooked minced beef (20% fat content) adulterated with
minced lamb samples. Error bars correspond to ± 1 standard deviation
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5.7.6 Cooked minced beef adulterated with minced turkey

After initial observations, it was clear that one repeat sample from the beef with a fat

content of 5% adulterated with 10% turkey did not inject correctly. Therefore, this

sample was removed from any further statistical analysis, so this sample group only

has two samples.

5.7.6.1 Metabolic profiling
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Figure 5.33: Example total ion chromatograms of extracts from cooked minced beef
adulterated with different percentages of minced turkey. A) Beef with 5% fat content, B)
Beef with 20% fat content
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There are slight differences in the intensity of some peaks in the chromatograms for

cooked beef with a fat content of 5% adulterated with turkey (Figure 5.33A). This is

especially apparent in the peaks eluting before 2 minutes. These peaks correspond to

the highly polar compounds that are not retained on the stationary phase. The small

peaks at 3 minutes do not appear to be present in the 100% turkey samples, so this

could be attributed to compounds that are only present in the beef. Generally, the

100% turkey samples have the lowest abundance in all peaks that show a difference

between sample types, apart from the peaks at 19 and 22.5 minutes where it has the

highest intensity. Peaks at 11.5, 13 and 15.5 minutes all show a decreasing intensity

as the percentage of adulterant turkey increases. This is similar in beef with a fat

content of 20% (B), where the peaks at 11.5, 13 and 15.5 minutes all have a higher

intensity in 100% beef.
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5.7.6.2 Multivariate statistics
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Figure 5.34: Principal component analysis scores plot of PC2 (0.935%) and PC3
(0.437%) for extracts from cooked minced beef with 5% and 20% fat content adulterated
with different percentages of minced turkey. PCA was carried out using all features
detected with a CV < 10%

Some sample types have a large spread in the PCA plot (Figure 5.34), however there

is a definite pattern in the spatial placement for the sample types. Specifically, the

100% beef with a fat content of 20% is in the bottom right quadrant of the plot, and

as the plot moves diagonally across to the 100% turkey samples in the top left

quadrant, the other beef samples with varying percentages of adulterant meat can be

seen. Particularly in the beef with a fat content of 20%, the placement of the groups

diagonally across is in the order of percentage of adulterant turkey. This indicates

there was a trend in the metabolites that caused this separation.
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Figure 5.35: Principal component analysis scores plot of PC2 (3.352%) and PC3
(1.768%) for extracts from cooked minced beef with 20% fat content adulterated with
different percentages of minced turkey. PCA was carried out using all markers with a CV <
10% and p-value of < 0.05

Figure 5.35 shows all samples are separated, and the QC samples are tightly

clustered. The separation of these sample groups, represented by the blue arrow, is

along the x-axis, with the 100% beef samples on the left and moving to the 100%

turkey samples on the right, indicating that PC2 is responsible for the separation.

The beef with 50% turkey has a large spread within the group, which could be due to

a larger difference in the 3 replicates taken from the original meat sample, implying

there may have been an issue in the homogenisation process when producing this

adulterated meatball.
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5.7.6.3 Significant markers

Table 5.18: Summary of compounds that contribute the most to the differences among
all extracts from cooked minced beef with a 20% fat content that has been adulterated with
different percentages of turkey, including 100% beef and 100% turkey, using PC2. FC = fat
content. Red values indicate p-value > 0.05.
Marker trend: ↓ = decreased, ↑ = increased, * = random or consistent

m/z
Retention time
median (mins)

P-value from
ANOVA/Welch

(XCMS)
CV%

(XCMS)

P-value from
ANOVA/Welch

(EICs)
CV%

(EICs)

5% FC 20% FC 5% FC 20% FC

* 482.3241 16.60 0.015 0.006 1.17 0.003 0.017 1.45

↑ 524.3707 20.63 0.006 0.006 1.97 <0.001 0.031 2.22

↑ 241.1297 0.98 0.364 <0.001 1.53 0.013 <0.001 4.44

↑ 454.2926 13.24 <0.001 <0.001 2.58 <0.001 <0.001 3.42

↑ 401.3412 26.42 <0.001 <0.001 4.32 <0.001 <0.001 4.47

↑ 530.3235 13.47 <0.001 0.001 2.66 <0.001 0.001 3.72

↓ 522.3551 15.93 0.010 <0.001 0.68 0.001 <0.001 1.52

↑ 502.2924 11.94 0.002 <0.001 2.73 <0.001 <0.001 2.45

↑ 520.5081 36.58 <0.001 <0.001 4.47 <0.001 <0.001 5.12

* 283.2632 21.17 0.115 0.010 2.40 0.058 0.016 2.47

↓ 496.3399 15.43 0.002 0.002 1.78 <0.001 0.005 1.70

↑ 305.2474 18.01 0.045 0.001 4.72 0.076 0.003 4.08

↑ 279.2314 16.50 <0.001 0.002 2.38 <0.001 <0.001 3.00

↑ 572.3706 15.34 0.005 <0.001 2.16 0.004 <0.001 2.43

↑ 596.3558 16.97 0.001 <0.001 2.58 0.001 <0.001 3.14

↑ 300.2892 12.43 <0.001 <0.001 3.90 <0.001 <0.001 7.14

↑ 298.2738 18.53 <0.001 <0.001 3.11 <0.001 <0.001 3.34

↑ 560.5005 36.58 0.013 0.007 6.66 0.012 0.005 5.88

↑ 212.1027 0.96 0.005 <0.001 4.54 0.007 <0.001 6.04

↑ 528.3108 12.77 <0.001 <0.001 2.36 <0.001 <0.001 5.44

↑ 121.5703 0.96 0.003 <0.001 6.16 0.008 <0.001 6.53

↑ 367.3355 24.53 <0.001 <0.001 5.56 <0.001 0.001 5.72

↑ 526.2928 11.54 <0.001 <0.001 1.57 <0.001 <0.001 4.09

↑ 385.3456 30.84 0.002 0.021 8.72 0.001 0.044 9.29

↑ 322.2739 18.53 0.010 <0.001 6.04 <0.001 <0.001 4.42

↑ 367.3352 25.43 <0.001 0.001 6.12 <0.001 0.002 7.22

↑ 580.3610 18.61 0.414 0.011 2.66 0.333 0.017 3.17

↓ 478.2923 12.01 0.003 0.001 3.18 <0.001 0.003 4.71

↑ 163.9777 1.01 0.050 <0.001 1.92 0.001 0.001 2.85

↑ 652.3858 17.07 0.001 <0.001 9.56 <0.001 <0.001 6.88
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The markers shown in Table 5.18 were all significantly different in beef with a fat

content of 20% among all adulterated beef samples, in both the normalised data and

the raw data. Only a few markers were found to not be significantly different in the

beef with a fat content of 5%, indicating these markers may not be robust enough to

detect adulteration as these were only significant in the beef with a higher fat

content. Many markers showed an increasing trend as the percentage of adulterant

turkey increased, however a few markers showed a decreasing trend. All other

markers showed one sample type to be higher than the others that did not correlate

with the percentage of adulterant meat.

5.7.6.4 Tentative identifications

Table 5.19: Compounds that were significantly different and tentatively identified in
extracts from cooked minced beef (20% fat content) adulterated with minced turkey based
on comparison of mass spectra on METLIN

m/z
Retention

time median
(mins)

Possible formula
Likelihood
score (%)

Tentative identification

524.3707 20.63 C26H54NO7P 99.00 PAF C-16

401.3412 26.42 C27H44O2 98.72 7-ketocholesterol

496.3399 15.43 C24H50NO7P 99.75 PC(16:0/0:0)

305.2474 18.01 C20H32O2 99.56 arachidonic acid

298.2738 18.53 C18H35NO2 94.58 3-ketosphingosine

Five markers were tentatively identified, as shown in Table 5.19, and the matching

mass spectra to the compounds on the METLIN database can be seen in Appendix

F. The marker 401.3412 m/z was tentatively identified as 7-ketocholesterol, which is

an oxidised form of cholesterol. Cholesterol contains one double bond, causing it to

be vulnerable to oxidation [155], which occurs during the biochemical changes after

death, and produces many oxidation products, one of which is 7-ketocholesterol. This

marker was found to have a higher abundance in the 100% turkey samples compared

to all other sample types, however this was not a gradual trend (Figure 5.36).
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Figure 5.36: Trend of marker tentatively identified as 7-ketocholesterol that was
significantly different among all cooked minced beef (20% fat content) adulterated with
minced turkey samples. Error bars correspond to ± 1 standard deviation

Marker 496.3399 m/z was tentatively identified as PC(16:0/0:0), which has previously

been identified in raw beef adulterated with pork and with lamb, and cooked beef

adulterated with pork. This was one of the few markers in the remaining top 50

markers in Table 5.18 that had a gradual decreasing trend as the percentage of turkey

increased (Figure 5.37). PC(16:0/0:0) is a type of phospholipid, specifically a

phosphatidylcholine, and these compounds contribute heavily to the structure of cell

membranes.
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Figure 5.37: Trend of marker tentatively identified as PC(16:0/0:0) that was significantly
different among all cooked minced beef (20% fat content) adulterated with minced turkey
samples. Error bars correspond to ± 1 standard deviation
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5.7.7 Comparison between raw and cooked

The process of cooking can cause a variety of changes to the meat, including an

increase in oxidation products. Cooked meat is more susceptible to oxidation than

raw meat due to the phospholipid membrane structure breaking down during the

heating process [156]. It is important to investigate whether compounds would only

be suitable to use as a marker for adulteration when the meat is specifically either

raw or cooked, or whether it could be used regardless of the cooked state of the meat

product.

The markers that were tentatively identified in each dataset (raw and cooked) were

searched for in the other dataset to see if that marker was significant in both raw and

cooked meat samples. Table 5.20 shows this comparison, with the p-values for all

datasets. Looking at the tentative identifications made in the pork samples, linoleic

acid methyl ester, sphingosine, palmitoyl carnitine and myristoyl carnitine were all

significantly different regardless of fat content percentage and whether it was raw or

cooked. With further targeted research, these markers could be used to detect the

adulteration of beef products with pork, which would be particularly important to

some religious communities. Palmitic acid methyl ester was not found at all in the

cooked samples, indicating that this compound degrades during the cooking process.

A marker in the raw lamb samples was tentatively identified as PC(16:0/0:0), which

was only significantly different in the raw beef samples, and not detected at all in the

cooked samples, therefore would most likely not be suitable as a marker for the

adulteration with lamb after cooking. Palmitoyl carnitine, myristoyl carnitine and

eicosapentanoic acid were found to be significantly different in all datasets, so could

be useful in detecting the adulteration of beef products with lamb, regardless of fat

content or cooking status.

Finally, the turkey samples had two tentative identifications, docosenamide and
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palmitic acid methyl ester, that were not detected in the cooked samples. Palmitic

acid methyl ester was also found in the pork samples, and was also not detected after

cooking, supporting the theory that this compound may degrade during the cooking

process. This compound, however, was found in both raw and cooked lamb samples,

but the significance after cooking was only slight, indicating this compound would

not be suitable in cooked meat samples. PC(16:0/0:0) was also tentatively identified

in the pork and lamb samples, and in each case, the significance of this marker

decreased after cooking, except for in the turkey samples. All other tentative

identifications made with the turkey samples were significantly different in all

datasets, and so could be used as markers to detect adulteration of beef products

with turkey meat in the future.
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Table 5.20: Comparison of tentative identifications made during analysis of raw and
cooked minced beef adulterated with each different meat species.
a = tentatively identified in raw dataset, b = tentatively identified in cooked dataset,
ND = not detected. Asterisk indicates dataset used in finding most significant markers in
either raw or cooked. FC = fat content. Red values indicate p-value > 0.05

Pork

Retention P-value from P-value from

m/z time median Tentative identification raw datasets cooked datasets

(mins) 5% FC 20% FC* 5% FC* 20% FC

496.3399 14.48 PC(16:0/0:0)ab 0.001 <0.001 0.004 0.069

295.2621 23.90 linoleic acid methyl estera <0.001 0.003 <0.001 <0.001

271.2620 26.64 palmitic acid methyl estera 0.001 0.017 ND ND

300.2885 13.26 sphingosinea <0.001 0.007 0.020 0.003

400.3414 17.92 palmitoyl carnitineb1 0.001 <0.001 <0.001 <0.001

372.3108 13.75 myristoyl carnitineb <0.001 <0.001 <0.001 <0.001

Lamb

Retention P-value from P-value from

m/z time median Tentative identification raw datasets cooked datasets

(mins) 5% FC 20% FC* 5% FC 20% FC*

400.3421 16.27 palmitoyl carnitineab1 <0.001 <0.001 <0.001 <0.001

372.3107 12.90 myristoyl carnitineab <0.001 <0.001 0.011 0.001

305.2474 18.06 arachidonic acidab 0.039 0.001 0.061 0.003

271.2626 26.16 palmitic acid methyl estera <0.001 0.001 0.046 0.111

524.3710 20.66 PAF C-16a <0.001 <0.001 0.005 0.094

303.2317 16.20 eicosapentanoic acida <0.001 <0.001 <0.001 <0.001

496.3403 15.47 PC(16:0/0:0)a 0.006 0.002 ND ND

Turkey

Retention P-value from P-value from

m/z time median Tentative identification raw datasets cooked datasets

(mins) 5% FC 20% FC* 5% FC 20% FC*

524.3706 20.62 PAF C-16ab <0.001 0.002 0.006 0.006

305.2475 18.02 arachidonic acidab 0.006 <0.001 0.045 0.001

298.2740 18.51 3-ketosphingosineab 0.002 <0.001 <0.001 <0.001

338.3422 26.99 docosenamidea 0.223 0.022 ND ND

271.2629 26.14 palmitic acid methyl estera 0.003 0.003 ND ND

300.2893 12.44 sphingosinea <0.001 <0.001 <0.001 <0.001

401.3412 26.42 7-ketocholesterolb <0.001 0.001 <0.001 <0.001

496.3399 15.43 PC(16:0/0:0)b 0.010 0.002 0.002 0.002

1These were tentatively identified as palmitoyl carnitine, however these markers may have been isomers

of this compound.
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5.8 Conclusion

The quality control throughout this research has proved that the data obtained was

reliable and robust. The retention time and peak area variability was minimal in all

analytical runs throughout this study.

This work was a preliminary investigation into detecting features that were

significantly different between beef and other species of meat, with the intention of

finding markers that could be used in the future to detect adulteration of beef

products with pork, lamb or turkey. It also aimed to investigate the impact that the

cooking status had on detecting the adulteration of beef products. Now this has been

achieved, future work would involve refining the meatball preparation in order to get

a more accurate percentage of adulteration. Additional to this, more percentages of

adulterant meat would need to be investigated, which would also aid in the

assessment of the limit of detection for each meat type, and whether these techniques

would be applicable to detect trace amounts of adulterant meat in the human food

chain.

The production of the adulterated meatballs in this research was quite crude; each

meatball was homogenised by hand. However, only a small portion from that sample

was used for metabolite extraction, and these portions would most likely not have

included the exact percentages of beef and adulterant meat as desired. Whilst this

means that some of the results may not be accurate, this is most representative of

how these products would be sampled in a food control setting. Ideally, it would have

been more beneficial to use the whole meatball in the metabolite extraction to get a

better understanding of the difference in metabolite content in differing percentages

of adulterant meat, however with the use of the 100% beef and 100% adulterant meat

samples, a difference in metabolite content could be determined, and it is only the

samples in the middle of these extremes with varying percentages of adulterant meat
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that could be slightly inaccurate. Any markers that proved to have a gradual trend

as the percentage of adulterant meat increased has great potential in being utilised as

a marker for the detection of that species of adulterant meat.

Only three replicates of each meatball sample were analysed due to the restriction on

the number of samples in an analytical run and the overall duration of time. Further

work would be necessary to include more replicates, which could help in using

multivariate statistics to detect adulterant meat in a beef product.

The multivariate statistics proved to be most successful in separating datasets in the

beef with a fat content of 20% analyses, except for cooked beef adulterated with pork.

This may be because the adulterant meat all had a fat content of 10% and less, and

so the differences seen between the beef and adulterant meat could be attributed to

the difference in lipid concentration, and this was shown by the majority of the

tentatively identified compounds being lipids. In particular, the raw beef with a fat

content of 20% adulterated with lamb meat showed very good separation between the

sample types in the PCA plot.

The metabolic differences in this experiment could have been caused by the difference

in species, however it could also be caused by the pre-slaughter conditions of these

animals. For example, in Chapter 3, it was found that sphingosine had a lower

concentration in dead on arrival chicken compared to normally slaughtered chicken,

which could be attributed to the difference in time since death. The markers found in

this study could be post-mortem interval indicators and not actually species

indicators. Nevertheless, the markers were chosen based on the contribution to the

separation in PCA plots, and so it would be expected that the largest difference

between each sample would be caused by the difference in species, and not by the

more subtle difference of pre-slaughter conditions and postmortem interval.
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Regarding the tentative identifications made throughout this experiment, it is vital to

take caution with these identities as they can not be confirmed without the use of a

suitable standard. It provides invaluable insight into the possible identity of the

compound in question, however many compounds on the METLIN database do not

have available mass spectra at 0 V collision energy to compare to. Therefore, the

marker could be one of these compounds that do not have the mass spectrum

available for comparison. Coelution can cause a loss of visualisation of the fragments

of a parent ion, especially if the marker is at a low concentration and the parent ion

peak is at a low intensity in the mass spectrum. This creates an issue when making a

comparison with mass spectra on the database, as some of the fragments may be

hidden by base level noise or coeluting compounds at this retention time. Some

compounds also do not fragment at 0 V collision energy, and so the identity of the

marker could be one of several compounds with the same accurate mass.

Overall, the results presented here demonstrate the potential of these techniques to

identify markers that could be utilised for the detection of adulterated processed

meat products. It also shows that adulteration can still be detected regardless of

whether the meat product is raw or cooked. The markers of particular interest within

these results are those that could be used to detect adulteration in both raw and

cooked meat products.
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The effect of spoilage on the metabolic

profile of meat

The aim of this experiment was to investigate the change in the small molecule profile

in meat during the time since slaughter when stored in different temperature

controlled conditions over a period of 20 days. It specifically looked at the spoilage

profile of chicken muscle tissue stored at room temperature and in the fridge at 4◦C.

6.1 Introduction

Meat spoilage can be described as an ecological problem that includes changes in the

low molecular compounds within the product during the proliferation of

bacteria [157]. The condition of the meat is usually assessed by the consumer, and

any discolouration, strong odours, or change in surface texture of the meat product

would constitute the meat as unacceptable for consumption. There are three main

mechanisms that contribute to the spoilage of meat and produce these characteristics;

microbial activity, lipid oxidation, and autolytic enzymatic spoilage [158]. The

Pseudomonas species of bacteria has been found to be the main bacteria involved in

spoilage when stored aerobically, where these bacteria remove all glucose and lactate

present in the meat and start to metabolise amino acids into ammonia [157]. This

bacteria, along with other microorganisms, are the main cause for the strong odours

of spoiled food, as they cause degradation of organic substances that release volatile

organic compounds, such as acetone, toluene, and ethyl-benzene [159]. Lipid

oxidation involves reactive oxygen species attacking double bonds within unsaturated
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fatty acids, causing the degradation of lipids vital to the structure within cells, such

as phospholipids in cell membranes. The degradation products are aldehydes, ketones

and alcohols, which also contribute to the discolouration and bad odours of spoiled

meat [131]. Autolytic enzymatic spoilage is the breakdown of complex compounds;

for example, the degradation of polypeptides results in the changes in flavour and

texture sometimes associated with the ageing of beef. This process takes place in all

types of tissue, however the rate at which it occurs varies between tissue types; it is

slower in striated tissue such as muscle than in glandular tissue such as the liver, due

to the structure of the tissue [158]. All these chemical changes occur postmortem,

and can be affected by the conditions at slaughter, contamination during handling

and transport, and the temperature during storage.

Previous research has used a variety of techniques to deduce the spoilage status of

food items. A metabolic profiling approach with the use of gas chromatography

time-of-flight mass spectrometry has been successful in detecting markers that change

in the first week of spoilage in bread, egg, and cucumber [160]. The multivariate

statistics employed in this study showed separation between most time points in each

food type. Enzymatic assays have been utilised to measure microbial products, which

found a reduction of glucose, an increase in lactate, and an increase in pH in spoiled

cooked meat [161], caused by the activity of lactic acid bacteria, which also

contributes to the discolouration and strong odours. Proton transfer reaction mass

spectrometry has detected volatile organic compounds to assess the amount of

bacteria present on beef and pork, and found that many volatile compounds increase

over the storage period of meat [162].

Spectroscopic techniques have also been shown to be able to determine the spoilage

status of meat, specifically beef, pork and chicken. Fourier transform infrared

spectroscopy has been used to measure the number of bacteria on meat to determine

the spoilage status of beef [163] and pork [164]. Spoilage in beef has also been
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investigated with the use of Raman spectroscopy and chemometrics [165]. Infrared

spectroscopy has been successful in determining the spoilage status of chicken breast

tissue, where absorbance between 3000-2800 cm−1 decreases during the first 5 days of

storage. This wavelength is attributed to fatty acids of lipids and phospholipids [166].

These findings comply with the understanding that lipid oxidation is one of the

fundamental mechanisms that occur during the spoilage process.

Some studies have been conducted in order to investigate the spoilage of meat using

high performance liquid chromatography. Specifically, HPLC with an ultra-violet

detector has been applied to identifying the spoilage status of minced beef [167]. This

study found that there is promise in the use of HPLC to determine the presence of

certain markers within a meat sample, however, further validation is required. The

retention times of peaks to known standards were compared, but with the

combination of mass spectrometry, an accurate mass of the ions producing these

peaks would enable a more accurate estimation of the identity of the molecule and

potential marker for the spoilage of meat. HPLC has also been used to measure the

concentration of free amino acids in chicken breast tissue, which was found to

increase gradually over an 8 day storage period [168].

All of this research only investigated the early stages of the spoilage process, so it

would be useful to allow the time period to extend further than 14 days. Also, despite

some studies using HPLC, it was used as a targeted assay, and an approach involving

the untargeted analysis of all small molecules has not been explored. Using HPLC

coupled with mass spectrometry would also increase the potential in identifying

markers that could determine the spoilage status of meat. This could help verify the

shelf-life, which may have been manipulated to avoid losing revenue from the disposal

of meat products, and therefore prevent the consumption of spoiled meat.
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6.2 Experimental procedures

6.2.1 Materials

Acetonitrile (HPLC grade), methanol (HPLC grade) and dichloromethane (analytical

grade) were purchased from VWR (East Grinstead, UK), and ultra pure water (18.2

MΩ) was purified using an in-house Milli-Q system from Elga (High Wycombe, UK).

Formic acid (laboratory reagent grade) was purchased from Fisher Scientific

(Loughborough, UK). ESI-L low concentration tuning mix and API-TOF reference

mass solution were purchased from Agilent Technologies (California, USA).

6.2.2 Sample collection and storage

Chicken muscle was obtained from a local butchers and stored at 4◦C prior to

extraction, which was carried out on the same day. Equal portions of chicken tissue

were placed into individual weighing boats and covered in parafilm. The samples

were then stored either in the fridge at 4◦C or at room temperature. Extractions were

carried out every day for 8 days, then every other day until day 20.

6.2.3 Metabolite extraction

External and internal extracts were taken from each chicken portion in order to

investigate the difference in metabolite profile based on sampling location. For the

external extract, the top surface of each portion of chicken was removed with smaller

surgical scissors, homogenised, and three separate pieces were weighed (approximately

100 mg) into Eppendorf tubes. This was then repeated with a small section of chicken

from the centre of the portion to gain the internal extracts. Methanol/H2O (1:1) was

added (1 mL per 100 mg of sample), then the sample was sonicated for 10 minutes

and centrifuged at 16100 rcf for 20 minutes. The supernatant was then moved to a
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glass vial and retained as the aqueous (AQ) extract. The tissue pellet was broken up

using a clean pipette tip, and dichloromethane/methanol (3:1) was added (1 mL per

100 mg of sample). The sample was sonicated for 10 minutes and centrifuged at

16100 rcf for 20 minutes, and 1 mL of the supernatant was then moved to a glass vial

and allowed to evaporate overnight, then resuspended in 1 mL of methanol. This was

retained as the organic (OR) extract. The three external and three internal extracts

from each chicken portion were stored at -25◦C prior to analysis.

6.3 Instrumental set-up

6.3.1 Analytical considerations

Quality control samples were made for each analytical run, consisting of an equal

aliquot of every sample within each run. At the start of each analytical run, 10 QC

samples were injected at a volume of 10 µL, then 20 QC samples at an injection

volume of 3 µL were injected to condition the column. All non-QC samples were

randomised to eliminate any issues arising from instrumental drift.

6.3.2 Chromatographic parameters

Chromatographic separation of extracts was performed with a Thermo Scientific

Hypersil GOLD aQ column (100 mm x 2.1 mm, particle size of 1.9 µm) using an

Agilent 1260 Binary Pump HPLC. The column was maintained at 40◦C and the

injection volume was 3 µL. The flow rate of the mobile phase was 0.3 mL/min and

consisted of 0.1% formic acid (solvent A) and acetonitrile with 0.1% formic acid

(solvent B). The chromatographic gradient method can be seen in Table 6.1. A

needle wash method was included after every injection, consisting of 3 separate vials

of methanol, each used in a specific order, with 3 washes per vial. The column was

flushed with 100% organic solvent after each run to reduce any potential carryover.
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Table 6.1: Solvent gradient method used in this experiment

Time (mins) Solvent A (%) Solvent B (%)

0 95 5

2 95 5

3 47.5 52.5

30 0 100

40 0 100

41 95 5

50 95 5

6.3.3 Q-TOF parameters

For the analysis, an Agilent Technologies 6530 Accurate Mass Q-TOF was used with

an electrospray ionisation source, and the parameters were set as shown in Table 6.2.

The reference mass solution was continually run through the analysis, and used

purine (121.0509 m/z) and hexakis (1H, 1H, 3H-tetrafluoropropoxy)phosphazine

(922.0098 m/z) in positive ionisation mode as internal reference masses to ensure

mass accuracy. The data was collected in both profile and centroid mode.

Table 6.2: Q-TOF parameters used in this experiment

Parameter Setting

Drying gas temperature 320◦C

Drying gas flow rate 11 L/min

Capillary voltage 4000 V

Fragmentor voltage 125 V

Skimmer voltage 65 V

Mass range 100-1000 m/z

258



Chapter 6

6.4 Data pre-processing

The data was pre-processed using XCMS Online. The parameters for the method

used on this online platform were set to the default settings specifically designed by

XCMS Online for analyses carried out with HPLC and ESI-QTOF-MS instruments,

and were as shown in Table 6.3. This software also carried out normalisation of the

raw data using the median fold change method. A feature table was produced, which

included a list of m/z values and their median retention times, and the peak areas for

these features in each sample.

Table 6.3: Parameter settings for XCMS Online used in this experiment

XCMS method Parameter Setting

Feature detection = CentWave

ppm 30

min peak width (seconds) 10

max peak width (seconds) 60

mzdiff (m/z) 0.01

Retention time correction = Obiwarp profStep (m/z) 0.5

bw (seconds) 5

Alignment minfrac 0.5

mzwid 0.025
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6.5 Statistical analysis

Feature table from 

XCMS Online
Peak areas for all detected 

features in all samples

Coefficient of 

Variance (CV%)

To reduce dataset to most 
reliable features with a 

CV% < 30%

Principal Component 

Analysis

Visual separation between 
sample types, and reliability of 

analytical run (QCs)

50 features with 

highest loading value

From Principal Component that 
separates samples, to reduce 
dataset for manual statistics

ANOVA/Welch on 

normalised data
To manually confirm 

significance of marker

ANOVA/Welch and 

CV% on raw data

To confirm significance in raw 
data, and confirm reliability in 

QC samples

Manual ANOVA
To calculate p-value for each 

feature

Figure 6.1: Statistical workflow for all datasets analysing the spoilage status of chicken
muscle tissue

The standard deviation, average, and coefficient of variance percentage were

calculated using the peak areas of each feature of the QC samples throughout the

analytical run, and all features that had a CV% in the QC samples of more than 30%

were removed. A principal component analysis with standardisation was carried out

using the Multivariate Analysis add-in for Microsoft Excel 2010 [85], and a scores plot

was produced in order to visualise any separation between sample types. The first six

principal components were plotted in all combinations to find the components that

best represented the separation of the sample types. The principal component that

represented the separation between sample types was used to find the top 50 features
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most responsible for this separation, based on the loading values. A manual ANOVA

test in Microsoft Excel was carried out on the peak areas of each sample in order to

get a p-value for each feature. These were then analysed in SPSS in order to verify

their significance, where either ANOVA or Welch tests were performed, depending on

the homogeneity of variance value for each marker. The tests were carried out with a

confidence level of 95%, giving an α value of 0.05. If the p-value was less than the α

value, it indicated the abundance of that marker in the sample groups was

statistically different.

The raw data was then analysed in Masshunter Qualitative Analysis (Agilent

Technologies) to produce extracted ion chromatograms (EICs) for the markers that

were confirmed to be significantly different. ANOVA or Welch tests in SPSS were

carried out on the peak areas of the EICs, as well as CV% of the QC samples. This

process ensured the markers were significant even before normalising the data in the

pre-processing step. Any markers that were found to not be significantly different or

had a CV% in the QC samples of more than 30% were removed. This additional step

in the methodology ensured the final markers were robust and reliable, with the

intention of being able to confidently use these markers as an indicator of shelf-life.

6.6 Identification of markers

The potential formulae predicted by MassHunter Qualitative Analysis were used to

search the METLIN database manually. A tentative identification was made based on

the comparison of the mass spectrum of the sample and mass spectra of compounds

with the same formula on the METLIN database, if available. If a tentative

identification could not be made, an idea of the class of compound could be

determined based on the predicted formulae matching to a number of similar

compounds on the METLIN database.
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6.7 Results and discussion

6.7.1 Spoilage of chicken at room temperature

6.7.1.1 Quality control

In order to investigate the spoilage profile of chicken muscle tissue at room temperature,

the external extracts were used. These were run in the same analytical run as the

internal extracts, and therefore the quality control data is applicable for both the

spoilage profile and the comparison between external and internal extracts of chicken

muscle tissue at room temperature.
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Figure 6.2: Total ion chromatograms of QC samples throughout analytical run for
extracts from chicken muscle tissue stored at room temperature for different lengths of time

The chromatograms of the quality control samples in the external and internal extracts

of chicken muscle tissue stored at room temperature (Figure 6.2) show some slight

retention time variation, particularly in QC5, 6 and 7. However, this is only very

subtle and the following statistical analysis will aid in the verification of the reliability

of the data collected in this analytical run.
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Figure 6.3: Variability of retention time (A) and peak area (B) of 6 peaks in QC samples
throughout analytical run for extracts from chicken muscle tissue stored at room
temperature for different lengths of time

Several peaks were selected throughout the chromatogram at varying peak intensities

for additional statistical analysis in order to ascertain whether the data obtained was

reliable. Figure 6.3 shows that the retention time was very stable throughout the

analytical run, and the peak area was also mostly stable, despite the peak area

increasing slightly in QC5, 6 and 7 in Peak 6.
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Table 6.4: Variability of retention time and peak area of 6 peaks in chromatograms of QC
samples during the analysis of extracts from chicken muscle tissue stored at room
temperature for different lengths of time

Retention time (minutes)

Peak QC1 QC2 QC3 QC4 QC5 QC6 QC7 SD Average CV%

1 3.36 3.37 3.39 3.39 3.40 3.37 3.40 0.02 3.38 0.47

2 13.31 13.33 13.32 13.33 13.32 13.30 13.32 0.01 13.32 0.08

3 18.45 18.47 18.48 18.47 18.48 18.44 18.48 0.02 18.47 0.09

4 22.96 22.98 23.01 22.98 23.01 22.93 23.01 0.03 22.98 0.13

5 23.61 23.63 23.66 23.65 23.66 23.60 23.65 0.02 23.64 0.10

6 27.56 27.60 27.64 27.61 27.66 27.55 27.63 0.04 27.61 0.15

Peak area

Peak QC1 QC2 QC3 QC4 QC5 QC6 QC7 SD Average CV%

1 41756528 39629134 37802048 42593500 42058430 42765385 39988711 1846336 40941962 4.51

2 3038861 2825876 2861479 3193174 3139363 3098134 3028505 137410 3026485 4.54

3 4507725 4472819 4162206 4945693 4632566 4418223 4413489 239755 4507532 5.32

4 4694474 4503556 4720156 5532707 5030721 4862198 5053363 334853 4913882 6.81

5 7782129 7456931 7995639 8161053 7884796 8138054 8254553 273927 7953308 3.44

6 64308953 62268867 63259511 59892569 62657293 65740527 65735563 2078117 63409040 3.28

The retention time variability was between 0.08 and 0.47%, and the peak area

variability was between 3.28 and 6.81%, which indicates that the data obtained in

this analytical run was reliable.
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6.7.1.2 Metabolic profiling
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Figure 6.4: Example total ion chromatograms for extracts from chicken muscle tissue
stored at room temperature for different lengths of time

The chromatograms for each time point during the spoilage of chicken muscle tissue

at room temperature showed a dramatic increase in most peaks from Fresh to Day

20. These differences can be seen in Figure 6.4 where Fresh, Day 10 and Day 20

are compared. The chromatogram for the fresh samples (yellow) has a low detector

response, the Day 10 samples (red) contain more peaks and at a higher intensity, and

the Day 20 samples (blue) contain many more peaks within the chromatogram at a

much larger intensity. A peak at 3 minutes in the chromatograms for Day 10 and Day

20 samples is not present in the Fresh samples, potentially representing a compound

or group of co-eluting compounds that are a product of the spoilage process. The

Fresh sample chromatogram has a stable baseline throughout the analysis, however

this baseline increases in the Day 20 samples, indicating there are many ions beneath

the baseline contributing to this chromatogram. It is obvious from the chromatograms

that the metabolic profile changes a lot through the spoilage process.
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6.7.1.3 Multivariate statistics
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Figure 6.5: Principal component analysis scores plot of PC2 (7.192%) and PC3 (1.980%)
for extracts from chicken muscle tissue stored at room temperature for different lengths of
time. PCA was carried out using all features detected with a CV < 30%

The PCA plot for all features with a CV% in the QC samples of less than 30% is

shown in Figure 6.5. There is a lot of overlapping in Day 6 to Day 14 samples,

however the other sample types are all separated from each other. The QC samples

are quite spread out, but they still form an individual group separate from the other

sample types. The trend of the sample groups across the plot is interesting as the

Fresh sample group is on the left side, and as the storage time increases, the sample

groups move to the right side, represented by the blue arrow. Day 12 sample group

appears to be further along the trend line than Day 14 sample group, indicating there

may be some sample groups that do not follow this gradual trend across the plot.
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Figure 6.6: Principal component analysis scores plot of PC2 (8.337%) and PC3 (1.532%)
for extracts from chicken muscle tissue stored at room temperature for different lengths of
time, specifically showing time points from every 4 days. PCA was carried out using all
features detected with a CV < 30%

In order to illustrate this trend further, sample groups from every 4 days instead of

every 2 are shown in Figure 6.6. In both of these PCA plots, the general separation is

along the x-axis, so principal component 2 would be suitable to use to find features

that are most responsible for the separation between the sample groups. After

comparing the features that were in the top 100 based on the loading values for PC2,

it was seen that the majority of the features were the same, and so to avoid any

unnecessary removal of features, the PCA in Figure 6.5 was used to find the features

that were most responsible for the differences between groups. The 50 features with

the highest loading values were statistically analysed with a manual ANOVA test to

see whether these features were significantly different, and further statistically

analysed to investigate whether these markers were robust and still significantly

different in the raw data.
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6.7.1.4 Significant markers

The markers that were stable in the normalised data as well as the raw data are

shown in Table 6.5. All markers were reliable in the normalised data with a CV% in

the QC samples of less than 12.24%, and in the raw data with a CV% of less than

15.75%. All markers were highly significant with a p-value of 0.001 and below, in

both normalised and raw data.

The trends of these markers were generally increasing in abundance over the spoilage

time period, however many markers showed quite an erratic trend where the marker

decreased at Day 10, 14, and 18, but increased at Day 12, 16 and 20, which was also

seen in the intensities of the peaks in the total ion chromatograms. This could have

been caused by the experimental set-up, where some of the samples may not have

spoiled as quickly as others due to being more firmly covered by the parafilm.

268



Chapter 6

Table 6.5: Summary of compounds that contribute the most to the differences among all
extracts from chicken muscle tissue stored at room temperature for different lengths of
time, using PC2.
Marker trend: ↑ = increased,  = erratically increased, * = other

m/z
Retention

time median
(mins)

P-value from
ANOVA/Welch

(XCMS)

CV%
(XCMS)

P-value from
ANOVA/Welch

(EICs)

CV%
(EICs)

* 352.3573 25.03 <0.001 3.27 <0.001 5.93

* 326.3415 24.87 <0.001 3.42 <0.001 5.43

 338.3416 23.81 <0.001 4.69 <0.001 6.71

 312.3259 23.61 <0.001 5.25 <0.001 7.10

* 105.0699 3.24 <0.001 2.16 <0.001 2.75

 282.2789 19.88 <0.001 4.01 <0.001 5.81

* 350.3415 22.40 <0.001 4.84 <0.001 6.40

↑ 130.1217 7.11 <0.001 9.11 <0.001 12.13

 256.2631 20.21 <0.001 3.10 <0.001 4.84

* 341.3522 15.67 <0.001 4.20 <0.001 2.77

* 354.3724 28.31 <0.001 6.02 <0.001 7.40

↑ 360.3255 24.24 <0.001 5.99 <0.001 7.22

 505.3746 13.98 <0.001 2.27 <0.001 1.47

↑ 324.3254 21.55 <0.001 6.23 <0.001 7.89

↑ 402.3360 20.18 <0.001 1.90 <0.001 2.87

↑ 376.3200 19.75 <0.001 2.16 <0.001 3.47

 336.3258 21.11 <0.001 5.73 <0.001 6.87

 340.3568 27.26 <0.001 8.44 <0.001 10.08

↑ 164.1065 7.26 <0.001 12.24 <0.001 15.75

 396.3468 21.58 <0.001 4.33 <0.001 4.63

* 367.3677 16.54 <0.001 6.66 <0.001 4.30

↑ 201.1950 7.15 <0.001 5.93 <0.001 4.36

↑ 384.3254 22.28 <0.001 3.86 0.001 4.50

 430.3311 21.48 <0.001 5.14 <0.001 5.30

* 144.0798 6.33 <0.001 2.90 <0.001 6.59

 479.3587 13.29 <0.001 3.21 <0.001 1.39

 434.3373 14.81 <0.001 2.81 <0.001 1.01

 116.1064 6.01 <0.001 7.80 <0.001 9.22

 404.3158 21.08 <0.001 5.23 <0.001 5.59

* 327.3363 14.91 <0.001 4.83 <0.001 2.61

* 374.3410 22.00 <0.001 4.81 <0.001 3.84

 145.1334 1.07 <0.001 4.59 <0.001 2.84

 310.3097 20.19 <0.001 7.70 <0.001 9.86

↑ 187.1775 6.86 <0.001 2.54 <0.001 1.19

↑ 413.3547 29.01 <0.001 10.58 <0.001 7.80
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Table 6.5 continued: Summary of compounds that contribute the most to the differences
among all extracts from chicken muscle tissue stored at room temperature for different
lengths of time, using PC2.
Marker trend: ↑ = increased,  = erratically increased, * = other

m/z
Retention

time median
(mins)

P-value from
ANOVA/Welch

(XCMS)

CV%
(XCMS)

P-value from
ANOVA/Welch

(EICs)

CV%
(EICs)

↑ 280.2626 17.51 <0.001 5.37 <0.001 6.74

↑ 336.3254 21.59 <0.001 5.97 <0.001 7.67

 187.1432 3.23 <0.001 4.54 <0.001 3.41

↑ 235.1793 7.22 <0.001 4.46 <0.001 1.82

 394.3313 19.07 <0.001 3.27 <0.001 3.93

↑ 188.0695 4.44 <0.001 2.30 <0.001 4.27

↑ 400.3220 18.25 <0.001 2.40 <0.001 4.59
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6.7.1.5 Tentative identifications

Table 6.6: Compounds that were significantly different and tentatively identified in
extracts from chicken muscle tissue stored at room temperature for different lengths of time
based on comparison of mass spectra on METLIN

m/z
Retention

time median
(mins)

Possible
formula

Likelihood
score (%)

Tentative identification

338.3416 23.81 C22H43NO 99.61 N-cyclohexanecarbonylpentadecylamine

256.2631 20.21 C16H33NO 99.08 palmitic amide

324.3254 21.55 C21H41NO 98.88 N-cyclohexanecarbonyltetradecylamine

310.3097 20.19 C20H39NO 98.62 oleoyl ethyl amide

Four markers were tentatively identified as amines and amides, and the matching

mass spectra can be seen in Appendix G. These compounds did not fragment with a

collision energy of 0 V, and so there was only a single peak to match to the available

mass spectra on the METLIN database. However, all compounds had a high

likelihood score for the possible formulae based on the isotopic ratios of the

chromatographic peak in the raw data, and each search on the METLIN database

presented less than 3 results, all of a similar type of compound.

All markers showed an overall increasing trend over the course of the storage period.

Meat undergoes many chemical changes during the spoilage process, and one

mechanism for this is through protein degradation [158]. Therefore, the increasing

trends observed in these markers tentatively identified as amines and amides were

most likely caused by the autolysis of proteins and amino acids.
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6.7.2 Spoilage of chicken at room temperature - external and

internal sample collection

The location at which a sample is collected from can be very important. The rate of

spoilage could be dramatically increased on the exterior of a piece of meat compared

to the interior. The difference in metabolic content in external and internal extracts

of chicken muscle tissue stored at room temperature is discussed in this section.

6.7.2.1 Metabolic profiling

Figure 6.7 shows the differences between external and internal sample collection

extracts at Fresh, Day 12 and Day 20 of the spoilage profile at room temperature.

There did not appear to be much difference in the peak pattern in the

chromatograms for Fresh samples, but the Day 12 and Day 20 samples both had a

lower intensity in the internal extracts compared to the external extracts. This is

what would be expected as the external area of the chicken is more available to

bacteria and so would spoil more rapidly than the internal parts of the chicken.

272



Chapter 6

0.00E+00

5.00E+06

1.00E+07

1.50E+07

0 5 10 15 20 25 30 35

D
et

ec
to

r 
re

sp
o

n
se

Retention time (minutes)

Day 20 external

Day 20 internal

0.00E+00

5.00E+06

1.00E+07

0 5 10 15 20 25 30 35

D
et

ec
to

r 
re

sp
o

n
se

Retention time (minutes)

Day 12 external

Day 12 internal

0.00E+00

5.00E+06

1.00E+07

0 5 10 15 20 25 30 35

D
et

ec
to

r 
re

sp
o

n
se

Retention time (minutes)

Fresh external

Fresh internal

A

B

C

Figure 6.7: Example total ion chromatograms for extracts of chicken muscle tissue stored
at room temperature for different lengths of time, comparing external and internal extracts.
A) Fresh, B) Day 12, C) Day 20
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6.7.2.2 Multivariate statistics
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Figure 6.8: Principal component analysis scores plot of PC2 (12.994%) and PC3 (2.387%)
for external and internal extracts from chicken muscle tissue stored at room temperature for
different lengths of time. PCA was carried out using all features detected with a CV< 30%

The PCA plot in Figure 6.8 shows most sample types grouped individually. The

spread of the groups starts on the left side of the plot with the Fresh external and

internal samples that were not separated. The different time points then move

gradually across the plot, with each time point having two separate groups; one for

external extracts, respresented by the red arrow, and one for internal extracts,

represented by the blue arrow. This pattern of distribution indicates the changes in

metabolic content increase the longer a piece of chicken is spoiled for. The quality

control samples are tightly clustered in the middle of the plot showing instrument

stability during the analytical run.

During the spoilage process, it is expected that the surface of the meat will spoil at a

faster rate than the inside of the meat, as this is more accessible to bacteria. After a
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certain amount of time, the spoilage process becomes so great that the tissue

degrades substantially, meaning it is difficult to differentiate between an external and

internal extract when collecting the sample, which could explain why the difference

between Day 20 external and internal samples is smaller than other time points.

The difference between the external and internal extracts is most represented by

principal component 3 on the y-axis, however the separation of the groups at different

time points is mostly along the x-axis representing principal component 2, therefore

the 50 features with the highest loading values in this component were statistically

analysed with a manual ANOVA test to see whether these features were significantly

different, and further statistically analysed to investigate whether these markers

would be robust enough for the determination of the storage time of chicken muscle

tissue.
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6.7.2.3 Significant markers

The remaining markers from the 50 features with the highest loading values that were

found to be significantly different in the normalised and raw data are shown in Table

6.7. All markers were reliable in the quality control samples in the normalised data

with a CV% of less than 12.34%, and in the raw data with a CV% of less than

15.75%. All markers were significantly different with a p-value of 0.001 and below.

The trends of these markers mostly increased as the storage time increased. The

difference between external and internal extracts could be seen in all markers,

however some markers were at a higher concentration in the external extracts, and

others were higher in the internal extracts.
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Table 6.7: Summary of compounds that contribute the most to the differences among all
external and internal extracts from chicken muscle tissue stored at room temperature for
different lengths of time, using PC2.
Marker trend: ↑ = increased, ↑ = increased at Day 20, y = increased then decreased,
* = random

m/z
Retention

time median
(mins)

P-value from
ANOVA/Welch

(XCMS)

CV%
(XCMS)

P-value from
ANOVA/Welch

(EICs)

CV%
(EICs)

↑ 352.3574 25.03 <0.001 3.38 <0.001 5.96

↑ 338.3417 23.81 <0.001 4.78 <0.001 6.69

↑ 326.3416 24.87 <0.001 3.53 <0.001 5.42

↑ 312.3260 23.63 <0.001 5.36 <0.001 7.10

* 122.0964 3.26 <0.001 3.69 <0.001 1.59

↑ 282.2790 19.88 <0.001 4.13 <0.001 5.81

↑ 130.1219 7.11 <0.001 9.20 <0.001 12.08

↑ 350.3416 22.40 <0.001 4.93 <0.001 6.40

↑ 386.3414 24.42 <0.001 5.60 <0.001 5.74

y 256.2632 20.21 <0.001 3.23 <0.001 4.84

↑ 354.3727 28.31 <0.001 6.06 <0.001 7.41

↑ 350.3415 22.84 <0.001 6.35 <0.001 8.43

* 341.3522 15.64 <0.001 4.12 <0.001 2.77

y 336.3260 21.11 <0.001 5.82 <0.001 6.89

* 105.0699 3.25 <0.001 2.09 <0.001 2.75

↑ 340.3570 27.26 <0.001 8.52 <0.001 10.08

↑ 324.3255 21.56 <0.001 6.31 <0.001 7.89

* 505.3741 14.03 <0.001 2.21 <0.001 1.48

↑ 360.3256 24.25 <0.001 6.08 <0.001 7.27

↑ 201.1950 7.16 <0.001 5.85 <0.001 4.36

↑ 116.1066 6.03 <0.001 7.86 <0.001 9.25

↑ 164.1065 7.26 <0.001 12.34 <0.001 15.75

↑ 336.3255 21.59 <0.001 6.06 <0.001 7.67

↑ 310.3098 20.19 <0.001 7.80 <0.001 9.83

↑ 376.3200 19.75 <0.001 2.28 <0.001 3.47

↑ 402.3360 20.18 <0.001 1.98 <0.001 2.87

* 367.3677 16.54 <0.001 6.56 <0.001 4.30

* 479.3587 13.29 <0.001 3.13 <0.001 1.39

↑ 413.3546 29.01 <0.001 10.38 <0.001 8.18

* 396.3468 21.58 <0.001 4.38 <0.001 4.63

↑ 187.1776 6.87 <0.001 2.52 <0.001 1.19

* 327.3363 14.89 <0.001 4.75 <0.001 2.61

* 370.3332 21.16 <0.001 5.30 <0.001 8.16

↑ 430.3311 21.47 <0.001 5.17 <0.001 5.30
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Table 6.7 continued: Summary of compounds that contribute the most to the differences
among all external and internal extracts from chicken muscle tissue stored at room
temperature for different lengths of time, using PC2.
Marker trend: ↑ = increased, ↑ = increased at Day 20, y = increased then decreased,
* = random

m/z
Retention

time median
(mins)

P-value from
ANOVA/Welch

(XCMS)

CV%
(XCMS)

P-value from
ANOVA/Welch

(EICs)

CV%
(EICs)

↑ 384.3255 22.28 <0.001 3.58 <0.001 4.55

* 434.3374 14.78 <0.001 2.79 <0.001 1.04

↑ 374.3414 22.00 <0.001 4.85 <0.001 3.84

↑ 187.1432 3.28 <0.001 4.42 <0.001 3.41

↑ 404.3158 21.08 <0.001 5.28 <0.001 5.59

* 480.3449 16.15 <0.001 3.36 <0.001 0.55

↑ 280.2625 17.53 <0.001 5.47 <0.001 6.74

↑ 235.1792 7.23 <0.001 4.38 <0.001 1.82

* 138.0911 1.50 <0.001 6.57 <0.001 3.79

↑ 188.0695 4.47 <0.001 2.24 <0.001 4.27

* 491.3588 13.76 <0.001 2.98 0.001 1.69

* 283.2630 21.94 <0.001 6.51 <0.001 3.32

↑ 400.3208 18.25 <0.001 2.45 <0.001 4.07
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6.7.2.4 Tentative identifications

Table 6.8: Compounds that were significantly different and tentatively identified in
external and internal extracts from chicken muscle tissue stored at room temperature for
different lengths of time based on comparison of mass spectra on METLIN

m/z
Retention

time median
(mins)

Possible
formula

Likelihood
score (%)

Tentative identification

338.3417 23.81 C22H43NO 99.61 N-cyclohexanecarbonylpentadecylamine

256.2632 20.21 C16H33NO 99.08 palmitic amide

324.3255 21.56 C21H41NO 98.88 N-cyclohexanecarbonyltetradecylamine

310.3098 20.19 C20H39NO 98.62 oleoyl ethyl amide

138.0911 1.50 C8H11NO 96.57 tyramine

283.2630 21.94 C18H34O2 99.71 oleic acid

There were several markers that were tentatively identified in this dataset, some of

which were also tentatively identified in the room temperature spoilage profile

dataset, specifically markers 338.3417, 256.2632, 324.3255, and 310.3098 m/z. These

matching mass spectra can be seen in Appendix G. The marker with an m/z of

338.3417, tentatively identified as N-cyclohexanecarbonylpentadecylamine, had a very

gradual increasing trend as the storage time increased. The marker with an m/z of

256.2632 was tentatively identified as palmitic amide, and this compound gradually

increased to Day 16, and then decreased at Day 20. Markers with an m/z of

324.3255, tentatively identified as N-cyclohexanecarbonyltetradecylamine, and

310.3098, tentatively identified as oleoyl ethyl amide, both had a trend that gradually

increased then dramatically increased at Day 20. The marker that was tentatively

identified as tyramine with an m/z value of 138.0911 had a slightly more random

trend, where the concentration increased at Day 4, then decreased, until it increased

again at Day 20. This marker did not show much of a difference in concentration

between the external and internal extracts.
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The marker with an m/z of 283.2630 was tentatively identified as oleic acid, and the

mass spectrum for this marker in the QC sample had many fragments that matched

the reference mass spectrum for oleic acid on the METLIN database, as seen in

Appendix G.6, making this a strong tentative identification. The concentration for

this marker gradually increased and then decreased, as seen in Figure 6.9. Oleic acid

is an unsaturated fatty acid that naturally occurs in animal fat. During the spoilage

process, lipid oxidation occurs, which can target the double bonds in phopholipids

within cell membranes. This releases fatty acids, which explains the initial increase of

this marker during the first 8 days. Fatty acids continue to breakdown through this

oxidation process, which explains the decrease of this marker after Day 8. This

marker was at a higher concentration in the external extracts than in the internal

extracts during the overall increase, and it decreased more rapidly in the external

extracts than in the internal extracts. This demonstrates the difference in the rate of

spoilage between the external and internal areas of the chicken muscle tissue sample.
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Figure 6.9: Trend of marker tentatively identified as oleic acid that was significantly
different among all chicken muscle tissue samples stored at room temperature for different
lengths of time. Error bars correspond to ± 1 standard deviation
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6.7.3 Spoilage of chicken at 4◦C

6.7.3.1 Quality control

In order to investigate the spoilage profile of chicken muscle tissue at 4◦C, the

external extracts were used. These were run in the same analytical run as the

internal extracts, and so therefore the quality control data is applicable for both the

spoilage profile and the comparison between external and internal extracts of chicken

muscle tissue at 4◦C.
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Figure 6.10: Total ion chromatograms of QC samples throughout analytical run for
extracts from chicken muscle tissue stored at 4◦C

The QC samples shown in Figure 6.10 are all consistent with minimal retention time

drift. The baseline also shows minimal differences.
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Figure 6.11: Variability of retention time (A) and peak area (B) of 6 peaks in QC
samples throughout analytical run for extracts from chicken muscle tissue stored at 4◦C

Analysing 6 peaks within the QC samples, the retention time is very stable in all

peaks throughout the analytical run, and the peak area of most of these peaks

remains constant in all QC samples. Peak 5 shows a slightly decreasing peak area

throughout the 7 QC samples, and so further statistical analysis is required to assess

the reliability of the data from this run.
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Table 6.9: Variability of retention time and peak area of 6 peaks in chromatograms of QC
samples during the analysis of extracts from chicken muscle tissue stored at 4◦C

Retention time (minutes)

Peak QC1 QC2 QC3 QC4 QC5 QC6 QC7 SD Average CV%

1 8.70 8.71 8.70 8.71 8.71 8.70 8.71 0.01 8.71 0.06

2 14.02 14.02 14.02 14.30 14.03 14.06 14.01 0.10 14.07 0.74

3 17.61 17.62 17.60 17.63 17.63 17.68 17.57 0.03 17.62 0.19

4 22.95 22.93 22.93 22.99 23.01 23.03 22.86 0.06 22.96 0.25

5 25.30 25.30 25.29 25.38 25.4 25.42 25.20 0.08 25.33 0.30

6 27.54 27.52 27.51 27.62 27.64 27.66 27.41 0.09 27.56 0.32

Peak area

Peak QC1 QC2 QC3 QC4 QC5 QC6 QC7 SD Average CV%

1 922618 1007436 1308501 1354543 1465202 1387078 1620568 247834 1295135 19.14

2 4019585 4070291 4012717 4140406 3995509 3954424 4005537 60140 4028353 1.49

3 2197409 2168149 2144265 2185517 2132216 2041083 2149833 51492 2145496 2.40

4 6680318 6637009 6543257 6200057 6209219 6293571 7601977 486722 6595058 7.38

5 17896464 16324211 14637768 15652370 13188480 11716502 13338293 2113586 14679155 14.40

6 49645730 50834001 51598082 50060745 49960779 49196977 51108642 859053 50343565 1.71

The retention time variability was between 0.06 and 0.74%, and the peak area

variability was between 1.49 and 19.14%, which despite being high, is still below the

threshold of 30% and so confirms that the data obtained in this analytical run was

reliable.
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6.7.3.2 Metabolic profiling
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Figure 6.12: Example total ion chromatograms for extracts from chicken muscle tissue
stored at 4◦C for different lengths of time

The differences within the chromatograms during spoilage at 4◦C (Figure 6.12) are

not as obvious as in the chicken spoiled at room temperature, which is expected as

the room temperature chicken would have spoiled quicker than that kept at 4◦C. It

can still be seen that the intensity of the peaks increase during the spoilage process,

with the chromatograms for the Day 20 sample showing the greatest peak intensities.
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6.7.3.3 Multivariate statistics
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Figure 6.13: Principal component analysis scores plot of PC2 (4.105%) and PC3
(1.397%) for extracts from chicken muscle tissue stored at 4◦C for different lengths of time.
PCA was carried out using all features detected with a CV < 30%

The PCA plot for chicken spoiled at 4◦C (Figure 6.13) shows the beginning of the

spoilage profile as very separate groups; Fresh, Day 2, Day 4, Day 6, and Day 8 are

all separated from each other and the rest of the time points. For the remaining time

points, there were less distinct groups, with a lot of overlap, which could have been

caused by the severity of the spoilage at these time points. The general trend of these

sample groups is represented by the blue arrow, where the Fresh sample group is on

the right, and the groups follow in chronological order up until the Day 10 sample

group, which is where the overlapping of groups begins. It can be seen that the quality

control samples are tightly clustered in the middle of the plot, showing the analytical

run was stable throughout. The separation of these sample groups is in the direction of

the x-axis, so principal component 2 was used to find the 50 features with the highest

loading values.
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6.7.3.4 Significant markers

The remaining markers from the 50 features with the highest loading values can be

seen in Table 6.10. All of these markers were reliable throughout the analytical run,

with a CV% in the QC samples of less than 25.10% in the normalised data, and

18.70% in the raw data. All markers were significantly different in both the

normalised and raw data, with a p-value of 0.032 and below, with the majority of

markers having a p-value of less than 0.001.

The trend of these markers generally decreased as the storage time increased, with

some markers increasing at Day 4 or Day 6 and then decreasing.

286



Chapter 6

Table 6.10: Summary of compounds that contribute the most to the differences among all
extracts from chicken muscle tissue stored at 4◦C for different lengths of time, using PC2.
Marker trend: ↓ = decreased, y = increased then decreased

m/z
Retention

time median
(mins)

P-value from
ANOVA/Welch

(XCMS)

CV%
(XCMS)

P-value from
ANOVA/Welch

(EICs)

CV%
(EICs)

↓ 132.0771 1.03 <0.001 3.35 <0.001 1.20

y 496.3391 14.83 <0.001 0.80 <0.001 1.00

↓ 338.3424 27.68 <0.001 3.04 0.032 3.86

y 522.3546 15.35 <0.001 1.34 <0.001 0.83

y 524.3703 19.38 <0.001 1.17 <0.001 1.44

y 482.3257 16.46 <0.001 2.25 <0.001 1.64

y 137.0458 1.32 <0.001 4.23 <0.001 6.63

↓ 241.1295 0.94 <0.001 4.01 <0.001 4.02

y 520.3390 13.13 <0.001 1.80 <0.001 0.93

↓ 269.0888 1.42 <0.001 5.76 <0.001 1.40

↓ 663.4541 33.43 <0.001 2.80 <0.001 3.95

↓ 123.0555 1.30 <0.001 15.08 0.001 2.41

y 583.3235 13.48 <0.001 1.86 <0.001 2.55

y 150.0586 1.28 <0.001 24.58 <0.001 6.64

y 526.3132 15.02 <0.001 3.14 0.001 1.90

y 273.0845 1.29 <0.001 2.00 <0.001 2.20

y 636.5556 35.14 <0.001 25.10 <0.001 18.70

↓ 182.0809 1.38 <0.001 8.45 <0.001 3.05

y 357.2999 18.98 <0.001 6.55 <0.001 3.56

y 610.5398 35.42 <0.001 24.19 <0.001 10.40

y 638.5712 36.96 <0.001 4.64 <0.001 4.05

↓ 480.3085 13.14 <0.001 6.48 0.001 6.40

y 612.5556 37.42 <0.001 13.18 <0.001 12.59

↓ 327.0076 9.47 <0.001 2.52 <0.001 3.16

↓ 502.2917 11.60 <0.001 7.83 <0.001 9.22

y 355.2844 16.92 <0.001 3.52 <0.001 2.94

↓ 212.1029 0.94 <0.001 2.44 <0.001 1.73

↓ 162.1117 1.01 <0.001 2.46 <0.001 1.96

y 438.2976 14.07 <0.001 2.65 <0.001 1.95

y 478.2920 11.98 0.001 2.45 0.019 2.10

↓ 204.1232 1.31 <0.001 4.58 <0.001 4.71

↓ 268.2454 22.12 <0.001 5.92 <0.001 2.84

y 178.0725 1.31 <0.001 12.13 <0.001 11.62

y 494.3230 12.23 <0.001 3.69 <0.001 8.29

↓ 279.0851 0.96 <0.001 4.46 <0.001 4.22
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6.7.3.5 Tentative identifications

Several markers were tentatively identified from the remaining markers that were

significantly different in both the normalised and raw data. Each marker gave a

predicted formula that matched compounds on the METLIN database, and the mass

spectra comparisons can be seen in Appendix H.

Table 6.11: Compounds that were significantly different and tentatively identified in
extracts from chicken muscle tissue stored at 4◦C for different lengths of time based on
comparison of mass spectra on METLIN

m/z
Retention

time median
(mins)

Possible
formula

Likelihood
score (%)

Tentative identification

132.0771 1.03 C4H9N3O2 99.79 creatine

338.3424 27.68 C22H43NO 98.61 13Z-docosenamide

137.0458 1.32 C5H4N4O 99.50 hypoxanthine

182.0809 1.38 C9H11NO3 97.16 tyrosine

The marker with an m/z of 132.0771 was tentatively identified as creatine, which is

an organic acid involved in the recycling of ATP. The trend of this marker can be

seen in Figure 6.14; this compound decreased as the spoilage time increased. Past

research contradicts this finding, and found that creatine increased as the storage

time increased in beef that was stored at 4◦C in air [169]. This contradiction could be

explained by the difference in species of the muscle tissue investigated, as the tissue

used in the research presented here was chicken, not beef. The biochemistry of muscle

tissue from different animals varies substantially, and the protein and lipid

concentration differs [25], so the metabolic changes of compounds such as creatine

could differ during the spoilage process.
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Figure 6.14: Trend of marker tentatively identified as creatine that was significantly
different among all chicken muscle tissue samples stored at 4◦C for different lengths of time.
Error bars correspond to ± 1 standard deviation

The experimental storage of the meat samples also differed in these two experiments;

in this research, each time point was sampled from a different piece of muscle tissue,

whereas in the study carried out by Ercolini et al. [169], each time point was sampled

from the same piece of muscle. This could have an effect on the spoilage process, as

uncovering the muscle tissue every time a sample is taken provides an opportunity for

bacteria to enter the sample environment and change the spoilage process, compared

to if the sample is taken from a different piece of muscle tissue each time, like in this

research.

The marker with an m/z of 137.0458 was tentatively identified as hypoxanthine,

based on the mass spectrum containing the same single peak in the available mass

spectrum on the METLIN database. This marker showed a trend that increased at

Day 2 and then decreased over the course of the storage period, as seen in Figure

6.15. Hypoxanthine is involved in the purine catabolism pathway, with the end
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product being uric acid [108], and has been shown to have a higher concentration in

the blood after death [107]. The decreasing trend found in this research would be

expected if the sample was taken while the muscle was still within the body of the

animal, as the hypoxanthine increases in the blood and therefore decreases in the

muscle. However, this research was carried out with muscle that had been removed

from the animal, and so the increase in concentration at Day 2 may be the

catabolism of purine, and then the continued decreasing concentration of this marker

may be caused by the catabolism of hypoxanthine to uric acid.
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Figure 6.15: Trend of marker tentatively identified as hypoxanthine that was
significantly different among all chicken muscle tissue samples stored at 4◦C for different
lengths of time. Error bars correspond to ± 1 standard deviation

Another marker with an m/z of 182.0809 was tentatively identified as tyrosine, which

is an amino acid. The mass spectrum for this compound matched the available mass

spectrum for tyrosine on the METLIN database, however the spectral peaks are low

in intensity compared to other peaks in the mass spectrum for this chromatographic

peak. As this chromatographic peak is at the very beginning of the chromatogram at

290



Chapter 6

1.38 minutes, it is likely there were many polar compounds that co-eluted within this

peak, which leads to other spectral peaks that can distract from the peaks of interest.

This marker showed a decreasing trend over the course of the storage period, as

shown in Figure 6.16. This contradicts the findings in other research, where the

concentration of tyrosine significantly increased during the storage period of buffalo

meat in refrigerated conditions [170], and free amino acids were found to increase in

chicken muscle tissue stored aerobically at 4◦C [168]. The specific increase of tyrosine

was seen in a study that used a different species of animal than in this research, and

so the metabolic changes during the spoilage process may differ in content and in rate

between different species. The increase in amino acids was seen in chicken breast

muscle tissue, which is the same sample type as in this research, however the samples

were collected directly from the processing plant on the day of slaughter, and were

only sampled for a duration of 8 days. In this current research, the chicken muscle

was collected from a local butcher and examined over a period of 20 days. It is known

that bacteria, in particular the Pseudomonas species, catabolise many substrates

within the meat during the spoilage process, starting with glucose, then lactate and

pyruvate, and ending with amino acids [157]. Therefore, the decreasing trend

observed in this research could be because the chicken muscle tissue was further along

the spoilage process than in the study by Alexandrakis et al. [168], and so the

bacteria had consumed all the previous substrates and had begun to catabolise amino

acids.
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Figure 6.16: Trend of marker tentatively identified as tyrosine that was significantly
different among all chicken muscle tissue samples stored at 4◦C for different lengths of time.
Error bars correspond to ± 1 standard deviation
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6.7.4 Spoilage of chicken at 4◦C - external and internal sample

collection

6.7.4.1 Metabolic profiling
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Figure 6.17: Example total ion chromatograms for extracts from chicken muscle tissue
stored at 4◦C for different lengths of time, comparing external and internal sample
collection. A) Fresh, B) Day 12, C) Day 20

The differences between external and internal sample collection extracts in the

chicken stored at 4◦C are less obvious in the chromatograms (Figure 6.17) compared

to chicken stored at room temperature. The Fresh samples do not show any difference
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between the external and internal sample collection extracts except for a peak at 9.5

minutes. There is a difference between the two sample types at Day 12 and Day 20,

with the external extracts showing a higher intensity in many of the peaks. Purely

based on the observation of the chromatograms, it can be seen that the external and

internal extracts vary in the rate of spoilage during the storage time.

294



Chapter 6

6.7.4.2 Multivariate statistics
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Figure 6.18: Principal component analysis scores plot of PC2 (4.019%) and PC3
(1.146%) for external and internal extracts from chicken muscle tissue stored at 4◦C for
different lengths of time. PCA was carried out using all features detected with a CV < 30%

Figure 6.18 shows the samples for external and internal collection points from chicken

spoiled at 4◦C are well separated from each other at every time point except for Fresh.

The indistinct groupings at the Fresh time point would likely be due to not enough time

elapsing for the spoilage process to have a difference externally compared to internally

in the chicken muscle tissue sample. All other time points have had a length of time

to allow for the spoilage process to continue externally while the internal part of the

chicken spoils at a slower rate as it is protected from bacterial activity. Both the

external and internal extract groups follow a similar trend, with the Fresh samples on

the right and moving down and then up in the direction of the x-axis to the left side

of the plot. This is represented by the red arrow for the external extracts and the

blue arrow for the internal extracts. The QC samples are very tightly clustered in the

middle of the plot, confirming the reliability of this data.
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6.7.4.3 Significant markers

The remaining markers from the 50 features with the highest loading values are

shown in Table 6.12. All markers were reliable within the QC samples throughout the

analytical run, with a CV% of less than 24.88% in the normalised data, and 18.79% in

the raw data. All markers were highly significant with a p-value of 0.016 and below.

The trend of the markers were mostly decreasing, with some showing a slight increase

at Day 4 before decreasing. Most of the markers were at a higher concentration in the

internal extracts compared to the external extracts, indicating these markers were

decreasing at a quicker rate in the external extracts. This is interesting to observe as

in the chromatograms, the intensity for many peaks were higher in the external

extracts. It may be that the markers that most contribute to the separation of

sample types in the PCA analysis are not the compounds that produce these higher

intensity peaks in the total ion chromatogram, and may even be hidden under the

baseline. This demonstrates an advantage of the workflow implemented in this work,

as the subtle and lower intensity compounds can still be investigated despite

potentially not being observed in the total ion chromatograms.
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Table 6.12: Summary of compounds that contribute the most to the differences among
all external and internal extracts from chicken muscle tissue stored at 4◦C for different
lengths of time, using PC2.
Marker trend: ↓ = decreased, y = increased at Day 4 then decreased

m/z
Retention

time median
(mins)

P-value from
ANOVA/Welch

(XCMS)

CV%
(XCMS)

P-value from
ANOVA/Welch

(EICs)

CV%
(EICs)

↓ 132.0772 1.04 <0.001 4.40 <0.001 1.20

↓ 338.3424 27.57 <0.001 2.74 0.016 3.86

y 496.3391 14.78 <0.001 1.53 <0.001 1.00

y 482.3250 16.42 <0.001 3.09 <0.001 1.73

y 522.3546 15.29 <0.001 2.31 <0.001 0.83

↓ 241.1296 0.95 <0.001 4.22 <0.001 4.02

y 137.0460 1.32 <0.001 5.17 <0.001 6.63

↓ 269.0888 1.44 <0.001 5.37 <0.001 1.40

y 524.3703 19.32 <0.001 1.24 <0.001 1.44

↓ 663.4540 33.36 <0.001 1.77 <0.001 3.95

y 520.3390 13.10 <0.001 2.73 <0.001 0.93

↓ 204.1232 1.06 <0.001 2.22 <0.001 3.13

y 116.0711 1.04 <0.001 4.03 <0.001 3.91

↓ 263.1472 1.04 <0.001 1.18 <0.001 2.04

↓ 182.0810 1.39 <0.001 8.55 <0.001 2.96

y 150.0586 1.29 <0.001 24.88 <0.001 6.64

↓ 480.3081 13.16 <0.001 6.83 <0.001 5.74

↓ 340.2531 6.62 <0.001 2.21 0.015 5.37

↓ 502.2918 11.59 <0.001 8.62 <0.001 9.22

↓ 114.0649 0.95 <0.001 21.19 <0.001 7.93

↓ 227.1141 0.94 <0.001 3.64 <0.001 13.40

↓ 426.3567 18.64 0.004 3.95 0.001 1.77

y 583.3235 13.44 <0.001 1.11 0.001 2.55

↓ 162.1117 1.02 <0.001 3.48 <0.001 1.96

y 273.0846 1.31 <0.001 2.46 <0.001 2.20

↓ 212.1029 0.94 <0.001 3.41 <0.001 1.73

y 617.5110 37.31 <0.001 19.26 <0.001 18.79

↓ 400.1579 1.06 <0.001 12.78 <0.001 4.93

↓ 610.1837 33.21 <0.001 19.66 <0.001 18.76

↓ 684.2021 34.73 <0.001 6.24 <0.001 5.57

↓ 453.3382 6.80 <0.001 3.94 <0.001 5.59

↓ 478.2923 11.59 <0.001 5.79 <0.001 4.69
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6.7.4.4 Tentative identifications

Table 6.13: Compounds that were significantly different and tentatively identified in
external and internal extracts from chicken muscle tissue stored at 4◦C for different lengths
of time based on comparison of mass spectra on METLIN

m/z
Retention

time median
(mins)

Possible
formula

Likelihood
score (%)

Tentative identification

132.0772 1.04 C4H9N3O2 99.79 creatine

338.3424 27.57 C22H43NO 98.61 13Z-docosenamide

137.0460 1.32 C5H4N4O 99.50 hypoxanthine

There were three markers that were tentatively identified, and these markers were

also tentatively identified in the 4◦C spoilage profile dataset. The matching mass

spectra can be seen in Appendix H. Interestingly, creatine and 13Z-docosenamide

were found at a higher concentration in the internal extracts compared to the

external extracts, showing there is a difference in concentration of significant markers

based on the location in which the sample is taken from the muscle tissue. The

marker tentatively identified as hypoxanthine showed a similar trend in the internal

extracts to in the external extracts as demonstrated previously, however the increase

at Day 4 was higher.

These trends, along with the majority of the other significantly different markers that

were not tentatively identified, show the concentration for the markers were lower in

the external extracts compared to the internal extracts and therefore decreased

quicker than in the internal extracts. This shows the changes that occur in chicken

muscle tissue during the spoilage process at 4◦C occurs at a faster rate in the external

extracts compared to the internal extracts.
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6.7.5 Comparison of spoilage of chicken at room temperature

and 4◦C

6.7.5.1 Quality control
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Figure 6.19: Total ion chromatograms of QC samples throughout analytical run for
extracts from chicken muscle tissue stored at room temperature and 4◦C

The chromatograms for the quality control samples in this dataset are shown in

Figure 6.19, and it can be seen that the chromatograms are very reproducible with no

retention time drift. The only area of baseline variation is between 7.5 and 12

minutes, and this is only slight.
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Figure 6.20: Variability of retention time (A) and peak area (B) of 6 peaks in QC
samples throughout analytical run for extracts from chicken muscle tissue stored at room
temperature and 4◦C

The 6 peaks chosen to carry out further analysis on proved to have a very stable

retention time in all QC samples, and the peak areas for these peaks remain constant

throughout the analytical run, as seen in Figure 6.20.
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Table 6.14: Variability of retention time and peak area of 6 peaks in chromatograms of
QC samples during the analysis of extracts from chicken muscle tissue stored at room
temperature and 4◦C

Retention time (minutes)

Peak QC1 QC2 QC3 QC4 QC5 QC6 QC7 SD Average CV%

1 3.36 3.37 3.39 3.39 3.40 3.37 3.40 0.02 3.38 0.47

2 13.31 13.33 13.32 13.33 13.32 13.30 13.32 0.01 13.32 0.08

3 18.45 18.47 18.48 18.47 18.48 18.44 18.48 0.02 18.47 0.09

4 22.96 22.98 23.01 22.98 23.01 22.93 23.01 0.03 22.98 0.13

5 23.61 23.63 23.66 23.65 23.66 23.60 23.65 0.02 23.64 0.10

6 27.56 27.60 27.64 27.61 27.66 27.55 27.63 0.04 27.61 0.15

Peak area

Peak QC1 QC2 QC3 QC4 QC5 QC6 QC7 SD Average CV%

1 41756528 39629134 37802048 42593500 42058430 42765385 39988711 1846336 40941962 4.51

2 3038861 2825876 2861479 3193174 3139363 3098134 3028505 137410 3026485 4.54

3 4507725 4472819 4162206 4945693 4632566 4418223 4413489 239755 4507532 5.32

4 4694474 4503556 4720156 5532707 5030721 4862198 5053363 334853 4913882 6.81

5 7782129 7456931 7995639 8161053 7884796 8138054 8254553 273927 7953308 3.44

6 64308953 62268867 63259511 59892569 62657293 65740527 65735563 2078117 63409040 3.28

The retention time variability was between 0.08 and 0.47%, and the peak area

variability was between 3.28 and 6.81%, which shows that the retention time and

peak area was extremely reproducible during this analytical run, and the data

obtained was reliable.
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6.7.5.2 Metabolic profiling
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Figure 6.21: Example total ion chromatograms for extracts from chicken muscle tissue
stored at room temperature (RT) and 4◦C (F) for different lengths of time. A) Fresh, B)
Day 12, C) Day 20

When comparing the two different storage temperatures (Figure 6.21), it can be seen

that there is not much difference in the Fresh samples except for a slight discrepancy

in the intensity of the peak at 6 minutes. However, at Day 12 and Day 20, there is a

very obvious difference in the chromatograms for room temperature and 4◦C. The

room temperature extracts showed a greater intensity on the chromatograms for

nearly all peaks. This is expected as the chicken would degrade more rapidly at a
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higher temperature as this is more ideal for bacterial activity. The peak at 27.5

minutes remains fairly consistent in intensity at all three time points in both room

temperature and 4◦C samples. The rate of spoilage can very clearly be seen in these

chromatograms, with the chicken muscle tissue spoiling more rapidly at room

temperature than compared to at 4◦C.
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6.7.5.3 Multivariate statistics
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Figure 6.22: Principal component analysis scores plot of PC2 (5.967%) and PC3
(1.248%) for extracts from chicken muscle tissue stored at room temperature (RT) and 4◦C
(F) for different lengths of time. PCA was carried out using all features detected with a CV
< 30%

The PCA plot in Figure 6.22 shows the differences in the spoilage process between

room temperature and at 4◦C. There is greater separation between each time point in

chicken stored at room temperature compared to the time points during spoilage at

4◦C. It is clear to see that there is indeed a difference at each time point between

room temperature and 4◦C, with the differences becoming greater as the spoilage

time increases. The trend of these sample types moves in the direction of the x-axis,

representing PC2. The room temperature samples move down then up from left to

right, shown by the red arrow. The 4◦C samples follows a similar trend to the

beginning of the room temperature samples, but only moves down, from left to right,

and does not continue upwards, shown by the blue arrow. The quality control

samples are tightly clustered in the middle of the plot, showing the analytical run was

stable throughout with minimal instrumental drift.
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6.7.5.4 Significant markers

The remaining markers from the 50 features with the highest loading values are

shown in Table 6.15. All markers were reliable in the QC samples throughout the

analytical run, with a CV% of less than 10.05% in the normalised data, and 11.27%

in the raw data. All markers were highly significant in both the normalised data and

raw data, with a p-value of less than 0.003.

The trends for these markers mostly increased as the storage time increased, with

some markers having an erratic trend that would therefore not be very useful in

determining the shelf-life of chicken meat. All markers that gradually increased were

at a higher concentration in the room temperature samples compared to the 4◦C

samples.
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Table 6.15: Summary of compounds that contribute the most to the differences among
all extracts from chicken muscle tissue stored at room temperature and 4◦C for different
lengths of time, using PC2.
Marker trend: ↑ = increased, *↑ = RT erratic and 4◦C increased, ↑↓ = RT decreased, 4◦C
increased, * = random

m/z
Retention

time median
(mins)

P-value from
ANOVA/Welch

(XCMS)

CV%
(XCMS)

P-value from
ANOVA/Welch

(EICs)

CV%
(EICs)

↑ 352.3572 24.89 <0.001 3.19 <0.001 3.44

↑ 326.3412 24.69 <0.001 3.33 <0.001 3.98

↑ 338.3415 23.66 <0.001 3.80 <0.001 2.93

↑ 312.3258 23.43 <0.001 3.34 <0.001 3.75

↑ 282.2786 19.70 <0.001 3.25 <0.001 2.30

*↑ 105.0694 3.21 <0.001 1.66 <0.001 4.00

↑ 256.2630 19.90 <0.001 3.51 <0.001 2.95

↑ 130.1214 7.07 <0.001 8.90 <0.001 11.27

↑ 386.3411 24.28 <0.001 1.56 <0.001 2.94

*↑ 505.3742 13.95 <0.001 2.91 <0.001 1.52

*↑ 341.3521 15.58 <0.001 2.77 <0.001 2.25

↑ 350.3413 22.27 <0.001 3.43 <0.001 4.06

↑ 360.3255 24.07 <0.001 2.50 <0.001 3.26

↑ 396.3469 21.46 <0.001 3.21 <0.001 1.37

*↑ 434.3374 14.79 <0.001 3.15 <0.001 2.17

*↑ 145.1333 1.06 <0.001 3.59 <0.001 3.10

↑ 402.3360 20.07 <0.001 2.77 <0.001 1.72

*↑ 367.3678 16.42 <0.001 3.39 <0.001 3.64

*↑ 479.3585 13.29 <0.001 3.02 <0.001 1.55

↑ 336.3257 20.99 <0.001 3.69 <0.001 4.53

↑ 324.3254 21.43 <0.001 10.05 <0.001 4.96

↑ 384.3255 22.16 <0.001 2.14 0.002 2.63

↑ 376.3197 19.60 <0.001 2.79 <0.001 1.66

↑ 340.3565 27.05 <0.001 5.14 <0.001 6.82

↑ 430.3312 21.35 <0.001 3.64 <0.001 2.58

↑ 201.1946 7.11 <0.001 2.30 <0.001 3.68

↑ 354.3719 28.10 <0.001 3.99 <0.001 5.53

↑ 370.3318 21.02 <0.001 3.38 <0.001 2.28

↑ 164.1065 7.21 <0.001 9.04 <0.001 9.93

↑ 404.3157 20.94 <0.001 4.26 <0.001 1.81

↑ 116.1063 5.98 <0.001 7.40 <0.001 7.22

↑ 280.2623 17.36 0.001 4.13 0.003 3.02

*↑ 327.3362 14.93 <0.001 3.01 <0.001 1.76

↑ 413.3544 28.67 <0.001 2.69 <0.001 3.69

↑ 187.1426 3.22 <0.001 2.69 <0.001 4.37
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Table 6.15 continued: Summary of compounds that contribute the most to the
differences among all extracts from chicken muscle tissue stored at room temperature and
4◦C for different lengths of time, using PC2.
Trends: ↑ = increased, *↑ = RT erratic and 4◦C increased, ↑↓ = RT decreased, 4◦C
increased, * = random

m/z
Retention

time median
(mins)

P-value from
ANOVA/Welch

(XCMS)

CV%
(XCMS)

P-value from
ANOVA/Welch

(EICs)

CV%
(EICs)

↑ 310.3098 20.08 <0.001 4.10 <0.001 5.09

↑ 187.1776 6.83 <0.001 3.56 <0.001 4.51

↑ 284.2941 24.58 <0.001 3.08 <0.001 2.79

* 86.0970 1.50 <0.001 3.52 <0.001 6.58

*↑ 394.3313 18.99 <0.001 3.01 <0.001 1.49

↑ 491.3587 13.68 <0.001 2.61 <0.001 2.02

* 283.2632 14.65 <0.001 3.85 0.001 3.91

↑↓ 118.0867 1.04 <0.001 6.22 <0.001 4.64

*↑ 408.3216 13.85 <0.001 3.03 <0.001 1.96

↑ 382.3309 18.06 <0.001 3.68 <0.001 2.08

↑ 374.3410 21.88 <0.001 3.66 <0.001 1.72

↑ 235.1790 7.18 <0.001 3.10 <0.001 5.01
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6.7.5.5 Tentative identifications

Table 6.16: Compounds that were significantly different and tentatively identified in
extracts from chicken muscle tissue stored at room temperature and 4◦C for different
lengths of time based on comparison of mass spectra on METLIN

m/z
Retention

time median
(mins)

Possible
formula

Likelihood
score (%)

Tentative identification

132.1020 1.50 C6H13NO2 99.99 leucine

256.2630 19.90 C16H33NO 99.00 palmitic amide

324.3254 21.43 C21H41NO 98.49 N-cyclohexanecarbonyltetradecylamine

310.3098 20.08 C20H39NO 98.49 oleoyl ethyl amide

284.2941 24.58 C18H37NO 98.42 stearamide

283.2632 14.65 C18H34O2 99.14 oleic acid

118.0867 1.04 C5H11NO2 98.88 N-methyl-α-aminoisobutyric acid

Several markers were tentatively identified, that were significantly different among all

extracts from chicken muscle tissue stored at room temperature and at 4◦C, in the

top 50 markers based on the loading values of the PCA. The matching mass spectra

can be seen in Appendix I.

Many of these markers have been identified in previous datasets, indicating these

markers show potential in being used as an indicator of shelf-life regardless of storage

temperature. These include palmitic amide, N-cyclohexanecarbonyltetradecylamine,

oleoyl ethyl amide and oleic acid, all of which were found in the external and internal

extract comparison of chicken muscle tissue stored at room temperature. The first

three of these markers showed an increasing trend over the storage period, and were

at a higher concentration in the chicken muscle tissue stored at room temperature

compared to at 4◦C. This is to be expected as the rate of spoilage is faster at higher

temperatures.
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Figure 6.23: Trend of marker tentatively identified as oleic acid that was significantly
different among all chicken muscle tissue samples stored at room temperature and 4◦C for
different lengths of time. Error bars correspond to ± 1 standard deviation

Oleic acid showed a difference in trend between the two temperature conditions, as

shown in Figure 6.23. The chicken muscle tissue stored at 4◦C showed an overall

increase in concentration of oleic acid, however in the chicken muscle tissue stored at

room temperature, this marker increased and then decreased. These differing trends

could be caused by the rate of spoilage at each of these temperature conditions; meat

spoils faster at higher temperatures and so the chicken muscle tissue at room

temperature may be further along in the spoilage process where fatty acids like oleic

acid have begun to degrade.
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Figure 6.24: Trend of marker tentatively identified as leucine that was significantly
different among all chicken muscle tissue samples stored at room temperature and 4◦C for
different lengths of time. Error bars correspond to ± 1 standard deviation

Markers with an m/z of 132.1020, 284.2941 and 118.0867 have not been previously

tentatively identified within this research. The marker that was tentatively identified

as leucine had a very interesting trend over the course of the spoilage process, which

was very different in the two temperature conditions, as seen in Figure 6.24. In the

chicken muscle tissue stored at room temperature, the marker increased at Day 4,

then decreased at Day 8 and Day 12, then increased again at Day 16 and maintained

concentration up to Day 20. In the chicken muscle tissue stored at 4◦C, it was nearly

the opposite of what was observed at room temperature; the marker decreased at Day

4, then increased at Day 8 and Day 12, then decreased at Day 16, and increased at

Day 20.
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Figure 6.25: Trend of marker tentatively identified as N-methyl-α-aminoisobutyric acid
that was significantly different among all chicken muscle tissue samples stored at room
temperature and 4◦C for different lengths of time. Error bars correspond to ± 1 standard
deviation

The marker that was tentatively identified as N-methyl-α-aminoisobutyric acid also

showed an interesting trend (Figure 6.25). The concentration increased at Day 4 in both

storage temperatures, then at room temperature it decreased until Day 12, while at

4◦C it decreased. At Day 16, the marker increased at room temperature but decreased

at 4◦C, and then finally the marker increased at Day 20 at 4◦C and decreased at room

temperature. Despite both of these markers showing trends that appear inversely

correlated to each other at the two different temperature conditions, this could be

caused by the rate of spoilage at each temperature, as previously explained. Both

of these compounds are amino acids, which are known to be produced when proteins

deteriorate during the biochemical changes that occur postmortem [158]. The trends

observed for these markers indicate the mechanisms involved in the spoilage process are

very complex. It is imperative to thoroughly understand the mechanisms of markers

that are selected for shelf-life determination, as any marker with a complicated trend

may cause confusion in the analysis.
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Figure 6.26: Trend of marker tentatively identified as stearamide that was significantly
different among all chicken muscle tissue samples stored at room temperature and 4◦C for
different lengths of time. Error bars correspond to ± 1 standard deviation

The marker with an m/z of 284.2941 was tentatively identified as stearamide, which

is an organic acid mostly found in cell membranes. This marker gradually increased

in both temperature conditions, however at room temperature the increase was up to

Day 16 of the storage period, and then the marker decreased at Day 20. As

previously described, cell membranes degrade postmortem due to lipid oxidation, and

so the increase in this marker could be caused by this membrane degradation. The

decrease at Day 20 in the chicken muscle tissue stored at room temperature could be

due to the quicker degradation process at this temperature compared to that at 4◦C,

where the stearamide has begun to degrade.
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6.7.6 Conclusions

Each analytical dataset collected in this work showed reliability in the quality control

samples with minimal retention time drift and peak area variability, confirming the

data was robust.

Many factors affect the rate of spoilage, however the chicken muscle tissue used in

this study was obtained from the same chicken and stored in the same manner prior

to being placed in the experimental storage conditions. Therefore, factors that affect

the spoilage rate during the handling, transport and storage prior to obtaining the

chicken muscle would have been the same for all samples.

When looking at the difference between the external and internal extracts from

spoiled meat, the Fresh samples and Day 20 samples showed the least separation in

the PCA plots in this research. Fresh samples would not have had the time to spoil

and so the difference in metabolic profile in the external and internal extracts would

be minimal. The Day 20 samples were extremely spoiled, and so the sampling of the

external and internal tissue was difficult to achieve as the consistency had reduced

from a solid chicken sample to more of a liquid. This meant that the external and

internal samples were difficult to physically separate.

The trends for the markers varied quite a bit between each dataset; the chicken

muscle tissue that was stored in the fridge showed markers that decreased, whereas

markers in other datasets increased. This is most likely caused by the data mining

workflow. Markers are ranked based on their loading value in the principal

component that most represented the separation of the groups in the PCA. If the

PCA found the biggest difference between the samples to be based on markers that

mostly decreased, then these markers would have the highest loading value. As only

the top 50 markers were statistically analysed thoroughly, it is possible for only one

type of trend to be observed. Using statistical tests to rank the markers is difficult

313



Chapter 6

when investigating a time-based issue, as if one marker is especially different at one

specific time point, the p-value from the ANOVA would be very low. Therefore, the

top most significant markers may include many that have one specific time point

different to the others, instead of finding the markers that gradually increase or

decrease over time. This workflow has proven to find markers that are significantly

different over the course of the storage period, however more work would be necessary

to detect markers that either gradually increase or decrease in each dataset.

Another reason for the increasing trends of markers found in chicken stored at room

temperature and the decreasing trend of markers found in chicken stored in the fridge

could be because of the difference in rate of spoilage at these two temperatures.

Markers that were changing the most and therefore contributing to the separation of

the sample types on the PCA scores plots were the increasing ones in the room

temperature analyses, and the decreasing ones in the fridge analyses. As the chicken

samples would spoil at a faster rate at the higher temperature, the room temperature

samples would undergo the same level of degradation as the fridge samples, but at a

faster rate and so earlier in the spoilage time period.

Throughout this research, the majority of the markers that were tentatively identified

were amides, amino acids and fatty acids. This is in agreement with the literature

where it is known that biochemical changes that occur after death mostly affect

proteins and lipids due to oxidation.

Future work would include multiple meat samples at each time point, rather than a

single meat sample with replicate extracts, in order to get an average spoilage profile

throughout the time period. However, this would increase the number of samples

involved in the investigation, and would require the development of a shorter

chromatographic method to reduce the overall length of the analytical run, or fewer

time points would be able to be investigated.
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Conclusions and future work

7.1 Conclusions

This work aimed to address the issues within the food industry, specifically in meat

products that are vulnerable to subtle and complex types of fraud. Current methods

rely on the information on labels of products, which can be easily manipulated. This

research aimed to develop a data processing and statistical workflow, with robust

quality control protocols, suitable for untargeted metabonomic studies. This would

enhance the understanding of the chemical composition of meat samples, and

potentially find markers that could be used to detect fraudulent activities.

The investigation into the detection of dead on arrival chicken in the human food

chain found markers that were significantly different in muscle, liver and heart tissue

extracts. This research was able to use multivariate statistics to discriminate between

DOA and normally slaughtered chicken, which was most successful with heart tissue.

A marker in the muscle tissue was identified as sphingosine, and this was found at a

lower concentration in the DOA samples. This marker showed potential in being

useful in detecting DOA chicken products in the human food chain. A comparison

between instruments was made, specifically using an LC coupled with an Agilent

Technologies Q-TOF MS and an LC coupled with a Thermo Fisher Scientific Q

Exactive Plus. More markers were found to be significantly different when using the

Agilent instrument, however one marker was found to be significantly different when

using both instruments. This marker was sphingosine, increasing the potential this

marker has for being utilised in a targeted assay. The comparison of instruments also

showed the methods implemented in this study were robust and transferable.
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Multivariate statistics showed great promise in determining the number of

freeze-thaw cycles that chicken muscle tissue and lamb liver tissue had undergone.

For both tissue types, the PCA showed separation between sample types, and so

could be a useful technique in determining if meat has previously been frozen, and

potentially how many times. This multivariate technique was also able to

differentiate between fresh and frozen chicken tissue and lamb liver tissue when

investigating the length of frozen storage. A number of tentative identifications were

made in the chicken and lamb tissue during the length of frozen storage experiment.

Monoglycerides were found to increase in the chicken muscle tissue, which could be

caused by the break down of triglycerides. Acyl carnitines were found to decrease in

the lamb muscle tissue, which are compounds involved in the degradation of fatty

acids and are integral to the transport of fatty acids across cell membranes. This

shows these metabolic pathways could be involved in the changes that occur during

frozen storage, and should be investigated further. When investigating the number of

freeze-thaw cycles, no tentative identifications were made, however the likely class of

compound was able to be determined for several markers. Phosphatidylcholines were

found to increase in chicken muscle tissue as the number of freeze-thaw cycles

increased, and this same class of compound was found to decrease in the lamb liver

tissue. Further research is necessary to understand the complex changes in soft tissue

after death, which would further explain the difference in the trend of these

compounds between the two tissue types.

The detection of pork, lamb and turkey in minced beef products was achieved in this

research. The results demonstrated the potential of using these techniques to identify

markers that could discover adulteration in processed meat products. In particular,

the adulterated samples made with minced beef with a fat content of 20% showed the

best separation on the PCA scores plot, compared to beef with a fat content of 5%.

This could indicate that the detection of adulterant meat in meat products could be

influenced by the fat content. It was also found that adulteration could be detected
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regardless of whether the meat product was raw or cooked. Within this work, the

markers of most interest were those that were significantly different in both raw and

cooked meat. These markers proved to not be affected by the heating process, and

therefore could be more suitable for detecting adulterated meat products that have

undergone processing methods.

The last area of the meat industry that was investigated in this work was the

metabolic changes that occur during the spoilage of chicken breast tissue. The

findings of this research would be beneficial in detecting the shelf-life of chicken meat,

especially since the shelf-life date can be vulnerable to manipulation. The differences

in metabolic content were very obvious from the start; the TICs showed many

differences in peak patterns during the 20 day spoilage period. The principal

component analyses showed separation in the majority of sample types without the

removal of features that were not statistically significantly different. The majority of

the markers that were tentatively identified in this work were amides, amino acids

and fatty acids. This is in accordance with previous literature that states the

biochemical changes that occur after death mostly involve the oxidation of proteins

and lipids.

Overall, this research successfully developed a data processing and statistical

workflow that is able to interpret vast metabonomic datasets obtained through liquid

chromatography quadrupole time-of-flight mass spectrometry, and reduce the number

of features detected down to a manageable number of significantly different markers.

The use of quality control samples ensured the data was screened for robustness prior

to further statistical analysis for the detection of potential markers. This research has

shown the significant possibility to be used in the approach to combat food fraud,

and has deepened the understanding of the chemical composition of meat during

different storage conditions, and in different species. The identification of sphingosine

as a marker for dead on arrival chicken has proved the success of these techniques,
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and how they could greatly benefit the development of targeted assays for the

detection of food fraud in the future.

7.2 Future work

7.2.1 Analytical considerations

The experimental design throughout this research has shown to produce reliable and

robust data. There are, however, a number of factors that should be considered for

future work.

The organic extracts were the focus of the analyses within this research, and these

were obtained from a two-step metabolite extraction that also produced aqueous

extracts. Due to the available instrument time, the aqueous extracts were not

successfully analysed, despite some method development on these samples. Further

time spent on developing a chromatographic method could enable these aqueous

samples to be analysed, with the potential of discovering more markers of interest.

Only one type of chromatographic column was used throughout this work, which was

selected as it was the most suitable type of column for initial untargeted analyses.

The experiments presented in this work could be repeated using multiple columns

with stationary phases of different chemical properties, which would allow for a

greater marker coverage. In this work, only positive ionisation was used to detect

compounds, except for in the investigation of dead on arrival chicken in Chapter 3.

Analysing the extracts in negative ionisation mode in addition to positive would

further increase the number of compounds detected. Furthermore, investigating

alternative metabolite extraction methods could provide a complementary approach

to the current extraction process, and increase the number of metabolites analysed.
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Prior to the metabolite extraction, tissue samples were homogenised by hand with

small surgical scissors. This was sufficient for small samples weighing approximately

100 mg, however in parts of this research it would have been more beneficial to take a

more holistic approach and homogenise the whole sample. For example, in the

experiment with adulterated meat, the ability to homogenise the whole meatball

would ensure the percentage of adulterant meat was accurate in the tissue sample

used in the metabolite extraction.

Throughout this research, only one marker was identified and confirmed with a

chemical standard. Despite many other markers being tentatively identified, the

confirmation of these identifications could not be carried out during this project. It is

a known issue within metabonomic research that the identification of markers is an

extremely difficult challenge. Many compounds are not available to purchase as a

standard, and many significant features are not able to provide a predicted formula

and therefore it is difficult to know which standard to buy even if it is available. It is

essential that this problem is addressed within the metabonomic research area,

especially for untargeted studies that aim to gain an overall global approach and are

not looking for specific compounds.

7.2.2 Continuation of research

This research was successful in identifying sphingosine as a marker for dead on arrival

chicken muscle. This experiment, however, had a very small sample size. A larger

scale study involving a targeted approach for the detection of sphingosine in chicken

muscle would aid in the validation of this compound as a marker for dead on arrival

meat. This targeted approach could also search for compounds that are known to be

involved in the same metabolic pathway as sphingosine, to see if the concentration of

these compounds also differ between normally slaughtered and dead on arrival

chicken meat. Sphingosine is known to be involved in the stress response, and so
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searching for other compounds that are known to be involved in this stress response

could provide additional markers for this kind of subtle fraud.

The length of frozen storage was investigated using chicken muscle, lamb muscle and

lamb liver tissue. It would be interesting to see if the trends observed in this research

were the same in other species and types of tissue. A greater sample size for each of

these meat samples would also confirm the significance of the markers detected in

these preliminary studies. Furthermore, the U.S. Food and Drug Administration give

guidance on the recommended length of time certain food products should be stored

in the freezer to maintain quality. There are differences in storage times based on

whether the food is cooked or not prior to being stored in the freezer. It would be

interesting to conduct experiments to investigate the differences between raw and

cooked meat during frozen storage. It would also be beneficial to extend the frozen

storage duration from 10 weeks to up to 12 months, as the recommended frozen

storage time for some meat products is 12 months.

The adulteration of beef products with undeclared horsemeat has been a major

concern in recent years, and therefore repeating this experiment with horsemeat as

the adulterant would help combat this fraud. The application of DNA-based

techniques enabled the discovery of the large scale adulteration of beef products in

2013, however the techniques within this research may provide a quicker and more

cost effective method of ensuring the meat industry remains safe and is not subjected

to more adulteration issues. The meatballs in this adulteration experiment were

formed manually by accurately weighing out the minced meat and mixing together by

hand, to create meatballs with the required percentage of adulterant meat. However,

the sample for extraction was a very small portion of approximately 110 mg that may

not have contained the accurate percentage of adulterant meat. Homogenising the

whole meatball and acquiring the sample for extraction from this would ensure the

data was representative of the expected percentage of adulteration.
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An additional experiment that could aid in the detection of illegal adulteration in the

food industry would involve the adulteration of processed meat products with the

same species of meat. EU legislation [117] states that when minced meat products

are prepared, only skeletal muscle must be used, and must not include mechanically

separated meat (MSM), or any bone fragments or skin. MSM is any meat that is

removed from bones after boning, with the use of mechanical instruments, that

modifies the muscle fibre structure. Two studies could be conducted in order to

investigate adulteration of minced beef that is illegal according to this legislation; the

adulteration of minced beef with non-skeletal beef tissue, such as liver or kidney

tissue, and the adulteration of minced beef with MSM. These types of adulteration

are a lot more subtle than adulterating with different species of meat, and this

research would ascertain the benefits these techniques have for food fraud issues with

a higher level of complexity.

The investigation into the metabolic content of spoiled meat focussed on chicken

muscle tissue. This experiment used small portions of chicken breast that had been

allowed to spoil at different temperatures. In a real-life setting, it would be more

likely for a whole chicken breast to be stored before consuming, and so this

experiment would be useful to repeat with whole chicken breasts. Chicken meat has a

shorter spoilage time than other meat products, and is more readily available so was

useful in this initial untargeted analysis, however the spoilage status and shelf-life of

meat is very much dependent on the species of meat in question. Therefore, it would

be necessary to repeat this experiment with other species of meat, such as beef or

pork, in order to get specific spoilage profiles of these meat types.
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7.2.3 Future areas of interest

The acquisition of suitable samples to investigate the slaughter method proved to be

very difficult due to the ethical and moral issues associated with certain slaughter

processes. Creating a partnership with food authorities and processing plants was

unsuccessful during the time this research was carried out. Gaining the confidence of

a processing plant would enable the investigation of the slaughter method so that

specific frauds within this area of the meat industry could be investigated. In

particular, the metabolic profile of halal and nonhalal meat products could be

researched to aid in the authentication of these products that at present can only be

checked based on the paperwork and labels. This would allow consumers to have

confidence in their purchase choices, whether for religious or moral reasons.

Another area within the meat industry that could be examined using these

techniques could be the ageing of beef. Beef products have a higher price associated

with them based on the length of time they have been aged for. A method for

authenticating this duration of ageing would combat against this kind of fraud.

These analytical techniques coupled with the data processing and statistical workflow

have proven to be successful in differentiating between very similar sample groups,

and discovering compounds that could be used as markers to detect fraud within the

meat industry. The application of these techniques to other issues within the food

industry will further show the usefulness of these methods.
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Appendix A

Mass spectra comparisons for tentative identifications of markers in raw beef

adulterated with pork
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Figure A.1: Mass spectrum of marker 496.3399 m/z at a retention time of 14.48 minutes
in QC sample (top) compared to the mass spectrum of PC(16:0/0:0) found on METLIN
(bottom)
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Figure A.2: Mass spectrum of marker 271.2620 m/z at a retention time of 26.64 minutes
in QC sample (top) compared to the mass spectrum of palmitic acid methyl ester found on
METLIN (bottom)
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Figure A.3: Mass spectrum of marker 295.2621 m/z at a retention time of 23.90 minutes
in QC sample (top) compared to the mass spectrum of linoleic acid methyl ester found on
METLIN (bottom)
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Figure A.4: Mass spectrum of marker 300.2885 m/z at a retention time of 13.26 minutes
in QC sample (top) compared to the mass spectrum of sphingosine found on METLIN
(bottom)
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Mass spectra comparisons for tentative identifications of markers in raw beef

adulterated with lamb
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Figure B.1: Mass spectrum of marker 400.3421 m/z at a retention time of 16.27 minutes
in QC sample (top) compared to the mass spectrum of palmitoyl carnitine found on
METLIN (bottom)
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Figure B.2: Mass spectrum of marker 271.2626 m/z at a retention time of 26.16 minutes
in QC sample (top) compared to the mass spectrum of palmitic acid methyl ester found on
METLIN (bottom)
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Figure B.3: Mass spectrum of marker 524.3710 m/z at a retention time of 20.66 minutes
in QC sample (top) compared to the mass spectrum of PAF C-16 found on METLIN
(bottom)
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Figure B.4: Mass spectrum of marker 303.2317 m/z at a retention time of 16.20 minutes
in QC sample (top) compared to the mass spectrum of eicosapentaenoic acid found on
METLIN (bottom)
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Figure B.5: Mass spectrum of marker 496.3403 m/z at a retention time of 15.47 minutes
in QC sample (top) compared to the mass spectrum of PC(16:0/0:0) found on METLIN
(bottom)
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Figure B.6: Mass spectrum of marker 372.3107 m/z at a retention time of 12.90 minutes
in QC sample (top) compared to the mass spectrum of myristoyl carnitine found on
METLIN (bottom)
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Figure B.7: Mass spectrum of marker 305.2474 m/z at a retention time of 18.06 minutes
in QC sample (top) compared to the mass spectrum of arachidonic acid found on METLIN
(bottom)
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Appendix C

Mass spectra comparisons for tentative identifications of markers in raw beef

adulterated with turkey
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Figure C.1: Mass spectrum of marker 338.3422 m/z at a retention time of 26.99 minutes
in QC sample (top) compared to the mass spectrum of 13Z-docosenamide found on
METLIN (bottom)
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Figure C.2: Mass spectrum of marker 271.2629 m/z at a retention time of 26.14 minutes
in QC sample (top) compared to the mass spectrum of palmitic acid methyl ester found on
METLIN (bottom)
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Figure C.3: Mass spectrum of marker 524.3706 m/z at a retention time of 20.62 minutes
in QC sample (top) compared to the mass spectrum of PAF C-16 found on METLIN
(bottom)
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Figure C.4: Mass spectrum of marker 300.2893 m/z at a retention time of 12.44 minutes
in QC sample (top) compared to the mass spectrum of sphingosine found on METLIN
(bottom)
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Figure C.5: Mass spectrum of marker 305.2475 m/z at a retention time of 18.02 minutes
in QC sample (top) compared to the mass spectrum of arachidonic acid found on METLIN
(bottom)
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Figure C.6: Mass spectrum of marker 298.2740 m/z at a retention time of 18.51 minutes
in QC sample (top) compared to the mass spectrum of 3-ketosphingosine found on
METLIN (bottom)
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Appendix D

Mass spectra comparisons for tentative identifications of markers in cooked beef

adulterated with pork
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Figure D.1: Mass spectrum of marker 496.3401 m/z at a retention time of 14.48 minutes
in QC sample (top) compared to the mass spectrum of PC(16:0/0:0) found on METLIN
(bottom)
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Figure D.2: Mass spectrum of marker 400.3414 m/z at a retention time of 17.92 minutes
in QC sample (top) compared to the mass spectrum of palmitoyl carnitine found on
METLIN (bottom)
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Figure D.3: Mass spectrum of marker 372.3108 m/z at a retention time of 13.75 minutes
in QC sample (top) compared to the mass spectrum of myristoyl carnitine found on
METLIN (bottom)
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Appendix E

Mass spectra comparisons for tentative identifications of markers in cooked beef

adulterated with lamb
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Figure E.1: Mass spectrum of marker 400.3422 m/z at a retention time of 16.20 minutes
in QC sample (top) compared to the mass spectrum of palmitoyl carnitine found on
METLIN (bottom)
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Figure E.2: Mass spectrum of marker 281.2472 m/z at a retention time of 18.50 minutes
in QC sample (top) compared to the mass spectra of linoleic acid and linoelaidic acid found
on METLIN (bottom)
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Figure E.3: Mass spectrum of marker 305.2474 m/z at a retention time of 17.99 minutes
in QC sample (top) compared to the mass spectrum of arachidonic acid found on METLIN
(bottom)
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Figure E.4: Mass spectrum of marker 372.3108 m/z at a retention time of 12.85 minutes
in QC sample (top) compared to the mass spectrum of myristoyl carnitine found on
METLIN (bottom)
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Mass spectra comparisons for tentative identifications of markers in cooked beef

adulterated with turkey
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Figure F.1: Mass spectrum of marker 524.3707 m/z at a retention time of 20.63 minutes
in QC sample (top) compared to the mass spectrum of PAF C-16 found on METLIN
(bottom)

369



Appendix F

401.3415

401.3408 (M+H)

0.00E+00

5.00E+03

1.00E+04

1.50E+04

2.00E+04

2.50E+04

3.00E+04

3.50E+04

4.00E+04

4.50E+04

5.00E+04

200 250 300 350 400 450

C
o

u
n

ts

Mass-to-charge ratio

Figure F.2: Mass spectrum of marker 401.3412 m/z at a retention time of 26.42 minutes
in QC sample (top) compared to the mass spectrum of 7-ketocholesterol found on METLIN
(bottom)
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Figure F.3: Mass spectrum of marker 496.3399 m/z at a retention time of 15.43 minutes
in QC sample (top) compared to the mass spectrum of PC(16:0/0:0) found on METLIN
(bottom)
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Figure F.4: Mass spectrum of marker 305.2474 m/z at a retention time of 18.01 minutes
in QC sample (top) compared to the mass spectrum of arachidonic acid found on METLIN
(bottom)
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Figure F.5: Mass spectrum of marker 298.2738 m/z at a retention time of 18.53 minutes
in QC sample (top) compared to the mass spectrum of 3-ketosphingosine found on
METLIN (bottom)
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Mass spectra comparisons for tentative identifications of markers in chicken

muscle tissue stored at room temperature

338.3420

338.3418 (M+H)

0.00E+00

2.00E+05

4.00E+05

6.00E+05

8.00E+05

1.00E+06

1.20E+06

1.40E+06

1.60E+06

1.80E+06

2.00E+06

240 260 280 300 320 340 360

C
o

u
n

ts

Mass-to-charge ratio

Figure G.1: Mass spectrum of marker 338.3416 m/z at a retention time of 23.81 minutes
in QC sample (top) compared to the mass spectrum of
N-cyclohexanecarbonylpentadecylamine found on METLIN (bottom)
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Figure G.2: Mass spectrum of marker 256.2631 m/z at a retention time of 20.21 minutes
in QC sample (top) compared to the mass spectrum of palmitic amide found on METLIN
(bottom)
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Figure G.3: Mass spectrum of marker 324.3254 m/z at a retention time of 21.55 minutes
in QC sample (top) compared to the mass spectrum of
N-cyclohexanecarbonyltetradecylamine found on METLIN (bottom)
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Figure G.4: Mass spectrum of marker 310.3097 m/z at a retention time of 20.19 minutes
in QC sample (top) compared to the mass spectrum of oleoyl ethyl amide found on
METLIN (bottom)
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Figure G.5: Mass spectrum of marker 138.0911 m/z at a retention time of 1.50 minutes in
QC sample (top) compared to the mass spectrum of tyramine found on METLIN (bottom)
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Figure G.6: Mass spectrum of marker 283.2630 m/z at a retention time of 20.94 minutes
in QC sample (top) compared to the mass spectrum of oleic acid found on METLIN
(bottom). Table shows matching fragments in zoomed in spectra
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Mass spectra comparisons for tentative identifications of markers in chicken

muscle tissue stored at 4◦C
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Figure H.1: Mass spectrum of marker 132.0771 m/z at a retention time of 1.03 minutes in
QC sample (top) compared to the mass spectrum of creatine found on METLIN (bottom)
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Figure H.2: Mass spectrum of marker 338.3424 m/z at a retention time of 27.68 minutes
in QC sample (top) compared to the mass spectrum of 13Z-docosenamide found on
METLIN (bottom)
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Figure H.3: Mass spectrum of marker 137.0458 m/z at a retention time of 1.32 minutes
in QC sample (top) compared to the mass spectrum of hypoxanthine found on METLIN
(bottom)
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Figure H.4: Mass spectrum of marker 182.0809 m/z at a retention time of 1.38 minutes in
QC sample (top) compared to the mass spectrum of tyrosine found on METLIN (bottom)
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Mass spectra comparisons for tentative identifications of markers in chicken

muscle tissue stored at room temperature and 4◦C
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Figure I.1: Mass spectrum of marker 132.1020 m/z at a retention time of 1.50 minutes in
QC sample (top) compared to the mass spectrum of leucine found on METLIN (bottom)
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Figure I.2: Mass spectrum of marker 256.2630 m/z at a retention time of 19.90 minutes
in QC sample (top) compared to the mass spectrum of palmitic amide found on METLIN
(bottom)
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Figure I.3: Mass spectrum of marker 324.3254 m/z at a retention time of 21.43 minutes
in QC sample (top) compared to the mass spectrum of
N-cyclohexanecarbonyltetradecylamine found on METLIN (bottom)

387



Appendix I

310.3097

310.3097 (M+H)

0.00E+00

5.00E+04

1.00E+05

1.50E+05

2.00E+05

2.50E+05

200 220 240 260 280 300 320 340

C
o

u
n

ts

Mass-to-charge ratio

Figure I.4: Mass spectrum of marker 310.3098 m/z at a retention time of 20.08 minutes
in QC sample (top) compared to the mass spectrum of oleoyl ethyl amide found on
METLIN (bottom)
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Figure I.5: Mass spectrum of marker 284.2941 m/z at a retention time of 24.58 minutes
in QC sample (top) compared to the mass spectrum of stearamide found on METLIN
(bottom)
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Figure I.6: Mass spectrum of marker 283.2632 m/z at a retention time of 14.65 minutes
in QC sample (top) compared to the mass spectrum of oleic acid found on METLIN
(bottom). Table shows matching fragments in zoomed in spectra
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Figure I.7: Mass spectrum of marker 118.0867 m/z at a retention time of 1.04 minutes in
QC sample (top) compared to the mass spectrum of N-methyl-α-aminoisobutyric acid found
on METLIN (bottom)
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