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Abstract

The biogenic amines content in fish products has been widely studied due to their
potential toxicity and possible indication of the spoilage degree of food. One particular
amine, histamine, is behind several outbreaks of food poisoning, particularly in fish
products. However, histamine alone appears to be insufficient to cause intoxications,

being putrescine and cadaverine, potentiators agents that contribute to its toxicity.

Several methodologies have been studied and developed for determination of bi-
ogenic amines in food products. Ion Mobility Spectrometry coupled with Multi Capil-
lary Columns or Gas Chromatography offers a higher sensitivity and selectivity on com-
plex biological matrices analysis, providing the monitoring of trace levels of volatile

compounds.

The aim of this thesis is to evaluate Gas Chromatography coupled with Ion Mobil-
ity Spectrometry as a tool for monitoring non-volatile amines emission from fish tissues
matrices, allowing the detection and establishment of specific patterns of biogenic

amines.

Samples of histamine dihydrochloride, putrescine, cadaverine, tyramine, trypta-
mine, spermine, spermidine and phenethylamine were analysed. Samples of atlantic bo-
nito, atlantic horse mackerel and sardine were collected and analysed over time of four
days to allow an assessment of fish spoilage. With the exception of histamine, it was
possible to obtain an identifier pattern for all analysed amines. The presence of some

amines was also observed in the fish samples spectra.

Keywords: Ion Mobility Spectrometry; Gas Chromatography; Biogenic Amine;
Fish Spoilage; Volatile Organic Compounds; Detection
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Resumo

O contetildo de aminas biogénicas tem sido amplamente estudado no pescado de-
vido a sua potencial toxicidade e possivel indicacao do grau de deterioracao dos alimen-
tos. Uma amina particular, a histamina, encontra-se na causa de varios casos de intoxi-
cacao alimentar, particularmente em produtos derivados do peixe. No entanto, a hista-
mina isolada parece ser insuficiente para causar intoxica¢des, sendo a putrescina e a ca-

daverina, agentes potenciadores que contribuem para a sua toxicidade.

Diversas metodologias foram estudadas e desenvolvidas para a determinagao de
aminas biogénicas em produtos alimentares. A Espectrometria de Mobilidade Ionica
acoplada a Colunas Multicapilares ou a Cromatografia Gasosa oferece uma maior sensi-
bilidade e seletividade na andlise de matrizes bioldgicas complexas, fornecendo a moni-

torizagao de niveis residuais de compostos volateis.

O objetivo desta tese é avaliar a Cromatografia Gasosa acoplada a Espectrometria
de Mobilidade I6énica como ferramenta de monitorizagao da emissao de aminas nao vo-
lateis a partir de matrizes de tecidos de peixes, permitindo a detegao e o estabelecimento

de padrdes especificos de aminas biogénicas.

Amostras de dicloridrato de histamina, putrescina, cadaverina, tiramina, tripta-
mina, espermina, espermidina e feniletilamina foram analisadas. Amostras de sarda, ca-
rapau e sardinha foram recolhidas e analisadas ao longo do tempo para permitir uma
avaliacao da degradagao dos peixes. Com excegao da histamina, foi possivel obter um
padrao de identificagao para todas as aminas analisadas. A presenca de algumas aminas

foi também observada nos espectros das amostras de peixes.

Palavras-chave: Espectrometria de Mobilidade Idnica; Cromatografia Gasosa;

Amina Biogénica; Deterioragao de Peixe; Compostos Organicos Volateis; Detecao
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Chapter 1
Introduction

In the last decades the demand for foods of animal origin has been growing, forc-
ing the suppliers to implement improved measures of control to guarantee the quality
and safety of the consumer. The presence of biogenic amines (BAs) in food is of great
concern to the food industry as, given the potential risk to health, there is a growing
demand from consumers and control authorities to reduce the permitted limits of BAs

in food and beverages.

To reduce risks to consumer’s health, the control of these compounds in food ma-
trices has moved the scientific community to develop increasingly analytical techniques
that enable them to be unambiguously identified and quantified and, therefore to enable

the correct evaluation of the risk factors correlated with the intake of the product.

BAs are non-volatile amines formed through the decarboxylation of amino acids

and are present in food, originating in food processing or storage, or naturally.

Many BAs have been found in fish, however only histamine, cadaverine, and pu-
trescine have been found to be significant in fish safety and quality control. Usually the
concentrations of BAs increase during spoilage, as a result of microbial concentrations
and deterioration of sensory quality. Although important in many physiological func-
tions, BAs” consumption in high concentrations should be avoided given the toxicologi-

cal problems that may arise [1].

Despite the reported association between histamine and scombroid food poison-
ing, histamine alone is insufficient to cause toxicity. Other BAs such as putrescine and
cadaverine also contribute to potentiate histamine toxicity. Cadaverine however also

plays a role on the index of the initial stage of fish decomposition [2].

Several methodologies, such as differential culture media, specific enzyme meth-

ods and liquid chromatography, have been developed for the detection of bacteria



producing BAs to study some of their formation pathways [3]. Along with the develop-
ment of these techniques, the separation and quantification of BAs has been studied and
reported. Their analysis in foods is usually performed by chromatographic techniques.
However, the analytical determination of these amines is not simple due to the enor-

mous complexity of the matrices to be analysed.

Objectives

The main objective of this work was to validate the experimental method and pro-
tocol to analyse the volatile organic compounds (VOCs) of biological origin. More pre-
cisely BAs present in fish. This protocol was previously developed in the project “3Qs
for quality - Development of new devices and techniques for seafood quality assess-
ment”, PTDC/MAR-BIO/6044/2014, financed by Foundation for Science and Technology
of Portugal.

For this purpose, the analytical technique of Ion Mobility Spectrometry coupled
with Gas Chromatography (GC-IMS) was applied. This technique is a promising tech-
nology for the analysis of VOCs from biological matrices in very low concentrations by
direct sampling and without the use of any chemicals. To collect samples, the direct ac-
quisition cell developed in NMT, S.A. was tested and all important parameters were

modified and optimized.



Chapter 2
Biogenic Amines

2.1 General outline of biogenic amines

Biogenic amines are nitrogenous organic bases characterized by the presence of at
least one amino group in their molecular structure, which can be formed and degraded
during the normal metabolism of microorganisms, animals and plants. Hence, are usu-
ally produced by the decarboxylation of amino acids, having two possible biochemical
pathways. BAs can be either catalysed by exogenous enzymes produced by several dif-
ferent microorganisms under favourable conditions or by endogenous amino acid de-

carboxylases that naturally occur in animal or vegetable cells [4].

Being amines, they can be derived from ammonia, NHs, in which the three hydro-
gen atoms can be replaced by one, two or three radicals, resulting, respectively, in pri-
mary, secondary or tertiary amines. The carboxylic group, characteristic of amino acids,
is absent in amines so that they behave as cations when in physiological pH values [5].
BAs can be aliphatic (putrescine, cadaverine, spermine, spermidine), aromatic (tyra-

mine, phenethylamine) or heterocyclic (histamine, tryptamine) [6].

These amines, naturally found in the human body, have various biological func-
tions. For example, monoamines such as catecholamine (adrenaline and dopamine) and
serotonin act as chemical neurotransmitters [7]. The heterocyclic amine histamine and
tertiary amine trimethylamine also have biological functions in regulating the immune
response [8]. The polyamines, cyclic or linear organic compounds having two or more
primary amino groups (putrescine, spermidine and spermine), play an essential role in
the growth, regeneration and metabolism of all the human body organs by being in-
volved in the synthesis of DNA, RNA and proteins [9][10]. In fresh food products, such
as vegetables, milk, fruits and fish, natural polyamines are the main amines present hav-

ing a physiological role related with cell growth and proliferation [11].



The BAs histamine, tyramine, tryptamine, putrescine and cadaverine play an im-
portant role in metabolic activity and growth of living cells. They are mainly formed
from the bacterial decarboxylation of precursor amino acids, respectively from the free
amino acids histidine, tyrosine, tryptophan, ornithine and lysine [12]. Tyramine, putres-
cine and cadaverine can also be used as indicators of the degree of food spoilage and

biological decomposition [6].

In food, the most biologically active amines and the relative precursors are hista-
mine, tyramine, tryptamine, putrescine, cadaverine and phenethylamine, and are
known as exogenous BAs (Table 2.1 and Figure 2.1). Natural polyamines spermidine
and spermine represent the physiologically natural endogenous amines, being associ-
ated not with the microbial decarboxylase activity as expected but with the incorpora-
tion of aminopropyl groups into their precursor putrescine. Both exogenous BAs and
polyamines are present in several types of foods with a variable range of concentrations

[11].

Table 2.1: Most important exogenous amines and natural polyamines, and some characteristics.

BA/Natural Precursor Chemical structure Molecular Molecular

polyamine Formula Weight/g mol~!

Histamine Histidine (/NJ/\,NHQ CsHoNs 111.148
N /
H

Tyramine Tyrosine /@/\,NHZ CgH{1NO 137.182
HO

Tryptamine Tryptophan CioH12N, 160.216
NH»
HN /
Putrescine Ornithine HgN/\/\/ NH, C4H2N, 88.154
Cadaverine Lysine HQN/\/\/\NHZ CsHy4N, 102.181
Spermidine Putrescine HZN/\/\H/\/\/NHQ C,HoN; 145.250

Spermine Putrescine CioHygNy 202.346

H
H,N /\/\H/\/\/N\/\/NH2

Phenethyla- | Phenylalanine NH, CgHy N 121.180
mine
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Figure 2.1: Most important biogenic amines in foods and their relative precursors [19]: Pu-
trescine can be either obtained from the direct decarboxylation of ornithine or through the

agmatine deiminase pathway, which is the result of arginine decarboxylation.



2.2 Biogenic amines production by microorganisms

Biogenic amines can be found in a variety of foods, beverages and fermented foods
such as fish and fish products, meat and meat products, eggs, cheeses, fermented vege-
tables, fruits, beers and wines, and are mainly formed by microbial decarboxylation of

amino acids and transamination of aldehyde and ketones [6].

Amines and related compounds are constantly present in food either naturally or
as a product of storage or processing. Their concentrations generally increase during
spoilage, which can be associated with increases in microbial concentrations and there-
fore deterioration of sensorial quality. However, BAs can also be produced by the decar-
boxylase activity of certain microorganisms, which will influence the type and amount
of BAs formed in each type of food [1]. Amino acid decarboxylases have been found in
species of the genera Bacillus, Pseudomonas, Photobacterium, as well as in genera of the
family Enterobacteriaceae, such as Citrobacter, Klebsiella, Escherichia, Proteus, Salmonella
and Shigell, and Micrococcaceae, such as Staphylococcus, Micrococcus and Kocuria. Lactic
acid bacteria (LAB) belonging to the genera Lactobacillus, Enterococcus, Carnobacterium,
Pediococcus, Lactococcus and Leuconostoc are also able to decarboxylate amino acids, being
producers of tyramine, phenethylamine, cadaverine and putrescine [13]. Tyramine is
also associated with Gram-positive microorganisms where species belonging to the ge-

nus Enterococcus are recognized as the most efficient tyramine producers [11].

The production of histamine, being one of the most biological active amines and
thus with the major impact in food’s spoilage, is of highest interest. Histamine formation
results generally from microbial growth and proliferation of histamine-producing bac-
teria, being the family Enterobacteriaceae reported as the most significant. Other micro-
organisms such as Clostridium perfringens, Vibrio alginolyticus, Vibrio anguillarum, Acineto-
bacter lowffi, Plesiomonas shigelloides, Pseudomonas spp., Aeromonas spp., Photobacterium
spp., Stenotrophomonas maltophilia, Morganella morganii, Klebsiella pneumoniae, Raoultella

planticola and Hafnia alvei also play an active role as histamine producers [14][15][16].

In food products obtained by fermentation processes, such as wine and cheese, the
presence of BAs may be produced in the own food matrix, resulted of the activity of
microorganisms involved in the processes or, alternatively, be produced as a result of
the activity of opportunistic microorganisms able to grow and proliferate under the con-

ditions where the maturation process occurs [17].



2.3 Factors influencing the biogenic amines formation in foods

Several intrinsic and extrinsic factors have a significant role in the formation of
BAs. In food products, the content of BAs depends strongly on the nature of the product,
the availability of free amino acids, the environmental conditions and the microorgan-

isms present.

Being BAs mainly formed by microbial decarboxylation of amino acids and the
corresponding amino acids precursors, essentially three conditions are necessary: fa-
vourable conditions for bacterial growth, decarboxylase synthesis and decarboxylase ac-
tivity, presence of decarboxylase-positive microorganisms; and availability of free

amino acid, not necessarily leading to amine formation [18].

Free amino acids can either occur in foods or be formed through proteolysis, a
process characterized by the breakdown of proteins by proteolytic enzymes, if partial
into peptides, and complete, into amino acids. Hence, microorganisms with high prote-
olytic enzyme activity increase the risk of BAs production in foods, by increasing the

availability of free amino acids [18].

BAs content and accumulation in food may vary depending on various factors
such as temperature, pH, salt (NaCl) concentration, oxygen supply and redox potential,
water activity (a,,), storage time, preservatives, and preservation processes. However,
the first four have the major impact affecting microbial activities in foods by influencing

the metabolisms of microbial cells and the activity of decarboxylase enzymes [11].

Temperature

Each decarboxylating microorganism and microbial species have an ideal temper-
ature that leads to optimum growth values, and hence increasing cell metabolism and
proliferation. Consequently, also the production and accumulation of BAs is verified.
However, the optimum conditions for cell growth and proliferation do not necessarily

match the conditions for BAs production [19].

A temperature between 20°C and 37°C is ideal for the growth of most decarboxy-
lating microorganism and decreased temperature stops their growth [18]. For example,
a strain characteristic of a tyramine producer of Enterococcus faecalis was inoculated in
model system to determinate the activity of decarboxylase enzymes and the tyramine

amount. After 24h of incubation, while the maximum tyramine amount was found at



20°C, the optimum activity of the decarboxylating enzyme was detected at 37°C. Such
facts indicate that under the severe cells conditions the tyrosine decarboxylase is more
active and thus requires additional energy to induce tyrosine production under stress
conditions [20]. Other example involves a study conducted on histidine decarboxylase
of a Streptococcus thermophilus which reached its maximum activity at 40°C, while the BA
accumulation was insignificant at 20°C and at 25°C within the incubation period applied

[21].

Regarding raw material such as milk and cheese, thermal treatments can be ap-
plied to help eliminate the wild decarboxylating microbiota. While LAB are more resili-
ent and require additional thermal treatments, the Gram-negative BA producers (enter-
obacteria and pseudomonads) are quickly inactivated by temperatures higher than 60°C.
Hence, typically cheeses made from pasteurized milk are characterized by presenting a

lower BA amount [21].

pH

The decarboxylase activity is usually induced by the presence of precursor amino
acids and at an acidic (low) pH, being the optimum pH between 4.0 and 5.5 [18]. There-
fore, the higher the content of precursors in foods, the more susceptible they are to BA
accumulation, and a decrease of pH leads to an increasing decarboxylase activity of bac-
teria. However, although an acidic pH may contribute to the bacterial decarboxylase ac-
tivity, an acidification in food fermentation can prevent contaminant bacteria and con-

sequently the formation of biogenic amines [11][22].

For example, in two tyrosine decarboxylases from strains of Enterococcus faecalis
and Enterococcus faecium the optimum pH value for the decarboxylase activity was 5.5
and 6, respectively [23]. Other study reports that the histidine decarboxylase of a strain
of Streptococcus thermophilus reached its optimum pH at 4.5 [24].

On fruits and vegetables, microbial contaminations result in additional increases
in the amount of BAs. In most fruits, the low pH restricts the microbial association to

acid-tolerant microorganisms, such as LAB and fungi [4].



Salt concentration

In foods, increasing salt concentrations contribute significantly to the reduction of
the metabolic activities of decarboxylating microorganisms and therefore decrease the
production and accumulation of BAs. However, the amount of NaCl used for a better

control of BAs production is often too high [21][24].

The tyramine production was studied in Enterococcus faecium and Enterococcus fae-
calis strains in buffered systems containing tyrosine. While the enzymatic activity of En-
terococcus faecium strain remained constant independently of salt concentration, in Enter-
ococcus faecalis the same activity did not change significantly until an increase of NaCl

concentration up to 15% [20].

In fermented sausages inoculated with an Enterococcus faecalis strain, even in the
presence of low salt amounts, the production of cadaverine and putrescine by entero-
bacteria was limited, resulting in a reduced accumulation of BAs. Also, an increase in
salt concentrations reduced the concentration of tyramine and phenethylamine pro-

duced by enterococci [25][26].

Several reports stablished that the presence of NaCl strongly inhibits the amine-
forming microorganisms, however studies on specific decarboxylase activities report op-
posing effects: while NaCl inhibits histidine decarboxylase, tyrosine decarboxylase ac-

tivity is activated under salt concentrations [6][27].

Oxygen supply and redox potential

The presence of oxygen plays a significant role on BAs biosynthesis. Under anaer-
obic conditions, Enterobacter cloacae only produces about half the quantity of putrescine
obtained under aerobic conditions and Klebsiella pneumoniae reduces significantly the
amount of cadaverine produced obtaining however the ability to synthesize putrescine
[4].

The redox potential also appears to affect BAs production by some microorgan-
isms [27]. Studies reported that histamine formation is also affected by the oxygen avail-
able, where reducing the redox potential of the medium contributes to the production of
histamine. Histidine decarboxylase activity of Proteus morganii appears to be inactivated

or destroyed in the presence of oxygen and is inhibited in atmospheres of 80% CO,

[28]129].



Usually, the production of BAs in food can be controlled by a strict use of good
hygiene in both handling and processing of raw materials with the inhibition of spoiling
microorganisms [6]. Specifically, fish decomposition can be avoided by correct handling
practices such as icing or rapid immersion in water chilled to -1°C followed by nonstop

frozen storage [30].

2.4 Toxicology of biogenic amines

The consumption of food containing high amounts of some BAs can have toxico-
logical effects leading to several health issues due to toxicity, making it critical to moni-

tor these compounds in foods [31].

Amino oxidases are the enzyme responsible for BAs detoxification, inducible in
the presence of mono or diamines. The enzymes monoamine oxidase (MAQO) and dia-

mine oxidase (DAO) play a significant role in the detoxification process [6].

The mammals own an efficient detoxification system in the intestinal tract capable
to metabolize the normal daily ingestion of BAs. In humans, under normal conditions,
exogenous amines, absorbed from food and produced by the intestinal bacteria, are
quickly converted in degradation products physiologically inactive by the action or con-
jugation of amine oxidases. However, in allergic individuals, in the presence of amino
oxidases (MAO and DAO) inhibitors or upon intake of high amounts of BAs in food, the
detoxification process is interrupted, and biogenic amines accumulate in the organism,

entering the bloodstream and hence, causing the body intoxication [6][32].

The toxicological levels of BAs are not easily established as they depend on several
factors such as individual allergy, intake with food, presence of other amines and con-

sumption of MAO inhibiting drugs and alcohol [6][21].

Based on histamine amounts found in food products involved in histamine poi-
soning, levels above 500-1000 mg/kg of food are considered potentially hazardous to
human health. However, some studies have suggested for histamine a legal upper limit
of 100mg/kg of food and 2 mg/1 of alcoholic beverage. Tyramine values of 100-800 mg/kg
and phenethylamine values of 30 mg/kg have also been reported as toxic for the inges-

tion of a normal portion of food (=200 g) [4][33].

In general, levels above 1000 mg/kg (amine/food) and intakes greater than 40 mg

of BAs per meal are considered potentially dangerous for human health. However, it is
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important to be aware that not all amines are equally toxic, being histamine, tyramine

and phenethylamine the BAs with higher levels of toxicity [6][32].

2.4.1 Histamine Toxicity

The most serious foodborne intoxications caused by BAs are usually related with
high concentrations of histamine. Several outbreaks of histamine poisoning have oc-
curred after ingesting different food products characterized by containing high levels of
histamine such as fish and fish products, dairy products, meat and meat products, and

alcoholic beverages such as wine and beer [32].

The main cause of the occurrence of histamine intoxication after food intake seems
to lie in the inhibition of the enzymes responsible for histamine inactivation at the diges-
tive tract, specifically DAO [17]. The gastro-intestinal tract is occupied of enzymes capa-
ble of metabolizing the resulting histamine from food intake, preventing its absorption
in its intact form and consequently blocking its entry into the circulatory chain. Hista-
mine is formed by decarboxylation of L-histidine, catalysed by histidine decarboxylase
(HDC), and is primarily metabolized by two major enzymes (Figure 2.1): the above-men-
tioned DAO which converts the compound by deamination into imidazole acetaldehyde
and histamine N-methyltransferase (HMT), which consequently converts histamine to
methylhistamine, a compound that is subsequently metabolized by MAO with the for-
mation of 1,4-methylimidazolacetic acid [34][35][36][37].

Occasionally the detoxification process is inhibited, due to the presence of inhibi-
tors of histamine-metabolizing enzymes, also known as potentiators, that allow un-
metabolized histamine to be absorbed into the intestine. These inhibitors have been iden-
tified as putrescine and cadaverine, or as pharmacologic agents, such as isoniazid. How-
ever, the BAs tyramine, tryptamine, and phenethylamine can also act as potentiators.
While tryptamine is DAO inhibitor, tyramine can inhibit MAO. Phenethylamine inhibits
DAO and HMT. The occurrence of such inhibitors might explain why food products
such as spoiled fish or aged cheese are more toxic than histamine itself in aqueous solu-

tion [38].
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Figure 2.2: Formation and inactivation of histamine. Histamine is formed by decarboxylation of
L-Histidine catalysed by HDC and can be inactivated by two major routes: methylation of the
imidazole ring, catalysed by HMT, or oxidative deamination of the primary amino group, cata-

lysed by DAO. Adapted from [34].

Histamine is considered the most toxic amine in food, exerting its toxicity through
three types of receptors (H;, H, and Hj) present in cellular membranes. This amine acts
primarily on the cardiovascular system. Through the dilatation of peripheral blood ves-
sels, high levels of histamine can cause hypotension, urticaria, flushing, and headache.
Symptoms of histamine poisoning are in some cases similar to allergy symptoms includ-
ing difficult breathing, vomiting, rash, itching, fever and hypertension [39][40]. In gen-
eral, histamine intoxication has a relatively short incubation period, minutes to few

hours after ingestion [41].

2.4.2 Tyramine Toxicity

The amines tyramine, tryptamine and phenethylamine are essentially vasoactive
amines, causing peripheral vasoconstriction and an increase in the cardiac output, re-

sulting in increased blood pressure [32].

Tyramine is physiologically metabolized by MAO and derived from the amino

acid tyrosine. Although not as toxic as histamine, tyramine can have toxicological
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implications when reacting with monoamine oxidase inhibitor (MAOQOI) leading to hy-
pertensive crisis, also known as tyramine pressor response. The consumption of foods
with high histamine content, such as fish and fish products, also contribute to this re-
sponse. Although fresh fish contains low or no concentration of tyramine, high levels
can be found in spoiled or fermented fish. Hypertensive crisis is characterized by an
increased systolic blood pressure of 30 mmHg or more. It is believed that the cause for
vasoconstriction and increased heart rate and blood pressure is the displacement of
norepinephrine from neuronal storage vesicles due to the acute tyramine ingestion [42].
Norepinephrine, also called noradrenaline, is a catecholamine that functions predomi-
nantly from the ends of sympathetic nerve fibers and acts to increase the rate and force
of contraction of the heart, resulting in increased systemic blood pressure and coronary

artery blood flow [43].

For adults, dietary tyramine levels of 100-800 mg/kg have been suggested as sat-
isfactory, while higher than 1080 mg/kg is considered toxic [12]. Ingestions of 60 mg/kg
of tyramine can cause migraine headache for patients receiving MAOI drugs, while 100—

250 mg/kg will originate a hypertensive crisis [6].

2.4.3 Nitrosamines

Although much less toxic than histamine and tyramine, some BAs such as putres-
cine, cadaverine, spermine and spermidine, can react with nitrite to form nitrosamines
and produce carcinogenic compounds [4]. Nitrosamines usually result from the interac-
tion of secondary and tertiary amines with nitrite and nitrogen oxides during the storage

and conservation of foods [44].

Studies have reported that secondary amines such as dimethylamine (DMA) and
tertiary amines such as trimethylamine (TMA) appear to be implicated in nitrosamine
formation in fish and fish products [45]. It has been widely reported the production of
nitrosodimethylamine (NDMA) due to reactions of DMA with nitrite in products such
as salted, smoked, fermented, and canned fish [46][47].

NDMA was first studied in the 1930s as an industrial solvent due to its miscibility
in both hexane and water, and anticorrosion properties. Shortly after the exposure, the
two research chemists who were investigating the compound properties were poisoned,
presenting symptoms of liver failure. Nearly 7 weeks after exposure, the most acutely

poisoned individual died of liver necrosis. In the late 1950s, an incident in Norway
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involving foods contaminated with nitrosamines was reported. Domestic animals fed
with fish meals preserved with nitrite were suffering from severe liver disorders. NDMA
was later stated as the cause and it was suggested a possible reaction of the nitrite with

DMA and TMA present in fish which resulted in NDMA production [44].

Concentrations of nitrosamines have been reported in several types of food.
Amounts of nitrosamines of DMA, diethylamine, pyrrolidine and piperidine were found
in fried foods. Under heating conditions, the BAs putrescine and cadaverine are con-
verted to pyrrolidine and piperidine, respectively, from which N-nitroso-pyrrolidine
and N-nitrosopiperidine are produced. Hence, several food processes, such as salting
and smoking, appear to induce nitrosamines formation, while cooking (frying) rein-

forces their formation [32].

Secondary amines such as agmatine and the polyamines spermine and spermidine
contribute to the formation of carcinogenic nitrosamines, which occur widely in fish,

meat and vegetable products.

2.5 Biogenic amines in fish and fishery products

The predominant factors in the production of BAs, after purchasing the fish, are
the duration and temperature of storage. The temperature affects not only the formation
of free amino acids post mortem, but also their fast decarboxylation. Thus, long storage
periods at high temperatures induce the production of BAs, ammonia and other result-
ing compounds of fish degradation [10]. Other factors such as microflora and muscle

type also influence the presence of BAs in fish [48].

During decomposition of fishery products, especially during storage at elevated
temperatures (48°C), various amounts of selected BAs are produced, depending on the
fish species. Histamine, tyramine, putrescine and cadaverine are the most common BAs
found in seafood associated with spoilage, in which histamine and tyramine are the most

biologically active [39].

Most bacterial food pathogens from fishery products are aerobic and gram-nega-
tive bacteria and belong to the genera Pseudomonas, Moraxella, Acinetobacter, Shewanella,
Aeromonadaceae (Aeromonas spp.), Flavobacterium and the Vibrionaceae families (Vibrio
and Photobacterium). The aforementioned microorganisms are the most common in fish,

part of the typical fish flora, and are abundantly present in aquatic environments [2].
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Upon death, the defence mechanisms of fish are no longer preventing bacterial
growth in the muscle tissue, and histamine forming bacteria may start to grow, resulting
in the production of histidine and a subsequent increase of histamine levels above the al-
lowable maximum level (set to 50 ppm by Food and Drug Administration) [2][49].
Therefore, during spoilage, certain bacteria produce decarboxylase enzymes, which act
on free histidine in the fish muscle to form histamine. For instance, although Shewanella
putrefaciens and Pseudomonas aeruginosa are the prominent spoilage bacteria of fresh fish,
the mesophilic Vibrionaceae dominates at ambient temperature (25°C) and fresh water.
However, in polluted waters, the dominant spoilage bacteria family is the Enterobacte-

riaceae [50].

Although many BAs have been found in fish produced post-mortem, such as hista-
mine, putrescine, cadaverine, spermidine and spermine, only the trio, histamine, cadav-
erine and putrescine, has been acknowledged as significant concerns regarding fish
safety and quality, being histamine used as marker for the degradation of fish (Table
2.2). Trimethylamine, also identified during fish spoilage, is one of the main volatile
amines produced by spoilage bacteria and is responsible by the characteristic fishy

odour [49][51].

Table 2.2: Levels (mean value, mg/kg) of BAs in raw sardine and light cured red horse macke-

rel. Adapted from [2].

Fish Temperature/ Histamine Cadaverine Putrescine Spermidine Spermine  Tyramine
time
Sardine 4°C/0 days 19.5 3.9 13.4 1.2 0.0 0.0
4°C/15 days 203.0 100.4 114.0 7.6 2.9 16.3
Light cured - 21.3 2444 64.5 0.2 0.0 62.8
horse
mackerel

Usually, newly caught fish have low BAs levels. Studies have reported concentra-
tions of cadaverine between 0.116-1.036mg per 100g in high-quality rockfish, salmon
steaks and shrimp, and concentrations of putrescine ranging from 0.136 to 0.63mg per
100g in high-quality lobster tail, salmon and shrimp. Also, high-quality tuna reported
cadaverine and putrescine concentrations between 0.024-0.532 and 0-0.184 mg per 100 g,

respectively [48].
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Although some studies do not observe obvious differences in BAs levels in muscle
from different parts of the fish, some have reported higher levels of spermidine in dark

muscle and high levels of amines in the intestinal walls [52].

The levels of histidine and histamine spoilage were studied in 21 aquatic species.
The conclusions reported that there was a higher histamine production in the red-mus-
cled species, such as tuna and mackerel, than in white-muscled species, such as rockfish.
Also, higher concentrations of histidine were found in white when comparing with red

muscle [48].

2.5.1 Histamine Fish Poisoning

Histamine fish poisoning (HFP), also known as scombroid fish poisoning, was first
described in 1799 as a chemical intoxication caused by the consumption of bacterially
contaminated or spoiled fish [53]. This intoxication is usually associated with large
amounts of histamine in spoiled fish, levels equal to or greater than 50 mg/100g of fish,

and possibly other BAs [39].

The term scombroid is derived from the Scomberesocidae and Scombridae fami-
lies, which includes several fish species such as bonito, mackerel and tuna. Although
histamine formation is mainly associated with the Scombridae family, certain types of
non-scombroid fish are also implicated in fish poisoning, such as anchovies, herring,
sardines and salmon. These fish species are characterized by a high level of free histidine
in muscle tissues [54][55]. Table 2.5.1.1 lists fish species that have been associated with
HFP or elevated levels of free histidine as well as the respective mean annual global
production and levels of free histidine.

Although histamine is the main toxin involved in HFP, exogenous histamine from
spoiled fish can be potentiated by the presence of other BAs such as cadaverine, putres-
cine and tyramine. In scombroid species and other marine fish containing abundant en-
dogenous histidine, histamine is manly formed by microbial action and not by endoge-
nous histidine decarboxylase activity as expected [56]. The histidine can be catabolized
by two metabolic pathways in the fish muscle: degradation via the urocanic acid path-
way or through decarboxylation to form histamine. The first is the main pathway under
normal physiological conditions, but in post mortem conditions and in the case of bacte-

rial contamination, decarboxylation may become the most significant path [6][57].
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Table 2.3: Scientific names, free histidine levels and mean annual production levels for some

fish associated with HFP or high free histidine levels. Adapted from [42].

Market name Scientific name Histidine Mean annual
Family Genus and species levels production
(mg/kg) (tonne,
2006-2010)

Anchovy Engraulidae
European Engraulis encrasicholus 6210 534 483
South African Engraulis capensis 209 250
Japanese Engraulis japonicus 4810 1287215
Stolephorus spp. 279139

Bonito Scombridae
Dogtooth Tuna Gymnosarda unicolor 669
Plain Orcynopsis unicolor 759
Sarda spp. 62215

Herring Clupeidae

Herring, Atlantic Clupea harengus 1230-2950 2356990
Herring, Araucanian Clupea bentincki 624 528
Herring, Pacific Clupea pallasii pallasii 306 839

Mackerel Scombridae
Mackerel, Atlantic Scomber scombrus 2 000-4 500 664 231
Mackerel, Chub Scomber japonicus 1063-8020 1767 202
Mackerel, Blue Scomber australasicus 2600 10 364
Mackerel, Horse Trachurus japonicus 172-3 680 278 404

Pilchard or Sardine Clupeidae

Sardine, European Sardina pilchardus 2888 1101842
Pilchard, Japanese or Sardinops sagax 1227-7 626 837 504

South American or

Californian
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Market name Scientific name Histidine lev- | Mean annual
Family Genus and species els (mg/ke) production
(tonne,
2006-2010)
Salmon Salmonidae
Atlantic Salmon Salmo salar 130-300
Coho Salmon Oncorhynchus kisutch 219-970
Cherry Salmon Oncorhynchus masou 387-2362
Pink Salmon Oncorlynchus gorbusvha 408-1 557
Tuna (Small) Scombridae
Bonito Auxis thazard 4330-10 100
Skipjack Katsuwonus pelamis 13 400-20 000 2529408
Longtail Tuna Thunnus tonggol 11 540 239 661
Tuna (Large) Scombridae
Yellowfin Thunnus albacares 2123-12200 1113954
Southern Bluefin Thunnus maccoyi 6670
Big-eye Tuna Thunnus obesus 7 450 412 616
Pacific Bluefin Tuna Thunnus orientalis 6 850-7 110

The increase in histamine production is also related to poor conservation condi-
tions after fish capture, particularly when the fish is not conserved at low temperature,

allowing the bacterial metabolism of histidine into histamine [52][58].

Some of the bacteria associated with histamine production are halotolerant (salt
tolerant) or halophilic (salt loving). Other bacteria are more capable of forming histamine
at an elevated acidity (low pH). As a result, histamine formation is possible through
processes such as brining, salting, smoking, drying and fermenting. Refrigeration may

contribute to the inhibition of histamine production during these processes [59].

Scombroid poisoning is a foodborne poisoning with symptoms and treatment sim-
ilar to allergies associated with seafood, being antihistamine treatment the optimal

method of therapy for HFP. The clinical manifestations of HFP arise quickly, from 5
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minutes to 2 hours after the ingestion of the contaminated fish with scombroid toxins.
Although symptoms may persist from 8 hours to several days, long-term sequelae are

not known (Table 2.4). Thus, HFP is not considered to be fatal [42].

Although there are similarities regarding some symptoms caused by HFP and his-
tamine intolerance, there are differences. Unlike histamine intolerance, in HFP other
toxic decomposition products or components unique to fish may be involved in addition
to histamine [55]. Furthermore, HFP may occur in individuals with a normal histamine

degradation capacity and not only in histamine intolerant individuals [42].

Table 2.4: Common symptoms of scombroid fish poisoning [42].

Type Symptoms

Cardiovascular Flushing, rash (urticaria), hypotension, headache, tachycardia
Gastrointestinal Abdominal cramps, diarrhoea, vomiting

Neurological Pain, itching

Other Oral burning sensation, peppery taste, nausea, swelling of tongue

According to data from the period of 1998 to 2002 from the United States Centers
for Disease Control and Prevention (CDC), 463 cases and no deaths were reported [60].
According to data from 1998 to 2008 from the Japanese Ministry of Health, Labour and
Welfare, there were 1577 cases reported, 89 incidents and no deaths [42].

2.5.2 Histamine Regulatory Guidelines for Fish

Based on HFP cases reports, certain guidelines needed to be established regarding
the acceptable histamine content of fish. Thus, essentially four thresholds have been sug-
gested: <50 mg/kg for normal and safe consumption; 50-200 mg/kg, mishandled and
possibly toxic, 200-1000 mg/kg, unsatisfactory and probably toxic; and >1000 mg/kg

toxic and unsafe for human consumption [54].

According to a Compliance Policy Guide of Food and Drug Administration (FDA),
quality fish should have a histamine content lower than 10 mg/kg; between 20-50 mg/kg
indicates significant deterioration, and equal to or greater than 50 mg/kg is a conclusive
evidence of decomposition [61]. In the United States, according to FDA, fish is consid-

ered spoiled as soon as histamine levels reach the limit of 500 mg/kg [59].
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Some BAs present in food such as putrescine and cadaverine inhibit histamine-
detoxifying enzyme. Hence, there is a discrepancy in the toxic level of histamine in food
due to the absence or presence of these. The European Community has proposed that
the average content of histamine should not surpass 10-20 mg/100g of fish [6]. For regu-
lation purposes, in fish and fish products, a limit of 300 mg/kg was stablished for the

sum of histamine, putrescine and cadaverine [32].

In the European Union, under Commission Regulation (EC) No 1441/2007 of 5 De-
cember 2007, was stablished that the average histamine content should be between 100-
200 mg/kg for 9 samples per batch, and only two samples can present values within this
range. These limits apply to fish species associated with a high histidine content, such as
the families Scombridae, Clupeidae, Engraulidae, Coryfenidae, Pomatomidae and

Scombresosidae [62].

Regarding fishery products which have undergone enzyme maturation treatment
in brine, manufactured from the same fish species above listed, the same regulation es-
tablished a range between 200-400 mg/kg for nine samples, where only two samples can

present values within this range [62].

The same regulation states that the results will be satisfactory if the mean of the
samples is lower than the minimum of the established limit interval. Lastly, none of the
samples can exceed the maximum allowed value in histamine content. The results ob-
tained will be unsatisfactory if the mean value exceeds the maximum limit; if more than
the previous stablished samples have histamine levels within the permitted range of val-

ues; or if one or more samples have histamine levels above the maximum limit [62].
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Chapter 3
Determination of Biogenic Amines

In the past few decades, the identification of BAs has been and remains one of the
greatest challenges in food analysis. The development of analytical techniques for exam-
ining and understanding the degradation of BAs is extremely important due to their

potential toxicity and their possible use as food quality markers.

3.1 Quantitative analysis for biogenic amines

Several fluorometric techniques have been developed to analyse and measure his-
tamine and with their evolution new procedures were studied and tested. However the
detection and quantitative analysis of bioactive amines is not simple for several reasons:
mainly because of their greater solubility in water than in the often-used organic solvents
(as a result of the strong polar character of the compounds); the simultaneous presence
of structurally different amines in the same extract; the extreme complexity of the matrix
sample; the low concentrations of these compounds in the samples; the potential pres-
ence of interfering compounds, such as various amino acids with structural similarities
to amines; the absence of intrinsic properties of the compounds that enable their detec-
tion directly by physicochemical methods of current application (spectrophotometric,

fluorometric or electrochemical methods) [63][64].

To overcome these issues many methods have been developed based on amine
extraction and derivatization followed by separation and quantification. Recently, ex-
traction and derivatization processes are performed simultaneously, however, these
processes are undesirable due to possible errors and losses in the analyte concentration.
The next step involves the quantitative analysis of BAs which is often performed by
chromatographic methods: thin layer chromatography (TLC), gas chromatography
(GC), capillary electrophoresis (CE) and high-performance liquid chromatography
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(HPLC). Due to the high number and variety of methods there is a need for methods
better suited to high-speed screening [64].

3.1.1 High Performance Liquid Chromatography

Among these methods, HPLC is by far the mostly frequently reported technique
for BAs separation and quantification. Over the years several different HPLC methods
have been studied and proposed. After the amines extraction a derivatization is required
which can be performed before or after the column separation, being the principal de-
rivatives used dansylchloride and o-phthaldialdehyde (OPA). Afterwards the detection
is done by fluorimetry. However not all HPLC methods require derivatization, using
instead an ionic chromatography followed by an electrochemical detection or a diode

array detector [65].

Due to low volatility and lack of chromophores, the HPLC method with Reversed-
Phase separation makes use of detection schemes based on pre-column or post-column

derivatization to produce strong chromophores [2][63].

Compared to GC and CE, HPLC offers disadvantages on the lack of efficiency due
to low diffusion coefficients in liquid phase, causing slower diffusions of analytes in the

stationary phase [66].

3.1.2 Capillary Electrophoresis

CE is the second most commonly performed technique applied to the determina-
tion of BAs in food and, despite of its low sensitivity, has numerous advantages. Among
them, it’s a rapid and reliable technique, being able to screen a large number of samples
in a short period of time [18]. CE is a technique based on free zone electrophoresis in
buffer-filled capillaries. The detection is then performed by ultraviolet when the amines
are directly separated or fluorescence detectors when the amines are derivatized (using
OPA) [65]. In conjunction with pulsed amperometric detection, CE does not need any
derivatization procedure which makes it an alternative to reverse phase columns meth-
ods. Compared with HPLC, CE can obtain a superior response in terms of limit detection

using small sample volumes [67].
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3.1.3 Gas Chromatography and Thin Layer Chromatography

Amines are difficult to analyse by GC due to their lack of volatility and their inter-
action with the GC column which consequently, leads to significant tailing and poor
reproducibility. However, GC methods can be cheaper and simpler to apply than HPLC
equipment in some cases [49]. It is a reproducible and fast method where one extract
analysis requires only 10 minutes without derivatization [65]. Although TLC is relatively
simple and requires no special equipment, published methods take an excessive time for

analysis and/or inaccuracy of the obtained results (semi-quantitative) [63].

3.1.4 Ultra Performance Liquid Chromatography

Since 2004, a new generation of stationary phases has emerged, capable of with-
standing pressures (over 1000 bar), which when integrated into LC systems, the system
is called Ultra Performance Liquid Chromatography (UPLC). UPLC systems, when com-
pared to conventional HPLC equipment, are considered advantageous because of their
ability for faster analysis with better efficiency, reduced solvents consumption and a bet-

ter peaks resolution, without detriment to efficiency [68][69].

Along with chromatographic methods, also biochemical assays and immunoas-
says are used in determination of BAs and have the advantage of being cheap, fast, sim-
ple to perform and can be used outside the laboratory. However, semi-quantitative re-

sults might be obtained and are often associated with a lack of specificity [10].

Despite the wide range of analytical methodologies already published and ap-
plied, new methodologies are continuously being developed with the goal of achieving
even higher levels in the double stranded quality of results versus ease and speed of

execution.

3.2 Semi-quantitative and quantitative analysis for histamine

In the past decade new methods have been developed for the analysis and quan-
tification of histamine. The first methods of evaluation of histamine were biological

methods which measured parameters included the amount of contraction of a histamine
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sensitive organ [65]. However, the analysis of this amine suffered an evolution in the
applied methods for simpler and more convenient techniques such as colorimetry, TLC,

enzymatic and immunoenzymatic methods, and flow injection analysis (FIA).

3.2.1 Colorimetry

To identify quickly and at low cost the presence of histamine in food, several meth-
ods of colorimetry have been developed and applied. However, until 2004 the colori-
metric assays then reported involved numerous steps such as extraction processes and
the use of chromatographic purification of histamine and further coupling with diazo-
nium salts [65]. The new colorimetric assay proposed has a simpler extraction procedure
involving an interaction with the reaction of imidazole, a heterocyclic organic com-
pound, which produces a quantitative colour reagent. From there, it is possible to estab-
lish a reference colour scale (Figure 3.1) for a rapid estimation of histamine in food, par-
ticularly on detection of histamine toxicity levels in fish [70]. This method has a quanti-

tation limit of 10 mg/kg [65].

0 5 10 20 30 50

Figure 3.1: Reference colour scale for histamine (concentrations in pg/ml) [64].

3.2.2 Thin Layer Chromatography methods

TLC is considered a rapid method, with a migration time of only 2 hours allowing
the analysis up to 8 samples per plate at a time, where two plates can be simultaneously
placed in a migration container. This method does not require expensive material, being
only needed a basic equipment for extraction, chromatographic plates, migration con-

tainer and a densitometer for a quantitative determination [65].

Histamine extraction can be made by trichloroacetic acid, methanol or an aqueous
fraction of the press juice from canned fish [65][71]. The next step involves migration
and separation performed at a suitable stationary phase, with certain solvents. These can
either be methanol with ammonia or chloroform, methanol and ammonia, used in the

proportions (20:1) and (2:2:1), respectively [72]. Afterwards, to reveal the histamine,
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certain reagents can be used such as ninhydrin, fluorescamine and o-diacetylbenzene
[73]. Through comparison of the colour intensity of the revealed histamine in the sam-
ples with histamine standards run at the same time on the chromatographic plate, a
semi-quantitative detection is obtained. Histamine detection can also be quantitative
with the use of a densitometer [65]. The detection threshold using TLC is of 100 mg/kg
[74].

3.2.3 Enzymatic methods

This technique is based on the deamination of histamine. In the presence of oxy-
gen, DAO deaminates histamine to form imidazole acetaldehyde, with a simultaneous
production of hydrogen peroxide (H,0;) and ammonia (NHs3). The released hydrogen
peroxide is then used to convert a reduced dye to its oxidized form with a colour devel-
opment associated, through the action of the enzyme horseradish peroxidase (HRP)
[75][76]. This reaction is the oxidation of leuco crystal violet, a colourless compound, to

crystal violet, a purple compound [77].

Histamine + O, i) H,0, + NH; + imidazole acetaldehyde 3.1)
H,0; +reduceddye _ "RP 4 0 4 oxidized dye (3.2)

The colour intensity is proportional to the amount of histamine and can be evalu-
ated visually (qualitative detection) or by spectrometry (quantitative detection) [65]. The

detection limit is 0.5 mg/kg and quantification limit is 1.5 mg/kg [74].

Several enzyme biosensors have been developed to simplify and reduce the dura-
tion of the analytical measurements [78][79][80][81]. Also, a solid phase assay (test strip)
was developed, based on the coupling of DAO to a peroxidase/dye system [76][82].

Although enzymatic assays are rapid methods with an incubation time ranging
from 20 minutes to 2 hours, allowing the simultaneous analysis of several samples, the
DAO enzyme can react with other BAs such as agmatine, putrescine and cadaverine
when present at high levels [65]. Studies have also reported that these methods tend to

overestimate histamine content at levels < 10 mg/kg [83].

Enzymatic methods can be used as histamine screening tests on large numbers of

fish samples [77].
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3.24 Immunoenzymatic methods

Several immunoassays using monoclonal antibodies have been developed for his-
tamine assessment in biological fluids. However, the application of such tests in food
products is not easy due to lack of specificity and inadequate sensitivity. Thus, an im-
munoassay using antibodies was developed for histamine determination in food. Anti-
histamine monoclonal antibodies were produced and used to perform a competitive in-

hibition ELISA (Figure 3.2) [84].
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Figure 3.2: Summary of key steps in competitive ELISA. (1) Control antigen is absorbed onto
well and a buffer containing an unrelated protein is used to block free sites in the wells; (2) Sample
and detection antibody mix is added to wells; (3) Addition of enzyme conjugated with secondary
detection antibody; (4) Substrate is catalysed by enzyme to generate coloured readout. The colour

intensity is inversely proportional to the antigen amount in the sample. Adapted from [85].

More recently, numerous ELISA assays have been developed by companies which
produce commercial kits for qualitative and/or quantitative analysis of histamine. Such
analysis follows the successive steps: 1) Histamine extraction from the fish sample using
an acidic solution or water followed by a filtration; 2) Reagents (which differ according
to the kit) are added to form a histamine conjugate; 3) Competitive binding of histamine
conjugate to the antibodies coated onto reaction tubes wells during the incubation time,
followed by a washing; 4) Enzymatic reaction that causes a colour change, being the
reaction duration dependent on the test used; 5) Quantitative results can be determined
directly using a standard curve and qualitative results can be visually obtained by com-

parison with standard colour charts [65].

Immunoenzymatic methods can be performed in fish quality control laboratories
as histamine screening test, being able to separate products food products according to

the histamine level threshold of 50 mg/kg [86].
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3.2.5 Flow Injection Analysis

FIA is an analytical technique based on the injection of a liquid sample into a mov-
ing, continuous carrier stream of a suitable liquid. The sample zone is then transported
into a detector, responsible for recording the changes in absorbance, electrode potential,
or other physical parameters resulted from the sample passage through the flow cell
(Figure 3.3). A calibration curve is then produced to quantify the analyte in study
[65][87].

Phase 1 § INJECTION

Phase 3 DETECTION

> WE— =

Phase 4 WASHOUT
Figure 3.3: The four phases of FIA [87].

The most rapid method for selective determination of histamine is based on FIA

and is capable of screening 60 sample extracts/hour [88].

FIA methods using a fluorometric detection were developed to provide a fast
screening of fish samples for histamine determination [89]. Although no sample prepa-
ration is needed, FIA require a cautious selection of reagent concentrations and pumps
control in order to assure specificity for the histamine derivative [90]. More recent FIA
procedures have been developed for this screening, having a detection limit of 0.8 mg/kg

and quantitation limit of 2.4 mg/kg [91].

Some reports have proposed FIA systems with amperometric biosensors based on

enzyme reactors for freshness monitoring in fish samples [92][93][94].
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Chapter 4

Ion Mobility Spectrometry

4.1 Working Principles

In the last decade new and innovative ion mobility spectrometry (IMS) applica-
tions have emerged and have been used in quality control of toxic contaminants, bever-
ages and food products. Among these are assessment of food freshness or the degree of
spoilage of food products and detection of pathogenic micro-organisms or toxins such

as the determination of volatile organic compounds of fish spoilage.

Being used for detection, identification and monitoring of trace levels of chemical
compounds in different matrices, IMS is an analytical technique of ion separation based
on the differences of ion mobilities in a drift tube with a defined electric field. This sep-
aration is based on the specific drift times, that ionized compounds take to travel a fixed
distance under an electric field (E) [95]. When reaching the equilibrium, the ions move
with a constant drift velocity (v4) proportional to the electric field and in the same direc-
tion. Due to the relation between these two components it is possible to extract an inde-

pendent component for each ion, ion mobility K (Equation 4.1) [96].
K=—2=—_— = 4.1)

Drift velocity is expressed in cm?s™! and the electric field is in Vem™?, hence the
ion mobility K is expressed in cm?V~1s™1. L is the length of the drift tube, expressed in

cm, t; the drift time expressed in s and U the drift potential difference in V.

Ion mobility depends on the collision frequency, being susceptible to both pressure
and temperature. Therefore, by normalizing to the standard pressure and temperature

we get the reduced ion mobility K, (Equation 4.2).
P\ (T,
Ky =K (P_o) (7) (4.2)
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P and T represent the values of pressure and temperature during the experiment
and in standard conditions Py =760 Torr and T, = 273.15 K. Thus the reduced ion mo-
bility Kj is a substance’s specific value, being independent of instrumental or environ-

mental parameters [96].

The classic ion mobility spectrometer consists of a segmented drift tube, con-
structed of alternating insulating and conducting rings, along which an electric field is
applied (Figure 4.1). As the ions travel through the tube, they interact with a drift gas,
mainly air at atmospheric pressure or pure nitrogen. The slow collisions with the drift
gas molecules are more frequent for sterically demanding structures. Therefore, the drift
time of each substance is determined by its geometric structure and ion mass in the drift.
Thus, ions are separated not only according to their mass but also due to their size, spa-
tial structure and internal charge distribution. The resulting ion current is measured by

an electrometer as a function of time [95][97].

IMS technology has the advantage of being easily coupled to other analytical de-
vices such as gas chromatograph or liquid chromatography for pre-separation of com-
plex sample matrices. IMS systems are equipped with gas chromatographic columns,
providing compound selectivity. IMS is an extremely sensitive technique that can ana-
lyse a multiplicity of compounds at low concentrations with detection limits typically in

the low ppb-range or even ppt-range [97].

| Electric field gradient >

lon source Detector
H o E
Carrier gas 5 : * v o Drift gas
= £ MR L
&i * e
: s 'S
lonization Separation
Sample 8 2 HElE Signal
region region .
processing

Figure 4.1: Schematic of a classic ion mobility spectrometer. Vapours from the sample are car-
ried into the ionization region and the ions are transported by the electric field through the shutter
into the separation region. Ions with different mobility values reach the detector at different

times. Adapted from [95].
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4.2 Ion Formation

The detection by IMS is based on the difference in the drift time of the product ions
through the drift region of an ion mobility spectrometer. The product ions are formed
when the compounds of the sample mixture, after being introduced into the instrument,
are chemically ionized by means of interactions with the reactant ions. Thus, the reactant

ions determinate the ionization outcomes [98].

The formation of ions, the ionization efficiency and therefore the quantitative
measure of the analyte depend on the ionization technique applied. Once formed, each
ion will move towards the detector at its own velocity with a constant electric field in

the drift tube (Figure 4.2.1) [99].

The sources most frequently used in IMS are radioactive due to their stability and
own source of power. Although radioactive sources often need special permits and li-
censing procedures, not to mention the regulatory and safety issues implied. Thus, al-
ternative ionization sources are desired and have been studied to apply in IMS. Non-
radioactive sources are however less stable and require additional power. Examples in-

clude electron gun sources, corona discharge and photoionization [100].
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Figure 4.2: Schematic diagram showing the components and the ionization process of an IMS.
Adapted from [99].
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42,1 Formation of Reactant Ions

The ions created in an IMS depend on the ionization technique applied during the
measurements, being the radioactive source 53Nj the most commonly used. 53Nj is a beta
(electron) emitter and is known by its reliability, efficiency and long lifetime. Other ra-

dioactive ion sources used are ***Am and *H (Tritium) [98][100].

Ions and further free electrons of lower energy are formed, due to the collision of
the electrons with air molecules at ambient pressure. The high energy ®*Ni electrons will
then hit and ionize the nitrogen in the air and will continue the ionization until they lose
their kinetic energy [100].

N, + e~ —— NI + 2e” (4.3)

In positive polarity, ions are formed through a chain of reactions, which initiates
with the ion N3 and ends with the formation of three possible positive reactant ion spe-
cies, (H,0),H"*, (H,0),NO* and (H,0),NH} (Equation 4.4 to 4.9). However, (H,0),H*
tends to predominate under N, drift gas flow rates of 600 to 1400 mL/min [101][102].

N3 +2N, —— N7 +N, (4.4)

N} +H,0 ——— 2N, + H,0% 4.5)

H,0* + H,0 ——— H;0* + OH (4.6)

H;0* + H,0+ N, ——— (H,0),H* +N, (4.7)
(H,0),H* + H,0 + N, ——— (H,0)3H* +N, 4.8)
(H,0),_;H* +H,0+ N, ——— (H,0),H" +N, (4.9)

The number of water molecules n is a function of the gas temperature and partial
pressure of water in the gas [102]. This number depends upon the humidity of the drift
gas in the IMS. Typically, humidity is kept at very dry conditions (a few ppm), forming

reactant ions with 2 or 3 water molecules, n = 2 or n = 3 respectively [100].

Enough reactant ions are formed and consequently available for chemical ioniza-
tion of the analytes. However, the ionization efficiency can differ between analytes, be-

ing some ionized more efficiently with negative reactant ions [98].

32



In negative polarity, ions are formed by thermalized or low energy electrons.

When the surrounding gas is air, the high energy electrons emitted by ®*Ni are thermal-

ized at ambient pressure, being subsequently attached to oxygen. Through collisions,

the electrons will interact with the surrounding gas and lead to the formation of negative

reactant ions containing oxygen and water clusters [100]:

H,0 + 03 (H,0)

H,0 + 0, (Hy0),—4

02+e_

H,0 + 03

— 0z (H;0)

— 03 (H;0);

— 0z (H;0),

(4.10)

(4.11)

(4.12)

(4.13)

The reactant ions yield a peak in the spectrum, known as the reactant ion peak or

RIP. RIP is a constant feature in IMS spectra even in the absence of any sample, repre-

senting the total of all reactant ions available described as (H,0),H*.
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Figure 4.3: IMS Predominant Ionization (positive polarization). Adapted from [97].
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As the product ions are produced, the number of available reactant ions in the
reaction region decrease, expressed in the decrease of RIP intensity and consequent in-
crease in the intensity of the analyte related peak. Thus, at a given retention time ¢, the

detection of an analyte peak reduces the RIP intensity at the same ¢, (Figure 4.3) [103].

When ions such as (H,0),NH} are formed, their peaks also appear in mobility

spectra as small ammonia cluster peaks before the RIP, often named as pre-RIP [104].

4.2.2 Formation of Product Ions

Once formed, the reactant ions will interact with the unknown molecules to pro-
duce product ions. Positive reactant ions will produce product ions through collisions
with hydrated protons, with the formation of a cluster ion stabilized through the dis-
placement of adducted water [105]. The formation of product ions depends on the pro-
ton affinity of the analyte, being the probability of the charge transfer higher when the
proton affinity of the analyte is greater than the reactant ion [100]. Being M the molecules
to be ionized, the reaction leading to the formation of product ions in positive polarity

is as followed [105]:

M + H*(H,0),, «—— MH*(H,0), «—— MH*(H,0),_, +xH,0 (4.14)
Sample neutral + Reactant ion Cluster ion Product ion + Water

Protonated monomer

A second product ion can be formed due to the increase of the analyte M concen-
tration in the reaction region, where a further sample neutral attaches to the protonated
monomer, displacing a water molecule and producing a proton bound dimer (Figure

4.4) [105]:
MH+(H20)n + M — M2H+(H20)n_x + tzo (415)

Protonated monomer + Sample Proton bound dimer + water

Also, proton-bound trimers and tetramers can be produced in the gas saturated
region of the ion source. These ions have short lifetimes and are hardly observed in ion

mobility spectra at ambient temperatures or above.
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H*(H,0),

MH'(H,0),
M,H*(H,0),

Detector Response, I or V

Drift Time (ms)

Figure 4.4: A positive polarity mobility spectrum for 2-pentanone in air. The reactant ion peak
(RIP) is visible at 4.45 ms. The protonated monomer and the proton-bound dimer appear at 5.075
and 6.225 ms, respectively. Adapted from [105].

Similarly to positive reactant ions, negative reactant ions form hydrated adduct
ions between the oxygen anion and the analyte (Equation 4.16). Similarly, to positive
reactant ions, also the cluster ion can be stabilized to a negative product ion, by displace-

ment of a water molecule [105].

M+ 0;(H,0), «—— MO0;(H,0), «—— MO05(H,0),_,+xH,0 (4.16)

Sample Negative Cluster ion Production + Water

reactant ion

Other reactions can also be involved such as charge transfer and proton abstrac-
tion. The latter consists essentially in proton transfer to the reactant ion, forming an

(M — H)™ ion (Equation 4.17) [105].

M+ 0, —— (M — H)~ + HO, (4.17)

The proton affinity of water (the reactant ion in study) is 691k]J/mol (=7.162eV),
allowing the ionization by proton transfer of all molecule with higher proton affinity,
typically given for all heteroatom-organic compounds such as alkenes, alcohols, ethers,

aldehydes, ketones, carboxylic acids, esters and amines [97][106].
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Some compounds can be more susceptible to reactions with ions of the appropriate
polarity, depending on the analyte chemical structure. The proton affinity also related
to this property also affects the selectivity in ion mobility spectra. It is important to be-
ware that in complex sample mixtures only the molecules with the highest proton affin-
ities will allow their detection. Aromatic amines and phosphorous compounds have the

highest proton affinities [100][105].

4.3 Gas Chromatography and Multi Capillary Column

For a more efficient analysis of VOCs, IMS technology is often coupled with gas
chromatography (GC) or multi capillary column (MCC), involving a pre-separation of

the complex sample mixtures before their entry in the drift tube.

MCC is essentially an altered GC, with the same methodology: while GC consists
in only one capillary column, MCC involves several capillaries, as the name suggests
(Table 4.1). A capillary column is a very thin tube with a stationary phase coating the
interior surface. Due to the distance travelled by the analyte, these columns provide a

high sensitivity and separation efficiency.

Table 4.1: Typical characteristics of single and multi capillary column. Adapted from [107].

Parameter Capillary Multi Capillary
column column
Length, m 30 02-1
Number of capillaries 1 1000
Pressure, bar 01-1 2-10
Sample capacity, pg 01-05 2-3
Optimal flow rate, mL/min 1-2 20-300

Generally, GC is a method based on the separation and detection of compounds
in a mixture. Two phases are essential for this technique: a mobile phase and a stationary
phase. The mobile phase, also known as carrier gas, is comprised of an inert gas, which
can be helium, argon or nitrogen. The stationary phase is a packed column in which the

mobile phase will flow, distributing the solutes between the two phases. Thus, the
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sample mixture is separated into its individual compounds. This separation is based on
the interaction strengths of the compounds with the stationary phase: with a stronger
interaction, the compound will interact longer with the stationary phase, having a slower

migration through the column (longer retention time) [108].

Several factors can affect the separation of the components: vapor pressure, the
polarity of both components and stationary phase on column, column temperature, car-

rier gas flow rate, column length and amount of material injected [108].

4.4 Gas Chromatography coupled with Ion Mobility Spectrometry

Being the IMS coupled with GC separation, a 3-dimensional chromatogram is pro-
duced, where the x axis represents the drift time of IMS in milliseconds (ms), the y axis
corresponds to the time regarding GC separation (retention time) given in seconds (s)
and the z axis represents the detector response, related to the amount of ions detected
for each compound (Figure 4.5). This 3-dimensional chromatogram can be converted
into a 2-dimensional representation by transforming the z-axis data into a color scale for
each detected signal. The higher the detector response the more intense the correspond-
ing detection signals [109]. Through the chromatograms it is possible to obtain a quali-

tative and a quantitative analysis.
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Figure 4.5: 3-dimensional and 2-dimensional chromatogram obtained by GC-IMS. Adapted
from [109].
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The data obtained using the GC-IMS device is analysed with the Laboratory Ana-
lytical Viewer (LAV) software.

LAYV software

Developed by G.A.S., the LAV software allows the 2-dimensional and 3-dimen-
sional graphical displaying and processing of measurement data acquired in GC-IMS.
By employing plug-in modules, it provides several functionalities, such as the Topo-

graphic view, the Reporter and Gallery plugins and the Analytics functions.

In the centre of the topographical view a two-dimensional plot of a part of the
currently selected single measurement is displayed (Figure 4.6). The sample value range
to be displayed is mapped to one of various colour schemes. The standard colour scheme
includes the colours black, blue, magenta, white, orange and red. Sample values above
the set value range are displayed in red, while sample values below the set value range

are displayed in black.

17,120 ms

Figure 4.6: The Topographic view of the LAV software. A typical spectrum of a biogenic amine
is shown.

In order to compare multiple spectra, the definition of area sets is necessary. These
area sets are denoted rectangular areas in drift time/retention time coordinates. Then,
using the Gallery plugin of LAV, the user can compare all defined area sets, allowing
the identification and characterization of peaks. Figure 4.7 illustrates the window of Gal-

lery plugin.
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Figure 4.7: Window of the Gallery plugin. In this example, seven spectra are compared for

the defined area sets, being the name of each area set placed bellow each column.

The automatic extraction of analyte ion peaks data, such as retention time, drift
time, intensity and RIP position, can be obtained through the Analytics functions. Using
quantification modules and calibration functions, compounds concentrations can be cal-
culated based on these functions for every IMS measurement which the model is applied
to. Lastly, the Reporter plugin allows the comparison between multiple spectra (Figure
4.8). The display of area sets, as well as drift and retention times, is available, being also
possible to apply spectra zoom in and zoom out.

L LAV_plugin_Reporter 1.2.12 - X
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Figure 4.8: Window of the Reporter plugin. In this example, three typical spectra are compared,
and the defined area sets are displayed.
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Chapter 5

Materials and Methods

5.1 Materials

The materials required for all measurements for three studies conducted are pre-

sented in Table 5.1:

Table 5.1: Materials used in the experimental protocol.

Material Manufacturer

Multi Capillary Column coupled with Ion  G.A.S.® GmbH, Dortmund, Germany
Mobility Spectrometry NMT, Tecnologia, Inovacao e Consultoria, S.A.

Gas Chromatography coupled with Ion G.A.S.® GmbH, Dortmund, Germany

Mobility Spectrometry
Nitrogen bottle 9.3 m? Air Liquide ALPHAGA®, Lisbon
Analogic Heatblock VWR®, Radnor, PA

20 mL glass vials with threaded, open-cen- VWR®, Radnor, PA

tered magnetic caps and rubber seals

Teflon tube connected to stainless steel fe- Bohlender GmbH, Griinsfeld, Germany Swagelok, So-

male thread lon Ohio

Regular bevel needles 21 G BD™, Becton, Dickinson and Company, Franklin
Lakes, New Jersey

5mL syringes PIC Solution®, Pikdare S.r.1., Italy

Micropipette 0 - 10 pL and tips

Stainless steel surgical tweezer and

micro spatula

Digital Thermometer and Chronometer

Power Supply G.A.S.® GmbH, Dortmund, Germany
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5.2 Sample preparation

In this thesis three different studies were conducted: detection of biogenic amines,
study of fresh fish decomposition and study of BAs in fish control samples previously
measured by other techniques (HPLC and Gas Chromatography coupled with Mass
Spectrometry).

The easiest way to introduce the sample into the IMS device is through direct in-
jection by flowing a carrier gas directly into the ionization region. However, when deal-
ing with liquid or solid samples, which is the case, a different sampling methodology is
required to vaporize the sample and consequently obtain its gas state for IMS analysis.
Syringe injection is the methodology applied in all three studies. This methodology is
complemented with static headspace analysis (Figure 5.1) which samples directly the

volatile headspace from the container in which the sample is placed (glass vial).

H G = Gas phase (headspace)
O O The gas phase is commonly referred to as the headspace and lies
O O \( above the condensed sample phase.
@) q @
O } S = Sample phase
The sample phase contains the compound(s) of interest and is usu-
volatilh ® i } ally in the form of a liquid or solid in combination with a dilatation
analytes S solvent or a matrix modifier.
O O S
\® PY Once the sample phase is introduced into the vial and the vial is
_'—/ sealed, volatile compounds diffuse into the gas phase until the head-
sample, dilution space has reached a state of equilibrium as shown by the arrows. The
solvent, and matrix sample is then taken from the headspace.
modifier

Figure 5.1: Phases of the headspace vial. Adapted from [110].

Once injected into the sample system of both devices, the MCC-IMS and GC-IMS
systems will record all measurements spectra and create a resulting file. Subsequently
this file will be processed in the LAV software, capable of providing 2D or 3D represen-

tation of spectra.

In order to verify if the observed signals are characteristic of the amines analyzed
and are volatile compounds resulting from fish decay, room air measurements were also

performed.
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5.2.1 Detection of biogenic amines

The first study involves 8 different biogenic amines obtained from Sigma-Aldrich
(Darmstadt, Germany): histamine dihydrochloride (HIS), putrescine (PUT), cadaverine
(CAD), tyramine (TYR), tryptamine (TRP), spermine (SPM), spermidine (SPD) and
phenethylamine (PEA) (Table 5.2). These amines were studied in their pure form (except
histamine) to avoid any possible peaks appearance of unknown or undesired com-

pounds in mobility spectra.

Table 5.2: Structural properties of the biogenic amines analysed.

Biogenic Amine Abbreviation CAS Molecular | Molecular Density
Number Formula Weight (gcm™3)
(g mol™1)
Histamine
. . HIS 56-92-8 | CgHyCLLN; | 184.067 -

dihydrochloride
Tyramine TYR 51-67-2 CgH,,NO 137.182 1.1+0.1*
Tryptamine TRP 61-54-1 CioH12N, 160.216 1.2+0.1*
Spermine SPM 71-44-3 | CyoHpeN, 202.346 | 0.937

solid

liquid
Putrescine PUT 110-60-1 | C4H;,N, 88.154 | 0.873 (25°C)
Cadaverine CAD 462-94-2 CsHyuN, 102.181 0.877 (25°C)
Spermidine SPD 124-20-9 | C,H;oN, 145250 | 0.925 (25°C)
Phenethylamine PEA 64-04-0 CgH 4N 121.183 0.954 (20°C)

*Predicted data generated using the ACD/Labs Percepta Platform - PhysChem Module [111].

While putrescine, spermidine, cadaverine and phenethylamine are in their liquid
state, the remaining amines are in solid state. The liquid amines have a distinctive fishy
smell, easing the measurement and detection of the amine with the technique applied.
The solid amines although having a faint characteristic odor (except histamine) were

hardly identified in mobility spectra.

Each solid BA was then weighed and placed in a 20 mL glass vial. Regarding the

liquid amines, 1 pL of each amine was removed using a micropipette and set into similar
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vials. The vials were immediately sealed and only when the headspace has reached a

steady state were the samples withdraw.

All samples were taken with a 5 mL syringe designated for each amine to avoid

possible VOCs accumulations and subsequent contaminations of the measurements.

5.2.2 Fresh fish decomposition

The second study conducted involved the purchase and preparation of three dif-
ferent fish species samples: atlantic bonito (Sarda sarda), atlantic horse mackerel (Trachu-

rus trachurus) and sardine (Sardina pilchardus).

Fresh specimens of the fish species atlantic bonito, atlantic horse mackerel and sar-
dine were purchased from a fish market in Almada, Portugal. Gutting and filleting were
manually performed before transportation to the laboratory. To avoid any contamina-
tions, only sterile knives were used. The samples were then packed in polystyrene boxes
with ice and transported in a thermal isolated bag to the laboratory within two hours

after purchase.

Once in the laboratory, the samples were weighed to establish the weight range of
all measurements (Table 5.3). Due to the high sensitivity of the device and strong char-
acteristic fish odour, the weight of the fish muscle samples to be analysed should not

surpass the mass unit gram, the average weight being 0.1540 g.

Table 5.3: Scientific names and weights of the fish species analysed.

Fish species Scientific name Weight (g)

Family Genus and species | Sample1l | Sample2 | Sample 3
Atlantic bonito Scombridae | Sarda sarda 0.1153 0.1630 0.1772
Atlantic horse mackerel | Carangidae | Trachurus trachurus |  0.1190 0.1822 0.1527
Sardine Clupeidae Sardina pilchardus 0.1626 0.1425 0.1711

Fish muscle samples were placed into separate vials immediately after weighing.
The vials were then sealed and placed in the laboratory exposed to room temperature
for 8 days at room temperature to promote degradation of fish muscles samples. Sam-
ples headspace was analysed over the first four days. Sarda sarda samples headspace was

also measured on the 8" day.
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5.2.3 Control fish samples

Control samples of the fish species Sarda sarda were studied and analysed in GC-
IMS. The preparation of these samples was conducted as part of a research conducted
on seafood quality assessment by determination of target biogenic amines in fish involv-
ing different techniques such as Gas Chromatography coupled with Mass Spectrometry
(GC-MS) and HPLC. This research is also inserted in the project 3Qs for quality - Devel-
opment of new devices and techniques for seafood quality assessment (PTDC/MAR-

BIO/6044/2014), the same project as this thesis.

After selection of the fish species, the fish was fileted and exposed to room tem-
perature for 13 days, with a daily samples collection. These samples were then frozen
for later analysis at -80°C. Following the periods of exposure, stored samples were ho-
mogenized in 75:25 Methanol: 0.4N HCI.

Similarly to fresh fish samples, a small amount of control samples of each day was
removed and weighed (Table 5.4). Then the weighed samples were placed into separate

sealed vials. Afterwards, samples headspace was measured and analysed.

Table 5.4: Weight of all samples taken from the control samples.

Control fish | Day of fish Weight (g)

samples collection Sample 1 Sample 2 Sample 3
TO 1st 0.1170 0.1263 0.1310
T4 5th 0.1191 0.1275 0.1145
T7 8th 0.1271 0.1223 0.1312
T11 12th 0.1240 0.1267 0.1108
T13 14th 0.1246 0.1406 0.1359

5.3 Analytical Equipment: MCC-IMS and GC-IMS

For the accomplishment of the tests and measurements of this experimental work
both MCC-IMS and GC-IMS were used. The devices were manufactured by the G.A.S.
Gesellschaft fiir analytische Sensorsysteme mbH headquartered in Dortmund, Ger-
many. Both systems consist of the IMS coupled to a gas chromatographic column, where
MCC-IMS has multiple short parallel capillaries coated with a stationary phase and GC-
IMS only presents one long capillary tube (Table 5.5).

45



The IMS technology coupled with Gas Chromatography provide the detection of
VOCs traces by simple directed sample. The main purpose of the GC-IMS is measuring
the headspace of these compounds of both solid or liquid samples. Thus, allows the
measurement of the odour performance over time, providing identification and quanti-
fication of gas odours. The enormous advantages of the device are the speedy availabil-
ity of the results (within a few minutes), and the friendly-user and very easy menu pro-

vided.

The schematic represented in Figure 5.2 shows the principle structure of the gas

flow system of the GC-IMS equipment.

Drift gas (N2)

Transfer Line

GC Column Heater[if: When

Capillary Column
installed

Sample loop

Transfer Line

Transfer Line: optional

Figure 5.2: Schematic of the GC-IMS equipment. IMS is coupled to a gas chromatography col-
umn, having other components associated in the system such as EPC1 and EPC2. These represent
electronic pressure control units, used to supply the drift gas and the carrier gas for the column,
respectively. Both gases leave the device at the gas out, connected to an exhaust. IMS, GC Column

and Sample loop are heated, represented by T1, T2 and T3 [97].
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Table 5.5: Detailed specifications of GC-IMS and MCC-IMS.

Parameters GC-IMS MCC-IMS

Dimension 450x 500 x 295 [mm] 449 x 495 x 184,5 [mm]
(Width x Depth x Height) (Width x Depth x Height)

Weight approximately 20 kg 12-15kg

Drift length 98 mm 98 mm

Electrical field strength 500 V/cm 500 V/cm

Ionisation source

B-radiation source (Tritium *H)

B-radiation source (Tritium 3H)

Sampling system

6-port-valve; sample loop 1 mL

6-port-valve; sample loop 1 mL

Test gas method

Headspace

Headspace

Gas chromatographic

General capillary columns:

Multi capillary column

column Column length: 30 m Film thickness: 0.2 pm
Capillaries I.D.: 0.53 mm Column length: 20 cm
(LD. stands for Inside Diameter) Capillaries .D.: 40 um
Number of capillaries: 1200
Gas Air Nitrogen 5.0 (99.999%)
Drift gas pressure 0.752 KPa -
Carrier gas pressure 63.478 KPa -
IMS Temperature 70°C 45°C
Column Temperature 40°C 50°C
Valve Temperature 55°C 45°C

In both systems, there are two types of fundamental separations in the detection
and analysis of compounds, the first being the chromatographic separation and the sec-
ond drift separation. Chromatographic separation provides a selective separation of
headspace volatile and semi-volatile compounds through the GC or multi capillary col-
umn. Once separated, the compounds are introduced into the ionization region of the
IMS where they are converted into product ions from interactions between positive or
negative reactant ions. In the presence of an electric field, the product ions travel through
the drift tube region until their detection according to their charge, mobility and ion

cross section.
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Spectra | Defaults | Programs ? ”Sip?cflgl Defaults ASubstanm]} Programs System
Terrp. 1 Temrp.2 Terp.3 Temp. 4 Program v N i EPC1  Drift 150.0 2%
Setpoint: | 45°C | 40°C | 55°C |40°C e 1179 kPa
3 - 24 EPC2 Camer 50.03m
Cument: [46°C [40°C [58°C [38°C Start 24 88684 kPa
22 m ms 450°C
T2 GC 450 °C
- ir} Loop 450 °C
b T Transter 45.0 °C
B 4 Sample 4 Curent  2-Hexanon0.0
Ul
[ 5% @ Fill Loop " Curert 2 00
Averaging ﬂ € Inject 2
[ 32 2 I R
Trigger-D. f |, o
[ 100ps &l Recording -
DitVot ol —— T p o
[+ y T L
3 Max. Rec. Time
RIP Win B T i g 3 0 T 5 3 2747 min
——— I I . .
| Apr.24.2009 [10:35 [ 35 °C 1> | Log|[ Nov.28.2016 | 14:38 | 35°C

Figure 5.4: Zoom in of the display of the defaults window for MCC-IMS and GC-IMS devices,
respectively. Adapted from [97][114].

5.4 Measurement methodology

To carry out the measurements of the samples in both devices, was necessary to
produce a protocol that allowed both the detection of the pure BAs and of amines in fish

muscle samples through VOCs emission.

The initial approach on the development of a measurement methodology was a
trial and error approach, which had satisfactory results regarding the detection of pure
amines. However, due to immediate saturation on mobility spectra, measurements of

fish samples required an optimization of the method applied.

Several factors such as gas flow rates, headspace’s volume, vapor pressure, length
of Column, temperature and humidity influence the separation process and thus need
to be taken in consideration to achieve a better separation and maximization of sensitiv-

ity and selectivity.
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During all measurements the room relative humidity of the laboratory air and
room temperature were maintained at 50-70% and 22-24°C respectively. All headspace

measurements occurred at ambient temperature (23°C).

The headspace temperature is also a factor to take in consideration due to the vol-
atility of organic compounds. This property is specified by the tendency of a substance
to vaporize, also known as vapor pressure. Usually the compounds volatility is higher
for lower boiling point temperatures, hence the volatility of organic compounds is often
defined and classified by their boiling points. The compound will more likely be emitted
into the air with a higher volatility (lower boiling point) [115].

However, little information is known regarding vapor pressure and boiling points
of biogenic amines. Most values are a prediction based on studies and trials (Table 5.6).
Hence all amines studied were measured not only at ambient temperature but also
heated to 40°C to test their volatility. To achieve the temperature of 40°C, the vials were
placed into the well of the heatblock during a pre-established time (10 minutes) and then
connected to the device through a needle attached to the Teflon tube or to a syringe
containing the headspace to analyse. Between the measurements, a cleaning program

was used to prevent accumulation of amine and remove any contaminates.

Table 5.6: Boiling points and vapour pressure of the analysed BAs.

Biogenic Amine Boiling Point Vapour Pressure
HIS 246°Ct -
TYR 166°C! at 2 mmHg -
TRP 137°C2 at 0.15 mmHg -
SPD 129°C! at 14 mmHg -
SPM 159°Ct - -
PUT 158-160°C2 - 2.33 mmHg at 25°C?
CAD 179°Ct - 1.01 mmHg at 25°C?
PEA 195°Ct - -

1Data from the toxicology database HSDB [115].
2Data from Chemical Book, Analytical Standards [116].
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5.4.1 Gas flow rates

While drift gas flow is responsible for the separation of ions in the drift region, the
carrier gas flow has a minimal contribution on the partitioning process, being simply
stated as just a carrier to transport the volatile molecules to the drift region through the

column during the partitioning process.

The pure amines cadaverine, putrescine, phenethylamine and spermidine were
first measured in the MCC-IMS device. To verify which flow was the most appropriate
to measure the amines, three drift gas flows were tested: 150 mL/min and the default
value 500 mL/min. Carrier gas flow was also verified, testing 50 mL/min and 100
mL/min. In all spectra shown below, the x-axis represents the drift time relative to the
RIP in milliseconds and the y-axis represents the retention time in seconds.

Putrescine

23°C

measurement run [sec]

40°C

measurement run [sec]

cine 500 40°C

4
2
2
®
£
g
£
5
&

Putres:

1.0 125 15 1.7 1.0 1.25 15 1.76

drift time [RIP relative]

Figure 5.5: Zoomed spectra of putrescine measurements at 23°C and 40°C. Variation of drift
gas flow: (1) 150 mL/min and (2) 500 mL/min. Carrier gas flow selected was 50 mL/min. Meas-

urements acquired using MCC-IMS device.
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Figure 5.6: Zoomed spectra of putrescine measurements at 23°C and 40°C. Variation of drift
gas flow: (1) 150 mL/min and (2) 500 mL/min. Carrier gas flow selected was 100 mL/min. Meas-

urements acquired using MCC-IMS device.

Comparing the Figures 5.5 and 5.6, it was possible to conclude that the drift gas
flow of 500 mL/min and carrier gas of flow 50 mL/min (Figure 5.7) show better spectra

to identify putrescine” signals and a possible pattern of the amine.

In Figure 5.7, putrescine samples at ambient temperature and 40°C were com-
pared. A signal was observed in both spectra (yellow rectangle) with higher signal in-
tensity at 40°C. Some additional signals (white rectangle) showed intensity increase at
40°C. The signal identified for putrescine, yellow rectangle, has retention time of 12.012
seconds and drift time of 1.236 milliseconds relative to the RIP (drift gas flow 500
mL/min and carrier flow gas 50 mL/min). There was some accumulation of the amine in
the column, that can be removed with the flush of the system. Additionally, the signals
within the black rectangles were not clearly identified and might be originated from the

air constituents when heated to 40°C.
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6.99ms RIP:7.01ms RIP: 7.0ms

drift time [RIP relative]
Figure 5.7: Measurements of the room air and pure putrescine, at ambient temperature (23°C)
and 40°C for a drift gas flow of 500 mL/min and carrier gas flow of 50 mL/min. Measurements

acquired using MCC-IMS device.
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180611_143932.mea
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Figure 5.8: Zoomed spectra of cadaverine measurements at 23°C and 40°C. Variation of drift

gas flow: (1) 150 mL/min and (2) 500 mL/min. Carrier gas flow selected was 50 mL/min. Meas-

urements acquired using MCC-IMS device. 52



0.45M 13‘5;\,4 CADAVERINE 150/50 MCC-IMS

Room Air Cadaverine at 23°C Cadaverine at 40°C

measurement run [sec]

0

Cadaverine at 40°C

A
a
=
e
H
2

1.0 1.25 15 175 10 125 15 175 10 125 15 175
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Figure 5.9: Measurements of the room air and pure cadaverine, at ambient temperature (23°C)
and 40°C for a drift gas flow of 150 mL/min and carrier gas flow of 50 mL/min. Measurements

acquired using MCC-IMS device.

After the observation of the obtained spectra for cadaverine (Figure 5.8), it was
verified a better peaks separation with the drift gas flow of 150 mL/min and carrier gas

of flow 50 mL/min (Figure 5.9).

The comparation of cadaverine samples at ambient temperature and 40°C is rep-
resented on Figure 5.9. Three new signals were observed on the spectrum of cadaverine
when heated to 40°C (yellow rectangle). It is safe to assume that these three peaks are
specific to cadaverine, since they are not present in room air spectrum. The retention and

drift times of the signals identified in yellow rectangle are listed in the Table 5.7.

Similarly to putrescine measurements, cadaverine spectra present some amine ac-

cumulation in the column, which can be removed with a flushing program.

Table 5.7: Drift and retention times of the peaks within the yellow rectangle of Figure 5.9.

Drift time relative to RIP (ms) Retention time (sec)
1.142 11.0
1.237 11.0
1.339 11.0

To guarantee a good separation of peaks in further measurements of BAs on both
MCC-IMS and GC-IMS, 150 mL/min and 50 mL/min were chosen for drift gas flow and

carrier gas flow respectively.
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Phenethylamine

0.15M 13‘5M Phenethylamine 150/50 MCC-IMS

Room Air Phenethylamine at 23°C Phenethylamine at 40°C

measurement run [sec]

23°C

Room Air
Phenethylamine at 40°C

Phenethylamine at

1.0 125 15 1.0 125 15 1.0 125 15

drift time [RIP relative]
Figure 5.10: Measurements of the room air and pure phenethylamine, at ambient temperature
(23°C) and 40°C for a drift gas flow of 150 mL/min and carrier gas flow of 50 mL/min. Meas-

urements acquired using MCC-IMS device.

Samples of phenethylamine at ambient temperature and 40°C were compared in
Figure 5.10. In both spectra, was observed a peak with higher signal intensity at 40°C
(yellow rectangle). This signal has a retention time of 18.0 seconds and drift time of 1.074

milliseconds relative to the RIP.

Spermidine
e 1250 SPERMIDINE 150/50 MCC-IMS

Room Air Spermidine at 23°C

measurement run [sec]

4
2
3
3
&

Room Air

10 1.25 15 1.0 125 15

drift time [RIP relative]

Figure 5.11: Measurements of the room air and pure spermidine, at ambient temperature
(23°C) for a drift gas flow of 150 mL/min and carrier gas flow of 50 mL/min. Measurements

acquired using MCC-IMS device.
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Due to the limited amount of biogenic amines available, and in order to also meas-
ure in GC-IMS device at both temperatures 23°C and 40°C, it was only possible to ana-

lyse spermidine at room temperature in the MCC-IMS.

Nevertheless, a peak was observed in the amine spectrum (yellow rectangle) at
23°C with a high signal intensity. This signal then identified for spermidine has a reten-

tion time of 21.0 seconds and drift time of 1.234 milliseconds relative to the RIP.

5.4.2 Headspace volume

The headspace volume to analyse for each sample depends on the volatility of the

compound, the sample physical stated, the headspace resting time and the sample size.

The higher the volatility of the compound, the quicker will the VOCs emitted sat-
urate the headspace. Such condition is also verified when, with a large sample amount
on vial, the headspace is lower than the volume occupied by the sample. In the opposite
situation, when the headspace volume is much larger than the sample volume, the time
taken by the headspace until it reaches an equilibrium state will be consequently higher
and the concentration of the emitted VOCs will be lower. Thus, there is a need of adjust-

ment of both size and amount of sample to obtain better spectra.

The physical state of the sample also influences the ideal headspace volume for its
analysis. Headspace sampling is used to analyse and trace levels of volatile compounds
in liquids and solids. Solids that are not soluble are the perfect targets for this technique.
However, depending on the solid volatility, the sample analysis can require a higher

headspace volume, which was verified in some BAs studied in this thesis.

5.4.3 Running time

Due to their low molecular weight, measurements of the biogenic amines were

performed with a running time of 5 minutes in both devices.

However, not knowing the specific content of fish tissues samples and due to the
different matrix associated with each fish species, running times of 5, 7, 8, 9 and 10
minutes were applied. After spectra observation, it was possible to shorten the running
time according to the fish species to a value from which no more significant compounds

were detected.
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5.4.4 Design of measurement programs

For the analysis of both biogenic amines and fish samples, running programs were
created on both devices MCC-IMS and GC-IMS. Each program has values for several
parameters: duration of the pump activation, duration of the valve aperture, duration of

the record, gas flows and temperatures.

5.4.4.1 Detection of biogenic amines in MCC-IMS

During the trial-and-error approach, three programs were tested in the MCC-IMS,
differing only in pump activation and valve opening time. The power of the pump acti-
vation essentially depends on the carrier gas flow and the sample volume required to

allow it to reach the loop.

The first two programs made use of the pump, being activated with a power of
12%. It is known from the device specifications that the power of pump is set as the
percentage of the maximum 1800 mL/min. Thus 12% corresponds to 216 mL/min. The
maximum volume which could be removed from a vial is the volume of the vial itself,
20 mL. However, the sample loop has a capacity of 1 mL and thus only that volume will

be needed for analysis.

The duration of the valve aperture also depends on the carrier gas flows, since
during valve opening the pump will pull a certain headspace volume according to the
gas rate. As previously described, two carrier gas flow were tested: 50 mL/min and 100
mL/min. In order to recover all sample volume, 1 mL, the valve needed to be opened for
1.2 seconds and 0.6 seconds. However due to often malfunction of the pump, the dura-
tion of the valve aperture applied was of 6 seconds. The resulted programs applied with
the pump activated in putrescine and cadaverine samples are presented in Tables 5.8
and 5.9.

In the third program created, instead of pump activation, amines samples head-
space was injected through a syringe into the device: headspace of 2ml for both phene-
thylamine and spermidine. For a better separation of the analyte, a carrier gas flow gas
ramp was applied. Additionally, the duration of valve aperture was increased to 10 sec-
onds and the values of the spect parameter were also modified as seen in the program

represented in Table 5.10.
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Table 5.8: Program used on MCC-IMS measurements for amines samples, using pump activa-

tion for a drift gas flow of 500 mL/min and carrier gas flow of 50 mL/min.

Program name: AMINES_500

Spect Time A\ P R E1 E2
0 0Os | 12% | 500mL/min | 50 mL/min
1 0.231s I I rec I I
18 4.158s open off I I I
44 10.164s | close I I I I
1297 5min0s I I stop I I
1298 5min0s I I I I I

Table 5.9: Program used on MCC-IMS measurements for amines samples, using pump activa-

tion for a drift gas flow of 150 mL/min and carrier gas flow of 50 mL/min.

Program name: AMINES_150

Spect Time A\ P R E1 E2
0 0Os | 12% | 150mL/min | 50 mL/min
1 0.231s I I rec I I
18 4.158s open off I I I
44 10.164s | close I I I I
1297 5min0s I I stop I I
1298 5min0s I I I I I

Table 5.10: Program used on MCC-IMS measurements for amines samples, using syringe in-

jection methodology.

Program name: AMINES_SER

Spect Time \" P R E1 E2
0 0Os | off rec | 500mL/min | 50 mL/min
43 9.933s open I I I
86 19.866s | close I I I I
388 1min29s I I I I 10 mL/min
779 3minOs I I I I 25 mL/min
1384 5min32s I I stop I 35 mL/min
1385 5min33s I I I I I
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5.4.4.2 Detection of biogenic amines and fish analysis in GC-IMS

In GC-IMS, it was necessary to develop a program that, when applied, would al-
low the detection of pure biogenic amines and VOCs emitted by fish tissues. Thus, it was
stablished the application of the syringe injection methodology with specific amine sam-

ple headspace volumes (Table 5.11).

Table 5.11: Headspace volumes used for BAs measurements according to each sample.

Sample headspace volume
Amine Sample
Ambient temperature (23°C) Heated to 40°C
HIS 2 mL 4 mL 5ml 5 ml
TRP 1 mL 2mL 3ml 2ml
TYR 2mL 3mL 3mL
SPM 1mL 2mL 2mL
PUT 0.5 mL 1 mL 1 mL
CAD 1 mL 2 mL 2mL
PEA 1 mL 2 mL 2mL
SPD 2 mL 2 mL

Regarding fish samples, the measurements of the first and second days involved a
sample headspace of 2 mL while in the third and fourth day a headspace of 1 mL was

analyzed, due to considerable spectra saturation.

The running time was also taken in consideration. While due to their low molecu-
lar weight, the biogenic amines are detected within 5 minutes, the running time of fish
tissue samples is not as linear. The emission of VOCs depends on the fish matrix of each
species and thus some compounds can be detected within 5 or more minutes. After sev-
eral attempts involving more fish samples, two ideal programs for amines and fish sam-
ples analysis were developed, with the single difference of the running time, being 5

minutes for BAs and 7 minutes for fish tissues (Table 5.12 and 5.13).
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Table 5.12: Program used on GC-IMS measurements, for BAs samples.

Program name: AMINES

Time \" R El E2 P1
00:00, 000 | rec 150mL/min 50 mL/min |
00:10, 000 open | | | |
00:20, 000 close | | | 20%
01:30, 000 | | | 10 mL/min |
03:00, 000 | | | 25 mL/min |
05:00, 020 [ stop | 35 mL/min |
05:00, 060

Table 5.13: Program used on GC-IMS measurements, for fish tissues samples.

Program name: AMINES_FISH

Time \'% R E1 E2 P1

00:00, 000 | rec 150mL/min 50 mL/min |
00:10, 000 open | | [ |

00:20, 000 close | | | 20%
01:30, 000 | | | 10 mL/min |
03:00, 000 | | | 25 mL/min |
05:00, 020 | | | 35 mL/min |
07:00, 040 | stop | 35 mL/min |

07:00, 060
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Chapter 6

Results and Discussion

6.1 Detection of biogenic amines

After the development and optimization of the program to measure BAs, all

amines samples were analysed in the GC-IMS device at both ambient temperature (23°C)

and 40°C.

The spectra obtained are represented below, with yellow rectangle identifying the

characteristic peak of each amine, where the x-axis represents the drift time relative to

the RIP in milliseconds and the y-axis represents the retention time in seconds (Figures

6.1 to 6.8). Apart from histamine, it was possible to identify one to two signals specific

of each amine analysed. The drift position (relative to the RIP) and retention time of all

peaks identified are listed in the Table 6.1.

Table 6.1: Drift and retention times of the peaks within the yellow rectangle of Figures 6.1-6.8,

being tg,ift position the drift position relative to RIP, t, the drift time and ¢, the retention time.

Biogenic amine RIP (ms) Larift position (ms) | t; (ms) t- (s)
HIS 7.26 - - -
TYR 1.146 8.338 113
7.28

1.091 7.936 54

TRP 1.148 8.389 113
7.27

1.093 7.051 54

SPM 1.070 7.771 80
7.26

1.309 9.506 80

PUT 7.29 1.956 7.706 41

CAD 1.149 8.361 93
7.29

1.384 10.072 93

SPD 1.072 7.809 79
7.30

1.309 9.552 79

PEA 7.30 1.071 7.804 84
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Figure 6.1: Measurements of the room air and cadaverine, at ambient temperature (23°C) and
40°C for a drift gas flow of 150 mL/min and carrier gas flow of 50 mL/min. Measurements ac-

quired using GC-IMS device.
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Figure 6.2: Measurements of the room air and phenethylamine, at ambient temperature (23°C)
and 40°C for a drift gas flow of 150 mL/min and carrier gas flow of 50 mL/min. Measurements

acquired using GC-IMS device.
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Figure 6.3: Measurements of the room air and putrescine, at ambient temperature (23°C) and
40°C for a drift gas flow of 150 mL/min and carrier gas flow of 50 mL/min. Measurements ac-

quired using GC-IMS device.
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Figure 6.4: Measurements of the room air and histamine, at ambient temperature (23°C) and
40°C for a drift gas flow of 150 mL/min and carrier gas flow of 50 mL/min. No differences were
observed between room air spectrum and histamine spectrum. Thus, it was not possible to

characterize the BA histamine. Measurements acquired using GC-IMS device.
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Figure 6.5: Measurements of the room air and spermidine, at ambient temperature (23°C) and
40°C for a drift gas flow of 150 mL/min and carrier gas flow of 50 mL/min. Measurements ac-

quired using GC-IMS device.
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Figure 6.6: Measurements of the room air and spermine, at ambient temperature (23°C) and
40°C for a drift gas flow of 150 mL/min and carrier gas flow of 50 mL/min. Measurements ac-

quired using GC-IMS device.
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Figure 6.7: Measurements of the room air and tryptamine, at ambient temperature (23°C) and
40°C for a drift gas flow of 150 mL/min and carrier gas flow of 50 mL/min. Measurements ac-

quired using GC-IMS device.
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Figure 6.8: Measurements of the room air and tyramine, at ambient temperature (23°C) and
40°C for a drift gas flow of 150 mL/min and carrier gas flow of 50 mL/min. Measurements ac-

quired using GC-IMS device.
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6.1.2

Ion mobility constant: Biogenic amines

Values for reduced ion mobility constant were calculated for the identified peaks

of all biogenic amines (Table 6.2). Through the extraction of the retention time, the drift

position relative to RIP and the drift time, it is possible to calculate the ion mobility con-

stant and thus characterize each amine, with a substance-specific value. The calculation

of the reduced ion mobility constant follows the Equations 4.1 and 4.2, described in

Chapter 4:
v L L?
Ko%= nE
Where:

Drift tube length L
Drift potential difference U
Drift tube temperature T
Standard temperature Ty
Drift tube pressure P
Atmospheric pressure Py

Value
9.8
5000
343.16
276.16
5.64

760

K():K(

7 (7

Expressed in

cm
\'
K
K
Torr

Torr

Table 6.2: Ion mobility constant for the detected BAs presented in Table 6.1.

Biogenic RIP tdrift position ty K,drift position Ko,drift position K tq Kﬂ,td
amine (ms) (ms) (ms) | (em?v~1s™) | (em?V-1s71) | (cm?V-1s71) | (cm?V-1s71)

TYR 1.146 8.338 2.3023 0.0138 2.3037 0.0138
7.28

1.091 7.936 2.4184 0.0144 2.4204 0.0145

TRP 1.148 8.389 2.3014 0.0137 2.2900 0.0137
7.27

1.093 7.051 24172 0.0144 2.7241 0.0163

SPM 1.070 7.771 24727 0.0148 2.4718 0.0148
7.26

1.309 9.506 2.0212 0.0121 2.0206 0.0121

PUT 7.29 1.956 7.706 1.3471 0.0080 2.3037 0.0138

CAD 1.149 8.361 2.2932 0.0137 2.2971 0.0137
7.29

1.384 10.072 1.9038 0.0114 1.9071 0.0114

SPD 1.072 7.809 2.4545 0.0147 2.4597 0.0147
7.30

1.309 9.552 2.0101 0.0120 2.0109 0.0120

PEA 7.30 1.071 7.804 2.4568 0.0147 2.4613 0.0147
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6.2 Fresh fish decomposition

The fish decay takes place through several biological processes, which lead to the
production of different metabolic products. Muscle and fat (rancidity) decay and bacte-

rial growth are three key processes of fish spoilage.

Upon death, the microorganisms present in the fish quickly proliferate and
through the action decarboxylase enzymes proteolysis takes place, initiating a break-
down of fish muscles. While muscle decay produces monoamine and polyamine by-
products, fat decay produces volatiles through lipid oxidation such as aldehydes, ke-
tones, fatty acids and alcohols [117].

The presence of biogenic is currently the most reliable indicator of fish decompo-
sition, due to their association with organoleptic evaluation of fish freshness. Very low
molecular weight compounds such as ammonia, DMA and TMA are often present in
fish tissues when spoilage takes place. DMA and TMA reduced by trimethylamine oxide

(TMAO) and ammonia are products of urea and amino acids decomposition [117][118].

Although ammonia, DMA and TMA are gases at room temperature, they present

different boiling points (Table 6.3).

Table 6.3: Molecular weights and boiling points of ammonia, DMA and TMA [118].

Compound | Molecular Weight (g mol™') | Boiling Point

Ammonia 17.031 -33°C
DMA 45.085 8°C
TMA 59.112 5°C

In a closed chamber the vapor pressure of a compound is proportional to its con-
centration in the water part of the fish meat. The ammonia having the lower boiling point
is the most volatile of the three compounds and has probably the highest proportional
coefficient [118].

Ammonia was identified (green rectangle) in all fish species studied: atlantic bo-
nito, atlantic horse mackerel and sardine. Mackarel presented the higher concentration

of all three, which might be explained by its high spoilage rate.

Possible traces of some biogenic amines were found in all fish species, however
with both drift and retention times deviations from the peaks identified for pure amine’s
samples (Table 6.4). Sardine only presented traces of cadaverine, tryptamine and tyra-

mine (Figure 6.11).
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Table 6.4: Identification of peaks and drift and retention times for traces found in fish, being

Larift position the drift position relative to RIP, t, the drift time and ¢, the retention time.

Compound | Peak identified RIP | tarift position tq t
(rectangle colour) A (ms) (ms) (ms) (s)
Ammonia Green 7.30 0.893 6.512 29
HIS - - - - -
TYR
White 7.30 1.122 8.198 53
TRP
SPM
Red 7.30 1.390 10.160 153
SPD
PUT - - - - -
CAD 1.074 7.855 152
Yellow 7.30
1.288 9.426 152
PEA Pink 7.30 1.143 8.328 153

On the third day of all measurements, an unpleasant odour took place, indicating
the fish decay. Although TMA is the main responsible for the “fishy” odour, other com-
pounds may also contribute [105]. It was then stablished that in the third day after fish

purchase, the fish is considered spoiled.

Observing the spectra of the three fish species of each day, mackerel presents the
highest content of VOCs. Sardine, although visible more degraded than bonito and
mackerel, shows a low content of volatile compounds comparing with mackerel. The
continuously fish decay over the days enhance the VOCs emission, which will quickly
saturate the headspace, causing a saturation behaviour on all spectra, particularly on the

third day after purchase.

Atlantic bonito presents traces of six biogenic amines (Figure 6.9) and with a higher

concentration than the amines identified in sardine and mackerel.
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Atlantic bonito (Sarda sarda)
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Figure 6.9: Measurements of Sarda sarda sample 1, at ambient temperature (23°C) for a drift
gas flow of 150 mL/min and carrier gas flow of 50 mL/min. Green, yellow, pink, red and white
rectangles correspond to ammonia, CAD, PEA, SPD and SPM, and TRP and TYR, respectively.

Measurements acquired during the three days after fish purchase, at the same time of day,
using GC-IMS device.

Atlantic horse mackerel (Trachurus trachurus)

0.15M 1250 Trachurus trachurus (sample 1)
Day 1 Day 2 Day 3

measurement run [sec]

10 _ 1.25 15 1.0 1.25 15 1.0 1.25 15
RIF n R " RIF 8m:

drift time [RIP relative]
Figure 6.10: Measurements of Trachurus trachurus sample 1, at ambient temperature (23°C) for

a drift gas flow of 150 mL/min and carrier gas flow of 50 mL/min. Green, yellow, pink and red
rectangles correspond to ammonia, CAD, PEA and, SPD and SPM, respectively. Measurements

acquired during the three days after fish purchase, at the same time of day, using GC-IMS

device.
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Sardine (Sardina pilchardus)

oo T Sardina pilchardus (sample 1)
Day1 Day 2 Day 3

150

measurement run [sec]

100

1.0 1.25 15 1.0 1.25 15 1.0 1.25 15
RIP:7.31m RIP 1 RIP: 7.28m

drift time [RIP relative]

Figure 6.11: Measurements of Sardina pilchardus sample 1, at ambient temperature (23°C) for
a drift gas flow of 150 mL/min and carrier gas flow of 50 mL/min. Green and yellow rectangles
correspond to ammonia and CAD, respectively. Measurements acquired during the three days

after fish purchase, at the same time of day, using GC-IMS device.

6.2.2 Ion mobility constant: Biogenic amines in fish

Similarly to the previous subchapter, the reduced ion mobility constant was calcu-
lated for the compounds detected and listed in Table 6.5. All values presented are arith-
metic averages of values of all fish species samples that presented the correspondent

compounds.

Table 6.5: Ion mobility constant for the compounds detected in all fish species (Table 6.4).

Peak RIP tdrift position ty K,drift position KO,drift position K tq KO,td
(ms) (ms) (ms) | (cm?V-1is7!) | (cm?V-1is™!) | (em?V1s71) | (em?V-1s71)
Ammonia | 7.30 0.893 6.512 0.4041 0.0024 2.9500 0.0176
TYR
7.30 1.122 8.198 0.3209 0.0019 2.3430 0.0140
TRP
SPM
7.30 1.390 10.16 0.2590 0.0015 1.8910 0.0113
SPD
CAD 1.074 7.855 0.3350 0.0020 2.4453 0.0146
7.30
1.288 9.426 0.2791 0.0017 2.0378 0.0122
PEA 7.30 1.143 8.328 0.3160 0.0019 2.3064 0.0138
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Fish species spectra comparation for each day

The Figures 6.12 to 6.15 present two types of signals: room air signals and charac-
teristic fish signals. The signals of room air are identified by orange rectangles, while fish

characteristic compounds are within green rectangles.

It is verified a correlation between all three fish species regarding the signals of
VOCs emitted. Compounds concentrations may differ due to sample weight differences
and distinct fish matrix according to each species. The latter may also explain the devia-

tion of retention times of the peaks.

Over the days, the fish decay is notorious with the emission of more volatile com-
pounds. These accompany the active progression of the “fishy” odour resulted from the
fish spoilage. The presence of cadaverine was observed on all fish species, along with
other unidentified compounds, at the first two days of fish decomposition. Thus on the
second day of fish storage under room temperature conditions, TMA and other volatile

amine compounds show an extent increase following the fish decay.

On the fourth day of measurements, the fish is already spoiled and thus the spectra
present the same signals with slight intensity differences as those identified on the third

day (Figure 6.14 and 6.15).

- -
0.15M 1.25M Day 1

n
go Atlantic Bonito Sardine

Atlantic Mackerel

o
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100

measurement run [sec]
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2
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Aflantic Bonito
Sardine

drift time [ms)

Figure 6.12: First day measurements of all three species (sample 1), at ambient temperature
(23°C) for a drift gas flow of 150 mL/min and carrier gas flow of 50 mL/min. The signals of
room air are identified by orange rectangles, while fish characteristic compounds are within

green rectangles. Measurements acquired using GC-IMS device.
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Figure 6.13: Second day measurements of all three species (sample 1), at ambient temperature
(23°C) for a drift gas flow of 150 mL/min and carrier gas flow of 50 mL/min. The signals of
room air are identified by orange rectangles, while fish characteristic compounds are within

green rectangles. Measurements acquired using GC-IMS device.
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Figure 6.14: Third day measurements of all three species (sample 1), at ambient temperature
(23°C) for a drift gas flow of 150 mL/min and carrier gas flow of 50 mL/min. The signals of
room air are identified by orange rectangles, while fish characteristic compounds are within

green rectangles. Measurements acquired using GC-IMS device.
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Figure 6.15: Fourth day measurements of all three species (sample 1), at ambient temperature
(23°C) for a drift gas flow of 150 mL/min and carrier gas flow of 50 mL/min. The signals of
room air are identified by orange rectangles, while fish characteristic compounds are within

green rectangles. Measurements acquired using GC-IMS device.

6.3 Fish control samples

Sarda sarda, an Atlantic Scombridae species, was used as model organism to de-
velop a sensory classification scale of seafood quality. Samples were prepared as de-

scribed in Chapter 5.

Sarda sarda samples were then treated and analysed by GC-IMS, for biogenic

amines detection and comparation with fresh fish samples.

It is possible to verify a higher fish decay on the spectra of control fish samples
comparing with fresh fish samples (Figure 6.18), which might be due to the long storage
time at very low temperatures (—80°C) of control fish samples. However, low storage
temperature is considered safe regarding the control of the production of biogenic

amines.

First and eighth day of fresh fish samples of Sarda sarda and control samples TO
and T7 were compared in Figures 6.18 and 6.19. The common signals between both spec-
tra are identified by green rectangles. The reduced ion mobility constant was calculated
for the compounds detected and listed in Tables 6.8 and 6.9. It was not possible to iden-

tify any of the BAs previously analysed.
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Figure 6.16: Measurements of control samples T0 and T4 of Sarda sarda (sample 1), at ambient
temperature (23°C) for a drift gas flow of 150 mL/min and carrier gas flow of 50 mL/min. Meas-

urements acquired using GC-IMS device.
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|

Control sample T13

200

150

measurement run [sec]

100

ontrol sample T
Control sample T11

drift time [RIP relative]

Figure 6.17: Measurements of control samples T7, T11 and T13 of Sarda sarda (sample 1), at
ambient temperature (23°C) for a drift gas flow of 150 mL/min and carrier gas flow of 50

mL/min. Measurements acquired using GC-IMS device.
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Figure 6.18: Measurements of the first day of fresh fish sample and control samples TO of Sarda
sarda (sample 1), at ambient temperature (23°C) for a drift gas flow of 150 mL/min and carrier
gas flow of 50 mL/min. The common signals between both spectra are identified by green rec-

tangles. Measurements acquired using GC-IMS device.
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Figure 6.19: Measurements of the eighth day of fresh fish sample and control samples T7 of
Sarda sarda (sample 1), at ambient temperature (23°C) for a drift gas flow of 150 mL/min and
carrier gas flow of 50 mL/min. The common signals between both spectra are identified by

green rectangles. Measurements acquired using GC-IMS device.
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Table 6.6: Drift and retention times for traces found in Figure 6.18 within green rectangles,

being tg,ift position the drift position relative to RIP, t, the drift time and t, the retention time.

RIP (mS) | tgrif¢ position (MS) | tg (ms) t. (s)
7.30 1.203 8.803 63
7.30 1.282 9.352 66
7.30 1.333 9.743 66
7.30 1.358 9.912 66
7.30 1.408 10.281 66
7.30 0.968 7.062 68
7.30 1.197 8.729 72
7.30 1.185 8.655 75
7.30 1.130 8.256 109
7.30 1.227 8.955 114
7.30 1.281 9.337 159
7.30 0.966 7.044 165
7.30 1.286 9.398 218
7.30 1.642 11.966 218

Table 6.7: Drift and retention times for traces found in Figure 6.19 within green rectangles,

being 4, position the drift position relative to RIP, ¢, the drift time and ¢, the retention time.

RIP (mS) | tgrife position (MS) | tg (ms) t. (s)
7.29 0.967 7.055 66
7.29 1.428 10.395 108
7.29 1.196 8.723 180
7.29 1.285 9.387 219
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Table 6.8: Ion mobility constant for the common compounds detected in fresh fish sample and

control samples TO (Table 6.6).

RIP | tgift position g K arift position | Kodrift position K., Ko,
(ms) (ms) (ms) | (em?V-1s71) | (em?V-is71) | (em?V~1s71) | (em?V~1s71)
7.30 1.203 8.803 2.1872 0.0137 2.1820 0.0130
7.30 1.282 9.352 2.0524 0.0123 2.0539 0.0123
7.30 1.333 9.743 1.9739 0.0118 1.9715 0.0118
7.30 1.358 9.912 1.9376 0.0116 1.9379 0.0116
7.30 1.408 10.281 1.8688 0.0112 1.8683 0.0112
7.30 0.968 7.062 2.7182 0.0162 2.7199 0.0162
7.30 1.197 8.729 2.1982 0.0131 2.2005 0.0131
7.30 1.185 8.655 2.2204 0.0133 2.2193 0.0133
7.30 1.130 8.256 2.3285 0.0139 2.3266 0.0139
7.30 1.227 8.955 2.1444 0.0128 2.1449 0.0128
7.30 1.281 9.337 2.0540 0.0123 2.0572 0.0123
7.30 0.966 7.044 2.7238 0.0163 2.7269 0.0163
7.30 1.286 9.398 2.0461 0.0122 2.0438 0.0122
7.30 1.642 11.966 1.6025 0.0096 1.6052 0.0096

Table 6.9: Ion mobility constant for the common compounds detected in fresh fish sample and

control samples T7 (Table 6.7).

RIP | turift position ty K arife position | Kodrift position K., Koy,
(ms) (ms) (ms) | (em?V-1s7!) | (em?Vis71) | (em?V~1s71) | (em?V-1s71)
7.29 0.967 7.055 2.7248 0.0163 2.7226 0.0163
7.29 1.428 10.395 1.8451 0.0110 1.8478 0.0110
7.29 1.196 8.723 2.2030 0.0132 2.2020 0.0132
7.29 1.285 9.387 2.0505 0.0122 2.0462 0.0122
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Chapter 7
Conclusions and Future Perspectives

Being volatile amines the most indicative substances of fish spoilage, the principle
of this thesis was based on finding markers, specific patterns which are characteristic for
a specific type of compounds, particularly biogenic amines, and thus stablishing a cor-

relation between fish matrices and the VOCS emitted by amines.

Through two-dimensional representations of VOCs emitted by both amines and
fish tissues, the analysis by GC-IMS allowed the assignment of different patterns of
seven of the most important biogenic amines in food products. Chemical fingerprints
were obtained for three different fish species, through the analysis of fish decay from the
emission of odour compounds. Comparing with MCC-IMS, the GC-IMS technique has
proven to have a higher sensitivity for shorter analysis time with an exceptional repeat-
ability, being ideal for monitoring food freshness and decomposition, and thus provid-
ing an alternative to other monitoring applications such as electronic noses. Addition-
ally, the discrimination ability of the device can be enhanced with the increase of the
current database of identified volatile compounds, through the analysis of a large num-

ber of control samples.

Although MCC-IMS provides a high selectivity due to the pre-separation of the
samples in the multi capillary column, this technique is not the most appropriate regard-
ing fish tissues analysis, due to the accumulation of VOCs in the sample loop which

causes a high saturation in spectra.

Researches on BAs production in fish and fish products have been focused on his-
tamine toxicology having reported a direct implication of the families Scombridae and
Scomberesocideae in histamine poisoning. Being responsible for the most serious food-
borne intoxications, histamine represents the most important biogenic amine. Its detec-
tion did not have satisfactory results most likely due to the low amount of amine avail-

able for measurement.
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Regarding fish decay, it is important to take in consideration the possible reaction
of BAs such as putrescine, cadaverine, spermine and spermidine, with nitrite present in
fish tissues, which may lead to nitrosamines production. The presence of nitrosamines
and other characteristic fish compounds in fish matrices such as aldehydes, ketones and

alcohols can explain the differences in peaks positions of BAs in fish samples spectra.

Although reduced ion mobility constants were calculated for pure amines and
compounds identified as possible biogenic amines in all fish species, the identification
of the volatiles compounds was not possible due to the parameters variation on the tech-

niques applied for the analysis of this type of compounds.

Further research objectives will include the treatment and analysis of higher hista-
mine concentrations in GC-IMS, as well as the validation of once more the detection of
the already identified biogenic amines. An expansion of the GC-IMS library with VOCs

data will also facilitate volatile amines detection and further identification.

Another approach for the detection of volatile amines would be measuring sam-
ples headspace when heated to higher temperatures than 40°C. Reaching the boiling

point temperatures of each compound would be ideal to maximize its volatility.

Further experimentation with fish samples can also be accomplished. Instead of
the sample preparation method applied in this thesis, fish specimens could be placed
into containers with more than two fish (for example, 15 fish in one container) and then
tissues samples would be collected daily for GC-IMS analysis. The containers would
simulate the conditions of fresh fish in e.g. fish market when placed in pallets for pur-

chase and consumption.
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