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RESUME

L'objectif principal de ce travail était de développer un capteur colorimétrique de sécurité
alimentaire intégré dans les emballages alimentaires comme indicateur de fraicheur et fournir des
informations sur la qualité des aliments en utilisant une technique non destructive, in situ et en
temps réel. Une formulation de liant avec un extrait de riz noir enrobé sur des films Polyéthylene

téréphtalate (PET) traités par corona a été développee.

Dans le premier objectif, nous avons la formulation d’une encre alimentaire capable de changer
de couleur a différents pH. Cette encre devait posséder deux caractéristiques importantes, tout
d'abord, une forte adhésion a la couche de revétement/coté imprimable, et deuxiemement, elle
devait rester intacte dans I'espace de téte a haute humidité relative des emballages de fruits de mer.
L'étude a impliqué la conception d'une formulation d'encre alimentaire sécuritaire affichant des
changements de couleur significatifs sur une plage de pH (du rouge au jaunatre/marron),
démontrant une sensibilité aux gaz Total VVolatile Base Nitrogen (TVB-N). Les méthodologies clés
comprenaient le traitement corona des films en PET pour améliorer I'adhérence, le traitement
thermique pour améliorer le collage de I'encre (adhésion et stabilité), et diverses techniques de
caractérisation telles que les mesures de I'angle de contact de I'eau, la spectroscopie FTIR, et la
spectrophotométrie UV-Vis pour analyser les propriétés de I'encre. Les résultats ont indiqué que
les films développés signalent efficacement la détérioration du poisson grace a des changements
de couleur visibles, fournissant une solution pratique pour surveiller la fraicheur des aliments tout

en respectant les réglementations de sécurité alimentaire.

Dans le deuxiéme objectif, la recherche a impliqué I'examen de I'efficacité du changement de
couleur de l'encre formulée dans différentes solutions de pH. Différentes techniques de
caractérisation ont confirmé l'efficacité et la stabilité de I'indicateur, qui a démontré des réponses
colorées rapides et sensibles aux gaz liées a la détérioration. Les films ont maintenu une stabilité
de couleur acceptable lors du stockage a 4 °C, les changements de couleur corrélant avec les
dénombrements microbiens et les analyses chimiques, confirmant leur efficacité en tant
gu'indicateurs de fraicheur. De plus, des modéles mathématiques ont été intégrés pour prédire la
détérioration en fonction des données expérimentales, montrant de fortes corrélations entre les
réponses colorimétriques et les niveaux de TVB-N, validant ainsi la performance du capteur dans

la surveillance en temps réel de la fraicheur. Les indicateurs de pH développés ont été évalués en
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étant exposes a de vrais échantillons de poisson afin d'évaluer la réponse colorimétrique durant le
stockage du poisson a 4 °C pendant 9 jours. Un changement de couleur visuellement notable de
I'étiquette d'emballage est passé du rouge au violet, puis au bleu, au vert et enfin au jaunatre/marron
avec l'augmentation du dénombrement microbien (de 3.80 + 0.09 a 7.16 + 0.04 log CFU/qg), de

TVB-N (de 5.34 £ 0.02 & 36.25 £+ 0.14 mg/100 g) et du pH (de 6.93 £ 0.01 & 7.73 + 0.01) des
échantillons de poisson a été détecteé.

Dans le dernier objectif, les résultats démontrent efficacement que la détection colorimétrique
constitue une méthode fiable pour suivre la fraicheur des fruits de mer en détectant les gaz TVB-
N. La forte corrélation entre les résultats du capteur et les méthodes traditionnelles de
chromatographie-gazeuse-spectrométrie de masse (GC-MS) met en lumiére son potentiel pour des
applications pratiques en matiere de securité alimentaire. L'efficacité du capteur a été évaluée a
travers une série d'expériences impliquant de veritables échantillons de poisson stockés a 4 °C sur
une période de 9 jours. Spécifiquement, la transition de couleur du capteur passant du rouge au
jaunatre/marron a été quantitativement liée a la croissance microbienne et aux niveaux de TVB-N.
Cette corrélation souligne la capacité du capteur a fournir une surveillance en temps réel et non
destructive de la fraicheur des fruits de mer, améliorant ainsi la sécurité alimentaire et réduisant le
gaspillage. L'intégration de ces conclusions soutient I'application potentielle du capteur
colorimétrique dans les systemes d'emballage intelligent, contribuant a une meilleure tracabilité et

efficacité dans l'industrie alimentaire.

En résumé, un capteur colorimétrique sdr pour les aliments a été développé, permettant une
détection simple, économique, rapide, facile a préparer et visible a I'eeil nu des gaz volatils
basiques. Cette approche innovante offre une solution pratique pour améliorer la sécurité
alimentaire et réduire le gaspillage en fournissant aux consommateurs des signaux visuels clairs

concernant la fraicheur des produits périssables.

Mots-clés : Emballage intelligent, anthocyanines, sdr pour les aliments, indicateur de pH, fraicheur

du poisson.
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ABSTRACT

The main goal of this work was to develop a food-safe colorimetric sensor integrated in food
packaging as a freshness indicator to provide information regarding food quality using a non-
destructive, in situ, and real-time technique. A binder formulation with black rice extract coated on

corona treated PET (Polyethylene terephthalate) films were developed.

In the first objective, our aim was to formulate a food-safe ink with the ability of changing color in
different pH states. This ink should have two important characteristics: firstly, high adhesive
bonding to the coating layer/printable side, and secondly, it should stay intact in the high relative
humidity headspace of seafood packages. The study involved designing a food-safe ink formulation
that exhibited significant color changes across a pH range (from red to yellowish/brown),
demonstrating sensitivity to Total Volatile Base Nitrogen (TVB-N) gases. Key methodologies
included corona treatment of PET films to enhance adhesion, thermal treatment to improve ink
bonding (adhesion and stability), and various characterization techniques such as water contact
angle measurements, FTIR spectroscopy, and UV-Vis spectrophotometry to analyze the ink's
properties. The results indicated that the developed films effectively signal fish spoilage through
visible color changes, providing a practical solution for monitoring food freshness while adhering

to food safety regulations.

In the second objective, the research involved examining effectiveness of the changing color of the
food-safe formulated ink in different pH solutions. Various characterization techniques confirmed
the effectiveness and stability of the indicator, which demonstrated rapid and sensitive color
responses to spoilage-related gases. The films maintained acceptable color stability during storage
at 4 °C, with color changes correlating with microbial counts and chemical analyses, confirming
their efficacy as freshness indicators. Additionally, mathematical models were integrated to predict
spoilage based on experimental data, showing strong correlations between colorimetric responses

and TVB-N levels, thus validating the sensor's performance in real-time freshness monitoring.

The developed pH indicators were evaluated by exposing to the real fish samples to assess color
response during fish storage under 4 °C for 9 days. A visual noticeable color change in the color of
the packaging label from red to purple and then blue to green and finally to yellowish/brown with
the increase in the microbial count (from 3.80 + 0.09 to 7.16 + 0.04 log CFU/qg), total volatile basic
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nitrogen (TVB-N) (from 5.34 + 0.02 to 36.25 £ 0.14 mg/100 g) and pH (from 6.93 £ 0.01 to 7.73

+ 0.01) of the fish samples was detected.

In the last objective, the result effectively showcases colorimetric sensing as a reliable method for
monitoring seafood freshness by detecting TVB-N gases. The strong correlation between the
sensor's results and traditional gas chromatography-mass spectrometry (GC-MS) methods
highlights its potential for practical applications in food safety. The sensor's effectiveness was
assessed through a series of experiments involving real fish samples stored at 4 °C over a 9-day
period. Specifically, the color transition of the sensor from red to yellowish/brown was
quantitatively linked to microbial growth, and TVB-N levels. This correlation underscores the
sensor's capability to provide real-time, non-destructive monitoring of seafood freshness, thereby
enhancing food safety and reducing waste. The integration of these findings supports the potential
application of the colorimetric sensor in intelligent packaging systems, contributing to improved

traceability and efficiency in the food industry.

In summary, a food-safe colorimetric sensor was developed which allows for simple, cheap, rapid,
easy to prepare and detectable by naked-eye towards volatile basic gases. This innovative approach
offers a practical solution for improving food safety and reducing waste by providing consumers

with clear visual cues regarding the freshness of perishable products.

Keywords: Intelligent packaging, anthocyanins, food-safe, pH indicator, fish freshness,
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CHAPTER 1 INTRODUCTION

Context

In 2020, approximately 5 billion pounds of fish and seafood were produced in the United States,
with a market value of around 16 billion $[1]. Fish and seafood are highly perishable products with
an estimated shelf-life of 3-14 days, depending on the type and storage conditions. Current
analytical techniques for effective quality control regarding the freshness and spoilage of food
products; such as GC/MS, high-performance liquid chromatography (HPLC), UV-Vis
spectroscopy, and proton nuclear magnetic resonance (H NMR), are often costly, time-consuming,
and reliant on laboratory settings [2].

In contrast, colorimetric sensors present a viable alternative, offering advantages such as
affordability, user-friendliness, rapid response times, and the ability to provide results that can be
interpreted with the naked eye. These sensors can be integrated into packaging materials, allowing
for real-time monitoring of food quality throughout the supply chain. However, despite the
availability of commercial colorimetric sensors, this technology still faces challenges related to low
sensitivity due to indirect contact, which complicates installation and practical use by consumers.
To enhance their effectiveness, ongoing research is focused on improving the sensitivity and
specificity of these sensors, as well as developing user-friendly designs that facilitate widespread

adoption in both retail and home settings.

Fish packaging plays a crucial role in maintaining the freshness and quality of seafood products,
as fish are highly perishable and susceptible to spoilage [3]. Intelligent packaging can monitor the
condition of packaged food or the environment surrounding the food. Intelligent packaging design
for monitoring the quality of fish packages incorporates advanced technologies that enhance food
safety and freshness throughout the supply chain [4]. Consumer acceptance of intelligent packaging
is influenced by awareness and perceived value [5]. Studies indicate that consumers are more likely
to trust products with visible freshness indicators [6], enhancing their confidence in food safety
[7]. This innovative approach often includes the integration of sensors, indicators, and smart labels

that provide real-time information about the condition of the fish [8].

Intelligent packaging that incorporates anthocyanins and food-safe coating inks as pH indicators

offers a promising solution for visually monitoring food quality. Anthocyanins, natural pigments



found in various fruits and vegetables, exhibit color changes in response to pH variations, making
them effective indicators of food freshness and spoilage [9]. When integrated into food packaging,
these pH-sensitive coatings can provide immediate visual cues about the condition of the food, this
color change is in response to specific biochemical changes associated with spoilage, allowing
consumers and retailers to assess the quality immediately [10].

The use of food-safe inks ensures that the packaging remains non-toxic and suitable for direct
contact with food products, enhancing safety while providing an innovative approach to quality
monitoring. This combination of intelligent packaging and natural indicators not only promotes
sustainability by using natural components instead of synthetic dyes and reducing the food waste
by effective quality monitoring [11]. Anthocyanin-based indicators have demonstrated that they
can accurately reflect the freshness of seafood and meat products by correlating color changes with
the production of spoilage-related compounds [12, 13]. These indicators provide a practical and
visually intuitive method for consumers to assess food quality.

Several design of experiments (DOE) considerations should be implemented to enhance the
adhesion bonding of water-based coatings based on anthocyanins to non-polar polymer films [14].
Key factors to investigate include the selection of appropriate printable layer and surface treatments
for the non-polar substrates, such as corona treatment as a physical and non-toxic approach, which
can increase surface energy and improve adhesion [15-17]. Additionally, varying the concentration
of anthocyanins in the coating formulation, along with the incorporation of adhesion promoters
such as surfactant or crosslinking agents, can be systematically evaluated to optimize the bonding
strength. The experimental design should also include assessments of curing conditions, such as

temperature and time, to determine their effects on the final adhesion properties [18].

Accurate shelf-life prediction is essential for minimizing food waste and ensuring product quality.
Studies have demonstrated that monitoring volatile amine production can effectively predict the
shelf-life of seafood and meat products [15, 19]. The integration of colorimetric indicators into
packaging can complement traditional methods, providing a dual-function approach to freshness
monitoring [12]. There is a notable absence of literature regarding the use of a food-safe
colorimetric sensor that remains intact within seafood packaging and can visually indicate the

freshness or spoilage of the product.



Objective

The aim of this research is to develop and characterize sensitive colorimetric sensors utilizing
natural dye-based pH indicators for detecting TVB-N gases. Additionally, this study seeks to
evaluate the performance of the developed colorimetric sensor during the storage of fish and its

potential applications in the food packaging industry.

Plan of dissertation

This dissertation comprises of 8 chapters. The following chapters make up this dissertation:
Chapter 1: Introduction

Chapter 2: Literature review

Chapter 3: Objectives and ordering of the articles

Chapter 4 to 6: Reports of three articles

Chapter 7: General discussion

Chapter 8: Conclusion and recommendations

Appendices



CHAPTER 2 LITERATURE REVIEW

2.1 Intelligent food packaging

Seafood products are highly susceptible to spoilage even during short storage time under freezing
conditions [20-23]. Quality control of seafood products by techniques including electrochemical
devices or analytical tools are time-consuming, destructive, and requires specific instruments and
qualified specialists [24]. The limitation of conventional packaging in showing accurate and real
time food expiration dates leads to food waste and foodborne diseases [25], as every year,
approximately 600 million people worldwide become ill after eating contaminated food [26]. Food
spoilage due to biological, chemical, or physical factors can lead to subtle changes that consumers
may not easily notice. Even minor alterations in color, texture, or flavor can result in misjudgments

about food quality, contributing to unnecessary food waste [27].

Therefore, addressing the existing challenges of food quality and safety is crucial by 1) detecting
changes in food products to prevent consumption by consumers; 2) identifying potential health
risks; and 3) implementing strategies to minimize or eliminate these issues [28]. Consumers are
increasingly demanding innovative packaging technologies that not only prolong the shelf life of

food but also facilitate effective communication regarding the freshness status of food products [8].

Packages generally have four basic functions: protection, communication, convenience and
containment. Packages assume a protective role associated to external factors such as light,
temperature and contaminants. They are also adjustable to the variable food shape and size and
considered easy to use. Packages contribute to an improvement in food commercialization and

distribution, ensuring its safe delivery and preservation.

Intelligent packaging (IP) emerged with the aim of detecting and monitoring the interaction
between the food, the packaging, and the environment [29, 30], informing the consumer about the
quality of food throughout the food chain in a non-destructive way, in situ and in real time [31]. IP
systems typically incorporate multiple types of sensors, focusing on various parameters such as gas
production, humidity, temperature, and microbial growth [32, 33]. IP innovation can monitor
various condition changes in the packaged products, including food quality (freshness, spoilage, or
ripeness), microbial activity (generation of organic acids, CO., volatile nitrogenous substance, or

sulfur derivatives), or other properties (transport and storage history)[34, 35].



While the exact number of sensors can vary depending on the specific application and technology
used, these systems generally rely on a combination of indicators, data carriers, and sensors to
monitor food quality effectively [32, 36, 37]. For instance, sensors that are a sub-group of
intelligent packaging can detect volatile gases produced by spoilage of food products especially
seafood and meat products, due to defective transportation or improper storage temperature
[38]. Figure 2.1 shows the framework of IP systems for monitoring food safety and quality [39].

Figure 2.1 The scheme for intelligent food packaging systems to detect food spoilage
[39].

2.1.2 Colorimetric sensors

Colorimetric sensors are a subgroup of chemical sensors in intelligent packaging [21, 40]. They
are designed to detect specific chemical changes in the environment, often related to the freshness
or spoilage of food products [41, 42]. These sensors typically change color in response to certain
chemical reactions, providing a visual indication of the quality or safety of the packaged product.



These packaged products are usually containing a detector element that interacts, either with a
chemical reaction or physical adsorption, with the preferred analyte, resulting in colorimetric or
fluorescent changes on a solid substrate support [41, 43]. Colorimetric sensors are commonly used
in applications such as monitoring gas emissions (like TVB-N) or detecting spoilage indicators.
These technologies integrate various sensing mechanisms that provide real-time information about

the condition of the product.
2.1.3 Freshness and/or pH Indicators

Freshness indicators are a subgroup of direct approaches in intelligent packaging systems [44].
These indicators provide real-time information about the freshness and quality of food products by
responding to changes in the environment, such as temperature, humidity, or the presence of
specific gases. Recent innovations include the development of pH-sensitive indicators that change
color in response to spoilage-related gases, such as TVB-N [15, 45-49].These indicators can be
incorporated into packaging materials, allowing consumers and retailers to visually assess the
freshness of seafood products immediately [9, 15, 18, 50, 51]. TVB-N comprises amines
trimethylamine (TMA), ammonia (NHz3), and dimethylamine (DMA) [52]. Among TVB-Ns, TMA
is produced immediately after the harvest of fish, and the concentration is responsible for the
characteristic “fishy” odor [53]. An important index of seafood spoilage is the TVB-N content,
which has a direct correlation with the sensory quality of fish, thereby serving as a vital indicator

for quality control within the seafood industry [51].

Freshness indicators provide information regarding food quality by assessing microbial activity
and/or chemical alterations in food products [54]. Freshness indicators represent a modern
approach to food quality assessment that aligns with the demands of today's fast-paced food
industry. However, more accurate determination of the shelf life of fish products is essential [53].
Various pH indicators are currently used to detect chemical changes due to microbial growth or
food spoilage, applied through techniques such as electrospinning, casting, and immobilization that

shown in Figure 2.2 [55].

A visual pH indicator produced by immobilization technique includes pH-responsive dyes and
functional groups which are immobilized on a supporting matrix. The functional quality of a pH
indicator primarily depends on the covalently bonded dyes applied to their matrix [23, 56].



For the immobilization of the pH sensing dyes, many solid-based platforms, including glass beads,
polymeric materials, hydrogel polymeric membranes, sol-gel matrices are used [30]. Natural and
synthetic polymers, including nanocellulose, chitosan, starch, and low-density polyethylene,
generally present are applied as structural composites to carry and stabilize the pH indicator dye
[57, 58]. PET is an ideal printable layer for food packaging due to its excellent barrier properties,
durability, and transparency, which enhance product visibility. Additionally, PET is lightweight,
recyclable, and resistant to chemicals, making it a cost-effective and sustainable choice for

preserving food quality and safety.
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Figure 2.2 Materials used in intelligent packaging, fabrication methods of pH indicator
based intelligent films and their scope of applications for detecting food freshness or

spoilage [55].

2.1.4 pH-sensitive indicator films: mechanisms and stability

pH-sensitive indicator films change colors in response to variations in the pH of perishable foods,

allowing consumers to monitor product quality without opening the package. The pH of food can



change due to microbial decomposition of carbohydrates, fats, and proteins, which is prevalent in
fish and meat spoilage, leading to the production of various volatile compounds.

Color changes in anthocyanin-based indicator films are attributed to alterations in the chemical
structure of anthocyanins at different pH levels. The color and structure stability of anthocyanins
are dependent on a combination of various environmental (including storage conditions) and
processing factors including the structure of anthocyanins, oxygen, temperature, light, pH and
water activity [69].

Anthocyanins exhibit a reversible color change across different pH levels, ranging from red at pH
2 to bluish-green at pH 9 [70]. The flavylium cation structure of anthocyanins is responsible for
this behavior; at low pH, the cyanidin molecule is protonated, forming a positive ion. As pH
increases, the molecules become deprotonated, and at high pH, they form a negative ion.
Anthocyanins are more stable in acidic environments than in alkaline ones [71].

In mildly acidic (pH 4-5) conditions, the red flavylium cationic state converts to gray carbinol
pseudo-bases due to nucleophilic reactions with water. At neutral pH (pH 6-8), these compounds
transition to quinoid anhydrous bases, exhibiting a violet color. In highly alkaline environments,
the indicator shifts to yellow chalcones, establishing a dynamic equilibrium among these
substances (Figure 2.3) [55, 72, 73].
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Figure 2.3 Color changing mechanism of anthocyanin in response to various pH [55].



Anthocyanins are water-soluble pigments belonging to the flavonoid class, primarily found in
various fruits, vegetables, and flowers, imparting vibrant red, purple, and blue hues [59]. Common
types of anthocyanins include cyanidin, delphinidin, malvidin, peonidin, and petunidin, each
differing in their chemical structure and color properties [60]. In food packaging, anthocyanins
serve as natural colorants and antioxidants, offering a dual function of enhancing visual appeal
while providing protection against oxidative degradation [61]. Their ability to change color in
response to pH variations makes them valuable as pH indicators in packaging, signaling the
freshness and quality of food products. Additionally, anthocyanins offer several advantages,
including being natural, non-toxic, biodegradable, and possessing additional health benefits such
as antioxidant and antimicrobial properties, making them a promising alternative to synthetic
additives in the food industry [62, 63]. Table 2.1 shows natural sources of anthocyanins and their

applications in various pH indicators.

The pH indicator mechanism involves microbial protein spoilage, which generates high levels of
TVB-N and biogenic amines. These compounds progressively increase the pH in the packaging
headspace, triggering a noticeable color change in the pH-sensitive dye immobilized within the

polymer film.

Table 2.1 Natural sources of anthocyanins and their applications in various pH indicators

[55].
Type of anthocyanins Matrix pH indicator applications Reference
Red cabbage (Brassica | Bacterial cellulose Applied in cheap and non- [64]
oleraceae) nanofibers destructive smart food packaging
to evaluate the quality or spoilage
of perishable food products
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Type of anthocyanins Matrix pH indicator applications Reference
(Continued)
Black carrot Bacterial Used to determine the level of [58]
nanocellulose spoilage of rainbow trout and
common carp fish fillet at
refrigeration storage
Blueberry/Blackberry chitosan Used in antioxidant packaging of [65]
pomace extracts fish/meat and evaluated the
freshness of food sample based
on the color changes of indicator
films
purple tomato chitosan Detection of spoilage in milk and [66]
fish
Alizarin (halochromic | Cellulose acetate | Used to determine the level and [67]
dye) nanofiber the upper acceptability limit of
spoilage
blueberry powder corn starch and need more research for [68]

glycerol

correlation color changes to the
shelf life




11

2.1.5 Integration of sensors and indicators

Integrating sensors and indicators into packaging provides critical information about product
conditions, enabling timely interventions to prevent spoilage [9, 74, 75]. Colorimetric sensors using
anthocyanins effectively detect pH changes in packaging environment related to spoilage through
visible color shifts [76]. These sensors can identify specific spoilage-related compounds, such as
ammonia and trimethylamine, produced during the microbial degradation of seafood [33, 77]. By
monitoring real-time pH variations, these innovative sensors enhance food safety and assist
consumers and retailers in making informed decisions about freshness [78]. Utilizing pH-sensitive
dyes, the packaging visually signals changes in response to spoilage gases, helping reduce food
waste [79, 80] and ensure high-quality products like fish and meat reach consumers [34, 81]. Table

2.2 shows a summary of packaging technologies and their applications for food spoilage detection.

Table 2.2 Summary of Packaging Technologies and Their Applications for Food Spoilage

Detection.
Type of Package Objective/Purpose Type of Food | Reference
Metalloporphyrin-based coating Detection of volatile amines Fish [82]
(TMA, TEA, DMA)

Colorimetric dye-based indicator Track increase in volatile Fish [83, 84]

amines as an indicator of
fish spoilage
Polyaniline film Respond to pH increase due Fish and [85]

to TVBN accumulation poultry meat
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Type of Package Objective/Purpose Type of Reference
Food (Continued)
Methyl red/cellulose membrane Respond to basic volatile Fish [86]
amines released during fish
spoilage
Curcumin/bacterial cellulose Respond to basic volatile Fish [87]
membrane amines released during fish
spoilage
Chitosan and corn starch film Colorimetric detection of Fish [88]
fish spoilage using red
cabbage
LDPE film containing the pH Respond to pH increase due Fish [89]
sensitive dye bromophenol blue to TVBN accumulation
(BPB)
Chitosan matrix with purple tomato Colorimetric sensor for Fish and [90]
spoilage detection of fish milk

and milk

2.2 Printable Polymeric Films in Food Packaging

In the context of developing colorimetric sensors for food packaging, printable polymeric films,

such as PET, offer significant advantages. PET is widely used in food packaging due to its excellent

barrier properties [15], mechanical strength [9], and transparency. PET films provide effective

protection against oxygen and moisture [91], which are critical factors in preserving the quality of

perishable food items, including seafood [8]. PET films coated with anthocyanins, have shown

promise as effective freshness indicators [18]. These films not only provide visual cues about
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spoilage but also maintain their integrity and functionality over storage periods. The compatibility
of PET with various coatings and inks is essential for the development of intelligent packaging
solutions. The surface properties of PET can be modified to enhance adhesion and wettability,

which are crucial for the effective application of colorimetric indicators and other sensors.

2.3 Surface modification

Polymers are valued for their diverse physical, chemical, and mechanical properties, affordability,
and ease of synthesis. However, their surfaces often lack the necessary characteristics for specific
applications, limiting their use. Characterizing and modifying polymer surfaces is essential for the
effective performance of composite materials, influencing properties such as adhesion, wettability,
surface roughness, and chemical stability. These modifications are crucial for applications in
decorative coatings, protective films, thin film technologies, and biomaterials. Consequently,
surface modification techniques, particularly corona treatment, have become vital in transforming
inexpensive polymers into high-value products [92].

Bond strength refers to a permanent chemical attachment formed when the adhesive wets the
substrate. Full wetting occurs when the coating surface energy is equal to or lower than the
substrate's surface energy. This can be achieved by increasing the substrate's surface energy or

using a low surface energy adhesive [93].

2.4 Corona treatment (Increasing the surface energy of the substrate)

PET, being a non-polar polymer, has low surface energy, which can lead to poor adhesion and
wettability when applying inks (especially water-based), coatings, or adhesives. Corona treatment
involves exposing the PET surface to a high-voltage electrical discharge, which generates a corona
discharge that modifies the surface chemistry (schematically shown in Figure 2.4). This treatment
increases the surface energy of PET by introducing polar functional groups, such as hydroxyl and
carboxyl groups, thereby improving its wettability and adhesion characteristics. As a result, corona-
treated PET exhibits better ink adhesion, improved print quality, and enhanced bonding with
coatings and adhesives. This process is widely utilized in various industries, including packaging,
labeling, and textile applications, to ensure optimal performance of PET materials [93]. The surface

energy of PET films typically ranges between 42-47 mN/m before corona treatment. After
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treatment, it can increase to 50 mN/m or higher [94, 95]. The exact treatment level may vary based
on specific applications, the condition of the substrate, and the desired adhesive or coating

characteristics [96].
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Figure 2.4 Schematic of an industrial corona treater (Enercon Industries Corporation) [97]. The

power supply could be a high-frequency generator and a high-voltage output transformer [98].

Table 2.3 Surface energy profiles of commercial films (mN/m) or (dynes/cm) [94, 95].

Polymers Before surface treatments | After surface treatments

PE (Polyethylene) 27 - 33 NA
PP (Polypropylene) 26 - 30 NA
PS (Polystyrene) 37-42 NA

Low Density Polyethylene (LDPE) 32 38-43

High Density Polyethylene (HDPE) 32 38-43
Oriented Polypropylene (OPP) 30 43
Polyethylene terephthalate (PET) 42 - 47 50+
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2.5 Surfactant (decreasing surface energy of adhesive)

Surfactants are low molecular weight compounds that lower the surface tension (or interfacial
tension) between two liquids, between a gas and a liquid, or between a liquid and a solid.
Surfactants are amphiphilic substances, which means that they contain two opposing parts
hydrophilic and hydrophobic. Surfactants can be used to enhance print quality, color acceptance,
uniformity, and compatibility, especially for water-based inks whose surface tension is high. The
value of surface tension for water-based inks is often close to the surface tension of water, which
is 72 dynes/cm [99]. An effective ink sensor can be coated if the surface tension of the ink is less
than the substrate's surface energy [100]. By doing so, adhesion onto non-porous substrates such
as polymers could enhance. The importance of surface wetting in achieving a uniform paint coating

is illustrated in Figure 2.5.

It is obvious that the choice of surfactants in ink chemistry should take into consideration their
negative effects on the ink coating. In this respect, ionic surfactants which normally lead to foam
stabilizing conditions are generally avoided in ink formulations. Adding a non-ionic surfactant to
water-based ink offers several advantages over ionic surfactants, especially when dealing with
substrates that have low surface energy [101]. Non-ionic surfactants improve wetting and spreading
on low-energy surfaces without causing charge-related issues. They enhance the ink's adhesion and
stability, reducing the risk of flocculation or coagulation that can occur with ionic surfactants [102].
Additionally, non-ionic surfactants are less likely to interact negatively with the ink's components,
maintaining the desired properties of the ink while improving its performance on challenging

substrates. This results in better print quality, durability, and overall effectiveness of the ink.
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In the case of non-wetting paint, the liquid In the case of highly wetting paint,

beads up on the surface; there exists no wetting. the liquid spreads on the surface
forming a uniform film as a result
of wetting; there exists wetting.

On drying, the beads leave inhomogeneous On drying, the liquid adheres as a
patches of solid film, which peels off uniform solid film on the surface.
from the surface with time.

Figure 2.5 Wetting of the surface by the paint is highly essential for the uniform coating of the
paint on the surface. For paints that do not adequately wet or spread on the surface, drying results
in patches remaining adhered to the surface, which eventually peel off over time, as illustrated in

(a) and (b), while (c) and (d) highlight the benefits of effective wetting, resulting in a cohesive

and durable film [102].

2.6 Development of food-safe coating ink

Ink formulation could consist of many parts such as colorant (dye), aqueous agents (aqueous
vehicle such as water, cosolvents, additives), surfactant (for reducing surface tension), fixing agents
for change in the solubility or stability of the colorant and sets the dye in place and strong acid
(fully ionized in water) to adjust the pH of fixer fluid composition and used for extraction of
anthocyanins as the colorant of ink sensor. Several non-ionic surfactants are considered safe for
use in food contact materials, such as Tweens (polysorbates)[103] and Spans (sorbitan esters)[103].
When selecting a non-ionic surfactant, it is crucial to ensure compliance with food safety

regulations and suitability for the intended use.
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2.6.1 Crosslinking mechanism for developed pH indicator

The reaction between PVOH (polyvinyl alcohol), citric acid, and PEG (polyethylene glycol)
involves esterification, a chemical process where hydroxyl groups (-OH) from PVOH and PEG
react with carboxylic acid groups (-COOH) from citric acid to form ester bonds (-COO-) and water
as a byproduct [104].

To achieve effective crosslinking, it is crucial to remove the water generated during the reaction,
as its presence can shift the equilibrium back toward the reactants and hinder the formation of
stable crosslinked networks [105]. The removal of water ensures the reaction proceeds efficiently,
resulting in a robust, interconnected polymer matrix where PVOH forms ester linkages with citric
acid, and PEG may interact with PVOH through hydrogen bonding or additional esterification.
Therefore, the process combines chemical crosslinking through esterification of citric acid and
PVOH with thermal crosslinking, as heat facilitates the reaction and removes water. This
crosslinked structure enhances the material's mechanical and thermal properties [105].

The recommended temperature for removing water during the reaction between citric acid and
PVOH typically ranges between 120 °C and 160 °C. This temperature range facilitates efficient
water evaporation and promotes crosslinking by driving the esterification reaction forward. The
exact temperature may vary depending on the specific setup and materials used [106].

In one study, the effect of crosslinking duration was investigated. It was observed that extending
the exposure time of samples to 150 °C enhanced their thermal stability due to improved crosslink
density. However, further prolongation of the crosslinking time led to a decline in mechanical
properties, likely attributed to thermal degradation of the polymer matrix or excessive crosslinking
[107].

On the other hand, extending the duration of crosslinking by exposing samples to elevated
temperatures can lead to the degradation of anthocyanins present in the coating [108]. Thermal
degradation not only diminishes the visual quality of the coating but also adversely affects the
efficiency and functionality of pH indicators, as anthocyanins, essential for accurate colorimetric

detection, are highly sensitive to heat-induced structural breakdown [109].

2.7 Regulatory and safety considerations
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The implementation of intelligent packaging solutions must comply with food safety regulations,
which vary by region. Regulatory bodies require that new packaging technologies demonstrate
safety and efficacy before market approval [110].

Various industry standards and guidelines, such as those from the FDA, European Food Safety
Authority (EFSA), and other regulatory agencies, provide frameworks for the safe use of
ingredients in food packaging. These regulatory bodies require that all ingredients in formulations
intended for human consumption or medical use are safe and free from harmful levels of impurities.
Each of the components (e.g. PEG) used in this “formulated ink™ may contain impurities depending
on the manufacturing process, that can have adverse effect. For formulated ink each component
should have pharmaceutical grade or food grade. The percentage of contaminants and impurities
in each component should be determined and documented. This is essential for ensuring safety and
compliance with regulatory standards.

Another aspect is “Biodegradability and Environmental Impact”. For example, PVOH is
considered biodegradable under certain conditions, which is an advantage for food packaging
applications. However, the environmental impact of its degradation products is also evaluated to
ensure safety.

In the European Union, PVOH is regulated under the Framework Regulation (EC) N0.1935/2004,
which ensures that materials intended to have contact with food do not transfer constituents to food
in quantities that could endanger human health.

Regulatory authorities require migration studies to evaluate the possible transmission of substances
from the packaging to food. These studies simulate real-life conditions by exposing the food
contact material to food simulants under controlled temperature and time, allowing researchers to
measure the amount of specific substances that migrate into the simulant. The results are then
compared against established migration limits set by regulatory authorities (such as FDA or EFSA)
to ensure that any transferred substances do not pose a risk to human health. Such studies are critical
for compliance with food safety regulations, ensuring that packaging materials do not contaminate
food products [111]. Here in thix context, these studies assess the safety of PVOH, PEG, CA, BC,
and additives in food applications and assure adherence to prescribed limits. The Table 2.4
summarizes several crucial regulatory and consideration points for "formulated ink™ ingredients.
For example, for anthocyanins extracted from edible fruits and vegetables by aqueous processes,

changes in composition would not be expected. Anthocyanins are authorised as food additives in
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the EU with a total migration limit of 2.5 mg/kg bw/day for anthocyanins from grape skin (as an
example). The EU specifications do not indicate which fruits or vegetables can be used to obtain
the food additive anthocyanins [112]. However, there is still unanswered questions about possible
synergistic interactions of different phenolic compounds (the mix of anthocyanins with each other

or with other compounds) [113].

Table 2.4 Provides a concise overview of the regulatory status, safety assessments, and

labeling requirements for each main material used in “formulated ink™ for direct contact

with food products.

(E330) under EC
N0.1333/2008 in the
EU[114].

acceptable daily intake
(ADI) of "not specified"
by JECFA[115].

Material Regulatory status Safety assessments Labeling
requirements
Polyvinyl Food-safe by the FDA Toxicological Must comply with
alcohol for food contact evaluations confirm specific labeling
(PVOH) applications; regulated | safety; migration studies requirements
under EC N0.1935/2004 | assess potential transfer | indicating suitability
in the EU[114]. to food. for food contact.
Citric acid Food-safe by the FDA,; Extensive evaluations Must list as an
(CA) approved food additive confirm safety; ingredient in food

products.

Anthocyanins

Food-safe by the FDA,;
approved food additive
(E163) under EC
No0.1333/2008 in the
EU[114, 116].

Evaluated for safety
with low toxicity;
potential health benefits
noted; assessed by
EFSA.

Must list in ingredient
declaration; specific
labeling may be

required for colorants.
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Material Regulatory status Safety assessments Labeling
requirements
(Continued)

Polyethylene Food-safe for specific | Evaluated for safety with Must comply with

glycol (PEG) uses by the FDA; low toxicity; acceptable labeling regulations
regulated under EC daily intake (ADI) varies | indicating presence as
N0.1333/2008 in the by molecular weight and an ingredient.
EU[114]. use.

2.8 Coating process

Coating is a process in which one or several layers of material are placed on the substrate's surface.
Different coating techniques are now available to address an overall demand for high-quality
coating materials on final products while maintaining economically feasible productivity levels.
These techniques are Immersion/dip coating, knife or blade coating, transfer coating, roll coating,
gravure or engraved roll coating, screen coating, Slot die or extrusion coating, curtain coating,

powder coating, spray coating, etc [117].

2.8.1 Doctor blade technique

The doctor blade technique is a lab scale process of flexography printing. Different amount of final
solution can be coated on machine direction of corona treated PET. There is a small gap that
determines how much solution can get through. Then liquid media is efficiently spread over the
substrate. Then, the final thickness is a fraction of the gap between the substrate and the blade as
Figure 2.6 depicts the doctor blade technigque. The speed of blade and rod number can be selected
by different trials and errors to see, which can load more ink through each passage with
homogenous finishing. Viscoelastic properties of the liquid media and the speed of coating could
influence the wet film's final thickness [117]. Doctor blading cannot offer the nanoscale uniformity
or extremely thin films that spin coating can. However, the scalability, versatility, and simplicity

of this technique make it perfect for industrial use [118].
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Figure 2.6 The automatic film applicator (right side) and solution is spread across substrate
using a blade with a small gap between the two (left side).

2.8.2 Adhesion

2.8.2.1 Adhesion properties
For the initial trials, we selected polymer films as substrates for the colorimetric platform based on
their availability, sustainability, and desirable properties such as a high-water barrier, transparency,

printability, and mechanical strength. We then evaluated the substrate's ability to adhere to inks.

2.8.2.2 Measurement of Water Contact Angle (WCA) by sessile drop method

Wetting is the ability of liquids to form interfaces with solid surfaces and highly depends on the
polymer layer's surface energy. To determine the degree of wetting, the contact angle (0) formed
between the liquid and the solid surface is measured. The sessile drop contact angle measurement
is a valuable and reliable method for surface energy determination. The smaller the contact angle
and the smaller the surface tension, the greater the degree of wetting. The effect of the corona
treatment on surface energy can be evaluated using contact angle measurements conducted by the
sessile drop method [119]. The determination of the static contact angle, at the three-phase line of
contact relies on the fitting of the drop profile, often using the Young-Laplace equation [120].
Young’s equation defines the relationship between a static contact angle and surface energy forces,
presented in Equation (2.1), from the interfacial tensions where Y, = solid-vapor interaction, Y =

solid-liquid interaction, and Yy, = liquid-vapor interaction [117, 121, 122] .
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Ysv = Y + Y, cosO (2.1)

After this experiment, we conducted the “Tape test”, which is a simple and accessible method with

abrasion tests (dry and sponge tests) to assess the efficiency of the coating's adhesion bonds.
2.9 Shelf-life monitoring

2.9.1 Microbial Activity in Fish Spoilage

Microbial activity plays a crucial role in the spoilage of seafood, with specific bacteria contributing
to the production of TVB-N gases. Generally, 7 logl0 CFU/g is considered as the higher
acceptability limit of fish spoilage. However, standards often use a lower total viable count for
safety [123]. However, the level of specific spoilage organisms (SSO) can effectively indicate the
remaining shelf life of a product when SSO are significant [124]. Pseudomonas spp. is among the
most significant spoilage organisms in fish, thriving in refrigerated conditions and producing
various spoilage-related compounds, including TMA and ammonia [15, 75, 124]. The colony
morphology of this microorganism is “light blue transparent colonies[125]. The TVC of bacteria
is often used as an indicator of microbial load and can correlate with the levels of TVB-N in fish

products [46, 126].

2.9.2 TVB-N generation

TVB-N level of 25, 30 and 35 mg N/100 g have been proposed as a rejection limit for fish products
and critical TVB-N level of 25 mg/100 g was established for fish spoilage initiation [127]. There
was reported that within the first 7 days, the values of TVB-N were lower than 25 mg N/100 g
being the implication of the overall acceptability of samples. Describing the exact spoilage
threshold could be challenging since it can vary depending on several factors including catch

season, catch maturity, geographical origin, species, age and gender of the fish [53, 58, 128].

In one study a halochromic sensor of cellulose acetate nanofibers and alizarin for monitoring real-
time fish spoilage was developed [128]. Figure 2.7 (a) shows that microbial growth and TVB-N
rise while fish is stored in the fridge, which is in line with reviews of the literature [56, 129-131].
Figure 2.7 (b) illustrates the rise in TVB-N and pH during fish storage. The amount of TVB-N
reached 22.4 mg N/100 g flesh on the 12th day; at this stage, although it does not exceed from the
limit of acceptability, the fish show signs of spoilage and the flesh is soft and watery with an

unpleasant smell. The pH of fresh fish was 6.3, and it reached 6.67 after 6 days and 6.94 after 12
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days; this correlated with the amount of TVB-N. However, a non-significant decrease in the pH of
the fish was observed on the fourth day. The increase in pH value after the sixth day reflected the

production of TVB-N from bacterial activity [67].
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Figure 2.7 Changes in TVB-N and TVC versus the storage time (a) and changes in TVB-

N and pH of fish versus the storage time (b) at 4 °C. Sixth day known as the shelf life of

fresh fish; 18.2 (mg N/100 g sample), 4.09 (log CFU/g) and 6.67 are the amount of TVB-
N, TVC, and pH, respectively [128].

2.9.3 Methods for Measuring TVB-N
Several methods are used for measuring TVB-N. These include the Kjeldahl method [132], the
steam distillation method [133], Conway microdiffusion method [134], lon chromatography

method [135], and GC-MS [136].

The Kjeldahl method is a traditional approach that quantifies nitrogen content in a sample, which
can be correlated to TVB-N levels. Its advantage lies in its ability to provide a comprehensive
nitrogen analysis; however, it is time-consuming and requires hazardous chemicals. The steam
distillation method is another widely used technique that involves distilling volatile bases from the
sample and measuring the nitrogen content in the distillate. This method is relatively
straightforward and provides quick results, but it may not differentiate between various nitrogenous
compounds effectively. lon chromatography, while less common for TVB-N measurement, offers

the advantage of high sensitivity and the ability to analyze multiple ions simultaneously. However,
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it requires specialized equipment and can be more expensive. Both GC-MS and the Conway
microdiffusion method have their advantages and limitations. GC-MS provides high sensitivity and
detailed chemical analysis, making it ideal for research applications and in-depth studies of
spoilage mechanisms. In contrast, the Conway method offers a more accessible and straightforward
approach for routine quality control, although it may not provide the same level of detail. Each
method has its own strengths and limitations, making the choice dependent on the specific

analytical needs and resources available.

2.9.3.1 GC-MS method

GC-MS is a powerful analytical technique widely used for the quantification of volatile
compounds, including TVB-N in seafood. This method offers high sensitivity and specificity,
allowing for the accurate detection of low concentrations of spoilage-related gases [137-139]. In
GC-MS, the sample is vaporized and separated into its components in the gas chromatography
phase, followed by identification and quantification in the mass spectrometry phase. The
advantages of GC-MS include its ability to analyze complex mixtures and provide detailed
information about the chemical composition of volatile amines. Studies have shown that GC-MS
can effectively quantify TMA and other amines in fish samples, providing a reliable assessment of
freshness [51].

2.9.3.2 Conway Microdiffusion Method

The Conway microdiffusion method is a titration technique used for quantifying TVB-N in fish
and other seafood products [140, 141].This method involves the diffusion of volatile bases from a
sample into a receiving solution, where they can be quantified. The sample is placed in a sealed
chamber, and the volatile amines diffuse into a solution containing a known concentration of acid,
which reacts with the amines to form a measurable compound [142]. The Conway method is
relatively simple and cost-effective, making it suitable for routine analysis in food laboratories.
However, it may lack the sensitivity and specificity of more advanced techniques like GC-MS.
Nonetheless, it remains a valuable tool for assessing seafood freshness, particularly in settings

where access to sophisticated instrumentation is limited [140].

2.9.4 Microbial growth and TVB-N analysis for shelf-life determination
Research has demonstrated a strong correlation between the growth of Pseudomonas spp. and the

accumulation of TVB-N in fish. As microbial populations increase, the degradation of fish proteins
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leads to the production of volatile amines, resulting in higher TVB-N levels [19]. Monitoring TVC
can provide valuable insights into the spoilage process, as higher bacterial counts typically indicate

a greater likelihood of elevated TVB-N concentrations as some data is available in Table 2.5.

Understanding the relationship between microbial activity and TVB-N production is essential for
developing effective monitoring strategies in the seafood industry. By tracking both TVC and TVB-
N levels, producers can implement timely interventions to maintain product quality and safety. The
shelf life of fishery products based on TVB-N at a storage temperature of 4 °C varies among
different products.

The threshold for TVB-N indicating spoilage typically occurs when levels reach around 20-30 mg
N/100 g, depending on the specific type of fish or seafood. Therefore, the shelf life at 4 °C generally
ranges from 6 to 9 days for various fishery products before they reach unacceptable TVB-N levels.

Table 2.5 shelf-life monitoring for some food products at 4 °C storage condition.

Type of TVB-N Microbial analysais shelf life Reference
product | (mg N/100 log (CFU/g) (days)
g) TVC Pseudomonas
Spp

Haddock NA 5.8 35 8 [143]
rainbow 25> NA NA 7-9 [144]

trout
skinless 18 NA NA 6.12 [145]
chicken

breast
Shrimp 27.81 NA 6.53 7 [127]
Minced <10 NA 9.08 7 [127]
chicken

Atlantic Cod NA 7 NA 2 [146]

Shrimp 26.17 6 NA 8 [147]
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Type of TVB-N Microbial analysais shelf life Reference
product | (mg N/100 log (CFU/g) (days) (Continued)
g) TVC Pseudomonas
spp
Silver carp 20 NA 5.62 [129]
Indonesian 39.74> NA 7 [148]
Fish (O.
gouramy)
Tilapia 22 NA 6.80 [125]
NA: not available

2.10 Summary and problem identification

While the use of synthetic colorants in food monitoring is well-documented, there is a notable lack
of extensive studies on natural colorants, particularly those derived from sources such as
anthocyanins. The limited studies on anthocyanins, may stem from challenges such as their thermal
and pH sensitivity, which complicate their stability and application in food systems. Additionally,
synthetic colorants have historically dominated the market due to their cost-effectiveness, ease of
production, and consistent performance. This gap highlights the need for further investigation into
various natural sources and their efficacy as pH indicators in diverse food products. Additionally,
the current literature does not adequately address consumer perception and acceptance of natural
colorant-based indicators in food packaging, which is crucial for their market adoption and

commercialization.

Another significant challenge arises from the inherent properties of natural dyes. These dyes are
predominantly water-based, making them susceptible to being washed away from polymeric
substrates when in direct contact with high-humidity food packaging, such as fish. Consequently,
they may no longer be functional as colorimetric sensors. Furthermore, natural colorants can
degrade during preparation processes, such as creating masterbatches or mixing with other resins
for colorimetric film production using techniques like extrusion, where the temperature and the
residence time of anthocyanins are prolonged. This degradation not only affects the performance

of the indicators but also increases production costs.
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To address these challenges, we propose several approaches. Firstly, developing pH indicators
using eco-friendly materials derived from food-safe sources can significantly reduce potential
health risks associated with synthetic colorants. This shift not only enhances safety and non-toxicity
but also aligns with the growing consumer demand for environmentally conscious products,
thereby improving overall market appeal. Using pH indicators with natural colorants in direct
contact with food products offers additional benefits. These methods enhance the responsiveness
and sensitivity of the indicators to pH changes, providing more accurate monitoring of freshness
and spoilage in food products. Moreover, these approaches can leverage readily available natural
colorants, potentially reducing production costs.

To mitigate the issues related to moisture sensitivity, we recommend employing a coating method
combined with channel drying or oven thermal treatment as a post-processing step. This technique
will enhance the sensors' resistance to moisture, allowing them to maintain their integrity and

sensitivity over time.

The migration of components from a colorimetric sensor to food products is generally a concern in
food safety. However, if the components used in the sensor are food-safe and the sensor has
undergone post-thermal treatment to ensure its integrity in humid environments, the risk of
migration can indeed be minimized. This means that, under these conditions, the migration issue

would likely be minor.

While the current literature demonstrates the effectiveness of colorimetric sensors during specific
storage periods, further research is necessary to evaluate their long-term stability and performance
under varying environmental conditions, such as temperature fluctuations and light exposure.
Additionally, there is a need for more studies focusing on the real-time dynamics between
colorimetric changes and microbial activity, particularly in conjunction with advanced analytical

techniques like GC-MS and mathematical modeling.

In summary, addressing the gaps in literature regarding natural colorants, enhancing the stability
and performance of pH indicators, and understanding consumer perceptions are essential steps

toward the successful commercialization of these innovative solutions in food packaging.
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CHAPTER 3 OBJECTIVES

The main objective of this research is:

To develop a colorimetric sensor for detection of spoilage through a direct approach which is

applicable in food packaging film.

To achieve the main objective following specific objectives should be followed.

3.1 Specific objectives

3.1.1 Formulate sensor ink with good adhesion bonding to sealant layer:

1. Formulation sensor ink with black rice as natural pH indicator and evaluating its efficiency.

2. Evaluate the effects of surfactants on contact angle and surface tension

3. Investigate the effect of different polymeric substrates on adhesion (effect of surface treatment)
3.1.2 Sensitivity of the ink in different conditions:

1. Checking thresholds of TVBN (limit of detection) and response time/color to different

concentrations of TVBNSs at different storage conditions (room/ refrigeration temperature).

2. Study of UV — vis spectra of the natural dyes in solution and in the sensing film (wavelength

and intensity) and then quantify the wavelength shifts in response to pH change.

3. Evaluate the color changes of pH indicator films for use in monitoring the quality of fish and
meat and then investigate the correlation between the color changes of films and fish and meat
spoilage during storage conditions at 25 and 4 °C.

4. Evaluating ink stability
3.1.3 Validation of development sensors:

1. Assess the effect of sensor ink on the different types of food, different types of packaging,
different  processing parameters (Temperature) and different types of bacteria.

2. Find correlation between bacteria growth with and the amount of produced gases.
3. Investigate of the shelf life of products.

The following three chapters contain the articles representing the results of this study:
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3.2 Organization of articles

The first article presented in chapter 4 is entitled “Characterization of a Food-Safe Colorimetric
Indicator Based on Black Rice Anthocyanin/PET Films for Visual Analysis of Fish Spoilage.” This
chapter introduces a food-safe ink formulation designed for coating on the corona-treated PET
films. The developed on-package colorimetric sensor was prepared using the doctor blading
technique. Characterization of the sensor was conducted through various methods, including FTIR,
TGA, UV-Vis spectroscopy, water contact angle measurements, tape tests, and abrasion tests.
Finally, the performance of the colorimetric sensors in detecting TVB-N gases was evaluated

through sensitivity tests.

The second article presented in chapter 5 is entitled “Enhancing seafood freshness monitoring:
integrating color change of a food-safe on-package colorimetric sensor with mathematical models,
microbiological, and chemical analyses”. This study demonstrated that colorimetric films based on
eco-friendly materials, that can effectively monitor fish freshness and spoilage at 4 °C, exhibiting
acceptable color stability throughout the storage period. The efficacy of the on-package
colorimetric sensor was rigorously assessed through simultaneous packaging trials, which included
the use of chemical biomarkers and microbial analysis, ensuring a comprehensive evaluation of
fish quality. Additionally, the integration of mathematical models allowed for the prediction of
seafood spoilage, correlating these predictions with the visual assessments provided by the pH
indicators. This innovative approach offers a promising solution for enhancing shelf-life
predictions and quality assessments of fish products, contributing to smarter, more efficient, and

environmentally friendly food packaging practices.

The third article, presented in chapter 6, is entitled “Intelligent packaging solutions for fish and
meat products: volatile gas detection via GC-MS, microbial analysis and colorimetric monitoring”.
This study employed the colorimetric sensor developed in chapter 4 in various fish shelf-life trials
to establish a correlation between fish spoilage and the visual detection of color changes in the
sensor. These changes are associated with spoilage due to volatile amine formation and microbial
activity in fish products. The colorimetric sensor effectively tracked increases in TMA and NHs
levels in the packaging headspace, alongside significant growth in TVC, providing a reliable
measure of fish freshness. Utilizing GC-MS for headspace analysis, we achieved linear calibration

curves and detection limits in the ppm range without the need for laborious pre-treatment or clean-



30

up. The pH indicator labels exhibited a four-point freshness scale, demonstrating distinct color
changes over a 9-day storage period at 4 °C, thus enhancing the practical application of the sensor
in monitoring seafood freshness. Furthermore, a strong correlation was observed between the
colorimetric results and GC-MS data, reinforcing the sensor's effectiveness as a practical tool for
monitoring seafood freshness and suggesting its potential applications in intelligent packaging for

food safety and quality assurance.
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CHAPTER 4 ARTICLE 1: CHARACTERIZATION OF A FOOD-SAFE
COLORIMETRIC INDICATOR BASED ON BLACK RICE
ANTHOCYANIN/PET FILMS FOR VISUAL ANALYSIS OF FISH
SPOILAGE
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Highlight: This research study displayed an ink formulation design that can be used as a food-safe
coating for creating a pH indicator as an on-package sensor. The designed colorimetric sensor
demonstrated remarkable color changes at various pH levels and displayed acceptable sensitivities
to TVB-N gases. This pH indicator takes benefit of the use of affordable, and eco-friendly dyes, as

well as a straightforward printing method, making it suitable for food packaging applications.
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4.1 Abstract

The safety of food products is of prime importance for consumers and manufacturers. Many means
can be used to validate a food product's safety before it is consumed. This study is about the
preparation, characterization, and evaluation of a generally recognized as safe (GRAS) sensitive
colorimetric sensor that detects volatile gases (TVB-N) resulting from fish spoilage, thus indicating
the pH variation of packaged fish products. This is performed by coating a thin layer of ink sensors
on the surface of the supporting matrix (corona-treated PET). Various visual pH indicators were
prepared based on black rice anthocyanin as an FDA-approved dye. Black rice contains more than
80% Cyanidin-3-glucoside, which is a prevalent anthocyanin. Because of its low toxicity and high
concentration, it can be utilized as a natural food colorant. pH indicators based on black rice can
show distinct colors in various pH: From red (low pH) to violet (4-6) and deep purple/blue (6-7),
blue (7-9) to yellowish/light brown (9-13) throughout the acid-base reaction by the analyte. The
ink formulation was prepared by incorporating a binder system (PVOH-PEG) for higher surface
wettability, a crosslinking agent (citric acid) for higher adhesion, an antifoaming agent (natural
Vanillin), and acetic acid as a pH fixing agent. Corona treatments affected substrate surface
chemistry in this study. The samples with thermal treatment passed the ASTM D3330 tape test, the
8000 passages for dry sponge, and the 25 passages for wet sponge through the abrasion method.
The anthocyanin concentration in formulated ink, based on calculation by UV-vis spectra, is 0.240
mg/100 gr. Sensitivity tests towards TVB-N gases were carried out at a temperature of 4°C to
evaluate the performance of colorimetric films with formulated ink along with thermal treatment
(Temperature: 165 °C, time: 5 min) using the volatile gases emitted by the fish sample inside the
package.

Keywords

On-package sensor, pH indicator, anthocyanin, fish spoilage, visual analysis
4.2 Introduction

Fish is one of the most perishable foods on the market, and there are serious health consequences
for consuming, once it has spoiled. Evaluation and monitoring of the quality and safety of this high-
priced and easily spoiled seafood makes the rapid and non-destructive detection of freshness a

crucial need. Currently, food industry utilizes various pH indicators to detect chemical changes
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caused by microbial growth or spoilage. By using pH indicators, which can change color, and
incorporating this technology into the packaging or even handheld devices, consumers can easily
and quickly assess the freshness of the seafood they purchase, ensuring their safety and preventing

any potential health hazards. This approach increases food quality and decreases food waste [1-6].

Colorimetric indicators typically exploit pH dependent structural changes of a chemical that shift
its characteristic wavelength of absorbance. Specific gases are generated during the microbial
spoiling of food products, that can affect the color of pH indicators during the acid-base interaction
and can produce rancid aromas. Common markers for gas-targeting food sensors include carbon
dioxide, oxygen volatile organic compounds (VOCSs), and biogenic amines (BAs). Among these
gases the total volatile basic nitrogen (TVB-Ns) is the most present from spoilage of seafood
products [7-11]. The presence of volatile amines, including trimethyl amine (TMA), dimethyl
amine (DMA), and ammonia (NH3), contributes to the distinct ‘fishy' odor commonly associated
with spoiled fish [12]. In accordance with EU regulations, the spoilage threshold for total volatile
basic nitrogen (TVB-N) in fish is set at 35 mg per 100 g of flesh. Any concentration exceeding this
limit is considered unsuitable for consumption [13]. Changes in concentration of TVB-Ns gases
which are produced during spoilage of fish and meat products inside the package can be detected
using pH indicator strategy. These indicators are composed of a pH sensor, a natural dye that reacts
to pH changes with a noticeable color shift, and a dye carrier. Both components must be non-toxic,

fulfill food safety regulations, and be stable at the applied pH [14].

According to the literature, the use of synthetic dyes such as methyl orange, natural red,
bromocresol green/purple etc. [15]; as pH indicators is limited due to their high toxicity and
genotoxicity [16]. The most common pH indicators are based on natural substances that may be
derived from fruits, vegetables, flowers, or even food waste, such as anthocyanins [17].

Anthocyanins are a family of polyphenol-based flavonoids that have sensitive reactions, resulting
in color changes, to a broad range of pH (2-9) [18-20]. Also, they meet the safety standards of
packaging materials, and can introduce antimicrobial and antioxidant properties, which are relevant
for food packaging applications [21]. Moreover, because anthocyanins are ionic, their molecular
structure can be altered depending on the pH, resulting in varied colors and hues at different pH
levels [14].
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Colorimetric indications based on anthocyanins from red cabbage [22], purple sweet potato [23],
blueberry [24], Roselle (Hibiscus sabdariffa L.)/ curcumin [25], curcumin [26, 27], black carrot
[28], shikonin [29, 30], purple tomato [31], black rice bran[32] and other dark purple and black
vegetables [33] have been mentioned in studies. The findings revealed that the source of
anthocyanin has a significant impact on its functional and physical properties [19, 34].

This study employed phantom proofers (doctor blade), a simple lab-scale flexography printing

technology for immobilizing ink solutions that improves coating efficiency.

A suitable substrate is also required for the deposition of formulated ink. In this research,
polyethylene terephthalate (PET) was used as the selected substrate due to the many benefits
associated with this polymer.

PET is a food-contact polymer with two hydroxyl (OH) groups, a dicarboxylic aromatic acid, and
two carboxyl (CO2H) groups [35]. PET is good for flexible packaging due to its strength, barrier
protection (resistance oxygen and other gases), flexibility, transparency, and compatibility [36].
However, PET films have low surface tension in the range of 42-47 [dynes/cm] that might affect
coating/printing adhesion [37]. Surface chemical, flame, plasma, corona discharge, and laser
ablation are popular procedures for substrate surface modification [38-42]. The material and final
goal determine the optimum process.

In this study, the surface chemistry of the substrate has been modified with corona treatments. This
objective is to improve surface adhesion, wettability, printability, and coating quality. However, if
the bonding of polar molecules does not happen properly, it risks adhesion failure [43, 44]. To
address this issue, optimizing the power and speed of the test operation could be beneficial in
minimizing the risk of adhesion failure. On the other hand, to attain wetting, the surface energy of
the formulated ink must be as low or lower than the surface energy of the substrate to be bonded.
To achieve a satisfactory coating, it is important to consider that an increased level of hydrolysis
and the higher molecular weight of PVOH, the primary binder in this formulation, can result in
greater surface tension and reduced surface tension, respectively [45]. Thus, using appropriate
binder can also change the adhesion properties. After selecting polymer films, the substrate's

adhesion to inks and their interaction are crucial during printing.
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PET shows acceptable barrier properties towards oxygen, however, it is vulnerable against water
vapor [46]. Crosslinking agents in the coated ink formulation can improve PET films' water vapor
properties so they can be utilized directly with high-humidity food such as fish. Citric acid (CA) is
FDA-approved poly-carboxylic acid. At low concentrations, CA can provide COOH groups,
crosslink polysaccharides, and produce a chemical bridge between the OH groups of PVOH. To
put it simply, the carboxylic groups in citric acid and alcoholic groups in PVOH can react to
produce ester groups and water (Fischer's esterification) [47], which can be dissipated by thermal
treatment or drying channels during the printing process, making coated films less susceptible to
humidity. Adding a co-binder like polyethylene glycol (PEG) can help bridge PVOH chains and

reduce coated films' water susceptibility [48-51].

The developed pH indicator presents in this research study, is affordable, user-friendly, non-
damaging, and widely accessible. Additionally, there is a possibility of chemical migration from
the sensor to the food. Therefore, to develop the ink formulation, we followed the guidelines
specified in FDA-approved regulations to demonstrate the practicality of applying this pH indicator
to packaging for real-world applications. The effect of thermal treatment on the response time of
different types of pH indicators with different ink formulations was investigated. Finally, flexible
PET films coated with natural dyes, as air-type packaging, serve as a pH-responsive sensor, exhibit
precise visual variations at different pH values, and show high sensitivities to TVB-N gases, which
can effectively detect fish deterioration and provide valuable information to customers or sellers

about the fish quality.
4.3 Materials and methods

4.3.1 Materials

Starch/LLDPE (linear low-density polyethylene), starch/HDPE (high density polyethylene), and
PET films were, all received from ProAmpac flexible packaging company, Terrebonne, Quebec,
Canada. Black rice extract 80% from Dongguan Xiherbs Phytochem Co., Ltd, China. Polyvinyl
alcohol (87~88% hydrolysis, 145,000 MW), Polyethylene glycol (peg 400), Citric acid (ACS
reagent, >99.5%), Vanillin (natural, >97%, FCC, FG), Hydrochloric acid (HCL), Acetic acid,
Methanol, Sodium acetate (C2H3NaO2), Potassium carbonate (K2CO3), Ammonium hydroxide
solution (30-33% NH3 in H20), Dimethylamine solution (40 wt. % in H20), Trimethylamine
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solution (43.0-49.0% in H20) and Potassium chloride (KCL) from Sigma-Aldrich, Canada. Table

4.1 displays the components used in formulating the ink for this project.

Table 4.1 The ingredients utilized in the production of the ink formulation in this study, along

with their corresponding FDA status.

Material Function FDA status
Black rice anthocyanin | Natural dye Anthocyanins are approved for use as food and cosmetic
(BO) colorants in the EU with E number 163.
Polyvinyl alcohol Binder GRAS and
(PVOH) FDA-approved.
Polyethylene glycol Co-binder May be safely used in food in accordance with some terms
(PEG) and conditions?.
Citric acid (CA) Crosslinking GRAS
agent when used in food and skin product.
Vanillin Antifoaming In general, three types of vanillin, namely natural,
biotechnological, and chemical/synthetic, are available on the
market. However, only natural, and nature-identical
(biotechnologically produced from ferulic acid only) vanillin
is considered as food-grade additives by most food-safety
control authorities worldwide.
Citric acid Fixing agent GRAS

1. It contains no more than 0.2 % total by weight of ethylene and diethylene glycols.

4.3.2 Ink preparation

A heterogeneous mixture composed of PVOH (5.08 g) and deionized water (39 mL) was obtained

by mixing the substances in a glass beaker. Once covered with aluminum foil to avoid

contamination, the beaker was placed on the magnetic stirrer for mixing at 80 °C with high speed

(800 rpm) for 2 hours. To overcome the foaming effect, a 10% (wt./v) solution of vanillin in 95%
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ethanol was added to the binder solution. After the solution cooled at room temperature while being
stirred constantly, a solution mixer made of 8.69% (wt./wt. of PVOH) PEG, 22.7% (wt./wt. of
PVOH) citric acid, 0.56 g (80%) black rice, and 20 ml (wt./wt. of PVOH) DI water was added as
a solvent. At the last step, between 50-100 pL of acetic acid was added to the final solution to fix
the pH of the formulated ink. The pH of the solution was recorded by a pH meter (Mettler Toledo,
Five easy plus TM, Switzerland). To have acceptable coating process, it should consider the higher
degree of hydrolysis and higher molecular weight for PVOH, as main binder in this formulation,

can cause larger surface tension and smaller surface tension, consecutively.

4.3.3 Sensor preparation

The coating process was performed using a TQC Automatic Film Applicator (lab scale process of
flexography printing). Different amounts of final solution were coated on machine direction (MD)
of corona treated PET. The speed of blade and the rod number was 75 mm/s and 60 U, respectively,
which can load more ink through each passage. The prepared films dried in different
temperature/time conditions (ambient temperature, for 30 min, and 165 °C for 5 min). Print quality
was analyzed both visually (tape test) and numerically (color system of RGB). The final thickness
of the wet films was calculated based on the amount of ink used (4 ml) and PET surface size (21

mmx297 mm).
4.4 Characterization of pH indicator

4.4.1 Water Contact Angle Measurements (WCA)

The effect of the corona treatment on surface energy has been evaluated using contact angle
measurements conducted by the sessile drop method, employing optical tensiometers, as well as
the dyne pen technique. The sessile drop method involves the use of a precision syringe for
carefully dropping a small volume (a few uL) of probe liquid onto a flat substrate positioned on a
platform. The droplet is captured in a cross-sectional view by a camera with great resolution. The
determination of the static contact angle, denoted as 0, at the three-phase line of contact relies on
the fitting of the drop profile, using the Young-Laplace equation [53]. WCA for starch/LLDPE,
starch/HDPE, starch/PBAT, and PET films was determined using the contact angle and surface

tension analyzer at ambient temperature and relative humidity 30%.
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4.4.2 Tape test

Peel testing was conducted to ensure the presence of proper adhesion bonding between the coating
and its respective surface. In this test, a sample of the tape (Tartan 369) being tested is applied to a
substrate material and allowed to adhere for a specified amount of time. The tape is then peeled
back at a specified angle and speed. According to the ASTM D3330, the specified value of
0.619552 Ib/in is the minimum average peel adhesion strength required for a tape to pass this test
[54]. This means that if a tape's average peel adhesion strength is lower than this quantity, it fails
the test. The test method which used were single coated tape-peel adhesion 180 angle. The sample
size is 24 mm (width), and the length is 300 mm. The dwell time was 1 min.

4.4.3 Abrasion Test

The Taber Linear Abrader model 5750 was used for the abrasion test. Before the testing for 24hr,
the samples we been in the test atmosphere. The effect of drying and type of coating on the PET
films investigated. The type of dry and wet sponge was 133447 from Taber Industries (New York,
USA). The test performed in the standard laboratory atmosphere of 23 £ 2 °C with 50 + 5% relative
humidity. The speed is 25 (cycles/minutes) and the stroke length is 2 in.

4.4.4 Fourier-Transform Infrared Spectroscopy (FTIR-ATR)

The FTIR spectra of the samples were recorded at room temperature using a Perkin Elmer FT-IR
spectrometer 65 coupled to an ATR accessory, with a diamond crystal. The data was collected
using Perkin Elmer spectrum. The dry starches were clamped directly onto the crystal for analysis,
and the spectra were acquired in the range 4000—600 cm™, with 16 accumulations and a resolution

of 16 cm™.

4.4.5 The spectral characteristics of the ink formulation

Using a UV-Vis Spectrophotometer (Device infinite M200, Tecan, Polytechnique Montreal, CA)
and the pH differential method, the total anthocyanin content of roasted black rice in the ink was
found to be 0.240 mg/g. Briefly, the samples need to be diluted in the 0.025 M KCI solution
adjusted to pH 1 until the Avis-max IS Within the linear range of the instrument. A separate sample
needs to be prepared with the same dilution factor in the 0.4 M C>H3sNaO: solution adjusted to pH
4.5. After 15 min, the A Avismax and Azoo NM are measured against a water blank [55, 56]. The
following formula was used to calculate the anthocyanin pigment concentrations expressed as

cyanidin-3-glucoside equivalents [14] (Eq. (4.1)):
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Monomeric anthocyanin (mg/L) = A X MW X DF x 1000/e X 1 (4.2)

Where A = (lvis—max - A700nm)pH1 - (lvis—max - A7OOnm)pH4.5 , MW= Molecular Weight
(449.2 g/mol) for cyanidin-3-glucoside (cyd-3-glu), Ds = dilution factor, and e = molar extinction
coefficient (28,000 L/cm.mol) for cyd-3-glu; 1000 is a factor for conversion from g to mg and L=

pathlength in cm.

4.4.6 Color parameters: RGB

To evaluate the sensitivity of ammonia gas towards colorimetric platform, 3 cm x 2 cm of the film
was cut, and we put it inside the container (600 ml) with one inlet to inject the different volume (1,
5, 10, 25 pL) of (30-33%) NHs in H.O at ambient temperature. The studied compound
automatically volatilized and exposed to the sensor platform which was positioned at the wall of
the sealed container. Color responses of the colorimetric film to ammonium hydroxide were
captured by the scanner (Epson Canada Ltd, Perfection V550). The pictures and colorimetric
information of the films were registered every 2 min (till 1 hr) and after that each one hour till 24
hr as mentioned [23] with modifications. Image analysis was performed, by MATLAB software
2019b, a desired pixel including row, column, and neighborhood window (the window size around
the pixel) the from pictures from pH indicator were considered. The test run for 3 different spots
(pixels and considering their neighborhood) inside each picture and the mean and standard
deviation were calculated. The control sample was choosen as reference image for RGB
calculation. The color change of pH indicators during storage period is measured by the total color

difference (ARGB) according to the following equation [14]:

ARGB = /(R — Rg)% + (G — Gg)2 + (B — By)? (4.2)

Where Ro, Bo, Go are the initial color parameters of indicators and R, G and B were the values at

the time of sampling.

4.5 Statical analysis

All measurements were conducted three times. Data were analyzed with Tukey test at a
significance level of p < 0.005, p < 0.001 and p < 0.001. The results are reported as the average
value * standard deviation (SD).
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4.6 Results and discussion

4.6.1 WCA

The effect of the corona treatment on surface energy has been evaluated using contact angle
measurements conducted by the sessile drop method and dyne pen. As shown in Table 4.2 among
different trial films, PET (film thickness = 12 micron) was the most reliable film packaging material
in this context because it showed a lower contact angle result compared to 25% starch/75% HDPE
and 40% starch/60% LLDPE and had the lowest sensitivity towards water (compared to the films
that have starch). After corona treatment of the PET films, there was a decrease in its contact angle
from 104.43 + 1.45 (+ 1.39%) to 65.56 + 6.674 (£10.18%) and surface energy increased from 42

to 50 dynes/cm, respectively.

Surface coatings were applied right away after corona treatment procedure on the surface of PET
films. WCA measurements were then taken before and after coating with the designed ink to
examine the effect of eliminating water from the samples and the number of passes on adhesion
properties. Corona surface treatment and addition of black rice decreased the WCA of the PET film
significantly (p < 0.05), due to the temporary introduction of hydrophilic functional groups such as
—OH, and —COOH and the hydrophobic nature of black rice. According to the results, thermal
treatment decreases sample water sensitivity, which can increase slightly the contact angle. This
effect can be enhanced by increasing coating thickness (number of passes). Films are considered
hydrophilic when the WCA is less than 65 °C [57], according to this criterion, the developed pH

indicators films still can be considered hydrophilic films.

Table 4.2 Analysis of variance of WCA measurements on films. The droplet volume is 2

ul.
Type of N Mean Variance Standard Margin of error
films deviation  at confidence level 95%
25% 3 113.46 1.10 1.05 113.46 + 1.19 (+ 1.05%)

Starch,75%
HDPE
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Type of Mean Variance Standard Margin of error
films deviation  at confidence level 95%
40% 106.1 3.08 1.75 106.1 + 1.98 (£ 1.87%)

Starch,60%
LLDPE
PET 104.43 1.64 1.28 104.43 £ 1.45 (+ 1.39%)
PET
PET Corona 65.56 34.78 5.89 65.56 + 6.67 (+ 10.18%)
treated
After coating ink
formulation
INK I- 51.53 12.86 3.58 51.53 £ 4.059 (z 7.88%)
NTT?-1st
passage
INK I-NTT 56.83 0.37 0.61 56.83 + 0.69 (* 1.22%)
2nd passage
INK 1-165-5 55.46 0.16 0.41 55.46 + 0.46 (+ 0.84%)
1st passage
INK 1-165-5 58.46 3.16 1.77 58.46 + 2.01 (* 3.44%)

2nd passage

1. NTT is an abbreviation for films without thermal treatment procedures.

4.6.2 Validation of interaction between functional groups for better adhesion properties via

FTIR

FTIR tests were applied to confirm the presence of hydroxyl groups, carboxylic groups, and ester

groups. As shown in Figure 4.1, the Ink components samples (PVOH, black rice, PEG, citric acid)

while in Figure 4.2, the colorimetric platform samples (Ink I-NTT and Ink 1-165-5) all showed

similar behavior, with bands in the region of 3400-3200 cm, which were assigned to the stretching

vibration of the O-H group.

4.6.2.1 Formulated ink
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The bands at 1638 (C-O stretching) and 1572/1517 are related to protein content of roasted black
rice. The bands at 1441-1323 cm™ were assigned to C-H bending vibrations, while the band at
1242 cm™ was ascribed to the O-H bending vibrations [43]. The bands at 1157 and 1008 cm™
corresponded to the ring vibrations juxtaposed with the stretching vibrations of the lateral groups
(C-OH) and to C-O-C glycoside vibrations [58]. By adding black rice in ink formulation, the peak
intensity for OH groups increased and shifted to higher wavelength. This shift could indicate a
change in the chemical environment of the OH group. This shift can be attributed to alterations in
molecular polarity or hydrogen bonding, variations in the system's temperature during analysis, or

changes in the solvent composition or pH conditions.
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Figure 4.1 FTIR-spectra of each component of formulated ink solution.

4.6.2.2 Colorimetric platform

There is a new peak at 2919 cm™ in coated PET films with INK | formulation, which may be due
to the presence of PEG, causing an additional bridge between PVOH groups. The intensity of
hydroxyl bands decreases significantly after heat treatment of samples, indicating transitory water
loss and a lower number of accessible water molecules from hydrogen bonding because of
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dehydration. This suggests that the crosslinking was caused by removal of the solvent and alcohol
that leaked from the samples, as well as the presence of citric acid as a crosslinking agent. The
absorption of 1713 cm™ was assigned to a C= O stretching vibration and could be attributed to the
carbonyl groups in coated film. Also, the AA = 0.02 for peak 1713 cm™ (C=0) stretching for the
INK 1-165-5 intensified. The band at 1230 cm™, which is connected to the ester C-O stretching
(Fisher's esterification), also supports the esterification [59]. This peak can demonstrate that

crosslinking between CA and PVOH occurred.
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Figure 4.2 FTIR spectra of dried solution ink (INK I-Dried) fabricated colorimetric films with
thermal treatment (INK 1-165-60) and without thermal treatment (INK-I-NTT) and sealant layer
(PET corona treated).

4.6.3 Validation of adhesion: Tape test and Abrasion test

According to the Tape test and abrasion results from several types of PET films coated with these
different ink formulations based on black rice and PVOH, films without thermal treatment or with
insufficient thermal treatment (90 °C for 60 minutes, 50 °C for 24 hours, 145 °C for 15 minutes)
would remove more area, which we did not present results here. The classification of adhesion
results was based on the D3359-17 standard [54], in which at least 5-15% of the coating of samples
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without thermal treatment was removed when it comes to contact with water (as fish packages have
high humidity). Final samples with proper thermal treatment (165 °C for 5 min) passed the tape
test. The images displaying the results are not included in this section (Figure A.1). Also, these
samples passed the abrasion test with 4000 cycles for dry sponge and 25 cycles for wet sponge.
Thus, applying the correct thermal treatment to the samples can enhance their adhesion qualities,

hence enabling the colorimetric platform to function effectively.

4.6.4 UV-vis spectra of the ink solution at different pHs and its stability

A spectrophotometric titration using a deprotonation—protonation process was performed and
monitored at A =520 nm (which sample showed maximum absorbance). The Ink | formulation was
diluted using DI water until it reached an absorbance of 1.0271 at 510 nm. This was placed in 20
ml disposable scintillation vials at 23 °C, protected from light, and kept under constant vortex.
Aliquots of ammonium hydroxide 0.1 M and HCL 1N were added to the diluted ink for every
change of 0.5 in pH, the absorbance was recorded at 520 nm until a pH 10 was reached. (Device
infinite M200, Tecan).

The influence of pH to the anthocyanin color stability was investigated by the absorbance of UV
light with a wavelength of 400 -700 nm, using UV-VIS spectrophotometer. Roasted black rice
exhibited noticeable color changes in different buffers, as reported in a related study under varying
pH conditions [58]. Black rice is rich in various anthocyanins, such as Cyanidin-3-glucoside (acidic
conditions), delphinidin-3-glucoside (neutral pH), and Petunidin-3-glucoside (alkaline conditions)
[60]. The chemical structure of these molecules can change based on the pH levels, influencing the
color changes in black rice. Simply explained, the anthocyanin underwent a chemical process that
produced a new molecular species (from flavylium cation to hemiketal or quinoidal) with altered
absorption characteristics [61-63]. To detect flavonoids in the prepared ink solution, a few droplets
of HCI are added to 10 mL of anthocyanin solution, which causes a red solution [61]. In Figure

4.3, the color change of black rice anthocyanin at various pH is depicted.
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Figure 4.3 The color change of black rice anthocyanin at various pH.

The color change at pH 2-12 was indicated by the change of the distinctive absorbance at a certain
maximum wavelength for each sample at each pH condition. The absorption spectrum of the
natural pigment anthocyanin covers the entire visible region, and the peak absorbance was observed
at 510 nm. The pH for Df = 0.1 is equal to 2.95, and for Df = 0.01 it is equal to 3.35.

In Figure 4.4, UV-vis spectra of solution ink at different pHs are presented. The change in pH
(from 2-3.5) and molecular structure of anthocyanin inside the ink formulation caused a drop in
absorbance peak intensity (at 510 nm) in the UV-visible (UV-vis) spectrum. When the pH
increased to 4-6, a bathochromic shift occurred from 510 nm (pH 4) to 560 nm (pH 6). This shifting
exhibited a purple color due to the change of anthocyanin structure. At pH 7, the color changed to
blue because of the anionic and natural quinoidal bases. At the wavelength of 580, the color
intensity increased at sample of pH 7-10 (bluish green), while it decreased from 580 to 520 for the
sample with pH 10-11 and finally from pH 11 to 12, the intensity slightly increased with color
change from light brown to dark yellow [14].
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Figure 4.4 UV-vis spectra of solution ink at different pH.

4.6.4.1 Anthocyanin contents

In this study, anthocyanin concentrations were measured using the Giusti and Wrolstad-proposed
pH differential method, which is based on the structural transformations of the anthocyanin
chromophore as a function of pH. At pH 4.5, the colorless hemiketal form predominates, while at
pH=1, the red flavylium form prevails. Instead of quantifying at 520 nm, the approach uses
absorbance at the lvis-max for precision. To avoid haze-induced light scattering, the absorbance at
700 nm was added. The approach also requires the molecular weight (MW) and molar absorption
coefficient (e) of malvidin-3-glucoside, the sample's main anthocyanin, to calculate its total amount
[56].

Worth to mention that black rice anthocyanin molecular weight varies by component. Cyanidin-3-
glucoside, one of black rice's most prevalent anthocyanins. Other black rice anthocyanins have
comparable molecular weights. According to the results, the anthocyanin content of Ink I is 0.240
mg/100 g using the above approach. The overall quantity of black rice in this formulation is

approximately 0.82 mg/100 g.
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4.6.5 Color response to volatile amines (Ammonia, dimethylamine, and trimethylamine)
Colorimetric films react with the production of nitrogen-based compounds (such as NHz, DMA
and TMA) that can be utilized to check the freshness of high-protein foods like meat and fish. The
change in color of the colorimetric platform was recorded by a scanner that is linked to a computer
for further analysis. The images were taken before and after exposure of ammonium hydroxide,
dimethylamine solution and trimethylamine solution to the colorimetric platform for a duration of
24 hours. The color change exhibited a rapid rate, with most changes occurring within the first 15
minutes. Subsequently, a slower rate of change persisted for an extended duration, as seen in
Figure 4.5, Figure 4.6 and Figure 4.7. Additionally, it is notable that the quickest color shift was
observed in less than one minute. The results indicate that the naked eye is unable to detect the
sensitivity to 1 microliter of the stock solution. However, specific details on this observation are
not provided in this context. The films undergo a transition in color, progressing from a red hue to
a deep purple/blue shade, and to a light brown/dark yellow tone. Dissociation of the H+ ion from
a pH indicator causes its color shift. Note that pH indicators are weak acids and natural colours.
The solution changes color when the weak acid indicator dissociates. The observed alterations in
color may be attributed to the formation of an alkaline environment around the natural dye,
facilitated by the presence of NHz gas, which generates OH— ions upon contact with water [25].
Furthermore, it was noted that there were no discernible changes in color detected in the coated
films containing a low concentration of black rice when exposed to various kinds of ammonia
gases. This may be attributed to the absence of anthocyanins in the films, as supported by previous
research [58].

The assessment of the selectivity of the developed pH indicator is associated with the measurement
of the ARGB in the presence of several VOCs at a defined concentration. Figure 4.5, Figure 4.6,
Figure 4.7 illustrate a notable alteration in color upon exposure of the sensor to NH3, DMA, and
TMA. In contrast, the sensor's color exhibited no alteration upon exposure to various organic

substances, including acetone, ethanol, methanol, formaldehyde, and dimethylformamide.
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Figure 4.5 Sensitivity test for examining the response of pH indicator towards NH3 gases,
a=25pL, b =10pL, ¢ =5 pL of (30-33%) ammonium hydroxide.
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Figure 4.6 Sensitivity test for examining the response of pH indicator towards DMA, a =

25 pL, b =10uL, ¢ =5 pL of dimethylamine solution.

Figure 4.7 Sensitivity test for examining the response of pH indicator towards TMA, a =

25 pL, b =10puL, ¢ =5 pL of trimethylamine solution.
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To better understand the color-changing behavior of film indicators, ARGB for NH3z as a function
of time is depicted, in Figure 4.8. In contrast to dried samples, produced indicators that have not
undergone thermal treatment may exhibit a prompt color alteration as time progresses. Compared
with the fresh samples, the ARGB values of the dried samples were lower. This phenomenon could
be attributed to partial destruction of anthocyanins and active components at elevated temperature
[64]. Table 4.3 displays the statistical data, including the mean value of ARGB for three distinct
pixels for each pH indicator.

In this study, the anthocyanin content in the thermally heated samples at 165 °C was very low, but
it did not disappear totally and could alter color change with NH3z gases. Thus, the pH indicator for
fish packing must adjust for lag time correction. This is particularly crucial as the samples come
into direct contact with food products, ensuring that the pH sensors will stay intact due to the

elevated humidity levels within the packaging.
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Figure 4.8 RGB results for fabricated colorimetric films with and without thermal

treatment over time by exposure to (30-33%) ammonium hydroxide.
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Table 4.3 The mean value of ARGB of NH3 for three distinct pixels for each pH indicator during

the time.
Type of pH Time ARGB SD
indicator

Ink | 165-5 1 86.51 20.33
25 uL

30 104.95 13.98

60 137.02 9.60

180 150.48 5.10

720 127.33 35.71

1440 103.12 27.80

Ink INTT 1 83.45 8.16
25 uL

30 132.60 8.66

60 145.59 4.78

180 137.66 6.54

720 226.02 3.63

1440 226.02 3.63

Ink 1 165-5 1 21.722 11.30
10 uL

30 77.863 5.13

60 111.86 4.675

180 140.73 15.67

720 136.23 17.07




Typeof pH  Time ARGB SD
indicator (Continued)

1440 99.73 5.41

InK I NTT 1 83.92 16.62
10 uL

30 140.04 2.86

60 129.44 8.40

180 130.93 1.17

720 113.23 11.42

1440 117.07 9.69

Ink 1 165-5 1 28.50 12.06
5puL

30 40.84 14.74

60 53.71 15.47

180 45.82 26.56

720 58.89 33.93

1440 82.65 17.05

InkK I NTT 1 24.09 11.88
SpuL

30 43.89 20.12

60 49.66 9.01

180 89.72 33.14

720 121.92 5.34

1440 110.39 21.17
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4.7 Conclusions

Colorimetric films were successfully developed by coating formulated ink with black rice
anthocyanin, on the surface of a corona-treated PET substrate. By using natural dye solutions
within the pH range of 2-12, it is possible to visually see a color change when exposed to amine
base gases. These gases are generated because of microbial activity during the spoilage of meat
and fish products. The FTIR spectra results indicate that the inclusion of PEG as a co-binder can
lead to the formation of an additional link between the PVOH groups, validating the interaction
between functional groups and enhancing the adhesion properties. The findings from the tape and
abrasion tests indicate that the use of thermal treatment for colorimetric films may enhance the
adhesive bonding between formulated ink and the substrate by eliminating water. Moreover, heat
drying colorimetric indicators at elevated temperatures can cause anthocyanin degradation, which
could result in poorer color change. Therefore, optimization of the heating process (time and
temperature) and choosing the pH level for ink formulation are two crucial parameters for
developing pH indicators. Finally, the developed colorimetric film benefits from using
inexpensive, readily available, and environmentally friendly dyes and an easy printing process for
food packaging applications. Therefore, this approach will effectively address a significant
drawback associated with on-package sensors, namely the potential for chemical migration onto
food.
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5.1 Abstract

The study assessed a developed food-safe on-package label as a real-time spoilage indicator for
fish fillets. This colorimetric sensor is sensitive to Total VVolatile Base Nitrogen (TVB-N) levels,
providing an indication of fish freshness and spoilage. This study evaluates and predicts the shelf-
life and effectiveness of an on-package colorimetric indicator. The sensor, using black rice (BC)
dye with polyvinyl alcohol (PVVOH), polyethylene glycol (PEG), and citric acid (CA) as binders
and crosslinking agents, is applied to PET films. The food-safe pH indicator, prepared via lab-scale
flexography printing, is durable in humid environments, making it suitable for practical packaging
scenarios. The sensor visibly monitored fish spoilage at 4 °C for 9 days. Quality assessment
included tracking ARGB (total color difference), chemical (TVB-N, pH), and microbiological
analyses. Results indicate that the fish samples are fresh up to 4 days of storage at 4 °C with the
total viable count (TVC), Pseudomonas growth, TVB-N contents and pH reaching: 5.2 (log
CFU/ml), 4.31(log CFU/ml), 26.22 (mg N/100 gr sample) and 7.48, respectively. Integrating
colorimetric sensor data with mathematical modeling can predict spoilage trends over time. An
integrated system offers a smart approach to accurately predict shelf-life, aiding in optimizing
storage conditions, minimizing food waste, and delivering fresh, high-quality fish products to
consumers.

Keywords: On-package sensor, Intelligent packaging, Quality assessment, pH indicator,

Anthocyanin, Fish spoilage

5.2 Introduction

Fish is a highly perishable food item, its shelf-life is influenced by various factors, including
species, quality, initial microbial load, physical changes, storage temperature, and packaging
conditions [1-3]. Spoilage can occur rapidly due to microbial activity, lipid oxidation, and
autolysis, rendering the fish inedible [1, 4]. Microbial deterioration is the primary factor affecting
the freshness of fish. Under specific storage conditions, specific spoilage organisms (SSOs)

decompose various fish tissues, producing off-odors, off-flavors, and volatiles [1, 4-8]. This
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microbial spoilage generates volatile bases such as ammonia (NHs), dimethylamine (DMA), and
trimethylamine (TMA), collectively known as total volatile basic nitrogen (TVB-N) [9-11]. These
compounds lead to a gradual increase in pH within the packaging headspace, detectable by pH-

sensitive indicators to communicate food freshness levels [12].

Intelligent packaging extends traditional packaging functionalities to meet consumer needs and
expectations [13]. For example, plant-derived pH-sensitive inks can be used in colorimetric
indicators to monitor the freshness/spoilage of fish products, responding to TVB-N concentration
increases during spoilage [14-17]. Intelligent packaging use detection means, such as natural dyes,
to monitor food freshness, microbiological growth, and chemical changes visually and/or
quantitatively in real time [18]. Such strategies can offer a fast, non-invasive and reliable food
quality assessment [19]. However, many on-package sensors require direct food contact [20, 21],
raising concerns about the migration of substances from the indicator into the food, which poses
safety risks [22, 23]. Therefore, the chemical components of the coating must be safe and non-toxic
[22, 24].

Recently, researchers have explored anthocyanins—natural dyes recognized as safe—to develop
colorimetric pH indicators [25, 26]. These compounds change colors at different pH levels due to
molecular structure changes [27]. However, natural pH indicators may degrade over time,
especially when exposed to the conditions typically found in food packaging (e.g., high humidity).
This degradation can reduce the indicator's effectiveness and accuracy over the product's shelf-life
[28]. Producing natural pH indicators with consistent quality and performance can be challenging
due to the variability in natural raw materials. This inconsistency can lead to variations in the
performance of the indicators [29]. The color changes of natural pH indicators can sometimes be
subtle and difficult to perceive accurately with the naked eye. This can lead to misinterpretation of

the spoilage status [22].

High humidity in fish packaging poses difficulties for pH-sensitive dyes, as they readily migrate to
moisture-laden food [30]. To address this issue, researchers have suggested crosslinking the
polymeric matrix to maintain mechanical stability [31, 32]. Citric acid can serve a crosslinking
agent to improve anthocyanins' water fastness, as they are prone to dye leaching in humid
conditions [33-35], making pH indicator suitable for long-term use [36]. When citric acid reacts

with the binder system, consisting of PVOH and PEG, water is produced through Fischer
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esterification [37]. The addition of the organic acids without successive thermal treatments has a
mere plasticising effect, while their application with thermal treatment has a combined
crosslinking and plasticising effect [32]. Therefore, after thermal treatment of film indicators, their
vulnerability towards the high humidity area could be decreased, addressing one of the

commercialization challenges of pH indicators [33].

Food quality can be monitored through periodic microbiological and chemical analysis (TVB-N
and pH) within regular tests[38]. Integrating these analyses with color change analysis, allows for
shelf-life estimation [39-44]. The exact spoilage threshold can vary depending on several factors;
including catch season, catch maturity, geographical origin, species, age and gender of the fish [14,
22, 45]. Huss [46] and European Commission (EC) [47] reported acceptable limit value for TVB-
N as 30—35 mg/100 g and 25-35 mg/100 g, respectively [4]. TVB-N level of 35 mg/100 g fish flesh
[48, 49] with a total viable count (TVVC) of 7 log CFU/g, is considered the upper limit for fish shelf-
life [4, 14, 50]. These metrics guide the pH indicator scaling in this study to reflect the end of the

fish samples' shelf-life.

Predictive microbiology anticipates SSO growth to determine the shelf-life of fish products.
Specific spoilage bacteria development in fish results from environmental factors and microbial
competition. In aerobically packed fish, competition occurs between aerobic gram-negative flora,
such as primarily Pseudomonas [51]. Empirical models like the Gompertz, logistic, and modified
Arrhenius models predict microbial growth kinetics and estimate fish shelf-life based on microbial
counts. Kinetic models simulate TVB-N progression and protein degradation during storage at 5°
C [52]. However, mathematical models for shelf-life prediction in complex food environments like
fish may lack accuracy due to factors affecting microbial development, including food structure
and microorganism interaction [53]. This study combined model outcomes with the designed
colorimetric sensor's color change response to address this issue. We evaluated the on-package
labels for fish freshness monitoring by using microbial counts, chemical analyses [47, 54] and color
analysis. This paper builds upon that foundational work and further explores the application and
performance of the sensor under varying conditions. In this study, Pangasius (Pangasius
hypothalamus), a white-fleshed fish with a moderate flavor, was chosen as sample. Fatty fish, such
as pangas, have emerged as a highly important aquaculture species economically due to their fast

growth, year-round output, and high productivity [55]. The developed pH indicators (flexible PET
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films coated with natural dyes) serve as pH-responsive sensor, exhibiting precise visual variations
at different pH values. The design minimizes dye leaching and is highly sensitive to TVB-N gases,

making it suitable for real-time seafood package monitoring.

5.3 Materials and methods

5.3.1 Materials

We acquired pangasius fillets from a nearby Metro grocery store in Montreal, Quebec, Canada.
Initially, the products were sealed in PVC-wrapped packages that displayed a label containing the
packaging date and the best before date (which was three days after the packaging date). The
samples were placed in an ice container to maintain their temperature and freshness during
transportation. Prior to being stored in the laboratory fridge at a temperature of 4°C, they were
cleaned using 70% alcohol to eliminate any slime and sanitize the surface [56]. The samples
remained in the fridge until they were ready to be use. The Polytechnique Montreal in Montreal,
Quebec, Canada, served as the site of all the experiments. Transparent polyethylene terephthalate
films (PET, 23 um) were obtained from ProAmpac Packaging Canada company, Terrebonne,
Quebec, Canada. Black rice extract 80% was purchased from Xiherbs Phytochem Co., Ltd
(Dongguan, Guangdong, China). Certified amber glass jars with white polypropylene caps and
bonded PTFE-faced silicone septa were obtained from Thermo Fisher Scientific, Saint-Laurent,
Quebec, to comply with EPA Performance-Based Specifications for volatile organic analysis.
Polyvinyl alcohol (87~88% hydrolysis, 145,000 MW), Polyethylene glycol (PEG), Citric acid
(ACS reagent, >99.5%), Vanillin (natural, >97%, FCC, FG), Hydrochloric acid (HCL), Potassium
carbonate (K2CO3), Trichloroacetic acid (TCA, ACS reagent, >99.0%), Boric acid (H3BO3, ACS
reagent, >99.5%), Sodium Chloride (NaCl), Dimethylamine solution (DMA, 2 M in methanol),
Trimethylamine solution (TMA, 31-35 wt. % in ethanol, 4.2 M), Ammonium hydroxide solution
(NH40H, 30-33% NH3 in H20), Conway diffusion cell, Vortex-Genie 2 (120 V) mixer, Agar and
Pseudomonas Isolation Agar were purchased from Millipore Sigma Canada Ltd , Oakville, Ontario,

Canada.
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5.3.2 Sensor preparation

A comprehensive description of the formulated ink and sensor preparation were detailed using a
previously reported method with some modification [33]. Specifically, we described the
colorimetric sensor's preparation method as follows: PVOH and deionized water were mixed in a
glass beaker to create a heterogeneous mixture. A solution mixer made of PEG, C, BC and distilled
water was added after the solution cooled at room temperature while being stirred constantly. The
coating was carried out with a TQC automatic film applicator (model AB3652). The drying process
of the films proceeded at two temperatures: ambient (30 min) and 165 °C (5 min). Samples were
labeled NTT (no thermal treatment) and TT (Thermal treated pH indicators, at temperature of 165
°C for 5 min).

5.4 Characterization of pH indicators

5.4.1 Fourier-Transform Infrared Spectroscopy (FTIR-ATR)

The FTIR spectra of the samples were recorded at room temperature using a Perkin Elmer FT-IR
spectrometer 65 coupled to an ATR accessory, with a diamond crystal (Waltham, MA, USA). The
data was collected using Perkin Elmer spectrum. The spectra were acquired in the range 4000-600
cmt, with 16 accumulations and a resolution of 16 cm™. In our previous study, we examined the

characterization of the pH indicator including FTIR characterization [18].

5.4.2 Thermogravimetric Analysis (TGA)

A TGA thermal thermogram shows sample mass change vs. temperature. Each compound has a
unique thermogram that shows thermal stability, multi-component composition, decomposition
kinetics, moisture, and volatile content [57]. Thermogravimetric analysis (TGA) for prepared film
indicators and raw material of ink formulation were conducted under a nitrogen atmosphere at a

scan rate of 20 °C/min with a Shimadzu DTG-60H thermal analyzer.

5.4.3 Packaging study using RGB

To evaluate the sensitivity of developed pH indicator towards TVB-N gases originated from fish
samples, 3 cm x 2 cm films were cut, and put inside the plastic bags and containers with fish
samples. Before using these bags and containers, we exposed them to alcohol at 70% purity, and
we let them become dry at room temperature for a few hours. Color change of the indicators was

measured with an Epson Perfection V550 scanner (Nagano, Japan). The resolution of the pictures
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was 800 dpi with reflection mod. The scanning time was approximately 2 minutes, and the type of
image was 24-bit color. Blacklight correction was also considered for adjustment. The test run for
3 different spots (pixels and considering their neighborhood) inside each picture and the mean and
standard deviation were calculated. Control samples were chosen as reference image for RGB
calculation. The color change of pH indicators during storage period is measured by the total color

difference (ARGB) according to the following equation [27].

ARGB = /(R — Rg)% + (G — Gg)2 + (B — By)? (5.1)

Where Ro, Bo, Go are the initial color parameters of indicators and R, G and B were the values at

the time of sampling.

5.4.4 Chemical stability and recovery tests

To simulate the long-term storage conditions of pH indicators in a shorter period, we used wide-
mouth septa jars with a capacity of 60 ml, which are suitable for analyzing organic volatile
compounds. We affixed pH indicator films to the plastic caps of these jars. The indicators were
evaluated against external standards at various concentrations: 0.025, 0.125, 0.25, 0.5, 0.75, 1, 1.25,
1.5 (%wt./wt.) by diluting ammonium hydroxide solution, DMA and TMA. We prepared each

standard by vigorously mixing them with a vortex for 20 seconds.

As these experiments required us to attach the indicator inside vials for exposure to the TVB-N
gases and then removing them to take pictures, some displacement was unavoidable. The images
for these experiments were captured using a smartphone (iPhone 12), as scanning was not feasible

for certain samples.
5.5 Fish shelf-life monitoring

In a previous study, we developed a colorimetric sensor and evaluated its ability to change color
toward TVB-N gases. Also, we tailored the pH sensing properties of the developed pH indicator
such as selectivity and sensitivity towards TVB-N gases and response time [33]. It was reported
that the microbial population of pangas ranged from 6.213 + 0.633 to 7.315 + 0.570 log CFU/g in
winter [58]. The Microbiological-and Chemical analysis for shelf-life studies were conducted on
Pangasius fish upon storage at around 4°C during the winter of 2024 in Montreal, Quebec, Canada.

The day of purchase was taken to be day 0 (the first day the fish was packaged at store for sale).
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The results were then compared with the color changing of a pH indicator and chemical analysis,

which were conducted simultaneously.

5.5.1 TVB-N content

Conway micro diffusion method was used with some modification in order to quantify the amount
of produced TVB-N during fish spoilage [59, 60]. At every sampling point, portions of 5+ 0.5 g
of fish were added to 20 ml of TCA 4% (w/v) and homogenized for 1 min at high speed, then
samples filtered with Whatman #1. One side of the exterior of the Conway dish was filled with 1
ml of the prepared sample, and the other side with 1 ml of 50 g K2COszin 100 ml distillated water.
100 microliters of Conway indicator (methyl red), and 1ml of 2% H3BOs3 placed inside the inner
side of the Conway dish. Some cautions in order to avoid failure to get accurate results were taken
into account [61], Eq (5.2):

[(st%)+VE]x100

S

TVB — N (%fg) = (Vg — Vi) X Ny X Ay X

(5.2)

Where Vs=Titration volume of HCI for sample (ml), Vg= Titration volume of HCI for blank (ml),
Nyc.=Normality of HCI, Ay =Atomic weight of nitrogen (14.00), Ws= weight of sample (g), M=

Moisture content in sample (%), Vg = Volume of TCA used in extraction (ml).

5.5.2 pH measurement

A5 g of fish sample were added to 90 ml of distillated water and then homogenized (by the vortex
for 2 min). pH of suspension as function of storage time was measured using a pH meter (Mettler
Toledo, Mississauga, Ontario, Canada) after 5 minutes incubation at room temperature [62]. The
pH meter was calibrated using pH buffer solutions (4.00 £ 0.01, 7.00 £ 0.01, 10.00 + 0.01).

5.5.3 Microbial analysis

During fish storage at 4 °C, the total viable count (TVVC) method revealed bacterial growth reaching
the spoiling threshold (1x107 CFU/mI)[63]. Microbial analysis was performed by weighted fish
samples (10 + 0.5g) which were placed in sterilized bags. The sterilized NaCl (9 %w/v) saline
solution (90 ml) was added to bags and homogenized with vortex for 2 min at room temperature.
Serial sample dilutions were made during the fish spoiling tests[64]. For the enumeration of the
total microbial population, 100l of serial dilutions were spread on the surface of dried media Petri
dishes and incubated (Economy Incubators IB-11E, 150 L, Biotech Inc, Montréal, Canada) the
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plates overnight at 37 °C (1SO,4833:2003) [65]. Also, for the enumeration and Pseudomonas spp,
100ul of serial dilutions were spread on the surface of dried Pseudomonas Isolation Agar at 25 °C
for 44h + 4h (1SO, 13720:2010).

After the mentioned period for incubation, colonies on the agar plates were counted by a Darkfield
Quebec Colony Counter. The results were expressed (according to ISO 7218:2007) as mean log

CFU/ml + standard deviation of 3 replicates.

5.6 Mathematical modeling of fish spoilage based on TVB-N, TVC and

Pseudomonas spp experimental data

The models were derived from microbiological media observations and chemical experiments in a
well-controlled lab. The data points of TVB-N and TVC of the current study were utilized to fit

with established empirical models stated in the literature, as presented in Table 5.1.

As multiple parameters are necessary to construct a model for the shelf-life prediction [149] we
predict different parameters by R software. The models utilized for TVB-N prediction incorporate
the following variables: TVB-N content (represented by Y), rate constant (k), and storage time (t
in days). Yo is the TVB-N content at day O, i.e., when the fish arrives for storage. The employed
microbial growth models for this study were the Modified Arrhenius logistics , logistic, modified
logistic and modified Gompertz [67] which are described in Table 5.1; where: Y(t) is the TVC at
time t, A is the upper asymptote of the curve, representing the maximum TVC, pmax iS maximal
growth rate (in day 1), the load capacity of biomass dynamics is stated by B, to is the lag phase or

lag time before TVC accumulation begins and t is the storage time.

Table 5.1 Empirical models for modeling TVB-N, TVC and pseudomonas spp growth.

Model name Model equation Reference

Exponential model Y = YoAeKt [150]
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Model name Model equation Reference
(Continued)

Exponential Y = Ae(Kt+Bt?) Current study
Polynomial
- . 5
Modified Arrhenius Y = Y, + Ktexp &7 Current study
0
Modified Arrhenius Y=Y, + Ktexp®? Current study
(1)
Howgate _ Ymax — Ymin [151]
1 + eK(td-t)
Logistic A
= 152
Y= Ty eReD 1o
Modified Logistic V= A [152]
1+ Be Kt
ifi A 153
Modified Gompertz Y=Y, + — [153]
ee(eXp(l)Xumax A +1>

5.6.1 Model Evaluation Metrics
Since the models used for prediction of TVB-N and TVC behaviour are nonlinear; to discriminate
the model performance they were discriminated based on the Akaike information criterion (AIC),

and root mean square error (RMSE) as follows [71]:

RMSE = \/ 1/n 30, (Yie = Yip) (5.3)
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AIC = n1n (=) + 2p (5.4)
AlCc =nln (=) + 2(p+ 1) +2(p + 1)(’”+2 (5.5)
BIC = nln( ) + p In(p) (5.6)

In this context, the experimental value of the ith experiment is denoted as Yie, whereas the
predicted value of the n™ experiment determined by the model is represented as Yip, n indicates
the quantity of experimental data points, SSy represents the residual sum of squares, and p signifies
the number of parameters [52]. The selection of the best-fitting model among the models that were

tested is based on the criteria of the lowest values of RMSE and AIC.
5.7 Statical analysis

All measurements were conducted three times. Data were analyzed with Tukey test at a
significance level of p < 0.005, p < 0.001 and p < 0.001. The results are reported as the average
value * standard deviation (SD). The fitting parameters were found by using R software version
4.4.3.

5.8 Results and discussion

5.8.1TGA

TGA was used to evaluate the thermal stability of anthocyanins and polymer components [72].
Understanding thermal stability helps predict polymeric coating durability during processing or
application (e.g., curing, printing or coating process) at different temperatures [73]. As
anthocyanins are sensitive to heat, TGA measurements can be informative to avoid dye degradation
during thermal treatment process [74]. Figure 5.1 depicts the thermal decomposition results for
ink formulation components and Figure 5.2 depicts thermal decomposition results for colorimetric
sensors. For all samples from 40-110 °C, some water desorption and evaporation were observed,
consistent with literature [72, 73, 75]. BC anthocyanin decomposed initially at 100 °C and 125-
200 °C, respectively, due to the small amount of absorbed and bound water [76]. The initial
decomposition of citric acid was observed at 200 °C, and the end of decomposition of citric acid
with a weight loss (86%) was above 250-300 °C. This weight loss could be due to the

decomposition of citric acid [77, 78].
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During the initial region (below 200 °C in this study), a small amount (approximately 1.5 %) of the
mass of PVOH is lost as adsorbed water evaporates [79]. The TGA graph demonstrates that the
sample of PET coated with INK I, subjected to a thermal treatment at 165 °C for 5 minutes (INK |
TT), the PET coated with INK | without thermal treatment (INK | NTT), and the uncoated PET
films, all experience weight losses of approximately 94.45%, 98.20%, and 99.62%, respectively,

at a temperature of 165 °C.

During the thermal treatment of colorimetric sensors, approximately 3.75% of the degradation can
be attributed to this procedure. At this temperature, the weight of BC anthocyanins, PEG, PVOH,
CA, and dried ink (with anthocyanins in the coating) decreases by about 95.78%, 96.18%, 97.95%,
99.63%, and 97.30%, respectively. This weight loss may include partial degradation of the dye
molecules, loss of functional groups, or minor alterations in the chemical structure. Temperatures
higher than 227 °C are the onset temperature of decomposition for formulated ink, as the weight
loss reaches approximately 95% and the coating starts to break down chemically. Hence, the
thermal decomposition associated with the dried formulated ink, PET films, and thermal treatment
procedure is insignificant, resulting in only approximately 5% at a temperature of 165 °C, and the
developed pH indicators can be considered thermally stable over the thermal treatment process.
Aggressive thermal treatment (temperature and time) can cause the indicator to degrade sooner

compared to the sample without thermal treatment [80].
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Figure 5.1 TGA thermogram for each component of formulated ink as an ink sensor.

A significant limitation in our method for assessing the process stability of thermally treated pH
indicators using TGA analysis was the restricted scope of our sample analysis. Specifically, we
analyzed two samples: the INK | TT pH indicator, which had undergone 5 minutes of thermal
treatment at 165 °C, and the INK I NTT pH indicator, which had not undergone any thermal
treatment. The ideal scenario for evaluating process stability would have involved subjecting the
INK I NTT samples to the same thermal treatment protocol—holding them for 5 minutes at 165 °©
C—rather than using a thermal heating ramp. This approach would have provided a more accurate
comparison by ensuring that both sets of samples underwent identical thermal conditions.
Consequently, our analysis was limited to speculative comparisons of weight loss between the
thermally treated and untreated samples. This limitation restricts our ability to definitively
determine the extent of thermal degradation, as the differences in the thermal profiles of the

samples could influence the observed weight loss.
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Figure 5.2 TGA thermogram for the dried ink solution (at room temperature) on the Petri dish,
developed pH indicators that were thermally treated at 165 °C for 5 min (INK 1 TT) and those

that were not heated (INK I NTT).

5.8.2 Application of developed pH-responsive indicators for fish freshness/spoilage

monitoring

To ensure that the dyes in the films exhibit visual reactions to changes in TVB-N, it is necessary

for the dyes to retain their pH-responsive properties. It is important that they maintain their

protonation and deprotonation states unchanged when they are exposed to varying pH levels.

5.8.2.1 Effects of pH Conditions and Packaging Parameters

Most of current pH indicators for monitoring seafood products depends on the acidic nature of the

coatings employed in their production [81]. Selecting an alternative pH for formulated ink was to

assess the potential pH adjustment, which can improve the pH indicator's performance, stability,

and compatibility and make it more sensitive to the target pH range [23, 24]. This allows for more

precise and noticeable color changes at the desired pH levels, which is critical for food packaging

spoilage and freshness monitoring [24, 28].
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Figure 5.3 shows that three different pH conditions (2, 7.5 and 9) that were examined to determine
the impact of the pH level of the formulated ink on the color shift of colorimetric films. The amount
of fish and package size were (5 £ 0.5 g) and 19 cm x 17.7 cm, respectively. Fish samples were
stored under controlled conditions and monitored using pH indicators with different ink pH
coatings. It was observed that pH conditions ranging from 4.5 to 6.5 led to phenomena such as
aggregation or precipitation. This can result in a thicker, more gel-like consistency, as seen in this
image. This phenomenon can be attributed to the proximity of these pH levels to the isoelectric
point of the components in the ink formulation [34, 82] and differences in the solubility of
components of the formulated ink at the different pH level. This behavior is significant in various
applications, including ink formulation, where achieving the right balance of charge is crucial for
stability and performance.

Based on the observation, none of the pH indicators were activated on day 0, showing that the fish
samples were fresh. The indicator's color changed over 3 days, when it was exposed to a solution
ink (INK 1) adjusted to a pH of 2. The pH indicators with a higher pH (pH = 7.5 and 9) were also
triggered on the fourth day. This phenomenon may be due to the BC anthocyanin and PVOH, in
the ink formulation, which become protonated at lower pH and deprotonated at high pH [83, 84].
As TVB-N gases accumulate in the headspace, the acidic groups in the ink formulation begin to
deprotonate, leading to color shifts [85]. Moreover, anthocyanin molecules exist in the flavylium
form at low pH values. However, when the pH exceeds 7, the anthocyanins undergo degradation,
which is influenced by their substituent groups, and they transform into the carbinol pseudo-base
form [86]. Therefore, among the tested indicators, only the one with an acidic coating (pH 2)
demonstrated a range of color changes. Also, the sensitivity of this pH indicator can be comparable
with a pH indicator at pH level 7.5; however, only for low pH levels, the R parameters decreased,
and the G parameters increased, indicating its potential as a reliable tool for monitoring fish
spoilage in the early stages. The neutral and alkaline pH indicators did not show significant color
changes during initial storage time.

For assessing the fish quality during other parallel trials, different fish sample size and different
available headspace, or air volume (zipper seal package: 19 cm x 17.7 cm and container: 250 ml)
were considered. The sensors effectively monitor spoilage over time, with a clear progression in
color change corresponding to the spoilage process. The ARGB values show a generally linear

increase until day 4. Then after its variations in peak and decline suggest, predictable spoilage
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progression in the early stages. Variations of color response in later stages, after day 4, indicate the
complexity of spoilage dynamics and possible sensor saturation. Samples labeled NTT,
consistently show higher ARGB values compared to those with thermal treatment. This can suggest
how different weight of samples can affect spoilage rates. For example, 100-NTT (Green line)
spoils faster and more visibly than 30-TT (Yellow line), as indicated by the higher ARGB values.
Furthermore, it was reported that a larger sample size (in terms of fish weight) linked with TVB-N
emission causes color change to occur sooner, whereas increasing headspace has no significant
impact [87] (Supplementary material). The color shifting also begins from the side closest to the

fish product due to the diffusion of basic gases, whose contact with the indicator's surface occurs

sooner.
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Figure 5.3 The color parameters, sensitivity and color change outcomes for NTT pH indicators

(package headspace) at different pH level for their coatings, stored at 4°C over 9 days.

5.8.3 Packaging study and pH Indicator stability in fish packages

The pH indicator was assessed by simultaneous packaging trials including Pangasius fish,
alongside microbiological and chemical tests. The amount of fish and container size were (50 + 0.5
g) and 250 ml, respectively. To assess the impact of thermal treatment on packaging application,

we used thermally treated fabricated pH indicators with a pH level of 2. These indicators were used
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to assess their response time (in terms of color change) and their ability to remain intact upon

contact with the headspace of fish packaging.

Figure 5.4 shows, the color changes for pH indicators (container headspace) with pH level of 2,
during storage at 4°C over 9 days. The pH indicator exhibited color changes with four-point
freshness scale, from red (fresh) to red/purple (acceptable), bluish/green (moderate
spoilage/marginal), and yellowish-brown (high spoilage/spoiled). Specifically, color change
observations indicated that from days 0-3, the indicator displayed a red color, denoting pristine
condition with no spoilage. On days 4-5, the color shifted to red/purple, indicating minimal signs
of spoilage while still being safe to eat. By days 6-7, the bluish/green color indicated moderate
spoilage, suggesting it may not be safe for consumers, and by day 9, the color intensified to
yellowish-brown, clearly indicating spoilage, resulting in the fish being unsafe to eat. The pH
indicator effectively differentiated between the freshness levels of fish samples throughout the 9-
day storage period, thus serving as a scalar indicator that provides a gradation of color changes
corresponding to varying levels of freshness, surpassing a simple binary outcome. This scale offers
a clear, reproducible method for categorizing fish freshness, with valuable implications for quality

control and consumer safety.

Moreover, the thermal treatment process results in Figure 5.4 indicate the pH indicators from being
dissolved by water, while also causing a minor delay in their response time. This is due to a slight
degradation that affects the active sites, which are specific chemical groups that can interact with
hydrogen ions or hydroxide ions and are responsible for the acid-base reactions[88]. Consequently,
with fewer active sites available, the pH indicator may not respond immediately to changes in pH,
leading to a lag time for the active sites to sufficiently interact with ions in the solution to produce
a noticeable color change [89].

This may also compromise the sensitivity of the pH indicator, requiring a more substantial change
in pH to achieve the same degree of color change as in untreated samples. During fish storage, the
R parameter decreased. A match for color changing could be defined for the final application. For
this study, the ratio of ARGBnTT/ARGBTT for the sample headspace were 1.07 £ 0.23. To assess
the indicator's stability, all samples were kept under storage conditions for over a month. During
this period, there were no signs of dye leaching, color fading, or any alterations in response to the
basic environment of the headspace of thermally treated pH indicators. Moreover, removing the
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headspace from the container caused the colorimetric sensor to revert to its original color before

exposure to an alkaline environment. This is the moment that the sensor will cease functioning.
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Figure 5.4 Illustrates the color change outcomes for pH indicators (container headspace) stored
at 4°C over 9 days. NTT; colorimetric films without heat treatment.TT; colorimetric films with
exposure to heat (165°C) for specific time (5 min). Fish condition at day 4: acceptable; day 6:

marginal; day 9: spoiled.
5.8.4 Chemical stability and Recovery tests

To ensure the reliable performance of pH indicators, stability tests were performed under varying
environmental conditions, specifically temperature and humidity [3]. We decided to stress test the
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indicators by exposing to elevated temperatures and humidity which can speedup the reaction
kinetics and result in the formation of degradants not typically observed in real-time stability
assessments [90]. By analyzing RGB values at varying concentrations and conditions, we could
potentially differentiate different stages of spoilage, from initial changes (red to pink/purple) to
those indicative of advanced spoilage (pink/purple to blue), emphasizing the importance of both

chemical stability and environmental controls.

The indicators underwent testing at two temperatures (40 and 60 °C) across a storage duration of
30 minutes and 1 hour. It was observed that when the samples were soaked at 60 °C for 1 hour,
nearly all of them exhibited a complete color change indicating saturation (data not shown).
Furthermore, it can generate responses that may not occur naturally in food products, resulting in
a false aging mechanism[91]. Consequently, we preserved the samples at the same temperature for
a duration of 30 minutes and subsequently observed a gradual alteration in color. We repeated the

same procedure for T = 40 °C as well (supplementary material).

Figure 5.5, Figure 5.6, and Figure 5.7 show the RGB value changes observed across different
TVB-N gases, suggesting varying sensitivities among the color channels. Notably, the red channel
showed substantial decreases, indicating high sensitivity to color changes. In contrast, the green
and blue channels displayed different reaction patterns, with green first increasing and then sharply
dropping, while blue consistently decreased as concentration rose. Post-exposure recovery tests
investigated the indicators’ ability to revert to their initial color following exposure to alkaline
environments (pH > 10). Indicators generally reverted to their original color under controlled
conditions (lower pH) because of destabilization of the anthocyanin molecule [92, 93]. We
observed the variability to return to the original color. The interaction profiles with pH may differ
slightly due to the impact of these volatile amines on pH levels. In the current recovery tests, it was
observed that exposure to high concentrations of ammonia resulted in irreversible changes due to

alterations in the anthocyanin structure.
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Figure 5.7 The RGB value of TT pH indicators towards 100 pL of diluted DMA under

accelerated storage conditions (T = 60 for 30 min).

In Figure 5.8, for samples exposed to the mixture of standards, it seems that the reversibility to
the original control sample decreased. In mixed base exposures, NHz was identified as the primary
contributor to the lack of reversibility. According to literature, anthocyanins can change color from
red to orange at temperatures up to 40 °C [94]. As we exposed the pH indicators to each base (NHs,
DMA, TMA) individually, we observed distinct changes in color behavior, highlighting the

individual impact of each base on reversibility.
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Figure 5.8 The RGB value of TT pH indicators towards 100 pL from each standard dilutions

(mix of components) under accelerated storage conditions (T = 60 © C for 30 min).

Figure 5.9 displays the responses of the thermally treated pH indicators to controlled mixtures of
NHs, DMA, and TMA that were stored in a relative humidity (RH) of 55% for 30 minutes at 40 °C
temperature. At 55% RH, the moisture level is sufficient to ensure that the pH indicators remain
sensitive to spoilage gases without being overly saturated, which can lead to false readings.
Moreover, this RH level helps maintain a balance, making the color change more accurately
representative of the spoilage status. According to observations in this storage condition, different
color changes can be identified and categorized. Red to pink: may occur at lower pH shifts,
indicating initial spoilage stages. Blue typically indicates a highly basic environment, suggesting
advanced spoilage. Green represents intermediate stages where mixed gases' effects might overlap,
especially in a moist environment. We recorded the RGB values at different concentrations to

correlate color changes with gas concentrations. Initially, we tried the same temperature (60 °C);
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however, we did not monitor any gradual color change, which could explain why high temperatures
and humidity can help us reach the endpoint of color change extensively. The limitation of the
climate chamber to provide constant RH in this range caused us to try a lower temperature of 40
°C.

The pH indicators appear to respond differently to TVB-N gas volume. Higher volumes of TVB-
N gases can cause stronger color changes, indicating a stronger reaction. By integrating the effects
of NHs, DMA, and TMA gases on pH indicators under varying relative humidity conditions, it is
possible to develop a comprehensive spoilage indicator system.
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Figure 5.9 The RGB value of TT pH indicators towards 100 pL from each standard dilutions (mix
of components) under specific storage condition (T: 40 ° C for 30 min, RH~ 55%)
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5.8.5 Validation of the pH indicator’s efficacy by linking color changes to chemical analysis

and microbial growth

Several studies reported the following shelf-life estimates based on the level of TVB-N gases and
total microbial population: the TVB-N content was greater than 25 mg/100 g sample, the TVC
exceeded 7 log CFU/mlI, and the shelf-life was 7 days for rainbow trout fillets stored at 4°C [95].
Another batch of rainbow trout fillets, also stored at 4 °C, had a TVB-N content of 21 mg/100 g, a
TVC of 6 log CFU/mI, and a shelf-life of 10 days [96]. Crucian fish fillets were also stored at 4°C,
with TVB-N content at 20.7 mg/100 g, and the estimated shelf-life was approximately 6 days [97].
Silver carp fillets, stored under the same conditions, had a TVB-N content of 20 mg /100 g and the
shelf-life was reported as 5.62 days [42]. Furthermore, some studies suggest that pH changes in
fish can be a good indicator of spoilage [50, 98, 99], while others maintain that the pH test may not
always accurately show deterioration in certain foods because of the narrow range that separates
acceptable and undesirable quality, making it difficult to definitively determine food freshness
[100]. In this study, microbial tests, and chemical analysis along with the color alteration of pH

indicator were performed to validate the fish spoilage.

5.8.5.1 Chemical analysis (TVB-Ns)

Immediately after purchasing the fish and transferring it to the laboratory, the TVB-N content was
5.53 £ 0.02 mg /100 g, and the pH of fish was 6.93 + 0.01. It indicates that the product was fresh.
After 48 hours, the TVB-N content reached to 8.40 £ 0.2 mg/100 g and pH level to 7 + 0.01. The
colorimetric sensor remained inactive. The TVB-N concentration and pH of the fish reached 22.40
+ 0.2 mg/100 g and 7.34 £ 0.01, respectively after being stored for 3 days, suggesting a significant
drop in its quality. Simultaneously, the pH indicator started to change color, at the edges (depending
on the flow direction of produced gases). At the 4" day of storage, the TVB-N content reached to
26.22 +0.10 mg/100. Meanwhile, the color of pH indicators was changed to light purple/pink from
the edges. At this point, most surface of the indicator, which is located near the fillet, had changed
color, signalling the activation of the colorimetric sensor. Indicating that the TVB-N threshold was
reached slightly prior to the 4-day storage period. Moreover, the consistency of the fish sample
contained inside the packages were watery and squishy. The TVB-N level and the pH of the fish
reached 31.65 + 0.10 mg/100 g and 7.51 + 0.01 on the 6™ day. The TVB-N level at this point is
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close to rejection limit which is 35 mg N/100 gr and, the color of indicator almost changed to
bluish-purple. At the end of the fish storage period (day 9) the color of indicator reached a dark
yellow/light brown. In this point, the TVB-N amount exceeded to 36.25 + 0.45 mg N/100 gr and
pH reached 7.73 £ 0.01 (supplementary material).

In current study the pH of the flesh of fish during the storage period increased along with TVB-N
content. This is because of the increase of non-protein nitrogen and other volatile amines that were
produced because of proteolytic enzyme activities of the microbial flora [96, 101]. However, pH
of Pangasius fish changed slightly in a narrow range between (6.93-7.73) and cannot be used as
the sole indicator of shelf-life [102].

5.8.5.2 Microbial analysis

Microbial activity affects the shelf-life estimation of seafood [103-105]. Small quantities of some
spoiling microorganisms are present when storage begins, but they multiply and produce
metabolites like TVB-N, which alter texture, color, taste, and smell and lead to sensory rejection
[106]. During packaging trials, the TVC counts slowly increased from 3.80 £ 0.09 log CFU/mi
during the initial 72 h of storage, which means the Pangasius fish fillets used in this study had a
relatively good quality up to day 4, with a TVC of 5.21 + 0.08 log CFU/ml. Initially, the
pseudomonas counts were at approximately 63% of the TVC counts rising to approximately 78%
at around the end of storage [50]. This suggest that pseudomonas spp could be one of the dominant
bacteria involved in fish spoilage at 4°C at both the early and end stages of storage [107]. Figure
5.10 shows the growth of Pseudomonas spp that was isolated from fish samples with TVC and
TVB-N. The TVB-N threshold was reached slightly before the fourth day of storage. Both TVC

and pseudomonas populations show a gradual increase from the start then rapidly accelerates,
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reaching 7.16 CFU/ml and 5.6 log CFU/ml, respectively after 9-day storage. Table 5.2 presents
the measured data points of chemical and microbiological analysis during the packaging study.
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Figure 5.10 TVB-N, TVC and Pseudomonas growth versus the storage time at 4 °C.

The mathematical models fitted to available data from this study and were presented in the
appendices (B.1 till B.3 sections).
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Table 5.2 Measurements for chemical analysis (TVB-N and pH), microbiological analysis and

color change data during fish storage (day).

ST TVB-N TVC Pseudomona | pH ARGB ARGB TT
S NTT

0 [5.34+0.02 3.80 +(241+£0.09 6.93+0.01 |0 0
0.09

1 |NA 4.07 +(2.84+0.03 NA NA NA
0.09

2 (84002 4.20 +(3.87+£0.19 7+0.01 16.08 + 36.07 £7.42
0.02 5.68

3 |12240+0.20 |4.37 +14.19+0.04 7.34+0.01 | 60.24 + 53.34 +
0.005 4.59 6.62

4 126.22+0.10 |521 +14.31+0.03 7.48 +0.01 | 80.03 + 78.74
0.08 13.57 14.87

6 |31.65+0.10 |6.07 + | NA 7.51+0.01 | 83.04 + 9351+
0.02 3.07 8.78

8 | NA 6.32 +1510+0.10 7.55+0.01 | NA NA
0.005

9 [36.25+0.14 |7.16 +15.60+0.08 7.73+0.01 | 66.12 + 4442 +
0.04 5.00 3.28

NA: not available. All values were expressed as mean + standard deviation (n = 3).

NTT; colorimetric films without heat treatment. TT; colorimetric films with exposure to heat

(165°C) for specific time (5 min).

ST: storage time
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5.8.6 Correlation of ARGB with chemical and microbial analysis

Figure 5.11 shows the correlation between ARGB and TVB-N gases (a), TVC (b), and pH (c) at 4
°C, showing the high sensitivity of colorimetric sensors to various biomarkers, showcasing their
utility in monitoring fish spoilage. The R? ratings suggest high sensitivity of colorimetric sensors
[108]. Figure 5.11 (a) displays a strong correlation (R? = 0.9836) between ARGB and TVB-N
concentration. As TVB-N levels increase, the sensor responds significantly by turning deep
reddish. This means the sensor reached the initial threshold of TVB-N gas (25 mg/100 g) in the
headspace of the fish package [63]. The ARGB response showed a linear response to the TVB-N
concentration in the range of 5.34 — 26.22 mg/ 100 g at the chilled temperature [109]. Figure 5.11
(b) shows the correlation between ARGB and TVC with an R? of 0.8661, showing the sensor's
ability to track microbial growth. The sensor response was captured on day 4, which shows the
sensor changed color from the side close to the fish sample to purple. At this time, the microbial
activities also increased. Figure 5.11 (c) highlights the correlation between ARGB and pH (R? =
0.9878), suggesting that the sensor is highly responsive to pH changes during spoilage. Therefore,
these plots show that the sensor response correlates more strongly with chemical analysis than with
microbial activities. Figure 5.11 (d) shows the different stages of fish condition (fresh, acceptable,
moderate spoilage and spoiled) during storage based on the biomarkers. For a food freshness
indicator to be effective, it must be able to visually distinguish between fresh, acceptable, and
spoiled food [17].

As the alkaline environment increases due to spoilage during fish storage, the color of the sensor
changes to green-light brown (a slight reduction in ARGB); finally, at the end of storage, the sensor
almost reaches the endpoint of its color change and turns to brown yellowish (high reduction in
ARGB) on day 9. The sensor shows the monitoring of color stability in the basic environment over

a period of more than one month. The color did not wipe out or change to its original color before

exposure to fish samples for indicators labelled as 165-5 for both container and package storage
(Figure B.8).
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Figure 5.11 ARGB versus TVB-N gases (a), TVC (b), and pH (c) during fish storage at 4
°C. Correlation between the onset of an increase in microbial population and TVB-N gas

release and sensor response (d).

Numerous limitations exist in these fitting models for predicting fish spoilage using colorimetric
sensors. The quadratic nature of the fitted curves indicates non-linear relationships between ARGB
and the biomarkers (TVB-N, TVC, and pH). This complexity can make the models less intuitive
and harder to interpret compared to simpler linear models. The high R2 values (e.g., 0.9836 for
TVB-N and 0.9878 for pH) suggest a strong fit to the experimental data, but they might also show
overfitting, where the model captures noise in the data rather than just the underlying trend. There
is also a limited number of data points, which might not be sufficient to fully capture the variability
and trends in the spoilage process. This can reduce the robustness and generalizability of the model.

Moreover, the ARGB values eventually plateau at higher biomarker concentrations, indicating that
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the sensor response may saturate. This saturation limits the model's ability to differentiate spoilage
levels beyond a certain point, potentially reducing its effectiveness in late stages of spoilage.

5.9 Conclusion and recommendations

This study confirmed that an environmentally friendly ink formulation can coat PET films as a
scalar pH indicator sensor, and the fabricated films have high potential as an intelligent indicator
label for monitoring the freshness of fish products. The novelty of this research project lies in using
these pH indicators in direct contact with food products to enhance readability and provide a
quicker color change in response to quality changes in seafood. Additionally, it utilizes industrial

printing techniques aimed at increasing production rates.

Developed pH indicators can offer a continuum of color variations that correspond to varying
degrees of freshness, rather than a simple binary outcome. Hence, color change analysis showed
that the developed colorimetric sensor can detect and evaluate gas concentrations through color
changes, making it a practical industrial tool for monitoring the food safety and quality of fish
packages. The use of crosslinking agents such as citric acid can reduce dye leaching and
degradation. Applying controlled thermal treatments can enhance the interaction between
anthocyanins and PET films, increasing stability of anthocyanins during fish storage period. The
sensitivity of pH indicators at low pH levels is markedly greater compared to those at neutral and
alkaline levels, as the latter did not show notable color changes during the initial storage period.
Chemical analysis (TVB-N and pH measurement) and microbial analysis (total bacterial population
and pseudomonas spp. growth) performed during packaging trials at 4 °C validated the
performance of the produced films. After the third day of fish storage during the packaging study,
TVB-N gases increased in the headspace, and colorimetric films started to change color. During
packaging trials, the TVB-N threshold occurred between the third and fourth days of storage, in
transition state from fresh to acceptable state. Additionally, at day 4 of fish storage at 4 °C, we
found the pH, TVC, Pseudomonas growth, and TVB-N levels to be 7.48, 5.2 (log CFU/ml), 4.31
(log CFU/mI), and 26.22 (mg N/100 gr sample), respectively. At this time, the sensor changed
color to reddish-purple. Based on microbial (7 log CFU/mI TVVC) and chemical (35 mg/100 g TVB-
N) analyses, fish packages stored under atmospheric conditions typically have a shelf-life of less

than 9 days. These thresholds are set up to ensure the freshness and safety of both fresh and frozen
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fish packages at 4 °C. The sensor response shows a stronger correlation with TVB-N gases than

with microbial activities.

The implementation of mathematical models to predict TVB-N content and microbial growth can
enhance the utility of this research. These models serve as a robust framework for validating
experimental results by correlating initial quality parameters with observed changes in seafood
freshness over time. By analyzing historical data and establishing relationships between variables,

these models can accurately forecast the shelf-life of seafood products (appendices).
Recommendations for future studies

Despite the promising results, this study identified numerous areas for future research to enhance
the reliability and applicability of the findings. By addressing these limitations, future research can
build on the current study and contribute to more effective monitoring systems for fish freshness

and safety.

» The integration of barrier films can extend the shelf life of seafood by minimizing oxygen
exposure and inhibiting microbial growth. The coated-PET film can be laminated with various
barrier films to create a multilayer intelligent food packaging system. This advanced packaging
solution not only protects the seafood product from external contaminants and moisture but
also actively contributes to maintaining its freshness. By incorporating pH indicators and other
sensory technologies, the packaging can provide real-time information about the product's

quality, such as freshness and spoilage levels.

» Complex interactions in biological systems, such as fish microbial spoilage, need a larger
dataset for accurate modeling. More experimental data points, cross-validation, error analysis,
and studies conducted under varying conditions can significantly improve the predictive
model's reliability and robustness. Such enhancements will aid in refining the model's ability

to predict TVB-N levels and the corresponding spoilage of fish.

» Another constraint is the reliance on chemical analysis to quantify TVB-N levels in fish
samples. Future studies should consider utilizing gas chromatography-mass spectrometry (GC-
MS) to collect data from the headspace of the packaging. This approach could prove more
effective in quantifying TVB-N gases and establishing correlations between these data,

microbiological analyses, and the color response of the developed pH indicator.
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Intelligent Packaging Solutions for fish and meat products: Volatile gas detection via GC-

MS, Microbial Analysis and Colorimetric Monitoring
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6.1 Abstract

A pH-sensitive anthocyanin dye was used as a freshness indicator to detect color changes in fish
products due to volatile amine formation and microbial activity during storage at 4 °C. Incremental
color changes of the pH indicator response accurately tracked an increase in the total volatile basic

nitrogen (TVB-N) content in the packaging headspace of fish products along with increases in total


mailto:maryam.ameri@polymtl.ca?subject=0009-0009-7860-5388
mailto:Abdellah.ajji@polymtl.ca?subject=0000-0002-9944-4538
mailto:Maryam.ameri@polymtl.ca
mailto:Abdellah.ajji@polymtl.ca

107

viable count (TVC). Ammonia (NHz3) and trimethylamine (TMA) production trend were evaluated
during the fish storage using headspace analysis with gas chromatography-mass spectroscopy (GC-
MS) detection. No laborious pre-treatment, clean-up, or derivatization was required. The GC-MS
method optimization yielded linear calibration curves for the targeted analytes, with detection
limits in the range of ppm in pure solvent and good method precision, allowing for the analysis of
trends in the molecule concentrations formed during real fish sample storage. Scan-mode injections
identified methanol (MeOH), ethanol (EtOH), dimethyl sulfide (DMS), butane and pentane
(untargeted species) during fish spoilage with high scores (> 89%). In parallel, gas detection tubes
were used to quantify NHs and Triethylamine (TEA) concentrations in the headspace of
homogeneous fish samples across different vial storage conditions and microbial analyses.
Correlation analysis between colorimetric results and GC-MS data illustrated a strong relationship
in TMA detection, reinforcing the colorimetric sensor's practicality as an efficient monitoring tool
for seafood freshness. The experimental outcomes not only highlight the responsiveness of our
sensing approach but also suggest potential applications as an intelligent package for ensuring food

safety and quality.

Keywords: Intelligent packaging, On-package sensor, Headspace GC-MS, TMA detection, pH

indicator, Anthocyanin
6.2 Introduction

The increasing demand for fresh seafood and meat products necessitates effective monitoring
systems to ensure food safety and quality [1]. A significant challenge in the storage of fresh fillets
IS assessing their freshness, as post-mortem microbial activity and endogenous biochemical
reactions can rapidly result in quality degradation and a reduced shelf life of the raw fish fillets [2].
Spoilage in perishable food items, such as fish, is predominantly caused by microbial activity,
leading to the formation of volatile compounds, including TVB-N, which primarily comprises
NH3, TMA and dimethylamine (DMA)[3]. Chicken fillets and other types of meat can produce
TVB-N as well during their spoilage [4]. However, this indicator is more commonly used as a
measure of freshness in seafood products [5]. Moreover, TEA is a volatile organic compound that
can be produced during the spoilage of fish and other seafood [5-7]. Traditional methods for
assessing spoilage often rely on sensory evaluation or chemical tests that may not provide timely

or accurate results [8]. Therefore, there is a pressing need for innovative and reliable indicators that
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can monitor spoilage in real-time, ensuring that consumers receive safe and high-quality food
products [8-11].

TMA is produced by a small number of specific spoilage organisms (SSO) which is the reason of
fishy odour, arising from the bacterial reduction of Trimethylamine N-oxide (TMAO) [12, 13].
Thus the presence of TMA in muscle can give a very good indication of the level of bacterial
contamination [14, 15] and often reflects more accurately the degree of spoilage [16, 17]. In a very
fresh fish the amount of TMA is low; an average of 2 mg/100g for some fish species from the
North-East Atlantic [3]. A TMA content of 5-10 mg/100 g is usually regarded as the sensory
rejection limit [18]. However a limit of acceptability of is 8 mg/100g was suggested as well [19].
Studies have indicated that fillet samples can exhibit lower levels of TVB-N and TMA compared
to whole fish, likely due to the absence of viscera and head, where microorganisms that convert
TMAO to TMA are concentrated [20].

Detecting SSO such as Pseudomonas spp. along with TVC for assessing fish product freshness or
spoilage [16]. Pseudomonas spp. appeared to be responsible for the development of sweet, fruity
spoilage odors in haddock fillets. Pseudomonas spp. are significantly implicated in the
deterioration of haddock fish at refrigeration temperatures, particularly in the initial stages [16].
Studies show that TVC in freshwater fish can attain 6 to 7 log CFU/ml after 3-5 days of storage at
4°C[21, 22].

In recent years, anthocyanins, natural pigments found in various fruits and vegetables, have gained
attention for their potential as pH indicators in food safety applications. These compounds exhibit
color changes in response to pH variations, making them suitable for developing indicators that
can signal spoilage [10, 23-26]. By integrating anthocyanins into a food-safe pH indicator, we can
create a visual tool that not only indicates pH changes but also correlates with the spoilage process
in fish and meat products [10, 26-29]. This research aims to evaluate the performance of such an
indicator in monitoring spoilage, providing a practical solution for consumers and food industry

stakeholders.

Recent studies combining GC-MS with intelligent packaging has shown promising results for
monitoring fish spoilage [30]. An electronic nose with metal oxide gas sensors and GC-MS
revealed correlations between volatile compounds and fish freshness [31]. Another study

demonstrated the use of colorimetric indicators to detect volatile amines and correlated the color
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changes with GC-MS measurements [32]. To evaluate the effectiveness of the developed pH
indicator, we performed a variety of experiments, including monitoring the color change of pH
indicators, microbial analysis to correlate the presence of specific bacteria with the production of
spoilage-related compounds, and GC-MS tests to detect NHz and TMA levels during fish spoilage.
The use of various techniques in GC-MS experiments, such as headspace analysis and direct
injection, enabled a thorough understanding of the volatile compounds produced during spoilage.

Scan analysis allowed for detection and identification of non-targeted volatile compounds
produced during fish storage. Furthermore, we used gas detection tubes to measure ammonia
concentrations in the headspace of fish packages. This multifaceted approach ensures that the
developed indicator is not only responsive to pH changes, but also accurately reflects the spoilage
process, highlighting the anthocyanin-based pH indicator's potential as a reliable monitoring tool.
By combining these methodologies, this study aims to provide an effective structure for evaluating
the performance of the developed food-safe pH indicator, resulting in improved food safety and
quality control in seafood and meat industries. The main objective of the study was to employ pH
indicators based on natural dyes in food packaging that can alter color in reaction to elevated levels
of TVB-N gases in the headspace of food containers and the bacterial activity of fish and meat
products throughout their shelf life.

The data presented here pertains to method development experiments conducted in January 2024
for the detection and quantification of NH3 and TMA in three different types of fish: pangas and
haddock. Additionally, a storage experiment of haddock fillets was conducted in August 2024 for
microbial analysis, TMA trends determination using headspace GC-MS, NHs gas detection tubes,
and monitoring the color change of these fish fillets simultaneously. The objective was to validate
the performance of colorimetric sensor for further application as freshness/spoilage indicator for
fishery products. Determination of the end of shelf-life based on microbial analysis and TMA
production was compared to the estimation of shelf-life based on the currently developed pH

indicator.

6.3 Materials and methods
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6.3.1 Materials

We acquired pangasius and haddock fillets from a nearby Metro grocery store in Montreal, Quebec,
Canada. Initially, the products were sealed in PVC-wrapped packages that displayed a label
containing the packaging date and the best before date (which was three days after the packaging
date). The samples were placed in an ice container to maintain their temperature and freshness
during transportation. The samples remained in the fridge until they were ready to be use. The
Polytechnique Montreal in Montréal, Québec, Canada, served as the site of all experiments except
the headspace GC-MS experiments which performed in the Regional Mass Spectrometry Center,
Université de Montréal, Montréal, Québec, Canada. Transparent polyethylene terephthalate films
(PET, 23 um) were obtained from ProAmpac Packaging Canada company, Terrebonne, Quebec,
Canada. Black rice extract 80% was purchased from Xiherbs Phytochem Co., Ltd (Dongguan,
Guangdong, China). Certified amber glass jar with white polypropylene cap with bonded PTFE-
faced silicone septa to meet EPA Performance based specifications for volatile organic analysis
were from Thermo Fisher Scientific, Saint-Laurent, Quebec. Single-neck round-bottom flask,
Polyvinyl alcohol (87~88% hydrolysis, 145,000 MW), Polyethylene glycol (PEG), Citric acid
(ACS reagent, >99.5%), Vanillin (natural, >97%, FCC, FG), Hydrochloric acid (HCL), Sodium
Chloride (NaCl), Dimethylamine solution (DMA, 2 M in methanol), Trimethylamine solution
(TMA, 31-35 wt. % in ethanol, 4.2 M), Ammonium hydroxide solution (NH40OH, 30-33% NH3 in
H20), Diethyl-d10-amine, Vortex-Genie 2 (120 V) mixer, Agar were purchased from Millipore
Sigma Canada Ltd , Oakville, Ontario, Canada. Drager tubes for short term measurement:
Ammonia 20/a-D 8101301 (20-1500 ppm), Ammonia 5/a (5-600 ppm), Ammonia 0.25/a (0.25-3
ppm), Triethylamine 5/a (5-60 ppm), and accuro pump Tube-D, were from Dréger Co., Ltd
(Mississauga, ON ,Canada).

6.3.2 Sensor preparation

A complete description of sensor preparation was provided with some modifications [9].
Specifically, we described the colorimetric sensor's preparation method as follows: PVOH and
deionized water were mixed in a glass beaker to create a heterogeneous mixture. A solution mixer
made of PEG, C, BC and distilled water was added after the solution cooled at room temperature
while being stirred constantly. The coating was carried out with a TQC automatic film applicator
(model AB3652 made in Netherlands). The drying process of the films proceeded at two
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temperatures: ambient (30 min) and 165 °C (5 min). Samples were labeled NTT (no thermal
treatment) and TT (Thermal treated pH indicators, at temperature of 165 °C for 5 min) [33].

6.3.3 Freshness monitoring

In this study, we conducted a series of simultaneous shelf-life monitoring tests on fish fillets, which
included analyses of color change, microbial activity (TVC, Pseudomonas spp.), GC-MS for TMA
and NHjs detection, and gas detector tubes for measuring NHz and TEA. For monitoring the color
change and gas detection, approximately 20 gr of fish samples were prepared in amber vials. For
microbial activity assessment, around 5 g of fish were utilized, while 10 gr were allocated for GC-
MS analysis. It is important to note that all fish fillets used in these experiments were procured
from the same retail outlet, packaged at the same time, and consisted of the same species. Prior to
distribution into vials, the fillets were mixed homogenously to ensure uniformity across the
samples. The shelf-life was monitored on a haddock fish upon storage at around 4 °C during the
summer of 2024 in Montreal, Quebec, Canada. The day of purchase (package date) was considered
as day 0 (the day the fish was first packaged at the store for sale), and the 'best before' date on the
fish package was set to 3 days from that point.

6.3.4 Packaging study using RGB

We used mentioned procedure from our previous study, with minor modifications, to evaluate the
sensitivity of the developed pH indicator towards TVB-N gases originated from fish samples
[10].Color responses of the colorimetric film to produced volatile gases were captured by an Epson
perfection V550 scanner (Nagano, Japan). Control samples were chosen as reference image for
RGB calculation. The color change of pH indicators during storage period is measured by the total

color difference (ARGB) according to the following equation [34].

ARGB = /(R — Rg)? + (G — Go)? + (B — By)?2 (6.1)

Where Ro, Bo, Go are the initial color parameters of indicators and R, G and B were the values at

the time of sampling.
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6.3.5 Microbial analysis

During fish storage at 4 °C, the TVC method revealed, the bacterial growth reaching the spoiling
threshold (1x107 CFU/mI)[35]. Microbial analysis was performed by weighted fish samples (5 +
0.5g) which were placed in sterilized 50 ml tubes (Fisher brand). The sterilized NaCl (9 %w/v)
saline solution (45 ml) was added to tubes and homogenized with vortex for 2 min at room
temperature under biohood. Serial sample dilutions were made during the fish spoiling tests [35].
The rest of experimental part was performed exactly as in our previous work [36]. The results were

expressed (according to ISO 7218:2007) as mean log CFU/mI + standard deviation of 3 replicates.

6.3.6 NHs and TEA detection using the gas detection tubes

The dréger short-term detector tubes along with its pump which can measure toxic gases and vapors
in the workplace, were used as fast and cost-effective approach. The measuring range which was
used for ammonia gases were 5 to 70 ppm and 0.25 to 3 ppm with 10 times stroke’s number and
50 to 600 ppm with once time stroke’s number. The approximate measuring time is around 1
minute. For TEA gas detection tubes, the measuring range is 5 to 60 ppm. The number of strokes
is 5 and the approximate time for measurement is around 3 minutes, and the standard deviation for
all tubes are + 10 to 15%. The color change principle is based on acid-base reaction which can turn
yellow to blue color. Each 1 ppm NHs is equal to 0.71 mg NHa/m® and 1 ppm triethylamine is
equal to 4.2 mg triethylamine/m?. Firstly, we break both tips of the tube and inserted the tube close
to the pump. Then inserted the gas sample through the tube and read the entire length of the

discolouration.
6.3.6.1 Sample preparation for gas detection tubes

We used amber vials (60 mL) to conduct experiments, filling them with a homogeneous mixture
of fish fillets (approximately 20 g). Furthermore, on each sampling day, we used control vials
without fish fillets to monitor baseline changes in the headspace gases. On each sampling date, we
attempted to measure the gas concentration of each vial as promptly as possible to mitigate

variability in gas production that could result from external factors.

6.3.6.2 Freshness control in room temperature with gas tube detector
Ammonia detection tubes with a measurement range of 20—1500 ppm were used to measure the

average ammonia concentration over an extended period of up to 8 hours. The ammonia molecules
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to be measured independently flow into the tube, which is open at one end, up to reagent layer
(bromophenol blue and acid) based on diffusion process in gases. The generated ammonia from
fish sample reacts with the chemical on the substrate. A color change for tubes from yellow to blue
takes place. The reading is indicated in “ppm X hours”. The length of the color zone and the elapsed
sampling time is used to calculate the average ammonia concentration (appendices). For evaluation
the ammonia concentration in ppm = tube reading/measurement duration in the hours. The standard
deviation for these tubes is + 15 to 20 % and the accuracy is without calibration. The setup includes

a container with an integrated colorimetric sensor, coupled with the connected tube (Figure 6.1).

Figure 6.1 A container with a 900 ml capacity, along with an integrated colorimeter sensor and a

connected valve for monitoring the volatile gasses produced during a duration of 8 hours.

6.3.7 GC-MS analysis

To achieve the low-level detection of gases generated during the storage of fish samples,
specifically DMA, TMA, and NHs, a systematic approach was implemented to evaluate different
methodologies. Additionally, untargeted (scan mode) analysis was conducted to identify other
species present during the storage of fish samples. Various parameters were controlled to ensure
consistency across the analytical methodologies employed. The experiments were conducted in
two distinct phases. The first phase involved two different fish species, Pangasius (commonly
known as pangas) and haddock. This phase aimed to develop a standardized laboratory method
aligned with the objectives of the project. The second phase focused on performing additional

analyses for shelf-life monitoring.
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6.3.7.1 Instrumental conditions

The analysis was conducted using a Headspace (model 7697A) coupled with a GC-MS (model
7890A-5975C), all from Agilent Technologies. The gas chromatography utilized a GS-Q column,
a narrow bore capillary column, which is appropriate for separation of low molecular weight
compounds. The column measures 30 m in length and 320 um in diameter. The carrier gas used
was helium, with a flow rate of 1.2 mL/min [38]. The headspace temperature was maintained at 80

°C for 30 minutes to achieve optimal vaporization of the analytes.
6.3.7.2 Temperature program for chromatographic column

The temperature program was initiated at 70 °C and held for 2 minutes, followed by a ramp of 10
°C/min until reaching a final temperature of 250 °C, where it was held for an additional 2 minutes.
Spitless injection mode was set at an injector temperature of 250 °C to enhance sensitivity for the

target analytes.
6.3.7.3 Mass spectrometry conditions

The mass spectrometer was equipped with an electron ionization (EI) source. Acquisition
parameters were set to two different approaches: a targeted and an untargeted one. Selected ion
monitoring (SIM), focusing on known m/z values 17.0 for NH3z, 44.1 for DMA, 58.1 for TMA, 32
for methanol, 46 for ethanol and 83.2 for diethyl-d10-amine used as an internal standard was used
as targeted method. A scan mode covering m/z 10 to 300 for detection and identification of other
volatile species released during fish storage was used as untargeted approach.

6.3.7.4 Calibration curve

A mixture of standards was prepared using stock solutions of individual compounds, with diethyl
-d10-amine employed as an internal standard. For the preparation of headspace vials containing
standards in pure solvent, 1 mL of water was added to each 20 mL headspace vial, followed by the
incorporation of 10 pL of (25% w/w) diethyl-d10-amine as internal standard. The vials were then
spiked with a mixture of standards to achieve final concentrations of analytes ranging from 50 to
38,000 mg/L. Vials sealed with a crimp cap were analyzed on the same day. To verify the retention
times of targeted analytes, they were individually injected in pure solvent. The limit of detection

(LOD) is defined as the lowest concentration leading to a signal-to noise ratio of 3 [39, 40].
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Precision, in terms of relative standard deviation (RSD) was assessed by replicate analyses of
spiked samples via studies of inter-day variability. Essays of calibration curves in real matrix were
done by adding approximately 10 g of fish to a 20 mL headspace vial and spiking standards directly
onto the fish for a final concentration ranging from 700 to 8 000 mg/kg. After sealing the vials with

a crimp cap, the content was also analyzed on the same day.
6.3.7.5 Preparation of fish samples for head-space GC-MS

Approximately 10 g of fresh fish was weighed and placed into a 20 mL headspace vial. Following
,10 pL of diethyl-d10-amine (25% w/w) was added. The vial was sealed with a crimp cap and
either analyzed on the same day (day 0) or stored in the refrigerator until analysis on subsequent
days (day 1 to day 4 and day 7 to day 9). Alternatively, a manual injection approach was tested by
weighing approximately 70 g of fresh fish in 250 mL glass flask. Subsequently, 50 pL of diethyl-
d10-amine (25% w/w) was added, and the flask was spiked with a mixture of analyte standards,
with concentrations of 50 to 500 pg/g for DMA and TMA, and 0.05 to 0.5 pg/g for ammonia. The
flasks were sealed with a silicon septa cap, and headspace samples were extracted using a gas tight
syringe and analyzed on the same day.

6.4 Data analysis

Microsoft Excel 365 was used for data processing, to calculate means and standard deviations for
all multiple measurements and to generate graphs. Analysis of variance (ANOVA) was applied to
the microbial, RGB parameters from colorimetric sensor and TMA quantification. Significant
differences were determined by one way ANOVA. An effect was considered significant at the 5%
level (p <0.05). Identification of the untargeted compounds made using NIST database comparison
(NIST/EPA/NIH Mass Spectral Library with Search Program, data version NIST 05, software

version 2.0d).

6.5 Results and discussion

6.5.1 pH indicator sensitivity towards different TVB-N gases

The results from multiple experiments conducted (at room temperature and evaluated
temperatures) on the on-package label indicate a clear relationship between the concentration of
TVB-N gases (NHs, TMA, DMA) and the color parameters measured through ARGB. The

statistical significance of the 0.01 M concentration (p < 0.05) suggests that this level is critical for
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detecting changes in color, which can be attributed to the presence of these gases. This
concentration level is detectable and has a significant effect on ARGB. Figure 6.2 presents the
color parameters associated with the limit of detection measurements based on the pictures
captured by the smart phone. The indicators were tested against different standards (TMA, DMA,
NH3) at dilutions (0.001, 0.01, 0.1, and 1 M). The red channel (R) shows a significant decrease for
all analytes: NHs exhibits the most pronounced decline, followed by TMA, while DMA shows a
slightly less dramatic reduction. This trend indicates that NHs has noticeable impact on the color
change of the pH indicator among the three analytes, as it was observed in our previous research
study [37]. DMA's resolution appears better because it maintains a clearer and more stable response
across varying concentrations, allowing for more precise differentiation in color intensity, even
though its overall effect on color change is less pronounced compared to NHs and TMA. This
stability can make it easier to detect subtle variations in concentration. For the green channel (G),
there is minimal fluctuation across all analytes, with NHs and TMA showing slight decreases, while
DMA remains relatively stable. In the blue channel (B), a subtle decline is observed for NHs and
TMA, with DMA exhibiting the least change, indicating that the blue response is less sensitive

compared to the red channel.
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Figure 6.2 The color parameters from various TVB-N gas dilutions (a: NH3, b: TMA, c: DMA)

and the TVB-N gas detection limit (d) in accelerated mode are presented.

6.5.2 The effect of sensor ink on different food product: fish, meat and chicken breast

We assessed the efficacy of pH indicator labels (TT) through packaging trials involving haddock
fillets, beef steaks, and chicken breasts, which had best-before dates of 3, 4, and 4 days,
respectively. Day 0 marked the packaging date for these products, with trials consisting of samples
weighing 100 = 5 g, contained within 900 ml packages. As shown in Figure 6.3, these products
were stored at 4°C for a duration of 9 days, during which the pH indicator displayed significant

color changes corresponding to the freshness levels of the food items.

The pH indicator was calibrated to exhibit a four-point freshness scale: red for fresh, pink/purple
for not fresh/acceptable, light purple for moderate spoilage, and yellowish-brown for high spoilage
[37]. Observations indicated that from days O to 2, the indicator remained red/pink, signifying
pristine conditions with no spoilage. By day 5, it shifted to light purple, reflecting minimal spoilage

while still being safe for consumption. On day 7, the haddock sample's indicator changed to
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yellowish-brown, indicating spoilage, while the beef and chicken maintained a dark purple hue,
suggesting differing spoilage mechanisms between seafood and meat products. By day 9, all meat
indicators had also shifted to yellowish-brown, indicating spoilage. Notably, the fish began to
exhibit watery conditions by day 2, while the meat products followed by day 3. In order to evaluate
the stability of pH indicators, samples were kept for one month after monitoring the shelf life (over
9 days). Despite the high humidity levels in the package, the pH indicators demonstrated excellent
color stability, although the product samples appeared visibly watery and squishy.

NHs generally increases throughout the storage period for all types of meat, indicating ongoing
spoilage. TMA shows a peak around Day 5, followed by a decrease, likely due to its reactivity and
potential evaporation. DMA remains relatively stable across the storage period, indicating it may
be less affected by spoilage processes compared to NHs and TMA. NHs, a key volatile compound
in TVB-N, significantly contributes to color changes during fish spoilage, as noted in other studies
[41, 42]. This observation can be attributed to ammonia is typically more abundant in the early
stages of spoilage [43], making it a primary factor in the initial color change of the pH indicator.
While TMA becomes more dominant as spoilage progresses [44], accounting for the subsequent
changes in the pH indicator's color. Throughout the 9-day storage period, the pH indicator
effectively differentiated the freshness levels of food samples, offering a nuanced assessment that

surpasses a simple binary outcome.
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Figure 6.3 Packaging trials for different types of food products during 9 days of storage at 4 °C,

their color parameters (a, b, ¢) and color matching table (d).

6.5.3 Rapid Volatile Gas Detection via gas detector tubes: NHsz and TEA

The color change parameters and the sensor's color change during these simultaneous experiments,
as shown in Figure 6.4, were observed by affixing the pH indicator to the upper side of 10 amber
vials (60 mL), each containing a homogeneous mixture of fish fillets (approximately 20 g). Over a
9-day period, a gradual but consistent color change in the pH indicator was observed when exposed
to fish samples stored at 4 °C temperature. The control sample exhibited no color change,
establishing a baseline. By day 2, a noticeable shift occurred, which intensified by day 3. The trend
continued, with significant increases noted on days 4-6. Similarly, other research has demonstrated

that at 4 °C refrigeration, the chromaticity of the indicator changes gradually [42]. By day 8, the
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color change had risen substantially, culminating in the most marked alteration on end of storage
period (ARGB = 113.53). This progression indicates an increasing reaction correlating with the

spoilage and associated chemical changes in the fish samples over time.
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Figure 6.4 The color change of vials set up with an attached colorimetric sensor containing a

homogeneous amount of fish samples, kept for 9 days at 4 °C.

Furthermore, we measured the concentrations of NHz and TEA generated from fish samples inside
vials with securely affixed valves on their caps (with one duplicate), and we prepared the samples
uniformly. By using separate vials for each day, we can effectively reduce the risk of gas leakage
that can occur when repeatedly sampling from a single vial. This approach helps maintain the
integrity of the gas measurements and ensures that we capture the full concentration of NHz and

TEA gases produced during spoilage.

The concentration of TEA during the initial two days (0-2) was below the detection threshold of
this gas detector type. It recommends that the concentration of TEA should be below 10 ppm [45,
46]. The gas detector showed NH3z and TEA presence but may have biases from co-existing amines
and mixed nitrogen components in food matrices which could affect accuracy. The results gathered
in Table 6.1.
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Table 6.1 Measurement of NH3 and TEA from vials with valve connected to the gas detector

tubes for 9 days storage time at 4 °C.

Storage 0 1 2 3 4 6 7 8 9 10
period
(days)
Concentration (ppm)
TEA nd 5< 5< 5 5 5601 6 10 15 20
NH3 nd 025 1 12+0.1 25£0.5 10 20 15 10 10+0.2

ND: Not detect, ppm: parts per million

6.5.4 Microbial analysis

The microbial analysis was performed on fish fillets during their storage at 4 °C for 9 days, during
food packaging trials (Figure 6.5). The TVC of the haddock fillets on the day of fillet purchase
(day 0; packaging date) were found to be 3.69 = 0.02, while Pseudomonas spp. was below the
detection limit (log 1.3 CFU/mL) on day 0 and first day of storage. After one day of storage, TVC
reached 4.03 + 0.07, and the initial load of spoilage bacteria, Pseudomonas spp., reached to 3.2 +
0.05. Slow increase in bacterial load occurred during the initial storage period (0 to 3) at 4 °C,
indicating that fish samples are fresh. From day 4 to day 7, the TVC increases more noticeably
from 5.35 to 6.02. This period represents the rapid spoilage phase, where microbial populations
grow quickly. Following day 7, the TVC continues to rise but at a slower rate, reaching 7.09 by
day 10. This gradual increase suggests the transition toward a stationary phase. In this phase, the
growth rate may begin to balance with cell death rates, indicating that the fish is in a declining but

measurable state of spoilage. The results were also consistent with the previous study [37].
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Figure 6.5 The TVC and Pseudomonas spp growth for fish samples during storage period at 4 °C
for 9 days.

6.5.5 Optimizing GC-MS: method development and performance assessment

Fish samples are inherently complex as a matrix due to their diverse composition [47], variable
water contents [48], the presence of interring substances, and their potential for degradation and
transformation to other compounds during their shelf-life [49]. Therefore, it is often challenging to
ascertain the exact concentration of specific analytes [50] and to quantify them within fish tissues.
This is especially true for small and very volatile molecules such as NH3, DMA, and TMA, present
in a test portion. This uncertainty complicates the evaluation of the method's success in effectively
extracting these compounds from the sample matrix. One effective approach to assess the
extraction efficiency involves spiking test portions of fish samples with known concentrations of
the analytes (NHs, DMA, and TMA). Following the spiking, these portions are extracted, and the
concentrations of the analytes are subsequently measured to evaluate the method's extraction
performance. Prepared the calibration curve using standard solutions that closely mimic the
sample's real conditions by matching the solvent, adding equivalent amounts of sacrificial reagents,

or adjusting the pH [51-53]. This helps minimize possible interference from the solution



123

background [54-56]. Injecting a blank solution, or one taken before the reaction starts, is also highly
recommended to correct the sample measurement results [57, 58].

Both scan and SIM acquisition modes were used during this project for characterisation of volatile
species and quantification of targeted analytes respectively. The m/z presented in the instrumental
conditions were selected by injection of the individual standard of ammonia, DMA, TMA and
diethyl-d10-amine as internal standard.

The analytical method was briefly optimized on a GS-Q column; however, the CP-Volamine
column can provide better performance due to its specific design for separation of volatile amines
[59], even in the presence of water [60-62]. A compromise in the GC gradient was selected to have
an appropriate retention for ammonia while allowing to separate closely eluting DMA and TMA
with acceptable peak shapes. To analyze multiple compounds by GC-MS, it is necessary to ensure

that all target compounds can be adequately separated qualitatively and quantitatively [63, 64].

Different split ratios were tested and spitless injections were selected to achieve as low LODs as
possible. The headspace temperature and equilibration times were also optimized to increase the
release of ammonia, DMA and TMA to the gas phase of the headspace vial. Headspace vials with
a volume of 20 mL were used to maximize the fish sample mass (approximately 10 g) that can be
analyzed by the instrument. The trials with larger amounts of fish (approx. 70 g) in 250 mL glass
flask did not yield greater signal intensities and this approach was thus discarded due to the use of

manual injection which is less precise when compared to the automated headspace extraction.

6.5.6 Gas analytes quantification essays

Matrix-matched calibration trials were performed by spiking the targeted analytes onto fresh fish
samples. Only a limited calibration range was obtained: A lower release of targeted analytes to the
headspace was observed, impacting the LODs while the signal intensities were rapidly saturated
limiting the potential upper limit of quantification. A negative effect on chromatographic
performance was caused when injecting a spiked fish sample, resulting in peak broadening and
coelution of DMA and TMA. Much lower concentrations of same spiked amounts were observed
in real matrix when compared to pure solvent calibration solutions. These results implied a strong
interaction between the analytes and the matrix components. This high matrix effect suggested that

the quantification of NHs and TMA in the fish's headspace might not be directly comparable to
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solvent standards. However, the method performance allowed trend analysis of the targeted

analytes during fish storage without the success of an accurate quantification.

6.5.7 Method validation and Calibration curve

The method validation was primarily conducted in accordance with the Eurachem Guide [48]. As
mentioned in the previous section, linear calibration curves could still be obtained for NH3 and
TMA over a limited range when spiking on to the fish samples (Figure 6.6). The linear ranges were
first examined to determine how sensitive the instruments are and whether they respond linearly at

concentrations expected for real samples [65].

Calibrations curves in solvent (Figure 6.7) led to linear curves with correlation coefficient values
(R?) over 0.99. It was observed that TMA signal is rapidly saturated, limiting the calibration range
compared to ammonia. On the other hand, TMA is much more sensible than ammonia, allowing
for injection of lower calibration points. This is reflected in the instrumental LODs obtained from
injection of low spiked concentrations in solvent. Lower spiked concentrations allowed to calculate
TMA instrumental LOD that is 30 ppm, while the value for ammonia is 250 ppm. Their linear range
are respectively from 250 to 10 000 ppm and from 2 500 to 38 000 ppm. The Figure 6.8 and Figure
6.9 present the calibration curve for methanol and ethanol for fish samples and solvent. MeOH
and EtOH were not included in the optimization phase, but that first scan tests showed they might
be present in the standard mixtures as well, so they were added for the storage/trend’s steps. The

LOD for MeOH 20 ppm and for EtOH is 10 ppm.
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Figure 6.9 Calibration curves of individual targeted analytes when spiking on solvent (MeOH :a)

and ( EtOH: b).

6.5.8 Quality Control Measures

Quality control (QC) solutions (spiked in solvent) allowed to calculate the system precision for
injections on six different days. The RSD values are found to be 4.6 % for ammonia and 8.2 % for
TMA. These values are deemed acceptable for this kind of experimental conditions [67]. Even
though an accurate quantification could be achieved, the LODs and precision of the method were

deemed acceptable to look at the trends in the compounds formed during fish sample storage. Since
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the area of the peaks were used for the calibration curves and the trends, area RSD values show in

Table 6.2.

Table 6.2 The precisions calculated as RSD of QC injections over 6 different days. Since values

are under 10% for the targeted analytes, this means that the method is precise.

NH3; MeOH EtOH TMA

RSD (%) 4.6 4.9 6.9 8.2

6.5.9 Trend via GC-MS during shelf-life

In analyzing the headspace of fish samples stored at 4°C, it is still possible to observe trends in the
non-quantifiable signal intensities of the different detected species. One study highlighted the
importance of method development for detection and quantification of TMA and DMA during cod
fillets shelf-life under melting ice conditions using solid-phase microextraction- gas
chromatography-mass spectrometry (SPME-GC-MS). It revealed that TMA and DMA were not
effective indicators for detecting the initial decrease in the freshness of the fish samples [68].
Additionally, using more specialized analytical tools such as headspace-SPME-GC-MS has shown
that the release of volatile amines is influenced by storage conditions and the fish matrix [39].
These compounds can be correlated with fish freshness [69]. Alternatively, utilizing an ammonia
ion-selective electrode (ISE) can measure NHs and TMA in fish samples [70]. However, these
methods required more specialized equipment, thereby limiting their accessibility for routine

analysis.

Figure 6.10 shows the amount of NH3 seems to be increasing the first day and then is decreasing
up to day 9 where the concentration is smaller than initial concentration (at day 0). TMA seems to
increase from day 0 to day 3 with a jump in concentration at day 4. The signal is then slowly
decreasing for the remaining days of the experiment. The increased moisture content of the fish as
it approaches spoilage likely causes volatile amines to remain in the water phase rather than
participating in the headspace. Since the vials were heated to 80 °C, the volatile amines might have
a greater affinity for water, leading to their probable evaporation during the headspace-GC-MS
process [71]. NH3 and TMA are highly reactive compounds that can change their form during fish
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spoilage [72]. This reactivity contributes to their reduced presence in the headspace, which can
affect their collection by GC-MS [72]. Despite this decrease in TMA concentration, colorimetric
sensors sensitive to TMA continue to show color changes, indicating ongoing chemical reactions
or the presence of TMA in the fish samples. The phenomena affecting the concentration of TMA
in fish during storage can be attributed to leaching [73] and phase partitioning [71]. As fish spoil,
the increased water content leads to volatile amines, like TMA, remaining in the aqueous phase
rather than being released into the headspace. This behavior is influenced by the solubility of TMA
in water and the physical changes occurring in the fish tissue as it deteriorates. As observed in a
recent study, TMA could not be detected using GC/MS without first heating the samples to 200 °C
for 10 minutes [74].

To evaluate the difference between the storage headspace content and the total amount of the
targeted analytes, a headspace GC-MS method without equilibration at 80 °C could have been used
in parallel with the presented method. Although less sensitive, this second method could have
provided more information about the partitioning of volatile amines between the fish matrix and
the packaging headspace. This approach could also have led to results that better align with the

colorimetric sensor data.
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Figure 6.10 Trends in the signal intensities of targeted analytes over 9-day storage in the fridge
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6.5.10 Scan mode for detection of other analytes

Some untargeted species appear to be released to the headspace after different storage times and
could be detected by scan mode injections (Table 6.3). Identification of these compounds are made
using NIST database comparison of the most intense peak over the 9-day experiment period. High
scores (> 89 %) indicate that the mass spectra obtained by scan mode acquisition are matching the
theoretical spectra. During the analysis, peaks for methanol and ethanol were observed in the GC-
MS spectra. Initially, these compounds were not the primary targets of the study. However, upon
their detection, calibration curves were generated, and their LOD were determined to quantify these
compounds. This step was taken to provide additional valuable information, given that their
presence could offer significant insights into the sample's composition. Consequently, methanol
and ethanol were included in the results, despite not being part of the initial target analytes.
Injection of an ethanol standard allowed for further confirmation since its retention time match the
one in the samples. Although the scan acquisition mode is less sensitive than SIM analysis, some

trends could be observed for some of these compounds (Figure C.2).

The observed variations in the signals of the compounds in the fish samples stored at 4 °C can be
attributed to several biochemical and microbial processes. The increase in ethanol levels during the
first eight days, followed by a decrease on the last day, suggests fermentation processes likely
facilitated by microbial activity. Various yeasts and bacteria are known to convert sugars into
ethanol under anaerobic conditions [75]. The transient elevation of DMS on days 3 and 4 may
relate to the breakdown of sulfur-containing amino acids, which is often indicative of microbial
spoilage or the degradation of fish tissue [76, 77], and then its amount was stable for the remaining
days. The detection of methanethiol starting from day 7, alongside its subsequent increase, points
to further microbial activity and the breakdown of organic sulfur compounds, leading to the
production of volatile compounds associated with spoilage [78]. Butane does not show a clear

pattern while pentane, when discarding day 2, seems to reach its maximum on day 3 and then,
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generally, slowly decreases until day 9. These observations underscore the importance of

monitoring volatile compounds to assess the freshness and spoilage of seafood products.

Table 6.3 Identification of detected species using NIST database comparison for scan mode

injections.
Retention time (min) Compound name Score (%)
11.2 Methanethiol 95
12.1 Butane 89
13.8 Ethanol 98
14.7 Dimethyl Sulfide 96
15.4 Pentane 94
15.9 Trimethylamine 99

6.6 Conclusion

This study successfully demonstrates the effectiveness of colorimetric sensing as a practical tool
for monitoring seafood freshness through the detection of volatile compounds. The experiment was
conducted at T = 40 °C over 30 minutes, indicating specific storage conditions. ARGB shows the
sensitivity of the pH indicator to the presence of TVB-N gases. As the concentration of each gas
increases, ARGB shows a significant decline, particularly at the 0.01 M concentration for each
analyte (170.4, 450.9, and 591.1 ppm for NHz, DMA, and TMA, respectively), which is statistically
significant. The consistent decrease in the red channel across all gases suggests that the pH
indicator is effectively responding to the chemical changes induced by the TVB-N gases, leading
to a shift in color that can be quantitatively measured through RGB values.

This study aims to evaluate the color response of on-package pH-sensitive anthocyanin dye sensors
using headspace GC-MS analysis and microbial analysis to provide a better understanding of the
performance of the introduced pH indicator. Additionally, the development of a four-point
freshness scale offers a user-friendly method for assessing fish freshness over time, highlighting

the potential applications of this intelligent packaging system in ensuring food safety and quality.
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Furthermore, the comprehensive analysis of volatile gas concentrations, microbial growth, and
colorimetric changes throughout the storage period highlights the multifaceted nature of food
spoilage. For GC-MS analysis, amongst the different approaches, the automated headspace
injections using 20 mL vials was deemed the more appropriate to analyze volatile species released
during fish storage. Linear calibration curves are obtained by spiking standards in pure water, but
a significant matrix effect did not allow for an accurate quantification in real fish samples. This
effect, along with signal saturation, also led to limited calibration range for the matrix-matched
calibration essays on fresh fish. However, the LODs and precisions of pure solvent spiked solutions
were deemed acceptable and allowed for trends analysis of compounds produced during storage of
fish samples. Such trends were observed for the ammonia and TMA as well as for some untargeted
analytes such as ethanol and butane. None of the analyzed headspace of spoiled fish contained
detectable amounts of DMA. These results can contribute to future innovations in packaging

technologies and freshness indicators, ultimately enhancing food quality and consumer safety.

Limitations/challenges and future work

The complexity of fish samples makes it difficult to determine the exact concentrations of analytes
such as ammonia NH3, DMA, and TMA. To assess extraction efficiency, test portions can be spiked
with known concentrations of these analytes, followed by extraction and measurement. However,
a key limitation of this method is that spiked analytes may not bind as strongly as those naturally
present, leading to an overestimation of extraction efficiency. This underscores the need for careful
interpretation of results from spiked samples in complex matrices. The fact that much lower signals
are observed in real fish sample when compared with same amount of spiked standard in pure water
indicate an important matrix effect. This and the fact that only a very limited linear range is obtained
with a matched-matrix calibration approach, render the quantification of these species very
challenging. This matrix effect also had an impact on chromatographic performances, causing the
coelution of DMA and TMA. A better retention, sharper peaks and greater signal intensity might
be achieve using a more specific column for volatile amines and ammonia such as CP-Volamine

but it was not available in laboratory.
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CHAPTER 7 GENERAL DISCUSSION

Polymer substrate selection was conducted based on properties such as transparency and
moisture resistance. Among the tested films, bio-based and bio-degradable polymeric films were
excluded due to their incompatibility with the water-based nature of anthocyanins. Corona
treatment was proposed as a non-destructive and physical method to enhance surface properties
and improve adhesion bonding between the formulated ink and the polymeric carrier.
Alternative methods like chemical modification were considered but deemed potentially toxic,

however the selection of corona treatment have been compromised.

Anthocyanins exhibit greater stability at room temperature and in acidic conditions, while they
rapidly degrade in alkaline environments. To enhance the stability of anthocyanins, it is
advisable to reduce pH and temperature [154]. During this research project, further testing at
the other pH levels resulted in agitation and precipitation, leading to the project’s continuation
with the acidic pH level for developed pH indicators. For instance, Walkowiak-Tomczak and
Czapski [155] demonstrated that anthocyanins from red cabbage maintain higher stability at a
pH of <3. We maintained the main ink's pH below 3 for the final pH indicators. Conversely,
increasing the pH diminishes the stability of these compounds. This factor poses a challenge to
produce pH indicators using coatings that operate at higher pH levels, as they may increase the
risk of coating corrosion. Consequently, there is a need for the development of more specialized
coating devices that are less sensitive to acidic conditions, enabling the creation of colorimetric

sensors integrated into food packaging.

Altering the synthesis sequence during the preparation of the sensor can significantly impact
its performance. When we initially combined all materials and then heated them to increase the
solubility of polyvinyl alcohol (P\VOH), we observed the creation of heterogeneous mixtures.

Specifically, when we formulated the PVOH/PEG masterbatch simultaneously.

We employed the post-treatment technique of heat drying to ensure the integration of pH
indicators developed for seafood packaging. The response time of thermally treated samples
was evaluated to preserve active sites for color change functionality and enhance stability in
humid environments. Results indicated a lag time of approximately one minute for thermally
treated samples at specific pH levels, confirming sensor functionality and observable color

changes due to the structural transformations of anthocyanins.
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Vacuum packaging affects the assessment of fish quality using pH indicators due to the
elimination of headspace. To address this, we implemented pH indicators inside atmospheric air
packaging (air-type packages) and evaluated their performance. Atmospheric packaging
primarily interacts with aerobic bacteria, whereas vacuum packaging involves anaerobic
bacteria. As a result, the type of bacteria and the associated grain components vary depending
on the packaging method.

In the food trials, we noticed that the color of indicators changed significantly from fresh to
spoiled seafood product. However, the color change of indicators in chicken breast was not
easily noticeable. Therefore, indicators based on volatile base nitrogen type are considered

more appropriate for assessing the freshness of aquatic products [127].

We found that TVBN and shelf-life were strongly correlated with colorimetric sensors as

mentioned by other researchers as well [159].

The presence of TMA in real fish samples rendered analysis of DMA, a previously targeted
analyte, impossible due to the coelution of the two molecules. Initial analysis of real fish
samples did not show presence of DMA and this analyte was ignored for the remaining
experiments. However, a more specific column for volatile amine such as CP-Volamine could
have better chromatographic results as well as much lower LODs that could be needed for
DMA detection in real samples.

Linear calibration curves were obtained for NH3 and TMA when spiking on fish samples and
when spiking in solvent. However, the linear range is very limited due to the signal being
observed at much higher concentrations than in solvent and a rapid signal saturation. Once
again, this approach is deemed impractical for real samples since the observed signal is much
lower than the smallest spiked concentrations. It should be noted that smaller spiked
concentrations should be used for future experiments since the type of fish seems to have an
important effect on how the analyte can be released to the headspace. Unfortunately, the lower
release to the headspace from fish sample and limited calibration range make it impossible to
calculate the actual method LODs in real matrix. Calibrations curves in solvent led to
comparable results as the initial experiments that we conducted with GC-MS. For both
approaches, TMA signal is rapidly saturated, limiting the calibration range compared to

ammonia. On the other hand, TMA is much more sensitive than ammonia, allowing for
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injection of lower calibration points. This is reflected in the instrumental LODs obtained from
injection of low spiked concentrations in solvent (pure water). Lower spiked concentrations

allowed to calculate TMA instrumental LOD that is 30 ppm.

In accordance with quality control protocols, we checked the relative abundance of ammonia
and trimethylamine in fish samples. Implementing QC points at higher concentrations may
assist in assessing the potential for establishing linearity across a broader range. It is essential
to ensure these higher concentrations remain within the linear range of the detector, and do not
lead to saturation. The precisions calculated as RSD of QC injections over 6 different days.
Since values are under 10% (max 8.2 for TMA when using peak areas), this means that the

method is precise.

The concentrations of NHs and TMA are too low to quantify, making it difficult to generate
accurate results. There is a challenge in determining the limit of detection for both ammonia
and TMA since the signals are weak and inconsistent. The chromatograms are not showing
clear peaks, complicating the analysis. The concentration of TMA and ammonia is lower than
the spike in solvent, indicating issues with the sample analysis. To overcome these issues, there
is a need to inject significant amounts of each standard into the GC-MS for calibration curves.
However, this approach can cause that peaks become saturated. We were not able to calculate
a real sample concentration because the signal intensities are much lower, and the peak shapes
become even larger. The LODs that were presented are instrumental LODs (the minimum
concentration the GC-MS system can detect in pure solvent). Figure 7.1 presents the injection
of a standard mix after the chromatographic optimization. The three targeted compounds as

well as the internal standard were detected and identified.
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Figure 7.1 Spitless injection of a standard mix at 2.5% (w/w) in pure solvent in SIM

acquisition mode.

To better assess the concentrations of detected analytes in un-spiked fish samples, a calibration

curve was prepared on same mass of fish as real samples. The spiked concentrations were

significantly higher than the ones in pure solvent to increase chances of obtaining linear

calibration curves. These higher concentrations with low release from the fish to the headspace

during heating cycle caused a broadening of the peaks (see Figure 7.2). This drawback and the

presence of TMA in real fish samples rendered the analysis of DMA, a previously targeted

analyte, impossible due to the coelution of the two molecules. Initial analysis of real fish

samples did not show presence of DMA, and this analyte was ignored for the remaining

experiments.
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Figure 7.2 Zoomed chromatogram showing overlapping of DMA (green) and TMA
(yellow) SIM signals when spiking targeted analytes directly onto the real fish sample.

Some of the images were captured using a smartphone, as scanning was not feasible for certain
samples due to their watery consistency at the end of their shelf-life. Despite this limitation, the
color changes in the samples were distinctly observable to the naked eye. While we believe this

did not affect the color analysis results, we recognize that the clarity was compromised.

We acknowledge minor variations in the size of the indicators and some inconsistencies in their
placement across the illustrations. While most indicators adhered to specific dimensions, some
discrepancies arose during the shelf-life study. These occurred as the samples were stored in the
refrigerator and were not perfectly aligned when placed on the scanner. Greater care should have

been taken to ensure neater placement during picture scanning.
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CHAPTER 8 CONCLUSION AND RECOMMENDATIONS

8.1 Conclusion

The research demonstrates the successful formulation of colorimetric films using black rice
anthocyanin coated onto Corona-treated PET substrates. These films exhibit visible color changes
in response to amine base gases produced during the microbial spoilage of meat and fish, providing
a practical tool for assessing food safety. The incorporation of polyethylene glycol PEG and CA
enhance the adhesion properties of the films, while careful optimization of thermal treatment is

necessary to prevent anthocyanin degradation.

The studies validate the effectiveness of environmentally friendly ink formulations as scalar pH
indicator sensors, capable of indicating varying degrees of freshness in fish products. The films
show a continuum of color changes rather than a binary outcome, allowing for more nuanced
monitoring of spoilage. Crosslinking agents, such as citric acid, improve the mechanical stability
of the polymer matrix, reducing dye leaching and enhancing the interaction between anthocyanins
and the PET substrate.

Chemical and microbial analyses conducted during packaging trials at 4 °C confirm the correlation
between colorimetric changes and the levels of TVB-N gases, which indicate spoilage. The studies
highlight the importance of further research to enhance the reliability of these indicators,
recommending the use of GC-MS for more accurate quantification of volatile compounds in

complex seafood matrices and validate the indicators.

Overall, the findings underscore the potential of colorimetric sensing as a reliable, cost-effective
method for monitoring seafood freshness, paving the way for innovations in food packaging
technologies and improving consumer safety. Future research should focus on refining analytical
techniques and expanding the dataset to enhance the predictive capabilities of these freshness

indicators.
8.2 Recommendations

To transition from lab-scale development to commercialization of these products, we have the

following suggestions.
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1. Development of smart packaging systems:

Future studies could focus on developing smart packaging solutions that serve dual functions:
informing consumers about shelf life and actively extending the shelf life of food products.
Depending on the specific food product, incorporating barrier layers to enhance properties tailored
to particular needs could be beneficial. For example, seafood products require robust moisture
barrier properties to maintain freshness and prevent spoilage.

2. Optimization of pH indicators:

pH conditions for production: during this study, neutral and basic pH conditions were evaluated for
producing pH indicators, but these led to a narrower color change window, limiting functionality
and performance in indicating seafood freshness. Acidic pH conditions yielded better results;
however, they posed a risk of corrosion to the coating devices. Future efforts should consider

incorporating anti-corrosion coatings to mitigate this issue for commercial use.

Impact of environmental factors: anthocyanins used in pH indicators are sensitive to humidity and
elevated temperatures. Water activity plays a significant role in their stability; for example,
anthocyanins remain stable below a water activity of 0.3, but degradation rates increase as water
activity rises due to enhanced molecular mobility [156]. Leveraging stable pigments, such as
acylated anthocyanins found in black goji berries, could improve the stability of these indicators
[157, 158].

3. Sourcing reliable anthocyanin dyes:

A critical challenge identified during this study was sourcing high-quality anthocyanin dyes. The
concentration and quality of these dyes significantly influence the performance of colorimetric
sensors. Establishing dependable suppliers for anthocyanins should be prioritized to ensure

consistent functionality in future application.
4. Post-thermal treatment optimization:

Future research should explore refining post-thermal treatments, such as UV radiation or
channel drying with short residence times, to prevent the degradation of anthocyanins. While
UV was used in preliminary trials, drying methods using ovens provided greater consistency in

results. Optimizing these treatments could improve the functionality of colorimetric sensors.
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5. Safety and migration studies:

Conduct migration studies to evaluate interactions between pH indicators and food products.
Ensuring there is no leaching and confirming safety for direct contact with food is essential.
Guarantee that all materials used in the development of pH indicators comply with food safety

regulations and standards for direct contact.
6. Collaboration and sensory analysis:

Collaborate with food scientists and technologists to better understand the interactions between
pH indicators and food components, optimizing their design for practical applications and
measuring process variables. Incorporate sensory analysis, texture profile analysis (TPA), and
consumer testing in future studies. Correlating these results with sensor color changes,
microbial activity, and chemical analyses will be vital for developing tunable and user-friendly

Sensors.
7. Improving laboratory lighting conditions:

Although no significant effect on color changes was observed under varying lighting conditions
during this study, stable lighting environments are ideal for testing. Variability in lighting could
influence participants' ability to discern color changes, which may impact the accuracy of

evaluations.
8. Advanced analytical techniques

Utilize specialized columns such as CP-volamine in a GC-MS configuration to quantify low-
molecular-weight chemicals, including ammonia. This approach could provide more precise

measurements for monitoring freshness indicators.

* Declaration of Al and Al-assisted technologies (Quill Bot and Copilot) in the writing process.
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APPENDICES

APPENDIX A ARTICLE 1: CHARACTERIZATION OF A FOOD-SAFE
COLORIMETRIC INDICATOR BASED ON BLACK RICE
ANTHOCYANIN/PET FILMS FOR VISUAL ANALYSIS OF FISH

A.1 Tape test
Type of samples Classification Percent area removed Surface of cross-cut area from Picture
which flaking has occurred for
six parallel cuts and adhesion
range by percent
Coated film without 3B 5-15%

Thermal treatment

Coated film with 5B 0%
Thermal treatment Non
(165-5)

Figure A.1 Final samples with proper thermal treatment (165 °C for 5 min) passed the

tape test.

A.2 Atomic force microscope (AFM)

AFM images of the coated PET films-treated and untreated controls. Thermal treatment of coatings
increases maximum roughness, while enhancing surface adhesion bonding can lead to a rise in the
Root Mean Square (RMS) value measured by AFM. Improved adhesion bonding between the
coating and the surface contributes to a smoother, more uniform coating, thereby resulting in higher
RMS values.



163

(A)
28.6 nN
N 31.4nN
Indentation 2.0 um
(B)
49.5 nN
-49.3 nN
Indentation
(€
13.7.nm
-9.3 nm

Indentation 2.0 um

Peak Force Error 2.0 um

Figure A.2 The left side shows the topographic image and the right side the error-signal
image of the same spot. (A) Untreated control; (B) 90 °C for 60 min treatment time; (C)
165 °C for 5 min treatment time.
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Figure A.3 The left side root-mean-square (RMS) roughness values and right side DMT
modulus. (A) Untreated control; (B) 90 °C for 60 min treatment time; (C) 165 °C for 5

min treatment time.
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A.3 Design of experiment for ink formulation (DOE)

The results indicated that a higher concentration of BC and CA (10-15%) can lead to a
heterogeneous ink formulation, negatively impacting the uniformity and stability of the ink.
Conversely, concentrations below 5% of these components may result in insufficient crosslinking,
which compromises the ink's structural integrity. As a result, the pH indicator becomes prone to
washing out and exhibits poor performance when exposed to high-humidity environments.
Optimizing the concentration of these components is critical to achieving a balanced formulation

that ensures both stability and functionality under varying environmental conditions.

Table A.1 Summary of the ink components and their corresponding design experiments. The
selected range highlights the concentrations that were further investigated throughout this research

study.
4 Design

Run BC PVOH CA pH
1 0.05 0.15 0.132 225

2 0.15 0.2 0.15 1.5

3 0.15 0.1 0.05 3

4 0.05 0.1 0.05 1.5

5 0.15 0.15 0.1 225

6 0.15 0.1 0.1 125

7 0.05 0.2 0.1 155

8 0.15 0.2 0.05 %S

3 0.05 0.1 0.15 15
10 0.05 0.15 0.05 2.25
11 0.05 0.1 0.1 3
12 0.1 0.15 0.1 3
13 0.1 0.2 0.1 225
14 0.1 0.15 0.05 2.25
15 0.1 0.15 0.1 1
16 0.1 0.1 0.1 2.25
17/ 0.05 0.2 0.15 3
18 0S5 0.2 0.1 3
19 0.1 0.15 0.15 2.25
20 0515 0.1 0.15 3
21 0.05 0.2 0.05 3
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APPENDIX B ARTICLE 2: ENHANCING SEAFOOD FRESHNESS
MONITORING: INTEGRATION COLOR CHANGE OF A FOOD-SAFE
ON-PACKAGE COLORIMETRIC SENSOR WITH MATHEMATICAL

MODELS, MICROBIOLOGICAL, AND CHEMICAL ANALYSES

B.1 Mathematical model for shelf-life predication based on the experimental
data

At the last step, the mathematical models were employed to experimental data to predicate the fish
spoilage. The modified logistic and Howgate models provide superior performance in predicting
TVB-N gas, while the modified Arrhenius models demonstrate greater performance in predicting
bacterial population. The mean value of six experimental data points for TVB-N levels provides
some insights but does not capture the system's full variability and complexity. With an inadequate
number of samples, error estimation (RMSE and AIC) may be unreliable, and the model may
overfit or underfit. Model validation requires enough data points, but splitting a limited dataset for

validation is a challenge.

B.2 Mathematical model for TVB-N and Interpretation of Metrics

The simulation models were fitted using the experimental TVB-N values (mean) of Pangasius fish
during storage to predict their release. According to the literature, an experimental model is
suggested for storage temperatures ranging from 5 to 4 °C [150]. However, the exponential model
showed the least satisfactory results, due to high RMSE and AIC compared to other models
(Modified logistic and Exponential polynomial). The observed low fitting exponential model in the
stored samples may be attributed to several factors, including changes in the composition of
microbial activity over time, chemical interactions between TVB-N gases and other compounds in
the headspace of fish samples, and the volatilization and adsorption of TVB-N gases on the surface
of the fish containers during storage. The exponential model has less explanatory power. Improved
model performance was achieved by a quadratic term (Bt?) in the exponential model, significantly
improving its performance by lowering the RMSE and AIC metrics, highlighting the need for

incorporating additional terms to better capture the underlying processes [161]. Since, the observed
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data points had an S shape curve similar to the exponential growth function, the modified logistic
function is also explored as a potential model for formation of TVB-N gases during fish spoilage
at 4 °C. To employ the Howgate model, we needed to parametrize Ymax, Ymin, K, and td. However,
the fitting algorithm did not converge due to the limited number of observational and experimental
data points. Therefore, we assumed, entered Ymin as the initial value, and then proceeded to
parametrize the remaining parameters. The study found that the Howgate, modified logistic, and
exponential polynomials had lower RMSEs of 2.28, 2.29, and 2.88 than all the other models that
were fitted to the experimental data. A lower RMSE indicates better predictive accuracy. We also
obtained lower AIC values, which can suggest better model parsimony: 34.95 for both the Howgate
and modified logistic models, and 37.74 for the exponential polynomial model. Table B.1
summarizes the model parameters along with goodness of fit metrics. Therefore, the Modified
logistic model and Howgate showed the best fitting performance with lowest AIC and RMSE
among the models. In comparison, the modified logistic model has a reduced number of parameters
and requires fewer assumptions to develop predictions. Noticeably, the A, K parameters of the
Modified logistic model and Ymax ,ts and K are statistically significant with p-values below 0.01

and 0.05 respectively.

B.3 Mathematical model for TVC, pseudomonas spp and Interpretation of
Metrics

Food safety and quality can also be assessed using predictive microbiology instead of traditional
methods. As storage conditions can alter spoiling microorganisms, we used TVC data points for
fitting with available kinetic models. Initially, the logistic and modified logistic as three-parameter
models were applied to the microbiological experimental data of the present study. Subsequently,
the modified Gompertz model (four-parameter) were fitted [150]. In modified Gompertz model,
Hmax has estimated (0.6649 + 0.14 day™) and statistically significant at p-value < 0.01[125, 162,
163]. A "lag time" is the amount of time it takes to achieve a 50% or 100% increase. We used an
arbitrary criterion to consider this parameter which is approximately 2 for Modified Gompertz

equation. The “lag time” can be determined graphically as the intersection of the tangents to the
growth curve at the “lag” and “exponential” phases [152]. The Logistic, modified logistic and

modified Gompertz showed similar performance. Therefore, the Modified Arrhenius (I) showed

the best fitting performance with lowest AIC and RMSE among the models. Noticeably, the Yo, K
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parameters of the Modified Arrhenius (1) are statistically significant with p-values below 0.05.
Hence the Modified Arrhenius (I) model appears to be the best fit model for TVC predication of
current study. Comparable to the results of the TVC prediction, the best fit for the Pseudomonas
spp population found is Modified Arrhenius (I1). While both Modified Arrhenius models have
similar RMSE values, Modified Arrhenius Il has a significantly lower AIC than Modified
Arrhenius 1. Furthermore, the RMSE values for Modified Arrhenius (11), logistic, and modified
logistic models are all 0.18; however, Modified Arrhenius (I) has a lower AIC value than the other
models. As a result, the Modified Arrhenius (II) model appears to be the best fit model for

predicting Pseudomonas spp population in this study.



Table B.1 Displays the parameter values derived from models based on TVB-N data obtained from the present study.
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Parameters | Exponential Modified Modified Exponential polynomial | Modified Howgate
Arrhenius (I) Arrhenius (II) logistic

Yo 11.9064 £3.42 ** | 52182 +5.49 3.28142 +4.31 - - -

A - - - 5.6052+2.35 * 35.3510+2.89 -
skesksk

K 0.1343 £0.04 ** | 3.3437 £ 0.97** | 6.70694 + 2.69 0.4912 +£0.15 ** 0.8666 = 0.27 0.8665 +
roE 0.27%*

B - - -0.0317+0.01 * 11.0001 +7.86 | -

1.2406 + 2.45

-0.06392 + 0.04




170

Parameters | Exponential | Modified Modified Exponential polynomial | Modified Howgate
Arrhenius (I) Arrhenius (II) logistic (Continued)

Y max - - - - - 39.8511+£2.89
*% %

td - - - - - 2.76 £0.36 ***

AIC 43.69 41.31 39.01 37.74 34.95 34.95

AlCc 55.69 81.31 79.01 77.74 74.95 74.95

BIC 43.06 40.48 38.18 36.90 34.11 34.11

RMSE 5.60 3.88 3.20 2.88 2.29 2.28

Level of significance codes:

P-value<0.01 ***, P-value<0.05 **, P-value <0.1 *




Table B.2 Displays the parameter values derived from models based on TVC data obtained from the present study.

Parameters | Modified Modified logistic Modified logistic Modified Gompertz
Arrhenius (1) Arrhenius (1)

A - - 18.0461+29.29 18.0459+29.29 53.6758+9.43

K 0.43£0.07 *** | 0.30£0.10** 0.1008 + 0.07 0.1008 + 0.07 -

B - 13.4270 £ 29.21 3.8725 +7.74 -

D -1.70 £ 1.89 0.02 £ 0.03

HMax - - 0.6649 + 0.14***

Yo 3.80£0.22 *** | 3.71 £ 0.20*** - - 0.7894 + 6.19
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Parameters Modified Modified logistic Modified logistic Modified Gompertz
Arrhenius (I) | Arrhenius (1) (Continued)

AIC 4.45 5.30 5.23 5.23 5.25

AlCc 17.78 18.63 18.56 18.56 18.58

BIC 4.77 5.61 5.54 5.54 5.56

RMSE 0.19 0.20 0.20 0.20 0.20

Level of significance codes: P-value<0.01 ***, P-value<0.05 **, P-value <0.1 *

Table B.3 Displays the parameter values derived from models based on pseudomonas spp data obtained from the present study.

Parameters

Modified
Arrhenius (1)

Modified

Arrhenius (1)

logistic

Modified logistic

Modified Gompertz

5.5070
0.27***

5.5071 + 0.27***

2.3549 + 0.5180**
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Parameters | Modified Modified logistic Modified logistic Modified Gompertz
Arrhenius (1) Arrhenius (1) (Continued)

K 0.28090 + 0.73090 + 0.4385 + 0.4385 + 0.10** -
0.04*** 0.16%** 0.10**

B 2.19637 +1.02 | -0.08645 + 0.5567 +0.31 | 1.2765 + 0.19*** -

0.02**

MMax - - - - 0.7835 + 0.37

Yo 2.44132 + 2.38712 + - - 3.0284 + 0.3151***
0.32%** 0.21%**

AIC 7.99 3.91 4.47 4.47 15.52

AICc 27.90 23.91 24.47 24.47 35.53

BIC 7.77 3.70 4.26 4.26 15.31

RMSE 0.24 0.18 0.18 0.18 0.55

Level of significance codes: P-value<0.01 ***, P-value<0.05 **, P-value <0.1 *
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Figure B.1 Different models curve for TVB-N of Pangasius fillets during 4 © C storage for 9 days.
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Figure B.2 Different models curve for TVC of Pangasius fillets during 4 ° C storage for 9 days.



175

7
6.5 & Experimental
® Logistic
= 6 = «@= - Modified Logistic
E5s — — Modified Arrhenius (1) T
o 5 = Modified Arrhenius (11) T
o) -
7 7
8 4.5 ',.;”/
Lad

g 4 a"‘f -
o L 4 J‘L -
° >
3 35 =5
%) < »
[a 7z

3 o 4

z>"*
2.5 «
2
0 1 2 3 4 6 8

Storage time (day)

Figure B.3 Different models curve for Pseudomonas spp of Pangasius fillets during 4 ° C storage
for 9 days.

B.4 Sensor response to different fish weights

Figure B.4 illustrated the ARGB (color change) response of the pH sensor to various weights of
fish samples (30, 50 and 100 g) stored over nine days in packages with different pH indicators
(NTT and 165-5). According to the observations, the different weights and conditions of the fish

samples impacting sensor response exhibit varying levels of sensitivity, as indicated by the range
of ARGB values.
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Figure B.4 Sensor response to different fish weights over storage time.
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Figure B.5 Sensitivity trials for NTT pH indicators at T=60° C for 30 minutes.
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NTT, T=40 for 30 min, mix standard (100 pl from each standard)
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Figure B.6 Sensitivity trials for NTT pH indicators at T=40° C for 30 minutes.

B.5 Reversibility Test

Important attributes of intelligent gas sensors include high sensitivity and immediate reaction to
gas vapors, to exhibit a distinct color change, as well as the ability of indicator films to be reversed
[164, 165]. The reversibility of the indicator films was tested by exposing the films repeatedly to a

defined volume of ammonia and Hydrochloric acid vapors for 3 min each as described [164] with

some modification.

. Traditional
method for
determination of
lag time

——TVC

0 1 2 3 a4 5 6 7 8 9 10
Storage time (day)

Figure B.7 Traditional method for lag time assumption: to ~ 2 day.
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Figure B.8 Colour stability of pH indicators after one month; however, the pH indicator with
thermal treatment (165-5) stayed intact and its colour did not wipe out (right side).
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APPENDIX C ARTICLE 3: INTELLIGENT PACKAGING SOLUTIONS
FOR FISH AND MEAT PRODUCTS: VOLATILE GAS DETECTION VIA
GC-MS, MICROBIAL ANALYSIS AND COLORIMETRIC MONITORING

Table C.1 Limit of detection with (TVB-N gases) at accelerated storage condition.

Type of | Concentration | Mean | Mean |Mean |StdR |StdG | StdB ARGB
standard R G B
NH3 0 204.66 |41 96 4.49 16.26 | 8.6 0
0.001 190.66 | 109.66 | 133.33 | 5.24 1.24 2.62 78.15193**
0.01 179 137 146 6.37 6.48 5.71 108.8667***
0.1 206.66 | 146.66 | 145.66 | 11.95 | 8.49 8.49 117.8395***
1 174 111 102.33 | 4.08 2.16 4.18 72.23313**
TMA 0 204.66 |41 96 4.49 16.26 | 8.6 0
0.001 180 120 132.33 | 3.55 6.16 5.43 90.38243**
0.01 212.33 | 179.66 | 182 3.09 2.86 2.94 163.3445%**
0.1 137.66 | 85.66 90.33 | 731 7.31 6.84 80.71967
1 161 126.66 | 104.66 | O 3.29 1.24 96.53407
DMA 0 204.66 |41 96 4.49 16.26 | 8.6 0
0.001 123 18.66 40.66 | 2.82 7.84 7.84 101.1432***
0.01 106 7.66 68.33 | 8.48 4.71 4.92 107.7543***
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Type of | Concentration | Mean | Mean |Mean |StdR |StdG | StdB ARGB

standard R G B (Continued)
0.1 88.66 |80.33 |68.33 |6.01 6.54 4.92 125.5726***
1 80 64.66 |33 9.41 8.57 9.27 141.6648***

All values were expressed as mean * standard deviation (n = 3).

Level of significance codes: P-value<0.01 ***, P-value<0.05 **, P-value <0.1 *

C.2 Freshness control in room temperature with gas tube detector

At refrigerated temperatures (0 till 4 ° C), fish typically remain fresh for several days, and ammonia
production is minimal. According to several measurement, no color change was observed in gas
detector tubes regarding presence of ammonia for 8 hours. Suggesting that the fish is fresh. At
room temperature, spoilage occurs much more rapidly. Ammonia levels can easily increase within
a few hours, depending on the initial freshness of the fish and microbial load. With increasing
weights from 50 g to 200 g, the data illustrates a clear trend: larger sample sizes lead to higher
ammonia concentrations over time. This can be attributed to a larger amount of organic material
being decomposed, resulting in more generated ammonia. As temperatures increase and sample
weights increase, spoilage accelerates, leading to faster ammonia production. The room
temperature condition exacerbates this issue, making it unsuitable for preserving fish freshness.
The measurements indicate that regular monitoring of ammonia levels could serve as an effective

method for assessing fish freshness and ensuring product safety.

For the 50 g sample, ammonia levels increased gradually over time. The concentration reached its
highest point (310 ppm) at the 8-hour mark, indicating ongoing spoilage. The concentrations
fluctuate slightly, suggesting a relatively stable gradual increase. For the 100 g sample, the
ammonia levels start higher and exhibit a more consistent increase, suggesting a greater rate of
decomposition due to potentially higher microbes while the initial readings in the first hour were
low (0 ppm for 50 g and 15 ppm for 100 g), which is typical as spoilage has not yet initiated within
that timeframe. By the end of 8 hours, both samples were within ppm values that could indicate
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spoilage, particularly the 100 g sample, which is approaching levels where quality could be
considered unacceptable. By the 8-hour mark, the concentration reached 390 ppm. The results
confirm that storage at room temperature accelerates spoilage in fish. Ammonia levels increase
significantly over time, indicating that fish should be stored at lower temperatures to maintain
freshness. The methodology of using an ammonia detector provides a practical means of
monitoring fish freshness. However, the initial ammonia concentrations were below detection

limits, suggesting that the fish could still be relatively fresh immediately after storage began.

Table C.2 The measurement data is derived from the ammonia produced during 8 hours of storage

at room temperature for various fish sample weights.

Duration (hour)
1 2 3 4 5 6 7 8
*Sample weight Tube reading (ppm)
(9)
50 0 20 150 200 250 290 300 310
100 15 75 200 250 300 350 370 390
200 20 100 300 350 400 450 500 550
Hs concentration (ppm)
50 0 10 50 50 50 48.33 | 4285 |38.75
100 **NA | 375 |66.66 |62.5 60 58.33 [52.85 |48.75
200 20 50 100 87.5 80 75 71.42 | 68.72

ppm NH3

*Weigh sample standard deviation £ 5 gr

**Measuring range (20 ° C, 1013 hPa): for 1 hour the acceptable measuring range 20 to 1500
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Figure C.1 The trend shows an increase in ammonia and then decrease it during 8 hours of fish

storage at room temperature.
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Figure C.2 Trends in the signal intensities of untargeted analytes over 9-day storage in the fridge

(scan mode acquisition).

C.3 Species-Specific Analysis

The method performance for headspace GC-MS analysis was evaluated using several quality
control criteria, focusing on the relative abundance of ammonia and trimethylamine in various fish
samples. The issue of varying signals depending on the type of fish used was found; different fish
types vyielded different detectable compounds. The second experiment which performed,
simultaneously with TVC and monitoring color change of sensor, with spiked fish resulted in better
detection than the first, but issues with the experimental setup might continue affecting results. A
comparative analysis was conducted on two fish types, pangasius and haddock. In pangasius fillets,
the concentration of ammonia was found to be significantly higher compared to haddock.

Conversely, haddock samples exhibited sharper and more distinct peaks for TMA, making it easier
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to quantify. Notably, pangasius fillets typically contain lower levels of TMAO compared to
haddock, with the marine species generally exhibiting higher concentrations of TMAO. These
findings highlight the differing spoilage characteristics between freshwater (pangasius) and marine
(haddock) fish, further informing quality assessment and shelf-life determination. Therefore,

fluctuations in fish quality based on seasons might influence experimental outcomes.

Ammonia TMA
. ) : Haddock
Pangasius :
Acquisition time (min) Acquisition time (min)

Figure C.3 Zoomed SIM chromatograms of spoiled fish samples allowing for detection

of ammonia and TMA.

Some species appear to be released to the headspace after several storage days at both temperatures
and could be detected by Scan mode injections. Figure C.4 shows that ethanol and butane were
identified by database search after 7 days. They could potentially be quantified by injecting their

corresponding standards.
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Figure C.4 Zoomed Scan chromatograms of untargeted species identified using NIST

database comparison.

C.4 Performance Assessment of Colorimetric Sensing for TMA: Correlation with GC-MS

Results

In this study, we compared the performance of our colorimetric sensor for detecting TMA with the
established method of GC-MS. 4 samples were exposed to 100 uL TMA with different dilutions
(0.001,0.01,0.1 and 1 M) at 25 °C for 30 min. The colorimetric sensor demonstrated a LOD of 0.01
M for 100 pL of TMA, while GC-MS achieved a lower instrumental LOD of 0.001 M for the same
amount of TMA. The samples exposed to concentrations higher than 0.001 M exhibited AE higher
than 30.

Although the GC-MS method exhibits higher sensitivity, developed colorimetric sensor's
performance is significant when considering practical applications in seafood freshness
monitoring. The correlation analysis between the two methods revealed a strong relationship,
indicating that the colorimetric sensor can reliably detect TMA concentrations in a manner
consistent with GC-MS results. To validate the effectiveness of the colorimetric sensor, we
conducted repeatability and reproducibility tests, which showed consistent results across multiple

trials.



186

The sensor's RGB values were recorded before exposure to TMA and after each subsequent acid
treatment for recovery. The initial RGB values were (132, 8, 52), which changed to (176, 132, 142)
after the first TMA exposure. Following the first acid treatment, the values returned to (135, 7, 47),
indicating a significant change in colorimetric response. Subsequent cycles of TMA exposure and
acid recovery yielded RGB values of (179, 138, 148) and (149, 34, 65), respectively, demonstrating
the sensor's responsiveness to TMA concentrations. The analysis of delta RGB values revealed
substantial changes, with recovery percentages indicating a high degree of sensitivity, particularly
in the G channel, which showed a recovery rate of 1650%. These findings suggest that the
colorimetric sensor is highly effective in detecting TMA levels, with the ability to return to baseline
values after acid treatment and can offer advantages such as cost-effectiveness and ease of use. In
scenarios where rapid monitoring is essential, the colorimetric sensor provides a practical

alternative to GC-MS, making it a valuable tool for assessing seafood freshness.





