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Abstract

The rising amount of food waste demands for creative solutions to minimise unnecessarily
wasted food products. To potentially reduce this issue in the household and retail sectors, this
work presents a colour-based sensor system focused on detecting premature spoilage in food
packaging. In order to achieve this goal, four chemical dyes have been tested for their
applicability as food spoilage detectors, including two thiol responsive dye compounds as well
as two halochromic dyes. The selected dyes were immobilized onto a homemade reactive
nanofibrous network, based on poly(2-isopropenyl oxazoline) (PiPOx), and studied to evaluate
their colour response during the decay of different food products, including chicken, beef, and
cod. Furthermore, water-stability tests and infrared spectroscopy revealed the expected
stable and efficient linkage of the dye compounds onto the polymeric chains, as the PiPOx
network is shown to be a readily available platform for further functionalisation. Real-life
sample testing showed that the sensor array, placed over a container containing a sample of
meat or fish, underwent a progressive colour change as spoilage proceeded. This colorimetric
response was followed as a function of time by smartphone pictures. The respectively
obtained RGB indices per picture were further used to calculate a Euclidean Colour Distance
(ECD) in between the functionalised membranes in different timeframe pictures, providing an
objective indication of the effectiveness of spoilage metabolite detection. Through the
obtained results, we demonstrate that the array allows for the monitoring of the overall
spoilage process of chicken, beef, and cod, matching the depicted expiry dates on the food
product. Finally, the sensor array was demonstrated to be efficient under different
atmospheres as results were achieved in both ambient air and nitrogen environment for
different food products. The results thus indicate the future possibilities for the application of
these materials within food packaging as well as the potential of automated result analysis

through colour change tracking.
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1. Introduction

Food losses and food waste (FLW) have attracted much attention in the world recently and
have become a priority in the global and national political agenda (e.g., United Nations
Sustainable Development Goals Target 12.3). A better understanding of the availability and
quality of global FLW data is crucial for benchmarking reduction goals, environmental impact
analysis, and informing mitigation measures. With the ever-growing world population and the
need to store and transport the food from the place of production to another for
consumption, food preservation becomes necessary to increase its shelf life and maintain its
nutritional value, texture, and flavour. Therefore, good food preservation techniques must
prevent microbial spoilage of food without affecting its quality and nutritional value. In
literature, the problem of daily food waste has received increasing attention over the past
decades. Although major progress has been made on food safety, preservation technologies,
understanding of the nutritional aspects of different foods, and general health issues
regarding food and diet, there is still a lack of innovative ways to reduce food waste.* In Europe
alone, about 88 million tonnes of food is wasted annually of which an estimated 46.5 million
tonnes are generated in households. This averages out to 173 kilograms of food wasted per
person per year. Not only does this contribute to environmental problems but it also counts

up to an annual loss of 143 billion euros on food waste alone.?3



2 1.1 Food waste management

1.1 Food waste management
Several solutions have been put into practice to recover some of the value inside of the food

waste. Through composting or total combustion, the internal energy and components of the
food are at least to some extent used, albeit not in the field of human nutrition. A 2017 study
in the United States showed that of the 40.7 million tonnes of household food waste, 2.6
million tonnes were composted (6.3%) and 7.5 million tonnes were combusted for energy
(18.4%), stating that the major part of 30.6 million tonnes (75.2%), however, ended up in
landfills. This led to food waste representing 22% of all municipal solid waste in landfills. In
2018, this study was repeated, but this time different techniques and categories were included
in both sources of food waste, such as food donations and animal fodder, and food waste
management techniques. These numbers, therefore, show a large increase in total food waste
generation and should as such not directly be compared to those stated in Europe. Figure 1
shows the evolution of this food waste management throughout the years. It shows a positive
increase in the amount of revalued food waste, but also a large increase in the total amount
of food waste generated. There is still a need for innovative approaches to decrease the total

amount of food that ends up as food waste altogether.*

Food Waste Management: 1960-2018

80,000,000
60,000,000
(7]
<
o 40,000,000
-
20,000,000
o
0
1960 1970 1980 1990 2000 2005 2010 2015 2017 2018
Year
Il Recycled Composted [l Other Food Management
I Combustion with Energy Recovery Landfilled

Figure 1 Yearly food waste management US 1960-2018.*



3 1.2 Origins of food waste

1.2 Origins of food waste
When considering food waste, it is important to note that waste is generated in all the

different steps of the food production process and not only at the consumer level.
Theoretically, the production process can be divided into five major sectors: production,
processing, retail, communication, and consumers, as depicted in Figure 2. Each of these
sectors contributes to the total food waste in a completely different manner and to effectively

reduce food waste, specific solutions have to be developed for each of them separately.

Production, processing, and communication are sectors that can be considered industrial and
large-scale sectors that often require solutions in the form of process optimization. These,
however, are outside of the scope of this master thesis. The retail and consumer sectors on
the other hand can be considered part of everyday life and will be the focus of this study. From
the previously mentioned 88 million tonnes of annual food waste in Europe, around 4.6 tonnes
are produced in retail. The consumer sector on the other hand nets up to 47 million tonnes
per year. In comparison to all the other sectors, it is the household sector that contributes the

major part to food waste.3?

Production

5 <
Food
production
' process

2

Processing

Figure 2 Five sectors of the food production process.
In these last two sectors, food waste is generated in many ways, including simply throwing
away spoiled food. This could, to some extent, be considered as an unavoidable loss due to

the health risks regarding the consumption of spoiled products. It does however raise
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guestions on how it can be minimized. On a consumer level, a solution would be to reinforce
awareness and purchasing behaviour to consume or use all products before they spoil. To do
so, it is of major importance to decide in real-time when food products are considered spoiled
or unsafe. For certain foods, people can rely on their sensory capabilities to analyse the state
of decay. Certain odours and tastes such as fishy smells and unexpected sourness or bitterness
often indicate the decaying state of the products. Some visual signs also clearly show that the
food is no longer meant for consumption. The presence of mouldy ‘hairy’ structures and
coloured marks on the product indicates the growing colonies of contaminating micro-
organisms such as bacteria and moulds.®® These sensory signs of spoilage can however be
misinterpreted, missed or even disregarded as normal in certain scenarios. They form a strong
basis but are still subjective and rather uncertain tests to rely on for food safety. Other
products, such as meat and fish, can even decay in such ways that the risk of consumption due
to spoilage occurs earlier than human senses can detect.® As such, some form of verification
had to be included which provides this crucial information to the consumer. This verification

mechanism is the expiration date.

Expiration dates were first introduced on a consumer level in the 1970s. Nowadays, it is a
standard addition to almost every packaging. Its function in households is mostly providing a
control mechanism indicating whether food is still safe and edible. In supermarkets, the
expiration dates serve this same purpose, yet also play an important role in influencing
consumer behaviour.’® Expiration dates are so popular because they remove the
abovementioned problem of doubt about freshness. Because many forms of decay are not
noticeable or easily mistaken, these expiration dates have provided a major improvement for

both food quality and safety.

Regarding food safety and food quality, expiration dates are a nearly optimal solution.
However, if the expiration date is considered from a food waste perspective, there is still room
for improvement. The main issue is the premature disposal of food. The expiration dates
originated as a tool for food safety which has led to extra measures being taken to ensure this
safety, such as including additional safety and uncertainty margins in the expiry dates. These
measures might however often increase unnecessary food waste. Expiration dates are often
based on bacterial challenge studies. Zielinska and co-workers report that the studies consist

of inoculating a product with a certain strain of bacteria that is expected to grow on this
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product.!! Next, it is kept in the required environment, in which it should also be stored in
stores or at home, to reliably reproduce the real scenario. The growth of the bacteria is then
monitored until they reach the maximal amount allowed for safe consumption. The results of
several of these studies are then combined to form a critical date that represents the outer
limit for safe consumption. Because of how biological processes work, however, there is a lot
of uncertainty and variation that needs to be accounted for which results in a safety buffer of

time being deducted from this critical date to fully ensure safe consumption.*?

Other than these safety measures, there is also the impact of food quality on expiration dates.
Companies often conduct many quality tests to analyse how long their products retain their
optimal state. These quality aspects include criteria like colour, firmness, the production of
certain off-odour smells, and many others that do not have a real impact on the food safety
aspect of the product. To differentiate between the expiration dates based on this quality
aspect and those indicating the moment pathogens might have grown to dangerous
proportions, two types of expiration dates are employed, the ‘best before’ and ‘use by’
respectively. The crucial difference in the meaning of both the types of expiration dates,
however, is little known to a large part of the population. This results in the common
misinterpretation of ‘best before’ dates as the earlier mentioned critical dates for safe

consumption, which further leads to unnecessarily thrown away food.*?

As both the implemented safety buffer and the misinterpretation of ‘best before’ dates result
in a significant part of the unnecessary food waste, there is a need for an alternative test that
fits the normal household situation to further improve the food waste problem on the
consumer and retail level. To fit these requirements, this thesis will focus on the production
of a sensor focused on the real-time monitoring of the quality deterioration of food products.
To create such a sensor, two main questions arise: What is to be detected and how to detect

it?
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1.3 Biomolecules
To answer the question of what the sensing mechanism must detect, a closer look has to be

taken at the exact structures that will be degraded through spoilage. Any organic lifeform is
built up out of the four main groups of biomolecules as displayed in Figure 3 being lipids,
carbohydrates, proteins, and nucleic acids. As illustrated below, each of these biomolecules is
composed of smaller components. Carbohydrate structures and proteins are respectively
made up of from series of monosaccharides and disaccharides, and multiple amino acids. As
metabolic pathways often revolve around smaller molecules in biology, the larger
biomolecules will first be broken down into their smaller components. With this in mind, the
metabolism of each of these smaller components is what will lead to the potential target of
the sensor. Before a choice is made on which group of compounds will be most interesting for
spoilage detection, the mechanics behind spoilage and the breaking down of the biomolecules

have to be investigated further.

Structures Components

Lipids Free fatty acids

Triglycerides Phaspholipids. Steralds and Wases

pikiEd) .8

Ca rbo hyd rates Mono-/Disaccharides
CHOH

e |

Proteins Amino Acids

Figure 3 Four types of biomolecules and their molecular components.
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1.4 Spoilage mechanisms
As a start, food spoilage is considered to be the process where a food product becomes

sensorial unacceptable for ingestion by the consumer. This is caused by processes that convert
the molecular structures present in food products to other, often smaller, molecules. Further
literature review will focus on the different aspects of this food spoilage, rather than the
presence and growth of possible pathogenic species on food products as this is beyond the

scope of producing a quality assessment tool for food products.

1.4.1 Passive degradation, autolytical, and metabolic reactions
The degradation of the food structures is caused by three different mechanisms, being passive

degradation, autolytical reactions, and metabolic reactions. These three mechanisms often
occur all in parallel and greatly increase each other’s effectiveness. Passive degradation
envelops both the physical destruction of the food product and spontaneous chemical
reactions. Physical destruction is self-explanatory as pressure, heat, and other physical factors
can negatively alter food. Chemical reactions on the other hand are less self-explaining but
still form an important food degradation mechanism that needs to be taken into account.
Depending on which environment the product is kept in, certain chemical reactions will take
place. Examples of such chemical interactions are the oxidation and hydrolysis of lipids,
causing off-flavours and rancidity. Next to these spontaneous reactions, there are two types

of enzymatic processes that affect the food product, autolytical and metabolic reactions.*?

Autolysis is the process of enzymatic degradation of compounds of food caused by enzymes
present in the organism itself. Enzymes cover an enormous array of possible functions through
the catalysis of chemical reactions. Since food degradation is caused by chemical reactions, it
is also governed by an array of enzymes such as proteases, carbohydrases, and many others.
The process of an organism degrading its own structures works similarly through enzymes and
is, in fact, a completely normal mechanism. Processes such as autophagy and programmed
cell degradation occur constantly in living organisms and form an important basis for wound
healing and the recycling and renewing of various types of structures in the body.*!> They
are, however, strictly regulated processes under these circumstances. Upon death, these
processes are suddenly left without control mechanisms and will eventually start to degrade

all types of macromolecules in the product.’® These biological processes and enzymatic
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reactions work optimally at normal body temperatures and as such can largely be inhibited by

keeping food products at low temperatures.'’/18

The final form of degradation is caused by metabolic reactions. Although metabolic reactions
are also governed by enzymes and are, as such, very alike to the previously mentioned
category, the implied metabolic reactions are those of other organisms than the host. As the
invading species require sustenance to survive and multiply, they will make use of the
opportunity of the plentiful resources present in food products and start to grow on them.
These organisms include bacteria and fungi, among others, and are often called
microorganisms. Since these microorganisms will grow exponentially better in nutrient-rich
environments, autolysis greatly increases their growth speed since it provides them with
readily available smaller molecules through the degradation of the larger macromolecules.
These microorganisms will degrade several of the components in the food product through
their metabolic reactions and by doing so they generate structures of their own to grow and
produce the energy they require to survive. Both these microorganisms themselves as the side
products formed in the metabolic pathways are often not beneficial for consumption and are

an important cause of food spoilage.1’~2°

1.4.2 Spoilage prevention
Since food spoilage is an irreversible loss, it has been a challenge since the dawn of time to

preserve food for as long and as good as possible. Many sources confirm that food
preservation methods have been in use since prehistoric times through the smoking of food
for example. This smoking will simply seal off the outer layer of the food making it more
difficult for contaminating organisms to enter the food. Other methods such as salting make
the food environment very hypertonic. This means that the increased concentration of
dissolved ions in the food draws out the water from possible contaminating microorganism
cells through a process called osmosis. This makes it very hard for the microorganisms to

survive which results in a longer lifetime of the food product.?!

Throughout time, more sophisticated methods of food preservation have been developed like
the addition of antimicrobial agents.?272> Also, several techniques have been developed which
reduce the initial load of bacteria present on the food. Sterilisation, pasteurization, and freeze-
drying are often used in industrial food production processes.?%=22 Other than these methods

there are several techniques on how to store food products to further decrease the rate of
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spoilage. The most common is storage in refrigerated temperatures which slows down nearly
all biological processes including bacterial growth and metabolic/autolytic reactions. Vacuum
packaging and modified atmosphere packaging (MAP) are two other methods that remove or
reduce the presence of oxygen.?° This slows down the speed at which bacterial populations
will develop on the product because oxygen is often required for the bacteria to grow and
multiply. Furthermore, MAP packaging includes the addition of CO, to the packaging
atmosphere, which further reduces bacterial growth rates.l”283% Although all these
techniques are shown to vastly improve the shelf life of most products, they are finite.

Eventually, the degradation and decay of the product will inevitably take place.
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1.5 Fish food products

As all food products will show variation in spoilage mechanisms and involved microorganisms,
it is important to differentiate the chosen technique for spoilage detection for each type of
product separately. Within this work, the main objective is to reduce food waste by applying

sensor technology for fish products.

Fish is an important dietary product consumed around the globe. Although the production
process differs from standard plant foods or meat-based products, the same five general
sectors as discussed in 1.1 can be found here as well. Figure 4 illustrates the total percentage
of fish and seafood products that are wasted and the division over the different sectors
throughout the world. The graph shows the same distribution on how fish food is wasted in
the different sectors with the households, here denoted as ‘consumption’, accounting for a

significantly large portion in the first world countries.3
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Figure 4 Global fish and seafood waste of initial caught amount.3

1.5.1 Spoilage of fish products

In the field of fish food products, all three of the earlier mentioned deterioration processes
are of great importance when considering the whole of fish spoilage. Both Ghaly and Hansen
et al. reported the autolytic enzymatic, oxidative, and microbial spoilage specifically for fish
substrates.”1® Research stated that in frozen samples during the early stages of deterioration
textural quality was reduced, but no off-odours or off-flavours were produced. The most
important impact of this first spoiling process is the alterations of the textural aspect of the
product caused by the release of hypoxanthine and formaldehyde.*® During oxidative spoilage,

lipid oxidation is a major cause of deterioration for the pelagic fish species such as mackerel
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and herring with high oil/fat.3! Oxidation typically occurs via radical driven reactions with
oxygen and the double bonds of fatty acids present in the sample.3? In fish, lipid oxidation can
occur both enzymatically or non-enzymatically. During this process, lipases split the glycerides
into free fatty acids which are responsible for the common off-flavour.3? In the third process,
microbial spoilage, the composition of the microflora is dependent on the microbial contents
of the water in which the fish live. Microbial growth and metabolism is a major cause of fish
spoilage which produces amines, biogenic amines (e.g., putrescine, histamine, and
cadaverine), organic acids, sulfides, alcohols, and aldehydes with unpleasant and
unacceptable off-flavours.3*=3¢ Important to note is that not all bacteria equally contribute to
spoilage. Huss and co-workers reported that for fish kept in an aerobic atmosphere at a room
temperature of 25 °C, the spoilage is a result of Gram-negative, fermentative bacteria (e.g.,
Vibrionaceae), whereas Gram-negative, non-fermentative bacteria (e.g., Pseudomonas spp.
and Shewanella spp.) tend to spoil chilled fish under aerobic atmosphere. Further differences
were observed between different atmospheric preservation techniques, as both in a vacuum
and MAP packaging the Gram-negative, fermentative genus Photobacterium was present as
one of the main contributors to spoilage. While trimethylamine (TMA) is mainly used to
determine microbial deterioration leading to fish spoilage, Huss and co-workers found that
among TMA other compounds were produced such as methanethiol, dimethyl sulfide,
ammonia, and hydrogen sulfide.?” This research shows that the mechanisms behind fish
spoilage are well studied and documented, yet a choice still needs to be made on which of the

degradation processes will be the focus for developing a sensing unit.

1.5.2 Detection of fish spoilage
Since the aim is to develop a sensing unit for early spoilage detection, certain criteria need to

be fulfilled for such alternative real-time food spoilage sensors to be of use. First of all, it has
to guarantee at least the same assurance as is given by the expiration dates. This means that
the chosen analyte must be detected as soon as its concentration exceeds a predetermined
threshold. To do so, the developed detection mechanism needs to show high specificity and
sensitivity towards that certain analyte. Secondly, if the aim is to reduce food waste caused
by misinterpretation of food spoilage, then the response must only be given when the
measured concentration exceeds the olfactory threshold and not earlier. For both these

requirements, the degradations products of proteins will greatly fit the picture.
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A protein is composed of separate amino acids of which 20 different types occur in naturally
built proteins. They are present in high concentrations in muscle structures and since standard
products of meat and fish mostly consist of muscle, they make up a major part of what is
present in the product. This makes them an important group when looking at spoiling
mechanisms. Out of all the amino acids present in these proteins, two are important to take
into consideration: cysteine and methionine. The structure of these sulfur-containing amino

acids is depicted in Figure 5.
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Figure 5 Chemical structures of L-cysteine and L-methionine.

Two reasons make them suitable candidates for this application. First of all, the bacterial
metabolic pathways of cysteine and methionine end with the production of several small
sulfur compounds (e.g., dihydrogen sulfide from cysteine, methanethiol, and dimethyl
disulfide from methionine).3®3° These compounds possess low vapour pressures hence the
name: volatile sulfur compounds (VSC). These VSCs have a very low olfactory threshold
concentration, indicating facile perception in low concentrations by humans as a bad odour
and/or bad taste. Since bad odours and tastes are two main factors in deciding whether or not
a product is spoiled, these VSCs are one of the first compounds to make a product perceived
as such.?® Secondly, Miller and co-workers have shown that none of these VSCs are formed in
sterile fish muscle. This implies that the autolytical processes will not degrade these two amino
acids meaning that all the VSCs present in fish food are produced through bacterial

metabolism making them a certain indicator of active bacterial mediated food decay.**

1.5.3 Bacterial metabolism
During the lifetime of a fish, plenty of bacteria are present which rapidly start metabolizing it

after it dies. This is why many procedures of cleaning, gutting, and electrolyzed water washing
are performed to decrease the initial bacterial load of the fish product.*?>** Through cold
storage and vacuum or MAP-packaging, the growth of the remaining bacterial population is
inhibited as much as possible. But even in cold storage, the bacteria will grow and multiply

and slowly but steadily start to metabolize the fish. Several species have been identified as
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contributors to the spoilage of fish products. Which of them finally are present on the fish is
mostly based on what type of fish is studied, what type of environment it originates from, and
what treatment the fish undergoes before storage. Most of them do show active metabolism
of the sulfur-containing amino acids and production of the VSC side products. Species
identified as fish spoilage bacteria are Pseudomonas, Schwenella, Acinetobacter, and
Lactobacillus genus among others.34%4%% |n fish, it is important to note that spoilage occurs at
a high pace since the initial bacterial load on freshly caught fish is quite high. Miks-Kranjik and
co-workers report initial bacterial loads of 10° colony forming units per gram (cfu/g) on freshly
caught fish. Knowing that rejection starts around values of 107-108 cfu/g and the fact that fish
itself is a wealthy growth environment due to high water content and suitable pH, immediate

preservation techniques must be employed to preserve the fish as well as possible.*®

1.5.4 Methionine and cysteine metabolism
Methionine metabolism consists of two main steps as can be seen in Figure 6. In the first step,

the amine group is removed by oxidative deamination. This results in loss of ammonia and the
formation of an alfa-keto-butyric acid. From this second compound, methanethiol is removed
by a process called demethiolation, leaving a carbohydrate chain available for the bacteria.
This methanethiol is often considered as the final side product, yet a portion of it is further
oxidized to dimethyl disulfide. Both these compounds are volatile to some extent. Studies
show that almost the entire amount of methionine present in fish samples will eventually be

degraded into these two volatile compounds when left decomposing.**
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Figure 6 Bacterial metabolism of methionine with the formation of sulfur-containing end products.
Cysteine, on the other hand, is metabolized to form pyruvate which is used as a central carbon
molecule in various biological processes. Multiple pathways are known which result in the
degradation of cysteine but all of them finally result in dihydrogen sulfide being formed next
to pyruvate.*” The amine group is released as free ammonia or incorporated in bacterial

structures. A commonly occurring pathway is shown in Figure 7 in which the sulfur group of
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cysteine is first removed by an enzyme called L-Cysteine desulfhydrase. Further on, the amine

group is removed from the structure to form free ammonia and pyruvate.*®

Desulfhydrase Desulfhydrase
O ) )
H3C
HS/\HJ\OH ﬁ’ ’ \HJ\OH ﬁr H3C%0H
NH NH
2 st 2 NH3 ©
L-cysteine Pyruvate

Figure 7 Cysteine metabolism pathway with the formation of pyruvate, ammonia, and hydrogen sulfide.

The preservation of food has created the need to develop methods that can easily track the
food freshness and safety throughout the shelf life of the product (production, storage,
shipment, and consumption). To detect the abovementioned degradation products, a
“technological nose” can be designed to measure markers of freshness and provide an “index
of quality” of the product in real-time or identify the presence of any spoilage indicating

components.
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1.6 Sensors
Although the word sensor might not be used as frequently in daily life, it is one of the most

common objects that surrounds us. Sensors tell us the temperature, the weather, how many
steps we take, and many other things. The use of sensors has been made customary to our
lives and a life without them is something most of us cannot imagine. Since the subject of
spoilage detection can be translated to an analyte detection problem, it is the category of
analyte sensors that is of interest in this study. Traditionally, analyte sensors are composed of
chemical or biological receptors. These receptors are specifically targeted against a certain
analyte and use a physical transducer that converts the detected change in the environment
into a measurable signal, generating a quantitative and/or qualitative output.*® The basic

working pattern of a sensor is illustrated in Figure 8.

Figure 8 Basic working mechanism of a sensor.

Since sensors come in a variety of forms and different mechanisms behind their functioning,
they are subdivided into different categories. Firstly, non-optical sensors are distinguished
from optical sensors. Secondly, optical sensors will be discussed based on their sensing type

(e.g., acidity and redox). Lastly, different fabrication methods will be considered.

1.6.1 Non-Optical sensors
Non-optical sensors are nothing new in the detection of analytes and have also been

introduced in the detection of food spoilage. Currently, the majority of these sensors consist
of resistors as electronic units that keep track of changes in conductivity during interactions
between analyte molecules and an active surface. This process of transferring an electrical
signal upon analyte detection is also seen in the human body in the process of tasting and
smelling. The mammalian olfactory system is, in a way, a large array of bioelectrical receptors,
which has evolved over thousands of years to specialize itself in the matter of food spoilage
detection.”®*! To mimic these olfactory receptors, a broad range of electrochemical sensors

has been explored. The most widely used electrochemical sensors include metal oxide
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semiconductors (e.g., Sn0>) for triethylamine (TEA) detection.®>*3 Zou and co-workers
prepared a hollow SnO; microfiber which showed a quick response towards TEA with a limit
of detection as low as 2 ppm. Although non-optical sensors showed sensitive and efficient
analyte detection, they still require aspects that make them impractical for everyday real-time
food spoilage monitoring in a normal household situation. The need for electricity as well as
specialised equipment is not conveniently available at all times, and, as such, render non-

optical sensors not an option for the envisioned application in food packaging.

1.6.2 Optical sensors
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Figure 9 General arrangement of spectroscopic measurements: (A) light reflection, (B) light refraction, (C) light absorption,
(D) fluorescent emission.>*

Where non-optical sensors use changes in conductivity, optical sensors use visible or
ultraviolet light as the input source for analysis. Optical sensors can be represented in general
terms as a wavelength-selectable light source, the sensor material itself, and a light detector.
What the detector monitors varies by technique (e.g., scattering, absorbance, reflectance,
photoluminescence, chemiluminescence). The most common optical sensors are based on
colorimetric or fluorescent changes originating from intermolecular interactions between the
chromophore or fluorophore with the analyte molecules.> Colorimetry (i.e., quantitative
measurement of absorbance or reflectance spectra) is, of course, one of the oldest analytical

techniques with “naked-eye” visual quantification.>®

As an example, one of the most straightforward optical sensors utilizes the well-known dye
phenolphthalein. This sensor will display a colour shift upon detecting a change in acidity.
Ranging from a colourless solution to a pink-purple solution upon reaching a basic pH due to
the change in the molecule from a protonated to a deprotonated ionic state. If the dye sensor
is meant for analyte detection, it is required that the optical output signal changes upon

interaction with the analyte. To do so, the dye often has to react with its analyte leading to
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changes in its structure or electron configuration. Alberti and co-workers illustrated this
principle using Ellman's reagent combined with cysteine. Upon contact with the analyte, the
designed sensor showed a redshift towards 420 nm displaying a bright yellow colour.>”8 To
obtain more analyte selectivity, often colorimetric sensor arrays are used. This technology
relies on an array of dyes immobilized on a solid support where upon exposure to the analytes
the dye array changes colour. Colorimetric sensor arrays have proven to be useful in the
detection, identification, and quantification of volatile organic compounds (VOC) in the gas
phase.”®®! Furthermore, they have been used to detect and differentiate the mixtures of
compounds dissolved in aqueous solutions.®%%3 Each dye is chosen to react chemoselectively
with certain analytes of interest. Magnaghi et al. selected a panel of pH indicators and a
colorimetric dye, selective for thiols. Using the selected chromophores in a colorimetric sensor
array, meat spoilage could be followed and differentiated based on the response.®* The
abovementioned work, however, still contains some important limitations. The usage of ionic
interactions to immobilize the dye compounds to a carrier material allows for potential dye-
leaching, the leaking of the dye compounds from the carrier matrix, which is a frequently

reported issue in other works.5>66

1.6.3 Sensor materials
For the chemical dyes to change colour, they have to be able to effectively sense their

surroundings. The proof of concept for chemical sensors is often demonstrated in solution
providing close proximity and good interaction between dye and analyte. However, to detect
food spoilage within the packaging, the environment of the sensor will be the headspace of
the product and, therefore, the sensor dye has to be incorporated into a solid-state functional
unit and be able to detect the analyte in the gas phase. To do so, an appropriate material is
required to support the dye and enable gas sensing while no dye-leaching on and into the food
product may occur. To obtain an effective sensor material, the support material must meet
two different criteria. Firstly, the need for optimal analyte contact, the carrier material should
allow effective contact between the sensing molecules and their respective analytes.
Secondly, the material should have a large surface to volume ratio, which increases the
potential for dye immobilisation as well as for dye-analyte interactions. Three candidate
carrier material types that suffice for these requirements will be discussed, namely

nanoparticles, thin films, and nanofibers.



18 1.6 Sensors

1.6.3.1 Nanoparticles
The first widely used carrier materials for sensors are nanoparticles. Many different support

materials are used such as graphene, carbon nanotubes, metallic carriers, and they are used
for various types of sensors.®’” These nanoparticles add several functionalities to the sensing
unit as it not only adds robustness to the system but also serves as a functional unit itself,
often increasing the effectiveness of the linked sensing unit.’® Another advantage of
nanoparticles is that multiple sensing units can be connected to one particle. By combining
several of the sensors, the combined output signal is larger than that of separate sensing units
leading to a lower limit of detection thus providing opportunities for analytes that require
more sensitive detection.®®7! Nanoparticles are however still separate particles which makes
them not much better in terms of a solid sensor support unit to be included in food

packaging.”?

1.6.3.2 Thin films
Thin films are layers of material deposited on a bulk substrate to give properties that cannot

be easily attained (or not attained at all) by the base material. Thin-film deposition refers to
the action of applying a thin film of any substance, for example a functional metallic or
polymeric coating, on a surface. Through precise construction of the film structure, a large
concentration of sensing units can be combined on a defined surface both leading to increased
sensitivity and ease of detection. Figure 10 shows SEM images of a thin film structure created
by Fong et al, clearly displaying the film as a flat surface-functionalized sensor area.”® The film
structure allows for the production of a solid-state sensor that can function in a gas headspace
as is required for a sensor in food packaging. An example of a metallic thin-film sensor for thiol
detection is that of the study of S. Briglin and co-workers.”* The thin film is created by coating
a surface with Au nanocrystals fully capped with amine chains. Upon detection of thiols in the
surrounding gas, these amine chains will be swapped out for the thiols finally resulting in
measurable changes in the conductivity of the film structure. Although a film structure fulfils

the requirements needed for this application, it is still not the best option.
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Figure 10 Film sensor SEM images a) surface b) cross-section.’”?

1.6.3.3 Nanofibers

The third type of used sensor support materials are nanofiber membranes, typically these
consisting of very thin fibres with a diameter below 500 nm. Nanofibrous membranes have
already proven to be useful as supports for ultra-sensitive sensor materials thanks to the large
specific surface area created by the many pores between the fibres of sub-micron thickness.”>~
’8 Due to this specific structure, nanofibers combine the most important properties of
nanoparticles and films, which are a large surface to volume ratio and the capability of
functioning as a solid-state sensor. To produce these thin fibres, which is commonly done by
electrospinning, high molar mass polymers are typically required to form the necessary chain
entanglements that keep the fibrous structure together. The type of polymer determines the
properties of the membrane where the spinning parameters influence the fibre diameter.”®
Since the scope of this work is the development of nanofibrous nanofiber networks, this

option will be discussed in more detail in the following sections.
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1.7 Electrospinning
Electrospinning is a widely used production technique for the development of polymeric fibres

with diameters ranging from several micrometres down to several nanometres by using high
voltage electric fields.8%83 In Figure 11, a typical electrospinning set-up is depicted consisting
of a high voltage power supply, spinneret, and a collector. The needle of a syringe, which

contains a polymer solution, is placed under high voltage (kV).
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Figure 11 Solvent electrospinning setup.8*

The erupting jet forms a Taylor cone, travelling towards a grounded collector plate. When the
polymer reaches the collector plate, all solvent of the polymer solution should be evaporated.
The electrospinning process provides high flexibility and versatility over the fabrication of
these fibres, offering unique advantages to produce uniform nanofibers and fabrics with

controllable pore structure.

1.7.1 Production process
In literature, researchers were able to develop a wide variety of synthetic and natural polymer

nanofibrous membranes by electrospinning, with each material having unique, polymer-based
properties.®>8% According to the desired application, parameters can be modified to obtain
the desired nanofibrous membranes with certain properties. These parameters can be split
up into three categories: the polymer solution, the processing parameters, and environmental

conditions.

1.7.1.1 Polymer solution
The polymer solution plays a crucial role in the electrospinning process. This starts with finding

the optimal solvent. Even though some exceptions have been reported on electrospinning of
polymer latices®®?, the polymer should preferably be perfectly soluble in the solvent, while

during the electrospinning of the polymer, the solvent should be able to rapidly evaporate.
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Too high solvent volatility will lead to unwanted blockage of the needle, but too low volatility
will lead to bead formation due to solvent presence inside the membrane.®? Besides the
solvent choice, the amount of polymer dissolved in the solution, often expressed as weight
percentage, will also greatly affect the production process. Increasing the polymer
concentration will lead to a higher viscosity, which affects the stability of the abovementioned
Taylor cone and therefore the quality of the fibre membrane.®® Again a certain viscosity
window should be defined for each polymer-solvent system. Too low polymer concentrations
will result in insufficient entangled polymer chains leading to spraying of beads rather than
fibre formation. However, too high viscosity will cause a blockage of the needle tip.** The last
important solution parameter is conductivity. For each polymer solution, a threshold value is
required to charge the polymer in order to form the Taylor cone. However, the formation of
the Taylor cone is impaired when conductivity exceeds certain limits. The stable Taylor cone

observed during the electrospinning process is depicted in Figure 12.

Polymer
solution
Faylor cone
+
Pendant Induced charges
drop = from ¢lectric ficld
€ Jelinitiation

Figure 12 Formation of a Taylor cone and jet.%>

1.7.1.2 Processing parameters
Processing parameters during electrospinning include the flow rate of solution, the needle tip-

to-collector distance (TCD), and the applied voltage. The optimal processing parameters are
influenced by the solution parameters due to the nature of the polymer and the solvent.
Firstly, the required flow rate is dependent on the applied polymer-solvent system. Again, too
high flow rates will lead to bead formation due to insufficient solvent evaporation while too
low flow rates will result in a repeated interruption of the production process. The TCD or the
distance between the needle and collector is critical as it influences the evaporation time for

the solvent. Lastly, the polymer type and solvent will also determine the critical voltage of an



22 1.7 Electrospinning

electrospinning process. Often the applied voltage is adjusted by trial and error until a stable

electrospinning process is obtained.®6°7

1.7.1.3 Environmental conditions
Finally, environmental parameters should be taken into account as with every process. Two

notably important factors are temperature and humidity as they both greatly influence the
evaporation step of the electrospinning procedure. Changing the temperature will affect the
evaporation rate as well as the viscosity of the mixture. Increasing humidity will increase the
evaporation time required for beadless nanofiber formation. Both aspects should be taken

into consideration when optimizing the electrospinning of a polymer solution to obtain

nanofibers, as illustrated by Figure 13.83
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Figure 13 SEM images of a) clear nanofibers and b) beaded nanofibers.
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1.8 Development of “smart” nanofiber materials
Intelligent materials, better known as smart or responsive materials, are materials that have

one or more properties that change in response to external stimuli, such as a variation in pH,
temperature, light, or concentration of chemical compounds. Within this work, this smart
behaviour will be added to the nanofiber membranes by the attachment of a sensing dye

molecule.

For sensor applications, two methods exist to incorporate the dye inside the nanofiber
network. On the one hand, the dye can be blended inside the nanofiber membrane and on
the other hand, the dye can be covalently attached to the polymer fibres. The difference is

depicted in Figure 14.
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Figure 14 Blend nanofiber system (left), covalent nanofiber system (right).

1.8.1 Smart blend nanofiber materials
The blending technique introduces the sensing molecules into the nanofiber network by

blending them into the electrospinning polymer solution. This process is also called ‘dye-
doping’. The technique is easy and fast which results in fluent and cost-efficient production
processes.’®%8 Dyes that do not possess the required chemical functionality for covalent
binding are often incorporated using this method to produce a solid-state sensor. As
mentioned before, due to the absence of covalent linkage of the dye to the network, it can be
extracted from the network in a process called ‘leaching’.?> In many applications, this would
not only be a major issue for partially losing its sensing capabilities but also for contaminating
the product. In food-related applications, for example, this poses a major issue.”®®° In
addition, dyes that are fully entrapped into the nanofiber structures may not be exposed to

the analyte, imparting their sensing ability.



24 1.8 Development of “smart” nanofiber materials

1.8.2 Smart covalent nanofiber materials
Covalent nanofibers will make use of the covalent attachment of the dye onto the nanofibrous

material. By attaching the desired functionality onto the material the possibility of leakage is
significantly decreased.!% To do so, both the used material and the dye are required to have
available reactive groups. By performing chemical alterations to the dye molecules, a wide

variety of dyes can be incorporated onto diverse materials as illustrated by the example below.

De Smet and co-workers introduced the concept of fabricating coloured materials with low
dye leaching through covalent immobilization of the desired dye using plasma-generated
surface radicals, as depicted in Figure 15. They reported the functionalization of dye molecules
with a polymerizable group. Through a short period of plasma treatment radicals were formed
leading to the addition of the dye functionality onto the sensor material. Thanks to the non-
specific nature of the generated radicals, they were able to include azobenzenes and
sulfonphthalein's onto various materials including polypropylene, polyethylene and Teflon

sheets, as well as polyamide, cellulose and polyethylene (nano)fibers.®®

Step 1 Step 2 Step 3
Dye-dipping PSM Soxhlet extraction
LJ @
)
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Figure 15 Schematic representation of the plasma dye coating procedure.®
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1.9 Goal of the thesis

The ultimate goal of this project is to provide a reliable sensor system for the early detection
of food spoilage within food packaging. The proposed system consists of a colorimetric
nanofibrous sensor network focussed on food spoilage analytes, which provides an easy-to-
interpret colour response that allows customers to perform a facile analysis of the product’s
edibility. To achieve this challenging yet realistic goal, analyte responsive dyes will be

immobilized on a suitable support material, capable of detecting specific spoilage metabolites.

The first part of the project is focused on finding, selecting and synthesising promising dye
candidates to detect food spoilage metabolites. Within the application, the first subclass of
dyes is those able to detect thiols, a group of metabolites directly linked to several spoilage
processes. However, next to thiols, other chemical groups that are directly correlated to
spoilage will be considered, i.e., amines and alcohols. Both are observed as metabolites in
different food decomposition pathways and influence environmental parameters such as pH,
humidity, and oxygen content of the headspace in food packaging. Therefore, halochromic
dyes responsive to the pH environment will be included as a second subclass of dye
compounds. In total, four different dyes will be investigated, two thiol-responsive colourants
and two halochromic dyes. The colorimetric response of each dye will be evaluated towards

its analyte.

The second part of the thesis is focused on the carrier material for the sensor application. To
produce an effective solid-state sensor that can function within food packaging, several
requirements must be met. The sensor should be non-toxic and must guarantee that no
chemicals can be introduced into the food product. To this end, the colorimetric dye molecules
will be covalently attached to the carrier material. Throughout the literature review, several
types of carrier materials were discussed, with an emphasis on the need for dye
immobilisation. Therefore, the base material should have prerequisite compatibility with the
selected colourants. In this study, poly(2-isopropenyl-2-oxazoline) (PiPOx) was selected as
versatile base material. This hydrophilic polymer possesses several promising characteristics,
including non-cytotoxicity and being easily modifiable without the need for catalysts or the
formation of by-products. This polymer will be synthesised within this project through free

radical polymerization with optimisation of the molar mass characteristics towards
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electrospinning processing. The latter will be used to design well-defined PiPOx nanofiber

membranes, with an excellent surface-to-volume ratio for sensor applications.

The third part of the thesis will focus on the functionalisation of the abovementioned
nanofiber membranes to obtain the proposed nanofiber sensor network. Firstly, the nanofiber
membranes will be crosslinked to ensure the water stability of the envisioned hydrophilic
material. Secondly, all the selected dye candidates will be immobilised on the nanofibrous
membranes, making use of the remaining pendant oxazoline rings on the PiPOx material.
According to their sensitivity and colour response towards their respective analyte, the

conditions will be optimized to obtain the desired sensor material.

Finally, response rate analysis will be investigated towards real-life samples, mimicking food
packaging conditions. Following the metabolite evolution in food packaging, using this
colorimetric sensor array is expected to provide a categorical classification based on pattern
recognition. Via the implementation of Euclidean Colour Distance calculations, an attempt will
be made to lay the foundation of a potential automated objective detection of colour change

through image analysis.
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2. Materials and methods

2.1 Materials

All the commonly used solvents were HPLC grade and include: acetic acid (> 99%, Sigma
Aldrich), acetone (> 99.8%, Sigma Aldrich), chloroform (CHCI3, > 99%, Fisher Chemical),
dichloromethane (DCM, > 99.8%, Sigma Aldrich), diethyl ether (> 99.9%, Chem-Lab), 1,4-
dioxane (> 99.8%, Sigma Aldrich), ethanol (EtOH, > 99.9%, VWR Chemicals), ethyl acetate (>
99.5%, Sigma Aldrich), hydrochloric acid (HCl, 37 V%, Fisher Chemical), hexane (> 95%, Sigma
Aldrich), methanol (MeOH, > 99.8%, Sigma Aldrich), N,N-dimethylformamide (DMF, > 99%,

Biosolve), petroleum ether (Chem-Lab).

The following chemicals were used as received: 4-Fluoro-3-nitrobenzaldehyde (> 95%, Tokyo
Chemical Industry), N-phenyldiethanolamine (N-PDE, 97%, Sigma Aldrich), 4-aminobenzoic
acid (ABN, > 99%, Sigma Aldrich), L-cysteine ethyl ester (98%, Acros Organics), 1-butanethiol
(BT, > 98%, Sigma Aldrich), propylamine (PA, > 98%, Tokyo Chemical Industry), diethylamine
(DEA, > 99.5% Sigma Aldrich), triethylamine (TEA, > 99%, Sigma Aldrich), Disperse Red 1 (95%,
Sigma Aldrich), Ellman’s reagent (99%, Sigma Aldrich), NaOH (micro-pearls, Acros Organics),
NazCOs (> 99.5%, Sigma Aldrich), phenol (> 99%, Sigma Aldrich), 4-(dimethylamino)pyridine
(DMAP, 99%, Sigma Aldrich), V-70 (> 95%, Fujifilm Wako Chemicals), VA-044 (> 97%, Sigma
Aldrich).

Azobisisobutyronitrile (AIBN) was bought from Sigma Aldrich and was recrystallised from
MeOH before use and was kept in the freezer at — 30 °C. The iPOx monomer was bought from
Sigma Aldrich and before usage, it was vacuum distilled over CaH; to remove the inhibitor.

After the distillation, it was kept under an argon atmosphere in the freezer at — 30 °C.
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2.2 Equipment

Centrifuge Centrifugation was performed on an ALC multispeed refrigerated centrifuge PK
121R from Thermo Scientific using 50 ml centrifuging tubes with screw caps from VWR or 15

ml high clarity polypropylene conical tubes from Falcon.

Deionised water Deionised water was prepared with a resistivity of less than 18.2 MQ x cm

using an Arium 611.

DMA-SEC Size-exclusion chromatography (SEC) was performed on an Agilent 1260-series HPLC
system equipped with a 1260 online degasser, a 1260 ISO-pump, a 1260 automatic liquid
sampler (ALS), a thermostatted column compartment (TCC) at 50 °C equipped with two PLgel
5 um mixed-D columns and a precolumn in series, a 1260 diode array detector (DAD) and a
1260 refractive index detector (RID). The used eluent was DMA containing 50 mM of LiCl at a
flow rate of 0.500 ml/min. The spectra were analysed using the Agilent Chemstation software
with the GPC add on. Molar mass values and D values were calculated against PMMA

standards from PSS.

UV-VIS spectrometer UV-VIS spectra were recorded on a Varian Cary 100 Bio UV-VIS
spectrophotometer equipped with a Cary temperature and stir control. Samples were
measured in either quartz or disposable cuvettes with a path length of 1.0 cm in the

wavelength range of 200 to 700 nm.

Reflective UV-Vis Reflective UV-VIS measurements were performed using a Perkin-Elmer
Lambda 900 spectrophotometer, which is a double-beam UV-Vis spectrophotometer. The
spectra were recorded from 280 nm to 780 nm with a data interval of 4 nm. Reflection values
are converted into k/s through the Kubelka-Munk formula, as these values provide a

comparable result to transmission UV-Vis absorption spectra.

Infrared spectroscopy Infrared spectra were measured on a PERKIN-ELMER 1600 series FTIR

spectrometer and were reported in wavenumber (cm™).

Size-exclusion chromatography with light scattering (LS) Light scattering (LS) measurements
are performed on a 3-angle static light scattering (MALS) detector, i.e., miniDAWN TREQOS,
from Wyatt Technology. The detector is coupled on-line to an Agilent 1260 Infinity HPLC
system (vide DMA-SEC) and used to determine the absolute molar mass of the analysed

polymer samples. The measurements are performed at ambient temperature, i.e., no
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temperature control unit is supplied/installed with the above-mentioned LS detector. The
refractive index (RI) increment (dn/dc) values are either used as reported for the certain
polymer in N,N-dimethyl acetamide (DMA) or determined via online size-exclusion
chromatography (SEC) equipped with an Rl detector, which measures the Rl increase for a 1-
10 mg/mL concentration series of the mentioned polymers. The LS results are further analysed

with the provided Astra 7 software, also designed by Wyatt Technology.

NMR Proton magnetic resonance spectra were recorded on a Bruker Avance 300 MHz at room
temperature. NMR spectra were measured in chloroform-d (CDCl3) from Euriso-top. The

chemical shifts are given in parts per million (6), relative to CDCls at 77.36 ppm.

Chromatographic columns Chromatography on aluminium oxide and silica were performed
on Merck Alox 90 standard aluminium oxide and Davisil chromatographic silica mecia LC60A

70-200 micron respectively.

TLC Silica TLC was performed on pre-coated Macherey-Nagel ALUGRAM SIL G/UV254 plates.

Aluminium oxide TLC was performed on Merck TLC aluminium oxide 60 F254 neutral.

Flash chromatography with UV and ELSD detectors Column chromatography was performed

on a Grace Reveleris® flash chromatography system using silica Reveleris flash cartridges.

Rotating drum electrospinning Solvent electrospinning experiments were carried out using a
mono-nozzle set-up with an 18 gauge Terumo mixing needle without bevel. A ring-electrode
was mounted around the needle to efficiently guide the jet towards the collector, which
enhanced process stability and reduced the deposition area giving thicker membranes. A
rotating drum was used as the receiving plane in the setup to ensure homogenous fibre

deposition.

SEM imaging Fiber morphology was examined using a scanning electron microscope (FEI
Quanta 200 F or FEI Phenom desktop SEM) at an accelerating voltage of 20 kV. Sample
preparation was carried out using a gold sputter coater (Balzers Union SKD 030 or Emitech
K550X). The nanofiber diameters were measured using UTHSCSA ImageTool version 3.0,
developed by the University of Texas Health Science Center. The average fibre diameters and

their standard deviations are based on at least 15 measurements per sample.
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2.3 Compound synthesis

2.3.1 Dye synthesis

Synthesis of (E)-4-((4-(bis(2-hydroxyethyl)amino)phenyl)diazenyl)-3-nitrobenzaldehyde (Co)
Synthesis of 4-amino-3-nitrobenzaldehyde (ANB)

5 g (29.6 mmol) of 4-fluoro-3-benzaldehyde was dissolved in 50 ml of 1,4-dioxane. The
solution was added dropwise to 63.4 ml (15 equivalents) concentrated MeOH solution (7M)
and left to stir at 100 °C for 2h. After cooling the mixture to room temperature, the formed
ammonia was removed by piercing the septum of the microwave cap and subsequent argon
bubbling for 30 minutes. Afterwards, the solvent was removed under reduced pressure until
a yellow-orange solid was obtained. The product was taken up in ethyl acetate and extraction
with saturated NaHCOs solution was performed. The water fraction was extracted three times
with ethyl acetate. The solvent of the resulting organic phase was removed under reduced
pressure, after which the orange solid was dissolved in a small amount of ethyl acetate. The
remaining impurities were removed from the concentrated solution by column
chromatography (Al,03) using an acetone/hexane (50/50) eluent. Finally, the solid of pure 4-
amino-3-nitrobenzaldehyde (ANB) was dried in a vacuum oven overnight at 50 °C and

evaluated using 'H-NMR spectroscopy.
Yield: 74.5%

1H NMR: (300 MHz, DMSO) 6 9.82 (s, J = 0.5 Hz, 1H, 0=C-H), 8.64 (s, J = 1.9 Hz, 1H, NO,-C-CH),
8.24 (d, 2H, NHz), 7.87 (d, J = 8.9, 1.9 Hz, 1H, CO-C-CH-CH), 7.17 (d, J = 8.7 Hz, 1H, NH,-C-CH).
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Figure 16 'H-NMR of 4-amino-3-nitrobenzaldehyde.

Synthesis of (E)-4-((4-(bis(2-hydroxyethyl)amino)phenyl)diazenyl)-3-nitrobenzaldehyde (Co)

0.6 g (3.6 mmol) of 4-amino-3-nitrobenzaldehyde (ANB) was weighed in a 250 ml beaker and
charged with 60 ml HCI (6M). In the meanwhile, 0.3 g (3.6 mmol) of NaNO;, was dissolved in
12 ml deionized water and stirred at 0 °C. The NaNO;-solution was added dropwise to the 4-
amino-3-nitrobenzaldehyde solution under stirring. The resulting solution was left stirring
under continuous cooling for 30 minutes. Two spatula tips of crushed Urea were added to

remove any formed Nitric Acid.

During the cooling reaction, 0.7 g (3.6 mmol) of N-phenyldiethanolamine was dissolved in a
mixture of 17.7 ml Acetic Acid and 59 ml Ethanol. The resulted solution was cooled to 4 °C and
added dropwise to the formed diazonium salt, resulting in a bright red solution. The resulting
mixture was left to react overnight under continuous stirring. The solution was neutralized
using a saturated NaOAc solution with a subsequent extraction using DCM to separate the azo
dye from the aqueous solution. The organic fraction was dried over MgS0O4 and the solvent

was removed under reduced pressure, resulting in a dark red-brown solid.

The solid was taken up in Acetone and passed over a silica column using an Acetone/Hexane
(40/60) eluent. The final product was dried overnight in a vacuum oven at 50 °C and evaluated

using *H-NMR spectroscopy.
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Yield: 14.3%
UV-vis: Amax DMSO: 519 nm

1H NMR: (300 MHz, CDCI3) 6 9.99 (s, 1H, O=C-H), 8.25 (d, J = 1.6 Hz, 1H, NO,-C-CH), 8.02 (m, J
=19.9, 10.0 Hz, 1H, CNO,-CN2-CH), 7.80 (m, J = 9.2 Hz, 3H, CO-C-CH-CH + N2-C-(CH)2), 6.68 (d,
J = 10.4 Hz, 2H, (CH2)2-N-C-(CH)2), 3.90 (t, J = 4.9 Hz, 4H, N-(CHz)2), 3.69 (t, ) = 4.9 Hz, 4H, CHo-
CHy), 2.92 (s, 2H, CH,-OH).
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Figure 17 'H-NMR of (E)-4-((4-(bis(2-hydroxyethyl)amino)phenyl)diazenyl)-3-nitrobenzaldehyde (Cy).

Synthesis of (E)-4-((4-hydroxyphenyl)diazenyl)benzoic acid (C1)

4.5 g (32.8 mmol) of dry 4-aminobenzoic acid (ABN) was mixed in a mortar with 2.4 g (34.0
mmol) of NaNO; with the addition of 6 ml of water until a dark yellow paste was obtained.
The paste was poured into a mixture of 200 ml of ice water and 10 ml of HCI (37 V%). The

solution was left to stir at room temperature for 1h.

Meanwhile, a solution of 1.4 g (3.5 mmol) NaOH, 3.7 g (3.5 mmol) Na,COs, and 3.2 g (3.4
mmol) phenol was prepared in 200 ml of ice water. The first solution was added dropwise to
this second solution resulting in a dark red mixture. The mixture was left to stir overnight at

room temperature during which dye particles started to precipitate out of the solution.
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The mixture was then brought to neutral pH to ensure dye precipitation after which it was
filtered off on a Buchner filter. After filtration, the dye was washed with water and dried in

the vacuum oven for three days. The final product was evaluated using *H-NMR spectroscopy.
Yield: 47.78%
UV-vis: Amax EtOH/H20 (75/25): 454 nm

1H NMR: (400 MHz, DMSO) & 8.08 — 8.00 (m, 2H, HOOC-C-(CH)2), 7.85 — 7.72 (m, 4H, (CH)2-C-
N-C-(CH)s), 6.97 — 6.85 (m, 2H, HO-C-(CH)2).
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Figure 18 'H-NMR of (E)-4-((4-hydroxyphenyl)diazenyl)benzoic acid (C1).
Synthesis of

(E)-4-(2-(ethyl(4-((4-nitrophenyl)diazenyl)phenyl)amino)ethoxy)-4-oxobutanoic acid (Ca)

3 g (9.54 mmol) of Disperse Red 1 was weighed in a 500 ml round-bottom flask and charged
with 350 mL of DMF. To this mixture, 1.146 g (11.5 mmol) of succinic anhydride and 0.058 g
(0.477 mmo) 4-(dimethylamino)pyridine (DMAP) catalyst were added under continuous
stirring. The round-bottom flask was provided with a reflux condenser and an argon balloon,
and the mixture was heated to 70 °C for 24h. Afterwards, the DMF was removed under

reduced pressure until a dark red solid was obtained. The solid was taken up in DCM and
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washed with deionized water and brine respectively. The organic layer was dried over MgS0O4
and the solvent was removed under reduced pressure. Finally, the remaining DMAP was
removed from the solution by column chromatography (SiO2) using an acetone/petroleum
ether (80/20) eluent. The final product was dried overnight in a vacuum oven at 50 °C and

evaluated using *H-NMR spectroscopy.
Yield: 51%
UV-vis: Amax EtOH/H20 (75/25): 513 nm

14 NMR: (300 MHz, CDCl3) & 8.34 (d, J = 11.0 Hz, 2H, NO,-C-CHy), 7.98 (m, J = 8.9, 3.9 Hz, 4H,
(CH)2-C-N5-C-(CH)2), 6.83 (d, J = 13.2 Hz, 2H, (CH2)2-C-N-(CH2)2), 4.35 (t, 2H, N-CH,-CH,-0), 3.72
(t, 2H, N-CH2-CH2-0), 3.55 (q, 2H, CH2-CHs), 2.78 — 2.51 (m, 4H, CO-CH,-CH,-COOH), 1.27 (t, J
= 7.0 Hz, 3H, CH,-CHs).
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Figure 19 *H-NMR of (E)-4-(2-(ethyl(4-((4-nitrophenyl)diazenyl)phenyl)amino)ethoxy)-4-oxobutanoic acid (Cs)

2.3.2 Polymer synthesis
Synthesis of Poly(2-isopropenyl-2-oxazoline) (PiPOx) through free radical polymerization
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The polymer was synthesised wusing free radical polymerization initiated by
azobisisobutyronitrile (AIBN). 123 mg (0.75 mmol) of AIBN was dissolved in 29 ml of DMSO
inside of a 200 ml round bottom flask. A spinning bar was placed inside the round bottom flask
for future stirring. To this solution, 21 ml of iPOx (0.20 mol) was added resulting in a final 4 M
monomer concentration. The solution was then argon bubbled for 30 minutes to ensure the
complete removal of any residual oxygen. After Argon bubbling, the mixture was heated for

24h at 65 °C under continuous stirring.

The obtained polymer solution was cooled down to room temperature with subsequent
precipitation in an excess of ice-cold diethyl ether. The obtained white polymer powder was
dried in the vacuum oven overnight at 60 °C. After drying the polymer was dissolved in
deionized water and remaining DMSO traces and residual monomer units were removed by
membrane dialysis. Water baths were replaced every 24h. After 3 days, the dry, pure polymer
was obtained through freeze-drying and characterised using 'H-NMR spectroscopy, size

exclusion chromatography and infrared spectroscopy.
Yield: 53.7%

1H NMR: (300 MHz, CDCI3) 6 4.09 (t, J = 8.9 Hz, 2H), 3.70 (t, ) = 8.8 Hz, 2H), 2.06 — 1.59 (m, 2H),
1.12 (m, 3H).
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Figure 20 'H-NMR of FRP synthesised Poly(2-isopropenyl-2-oxazoline).

Synthesis of Poly(2-isopropenyl-2-oxazoline) (PiPOx) through bulk free radical

polymerization

The bulk polymer was synthesised using free radical polymerization with AIBN as an initiator.
7.4 mg of AIBN (0.045 mmol) was weighed inside a 5 ml microwave vial together with a stirring
bar. Subsequently, the microwave vial was charged with 3 ml of iPOx (28.6 mmol) and capped.
Afterwards, the solution was argon bubbled for 30 minutes to remove any residual oxygen.
After argon bubbling, the mixture was heated at 65 °C for 24h under continuous stirring. The
obtained solution was precipitated in an abundance of ice-cold diethyl ether and dried
overnight in a vacuum oven at 60 °C. The dried polymer was then evaluated and characterised

using 'H-NMR spectroscopy and size exclusion chromatography.
Yield: 85.5%

1H NMR: (300 MHz, CDCI3) & 4.22 (m, 2H), 3.72 (m, 2H), 1.92 — 1.55 (m, 2H), 1.26 — 0.92 (m,
3H).
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Figure 21 'H-NMR of bulk synthesised Poly(2-isopropenyl-2-oxazoline) where star-assignments indicate residual monomer
units.
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2.4 Solvent electrospinning and membrane crosslinking
Preparation of the crosslinked membranes from the polymer obtained by solution free

radical polymerization

Typically, the electrospinning experiments were performed by dissolving the polymer in a
mixture of water/ethanol (50/50 vol/vol) to obtain a solution with 20 w% polymer. To this
mixture, 10 mol% of succinic acid was added after which the solution was stirred at room
temperature until completely dissolved. During the electrospinning procedure, a voltage of 15
keV, a constant flowrate of 0.8 ml/h, and a tip to collector distance of 10 cm were used to
enable a stable Taylor-cone and electrospinning process. All processes were performed in a
climate chamber (Weisstechnik WEKK 10.50.1500) to maintain a relative humidity of 30% and
a constant temperature of 25 °C. After electrospinning, the membranes were heat-treated at
140 °C for 5h to enable an effective reaction between the succinic acid and the pendant 2-

oxazoline rings to finally obtain crosslinked nanofiber networks.
Preparation of the crosslinked membranes from the commercial WS-300 polymer

Typically, the electrospinning experiments were performed by dissolving the polymer in a
mixture of water/ethanol (10/90 vol/vol) to obtain a solution with 22 w% polymer. To this
mixture, 10 mol% of succinic acid was added after which the solution was stirred at room
temperature until completely dissolved. During the electrospinning procedure, a voltage of 13
keV, a constant flowrate of 0.5 ml/h, and a tip to collector distance of 10 cm were used to
enable a stable Taylor-cone and electrospinning process. All processes were performed in a
climate chamber (Weisstechnik WEKK 10.50.1500) to maintain a relative humidity of 30% and
a constant temperature of 25 °C. After electrospinning, the membranes were heat-treated at
140 °C for 5h to enable an effective reaction between the succinic acid and the pendant 2-
oxazoline rings to finally obtain crosslinked nanofiber networks.2.5 Network functionalisation

with colorimetric dyes
Two-step functionalisation procedure

For all samples prepared using the two-step procedure, small samples of 2 cm x 1 cm
crosslinked electrospun fibre were prepared and weighed before functionalisation. DMF was
added based on their weight to prepare a solution with a concentration of 0.03 M of free

oxazoline rings, taking into account the crosslinking degree, i.e., 10 mol%. Based on the



39 2.4 Solvent electrospinning and membrane crosslinking

volume of DMF required, the amounts of the three dyes were weighed to finally obtain
solution concentrations of 0.1 M (C1 and C3) and 0.01 M (Ca). The dyes were dissolved in their
respective amounts of DMF after which the respective fibrous mat was submerged in the
solution. The mixtures with the fibres were capped and heated for 24h at 140 °C. After the
reaction, the vials were cooled down to room temperature and the fibres were then removed
from the solution. The fibres were washed multiple times using an excess of methanol to
remove any residual solvent and free dye. This was repeated until the washing solution

appeared colourless. The functionalised networks were then dried for 1h at 100 °C.
One-step functionalisation procedure

For all samples prepared using the one-step procedure, based on the applied weight
percentage of the polymer solution in the electrospinning procedure, 5 mol% of the Ci
compound is dissolved together with 10 mol% of succinic acid in the polymer solution. Due to
changes in hydrophilicity and viscosity, membranes were spun with optimised conditions for
every different solution. After electrospinning, the membranes were thermally treated for 5h
at 140 °C. To remove residual solvent and remaining free dye, the membranes were washed
multiple times using an excess of methanol until the washing solution appeared colourless.

The resulting networks were then dried for 1h at 100 °C.
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2.5 Real-life sample testing
Real-life sample testing setup

To mimic the conditions in food packaging, samples with comparable weight, ranging from
10.5 to 11 grams, were prepared for different food products (cod, beef, and chicken). All food
samples used within the same series of tests were obtained the same day from the cooled
storage of the local supermarket (Delhaize Ghent Ster, Kortrijksesteenweg 906, 9000 Ghent).
Each food sample was placed within a sealable container provided with each of the produced
sensor networks (C1, C3, and Ca), ensuring no direct contact between the sample and the
sensor membranes would be possible. Ambient air tests were sealed with parafilm under
normal conditions where nitrogen atmosphere containers were firstly flushed under a strong
nitrogen flow for thirty seconds and immediately sealed with additional parafilm afterwards.

The sealed container setup is depicted in Figure 22.
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Figure 22 Real-life sample test setup for a cod sample with all three sensor membranes Cy (left), Cs (middle), and C; (right).
The sealed containers are kept at room temperature (average of 21 °C) outside of direct
sunlight for a total of 4 to 6 days, depending on the test. Timeframe picture were obtained

through the usage of the built-in camera of the smartphone Samsung Galaxy S10e.
Euclidian Colour Distance analysis

The colour change throughout the real-life sample experiments was quantified using the
Euclidian Colour Distance. This method utilizes the red (R), green (G) and blue (B) values

observed through imaging, which will be used to obtain a three-dimensional vector indicating
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the colour change in between different pictures. The first obtained picture of each experiment

is used as the reference timepoint for each ECD calculation.

ECD = J(RZ — Ry1)?+ (G, — G1)? + (B, — By)?
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3. Results and discussion

3.1 Analyte-responsive dyes

3.1.1 Thiol selective azo dye
To start the construction of a colour-based sensor material, a thiol-sensitive dye molecule

must be selected first. This dye is required to be both sensitive for thiol compounds and
subsequently capable of transforming the detection into a visible and measurable colour
change. Through literature research, a potential candidate was selected, further referenced

as compound Co as depicted in Figure 23.

OHH
N
N g I
N
SN OH
H
o

Figure 23 Molecular structure of compound Co reported by Zhang et al.

Zhang et al. reported the selective responsiveness of Co towards cysteine in solution. This
detection resulted in a noticeable hypsochromic shift from 515 nm (pink) to 475 nm (yellow),
visible to the naked eye. The capability of detecting cysteine due to reaction with the thiol
functionality provided the basis for selection of this day within this study, although it is not
certain that the dye will detect VSCs nor that cysteine will be volatile enough to be detected
in the gas phase. The mechanism of detection relies on the aldehyde functional group on the
central structure of the azo dye. This aldehyde provides a point of attack for nucleophilic
addition of thiols as is shown in Figure 24.1°%102 Upon interacting with the thiol, the conjugated
push-pull-system of the dye compound is altered, resulting in the colour change.

R3
|

0O \: OH

[ R
RP = g AR

Figure 24 Reaction mechanism of the nucleophilic addition of thiols to aldehydes.



43 3.1 Analyte-responsive dyes

The synthesis of Compound Co, as shown below in Figure 25, was performed, and optimised,
to obtain the dye. The step-by-step acquired compounds and their purity were evaluated using
'H-NMR spectroscopy in DMSO-d6. Preparation of compound Co started from 4-Fluoro-3-
nitrobenzaldehyde 1, as depicted in Figure 26. First, the fluor group was replaced via
nucleophilic substitution by an amino group resulting in the aniline 2, with the corresponding
shift of the neighbouring, aromatic -CH proton from 7.7 to 7.2 ppm. Then the aniline was
converted into the diazonium salt and reacted with N-phenyldiethanolamine (N-PDE) 3 to
obtain the resulting azo dye 4 after column chromatography. The final product displayed the
characteristic doublet peaks of the coupled N-Phenyldiethanolamine at 7.7 and 7.75 ppm. In
the final product 4 traces of N-PDE and DCM could still be observed at 7.2 ppm and 5.3
respectively. These minor impurities did not interfere with the response rate analysis and
therefore did not influence the modest response signal of the obtained molecule.
Furthermore, the synthesis of Co reported a low overall yield of 14 % due to excessive

purification by column chromatography over SiOa.

Ho\L J,OH
N
F NH, N,
NH NaNO,, HCI N-PDE
— — — N
. 4
0°C
N
HS0 HS0 H0
HS0

Figure 25 Synthesis route of compound Co.
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Figure 26 'H-NMR spectra of compound Co synthesis.

3.1.2 Response rate analysis
Colour characterisation of the abovementioned azo dye was performed by transmission UV-

Vis spectroscopy. This technique allows the analysis of the compound-specific absorption
pattern within the visible and ultraviolet wavelength spectrum. To be applicable within this
work on sensors, the dye molecule is required to show a distinctive change in absorption upon
detection of its analyte. For the envisioned application, the change in absorption must be

detectable to the naked eye.

To analyse the responsiveness of compound Cy, a titration of the analyte to a dye solution (2
x 10 M) was performed together with an evaluation of the absorption spectrum after each
step. As the compound detects its analyte, the absorption maximum is expected to shift
resulting in a colour change. During the titration, a slight hypsochromic shift of the absorption
maximum is observed upon the addition of 6000 ppm of cysteine-ethyl ester, as depicted in
Figure 27a. The visual response of this test illustrated that compound Cp is not providing the

colour change to the extent that was expected based on literature.
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Detection is only observed upon the addition of high quantities of cysteine-ethyl ester. Only
after the addition of 3000 - 4000 ppm cysteine-ethyl ester, the hypsochromic shift can be
observed. Safety regulations of food products however limit the permitted concentration of
spoilage analytes in packaging headspace to much lower amounts, typically in the range of
500 ppm, thus the detection of the depicted high concentrations is outside the scope of this
study. Furthermore, the shift of absorption maximum itself is smaller than anticipated, as can
be seen in Figure 27b. Plotting the UV absorption maxima in function of the added
concentration confirms the abovementioned shift. However, the shift is less than 10 nm and
is unfit for naked-eye detection. Based on these results, it was concluded to exclude the Co

compound from further study and to evaluate alternative dyes.
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Figure 27 a) Absorption spectrum of Co (2 x 10> M) upon stepwise addition of cysteine ethyl ester. b) Absorption maximum
plot and pictures of corresponding solutions of Cpin DMSO with 0 ppm (left) and 6000 ppm cysteine ethyl ester (right).
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3.2 Sensor array
To find new potential compounds, the specific application of the dyes was put into a broader

context. Within the spoiling scenario, not only thiols are formed due to microbiological
activity. Other analytes such as amines and environmental characteristics are also indicators
of spoilage. As such, multiple dyes will be combined into a sensor array, with their sensing
application targeted to different aspects within spoilage. Combining them into a sensor array
will provide a larger and more significant amount of information (pattern recognition) on the
freshness state of the food product.'%3194 Furthermore, in the prospect of the eventual need
of immobilization of the dyes to a carrier material, they will also be selected based on having
a chemical handle for linkage or being easily modifiable to obtain such a linking unit. Based on
these criteria, three dyes were selected for further investigation: (E)-4-((4-

hydroxyphenyl)diazenyl)benzoic acid (C1), Disperse Red 1 (Cz2), and Ellman’s reagent (Cs).

3.2.1 Halochromic dyes
The pH is an important indicator of food spoilage as acidification can occur during the early

stages of degradation due to the bacterial metabolism of the readily available sugars present
in food products. These acids could be released into the headspace of the packaging and act
as an early indicator of spoilage by protonating indicator dyes. During later phases of the
spoiling process, amines are formed as the final decomposition products of proteins in food.
The presence of these free amines, which function as proton acceptors, can deprotonate
indicator dyes.'9>1% Therefore, acid and base monitoring will play an essential role within the
sensor array. Both C1 and C; are promising candidates to detect the abovementioned release
of acids and bases, where C1 will be implemented to be deprotonated by the amines, and Cz

can be protonated by acids.

3.2.1.1 (E)-4-((4-hydroxyphenyl)diazenyl)benzoic acid

OH
N\\N@
o)

OH

Figure 28 Chemical structure of (E)-4-((4-hydroxyphenyl)diazenyl)benzoic acid (C1).

The first pH-sensitive dye, (E)-4-((4-hydroxyphenyl)diazenyl)benzoic acid (C1), was selected on

the presence of a phenolic alcohol group and its pKa value. Due to the electron pull from this



47 3.2 Sensor array

azo structure, the alcohol its pKa value is shifted to a lower value of 8.7, making it more
available for deprotonation. As such, the alcohol can function as a pH detector through the
capability of losing its proton. The potential acid-base interaction makes the compound
sensitive for amines within the food spoiling sector, as they will function as recipients for the
protons. The deprotonation will result in an electron shift within the conjugated pi-system of
the chromophore, which influences the absorption spectrum and the observed colour of the
compound. Furthermore, the compound contains an available carboxylic functional group

that can act as a chemical handle for immobilization to a carrier platform.

Due to commercial unavailability, C1 was synthesized in-house during this project following
the synthesis method depicted in Figure 29. The 4-aminobenzoic acid was first mixed with the
NaNO; in an acidic aqueous solution to obtain the diazonium salt as a yellow paste. During the
subsequent diazotization reaction, the obtained diazonium compound was coupled to phenol
under basic conditions, resulting in the product as a bright orange powder. The coupling
reaction was confirmed by the complete disappearance of the amine peak from structure 1 at
5.85 ppm and the shift of the phenolic protons present in the azo dye 2 to 7 - 8 ppm, as
displayed in Figure 30. The 'H-NMR spectroscopy confirms the purity and structure of the azo
dye, and it was used without further purification. Due to the activating nature of the hydroxyl
group in the phenol molecule, the para- position is readily available for electrophilic
substitution leading to a high purity product, without the need for column chromatography,

and ayield of 47 %.

H

OH

NH °
2 1. NaNO,, HCI (18%) 0°C \
O : , \

Figure 29 Synthesis route of (E)-4-((4-hydroxyphenyl)diazenyl)benzoic acid (C;).
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Figure 30 *H-NMR spectra of compound C; synthesis.

After synthesis, the response rate of C; was evaluated by a pH titration followed by UV-Vis
spectroscopy, illustrated in Figure 31a. A dye solution of 2 x 10> M was prepared in a 50/50
methanol-water mixture and a NaOH solution (0.1 M) was added stepwise to gradually change
the pH of the solution. The titration illustrated a halochromic shift of the absorption maximum
with a new absorption maximum at 454 nm. Figure 31b displays a plot of the absorption
measured at 454 nm throughout the pH titration ranging from 4 to 12, indicating a pKa of 8.7.
As TMA, one of the main spoilage related amines, has a pKa of 9.81, it is capable of
deprotonating the Ci dye, thus allowing for effective amine detection using this dye
compound. This switching from the protonated to the deprotonated form of Ci can be
observed through the appearance of the peak maximum at 454 nm. This protonation change
resulted in a colour shift ranging from orange in the protonated state to a dark-yellow

deprotonated state.
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Figure 31 a) Absorption spectrum of C; (2 x 10> M) through pH titration. b) Absorption at 454 nm of C; through pH titration
and pictures of corresponding solutions of C; in methanol-water solutions at pH 3 (left) and pH 12 (right).

3.2.1.2 Disperse red 1
HOI : ,N\\N@
N

Figure 32 Chemical structure of Disperse Red 1 (C;).

The second pH sensing dye, Disperse Red 1 (Cz2), is a commercially available dye mainly used
for dyeing of textile fabric. As mentioned earlier, the determination and monitoring of pH
change in food packaging are quite important. In literature, it was described that Disperse Red
1 could perform as a pH indicator for the acidic compounds, forming the monoprotonated
ammonium form. However, depending on the pH, a double protonated species could also be
produced, forming the azonium ammonium, which might be responsible for high red shifts.
This mechanism, however, is still under discussion and further spectroscopic studies are
required.'®” Therefore, the halochromic effect of C> was also investigated with the addition of
HCI (1 M in water) to the dye solution (2 x 10-5 M) in a methanol-water mixture. The change
in the UV-vis absorption spectra of the dye upon addition of acid is illustrated in Figure 33.
Upon addition of HCl to a dye solution, a major colour change was observed from orange to
red-pink with the appearance of a new absorption band at 525 nm and a well-defined
isosbestic point at ca. 474 nm. During food spoilage, acidic compounds are formed, such as

lactic acid, butyric acid with a pKa value of 3.8 and 4.8, respectively. Although its response



50 3.2 Sensor array

might be limited due to the low pKa value of 2.1, C; will be included in the sensor array for
potential monitoring of acidic compounds.
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Figure 33 a) Absorption spectrum of C, through pH titration. b) Absorption at 513 nm of C, through pH titration and pictures
of corresponding solutions of C, in methanol-water at pH 7.8 (left) and pH 0.7 (right).

To enable the immobilization of the dyes, a chemical handle is required. As discussed in the
previous section, the primary alcohol group present in Cz allows for further modification to a
useable chemical handle for coupling the PiPOx nanofibers. In line with the other dye
compounds, the introduction of a carboxylic acid was chosen. As displayed below in Figure 34,
the alcohol was modified to a carboxylic acid in a simple one-step synthesis using succinic
anhydride, resulting in the production of (E)-4-(2-(ethyl(4-((4-
nitrophenyl)diazenyl)phenyl)amino)ethoxy)-4-oxobutanoic acid (Ca). The reaction of Disperse
red 1 with succinic anhydride resulted in a nearly quantitative reaction yield for the final
product. Purification by column chromatography over silica, however, limited the overall yield
to 51 %. The reaction was confirmed by 'H-NMR spectroscopy, as displayed in Figure 35,
showing the appearance of the ester from the modified structure 2 at 4.35 ppm in comparison
to the initial -CH>-OH peak residing at ca. 3.55 for Disperse Red 1 1. Furthermore, the
additional peak for both the central -CH,- groups from the added succinic anhydride can be

observed at 2.64 ppm.
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Figure 34 Synthesis route of (E)-4-(2-(ethyl(4-((4-nitrophenyl)diazenyl)phenyl)amino)ethoxy)-4-oxobutanoic acid (Cy).
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Figure 35 1H-NMR spectra of compound C4 synthesis.

3.2.2 Thiol-sensitive dyes
3.2.2.1 Ellman’s reagent
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O,N ©

Figure 36 Chemical structure of Ellman’s reagent (C).
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The third and final candidate for the sensor array is Ellman’s reagent (Cs). This dye is proposed
to target the same analyte as the previously described compound Co, namely thiols. The
molecule is commercially available and is a routinely used dye for detecting thiols in
solution.%8111 various Researchers report the use of C3 in quantitative thiol detection in
solution with a characteristic colour change upon thiol detection from colourless solutions to
a distinctive yellow colour. Thiols react with this compound, cleaving the disulfide bond to give
2-nitro-5-thiobenzoate (TNB~), as depicted in Figure 37, which gives rise to the characteristic

yellow colour,108-111
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Figure 37 Ellman's reagent mechanism of thiol detection.
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To evaluate the response rate, a dye solution of 2 x 10> M was prepared in a DMSO and
stepwise amounts of 5 ppm cysteine-ethyl ester in water were added. The titration, as shown
in Figure 38, illustrated a clear colour shift upon addition at low concentrations, indicating the
formation of TNB". Switching from the disulfide product Cs to the cleaved product can be
observed through the appearance of the peak at ca. 500 nm. Structurally, Ellman’s reagent
provides two carboxylic acids available for immobilization on a carrier material, further

increasing the potential of Ellman’s reagent as a candidate within this project.
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Figure 38 a) Absorption spectrum of C3 (2 x 10> M) upon stepwise addition of cysteine ethyl ester. b) Absorption at 500 nm
of Cs and pictures of corresponding solutions of Cs in DMSO with 0 ppm (left) and 30 ppm cysteine ethyl ester (right).
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3.3 Colorimetric sensor carrier material
As mentioned in the introduction, colorimetric sensors have already been widely studied in

literature and various applications have already been developed. The popularity of colour-
based sensors can be understood due to their ease of use and self-explanatory, naked-eye
detection signals. However, the subset of solid-state colorimetric sensors utilising a functional
carrier material to immobilize their colourants, which is the scope of this research, often
requires tedious chemical modifications or harsh reaction conditions. Leading to low
valorisation potential and highly niche applications. Two different types of dye immobilization
were observed in the literature, the use of ionic interactions between carrier platform and dye
compounds, as is seen with the colour catcher©>®64112, and covalent linkage to a carrier
material.>”®>'13 The first technique of using ionic interactions to link the dye to a charged
carrier material is simple, efficient, and straightforward, but limits the applicability only to
ionisable dye molecules, potentially inhibiting the sensing mechanism.0>112114115
Furthermore, as discussed in section 2.2.1, the problem of possible dye leaching due to the
non-covalent character of the materials holds a serious, undesirable risk within food

applications.

The second group, which uses the covalent attachment method, forms the focus group within
this research. It proves, however, to be challenging to find compatible dye-carrier
combinations. Aigner et al. displayed the use of click chemistry to conjugate the sensing
structure to a carrier matrix. This is made possible through a modification of the sensing
structure with a pentafluorophenyl group capable of attaching itself to mercapto groups
present on the carrier material through thiol-ene reactions.!'? Other studies include reactive
groups, such as iodo-phenyl, cyanuric chloride, or other halogenated groups, in the sensing
molecule which are capable of engaging in conjugation reactions.'*®1%” Due to the necessity
of very specific chemical structures required for the conjugation reactions, often tedious
chemical reactions or harsh conditions are required to obtain immobilization of the responsive

dye molecules. Thus, limiting the choice of available dyes and carrier matrices.

In this research, the proposed carrier material is poly(2-isopropenyl-2-oxazoline) (PiPOXx)
which is a promising candidate, as it complies with the two aspects mentioned above. The

PiPOx polymer is a versatile material, capable of covalently binding a large number of different
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molecules (e.g., dyes) in a single step due to its reactivity with a common set of chemical

‘handles’, i.e., carboxylic groups.

3.3.1 Poly(2-isopropenyl-2-oxazoline)

AN

N“-O N-“O
—/

Figure 39 Chemical structure of iPOXx (left) and PiPOX (right).
2-Isopropenyl-2-oxazoline (iPOx) is a monomer belonging to the 2-oxazolines class, which via
its 2-vinyl substituent can be polymerized to PiPOx with the retention of the 2-oxazoline ring
as reactive side-chain functionality. The polymerization of iPOx can be performed in several
ways including free radical polymerization (FRP), Reversible addition-fragmentation chain
transfer (RAFT) polymerization and single electron transfer living radical polymerization (SET-
LRP).118-121 Dyring this project the FRP will be applied due to ease of use and since the material

will be crosslinked for the application.

The polymer itself is easy to store as it shows high solubility in several organic solvents and
water. In storage, it has chemical inertness to both moisture and oxygen, and good thermal
stability resulting in a facile and safely storable polymer.1227124 |In terms of functionality, it
offers a versatile chemical unit through the 2-oxazoline side chains. This 2-oxazoline ring has
proven to be highly efficient for post-functionalisation of the polymer chains as it can engage
in ring-opening addition reactions with several chemical groups, including carboxylic acids as
depicted in Figure 40.%2° If the desired compound contains a carboxylic acid group, then rapid

functionalization can be achieved at elevated temperatures without the need of catalysts or
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Figure 40 Reaction mechanism for functionalisation of PiPOx with Carboxylic acids.
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Furthermore, to be applied within any food-related setting, the carrier material is required to
be safe for human health. PiPOx fulfils this requirement as it is proven to be non-cytotoxic
after direct administration to cells, even at concentrations of 10 mg/ml. Since the polymer has
no noticeable negative effect on cell viability and shows such versatile usage for

functionalisation, it has also been promoted in several fields in biomedicine.12%12>

3.3.2 Polymerization
Within this project, the FRP procedure was optimised for PiPOx synthesis to obtain

polymerization conditions that lead to high monomer conversion, which previously was
reported to be challenging, as well as a polymer molecular weight useable in electrospinning.
Solvent electrospinning requires polymer solutions with sufficient high viscosity of the
polymer solution, which is related to the polymer chain entanglement. To obtain these chain
entanglements a certain degree of polymerization (DP) should be present. This DP or chain
length is characterised by three key molar mass values, Mn, Mw, and Mp, displayed in kg/mol.
Based on the literature, an estimation was made that solvent electrospinning spinning would
require polymers with an Mn of roughly 30 kg/mol to produce narrow nanofibrous materials?,

albeit this will strongly vary with polymer structure and the solvent.

The conditions that were optimised include the type of initiator, initiator concentration and
monomer concentration as noted in Table 1. All polymers were characterised by size exclusion
chromatography with a light scattering detector (SEC-LS) and 'H-NMR spectroscopy. At the
start, an estimation of the most efficient initiator was made by comparing different azo-
initiators V-70, VA-044, and AIBN, each at the reported temperatures resulting in an initiator
half-life time of 10 hours. According to the obtained results, AIBN proved to be the most
promising candidate, as V-70 resulted in both low molecular weight polymers and low
conversion. Although VA-044 illustrated similar results as AIBN, solubility issues in DMSO
resulted in irreproducibility among different polymer batches. Therefore, further optimisation
was performed using AIBN. The next step consisted of obtaining an optimal initiator to
monomer ratio in terms of conversion. As expected, an increase of molecular weight was
observed with increasing monomer concentration due to the higher abundance of monomer
units compared to the number of growing chains. Furthermore, increasing the initiator
concentration resulted in lower molecular weight polymers due to the increased

concentration of radicals. Combining both trends resulted in an optimal monomer to initiator
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ratio of 267, utilising both a monomer concentration of 4 mol/l and an initiator concentration

of 0.015 mol/l. These parameters provided polymers with a conversion of 57 % and an Mn of

34 kg/mol.
Table 1 Polymerization parameters for FRP of PiPOX.
[Monomer] [Initiator] Mn Conversion
Initiator T(°C) b?
(mol/1) (mol/1) (kg/mol)? (%)°
2 V-70 0.009 30 13.6 1.44 39
2 VA-044 0.009 44 30.1 1.54 47
2 AIBN 0.009 65 27.5 1.48 45
4 AIBN 0.009 65 55.8 1.41 41
6 AIBN 0.009 65 88.2 1.33 37
2 AIBN 0.015 65 23.6 1.52 51
2 AIBN 0.02 65 14.1 1.57 46
4 AIBN 0.015 65 344 1.52 57

3 Determined using DMA SEC-LS.
b Calculated using *H-NMR spectrum in CHCls.

Next to solution FRP, a second polymerization method was utilised, bulk FRP, hereby directly
dissolving the initiator in the pure monomer. This technique was included as it often leads to
higher monomer conversion, potentially resulting in a more profitable synthesis method. The
conditions applied for bulk polymerization were based on the already optimised procedure

for solution FRP and are shown in Table 2.

Table 2 Polymerization parameters for Bulk FRP of PiPOx.

[Monomer] (mol/l) Initiator [Initiator] (mol/Il) T(°C)

28.6 AIBN 0.015 65

The comparison of both polymers is shown in Table 3, with an Mn value of 36.2 kg/mol and
dispersity of 1.48, and 69.9 kg/mol with a dispersity of 2.76 for FRP and bulk, respectively. The
respective conversion of 53.7 % and 85.5 % illustrated the anticipated higher conversions

during bulk polymerizations.
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Table 3 polymerization results and characteristics.

Mn Mw Mp Conversion
Technique b2
(kg/mol)? (kg/mol)? (kg/mol)? (%)°
FRP 36.2 534 53.7 1.48 53.7
Bulk 69.9 63.6 192.6 2.76 85.5

aDetermined using DMA SEC-LS.
b Calculated using *H-NMR spectrum in CHCls.

Both SEC traces are depicted in Figure 41, indicating a monomodal distribution for the polymer
obtained in solution and a bimodal distribution for the bulk polymerization. Although the peak
maximum of both plots is situated at the same time value, a large shoulder is observed in the

bulk polymer, presumably due to the gelation of the polymer mixture.126:127
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Figure 41 SEC traces of PiPOx synthesized by FRP in solution (left) and bulk (right).
3.3.3 WS-300
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Figure 42 Chemical structure of WS-300.
In the scope of further valorisation of this work, a commercially available iPOx based
copolymer is also included within this study, namely WS-300, which is a terpolymer composed

of 70% iPOx and a 30% mixture of ethyl acrylate and methyl methacrylate. Electrospinning this
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commercial material could pave the way towards an upscalable sensor production without

the need for any polymerization chemistry and expertise.

SEC-analysis of the commercial polymer revealed a broad polymer peak, as shown in Figure
43, with an Mn value of ~70 kg/mol and a D of 4.26 according to PMMA standards, indicating
a non-controlled polymerization system. Furthermore, *H-NMR spectroscopy confirmed the
mainly iPOx-based terpolymer composition with the addition of the methyl and ethyl ester

peaks, as displayed in Figure 44.
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Figure 43 Sec trace of WS-300.
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Figure 44 *H-NMR spectrum of WS-300.



59

3.3 Colorimetric sensor carrier material




60 3.4 Electrospinning

3.4 Electrospinning
To design a sensor, the abovementioned dyes must be incorporated in the PiPOx support

material. Nanofibrous membranes have already proven to behave well as ultra-sensitive
sensor materials thanks to the large specific surface area created by the many pores between
the fibres of sub-micron thickness.””.7812812% Tg produce these thin fibres, which is commonly
done by electrospinning, high molar mass polymers are typically required to form the
necessary chain entanglements that keep the fibrous structure together. In line with the larger
environmental scope of the application, ecologically friendly solvent electrospinning was
chosen as the preferred processing method. In contrast to conventional solvent
electrospinning where toxic solvents such as DMF were used. In this project, the PiPOx, for
which electrospinning was never reported before, will be processed in green solvent mixtures
consisting of ethanol and water. Furthermore, the experimental set-up contains a rotating
collector drum to assure reproducibility processing and homogeneity in between membranes,

as depicted in Figure 45.130
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Figure 45 Electrospinning setup with a rotating collector drum.

3.4.1 Electrospinning procedure optimisation
To obtain well-defined nanofibers through electrospinning, several parameters must be

considered as discussed in the introduction, including external parameters, such as
temperature, ambient humidity, the weight percentage of the polymer solution, and the used
solvents, as well as characteristics of the electrospinning setup itself, such as distance from

needle to collector plane, applied voltage, and the solution feed rate. Within this research, an
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optimisation study was performed on the abovementioned conditions to obtain high-quality

membranes via a reproducible production process.

The temperature and ambient humidity were chosen to be kept constant at room
temperature and 30% relative humidity. The optimisation was mainly focused on the solvent
medium and the dissolved weight percentage of the polymer. Firstly, the solution itself is
required to evaporate within the short travel distance between the needle tip and the
collector plane. Therefore, the 50:50 water-ethanol ratio was chosen. Secondly, the polymer
solution needs to be adequately viscous to allow efficient electrospinning without bead
formation. To produce thin nanofibrous membranes, sufficient polymer concentrations are
typically required to form the necessary chain entanglements that keep the fibrous structure
together. Finally, the feed rate and source voltage were chosen according to the literature and
previous experience of the research groups.8! The final optimised set of conditions applied for

electrospinning are noted in Table 4.

Table 4 Optimised electrospinning parameters for PiPOx.

Tip-
Weight H20- Relative
Collector Voltage Feed rate Diameter SD
percentage ethanol humidity
distance (keV) (ml/h) (nm)? (nm)?
polymer (%) ratio (%)
(cm)
20 50/50 30 10 15 0.8 458 91

2 Determined using SEM image analysis

Processing the PiPOx obtained by solution FRP resulted in well-defined, low diameter fibres
with a high surface-to-volume ratio. The obtained nanofibrous membranes were analysed
through scanning electron microscopy (SEM), displaying an average fibre diameter of 458 + 91

nm, as depicted in Figure 46a.

Based on the previously optimised parameters for FRP polymers, a new set of parameters was
optimised for solvent electrospinning of the commercial WS-300 polymer, as shown in Table
5. The polymer was effectively processed into nanofibers with a diameter of 168 + 33 nm, as
observed through SEM-imaging displayed in Figure 46b. The decrease in fibre diameter can be
explained by the influence of the longer chain length resulting in more chain entanglements.
Furthermore, the solvent ratio was altered due to the more hydrophobic character of WS-300,

originating from the ester functionalities in the backbone.
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Table 5 Optimised electrospinning parameters for WS-300.

Tip-
Weight H20- Relative
Collector Voltage Feed rate Diameter SD
percentage ethanol humidity
distance (keV) (ml/h) (nm)? (nm)?
polymer (%) ratio (%)
(cm)
22 90/10 30 10 13 0.5 168 33

a Determined using SEM image analysis
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Figure 46 SEM images of the electrospun nanofibers of a) FRP and b) WS-300.

For the PiPOx synthesised in bulk, electrospinning was also attempted starting from the
optimised conditions obtained for the polymer obtained by solution FRP. This, however,
turned out to be very difficult, as throughout the experiments no fibres were obtained, likely
due to a too high viscosity resulting from the higher molar mass of this polymer. Due to time

constraints, the bulk polymers were chosen to be excluded from the scope of the thesis.

3.4.2 Mixture electrospinning
As the envisioned applications require stable nanofibers the hydrophilic PiPOx nanofibrous

need to be crosslinked into a nanofibrous network, for which the inclusion of dicarboxylic acid
in the fibre membrane will be required. In this study, one-pot electrospinning of PiPOx with
added succinic acid was studied. Herein, succinic acid is included in the polymer solution
during the electrospinning procedure, thus placing the succinic acid inside the obtained fibres.
Having the succinic acid be electrospun together with the polymer may provide a valuable

advantage over post electrospinning addition as it limits the number of processing steps, and
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more importantly, results in more homogeneous incorporation of the dicarboxylic acid in the

entire membrane.

The addition of another compound to the electrospinning solution may however introduce
difficulties for electrospinning as it can influence the properties of the solution. Figure 47
displays the comparative study between fibres obtained through electrospinning of merely
PiPOx and those from the one-pot method with succinic acid, the latter noted as FRP+X,
revealing that little to no influence is observed from the addition of succinic acid to the
electrospinning solution, thus proving the one-pot method to be very effective. For this study,
all fibres were further electrospun using the one-pot procedure to obtain easily cross-linkable

fibre membranes.
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Figure 47 a) Comparative study of the obtained fibre diameter for electrospinning of PiPOx with (FRP-X) and without (FRP)
succinic acid as crosslinker. b) SEM image of fibres co-electrospun with succinic acid.

3.4.3 Fibre crosslinking
As abovementioned, succinic acid is evenly distributed through the nanofibrous mats by co-

electrospinning of PiPOx and succinic acid. By applying a thermal treatment of 140 °C for 5
hours, the fibres can be efficiently cross-linked, allowing succinic acid to engage in
intermolecular ring-opening addition reactions linking two PiPOx units to construct the

crosslinked nanofibrous network, as is shown in Figure 48.



64 3.4 Electrospinning

Figure 48 Schematic representation of crosslinked PiPOx nanofiber networks.

The primary crosslinking of the membranes is critical for further procedures. As mentioned
before, PiPOx itself has a high solubility in a range of solvents. However, if the material is to
function as a dye support material, the membrane must remain insoluble and stable in humid
environments, as moisture is surely present within food packaging. The stability of the
nanofibrous membranes after crosslinking was confirmed through water stability tests. The
solubility test revealed the clear difference between fibres before and after heat treatment as
the non-crosslinked fibres obtained after co-electrospinning dissolved instantaneously, while
the crosslinked fibres obtained after heat treatment remained stable throughout the whole

test. Snapshots of these tests are displayed in Figure 49.

Figure 49 Water stability test with a) non-crosslinked fibres, b) crosslinked fibres.
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To confirm the proposed crosslinking reaction between succinic acid and the PiPOx chains, IR
spectroscopy was performed for both non-crosslinked and crosslinked membranes. These
spectra, displayed in Figure 50, show the appearance of a peak at ca. 1727 cm* indicating the
ester bond formation as a result of the ring-opening addition reaction, thus further confirming

the effective crosslinking.
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Figure 50 IR spectra of non-crosslinked (top) and crosslinked membranes (bottom).
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3.5 Fibre functionalisation
Besides crosslinking the fibres into a network, functionalisation of the membranes with

stimuli-responsive groups (e.g., dyes) is required to obtain stable, functional sensor
membranes. Due to the nature of the PiPOx material, the possibility exists to conduct this

either in a two-step or a one-pot fashion.

3.5.1 Two-step functionalisation
The first discussed technique is two-step functionalisation. The two steps imply the separate

functionalisation with firstly, succinic acid, cross-linking the material to obtain the network, as
was discussed in the previous section, and secondly, immobilizing the dye compounds upon
the carrier network material. To functionalise the membranes with the respective dyes, the
networks were simply soaked in a DMF solution containing a specified dye concentration at
elevated temperatures of 140 °C for 24h to allow the conjugation to take place. Afterwards,
the dye-modified membranes were washed to remove any remaining unbound dye and dried
to obtain the final functionalised membranes. The different steps of the procedure are
displayed below in Figure 51. As this technique is simple and accessible, it allows for quick
optimisation. Due to the adaptable nature of the two-step procedure, minor alterations to the
general methodology could be performed to obtain optimal outcomes, in terms of amounts

of immobilised dye and observed response intensity, for each separate dye.
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Figure 51 Schematic procedure of the dye modification procedure for the crosslinked PiPOx fibrous mats.

11100

A quick visual test confirmed that the colour responsiveness was retained after immobilization
of the dyes on the membranes. The testing was performed by administering propylamine (PA),
hydrochloric acid (HCl), and butanethiol (BT) gasses to the Ci, Cs, and Cs functionalised

membranes, respectively. The results, as displayed in Figure 52, demonstrate that all three
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dyes have retained their responsiveness after immobilization on the nanofibrous material. The
C1 membrane was revealed to be deprotonated after synthesis, revealing a yellow colour.
After protonation with acid, the membrane obtained a clear orange colour, which returned to
yellow after deprotonation by PA gas. The C2 membranes, on the other hand, showed to be
responsive to administered HCl gas as the colour transitioned from red to purple after
protonation. Finally, the Cs fibres revealed a colour change from white to a yellow-orange

intermediate after several minutes of exposure to BT gas.

Figure 52 Colour response test of functionalised PiPOx membranes with C; (left), C4 (middle), and Cs (right) towards PA, HCI,
and BT respectively.

3.5.2 One-step functionalisation
A one-step functionalisation procedure was also investigated in which both the crosslinking

and dye immobilisation are combined into one step. To do so, both the dye and the succinic
acid crosslinker are incorporated in the PiPOx fibrous membranes through the electrospinning
procedure. Together with the succinic acid, the dye is added to the initial polymer solution
and electrospun within the entire membrane. The electrospun membranes are then thermally
treated, allowing both succinic acid and the dye compound to react with the pendant 2-
oxazoline rings, achieving crosslinking and dye immobilisation at the same time. This
technique requires less dye usage as electrospinning in presence of the dye results in a more
efficient, near quantitative, inclusion of the dye within the membrane. Furthermore, it has no
further need for any additional steps except for the thermal treatment step, thus allowing for

a more efficient procedure for membrane functionalisation.

The one-pot electrospinning, including both succinic acid and compound Ci1, was performed
to evaluate its responsiveness to analytes. The obtained fibres were heat-treated at 140 °C,
allowing the conjugation of the compounds, after which a response test was performed using
PA. The outcome of the test, as displayed in Figure 53, proved the technique to be effective

as a visual response was observed through deprotonation.
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Figure 53 Colour response of one-step functionalised C; membranes, protonated (left) and deprotonated state (right).

Although this technique provides advantages compared to the two-step functionalisation
method, it was found that a time-consuming optimisation was required for the
electrospinning procedure in presence of the dye indicating that the polymer solution is
significantly altered due to the presence of the dye. The changed properties influence the
electrospinning outcome and therefore require a new optimisation procedure to maintain
highly defined nanofibers. Secondly, compared to the more common DMF electrospinning
solvent, in which most dyes are soluble and also used in the two-step functionalisation
process, the water and ethanol mixture from the electrospinning procedure gives rise to
solubility problems of the dye molecules. To optimise all these parameters more research is
required for which no time was available in this master thesis project. Therefore, the two-step
procedure was implemented for the membrane functionalisation for the membranes that
were used for more in-depth evaluation of the sensing properties as well as the earlier

mentioned additional WS-300 membranes.
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3.6 Membrane response rate analysis
Quantitative analysis of the colorimetric response from the functionalised networks was

performed through reflective UV-Vis spectroscopy. In this reflective UV-Vis setup, a second
important aspect is determined, being the responsiveness of the fibres towards analytes in
the gas phase. This is important as the final application requires the sensor to function within
the headspace of food packaging. To mimic these conditions, small amounts of analytes are
deposited on the bottom of the cuvette. Subsequently, a small piece of a functionalised sensor
membrane was placed on the wall of the cuvette, preventing direct contact with the analyte.
The cuvette was capped to allow the analyte to evaporate in the headspace and to reach its

liguid-gas equilibrium. Upon equilibrium, the sample was measured.

Initially, the data of these experiments were measured as reflection intensities and were
transformed to a value representing the absorption per wavelength. This is performed by

using the Kubelka-Munk equation, which transforms the measured absolute reflectance Roo
to K, the absorption coefficient, over S, the scattering coefficient. The K/S value can be used

as a representative value for absorption thus allowing for better comparison between

reflective UV-Vis and transmission UV-Vis spectra.

K (1 - Roo)?

S 2R

3.6.1 (E)-4-((4-hydroxyphenyl)diazenyl)benzoic acid

The response of compound C; is targeted to detect a basic pH through acid-base interaction
with amines. As mentioned earlier, preliminary tests revealed that the C; functionalized
membranes were deprotonated after synthesis, obstructing their use for the detection of
basic compounds, i.e., amines. Therefore, the fibre was pre-treated through the addition of
hydrochloride gas, resulting in orange colour. The halochromic behaviour, shown in Figure
54a, displays the initial bathochromic shift with a new absorption maximum at 440 nm from
the protonation of the sensor after hydrochloride gas treatment. The addition of propylamine
(PA) to this protonated network returned it towards the initial deprotonated state. A
hypsochromic shift was observed as the absorption at 440 nm diminished, giving rise to the
absorption maximum at 360 nm. The accompanying fibre pictures display the different colour

states of the fibre membranes, as the initial deprotonated fibre has a yellow colour which
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turns to a distinct orange colour upon protonation, to finally return to the deprotonated

yellow state after in response to PA.

In the next step, the effectiveness of detection for secondary and tertiary amines was
evaluated using diethylamine (DEA) and triethylamine (TEA). Furthermore, the sensitivity of
the sensors was analysed through testing at equilibrium concentrations of 100 ppm of the
analytes in the gas phase. The results, as displayed in Figure 54b, confirmed the capability of
Cinetworks to detect each of the three groups of primary, secondary and tertiary amines, as
well as proving successful detection of analyte concentrations as low as 100 ppm within the

gas phase. Visually, the tested sensors displayed a colorimetric change, ranging from orange

to yellow.
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Figure 54 Response rate analysis of C; functionalised membranes towards a) Propyl amine after HCI pre-treatment. b) 100
ppm concentrations of primary, secondary, and tertiary amines (PA, DEA, and TEA) after HCI pre-treatment.

3.6.2 Linker-Disperse Red 1
The second pH-responsive dye, Cs, was tested through the administration of HCI gas to the

cuvette containing the C4 functionalized PiPOx membranes. The obtained results are displayed
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in Figure 55. The presence of the acid swiftly transitioned the sensor from the initial red colour
to a deep purple colour, indicating the protonation of Disperse Red 1. The initial absorption
maximum at 494 nm red-shifted towards 510 nm. Furthermore, the entire absorption

spectrum revealed this bathochromic shift, which caused the clear shift to the purple colour.
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Figure 55 Response rate analysis of C4 functionalised membranes towards protonation with HCI.

3.6.3 Ellman’s reagent
The final PiPOx membrane, modified with Cs, was tested for thiol responsiveness through

administration of butanethiol (BT) in the closed cuvette. The test, as shown in Figure 563,
revealed a response to the BT as the absorption pattern of the functionalised network itself
lies mostly outside of the visible spectrum, thus resulting in a colourless membrane, where
administration of the BT gave rise to the characteristic absorption peak of 2-nitro-5-
thiobenzoate at 435 nm. As mentioned earlier, the colour response of Ellman’s reagent is
caused by cleavage of the central disulfide bridge, resulting in the formation of 2-nitro-5-
thiobenzoate having a characteristic yellow colour. Since the sensor response was rather slow,
it was expected to be accelerated in a basic environment due to the deprotonation of the thiol
functional group. To investigate this hypothesis, PA was added to the cuvette together with
BT, resulting in an instant orange colouration of the fibre network. A control experiment with
merely the addition of PA gave the same colorimetric response, indicating that Ellman’s
reagent is also responsive to primary amines due to their basicity. In literature, it was reported
that the reagent underwent hydrolytic cleavage in environments with a pH above 9 resulting
in similar cleavage products.’3%132 Furthermore, when the C3 functionalised networks were
exposed to tertiary amines, no instantaneous orange response was observed nor its respective

absorption peak at 465 nm appeared. When left for longer reaction times, the same result as
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with the PA was observed. However, if BT and TEA gas were both added to the fibres, an
instantaneous response was also noted indicating the accelerating effect of the basic
environment towards thiol detection. The results displayed respectively in Figure 56b and 56¢
indicate two important results. Firstly, it displays the responsiveness of C3 towards different
analytes, such as BT, PA, and TEA. Secondly, it confirmed the dual effect of both BT and a base
to further enhance the response of C3 functionalised networks. These results indicate that this
is a valuable sensor for spoilage detection, however, the results cannot be simply interpreted

as thiol detection.
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3.7 Real-life samples
As a final proof-of-concept, the developed sensor materials were evaluated with real food

samples to evaluate the effectiveness of the designed nanofiber sensor array. During this
preliminary test, the spoilage of the food products could be detected in both ambient air and

nitrogen atmosphere.

3.7.1 Ambient air atmosphere
The first set of tests were performed with chicken, cod, and beef samples that were placed in

a container with ambient air at room temperature in presence of the sensor array. The

obtained pictures from the sensor arrays throughout the test are displayed in Figure 57.
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Figure 57 All pictures contain from left to right three networks functionalised with Cs4, Cs, and C;. The columns contain the
sensor array timeframe pictures monitoring responses towards chicken (left), cod (middle), and beef (right) samples in
ambient air.

The leftmost membrane, functionalised with Ca, was anticipated to show the hypsochromic
shift upon protonation in the acidic environment. However, in all three tested samples, no
clear visual colour shift was observed, thus indicating an insufficient concentration of acid for

protonation. As the fibre was shown to be responsive in section 2.6.2, it indicates that the
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effective acid detection range of the described sensor lies outside of the region of interest in

the food spoilage environment.

The second sensor membrane, functionalised with C3, showed a visual colour change in all
three samples, albeit in different timeframes. In the cod sample, the colour change from
yellow to orange was observed at the 48-hour mark. The chicken sample only revealed minor
colour changes at 48 hours and a clear colour change at 74 hours. Lastly, the sensor in
presence of the beef remained unchanged for the first 72 hours of the experiment. Only after
2 more days of further decay, a clear visual shift was observed as it fully transitioned into an
orange colour. As the proof-of-concept was indicated for all three samples, these results are

promising for further investigation.

The third membrane, carrying the Ci1 sensor dye, showed the halochromic shift after a couple
of minutes of being inside the container with the food samples. It is suspected that the dye
sensor is possibly too sensitive resulting in quick deprotonation due to low concentrations of
base present in the headspace of the sample. Therefore, optimisation is required to optimise

the sensor functioning for food packaging.

To further quantify the observed results in function of the colour change, this visual study was
complemented by euclidean colour distance (ECD) calculations. Through the obtained ECD,
this study attempts to provide the first step towards automatization of colour analysis, as the
colour distance can allow objective classification of the analysed samples. The obtained
results, as shown in Figure 58, display the calculated ECD throughout the different timeframes,
always using the initial picture as the reference point. After 48 hours, a change in ECD value
can be observed in all three samples for the C1 and C4 sensors, respectively sensing for a basic
and acidic pH. However, as was indicated in Figure 57, C4 displayed no visible change in colour
throughout this timeframe. This proves that an average of 70 to 100 ECD is required to obtain
a visual response signal, as lower ECD values were no longer visible to the naked eye.
Furthermore, after excluding the observation at the 24-hour mark due to using a very different
exposure when making the photograph, a similar progression pattern is seen for Cs, the thiol-
sensitive sensor, in both chicken and cod as visible changes were observed after 48 hours,
which was confirmed by ECD analysis. The beef test, on the other hand, only displayed a rise
in ECD after 72 hours, similarly to the first observed colour changes after this timeframe.

However, our results demonstrate that the euclidean distance does not perform well under
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changes in the exposure and illumination when taking the pictures. The obtained data point
at 24 hours is therefore considered as an outlier for ECD evaluation, due to a different
illumination, which influences the RGB values. Out of these preliminary results, it is possible
to narrow down the timeframe in which food spoilage occurs under an ambient atmosphere
at room temperature. This experiment thus further underlines the need for an optimised
method of evaluation as continuity and exclusion of external factors is critical in obtaining
significant and reliable outcomes. Further broadening of the sensor array, however, may
improve the observed results of the ECD experiment due to the increase in vector dimension.
Every addition to the sensor array will add an overall dimension increase of 3, leading to an
enhanced categorical classification. Finally, the starting and the final colours were equal for
all food product types, while a different time evolution was observed, depending on sample
composition. This evidence is of paramount importance as it underlines the successful proof-

of-concept for the here developed food spoilage sensor array.
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Figure 58 Euclidean colour distance for sensors in ambient air, chicken (left), cod (middle), and beef (right).

Within the scope of further valorisation, the use of the commercially available polymer WS-
300 (Nippon Shokubai) was included in this research. The functionalised membranes were
tested toward real-life samples within the same setup used for the PiPOx membranes based
on the PiPOx synthesized by solution FRP. Response rate analysis was limited to only a cod
sample in the air to determine its responsiveness to analytes produced during spoilage. The
obtained timeframe pictures and ECD analysis are displayed in Figure 59a and 59b. As a similar
colour evolution can be observed compared to the initial proof of concept, no indication was
found that the WS-300 terpolymer’s hydrophobic groups influence the sensor response in a
negative way. Furthermore, in the ECD analysis, a gradual change can be noted over time

resulting in the visible colour shift. Therefore, indicating the potential of WS-300 as a
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replacement for home-made PiPOx homopolymers and its further valorisation as versatile

nanofiber network material for sensor arrays.
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Figure 59 a) All pictures contain from left to right three WS-300 based networks functionalised with C4, Cs3, and Cy. Sensor
array timeframe pictures are depicted, monitoring responses towards cod samples in ambient air containing networks
functionalised with Cy4 (left), Cs (middle), and C; (right). b) Euclidean colour distance for WS-300 sensors for cod sample in
ambient air.

3.7.2 Nitrogen atmosphere
The second set of tests was performed under a nitrogen gas atmosphere to mimic food

packaging conditions in absence of oxygen. Now only including cod and chicken as these
samples provided the fastest results during the initial proof-of-concept. The obtained results,
displayed in Figure 60 illustrate a similar trend compared to those in air. Some colours appear
to show stronger shifts compared to the previous test, however, this is more likely due to
batch-to-batch differences in the membranes themselves, rather than due to influences from

the environment.
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Figure 60 All pictures contain from left to right three networks functionalised with C4, C3, and C1. The columns depict sensor
array timeframe pictures monitoring responses towards chicken (left) and cod (middle) samples under nitrogen atmosphere.

Similar results were observed within the nitrogen experiments. The C2 membranes revealed
no clear colour response. The membranes modified with C3 again illustrated a clear colour
response due to spoilage of the sample, thus effectively indicating the presence of spoilage
metabolites. The C1 membrane also behaved similarly to the initial tests under ambient
atmosphere, as it turned to its deprotonated state within minutes, resulting in the orange to
yellow colour shift, before actual spoilage processes took place. Additionally, during the ECD
analysis, displayed in Figure 61, a general increase in the colour distance throughout the
experiment for each of the fibres was noted. However, the lack of consistent illumination
while taking the photographs only allows a general interpretation of the results. Nonetheless,
these results further support the proof-of-concept of this sensor array for detecting food
spoilage. The inert environment within the container also promotes the growth of different
bacterial species in comparison to those present in the ambient air environment, as was
mentioned under section 1.5.1. The sensors, however, displayed no differential behaviour to
the presence of the other species, further indicating that the concept of this type of sensor

material is a promising candidate for detection in food packaging. However, the results again
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demand further research and optimisation of the sensor dyes and their read-out to improve
the value of the sensor array results.
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Figure 61 Euclidean colour distance for sensors in a nitrogen environment, chicken (left) and cod (right).
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4. Conclusions and future work

Within this project, the synthesis, processing and photophysical properties of several modified
nanofiber networks, based on poly(2-isopropenyl oxazoline), with analyte-responsive dyes
were investigated. This project aimed at developing a colorimetric nanofibrous sensor array
able to detect premature spoilage in food packaging applications. From this work, several
conclusions can be drawn, regarding both the applied materials, their colour response, and

the use of sensor arrays for detecting food spoilage.

Firstly, the choice of the base material, PiPOx, allowed via solvent electrospinning the facile
production of narrow nanofibers with excellent tunability from green, sustainable solvents.
Moreover, through the presence of pendant oxazoline groups in the sidechains, the PiPOx
membranes could effortlessly be crosslinked into the respective nanofibrous networks by
introducing a dicarboxylic acid functional molecule into the nanofibrous membranes during
electrospinning. Within this study, this resulted in a versatile platform with potential for
further functionalisation. Put into a broader context, PiPOx nanofiber networks can be
implemented as a hydrophilic base material for various applications outside of the food

spoilage scenario.

Secondly, from the applied analyte-responsive dyes, only Ellman’s reagent provided an
adequate colour response during the real-life sample spoilage tests. Although all dyes retained
their specific response on the fibre matrix, it can be concluded that the sensor array should

be expanded with halochromic dyes responsive within the region of interest.

Thirdly, the choice of optical sensors for food spoilage detection provides this sensor system
with an output signal with no need for advanced analysis and/or skilled personnel as colour-
based signals can be interpreted using only the naked eye. Furthermore, through image
analysis, processing of photographs of the sensor array, taken by a smartphone, can be
conducted in an automated manner via the herein described ECD analysis. The analysis, albeit
limited at this point, was shown to have the potential for optimisation to eventually function
as the basis for automated colour difference analysis. Through the application of smart
devices, such as a common smartphone, automatic image analysis and pattern recognition

can be effortlessly performed on the sensor array. This could allow the devices to make
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categorical classifications on the edibility of food products based on a single image of the
sensor array. This, however, first implicates optimisation of the procedure, since external
factors such as illumination can greatly influence the obtained results, as seen within this

project. To this extent, a calibration spot can be incorporated to prevent false positives.

As a general conclusion, we can say that the potential of PiPOx-based nanofibrous networks,
capable of facile functionalisation, and its wide applicability cannot be underestimated.
Although the designed nanofibrous sensor array provided proof-of-concept, it needs to be
critically reviewed before further industrial-scale potential can be achieved. To industrialise
the implementation of a sensor array onto food packaging, an on-line approach (e.g., inkjet
printing) will be required rather than the two-step functionalisation method. Effective
implementation of this procedure as well as the dye immobilization forms the new challenge

for future research.

As the current aim for the application was focussed only on quality assessment of the food
product through the detection of certain spoilage analytes, future work could include
analysing the potential of colorimetric sensors as effective replacements for the currently
used expiration dates. This would include measuring the membrane response rates in
combination with continuous analysation of the packaging headspace for the presence and
concentration of multiple food spoilage VOCs, for example through solid-phase
microextraction linked to gas chromatography and mass spectrometry (SPME-GC-MS) as well
as microbiological assessment of the growing microflora, to further fine-tune the sensitivity

of the sensor.

In conclusion, both aspects of the master thesis, being the PiPOx nanofiber network and the
designed sensor array, were proven to be effective as the final application displayed a colour
change upon food spoilage without compromising the stability of the fibre network. By this,
various ways could be explored to further optimize the colour response and design an

accurate sensor network.
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