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“Conceiving freedom as the multiplication and quick gratification of desires, 

men distort their own nature as they generate in themselves many senseless and 

foolish desires and habits, many foolish fantasies. They live only to envy one 

another, out of lust and ostentation. Dining, travelling, owning carriages, ranks 

and servants to look after them, these are all considered needs for which it is 

worth sacrificing even one's life, honour, love of one's neighbour; and men are 

ready to kill themselves if they cannot satisfy these needs.” 

 

Fëdor Michajlovič Dostoevskij 

The Brothers Karamazov 
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Abstract 

Food, water, and sleep form the foundation of human needs, all of which are indispensable. 
However, unlike sleep, food and water have historically been beyond direct human control. 
Since ancient times, hunter-gatherers have migrated in search of these essential resources. 
The advent of agriculture marked a turning point, allowing humans to settle in one place, 
solving the challenge of food acquisition but introducing new problems. Food preservation 
and protection from pests became critical issues, and despite over 12,000 years of progress, 
some challenges still remain. While refrigeration and pesticides have significantly mitigated 
these challenges, food spoilage persists, and pesticide residues continue to contaminate our 
food. In this context, sensors present a promising solution, enabling real-time monitoring 
of food spoilage and pesticide contamination.  

In this work, we developed two fluorescent probes for the detection of the pesticides 
chlorpyrifos and dimethoate, as well as a sensor for ammonia, a common byproduct of food 
spoilage. The first probe leverages a naturally occurring phenomenon, the hydrolysis of 
organophosphates pesticides. By accelerating this reaction using concentrated NaOH, we 
detected the hydrolysis byproduct rather than the pesticide itself. While organophosphates 
are relatively unreactive, their breakdown products are much easier to identify. Specifically, 
we employed a coumarin-based dye to detect methylamine, achieving a detection limit of 
3.2 µg/L, well below globally established regulatory limits in USA, China, Brazil, Russia 
and India. The probe was also tested in green tea, yielding a recovery rate of 95.4%. 

The second probe was inspired by medical applications, where oximes are commonly 
used as antidotes for OP poisoning. We selected a fluorescent dye featuring an oxime 
functional group, which, when deprotonated, acts as a potent nucleophile. Since the oxime 
in water would compete with hydroxide ions (necessary for the oxime activation) for the 
pesticide, we employed a non-nucleophilic phosphazene base, P4, to facilitate the reaction. 
This approach enabled the detection of chlorpyrifos at concentrations as low as 15.5 µg/L, 
a value below regulatory limits in several countries (India, China, Brazil and Russia). The 
method was further validated using a tap-water extracted matrix. 

Additionally, we developed a sensor based on reduced graphene oxide for ammonia 
detection. Reduction of graphene oxide was achieved using low-pressure H2 plasma, and we 
systematically investigated the effect of reduction time on sensor performance. Our findings 
revealed a transition from chemisorption-dominated to physisorption-driven sensing with 
prolonged reduction times. The optimal sensor, obtained after 20 seconds of plasma 
treatment, exhibited the highest sensitivity (relative resistance change), reaching 23.9% at 
100 ppm and 47.1% at 1049 ppm, while maintaining good reversibility. Furthermore, tests 
conducted in ambient air confirmed the sensor’s reliability. 

This work demonstrates the potential of fluorescence-based probes and graphene-based 
sensors in addressing food safety challenges, providing innovative approaches for pesticide 
detection and spoilage monitoring. 
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Povzetek 

Hrana, voda in spanje predstavljajo temeljne človeške potrebe, ki so vse nepogrešljive. 
Vendar pa sta hrana in voda, za razliko od spanja, zgodovinsko gledano ostali izven 
neposrednega nadzora človeka. Od pradavnine so se lovci in nabiralci selili v iskanju teh 
ključnih virov. Pojav kmetijstva je pomenil prelomnico, saj je ljudem omogočil naselitev 
na enem mestu, s čimer so rešili izziv pridobivanja hrane, vendar pa so se pojavile nove 
težave. Ohranjanje hrane in zaščita pred škodljivci sta postali ključni vprašanji in kljub 
več kot 12.000 letom napredka nekatere težave še vedno ostajajo. Čeprav so hladilniki in 
pesticidi znatno omilili te izzive, je kvarjenje hrane še vedno prisotno, ostanki pesticidov 
pa še naprej onesnažujejo našo prehrano. V tem kontekstu predstavljajo senzorji obetavno 
rešitev, saj omogočajo sprotno spremljanje kvarjenja hrane in kontaminacije s pesticidi. 

V tem delu smo razvili dve fluorescenčni sondi za detekcijo pesticidov klorpirifos in 
dimetoat ter senzor za amonijak, ki je pogost stranski produkt kvarjenja hrane. Prva sonda 
izkorišča naravno pojavnost, hidrolizo organofosfatnih pesticidov. S pospeševanjem te 
reakcije z uporabo koncentrirane NaOH smo zaznali produkt hidrolize namesto samega 
pesticida. Čeprav so organofosfati razmeroma nereaktivni, je njihove razgradne produkte 
veliko lažje identificirati. Posebej smo uporabili barvilo na osnovi kumarina za detekcijo 
metilamina in pri tem dosegli mejo zaznave 3,2 µg/L, kar je bistveno pod svetovno 
določenimi regulatornimi mejami v ZDA, na Kitajskem, v Braziliji, Rusiji in Indiji. Sondo 
smo testirali tudi v zelenem čaju in dosegli izkoristek 95,4 %. 

Druga sonda je bila navdihnjena z medicinskimi aplikacijami, kjer so oksimi pogosto 
uporabljeni kot protistrupi pri zastrupitvah z organofosfati. Izbrali smo fluorescenčno 
barvilo z oksimsko funkcionalno skupino, ki v deprotoniranem stanju deluje kot močan 
nukleofil. Ker bi oksim v vodi tekmoval s hidroksidnimi ioni (ki so potrebni za aktivacijo 
oksima) za pesticid, smo uporabili nenukleofilno fosfazensko bazo P4 za pospešitev reakcije. 
Ta pristop nam je omogočil zaznavo klorpirifosa v koncentracijah že od 15,5 µg/L, kar je 
pod mejami, določenimi v več državah (Indija, Kitajska, Brazilija in Rusija). Metoda je 
bila dodatno potrjena z uporabo matriksa, ekstrahiranega iz vodovodne vode. 

Poleg tega smo razvili senzor na osnovi reduciranega grafenskega oksida za zaznavanje 
amoniaka. Redukcijo grafenskega oksida smo izvedli s pomočjo nizkotlačne H₂ plazme ter 
sistematično preučili vpliv časa redukcije na zmogljivost senzorja. Naše ugotovitve so 
pokazale prehod od kemisorpcije k fizisorpcijsko dominiranemu zaznavanju pri daljših časih 
redukcije. Optimalni senzor, pridobljen po 20 sekundah obdelave s plazmo, je izkazal 
najvišjo občutljivost, dosegel 23.9 % pri 100 ppm in 47.1 % pri 1049 ppm, hkrati pa ohranil 
dobro reverzibilnost. Poleg tega so testi v zraku potrdili zanesljivost senzorja. 

Ta študija prikazuje potencial fluorescentnih sond in grafenskih senzorjev pri reševanju 
izzivov varnosti hrane ter ponuja inovativne pristope za zaznavanje pesticidov in 
spremljanje kvarjenja hrane. 
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Introduction 

1.1 Food Supply: From a Local to a Global Challenge 

1.1.1 Evolution of human nutrition 

Throughout history human survival and societal development have been deeply intertwined 
with food acquisition. Around 80,000 years ago, early humans began migrating from Africa 
[1-2], adapting to new environments through foraging and hunting [3-4]. The transition to 
agriculture, beginning roughly 12,000 years ago, marked a pivotal shift, enabling permanent 
settlements and fostering the rise of civilizations [5-7]. 

Agriculture developed independently in multiple regions. In the Fertile Crescent, wheat 
and barley were cultivated, while rice and millet thrived in Asia [8-9], and maize and 
potatoes were domesticated in the Americas [10]. The domestication of animals (around 
32,000 years ago [11]) such as cattle and horses further enhanced food production, trade, 
and transportation, strengthening economies and social structures. Early civilizations, from 
Mesopotamia to Mesoamerica, established food storage systems and large-scale processing 
techniques, ensuring sustenance for growing populations [12].  

Trade played a crucial role in food distribution. The exchange of crops and goods, such 
as salt, spices, and grains, connected distant regions and influenced culinary traditions [13], 
[14]. The Columbian Exchange of the 15th and 16th centuries accelerated global food 
integration, introducing new crops and livestock across continents, reshaping diets and 
economies. However, this globalization also introduced vulnerabilities, as reliance on trade 
and monoculture farming led to food shortages and economic instability [15]. 

The industrialization of food in the 19th and 20th centuries revolutionized production, 
preservation, and distribution. Advances such as canning [16-17] refrigeration [18], and 
large-scale agriculture reduced costs and improved food accessibility. However, the modern 
agriculture came with several drawbacks, deepened in the next paragraph, that are 
unsolved today: environmental degradation, loss of dietary diversity [19], pesticide 
pollution, rising health concerns related to processed foods [20-22] and the increasing issue 
of food waste. In addressing these challenges, technology has always played a critical role, 
and sensor development, although in its infancy at the time of early industrialization, has 
now emerged as a powerful tool. As we will explore, modern sensor technologies have the 
potential to tackle these persistent food-related problems by improving supply chain 
efficiency, monitoring food quality, and reducing waste. Today, agricultural trade is valued 
at over $1.75 trillion annually (FAO 2021), and food-processing technologies have enabled 
unprecedented global movement of food products. While international food trade is still a 
small part of the food consumed worldwide, the spread of global brands, culinary 
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knowledge, and advancements in nutrition science has arguably had a more profound 
impact. 

Despite technological progress, food insecurity remains a global challenge. Climate 
change, population growth, and economic disparities threaten stable food supplies, making 
collaboration essential. Throughout history, humanity has overcome food crises through 
innovation and cooperation. Today, just as our ancestors adapted and worked together, we 
too must come together to deal with the complexity of food production and distribution. 

1.1.2 Feeding the future: strategies for sustainable food production 

By 2050, the global human population is projected to reach approximately 9.8 billion [23], 
an increase of nearly 20% from the current 8.2 billion, in 25 years. This population growth, 
combined with climate change and shifts in agricultural practices, poses a significant threat 
to future food security. Given the multidimensional nature of this issue, a comprehensive 
approach is required to mitigate these risks. The World Resources Institute has outlined 
key strategies to ensure sustainable food security, which should be prioritized [24]:  

1. Reduce growth in demand for food and other agricultural products; 
2. Increase food production without expanding agricultural land; 
3. Protect and restore natural ecosystems; 
4. Increase fish supply; 
5. Reduce greenhouse gases (GHG) emissions from agricultural production. 

 
These interrelated objectives present numerous challenges. The first strategy, reducing 

demand for agricultural products, may appear counterintuitive given population growth. 
However, it is crucial to recognize that between one-quarter and one-third of all food 
produced is wasted annually [25]. This amounts to approximately 1.3 billion tons, a 
quantity sufficient to feed an additional 2 billion people [26]. Consequently, current food 
production levels could adequately support the projected 2050 population if waste is 
minimized.  

One approach to reducing food demand is the adoption of more sustainable diets, 
incorporating increased consumption of plant-based foods and alternative protein sources 
such as insects. This dietary shift would reduce land use and GHG emissions, since animal 
product produce more GHG and requires more soil compared to plants to provide the same 
amount of kcal [27-29]. Additionally, mitigating competition between food and bioenergy 
production is essential. Contrary to popular belief, biofuels are not inherently carbon-
neutral; their production consumes land and water resources, increases pesticide use, and 
contributes to GHG emissions upon combustion [30-32].  

Another viable measure to reduce food demand is stabilizing fertility rates at 
approximately two children per woman, thereby limiting future food requirements. While 
direct interventions to regulate fertility rates may be ethically contentious, research has 
demonstrated a strong correlation between higher levels of education, particularly among 
women, and lower fertility rates [33-35]. Thus, investments in education not only contribute 
to the development of women itself, but also play a crucial role in global food security and 
broader environmental sustainability. 

The second objective, enhancing agricultural productivity, necessitates improvements 
in livestock management, fertilization, feed quality, and veterinary care. Selective breeding 
[36], rotational grazing [37-39] and optimized pesticide application (as only 1% of pesticides 
effectively target pests) are also critical strategies [40]. 
Additionally, advancing crop breeding through genomic selection [41-42] and enhancing 
water and soil management techniques, such as rainwater harvesting and agroforestry, are 
vital components of sustainable agricultural intensification [43-44]. 
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The third priority, protecting and restoring natural ecosystems, has become increasingly 
critical in the context of climate change. Governments can influence land-use patterns 
through predictive models that assess crop yields, biodiversity impacts, and climate effects. 
These tools should guide regulatory frameworks for land use, infrastructure development, 
and public land management. Strategies should include directing agricultural expansion 
toward low-impact areas, reforesting degraded farmland, and conserving peatlands, which 
currently account for 5–10% of global anthropogenic carbon dioxide emissions due to land-
use changes and drainage [45-46].  

The fourth goal, enhancing fish supply, faces significant challenges, including 
overfishing [47-49] and rising ocean temperatures. Achieving this objective requires 
improved wild fishery management, particularly in underutilized regions, alongside the 
expansion of aquaculture [50]. In 2020, aquaculture accounted for 46% of global fish 
production. Sustainable aquaculture practices, including selective breeding, improved feed 
formulations, disease management, water recirculation systems, pollution control measures, 
and spatial planning for new marine farms, are essential for meeting future protein demands 
while minimizing environmental impact [51-53]. 

Finally, mitigating GHG emissions from agriculture is a central challenge of the 21st 
century. Currently, food production accounts for approximately one-quarter of global GHG 
emissions [54-55]. While drastic reductions in emissions are unlikely due to rising food 
demand, mitigation strategies aim to maintain current emission levels through 2050. 
Ruminant livestock are responsible for approximately half of all agricultural emission [56], 
primarily due to enteric fermentation, which releases mainly methane, that has 28 times 
greater global warming potential than CO2 on a 100-year timescale. Reducing these 
emissions can be achieved by improving ruminant productivity [57-58] and incorporating 
methane-reducing feed additives [36-39]. Manure management is another critical area where 
government policies and financial incentives can promote technological advancements and 
best practices [63-64]. Enhancing fertilizer efficiency, particularly nitrogen (N) fertilizers, 
is also crucial, as current nitrogen use efficiency ranges from 30% to 53%, leading to 
significant losses [65]. Excessive nitrogen application, low plant density, and inefficient 
application methods contribute to these losses [66]. 

Furthermore, rice cultivation is a significant source of CH4 and N2O emissions. Methane 
emissions arise from the anaerobic decomposition of organic material in flooded rice fields, 
while N2O emissions result from excessive nitrogen availability in soils and manure 
applications [67-68]. Addressing these emissions requires improved water and nutrient 
management. Additionally, transitioning agricultural energy sources toward renewables for 
ploughing, irrigation, fertilization, and harvesting [69], is a critical step toward 
sustainability. Achieving these transformations will necessitate not only technological 
innovations but also systemic socio-economic transitions in a co-evolutionary manner [70]. 

These challenges require the creation and enhancement of models to predict and 
monitor the impact of our decisions and also to provide information to the end user, to 
minimize waste production and understand the impact of our choices. To ensure these 
models remain reliable and to provide up to date information, an increasing amount of 
data will be produced and needed. This is where sensors can play a crucial role. Their 
miniaturization and relatively low cost enable widespread deployment, allowing them to 
become part of the Internet of Things (IoT), where they continuously transmit data and 
provide real-time information. In this thesis, I aimed to contribute to these innovation 
pathways by developing new sensors for food safety and quality. 
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1.2 Food Spoilage 

To achieve the goal of reducing food demand, one of the most effective actions individuals 
can take is minimizing food waste. In Europe, households account for an astonishing 53% 
of food waste within the supply chain [71]. While this may be surprising, it also underscores 
the significant impact that each individual can have in addressing this issue. But why does 
this happen? As with most complex challenges of the modern era, there is no single, 
straightforward answer. Several factors contribute to food waste, including purchasing or 
cooking excessive amounts, failing to create or adhere to a shopping list, inadequate meal 
planning, neglecting to conduct a food inventory before shopping, making impulse 
purchases, and discarding food that has exceeded its shelf life [72-73]. While some of these 
issues cannot be easily addressed through natural sciences, the expiration date of a product 
is something that can be scientifically determined. Over the years, significant advancements 
have been made in this field, providing consumers with improved food management 
systems. However, these systems have inherent limitations, as their predictive models rely 
on a strictly maintained cold chain and packaging integrity [74]. Additionally, fresh 
produce, home-cooked meals, and certain refrigerated foods do not come with a 
predetermined expiration date. A potential solution to this problem is a “smart” 
refrigerator equipped with artificial intelligence, capable of assessing the shelf life of stored 
items and suggesting meal plans to minimize food waste. Research is actively moving in 
this direction, with the development of sensors that can detect signs of spoilage in real time 
and determine when food is no longer safe for consumption [75]. To create these sensors, it 
is first necessary to understand the chemical compounds produced during food aging. To 
do so is important to know the food composition which is biological raw materials that 
inevitably deteriorate over time. The food composition changing over time is crucial in the 
creation of sensors, since they have to precisely understand when the food is spoiled. But 
when is it spoiled? Generally, it is deemed spoiled when it becomes unacceptable to 
consumers. In the worst-case scenario, consumption poses a health risk. However, spoilage 
can also occur in less severe forms, such as changes in colour [76] (fig. 1), flavour, texture, 
or aroma that render the food unappetizing. Additionally, the depletion of essential 
nutrients may cause the product to no longer meet its declared nutritional value [77].  

In this thesis, I have focused on the gases produced during the decomposition of food, 
since measuring their concentration can provide clear indications of the aging of certain 
type of food, and consequently whether if it is still safe for consumption. 

Figure 1: Meat colour changes due to spoilage. 
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1.2.1 Gas production due to food spoilage 

Food spoilage and ripening are influenced by multiple factors, but monitoring these 
processes can help reduce food waste. A key aspect of food degradation is the release of 
various gases, which can be detected and correlated with spoilage. This presents an 
opportunity for effective monitoring and early intervention [78]. Fruits, for example, can 
be categorized into two main groups: climacteric and non-climacteric. The key distinction 
between them is that climacteric fruits produce ethylene during ripening, whereas non-
climacteric fruits do not [79]. This explains why bananas can continue to ripen after 
harvesting, while pineapples can only mature while still attached to the plant. Ethylene is 
not only responsible for ripening but can also be used to accelerate the process in fruits 
such as apples, avocados, kiwis, pears, and tomatoes. Additionally, ethylene detection 
allows for better monitoring of fruit maturation [80-81]. Another important indicator of 
food spoilage is hydrogen sulphide, which is particularly relevant in fish and rotten eggs. 
This gas is released due to enzymatic degradation and microbial reduction of sulphate [82]. 
Similarly, carbon dioxide is produced during meat spoilage, making it another gas that can 
be monitored [83-84]. Interestingly, carbon dioxide can also help slow down spoilage by 
inhibiting the proliferation of aerobic microorganisms [85]. Both meat and fish spoilage 
share the common by-products of ammonia [86] and biogenic amines [87] which are 
generated through the decarboxylation of amino acid precursors. Unlike carbon dioxide 
and ethylene, these compounds are highly reactive and significantly contribute to the 
distinct odours associated with spoilage. Ammonia formation occurs due to the activity of 
deaminase enzymes, which remove amino groups from amino acids. This process not only 
produces unpleasant odours but also alters the pH of the food, affecting both its quality 
and safety. 

1.2.1.1 Ammonia (NH3) 

For these reasons, and given that ammonia is one of the most widely produced gases 
globally, reaching 235 million tonnes in 2019 [88], I have focused part of my research on 
developing a sensor capable of detecting ammonia. At room temperature, ammonia is a 
colourless gas with a highly irritating, pungent odour. It possesses alkaline and corrosive 
properties and is also hygroscopic. Approximately 80% of industrially produced ammonia, 
synthesized through the Haber-Bosch process [89], in enormous industrial plant (fig. 2) and 
is used in agriculture as a fertilizer. Beyond this, ammonia serves various purposes, 
including its use as a refrigerant gas, in water purification, and in the production of plastics, 
explosives, textiles, pesticides, dyes, and other chemicals. It is also a key component in 
many household and industrial-strength cleaning solutions [90].  

The properties of ammonia stem from its molecular structure, which adopts a trigonal 
pyramidal shape. The central nitrogen atom has five valence electrons and forms three 
bonds with hydrogen atoms, resulting in a total of eight electrons, or four electron pairs, 
arranged in a tetrahedral configuration. However, one of these pairs is a lone pair, which 
exerts greater repulsion than bonding pairs, reducing the bond angle from the expected 
109.5° (typical of a regular tetrahedral structure) to 106.8°. This shape gives the ammonia 
molecule a dipole moment, making it polar. Its polarity, particularly its ability to form 
hydrogen bonds, allows ammonia to be highly miscible with water. The lone pair also 
makes ammonia a nucleophile and a base, enabling it to act as a proton acceptor in water 
and form the ammonium cation [NH4]+.  

In the food industry, ammonia is primarily recognized for its role in fertilizer production. 
It is commonly combined with nitric acid to produce ammonium nitrate or with carbon 
dioxide to form urea. However, ammonia is not solely a human-made compound, various 
microorganisms generate it by breaking down food sources [91], particularly fish [92]. Hence 
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detecting ammonia in food can provide clear information about the degradation level of 
the food, preventing spoilage and provide consumers with reliable indication about the 
status of stored food. 

Given these considerations, a sensor based on reduced graphene oxide, designed to 
detect ammonia efficiently and contribute to improved food safety has been developed. 

 

1.3 Chemical Pesticides 

Since the end of World War II, synthetic pesticides have played a central role in the 
intensification of agriculture, particularly during the “Green Revolution”. This period saw 
the rapid modernization of farming, supported by significant investments in agricultural 
research and development by both governments and industry. However, the widespread 
use of synthetic pesticides also introduced new, often unseen, risks [93]. The large-scale 
application of agrochemicals resulted in forms of “slow and invisible violence” that affected 
farmworkers and consumers alike. These chemicals were released into the environment in 
massive quantities, millions of tonnes, before their harmful effects were fully understood or 
adequately controlled. Like other pollutants, pesticides have created an unequal 
distribution of health and environmental hazards, disproportionately affecting vulnerable 
populations and ecosystems. 

Dichlorodiphenyltrichloroethane, commonly known as DDT stands out as a landmark 
compound in the history of pesticides. The compound’s global spread during the 1950s and 
1960s (Figure 3, [94]), was fuelled by a confluence of factors, including the efforts of 
transnational institutions, Cold War geopolitical strategies, the chemical industry’s 
growing influence, and the rise of intensive monoculture farming. Media outlets, 
government officials, and networks of scientific experts enthusiastically promoted DDT for 
its dual promise: fighting disease and improving agricultural yields. It became a symbol of 
modern technology’s triumph over pests and disease, and its use was framed within an 
urgent wartime and philanthropic narrative.  

Figure 2: Ammonia production plant. Created by Dall-E. 
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However, this widespread adoption overshadowed early toxicological warnings about 
DDT’s harmful effects on mammals and other wildlife. Public scepticism about its safety 
was met with significant resources devoted to reassuring the public, including campaigns 
that portrayed DDT as harmless and suitable for use not only in agriculture but also in 
homes and hospitals [95]. In the United States, concerns about DDT eventually shifted 
focus to its environmental impact. One of the most alarming indicators of its ecological 
damage was the sharp decline in the bald eagle population, a consequence of the 
compound’s bioaccumulation in the food chain [96]. The issue with DDT was the extremely 
long half-life in the environment (in the soil from 2 to 15 years) leading to unacceptable 
accumulation levels that were causing the thinning of eagle eggs. These concerns were 
brought to the forefront by Rachel Carson’s seminal 1962 book, “Silent Spring”, which 
exposed the ecological and health risks associated with pesticides. Carson’s work sparked 
widespread public awareness and galvanized the environmental movement. This growing 
advocacy culminated in a landmark decision: in 1972, the United States Environmental 
Protection Agency (EPA) banned DDT for agricultural use.  

The ban symbolized a turning point in how society evaluated the trade-offs between 
technological progress and environmental stewardship, underscoring the importance of 
rigorous scrutiny in the use of chemical agents.  

1.3.1 Organophosphates rise 

The decline of DDT and many other organochlorine (OC) pesticides in the 1970s, due to 
their toxic effects on mammals, paved the way for the adoption of a new class of pesticides: 
organophosphates (OP). The term “organophosphate” refers to a broad variety of chemical 
compounds and biomolecules that feature a central phosphate molecule with alkyl or 
aromatic substituents. Examples of such compounds include DNA, RNA, ATP, triphenyl 
phosphate (used as a flame retardant), and tricresyl phosphate (employed as a plasticizer). 

Figure 3: Advertising campaign for DDT in the 1950s. [94] 
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However, the most widely produced and used OPs are pesticides, with glyphosate being 
perhaps the most well-known. 

Initially, OPs suffered from the same high mammalian toxicity issues as their OC 
counterparts. However, the introduction of malathion by American Cyanamid in 1950 
marked a breakthrough [97]. Malathion combined effective insecticidal properties with low 
mammalian toxicity and much faster environment degradation (about 17 days in soil). The 
subsequent development of even less toxic compounds, coupled with growing concerns over 
pest resistance and the environmental persistence of OCs, ushered in a new era for OP 
pesticides. By 1970, annual production of OPs had already exceeded 50,000 tonnes [98]. 
Nowadays they still represent around 40% of the worldwide use of pesticides [99].  

1.3.1.1 Organophosphates in the environment 

OPs application in fields and crops has significant environmental and health implications. 
These chemicals primarily enter the environment through agricultural runoff, direct 
application to crops, accidental spills, and improper handling. Once applied, OP pesticides 
leach into the soil, seep into groundwater, and are carried into surface water bodies through 
irrigation runoff. Additionally, these compounds can volatilize into the atmosphere, 
particularly under high temperatures and windy conditions, contributing to air 
contamination. These pathways expose various ecological and human systems to pesticide 
residues [100]. The pervasive nature of OP pesticides means they pollute multiple 
environmental matrices as can be seen in fig. 4. In aquatic ecosystems, they harm microbial 
populations, disrupt photosynthesis in algae, and reduce biodiversity, affecting the entire 
food chain. In soils, OP pesticides degrade the microbial community, acidify the 
environment, and threaten soil fertility. The compounds also pose risks to terrestrial 
organisms through direct contact or ingestion of contaminated water and plants. In the 
air, pesticide drift and volatilization can lead to respiratory and neurological disorders in 
humans and animals. Chronic exposure has been linked to severe health issues, including 
reproductive problems, genetic mutations, and neurological disorders [101].  

Degradation of OP pesticides occurs through both abiotic and biotic processes. Abiotic 
factors such as hydrolysis, photolysis, and chemical reactions can break down these 
compounds into by-products, that can be also detected to monitor pesticide concentration 
and degradation [102]. The efficiency of these processes depends on environmental 
conditions such as temperature, pH, and the presence of sunlight. Biotic degradation 
primarily involves microbial activity, where bacteria and fungi metabolize the pesticides 
into harmless substances [103]. Some species, such as Pseudomonas and Bacillus, have been 
engineered to enhance the breakdown of specific OP compounds. Despite these degradation 
pathways, many OP pesticides are semi-persistent, with half-lives ranging from days to 
months, depending on their chemical structure and environmental conditions. Chlorpyrifos, 
for example, has a half-life in soil of up to 120 days under certain conditions, highlighting 
the risk of long-term contamination [104]. But the fate of a pesticide does not always end 
when the degradation is completed, since several other byproducts are produced. Notably, 
some of these degradation products can be as toxic, if not more so, than the original 
compounds. For instance, the breakdown of chlorpyrifos results in metabolites such as 
chlorpyrifos-oxon and 3,5,6-trichloro-2-pyridinol, both of which exhibit higher toxicity 
levels compared to their parent compound [105]. Similarly, the degradation of glyphosate 
[106], produces aminomethylphosphonic acid (AMPA), a metabolite that is more persistent 
in the environment and can be more toxic than glyphosate itself. Also, dimethoate [107], 
undergoes degradation in soil, leading to the formation of metabolites such as omethoate, 
which is even more toxic than the parent compound. Furthermore, dimethoate degradation 
can also produce other toxic byproducts that may persist in the soil for extended periods, 
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potentially affecting soil microbial communities and reducing soil fertility. For these reasons 
it is important to monitor also degradation compounds. 

In summary, while OP pesticides play a critical role in agricultural productivity, their 
environmental and health costs necessitate urgent attention. Comprehensive efforts 
combining innovative remediation technologies and preventive measures are essential to 
manage their impact effectively and safeguard ecosystems and human health. However, 
after more than 50 years of activity, alternatives like pyrethroids are in the market, 
especially in the more developed countries, due to their less toxicity. But every chemical 
sprayed bring environmental consequences so now more than ever sustainable alternatives 
are urgent. 

1.3.1.2 Organophosphates mechanism of action 

OPs based their toxicity for insects but also for human on the inhibition of the 
acetylcholinesterase enzyme (AChE). To understand the mechanism of action it is 
important to understand the role of acetylcholine (ACh) functions and chemical properties. 
It is a neurotransmitter composed by an acetyl group bound to a choline (Ch) moiety, 
making it a quaternary ammonium compound. It is a hydrophilic and positively charged 
at physiological pH, which influences its interaction with receptors. The function of a 
neurotransmitter is to transmit signal across synapses, the junctions between neurons or 
between neurons and target cells (e.g. muscle cells). These molecules enable communication 
within the nervous system and between the nervous system and other parts of the body. 
As a result, we are able to contract our muscles and ultimately live.  

OPs interfere with the termination phase of neurotransmission by inhibiting AChE. 
Within the active site of AChE lies a catalytic triad (esteratic site) consisting of serine, 
histidine, and glutamate. This triad plays a central role in hydrolysing ACh under normal 
conditions.  

When an OP molecule enters the active site of AChE, its highly reactive phosphorus 
atom binds covalently to the serine hydroxyl group as showed in fig. 5. The oxygen of the 
serine is electron-rich due to the proximity with the N of histidine, and the result is a very 
good nucleophile capable to attack the phosphate group. This reaction produces a 
phosphorylated enzyme intermediate, which is far more stable than the acetyl-enzyme 

Figure 4: Indian man spraying pesticides in a field. 
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intermediate typically formed during ACh hydrolysis. Over time, the phosphorylated 
enzyme undergoes a process known as “aging”, during which one of the alkyls or alkoxy 
groups attached to the phosphorus atom is lost. This structural rearrangement stabilizes 
the bond between the OP and AChE, rendering the enzyme irreversibly inactivated. Once 
aged, even antidotes like oximes, which are designed to cleave the bond, are ineffective at 
reactivating the enzyme as can be seen in fig. 5 [108]. 

As a result of AChE inhibition, ACh accumulates in the synaptic cleft. This causes 
continuous stimulation of cholinergic receptors, leading to a phenomenon known as a 
cholinergic crisis. The excessive activation of these receptors produces a range of symptoms, 
including salivation, lacrimation, urination, diarrhoea, gastrointestinal distress, and muscle 
twitching, collectively referred to as “sludge” syndrome. In severe cases, this 
overstimulation can lead to respiratory paralysis and failure of the autonomic nervous 
system, potentially resulting in death. 

Luckly, if caught in time this poisoning is not fatal, since antidote like oxime can help 
to reverse the binding between AChE and the OP. Oximes, such as pralidoxime (2-PAM), 
obidoxime, and asoxime, are a class of antidotes designed to reactivate AChE by cleaving 
the covalent bond between the phosphorus atom of the OP and the serine residue in the 
enzyme’s active site as can be seen in fig. 5. These compounds work through their 
nucleophilic properties, exploiting their oxime (-C=NOH) functional group. When an 
oxime is administered, it binds to AChE near the phosphorylated serine residue. The oxime 
group, with its strong nucleophilicity, attacks the phosphorus atom of the OP-enzyme 
complex. This reaction displaces the serine residue and restores the free, active enzyme as 
can be seen in fig 5. The success of this reactivation depends on the structural compatibility 
of the oxime with the phosphorylated enzyme and the time elapsed since OP exposure. 

Figure 5: (a) OP inhibition of AChE (b) subsequent reactivation with oxime [108]. 
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Once “aging” occurs, structural rearrangements in the phosphorylated enzyme result in a 
more stable complex, making it resistant to reactivation by oximes. So, oximes are most 
effective when administered promptly after exposure, before significant enzyme “aging” has 
occurred. However, their effectiveness varies depending on the specific OP compound 
involved, as some OPs “age” more rapidly than others. By restoring AChE activity, oximes 
alleviate the toxic effects of OPs and help normalize cholinergic signalling, underscoring 
their critical role in the management of OP poisoning.  

1.3.1.3 Organophosphates classification and detection methods 

OPs can be broadly divided into various categories based on their chemical structure and 
functional groups as can be seen in fig. 6: 

• Phosphates: Compounds where the phosphorus atom is bonded to four oxygen 
atoms, either directly or through organic groups. These are the simplest form of 
OPs; 

• Phosphorothioates: A subgroup where one of the oxygen atoms attached to 
phosphorus is replaced by a sulphur atom. This substitution has significant 
implications for the compound's activity and toxicity; 

• Phosphorodithioates: Compounds with two sulphur atoms replacing oxygen atoms 
in the structure. These compounds are often pro-pesticides, requiring metabolic 
activation to exert their toxic effects; 

• Phosphonates: In these compounds, one of the oxygen atoms is replaced by a direct 
carbon-phosphorus (C-P) bond. These are less common in pesticide applications. 

• Phosphoramidates: As the name suggests, one of the oxygen atoms is replaced by 
a direct nitrogen-phosphorus (N-P) bond; 

• Phosphoramidothioates: These compounds are a combination of two previous 
group, where two oxygen atoms are replaced by a sulphur-phosphorus (S-P) and 
nitrogen-phosphorus (N-P) bonds; 

• Phosphonofluoridates: These compounds are the most toxic one, and there is a 
bond between fluorine and phosphorus (F-P).  

OPs are usually distinguished by the presence or not of heteroatoms different from oxygen. 
When only oxygen is present (oxon compounds), the effect is a pesticide more reactive and 
more potent AChE inhibitors. The sulphur substitution serves dual purposes: it reduces 
the pesticide's toxicity to non-target species and enhances its environmental stability 
during storage. However, this pro-pesticide required bioactivation in the target organism 
by oxidative enzymes (e.g. cytochrome P450), into more toxic oxon derivatives, which is 
crucial in determining their selectivity and overall toxicity. 
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Nowadays, when it comes to detecting these compounds in food, chromatographic and mass 
spectrometry (MS) methods stand as the gold standard. Techniques like gas 
chromatography-mass spectrometry (GC-MS) and liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) offer unparalleled sensitivity, specificity, and accuracy. These 
methods can detect even trace amounts of pesticides, ensuring food safety and compliance 
with strict regulations. However, despite their precision, they are time-consuming, 
expensive, and require specialized labs. This means we can’t test every single food sample 
in the supply chain [109]. That’s why we need alternative sensors and biosensors, rapid, 
cost-effective tools that can provide on-site detection, helping bridge the gap where 
chromatographic methods fall short. Together, these approaches would ensure a safer, more 
efficient food monitoring system. 

1.3.1.3.1 Chlorpyrifos 
Chlorpyrifos belongs to the category of phosphorothioates due to the presence of a double 
bond between phosphorus and sulphur (P=S) as can be seen in fig. 7. Introduced to the 
market in 1966, chlorpyrifos gained prominence during a period when the insecticide DDT 
was being criticized for its detrimental environmental effects. Its effectiveness, affordability, 
and broad-spectrum action compared to alternative products quickly made it one of the 
most widely used insecticides [110]. It is sprayed on the crops (on the stem or on the leaf) 
and affect the insects when they come in direct contact with the pesticide, so spraying 
point and distribution are crucial for the effectivity. 

The mode of action of chlorpyrifos involves bioactivation by oxidative enzymes, 
converting it into its active oxon form, which then exerts its toxic effects. It is a broad-
spectrum insecticide employed to control a wide variety of insect pests, including household 
pests such as cockroaches, fleas, and termites, as well as livestock pests like cattle ticks. It 
is also widely used in agriculture on crops such as maize, nuts, soybeans, and tree fruits 
[111]. Before 2001, chlorpyrifos was extensively used for residential pest control, including 
lawn treatments, termite management, and flea and tick control on pets. However, its 
residential applications were phased out in the United States in 2001 due to mounting 
evidence of its toxic effects on humans, particularly children. Several studies have 
highlighted the long-term health risks associated with chlorpyrifos exposure, including 
neurological damage, where prenatal exposure has been linked to neurocognitive deficits in 

Figure 6: Main categories of OPs pesticide. 
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children [112]. It has also been implicated as an endocrine disruptor and associated with 
an increased risk of cardiovascular diseases [113].  

From an environmental perspective, chlorpyrifos has been reported to degrade relatively 
quickly through hydrolytic and photolytic processes under neutral pH conditions. However, 
studies have observed its persistence in natural water bodies for up to eight weeks [114], 
and its half-life can be up to 120 days under certain conditions [104]. Chlorpyrifos binds to 
aquatic sediments, with dissipation rates in sediment comparable to those in soil [115]. 
Degradation is slower under conditions of low temperature, anaerobic environments, and 
high salinity, contributing to its environmental impact. Non-target species, including birds 
[116], fish [115], and pollinators like bees, have been adversely affected by its use [117]. Due 
to these concerns, the European Union (EU) decided not to renew chlorpyrifos 
authorization in 2020. In the United States, an initial ban was proposed for 2017. However, 
a political shift under the Trump administration delayed the decision until August 2021, 
when the pesticide was finally banned. This ban was partially overturned in November 
2023 when a federal appeals court deemed the decision “arbitrary and capricious.” As a 
result, in February 2024, the EPA implemented a partial ban, exempting 11 crops, 
including apples, cherries, peaches, and strawberries. In all other countries, chlorpyrifos 
remains permitted. Despite these regulatory changes, monitoring chlorpyrifos residues in 
food remains crucial, particularly as the EU imported €158 billion worth of agri-food 
products in 2023 [118]. To address this concern, I focused part of my research on developing 
a probe capable of detecting this pesticide.  

1.3.1.3.2  Dimethoate 
Dimethoate is classified as a phosphorodithioate due to the presence of a double bond 
between phosphorus and sulphur (P=S), as well as a single bond between phosphorus and 
an additional sulphur atom (P-S) as shown in Figure 7. Introduced to the market in 1956, 
dimethoate has been widely utilized for the control of various insect pests, including mites, 
flies, aphids, and plant hoppers [119]. Its mechanism of action is similar to that of 
chlorpyrifos, as both require enzymatic oxidation to become biologically active. 

Dimethoate gained popularity not only due to its direct spraying effectiveness, 
comparable to that of chlorpyrifos, but also because it is a systemic pesticide. This means 
it is absorbed by plants and translocated throughout their tissues, providing protection to 
the entire plant, including new growth, against sap-feeding pests [120]. Dimethoate is 
approximately three orders of magnitude more soluble in water than chlorpyrifos (2.5 g/L 
compared to 0.0014 g/L), and it exhibits relatively poor soil absorption (Koc = 20) [121], 
depending on environmental conditions. As a result, it is susceptible to leaching, which can 
pose risks to groundwater, particularly in areas with frequent pesticide application. 
However, its relatively short half-life in soil and water reduces the potential for long-term 
environmental contamination. The degradation products of dimethoate, such as omethoate, 
remain biologically active and contribute to its overall toxicity [122]. If the pH of the soil 
is basic, dimethoate tends to hydrolyse giving methylamine, thioglycolic acid and 
thiophosphate [123]. 

Despite its limited persistence, dimethoate is highly toxic to non-target organisms, 
including bees, fish, and aquatic invertebrates, raising concerns regarding its impact on 
ecosystems [121]. In 2019, dimethoate was banned in the EU due to its potential human 
health risks, adverse environmental effects on non-target organisms, pesticide residues on 
crops exceeding safe levels, and the availability of less toxic alternatives. However, since 
dimethoate continues to be used in other parts of the world, and imported food products 
may still contain residues, monitoring for this pesticide remains crucial. To address this 
concern, a probe capable of detecting dimethoate has been developed. 
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1.4 Sensors 

In general terms, a sensor is a device that detects some physical property and records, 
indicates or otherwise responds to it. Living organisms on this planet have developed 
different ways of perceiving the reality around us, such as the five senses of the human 
being. Therefore, every living being can be considered a sensor in some way. Modern man, 
however, has gone much further, enhancing the perception of reality with objective and 
replicable instruments that are part of today's world, such as thermometers, barometers, 
accelerometers, etc.  

It was the 20th century that paved the way for the modern sensor concept, with its 
rapid technological progress leading to diversification and miniaturization of sensors. The 
advent of electronics and semiconductor technology revolutionized sensing mechanisms, 
enabling the development of highly sensitive and reliable sensors across multiple domains. 
Optical sensors emerged with the discovery of the photoelectric effect (fig. 8), which Albert 
Einstein explained in 1905, leading to the creation of photodetectors, cameras, and light-
based sensors used in automation, imaging, and communication systems. Chemical and 
electrochemical sensors, based on selective ion detection and catalytic reactions, gained 
prominence in medical diagnostics, environmental monitoring, and industrial safety 
applications. The pH sensor, developed in the early 20th century, remains a cornerstone in 
analytical chemistry, facilitating precise measurements in various scientific and industrial 
processes [124]. 

The miniaturization of sensors, particularly with the advent of microelectromechanical 
systems (MEMS) in the late 20th century, significantly enhanced their efficiency, sensitivity, 
and application scope. Thermal sensors, originally based on liquid expansion, evolved into 
infrared thermometers and bolometers, widely used in medical imaging, meteorology, and 
security systems [125]. Resistance-based sensors, such as strain gauges, became crucial in 
structural health monitoring, aerospace, and automotive industries, offering precise 
measurements of stress, force, and displacement. In contemporary technological landscapes, 
sensors have become ubiquitous, integrating seamlessly into everyday life and high-end 
scientific applications. Optical sensors, now incorporating advanced photonics and laser 
technologies, play a pivotal role in spectroscopy, biomedical imaging, and autonomous 
systems [126]. Chemical and electrochemical sensors have advanced towards lab-on-a-chip 
devices, enabling rapid diagnostics and personalized healthcare solutions.  

Figure 7: Dimethoate and Chlorpyrifos molecular structure. 
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As sensor technology continues to evolve, the integration of artificial intelligence, 
nanomaterials, and wireless communication further enhances their capabilities, fostering 
the development of smart sensing systems. These innovations pave the way for highly 
autonomous, adaptive, and energy-efficient sensing networks that are crucial in fields such 
as environmental monitoring, space exploration, and the IoT [127].  
 

1.4.1 Optical sensors 

The historical evolution of optical sensors traces its roots to the early exploration of light 
and its interactions with matter. Early methods of optical observation, grounded in the 
principles of infrared absorbance, emissive properties such as those utilized in flame 
spectroscopy, and fluorescence, can be traced back to the 16th and 17th centuries [128]. 
However, it was not until the 19th century that these phenomena were systematically linked 
to the chemical composition of materials.  

As the 19th century progressed into the early 20th century, scientists such as Coblentz 
further refined the categorization of materials based on their spectroscopic features [129]. 
These developments cemented the critical link between optical properties and chemical 
composition, forming the bedrock of modern optical sensing technologies. Instrumentation 
improved steadily, but it was the invention of the laser in the 1960s that marked a 
transformative moment for optical sensors. Lasers provided unparalleled precision and 
control over light, enabling advanced methods such as Raman spectroscopy and laser-
induced breakdown spectroscopy (LIBS). These techniques facilitated highly sensitive and 
selective chemical analyses [130].  

The advent and maturation of fibre optics in the latter half of the 20th century 
represented another leap forward. Fiber optic technology allowed for the efficient 
manipulation and transmission of light, unlocking new possibilities for sensing applications. 

Figure 8: Photoelectric effect: when photons (usually from a UV light source) hit the metal 
surface with enough energy (depending on the metal) electrons are emitted. 
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Fiber optic sensors became pivotal in diverse fields, including the detection of gases and 
vapours, environmental monitoring, medical diagnostics, industrial process control, and 
even automotive systems [131]. Today, optical sensors continue to evolve, driven by 
advancements in nanotechnology, materials science, and integrated photonics.  

Optical sensors operate through a series of interrelated stages, each playing a crucial 
role in detecting and analysing target chemicals. These stages typically include the 
introduction of the sample or analyte, signal transduction, signal processing, and ultimately 
the quantification or identification of the desired chemical species [132]. Central to the 
operation of these sensors is the ability to recognize the target analyte, a feature that may 
be embedded in the transduction mechanism, the signal processing stage, or both, 
depending on the specific method employed. Transduction methods in optical sensing are 
broadly categorized into direct and indirect approaches. Direct methods, such as 
fluorescence, absorbance (both visible and infrared), and Raman spectroscopy, rely on the 
intrinsic optical properties of the analyte. These methods measure changes in light 
intensity, wavelength, or scattering that occur due to direct interactions between the 
analyte and the light source [133]. For instance, fluorescence-based sensors exploit the 
emission of light at specific wavelengths following excitation, while Raman spectroscopy 
detects shifts in scattered light caused by vibrational transitions within the target molecule. 
Indirect methods, on the other hand, often involve a mediated process that modifies the 
sensor’s optical properties. These techniques might utilize indicators or chemical reactions 
to produce a measurable change. Examples include colorimetric methods, where a visible 
colour change indicates the presence of the analyte, and changes in a fluorophore’s emission 
lifetime or wavelength due to environmental factors [134]. Other indirect approaches detect 
alterations in physical properties, such as the refractive index, which can vary in response 
to molecular binding or other interactions [135]. The transduction mechanism is 
complemented by advanced signal processing techniques, which enhance the sensitivity and 
specificity of the sensor. Modern optical sensors often integrate computational algorithms 
and machine learning to interpret complex data, enabling them to distinguish between 
closely related chemical signatures and reduce the impact of background noise. In practical 
applications, optical sensors have demonstrated remarkable versatility. They are widely 
employed in environmental monitoring, where they detect pollutants and gases; in medical 
diagnostics, for the identification of biomarkers; and in industrial processes, for real-time 
quality control. Their ability to combine precision, adaptability, and non-invasive 
measurement has established optical sensors as indispensable tools across scientific and 
technological domains. 

1.4.1.1 Fluorescence sensors and principles 

Fluorescence optical sensors are becoming increasingly popular compared to other optical 
sensing technologies, such as absorbance and Raman-based sensors, due to their high 
sensitivity, rapid response times, and strong signal-to-noise ratios. Unlike absorbance 
sensors, which rely on detecting small changes in transmitted light intensity and can suffer 
from background interference, fluorescence sensors amplify signals through emission, 
allowing for the detection of extremely low analyte concentrations. Additionally, compared 
to Raman sensors, which require expensive and complex instrumentation, fluorescence 
sensors are generally more cost-effective and easier to implement in a variety of 
applications, including biomedical diagnostics, environmental monitoring, and industrial 
process control. 
Despite these advantages, fluorescence sensors have some limitations. Photobleaching, 
where fluorophores degrade with prolonged exposure to excitation light, can reduce signal 
intensity over time, limiting long-term measurements. Additionally, environmental factors 
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such as pH fluctuations, temperature variations, and oxygen levels can influence 
fluorescence efficiency and lead to measurement variability. Nonetheless, ongoing 
advancements in fluorophore chemistry, sensor miniaturization, and data processing 
techniques continue to improve their reliability and expand their applicability, making 
them a preferred choice in many optical sensing applications. 

These sensors exploit the principle of photoluminescence, a subset of the broader 
luminescence family, encompasses both fluorescence and phosphorescence. These 
phenomena share the fundamental mechanism of photon emission following the absorption 
of electromagnetic radiation at specific wavelengths [136]. While fluorescence and 
phosphorescence may appear visually indistinguishable, they exhibit distinct differences in 
their emission characteristics and underlying electronic transitions. Fluorescence emission 
is typically short-lived, occurring on a timescale of nanoseconds to microseconds, whereas 
phosphorescence persists from milliseconds to hours due to the phenomenon known as 
afterglow, where light emission continues even after the excitation source has been 
removed, which does not occur in fluorescence. Additionally, fluorescence arises from the 
relaxation of an excited electron within a singlet state, whereas phosphorescence involves 
a transition from a triplet state to the ground state. The latter process is significantly 
slower due to spin-forbidden transitions [137] thereby prolonging the emission duration. 
These distinctions are illustrated in fig. 9.  

Fluorescence is now widely recognized as the property of certain substances to re-emit 
absorbed electromagnetic radiation, typically at a longer wavelength and therefore lower 
energy. The process begins when incident light excites electrons within the atoms of the 
substance, elevating them to higher, less bound energy levels. Within mere nanoseconds, 
these excited electrons return to their ground state through a series of transitions, often 
involving intermediate states, releasing photons in the process. The mechanics of this 
absorption and emission process are best understood using the Jablonski diagram shown in 
fig. 9, a tool named after Alexander Jablonski, a pioneer in fluorescence research. The 
diagram in fig. 9 delineates two primary electronic states: S0, the ground state, and S1, the 
first excited state. Each of these states includes several vibrational sub-levels, labelled as 
0, 1, 2, 3, and so forth. At room temperature, the available thermal energy is insufficient 
to populate excited electronic or vibrational levels; thus, external light is required to induce 
fluorescence. Upon irradiation, an electron transitions from the ground state to an excited 
electronic and vibrational state in approximately 10-15 seconds, too rapid for nuclear 

Figure 9: Jablonski diagram. 
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displacement to occur, as described by the Franck-Condon principle. Over the next 10-12 
seconds, the system undergoes internal conversion, a non-radiative process that relaxes the 
electron to the lowest vibrational level of the excited state. Fluorescence emission occurs 
as the electron returns to the ground state, often passing through an excited vibrational 
level before achieving thermal equilibrium. One notable characteristic of fluorescence, also 
illustrated in the Jablonski diagram, is that the emitted light generally has a longer 
wavelength, and thus lower energy, than the absorbed light. This energy difference, known 
as the Stokes shift, is a defining feature of the phenomenon and underpins its numerous 
applications in scientific and industrial fields. 

1.4.1.1.1 Stokes shift, mirror image and Kasha’s rule 
The phenomenon where fluorescence occurs at longer wavelengths than the incident 
radiation is known as the “Stokes shift”, a term coined after its discovery by G. G. Stokes 
in 1852. The Stokes shift, that can be seen in fig. 10 [138] arises due to several factors, 
including [139]: 

• Rapid relaxation to the lowest vibrational level of the first excited electronic state 
(S1); 

• Relaxation to higher vibrational levels in the ground state (S0), resulting in thermal 
dissipation; 

• Solvent interactions; 
• Excited-state chemical reactions; 
• Complex formation; 
• Energy transfer between molecules.  
Another intriguing feature of fluorescence is the “mirror image rule”. This principle 

states that the absorption and emission spectra of a molecule are often mirror images of 
each other. This symmetry occurs because electronic excitation generally does not alter the 
nuclear geometry. Consequently, the spacing between vibrational levels in the ground (S0) 
and excited (S1) states remains similar, resulting in analogous vibrational structures in both 
spectra as can be seen in fig. 10 [140]. For instance, perylene exemplifies this rule, as its 
emission and absorption spectra closely resemble each other [141]. This happens because a 
transition with a high probability during absorption will also have a high probability during 
emission, producing a near-mirror symmetry [142]. 

However, exceptions exist, such as in the case of quinine [143]. In its spectrum, the first 
absorption peak corresponds to a transition from the ground state (S0) to the second excited 
state (S2), while subsequent peaks reflect the S0 to S1 transition. Fluorescence 
predominantly arises from the S1 state due to the rapid, non-radiative relaxation of 
electrons from higher excited states (e.g., S2, S3) to S1, a process faster than fluorescence 

Figure 10: Stokes shift [138], mirror image [141] and Kasha's rule. 
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emission. Consequently, fluorescence spectra primarily represent the S1 to S0 transition 
rather than the total absorption spectrum. 

This leads to Kasha’s rule, a fundamental property of fluorescence, which asserts that 
the emission spectrum of a fluorophore is independent of the excitation wavelength, 
provided that sufficient energy is supplied for the transition. As can be seen in fig. 10 a 
photon with energy hv1 excites an electron of fundamental level, of energy E0 up to an 
excited energy level (e.g. E1 or E2) or on one of the vibrational sub-levels. Vibrational 
relaxation then takes place between excited levels, which leads to dissipation of part of the 
energy (ΔEd), taking the form of a transition (internal conversion) towards the lowest 
excited level. Energy is then dissipated by emission of a photon, which allows the system 
to go back to its fundamental state. Since higher excited states decay non-radiatively before 
fluorescence occurs, the emission always reflects the S1 to S0 transition. Notably, exceptions 
to Kasha’s rule include certain fluorophores with two ionized states that exhibit distinct 
emission and absorption spectra, as well as rare molecules capable of emitting directly from 
the S2 state [144]. 

These principles, the Stokes shift, the mirror image rule, and Kasha’s rule, provide 
essential insights into the behaviour of fluorophores and the fundamental mechanisms of 
fluorescence. 

1.4.1.1.2 Quantum yields and fluorescence lifetimes 
The fluorescence quantum yield (Φ) represents the ratio of emitted photons to the total 
number of absorbed photons. This relationship can also be expressed in terms of the rates 
of radiative and non-radiative processes. Here, signifies radiative processes, which result in 
the emission of light, while encompasses non-radiative processes such as internal 
conversion, intersystem crossing, and energy transfer. Quantum yield values range from 0 
to 1, with 1 representing the theoretical maximum emission efficiency, a value unattainable 
by any known substance. Essentially, the quantum yield reflects the likelihood that an 
excited system will return to its ground state through a radiative process [137]. 

Another crucial parameter in fluorescence studies is the excited state lifetime, which 
indicates the average duration a molecule remains in its excited state before returning to 
the ground state. Typically, this lifetime is approximately 10 nanoseconds. By measuring 
this value, one can infer the time available for the excited state to interact with and diffuse 
within its environment, thereby gaining insights into the information conveyed by its 
emission. For a generic fluorophore, the lifetime (τ) is defined as: τ = 1/ (Kr + Knr) where 
Kr is the constant of radiative decay, and knr the constant of non-radiative decay. As 
fluorescence is a random process, very few molecules emit at time: t = τ. Fluorescence is 
inherently a stochastic process, and only a small fraction of molecules emit light precisely 
at τ. To achieve shorter lifetimes and consequently lower quantum yields, heavy atoms like 
iodine are often incorporated into the molecular structure [137]. These atoms enhance non-
radiative processes, effectively reducing the fluorescence efficiency. 

1.4.1.2  Coumarin dyes 
The result of fluorescence emission is invariably electromagnetic radiation; however, the 
mechanisms giving rise to this emission are diverse. Here, the focus will be on coumarin 
fluorescent dyes that, when excited at the appropriate wavelength, exhibit the phenomenon 
of fluorescence. Coumarin dyes hold a significant place in the history of chemistry and their 
applications in fluorescence technology. These fascinating molecules were first isolated in 
1820 by the German chemist Alfred Vogel from Tonka beans and sweet clover, marking 
the beginning of nearly two centuries of exploration. The name “coumarin” originates from 
“coumarou,” the French term for Tonka beans. In 1868, W. H. Perkin achieved the first 
synthetic production of coumarin through the reaction of salicylaldehyde with acetic acid, 
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a milestone in the development of organic synthesis [145]. This synthesis not only 
demonstrated the versatility of coumarins but also laid the foundation for their application 
in numerous scientific domains.  

The basic structure of coumarin dyes consists of a 1-benzopyran-2-one core (fig. 11 
central structure), a framework that provides immense opportunities for chemical 
modification and that already shown fluorescence properties [146]. This adaptability has 
enabled scientists to fine-tune their physical and photophysical properties as shown in fig. 
11. Coumarins exhibit excellent biocompatibility, strong fluorescence emission, and 
remarkable photostability, characteristics that make them particularly useful as fluorescent 
probes. Depending on the substitution patterns on the coumarin core, their fluorescence 
can be shifted to emit in different regions of the visible spectrum, ranging from blue to red. 
This tunability is achieved by introducing electron donating or electron-withdrawing 
groups at specific positions, which modulate the electronic properties of the molecule [147].  

The applications of coumarin dyes are vast and impactful. In the fluorescence domain, 
they have been harnessed in the design of small-molecule fluorescent chemo sensors, playing 
a vital role in molecular imaging and analytical chemistry. Coumarin-based sensors are 
frequently used to detect metal ions [148], anions [149], and reactive species, offering a 
sensitive and selective means of monitoring these substances in biological and 
environmental systems. Beyond sensing applications, coumarins serve as active components 
in optical brighteners, laser dyes, and organic light-emitting diodes (OLEDs) [150]. These 
dyes are integral to technological advancements in energy-efficient lighting and display 
technologies, as well as in enhancing the efficiency of solar cells [151]. 

Among the derivatives of coumarins, the 7-aminocoumarin family stands out for its 
extraordinary fluorescence properties. These compounds, characterized by the presence of 
an amino group at the 7th position of the coumarin core (fig. 12), exhibit high fluorescence 
quantum yields and strong emission intensities [152]. Their photophysical behaviour is 
primarily governed by intramolecular charge transfer (ICT) mechanism [153]. Upon 
excitation, 7-aminocoumarins form a planar excited state where charge separation occurs 

Figure 11: Coumarin family applications. 
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between electron-donating and electron-accepting parts of the molecule as shown in fig. 12. 
This state is highly emissive and responsible for their characteristic fluorescence. 

However, the fluorescence efficiency of 7-aminocoumarins can be influenced by the 
surrounding environment and the molecular structure. In some cases, the ICT state may 
transition to a non-fluorescent twisted intramolecular charge transfer (TICT) state, where 
the molecule adopts a twisted geometry that dissipates energy non-radiatively [154] as can 
be seen in fig. 12. Such transitions are more likely in polar environments or when the 
substituents allow for greater flexibility in the molecular structure [155]. Researchers have 
found that restricting this twisting motion, either by chemical modifications that rigidify 
the structure or by embedding the dye in a less polar environment, can significantly 
enhance fluorescence quantum yields [156]. The ICT-TICT interconversion in 7-
aminocoumarins is a pivotal area of study, as understanding and controlling this 
mechanism can lead to the development of more efficient dyes and sensors. By designing 
derivatives that favour the emissive ICT state and suppress the non-emissive TICT state, 
scientists can create highly sensitive fluorescent probes. Such probes are invaluable in 
applications ranging from medical diagnostics to environmental monitoring [147]. For these 
reasons a coumarin as a probe for our study on pesticides was employed. 

1.4.1.3  Oxime dyes 
If coumarins take their popularity due to their scaffold 1-benzopyran-2-one, it is also 
possible to categorize dyes based on functional groups. This is because usually the backbone 
of a dye gives the fluorescence properties, but to prepare chemo-sensors is usually very 
important to have the right functional group capable to react with the target analyte [157]. 
Oximes are organic compounds characterized by the functional group -C=NOH as can be 
seen in Figure 13. Their unique structure equips them with exceptional nucleophilic 
properties, allowing them to act as antidotes in OP poisoning by reactivating AChE that 
has been inhibited by OP compounds [158] as shown in Figure 13. Beyond medical 
treatment, oximes have found applications in detecting OPs, owing to their reactivity and 
adaptability when incorporated into various sensing platforms. Additionally, oximes have 
been employed in other fields, such as organic synthesis, where they serve as intermediates 
in the formation of various compounds [159], and as ligands in coordination chemistry 
[160]. Their ability to form stable complexes and participate in diverse chemical reactions 
highlights their broad utility. 

Oximes exhibit a range of properties that make them ideal for detecting OP compounds. 
High reactivity is one of their defining features, as oximes can readily deprotonate to form 
oximates, which are super nucleophiles capable of reacting with phosphorylated OP species 
[161], attacking the P which behave as an electrophile species. This property is central to 
their use in both antidotal and sensor applications. They also possess stability and 
versatility, enabling chemical tailoring to exhibit desired solubility, stability, and reactivity 
characteristics. This adaptability allows them to integrate seamlessly into diverse detection 
platforms, from optical sensors to surface-based devices [159-160]. Furthermore, oxime 
functional group play a significant role in fluorescence modulation. When incorporated into 
fluorescent chemo-sensors, it can modulate fluorescence signals upon reaction with OP 
compounds, providing a basis for real-time detection. 
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The development of oxime-based detection systems for OPs has gained traction due to 
their rapid response and specificity. Oxime-containing fluorescent sensors have been 
developed to detect OP nerve agents like Sarin and Soman. For instance, oxime-

functionalized dipyrrinone probes demonstrate a dramatic colorimetric response upon 
interaction with dimethoate, a pesticide analogue of OP nerve agents [164]. The reaction 
triggers a fluorescence “turn-on” mechanism due to the disruption of photoinduced electron 
transfer (PET) pathway, that we will discuss further in this thesis. Hydroxy-oxime probes 
incorporate a β-hydroxy oxime moiety capable of undergoing cyclization upon interaction 
with OP compounds, forming highly fluorescent aryl isoxazole derivatives. Such systems 
show enhanced sensitivity and rapid response times, critical for detecting volatile OP 
agents like di-isopropyl fluorophosphate (DFP) and sarin [165]. Oxime-based sensors 
immobilized on substrates such as cellulose acetate films have proven effective for in-field 
detection [166]. These sensors can identify simulants like DFP through emission shifts, 
even under ambient conditions. Beyond fluorescence, oxime-functionalized systems have 
also been developed for colorimetric detection. These probes rely on visible colour changes 
upon phosphorylation reactions, enabling naked-eye detection without sophisticated 
instrumentation [167].  

Despite significant advancements, challenges remain. Sensitivity to environmental 
factors, the need for selective reactivity, and limitations in detecting a broad spectrum of 
OPs highlight areas for further development. However, the search for oxime sensors has 
focused almost exclusively on nerve gases and has almost completely neglected OPs used 
as pesticides. These are the reasons why the possible applications of fluorescent oximes for 
detecting OPs pesticides were investigated. 

Figure 13: Oxime generic structure. 

Figure 12: TICT mechanism [152] and scheme [154]. 
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1.4.2 Graphene 

The development of science often starts with unexpected experimental discoveries, which 
are even inconsistent with previous theories. However, it is through these unexpected 
discoveries that science has often advanced. For a long time in the past, scientists have 
believed that at room temperature, free-standing graphene could not exist due to the 
minimization of its surface energy [162-163]. But in 2004, Konstantin Novoselov and Andre 
Geim proved that those assumptions were wrong. They discovered one of the most studied 
materials in the last 20 years: graphene [170].  

Graphene (GR) is a two-dimensional allotrope of carbon, structured as an atomic-scale 
hexagonal lattice where each vertex hosts a carbon atom with sp² hybridization. The C-C 
bond length measures approximately 0.142 nm. Within the lattice, each carbon forms three 
σ-bonds, creating a robust and stable hexagonal framework. The material’s impressive 
electrical conductivity primarily arises from its π-bonds, which extend perpendicular to the 
lattice plane. GR's remarkable stability stems from its densely packed carbon atoms and 
sp² hybridization, where the s, px, and py orbitals combine to form σ-bonds, while the pz 
electron contributes to π-bonding as can be seen in Figure 14 [171]. These π-bonds interact, 
generating π and π* bands, which play a key role in GR’s extraordinary electronic 
properties by enabling the movement of free electrons through a partially filled band [172].  

GR has garnered immense attention due to its extraordinary properties, groundbreaking 
potential applications, and the challenges that accompany its integration into modern 
technologies. As a single layer of carbon atoms arranged in a two-dimensional honeycomb 
lattice, GR exhibits a large specific surface area (2600 m2/g, Zeolite Y has 500-600), high 
electron mobility (200,000 cm2/Vs, crystalline silicon has 1400) with low joule effect, 
enhanced thermal conductivity (3000-5000 W/mK, copper has 401), and exceptional 
mechanical strength, with a Young’s modulus of 1 TPa (steel has 0.2) [173]. Being a quasi-
2D material, GR’s thickness is measured at only 0.345 nm. All these features in a single 
material have made it so special, but there is still a long way to go to exploit its full 
potential.  

One particularly intriguing area of GR research lies in sensing technologies. The 
material’s sensitivity to even minute environmental changes is tied to its high conductivity 
and large surface area, allowing for efficient interaction with gases [174], biomolecules [175], 
or other analytes. This makes GR a prime candidate for applications in chemical, biological, 
and environmental sensors, where precision and rapid response are crucial. 

Graphene oxide (GO) and reduced graphene oxide (rGO) have also emerged as critical 
derivatives in research. GO, which contains oxygen functional groups, is hydrophilic and 
easily dispersible in water, making it ideal for applications such as biomedical devices, drug 
delivery systems, and water purification. Meanwhile, rGO, with reduced oxygen content, 
retains many of GR's electronic properties while being more cost-effective to produce. These 
derivatives are extensively studied because they can be tailored chemically, enabling fine 
control over properties such as hydrophilicity, conductivity, and reactivity. 
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Despite its promise, GR faces challenges in scalability, consistent quality during 
production, and integration into existing systems. Suffice it to say that the price of GR 
fluctuates between 50 and 1000 $ per kg, depending on several factors including purity 
(closely linked to the application), production method and market logic such as purchase 
quantity [176]. Large-scale production methods often introduce defects, compromising its 
properties. Additionally, the cost-effective, sustainable fabrication of GO and rGO must 
be refined to ensure widespread adoption.  Addressing these challenges will unlock GR’s 
full potential, particularly in transformative areas like sensing, energy storage, and next-
generation electronics. 

1.4.2.1 Graphene oxide 

GO is an oxidized derivative of GR, distinguished by its two-dimensional structure 
decorated with various oxygen-containing functional groups such as epoxy, hydroxyl, and 
carboxyl groups. This composition makes GO hydrophilic and highly dispersible in water, 
in contrast to the hydrophobic nature of pristine GR. The presence of these functional 
groups significantly alters its chemical and physical properties, rendering GO a material of 
immense interest across multiple disciplines, including electronics, materials science, and 
sensing technologies [177]. 

GO is primarily produced through the chemical exfoliation of graphite using methods 
such as the Hummers or modified Hummer’s method, which involve strong oxidizing agents 
[178]. This process is scalable, cost-effective, and less resource-intensive compared to the 
production of high-quality GR, which often requires mechanical exfoliation or chemical 
vapor deposition. The lower production cost and greater ease of processing make GO a 
more accessible option for a broad range of applications. One of its primary advantages 
compared to GR is its abundance of oxygenated functional groups, which act as active sites 
for chemical interactions. This property enables GO to achieve better dispersion in aqueous 
and polar organic solvents (Figure 15) and facilitates functionalization for specific 
applications. However, these same functional groups disrupt the sp2 hybridized carbon 
lattice, introducing defects that reduce electrical conductivity, transforming GO into an 
electrical insulator rather than a conductor [179]. This contrasts with GR, renowned for 
its exceptional electrical conductivity, mechanical strength, and thermal properties. 

The unique properties of GO are particularly valuable in gas sensing applications, where 
its chemical reactivity and ability to form hydrogen bonds enhance the adsorption of gas 
molecules [180]. For ammonia sensing, GO demonstrates superior sensitivity compared to 
GR, primarily due to its interaction with ammonia molecules through its hydroxyl and 
epoxide groups [181]. Density functional theory (DFT) calculations reveal that these 
functional groups enable GO to achieve strong binding energies and efficient charge transfer 

Figure 14: Structure of graphene, graphene oxide and reduced graphene oxide. 
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with ammonia molecules. Furthermore, the tuneable band gap introduced by the functional 
groups in GO allows for improved signal modulation compared to the zero-band-gap nature 
of GR [182]. 

Despite these advantages, the insulating nature of GO presents a significant limitation 
in sensing applications that rely on electrical signal transduction. Strategies such as partial 
reduction to rGO have been explored to restore partial conductivity while retaining 
sufficient functional groups for adsorption. This trade-off highlights the delicate balance 
between functionalization and electrical performance in the design of GO-based sensors. 

1.4.2.2 Reduced graphene oxide 

rGO is a modified form of GO that regains many of GR’s original properties through 
reduction processes. GO is highly oxidized and hydrophilic, but upon reduction, it becomes 
more conductive while retaining certain functional groups that enhance its chemical 
reactivity. This transformation makes rGO a practical compromise between GO and 
pristine GR, offering both ease of fabrication and desirable electronic properties. rGO has 
found extensive applications in sensor technology due to its unique structure and electronic 
properties. The presence of residual oxygen functional groups and defects in rGO enhances 
its interaction with gas molecules, making it an effective material for detecting various 
chemical analytes [183]. Compared to GR, rGO is easier and cheaper to produce in large 
quantities while still offering high sensitivity and fast response times in sensing 
applications. While GR boasts superior electrical conductivity and structural integrity, its 
production is expensive and often requires specialized techniques such as chemical vapor 
deposition. rGO, on the other hand, can be synthesized from GO through a variety of 
reduction methods, making it more accessible for industrial applications. However, the 
quality of rGO depends significantly on the reduction technique used [184]. Some methods 
may leave behind residual oxygen groups, which can be both an advantage and a 
disadvantage depending on the intended application [185]. While these functional groups 
improve dispersion in solvents and enhance chemical interactions, they also reduce overall 
conductivity compared to pristine GR.  

The effectiveness of rGO in ammonia sensing is attributed to its ability to interact with 
ammonia molecules through physisorption and chemisorption. The defects and functional 
groups in rGO provide active sites for ammonia adsorption, which leads to measurable 
changes in electrical resistance. This interaction makes rGO an excellent candidate for low-
power, highly sensitive ammonia sensors that operate at room temperature [180-181]. 
Studies have demonstrated that modifying the reduction conditions can optimize rGO’s 
response time, recovery, and selectivity, making it adaptable to various sensing 
applications. The reduction of GO into rGO can be achieved through different methods, 
each influencing the final material properties as we are going to see in the next paragraphs. 

Figure 15: GR, GO and thermally rGO in (a) water (b) hexane. 
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1.4.2.2.1 Reduction methods of graphene oxide 
Reduction of GO into rGO employs various techniques, each tailored to balance efficiency, 
scalability, and environmental impact. Among these, chemical, thermal, biological, 
photochemical, microwave, hydrothermal, and electrochemical methods, shown in Figure 
16, all have unique advantages and challenges [188]. 

Chemical reduction remains a cornerstone, utilizing agents like hydrazine, sodium 
borohydride, and ascorbic acid. Hydrazine offers one of the highest reduction efficiencies, 
yielding rGO with superior electrical conductivity and a high C/O ratio. However, its high 
toxicity and environmental risks significantly hinder its scalability. Sodium borohydride is 
a milder chemical alternative but often requires catalysts, such as silver nanoparticles, to 
enhance its efficiency. Ascorbic acid, a green and biocompatible reducing agent, is 
increasingly popular for applications requiring eco-friendly processes. However, it 
sometimes produces rGO with less consistent electrical and structural properties [189]. 

Thermal reduction utilizes high temperatures, often exceeding 800°C, under inert 
conditions [190]. This approach efficiently removes oxygen groups, restoring GR's sp² 
lattice and enhancing its conductivity. However, the process may introduce lattice defects 
at very high temperatures, compromising mechanical stability. While excellent for large-
scale applications, the energy demands and equipment requirements can limit its use in 
resource-constrained settings [191].  

Photochemical reduction encompasses several subcategories, including plasma-based 
methods. Plasma reduction is particularly promising as it uses highly energetic ions and 
electrons to selectively remove oxygen groups at room temperature or slightly elevated 
conditions. Plasma methods are advantageous due to their rapid processing, absence of 
harmful chemicals, and precise control over the degree of reduction, making them highly 
suitable for applications like patterned rGO films for electronics [192]. Another subset of 
photochemical techniques involves ultraviolet (UV) or visible light [193], often combined 
with photocatalysts, though these methods typically have lower reduction efficiency 
compared to plasma. 

Microwave reduction exploits rapid, volumetric heating to achieve fast and uniform 
reduction of GO. This method is notable for its scalability and energy efficiency, making 
it appealing for industrial applications. However, the high power involved can cause 
agglomeration or uneven reduction if not properly controlled [194]. 

Hydrothermal reduction relies on high-temperature and high-pressure water 
environments to reduce GO. This method can be tuned by adjusting parameters such as 
temperature, pressure, and reaction time. It is highly effective for producing rGO with 
functional groups retained for specific applications, such as supercapacitors, though the 
energy input and long reaction times can be limitations [195]. 

Electrochemical reduction offers a clean and controllable method by applying a voltage 
across a GO-coated electrode in an electrolyte solution. This approach avoids the need for 
toxic chemicals and allows for precise tuning of rGO properties by adjusting the applied 
voltage and reaction time. However, it is relatively slower and less suitable for large-scale 
production [196]. 
Overall, each reduction method provides unique benefits and trade-offs. For applications 
requiring high electrical conductivity and scalability, chemical or thermal methods remain 
preferred. In contrast, plasma, hydrothermal, and electrochemical methods offer greener, 
tuneable alternatives suited for specialized applications. The continued evolution of these 
techniques focuses on optimizing the trade-offs between efficiency, environmental 
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sustainability, and cost-effectiveness. However, among the many reduction techniques, the 
attention was focused into low-pressure plasma reduction. It is an underexplored field, 
especially for ammonia sensing, and it is a clean and very fast technique which is aligned 
with environmental needs and with possibilities to upscale it at an industrial level. 

1.4.2.2.1.1 Plasma reduced graphene oxide 
Plasma, often referred to as the fourth state of matter, has a rich and dynamic history. Its 
scientific journey began in the early 20th century when Irving Langmuir coined the term in 
1928, drawing an analogy to blood plasma due to its capacity to carry various charged 
particles.  

At its core, plasma is an ionized gas composed of free electrons and ions, exhibiting 
collective electromagnetic behaviours that distinguish it from neutral matter. While it may 
seem exotic on Earth, plasma dominates the universe, constituting more than 99% of visible 
matter. Nowhere is this more apparent than in stars, which are colossal spheres of hydrogen 
plasma. In the Sun’s core, temperatures reach millions of degrees, providing the extreme 
conditions necessary for nuclear fusion. Hydrogen nuclei, or protons, collide with such 
energy that they overcome their natural electrostatic repulsion, fusing to form helium in 
the proton-proton chain reaction. This process not only sustains the Sun’s brilliance but 
also serves as the foundation for life on Earth, providing the heat and light essential for 
our planet’s ecosystems [197]. 

The sun’s influence extends beyond its core. Streams of plasma, known as the solar 
wind, emanate from the sun, filling the space between celestial bodies. These charged 
particles interact with planetary magnetic fields, creating phenomena like Earth’s auroras. 
Even these mesmerizing displays owe their origin to the fundamental dynamics of hydrogen 
plasma, the primary constituent of both the Sun and its emissions. This highlights plasma's 
dual role as both a cosmic and terrestrial force, shaping the universe while offering 
inspiration for scientific advancement [198]. 

On Earth, harnessing plasma's properties has led to technological innovations that 
define modern life. From lighting and plasma screens to advanced semiconductor 
manufacturing, plasma plays a critical role. But perhaps its most transformative potential 
lies in nuclear fusion research. Here, scientists seek to replicate the processes of stars, using 

Figure 16: Graphene oxide main reduction method. 
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hydrogen plasma (mainly deuterium and tritium) as fuel. Within experimental reactors, 
such as tokamaks and stellarators, magnetic fields confine the plasma, heating it to 
temperatures rivalling the sun’s core to initiate fusion. This pursuit, though fraught with 
challenges, represents humanity’s effort to turn the power of the stars into a boundless 
source of clean energy [199].  

The generation of plasma has been achieved using various methods, each tailored to 
specific applications and conditions. One of the most fundamental approaches is through 
the application of electric fields to a neutral gas, where collisions between accelerated 
electrons and neutral molecules initiate ionization. Among the methods, direct current 
(DC) discharges [200], capacitively coupled radio frequency (RF) discharges [201], 
inductively coupled plasma (ICP) [202], microwave discharges [203], and dielectric barrier 
discharges stand out as distinct technologies [204], each with unique operating principles 
and advantages. 

In particular ICP techniques have revolutionized analytical chemistry by enabling 
precise elemental analysis and material processing. ICP-MS is widely used for ultra-trace 
metal detection in environmental, pharmaceutical, and food safety applications due to its 
high sensitivity and multi-element capability. ICP-AES/OES (Atomic/Optical Emission 
Spectroscopy) allows rapid and accurate quantification of metals in geological, industrial, 
and biological samples. ICP-RIE (Reactive Ion Etching) is essential in semiconductor 
fabrication, creating high-aspect-ratio microstructures with excellent precision. These 
techniques can work either at low or high pressure driven by RF fields and are highly 
versatile for generating stable and uniform plasma. In such systems, an alternating RF 
current passes through a coil, creating a time-varying magnetic field that induces electric 
fields within the gas. These electric fields accelerate electrons, which ionize the gas 
molecules upon collision, sustaining the plasma as can be seen in fig. 17 [205-206]. This 
electrode-less design minimizes contamination and allows precise control over the plasma 
parameters, making it ideal for surface treatments, thin-film deposition, and material 
reduction processes [207].  

The application of hydrogen plasma in ICP systems holds significant promise, especially 
in reducing GO to rGO. Hydrogen, as a reducing agent, offers unique advantages due to 
the reactivity of atomic hydrogen generated within the plasma. Unlike other gases such as 
argon or nitrogen, hydrogen plasmas not only ionize but also produce highly reactive species 
like H radicals and H+ [208]. These species selectively target oxygen-containing functional 
groups on GO, efficiently removing oxygen atoms while preserving the sp²-hybridized 
carbon structure [209]. When comparing hydrogen to other gases in plasma processes, 
hydrogen’s reducing properties are unparalleled. While argon and nitrogen plasmas are 
often used for physical sputtering or introducing nitrogen functionalities, they lack the 
chemical reactivity required for effective reduction. This makes hydrogen plasma the 
preferred choice for applications demanding high-quality GR derivatives with minimal 
defect formation [210]. In the case of GO, hydrogen plasma treatment achieves an optimal 
balance between reduction efficiency, process simplicity, and material preservation, paving 
the way for its use in advanced electronics and energy storage technologies. 

Compared to conventional reduction methods, such as chemical treatments with 
hydrazine or high-temperature annealing, hydrogen plasma offers a gentler yet effective 
alternative. Chemical agents are often hazardous and leave residual contaminants, while 
thermal methods risk introducing structural defects due to carbon loss. Moreover, both 
methods are time consuming (at least 10 minutes to hours) [188], and industrially this 
would mean a slow process, one of the main reasons that usually increase the price of a 
product. Hydrogen plasma circumvents these issues by operating at relatively low 
temperatures and avoiding harsh chemicals. For instance, studies have shown that 
hydrogen cold plasma can achieve reductions comparable to chemical techniques, lowering 
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oxygen content significantly without compromising the integrity of the material [186, 202]. 
It doesn’t produce waste and it is very fast, as reduction can be efficiently done in seconds. 

For these reasons the plasma potentials were exploited to reduced GO in order to sense 
NH3 as we will see in the next chapter. 

 

1.5 Summary of the Research Framework 

This introduction emphasizes how ensuring sufficient food production remains a pressing 
challenge, with the risk of this issue escalating in the future if effective countermeasures 
are not adopted. This problem is deeply intertwined with contemporary global issues, 
particularly climate change. Addressing these challenges will depend heavily on predictive 
models that can identify, monitor, and guide the actions necessary to achieve sustainable 
food production for the global population. Sensors will be indispensable in this process, as 
they provide the crucial data required for these models to deliver accurate and actionable 
forecasts. 

In particular, monitoring food spoilage and pesticide residues demands more widespread 
sensor deployment, as current technologies sample only a small fraction of total production. 
This PhD work aimed to advance the field by developing fluorescence-based sensors for 
pesticide detection and leveraging rGO's unique properties to monitor ammonia levels 
related to food spoilage. 

 

Figure 17: Scheme [206] and real image [205] on how ICP torch at 1 atm works. 
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Chapter 2 

Aims and Hypothesis 

This dissertation aims to develop and implement innovative sensor technologies to address 
harmful chemical contamination and prevent food spoilage. The ability to detect 
contaminants quickly and cost-effectively is crucial for public health. Rapid detection 
technologies could allow food producers, distributors, regulatory agencies and consumers 
to swiftly identify and remove contaminated products from the market, thereby 
safeguarding health and restoring confidence in food safety. 

In addition to chemical detection, food freshness sensors could provide significant 
benefits to the food industry by optimizing supply chains and reducing waste. Consumers 
would also benefit from these sensors, as they would enable real-time evaluation of food 
freshness both in supermarkets and at home, empowering them to make informed 
purchasing decisions 

 
Aims of the dissertation in realm of food quality and safety: 

1. To develop a novel ammonia sensor based on rGO; 
2. To investigate environmental degradation of OPs and identify their byproducts; 
3. To develop and select suitable fluorescent dyes capable of detecting OPs at 

concentrations in the µg/L range with high specificity; 
4. To understand the detection mechanisms of the sensors; 
5. To validate the developed sensors by detecting OPs and ammonia in real 

environmental samples. 
 

Based on these aims, the research was driven by the following hypotheses: 
1. Plasma treatment can modify the surface of GO, making possible the 

quantification of ammonia effectively; 
2. OP hydrolysis will produce simpler byproducts that are easier to detect; 
3. Dicyanovinyl coumarin can react with nucleophiles produced during OP 

hydrolysis, enabling quantification; 
4. Deprotonated oxime dyes can directly attack the phosphorus in OPs pesticides, 

leading to their quantification. 
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Chapter 3 

Publications 

3.1 General Overview 

This chapter presents the work that validated the hypotheses outlined in Chapter 2. In the 
first article, it was demonstrated how plasma can rapidly and efficiently reduce GO without 
waste, also revealing the influence of treatment duration on sensor performance towards 
ammonia, addressing hypotheses 1. The second article focuses on optimizing the natural 
degradation process (hydrolysis in basic media) of dimethoate, enabling its quantification 
with a coumarin dye addressing hypotheses 2 and 3. Finally, the third article explores how 
a class of compounds (oximes), traditionally used as antidotes for OP warfare agents, can 
be repurposed for detecting OP pesticides addressing hypotheses 4. 

3.2 Ammonia Sensing 

Ammonia, among one of the most produced gases every year and produced during food 
spoilage, due to its chemical properties it is reactive towards electrophile species. GO 
presents exactly this feature, it is a hydrophilic material and its production is cost-effective, 
enabling scalable fabrication. However, its inherently insulating nature presents a critical 
limitation for practical applications, particularly in sensing technologies, necessitating 
reduction processes to enhance its electrical conductivity. Conventional thermal and 
chemical reduction techniques, while effective, pose challenges related to environmental 
sustainability and scalability. Consequently, alternative reduction methods have been 
actively explored. 

Plasma-assisted reduction offers a rapid, environmentally friendly, and scalable 
approach to enhancing the electrical conductivity of GO while preserving its structural 
integrity. In particular, hydrogen plasma treatment has demonstrated high efficacy in 
selectively removing oxygen functional groups, thereby significantly improving GO’s 
conductivity and making it a promising candidate for gas sensing applications. Among 
various analytes, ammonia (NH3) detection is of particular interest due to its widespread 
industrial use and emission in food spoilage. The presence of residual functional groups on 
rGO surfaces plays a crucial role in facilitating ammonia adsorption and influencing sensor 
performance through measurable resistance variations. 

3.2.1 Plasma-Modification of graphene oxide for advanced ammonia 

sensing 

This study fills a key gap in the literature by systematically exploring how the duration of 
low-pressure hydrogen plasma treatment impacts ammonia adsorption (ranging from 100 
to 1049 ppm) within the rGO lattice. GO films were deposited onto clean copper electrodes 
using drop-casting and then exposed to plasma treatment for varying durations (10, 20, 
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40, 120, and 240 seconds). The results show a clear shift in the adsorption mechanism: 
shorter treatment times lead to chemisorption-dominated behaviour, while longer plasma 
exposure favours physisorption-dominated interactions. This shift has a major effect on 
sensor sensitivity and reversibility, with the best performance seen at 20 seconds of 
treatment, where both adsorption mechanisms coexist. Sensitivity increased from 23.9% at 
100 ppm to 47.1% at 1049 ppm. These findings highlight how fine-tuning plasma treatment 
duration can optimize sensor response. 

Beyond confirming the effectiveness of plasma treatment in modifying rGO properties, 
this study provides important insights into the relationship between reduction time, surface 
chemistry, and gas sensing performance. The results validate plasma-assisted reduction as 
a scalable, sustainable approach for the next generation of gas sensors. Real-world testing 
in open-air conditions confirmed our initial hypothesis, emphasizing the need for more 
studies on plasma-induced modifications of GR-based materials to further expand their use 
in environmental monitoring and industrial safety. Compared to existing literature, this 
work improves treatment speed by at least one order of magnitude while achieving similar 
sensitivity. With this article, I successfully confirmed Hypothesis 1. 

In this article I contributed in: writing - original draft, methodology, investigation, 
formal analysis, data curation. 
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3.3 Organophosphates Detection 

The detection of OP pesticides, such as dimethoate and chlorpyrifos, is crucial for ensuring 
food safety and environmental monitoring. Conventional analytical techniques, including 
GC-MS and HPLC-MS, provide high accuracy but are hindered by high costs, the 
requirement for specialized personnel, and limited portability, so their sampling capability 
is only a portion of the food that is produced. To overcome these limitations, fluorescence-
based sensors have emerged as a promising alternative, offering simplicity, cost-
effectiveness, and high sensitivity for trace-level detection of analytes. In this paragraph, 
two different methodologies for dimethoate and chlorpyrifos detection are presented. 
 

3.3.1 Dimethoate detection through a fluorescent coumarin dye 

 
In this study, we developed a novel fluorescence-based probe using a coumarin dye for the 
selective detection of methylamine. Since OP pesticides break down in the environment 
and produce detectable byproducts, we focused on methylamine as a key hydrolysis product 
of dimethoate. Our approach relied on a reaction between methylamine and a custom-
synthesized electrophilic coumarin dye, which generated a strong fluorescence signal. 

By systematically studying the fluorescence response at different analyte 
concentrations, we determined a detection limit of 3.2 µg/L, well below internationally 
regulated limits. The reaction mechanism was based on TICT discussed in the introduction, 
where the nucleophilic addition of methylamine to the dicyanovinyl group significantly 
altered the dye's fluorescence properties. Selectivity studies further demonstrated the 
robustness of our method, showing no interference from other OPs, ensuring reliable 
pesticide detection even in complex matrices. To confirm its practical applicability, we 
tested dimethoate in green tea samples, achieving a recovery rate of 95.4%, which validated 
the method's effectiveness in real-world scenarios. 

This study not only addresses gaps in current research by introducing a new 
fluorescence-based approach for dimethoate detection but also highlights the significance 
of monitoring pesticide hydrolysis products, as they can pose comparable risks to the parent 
compounds. Through this work, we confirmed hypotheses two and three, demonstrating 
the importance of studying pesticide degradation pathways. 

In this article I contributed in: Writing - original draft, Visualization, Validation, 
Formal analysis, Data curation, Conceptualization. 

Figure 18: Graphical abstract of publication 2. 
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3.3.2 Chlorpyrifos detection based on 9-fluorenone oxime 

 
As highlighted in the introduction, oximes are well-known for their ability to reactivate 
AChE inhibited by OP pesticides. When deprotonated, oximes become highly nucleophilic, 
binding readily to phosphorus atoms. This makes them strong candidates for chemical 
sensing applications. However, despite their potential, little research has explored their 
integration into fluorescence-based detection systems, this knowledge gap motivated the 
development of our novel sensing strategy. 

In this study, we designed a fluorescence-based probe using a fluorenone-derived oxime 
dye to detect chlorpyrifos. Deprotonation was necessary to enhance the dye’s 
nucleophilicity, but direct deprotonation in water using a strong base was impractical since 
OP pesticides are prone to hydrolysis at high pH. Additionally, 9-fluorenone oxime would 
need to compete with hydroxide ions (OH-), which are present in much higher 
concentrations. To overcome these challenges, we performed deprotonation in acetonitrile 
using a non-nucleophilic phosphazene base (P4), ensuring both selectivity and stability.  

The fluorescence response was systematically analysed across varying analyte 
concentrations, resulting in a detection limit of 15.5 µg/L, in line with international 
regulatory standards. Selectivity was confirmed through minimal interference from other 
OPs, and the method's practical effectiveness was validated by successful chlorpyrifos 
detection in tap water, using a QuEChERS-based extraction process. The detection 
mechanism relied on a nucleophilic attack of the oxime on the pesticide's phosphate group, 
disrupting the PET mechanism and increasing the dye's fluorescence. 

This study fills a significant gap in research by introducing an oxime-based fluorescent 
dye for direct OP pesticide detection. By capitalizing on the nucleophilic properties of 
oximes, it establishes a selective, efficient, and innovative approach for pesticide analysis, 
particularly in environmental water samples. The findings confirm our final hypothesis. 

In this article I contributed in: conceptualization, methodology, validation, formal 
analysis, investigation, data curation, writing - original draft, visualization. 

 
 

 
 

Figure 19: Graphical abstract of publication 3. 
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Chapter 4 

Conclusions 

Over the past 150 years since the Second Industrial Revolution, human activities have 
significantly altered our planet’s natural balance. Industrialization, population growth, and 
intensive agriculture have led to pollution, biodiversity loss, and a growing crisis in food 
security. As we move toward a future where the global population is expected to reach 9.8 
billion by 2050, the pressure on food production systems will intensify, necessitating 
innovative and sustainable solutions. While scientific progress continues to provide 
technological breakthroughs, real change requires the commitment of governments, 
industries, and consumers. 

4.1 The Role of Sensors in Addressing Global Challenges 

Among the many challenges, pesticide use and food waste represent two critical areas where 
innovative sensing technologies can contribute to a more sustainable and safer food system. 
Pesticides, essential for modern agriculture, have become both an asset and a threat. As 
OPs are increasingly replaced by pyrethroids (at least in the richest countries) due to their 
lower toxicity, the pursuit of truly sustainable, non-toxic, and cost-effective alternatives 
remains an ongoing challenge in the complex interaction between human needs and 
ecological balance. In the meantime, monitoring environmental pollution is crucial, not 
only to mitigate health risks, but also to sustain public awareness and drive political 
discourse toward long-term sustainable solutions. 

This pattern is evident in the historical evolution of pesticide regulation. Initially, OC 
pesticides were widely used but were later banned due to their environmental and health 
risks. They were subsequently replaced by OPs, which are now slowly being replaced (at 
least in the richest countries) in favour of pyrethroids, following scientific assessments of 
their toxicity and growing public pressure. This ongoing cycle highlights the need for 
continuous monitoring and informed decision-making by policy makers, companies and the 
public opinion. 

To support this process, data collection plays a vital role in keeping the public informed. 
Today, bio-chemical laboratories across Europe are making significant efforts to analyse 
pesticide residues in food. However, despite meticulous sampling focusing on products and 
sectors considered at risk, current testing covers only a small fraction of what is actually 
available on the market. This limitation underscores the potential of empowering 
consumers with accessible, real-time food quality monitoring tools. By integrating advanced 
sensing technologies, consumers could independently verify the safety of their food, 
fostering greater transparency and ultimately transforming the food industry into a more 
accountable and sustainable system. 
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4.2 Key Contributions of This Research 

4.2.1 Organophosphate detection 

In this thesis, I sought to advance the field of fluorescence-based pesticide detection by 
exploring novel sensing strategies for OPs. Fluorescent sensors offer a unique advantage 
due to their simplicity, affordability, and potential for consumer-friendly applications. I 
explored two different strategies tackling the problem from different perspectives. By 
leveraging the hydrolysis of dimethoate, it was developed a fluorescence-based detection 
method that successfully quantified the pesticide in green tea samples. Using a dicyanovinyl 
coumarin dye, achieving a detection limit of 3.2 µg/L and demonstrated successful 
application in green tea, with a recovery of 95.4% (σ = 5.7%). This work highlights an 
alternative approach to pesticide sensing, focusing on reaction-based fluorescence activation 
by a degradation product of dimethoate rather than the conventional direct detection used 
in other fluorescence applications. 

The second study introduced a pharmacological approach to fluorescence sensing, 
utilizing 9-fluorenone oxime to directly detect chlorpyrifos. The reaction with the pesticide 
led to a significant fluorescence shift, achieving a limit of detection of 15.5 µg/L, with 
strong selectivity. The incorporation of oxime chemistry into fluorescence sensing offers a 
new avenue for selective OP detection, demonstrating how established pharmaceutical 
strategies can be applied to environmental monitoring. 

These findings contribute to the broader field of environmental sensing, emphasizing 
the need for portable, cost-effective detection methods to empower both regulatory bodies 
and consumers. The detection mechanisms proposed in this thesis can be adapted to sense 
other OPs and also to other pesticides. 

4.2.2 Ammonia sensing 

Food waste is a multifaceted issue, with spoilage playing a key role. Currently, consumers 
rely primarily, beyond the expiry date, on visual and olfactory cues to assess food freshness, 
an approach that is often inaccurate and leads to excessive waste. My research explored a 
novel ammonia sensor based on rGO. Utilizing low pressure hydrogen plasma, it has been 
developed a rapid and efficient reduction method for GO, significantly improving its sensing 
performance. The optimized sensor demonstrated a sensitivity of 23.9% at 100 ppm and 
47.1% at 1049 ppm, with the ability to function in air environments. Compared to 
conventional reduction techniques, within the experimental part it was demonstrated how 
this plasma treatment achieved similar or superior performance with only 20 seconds of 
processing time, an improvement of at least an order of magnitude in processing speed. It 
was also proved how plasma treatment time influence the reversibility (the longer the 
better), but already at 20 seconds the sensor was partially reversible, indicating it can be 
reused multiple times. 

By optimizing both material properties and sensor response, this study paves the way 
for the integration of rGO-based ammonia sensors into food packaging or smart monitoring 
systems. Such advancements could enable real-time assessment of food freshness, reducing 
unnecessary waste and improving food security. 
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Chapter 5 

Future Perspectives 

 
The need for innovative food safety and environmental monitoring solutions has never been 
greater. Climate change, population growth, and industrial pollution have placed enormous 
strain on global food systems, requiring new strategies to ensure sustainability and security. 
The sensors developed in this research represent a step toward empowering individuals, 
industries, and policymakers with real-time data for safer, more sustainable decision-
making. 

The ammonia sensor could undergo further testing enhancing its selectivity towards 
ammonia, but also perform experiments in low-temperature environments and packaging 
conditions to evaluate its suitability for integration into smart refrigerators to forecast 
shelf-life and, potentially, in food packaging systems. The dimethoate probe could be 
adapted for use in a diagnostic kit aimed at early detection of the pesticide in tea leaves. 
Additionally, similar dye-based probes might be utilized to exploit hydrolysis reactions to 
detect other OP pesticides. To enhance the performance of the chlorpyrifos probe, 
alternative oximes could be synthesized and identified. To avoid the use of P4 and use the 
system directly in water, other oximes that deprotonate at lower pHs by mitigating 
competition with hydroxide ions (OH-) might be promising. Such improvements could 
significantly reduce detection times, making the process more efficient and practical for 
real-world applications. 

However, technological solutions alone are not enough. The broader challenge remains 
in bridging the gap between science, policy, and public engagement. Raising consumer 
awareness about pesticide contamination and food waste, promoting better agricultural 
practices, and fostering collaborations between researchers, governments, and private 
sectors will be critical to translating these innovations into real-world impact. 

Looking forward, the true success of these technologies will be measured not just in 
laboratory performance but in their ability to drive meaningful change, whether by 
reducing food waste, enhancing supply chain transparency, or preventing toxic exposure in 
populations. By integrating scientific progress with social responsibility, we can move 
toward a future where food safety is not a privilege but a universal right. 

While this thesis has explored fluorescence-based and rGO sensors as powerful tools for 
detection, their potential is far from fully realized. Further interdisciplinary efforts, 
including advances in material science, data analytics, and machine learning, could push 
these technologies beyond simple detection, but toward predictive and autonomous 
monitoring systems that proactively prevent contamination and waste. This journey is just 
beginning, and the responsibility of the scientific community is to continue driving 
innovation for all human beings. 
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