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Abstract 
 

Development of User-Friendly Tablet Sensors for Detection of Copper and Nitrite 

Maryam Mansouri 

The development of portable, easy-to-use, and reliable analytical tools is essential for 

environmental monitoring of contaminants, particularly in settings with limited access to 

laboratory infrastructure. In diagnostics area, recent advancements in tablet-based sensing 

technologies have shown the promise for enabling simple, rapid and user-friendly detection with 

minimal preparation. Motivated by the need to support and improve public health, this thesis is 

dedicated to the development of tablet-based sensors that enable rapid, user-friendly, and 

affordable detection of environmental contaminants. In this context, this research focuses on the 

development of innovative tablet-based sensors for on-site detection of (1) copper in water and 

(2) nitrite in soil, which provide precise reagent dosages, enhanced portability, and reliable 

performance in resources with limited facilities. 

In the case of copper detection, the sensor utilizes an auto-mixing tablet that simplifies the process 

by incorporating all necessary reagents into a single solid form. This ensures precise dosing, 

offering a simple, quick, and user-friendly alternative in compare with traditional methods such 

as including inductively coupled plasma detector, atomic absorption spectroscopy, surface 

plasmon resonance detector and X-ray fluorescence spectrometry. Copper detection is vital as 

excessive copper levels in drinking water and natural water bodies can pose serious health risks, 

including gastrointestinal distress, liver or kidney damage, and neurodegenerative diseases, also 

contribute to environmental pollution. The tablet initiates a colourimetric reaction with 2,2’- 

biquinoline-4,4’-dicarboxylic acid (bicinchoninic acid) within two minutes, producing a 

measurable color change indicative of copper concentration. Unlike conventional tablets that 

require manual mixing, the effervescence and auto-mixing feature enhances reagent dissolution 

and improves usability. The sensor demonstrated working range of 0 to 2.5 ppm, with a detection 

limit of 0.3 ppm, which are adequate for monitoring copper contamination considering that The 

World Health Organization (WHO) has set the permissible limit for copper ions (Cu²⁺) in drinking 

water at 2.0 mg/L (2 ppm). However, Cu²⁺ concentrations in some local water sources exceed this 

threshold. Therefore, there is an urgent need to develop highly sensitive and selective methods for 

Cu²⁺ detection. 
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Interference tests confirmed the sensor’s selectivity for copper. The sensor’s selectivity 

complements its sensitivity, providing reliable detection of copper at low concentrations with 

minimal influence from other potential contaminants. While analyses of real water samples 

validated its accuracy and practical applicability. Stability assessments over three months of room 

temperature showed consistent performance, highlighting the sensor’s long-term usability. The 

tablet format provides a portable, pre-measured detection system that eliminates the need for 

laboratory preparation, making it an effective solution for real-time copper monitoring, particularly 

in regions with restricted access to analytical tools. 

In the case of nitrite detection, this study presents two tablet-based sensors: (1) a Dual Reagent 

Tablet, which contains separate sulfanilamide (SUL) and N-(1-naphthyl)ethylenediamine (NED) 

reagents in two distinct tablets; and (2) an All-in-One Integrated Reagent Tablet, which combines 

all necessary reagents into a single tablet, simplifying the detection procedure. Nitrite 

contamination harms ecosystems by reducing oxygen levels, disrupting biodiversity, and 

producing toxic compounds such as nitrosamines, while posing human health risks such as 

methemoglobinemia, neurological disorders, and increased cancer risk. Therefore, effective soil 

monitoring is crucial for pollution control and sustainable agriculture. Both utilize a pullulan 

matrix to encapsulate reagents in solid form, enhancing stability and practicality. Each sensor 

enables rapid soil nitrite measurements within 2 minutes through a colourimetric reaction, 

producing a pink/purple azo dye as an indicator. Furthermore, unlike traditional methods requiring 

manual pH adjustment, these tablet sensors incorporate a buffering system to maintain optimal 

acidic conditions for the reaction, ensuring reliable performance across diverse sample 

environments without external acidification. The tablets also ensure consistent reagent dosages, 

removing the need for laboratory preparation and providing a portable, pre-measured platform for 

on-site nitrite detection in complex soil matrices. The Dual Reagent Tablet demonstrated a 

detection limit of 3 µM, while the All-in-One Tablet achieved a detection limit of 5 µM, both with 

a working range up to 400 µM. Interference experiments confirmed selectivity for nitrite, and 

analyses of real soil samples validated the method’s accuracy and applicability. Stability 

assessments over six weeks at room temperature showed consistent performance, demonstrating 

the long-term usability of these sensors. 
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Chapter 1: Introduction and objective 
 

In this chapter, there is a brief introduction to the research, outlining the background of copper and 

nitrite detection, as well as the use of tablet-based sensing platforms. This section continues with 

the objectives of this research project and ends up with the thesis organization. 

1.1 Background 

Point-of-use methods have revolutionized environmental monitoring and human health by 

providing rapid, portable, and user-friendly solutions to address the limitations of traditional 

techniques, which are often expensive, complex, and lack portability [2]. Proteins [3,4], nucleic 

acids [5,6], human cells [7], microbes and pathogens [8,9], and a variety of metabolites [10] have 

been targeted by point-of-care (POC) techniques. POC and point-of-use devices have numerous 

applications in environmental monitoring [11]. POC techniques are typically used in clinical or 

diagnostic settings to test human samples, while point-of-use methods refer more broadly to 

environmental or field applications for on-site contaminant detection without laboratory testing. 

Different environmental pollutants such as heavy metals (HM) are [12] and nitrite ions [13] were 

targeted for detection. 

Different detection techniques, such as electrochemical biosensors [14], colourimetric methods 

[15] and fluorescent methods [16] have been used for detection of pollutants. On the other hand, 

several innovative detection platforms have been developed over time based on variations in size 

and sensing capabilities, including microfluidic devices [17] and paper-based analytical devices 

(PADs) [18]. However, these platforms still face certain challenges; for example, microfluidic 

lateral flow paper-based assays experience issues with reagent instability, sample interaction with 

materials, sample leakage, and limited sensitivity [19,20]. Therefore, there is a need to develop 

novel sensors that overcome the existing challenges of point-of-care devices while still adhering 

to the ASSURED (Affordable, Sensitive, Specific, User-friendly, Rapid and Robust, Equipment- 

free or environmentally friendly, and Deliverable to end-users) criteria set by the World Health 

Organization (WHO) [21–24]. The tablet-based sensors developed in this thesis aim to meet 

several aspects of the ASSURED criteria, particularly affordability, selectivity, being user- 

friendly, rapid and robust, and make detection simple for field delivery. Recently, different 

platforms have been explored for analyte detection using solution-based sensors. It is well 

established that detection in the solution phase provides greater sensitivity compared to solid- 
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supported systems. Tablet-based sensors enable rapid detection in the solution phase by releasing 

the reagents during testing [25]. This approach not only enhances the sensitivity and stability of 

reagents but also combines the benefits of point-of-use analytical devices. One approach to 

creating tablet sensors utilizes polysaccharide encapsulation, where polysaccharides like pullulan 

and dextran are added to a reagent solution and formed into the tablet [24]. Alternatively, powder 

compression involves mixing powdered reagents, weighing them, and then compressing the 

mixture into tablet form [26]. 

In this context, copper has been detected by POC sensors in water without the need for complex 

lab equipment or trained personnel. This makes them practical for field applications, especially in 

resource-limited settings where rapid, on-site monitoring is critical. While copper is essential in 

small amounts, excessive exposure can cause serious health problems in humans and harm 

ecosystems [27–30]. In the context of this thesis, copper concentrations exceeding 2.0 mg/L (2 

ppm), the maximum permissible limit set by the WHO are considered excessive. Different types 

of sensors mostly including electrochemical and optical (colourimetric and fluorescence-based 

systems) offer different advantages depending on the application. Colourimetric tests offer a low- 

cost solution by changing color in the presence of copper ions [31], while electrodes provide 

accurate measurements by detecting electrical signals related to copper concentration [32]. 

Biosensors typically use biological elements like enzymes, antibodies, or whole cells, combined 

with physical or chemical transducers, to detect copper ions in water [33,34]. Integration with 

microfluidics and nanomaterials has further improved their performance, sensitivity and 

portability [35]. However, traditional copper detection methods often suffer from challenges such 

as high costs, complex fabrication processes, lack of stability in field conditions, and the need for 

laboratory equipment. 

Nitrite has been focused in detection field due to its high toxicity in soil, water and food, linked to 

health issues like methemoglobinemia and cancer [36,37]. For the purposes of this study, nitrite 

concentrations exceeding 1 mg/L (approximately 22 µM), based on environmental and drinking 

water safety standards, are considered excessive. In this aim, researchers have developed 

improved detection methods, including smartphone-assisted spectrophotometry, colourimetric 

sensors, fluorescence-based systems and electrochemical sensors integrated with nanomaterials 

and POC platforms. These offer better portability, faster response times, and eco-friendlier 
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alternatives to traditional methods [38]. Electrochemical sensors use oxidation/reduction reactions 

with materials like gold, copper, or zinc oxide, and can be miniaturized or integrated with 

smartphones for real-time monitoring [39]. Fluorescent probes offer high sensitivity, rapid 

response, and strong selectivity, specially combined with paper-based sensors and hydrogels even 

in complex samples [40]. Color-based detection is typically based on azo-coupling, diazotization- 

hydrolysis, nitrosation, and nanoparticle-based methods, allowing for simple, fast, and often 

instrument-free identification of nitrite [41]. However, traditional nitrite detection techniques 

remain expensive, complex, and dependent on specialized facilities and skilled personnel. Also, 

different POC platforms such as paper-based devices, despite offering improved portability, often 

suffer from complex fabrication processes and reagent instability. 

1.2 Thesis objectives 

 
The aim of this thesis is to develop tablet-based sensors for the rapid, user-friendly, and cost- 

effective detection of environmental contaminants to enhance public health. To achieve this goal, 

two types of tablet sensors were developed. The first objective is to create a novel tablet-based 

sensor for rapid, on-site copper detection in water, while the second focuses on point-of-use, user- 

friendly detection of nitrite in soil samples. These innovative approaches address the limitations 

of existing detection methods, such as high costs, complexity, and reliance on laboratory settings. 

By leveraging colourimetric detection principles and using a solid-phase platform, the sensors aim 

to provide a cost-effective, portable, and user-friendly solution, adhering to the ASSURED criteria. 

 

The research aims to develop a tablet-based sensor as a portable point-of-use detection platform 

for water, particularly for field-based, immediate copper detection. Existing point-of-use 

techniques for copper detection include commercial powders and tablet-based sensors. However, 

this objective involves integrating various materials into all-in-one solid auto-mixing tablets, 

minimizing the risk of spillage, enhancing ease of use, and improving automation compared to 

both powdered and conventional tablet forms. The goal is to improve water quality monitoring by 

offering an efficient, reliable, non-invasive, and practical solution for detecting copper 

contamination in various water sources. 

 

Furthermore, the study aims to design a novel tablet-based sensor for rapid, cost-effective nitrite 

detection in soil samples. This tablet sensor is intended to simplify point-of-use soil analysis, and 
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ensure user-friendliness, selectivity, and long-term storage stability, enhance accessibility of nitrite 

measurement, particularly in resource-limited settings. 
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1.3 Thesis organization 

This thesis is organized into five chapters, each playing a significant role in explaining the 

research as follows: 

• Chapter 1 provides an introduction that covers background of development of POC techniques 

and tablet-based sensors, with a focus on detecting copper and nitrite. It outlines the objectives 

and overall framework of the study and includes a summary of the author's publications and 

research contributions. 

• Chapter 2 undertakes a thorough review of the relevant literature related to heavy metal 

detection techniques with a focus on copper as well as nitrite detection techniques. Then it 

introduces the development of tablet-based sensors, specifically for detecting copper and nitrite, 

utilizing polysaccharide encapsulation and compression methods. 

• Chapter 3 describes an auto-mixing tablet for the on-site and user-friendly detection of copper 

in water. The chapter details the preparation of reagents, experimental procedures, and 

fabrication of the tablet-based sensor. The chapter also presents results from copper detection 

tests, demonstrating the tablet's performance and effectiveness. 

• Chapter 4 describes a novel tablet-based sensor using pullulan encapsulation for user-friendly 

detection of nitrite in soil samples. the methods and experiments carried out for nitrite detection, 

along with the experiments and results of detecting nitrite in real soil samples. It also examines 

analytical performance, interference studies, and stability tests, offering an overview of the 

research findings. 

• Chapter 5 provides a conclusion on the research work and future recommendations. 
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1.4 List of publications and conference contributions 
 

The following list of publications and conference proceedings shows my contribution to the annals 

of research in the course of this thesis. 

 

Peer-reviewed journal articles 

 
● Maryam Mansouri, Seyed Hamid Safiabadi Tali, Zubi Sadiq, Sana Jahanshahi-Anbuhi*, 

"User-friendly detection of nitrite in soil samples with tablet-based sensor", 2025. (revision 

request). 

● Maryam Mansouri, Seyed Hamid Safiabadi Tali, Sana Jahanshahi-Anbuhi*, "Instant Auto- 

Mixing Tablets for On-Site Detection of Copper in Water", 2025. (submitted) 

 
● Seyed Hamid Safiabadi Tali, Muna Al-Kassawneh, Maryam Mansouri, Zubi Sadiq, Sana 

Jahanshahi-Anbuhi1*, "All-in-one reagent tablet with rapid auto-mixing for point-of-care 

diagnostic". ASC Sensors, 2025. DOI: 10.1021/acssensors.4c03726 

 

● Zubi Sadiq, Seyed Hamid Safiabadi Tali, Maryam Mansouri, Sana Jahanshahi-Anbuhi*, 

"Dual-functional nanogold tablet as a plasmonic and nanozyme sensor for point-of-care 

applications", RSC Nanoscale Advances, 2025. DOI: 10.1039/D5NA00082C 

 

Conferences 

 
● Maryam Mansouri, Seyed Hamid Safiabadi Tali, Zubi Sadiq, Sana Jahanshahi-Anbuhi* , 

"User-friendly detection of nitrite in soil samples with tablet-based sensor". Chemical 

Engineering Research Day, Montreal, Canada, March 2025. 

 

*** This work was recognized with the Best Poster Presentation Prize in the Student Poster 

Presentation Competition category. 

 

● Maryam Mansouri, Seyed Hamid Safiabadi Tali, Sana Jahanshahi-Anbuhi*, "On-site and 

rapid detection of copper in water with low-cost tablet-based sensor". Chemical Engineering 

Research Day, Montreal, Canada, March 2024. 

https://doi.org/10.1021/acssensors.4c03726
https://doi.org/10.1039/D5NA00082C
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*** This work was recognized with the Sustainability Prize in the Student Presentation 

Competition category. 

 

● Seyed Hamid Safiabadi Tali, Muna Al-Kassawneh, Maryam Mansouri, Zubi Sadiq, Sana 

Jahanshahi-Anbuhi*, "All-in-one reagent tablet with rapid auto-mixing for point-of-care 

diagnostic". Chemical Engineering Research Day, Montreal, Canada, March 2024. 
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Chapter 2: Literature review 
 

This chapter discusses the environmental and health risks posed by pollutants like heavy metals 

and nitrite. It reviews various detection methods for copper and nitrite, focusing on 

electrochemical, fluorescence, and colourimetric techniques. Then it introduces the development 

of tablet-based sensors, specifically for detecting copper and nitrite, utilizing polysaccharide 

encapsulation and compression methods. It highlights the innovation of auto-mixing tablets and 

nitrite tablets. The goal is to create portable, cost-effective, and reliable point-of-care devices for 

environmental and health monitoring. 

2.1. Introduction 

Heavy metal pollution is one of the most serious issues. Heavy metals are defined as naturally 

occurring metals with an atomic number greater than 20 and a density more than 5 gcm-3 [42]. It 

means they are defined as elements with high density and weight. Among all the pollutants in 

environment heavy metals are under supreme attention as they have toxic properties [43]. The 

indiscriminate release of heavy metals without adequate treatment into the systems such as soil 

and water poses a significant global health threat [44]. Heavy metals are non-biodegradable and 

widely present in the environment, presenting human health and ecosystems with long-lasting and 

significant risks [45,46]. The excess amount of them in the biosphere leads to their entry into the 

food chain, where they cause considerable harm to human health [47,48]. They can enter through 

water, food, air or absorbance from the skin in contact stemming from manufacturing sources, 

agricultural, residential and pharmaceutical. The toxicity of these metals depends on factors such 

as the type of organism, the duration of exposure, the specific properties of the metal, and its role 

in biological processes. As heavy metals accumulate and spread through the food chain, they pose 

risks to all living organisms, with particularly harmful effect on human heath [43]. Some living 

organisms require small quantities of certain heavy metals like iron, cobalt, zinc, copper, 

manganese, etc., but at higher concentrations these elements lead to toxic effects [49]. However, 

the rising levels of various metals in soil and water, due to growth of industrialization, have 

resulted in a concerning situation for both human health and aquatic life [44]. On the other hand, 

some metals like cadmium, lead, mercury and some others are regarded as hazardous substances. 

They have the potential to cause serious health and environmental risks even at low concentrations 

by accumulation in living organisms [50,51]. 
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2.1.1 Copper 

Copper (II) is one of the most common substances in the environment among heavy metals. It has 

a role in biological processes such as chlorophyll synthesis, photosynthesis, cell wall development, 

and respiratory electron transport pathways. It acts as an essential element for various biological 

functions within the human body, serving as a crucial cofactor and structural component in 

numerous enzymes, participating in vital metabolic processes [52–54]. Copper-based enzymes 

play important roles in various physiological processes, including pigmentation (tyrosinase), 

epigenetic modification (lysyl oxidase-like 2), respiration (cytochrome c oxidase), iron uptake 

(ceruloplasmin), antioxidant defense (Cu/Zn superoxide dismutase), neurotransmitter synthesis, 

and metabolism (dopamine β-hydroxylase) [55]. It maintains the normal functioning of the brain 

and nervous system, elasticity of blood vessels, supports the formation of collagen and elastin, and 

regulates hemoglobin levels [56]. However, various human activities contribute to copper 

contamination in the environment. These include the use of agricultural fertilizers and pesticides, 

mining, and industrial production processes in the chemical, pharmaceutical, and paper industries 

[57]. Exceeding the optimal levels of copper intake can lead to detrimental consequences. Elevated 

copper concentrations has been linked to gastrointestinal issues, liver and kidney damage, and the 

predominance of neurodegenerative diseases such as Menkes, Wilson’s, and Alzheimer’s [27–30]. 

Additionally, an excess of copper endangers the survival of aquatic organisms and reduces the 

self-purification capacity of natural water systems [58,59]. Therefore, an adequate intake of copper 

from food and drinking water is extremely crucial for living organisms. The World Health 

Organization (WHO) has defined permissible limits for copper ion concentrations at 2.0 mg/L in 

drinking water [60]. However, the concentration of copper ion in certain local water areas is still 

much higher than this tolerance limit. Hence, there is an urgent need to develop highly sensitive 

and selective methods for copper ion detection. 

2.1.2 Nitrite 

Nitrite has been widely utilized in food industry and environmental fields, such as for preserving 

food and enhancing flavor of meat products [61]. Nitrite is also found in water distribution systems, 

including groundwater, lakes, and oceans [36]. As a result, it accumulates in vegetables, fruits, 

processed meats, and drinking water, making it a common component of our daily consumption 

and one of the most widespread pollutants in both food and the environment [62]. Nitrite also plays 

a crucial role in the plant nitrogen cycle [63], acting as an essential nutrient that helps make 
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nitrogen available to plants. The nitrification process, which transforms ammonium into nitrite and 

then into nitrate, is primarily driven by ammonium-oxidizing bacteria such as Nitrosomonas and 

Nitrobacter in the soil [64–67]. As food demand rising over recent decades, many countries have 

excessively used inorganic fertilizers, often containing nitrite, to boost agricultural productivity. 

This overuse contributes to increased nitrification and nitrogen leakage into the environment. 

Accumulated nitrite in soil can lead to overloading and nitrate leaching, contaminating various 

water sources. This contamination can encourage the growth of toxic algae, including harmful 

algal blooms that reduce oxygen levels in water and harm biodiversity. Excessive nitrite levels in 

food and water can pose serious health hazards. In the acidic environment of the stomach, nitrite 

can form carcinogenic nitrosamines. It also reduces the blood’s ability to carry oxygen by 

converting hemoglobin into methemoglobin[36,37]. By and large, the high incidence of medical 

issues such as gastric and esophageal cancers, central nervous system abnormalities, and neonatal 

methemoglobinemia commonly referred to as "blue baby syndrome" can stem from excessive 

nitrite ingestion [68–70]. 

To address these risks, the World Health Organization (WHO) has stablished a limit of 3.0 mg/L 

(65.2 µM) for in drinking water and for the protection of wildlife, while the U.S. Environmental 

Protection Agency (EPA) determines a Contaminant Level (MCL) of 1.0 mg/L (21 µM) [71,72]. 

Therefore, the evaluation of nitrites became a very important issue in environmental fields. 
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Figure 1. A. It shows how neurons regulate copper and its link to Alzheimer’s. Copper enters 

through Ctr1, is transported to enzymes, and released by ATP7A in synapses, increasing Aβ 

production. Excess copper and Aβ form toxic complexes, generating H₂O₂, causing oxidative stress 

and amyloid plaque formation, contributing to Alzheimer’s (adapted from [29]). B. The nitrogen 

cycle in soil. This involves nitrification, denitrification, and nitrogen fixation, with bacteria 

regulating nitrogen transformations. Nitrification inhibitors (NIs) reduce nitrogen loss, lower 

greenhouse gas emissions, and improve soil fertility, supporting plant growth (adapted from [65]). 

2.2 Copper detection techniques 

Various conventional methods have been developed for this purpose, ranging from inductively 

coupled plasma detectors, atomic absorption spectroscopy, and electrochemical sensors to surface 

plasmon resonance detectors, X-ray fluorescence spectrometry, neutron activation analysis, and 

plasma-optical emission spectrometry [73,74]. 

2.2.1 Electrochemical sensor 

Electrochemical sensors comprise three-electrode systems which contain a working electrode 

(WE), a reference electrode (RE) and a count electrode (CE) [75]. The WE can be modified with 

various materials to enable selective detection and enhanced concentration of metal ions. The 

detection of metal ions is based on the observable variations in electrochemical properties. The 

analysis of these changes leads to accurately identify the specific metal ions in a sample [76]. The 

working mechanism of these sensors is related to utilizing electrodes through electrochemical 

technologies, such as anodic strip- ping voltammetry, to measure heavy metals. Recent advances 

in materials increase the sensitivity of these sensors, which categorized in inorganic, organic, and 

biomaterial modified electrodes for electrochemical detection of heavy metal ions. These materials 

demonstrate high sensitivity and selectivity which could enhance selectivity, stability, and 

sensitivity, of detection heavy metal ions. As an example using gold nano- material for detecting 

Cu2+ in wastewater which has investigated by [77]. Similarity, Romero-Cano et al. in 2019 

explored the application of carbon paste electrodes made from grapefruit peel bio-template for 

functionalized with carboxyl groups electrochemical detection of Cu2+ions in water [78]. In 2024 

Timoshenko et al. [79] presented a highly selective electrochemical sensor for detecting Cu2+ ions 

in both in vitro and in vivo, demonstrated enhanced sensitivity and selectivity due to the 
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modification of gold nanoelectrodes with a conjugate of the Gly-His-Lys (GHK) tripeptide and 

lipoic acid, which improved Cu²⁺ binding affinity. 
 
 

 
 

Figure 2. A. Basic concepts of electrochemical sensors (adapted from [75]). B. Scheme of the 

designed gold nanoelectrodes and GHK-ligand, along with the proposed mechanism for in vitro/in 

vivo detection of Cu2+ (adapted from [79]). 

The main advantages of electrochemical sensors include their cost effectiveness, sensitivity, and 

ease of operation. However, they face challenges in reproducibility and stability, particularly in 

complex systems and large-scale production. For example, this technique needed controlled 

environments like buffer solutions, with limitations on practical usage. Therefore, further 

investigation in needed in this regard [80]. 

2.2.2 Fluorescence sensor 

Fluorescence sensors measuring the change of wavelength of electromagnetic radiation emission 

by a substance change after it absorbs light [81]. These sensors are highly sensitive and selective 
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for sensing Cu²⁺ ions. There are two mechanisms for detecting Cu²⁺ ions using fluorescence; first 

one is because of paramagnetic nature of the Cu²⁺ ions the binding of a fluorophore with the metal 

ion, can led to a "turn-off" signal and quenching. The second one, is through generating a "turn- 

on" signal when the Cu²⁺ with the fluorophore make complex [82]. In recent years, different types 

of detection probes for Cu²⁺ ions have also been developed due to their unique properties such as 

nanoparticles (NPs), because of their unique electronic, optical and catalytic properties for 

sensitive detection minimal material usage, metal–organic frameworks (MOFs) which are 

effective for selective detection in various solution and quantum dots, which is mostly studied 

because of luminescence abilities [83]. For example, Liu et al. created a highly sensitive 

fluorescence sensor for detecting Cu²⁺ ions. the silica-coated CdSe quantum dots were used and 

Cu²⁺ ion nanoclusters were attached to them. The color change from yellow-green to red was 

observed when different levels of Cu²⁺ ions were released (with a detection limit of 8.9 nM.) [84]. 

In 2021, Niu et al. developed a switch fluorescence sensor using gold nanoclusters stabilized with 

bovine serum albumin for detecting cysteine and copper ions (“on" state when cysteine is present, 

and then "off" state when copper ions are introduced.). In living samples tests , the sensor proved 

to be fast, chemical stable and sensitive, which indicate it had potential for early Alzheimer's 

disease diagnosis [85]. Patir et al. developed a fluorescence sensor using nitrogen-doped carbon 

dot for detecting Cu²⁺ ions with the detection limit of 2.3 nM. The sensors were also incorporated 

into a low-cost, paper-based microfluidic device, which is easy for on-site detection in real-world 

samples like tap water [86]. 

2.2.3 Colourimetric sensor 

Colourimetric sensors are designed to measure the modification in reactive sensing components. 

This color change is observed by the naked eyes. The main function of colourimetric sensors is 

showing how the target substance is visually affected by different factors like pH, temperature 

changes, or stress. These sensors have been remarkably emphasized owing to their simplicity, 

aptitude for on-site observation, short-time analysis and selectivity [87,88]. The three examples of 

sensors are highlighted as gold nanoparticles, silver-coated gold nanoparticles, and microfluidic 

systems. Gold and silver nanoparticles have been crucial in various fields, including chemistry, 

biology, and environmental science, because of their simplicity, sensitivity, and excellent 

biocompatibility. Gangapuram et al. developed a gold nanoparticle (AuNP)-modified 

colourimetric sensor specifically designed for the selective and sensitive detection of Cu²⁺ ions. 
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They used AuNPs@ carboxymethyl gum karaya, showed a significant color change from red to 

blue upon interaction with Cu²⁺ ions ranging from 10 to 1000 nM [89]. In other project Ma et al. 

emphasized on using silver nanoparticles (AgNPs) made with dopamine for detecting Cu2+. By 

impact of dopamine silver ions reduced into AgNPs. Which can bind with Cu2+, causing the 

particles to clump together and change color. This is one step, creation, modification, and detection 

of Cu2+. After adding silver nitrate, the color of the solution turns yellow, and the speed of reaction 

is based on adjusting the pH with NaOH [90]. 

 

 
in 2014 Park et al. developed a receptor specifically for detecting Cu2+. In this work color changed 

from yellow to purple, by interaction of Cu2+ to receptor. The mechanism is selective to Cu2+ 

among 18 different cations tested [91]. Similarly, Deng and colleagues created a gold nanoparticle- 

based colourimetric sensor for Cu²⁺ detection, where the presence of Cu²⁺ caused the color to shift 

from red to purple-blue, with a detection limit of 0.04 µM using UV-Vis spectrometry and 2 µM 

visible to the naked eye [92]. Xei et al. also developed a microfluidic system combined with a 

colourimetric sensor for detecting Cu ions. In this project the color intensity in the microfluidic 

channels reduced in a linear fashion within the 0–30 mg/L range as Cu²⁺ presence increased 

(detection limit of 0.096 mg/L) in tap water tests [31]. Also, Lou et al. measured Cu²⁺ in water 

with silver-coated gold nanoparticles (Ag/AuNPs) by detecting decrease in surface plasmon 

resonance absorption [93]. 
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Figure 3. A. Mechanism of colourimetric detection of Cu2+ with silver/dopamine nanoparticles 

(adapted from [90]). B. Images and absorbance measurements of Ag/AuNPs after adding Cu²⁺ 

(adapted from [93]). 

 
2.3 Nitrite detection techniques 

Various conventional methods have been explored for nitrite detection, ranging from 

spectrophotometry including UV/Vis spectroscopy, catalytic-spectrophotometric, raman 

spectroscopy, IR and FTIR spectroscopy, atomic absorption spectroscopy (AAS), fluorescence 

spectroscopy, chemiluminescence, mass spectroscopy, to different chromatography methods 

[38,61,94]. 

 

 

 

Figure 4. Classification and characteristics of nitrite detection methods. Reproduced from Zhang 

et al., Applied Sciences 2024, 14(19), 9027, under the terms of the Creative Commons CC BY 

4.0 license [38]. 

 

2.3.1 Catalytic-spectrophotometric 

There are different types of spectrophotometric methods for detecting nitrite. One of these 

techniques is catalytic-spectrophotometric. The different catalytic-spectrophotometric techniques 

are based on the catalytic effect of nitrite on a specific reaction. In these methods, nitrite reacts 
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with an oxidizing agent and changes the color of the indicator. The intensity of the color is 

measured by a spectrophotometer at specific wavelength. This technique extensively applied for 

the detection of nitrate and nitrite in food, water, and biological samples. Substituted phenothiazine 

derivatives [95], triarylmethane alkaline [96] and acidic dyes, azo dyes [97], and similar 

compounds have been used as indicator species. Meanwhile, oxidizing agents such as potassium 

bromate [95] and hydrogen peroxide [98] have been commonly employed. Flow-injection analysis 

(FIA) to catalytic-spectrophotometric methods improves their efficiency. Ensafi and Kazemzadeh 

in 1999 used flow-injection analysis for simultaneous determination of nitrite and nitrate, with 

nitrate reduced to nitrite using copperized-cadmium columns. Nitrite catalyzed the oxidation of 

gallocyanine as an indicator. They applied to food and water samples [99]. Stopped-flow technique 

was used for the reaction rate method for nitrite measurement by Pettas et al. (1998). They 

developed a method using thymol blue as an indicator and potassium bromate as an oxidizing 

agent. Nitrite catalyzed the reaction between thymol blue and bromate in acidic media [100]. In 

other study researchers developed a catalytic-spectrophotometric method for the simultaneous 

detection of nitrite and nitrate. They used crystal violet as the indicator dye and potassium bromate 

as the oxidizing agent, with catalytic effect of nitrite on the redox reaction in a phosphoric acid 

medium. This method demonstrated high sensitivity, with detection limits of 0.3 ng/mL for nitrite 

and 1.0 ng/mL for nitrate [96]. 

2.3.2 Chromatographic 

Another technique to detect nitrite is using chromatography. high-performance liquid 

chromatography (HPLC) and ion chromatography are used mainly for direct sample analysis of 

nitrite. As an example, ion chromatography (IC) was used for determination of nitrite in human 

saliva with high recovery rates (95%-101%), excellent linearity (r² = 0.9991). This technique 

provides direct, selective, and interference-free analysis with minimal sample preparation [101]. 

The reversed-phase high-performance liquid chromatography method with fluorescence detection 

was used for the rapid detection of nitrite in cell culture media, plasma, and urine. The method is 

based on the derivatization of nitrite with 2,3-diaminonaphthalene (DAN) under acidic conditions, 

forming the highly fluorescent compound 2,3-naphthotriazole (NAT) [102]. In recent years, as 

there is need for precise detection, ion chromatography is rarely used alone and studies focus on 

frequently combined this method with other instruments or techniques to enhance the detection of 

target substances. For instant, IC combined with mass spectrometry (MS) to detect trace levels of 
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nitrite in microcrystalline cellulose. Ion chromatography was used to separate nitrite from other 

anions, while mass spectrometry improved sensitivity by targeting a specific mass-to-charge ratio 

[103]. In another study HPLC-UV-Vis method was applied for enhance sensitivity of nitrite 

detection in biological and vegetal samples. It used pre-column derivatization with the Griess 

reaction to enhance nitrite detection while directly detecting nitrate via UV absorbance [104]. 

HPLC and IC could be combined to increase selectivity and sensitivity of nitrite detection. While 

HPLC component identified nitroaromatic compounds using UV detection, IC quantified anions 

with conductivity detection [105]. 

 

 

 
Figure 5. Interaction between DAN and nitrite for NAT production (adapted from [102]). 

 

2.3.3 Griess assay-based (colourimetric) 

The Griess reaction, originally introduced by Johann Peter Griess in 1879 [106], for nitrate 

detection in saliva through a diazotization process. First, nitrite reacts with sulfanilic acid under 

acidic condition to form a diazonium cation. Then, this cation couples with 1-naphthylamine, 

resulting in the formation of water-soluble azo dye, a red-violet, with a maximum absorption 

wavelength of approximately 540 nm [94,107]. Over time, this reaction has been widely applied 

for detection of bacterial infections in the urogenital tract, by identifying nitrite, which is formed 

through the bacterial reduction of nitrate. Nitrite is the main nitrogen oxide anion present in human 

urine [108]. The Griess reaction is selective for nitrite. To analyze nitrate using this method, it 

requires chemical or enzymatic reduction to nitrite. To enhance the assay's performance and 

minimize interferences, this reaction has been continuously modified. The original Griess reaction 

is based on a diazotization process. While originally, sulfanilic acid and α-naphthylamine were 

commonly used as Griess reagents, Bratton and Marshall proposed N-(1- 

naphthyl)ethylenediamine (NED or NEDA) as new coupling components for sulfanilamide [109]. 

The Griess assay is a simple, cost-effective, and practical technique for detection nitrite. The Griess 
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reaction has been integrated with HPLC and FIA systems, enabling the analysis of nitrite in 

complex samples such as food and biological fluids. In the HPLC combined with Griess method, 

nitrite and nitrate are first separated chromatographically, making detection easier in challenging 

matrices. Researchers modified colourimetric Griess method for nitrate determination in soil and 

plant extracts, by removing barium sulfate and using sulfanilamide and NED in a diazotization 

reaction. It simplifies the procedure by replacing centrifugation with filtration for color 

development and measurement [110]. Wang et al. in 1998, used diazotization-coupling reaction 

between sulfanilamide and sodium 1-naphthol-4-sulfonate in a hydrochloric acid medium which 

led to analyzed nitrate and nitrite in water and fruit samples by using a column preconcentration 

method [111]. Wu et al. developed a dual-readout sensor combining fluorescent and colourimetric 

detection for nitrite in real food samples based on the Griess reaction. The sensor uses acid- 

resistant carbon quantum dots and 3-aminophenol in an acidic environment. A yellow-colored azo 

compound was produced for colourimetric detection by diazotization-coupling reaction [112]. 
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Figure 6. A. Schematic representation of the basic principle of Griess assay (adapted fom [94]). 

B. Schematic illustration of mechanism of colourimetric and fluorescent dual-readout sensor for 

the detection of nitrite (adapted from [112]). 

 
2.3.4 Capillary electrophoresis 

Capillary electrophoresis (CE) is a versatile technique which can be used to analyze cationic, 

anionic and neutral compounds. This technique is an efficient analytical method for detecting 

nitrite and nitrate in biological samples as it is highly sensitive, has short time runs, separate 

compounds effectively, and has wide applicability for analysis a variety of anions. This method 

requires only a small sample volume, relies on inexpensive reagents, and involves a simple 

operational process. Nitrite weas detected by capillary zone electrophoresis with transient 

isotachophoresis in seawater [113] and in human plasma [114]. It was measured also by capillary 

zone electrophoresis technique in saliva, while direct UV detection at 214 nm was applied [115]. 

In another study researchers explored using microchip capillary electrophoresis, the microchip was 

made of made of quartz and nitrite directed by UV detection at 214 nm. The method utilizes a 

specially formulated running buffer based on human serum components to improve separation 

efficiency [116]. Zhang et. al used modified open-tubular capillary electrochromatography (OT- 

CEC). A nano-latex coated capillary was used to improve separation efficiency and enhance 

sensitivity in plasma and urine samples [117]. 

2.3.5 Electrochemical 

Electrochemical techniques, such as voltametric [118,119], potentiometric [120–122] and 

impedimetric electrodes [123,124], detect nitrite ions by converting them into measurable 

electrical responses, including current signals, potential differences, and impedance, respectively. 

While voltametric measures the current generated by a chemical reaction on the electrode surface 

while applying voltage, potentiometric creates a voltage difference between two electrodes, no 

current flows and substances are contributed during detection. This technique detects nitrite using 

a membrane that selectively binds to ions. Measures the resistance of the electrode, which increases 

with nitrite concentration. In impedimetric electrodes a voltage or current signal is applied, and 

the response is recorded to determine nitrite levels. The partially oxidized state of nitrogen in nitrite 

enables its detection by both oxidation and reduction methods [125]. Electrochemical oxidation of 

nitrite leads to production of nitrate and remains unaffected by dissolved oxygen. Both oxidation 
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and reduction mechanisms have been investigated using enzymatic and non-enzymatic strategies 

for nitrite electrochemical assays [126,127]. Yang et al. worked on ion-selective polymeric 

membrane electrodes using a cobalt(III) corrole complex for nitrite and nitrate detection [121]. 

Zhu et al. used air-annealed carbon fiber paper (CFP) to enhance electrochemical nitrite sensing, 

improving its wettability, surface roughness, and catalytic activity. They demonstrated that the 

oxidized carbon fiber paper exhibited high sensitivity, a wide detection range and a rapid response 

time for nitrite detection. They tested it in real food samples, including mineral water and sausage 

[128]. Baciu et al. developed a composite electrode for the simultaneous detection of ammonium 

and nitrite in groundwater. They decorating carbon nanotubes with silver nanoparticles to enhance 

electrocatalytic activity [129]. Zhang et al. detected nitrite by modified glassy carbon electrode. 

The electrode was modified by electrodeposition method with Ag/Cu nanoclusters and multiwalled 

carbon nanotubes. They tested sensors in lake water, drinking water, and seawater [130]. 

2.3.6 Fluorescence 

Fluorescence probes have been widely used for nitrite detection. These sensors work by producing 

a fluorescence signal when the probe reacts specifically with nitrite, allowing for its detection. 

Fluorescent probes for detecting nitrite are designed using different strategies. The most common 

method is the diazotization reaction, where diazotized is produced by reaction of compounds like 

aniline or naphthylamine with nitrite, enabling fluorescent detection. The other approach is the 

nitration reaction, where nitrite modifies the probe’s structure, leading to fluorescence changes for 

selective detection. The third strategy is based on nitrite binding to metal ions. The probes with 

coordination groups like pyridine form complexes with nitrite⁻, which changes fluorescence 

intensity [131]. A colourimetric and near-infrared fluorescent probe, TBM, was used by Wu et al. 

for detecting nitrite on water and food samples. The probe reacts with nitrite, resulting in a visible 

color change from red to colorless and a decrease in fluorescence intensity. It also used in 

Escherichia coli for fluorescence imaging of nitrite [132]. Nüssler et al. designed a fluorometric 

assay to measure nitrite and nitrate by using 2,3-diaminonaphthalene (DAN). They tested nitrite 

detection in biological fluids such as serum and urine [133]. Zhu et al. utilized a fluorescence- 

based sensor using an anthracene carboxyimide derivative for nitrite detection, by "turn-on" 

fluorescence mechanism in real food samples [134]. A spectrofluorimetric method for nitrite 

detection was used in food products in a study. Researchers designed a method based on the 
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reaction between nitrite and a dihydropyridine derivative, forming a highly fluorescent pyridine 

compound, applied on food samples [135]. 

 

 
 

Figure 7. A. The graphical diagram for preparation of Cu/Ag/MWNTs modified electrode, 

(adapted from [130]) . B. Strategies for fluorescent probes for NO₂ (adapted from [131]). 

2.4 Development of tablet-based sensors 

Tablet-based bioassays are remarkable advances in POC detection which offers solution-based 

detection, with pre-measured quantities of reagents, long-term solid-phase platform stability and 

portability. Solid tablets offer a versatile solution for simplifying and enhancing diagnostic 

processes. They improve assay reproducibility by providing premeasured quantities. Due to their 

inexpensive production system, user-friendly handling, and heightened reagent stability, they 

elevate the efficiency of complex tests. Reagent tablets were first utilized for POC applications in 

the early 1940s for detecting reducing substances in urine [136]. However, recent developments 

have led to re-popularized tablet-based devices, particularly after publications by Jahanshahi- 

Anbuhi et al. starting in 2014 [137,138]. So far, two major methods have been employed to create 

tablet-based devices, namely polysaccharide encapsulation of reagents and powder compression. 
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2.4.1 Polysaccharide encapsulation process 

In the polysaccharide encapsulation process, the polysaccharides like pullulan and dextran are 

combined with a reagent solution and then shaped into tablets. In 2014, pullulan, a non-ionic 

polysaccharide, has been highlighted by Jahanshahi-Anbuhi et al. as a potential material for 

stabilizing sensitive bioreagents. Due to pullulan's capacity to form films during the drying 

process, when mixed with bioreagents such as enzymes, it can encapsulate them and maintain their 

stability for extended periods at room temperature, overcoming challenges like the need for cold 

storage and shipping. The pullulan encapsulation could preserve enzyme activity and allowed 

assays to be performed as a point of care method for limited facilities regions [137]. In addition, 

in 2016, this method got extended to create all-inclusive bioassay tablets for detecting adenosine 

triphosphate (ATP). It simplified the assay by gathering all the reagents into one tablet, make it 

applicable for user friendly and or field diagnostics. In this project pullulan stabilized labile 

enzymes and substrates, luciferase and luciferin. The tablets enhanced enzymes stability at high 

temperatures by restricting their molecular motion as well as protecting them from oxidation. 

Despite all the advantages, there were some challenges during tablet production, such as ensuring 

the stability of sensitive components like enzymes. the formulation required optimization to ensure 

the tablets worked well and quickly dissolve [138]. 

Recently glucose oxidase and horseradish peroxidase got capsulated with dextran to form enzyme 

tablets for glucose detection in urine. Dextran is a biocompatible and biodegradable polysaccharide 

that enhances the stability and performance of enzymes under harsh conditions, such as high 

temperatures. However, some enzyme activity was lost under extreme thermal stress and some 

high concentrations of dextran posed challenges due to increased viscosity. These tablets could 

detect glucose with in both artificial and real human urine with limit of detection of 0.013 mM 

[139]. In other study, gold nanoparticle coated with dextran were used for detecting hypochlorite 

(OCl¯) in swimming water. The gold nanoparticles were synthesized through green chemical 

process and used for different range of hypochlorite concentrations, with the results showing high 

sensitivity and selectivity compared with solution phase sensors. Optimizing dextran percentage 

is crucial as the higher concentrations of dextran could led to lower sensitivity [140]. In similar 

study gold nanoparticles were stabilized by pullulan and formed into tablets for detecting 

cysteamine. The tablets exhibited strong peroxidase-mimicking catalytic activity. The detection 

mechanism relies on the inhibition of this activity by cysteamine [141]. 
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2.4.2 Compression method 

There are different techniques for creating reagent tablets, including powder compression and 

polysaccharide encapsulation of reagents. The compression method for creating tablets involves 

weighing and mixing the reagents, then compressing the mixture into tablets. In 2017, Udugama 

et al. [142] developed a method to create color-coded tablets which could simplify and thermally 

stabilize diagnostic assays. They used freeze-drying to remove moisture and encapsulate 

bioreagent with trehalose and compress reagents to form tablets. This approach allows reagents to 

be pre-measured, stored without refrigeration, and easily transported for point-of-care applications, 

especially in resource-limited regions. The tablets were tested on various diagnostic assays, 

including genetic and protein-based tests. Unfortunately, this approach has some challenges 

including keeping reagents long term stable in different conditions, especially in high humidity 

and requiring costly manufacturing equipment for tablet production. In addition, the procedure 

needs an optimization process for some sensitive reagents like enzymes and antibodies during 

compression as only specific quantities are needed for each assay. 
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Figure 8. A. All-inclusive pullulan tablets production for ATP detection (adapted from [138]). B. 

It shows the process of creating compressed tablets (adapted from [142]). 

 

In other study Li et al. [143] developed a special multilayer tablet that releases different chemicals 

at specific times. The tablets are made of cellulose-grade polymers and used for two assays: nucleic 

acid detection and nitrite ion detection. The design of tablets let them to be used friendly, ease of 

use, and low cost. The layers dissolved one by one, releasing the chemicals at the correct time for 

the test. However, as the time of each release was determined by compression force applied during 

tablet formation or altering the chemical mature of each layer, it could be difficult to control these 

factors and subsequently time releasing for more complex tests. Besides, the tablets have particular 

formulation which limit their flexibility to use for different essays. 

2.4.2.1 Auto-mixing tablets 
 

One challenge for the compressed tablets is they often require shaking to fully mix and release the 

reagents and create a uniform solution. To overcome this issue, some studies have used 

effervescence materials such as citric acid and sodium bicarbonate in the formulation. These auto- 

mixing tablets are indeed formed using the compression method. After these materials combined 

in contact with water, they led to release of carbon dioxide gas, which creates bubbles, and helps 
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to accelerate the dissolution in solution. This effervescent reaction is what makes the tablets “auto- 

mixing,” as it eliminates the need for external shaking or stirring. 

For example, in the study has done by Li et al. they combined sodium bicarbonate and citric acid 

in the core layer of the multilayered tablets to facilitate the rapid mixing and release of reagents. 

Auto-mixing tablets or fast-dissolving tablets have been widely used in the pharmaceutical 

industry because of their rapid dissolution, practicality and ease-of-use with aim of enhancing taste 

and drug absorption [143]. Aslani et al. used auto-mixing tablets for different therapeutic purposes. 

For example, in one study they utilized these tablets to deliver the potassium citrate. This study 

targeted patients suffering from kidney stones, as potassium citrate helps prevent the formation of 

calcium oxalate and urate stones [144]. In another example the amoxicillin auto-mixing tablets 

were developed with aim of making simple and stable medicine for treating bacterial infections, 

especially in children [145]. In our group’s recent approach for overcoming the barriers of 

solubility of tablets in different mediums is expanding the application of “auto-mixing” tablet 

assays in POC testing and developing the first tablet “biosensor” with auto-mixing capability with 

showing their applicability for challenging media such as viscous fluids (i.e., saliva) [146]. As a 

result, the solid auto-mixing tablets act as a portable easy-to-use detection platform that can be 

inserted into the sample medium and readily dissolve to initiate the assay procedure. 
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Chapter 3: Copper detection 
 

This chapter presents the development of auto-mixing tablets for rapid copper detection in water. 

It explains the tablet fabrication process, testing method, and performance evaluation. The tablets 

are simple, portable, and user-friendly, offering accurate results with minimal equipment. The 

chapter includes results on sensitivity, selectivity, real water sample testing, and tablet stability 

over time. This chapter is based on a submitted journal manuscript titled "On-site detection of 

copper in water using auto-mixing tablet sensor", Maryam Mansouri, Seyed Hamid Safiabadi Tali, 

and Sana Jahanshahi-Anbuhi. (Submitted, 2025) 

 

Additionally, here are links to two videos providing visual insight for this chapter: 1- A comparison 

of the format of traditional and auto-mixing tablets. [Video 1: Link]. 2-A demonstration of the 

challenges encountered with the powder formulation. [Video 2: Link] 

 

Author Contributions: MM: conceptualization, investigation, methodology, formal analysis, 

validation, prepared figures, software, validation, visualization, writing – original draft, review 

and editing; SHST: conceptualization, visualization, methodology, validation, formal analysis; 

SA: conceptualization, project administration, validation, supervision, reviewing & editing, 

funding acquisition, resources. 

https://youtu.be/_ITr6L0wn0c
https://youtube.com/shorts/tn9fpHMRrRQ?feature=share
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Figure 9. Graphical abstract illustrating a on-site detection of copper in water using auto-mixing 

tablet sensor. 

3.1 Introduction 

In the human body, copper (Cu) acts as a crucial cofactor and structural component in numerous 

enzymes, participating in vital metabolic processes [52–54]. It supports the normal functioning of 

the brain and nervous system, maintains the elasticity of blood vessels, aids in the formation of 

collagen and elastin, and regulates hemoglobin levels [56]. However, excessive copper intake can 

have harmful effects. Elevated copper levels have been linked to gastrointestinal issues, liver and 

kidney damage, and neurodegenerative diseases such as Menkes, Wilson’s, and Alzheimer’s [27– 

30]. Additionally, excessive copper endangers the survival of aquatic organisms and reduces the 

self-purification capacity of natural water systems [58,59]. Therefore, adequate copper intake from 

food and drinking water is crucial for living organisms. The World Health Organization (WHO) 

has set the permissible limit for copper ions (Cu²⁺) in drinking water at 2.0 mg/L [60]. However, 

Cu²⁺ concentrations in some local water sources exceed this threshold. Therefore, there is an urgent 

need to develop highly sensitive and selective methods for Cu²⁺ detection. 
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Various conventional methods have been developed for this purpose, including inductively 

coupled plasma detectors [147,148], atomic absorption spectroscopy [149], surface plasmon 

resonance detectors [150,151], X-ray fluorescence spectrometry [152], neutron activation analysis 

[153,154] and plasma-optical emission spectrometry [155–157]. While these methods have been 

validated for accuracy and sensitivity, their application for on-site Cu²⁺ detection is constrained 

due to their time-consuming nature, complexity, and high equipment costs [158]. Considering 

these limitations, researchers have focused on developing easy-to-use, rapid, and inexpensive 

detection methods for Cu²⁺. Among the available detection techniques, colourimetric sensors have 

gained particular attention due to their simplicity and suitability for on-site analysis [159,160]. 

Therefore, in developing and underdeveloped countries, there is still a critical need for simple, 

rapid, and cost-effective detection methods for diagnostics and environmental monitoring to 

support sustainable public health [161]. Limited availability of experts, laboratories, transportation 

options, and financial resources often leads to delayed analyses, exacerbating the risks associated 

with contamination. To achieve this, point-of-use devices offer compact, portable, and user- 

friendly solutions ideal for practical on-site determination of various elements [162–164]. 

POC devices are used mainly in healthcare to test patients, while point-of-use devices are used in 

the field to test environmental samples. Recent studies in point-of-use and point-of-care (POC) 

diagnostics have explored various detection methods in liquid environments, including 

microfluidic paper-based microfluidic devices [165–167], powder-based kits [168–170] and, more 

recently, tablet-based systems [137,138,171,172]. These approaches often involve releasing pre- 

loaded reagents during the assay to enhance detection sensitivity and achieve uniform color 

development, while integrating the key advantages of POC platforms. Powder-based kits offer 

portable, pre-measured detection; however, they often present challenges such as the dispersal of 

powder during handling, which requires extra attention to avoid contamination and ensure accurate 

dosing. Additionally, inconsistent reagent dosage and the need for manual shaking or mixing to 

achieve complete dissolution can compromise test reliability. Tablet-based sensors have emerged 

as promising alternatives, offering pre-measured dosages, improved assay repeatability, ease of 

handling, and enhanced reagent stability [139,173–175]. However, traditional tablet-based copper 

detection kits often require physical crushing or stirring to dissolve fully, limiting their 

development and standardization [171,172]. 
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To address these challenges, we developed a novel copper-sensing platform based on solid auto- 

mixing tablets. By incorporating optimized quantities of effervescent agents specifically citric acid 

and sodium bicarbonate, into the tablet matrix, we enabled a self-mixing mechanism. When in 

contact with water, these agents generate carbon dioxide (CO₂), creating vortices that enhance the 

dissolution of tablet contents. Gas-generating formulations have previously been in drug delivery 

systems [176,177], pharmaceutical industry [143,144] , cleaning product [178] and extraction and 

detection [179,180]. We demonstrate their applicability in environmental sensing by formulating 

an auto-mixing tablet compatible with copper-detection bioreagents, which does not require 

complex detection procedures such as UV-Vis spectrophotometry, or centrifugation used in other 

effervescence tablet studies for copper [181]. The assay employed 2,2’-biquinoline-4,4’- 

dicarboxylic acid (bicinchoninic acid) for the qualitative detection of Cu²⁺ ions by forming a 

purple-colored complex with Cu¹⁺, resulting in a visible color change [182,183]. The tablet 

formulation integrates all necessary components into a compact form that ensures fixed reagent 

dosage, reduces the risk of contamination and spillage, and offers reliable performance compared 

to powders and conventional tablet forms. 

Here, we present a compact self-activating tablet sensor designed for the on-site detection of 

copper in water. These tablets integrate pre-measured reagents into a stable matrix that dissolves 

quickly, eliminating the need for complex sample preparation. By combining this approach with 

colourimetric analysis, we demonstrate a method that is both user-friendly and effective for 

environmental monitoring. 
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Figure 10. A colourimetric reaction of 2,2’-biquinoline-4,4’-dicarboxylic acid (bicinchoninic 

acid) with Cu+. 

 
3.2 Chemicals and materials 

All chemicals and materials were used as received. Polyvinylpyrrolidone (PVP, Cat. No. 81420), 

sodium bicarbonate (NaHCO3, Cat. No. S6014, ≥ 99.7%), citric acid (C6H8O7, Cat. No. C1909, ≥ 

99%), polyethylene glycol (PEG, Cat. No. 8.07491, Lot. S7901391), copper (II) sulfate 

pentahydrate (CuSO4 · 5H2O, Cat. No. 209198, ≥ 98%), zinc sulfate heptahydrate (ZnSO4 · 7H2O, 

Cat. No. Z4750), magnesium sulfate (MgO4S, Cat. No. 208094, ≥ 97%), iron (III) chloride (FeCl3, 

Cat. No. 451649) were acquired from Sigma-Aldrich, Oakville, ON, Canada. Calcium chloride 

dihydrate (CaCl2 · 2H2O, Cat. No. BP510, 99.0 to 105.0%) and cobalt (II) chloride hexahydrate 

(Cl2CoH12O6, Cat. No. A16346) were obtained from Fisher Scientific, Toronto, ON, Canada. 

Copper detection reagent (HI3847-100) was purchased from Hanna Instruments Canada, QC, 

Canada. 0.5 g silica gel packs (Wisesorb) were purchased from Amazon, Canada. 

3.3 Auto-mixing tablet fabrication 

The tablets used in this study were prepared following the procedure illustrated in Figure11A. 

Each tablet was created separately, one by one, to ensure accuracy and minimize formulation errors 

during laboratory-scale preparation. First, the powdered tableting agents;15.2 mg of PVP, 3.24 mg 

of PEG, 52.3 mg of mannitol, 80.2 mg of citric acid, and 80.2 mg of sodium bicarbonate are 

weighed individually into weighting paper. The powders were then thoroughly mixed using a 

spatula directly on the same paper. This manual method was chosen because it offers a simple, 

instrument-free, and reproducible approach that is particularly effective for preparing small 

quantities in the labratory. Although this fabrication approach is suitable for laboratory-scale use 

to maintain uniform tablet composition, industrial-scale equipment is readily available for mass 

production [184,185]. PEG in the tablet formulation served as a lubricant, aiding in the easy 

removal of tablets from the die set, while PVP functioned as a binder, holding the components 

together. Mannitol acted as a bulking agent, providing volume and enhance the tablet’s ability to 

form a solid, cohesive structure. The quantities of each component were adapted from previous 

studies on effervescent tablet formulations optimized for reagent delivery and stability [146]. Next, 

approximately 100 mg of the bicinchoninic acid reagent mixture (from the Hanna copper kit) was 

added and blended with the powder mixture. Th final mixture was transferred into a powder 
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pressing die (13-mm from Specac, United Kingdom). In total, the tablet weighs an average of 350 

mg. Each tablet was weighed individually after fabrication using an analytical balance, and the 

reported average mass was calculated based on measurements from 6 tablets. The tablets were 

compressed using a hydraulic press machine (Tianjin17, China) at an force of 2 t (19613.3 N) for 

30 seconds. After compression, the tablets were removed from the die manually by carefully 

tapping the back of the die against the bench to avoid mechanical damage and stored in a glass vial 

along with a 0.5 g commercial silica gel pack to protect it from humidity damaging. 

3.4 Detection Procedure 

For copper detection, 5 mL of the water sample was collected in a glass vial. A single auto-mixing 

tablet was added, initiating effervescence and reagent release. The reaction was allowed to proceed 

for approximately 1.5–2 minutes which corresponding to fully dissolution of tablet. During this 

time, bicinchoninic acid in the tablet reacts with reduced Cu¹⁺ ions, forming a purple-colored 

complex [182]. A 1 M nitrite stock solution was prepared in deionized (DI) water, and all diluted 

solutions were prepared in DI water at room temperature. To evaluate colourimetric intensity, 

pictures were taken by a smartphone camera (iPhone 13 with the Vivid Cool filter setting), and the 

grayscale color intensity of the solution was analyzed in by the open-source software ImageJ. 

3.5 Result and Discussion 

Our design integrates all necessary reagents into a single solid dose that dissolves upon contact 

with a small volume of water. The tablet incorporates an internal gas-generating system, based on 

the reaction between citric acid and sodium bicarbonate, that produces carbon dioxide (CO₂), 

creating convective mixing without the need for manual agitation or external devices. This self- 

mixing feature enables rapid and uniform reagent activation, facilitating a user-friendly and 

reproducible assay. The detection chemistry relies on 2,2’-biquinoline-4,4’-dicarboxylic acid 

(bicinchoninic acid, BCA), a chromogenic reagent, for the qualitative detection of Cu²⁺ ions by 

forming a purple-colored complex with Cu¹⁺, resulting in a visible color change (Figure 10). In the 

BCA method, Cu¹⁺ ions react with two molecules of bicinchoninic acid to form a stable, water- 

soluble, purple-colored complex which allowing sensitive colourimetric detection. A constant 5.0 

mL of water was used for all samples to keep the tablet-to-water ratio the same and allow reliable 

comparison. The tablet formulation integrates all the necessary components (including assay 

reagents, auto-mixing-agents, and stabilizers) into a compact, pre-measured dose. This ensures 
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consistent reagent dosing, minimizes the risk of contamination or spillage, and provides reliable 

performance in comparison to traditional powders and tablet formats. 

 

 

 

 

 

Figure 11. A. Fabrication tablet-based sensor for copper detection. Initially, all powders were 

measured and mixed in a weighting paper. Then, the mixture was transferred into tablet mold and 

pressed at force of 2 tf (19613.3 N) for 30 seconds, resulting in solid tablets. B. The detection 

procedure of copper in water samples. First, 5 ml of the water sample were collected, and a single 

eff-tablet is added to a glass vial. After 1.5-2 minutes of incubation, if the water sample contains 

copper, the purple-colored complex of bicinchoninic acid and Cu1+ is created. Then, the reaction 

between citric acid and bicarbonate will accelerate solution rate mixing. 

 
3.5.1 Characterization 

 
We evaluated the tablets in terms of their reagent dispersion efficiency, dissolution behaviour, 

weight stability, and CO₂ content to gain a better understanding of their performance. First, we 

assessed reagent dispersion during activation. As shown in Figure 12A (Video 2: Link), the 

powder-based kit exhibited material loss due to electrostatic dispersion. This was further supported 

by the quantitative data in Figure 12B; where three individual samples of tablets and powder packs 

were compared in terms of dispersion amount during activation. Tablet samples consistently 

https://youtube.com/shorts/tn9fpHMRrRQ?feature=share
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retained approximately 99% of their original weight, while powder samples showed significant 

material loss, with only 57.13%, 42.95%, and 78.95% of the reagent remaining. These results 

indicate that tablets are better suited for minimizing reagent waste and improving accuracy. 

Powdered reagents require careful handling and might dissolve quickly but need thorough mixing 

for full dissolution. To further evaluate mixing performance, we compared a traditional tablet and 

an auto-mixing tablet, both containing the same copper reagent concentration (2 ppm), as shown 

in Figure 12C (Video 1: Link). The auto-mixing tablet dissolved fully within 2 minutes, producing 

a uniform colourimetric response. In contrast, the traditional tablet remained partially undissolved 

even after 15 minutes and required vigorous shaking, making the process more labor-intensive and 

inconsistent. 

Next step, we compared different forms of copper detection point-of-use methods; powder, 

traditional tablet and auto-mixing tablet, based on our own experimental data in Figure12, as 

summarized in Figure 12D. Both tablets offer high dosage accuracy, ease of handling, user 

friendliness. However, regular tablets have lack of efficient dissolution in water and do not offer 

automatic mixing. Powders have the lowest dosage accuracy and variable dispersal amounts during 

assays. Overall, auto-mixing tablets excel in terms of convenience, accuracy, and efficiency. 

https://youtu.be/_ITr6L0wn0c
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Figure 12. A. Tablet performance and dissolution behavior A. Image showing a powder-based kit 

during activation, where powder disperses due to electrostatic forces, leading to material loss 

despite careful handling. B. Comparison of the remained amount (%) between tablets and powder 

packs across three individual samples of tablets and powder packs. Tablets retained nearly their 

full initial mass with a mean of 99.36% (SD = 0.52%), while powder packs exhibited significant 

mass loss due to dispersion, with a lower mean of 59.68% (SD = 18.13%). The difference in 

retention between the two forms was statistically significant (unpaired t-test, p-value ≤ 0.05) C. 

The performance of the auto-mixing tablets was compared with that of the traditional tablets in 

detecting copper (2 ppm). The auto-mixing tablet gave a uniform solution after 2 minutes, while 

the traditional tablet was not completely mixed even after 15 minutes. D. Comparison of 

premeasured unit dose reagents stored in different solid forms (auto-mixing tablets, traditional 
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tablets and powder pillow, and liquid solution) ready to use in detection assays: Performance 

across key aspects. 

 
Additionally, to evaluate the structural integrity of the auto-mixing tablets, their weight was 

monitored over one month under room temperature storage. Tablets were periodically weighed at 

different time points to detect any changes. The initial average weight of 6 tablets on day 0 was 

357.68 mg, with less than 2% variation observed throughout the testing period. These results 

confirm the tablets’ structural stability over time, supporting their suitability for long-term 

practical use (Figure 13). 

 

 

 

Figure 13. The stability of the weight of the tablets. Weight stability of tablets (n=6) over 30 days, 

with RSD less than 2%, indicating robust structural integrity. One-way ANOVA showed no 

statistically significant difference in weights over time (p-value > 0.09), supporting the structural 

stability and consistent formulation of the tablets. 

 

 
Finally, the effervescence performance was also assessed by measuring carbon dioxide release, a 

key factor for ensuring rapid and efficient tablet dissolution. Tablets were stored in glass vials at 

room temperature. For each test, one tablet was reacted with 100 ml of 0.5 M sulfuric acid, and 

the weight change before and after dissolution was recorded. This difference was used to estimate 

the amount of carbon dioxide released, expressed as a percentage of the total tablet weight (~ 0.35 

g). On day 0, the carbon dioxide content was ~ 0.03 g (n = 3), and remained stable over time, with 
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a similar value of ~ 0.04 g measured on day 30. This consistency confirms the tablets retained their 

effervescence capacity during storage (Figure 14). 

 

 

 

 

 

 

 
Figure 14. CO₂ content expressed as a percentage of total tablet weight over a 30-day storage 

period (n = 3). RSD remained below 0.1%, across all time points, demonstrating excellent 

consistency. One-way ANOVA confirmed no statistically significant difference in CO₂ content 

over time (p-value > 0.9), indicating chemical stability of the effervescent components throughout 

storage. Error bars are not visible in the plot as they are hidden by the size of the data markers due 

to minimal variation. 

 
3.5.2 Detection of copper with tablets 

First, 5.0 mL of the water sample was collected in a glass vial. DI water at room temperature was 

used as the source for all samples. Each condition was tested with three replicates (n = 3). The 

tablet was then added to the vial. The reagents are released into the solution and allow 

bicinchoninic acid to react with Cu1+, to form a purple-colored complex with Cu1+(the reduced 

form of Cu2+), for less than 2 minutes. Bicinchoninate limited reactivity to the Cu2+. To determine 

Cu2+, it is first reduced to Cu1+, enabling the complete assessment of both Cu1+ and Cu2+ [182]. 

Meanwhile the reaction between citric acid and bicarbonate will accelerate solution rate and 

mixing of reagents. This process produces a uniform color development, suitable for quantification 

by image analysis. Figure 11B shows the detection assay of copper in water samples with auto- 

mixing tablets. 
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3.5.3 Analytical performance 
 

Our study aims to develop a sensing device that eliminates the need for expensive laboratory 

instruments such as UV-Vis spectrophotometers for calibration curve generation. Instead, we 

employ a simplified, low-cost approach based on smartphone image capture and color intensity 

analysis, making the system accessible for field use and resource-limited settings. The analytical 

performance of the tablet colourimetric detection system was evaluated by generating a calibration 

curve by adding tablets to samples of known concentrations of copper. This approach allowed us 

to measure the correlation between the copper concentration and color intensity, which was 

proportional to the amount of copper present in the sample. The Michaelis–Menten equation [186], 

typically used to describe the kinetics of enzyme-catalyzed reactions, that adapted here to plot the 

relationship between the copper concentration in the samples and color intensity. The general form 

of the Michaelis–Menten equation is : 

Vmax ∗[s] 
v= 

Km+[s] 
 

where the v represents the reaction rate, Vₘₐₓ is the maximum reaction rate, [S] refers to the 

concentration of the substrate or analyte present, like copper ions in a sample. Kₘ, known as 

Michaelis constant. Kₘ is the amount of substrate needed for the reaction to reach half of its 

maximum rate. This resulted in a calibration curve with an R2 value of 0.9953, with a linear range 

of 0.3-2 ppm, as presented in Figure 15A. The relative absorption intensity is linearly proportional 

to the concentration of copper at the first three concentrations, with a Limit of detection (LoD) of 

0.3 ppm. 

 
3.5.4 Real water sample 

Next, we evaluated the utility of the auto-mixing tablet sensor in real-world conditions. Natural 

and treated water sources; tap and lake water samples were collected and analyzed using the auto- 

mixing tablets. Tap water samples from Loyola Campus, Côte-des-Neiges, and Downtown 

Montreal (Canada) contained copper concentrations of 2 ppm, 1 ppm, and 1.5 ppm, respectively. 

A lake water sample from the Marne River in Joinville-le-Pont (France), showed a concentration 

of 1 ppm. To assess detection accuracy and robustness, we conducted spiking tests by adding 

known concentrations of copper (0.5, 1, 1.5, and 1 ppm) to these samples, as shown in Figure 15B 

Spiking enables validation of the tablet’s ability to detect both native and added copper accurately, 
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ensuring reliable differentiation of the target analyte. Method validation was performed using the 

H13847 standard Hanna copper kit to determine total copper content. The concentrations measured 

with the auto-mixing tablets closely matched those obtained with the standard method, confirming 

the assay’s accuracy and effectiveness for real-world copper detection. The standard method 

confirmed the assay’s accuracy and effectiveness for real-world copper detection. As shown in the 

table, for all tested samples, both the semi-quantitative and quantitative results from the tablet- 

based method closely matched those from the standard method, demonstrating high accuracy and 

precision. In the semi-quantitative evaluation, naked-eye color comparisons showed that the color 

developed with the auto-mixing tablets was consistent with the standard method. For quantitative 

analysis, the color intensity of the real samples was captured using a smartphone and analyzed 

with ImageJ software. The calculated relative standard deviations (RSD) were 1.86% for samples 

from Loyola Campus, 6.86% from Côte-des-Neiges, 4.14% from Downtown Montreal, and 4.48% 

from the Marne River (Joinville-le-Pont, France), all below 6.9%. These values further confirm 

the precision and reliability of the tablet-based assay for practical copper detection. 

 
 

 
Figure 15. A. Analytical performance of the assay. The relationship between copper concentration 

and color intensity in the tablet colourimetric detection system, creates the calibration curve. The 

curve demonstrates a high degree of fit, with an R² value of 0.9953, with a linear range of 0.3-2 

ppm. The LoD is marked at 0.3 ppm, and the working range of 0.3-3 ppm. B. Comparison between 
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the results of auto-mixing tablets and standard method for the different spiked amounts of copper 

in real water samples (n=3). The results obtained with our auto-mixing tablets were consistent with 

the total copper content determined using the standard method with RSD% less than 6.9, 

confirming the tablets’ effectiveness in accurately detecting copper concentrations in real-world. 

 
3.5.5 Selectivity analysis for copper detection with eff-tablets 

To evaluate the selectivity of the sensor, we tested potential interferents commonly found in natural 

waters including magnesium (Mg2+), calcium (Ca2+), zinc (Zn2+), cobalt (Co2+), iron (Fe3+) at 50 

mg/l concentration. This concentration is significantly higher than the copper concentration in the 

spiked samples (1.5 ppm), which is a standard approach in interference studies. Testing at higher 

concentration ensures the sensor can detect even minor effects, thereby confirming the sensor’s 

selectivity. To assess potential interference, we conducted detection experiments for spiked ion 

sample with adding one tablet to 5 mL of each solution. The results demonstrated a distinct color 

change only in the presence of copper, while the other ion samples maintained a colorless-grey 

appearance as illustrated in Figure 16. 

 

Figure 16. Potential Interference of copper was tested among common water ions Mg2+, Ca2+, 

Zn2+, Co2+, Fe3+ at 50 mg/l concentrations. While the working solution remained colorless for all 

other ions, a copper sample of 1.5 ppm was able to turn the solution purple, indicating the sensor’s 

specificity for copper detection. One-way ANOVA, p-value < 0.0001, confirmed a statistically 

significant difference in color intensity among ions. 
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3.5.6 Stability tests: over period of time 

The stability of the tablets was assessed over a period of three months by evaluating their 

performance and activity at 1, 4, and 8 weeks. Tablets were stored at room temperature in glass 

vials containing silica gel. Each month, samples spiked with 2 ppm of copper were analyzed to 

determine the copper content. In each experiment, one tablet was added to 5 mL of the sample, 

and the color intensity was measured in 2 minutes, after fully dissolving the tablet (n=3). This 

procedure was repeated three times to ensure the reliability of the results. The findings demonstrate 

that the developed tablets effectively maintain their functionality and sensitivity for up to three 

months at room temperature. The remarkable stability of these tablets ensures reliable 

performance, facilitating extended storage and transport to remote locations, as well as enabling 

cost-effective handling and use by non-experts. The data are presented in Figure 17, showing the 

stability profile of the tablets over the tested period. 

In addition to evaluating stability, we compared our sensor system with several commercial copper 

detection kits to highlight the field-readiness and practical advantages of our proposed rapid auto- 

mixing tablets (Table 1). Compared to other kits, our auto-mixing tablet does not require crushing 

or manual force for dissolution due to its effervescent property, enabling quick automatic mixing. 

In contrast to powder-based kits, our tablet minimizes the risk of spillage and dispersal of powder 

during handling, ensures more precise reagent dosing, and eliminates the need for shaking or 

manual mixing. Furthermore, our system simplifies the detection process by eliminating the need 

for expensive and bulky laboratory instruments such as UV-Vis spectrophotometers or 

colorimeters, relying instead on straightforward image capture for quantification. These features 

make our tablets more user-friendly, portable, and highly suitable for field applications. 
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Figure 17. Stability of the auto-mixing tablets over an 8-week storage period (n = 3). The average 

color intensity at week 8 retained 96.29 ± 2.14 % of the original color intensity at week 1. RSD 

remained below 3%, confirming high reproducibility and consistent detection performance during 

storage. 

 
Table 1. Comparison of the proposed auto-mixing tablet sensor with some commercial copper 

kits in terms of mixing efficiency and user-friendliness. A ✔ indicates the feature is present, 

while a ✘ indicates a challenge or limitation. 
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requirements 
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Notes, Method of 

detection 

Palintest Copper Reagent Tablets [172]  

Tablet 

✘, Crushing prior 

to dissolution 

✘, Photometers 

Lovibond Copper No. 1 Tablet 

Reagents [171] 

 

Tablet 

✘, Crushing prior 

to dissolution 

✔, Visual 

Thermo Scientific AC2029 Copper 

Reagent Tablets[187] 

 

Tablet 

✔, Rapid 

dissolution 

✘, Colorimeter/ 

spectrophotometers 
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Wilhelmsen Copper No.1 Tablets[188]  

Tablet 

 N/A  ✘, Photometers 

Hanna Instruments Copper Test 

Kit[189] 

 

Powder 

✘, Shaking ✔, Visual 

Hach Copper Reagent Set[190]  

Powder 

 
✘, Shaking 

✘, 

Spectrophotometer 

Merck Spectroquant® Copper Test 

(114767)[191] 

 

Liquid 

 

✘, Shaking 

✘, 

Spectrophotometer 

AquaPhoenix Copper Test Kit[192] Liquid ✘, Shaking ✔, Visual 

This work Tablet ✔, Spontaneous 

rapid dissolution 

✔, Visual or 

smartphone-based 

 

 

 

 

 

3.7 Conclusion 

This study showed the use of auto-mixing tablets for rapid, on-site copper detection in water, with 

combining bicinchoninate reagents with PEG, PVP, and mannitol in an effervescent base made of 

citric acid and sodium bicarbonate. The formulation was designed to promote quick release of 

reagents upon contact with water. The tablets were developed through a simple powder 

compression technique, offering consistent size and uniform composition. The tablet exhibited 

performance with high reproducibility (RSD < 3%). Also, tablet weight variation remained under 

2%, and carbon dioxide remained consistent over one month at room temperature. The sensor 

covered a copper concentration range of 0–3 ppm, with a detection limit of 0.3 ppm, demonstrating 

strong selectivity, stability over eight weeks in glass vials at room temperature, and reliable 

performance in real water samples. 
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Chapter 4: Nitrite detection 
 

This chapter describes the development of pullulan-based tablets for simple and user-friendly 

nitrite detection in soil using the Griess reaction. It details the fabrication of dual and all-in-one 

tablets with pullulan for reagent stabilization, optimized buffer conditions, and application to real 

soil samples. The tablets show high sensitivity, selectivity, and long-term stability at room 

temperature. This chapter is based on a submitted journal manuscript titled "User-friendly 

Detection of Nitrite in Soil Samples with Tablet-Based Sensor", Maryam Mansouri, Seyed Hamid 

Safiabadi Tali, Zubi Sadiq, and Sana Jahanshahi-Anbuhi. (revision requested, 2025) 

Author Contributions: MM: conceptualization, investigation, methodology, formal analysis, 

validation, prepared figures, software, validation, visualization, writing – original draft, review 

and editing; SHST: conceptualization, methodology, validation, formal analysis; ZS: 

methodology; visualization, review and editing; SA: conceptualization, project administration, 

validation, supervision, reviewing & editing, funding acquisition, resources. 

 
 

Figure 18. Graphical abstract illustrating a tablet-based sensor for user-friendly detection of nitrite 

in soil samples through a colourimetric reaction using SUL and NED reagents. 
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4.1 Introduction 

Nitrite (NO₂⁻) as a transitional compound within the broader nitrogen cycle, creating during the 

oxidation of ammonium (NH₄⁺) and eventually converting to nitrate (NO₃⁻) [63]. This conversion 

is fundamental to soil nutrient dynamics, especially for plant-accessible nitrogen. Increased 

agricultural demand has led to the overuse of inorganic fertilizers, which often contain nitrite as a 

component. This has exacerbated nitrogen leakage into the environment. The excessive 

accumulation of nitrite in soil can lead to significant environmental concerns such as 

eutrophication in water bodies and proliferation of harmful algal blooms. This phenomena reduce 

oxygen levels, disrupt biodiversity, and may produce toxins hazardous to humans and animals 

[64–67]. Additionally, nitrite contamination poses serious health risks, such as 

methemoglobinemia (blue baby syndrome) [37,69], central nervous system abnormalities [70], 

and an increased incidence of gastric and esophageal cancers due to the formation of carcinogenic 

nitrosamines in the stomach [36,68]. Given these risks, effective monitoring of nitrite levels in soil 

is a critical step in environmental pollution management and sustainable agriculture practice. 

Establishing universal regulatory limits for nitrite concentrations in soil is challenging due to the 

variability in soil composition, regional agricultural practices, and environmental conditions. 

Based on our research, currently, there are no widely accepted international standards specifically 

for nitrite levels in soil [193]. While direct soil nitrite regulations are limited, it's important to 

consider the implications of nitrite levels in soil on environmental health. Elevated nitrite 

concentrations can leach into groundwater, potentially contaminating drinking water supplies, 

where standards are well-defined. For instance, the World Health Organization (WHO) guidelines 

specify a 3.0 mg/L (65.2 µM) limit for nitrite in drinking water and wildlife protection, while the 

U.S. Environmental Protection Agency (EPA) sets a Maximum Contaminant Level of 1 mg/L (21 

µM) [71,72]. Although these regulations do not explicitly address soil, they highlight the potential 

risk of nitrite leaching into groundwater or nearby water sources. Consequently, reliable methods 

to detect and quantify nitrite in soil are critical for preventing adverse environmental and health 

impacts. 

Nitrite can be detected using various methods, including chemiluminescence [194–196], capillary 

electrophoresis [197], chromatography [198], spectroscopy [94], fluorescence [199,200], 

electrochemical techniques [201,202] and colourimetric methods [107,203]. Among colourimetric 
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methods, the Griess reaction, first described in 1879 [106], remains one of the most widely used 

methods for nitrite analysis due to its simplicity, cost-effectiveness, specificity, sensitivity and 

practicality [94]. It continues to be extensively employed in numerous studies in recent years 

[41,204,205]. However, most traditional detection methods are costly, complex, and require 

specialized facilities and skilled operators, highlighting the need for point-of-use and point-of-care 

(POC) devices. These devices enable simple, portable, and user-friendly nitrite detection without 

requiring laboratory analysis. Research is ongoing on incorporating Griess assay in different POC 

platforms such as paper-based analytical devices, screen-printed electrode (SPE)-based, and 

polymer-based devices. However, these methods often suffer from limitations such as lack of 

stability at room temperature, complexity in fabrication, and insufficient sensitivity (Table 2). 

Tablet-based sensors, provide a robust platform for on-site detection of analytes. These sensors 

enhance assay repeatability through pre-measured reagents, simplify handling, and improve 

reagent stability. Advances in polysaccharide encapsulation techniques, such as the use of pullulan, 

a polysaccharide readily dissolvable in water, have enabled the development of all-in-one bioassay 

tablets [137,138], while solving the complex fabrication process of other table-based methods used 

for nitrite detection [206]. Also, pullulan's ability to stabilize sensitive bioreagents at room 

temperature makes it a valuable material for POC applications, especially in regions with limited 

facilities [24,139]. 

Leveraging pullulan-based tablets to address the aforementioned challenges, this study focuses on 

the development of a novel tablet-based sensor for simplified detection of nitrite in soil. First, we 

demonstrate the applicability of the pullulan encapsulation method for Griess reagents to create 

highly stable sensors with high sensitivity. Then, using these tablets, we prepare a complete assay 

kit with an optimized buffer, ensuring reliable nitrite detection even under neutral and basic sample 

conditions and overcoming challenges posed by soil's varying pH levels. This approach combines 

the sensitivity and convenience of point-of-use and point-of-care (POC) devices with the stability 

and efficiency of polysaccharide encapsulation, offering a practical solution for nitrite monitoring 

in soil. 

In the following sections, we demonstrate for the first time that the Griess reagents, including 

sulfanilamide (SUL) and N-(1-naphthyl)ethylenediamine (NED), can be successfully encapsulated 

in polysaccharides to form stable tablets for nitrite detection in soil. We systematically investigated 
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factors affecting tablet performance, including pullulan concentration and buffer conditions, while 

comparing the functionality of the dual-reagent system with the all-in-one reagent formulations. 

Further, we evaluated their practicality for real-world applications and assessed their stability over 

a six-week period. These tablets enable precise and affordable nitrite detection in soil samples. 

This tablet-based platform offers a practical, affordable, and scalable solution, enhancing soil 

monitoring and advancing environmental management. 

4.2 Chemical and material 

All reagents and chemicals were of analytical grade. Citric acid monohydrate (Cat. No. C1909), 

N-(1-naphthyl)ethylenediamine dihydrochloride (Cat. No. 33461, ≥ 98%), sulfanilamide (Cat. No. 

S9251, ≥ 98%), copper (II) sulfate pentahydrate (CuSO4 · 5H2O, Cat. No. 209198, ≥ 98%), zinc 

sulfate heptahydrate (ZnSO4 · 7 H2O, Cat. No. Z4750), magnesium sulfate (MgO4S, Cat. No. 

208094, ≥ 97%), iron (III) chloride (FeCl3, Cat. No. 451649), Sodium nitrate (Cat. No. S5506, ≥ 

99%), Mercury (II) chloride (HgCl2, Cat. No. 215465) were purchased from Sigma-Aldrich, USA. 

Pullulan (average Product. No. 21115, Mw: ∼200 kDa), was obtained from Polyscience, Inc., 

USA. Sodium nitrite (Cat. No. 014244, ≥ 97.0%), Calcium chloride dihydrate (CaCl2 · 2H2O, Cat. 

No. BP510) and cobalt (II) chloride hexahydrate (Cl2CoH12O6, Cat. No. A16346), Lead (II) nitrate 

(Pb(NO3)2 , Cat. No. A16345, 99%), were obtained from Fisher Scientific, Canada. 0.5 g silica gel 

packs (Wisesorb) were purchased from Amazon, Canada, and carbon steel trays (Betty Crocker) 

were purchased from a local store, Canada. Real soil samples were attained in Montreal, CA. 

Deionized water obtained from Sigma Aldrich, USA was used to prepare all solutions. 

4.3 Tablet fabrication 

First, N-(1-naphthyl)ethylenediamine dihydrochloride (NED) solution (0.5 mg/mL) was prepared 

in 10 mL of deionized water. Subsequently, sulfanilamide (SUL) solution (5 mg/mL) was 

prepared in 10 mL of a 0.05 M citric acid solution. The concentrations and volumes of NED and 

SUL used in this study were based on the standard Griess assay protocol [1]. For tablet 

fabrication, 100 µL of each solution was used per tablet. Pullulan-based encapsulation methods 

have previously been demonstrated by our research group for other reagents[24][139].This work 

marks the first successful encapsulation of the Griess assay into pullulan-based tablets. The next 

step, percentage of pullulan was tested on shape and physical consistency of tablet 

formation, 3%, 4% and 5% w/v pullulan were added to each mixture solution of SUL and 

NED, followed by thoroughly 
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mixing using a vortex mixer (Model# 945FIA-LUS, 50/60 Hz, Fisherbrand, Waltham, MA USA) 

to ensure the complete dissolution of the chemical compounds. Dual tablets creation: A pipette 

drop-casting method was used to prepare the solid polysaccharide-encapsulated tablets, in which 

100 µL of each individual SUL and NED solution was dispensed onto a flat carbon-steel tray. The 

liquids were then allowed to dry on the tray for 24 h at room temperature (22°C) in a dark 

environment, as the reagents are light sensitive. The tablets were formed by air drying at room 

temperature, producing solid discs. All-in-one tablets creation: Assay reagents of N-(1- 

naphthyl)ethylenediamine dihydrochloride (NED) solution (0.5 mg/mL) and sulfanilamide 

(SUL) solution (5 mg/mL), were pre-mixed and combined in a 1:1 ratio, and then 5% w/v 

pullulan was added to mixed solution. The volume of 200 µL of the all-in-one solution, 

equivalent to the total reagent volume used in the dual-tablet method, was dispensed onto a 

carbon-steel tray and led to dry for 24 h at room temperature in a dark environment. After drying, 

the resulting single integrated tablets were collected and stored in a glass vial with silica gel packs 

at room temperature for future use (Figure 19). 

 

 

Figure 19. The actual images of the tablet systems used for nitrite detection: Dual-Tablet, and 

All-in-One Tablet. These tablets contain 5% w/v pullulan, giving uniform circular shape and a 

firm, easy-to-handle physical structure. 

 
4.6 Detection of nitrite by tablets 

The stock solution of nitrite (1 mM) was prepared by dissolving sodium nitrite in deionized water. 

Subsequently, various nitrite concentrations (1–400 µM) were prepared. Nitrite detection was 

carried out using the Griess assay reaction (Figure 20) specifically under acidic conditions, with a 

pH around 2.5 to 3 to facilitate the diazotization process [107,207]. For this aim we solved the 

tablets in citrate–phosphate buffer to have a consistence acidic condition for tests. For the next 
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step, we tested effect of buffer concentration on detection assay. For this purpose, different 

concentrations of citrate–phosphate buffer solution with a pH of 3 were prepared. Equal amounts 

of sodium phosphate dibasic and citric acid (1 M) were mixed, followed by the addition of citric 

acid for pH adjustment. With Dual-Tablet (NED and SUL): For each test, two tablets of NED 

tablet and SUL tablet, were dropped and mixed in a tube that contains 200 µL of citrate–phosphate 

buffer. Then, 300 µL of the different nitrite concentrations was added to the reagent mixture. With 

All-In-One tablet: One tablet containing both SUL and NED with same ratio was dissolved in 

200 µL of water in a tube and 300 µL of the nitrite solution was added to it. For all tests after 2 

minutes, pictures were taken by a smartphone camera (iPhone 13 with), and the grayscale color 

intensity of the solution was analyzed in by the open-source software ImageJ. 

 

 

 

 
 

Figure 20. The schematic represents the Griess assay used for nitrite detection, which involves a 

two-step reaction. First, sulfanilamide reacts with nitrite ions, producing a diazonium cation. This 

cation then reacts with N-(1-naphthyl)ethylenediamine dihydrochloride, resulting in the formation 

of a purple-pink azo dye. 

4.5 Real samples 

A fixed volume of soil sample (equivalent to 5 mL in a compressed form) was taken from different 

areas in Downtown, Berri St and Notre-Dame-de-Grâce (NDG) in Montréal, and deionized water 

was added to reach a total volume of 15 mL. The mixture was thoroughly shaken by hand at room 

temperature until fully dispersed, then was left to settle for approximately 30 minutes. The 

supernatant solution was carefully extracted and centrifuged at 14,000 rpm for 3 minutes to 
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enhance the separation of water-soluble components (Figure 21A). The clear liquid supernatant 

was used as the test sample in citrate–phosphate buffer, following the same method as illustrated 

in Figure 21B. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. A. Sample preparation for detection of nitrite in soil samples: First, 5 mL of compressed 

soil samples were added to a tube and diluted with water to a total volume of 15 mL. The mixture 

was shaken thoroughly and allowed to settle. The supernatant was then collected and used as the 

test sample. B. Detection procedure of nitrite in soil samples: Two tablets (NED and SUL tablets) 

were added to a pre-loaded buffer test tube. Then the sample solution was added to the mixture. In 

the presence of nitrite, an azo dye forms, indicating the presence or absence of nitrite in the sample. 

 
4.6 Results and discussion 

The tablet-based sensors were designed to detect nitrite in soil samples through the chemical 

reaction between Griess reagents and nitrite. The initial studies focused on the percentage of 

pullulan required for formation of functional and easy-to-handle tablets to optimize the physical 

and functional properties of the tablets. According to our results, 5% w/v pullulan provides an 

optimal balance, ensuring both physical stability and adequate solubility in water for effective 

performance. Next, as the molarity of the buffer impacted the color intensity of the tests, the effect 

of buffer concentration on detection assays was studied. The Griess assay for nitrite detection is 
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only effective in acidic conditions, making it unreliable for nitrite detection in alkaline samples 

due to color variations. To overcome this, we optimized the buffer concentration to ensure 

consistent sensor performance across a wide pH range of samples (3–13), which is crucial for soil 

with varying pH levels. Different concentrations of citrate-phosphate buffer (0.2–1 M, pH 3) were 

tested using a 50 µM nitrite solution, and results showed that 0.5–1 M buffers provided more 

reliable color intensity, comparable to standard test using deionized (DI) water without a buffer, 

as displayed in Figure 22A. To confirm the most effective buffer concentration for maintaining 

acidic conditions, we further tested its performance in nitrite-spiked solutions with different pH 

levels (3, 7, 13) to confirm its stability under varying soil sample pH conditions. Among the tested 

concentrations, 1 M citrate-phosphate buffer demonstrated the highest consistency in maintaining 

color across samples with pH 3, 7, 13. This ensures that the assay remains acidic regardless of the 

sample’s pH, which is particularly important for soil analysis (Figure 22B). 

 

 
 

Figure 22. Color intensity increased with buffer concentration (0.2–1 M, n = 3). One-way 

ANOVA (p-value < 0.0001) indicated a highly significant effect of buffer concentration on color 

intensity. Tukey’s HSD confirmed that 0.5–1 M buffers gave significantly higher and more 

consistent signals than concentrations ≤ 0.4 M (p-value < 0.001). B. Compatibility tests were 

conducted at 0.5 M, 0.8 M, and 1 M buffer concentrations (n = 3) under acidic, neutral, and basic 

pH.. Two-way ANOVA showed significant effects of buffer (p-value < 0.0001), pH (p-value < 

0.05), and their interaction (p-value < 0.001). Among these, the 1 M buffer provided the most 

consistent results across all tested pH conditions. One-way ANOVA and Tukey’s HSD, (p-value 

> 0.9). 
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Further, we performed a kinetic study with a concentration of 50 µM nitrite to evaluate the optimal 

time for reading the results as well as to compare the all-in-one tablet (Figure A1) activity with the 

condition where SUL and NED tablets were separately added to the solution. The time course of 

light absorbance was measured for nitrite samples spiked with nitrite using a UV-Vis spectrometer 

(BioTek, Cytation 5). In both readings, we included a control sample that did not contain nitrite to 

account for background color intensity. Kinetic behavior was studied over a period of 20 minutes, 

with absorbance measured at 548 nm at 15-second intervals. Within the first 20 seconds of 

reaction, the absorbance of the samples exhibited minimal variation, indicating that the reaction 

had reached completion, and the color intensity had stabilized. This suggests that the sensor 

response achieved saturation well before the 20-second mark, as shown in Figure 23. Although the 

detection reaction is completed less than 1 minute as tablets were pre-dissolve, a 2-minute period 

was selected for assay readings to allow sufficient time for complete tablet dissolution in the buffer 

solution. 

 

 

 
 

Figure 23. The kinetic study of nitrite detection using NED and SUL tablets at a concentration 

of 50 µM nitrite indicates that the reaction is complete in less than 20 seconds. 

 
4.7.1 Analytical performance 

To evaluate the analytical performance of the tablet-based colourimetric detection system, a 

calibration curve was generated by adding samples with varying nitrite concentrations. The color 

of the solution changed proportionally to the nitrite concentration, allowing for the correlation 

between nitrite concentration and color intensity to be measured. The Michaelis–Menten equation 
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was used to plot the relationship between nitrite concentration and color intensity. The Michaelis– 

Menten equation [186], typically used to describe the kinetics of enzyme-catalyzed reactions. The 

general form of the Michaelis–Menten equation is : 

Vmax ∗[s] 
v= 

Km+[s] 
 

where the v is a the reaction rate, Vₘₐₓ represents the maximum reaction rate, [S] is the 

concentration of the substrate or analyte, like nitrite ions in a sample. Kₘ, known as Michaelis 

constant, indicating the substrate concentration at which the reaction rate reaches half of Vₘₐₓ. 

resulting in a calibration curve with an R² value of 0.9971, as shown in Figure 24. A LoD of 3 µM 

was calculated in a buffer medium. The same procedure was used to create the calibration curve 

for the all-in-one 

tablets (Figure A2). 

 

 

Figure 24. The calibration curve of nitrite detection with NED and SUL tablets. The calibration 

curve was found to follow the Michaelis–Menten equation with an R² value of 0.9971, confirming 

the compatibility of data with standard saturation model. The three samples of soil (Berri St. , 
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NDG , and Downtown ) were collected in Montreal, Canada as specified in experimental 

Section and analyzed for their nitrite level. Each sample was tested with three replicates. 

 

 
 

4.7.2 Real samples 

To further evaluate the practical applicability of the nitrite tablet sensor, detection method was 

performed on three soil samples collected from different locations in Montreal, Quebec: sample 1 

from Berri St (soil around tree roots), sample 2 from NDG (potted soil), and sample 3 from 

Downtown (planted area soil), Montreal, Canada. 5 mL of the sample was mixed with deionized 

water to make a total of 15 mL. The mixture was thoroughly shaken by hand at room temperature 

until fully dispersed, then allowed to settle. The supernatant was extracted and centrifuged at 

14,000 rpm for 3 minutes. The clear liquid was used as the test sample in a citrate–phosphate 

buffer. These samples were compared with the calibration curve obtained from the buffer, with 

three test repetitions for each sample. The color intensity of the samples was recorded using a 

smartphone camera and analyzed with ImageJ software. The %R values were found to range from 

83.57% to 111.33% for the soil sample 1, 80.40% to 104.24% for the soil sample 2, and 102.84% 

to 114.71% for the soil sample 3. The calculated RSD values were 5.28%, 5.54%, and 2.44%, 

respectively, all below 5.6% for all replicates, ensuring high precision and reproducibility of the 

results. The experimental data from the real-world soil samples aligned with the calibration curve, 

confirming that the tablets’ effectiveness in detecting nitrite concentrations across all samples 

(Figure 25). This was further validated by comparing the results with the standard UV-Vis method, 

demonstrating the suitability of the tablets for practical applications (Figure A3). 
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Figure 25. Comparison between the results of SUL, NED tablets and standard method for the 

nitrite detection in real soil samples (n=3). Paired t-tests showed no significant differences between 

methods (p-value > 0.05, p-value = 0.50 for Berri St., p-value = 0.54 for NDG, and p-value = 0.12 

for Downtown), confirming that tablet results agree with UV-Vis measurements. 

 
4.7.3 Selectivity tests 

Potential interferants, including iron (Fe3+), copper (Cu2+), calcium (Ca2+), cobalt (Co2+), nitrate 

(NO3-), sodium (Na1+), mercury (Hg2+), lead (Pb2+), magnesium (Mg2+), and zinc (Zn2+) were 

evaluated for their impact on the proposed nitrite detection test. All interferents were tested at a 

concentration of 1mM in a 1M citrate-phosphate buffer, while nitrite (NO2-) was assessed at a 

concentration of 20 µM. For this study, 1 mM of each interfering ion was added to the test solutions 

separately, and the color intensity was measured and analyzed. No significant color changes were 

observed with the interfering agents, while the nitrite solution exhibited a distinct color change, as 

shown in Figure 26. These results confirm the selectivity of the tablet sensors for nitrite detection. 
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Figure 26. Potential interference of nitrite was tested with three replicates among common ions 

(nitrate, cobalt, mercury, copper, magnesium, calcium, lead, sodium, iron and zinc) at 1mM 

concentrations. While the working solution remained colorless for all three ions, a nitrite sample 

of 20µM was able to turn the solution purple, confirming the sensor’s selectivity for nitrite 

detection. One-way ANOVA, p-value < 0.0001, confirmed a statistically significant difference in 

color intensity among ions. 

 
4.7.4 Stability tests: over period of time 

We assessed the stability of the tablets over a period of six weeks (Figure 27 Figure A4). Our 

tablets were stored at room temperature (RT) in a glass vial with a pack of silica gel, wrapped with 

aluminum foil. The tablets were tested in 50 µM nitrite in citrate-phosphate buffer, and the results 

were normalized such that the percentage on day 0 represents the initial activity of the tablets, 

showing that the tablets were highly stable. 

The results demonstrated that the tablets retained their functionality after six weeks, indicating 

their high stability in comparison with several reported POC testing devices for nitrite detection 

(Table 2). In addition, the tablet platform offers several advantages over liquid solutions for nitrite 

detection, including simplified transportation and storage. Each tablet contains a pre-measured 

amount of required reagents, eliminating the need for laboratory tools like weighing balances, 

pipettes, or the labor-intensive steps of calibration and solution preparation. 
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Figure 27. The stability of the tablets over six weeks (n=3). The average color intensity at week 6 

recorded 102.3 ± 1.81% of the original color intensity recorded at week 1. RSD remained below 

5.5%, confirming high reproducibility and consistent performance during storage. 

 
Table 2. Comparison between the performance of the tablet sensors in this study with other 

reported POC assays. 

 
Method/ref Platform Media Working 

range 

Stability Fabrication process 

Electrochemical 

[208] 

Screen-printed 

electrode 

(SPE)-based 

Soli 2.3 µM – 1.7 

mM 

7 days Electrode modification with carbon allotropes, chitosan 

(CS), silver nanoparticles (AgNPs), and sol-gel (SG) matrix, 

Immobilization of – 1,8-Diaminonaphthalene (1,8-DAN) 

Electrochemical 

[13] 

Screen-printed 

electrode 

(SPE)-based 

– 0.7–370 µM 20 days Electrode modification with cytochrome c nitrite reductase, 

glucose oxidase (GOx) and catalase (Cat) enzymes were co- 

immobilized (ccNiR) 

Surface-Enhanced 

Raman 

Spectroscopy 

(SERS) [209] 

Silicon -based Water, food, and 

biological 

samples 

1 µM< – Nanostructured preparation, Surface functionalization with 

nitrite-selective ligand, Integration into a portable raman 

system 

Photometric and 

fluorescence [199] 

Solution-based Water and soil 2.17 – 65.2 

µM 

– Microwave-assisted synthesis of nanoparticles, neutral red 

(NR) functionalization, 3D-printed smartphone platform 

Griess assay [210] Paper-based Water 6.81-144.9 

µM 

~1-3 days Fabrication of ionogel matrix, the ionogel was impregnated 

with griess reagents, integration with paper-based device, 

Combined PMMA polymer 

Griess assay [211] PDMS‐based Water 4.35 – 97.80 

µM 

2 weeks Fabrication of PDMS microfluidic chip with 3D printing 

and CO₂ laser ablation, integration with a microfluidic 

platform, embedding photometric system, sample injection 

system incorporation 

Griess assay [212] PMMA-based Water 0.36–3.57 µM – fabrication of PMMA microfluidic channels by laser cutter, 

integration with PDMS layer, sample injection system 

incorporation, fabrication of LED-PT detection system 

Griess assay [26] Tablet-based – 0.4 µM< 4 weeks at RT Fabrication of core tablet by microcrystalline cellulose 

(MCC), sodium bicarbonate and citric acid, and lyophilized 

assay reagents, fabrication of barrier layer by hydroxypropyl 
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     cellulose (HPC) and microcrystalline cellulose, fabrication 

of top layer by microcrystalline cellulose, 

poly(vinylpyrrolidone) (PVP), and lyophilized assay 

reagents, compression and molding 

Griess assay [213] Paper-based Human saliva 22–520 µM 4 weeks at 4°C Wax printing on cellulose paper, heat treatment, reagent 

deposition, cutting into strips 

Griess assay [214] Paper-based Human saliva, 

preservative 

water, ham, 

sausage, and 

river water 

0 –25 µM 12 hours at 5°C Fabrication of paraffin-coated filter paper, stamping of 

hydrophobic barriers, reagent deposition, cutting 

Griess assay [215] Paper-based Meat (pork) 0.014–3.62 

mM 

~1 week at 4°C Wax printing on filter paper, heat treatment at 120°C, 

reagent deposition, coffee-ring enhancement, cutting 

Griess assay (this 

work) 

Tablet-based 

(Dual) 

Soil 3-400 µM 6 weeks at RT Solution preparation, mixing with pullulan, pipetting, drying 

Griess assay (this 

work) 

Tablet-based 

(All-in-one) 
Soil 5-400 µM 6 weeks at RT Solution preparation, mixing with pullulan, pipetting, drying 

 

 

 

4.7 Conclusion 

Tablet-based sensors were developed for user-friendly nitrite detection in soil by encapsulating 

Griess reagents N-(1-naphthyl)ethylenediamine (NED) and sulfanilamide (SUL) into pullulan- 

based polysaccharide tablets. A simple mixing and drying method produced firm, uniform tablets 

with pre-measured reagents, removing the need for lab instruments or complex preparation. Two 

tablet types were made: Dual-tablet (SUL and NED separately) and All-in-one, showing the 

method’s versatility. To support detection in soils with varying pH, an optimized citrate-phosphate 

buffer was included, maintaining necessary acidic conditions. The real sample assays showed high 

accuracy and precision of RSD less than 5.6% for all replicates (as mentioned in 4.7.2 section). 

The tablets showed detection range of 3–400 µM with a LoD of 3 µM. Additionally, the tablets 

remained stable for at least six weeks at room temperature. 
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Chapter 5: Conclusions and future direction 
 

This thesis highlights the development of tablet-based sensors for user-friendly, rapid detection of 

(1) copper in water and (2) nitrite in soil, offering significant advantages over traditional methods, 

by eliminating the need for complex and bulky equipment, expert handling, transportation, storage, 

and financial resources. This approach enables quick and easy detection through simple and rapid 

colourimetric analysis. 

In the first study presented in Chapter 3, a rapid auto-mixing tablet sensor designed for on-site 

detection of copper in water. For the first time, we integrated bicinchoninate mixture reagents, 

PEG, PVP and mannitol into an effervescence base composited of citric acid and sodium 

bicarbonate, enabling rapid release and automatic dispersion of reagents upon contact with the 

solution, ensuring consistent and homogeneous reactions. The tablets were produced using a 

simple powder compression method, resulting in a uniform size and composition, with less than 

2% variation in average weight over one month. Pre-measured reagent quantities enhance 

reproducibility while reducing user error and preparation time. The embedded carbon dioxide 

generation maintained consistently in CO2 release over four weeks, ensuring rapid dissolution and 

uniform color development. The tablets demonstrated colourimetric a copper detection range of 0- 

3 ppm, with a detection limit (LoD) as low as 0.3 ppm. Interference studies confirmed high 

selectivity for copper ions in the presence of potential interfering ions. Real water sample tests 

showed excellent recovery rates and validated the sensor’s performance in real world applications. 

The tablets retained 99% reagent integrity during storage, with no significant degradation observed 

for at least one month at room temperature. Overall, this simple, stable, and portable tablet platform 

provides an accessible and reliable solution for copper monitoring in water, without the need for 

lab equipment or trained personnel. 

In the second study, presented in Chapter 4, portable tablet-based sensors were developed by 

encapsulating the Griess reagents, N-(1-naphthyl)ethylenediamine dihydrochloride and 

sulfanilamide, into polysaccharides. This approach results in stable, simple tablets designed for 

point-of-use and rapid nitrite detection in soil. By using 5% w/v pullulan, employed a simple 

encapsulation method of mixing and drying in a tray, producing firm and uniform circular tablets. 

These tablets contain pre-measured quantities of reagents, eliminating the need for repetitive 

weighing and labor-intensive reagent optimization and laboratory instruments. The tablets were 
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produced in two forms: Dual-tablet (SUL and NED tablets), as well as All-in-one tablets, 

demonstrating the flexibility of this method for nitrite detection in soil samples. While the Griess 

assay traditionally requires acidic conditions, incorporating an optimized citrate-phosphate buffer 

in our tablets ensured stable detection and maintained the necessary acidic conditions across 

samples with a wide pH range, making the tablets compatible with soil samples with different pH 

conditions. The outcomes of real-sample tests reinforce the potential of these tablets for practical, 

real-world applications. The assay demonstrated excellent precision, with a RSD% value of less 

than 5.6% for all samples. The recovery percentage (%R) values of 83.57% to 111.33%, 80.40% 

to 104.24%, and 102.84% to 114.71% further validated the assay’s accuracy. The tablets were 

effective in detecting nitrite in the range of 3–400 µM, with a LoD of 3 µM. The tablets exhibited 

excellent stability for extended periods (up to six weeks), making them suitable for long-term use 

at room temperature. In conclusion, the design of these tablets makes them ideal not only for soil 

monitoring but also for a wide range of applications in water and food testing. This simple yet 

innovative sensing platform offers a reliable, reproducible, and user-friendly detection, opening 

new possibilities for environmental monitoring and agricultural evaluation. 

In conclusion, the design of these two types of tablets makes them ideal not only for environmental 

monitoring for a wide range of applications in water and soil. This simple yet innovative sensing 

platform for point-of-use and POC devices and under ASSURED criteria, offers a reliable, 

inexpensive, and user-friendly alternative to traditional methods, opening new possibilities for 

environmental monitoring and agricultural evaluation. 
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Future direction 
 

To continue develop these findings and enhancing the user experience, it is valuable to investigate 

innovative approaches. Further research can be expanded by exploring additional aspects that 

involve: 

• Making dual-detection tablets by integrating the detection of two analytes using 

colourimetric and fluorescence methods within a single tablet. This could enhance 

efficiency for environmental testing, facilitating the simultaneous detection of multiple 

analytes through a single, user-friendly platform. 

• Investigating paper-based fluorescent/ colourimetric platforms for enabling the easy and 

simultaneous monitoring of multiple contaminants through an inexpensive, user-friendly 

platform. 

• Investigating 96-well paper plates with pre-loaded reagents to analyze multiple analytes in 

one platform by incorporating various colourimetric assays or even integrating 

fluorescence and colourimetric techniques 

• The sensor can be further advanced through the integration of a mobile phone application 

that analyzes color, enabling copper or nitrite monitoring by taking photos and 

automatically analyzing results. 

• Expanding the use of nitrite tablets in other media, such as food testing, broadening the 

scope of environmental and health monitoring. 

• Expanding the use of auto-mixing tablets for detecting other analytes. 

 
• The recyclability of the tablets can be further examined. 

 
• In the nitrite tablet preparation for real samples, the samples were prepared using the 

centrifugation method. Further investigations could focus on replacing this step with other 

user-friendly methods. 

• Portable centrifuges could be used for nitrite tablet detection assays to facilitate on-site 

detection applications. 
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Appendices 
 

The part contains three sections focused on sensor development. APPENDIX A presents 

supplementary information for Chapter 3. APPENDIX B presents supplementary information for 

Chapter 4. APPENDIX C reports on the early-stage attempts involving the synthesis, 

characterization, and application of carbon dots (CDs) for detecting heavy metals in water, with a 

focus on their potential use in portable platforms. Although these efforts did not yield successful 

outcomes, they are documented here for the sake of record-keeping. The section includes an 

introduction to carbon dots, their synthesis methods, and initial fluorescence-based tests for 

detecting metals such as Cu²⁺ and Pb³⁺. Additionally, it covers attempts to develop quantum dot 

(QD) tablets and paper-based platforms. Despite the challenges faced and the inability to achieve 

reliable results in these tests, the documentation serves as a foundation for future improvements 

and further research. 

APPENDIX A. Supplementary information for Chapter 3 

 

Here are links to two videos providing supporting information: 1- A comparison of the format of 

traditional and auto-mixing tablets. [Video 1: Link]. 2-A demonstration of the challenges 

encountered with the powder formulation. [Video 2: Link] 

 

APPENDIX B. Supplementary information for Chapter 4 

In this section the development and optimization of tablet-based sensors for nitrite detection has 

been examined. It covers experiments for tablet formation. Also includes stability, kinetics, and 

calibration curve of all-in-one tablets. Additionally, the sensor’s real soil sample results for nitrite 

detection were compared with standard UV-Vis methods. 

https://youtu.be/_ITr6L0wn0c
https://youtube.com/shorts/tn9fpHMRrRQ?feature=share
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Figure A 4. Different percentages of pullulan (3%, 4%, and 5% w/v) were tested for preparing 

solid tablets. The solutions were pipetted to prepare polysaccharide-encapsulated tablets. Each N- 

(1-naphthyl)ethylenediamine dihydrochloride (NED) and sulfanilamide (SUL) solution was 

dispensed onto a carbon-steel tray and dried at room temperature in a dark environment for 24 

hours. Compared to 5% tablets, lower percentages were not physically stable and did not maintain 

a spherical shape. Conversely, increasing the pullulan percentage prolonged the dissolving time 

during tests. Thus, the 5% composition was optimized and chosen for subsequent experiments. 

With regard to the concentrations of SUL and NED, we formulated the tablets and determined the 

concentrations and volumes of NED and SUL according to the standard Griess assay protocol [1]. 

In both methods, 100 µL of NED solution (1 mg/mL) and 100 µL of SUL solution (10 mg/mL) 

was used to cast the tablets. 
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Figure A5. The kinetic study of all-in-one tablets in concentration of 50 µM nitrite (n=3). The 

time-dependent light absorbance of the nitrite samples was measured using a UV-Vis 

spectrometer. To account for background color intensity, in readings we added a control sample 

which did not contain the nitrite. The absorbance at 548 nm was recorded at 15-seconds intervals 

over a total time duration of 20 minutes. The results showed that, similar to the kinetics of SUL 

and NED tablets the sensor had rapid increase in absorbance response, stabilizing and saturating 

within the first minutes. Since the all-in-one tablet has a pinkish color due to the reaction between 

the reagents during the drying process, it showed a higher absorbance level in both 50 µM nitrite 

and background color intensity compared to the SUL and NED tablets. 

 

 

 

 

 
Figure A6. The calibration curve for nitrite detection using all-in-one tablets was developed. The 

color intensity of the solution correlated with nitrite concentration, and the Michaelis–Menten 

equation was used to plot the relationship. The calibration curve had an R² value of 0.9965, and a 

LoD of 5 µM was calculated in the buffer medium (n=3). 

Analytical performance comparison 

The SUL, NED tablet and all-in-one tablet showed similar performance and sensitivity across the 

parameters. LoD is lower for SUL, NED (3 µM) compared to 5 µM (due to a background color) 

for All-in-one, making it more effective for detecting lower concentrations. In terms of accuracy, 
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both figures showed a strong correlation (R² > 0.98) in both the linear curve and the Michaelis- 

Menten curve. While UV-Vis range detection is 1-200 µM, the tablet-based method covers a 

broader working range of 3-400 µM, as well as offering pre-measured quantities, ease of use, 

portability and stability (Table A1). 

Table A1. Analytical Performance Comparison of Dual (SUL, NED) Tablet, All-in-One Tablet, 

and UV-Vis Method. 

 
Parameter Dual tablet All-in-one tablet 

Working range (µM) 3-400 5-400 

Linear range (µM) 0-100 0-100 

Sensitivity (slope of 

linear curve) 

0.6826 0.6757 

R2 (linear curve) 0.9871 0.9884 

R2 (Michaelis–Menten 

curve) 

0.9971 0.9965 

 

 

 

 

 

 

Figure A7. The stability of all-in-one tablets was assessed over six weeks. Tablets were stored at 

room temperature (22°C) in a glass vial containing silica gel pack and wrapped in aluminum foil. 

Tablets were tested in 50 µM nitrite solution in citrate-phosphate buffer. Results were normalized 

such that the percentage on day 0 represented 100% activity. According to the standard Griess 

assay protocol [1], liquid reagent mixtures have limited stability, requiring use within 8 hours due 
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to NED's sensitivity to air and light. In contrast, the tablets exhibited high stability, comparable to 

SUL and NED tablets (n=3). 

 

 

 

 

Figure A8. Nitrite detection was performed using standard UV-Vis tests following the 

ThermoFisher Scientific protocol (n=3) [1]. The reagent solutions we prepared by dissolving 1 

mg/ml of NED in deionized water and 10 mg/ml of SUL in 5% phosphoric acid. In the next step, 

a mixture of 1:1 ratio of the NED and SUL solutions was prepared for use in the tests before 

measurements. For the test, 20 μL of the Griess reagent mixture was added to one well of a 96- 

well plate, followed by the addition of 150 μL of the sample and 130 μL of deionized water. After 

that, the solution was shaken for 30 minutes on a microplate vortex mixer (Fisherbrand, USA) 

before reading the results at room temperature with a UV-Vis instrument at 540 nm (Cytation 5, 

Agilent Technologies, USA). Nitrite concentrations of 1-200 µM were prepared in deionized water 

and tested with the UV-Vis method to obtain the calibration curve. 

APPENDIX C. Development of portable fluorescent sensors for heavy metal detection in 

water 

C.1 Introduction to carbon dots 

Carbon dots (CDs) such as fullerenes, carbon nanotubes, and graphene are a novel class of 

materials known by their small size, with a diameter of less than 10 nm, composed from carbon. 

Because of their optical and chemical properties and biocompatibility they are becoming a 

promising alternative to metal-based quantum [216]. CDs are synthesized through two main 
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approaches. One is "top-down", which involve breaking down larger carbon materials like graphite 

or carbon nanotubes into small pieces through techniques like laser ablation, electrochemical 

oxidation and arc discharge. The other approaches is "bottom-up" that build CDs nanomaterials 

from smaller organic molecules through chemical reactions such as pyrolysis, microwave 

synthesis, and hydrothermal methods [217,218]. CDs are strong fluorescence materials with 

excellent stability. They have gained many attentions these days because of their unique properties 

including; excellent biocompatibility, low toxicity, and tunable fluorescence, which means that 

they can emit light in various colors based on their size or surface modifications [219,220]. 

Different functional groups (e.g., amino, carboxyl, hydroxyl) could be used to modify the surface 

of these materials and enhance their properties, such as fluorescence, solubility, and reactivity 

[221]. It is thought that the number of conjugated π bonds significantly affects the optical 

properties of these materials, particularly lead to the red shift, longer wavelength, in the 

photoluminescence emission. CDs could have anticancer activity as they can induce reactive 

oxygen species (ROS) generation within cancer cells leading to their apoptosis even without light 

exposure [222]. 

C.2 Detection heavy metals by CDs 

As discussed earlier, heavy metal pollution is one of the most harmful threats to human health and 

the environment, with the potential to impact global sustainability over the long time. Therefore, 

develop practical and effective sensors is necessary for detecting these elements and reduce water 

pollution. CDs have chosen as desire materials for detection of heavy metal ions, due to the 

excellent fluorescence properties. CDs are not commonly utilized for detecting anions in compared 

with metal ion. When anions are added they can recover the fluorescence that was quenched by 

the cations, as the anions form stable complexes with the metal ions. Typically, in anion assays 

cations are used as controlling agents [223,224]. Many CDs have been used for fluorometric metal 

ion sensing. As an example, green synthesized and simple CDs were used for fluorescence 

sensing, specially targeting Iron (III) and Escherichia coli (E. coli) [225]. Dong et al. developed 

branched polyamine-functionalized carbon quantum dots for detect trace amounts of Cu2+ with a 

detection limit of 6 nM. The quenching happened through an IFE. They tested Cu concentrations 

ranging from 0 to 9 μM in real river water samples [226]. Sun and co-workers developed green- 

emitting carbon dots for measuring lead ions and bioimaging. the detection limit was 3.0174 μM 

for Pb²⁺. They tested imaging ability in zebrafish embryos which showed both biological and 
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environmental applications of particles [227]. In the other study, highly blue fluorescent graphitic 

carbon nitride QDs (g-CNQDs) applied as sensor for measuring mercuric and iodide ions. The 

detection was based on by ON-OFF-ON" mechanism, as the fluorescence is quenched by Hg²⁺ 

ions (OFF) and restored by the addition of I⁻ ions (ON) and iodide binds to the Hg²⁺ to form HgI₂ 

[228]. In 2017, Wang el al. synthesised boron-doped carbon dots (B-C-dots) with blue light 

fluorescence for quenching by Pb²⁺ and Cu²⁺ ions. After that, the addition of pyrophosphate (PPi) 

restores the fluorescence by binding with the Cu²⁺ ions. The study has done with detection limits 

of 8.47 nM for Pb²⁺ and 13.56 nM for Cu²⁺. [229] Mohapatra et al. developed nitrogen-sulfur co- 

doped carbon dots (NSCDs) with quantum yield of 69%. These NSCDs serve as highly sensitive 

photoluminescent sensors for detecting mercury ions, with limit of detection of 0.05 nM. The 

fluorescence quenching occurred because of the interaction between the sulfur in the NSCDs and 

Hg²⁺ ions [230]. 

C.3 Synthesis of graphene quantum dots 

One gram of citric acid was placed in a crucible and heated at a temperature of 180–200°C until it 

melted completely. After five minutes, one gram of thiourea was introduced into the molten citric 

acid. The color of the mixture gradually changed from pale yellow to orange over a period of 20 

minutes, indicating the formation of functionalized graphene quantum dots. Subsequently, the 

orange-colored liquid was added dropwise into 100 mL of a 10 mg/mL NaOH aqueous solution 

under vigorous stirring. This process resulted in the formation of functionalized graphene quantum 

dots. 



95  

Figure A9. Optical properties of functionalized graphene quantum dots. A. The UV-Vis 

absorbance was measured using a UV-Vis spectrophotometer (BioTek Cytation 5, imaging reader) 

with a 1 cm quartz cuvette. The absorption spectra were recorded over a range of 298–800 nm. B. 

Fluorescence spectra. All fluorescence data were collected at an excitation wavelength (λex) of 

365 nm, with emissions measured from 230 to 800 nm at 1 nm intervals. Data were processed 

using Excel 

 
C.4 Synthesis of pentaethylenehexamine (PH6-CDs) 

The CDs were synthesized using [231] a CEM Discover SP microwave reactor. First, for CDs, 

0.384 g (500 mM) of citric acid was added to 4 mL of distilled water and 375 mM of the amine 

passivating agent in a microwave reaction tube. The amine passivating agents used were ethylene- 

diamine (ED2), diethyltriamine (DT3), tetraethylenetriamine (TT4), tetraethylenepentamine 

(TP5), and pentaethylenehexamine (PH6). The solutions were sonicated for 15 minutes, or until a 

homogenous solution was observed. The mixed solutions were then heated to 210 °C for 10 

minutes. After the reactions were complete, they were dialyzed in Milli-Q water using a cellulose 

dialysis membrane (molecular weight cut-off = 3.5–5.0 kDa) to remove excess material. The 

samples were dialyzed for 5 days, and the water was changed twice per day. A decrease in colour 

 
 

correlated with the removal of unwanted products. The samples were then purified by washing 

twice with acetone and twice with ethanol. After each wash, the precipitate was collected by 

centrifugation at 10 000 rpm × for 10 minutes, and the supernatant was discarded. The remaining 

precipitate was left to dry for 12 to 24 hours in an oven at 80 °C, then crushed into a fine powder 
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and resuspend in ultrapure water. Finally, for biological purposes and to prevent contamination, 

the resuspended materials were filtered through a 0.22 μm nylon filter. 

 
Figure A10. Optical properties of amine-passivated CDs. A. The UV-Vis absorbance of the PH6- 

CDs was measured using a UV-Vis spectrophotometer (BioTek Cytation 5, imaging reader) with 

a 1 cm quartz cuvette. The absorption spectra were recorded over a range of 230–800 nm. B. 

Fluorescence spectra of the PH6-CDs were obtained by setting the excitation wavelength (λex) to 

350 nm, with emissions measured from 230 to 800 nm at 1 nm intervals. Data was processed using 

Excel. 

 

 

 
C.5 Heavy metal quenching assays 

1 mg of CDs were measured into a 20 mL vial and diluted to create a 10 µg/mL dispersion of PH6- 

CDs. This solution was vortexed for 30 seconds and sonicated for 2 minutes to prevent 

aggregation. 100 nM concentration of heavy metal ions (Pb+3, Cu+2, Fe+3, Co+2, Hg+2and Ca+2) 

were added to the cuvette. This solution was stirred for 20 seconds prior to acquiring fluorescence 

measurements and the fluorescence intensity (Figure A8. A). Endpoint fluorescence was collected 

at an excitation wavelength of 350 nm and emission wavelength of 455 nm. The metals showed a 

potential ability for quenching the CDs. Pre-mixed solutions of two metal ions, Pb+3, Cu+2, showed 

higher quenching abilities among other metals. The results were demonstrated in Figure A8 B. 
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Figure A11. Heavy metal monitoring using 10 µg/ mL dispersion of PH6-CDs. A. A concentration 

of 100 nM of Pb³⁺, Cu²⁺, Fe³⁺, Co²⁺, Hg²⁺, and Ca²⁺ was added to the cuvette and measured for 
 
 

fluorescence intensity. Fluorescence data were collected at an excitation wavelength (λex) of 350 

nm at 1 nm intervals. B. Endpoint fluorescence results were recorded for Pb³⁺, Cu²⁺, Hg²⁺, and Ca²⁺ 

(100 nM) at λex = 350 nm and λem = 455 nm. 
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Figure A12. Quantitation of Cu+2 through fluorescence spectroscopy in the range 0-95 µM using 

a 10 µg/mL dispersion of PH6-CDs. Fluorescence data were collected at an excitation wavelength 

(λex) of 350 nm at 1 nm intervals. 

 

 

 

 

 

 
Figure A13. The figures compare the effect of adding different types of polymers on heavy metal 

detection using functionalized graphene quantum dots (A). Polymers, including dextran(B) 

pullulan(C), and polyvinyl alcohol (PVA) (D), were added at a concentration of 5% w/v to the 

quantum dot solution. The solutions were then added to the cuvette, and fluorescence intensity was 
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measured. Fluorescence data were collected at an λex of 365 nm at 1 nm intervals. Data was 

processed using Excel. As shown, the addition of polymers interfered with metal ion detection. 

 

 
 

C.6 Fluorescence portable platforms; QDs paper-based plate and QDs tablet-based 
 

 
 

 
 

Figure A14. 2% pullulan solution was used to mix with QDs and investigate their physical 

characteristics on a tablet platform containing QDs. The polysaccharide was freshly mixed with a 

CD solution. The mixture was then thoroughly mixed, and 100 µL was pipetted onto the tray and 

left to dry at room temperature. 

. 
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Figure A15. Creating paper-plate. To analyze the potential of using carbon dots (CDs) in a paper- 

plate platform sensor, the platform was first designed using inkscape software then they were 

fabricated via the PHLC method by first laminating the filter papers by thermal bonding of 

Parafilm in an oven and then laser ablation of the patterns on the paper side. In order to get a robust 

bonding and uniform lamination, we optimized the process in terms of temperature (80–140 °C), 

duration of heating (5–60 minutes), and cooling (at room temperature or slow cooling in the oven). 

We found 90 °C and 30 minutes with cooling at room temperature (∼2 minutes) gave proper 

lamination. 

 
 

 

Figure A16. Testing acetone percentages on paper-based plate embedded with dried QDs on 

paper. (A) 10 µL of solution was added to each well and left to dry at room temperature. Different 

percentages of acetone (0-100%) were added to the dried QDs on paper, and the photo was 

captured immediately, before drying (A) and after acetone dried (B). 


