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Abstract 

 

Ensuring basic healthcare access around the world remains a challenge, particularly in low-

income regions. In response, international initiatives such as the Sustainable Development Goals 

(SDGs) and the World Health Organization (WHO) guidelines emphasize the need to develop 

innovative, accessible, and cost-effective diagnostic tools. Point-of-care testing has emerged as an 

ideal solution, enabling rapid and decentralized analysis. Among these type of devices, microfluidic 

paper-based analytical devices (µPADs) have gained attention due to their affordability, portability, 

and ease of use, making them a particularly valuable tool in resource-limited locations. 

The purpose of the work presented throughout this thesis was to design and develop innovative 

point-of-care methodologies based on the µPAD approach for the determination of several health-

related parameters, that could serve as an adding tool in the diagnosis and monitoring of several 

health conditions. The use of biological samples of non-invasive collection, such as saliva and urine, 

enhances diagnostic accessibility, particularly in point-of-care settings where traditional sample 

collection may be impractical or even impossible. Additionally, this thesis also explores the use of 

colorimetric detection methods, a straightforward approach to quantifying the targeted analytes by 

producing visible colour changes. To further improve the specificity and accuracy of these diagnostic 

tools, enzymatic reactions were incorporated into some of the developed µPADs.  

The first developed device was dedicated to the quantification of total iron in urine samples by 

using the colorimetric reaction of bathophenanthroline with iron (II) coupled with hydroxylamine, a 

well-known reducing agent capable of converting iron (III) in iron (II). To handle the potential colour 

of the urine samples, a sample blank was included in the device. This feature was vital to ensure the 

applicability of the developed μPAD, as urine may present a wide variability of colour range, from 

light yellow to brownish. 

The determination of nitrate was also accomplished in urine samples with a newly developed 

µPAD. This device included the enzymatic reaction of nitrate reductase to perform the conversion of 

nitrate to nitrite and the Griess reagent which provided the colorimetric detection of the resulting 

nitrite. In order to delay the vertical flow and increase the extent of the enzymatic reaction, a 

hydrophilic membrane layer was also incorporated into the device. The small porosity of this 

membrane also led to the retention of the compound responsible for the colour of urine, enabling a 

direct analysis of the samples.  

The next devices developed performed the quantification of NHX and urea in saliva samples but 

with a more complex approach. Not only were the devices composed of four layers, but the detection 

relies on the diffusion of NH3 (g) through a gas-diffusion membrane to produce a colorimetric change 

of a pH indicator. The hydrophobicity of this membrane also helped eliminate possible interferences 

of the saliva sample in the colorimetric reaction, since it did not allow the sample to pass through the 

membrane and reach the colour reagent.  

The urea determination was accomplished by including urease in the device, since it selectively 

catalyzes the dissociation of urea in ammonia and carbon dioxide. The urease activity determination 
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was accomplished using a similar structure and reactions to the one used for the urea µPAD. 

However, the determination itself was achieved using the kinetic capabilities of the enzyme by 

correlating to the urease activity with the variation of the signal obtained between two different 

enzymatic reaction times. This strategy not only allowed a more accurate quantification but also 

suppressed the influence of NHX already present in the samples. 

The last device developed using the µPAD structure approach was to quantify glucose in saliva 

samples. With only two layers in its composition, this device uses a combination of two enzymatic 

reactions. First, glucose oxidase converts glucose into gluconic acid and hydrogen peroxide, then 

followed by the release of oxygen from hydrogen peroxide performed by peroxidase. The colorimetric 

detection is accomplished with the oxidation of o-dianisidine. In this work, a correlation between the 

concentration of glucose in saliva and blood was also successfully established, using #5 saliva 

samples of diabetic patients and the correspondent glucometer measurements provided by the 

patients. 

A rather different approach was used to perform the semi-quantitative analysis of E. coli DNA. 

Instead of developing a µPAD, an option was made to design a barcode-style lateral flow strip that 

would allow the semi-quantitative detection of E. coli. The amplification of the DNA in the sample 

was performed using the Loop-Mediated Isothermal Amplification (LAMP) technique since it can be 

performed at a constant temperature and provides high sensitivity and specificity results. The 

developed methodology, although requiring further optimization, showed reliable performance and 

offers a rapid, cost-effective method for E. coli detection. 

Overall, this thesis demonstrates the potential of microfluidic paper-based analytical devices 

and lateral flow assays as innovative, cost-effective diagnostic tools for point-of-care applications. 

By addressing critical challenges such as sample complexity, reagent stability, and measurement 

accuracy, the developed devices enhance accessibility to reliable testing, particularly in resource-

limited settings. Their affordability and ease of use further emphasize their role in expanding 

diagnostic capabilities outside traditional laboratory environment. 

 

 

Keywords: microfluidic analytical tools; colorimetric detection; point-of-care analysis; saliva and 

urine samples. 
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Resumo 

 

Garantir o acesso a cuidados básicos de saúde em todo o mundo continua um desafio, 

especialmente em regiões com baixos rendimentos. Em resposta, iniciativas internacionais como os 

Objetivos de Desenvolvimento Sustentável (ODS) e as diretrizes da Organização Mundial da Saúde 

(OMS) enfatizam a necessidade de desenvolver metodologias de diagnóstico inovadoras, 

acessíveis e económicas. Os testes “point-of-care” surgiram como uma solução ideal, permitindo 

análises rápidas e realizadas fora do laboratório. Entre este tipo de testes, os dispositivos analíticos 

microfluídicos baseados em papel (µPADs) têm ganho atenção devido à sua acessibilidade, 

portabilidade e facilidade de uso, tornando-os uma ferramenta particularmente valiosa em locais em 

que os recursos são limitados. 

O objetivo do trabalho apresentado ao longo desta tese foi delinear e desenvolver metodologias 

inovadoras “point-of-care” com base na metodologia dos µPADs para a determinação de vários 

parâmetros importantes para a saúde, que podem servir como uma ferramenta adicional no 

diagnóstico e monitorização de várias doenças. O uso de amostras biológicas de colheita não 

invasiva, como saliva e urina, aumenta a acessibilidade diagnóstica, especialmente em ambientes 

de ponto de atendimento onde a coleta tradicional de amostras pode ser impraticável ou mesmo 

impossível. Além disso, esta tese também explora o uso de métodos de deteção colorimétrica, uma 

abordagem direta para quantificar os analitos produzindo mudanças de cor visíveis. Para melhorar 

ainda mais a especificidade e a precisão dessas ferramentas de diagnóstico, reações enzimáticas 

foram incorporadas em alguns dos µPADs desenvolvidos. 

O primeiro dispositivo desenvolvido foi dedicado à quantificação de ferro total em amostras de 

urina usando a reação colorimétrica da batofenantrolina com ferro (II) juntamente com hidroxilamina, 

um conhecido agente redutor capaz de converter ferro (III) em ferro (II). Para lidar com a cor das 

amostras de urina, um branco de amostra foi incluído no dispositivo. Esta estratégia foi vital para 

garantir a aplicabilidade do μPAD desenvolvido, pois a urina pode apresentar uma ampla 

variabilidade de cor, de amarelo claro a acastanhado.  

A determinação de nitrato também foi realizada em amostras de urina com um µPAD 

desenvolvido. Este dispositivo incluiu a reação enzimática da nitrato redutase para realizar a 

conversão de nitrato em nitrito, e o reagente de Griess que permitiu a deteção colorimétrica do nitrito 

resultante. Para atrasar o fluxo vertical e aumentar a extensão da reação enzimática, uma camada 

de membrana hidrofílica também foi incorporada no dispositivo. A baixa porosidade desta 

membrana também permitiu a retenção dos compostos responsáveis cor à urina, permitindo asimm 

uma análise direta das amostras. 

Os seguintes dispositivos desenvolvidos efetuaram a quantificação de NHX e ureia em 

amostras de saliva, mas com uma abordagem mais complexa. Além dos dispositivos serem 

compostos de 4 camadas, a deteção depende da difusão de NH3 (g) através de uma membrana de 

difusão de gás para produzir uma mudança colorimétrica do indicador de pH. A hidrofobicidade 

desta membrana também ajudou a eliminar possíveis interferências da amostra de saliva na reação 
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colorimétrica, uma vez que não permitiu que a amostra passasse através da membrana e atingisse 

o reagente de cor. A determinação da ureia foi conseguida incluindo urease no dispositivo, uma vez 

que catalisa seletivamente a dissociação da ureia em amoníaco e dióxido de carbono.  

A determinação da atividade da urease foi realizada usando uma estrutura e reações 

semelhantes às usadas para o µPAD da ureia, no entanto, a determinação em si foi realizada 

usando as capacidades cinéticas da enzima, estabelecendo uma relação entre a atividade da urease 

e a variação do sinal obtido entre dois tempos de reação enzimática diferentes. Essa estratégia não 

só permitiu uma quantificação mais precisa, mas também suprimiu a influência do NHX já presente 

nas amostras. 

O último dispositivo desenvolvido usando a abordagem de µPAD foi para quantificar glucose 

em amostras de saliva. Com apenas duas camadas na sua composição, este dispositivo usa uma 

combinação de duas reações enzimáticas. Primeiro, a glucose oxidase converte glucose em ácido 

glucônico e peróxido de hidrogênio, seguido pela liberação de oxigênio do peróxido de hidrogênio 

realizada pela peroxidase. A deteção colorimétrica é realizada com a oxidação de o-dianisidina. 

Neste trabalho, uma correlação entre a concentração de glucose na saliva e no sangue também foi 

estabelecida com sucesso, usando #5 amostras de saliva de pacientes diabéticos e as 

correspondentes medições do glicosímetro fornecidas pelos pacientes. 

Foi usada uma abordagem bastante diferente para realizar a análise semi-quantitativa do DNA 

de E. coli. Em vez de desenvolver um µPAD, optou-se por desenvolver uma tira de fluxo lateral em 

estilo de código de barras que permitisse a deteção semi-quantitativa de E. coli. A amplificação do 

DNA na amostra foi realizada usando a técnica de amplificação isotérmica mediada por loop 

(LAMP), pois pode ser realizada a uma temperatura constante e produz resultados de alta 

sensibilidade e especificidade. A metodologia desenvolvida, embora necessite de maior otimização, 

mostrou um bom desempenho e podendo ser considerado como um método rápido e económico 

para deteção de E. coli. 

No geral, esta tese demonstra o potencial tanto de dispositivos analíticos baseados em papel 

como de testes de fluxo lateral, como ferramentas de diagnóstico inovadoras e económicas para 

aplicações point-of-care. Ao encarar desafios críticos como complexidade da amostra, estabilidade 

dos reagentes e precisão da medição, os dispositivos desenvolvidos aumentam a acessibilidade a 

testes de confiança, especialmente em zonas com recursos limitados. Sua acessibilidade e 

facilidade de uso enfatizam ainda mais seu papel na expansão das capacidades de diagnóstico fora 

dos ambientes laboratoriais tradicionais. 

 

Palavras-Chave: ferramentas analíticas de microfluxo; deteção colorimétrica; análise point-of-

care; amostras de saliva e urina. 
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1.1. Analytical Tools in Today’s World 

Medical innovations have occurred throughout history, and with the advancements in medical 

and technological knowledge, the ability to treat complex diseases has increased. For example, the 

discovery of penicillin in 1928 revolutionized the treatment of infectious diseases, while more recent 

innovations such as immunotherapy and mRNA vaccines have transformed how we address cancer 

and pandemics like COVID-19 (1,2). Still, according to the World Health Organization (WHO), in the 

21st century more than half of the world’s population does not have access to essential basic health 

care, and this is particularly observed in more impoverished and secluded communities (3,4). 

To achieve a more peaceful and prosperous future for the people and the planet, in 2015 the 

United Nations released the 17 Sustainable Development Goals (SDGs). Among them, goals 3 and 

10 highlight the need to ensure health and well-being for all, and the need to reduce inequalities 

within and among countries (5). However, even though health service coverage has generally 

expanded, progress began to decelerate after 2015, which coincides with the adoption of the 

Sustainable Development Goals (4). While substantial strides have been made in providing services 

for infectious diseases, coverage for other diseases has shown minimal advancement (4). Chronic 

conditions such as diabetes and hypertension remain underserved in many low-income countries 

due to limited resources and a lack of trained medical personnel (6,7). As reported by WHO, in 2021 

approximately 4.5 billion people lacked access to essential health services (4).  

To guide research to the development of new diagnoses and treatment techniques that could 

respond to the identified needs, in 2006 the WHO outlined the ASSURED guidelines. These 

guidelines indicate that these techniques should be affordable, sensitive, specific, user-friendly, rapid 

and robust, equipment-free, and deliverable to end users (8,9). Recently, two additional guidelines 

were proposed: R for Real-time connectivity and E for Ease of specimen collection and 

environmental friendliness, making the final acronym REASSURED (10). These guidelines have 

already demonstrated their utility in real-world applications. Rapid diagnostic tests (RDTs) for malaria 

have helped reduce malaria-related mortality in Sub-Saharan Africa by being portable, low-cost, and 

easy to use (11,12). Similarly, COVID-19 antigen tests exemplify REASSURED principles through 

their real-time reporting capabilities and minimal environmental impact. These added guidelines 

ensure the adaptation to modern innovations in technology while also addressing the growing 

emphasis on environmental responsibility. However, despite the global emphasis on SDGs, 

inequalities in healthcare persist. For example, life expectancy disparities highlight ongoing 

inequities: high-income countries report averages of over 80 years, while life expectancy in some 

low-income nations is still below 60 years (13). Addressing these inequalities requires not only 

technological innovation but also substantial policy reforms. By incorporating these strategies and 

leveraging frameworks like REASSURED, the global health community can work toward reducing 

the 4 billion gap in essential healthcare access and achieving the vision outlined by the Sustainable 

Development Goals. To help bridge this gap it is necessary to invest in the development of innovative 

diagnostic solutions with enhance accessibility and efficiency.   
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1.2. Point-of-Care Devices 

Point-of-care devices are an interesting tool for medical diagnosis and monitoring since they 

comply with most, if not all, of the guidelines outlined by WHO. As indicated by its name, these 

devices are portable and used on-site of care, which is a considerable advantage in areas where 

nearby care is not available. Furthermore, the improved microfluidics, miniaturization, and data 

processing techniques available allow a quick detection and quantification of biochemical markers 

with a reasonable sensitivity and selectivity, making it a reliable alternative to laboratory-based 

methodologies (14). This is why in the last few years there has been a consistent increase in the 

number of publications related to point-of-care devices, as shown in Figure 1.1. 

 

 

Figure 1.1 – Evolution of the number of publications on point-of-care devices throughout the years; Web of 

Science search performed on 17/10/2024 ("point-of-care device(s)" or "point-of-care test(s)"). 

 

The recent COVID pandemic is an example of the importance of rapid, point-of-care testing, 

since the self-testing COVID test allows the detection of the disease with decent accuracy, 

consequently reducing the demand for hospital/laboratory testing (14). However, there are other 

examples of commonly used devices, such as pregnancy tests, heart rate sensors, and pulse 

oximeters. 

Paper-based devices are a point-of-care technique that not only fulfils the requirements outlined 

by WHO but have also been responsible for a big revolution in self-diagnosis as we currently know 

it (15). Paper is the most used platform for the development of point-of-care devices because it holds 

several characteristics that are considered advantageous (16). Paper is low-cost, lightweight, easy 

to obtain, store, and transport, while also being disposable and environmentally friendly, which aligns 

with the needs of point-of-care devices and guidelines of WHO (15,17). Furthermore, this material 

can be obtained in different colours, sizes, shapes, thicknesses, porosities, and treatments, which 

allows a detailed tailoring of the material and its characteristics such as hydrophobicity, permeability, 

conductivity, colour distribution, and overall reactivity (15,18). 
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Paper can also undergo different modification processes including cutting, coating, printing, and 

lamination, which further increases its versatility (15). However, the main characteristic that makes 

paper a suitable platform for point-of-care devices is the microporous structure, provided by its 

cellulose matrix, which allows the absorption and drive of fluids by capillary force, without the need 

for additional external pumping devices (9,15,17,18). Additionally, the cellulose matrix can also act 

as a filter for the separation of larger unwanted compounds, performing a rudimentary pre-treatment 

of the sample (17). Nevertheless, the use of paper for analytical procedures is not recent. It dates 

back to 1952, with the paper-based chromatography that won a Nobel Prize in Chemistry for Martin 

and Synge (9,16). From that time, the use of paper as a platform for analysis has continuously 

developed across areas of application, particularly in point-of-care devices (19). 

Among the paper-based point-of-care devices, two types stand out: lateral flow assay devices 

(LFAs) and microfluidic paper-based analytical devices (µPADs). This categorization is mainly due 

to the use of different materials and design techniques. For example, while LFA are typically prepared 

with nitrocellulose membrane as its platform, µPADs on the other hand, usually use filter paper 

(cellulose). The characteristics and applications of these types of devices are further described in 

the following sections. 

 

1.2.1. Lateral Flow Assays 

The LFA is one of the most common methodologies in point-of-care diagnosis in the world since 

it allows the detection of the analytes within a few minutes (20). It can be used in a variety of 

applications from clinical diagnosis to food safety or even environmental monitoring.  

Nevertheless, it is not a recently developed method, it actually dates back to the 1940s when 

Martin and Synge first reported paper chromatography (17,18). From then, several diagnosis kits 

were developed, one of the first being the semi-quantitative test developed in 1956 by Plotz for the 

detection of glucose in urine (18). However, only in 1984, LFA tests were made commercially 

available, with the urine-based pregnancy test (18). Currently several other tests are commercialized, 

such as for the detection of malaria, human immunodeficiency virus (HIV), and influenza A/B, but to 

this day, the LFA pregnancy test is one of the most used (21). In 2020, the COVID-19 pandemic 

brought the LFAs to the spotlight once again (18). The need for simple, rapid, on-hand diagnosis on 

a global scale led to the use of over 3 billion tests by late 2022, which removed a great amount of 

pressure from the healthcare testing facilities (18,21). 

The conventional LFA strip is usually composed of four main components (Figure 1.2(A)): the 

sample pad, the conjugate pad, the reaction membrane, and the absorption pad (17,18,22,23). To 

initiate the test, the sample is placed on the sample pad (Figure 1.2(B)), which is generally composed 

of cellulose or glass fiber, and it has the purpose of evenly transporting the sample to the conjugate 

pad (18,20,24). Usually, this component contains buffer salts, proteins, and other substances that 

facilitate the control of the flow in the device and help in the interaction with the other components 

(20,23). Furthermore, this component can also be used to perform sample pre-treatment, such as 

component separation or interference elimination (18,24). 
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Figure 1.2 – Schematic representation of (A) LFA strip composition and (B-D) the main steps of the detection 

procedure. 

 

The component that follows the sample pad is the conjugate pad, which can be composed of 

several materials such as cellulose, glass fiber, polyesters, among others (18,24). This pad is 

previously impregnated with antibodies that are specifically blind to the target analyte (Figure 1.2(C)). 

Additionally, these antibodies are conjugated with coloured or fluorescent particles to allow posterior 

detection (20,23). The main goal of the conjugate pad is to hold these detection particles and ensure 

their stability and performance until the test is performed, which is why it usually contains a conjugate 

buffer and carbohydrates, to allow this preservation (20).  
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After interacting with the conjugate pad, the sample flows through the reaction membrane where 

the detection occurs. This membrane is usually composed of nitrocellulose and it is possibly the most 

critical component (20,23). The target analyte binds to the test line making it visible, while the 

remaining conjugates bind to the control line independently of the presence of the analyte (17,23,24) 

(Figure 1.2(D)). While the role of the test line is to indicate the presence or absence of the analyte, 

the visibility of the control line is evidence of the correct functioning of the device, avoiding false 

negatives (17,18,24). Finally, the processed fluid completes the flow through the strip when it reaches 

the final component, the absorption pad (18,20,23). This component is usually composed of cellulose 

fibers and has a large bed volume, allowing the use of large volumes of sample and avoiding 

backflow of the fluid (18,20,23). 

The strip is usually encased in a plastic casing with openings for sample placement (sample 

well) and for the visual reading of the result (reading window) as exemplified in Figure 1.3. Besides 

protecting the strip, this casing also provides pressure to ensure contact between the different 

components and consequently a better flow of the fluids through the strip (24). 

 

 

Figure 1.3 – Exemplification of a casing involving a LFA strip. 

 

The manufacturing of LFA is a relatively simple process (Figure 1.4) since few equipment and 

techniques are involved. The assembly of this type of device relies on combining the different 

components of the strip in the structure previously described using lamination (18). The process 

starts with the laminated card as the base structure, on top of which the nitrocellulose reaction 

membrane is positioned. Then, the test and control lines are drawn in the reaction membrane, usually 

using a dispenser, and dried at 37 ºC (18,25). Next comes the preparation of the sample pad, which 

is achieved by soaking the pad in a solution of buffer salts, proteins, and other relevant substances. 

The sample pad is then dried also a 37ºC. The conjugate pad, on the other hand, is usually prepared 

by spraying the antibodies conjugated with the detection particles in the conjugate pad, which is then 

vacuum-dried (18,25). Then, the absorbent, the conjugate, and the sample pad are positioned in the 

laminated card in their respective place and order, and although this assembly is simple, it is 

important to ensure the contact between all components in order to guarantee the effective flow of 

the fluid through the entire strip. Finally, the strips are cut and inserted into their plastic casing (18,25). 
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Figure 1.4 – Schematic procedure of fabrication of LFA strips; Image from (18) 

 

As far as detection methods are concerned, the LFA can employ different techniques that can 

be grouped as optical and electrochemical detection (15). In the optical detection methods can be 

included the colorimetric, the bio-chemiluminescence, and the fluorescence detection. Of these 

three, the colorimetric assay is one of the most common, because it allows visual assessment of the 

results, and consequently a simpler, faster, and economical approach (15). In the electrochemical 

methods can be included the amperometric, the voltammetric, the conductometric, and the 

impedimetric detection (15). 

Still, in the detection method category, there are three types of detection that can be performed. 

The qualitative detection is possibly the one that is most commonly associated with the LFA, due to 

tests like COVID-19 or pregnancy tests that are very well-known by the general population (22,25). 

The tests allow the evaluation of certain conditions by the presence or absence of a test line, 

respectively, and are therefore useful in scenarios where the specific amount of the biomarker 

present is not relevant, such as COVID-19 (Figure 1.5(A)) (20,25). 
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Figure 1.5 – Types of detection using LFA strips with different approaches; Image from (25) 

 

The semi-quantitative approach is suitable for scenarios where some information about the 

quantity of the analyte is required, for example, if the amount of the analyte has to be above or below 

a certain threshold to be considered abnormal (25). The LFA developed for this purpose, usually use 

the barcode-style design, where multiple lines are present in the strip and the number of visible lines 

or even the intensity of their colour can be associated with a concentration of the analyte (Figure 

1.5(B)) (20,25). In more recent years, LFA with quantitative analysis have been reported with the 

help of digital readers or smartphones (Figure 1.5(C) and (D)). In this type of detection, not only an 

accurate calibration curve is needed, but it is also important to ensure the reproducibility of the strips 

in order to obtain accurate results (20,22,25). 

The recurrent use of LFAs throughout the years can be justified by an extensive list of 

advantages. Not only is this a one-step, simple, and easy-to-use assay, but it also provides fast, low-

cost, mostly qualitative results using a low sample volume. Furthermore, the devices are easy to 

prepare and transport and have a long shelf life without requiring complex storage conditions, which 

makes them not only a good point-of-care tool but also easy to produce and commercialize 

(18,20,23,24). However, as with all other methods, LFA also has some drawbacks. Inaccurate 

sample volume, for example, can be a problem since it reduces the precision of the assay.  

For samples other than fluids, sample pretreatment is required, a process that is usually time-

consuming. Poor affinity of the biomolecules for the specific analyte can also be a problem, leading 

to decreased accuracy. Good antibody preparation is essential during the manufacturing process to 

obtain good repeatability. Intrinsic characteristics of the sample such as viscosity heavily impact not 

only the analysis time but also the flow throughout the strip, therefore influencing the correct 

functioning of the test (18,20,23,24). Still, most of the time, the advantages of the LFA as a point-of-

care tool outweigh the disadvantages, which is why it is still a heavily used aiding tool for diagnosis 

and monitoring worldwide. 
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1.2.2. Microfluidic Paper-based Analytical Devices 

Even though the use of paper for analytical purposes originated several decades before, in 2007 

Martinez et al reignited the interest in paper microfluidics by using patterned paper to design a new 

low-volume, portable, and inexpensive platform for the quantification of protein and glucose in urine 

samples (17,19,23). Due to its composition, materials, and applications, this new technique was 

named microfluidic paper-based analytical device (µPAD) and has gained a lot of attention ever since 

it was first reported (Figure 1.6).  

 

 

Figure 1.6 – Evolution of number of publications on microfluidic paper-based analytical devices throughout the 

years; Web of Science search performed on 04/02/2025 ("microfluidic paper-based analytical device(s)" or 

"microfluidic paper-based device(s)" or "paper-based analytical device(s)"). 

 

µPADs are usually a combination of two areas: the hydrophilic area and the hydrophobic area. 

The hydrophilic area is typically composed of paper and is the platform for the reactions (26). The 

hydrophobic area, on the other hand, serves as a barrier that, not only establishes the flow path but 

also contains the flow of the fluids and limits the reaction zone (17,26–28). These hydrophobic 

barriers can be generated using numerous techniques. Some of the most used ones are described 

in Table 1.1. Of those, wax printing, inkjet printing, photolithography, and flexographic printing, will 

be further discussed below. 
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Table 1.1 – Common methodologies for design and fabrication of the hydrophobic area and respective required 

materials and equipment; Adapted from (29). 

 

Method Materials Equipment 

Wax printing Wax Wax printer 

Inkjet printing Alkyl ketene dimer/UV-curable ink Inkjet printer 

Photolithography 
Photoresist and developer, 

photomask 
Photolithography equipment 

Flexographic printing Polystyrene ink/PDMS ink Roll-to-roll flexography units 

Plasma treatment 

Alkyl ketene 

dimer/octadecyltrichlorosilane/ 

pentafluoroethane monomer, 

metal mask 

Vacuum plasma reactor 

Cutting and shaping Adhesive sheet Knife plotter or digital craft cutter 

3D printing Paraffin wax/photocurable resin 
3D printer with a custom-made 

extruder 

 

 

The first µPAD, reported by Martinez et al in 2007, described the use of photolithography to 

create the hydrophobic barriers (30,31). This is a high-precision technique that uses a pattern created 

on an optical mask and transfers it to a light-sensitive photoresist material in the paper using a beam 

of protons (Figure 1.7) (16,19,30,31). The high precision offered by this method allows the design of 

small channels and is a very attractive option for researchers that already have the knowledge and 

access to the equipment. However, for those that are not familiar with the technique, a few 

disadvantages are the cost of the fabrication equipment and the complexity of the procedure (30,32). 

Additionally, the solvent used to maintain the hydrophilic area can reduce paper flexibility and even 

interfere with some reactions (32). 
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Figure 1.7 – Schematic representation of the formation of the hydrophobic area with photolithography; Image 

from (33). 

 

Wax printing is another fabrication technique that is commonly used in µPADs design due to its 

non-toxic, low-cost, simple, and fast procedure (16,30,31). 

In this method, a wax printer is used to dispense wax in a specific pattern on the surface of the 

paper. Then the paper is heated to allow the wax to melt and flow through the thickness of the paper, 

creating an impermeable pattern within the paper porous structure (Figure 1.8) (16,30,31). Some of 

the main disadvantages of this technique are high initial equipment cost, poor pattern resolution after 

melting the wax, limited availability of the printers in some countries (30,31). 

 

 

Figure 1.8 – Schematic representation of the formation of the hydrophobic area with the wax printing method; 

Image from (34). 
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The inject printing methodology was first reported in 2013 by Maejima et al and consists of 

printing onto the paper either a solvent or a UV-curable ink (additional need of UV light source) 

(30,31). This is also a popular choice of fabrication technique since the printers are inexpensive when 

compared to others and they are widely available (30). Furthermore, this methodology also allows 

the possibility of adding reagents during the printing process (31). Nevertheless, some 

disadvantages are the high cost of some inks, and the maintenance of the printer since some organic 

solutions can degrade the printer itself (31). 

Flexographic printing was first applied to the fabrication of µPADs in 2010 by Olkkonen and it 

involves the use of print presser units to pattern the paper (30–32). This is well-suited to large-scale 

production since it can be adapted to the roll-to-roll processing technique (Figure 1.9) (30,32). 

Although being a rapid multi-step method, the flexographic printing still has two major drawbacks, 

namely the lower resolution of the pattern and the inability of the penetration of the ink through the 

paper, staying only on the surface (31,32). The choice of the technique used to create the 

hydrophobic barriers, should be carefully considered and take into account aspects such as the 

reactions and reagents to be used, the type of sample, applicability of the device, among others. 

 

 

Figure 1.9 – Schematic representation of flexographic printing method using roll-to-roll technique; Image from 

(35). 

 

In addition to the varying techniques used for the fabrication of the hydrophobic areas, µPADs 

can also be designed with types of configurational structures: the 2D structure and the 3D structure 

(31,36,37). As the name indicates, 2D µPADs have a simple two-dimensional structure in which the 

flow of the fluids occurs in the horizontal xy plane of only one layer of paper (37,38). This type of flow 

is usually referred to as lateral flow. The manipulation of the fluids in this type of devices relies on 

the size and geometry of the channels created by the hydrophobic areas/barriers in the paper. 

Parameters such as flow speed could be influenced by the width of the channel, for example (29,38).  



Chapter 1. General Introduction 

14 

3D-µPADs, on the other hand, have a more complex three-dimensional structure composed of 

several layers of paper, in which the flow of fluids can occur not only horizontally (lateral flow) in each 

layer but also vertically through the layers (vertical flow) (17,29,36–38). This three-dimensional 

structure provides numerous advantages over the 2D-µPADs. Not only does it facilitate more 

complex multi-step analysis, but it also provides faster and more accurate determinations (29,31,38). 

Furthermore, the vertical flow also leads to a decrease in the loss of fluids in the paper, consequently 

having better control of the flow of the fluids and reducing the minimal volumes required of both 

sample and reagents (36,38). The versatility of the 3D-µPAD also allows the possibility of introducing 

in the devices a layer for pre-treatment steps such as filtration or removal of interferences.  

The assembly of the 3D-µPADs can be achieved generally with one of two techniques: folding 

or stacking (37,38). In the folding technique, the patterning of the channels and chambers is all 

performed in one layer of paper, and, using the origami concept, this layer is folded in a way that the 

channels and chambers connect and allow the three-dimensional flow of the fluids (Figure 1.10) (37–

39). This methodology has a very simple and easy-to-reproduce fabrication procedure, reducing 

assembly errors (17,38). Furthermore, it also allows the possibility of disassembling and individually 

analysing the chambers or channels (38). 

On the other hand, the stacking technique of assembling the devices, as the name implies, 

consists of stacking paper layers, layer by layer, to achieve the 3D structure (37,38).  

 

 

Figure 1.10 – Schematic representation of the assembly of a 3D-µPAD with the origami technique; Image from 

(39). 

 

However, for both the folding and stacking techniques, the most critical step is keeping the 

layers connected during the placement of the sample in order to avoid cross-contamination in the 

device (37). Clamps, adhesive tape, or even glue, are a few of the tools that can be used to connect 

the layers of the device.  
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Even though adhesive tape and glue provide the strongest bonding between layers, it also 

eliminates the unfolding capability of the origami devices (39). The tool used should be carefully 

chosen taking into consideration the objective of the device. Almost all patterning methods used in 

the 2D device fabrication can be adapted to the 3D µPADs, still, the most commonly used is wax 

printing for origami 3D µPADs (39). 

Overall, microfluidics paper-based devices, whether it be with a 2D or 3D structure, offer a large 

set of advantages, particularly for the point-of-care application (38). One of the biggest advantages 

that arise when talking about µPADs is their affordability (38,40). The low cost that is usually 

associated with these types of devices is related not only to the affordability of the materials used in 

its fabrication such as paper, but also to the very low volumes of reagents used for the determination 

in comparison with other methodologies, and the wide array of low-cost fabrication techniques that 

can be used (16,23,40). Additionally, these devices are very simple and easy to use, providing fast 

and sufficiently accurate measurements without needing complex expensive equipment or 

specialized training to be used. This little-to-no equipment need, in addition to the characteristic small 

size of the microfluidic devices, leads to a portable tool that can achieve sensitive analytical 

determinations in a wide array of applications (16,40). All these advantages go hand-in-hand with 

the WHO guidelines, making them a promising tool for point-of-care testing. 

Currently, the main drawbacks of µPADs are related to logistical problems. Most of the time it 

is difficult to perform a large scale-up of production of the devices that can fulfil the demand of the 

population while maintaining the cost-effectiveness of the process (41,42). Additionally, the majority 

of the developed µPADs lack studies on the stability of the device or its performance under varying 

field conditions (30). Without these studies it is impossible to predict if the devices will maintain their 

accurate performance when used in a point-of-care setting (30,41). 

 

1.2.3. Detection Methods 

The detection method is another parameter that should be carefully considered when 

developing a microfluidic paper-based analytical device. Currently, several detection methods have 

been applied to µPADs, each of them with its pros and cons. The detection can be performed by one 

of four methodologies: colorimetry, electrochemistry, chemiluminescence, and fluorescence. 

The colorimetric detection method is by far the most widely used, especially in point-of-care 

devices (27,40,43,44). This method relies on a chemical or enzymatic reaction with the intended 

analyte, that leads to the formation of a product with a different colour or different colour intensity 

(40,44). The main reason why this is the preferred readout method among point-of-care devices is 

its simplicity (27). Not only is easy to visually see the results but it is also simple to use and does not 

require complex or expensive equipment (43). Also, paper has the ideal white, high-contrast 

background for colorimetric detection (27). Furthermore, this approach offers a choice between a 

qualitative, semi-quantitative, or quantitative analysis based on the instrumentation used (40).  

While a visual interpretation of the results by the naked eye would provide qualitative analysis, 

the use of colour charts or colour calibration tables for comparison would lead to more accurate 
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results, hence providing a semi-quantitative analysis (27,29,40). For the most accurate analysis, 

additional instrumentation is needed, such as a scanner or a camera, to record the image and 

analyse it with image processing software (27,29,40,43). For image analysis, the images are usually 

converted into a specific colour space (RGB, CMYK, HSV, among others), RGB being the most 

commonly used since it can achieve multiple shades of colours by the superposition of only three: 

Red, Green, and Blue (Figure 1.10) (40).  

Even though colorimetry has a wide array of advantages, it also has some limitations. 

Colorimetric detection is often associated with low sensitivity and selectivity (27,43). Low 

reproducibility is also commonly reported due to the sometimes non-uniform distribution of colour in 

the paper (44). Several strategies have already been reported to minimize these limitations, such as 

using nano-particles or enzymes to further enhance sensitivity and selectivity or performing several 

replicates to minimize error due to the non-uniform distribution of colour (27). 

 

 

Figure 1.11 – Schematic representation of the colour wheel with the RBG superposition of colours; Image from 

(45). 

 

Electrochemical detection consists of the conversion of the chemical signals of the analyte into 

electrical signals using electrodes placed in the device, typically using the screen-printing technique 

(40,43). Usually, electrochemical detection requires three electrodes for the voltametric 

measurements: the working electrode, the reference electrode, and the counter electrode (Figure 

1.12) (40,43). The working and the counter electrode form a loop where the redox reactions occur, 

while the reference electrode provides a standard value for the potential measurements (40,43). 

µPADs that employ this detection method can also be named ePADs and provide faster and more 

sensitive measurements when compared to other techniques (17,27,43). The advances in 

technologies and miniaturization allow the placement of the electrodes without compromising the 

size or portability of the devices (27). 

The main drawbacks of this detection method when compared to the colorimetric detection, are 

the higher cost, more complex fabrication procedure, and less intuitive reading and analysis of results 

(17,43). 
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Figure 1.12 – Example of µPAD with electrochemical detection; Image from (46). 

 

The chemiluminescence detection consists of the correlation of radiation emitted by an analyte 

and its concentration (40). When a molecule in a ground state absorbs energy released in a chemical 

reaction, it transits to an excited state. However, due to the instability of the excited state, the 

molecule returns to the ground state and emits radiation, which is then measured and correlated to 

the concentration of the substance (40). The most commonly used chemiluminescence system in 

µPADs is the reaction of luminol and peroxide (40). This detection method provides highly sensitive 

and selective results; however, it requires a chemiluminescence reader, and the measurements have 

to be performed in the dark, which complicates the analysis process (29,40,43). Additionally, 

because the signal obtained in this method is very dynamic, reproducibility can also be an issue (43). 

Fluorescence is another detection method that has been used in µPADs, due to its high 

sensitivity and consequent low limits of detection. The mechanism is similar to the one of 

chemiluminescence, but in this method, the excitation of the molecules occurs due to an external 

light source (40,44). Besides the additional instrumentation needed, the main limitation of this 

detection method is the high background signals. This happens due to the fact that commercial paper 

used in the devices often contains additives that auto-fluorescence (40). 
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1.3. Biological Samples of Non-Invasive Collection 

Biological samples play a crucial role in the current diagnostics and monitoring of a wide array 

of diseases. While blood still is considered the standard sample for diagnosis, the invasive nature of 

its collection is a major drawback (26,47). Blood sampling typically requires skilled healthcare 

professionals, sterile environments, and specialized equipment, which makes it more expensive, 

time-consuming, and inaccessible, particularly in remote areas with limited resources. Additionally, 

the process can be uncomfortable or painful for patients, particularly children or elderly individuals 

(26,47). 

In response to these challenges, there has been a growing interest in non-invasive collection 

samples, such as saliva and urine. These types of samples offer several advantages over blood. 

They are easily accessible and can often be collected without the need for trained personnel or 

sophisticated equipment, reducing costs and expanding access to diagnostic tools in underserved 

populations. More importantly, non-invasive collection of these types of samples are painless, 

reducing patient anxiety and improving compliance, particularly when repeated testing is needed. 

 

1.3.1. Saliva 

Saliva is a viscous slightly acidic fluid (pH = 6 – 7) that is produced in the oral cavity by the 

parotid, submandibular, and sublingual salivary glands (17,47). It is composed of 94% to 99% water, 

with the remaining percentage being a wide range of enzymes, proteins, and other organic and 

inorganic substances (17,47). A healthy adult produces on average 500 to 1500 mL per day; 

however, saliva’s composition varies throughout the day. During the day, the parasympathetic nerve 

induces the parotid gland to produce a waterier saliva; during episodes of fear or stress, the 

sympathetic nerves activate the production of a more viscous saliva by the sublingual and 

submandibular glands (48,49). 

The main purposes of this fluid are to help the digestion, keep the mouth moist, and eliminate 

harmful bacteria that may enter the mouth (47). However, because the salivary glands are densely 

irrigated by blood vessels, many blood substances can be also found in saliva (48). If there are high 

levels of a certain biomarker in blood, then it is probable that this excess is excreted through saliva 

(47). This supports the idea that saliva can be used as an indicator of the general health of an 

individual (16,17,38,48,49).  

Figure 1.13 shows the evolution of publications related to the use of saliva as a sample. The 

number of publications, as shown, has been increasing consistently for several years. This could be 

justified by the several advantages the use of saliva entails. This biological fluid has an easier, safer, 

and simpler collection, that does not require specific equipment or specialized technicians (17,48). 

Furthermore, the saliva collection is not invasive and consequently not painful, with less risk of 

contamination and simple enough to be performed by the patient itself (17,48). 
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Figure 1.13 – Evolution of number of publications related to saliva samples throughout the years; Web of 

Science search performed on 27/01/2025 ("saliva sample(s)" or "sample(s) of saliva"). 

 

Currently, the most used method for the collection of this biological sample is passive drooling. 

This method consists of asking the patient to tilt their head down and simply let saliva drip from the 

mouth to the collection tube (48). Although simple, this method can be time-consuming, since some 

individuals may have difficulty producing the necessary amount of sample in a short period of time. 

An alternative method consists of placing a liquid in the mouth and swishing. This, however, has the 

disadvantage of diluting the sample, possibly making the quantification of the analyte more difficult. 

Additionally, both these methodologies cannot be easily used in small children. To try to overcome 

these limitations, researchers have been reporting alternative methodologies for the collection of this 

biological fluid. One of the strategies reported is the use of an absorbent material (such as cotton or 

gauze) that could be placed in the mouth and absorb the saliva (26,50,51). 

Nevertheless, there are also a few limitations associated with this biological sample. The 

majority of biomarkers in saliva are typically present in very low concentrations, making it very difficult 

to perform an accurate quantification (48). Additionally, the varying composition of the sample 

throughout the day can also make more difficult the diagnosis process since it can affect not only the 

concentration of the targeted analyte but also the viscosity of the sample and the concentrations of 

other substances that could interfere in the determination (48). 

Regardless of the mentioned limitations, saliva remains a more viable option for biological 

samples for point-of-care applications, especially when compared to traditional blood-based 

diagnostics. As the advancements in analytical methodologies continue to improve, the sensitivity 

and specificity of saliva-based tests will too, further reinforcing its importance in modern healthcare. 
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1.3.2. Urine 

Urine is a biological fluid produced by the kidneys, which is responsible for filtering the blood 

and maintaining homeostasis. The process of urine production be resumed in three main steps: 

filtration, reabsorption, and excretion. First, the blood is filtered in the kidneys, in order to remove 

waste products and excess ions. Then, some useful substances such as glucose, amino acids, and 

certain electrolytes are reabsorbed into the bloodstream to prevent excessive loss. Finally, the 

remaining waste products, excess ions, and toxins are secreted into the urine, which is then 

transported to the bladder for temporary storage before being expelled from the body through the 

urethra. Therefore, the primary purpose of urine production is to eliminate metabolic waste products, 

regulate the body's fluid and electrolyte balance, and maintain acid-base homeostasis (52). 

This fluid consists of over 90% water, with the remaining components being a variety of organic 

compounds, organic ammonium salts, inorganic salts, and urea (53). Since urine reflects kidney 

function and systemic metabolism, it is a suitable biological sample for assessing overall health. 

Figure 1.14 shows the positive evolution of the number of publications related to urine as a sample. 

 

 

Figure 1.14 – Evolution of number of publications related to urine samples throughout the years; Web of Science 

search performed on 27/01/2025 ("urine sample(s)" or "sample(s) of urine"). 

 

Furthermore, because of its non-invasive and easy collection, urine is also a promising option 

for biological samples to be used in point-of-care testing (53). Urine-based diagnostic devices have 

been successfully developed for detecting a variety of health conditions (53,54). One of the most 

recognized tests performed with urine is the pregnancy test which detects the presence of the human 

chorionic gonadotropin hormone (53).  
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Alongside the many advantages associated with the non-invasive collection of urine already 

mentioned, urine is less influenced by factors like stress or meal consumption, unlike saliva, and it 

can be stored for extended periods without significant degradation (53). Despite these advantages, 

there are also some challenges and limitations worth mentioning. The biggest limitations currently 

are the urine’s complex composition and the inter-individual variability (54). This variability can be 

associated with several factors such as hydration levels, diet, and medications (53). Furthermore, 

the intrinsic yellow colour of urine and the variability of shades could also pose a problem, particularly 

in the devices that used colorimetric detection (44). To prevent some of these interferences, some 

of the reported devices already include an integrated sample pre-treatment (44). 

Nevertheless, ongoing research and technological advancements continue to address these 

limitations, further solidifying urine’s role as a valuable biological fluid for point-of-care analysis (54). 

Overall, urine's rich biomarker composition, accessibility, ease of collection, and broad diagnostic 

potential make it a promising alternative to blood in point-of-care applications.  

 

 

1.4. Application of µPADs to Biological Samples of Non-

Invasive Collection 

Microfluidic paper-based analytical devices have several advantages as mentioned before for 

point-of-care. These devices are not only portable and affordable but also do not require complex 

equipment or training to provide sufficiently accurate analytical measurements that could aid in the 

diagnosis or monitoring of several health conditions outside of the lab. This is particularly useful in 

more remote or underserved areas, that do not have access to health care, whether it be for lack of 

conditions or for economic reasons. When combined with the use of biological samples of non-

invasive collection, it becomes the perfect tool for diagnosis and monitoring of multiple diseases 

since the measurements could be obtained using a sample that is easier, safer, and painless to 

collect. A Web of Science search (parameters in Appendix A) of the microfluidic paper-based test 

developed that reported the application to either urine or saliva samples revealed a total of 76 articles 

published from 2014 to 2025 (Figure 1.15(A)) among which 83 analytical determinations were 

performed. The majority of these publications were placed by Web of Science in the categories of 

chemistry or related to chemistry (Biochemistry, Electrochemistry,…) (Figure 1.15(B)).  

Moreover, a summary of some features of the analytical determinations and devices reported 

in the Web of Science search performed is shown in Table 1.2. The not-yet-published work presented 

in this thesis that fitted the criteria of the search performed (work presented in Chapter 7) was also 

included in the table. This table lists by alphabetic order of analyte, characteristics such as dynamic 

range, the limit of detection, fabrication structure of the device (2D or 3D) and technique used for 3D 

structures (folding or stacking), detection method, and type of biological sample to which the analysis 

is performed. 
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Figure 1.15 – (A) Evolution of number of publications reporting microfluidic paper-based devices applied to 

saliva or urine samples throughout the years; (B) Category distribution by Web of Science of the publications in 

the performed search; Web of Science search performed on 04/02/2025. 

 

Because Table 1.2 is listed by alphabetic order of analyte, the first and most obvious observation 

is the number of publications reporting the determination of each analyte. Figure 1.16 shows the 

distribution by analyte of all analytical determinations mentioned in Table 1.2. At first glance, it is 

easy to observe that three analytes are considerably more reported in comparison to all others. Tied 

for first place are creatinine and glucose with 11 reported publications, followed by uric acid with 10 

reported publications. All analytes that were reported only once were included under others in Figure 

1.16.  

 

Figure 1.16 – Distribution of analytes among all determinations listed in Table 1.2. 
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Table 1.2 – Microfluidic paper-based devices and sensors applied to the analysis of saliva and urine samples. 

Analyte Dynamic Range LOD 2D vs 3D µPAD Detection Method Sample Reference 

-amyloid 0.50 – 10.0 ng/mL 0.20 ng/mL 2D Colorimetric Urine (55) 

3-nitrotyrosine (3-NT) 500 nM – 1 mM 22.3 nM 2D Electrochemical Urine (56) 

Albumin 0.2 – 10 µM 0.47 µM 2D Fluorescence Urine (57) 

Albumin 1 – 500 mg/dL 0.072 mg/dL 3D folding Electrochemical Urine (58) 

Albumin 0 – 1000 mg/L - 2D Colorimetric Urine (59) 

Aldehydes  20.4 – 114 µM 6.1 µM 3D folding Colorimetric Saliva (60) 

Ammonium 0.5 – 20 mM 290.1 µM 2D Electrochemical Urine (61) 

Ammonium/Ammonia 15 -150 mg/L 11.3 mg/L 3D stacking Colorimetric Saliva (62) 

Ammonium/Ammonia 0.10 – 5.0 mM 0.032 mM 3D stacking Colorimetric Saliva 
Chapter 5 of this 

work 

Ascorbic Acid 20 – 700 µM 3.20 µM 3D folding Electrochemical Urine (63) 

Bilirubin 5 – 1000 mg/L 1.0 mg/L 2D Colorimetric Urine (64) 

Calcium 0.27 – 4.50 mM 78 µM 3D stacking Colorimetric Saliva (50) 

Cyanide 26 – 286 µg/L 5 µg/L 2D Colorimetric Urine (65) 

Citrate 5 – 150 mg/L 2.9 mg/L 2D Colorimetric Urine (66) 

Copper (II) 0.01 – 1 mg/L 0.01 mg/L 2D Fluorescence/Colorimetric Urine (67) 

Copper (II) 0.001 – 5 mg/L 0.1 mg/L 2D Fluorescence/Colorimetric Urine (68) 
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Table 1.2 – Microfluidic paper-based devices and sensors applied to the analysis of saliva and urine samples. (continuation) 

Analyte Dynamic Range LOD 2D vs 3D µPAD Detection Method Sample Reference 

Creatinine 2.20 – 35.0 mg/dL 0.66 mg/dL 3D stacking Colorimetric Urine (69) 

Creatinine 0.5 – 4 mM 500 µM 2D Electrochemical Urine (61) 

Creatinine 0.03 – 0.50 mM 0.022 mM 2D Colorimetric Urine (70) 

Creatinine 1.05 – 20 mM 0.35 mM 3D folding Colorimetric Urine (71) 

Creatinine 0.82 – 10 mM 0.27 mM 3D folding Colorimetric Urine (71) 

Creatinine 1 .250 mg/L 0.72 mg/L 2D Fluorescence/Colorimetric Urine (72) 

Creatinine 0 – 3000 mg/L - 2D Colorimetric Urine (59) 

Creatinine 50 – 1000 mg/L 16.9 mg/L 2D Colorimetric Urine (73) 

Creatinine 0.010 – 3.0 µM 3.7 nM 2D Electrochemical Urine (74) 

Creatinine 50 – 600 mg/L 15.7 mg/L 2D Colorimetric Urine (75) 

Creatinine 2.5 – 25 mg/dL 2.0 mg/dL 2D Colorimetric Urine (76) 

Cysteine 1 – 100 µM 1.5 µM 2D Colorimetric Urine (77) 

Dapoxetine 0.01 µM – 1 mM 0.01 µM 2D Colorimetric Urine (78) 

Diazepam 3.5 nM – 3.5 mM 1.5 nM 2D Electrochemical Urine (79) 

Dipropylamine 1 – 250 mg/L 0.80 mg/L 2D Fluorescence/Colorimetric Urine (72) 

Dopamine 20 – 1000 µM 2.19 µM 3D folding Electrochemical Urine (63) 
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Table 1.2 – Microfluidic paper-based devices and sensors applied to the analysis of saliva and urine samples. (continuation) 

Analyte Dynamic Range LOD 2D vs 3D µPAD Detection Method Sample Reference 

E. coli 
5.0 × 102 - 5.0 × 

105 CFU/mL 
 2.0 × 102 CFU/mL 2D Colorimetric Urine (80) 

Ethanol  1 – 20 %(v/v) 0.22 %(v/v) 3D stacking Colorimetric Saliva (81) 

Folic Acid 1 – 300 µM 0.28 µM 2D Fluorescence Urine (82) 

Fructose 1.55 – 100 µM 0.51 µM 2D Fluorescence/Colorimetric Urine (83) 

Glucose 0.095 – 1.1 mM 0.028 mM 3D stacking Colorimetric Saliva 
Chapter 7 of this 

work 

Glucose 2 – 200 µM 1 µM 2D Colorimetric Urine (84) 

Glucose 0.1 – 50 mM 0.026 mM 2D Fluorescence Urine (85) 

Glucose 0 – 10 mM 1.65 mM 2D Colorimetric Urine (86) 

Glucose 5 – 400 µM 1.27 µM 2D Colorimetric Urine (87) 

Glucose 0.01 – 10 mM 3 µM 3D folding Colorimetric Urine (88) 

Glucose 2.68 – 200 µM 0.80 µM 2D Fluorescence/Colorimetric Urine (83) 

Glucose 0.01 – 30 mM 5 µM 2D Electrochemical Urine (89) 

Glucose 0 – 180 mg/dL 0.84 mg/dL 2D Colorimetric Saliva (90) 

Glucose 0 – 10 mM 0.35 mM 2D Electrochemical Urine (91) 

Glucose 0 – 20 mM 2.47 mM 2D Colorimetric Urine (92) 

Hexylamine 1 – 300 mg/L 0.75 mg/L 2D Fluorescence/Colorimetric Urine (72) 
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Table 1.2 – Microfluidic paper-based devices and sensors applied to the analysis of saliva and urine samples. (continuation) 

Analyte Dynamic Range LOD 2D vs 3D µPAD Detection Method Sample Reference 

Histidine 1 – 90 µM 0.5 µM 2D Colorimetric Urine (77) 

Human Chorionic 

Gonadotrophin 
10 – 500 ng/mL 10 ng/mL 2D Colorimetric Urine (93) 

Iron 0.07 – 1.2 mg/L 20 µg/L 3D stacking Colorimetric Urine 
Chapter 3 of this 

work 

Iron (III) 0.01 – 1 mg/L 0.01 mg/L 2D Fluorescence/Colorimetric Urine (67) 

L-cysteine 0.1 – 250 µM 0.02 µM 2D Electrochemical Urine (94) 

Lead (II) 10 – 500 µg/L 9 µg/L 2D Electrochemical Urine (95) 

Leukocyte Esterase 55 – 108 µg/L 3.75 µg/L 2D Colorimetric Urine (96) 

Magnesium 82 – 247 µM 62 µM 3D stacking Colorimetric Saliva (51) 

MicroRNA-21 10 - 1000 pM 4.1 pM 2D Colorimetric Urine (97) 

Nitrate 0.14 – 1.0 mM 0.04 mM 3D stacking Colorimetric Urine 
Chapter 4 of this 

work 

Nitrate 0.27 – 1.2 mM 80 µM 3D stacking Colorimetric Saliva (26) 

Nitrite 0.20 – 2.0 µM 0.18 µM 2D Colorimetric Urine (80) 

Nitrite 5 – 250 µM 0.05 µM 3D stacking Colorimetric Saliva (26) 

Oxalate 2 – 40 mg/L 0.6 mg/L 2D Colorimetric Urine (66) 

Phenylalanine 60 – 2400 µM 60 µM 2D Colorimetric Urine (98) 
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Table 1.2 – Microfluidic paper-based devices and sensors applied to the analysis of saliva and urine samples. (continuation) 

Analyte Dynamic Range LOD 2D vs 3D µPAD Detection Method Sample Reference 

Putresceine 5 – 150 mg/L 1.7 mg/L 2D Fluorescence/Colorimetric Urine (72) 

Pyridine 5 – 75 mg/L 1.4 mg/L 2D Fluorescence/Colorimetric Urine (72) 

Sarcosine 2 – 500 µM 1 µM 2D Colorimetric Urine (84) 

Serotonin 0.01 – 1000 µM 0.002 µM 3D folding Electrochemical Urine (99) 

Tetrahydrocannabinol 1 – 100 ppm 0.24 ppm 3D stacking Colorimetric Saliva (81) 

Thiocyanate 0 – 40 mM 0.06 mM 2D Colorimetric Saliva (100) 

Urea 0.5 – 6 mM 500 µM 2D Electrochemical Urine (61) 

Urea 0.16 – 5.0 mM 0.049 mM 3D stacking Colorimetric Saliva 
Chapter 5 of this 

work 

Urea 0.5 – 5.0 mM 0.27 mM 2D Colorimetric Urine (101) 

Urease Activity 
0.041 – 0.750 

U/mL 
0.012 U/mL 3D stacking Colorimetric Saliva 

Chapter 6 of this 

work 

Uric Acid 25 – 1000 µM 10 µM 3D stacking Colorimetric Saliva (102) 

Uric Acid 2 – 500 µM 1 µM 2D Colorimetric Urine (84) 

Uric Acid 5 – 45 mg/L 3.1 mg/L 2D Colorimetric Urine (66) 

Uric Acid 0.01 – 1 mM 1.1 µM 3D folding Electrochemical Urine (103) 

Uric Acid 0.01 – 5 mM 4 µM 3D folding Colorimetric Urine (88) 

Uric Acid 0.05 – 15 mM 20 µM 2D Electrochemical Urine (89) 
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Table 1.2 – Microfluidic paper-based devices and sensors applied to the analysis of saliva and urine samples. (continuation) 

Analyte Dynamic Range LOD 2D vs 3D µPAD Detection Method Sample Reference 

Uric Acid 0.010 – 3.0 µM 8.4 nM 2D Electrochemical Urine (74) 

Uric Acid 20 – 1000 µM 1.80 µM 3D folding Electrochemical Urine (63) 

Uric Acid 50 – 500 mg/L 16.5 mg/L 2D Colorimetric Urine (75) 

Uric Acid 0 – 2 mM 0.08 mM 2D Electrochemical Urine (91) 

Vanadium (V) 0.01 – 1 mg/L 0.01 mg/L 2D Fluorescence/Colorimetric Urine (67) 
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After taking a closer look at the three most frequent analytes reported, it was possible to observe 

that for all analytes the most common biological sample used was urine (Figure 1.17). In the 

publications reporting creatinine determination, all devices were developed for application in urine 

samples. This was expected since creatinine is a well-known biomarker found in urine that allows 

the evaluation of kidney function (104). In the publications reporting glucose determination, nine of 

the 11 devices were developed for application in urine samples, while the remaining two were applied 

to saliva samples. One of the two reports of glucose determination in saliva samples is the work 

reported in Chapter 7 of this thesis. Glucose is a very important nutrient since it is the body’s main 

source of energy (105). Elevated levels of glucose in saliva or urine can be an indicator of 

hyperglycemia and even diabetes. Finally, in the publications reporting uric acid determination, only 

one of the 10 devices reported were applied to saliva samples. The predominance of devices 

developed for urine determination of uric acid was also expected since it is also a common biomarker 

of kidney function (106).  

 

 

Figure 1.17 – Distribution of the devices by type of biological sample for the determinations of creatinine, 

glucose, and uric acid reported. 

 

With the clear prevalence of urine analysis of the three most common analytes, it seemed 

relevant to analyse the distribution by type of biological sample of all analytical determinations 

reported in Table 1.2. The results are shown in Figure 1.18(A), and it was possible to observe that 

over 80% of the analytical determinations were performed in urine samples. This seems to lead to 

the conclusion that urine is considered by the research community to be a much more established 

and reliable biological sample.  

To further analyse the evolution of the use of these types of samples in point-of-care, the 

progression of the reports related to each type of sample throughout the years was also evaluated 

(Figure 1.18(B)). When analysing the results, at first glance, a clear correlation between the choice 

of saliva as a biological sample and more recent publications was not observed. However, the 

publications that reported the use of saliva as a biological sample between 2020 to 2025 correspond 

to 80% of the total publications related to saliva, therefore indicating that the use of saliva as a 

biological sample in point-of-care testing is not as predominant as urine, because it is a more recent 

and unexplored sample source. A possible cause for this increase in 2020 could be the COVID-19 

pandemic. The widely used COVID rapid self-tests could be the trigger that sparked the researcher´s’ 

interest in using saliva samples in point-of-care testing. 
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Figure 1.18 – (A) Distribution of all the analytical determinations by type of biological sample; (B) Evolution of 

analytical determinations applied to saliva or urine samples throughout the years. 

 

Regarding the microfluidic device itself, two main characteristics were identified in all reports in 

Table 1.2, namely the type of structure of the device and the detection method used. In terms of 

structure, the devices can be fabricated with a 2D or a 3D structure.  

As mentioned before the 2D devices are usually composed of only one layer of paper, and 

therefore use the lateral flow through that layer. The 3D devices, on the other hand, are composed 

of two or more layers consequently using the vertical flow through those layers. This 3D structure 

can be achieved either by folding or by stacking layers of paper.  

After analysing the results obtained in the Web of Science search, it was possible to conclude 

that almost 70% of the microfluidic devices developed for analysis in saliva or urine samples, 

consisted of a 2D structure (Figure 1.19(A)). Of the remaining 26 analyte determinations achieved 

using 3D devices, 11 used the folding techniques and 15 used the stacking technique.  

 

 

Figure 1.19 – Distribution of all the analytical determinations in Table 1.2 by (A) type of structure of the devices 

and (B) by detection method used. 

 

Although, at first glance, the stacking technique might seem the more popular, in reality, six of 

the 15 devices reported with 3D structure consist of the work presented in this thesis in Chapters 3 

to 7. Furthermore, another six reported devices were developed by colleague researchers from our 

laboratory. These use an innovative technique, similar to the one reported in this thesis, that was 

invented within the research group. So, of the initial 15 reports, only three analytical determinations 

using 3D µPADs assembled by stacking were reported by researchers of other research groups. 
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Srisomwat C. et al reported in 2024, a 3D device for the simultaneous determination of Δ9-

tetrahidrocannabinol and ethanol in saliva samples, and Tong et al reported in 2025 the development 

of a 3D device for the determination of uric acid also in saliva samples (81,102).  

The detection method is a very important choice when developing a point-of-care device. 

Among the most commonly used in µPADs are the colorimetric, the electrochemical, and the 

fluorescent detection. The colorimetric is usually the most common of them since it allows a visual 

perception of the results, which could be captured with a smartphone, a camera, or a regular scanner.  

Of all the analytical determinations in Table 1.2, over 60% rely on colorimetric detection. In 

second place, but with a considerable distance, is the electrochemical detection, which was used in 

23% of the determinations. The fluorescence was the least used detection method of the three, being 

applied in only 3% of the reports in Table 1.2. The remaining 13% correspond to devices that used 

a combination of the fluorescent and colorimetric methods. These devices relied on the fluorescent 

reaction that usually provide higher sensitivities, but the recording of the results was performed by 

capturing the signal with smartphones or cameras and the images were analysed with image 

processing software, similar to colorimetric detection. 

Nevertheless, as expected, the colorimetric detection is the widely preferred detection method, 

as it provides numerous advantages like simplicity and little-to-no equipment requirement, that far 

outweigh the few limitations that are associated with it.  

 

 

1.5. Objectives 

The purpose of the work presented throughout this thesis was to design and develop innovative 

point-of-care methodologies based on the microfluidic paper-based analytical device approach for 

the determination of several health-related parameters, that could serve as an adding tool in the 

diagnosis and monitoring of several health conditions. 

This work also aimed to highlight the use of biological samples of non-invasive collection, such 

as saliva and urine, as viable alternatives to traditional diagnostics using blood samples. The 

collection of these samples is painless, does not require specialized training or equipment, and 

reduces the risks associated with invasive procedures, such as infections or patient discomfort. By 

combining non-invasive sampling methods with microfluidic paper-based analytical devices, this 

research aimed to enhance diagnostic accessibility, particularly in point-of-care settings where 

traditional sample collection may be impractical or even impossible.  

In order to achieve reliable and easy-to-interpret results, this thesis also aimed to explore the 

use of colorimetric detection methods, which allow for rapid visual analysis without the need for 

complex instrumentation or training.  

To further improve the specificity and accuracy of these diagnostic tools, this work intended to 

incorporate enzymatic reactions into some of the developed µPADs. The use of enzymatic reactions 

should enhance selectivity by enabling highly specific biochemical interactions, reducing interference 

from non-target substances, and ultimately increasing the accuracy of the results.  
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Overall, this research aimed to close the gap between advanced diagnostic methodologies and 

real-world healthcare needs by developing innovative, cost-effective, and accessible point-of-care 

testing solutions. Combining microfluidic paper-based analytical devices, non-invasive sample 

collection, and optimized detection strategies, this work intended to contribute to the ongoing efforts 

to improve early disease detection, patient monitoring, and healthcare accessibility, particularly in 

isolated areas with little to no resources.  

 

 

1.6. Structure of thesis 

This thesis was organized in a total of ten chapters. 

In Chapter 1, a general introduction is presented. The main concepts of point-of-care devices, 

µPADs and its application to biological samples of non-invasive collection, is also discussed. 

In Chapter 2, a brief presentation of the general material and methods used throughout the 

experimental work, is presented. However, material and methods specificities of the developed 

devices are referred in the respective chapter. 

In the subsequent six chapters (from Chapter 3 to Chapter 8), a detailed description of the 

developed microfluidic paper-based devices developed for point-of-care analysis is presented. In 

each chapter, the results, their discussion and respective conclusions of the developed methodology, 

is also described. Chapters 3 to 7 are devoted to the development of microfluidic paper-based 

analytical devices for analysis of biomarkers present in biological samples of non-invasive collection 

and, in Chapter 8, a novel methodology of semi-quantification of Escherichia coli for public health 

monitorization.  

The developed work that is published in international scientific periodicals with peer review are 

identified in each chapter. The information presented in this thesis corresponds to the published 

information. However, an option was made to present it in the format of a thesis. 

In Chapter 3, the work entitled “New microfluidic paper-based analytical device for iron 

determination in urine samples” is presented. This work is published in Analytical and Bioanalytical 

Chemistry, Volume 413, 7463–7472 (2021). 

In Chapter 4, the work entitled “Design and functionalization of a µPAD for the enzymatic 

determination of nitrate in urine” is presented. This work was published in Molecules, Volume 26, 

6355 (2022). 

Chapter 5 presents the work: “On-hand tool for ammonium and urea determination in saliva to 

monitor chronic kidney disease – design of a couple of microfluidic paper-based devices”. This work 

was published in Microchemical Journal, Volume 193, 109102 (2023). 

In Chapter 6, a description of the work entitled “A microfluidic paper-based device for monitoring 

the urease activity in saliva” is presented. This work was published in Biosensors, Volume 15, 48 

(2025). 
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In Chapter 7, a description of the work entitled “Alternative diabetes monitorization tool: 

development of microfluidic paper-based device for glucose determination in saliva samples.” is 

presented. This work is now in preparation for publication. 

In Chapter 8, a description of the work entitled “Newly designed lateral flow strips for a semi-

quantitative analysis of E. coli.” is presented. This work is now in preparation for publication. 

The final chapter (Chapter 9) is devoted to the general conclusions of the developed work and 

some possible future work. 
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2.1. Reagents and Solutions 

All chemicals used in this thesis were of analytical grade and no further purification was applied. 

Milli-Q water with a resistivity of under 18 MΩ·cm was used throughout most of the work presented 

(Chapters 4-7); however, in Chapter 3 deionized water with specific conductance under 0.1 mS/cm 

was used. 

Standard stock solutions were prepared by either weighing the respective solid in a analytical 

balance (Mettler Toledo AG204) followed by dissolution in appropriate solutions, or by rigorous 

dilution from a concentrated solution. The working standard solutions were prepared by rigorous 

dilution of the stock solutions using glass volumetric pipettes and volumetric flasks (class A) of 

different volumes. 

Synthetic saliva used in this thesis was prepared based on concentrations reported by Batista 

et al. (107): [KCl] = 2237 mg/L; [KH2PO4] = 544.3 mg/L; [HEPES] = 4766 mg/L; [CaCl2 • 2H2O] = 

77.69 mg/L; [MgCl] = 19.04 mg/L; [Bovine Serum Albumin] = 2700 mg/L. 

Synthetic urine used in this thesis was prepared based on concentrations reported by Machado 

et al. (108): [Urea] = 10 g/L; [Uric Acid] = 0.07 g/L; [Creatinine] = 0.8 g/L; [NaCl] = 5.2 g/L;                

[Latic Acid] = 0.1 g/L; [Citric Acid] = 0.4 g/L; [CaCl2 • 2H2O] =0.37 g/L; [MgSO4 • 7H2O] = 0.49 g/L; 

[Na2SO4] = 1.41 g/L; [KH2PO4] = 1.2 g/L; [Glucose] = 0.49 g/L. 

When required, the pH of solutions was measured using a combined glass pH electrode (Crison 

52-02) and a Crison (model 2002) potentiometer. 

 

 

2.2. µPAD Assembly Materials 

To assemble the microfluidic devices reported in Chapters 3 through 7, plastic laminating 

pouches were used as the hydrophobic area and filter paper discs were used as hydrophilic area 

(Figure 2.1(A)). All pouches were previously perforated with either a puncher (KNIPEX; Chapter 3) 

or a laser cutting machine (FDA, Model 3040; Chapters 4 – 7), in a column and row grid distribution, 

to allow the posterior sample insertion in the device (Figure 2.1(A)). The size of the pouches and of 

the holes varied throughout the developed work, which consequently changed column x row 

distribution. In Chapter 3, a 75 x 110 mm plastic pouch (glossy, 125 microns, Q-Connect) was 

perforated with a total of 20 holes of 5 mm diameter, in a 4 column and 5 row distribution. In the work 

reported in Chapters 4 and 7, the same 75 x 110 mm pouch was used but with a 4 column and 6 

rows distribution of 3 mm diameter holes, to a total of 24 holes. In Chapters 5 and 6, the devices 

were assembled with A6 size plastic laminating pouch (125 µm, Leitz) perforated with 32 holes of 3 

mm diameter, in a 4 column and 8 row distribution.  
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Figure 2.1 – Schematic representation of: (A) the general structure and components of a µPAD; (B) of a 

detection unit; and (C) photograph of a µPAD after lamination. 

 

The hydrophilic area of the devices was composed of multiple layers of filter paper discs 

embedded with the different reagents, stacked on top of each other. Each stack was called a 

detection unit and was aligned under each of the holes in the laminating pouch (Figure 2.1(B)). The 

size of the discs and the type and porosity of filter paper varied not only within the layers of the device 

but also among the different devices reported. Furthermore, all discs with embedded solutions were 

dried in the oven at a specific temperature and for a set amount of time, depending on the stability 

requirements of the solution, on the reaction and on the objective of the device itself. 

After the alignment of the detection units inside the plastic laminating pouch, the lamination 

process was performed which consisted in passing the pouches through the laminator (United Office 

– ULG 300 B1 in Chapters 3-6; A3-330C Laminator in Chapter 7) to melt the plastic and seal the 

devices, thus creating a solid barrier in between the detection units (Figure 2.1(C)). After the 

lamination the devices were ready to be used. 

 

 

2.3. General Determination Procedure 

To initiate the determination procedure, the sample or standard was introduced into the devices 

through the sample insertion holes. In the devices developed for determination of urea and urease, 

in Chapters 5 and 6 respectively, and additional step of placing NaOH in the devices is required. 

Afterwards, in all devices developed and reported in Chapters 3 to 7, the sample insertion holes were 

covered with adhesive tape to prevent possible evaporation and/or contaminations when handling 

the biological samples. When the sample or standards comes in contact with the reagents embedded 

in the device, a set of reactions are prompted, including a colorimetric reaction, which leads to either 

the formation of a colorimetric product or a change of colour of one of the reagents. To capture the 

colour, all the devices developed were scanned with a portable scanner (Cannon LiDE 120). 

In Chapters 3, 4 and 5, because the reactions involved in the determination occur continuously, 

only the time between the sample/standard introduction and the scanning of the μPAD is controlled, 

and it was named reaction time (RT).  
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However, in Chapters 5 and 6, an additional solution of NaOH is placed in the device, so the 

time between the sample/standard introduction and the placement of NaOH was called enzymatic 

reaction time (ERT), and the time following the placement of NaOH up until scanning the device was 

named colorimetric reaction time (CRT). 

The scanned images were then processed using the image processing software ImageJ 

(National Institutes of Health, USA). First, the images, which are obtained in RGB format, were 

separated in its three components: Red, Green and Blue (Figure 2.2(A)). Then the average intensity 

of colour of the pixels is measured in one of the RGB components (Figure 2.2(B)). This choice of 

RGB component depends on the colour of the coloured product that was being measured. Most 

chemicals exhibit colour due to their ability to absorb specific wavelengths of light while reflecting 

others. Consequently, the colour that is perceived is typically the complementary to the light it 

absorbs. The colour wheel is a tool that illustrates these oppositional relationships between colours 

and consequently can be used to accurately select of RGB component that would allow a highest 

absorbance based on the observed colour (Figure 2.2(C)).  

 

 

Figure 2.2 – Exemplification of the image analysis steps: (A) choice of RGB component and (B) measurement 

of intensities of each detection unit; (C) Colour wheel scheme with exemplification of complementary colours: 

pink and green. 

 

In the work developed in Chapters 3 to 7, the RGB component chosen was the one that was 

closest to the complementary colour of the coloured product. Furthermore, the measurements of 

intensity of colour were obtained using the circular selection tool, however the size of this selection 

tool varied according to variables such as size of paper discs or size of the sample insertion hole of 

the device been analysed.  
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The intensities of colour of the pixels in the image were then converted into pseudo-absorbance 

values using the following formula: 

 

A = log10 ( IB / IS ) 

 

where IB is the intensity of colour of the blank signal, obtained when loading water (Chapters 3, 

4, 5 and 7) or synthetic saliva (Chapter 6), and IS is the intensity of colour obtained when loading the 

sample or standard solution into the device.  

Calibration curves were established using the concentration of the analyte and the 

corresponding absorbance signal. The concentration of the analyte in the samples was calculated 

interpolating its absorbance value in the calibration curve. 

For each reading of blank, standard or sample, several measurements were obtained, and 

outliers were removed when necessary. The remaining replicates were used in average calculations. 

 

 

2.4. Optimization Process (for the devices’ development) 

For the development and optimization of a µPAD, first some parameters, such as reagent 

concentration and volumes, were roughly chosen on a trial-and-error basis and tested in a batchwise 

procedure to perform the determination between the expected concentration limits. Then, the 

determination was scaled down in proportion to the expected volumes usually accommodated by the 

devices.  

After this initial prototype of device is achieved, the several parameters were optimized in order 

to obtain the highest sensitivity and lowest limits of detection and quantification possible. To achieve 

this optimization, each parameter was varied within certain interval, and the sensitivities of the 

calibration curves obtained were compared by calculating the relative deviation, %RD, as follows: 

 

%RD = [(SOb – SRef) / SRef] x 100  

 

in which SOb is the sensitivity of the calibration curved obtained with the tested parameter, and 

SRef is the sensitivity of the reference calibration curved obtained up until that testing point. A %RD 

below or equal to 10% was considered non-significant.  

After optimization, the developed µPADs were characterized in terms of dynamic range, 

average calibration curve, limits of detection and quantification and repeatability.  

The dynamic range was established by inserting a set of working standard solutions with 

different concentrations and assessing the range in which the absorbance signal was linearly 

correlated to the concentration of the analyte. 

The average calibration curve was obtained by calculating the mean and standard deviation of 

the slopes, the intercepts and of the correlation values of several calibration curves. 
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The limit of detection (LOD) was calculated according to IUPAC recommendations (109). When 

expressed in concentration units, it represents the concentration corresponding to the smallest 

measurement that can be detected with a reasonable certainty with the developed device (XLOD) and 

was calculated as follows: 

 

XLOD = 3 x SDintercept 

 

where SD represents the standard deviation of the intercept of the calibration curve, and 3 is a 

numerical factor determined assuming a 95% confidence interval. 

The limit of quantification (LOQ) was also calculated according to IUPAC recommendations 

using a similar procedure and also expressed in concentrations units (109). The calculated value 

derived from the smallest measure (XLOQ) that can be quantified with reasonable certainty with the 

developed µPAD, and was calculated as follows: 

 

XLOQ = 10 x SDintercept 

 

where SD represents the standard deviation of the intercept of the calibration curve, and 10 is 

a default value by IUPAC that represents a 10% relative standard deviation. 

In Chapter 5, the repeatability of the developed μPADs was obtained by calculating the relative 

standard deviation (RSD) of a sample measurement, by dividing the standard deviation of the sample 

measurements by the average of those values. In the remaining chapters (3, 4, 6 and 7) the 

repeatability of the µPADs was evaluated by the determination of the relative standard deviation of 

the slopes of a set number of calibration curves. In some of the works presented in this thesis, an 

additional distinction between intraday repeatability and interday repeatability is performed. The 

intraday repeatability is calculated using the slope of calibration curves prepared within the same 

day, while interday repeatability is calculated considering calibration curves prepared in different 

days. 

 

 

2.5. Stability Assessment 

In the development of all the reported µPADs (Chapters 3-7), stability studies were performed 

in order to evaluate its potential field application. Storage stability studies and the stability of the 

coloured product formed were both performed for all devices developed.  

The storage stability studies allowed to evaluate the performance of the devices when stored in 

different atmospheric conditions and/or at different temperatures, for several periods of time. To 

perform these studies, several devices were prepared, wrapped in aluminium foil (protected from 

light) and stored in plastic bags (Lacor, 69053) (Figure 2.3). Two atmospheric conditions were used 

consistently throughout the thesis: air and vacuum, the latter obtained using a vacuum packaging 

machine (Henkovac – MINI/120-ST ECO).  
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Different periods were tested for each condition and at every studied period the stored μPAD 

was used to perform a calibration curve and compared to calibration curve of a freshly assembled 

μPAD with the same set of standards. A relative deviation below 10% was considered non-

significant. 

 

 

Figure 2.3 – Schematic representation of the procedure steps of the storage stability assessment under two 

different atmospheric conditions. 

 

The studies of colour product stability evaluate the colour development in the device and its 

influence in the sensitivity obtained. This, consequently, directly influences the reported optimal time 

for scanning the devices. To perform these studies a µPAD is prepared, standard solutions are 

placed, and the device is scanned at several periods. The slopes of the calibration curves obtained 

with the different scanning times were compared and a relative deviation below 10% was considered 

non-significant. 

 

 

2.6. Sample Collection and Preparation 

Since two different types of samples were used throughout this thesis, the collection of each 

type of sample was performed differently, however, all samples were collected as “blind samples” 

from volunteers with their informed consent.  

The urine samples used in both Chapter 3 and 4 were collected by the volunteers and stored in 

the freezer at -20 ºC until use. 

The saliva samples used in Chapters 5 – 7 were collected with a general procedure for collection 

of saliva samples (Figure 2.4) consisting of first placing a 5 x 5 cm sterile gauze in the mouth; then, 

after 2 minutes, removing the gauze from the mouth and placing it in a 5 mL sterile syringe; and 

finally, squeezing the gauze into a 5 mL plastic tube to remove the saliva and obtain the final sample. 

In Chapter 5, additional methodologies for collecting saliva samples were tested and reported. 
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Figure 2.4 – Schematic representation of the generally used saliva collection procedure. 

 

 

2.7. Validation 

The accuracy of the developed devices was evaluated by comparing the results obtained by the 

proposed µPAD (CµPAD) with those obtained by a corresponding reference procedure (CREF). The 

results obtained were plotted and a linear regression was established between the two variables 

(Figure 2.5). The regression line intercept (C0) and slope (S) were calculated, and a perfect 

agreement of the methods would mean a C0 equal to 0 and S equal to 1. So, the methods were 

considered to be statistically comparable when C0 and S did not differ significantly from 0 and 1, 

respectively. This was verified by estimating the error in the intercept and slope values through 

calculation of their confidence limits at 95% significant level (110).  

 

 

Figure 2.5 – Schematic representation of the correlation established between the concentrations obtained with 

the µPAD (CµPAD) and with the reference method (CREF). 
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The relative deviation (RD) values, expressed as percentage, were calculated based on the 

expression: 

 

%RD = [(CµPAD – CREF)/CREF] x 100 

 

In Chapter 4, the accuracy of the developed device was assessed by recovery studies. The 

sample was analysed before and after a standard addition of analyte and the recovery was 

calculated, according to IUPAC (2002) (111), as follows: 

 

RA = [QA(O+S) – QA(O)] / QA(S) 

 

where QA(O) the quantity of the original sample, QA(S) is the quantity of analyte A added (spiked 

value), and QA(O+S) the quantity of A recovered from the spiked sample. 

The recovery value was then presented in percentage and a significant test known as a null 

hypothesis (110) was used to evaluate if the percentages were statistically different from 100%. So, 

in order to decide if the average of the results (the recovery percentages) was different from 100%, 

the following expression was used: 

 

𝑡 =  
(𝑋̅ − µ)

𝑠

√𝑛

 

 

where 𝑋̅ is the average of the recovery percentages, n is the number of samples, s is the 

standard deviation of those results and µ is the value to be compared with, in this case 100%. The 

value of t calculated is compared with the critical value listed in the t-distribution tables. If the 

calculated value, t, is below the tcritical it means that the recovery percentages are not statistically 

different from 100%; if the calculated value exceeds the tcritical it means that there is a systematic 

error in the results. 

 

 

2.8. E. coli – Lateral Flow Strip 

In chapter 8, the development of a lateral flow strip test (LFS) is reported. This work was a result 

of a mobility to the Mazumdar-Shaw Advanced Research Center – University of Glasgow in Scotland. 

Since this work uses very different materials and methodologies to the ones used in the remaining 

work reported here, the detailed information of the solutions, materials and methodologies is 

described in Chapter 8.  
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3.1. Introduction 

Iron is one of the most studied micronutrients on Earth and it is crucial for the existence of life. 

This metal is associated to several important roles such as the transport, storage and use of oxygen, 

the correct function of hundreds of proteins and enzymes, the DNA synthesis, among others (112). 

Because it is present in several biological mechanisms, iron metabolism is very tightly regulated and, 

both deficiency and overload of this metal can cause severe damages. The majority of the iron a 

human individual requires is achieved by recycling it from senescent blood cells, the remaining 

comes from diet intake (112,113). When it exceeds the normal concentration, the excretion occurs 

in urine (113). The normal excretion rate is of approximately 100 µg/day to 300 µg/day. In case of 

deficit or excess of the ingested iron, excretion will be less or more than normal, respectively (114). 

A few common diseases associated with the deregulation of iron are anemia, hemochromatosis (> 

20 mg/day), cancer and neurodegenerative diseases (112,114). Because of all the relevant roles 

and common diseases related to iron regulation in the human body, it is essential to have simple, 

rapid, and effective monitoring tool. Currently, urinary iron is mostly determined by inductively 

coupled plasma (ICP) combined with either mass or optical emission spectrometry; however, these 

techniques require costly and complex equipment (114–116). 

In the human body, iron is present in two different oxidation states, the divalent ferrous (Fe2+) 

and the trivalent ferric (Fe3+), and it changes its state in order to participate in several biological 

reactions (117). At the physiological pH, iron is usually present in the ferric state, Fe(III), although it 

is only absorbed as Fe(II) (118). The determination of iron in biological fluids, namely urine, has then 

the potential of being useful for health diagnosis. However, although there are some reported works 

describing paper-based devices for iron determination, only the work by Kamlesh Shrivas (2020) 

targets the analyses of biological fluids (blood), in addition to water samples (119–121). 

In this context, the aim of this work was to develop a new microfluidic paper-based analytical 

device (μPAD) capable of performing on-hand quantification of iron in human urine samples, 

enabling to overcome potential sample colour interference. Since iron can be present in both forms, 

an option was made to perform the determination of total iron. The assembly of the μPAD relied in 

an innovative approach and the detection was based on the colorimetric reaction of 

bathophenanthroline with iron (II), a selective and sensitive methodology (26,122,123). To attain the 

determination of total iron, bathophenanthroline (BPS) was combined with hydroxylamine, a well-

known reducing agent capable of converting Fe (III) in Fe (II) (123) (Schemes 3.1 and 3.2).  

 

 

 

To handle the potential colour of the urine samples, sample intrinsic absorption, a sample blank 

approach was considered. As far as we know, it was the first time this approach was used in a paper-

based platform. This feature was highly important to ensure the applicability of the developed μPAD, 
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as urine may present a wide variability of colour range, from light yellow to brownish. In the end, this 

innovative solution enabled the determination of total iron in several urine samples with the 

developed disposable device in an in-situ approach. 

 

 

3.2. Materials and Methods 

3.2.1. Reagents and Solutions 

A standard stock solution of 50 mg/L iron was monthly prepared by dilution of the iron atomic 

absorption standard solution (1000 mg/L) (Fluka, 16596-250 mL). The working standards were 

weekly prepared from the stock solution in the dynamic range of 0.1 – 1.2 mg/L Fe (III) in 5 mM of 

nitric acid.  

A 1 g/L bathophenanthroline solution (BPS) was monthly prepared by dissolving 20 mg of 

bathophenanthroline disulfonic acid disodium salt hydrate (Alfa Aesar) in 20 mL of deionized water 

and stored in a dark bottle.  

The hydroxylamine solution was prepared by dissolving 0.75 g of the solid (Sigma-Aldrich) in 7 

mL of HCl 6 M and then completed to 50 mL with deionized water to final concentrations of 15 g/L 

hydroxylamine in 0.84 M of HCl. The 6 M HCl solution used was obtained from hydrochloric fuming 

acid (d = 1.19, 37%, Merck).  

The working reagent solution (BPSh) was daily prepared by mixing 1 mL of BPS solution and 

400 mL of hydroxylamine solution and it was stored in a dark bottle and shielded from the light.  

 

3.2.2. Assembly of the µPAD and Analytical Procedure 

The developed μPAD (Figure 3.1(A)) consisted in 20 filter paper units, as hydrophilic area, 

aligned in a 4 columns and 5 rows distribution, inside of a laminating pouch, as hydrophobic area 

(L1 and L2 – Figure 3.1(A)). The paper units were placed under 5 mm holes, previously perforated 

using a puncher for the sample insertion (L1 – Figure 3.1(A)).  

Each unit (Figure 3.1(B)) consisted of two layers: top layer R1, the reagent layer, a paper disc 

Whatman Grade 1 filter, 9.5 mm diameter; and E1, an empty layer, a paper disc Whatman Grade 3 

filter, 12.7 mm diameter. The reagent paper discs were prepared by adding 10 μL of the working 

reagent solution (BPSh) to the discs and then dried it in the oven for 15 min at 50 °C.  

After the alignment of the paper units with the sample insertion holes of the laminating pouch 

they were passed through the laminator (United Office – ULG 300 B1), where the plastic sheets of 

the pouch sealed around the paper units, creating a strong physical barrier between the units (Figure 

3.1(C)).  
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Figure 3.1 – Schematic representation of the μPAD assembly for iron determination; (A) Indication of the layers 

alignments: L1, perforated top layer of the laminating pouch for sample/standard insertion; R1, reagent layer; 

E1, empty layer; L2, bottom layer of the laminating pouch; (B) Schematic representation of one unit of detection. 

(C) Schematic illustration of the top view of the μPAD after standard placement; (D) Scanned image of the μPAD 

(top view) with indication of the selected area for intensity measurement (dotted circles). 

 

To perform the measurements, after assembly of the μPAD, 40 μL of sample/standard were 

inserted through the μPAD sample hole. It was established to have five units for each 

standard/sample (corresponding to one column), to enable the exclusion of outliers (if necessary) 

and still have replicates. Once the sample/standard was completely absorbed, the sample holes 

were covered with adhesive tape, to prevent possible contaminations when handling the targeted 

biological samples.  

The iron in the sample/standard reacts with the BPS and hydroxylamine mixture (BPSh) while 

going through the reagent layer (layer R1) forming a pink colour product. The intensity of pink colour 

is directly proportional to the concentration of iron in the sample. To measure the intensity of the 

colour, the top layer of the μPADs was scanned and the images processed using an image software.  

The time between the sample/standard introduction and the scanning of the μPAD, named 

reaction time (RT), was set to 20 minutes. In the ImageJ program, images were converted into RGB 

plots, and the green component used to measure the intensity, since the expected coloured product 

of the BPS reaction with iron is pink (from which the complementary colour is green). For each unit, 

an option was made to do the measurements in the sample insertion hole where the coloured product 

was concentrated (5 mm diameter) corresponding to a circular selection of 100 × 100 pixels, (Figure 

3.1(D)). The intensity values were then converted into absorbance values. 

 

3.2.2.1. Urine sample μPAD - the design adjusted to include sample 

blank 

As the colour measurement is based on a RGB filter selection (not a specific wavelength), the 

potential interference of the colour of the urine sample was addressed. Urine has a highly variable 

colour, intrinsic absorption, so the strategy for eliminating its potential interference consisted in 

incorporating, in the μPAD card, the measurement of a sample blank. This measurement 

corresponded to the intensity values registered when loading the sample without the colour reagent.  
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For the absorbance calculation, a I0 value is needed, so the sample μPAD card also needed to 

include one column (with five units) for the corresponding blank signal, without BPS and to be loaded 

with water.  

Therefore, only the reagent layer of the sample μPAD was different from the reagent layer of 

the standards μPAD (Figure 3.1): two columns of the reagent layer included the colour reagent (BPS) 

and other two columns just had hydroxylamine (Figure 3.2 (A)).  

 

 

Figure 3.2 – Schematic representation of the sample μPAD for iron determination in urine samples; (A) Layers’ 

assembly: L1, perforated top layer of the laminating pouch for sample/standard insertion; R1, BPSh reagent 

(BPS + hydroxylamine) layer; R1h, reagent without BPS (water + hydroxylamine) layer; E1, empty layer; L2, 

bottom layer of the laminating pouch; (B) Schematic representation (top view) of the placement of one urine 

sample with and without colour reagent (S1 and S2) and the respective blanks (B1, blank of the colour reaction 

and B2, blank of the urine colour); (C) Scanned image of the μPAD (top view). 

 

To analyse the urine sample, the two columns with BPS were prepared as mentioned above; 

one column (B1 in Figure 3.2(B)) was loaded with 40 µL of water, another one (S1 in Figure 3.2(B)) 

loaded with 40 µL of sample for total absorbance (AT) calculation. As for the two columns without 

BPS, the reagent layer (R1h) was prepared only with hydroxylamine solution (without the colour 

reagent BPS) and aligned on top of the empty layer (E1). Again, one column was loaded with water 

and one column loaded with sample (B2 and S2, respectively, Figure 3.2(B)); the calculated 

absorbance corresponded to the sample blank (ASB). The iron concentration of the sample was 

calculated based on the absorbance corresponded to the absorbance value resulting from the colour 

reaction (ACR): ACR = AT - ASB . 

 

3.2.3. Samples 

The urine samples were collected as “blind samples” from volunteers with their informed 

consent and stored at − 20 °C until use. The samples that showed turbidity (suspended solids) were 

filtrated using disposable syringe filters with a pore size of 0.45 μm (Chromafil® Pet -45/25; 

polyester). All samples were acidified to 5 mM of nitric acid before being analysed. 
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3.2.4. Reference Procedure - Validation 

To assess the accuracy of the developed μPAD for the iron determination in urine samples, a 

comparison was made between the results obtained with the μPAD and those obtained by atomic 

absorption spectrometry (AAS).  

For the AAS procedure, a calibration curve in the range 0.1 – 1.5 mg/L was established with 

iron (III) standards according to the reference protocol (124). The urine samples were prepared as 

described in section 3.2.3. 

 

 

3.3. Results and Discussion 

3.3.1. Preliminary studies 

Different colorimetric reactions for iron determination, namely with thiocyanate and 

bathophenantroline (BPS), were tested to select the best regent for the target concentration range. 

The results obtained in a batchwise approach, showed a significantly higher sensitivity (over 4-fold 

increase) for the reaction with BPS. The same comparison was performed on a paper approach 

using two layers of paper (Whatman 1 12.7 mm diameter) one layer with 12 µL of reagent, as the 

top layer, and an empty bottom layer. The results also showed a significantly better sensitivity when 

using BPS, so it was the reagent chosen.  

Because BPS reacts with Fe(II), a reducing agent was needed to convert Fe(III) to Fe(II) (123). 

For the reduction, a 15 g/L hydroxylamine solution was chosen due to its proven efficiency in previous 

work (125). Therefore, the reagent solution used in the development of the µPAD for iron 

determination was a mixture of BPS and hydroxylamine (BPSh). Different proportions of BPS and 

hydroxylamine were tested, based on what was reported by Marczenko (123), in order to attain a 

higher sensitivity with total conversion of Fe(III) in Fe(II). This was verified by comparing the 

calibration curves obtain from Fe(III) and Fe(II) standards, and as the calibration curves overlapped 

(relative deviation, RD < 2%), it confirmed that the Fe(III) was completely reduced to Fe(II). 

 

3.3.2. Physical Parameters – µPAD Assembly  

First, the physical parameters of the µPAD were studied, and a basic structure composed by 

two layers of paper discs was used. The idea was to force the sample/standard through a reagent 

layer and to have an empty layer below to promote the vertical flow and to serve as reservoir. The 

top layer, reagent layer, consisted in 9.5 mm diameter discs and the bottom layer consisted in 12.7 

mm diameter Whatman 1 empty discs. The different paper discs sizes facilitated the alignment. To 

prepare the reagent layer, 12 µL of the reagent, [BPS] = 100 g/L, was used and after 10 min oven 

drying (at 50 ⁰C), the discs was aligned on top of the empty disc and laminated between the two 

sheets of the plastic pouches.  
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This assembly enabled the insertion of 25 µL of standard and reaction time (RT) of 20 minutes. 

Filter papers with different paper treatments and porosities (Appendix B) were tested on the reagent 

layer evaluating its influence in the slope of the calibration curve (Figure 3.3). 

 

 

Figure 3.3 – Study of the influence in the calibration curve slope of different filter papers; (A) Papers with 

different treatments; (B) Qualitative filter papers with different porosities; the dark grey bars represent the chosen 

option; W1, Whatman 1 paper; W4, Whatman 4 paper; W5, Whatman 5 paper; W42, Whatman 42 paper; W541, 

Whatman 541 paper; the error bars represent 5% deviation of the measurements. 

 

3.3.2.1. Filter Paper Type 

When different paper treatments were being compared, Whatman 1, 42, 50 and 541, the 

calibration curves obtained were very similar (Figure 3.3(A)) except for the Whatman 50 paper, in 

which there was no full absorption of the standard and was excluded. As there were no significant 

differences in the sensitivities, Whatman 1 was chosen for being the paper without treatment 

(qualitative grade) and consequently being the most inexpensive. 

 

3.3.2.2. Filter Paper Porosity 

Using the chosen qualitative type, the influence of the paper porosity (Whatman 1, 4 and 5), 

was studied and the highest sensitivity resulted with Whatman 1, so it was the one chosen (Figure 

3.3(B)).  

Due to the manual assembly process, and with a RT of 20 min, it was observed that occasionally 

some units of the µPAD card were not fully dry. To guarantee that the entire µPAD was completely 

dry before scanning, a paper disk (Whatman 1) with diameter of 14 mm in the bottom (empty) layer 

was tested. Although there was no difference in the sensitivity (RD < 10%), the 14 mm discs did 

result in a more homogenous absorption in the entire µPAD card, so it was chosen.  

So, after the physical parameters study, a two-layer µPAD with 9.5 mm and 14 mm Whatman 1 

paper discs, for reagent and empty layer, respectively, was established.   
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3.3.3. Colorimetric Reaction – Iron Determination 

After establishing the physical assembly of the µPAD, the influence of the BPS concentration 

was studied, to minimize consumption (batchwise studies were performed with a 100 g/L solution). 

The conditions used in this study were 12 µL of the reagent with 10 min oven dry (at 50⁰ C), 25 µL 

of standard and reaction time (RT) of 20 minutes.  

To guarantee reagent excess, the lowest concentration of BPS to be studied was 0.5 g/L, 

corresponding to a BPS amount more than 5-fold the stoichiometric value of the highest iron 

standard. Consequently, for a 0.5 mg/L of iron standard, two BPS solutions with 0.5 g/L and 1 g/L 

were tested and the absorbance value increased 42% for the highest concentration. As a significant 

increase was observed, the BPS stock solution of 100 g/L was also tested, and the absorbance 

signal only increased 1%. This way, the BPS concentration of 1 g/L was set ensuring about a 10-fold 

excess over the stoichiometric value. 

 

3.3.3.1. Reagent and Sample/Standard Volume 

The studies of both the reagent and the sample/standard volumes were made by establishing 

calibration curves for each tested volume and comparing the obtained slopes. Different reagent 

volumes, from 8 to 18 µL, were loaded in the reagent layer and, as the highest sensitivity was 

obtained with 10 µL of reagent, this was the chosen volume (Figure 3.4(A)).  

 

 

Figure 3.4 – Study of the influence in the calibration curve slope of the working volumes; (A) The reagent 

volume; (B) Sample volumes where the circles represent μPADs with W1/W1 units and triangle represents 

μPADs with W1/W3 units; the points in black represent the chosen values; the error bars represent 5% standard 

deviation of the measurements. 

 

Then, sample volumes of 20, 25 and 30 µL were tested (Figure 3.4(B)). Although there was an 

increase up to 25 µL, no significant difference was observed from 25 to 30 µL (RD < 10%). This could 

be a result of exceeding the reservoir capacity and so, if a higher sample volume had to be tested, 

the absorption capacity would have to be increased. The empty layer was initially composed of a 

Whatman 1 paper disk of 14 mm (section 3.2); to enhance the reservoir capacity, a Whatman 3 filter 

paper was tested.  

 

0.000

0.005

0.010

0.015

0.020

0.025

7 9 11 13 15 17 19

Se
n

si
ti

vi
ty

 (
L/

m
g)

Reagent Volume (µL)

A B

0.000

0.005

0.010

0.015

0.020

0.025

15 20 25 30 35 40 45

Se
n

si
ti

vi
ty

 (
L/

m
g)

Sample Volume (mL)



Chapter 3. Total Iron in Urine Samples 

56 

This filter paper is similar to Whatman 1, in respect to type and porosity (Appendix B), but 

presents a higher thickness (0.39 mm over 0.18 mm). With Whatman 3 in the empty layer, 40 µL of 

sample/standard could be used (triangle in Figure 3.4(B)) and a significant increase of the sensitivity 

(RD > 17%) was obtained, so 40 µL of sample was the volume chosen. Even though the µPAD card 

appeared to dry out in 15 min, the RT was kept at 20 min to guarantee complete dryness.   

 

3.3.4. Stability Assessment 

One of the main advantages of paper-based devices is the potential field application, so it is 

crucial to test both the storage stability of the μPAD before use, and the stability of the coloured 

product formed, after the sample/standard insertion. 

 

3.3.4.1. Coloured Product Stability 

To evaluate the colour product stability in the developed μPAD, a calibration curve was prepared 

and the μPADs scanned after the established RT = 20 min. Then, a new scanning was made every 

10 min for one hour and every hour up to 4 hours (Figure 3.5(A)). The calibration curve slopes 

obtained with the different scanning times were compared and no significant differences were 

observed up to 3 hours (RD = 9%) but after 4 hours after the sample insertion, a decrease in the 

sensitivity of 11% was observed. Therefore, the developed μPAD presents a RT window from 20 min 

up to 3 hours.  

 

 

Figure 3.5 – Stability evaluation by comparing calibration curve slopes: (A) Coloured product stability from the 

chosen scanned time of 20 minutes up to 4 hours; the dashed lines represent the 10% deviation of the calibration 

curve slope attained at 20 minutes; (B) µPAD storage stability kept light protect and stored in the presence of 

air (blue bars) or in vacuum (orange bars); the dashed lines represent the 10% deviation of a freshly assembled 

µPAD calibration curve slope. 
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3.3.4.2. μPAD Stability 

To test the stability of the μPADs, several devices were prepared and stored in plastic bags at 

room temperature (approximately 21 °C) and protected from light. Two atmospheric conditions were 

used: air and vacuum.  

Different periods were tested for each of the atmospheric conditions, ranging from 1 to 30 days 

(Figure 3.5(B)). At every studied period the stored μPAD was used to perform a calibration curve 

and compared to calibration curve of a freshly assembled μPAD prepared with the same set of 

standards. A relative deviation below 10% was considered non-significant and the results showed 

that the devices were stable for a maximum of 15 days, in both atmospheric conditions. 

 

3.3.5. Features of the Developed μPAD for Iron Determination 

The main characteristics of the developed μPAD are summarized in Table 3.1, including the 

dynamic range, the limit of detection, the limit of quantification and repeatability. 

 

Table 3.1 – Features of the developed μPAD for iron determination; LOD, limit of detection; LOQ, limit of 

quantification; RSD, relative standard deviation.  

Dynamic 

Range (mg/L) 

Calibration Curve a 

A = S × [Fe] + b 

LOD 

(µg/L) 

LOQ 

(µg/L) 

Repeatability, RSD 

Intraday b Interday c 

0.065 – 1.2 
A = 2.05 × 10−2(± 9 × 10−4) × [Fe] + 3 × 10−4(± 1 × 10−4) 

R2=0.996±0.003 
20 65 3% 6% 

a n = 3; b n = 5; c n = 4.  

 

The limit of detection (LOD) and the limit of quantification (LOQ) were calculated according to 

IUPAC recommendations (109) as the concentration corresponding to three (LOD) and ten-times 

(LOQ) the standard deviation of the intercept (n = 3). The μPAD repeatability was assessed by 

calculating the relative standard deviation (RSD) of the slope of five calibration curves in the same 

day, intraday RSD, and in consecutive days, interday RSD. The reagent consumption was calculated 

based upon the total volume of all reagent solutions used in the 20 discs of reagent layer of one 

μPAD, and corresponded to 0.143 mg BPS, 0.857 mg hydroxylamine and 1.75 mg HCl.  

 

3.3.6. Interferences – Urine Matrix 

Aiming for application to urine samples, the potential matrix interference was evaluated by 

comparing calibration curves slopes (sensitivity). Two sets of the developed μPAD were assembled 

to perform a couple of calibration curves: one using iron standards prepared in water and one using 

iron standards prepared in synthetic urine (SU).  

The results showed a significant decrease in the calibration curve slope (Figure 3.6(A)), 

indicating that at least one component of the synthetic urine is causing interference.  
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Based upon the synthetic urine composition, we narrowed down the potential source of the 

interference to three components: lactic acid (LA), citric acid (CA), or phosphate (P). In order to find 

which one causes interference, different solutions of synthetic urine were prepared, one without the 

three components (InSU_0) and then with each of the components added individually (InSU_LA, 

InSU_CA and InSU_P). These solutions were used to prepare iron standards and calibration curves 

performed (Figure 3.6(A)).  

 

 

Figure 3.6 – Study of potential matrix interference on the calibration curve slope (sensitivity); (A) Iron standards 

prepared in water, synthetic urine (SU), incomplete synthetic urine (InSU_0), incomplete synthetic urine with 

lactic acid (InSU_LA), incomplete synthetic urine with citric acid (InSU_CA), and incomplete synthetic urine with 

phosphate (InSU_P); (B) Iron standards prepared in synthetic urine with different concentrations of citric acid; 

(C) Iron standards prepared in synthetic urine with different concentrations of phosphate; the error bars 

represent 5% standard deviation of the measurements. 

 

It was possible to conclude that the other components in the synthetic urine (InSU_0) did not 

interfere with the assay, as well as lactic acid (InSU_LA), but that both citric acid (InSU_CA) and 

phosphate (InSU_P) caused a significant interference (Figure 3.6(A)). Then, to assess the maximum 

concentration possible to use without interference, calibration curves were established using iron 

standards prepared in synthetic urine with different concentrations of the citric acid (Figure 3.6(B)) 

and phosphate (Figure 3.6(C)). The maximum concentrations that did not display interference (RD 

< 5%) were 0.26 mM for citric acid and 1.73 mM for phosphate. 
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3.3.7. Application to Urine Samples 

3.3.7.1. Sample Blank 

Due to the urine potential intrinsic absorbance and the lack of a specific wavelength selection 

(detection based on RGB filter selection), some overlapping with the coloured product formed was 

expected. In fact, this would result in an increase in the measurement of pixels intensity and 

consequent absorbance calculation. To tackle this problem, a strategy was developed to include the 

measurement of a sample blank. The μPAD assembly was adapted to include measurements without 

the colour reagent, as described in section 3.2.2.(i), to calculate the sample intrinsic absorbance. 

Then, that intrinsic absorption was subtracted from the calculated absorption obtained with the colour 

reagent, according to the equation detailed also in section 3.2.2.(i). 

 

3.3.7.2. Validation 

To assess the accuracy of the developed μPAD for iron determination in urine samples, several 

samples (#26) were analysed and the results compared to those obtained by AAS, atomic absorption 

spectrophotometry (124). The relative deviation between the results obtained with the developed 

μPAD ([Fe]μPAD) and the AAS method ([Fe]AAS) was calculated (Table 3.2).  

A linear relationship between the two set of results (Figure 3.7) was established: [Fe]AAS = 1.013 

(±0.039) × [Fe]μPAD + 0.002 (±0.010), where the values in brackets correspond to the 95% confidence 

interval (of a t-student analysis). As the slope and the intercept were not statistically different from 1 

and 0, respectively, there is no evidence for differences between the two sets of results and 

consequently the two methods.  

 

 

Figure 3.7 – Comparison between the results obtained for iron determination in urine samples (#26) with the 

developed μPAD and the atomic absorption spectrometry (AAS); the error bars represent the standard deviation 

of the measurements and the full line represents the linear trendline between the two sets of results. 
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Table 3.2 – Comparison between the iron concentration determined with the AAS method and the concentration 

determined with the developed μPAD; RD, relative deviation. 

Sample ID [Fe]AAS (mg/L) [Fe]µPAD (mg/L) RD (%) 

US1 0.48 ± 0.03 0.48 ± 0.02 0.4 

US2 0.24 ± 0.01 0.26 ± 0.07 10 

US3 0.29 ± 0.03 0.30 ± 0.01 4.0 

US4 0.25 ± 0.02 0.25 ± 0.06 -0.4 

US5 0.34 ± 0.03 0.34 ± 0.01 -0.9 

US6 0.16 ± N.D. 0.16 ± 0.07 -1.8 

US7 0.12 ± 0.01 0.13 ± 0.01 12 

US8 0.20 ± 0.00 0.20 ± 0.03 -1.7 

US9 0.23 ± 0.01 0.24 ± 0.01 5.9 

US10 0.47 ± 0.03 0.48 ± N.D. 1.5 

US11 0.50 ± 0.00 0.53 ± 0.02 5.1 

US12 0.33 ± 0.03 0.32 ± 0.04 -3.3 

US13 0.19 ± 0.00 0.19 ± 0.02 1.9 

US14 0.32 ± 0.02 0.34 ± 0.05 5.4 

US15 0.16 ± 0.03 0.17 ± 0.00 7.3 

US16 0.21 ± 0.02 0.21 ± 0.04 0.9 

US17 0.22 ± 0.00 0.22 ± 0.05 1.8 

US18 0.12 ± 0.02 0.13 ± 0.04 10 

US19 0.13 ± 0.00 0.14 ± 0.06 8.7 

US20 0.28 ± 0.02 0.28 ± 0.08 -1.0 

US21 0.20 ± 0.00 0.18 ± 0.04 -8.7 

US22 0.27 ± 0.02 0.27 ± 0.02 -1.0 

US23 0.17 ± 0.03 0.19 ± 0.02 9.1 

US24 0.23 ± 0.03 0.23 ± 0.01 1.5 

US25 0.14 ± 0.03 0.14 ± 0.01 -2.2 

US26 0.073 ± 0.017 0.065 ± 0.021 -7.5 

 

Additionally, a t-test statistical analysis was made (Table 3.3) and, for a 95% significance level, 

the obtained t-value was higher than the significance level (r = 0.882 > 0.05), and the calculated t-

value was 0.150 with a correspondent critical value of 2.01 (two-tail), indicating that the two sets of 

results are not statistically different. So, the results obtained with the developed μPAD proved not 

only to be comparable to the results of atomic absorption, but also that the working range was 

adequate for the analysis of the target samples. 

 

  



Chapter 3. Total Iron in Urine Samples 

61 

Table 3.3 – Statistical t-test applied to the two sets of results, the developed µPAD and the atomic absorption 

spectrometry (AAS). 

t-Test: Two-Sample Assuming Equal Variances 
Variable 1 

(µPAD) 

Variable 2 

(AAS) 

Mean 0.248 0.243 

Variance 0.013 0.012 

Observations 26 26 

Pooled Variance 0.0128 

Hypothesized Mean Difference 0 

df 50 

t Stat 0.150 

P(T<=t) two-tail 0.882 

t Critical two-tail 2.009 

 

 

3.4. Conclusions 

In this work, a sensitive and portable microfluidic paper-based analytical device (μPAD) for iron 

determination in urine samples was developed. The device is capable of fast, on-hand 

measurements of iron in human urine samples without requiring pre-treatments. A range of 0.07 to 

1.2 mg/L of iron, with a detection limit of 20 μg/L, proved suitable for all the analysed samples (#26) 

and comparable to the determination by atomic absorption spectrophotometry (RD < 9.5%). The 

application of paper-based devices for iron determination in biological samples has been reported 

only once by Kamlesh Shrivas (2020) (121) applied with water and blood plasma samples in a range 

of 50 to 900 µg/L, showing limits of detection and quantification of 20 µg/L and 65 µg/L, respectively. 

The described device in this work attains identical limits of detection and quantification, but was 

applied to a different biological sample, namely urine, handling with the intrinsic absorption of the 

sample.  

The developed μPAD was envisioned to aid in health diagnosis, not only in healthcare facilities, 

but also in field application including remote areas. To meet the requirements for that, stability studies 

were performed, and the developed μPAD was stable for 15 days after assembling. After loading the 

sample, the device can be scanned within three hours, corresponding to the formed coloured product 

stability. After usage, the μPAD is disposable by incineration, which is not only environmentally 

friendly, but also an advantage when handling biological samples. The main drawback of the 

developed device is its manual and laborious assembly, namely the delicate lamination process 

(avoiding the shifting of the discs), making it susceptible for an uneven distribution, potentially 

affecting reproducibility. However, this difficulty can be minimized if a mechanical aid could be used. 

The potential effect of this problem in the intensity readings is minimized by the elimination of the 

outliners. The developed μPAD could ultimately be used as a screening option not only in healthcare 

facilities, but also as an aid in the diagnosis of some diseases and health conditions in field 

applications, including remote locations. 
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4.1. Introduction 

Nitrite and nitrate are both forms of nitrogen found in the human body either due to an 

endogenous production by the body or through ingestion of water and food, like vegetables and 

processed meats. (126) These ions have been often associated with cancer, especially nitrite, either 

from direct ingestion, or the nitrate reduction by bacteria in the digestive system (26,127). When 

nitrite reaches the acidic environment of the stomach, and combined with amine or amide, it may 

form toxic and carcinogenic compounds such as nitrosamines and nitrosamides (26). Furthermore, 

nitrite acts both as a substrate for the respiration of tumor cells and a signal molecule for their growth. 

So, even though it does not directly lead to cancer, it has been reported to accelerate the proliferation 

and malignant transformation of cancer cells (128). When absorbed to the bloodstream, nitrite can 

also cause methemoglobinemia, especially in infants. In this condition, nitrite reacts with the iron in 

hemoglobin, irreversibly converting it in methemoglobin and blocking the transport of oxygen 

(26,129). Because the human body is a complex cooperation of interconnected systems, the content 

of nitrate and nitrite in biological fluids such as blood, urine and saliva, reflect the transformation and 

metabolism of these ions in the entire body (128). For example, although the presence of nitrate in 

the human urine is to be expected, the presence of nitrite usually implies the existence of infection 

by bacteria that convert nitrate to nitrite (130). Therefore, monitoring is essential for the early 

detection of diseases like infections and cancer.  

The focus of this work was to develop a simple microfluidic paper-based analytical device 

capable of performing the nitrate determination in human urine samples. The nitrate conversion to 

nitrite is ensured by the enzymatic reaction involving nitrate reductase and the co-factor NADPH 

(131,132) (Scheme. 4.1), with the detection of the resulting nitrite performed by the Griess reagent 

(131–133) (Scheme. 4.2). Enzymes are biological catalysts that usually present a high selectivity 

and specificity, which is why it is considered an important technique in the analysis of numerous 

analytes. (134) To effectively use the enzymatic reaction in a microfluidic paper device, a strategy to 

delay the vertical flow to enable a significant extent of the enzymatic reaction was designed. This 

was attained by incorporating a hydrophilic membrane layer, enabling to control the vertical flow rate 

and minimize potential interferences. The incorporation of a hydrophilic membrane also provided a 

physical separation between the sample insertion layer and the colour reaction layer, enabling to 

directly analyse coloured samples, namely urine. Additionally, the limitations of a previously reported 

(26) fabrication process of a device, namely the placement of the zinc powder on paper, were also 

tackled.  
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4.2. Materials and Methods 

4.2.1. Reagents and Solutions 

A standard stock solution of 10 mM potassium nitrate (Fluka) was prepared monthly by 

dissolving approximately 10 mg of previously dried solid (overnight at 100 °C) in 10 mL of water. The 

working nitrate standards were daily prepared from the stock solution in a range of 0.2–1.0 mM.  

A phosphate buffer solution was prepared by dissolving 1.16 g of K2HPO4 · 3H2O (Merck) and 

3.5 mg of ethylenediamine tetraacetic acid (EDTA) (Merck) in 200 mL of water, and the pH adjusted 

to 7.4. The solution was stored in the refrigerator.  

A 20 mM NADPH solution was prepared by dissolving 16.5 mg NADPH (tetrasodium salt, 98%, 

Roche) in 1 mL of water and stored in the refrigerator.  

The nitrate reductase (NR) enzyme stock solution (from Aspergillus species, Roche) was 

prepared by adding 2 mL of water to the 20 U in the flask. This solution was separated in 100 µL 

aliquots and stored in a freezer. The 1.5 U/mL NR solution was prepared daily by dilution of the 10 

U/mL stock solution.  

The enzyme solution (ES) placed on the µPAD was prepared upon use by mixing 120 µL of NR 

1.5 U/mL and 15 µL of NADPH 20 mM.  

The modified Griess reagent was monthly prepared according to Teixeira et al. (133), by 

dissolving separately 0.4 g of sulfanilamide (Sigma- Aldrich) in 2 mL of 5 M orthophosphoric acid and 

0.04 g of N-(1-naphthyl)-ethylenediamine dihydrichloride (N1NED) (Merck) in water. These two 

homogenized solutions were then mixed, and the volume was completed to 20 mL to final 

concentrations of 20 g/L of sulfanilamide and 2 g/L N1NED. This solution was stored in a dark bottle, 

shielded from the light. 

 

4.2.2. Design of the Developed µPAD 

To assemble the µPAD, 24 hydrophilic units (Figure 4.1(A)) were aligned under the 3 mm holes 

(L1) previously perforated in a laminating pouch (75 x 110 mm), in 4 columns and 6 rows distribution 

(Figure 4.1(B)). Each hydrophilic unit comprised 3 layers: the top layer, N, consists of a Whatman 

Grade 4 filter paper disc with 6.35 mm diameter loaded with enzymatic solution (ES); the middle 

layer, M, consists of a hydrophilic mixed cellulose ester membrane with 12.7 mm diameter (ME24 

Whatman); and the bottom layer, G, consists of a Whatman Grade 50 filter paper disc with 9.5 mm 

diameter loaded with Griess reagent.  

The ES disc from layer N was prepared by loading 5 µL of NR and NADPH mixture (enzymatic 

solution) in each disc and set to dry for 20 min in the oven at 37 °C. The paper disc from the G layer 

were prepared by adding 10 μL of the Griess reagent to the discs and placing them in the oven to 

dry, for 10 min at 50 °C.  
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Figure 4.1 – Schematic representation of: A) the μPAD unit assembly and B) sample insertion. 

 

After the alignment of the units, the laminating pouches were passed through the laminator, 

which forces the plastic pouch to melt and seal around the units creating a strong physical barrier, 

the hydrophobic area. After the lamination, the μPADs were ready to be use.  

The lamination is a delicate part of the assembly process, and a poor distribution of the units 

may result in a low reproducibility. Avoiding the shifting of the discs and units is essential; however, 

it can still happen, and for that reason, it was established to have eight units for one standard/sample 

(and collect the data of three/four replicates) to account for possible outliers. 

 

4.2.3. Determination Procedure 

To measure the concentration of nitrate in urine samples, 20 µL of standard/sample were placed 

at the insertion hole of the assembled µPAD (L1 layer in Figure 4.1(A)), then the sample/standard 

enters the µPAD and nitrate interacts with the nitrate reductase enzyme and NADPH (layer N in 

Figure 4.1(A)), being nitrate converted into nitrite. The hydrophilic membrane (layer M in the Figure 

4.1(A)) delays the flow of the sample and ensures that it is retained in the enzymatic layer enough 

time to attain the nitrate reduction. After its complete absorption, the holes were covered with 

adhesive tape to prevent evaporation and possible contaminations. After the nitrate reduction, the 

formed nitrite passes through the membrane to the bottom layer with the Griess reagent (layer G in 

Figure 4.1(A)), thus reacting and forming the pink colour product. The intensity of the colour was 

measured by scanning the bottom layer of the μPADs. The time lapse between the sample/standard 

introduction and the scanning (RT) was set to 20 minutes.  

The scanned images were processed using ImageJ by separating them into the RGB 

components. Then, the green component was used to measure the intensity, since the expected 

coloured product of the Griess reaction is pink. For each unit, an option was made to do the 

measurements using a circular selection of 200 × 200 pixels, since it allowed a better adjustment to 

the area of the reagent disc.  

The intensity values were then converted into absorbance values. For each reading of blank or 

standard/sample, eight measurements were made, and outliers were removed when necessary. The 

remaining replicates were used for the average absorbance calculation. The calculated absorbance 

values were then plotted against the concentration of nitrate. 
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4.2.4. Samples Collection 

The urine samples were collected as “blind samples” from volunteers with their informed 

consent and stored in the freezer at − 20 °C until use.  

 

4.2.5. Validation 

To assess the accuracy of the μPAD measurements, a certified water sample was used, QC 

RW1 (VKI reference materials, DANAK) as it consists in a concentrate preparation ampoule to be 

diluted. Therefore, different dilutions were made in synthetic urine instead of water. The final nitrate 

concentrations of the dilutions were: 0.707 mM (AC1), 0.530 mM (AC2), 0.471 mM (AC3) and 0.354 

mM (AC4). For further validation assessment, recovery percentages were calculated based on 

addition of 20/30 µL of 10 mM nitrate standard to 1 mL of the urine samples. 

 

 

4.3. Results and Discussion 

As above mentioned, the colour reaction chosen for the developed μPAD was the Griess 

reaction for nitrite determination, so the colour reaction layer (layer G in Figure 4.1(A)) was adapted 

from a previously reported work by Ferreira et al (26). 

 

4.3.1. Preliminary Studies 

To attain the nitrate determination based on the Griess colour reaction for nitrite, it required the 

reduction of nitrate to nitrite, for which the enzymatic reaction using nitrate reductase was chosen. 

The enzymatic reaction with consequent colorimetric reaction was tested in a batchwise study based 

on the enzymatic assay of nitrate reductase of SIGMA (EC 1.6.6.1). 

 

4.3.1.1. Incubation period 

According to the enzymatic protocol, there is an incubation step. To evaluate if this step could 

be avoided, the first study was to test the protocol with and without the incubation temperature. The 

studies were performed for different nitrate concentrations, 4.3 and 2.8 mM, using both the incubation 

temperature of reported in the protocol (30 oC) and ambient temperature ( 21 oC). As it was 

expected, lower temperature produced a decrease of the efficiency of the enzymatic reaction, which 

was higher for the highest concentration (-31%) than for the lower one (-23%). Nevertheless, 

because the incubation at 30 oC would impair the μPAD field application, and considering the target 

concentrations were below 2 mM, an option was made to carry out the determination at room 

temperature. 
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4.3.1.2. Enzymatic reaction conditions 

In order to optimize the enzymatic reaction conditions, several combinations with different 

proportions of NR, NADPH, and nitrate were tested (Table 4.1 and Table 4.2). The first set of 

combinations (Table 4.1) were made using a nitrate standard of 12 mM, as recommended by the 

SIGMA protocol. Although this nitrate concentration was above the target range, these studies still 

enabled to conclude that, for the same amount of NR, increasing the NAPDH amount did not cause 

a significant signal increase (Figure 4.2(A)). However, for the same amount of NADPH, the increase 

of NR amount resulted in an increase of the absorbance signal.  

 

Table 4.1 – Description of the different parameters tested in each condition and the resulting absorbance signal; 

100 µL of a nitrate standard of 12 mM (1.2 µmol); concentration NADPH 2 mM; concentration of NR 0.4 U/mL.  

Condition ID 
NADPH NR 

A 
Vol. (µL) µmol Vol. (uL) U 

1A 100 0.2 100 0.04 0.572 

2A 50 0.1 100 0.04 0.626 

3A 100 0.2 50 0.02 0.238 

4A 50 0.1 50 0.02 0.238 

5A 50 0.1 150 0.06 0.634 

6A 50 0.1 200 0.08 0.742 

 

 

Table 4.2 – Description of the different parameters tested in each condition and the resulting absorbance signal; 

100 µL of a nitrate standard of 1.2 mM (0.12 µmol; concentration of NADPH 0.2 mM; concentration of NR 0.4 

U/mL.  

Condition ID 
NADPH NR 

A 
Vol. (uL) µmol Vol. (uL) U 

1B 50 0.01 100 0.04 0.101 

2B 50 0.01 150 0.06 0.097 

3B 50 0.01 200 0.08 0.091 

4B 100 0.02 100 0.04 0.181 

5B 150 0.03 100 0.04 0.275 

6B 200 0.04 100 0.04 0.292 

7B 150 0.03 150 0.06 0.270 
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Figure 4.2 – Plotting of the studied conditions in Table 4.1 and Table 4.2 with: (A) a 12 mM nitrate standard; 

and (B) a 1.2 mM nitrate standard; the error bars represent 5% relative deviation. 

 

As the top expected nitrate concentration in urine sample was 1.0 mM, the previous studies 

were repeated using a nitrate concentration of 1.2 mM (Table 4.2). The results showed that by 

increasing the NADPH amount, the absorbance slightly increase (Figure 4.2(B)). By increasing the 

NR amount, there was no significant variation in the absorbance. In the end, the chosen conditions 

for 100 µL of a 1.2 mM standard corresponded to: 150 µL of 0.2 mM NADPH and 100 µL of 0.4 U/mL 

NR. 

 

4.3.2. µPAD Design – Membrane Incorporation 

After having a better understanding of the enzymatic reaction conditions, the design of the µPAD 

was carried out. A vertical flow was chosen for the µPAD design and the enzymatic reaction had to 

occur before the colorimetric reaction, which would mean setting the first layer for the nitrate 

reduction prior to the colorimetric determination.  

The nitrate in the sample would firstly have to be in contact with the NR and its cofactor, to 

enable the nitrate conversion to nitrite, which would then react with the Griess reagent layer to form 

a pink coloured product. Therefore, a strategy was made for separating the two reactions and, having 

into account that the enzymatic reduction may need more time to proceed at sufficient extent, an 

option was made to introduce an extra layer between enzymatic reaction layer and the colour 

reaction layer. 

 

4.3.2.1. Separation Layer 

As mentioned, to increase the efficiency of the enzymatic reduction, a strategy was designed to 

slow down the vertical flow by incorporating a membrane (hydrophilic membrane) between the 

enzymatic reaction layer and the colour reaction layer.  
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Then, the developed µPAD would be composed by three layers: the first layer, impregnated 

paper with enzymatic solution (a mixture of NR and NADPH); the second layer, a hydrophilic 

membrane to increase the residence time in the first layer and consequently the reaction time; and 

the third layer, an impregnated paper with Griess reagent for the colorimetric reaction. The proportion 

of the components in the enzymatic solution (ES) mixture used was based on the above-mentioned 

preliminary studies (section 4.3.1). 

 

4.3.2.2. Membrane Selection 

As mentioned, in order to increase the efficiency of the enzymatic reduction it was essential to 

ensure enough reaction time, so a hydrophilic membrane was placed in the second layer. The size 

of the membrane disk was set to 12.7 mm to ensure complete separation between the enzymatic 

reduction and colorimetric reaction layers.  

Using the same nitrate standard, different membranes were tested (Table 4.3) to assess which 

one produced the highest absorbance value. A higher value would mean that a higher amount of 

nitrite had reached the reagent layer which in turn would mean that the membrane had caused a 

higher delay time in the first layer, thus promoting a higher reduction rate. The one that provided a 

higher absorbance signal was the CE20 membrane, so this was the chosen for further studies. 

 

Table 4.3 – Tested hydrophilic membranes and their characteristics.  

Membrane ID Material Porosity (µm) Supplier 

Ny45 Nylon 0.45 Whatman Nylon (7404-004) 

CA45 Cellulose Acetate 0.45 Whatman OE67 (1040-4014) 

CE20 Cellulose Ester 0.20 Whatman ME24 (1040-1714) 

CN45 Cellulose Nitrate 0.45 Sartorius (11406) 

CN20 Cellulose Nitrate 0.20 Sartorius (11407) 

P20 Polyethersulfone 0.20 Gelman 

 

4.3.3. µPAD Design – Enzymatic Reaction 

After the optimization of the physical assembly of the µPAD, the concentration of the NR and 

NADPH used in the enzymatic solution mixture, were revisited and the sample volume studied. 

 

4.3.3.1. Paper Selection 

The filter paper type and porosity used on the enzymatic reduction layer (layer N from Figure 

4.1(A)) was studied using two nitrate standards (0.5 and 1.5 mM (Figure 4.3).  

 



Chapter 4. Nitrate in Urine Samples 

74 

 

Figure 4.3 – Study of filter paper type and porosity influence on the enzymatic reduction reaction. 

 

The most widely used and less expensive filter paper is the qualitative grade Whatman 1 (W1), 

so that it would always be the first choice. Then, Whatman 4 (W4) was tested, being the same 

qualitative grade, but with higher porosity (Appendix B) to facilitate the space arrangement of the 

enzymatic reaction.  

Maintaining the higher pore size, a hardened ashless grade paper (W541) was also tested to 

assess if the paper treatment would benefit the enzymatic reaction. The paper that presented a 

significantly higher sensitivity (calibration slope) was the W4 (Figure 4.3), so this was the paper used 

on the layer N for the remaining of the studies.  

 

4.3.3.2. Nitrate Reductase Concentration 

The NR concentration used in the enzyme solution mixture had been based upon preliminary 

studies, but it was revisited in the µPAD approach. The study was performed using the highest nitrate 

standard (1.5 mM) and in the range of 0.5 – 2.5 U/mL of NR (Figure 4.4(A)).  

The amount that resulted in a higher nitrate reduction would present a higher absorbance signal 

and the NR concentration that presented a significantly higher value of absorbance was 1.5 U/mL of 

NR.  

 

4.3.3.3. NADPH Concentration 

The NADPH concentration in the enzymatic mixture was also studied using the 1.5 mM nitrate 

standard (Figure 4.4(B)). From the studied range, 10 - 25 mM, the concentration of 20 mM resulted 

in the highest absorbance value, inferring a higher conversion of nitrate to nitrite.  
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Figure 4.4 – Study of the influence of the NR concentration (A) and NADPH concentration (B) on the enzymatic 

reduction reaction by calculation of the absorbance signal obtained for a 1.5 mM nitrate standard. 

 

4.3.3.4. Sample Volume 

Trying to increase the sensitivity of the determination, a higher volume of sample, 25 µL, was 

tested. However, it was observed an incomplete absorption, even after 1 hour, which would not be 

compatible for field application. This led to believe that the maximum capacity of the µPAD had been 

reached with the 20 µL sample/standard, and so it was the chosen volume. 

 

4.3.4. Features of the Developed Device 

The main characteristics of the developed μPAD including dynamic range, limit of detection 

(LOD) and quantification (LOQ) and relative standard deviation (RSD), are summarized in Table 4.4.  

 

Table 4.4 – Features of the developed μPADs for the determination of nitrate; LOD, limit of detection; LOQ, limit 

of quantification; RSD, relative standard deviation.  

Dynamic 

Range (mM) 

Calibration Curvea 

A = S × [NO3
-] + b 

LODa 

(mM) 

LOQa 

(mM) 

Repeatability, RSD 

Intradayb Interdayc 

0.14 – 1.0 y = 2.7 × 10−2 (± 4 × 10−3) × [NO3
-] + 6 × 10−4 ( ± 4 × 10−4) 0.04 0.14 8% 5% 

a n=5; b n=2; c n=4.  

 

The presented calibration curve was calculated as the average of 5 calibration curves (Figure 

4.5(A)). The LOD and the LOQ were calculated as concentration corresponding to three and ten-

times, respectively, the standard deviation of the intercept (n = 5) according to IUPAC 

recommendations (109). The repeatability of the developed μPADs was evaluated by calculating the 

RSD of the calibration curve slope, 2 calibration curves in the same day for the intraday repeatability 

and 4 calibration curves in consecutive days for the interday repeatability.  
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Figure 4.5 - Calibration curve for the nitrate determination obtained with the developed µPAD: (A) calibration 

curve plot; (B) calibration curve slope at increasing scanning times; light grey bars represent calibration curves 

with a correlation coefficient >0.99; the dark grey bars represent calibration curves with a correlation coefficient 

< 0.98. 

 

4.3.4.1. Scanning Time Interval 

The enzymatic reaction requires time, and the chosen approach to incorporate a hydrophilic 

membrane intended to increase the residence time in the enzymatic layer. However, the idea was to 

have enough reaction extension and yet a minimal time between sample insertion and digital 

scanning, named reaction time (RT), to ensure one of μPADs most attractive characteristics, real-

time analysis.  

For RT assessment, a calibration curve was prepared, and the μPADs scanned at several times 

after standard insertion, from 20 min up to 3 h (Figure 4.5(B)). As expected, the results showed that 

the sensitivity increased from the set RT of 20 min to 40 min (14%) and up to 1 h ( 30%) as a 

consequence of more nitrite being formed and reaching the reagent layer. After 1 h, there was no 

further increase in the sensitivity and there was a significant decrease in linearity (Figure 4.5(B)), 

indicating that no more nitrite was reaching the bottom layer and that some degradation of the 

coloured product might be occurring. 

 

4.3.4.2. Assessment of μPAD Stability 

To evaluate the robustness of the developed μPAD, the stability of the developed device was 

tested when stored. The μPADs were stored in plastic bags, under two different atmospheric 

conditions (air and vacuum), and at two temperatures, room temperature (approximately 21 °C) and 

in a freezer (approximately -20 °C). All stored μPADs were shielded from light. Different periods of 

time were assessed for each of the atmospheric conditions and temperature. 

The sensitivity of the average calibration curves obtained from freshly prepared μPADs, was 

then compared with the sensitivities obtained with μPADs under different storage conditions; then, a 

relative deviation (RD) below 10% was considered non-significant.  
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The calibration curves obtained with the devices stored for 24 h in air and vacuum at room 

temperature showed no significant difference when compared to the calibration curves average (RD 

< 7%). The calibration curves obtained with the devices stored for 30 days in a freezer and in vacuum, 

still presented a similar sensitivity to the average of calibration curves (RD < 1%) which confirmed 

that the developed μPADs can be efficiently stored for that time period. 

 

4.3.5. Interferences Assessment 

To assess potential interferences from the urine matrix, a set of μPADs were prepared to 

perform two calibration curves, one using standards prepared in water, and another using standards 

prepared in synthetic urine.  

There was no significant difference on the calibration curves slopes (relative deviation < 10%) 

thus indicating that no significant matrix interferences occurred. Therefore, to reduce the reagents 

consumption, the standards preparation in water was kept. 

 

4.3.6. Application to Urine Samples – Validation  

To evaluate the accuracy of the developed μPAD for nitrate measurements, four dilutions in 

synthetic urine of a certified sample were used (Table 4.5).  

 

Table 4.5 – Analysis of certified samples performed with the nitrate μPAD; CI, confidence interval at 95%; SD, 

standard deviation; RD, relative deviation. 

Certified 

sample dilution 

Certified Value, 

[NO3
-] ± CI [mM) 

µPAD 

[NO3
-] ± SD [mM) 

RD (%) 

AC1 0.707 ± 0.011 0.717 ± 0.056 1.0 

AC2 0.530 ± 0.008 0.491 ± 0.030 -7.4 

AC3 0.471 ± 0.007 0.483 ± 0.067 2.5 

AC4 0.354 ± 0.006 0.346 ± 0.020 -2.1 

 

A linear relationship between the two set of results was established: [NO3
−]μPAD = 1.03 (± 0.30) 

× [NO3
−]CV - 0.022 (± 0.163) where the values in brackets represent the 95% confidence interval (t-

student analysis). As the slope and the intercept are not statistically different from 1 and 0, 

respectively, there was no statistical difference between the certified value and the μPAD 

measurement.  

To further assess the accuracy, recovery studies were performed by spiking the samples with 

20 μL and 30 μL of the nitrate standard stock solution of 10 mM in 1 mL of the urine sample. The 

calculation of the recovery percentages were made (([NO3
-]found – [NO3

-]initial) / [NO3
-]added) according 

to IUPAC (111) and listed in Table 4.6.  
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Table 4.6 – Recovery percentages studies; Standard deviation (SD); Relative standard deviation (RSD). 

Sample ID 

Inicial 
Added [NO3

-] 

(mM) 

Found 

Recovery (%) 
[NO3

-] ± SD (mM) RSD (%) [NO3
-] ± SD (mM) RSD (%) 

U1 0.79 0.05 6.6 0.300 1.09 0.06 5.9 100 

U2 0.55 0.03 5.5 0.200 0.76 0.05 7.0 103 

U3 0.23 0.03 15 0.200 0.44 0.03 7.2 101 

U4 1.38 0.04 2.7 0.200 1.55 0.13 8.1 85 

U5 < LOD 0.200 0.21 0.02 8.7 81 

U6 0.096 0.011 11 0.200 0.29 0.03 12% 95 

U7 0.316 0.016 5.1% 0.200 0.53 0.05 8.5 106 

 

The average of the calculated recoveries was 99% with a standard deviation of 7%. A statistical 

test (t-test) was used to evaluate if the mean recovery value did significantly differ from 100%. For a 

95% significance level, the calculated t-value was 0.25 with a correspondent critical value of 2.97. 

The statistical results indicate the absence of multiplicative matrix interferences proving that the 

developed μPAD was applicable to urine samples. 

 

4.3.6.1. Nitrite Testing 

As mentioned above, the aim of the developed µPAD was to be applied to nitrate determination 

in urine samples, where nitrite is not supposed to be present. Nevertheless, a nitrite presence testing 

can be incorporated if in the same assembly the top layer (N layer in Figure 4.1(A)) is loaded only 

with NADPH and no NR.  

In this case, the colour product formed is indicator of nitrite presence. If a quantification is 

intended, then a full calibration curve with nitrite standards and a µPAD without NR in the first layer 

would have to be established (Figure 4.6). 

 

 

Figure 4.6 – Nitrite calibration curve; the error bars represent the standard deviation.   
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4.4. Conclusion 

In this work, a novel microfluidic paper-based analytical device was developed for the 

quantification of nitrate in human urine samples. The use of the enzymatic reduction of nitrate, as 

opposed to using zinc powder (26), enabled a less laborious and easier to reproduce process of 

preparation and assembly of the device. Moreover, as far as we know, this is the first time the nitrate 

reductase enzyme is used in a µPAD platform. To slow down the vertical flow and thus promote the 

reduction reaction, a hydrophilic membrane was placed below the enzymatic layer which also 

enabled to overcome potential interferences. Among these was the intrinsic colour of urine, which 

was no longer a problem facilitating the application to urine samples. This innovative approach added 

significant advantages without compromising the analytical features and can be used in other 

analytical situations where these challenges occur. The previously reported µPADs for nitrate 

determination (Table 4.7) use either zinc or vanadium (III) as a reducing agent, which emphasizes 

the innovative approach of the developed µPAD. Additionally, there was no application to urine 

samples, probably due to the problem of potential colour interference, which was tackled in our work 

with the membrane approach.  

 

Table 4.7 – Summary of the characteristics of the developed µPAD in comparison with previously described 

devices; LOD, limit of detection; LOQ, limit of quantification. 

Sample 
Dynamic 

Range (mM) 

LOD 

(mM) 

LOQ 

(mM) 

Reduction 

Agent 
Fabrication method Reference 

Water 0.05 - 1 0.019 0.048 Zinc Inkjet printer (135) 

Food 

products 
0.16 – 0.81 0.058 0.19 Zinc Screen-printing (136) 

Food 

products 
0.008 – 0.64 0.006 0.023 Vanadium (III) Screen-printing (137) 

Saliva 0.27 – 1.2 0.08 0.27 Zinc Cutting and Lamination (26) 

Urine 0.14 – 1.0 0.04 0.14 
Nitrate 

Reductase 
Cutting and Lamination This work 

 

Although a couple of works did present better LOD and LOQ, the dynamic range reported here 

was quite suitable for the determination of nitrate in the target samples with a more economic and 

environmentally friendly fabrication process. In terms of storage stability, the µPAD showed to be 

stable for 24 h when stored in air or vacuum atmosphere, and for 30 days when stored in vacuum at 

-20ºC. The characteristics of the developed µPAD for nitrate determination in urine make it suitable 

for point-of-care analysis. 
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5.1. Introduction 

The human body is an intricate and complex ‘machine’ in which every organ has a purpose. The 

kidneys, among other functions, are responsible for blood filtration, removing wastes and toxins, and 

regulating blood chemicals that are essential to life (138).  

Chronic Kidney Disease (CKD) is a condition in which the kidneys malfunction and are unable 

to properly filtrate blood, causing the accumulation of metabolic toxins and waste, harmful to the 

human body (139). Because there is no cure for CKD, early detection is key for slowing the disease 

progression, avoiding other complications, and maintaining the patients´ quality of life (138,140). 

Particularly in economically fragile countries with limited access to the required healthcare and where 

the lack of diagnosis is a possible death sentence (140,141). Even though advances in diagnosis 

and treatment technologies have significantly increased over the years, point-of-care affordable 

detection methods are still in need.  

Urea is a nitrogenous product of the protein metabolism via the urea cycle, in which toxic NHX 

is converted in urea (142–144). Since its primarily secreted by the kidneys, urea is one of the most 

used biomarkers for kidney failure (145,146). Furthermore, urea is present in several body fluids like 

blood, urine, and saliva (146). Although the standardized sample used for urea determination is 

blood, it requires a painful, time-consuming, invasive collection (144). Besides, CKD patients are 

more at risk of developing blood-borne diseases. (139). A viable alternative sample is saliva since it 

involves an easy, quick, painless, non-invasive collection. Furthermore, not only there are several 

studies that report a good correlation between blood and salivary concentrations of urea, but there 

are also studies that report a significant difference between the salivary urea concentration in healthy 

individuals and in CKD patients (139,144,145,147–149). With the increase of salivary urea, urease-

producing microorganisms can significantly grow in the mouth, consequently leading to an increase 

of salivary ammonium. It has been previously reported that the average urea and ammonia 

concentrations found in CKD patients' saliva is 16.7 mM and 32.9 mM, respectively, as opposed to 

the urea and ammonia concentrations found in healthy individuals, 2.99 mM and 7.70 mM, 

respectively (149). 

For ammonium and urea detection, several analytical methods have already been reported such 

as colorimetry, fluorometry, spectrophotometry, chromatography, among others. However, most of 

these conventional techniques are time consuming, require sample preparation, involve costly 

equipment, and require specialized personnel to perform the analysis (144,145). On the other hand, 

point-of-care devices have gained a great interest in the past decade, since they are capable of 

performing the analytical determinations in less time and with a more simple, economic and user-

friendly procedure (146). 

In this work, two microfluidic paper-based analytical devices using a vertical flow approach were 

developed for the determination of ammonia nitrogen (NHX) and urea. In both devices, the detection 

relies on the diffusion of NH3 (g) through a gas-diffusion membrane to produce a colorimetric change 

of a pH indicator. The use of vertical flow ensures that the sample (and/or standards) go through the 

paper disc with reagent and through the hydrophobic membrane, promoting the determination 
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specificity and the device accuracy. This feature resulted in a 3D structure (lateral flow within the 

paper disc coupled to vertical flow through the various layers). The urea determination was possible 

due to the use of urease, which is a nickel-dependent metallo-enzyme, commonly used in biosensors 

for urea determination, since it selectively catalyzes the dissociation of urea in ammonia (144,145) 

(Scheme 5.1). In an aqueous solution, ammonia is in equilibrium with ammonium (pKa= 9.25) as 

shown in Scheme 5.2; however, because the enzymatic reaction occurs approximately at pH 7.0, 

the main form is NH4
+. In order to convert NH4

+ in gaseous NH3, and consequently pass through the 

hydrophobic membrane, sodium hydroxide was also added to the devices. The pH indicator used for 

the colorimetric detection was bromothymol blue (Scheme 5.3), whose colour changes by converting 

gaseous NH3 back to NH4
+. 

 

 

 

 

5.2. Materials and Methods 

5.2.1. Reagents and Solutions 

Standard stock solutions of 10 mM ammonium chloride (Merck) and 10 mM of urea (Sigma) 

were prepared monthly by dissolving approximately 26.0 mg and 31.0 mg, respectively, of previously 

dried solids (overnight at 100 °C) in 50 mL of water. The working standards were weekly prepared 

from the stock solution in a range of 0.10 – 5.00 mM. 

A 5 M sodium hydroxide stock solution was prepared by dissolving 20 g of the solid pellets in 

100 mL of water. A fivefold dilution was prepared weekly to a final concentration of 1 M.  

A 0.2 M phosphate buffer solution was prepared by dissolving 4.5 g of K2HPO4 3H2O (Merck) 

in 100 mL of water, and the pH was adjusted to 7. This solution was stored in the refrigerator at 2-8 

oC.  

The urease enzyme (from Canavalia ensiformis (Jack Bean), Sigma-Aldrich) solution of 125 

U/mL was prepared by dissolving 32 mg of the lyophilized powder in 10 mL of phosphate buffer and 

was stored refrigerated at 2-8 oC.  

The colour reagent, 2 mM bromothymol blue indicator (BTB) solution, was prepared by 

dissolving 12.5 mg of BTB powder (Merck) in 10 mL of ethanol (Panreac, 99.8% (v/v)) and the pH 

adjusted to 6.5. 
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5.2.2. Design of the Developed µPADs 

The assembly of the developed µPADs consists of the alignment of 32 detection units (Figure 

5.1) in a distribution of 4 columns x 8 lines, inside a laminating pouch A6 size. Each unit comprises 

four layers staked between the two sheets of the laminating pouch and aligned with the sample hole. 

The top sheet of the laminating pouch was perforated with 3 mm diameter holes prior to the 

laminating process, for posterior sample insertion (L1 in Figure 5.1).  

 

 

Figure 5.1 – Schematic representation of the assembly of the developed µPADs for NHx (left) and urea (right) 

determination; L1, top layer of the laminating pouch; L2, bottom layer of the laminating pouch; E, empty layer; 

OH, NaOH layer (15 μL per disc); U, urease layer (15 μL per disc); M, hydrophobic membrane layer; B, BTB 

layer (15 μL per disc). 

 

In the µPAD for the NHx determination, the first layer below the sample hole consists of a 9.5 

mm diameter of Whatman 4 (W4) filter paper disc without any reagent or solution (E in Figure 5.1). 

This layer was aligned on top of a 9.5 mm diameter W4 filter paper loaded with 15 µL of NaOH 1 M 

(OH in Figure 5.1) to attain the conversion of ammonium to ammonia. Both these layers were placed 

over a 1.27 cm diameter hydrophobic Durapore Membrane (0.45 µm porosity, Merck) promoting that 

only the formed gaseous ammonia would go through (M in Figure 5.1). The bottom layer (B in Figure 

5.1) consisted of a 9.5 mm diameter of Whatman 1 (W1) filter paper loaded with 15 µL of BTB 2 mM 

(pH = 6.5). 

The µPAD for urea determination consisted of the same E layer (9.5 mm W4 filter paper discs, 

without any reagent or solution) as the first layer but with a different second layer (U in Figure 5.1) 

consisting of a of 9.5 mm diameter W4 discs with 15 µL per disc of urease 125 U/mL. These two 

layers were also over the hydrophobic membrane, as the same M layer (1.27 cm diameter 

hydrophobic Durapore membrane with 0.45 µm porosity, Merck). The bottom layer (B in Figure 5.1) 

was also the same as for the NHX determination µPAD (9.5 mm diameter W1 discs loaded with 15 

µL per disc of BTB 2 mM). Before the alignment, all discs loaded with solutions/reagents were dried 

in an oven: the filter paper discs loaded with NaOH and BTB were dried at 50 oC for 20 min and 10 

min, respectively and the filter paper discs loaded with urease were dried at 37 oC for 20 min. After 

the alignment, the laminating pouch passes through the laminator to melt and seal the plastic pouch. 
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5.2.3. Determination Procedures 

For the NHX determination, 25 µL of sample/standard were loaded through the sample hole and, 

after this volume is completely absorbed (< 1min), the holes were covered with adhesive tape to 

prevent contamination (of handling saliva) and possible ammonia loss by evaporation.  

In contact with NaOH (OH in Figure 5.1) NH4
+ is converted to dissolved gaseous NH3 which 

diffuses through the hydrophobic membrane (M in Figure 5.1) to the BTB layer causing a colour 

change from yellow to green while being converted back to ammonium. The cover of the sample 

holes ensures that the dissolved gaseous NH3 goes through the hydrophobic membrane and gets 

converted into ammonium, thus contributing to the selectivity of the method. To capture this colour 

change, the bottom side of the µPAD was scanned 15 minutes after the sample/standard placement.  

In the urea determination, 20 µL of sample/standard were inserted into the sample hole and a 

waiting period of 15 minutes was accounted to enable the enzymatic conversion of urea into 

ammonium to occur (Enzymatic Reaction Time, ERT). Then, 10 µL of NaOH 1M was added to the 

µPAD also through the sample hole to promote the conversion of the formed ammonium to ammonia, 

so it can diffuse through the hydrophobic membrane to the BTB layer. Like the ammonium 

determination, the sample holes were covered with adhesive tape, and the bottom side of the device 

was scanned, 20 minutes after the NaOH placement (Colour Reaction Time, CRT). 

The scanned images were processed through ImageJ by separating them into the RGB 

components and using the red component to measure the colour intensity. The use of the red 

component can be justified by the complementary colours wheel since red is the closest colour that 

is complementary of green obtained from the pH reaction.  

For each unit, an option was made to do the measurements using a circular selection of 200 × 

200 pixels, since it allowed a better adjustment to the BTB disc area. The intensity values were then 

converted into absorbance values. For each reading of blank or standard/sample, six measurements 

were obtained, and outliers were removed when necessary. The remaining replicates were used in 

the average calculations.  

The concentration obtained from the urea determination µPAD corresponds to [NHX+Urea], 

therefore the concentration of urea ([Urea]) was calculated by subtracting the concentration of NHx 

([NHX]) from the concentration obtained from the urea μPAD ([NHX+Urea]). 

 

5.2.4. Saliva Samples 

The saliva samples used in this work were collected as “blind samples” from volunteers with 

their informed consent, and different collecting processes were used. Samples were analysed after 

collection (when possible) and stored in the freezer when not in use. 
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5.2.4.1. Saliva Collection using Gauze 

Saliva samples were collected by placing a 5 × 5 cm sterile gauze (Wells) in the mouth for 

approximately 2 minutes. The gauze was then placed in a 5 mL sterile syringe and squeezed to 

remove the saliva from the gauze to a 5 mL plastic tube. 

 

5.2.4.2. Saliva Collection by Swish 

Saliva samples were collected by swishing 5 or 10 mL of deionized water for about 1 minute 

and retrieving the swished water into a plastic tube. 

 

5.2.4.3. Saliva Collection by Spiting – CKD Patients 

Saliva samples collected from patients with CKD undergoing peritoneal dialysis (PD) at least 1 

h after eating or performing oral hygiene procedure, by spitting into a sterile tube for 5 minutes were 

supplied as blind samples. These samples were stored in the freezer and, due to the low quantity of 

sample supplied and the expected high content of the analytes, all samples were diluted 10 times 

with synthetic saliva (107) before analysis. 

 

5.2.5. Comparison Methods – Validation Process 

To assess the accuracy of the measurements provided by the NHx determination µPAD, 15 

saliva samples were analysed both with the developed device and with an ammonia selective 

electrode (OrionTM, ThermoFisher Scientific, USA). The potentiometric determination was 

performed by mixing 10 mL of water with 1 mL of standard/sample and adding 250 µL of NaOH 5 M 

immediately before the measurement, as recommended by the manufacturer. 

The accuracy of the urea determination µPAD was evaluated by comparing the measurements 

of #11 saliva samples obtained from the developed device, and the measurements of the samples 

obtained from a commercially available urea/ammonia determination kit (K-URAMR 04/20; 

Megazyme).  
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5.3. Results and Discussion 

5.3.1. Ammonium/Ammonia µPAD 

The µPAD assembly was based upon the work described by Thepchuay et al (62) which 

consisted of three-layer units including a hydrophobic membrane as the middle layer. The diameter 

of the paper discs (9.5 mm) and of a hydrophobic membrane (12.7 mm) were adopted from that 

work. Consequently, the volumes of the colour reagent, in the bottom layer, and of hydroxide, in the 

top layer, were also set from the published work as 15 µL (reported as the maximum volume for the 

9.5 mm paper disc). 

 

5.3.1.1. Design of the µPAD – Sample Volume 

The work described by Thepchuay et al (62) reported the use of 12 µL of sample/standard 

volume, as the maximum amount to be absorbed. So, aiming to increase the sample volume, it was 

necessary to add a filter paper layer to the device. Therefore, a µPAD with four layers was prepared 

by adding an empty Whatman 1 filter paper disc (9.5 mm diameter) on top of the three layers 

described by Thepchuay et al (62). In the newly designed µPAD, with a four-layer structure, sample 

volumes of 15, 20, 25, and 30 µL (Figure 5.2) were tested. It was also possible to observe that there 

were no significant differences in sensitivity for the sample volumes of 15, 20 and 25 µL (overlapping 

of the 5% relative deviation intervals). However, when a 30 µL sample volume was placed in the 

device, a sensitivity decrease (relative deviation of the slope > 20%) was observed, probably 

because the sample was not completely absorbed. Therefore, to obtain the highest possible 

sensitivity, the sample volume chosen to continue the optimization studies was set at 25 µL. 

 

 

Figure 5.2 – Influence of the sample volume in the sensitivity of the calibration curves. The error bars correspond 

to a 5% deviation; the black bullet corresponds to the sample volume chosen. 
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5.3.1.2. Paper Selection 

The porosity of the filter paper can affect the reactions on the microfluidic device, so among the 

Whatman qualitative paper variants, different pore sizes were tested: Whatman Grade 1 (W1) with 

11 µm pore size, Whatman Grade 4 (W4) with 20-25 µm, and Whatman Grade 5 (W5) with 2.5 µm. 

The most widely used (and cheaper) filter paper is W1, so it was the base choice. Considering that 

the top layer of the designed µPAD was an empty layer, the first studies were made for the second 

layer (loaded with NaOH) keeping W1 in the empty top layer. The studies were performed by 

establishing calibration curves (#3 standards) and comparing the calibration curve slope; no 

standards were removed as outliers (Figure 5.3). 

 

 

Figure 5.3 – Study of the influence of different filter paper porosities (W1: 11 µm; W4: 20 – 25 µm; W5: 2.5 µm) 

on the slope of the calibration curve (bars) and correlation factor (bullets) for the NHx μPAD; A) study of the 

second layer loaded with NaOH; B) study of the top (empty) layer; the dark grey bar represents the chosen 

combination, and the error bars correspond to the 10% relative error.  

 

When using either W1 and W4 in the second layer, there were no significant differences in the 

sensitivity (overlapping of the relative error intervals), but W4 presented a higher correlation factor 

(Figure 5.3(A)); so, the W4 was chosen as a compromise solution between sensitivity and correlation 

factor. Then, the first layer filter paper was also tested using the same filter papers W1, W4, and W5 

(Figure 5.3(B)). Again, the paper that presented the best compromise solution, with high sensitivity 

and high correlation factor, was the W4 filter paper. In conclusion, the paper chosen for the first two 

layers of the µPAD was W4. This choice intended to ensure that they were not the limiting factor for 

the gas diffusion rate. 
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5.3.1.3. Hydrophobic Membrane 

The hydrophobic membrane layer, the third layer of the device, is an essential layer for the 

device selectivity in the NH4
+ determination, since it ensures that only the gaseous NH3 diffuses to 

the detection layer (bottom layer). 

Two hydrophobic membranes were tested, Mitex (5 µm porosity) and Durapore (0.45 µm 

porosity), preparing a µPAD with each membrane in order to obtain calibration curves. The results 

(Figure 5.4) showed that the sensitivity values were not statistically different (relative deviation of the 

slope < 10%), and so the Durapore membrane was chosen as a more economical choice. 

 

 

Figure 5.4 – Influence of the hydrophobic membrane porosity in the sensitivity of the calibration curves; the 

error bars correspond to a 10% deviation. 

 

5.3.1.4. BTB and NaOH Concentration 

The influence of the BTB concentration in the absorbance signal was evaluated and BTB 

concentrations of 1, 2, and 3 mM were prepared and used on the designed µPAD (Figure 5.5(A)). 

Then, the absorbance signal of a 1 mM ammonium standard was calculated for each BTB 

concentration, and it was possible to observe an over 2.5-fold increase when using 2 mM BTB when 

compared with 1 mM BTB. However, comparing 2 mM and 3 mM BTB, there was no significant 

difference in the absorbance signal (< 10% relative deviation), so 2 mM BTB was the concentration 

chosen. 

The influence of the NaOH concentration in the slope of the calibration curve (device sensitivity) 

was also studied as an essential step for ammonium conversion to ammonia, to ensure diffusion 

through the hydrophobic membrane. Concentrations of 0.1, 0.5, 1, and 1.5 M NaOH were tested 

(Figure 5.5(B)), and although there was a significant increase in sensitivity when the concentration 

increased from 0.1 to 1 M, no significant difference was found between 1 and 1.5 M, so the 

concentration of 1 M was chosen.  
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Figure 5.5 – Study of the concentrations of the reagents: (A) influence of BTB concentration in the absorbance 

signal obtained when using a 1 mM NHx standard; the error bars correspond to the standard deviation of the 

respective absorbance measurement; the grey bar corresponds to the concentration chosen; (B) influence of 

NaOH concentration in the sensitivity of the calibration curve; the error bars correspond to a 5% deviation; the 

point in black corresponds to the chosen concentration.  

 

5.3.1.5. Influence of Adhesive Tape – Biological Samples Handling 

Because the developed device is intended for application to saliva samples, the covering of the 

sample hole after sample loading is a safety and security procedure for the operator.  

As the µPAD for NHx determination involves the production and diffusion of the formed gaseous 

ammonia, it was especially important to evaluate the influence of applying adhesive tape over the 

sample holes. Two µPADs were prepared and ammonium standards were loaded; then, in one 

µPAD, the sample holes were covered with adhesive tape immediately after the standard insertion, 

and, in the other µPAD, the sample holes were not covered. No significant differences between the 

two calibration curves were observed. Still, due to the above mentioned safety reason, the covering 

with adhesive tape was employed.  

 

5.3.2. Urea µPAD 

In the µPAD for urea determination, the colour reaction was the same as in the NHx µPAD, 

based upon the colour change of BTB in the bottom layer after the ammonia diffusion through the 

hydrophobic membrane. This meant that both the membrane layer and the BTB layer were kept from 

the optimization studies of the NHx µPAD (section 5.3.1.). 

 

5.3.2.1. Enzymatic Reaction 

To achieve the urea determination, the enzymatic reaction that converts urea to ammonia using 

urease enzyme was chosen and then the formed ammonia would be determined following the 

process of the NHx µPAD. In this context, the urease enzyme had to be incorporated into the µPAD 

assembly and several possible units alignment were tested (Figure 5.6). 
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Figure 5.6 – Schematic representation of four different unit assemblies for the urea µPAD tested with indication 

of the different standard solutions tested; St, standards; M, hydrophobic membrane layer; B, BTB colour reagent 

layer.  

 

First, the NaOH in the second layer was replaced by urease enzyme (Figure 5.6(A)) and this 

layout was tested with urease concentrations ranging from 0.1 – 100 U/mL.  

However, when standards of urea were placed on the device, no colour was observed and 

consequently no signal was obtained from the scans. The same results were obtained when the 

urease was placed on the first layer (Figure 5.6(B)). To evaluate if the problem was due to the 

enzymatic reaction, standards of NH3 were placed on these two layouts (Figure 5.6(A) and (B)) and 

it was expected that the NH3 would reach the bottom layer and induce a change in pH which 

consequently would lead to a change in colour. However, that was not observed, which led us to 

conclude that the buffer used in the urease preparation was interfering with the NH3/NH4
+ 

equilibrium.   

To fix this issue, a µPAD was prepared with urease on the first layer and NaOH on the second 

(Figure 5.6(C)). This would allow the urea conversion to NH3/NH4
+ and, with the NaOH in the second 

layer, the NH3/NH4
+ equilibrium would favor the presence of NH3. Nevertheless, this layout also did 

not produce colour when standards of urea were inserted. Colour was only observed when standards 

of NH3 or NH4
+ were placed on the device, which indicated that the NaOH was allowing the NH3 to 

reach the BTB layer but was interfering in the urease conversion efficiency.   

The strategy found for the removal of this interference was to prepare a µPAD with just urease 

on the second layer (Figure 5.6(D)), to inject the standard/sample in the device, and allow the 

enzymatic reaction to occur for about 20 minutes and, only after, to insert the NaOH to convert the 

NH4
+ formed to NH3. This approach allowed the urea to be converted to NH4

+ by the enzyme without 

any interference, after which the addition of the NaOH to the device led to its conversion to NH3, 

causing the gradual increase of colour of the BTB layer. 
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5.3.2.2. Urease and NaOH Concentration 

Several urease concentrations, in the range of 50 – 150 U/mL, were tested and the results 

showed that the sensitivity of the reaction (calibration curve slope) increased with the increase of 

urease concentration (Figure 5.7(A)). The increase was significant up to 125 U/mL but smaller when 

using 150 U/mL (relative deviation of the slope < 10 %) so 125 U/mL of urease was chosen to 

continue the studies. 

The NaOH was now added after the sample/standard and to ensure the complete absorption 

into the µPAD the volume used was set at 10 µL. The concentration previously chosen of 1 M was 

revisited, hydroxide solutions of 0.5, 1, and 2 M of were tested. Still 1 M proved to be a better 

compromise choice of highest sensitivity and reagent consumption (Figure 5.7(B)).  

 

 

Figure 5.7 – Study of the influence of the Urease (A) and NaOH (B) concentrations in the μPADs calibration 

curve slope; the points in black represent the chosen values.  

 

5.3.2.3. Time for the enzymatic and colour reaction 

In the urea determination, both the enzymatic reaction time (ERT) and colour reaction time 

(CRT) was assessed in regarding the quantification sensitivity. Considering that the addition of 

hydroxide (loading NaOH) inactivated the enzyme and promoted the conversion of the formed 

ammonium to ammonia, the ERT corresponds to the time interval between the sample and the 

hydroxide loading. After the NaOH loading, when the ammonia is being formed, the time interval up 

to the device scanning corresponds to the CRT. For the urea quantification, a combined study of 

different ERT and CRT was carried out and calibration curves with different time intervals between 

sample and NaOH loading (ERT assessing) and between NaOH loading and device scanning (CRT 

assessing) were established. The calibration curves were compared to determine the best 

combination of ERT and CRT (Table 5.1). The established calibration curves, within the urea 

concentration range of 0.1 to 5 mM, presented two distinct slopes indicating two linear ranges: 0.1 – 

1 mM and 1 – 5 mM.  
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Table 5.1 – Influence of both the enzymatic reaction time (ERT) and colour reaction time (CRT) on the calibration 

curve slope (sensitivity). 

Urea dynamic 

range 
ERT 

CRT 

10 min 15 min 20 min 

0.1 – 1 mM 

10 min 0.0517 0.0711 0.0856 

20 min 0.0530 0.0740 0.0969 

30 min 0.0568 0.0772 0.0943 

1 – 5 mM 

10 min 0.0150 0.0219 0.0196 

20 min 0.0225 0.0226 0.0260 

30 min 0.0194 0.0260 0.0212 

 

In both defined concentration ranges, the sensitivity (calibration curve slope) increased with the 

increase of ERT from 10 to 20 minutes in all tested CRTs and, in most cases, it also increased from 

20 to 30 minutes, but not for all the tested CRT.  

Additionally, for a set ERT, the sensitivity also increased with the increase of the CRT. However, 

because the purpose of the device is to provide a fast measurement, a maximum combined time 

(ERT+CRT) of 35 minutes was established, as a compromise between sensitivity and analysis time. 

So, some combinations of analysis time (grey shadowed cells in Table 5.1) were discarded. The 

chosen combination was an ERT of 15 minutes and a CRT of 20 min since it presented a higher 

sensitivity in both concentration ranges (numbers in bold in Table 5.1).  

 

5.3.3. Features of the Developed Devices 

The main characteristics of both developed μPADs, such as dynamic range, average calibration 

curve, limit of detection (LOD) and quantification (LOQ), and relative standard deviation (RSD) are 

summarized in Table 5.2. In both determinations, the quantification range was divided in the linear 

dynamic ranges because of the difference in calibration curve slopes (Figure 5.8). 

The limit of detection (LOD) and the limit of quantification (LOQ) were calculated as the 

concentration corresponding to three and 10 times the standard deviation of the intercept (n = 4), 

respectively, according to IUPAC recommendations (109). A difference between the LOD of urea 

determination and the LOD of NHx determination can be explained by the addition of the enzymatic 

reaction and the extra steps in the quantification process. 

The repeatability of the developed μPADs was evaluated calculating the relative standard 

deviation (RSD) of a sample measurement, obtained dividing the standard deviation of the sample 

measurements (n= 4) by the average of those values. 
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Table 5.2 – Features of the developed μPADs for the determination of NHx and urea; LOD, limit of detection; 

LOQ, limit of quantification; RSD, relative standard deviation. 

Analyte 
Dynamic 

Range, mM 

Average Calibration Curve a 

A = S x [Conc] + b 

Repeatability, 

RSD, % (Conc.) 

LOD, b 

mM 

LOQ, b 

mM 

NHx 

0.105 – 1.0 
Y = (0.087 ± 0.008) x [NHx] + (0.003 ± 0.004) 

R2 = 0.992 ± 0.004 

5.5 

(0.866 mM) 

0.032 0.105 

1.0 – 5.0 
Y = (0.018 ± 0.001) x [NHx] + (0.064 ± 0.015) 

R2 = 0.992 ± 0.009 

4.7 

(3.93 mM) 

Urea 

0.163 – 1.0 
y = (0.082 ± 0.001) x [Urea] + (0.003 ± 0.004) 

R2 = 0.991 ± 0.004 

3.2 

(0.928 mM) 

0.049 0.163 

1.0 – 5.0 
Y = (0.016 ± 0.002) x [Urea] + (0.073 ± 0.001) 

R2 = 0.992 ± 0.002 

3.8 

(4.32 mM) 

a n=3; b n=4  

 

 

 

Figure 5.8 – Calibration curves of ammonium and urea determination, and colour chart of the respective device; 

the error bars correspond to a 5% deviation.  
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5.3.4. Devices Stability 

Because μPADs are devices that typically are intended for on-hand, point-of-care application, it 

was vital to assess their stability both in storage before use, and after the coloured product formation, 

after sample analysis.  

To assess the storage stability, μPADs were prepared and placed in clear plastic bags, shielded 

from light, under two different atmospheric conditions, air, and vacuum, for different periods of time. 

After each tested period, standards were loaded in the stored μPAD and the calibration curve 

obtained was compared with one obtained from freshly prepared μPADs, calculating the relative 

deviation between the slopes (RD < 10%, no significant differences).  

The μPAD developed for NHx determination showed to be stable for at least 2 months when 

stored in vacuum (RD -5%). On the other hand, the urea determination μPAD was stable for only 1 

month in a vacuum atmosphere (RD 4%). Because enzymes are sensitive to temperature, additional 

studies were performed to evaluate the effect of the storage temperature on the device sensitivity. 

μPADs were prepared and stored in a vacuum atmosphere at room temperature (21 oC), 4 oC, and 

-20 oC. In all the storage conditions used, the devices were stable for 1 month. When storing for 2 

months, a decrease in sensitivity was observed for all tested temperatures, -34% for 4 oC and -20 oC 

storage, and -90% in relative deviation of the slope for room temperature storage.  

To study the stability of the coloured product, μPADs for each determination were prepared to 

obtain a calibration curve and then scanned several times, up to 3 hours. It was possible to conclude 

that the colour formed in the NHx and urea μPADs was stable for 2 and 1 hour, respectively. 

 

5.3.5. Application to Saliva Samples 

The accuracy of the developed μPAD for NHx determination was evaluated by comparing the 

results obtained from #15 saliva samples analysed with the developed device and with an ammonia 

selective electrode (ASE), as a reference method. A linear correlation between the two set of results 

was established (Figure 5.9).  

The obtained equation [NHx]μPAD = 0.974(± 0.078) × [NHx]ASE + 0.065 (± 0.195), where the values 

in brackets corresponds to 95% confidence interval, proved that there was no statistically differences 

between the two sets of results because the slope and the intercept were not statistically different 

from 1 and 0, respectively. 

Since in the urea determination, urea is converted into NH4
+, and NH3 is the analyte that is 

detected, the μPAD for urea determination is in fact the sum of NHx and urea in the sample. 

Therefore, 11 saliva samples were analysed with both developed devices, and the results were 

compared with the ones obtained with a commercially available ammonia/urea determination kit 

(Table 5.3). The concentration of urea was obtained by calculating ([Urea]calc) the difference between 

the concentration of NHx ([NHx]μPAD) and of urea ([NHx+Urea]μPAD) obtained with the two μPADs, and 

the value compared with the kit measurement ([Urea]kit). 
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Figure 5.9 – Comparison between the results obtained for ammonia determination in saliva samples (#15) with 

the developed μPAD ([NH4
+]µPAD) and ammonia selective electrode (ASE) as the reference ([NH4

+]Reference Method); 

the full line represents the linear trendline between the two sets of results; the error bars represent the standard 

deviation.  

 

 

Table 5.3 – Analysis of saliva samples with the developed μPADs and comparison of the results obtained with 

the measurements obtained with a commercially available kit; RD, relative deviation. 

Saliva 

sample 

ID 

Collection 

Method 

NHx determination Urea determination 

[NHx]µPAD 

(mM) 

[NHx]kit 

(mM) 
RD (%) 

[NHx + 

Urea]µPAD 

(mM) 

[NHx]µPAD 

(mM) 

[Urea]calc. 

(mM) 

[Urea]kit 

(mM) 
RD (%) 

S1 Gauze 1.42 ±0.08 1.53 -7.2% 2.47±0.12 1.42 ±0.08 1.04 1.16 -9.7% 

S2 Gauze 1.18 ±0.13 1.29 -9.1% 2.73 ±0.20 1.18 ±0.13 1.56 1.50 3.6% 

S3 Gauze 1.74 ±0.12 1.74 -0.2% 3.09 ±0.27 1.74 ±0.12 1.36 1.39 -2.4% 

S4 Gauze 0.934 ±0.057 0.995 -6.2% 2.77 ±0.26 0.934 ±0.057 1.83 1.87 -2.0% 

S5 Gauze 3.18 ±0.10 3.01 5.8% 3.97 ±0.33 3.18 ±0.10 0.788 0.780 1.0% 

S6 Swishing 0.692 ±0.011 0.744 -7.0% 0.992 ±0.075 0.692 ±0.011 0.301 0.297 1.3% 

S7 Swishing 1.11 ±0.18 1.22 -9.1% 1.29 ±0.09 1.11 ±0.18 0.181 <0.212 - 

S8 Swishing 0.113 ±0.022 <0.384 - 0.301 ±0.012 0.113 ±0.022 0.188 <0.212 - 

S9 Swishing 0.709 ±0.019 0.661 7.3% 0.873 ±0.047 0.709 ±0.019 0.164 <0.212 - 

S10 Spiting 0.365 ± 0.016 <0.384 - 2.47 ±0.02 0.365 ±0.016 2.11 2.02 4.5% 

S11 Spiting 0.193 ±0.007 <0.384 - 1.99±0.27 0.193 ±0.007 1.79 1.68 6.2% 
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5.3.5.1. Sampling Procedure 

There are several methods of saliva collection already reported, so to develop a simple, user-

friendly, point-of-care method of CKD biomarkers determination, it was also important to test different 

sampling processes. The three sampling procedures tested consisted of collection using a piece of 

gauze (26); collection by swishing with Milli-Q water (60); and collection by spitting (149). The 

quantification of urea and ammonium was effectively attained independently of the collection 

procedure used, so it is possible to conclude that the developed µPADs work with all three tested 

sampling methodologies. This can be an important feature due to some practical issues observed. 

The use of gauze to collect saliva showed to be a simple and efficient procedure since it allowed 

the collection of higher amounts of saliva (1 to 3 mL) without altering the sample matrix. However, 

some children and elderly individuals did find the gauze collection procedure somewhat difficult and 

uncomfortable. The saliva collection procedure used with CKD patients was by spitting, and the 

samples were diluted with synthetic saliva (10-fold dilution), in order to maintain uniformity in the 

sample matrix. This saliva collection proved to be ineffective since in some cases less than 0.1 mL 

was obtained (in 5 minutes given to the patients). The use of synthetic saliva in the dilutions would 

be a good solution since it would minimize the changes in the sample matrix or viscosity. 

The collection by swishing avoids some of the limitations of the other procedures since it was 

very simple and assessable to all age groups and would facilitate sampling from CKD patients with 

an incorporated dilution. However, that is its main drawback, the inability to control the dilution factor. 

Even though the each saliva sampling collection tested has advantages and limitations, they all can 

be used with the developed devices. 

 

 

5.4. Conclusions 

In this work, the determination of urea and NHx in human saliva samples was accomplished in 

35 and 15 minutes, respectively, with two newly developed microfluidic paper-based analytical 

devices (μPADs), which could be used as a tool in the diagnosis and monitoring of CKD. The NHx 

determination μPAD was capable of quantifying ammonia in a range of 0.105-5.0 mM and provided 

limits of detection and quantification of 0.032 mM and 0.105 mM, respectively. The urea 

determination μPAD was capable of quantifying urea in a range of 0.163-5.0 mM and provided limits 

of detection and quantification of 0.049 mM and 0.163 mM, respectively. 

The use of a gas-diffusion hydrophobic membrane and of the urease enzyme makes the 

developed μPADs very selective and efficient devices for determinations in human saliva samples, 

since it eliminates possible sample matrix interferences without requiring any pre-treatment. 

Moreover, the developed devices were successfully applied in human saliva samples of both healthy 

individuals and CKD patients. 
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Because the main application proposed for these devices was to facilitate health diagnosis in a 

very simple, on-hand, point-of-care manner, the stability of the developed devices was tested. The 

NHx μPADs were stable for at least 2 months when stored in a vacuum, and the colour formed after 

placing the sample was stable for scanning for up to 2 hours. The urea μPADs, on the other hand, 

could remain in vacuum storage for just 1 month and, after placement of the sample, should be 

scanned within 1 hour. 

Ammonia and urea are well-known biomarkers for several human health conditions (149), and 

there are some reports of paper-based devices developed for their determination. However, as far 

as we know, the μPAD developed in this work can be applied directly to saliva samples without any 

sample pretreatment and presents lower LOD and LOQ than a few others previously reported 

(145,150,151). 

In addition to the advantages already mentioned, the developed devices are also disposable by 

incineration, which besides being environmentally friendly, is also important when handling biological 

samples. Furthermore, the use of several replicates and the possibility of removing outliers nearly 

eliminates the main downside of these types of manually assembled devices, which is the possible 

shifting of the discs during assembly and lamination, which can lead to uneven distribution and 

decreased reproducibility. 
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6.1. Introduction 

Chronic Kidney Disease (CKD) is a condition that affects over 10% of the world’s population 

and is characterized by kidney malfunction, which leads to inadequate blood filtration and build-up 

of harmful metabolic toxins and waste in the body (149,152–154). Early detection is crucial for 

slowing disease progression, preventing complications, and pre-serving patients’ quality of life, 

especially since currently there is no cure for CKD (138,152,153). This need is especially pressing 

in economically vulnerable countries with limited healthcare access, where the prevalence is higher, 

and undiagnosed CKD can be life-threatening (152,153).  

Although blood is the standardized sample for evaluating renal function, its collection process 

is inconvenient, painful, time-consuming, and invasive (145,149,154). Moreover, individuals with 

CKD face an elevated risk of contracting blood-borne illnesses, which elevates the importance of 

using alternative biological samples of non-invasive collection (139,152). Saliva emerges as a viable 

alternative sample due to its easy, quick, painless, and non-invasive collection method (152). 

Furthermore, several studies reported that the urea levels in saliva CKD patients are significantly 

higher than the ones of healthy individuals (139,148,154). With the increase of urea in saliva, a 

modification of the oral microbiota is expected to occur, particularly the proliferation of urease-

producing microorganisms (149,154). This urease enzyme then converts the high levels of urea into 

ammonia, which gives the patients the characteristic ammonia breath (147,149,155). 

In this work, a novel 3D structured microfluidic paper-based device was developed to determine 

urease activity in saliva samples as a potential aid in diagnosing and monitoring CKD. This 

determination relies on the enzymatic reaction involving urease, the conversion of urea to gaseous 

ammonia, which consequently diffuses through a hydrophobic membrane and generates a 

colorimetric change in the pH indicator bromothymol blue (BTB). This device provides a more 

straightforward, portable, lab equipment-free, point-of-care alternative to commercially available kits 

that normally require specific lab equipment and extra steps such as sample pre-treatment (156). To 

the best of our knowledge, only one other paper-based device for determining urease activity has 

been reported, but with an application to soil samples (157). 
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6.2. Materials and Methods 

6.2.1. Reagents and Solutions 

A 0.2 M phosphate-buffer solution was prepared by dissolving 4.5 g of K2HPO4·3H2O (Merck) 

in 100 mL of water, and the pH was adjusted to 7. This solution was stored at 2–8 °C in the 

refrigerator. 

The urease enzyme (from Canavalia ensiformis (Jack Bean), Sigma-Aldrich) stock solution of 

100 U/mL was prepared by dissolving 5.0 mg of the lyophilized powder in 2 mL of phosphate buffer 

and was stored at −20 °C. A 10-fold dilution was prepared weekly, and standards in the range of 

0.05–0.75 U/mL were prepared daily in synthetic saliva. 

A standard stock solution of 8.4 mM of urea (Sigma-Aldrich) was prepared monthly by dissolving 

10 mg of the previously dried solid (overnight at 100 °C) in 20 mL of water. 

A 2.5 M sodium hydroxide stock solution was prepared by dissolving 10 g of the solid pellets 

(Panreac) in 100 mL of water. A twofold dilution was prepared weekly to a final concentration of 1.25 

M. 

The colour reagent, 4 mM bromothymol blue indicator (BTB) solution, was prepared by 

dissolving 25 mg of BTB powder (Merck) in 10 mL of ethanol (Panreac, 99.8% (v/v)). A dilution to 2 

mM was prepared and the pH adjusted to 6.5. with NaOH 0.1 M (152). 

 

6.2.2. Design of the Developed µPAD 

In this work, the assembly of the µPAD consists of placing 32 detection units, in 4 columns and 

8 lines distribution (Figure 6.1), inside a plastic laminating pouch (125 microns, A6 size, Leitz). These 

detection units were aligned under the 3 mm diameter sample insertion holes of the top sheet of the 

laminating pouch (L1 in Figure 6.1A). Each detection unit is composed of three layers: the first layer, 

the urea layer (U in Figure 6.1(A)); the middle layer (M in Figure 6.1(A)), the hydrophobic 

polyvinylidene fluoride (PVDF) membrane (1.27 cm diameter, Durapore, 0.45 µm porosity, 

HVHP09050, Merck); and the bottom layer, the BTB layer (BTB in Figure 6.1(A)). 

The paper discs on the top layer (U in Figure 6.1A) consisted of Whatman filter paper Grade 4 

(9.5 mm diameter), loaded with 15 µL of 8.4 M urea and dried for 20 min in a 50 °C oven. The discs 

on the bottom layer (BTB in Figure 6.1(A)), consisted of Whatman filter paper Grade 1 (9.5 mm 

diameter), loaded with 15 µL of 2 mM BTB (pH = 6.5) and dried in a 50 °C oven for 10 min. The oven 

temperature and time ensure the drying of the paper without over-drying. The plastic pouch with the 

aligned discs was then laminated to melt the plastic around each detection unit, creating a 

hydrophobic seal between the 32 units. 

 



Chapter 6. Urease Activity in Saliva Samples 

109 

 

Figure 6.1 – Schematic representation of the developed µPADs (A) assembly structure; L1, top sheet of the 

laminating pouch; U, urea layer (15 μL per disc); M, hydrophobic membrane layer; BTB, bromothymol blue layer 

(15 μL per disc); L2, bottom sheet of the laminating pouch; (B) calibration curve structure; B, blank; Std, 

standard; (C) structure for sample and blank placement; B, blank; S, sample; ERT, enzymatic reaction time; (D) 

determination procedure; CRT, colour reaction time. 

 

6.2.3. Determination Procedure 

This work aimed to quantify the urease activity by combining the enzymatic reaction of urease 

with a colorimetric reaction of BTB with the formed product from the enzymatic reaction. The product 

of the enzymatic urease reaction is ammonia nitrogen, then hydroxide was added to quantitively 

convert it to gaseous ammonia which diffuses through a hydrophobic membrane. After the diffusion 

process, the gaseous ammonia alters the pH of the BTB solution causing a colour change. To 

eliminate the interference of the ammonium in the sample, the urease activity determination was 

attained by a ΔA calculated from two enzymatic reaction times. The enzymatic reaction, set to occur 

first, is stopped with the loading of the hydroxide at 15 and 20 min reaction times and then the colour 

change registered enabling the calculation of A20min and A15min to be used for the ΔA calculation. 

To accomplish this in the preparation of the calibration curve (Figure 6.1(B)), two devices were 

prepared: one for a 15 min enzymatic reaction time (ERT) and the other for 20 min ERT, both reaction 

times followed by the colorimetric reaction involving the ammonium. So, 10 μL of blank and a set of 

standards were placed on the devices and, after the corresponding ERT, 4 μL of NaOH 1.25 M was 

loaded into the devices in order to promote the conversion of NH4
+ to NH3.  
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The ammonia diffuses through the hydrophobic membrane (M in Figure 6.1(A)) to reach the 

BTB layer (BTB in Figure 6.1(A)) causing the colour change. The urease concentration relates to its 

activity and correlates to subtracting the measurements obtained with the two ERTs, 20 and 15 min. 

This procedure also enables to account for the NH4
+ already present in the sample, avoiding 

misleading results with the produced NH4
+ by enzyme activity. 

To accomplish the urease activity determination in a sample, a device was prepared and divided 

into two sections (Figure 6.1(C)), one for each ERT. A volume of 10 μL of synthetic saliva (blank) 

was loaded into #8 detection units (as illustrated in Figure 6.1(C)) together with 10 μL of sample 

loaded into #8 detection units each (Figure 6.1(C)). After 5 min, the same process was carried out 

on the right side of the μPAD (Figure 6.1(C)). Then, after the device has rested for 15 min, 4 μL of 

NaOH 1.25 M is placed in all the #32 detection units. To avoid the loss of the gaseous ammonia, the 

sample insertion holes were covered with adhesive tape immediately after the NaOH was completely 

absorbed. The scanning of the device is performed on the BTB side (opposite to the sample/standard 

insertion) 10 min after loading the NaOH, corresponding to the colour reaction time (CRT) (Figure 

6.1(D)). 

The colour change, from yellow to green, is registered by scanning the device and treating the 

acquired image with an image processing software, ImageJ. To establish the calibration curve, the 

absorbance signal was calculated for each standard as follows: ΔA = A20min − A15min, in which ΔA is 

the variation in absorbance, A20min is the absorbance of the standard with a 20 min ERT, and A15min 

is the absorbance of the standard with a 15 min ERT. A linear relationship was established between 

ΔA and the urease concentration in the range of 0.05–0.75 U/mL. 

 

6.2.4. Saliva Samples 

Saliva samples from healthy volunteers were collected with their informed consent. The samples 

were spiked with 5 µL of a urease solution of 10 U/mL in 500 µL of sample and analysed on the 

same day of the collection. 

 

6.2.5. Comparison Method – Validation Procedure 

The accuracy of the developed device was assessed by analysing saliva samples with the 

developed µPAD and comparing the results obtained with a commercially available Urease Activity 

Assay Kit (MAK120, Sigma-Aldrich). For this, #13 saliva samples were spiked with 0.1 U/mL urease.  
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6.3. Results and Discussion 

The development of the urease activity μPAD was based on a previously developed device for 

urea determination using the enzymatic reaction of urease (152). In that determination, urea was 

converted into ammonium by urease, and then ammonium was converted into ammonia by adding 

hydroxide. The formed ammonia diffused through a hydrophobic membrane to a pH indicator layer, 

causing a colour change. In the end, the described device was composed of four layers: a top layer 

consisting of an empty paper disc; a second layer of a paper disc with urease; a third layer 

corresponding to the hydrophobic membrane; and a bottom layer with the pH indicator paper disc. 

The top layer consists of an empty paper disc intended to be a physical protective barrier of the 

urease enzyme layer. 

A similar structure was used to perform the urease determination, replacing the urease with a 

urea standard of 2 mM on the second paper layer. An initial calibration curve was obtained loading 

urease standards ranging from 10 to 150 U/mL (slope about 3.1 × 10−4 mL/U). 

 

6.3.1. Number of Layers 

The first optimization study aimed to evaluate the need for the top empty layer, and two devices 

were prepared, one with the empty paper disc and another without (shown in Figure 6.2(A)). Because 

the absorption capacity of the μPAD decreases when one layer of paper discs is removed, the 

volume of sample placed in the three layers μPAD was reduced to half (10 μL) of the 20 μL used in 

the four layers μPAD. 

 

 

Figure 6.2 – (A) Schematic representation of both studied device structures and (B) resulting absorbance values 

obtained from placing urease standards of 10, 50 and 100 U/mL in each studied structure; Std, standard; BTB, 

bromothymol blue; the error bars correspond to a 10% deviation. 

 

It was observed (Figure 6.2(B)) that, even with a lower amount of standard, the three-layer 

structure provided not only higher values of absorbance for each standard (> 50%) but also 

significantly higher overall sensitivity (calibration curve slope > 40%).  
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This can be explained as in the four-layer assembly, despite the higher volume, part of the 

urease gets dispersed/retained in the top empty layer, never reaching the urea layer, and 

consequently not producing ammonia. Thus, there is less ammonia to diffuse through the 

hydrophobic membrane and reach the BTB layer for colour change, resulting in lower absorbance 

values and lower sensitivity. Therefore, the three-layer structure was chosen. 

 

6.3.2. Urea Concentration 

Next, the influence of urea concentration on the sensitivity of the calibration curve was 

evaluated. Standard urea solutions ranging from 1.12 to 11.2 mM were prepared and loaded in the 

first paper layer of the developed devices (U in Figure 6.1(A)). Then, calibration curves with urease 

standards (volume of 15 µL) were established. The results (Figure 6.3(A)) showed that when using 

concentrations of 1.12 and 2.24 mM, there was no significant difference (relative deviation of the 

slopes < 10%) in the sensitivity of the calibration curve. However, when the urea concentration was 

increased to 8.4 mM, there was an increase in sensitivity of over 380%. The results also showed no 

significant difference between using 8.4 and 11.2 mM of urea (relative deviation of the slopes < 10%), 

and, therefore, 8.4 mM was the concentration of urea chosen for the remaining studies. 

 

 

Figure 6.3 – Influence of the (A) urea concentration (mM) and (B) filter paper type (and correspondent sample 

volume) on the sensitivity of the calibration curve; W4, Whatman Grade 4 filter paper; W1, Whatman Grade 1 

filter paper; W5, Whatman Grade 5 filter paper; W541, Whatman Grade 541 filter paper; W3, Whatman Grade 

3 filter paper; the grey bars correspond to the chosen condition; the error bars correspond to a 10% deviation. 

 

6.3.3. Type of Paper 

The type of paper used was the next optimization study performed since it can significantly 

interfere with the sensitivity of the device. A variety of filter papers were studied: Whatman Grade 4 

(W4), Whatman Grade 1 (W1), Whatman Grade 3 (W3), Whatman Grade 5 (W5), and Whatman 

Grade 541 (W541).  
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These vary in paper porosity: 2.5 µm (W5), 6 µm (W3), 11 µm (W1), and 20–25 µm (W4 and 

W541); and in paper treatment: Qualitative (W1, W3, W4, W5) and Hardened Ashless (W541). For 

this study, a device was prepared with each type of paper and 15 µL of urease standards was placed 

to obtain a calibration curve. Because W3 has a higher thickness and, therefore, a higher absorption 

capacity, the standard volumes of 10 and 20 µL when using W3 were included in this study. The 

sensitivities of the calibration curves were compared (Figure 6.3(B)), and the papers that provided a 

higher calibration curve sensitivity were W4 and W541. 

Because there was no significant difference between the sensitivities provided by these two 

types of paper, and since W541 is more expensive, W4 was the filter paper chosen for the developed 

device. 

 

6.3.4. Enzymatic Reaction Time 

As previously mentioned, the urease quantification device is based on the corresponding 

enzymatic conversion of urea into ammonia nitrogen. For the quantification, the ammonium present 

must then be converted to ammonia with the addition of hydroxide, which stops the urease reaction. 

Because enzymatic reactions are usually highly time-dependent, the next study was performed to 

assess the influence of different enzymatic reaction times (ERT). Periods of 10, 15, and 20 min 

between loading the standard and the NaOH were tested, for colour reaction times between 5 and 

20 min (Figure 6.4).  

 

 

Figure 6.4 – Slope of the calibration curves obtained in the combination study of the influence of the 

enzymatic reaction time (10, 15, 20 minutes), and of the colour reaction time (5, 10, 15 and 20 

minutes) in the developed device. 

 

It was possible to observe that the increase in ERT from 10 to 15 min always resulted in an 

increase in the sensitivity (calibration curve slope increase > 30%) for all the tested colour reaction 

times 5, 10, and 15 min.  



Chapter 6. Urease Activity in Saliva Samples 

114 

However, when the ERT was increased to 20 min, the sensitivity of the calibration curve was 

not statistically different from the sensitivity at 15 min, even showing a slight decrease for both tested 

colour reaction times (average 19%). This could be explained due to the extended time in contact 

with air and consequent evaporation affecting the necessary downward vertical flow within the 

device. As the highest sensitivity was obtained with an ERT of 15 min and colour reaction of 15 min, 

these were the chosen intervals. 

 

6.3.5. Sodium Hydroxide 

Then, the influence of the amount of NaOH on the calibration curve was assessed. The amount 

of NaOH ranging from 2 to 10 µmol was studied (Figure 6.5(A)), and it was possible to conclude that 

the highest sensitivity of the calibration curve was obtained with amounts of 5 and 10 µmol of NaOH. 

Since there was no significant difference in the sensitivity between these two amounts, 5 µmol was 

chosen. Then, maintaining the final amount of 5 µmol NaOH, different proportions of volume and 

concentration were tested (Figure 6.5(B)). 

 

 

Figure 6.5 – Influence of the (A) amount of NaOH (µmol) and (B) influence of different proportions of 

volume/concentration of NaOH, maintaining a final amount of 5 µmol; the grey bars correspond to the chosen 

condition; the error bars correspond to a 10% deviation. 

 

The results showed that the proportions that provided the higher sensitivity of the calibration 

curve were 5 µL of 1 M and 4 µL of 1.25 M. However, because the volume of 4 µL showed an easier 

absorption into the device, the chosen optimal condition was 4 µL of NaOH 1.25 M. 
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6.3.6. Matrix Influence 

Because the developed device aimed to quantify urease in saliva samples, evaluating the 

potential interference from the saliva matrix composition was important. Two devices were prepared, 

and calibration curves were established using two sets of standards, one prepared in phosphate 

buffer (recommended by the manufacturer for the stability of the enzyme), and another set prepared 

in synthetic saliva (107).  

The sensitivity of the calibration curves obtained was compared and it was possible to observe 

that there was an enormous increase (over six-fold) in the sensitivity when using standards prepared 

in the synthetic saliva. This can happen due to the presence of several compounds that can act as 

buffer in the reaction, favouring the enzyme activity, and consequently increasing the sensitivity of 

the device. The final decision was to continue the optimization studies using standards prepared in 

synthetic saliva. 

 

6.3.7. Kinetic Determination 

As mentioned before, the quantification of urease in the developed µPAD is based on the 

enzymatic conversion of urea to ammonia nitrogen, diffusion, and consequent change in the BTB 

colour (pH indicator). Saliva samples have already a considerable amount of ammonium 

(62,149,152). This should not present an interference since this determination is dependent on the 

kinetic properties of the enzyme. The idea was to perform the measurements at two different ERTs 

and calculate the variation in the absorbance signal obtained. If the sample contained urease, the 

signal was expected to increase with the increase in the time allowed for the enzymatic reaction 

(ERT), since the enzyme would convert more urea to ammonia nitrogen. On the other hand, the 

ammonium that could already be present in the sample would provide the same signal in both ERTs 

and therefore be suppressed when calculating the ΔA. 

To test this hypothesis, devices were prepared, and two periods of time between standard and 

NaOH placement (ERTs) were established to calculate the ΔA: absorbance calculation between 10 

and 15 min and absorbance calculation between 15 and 20 min (Table 6.1). The choice of these 

ERTs is justified by the results obtained in previous tests (Section 6.3.4) always using the optimum 

time of 15 min. A couple of urease standards were loaded and the variation in the absorbance (ΔA) 

values between the two ERTs calculated: (i) ΔA = A15min − A10min, where A15min is the absorbance of 

one standard with a 15 min ERT, and A10min is the absorbance of the same standard with a 10 min 

ERT; (ii) ΔA = A20min − A15min, where A20min is the absorbance of one standard with a 20 min ERT, and 

A15min is the absorbance of the same standard with a 15 min ERT (Table 6.1).  
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Table 6.1 – Preliminary assessment of the effectiveness of the kinetic determination; variation of the absorbance 

reading in different time intervals for two urease standards (0.1 and 0.5 U/mL) and one sample without any 

addition (Sample), with addition of NH4
+(Sample_NH4

+), and with addition of Urease (Sample_Urease). 

 ΔA 

 [10-15] min [15-20] min 

0.1 U/mL 0.009 0.005 

0.5 U/mL 0.022 0.037 

Sample 0.003 0.002 

Sample_NH4
+ 0.003 0.004 

Sample_Urease 0.041 0.035 

 

To further assess the effectiveness of the hypothesis, one human saliva sample was also loaded 

in the same conditions and spiked with ammonium and with urease. Comparing the absorbance 

signals of the sample and the sample spiked with NH4
+, no significant difference was observed, 

indicating that the presence of NH4
+ in the sample did not influence the quantification when the signal 

obtained is the ΔA. On the other hand, when comparing the signal of the sample and the sample 

spiked with urease, the signal from the urease-spiked sample was significantly higher, as expected. 

This validates our hypothesis that the kinetic determination allows the quantification of urease and 

suppresses the influence of NHX already present in the samples. 

 

6.3.7.1. Enzymatic Reaction Kinetics 

The two different ERTs used in the kinetic determination were reevaluated by testing different 

combinations. The intervals of [10;15] min, [15;20] min and [10;20] min were tested (Figure 6.6) and 

it was possible to conclude that [15;20] min was the optimal interval since it provided a calibration 

curve with a significantly higher sensitivity when compared to the intervals [10;15] min (RD=-47%) 

and [10;20] min (RD=-87%). 

 

 

Figure 6.6 – Influence of the enzymatic reaction time interval (in minutes) in the sensitivity of the developed 

device; the error bars correspond to a 10% deviation. 
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6.3.8. Features of the Developed Device 

The main features of the developed µPAD, such as the dynamic range, the limit of detection 

and quantification, and the repeatability, both intraday and interday, are summarized in Table 6.2.  

 

Table 6.2 – Features of the developed μPAD for urease determination; LOD, limit of detection; LOQ, limit of 

quantification; RSD, relative standard deviation. 

Dynamic 

Range (U/mL) 

Calibration Curve a 

ΔA = S × [Urease] + b 

LOD a 

(U/mL) 

LOQ a 

(U/mL) 

Repeatability, RSD 

Intraday a Interday a 

0.041 - 0.750 
ΔA = 0.0531(±0.0018) x [Urease] + 0.0142(±0.0002) 

R2 = 0.9969(±0.0023) 
0.012 0.041 4% 3% 

a n=4. 

 

The limit of detection (LOD) and the limit of quantification (LOQ) were calculated as the 

concentration corresponding to three times (LOD) and ten times (LOQ) the standard deviation of the 

intercept of the calibration curves (n = 4), according to IUPAC recommendations (109). The intraday 

repeatability of the developed device was assessed by calculating the relative standard deviation 

(RSD) of four replicas of a sample on the same day and same device. The interday repeatability of 

the developed device was assessed by calculating the relative standard deviation (RSD) of four 

calibration curve slopes on consecutive days. 

 

6.3.9. Stability Studies 

Stability studies were performed to evaluate the performance and robustness of the developed 

µPAD, not only when stored (before the sample insertion), but also the stability of the coloured 

product. 

The storage stability was evaluated by preparing devices and storing them for different periods 

under two different atmospheric conditions: in contact with air and in vacuum. The storage devices 

were wrapped in aluminium foil to be protected from light, and the ones in contact with air were 

placed inside a clear plastic zip lock bag, while the ones in vacuum were placed in a clear vacuum 

bag. The vacuum atmosphere was achieved using a vacuum packaging machine. The devices were 

stored at room temperature (approximately 21 °C). 

After each tested period, a set of urease standards was loaded into the stored μPADs and into 

freshly prepared ones, and the calibration curve slopes were compared by calculating the relative 

deviation (RD), considering that < 10% means there were no differences. After analysing the results 

(Figure 6.7(A)), it was possible to conclude that the storage in the air atmosphere was not able to 

maintain the sensitivity of the device in any of the periods tested (RD > 10%). When the µPADs were 

stored in a vacuum atmosphere, it was possible to observe that the devices were stable (RD < 10%) 

for at least 4 months. 
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To assess the stability of the coloured product formed on the developed µPADs, a calibration 

curve was prepared, and the evolution of the colour in the devices was registered with a scanner at 

several colour reaction times (CRTs) from the 10 min (used up until this study) to 120 min. CRTs 

lower than 10 min were not studied since 10 min was the minimum time required for the device to 

fully absorb the NaOH, to place the adhesive tape and then perform the scan. The results (Figure 

6.7(B)) showed that the coloured product on developed µPAD was stable for at least 40 min since 

there was no significant decrease (RD < 10%) in the sensitivity of the obtained calibration curve. 

 

 

Figure 6.7 – Stability assessment by comparison of the sensitivity of the calibration curves: (A) storage stability 

of the developed device under different atmospheric conditions and periods of time; the grey area represent the 

10% deviation of an average calibration curve slope; the error bars correspond to a 5% deviation; (B) stability 

of the coloured product formed on the device under different colour reaction times (CRT); the grey area 

represent the 10% deviation of a calibration curve slope obtained with a colour reaction time of 10 min. The 

error bars correspond to a 5% deviation. 

 

6.3.10. Validation 

To evaluate the accuracy of the urease quantification by the developed µPAD, 13 spiked saliva 

samples were tested on the device, and the results obtained were compared with the measurements 

from a commercially available urease activity determination kit (Table 6.3). A linear relationship was 

established (Figure 6.8) between the two sets of results, and the following equation was obtained: 

[Urease]µPAD = 0.993 (±0.067) × [Urease]Kit + 0.003(±0.012). Since the slope was not statistically 

different from 1 and the intercept was not statistically different from 0, it was possible to conclude 

that there were no statistically significant differences between the two sets of results. 
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Table 6.3 – Analysis of saliva samples with the developed μPADs and comparison of the results obtained with 

the measurements obtained with the commercially available glucose determination kit; RE, relative error. 

Sample ID [Urease]Kit (U/mL) [Urease]µPAD (U/mL) RE (%) 

1 0.125 0.130 4.2 

2 0.140 0.145 3.8 

3 0.105 0.095 -9.4 

4 0.198 0.189 -4.5 

5 0.110 0.116 5.1 

6 0.179 0.187 3.9 

7 0.234 0.220 -5.9 

8 0.114 0.122 7.0 

9 0.124 0.133 7.5 

10 0.165 0.178 7.6 

11 0.363 0.372 2.7 

12 0.155 0.141 -8.8 

13 0.084 0.092 9.2 

 

 

 

Figure 6.8 – Linear relationship between the measurements obtained with the developed µPAD and the 

measurements obtained with the commercially available kit. 
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6.4. Conclusion 

In this work, a novel microfluidic paper-based device was developed for the de-termination of 

urease activity in saliva samples. Considering both the enzymatic reaction (20 min) and the 

colorimetric reaction (10 min), this determination is accomplished within 30 min and could be 

potentially used as an aiding tool in the diagnosis and monitoring of CKD. The urease activity 

determination was performed in the range of 0.041–0.750 U/mL, with limits of detection and 

quantification of 0.012 U/mL and 0.041 U/mL, respectively. 

The developed μPAD is composed of three layers of stacked filter paper/membrane discs, 

resulting in a 3D structure that uses both lateral and vertical flow through the layers. The analytical 

determination within is based on the enzymatic reaction of urease, that converts urea into ammonia 

nitrogen, and on the colorimetric detection of the BTB pH indicator. The hydrophobic gas-diffusion 

membrane included in the device, not only enhances the selectivity and efficiency of the developed 

method, but it also eliminates potential interferences from the sample matrix without requiring sample 

pre-treatment. This was supported by the successful validation of the device with 13 saliva samples 

from healthy individuals. 

To further ensure the robustness of the developed device, stability studies were performed, 

taking into consideration the storage conditions and the stability of the coloured product formed on 

the device. The results showed that the developed μPAD would maintain its sensitivity for at least 4 

months when stored and protected from light in a vacuum atmosphere. After placing the sample and 

NaOH on the device, the colour formed can be captured by scanning the μPAD up to 40 min without 

any significant sensitivity decrease. Additionally, to considerably reduce the common drawback of 

manually assembled devices (low reproducibility due to potential shifting of discs during assembly 

and lamination), the developed methodology incorporates the possibility of performing multiple 

replicates and removing outliers if needed. 

To conclude, the developed μPAD is an innovative device that provides a simple, easy-to-use 

alternative to the classical techniques available for this determination, in addition to being portable, 

lab equipment-free, and disposable via incineration, offering relative environmental friendliness and 

simplifying biological sample handling. According to our search, only one other paper-based device 

for urease activity determination has been reported previously (157), but with an application to soil 

samples. To the best of our knowledge, there are no other reports of paper-based devices for the 

determination of urease activity in human saliva. 
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7.1. Introduction 

Glucose plays a critical role in human health, serving as a primary energy source for the body's 

cells (158,159). In human blood, the concentration of glucose is expected to be within the range of 

68.0 – 124.0 mg/dL (3.8 – 6.9 mM) (158). Maintaining appropriate glucose levels is essential for 

metabolic balance, and disruptions in glucose homeostasis can lead to serious health conditions, 

such as diabetes. Diabetes mellitus is a chronic disease characterized by the body's inability to 

regulate blood glucose levels, leading to hyperglycemia (158,159). This occurs due to either the 

inability to produce insulin or the production of a form of insulin that is ineffective (158,160). According 

to the World Health Organization (WHO), the number of diabetes patients has surged significantly 

and it is expected to reach 693 million by 2045 (158). Currently, there is no definitive cure for this 

disease, and effective management relies heavily on regular monitoring of glucose levels, which 

traditionally involves invasive methods such as blood sampling (160). Even though conventional 

blood glucose monitoring techniques are effective and extensively studied, they still present several 

challenges. These methods can be not only uncomfortable, leading to poor patient compliance, 

especially in the case of frequent testing, but also the invasive nature of blood sampling increases 

the risk of infections and may not be suitable for certain patient populations (152). As a result, there 

is a growing need for alternative, non-invasive methods for glucose monitoring.  

In this work, a novel μPAD designed specifically for the non-invasive quantification of glucose 

in saliva samples was developed. This device uses the enzymatic reaction of glucose oxidase that 

converts glucose in gluconic acid with the release of hydrogen peroxide (Scheme 7.1). The 

peroxidase enzyme then catalyses the release of oxygen from hydrogen peroxide, which interacts 

with o-dianisidine, oxidizing it into a red chromophore product (161) (Scheme 7.2). This approach 

not only addresses the limitations of blood-based monitoring by utilizing saliva as the sample but 

also takes advantage of the rapid and efficient point-of-care analysis offered by μPADs, making it a 

valuable aiding tool for diabetes monitoring. 
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7.2. Methods and Materials  

7.2.1. Reagents and Solutions 

A standard stock solution of 5 mM of glucose was prepared monthly by dissolving 4.5 mg of 

D(+)-glucose anidro (Merck) in 5 mL of water. The working glucose standards were prepared daily 

from the stock solution in the range of 0.1–1.0 mM. 

The acetate buffered solution of 0.1 M was prepared by dissolving 85 mg of CH3COONa (Merck) 

in 10 mL of water and the pH was adjusted to 5.0. A two-fold dilution of this acetate buffer solution 

was also prepared. All buffer solutions were stored in the refrigerator when not in use. 

A glucose oxidase (GOx) stock solution (from Aspergillus niger, Type VII, Sigma-Aldrich) of 750 

U/mL was prepared by dissolving 3 mg of the enzyme powder in 1 mL of acetate buffer 50 mM, and 

then stored in the freezer, as recommended by the manufacturer. A dilution was performed daily to 

a concentration of 158 U/mL. 

The buffered solution of phosphate 0.1 M was prepared by dissolving 50 mg of K2HPO4·3H2O 

(Merck) in 2 mL of water and the pH was adjusted to 6.0. 

The peroxidase (Pox) stock solution (from Horseradish, Type I, Sigma-Aldrich) of 800 U/mL was 

prepared by dissolving 9 mg of the enzyme powder in 1 mL of phosphate buffer 0.1 M, as 

recommended by the manufacturer. A dilution with acetate buffer 50 mM was performed daily to a 

concentration of 165 U/mL. 

The enzymatic mixture placed on the device was prepared immediately before the assembly by 

mixing GOx 158 U/mL, Pox 165 U/mL and acetate buffer 100 mM in a 1:1:1 ratio. 

A o-dianisidine stock solution of 4 mM was prepared monthly by dissolving 10 mg of the o-

dianisidine power (Sigma-Aldrich) in 10 mL of ethanol 96%. A dilution in water was prepared every 

two weeks to a final concentration of 1 mM (24% ethanol). 

 

7.2.2. Design of the Developed µPAD 

To assemble the device, 24 detection units were placed inside the plastic laminating pouch (L1, 

L2 Figure 7.1(A)), aligned in a 4 column and 6 row distribution (horizontal orientation) under the 3 

mm holes of the top sheet of the laminating pouch (L1, Figure 7.1(A)). Each detection units consisted 

in two layers (Figure 7.1(A)): the top layer, E, consisted of a Whatman Grade 42 filter paper disc with 

9.5 mm diameter ,loaded with 15 µL of enzymatic mixture (GOx, Pox and buffer); and the bottom 

layer, D, consists of a Whatman Grade 50 filter paper disc with 12.7 mm diameter loaded with 18 µL 

of o-dianisidine 1 mM. Both paper disc layers were placed in a 50 oC oven for 10 minutes to dry 

before assembly.  

After the alignment of the detection units, the laminating pouches were passed through the 

laminator, which forces the plastic pouch to melt and seal around the units, creating an hydrophobic 

separation between the units. After the lamination, the µPADs were ready to be used. 
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The lamination phase stands out as the most delicate stage in the assembly process, since an 

improper unit distribution can lead to diminished reproducibility. Preventing disc and unit 

displacement is crucial, yet it remains susceptible to occurrence. Hence, it was incorporated four to 

six units per standard/sample (depending of device orientation) and gathered data from only 

three/four replicates to accommodate potential outliers. 

 

 

Figure 7.1 – Schematic representation of the (A) µPAD structure and (B) the procedure for the glucose 

determination; L1, top layer of the laminating pouch; L2, bottom layer of the laminating pouch; E, enzymatic 

mixture layer (15 μL per disc); D, o-dianisidine layer (18 μL per disc). 

 

7.2.3. Determination Procedure 

To measure the concentration of glucose in saliva samples, 20 µL of standard/sample was 

placed through the insertion hole of the assembled µPAD (Figure 7.1(B)). The glucose present in the 

sample/standard interacts with the glucose oxidase enzyme and is converted to peroxide and 

gluconic acid. Then, the peroxidase enzyme catalyses the release of oxygen from hydrogen 

peroxide, which then interacts with o-dianisidine, oxidizing it into a red chromophore product (161). 

After the complete absorption of the sample/standard, the holes were covered with adhesive 

tape to prevent evaporation and possible contaminations. The intensity of the colour was measured 

by scanning the bottom layer of the µPADs. The time elapsed between the sample/standard insertion 

and the scanning was set to 25 min and named time-to-scan (TTS).  

The scanned images underwent processing in ImageJ where they were converted into RGB 

plots. Subsequently, a green filter was applied before measuring intensity, since the colour product 

of the oxidized o-dianisidine is red-orange (with green being its complementary colour). Intensity 

values were later converted into absorbance values. 

As mentioned in section 7.2.2., four to six measurements were taken for each reading of the 

blank or standard/sample, with outliers being discarded as necessary. The remaining replicates were 

used to enable calculation of an average absorbance. Subsequently, a calibration curve was 

established plotting the calculated average absorbance obtained when placing different standard 

solutions against the glucose concentration of those standards. 
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7.2.4. Biological Samples 

The saliva samples used in the validation of this work were all blind samples collected from 

healthy volunteers. These samples were stored at −18 °C for later use. 

To evaluate the applicability of the developed device to the monitorization of diabetes, saliva 

samples were also collected from diabetic patients together with their blood glucose concentration, 

and a correlation between the two values was established. The collection procedure, obtained with 

their informed consent, was similar to the one described for the healthy volunteers and detailed in 

Chapter 2. 

 

7.2.5. Comparison Method – Validation Procedure 

In order to assess the accuracy of measurements and validate the developed μPAD for glucose 

determination, a comparison was made between the results obtained with the developed μPAD for 

#8 saliva samples and the results obtained for the same samples by the reference procedure with 

DinitrosaIicyIic Acid Reagent for Determination of Reducing Sugar (162). To perform the latter all 

solutions were also prepared accordingly. 

For further accuracy assessment, #6 saliva samples were analysed with the developed μPAD 

and with a commercially available kit for glucose determination (K-GLUHK-110A; Megazyme).  The 

results were compared by calculating the relative error. 

 

 

7.3. Results and Discussion 

7.3.1. Preliminary Studies 

As previously mentioned, this work is based on two enzymatic reactions: the oxidation of 

glucose to gluconic acid and peroxide conducted by glucose oxidase enzyme, and the oxidation of 

o-dianisidine into a red chromophore product by using peroxide and peroxidase enzyme. These 

reactions were tested in a batchwise procedure based on the enzymatic assay protocol of glucose 

oxidase of Merck (163). 

A few parameters such as enzymatic concentrations, reagents volumes, temperature and 

choice of buffer were tested during these batch preliminary studies. However, these studies were 

revisited in the developed µPAD. Still, some of the most significant conclusions were the possibility 

of mixing the two enzymes and buffer prior to the analysis without significant loss of sensitivity and 

also no need to maintain a set temperature of 35 ºC, as recommended by the manufacturer, in order 

to be able to accomplish the glucose determination.  

After pre-optimizing the reactions in batch, a scale-down to the µPAD was performed. The 

volumes were reduced by about 100 times, but in order to maintain the amounts of each reagent, 

the concentration of these solutions was increased in the same proportion.  
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The first prototype of the device was composed of 2 layers of Whatman 1 paper discs with 9.5 

mm diameter. The top layer was embedded with a mixture of GOx 108 U/mL, Pox 1280 U/mL, and 

sodium acetate buffer 100 mM in a 1:1:1 proportion, and the bottom layer was embedded in o-

dianisidine 0.25 mM. 

 

7.3.2. Peroxidase and Glucose Oxidase Concentrations  

The first parameters evaluated and optimised in the developed µPAD were the concentrations 

of both peroxidase and glucose oxidase. The influence of the peroxidase concentration in a 

calibration curve was tested in a range of 82 – 1318 U/mL as shown in Figure 7.2(A), and it was 

possible to conclude that a concentration of 165 U/mL enabled a significantly higher sensitivity (RD 

> 10%). 

As for the glucose oxidase concentration, a range of 54 – 158 U/mL was studied (Figure 7.2(B)), 

and a higher sensitivity was obtained when using 127 U/mL and 158 U/mL. Even though there is no 

statistically significant difference between these two concentrations, 158 U/mL was chosen as 

optimal GOx concentration for the developed device, to ensure the best sensitivity possible. 

 

 

Figure 7.2 – Influence of the (A) peroxidase concentration and of the (B) glucose oxidase concentration in the 

sensitivity of the calibration curves in the developed device; the grey bars represent the chosen concentrations, 

and the error bars correspond to the 5% relative error. 

 

7.3.3. Type of Filter Paper – Top Layer 

To continue the optimization of the top layer of the device, the treatment and porosity of the filter 

papers used for the discs in the top layer were tested. The filter papers studied were Whatman 

Grades 1, 4, 5, 42, 50 and 542 (Figure 7.3), which vary in treatment and porosity (Appendix B). 
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Figure 7.3 – Influence of the type of filter paper (top layer of device) in the sensitivity (bars) and intercept 

(bullets) of the calibration curve; the grey bar represents the chosen paper, and the error bars correspond to the 

5% relative error. 

 

After analysing the results (Figure 7.3) it was possible to see that the filter papers that led to a 

calibration curve with the highest sensitivity and intercept closer to zero were Whatman Grade 42 

(W42) and Whatman Grade 542 (W542). Because there was no significant difference between the 

two papers and W542 has a more complex treatment, making it a more expensive filter paper, W42 

was the paper chosen for the top layer of the device. 

 

7.3.4. O-Dianisidine Concentration  

Next, the influence of the concentration of o-dianisidine in the sensitivity of the calibration curve 

was evaluated. Concentrations in a range of 0.25 – 2.00 mM were tested (Figure 7.4), and it was 

possible to conclude that the concentration that originated a calibration curve with the highest 

sensitivity was 1.00 mM of o-dianisidine, therefore this was the concentration chosen for the 

remaining studies. 

 

 

Figure 7.4 – Influence of the concentration of o-dianisidine in the sensitivity of the calibration curve; the grey 

bar represents the chosen concentration, and the error bars correspond to the 5% relative error. 
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7.3.5. Type of Filter Paper – Bottom Layer 

To conclude the optimization studies on the bottom layer of the device, the influence of the type 

of filter paper was also evaluated. The filter papers studied were Whatman Grades 1, 4, 5, 42, 50 

and 542 (Figure 7.5), that vary in treatment and porosity (Appendix B). 

After analysing the results (Figure 7.5) it was possible to see that the filter paper that led to a 

calibration curve with the highest sensitivity and correlation was Whatman Grade 50 (W50), therefore 

this was the filter paper chosen for the remaining of the studies. 

 

 

 

Figure 7.5 – Influence of the type of filter paper (bottom layer of device) in the sensitivity (bars) and correlation 

(bullets) of the calibration curve; the grey bar represents the chosen paper, and the error bars correspond to the 

5% relative error. 

 

7.3.6. Sample Volume 

Finally, the volume of sample placed on the device was also studied. Volumes ranging from 10 

to 20 µL were tested (Figure 7.6(A)). For each volume studied, the device was also scanned at two 

different TTS (time elapsed between the sample/standard insertion and the scanning).  

When inserting 10 or 12 µL, sample/standard was completely absorbed into the device in under 

20 minutes which allowed the scanning of the device as early as 20 minutes. But the placement of 

15 µL did not allow the complete absorption of the sample/standard within 20 minutes, therefore the 

device was only scanned at 30 minutes. When placing 20 µL, it was not possible to scan the device 

since the sample/standard was not absorbed in the 30 minutes period set for this study. 
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Figure 7.6 – Influence of the (A) sample volume and (B) of its combination with different diameters of the 

bottom filter paper discs, in the sensitivity of the calibration curves obtained with the developed device; the white 

bars represent the TTS of 20 minutes; the grey bars represent the TTS of 30 minutes; the error bars correspond 

to the 5% relative error. 

 

With the goal of further increasing the sensitivity of the device, the combination of the different 

sample volumes and larger sizes (diameter) of the bottom layer disc (12.7 mm) was studied. As 

shown in Figure 7.6(B), the increase in the size of the filter paper disc allowed the accommodation 

of higher volumes of sample within a shorter time, consequently providing higher sensitivities of the 

device. The highest sensitivity obtained was with 20 µL of sample/standard and a 12.7 mm diameter 

disc in the bottom layer of the device, so these were the conditions kept for the remaining studies. 

 

7.3.7. Stability Studies 

Paper-based devices offer significant advantages in field applications and, to ensure their 

effectiveness outside of the lab, it is important to thoroughly assess both the long-term storage 

stability of the μPADs before use and the stability of the coloured product that develops after the 

sample/standard placement. This dual assessment is vital because any degradation in the device or 

the formed product could compromise the accuracy and reliability of the results obtained in the field. 

To evaluate the colour product stability in the developed μPAD, a calibration curve was prepared 

and the μPADs scanned at several TTS from the moment the device completely absorbs the 

standards (25 minutes) up to 24 hours (1440 minutes) (Figure 7.7). The calibration curve slopes 

obtained with the different TTS times were compared and it was possible to observe that the 

sensitivity significantly increased up to 2 hours and only then started to stabilize. No decrease in 

sensitivity was observed within the 24-hour period tested. A choice was made to consider 25 minutes 

of the standardized TTS in order to provide a rapid method. However, the device can be used to 

quantify glucose in saliva samples with a different TTS as long as the equivalent calibration curve is 

used.  
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Figure 7.7 – Evolution of the stability of the coloured product in the developed μPAD from 25 minutes to 24 

hours (1440 minutes); the error bars correspond to the 5% relative error. 

 

To assess the storage stability of the μPADs, several devices were prepared and stored in 

plastic bags protected from light. Testing was conducted under two different temperatures (21 °C 

and -18 °C) and two atmospheric conditions: air and vacuum. The vacuum condition was achieved 

using a vacuum packaging machine. Each condition was studied over varying time periods, ranging 

from 2 days to 1 month. At each time, the stored μPAD was used to create a calibration curve, which 

was then compared to the calibration curve of a freshly assembled μPAD prepared using the same 

set of standards. A relative deviation of less than 10% was considered non-significant. From the 

results (Figure 7.8) it was possible to conclude that the devices were not stable at 21 oC in both  

atmospheric conditions, even for 2 days. At -18 oC using an air atmosphere, the developed μPAD 

was stable for only 1 week. On the other hand, the vacuum atmosphere at the same temperature 

allowed the device to remain stable for at least 2 weeks before use. 

 

 

Figure 7.8 – Stability of the developed device under different storage conditions, namely different temperatures 

and different atmospheres. 
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7.3.8. Matrix Interferences 

Given that the devices were designed for application to saliva samples, it was important to 

evaluate the potential interference of the saliva matrix in the glucose determination. This assessment 

was performed by preparing two μPADs to obtain two calibration curves, one using glucose 

standards dissolved in water and another using glucose standards dissolved in synthetic saliva.  

The results showed that there was no statistically significant difference (RD < 10%) between the 

sensitivity of the two calibration curves, thus indicating that the remaining components of saliva would 

not interfere with the quantification of glucose. 

 

7.3.9. Features of the Developed Device 

The main characteristics of the developed μPAD are summarized in Table 7.1, including the 

dynamic range, the limit of detection (LOD), the limit of quantification (LOQ), and the repeatability, 

intraday and interday. 

 

Table 7.1 – Features of the developed μPAD for glucose quantification; LOD, limit of detection; LOQ, limit 

of quantification; RSD, relative standard deviation. 

Dynamic 

Range 

(mM) 

Average Calibration Curve a 

A = S × [Glucose] + b 

LOD 

(mM) 

LOQ 

(mM) 

Repeatability, RSD a 

Intraday Interday 

0.095 – 1.1 
A = 0.0846(±0.0034) x [Glucose] - 0.0048(±0.0008) 

R2 = 0.997(±0.003) 
0.028 0.095 3.8% 4.0% 

an=4. 

 

The limits of detection and quantification were calculated according to IUPAC recommendations 

as the concentration corresponding to three times (LOD) and ten times (LOQ) the standard deviation 

of the intercept (n = 4), respectively. (109,162) The μPAD repeatability was assessed by calculating 

the relative standard deviation (RSD) of four calibration curves in the same day, (intraday) and four 

calibration curves in consecutive days (interday). 

 

7.3.10. Validation 

To assess the accuracy of the developed μPAD for glucose quantification in saliva, several 

samples (#8) were analysed with the developed device and the results compared to those obtained 

by the reference procedure of “DinitrosaIicyIic Acid Reagent for Determination of Reducing Sugar” 

(162). A linear relationship between the two set of results (Figure 7.9) was established: [Glucose]µPAD 

= 1.017 (± 0.219) × [Glucose]Ref + 0.003 (± 0.144), where the values in brackets correspond to the 

95% confidence interval. As the slope and the intercept were not statistically different from 1 and 0, 

respectively, there is no difference between the two sets of results and, consequently, between the 

two methods.  
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Figure 7.9 – Comparison between the results obtained for glucose determination in saliva samples (#8) with 

the developed μPAD and the reference procedure of dinitrosaIicyIic acid; the full line represents the linear 

trendline between the two sets of results. 

 

Additionally, #6 saliva samples were analysed with the developed device and with a 

commercially available glucose determination kit, and the relative deviation between the results 

obtained were all below 10%, thus indicating there was no significant difference between the 

measurements from the developed μPAD and the measurements obtained with the kit (Table 7.2).  

 

Table 7.2 – Comparison between the results obtained for glucose determination in saliva samples (#6) with the 

developed μPAD and a commercially available kit; RD%, relative deviation. 

Sample ID [Glucose]µPAD (mM) [Glucose]Kit (mM) RD% 

S1 0.201 0.201 0.0 

S2 0.453 0.440 3.0 

S3 0.289 0.280 3.2 

S4 0.195 0.195 -0.3 

S5 0.949 0.960 -1.2 

S6 0.782 0.735 0.0 

 

So, the results obtained with the developed μPAD proved not only to be comparable to the 

dinitrosaIicyIic acid method, but also with the commercially available kit, therefore demonstrating the 

accuracy of the developed device and the adequacy of the working range for the analysis of the 

target samples. 
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7.3.11. Saliva/Blood Correlation 

To evaluate the correlation between the concentrations of glucose in saliva and in blood, #5 

saliva samples were collected from diabetic patients while measuring the glucose concentration in 

the blood using a glucometer. According to the results obtained, shown in Table 7.3, it was possible 

to conclude that the concentration of glucose in saliva would correspond to an average of 1.9% of 

the glucose concentration in blood, with a standard deviation of 0.1%. Because the variation 

coefficient (the ratio between the standard deviation and the average) was 5.1% (< 10%), it was 

possible to conclude that there was no statistically significant difference between measurements. 

 

Table 7.3 – Evaluation of the correlation between the concentration of glucose in saliva and in blood using 

diabetic patients’ samples. 

Sample ID 
[Glucose]Blood 

(mg/dL) 

[Glucose]Blood 

(mM) 

[Glucose]Saliva 

(mM) 

[Glucose]
Saliva

[Glucose]
Blood

 

DP1 180 9.99 0.186 1.9% 

DP2 291 16.2 0.305 1.9% 

DP3 150 8.33 0.147 1.8% 

DP4 155 8.60 0.173 2.0% 

DP5 161 8.94 0.161 1.8% 

 

Additionally, based on this 1.9% ratio, the concentration of glucose expected in blood was 

calculated from the salivary glucose measured with the device and it was compared with the real 

glucose concentration in blood (Figure 7.10). No significant difference between the two sets of 

measurements was observed. 

 

 

Figure 7.10 – Comparison between the real concentration of glucose in the blood of (#5) diabetic patients 

measured with a glucometer and the expected blood concentration calculated from the concentration of glucose 

in saliva. The error bars correspond to 10 % deviation.  
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7.4. Conclusions 

In this work, a microfluidic paper-based analytical device was designed and optimized for the 

monitorization of diabetes, by quantification of glucose in saliva samples. This quantification is 

achieved by two consecutive enzymatic reactions. First, glucose oxidase converts glucose into 

gluconic acid, releasing hydrogen peroxide. Then, peroxidase catalyses the release of oxygen from 

hydrogen peroxide, which interacts with o-dianisidine, causing a change of colour that is recorded 

by scanning the device. After optimization, it was possible to obtain a device capable of performing 

the quantification of glucose in 25 minutes with limits of detection and quantification of 0.028 mM and 

0.095 mM, respectively. Furthermore, the range of 0.095 to 1.1 mM of glucose proved suitable for 

all the analysed samples and comparable to the determination both with the commercially available 

kit and with the reference method of “DinitrosaIicyIic Acid Reagent for Determination of Reducing 

Sugar”.  

Because the developed μPAD was envisioned to aid in health diagnosis, not only in healthcare 

facilities but also in field applications, stability studies were performed. Results showed that the 

device was stable for at least 2 weeks when stored in a vacuum at -18 oC. After placing the sample, 

the sensitivity of the μPAD significantly increased up to 2 hours and only then started to stabilize. 

This implies that if a TTS different than 25 min is used, then the calculations of the glucose 

concentration must be performed with a calibration curve of equivalent TTS, in order to obtain 

accurate results. 

Additionally, a correlation between the concentration of glucose in saliva and in blood was 

established using #5 saliva samples of diabetic patients. Comparing the concentration of glucose in 

blood obtained with a glucometer and the concentration of glucose in saliva using the µPAD, it was 

possible to conclude that the concentration of glucose in saliva corresponds to approximately 2% of 

the blood glucose levels.  

To the best of our knowledge, only two other microfluidic paper-based devices have been 

reported for the quantification of glucose in saliva samples, as shown in Table 7.4. While Chiang et 

al report the use of glucose oxidase (GOx) and horseradish peroxidase (HRP) to achieve the glucose 

quantification, Khachornsakkul et al uses gold and silver nanoparticles to mimic the enzymatic 

activity. (158,164) Nevertheless, the developed device proposed in this work, not only provides a 

lower limit of detection, but also features a linear range that closer resembles the glucose levels in 

saliva, therefore being a valuable aiding tool for diabetes monitoring. 

 

Table 7.4 – Summary of the characteristics of the developed µPAD in comparison with previously described 

devices; LOD, limit of detection. 

Method Samples 
Linear Range 

(mM) 

LOD 

(mM) 
Reference 

GOx/HRP Saliva 0.095 – 1.1 0.095 This work 

AuNPs/AgNPS Saliva/Urine/Serum 0.5 – 10.0 0.340 (158) 

GOx/HRP Urine/Saliva 0.5 – 4.5 0.3 (164) 
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Newly designed lateral flow strips for a semi-quantitative 

analysis of E. coli. 
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8.1. Introduction 

Escherichia coli (E. coli), is a rod-shaped, Gram-negative bacterium typically found in the lower 

intestinal track of warm-blood animals, including Humans (165–167). While most strains are of 

commensal nature, some can cause severe illness, especially in immunocompromised hosts or 

when gastrointestinal barriers are compromised (168,169). Furthermore, the presence of E. coli in 

environmental waters is widely used as an indicator of fecal contamination, suggesting that 

pathogenic microorganisms may also be present (165,167,170).  

Quantifying E. coli in environmental waters is crucial for several reasons, but most of all it helps 

in assessing the microbiological quality of water bodies for water use, such as recreational purposes, 

drinking water sources, and agricultural irrigation (165,171). This justifies why the current legislation 

is based solely in the fecal contamination for quality evaluation of water bodies (172,173). High 

concentrations of E. coli are and indicator of recent fecal contamination which not only affects human 

health but can also have economic implications, such as costs associated with healthcare, water 

treatment, and the loss of tourism and recreational activities. Regular monitoring of E. coli levels in 

water bodies enables public health authorities to identify contamination events early and take 

necessary actions. Additionally, data on E. coli concentrations can help identify trends and sources 

of contamination, facilitating the development of targeted strategies to prevent and mitigate pollution 

(174). Currently, there is an upward trend in antibiotic resistance in E. coli, ranked third among a 

group of 12 priority-pathogens with antibiotic resistance, as classified by the World Health 

Organization (175,176). Effective water management practices, public education, and robust 

regulatory frameworks are essential to minimize the public health risks associated with E. coli in 

environmental waters and ensure safe and clean water for all uses. 

DNA-based assays are extensively employed for detecting bacteria pathogens because these 

contain unique genes/traits that serve as dependable biomarkers for identification (177). These 

techniques typically incorporate DNA fragments amplification technologies, based on the polymerase 

chain reaction (PCR). However, PCR has a few drawbacks such as the need of sequential heating 

and cooling cycles performed by expensive equipment (178). Loop-mediated isothermal 

amplification (LAMP), first developed by Notomi in 2000, aims to tackle some of the PCR drawbacks 

(177–179). LAMP not only allows the amplification of DNA at a constant temperature but also uses 

4 to 6 primers that target 6 to 8 regions therefore providing high sensitivity and specificity (178,180–

182). This primer set includes two inner primers (Forward Inner Primer (FIP) and Backward Inner 

Primer (BIP)) and two outer primers (F3 and B3) (178). The inner primers have two distinct 

sequences: one complementary to the target strand and another to the newly synthesized strand, 

facilitating loop formation. Bst polymerase, the enzyme used in LAMP, has a strand displacement 

activity, which means it can synthesize new DNA strands while displacing the existing strands. This 

allows for continuous amplification without the need for denaturation steps. The primers initiate the 

synthesis of new DNA strands, and the strand displacement activity of the polymerase leads to the 

formation of loop structures (Figure 8.1). These loops serve as templates for further amplification, 

resulting in a large amount of DNA being produced in a short time (178).  
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The amplified DNA can be detected by various methods, such as turbidity measurement (due 

to the formation of magnesium pyrophosphate crystals), fluorescence detection (using fluorescent 

probes), gel electrophoresis, or even by visual detection of a visible precipitate or colour change 

(183). This makes LAMP a powerful tool for rapid and specific DNA detection, particularly useful in 

resource-limited settings. 

 

 

Figure 8.1 – Schematic representation of the DNA amplification process in a loop-mediated isothermal 

amplification technique (image from (183)). 

 

Lateral Flow Assays (LFAs) are a widely used diagnostic tool in the detection of infectious 

diseases (22,184). These offer the advantage of being rapid, cost-effective, and user-friendly, 

requiring minimal training and no need for complex equipment. This makes them particularly suitable 

for point-of-care testing and in situations where immediate results are crucial, especially when 

coupled with an amplification technique such as LAMP (22,184). 

In lateral flow assays for nucleic acid detection, amplicons generated by LAMP are usually 

labeled with two distinct biomolecules incorporated into the primers. (184) One biomolecule serves 

to immobilize the amplicons on the surface of the test strip, while the other interacts with a labeled 

antibody to provide a visible result, indicating the presence of the target nucleic acid 

fragment/sequence (22,184). Commonly used labels for immobilization include biotin or digoxigenin, 

with fluorescein isothiocyanate (FITC) often used for detection, allowing the result to be optically 

observed (184). 
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The objective of this work was to develop a new lateral flow assay that would allow the semi-

quantitative detection of E. coli on lateral flow strips. This detection was possible by using LAMP as 

the DNA amplification technique. Several LAMP amplification parameters, such as temperature and 

primer concentrations, were studied and optimized. The strategy for semi-quantitative analysis was 

to obtain “flattened” amplification curves in which it would be possible to differentiate different 

concentrations of DNA at one specific incubation time (Figure 8.2), and consequently originate 

different signals in the lateral flow strips. To achieve this goal a new design of lateral flow strip was 

also studied. 

 

 

Figure 8.2 – Schematic representation of the “flattened” amplification curves with the differentiation of several 

DNA concentrations at one specific cycle; The red lines represent the amplification curves for different DNA 

concentrations templates. 

 

 

8.2. Materials and Methods 

8.2.1. Reagents and Solutions 

UltraPure Distilled DNase/RNase-free water was used to prepare all aqueous solutions. 

E. coli K12 was grown in liquid culture in LB broth overnight. DNA was extracted (during its 

exponential stage of growth) and purified using a commercial DNA extraction kit (MagaZorb® DNA 

Mini-Prep Kit, Promega). The concentration of the obtained DNA was quantified using Nanodrop 

spectrophotometer (Thermo). Decimal dilutions were prepared from the obtained DNA standard and 

used as template in the LAMP reaction. 

 

8.2.2. LAMP Assay and Product Detection 

The LAMP reaction was performed in 25 µL, containing 5 µL of DNA template, 5 µL of a primer 

mix and 15 µL of LAMP Isothermal Mastermix (ISO-004, OptiGene).  

The LAMP Isothermal Mastermix provided DNA polymerase, inorganic pyrophosphatase, 

reaction buffer, MgSO4 and deoxyribonucleotide triphosphates (dNTPs).  
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The final concentrations in the LAMP reaction were of 0.8 µM of forward inner primer (FIP), 0.72 

µM backward inner primer (BIP), 0.08 µM backward inner primer labelled with Biotin (BIP*), 0.2 µM 

of outer primers (Forward 3 and Backward 3), 1.0 µM of Loop Forward primer, 0.9 µM of Loop 

Backward primer and 0.1 µM Loop Backward labelled with FITC (LF*). The primer sets used in the 

LAMP assay were all purchased from Eurofins and the sequences are provided in (185). 

The reaction was performed at 70 °C for 80 minutes (80 cycles; 1 minute of incubation per cycle) 

in a QuantStudio™ 5 Real-Time PCR System using the SYGR green setting for fluorescence signal 

detection every minute for real-time monitoring. We used 70 °C instead of, the more efficient, lower 

temperatures generally accepted in LAMP reactions (between 60 – 65 °C) to decrease efficiency 

and flatten the curves. A reaction volume of 25 µL was then placed on a nucleic acid detection strip 

(Ustar) and the results were captured with a smartphone camera. 

 

8.2.3. Lateral Flow Strips 

The initial nucleic acid detection strips (Ustar) were modified by using a dispensing system 

(BioSpot BT 600 Workstation, BioFluidix) to place extra test lines, with different concentrations of 

FITC antibodies, on the commercially available strips. 

 

 

8.3. Results and Discussion 

8.3.1. Preliminary Studies 

In order to distinguish different concentrations of DNA in the amplification curves at a specific 

incubation time and therefore be able to achieve a semi-quantitative determination of E. coli, an 

optimization of the LAMP assay was necessary (akin to a “de-optimization”, making the reaction less 

efficient). First, LAMP assay was performed following the recommended standard guidelines.  

The assay was performed at 65 oC using unlabeled primers in the concentrations of 0.2 µM 

(F3/B3), 1.0 µM (LF/LB) and 0.8 µM (FIP/BIP). Two concentrations of E. coli DNA were tested (107 

and 105 copies/µL) and the results are shown in Figure 8.3. The higher initial DNA template (107 

copies/µL) was detected earlier since it also achieved the exponential phase earlier, which was 

expected, and indicates a typical amplification. 
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Figure 8.3 – Amplification curve of standard LAMP assay using 2 dilutions of E. coli DNA, 107 (dark green) and 

105 (light green) copies/µL; in red is represented the negative control. 

 

8.3.2. LAMP Assay Optimal Temperature 

The first parameter studied for the optimization of the LAMP assay was the temperature. Since 

65 oC is the standardized temperature for this assay, 65 oC, 67.5 oC and 70 oC were 

evaluated/assessed. 

As shown in Figure 8.4, with the increase in the assay temperature, for the same DNA template 

concentration, not only the beginning of the amplification detection was delayed, but also the 

amplification efficiency decreased, which leads to an overall more “flattened” amplification curves. 

Since this “flattened” shape is necessary to widen the range of the semi-quantitative determination 

approach, the temperature chosen for this LAMP assay was 70 oC.  

Higher temperatures were not tested since the increase in temperature also leads to a more 

delayed amplification which would defeat the purpose of a fast point-of-care test. 
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Figure 8.4 – Amplification curves of LAMP assay using two dilutions of E. coli DNA, (A) 107 and (B) 105 

copies/µL, and 3 different assay temperatures, 65 oC (green), 67.5 oC (blue) and 70 oC (purple), in red is 

represented the negative control. 

 

8.3.3. LAMP Assay Optimal Primers Concentration 

Next, the concentration of the primers used in the assay was tested. Three different mixtures 

were prepared (Mix 1, Mix 2, Mix 3) as shown in Figure 8.5, in which Mix 1 represents the 

recommended concentrations by the supplier for a standard LAMP assay and Mix 3 the 

recommended concentrations for a faster LAMP reaction (186). Increasing the concentrations of 

primers leads to an earlier amplification detection (Figure 8.5). However, because the aim is to obtain 

a “flattened” amplification curve, the mixture chosen was Mix 1. 
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Figure 8.5 – Amplification curves of LAMP assay using three mixtures with different primer concentrations, Mix 

1 (green), Mix 2 (blue) and Mix3 (purple), and in red is represented the negative control. 

 

8.3.4. LAMP Assay Labelled/Unlabelled Primers Proportions 

The proportion of labelled primers is directly related to the amount of amplicons that can bind to 

the capture probes onto the lateral flow strips, enabling us to optimise line intensity and consequently 

the range of quantification. However labelled primers can sometimes influence the LAMP reaction 

due to the steric influence of the label. We first verified the impact of different proportions on the 

reaction (Table 8.1 and Figure 8.6). 

 

Table 8.1 – Different proportions of labelled and unlabelled primers studied in the LAMP assay. 

 Unlabelled Primers Labelled Primers 

Condition 1 100% 0% 

Condition 2 90% 10% 

Condition 3 75% 25% 

Condition 4 50% 50% 

Condition 5 0% 100% 

 

Of all the conditions tested, condition 2 which describes the proportion of 90%/10% of 

unlabeled/labeled primers, was the one that provided the best results since it allowed the 

differentiation between three concentrations of DNA with an incubation time of 80 minutes (80 cycles) 

(Figure 8.6), therefore possibly allowing a semi-quantitative analysis. 
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Figure 8.6 – Amplification curve of LAMP assay performed with 90% unlabelled primers and 10% labelled 

primers, using 3 dilutions of E. coli DNA, 106 (dark green), 105 (medium green) and 104 (light green) copies/µL; 

in red is represented the negative control. 

 

8.3.5. Lateral Flow Strip Design 

After the optimization of the LAMP assay, the lateral flow strips design was studied. The strategy 

to obtain a semi-quantitative analysis was to couple the optimized LAMP assay with a novel design 

of lateral flow strips (LFS). The initial idea for the design was to have a LFS with multiple test lines 

that would sequentially appear with increasing concentration, as represented in Figure 8.7(A).  

 

 

Figure 8.7 – Schematic representation of the (A) initial strategy to achieve the semi-quantitative analysis, and 

of the (B) two variations of LFS prepared and tested; C, control line; T, test line(s). 
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To test this approach, two different variations of designed strips were prepared. One set of LFS 

was printed with four lines of the FITC antibody solution of 0.50 mg/µL, and another with four lines 

with different concentrations of FITC antibody ranging from 0.25 to 1.0 mg/µL on each line, as 

showed in Figure 8.7(B). 

Figure 8.8 shows the results obtained with the two designs when placing three different 

concentrations (104, 105 and 106 copies/µL). As it is possible to observe, the intended sequential 

display of lines according to the concentration did not happen. However, it was possible to distinguish 

with naked eye the intensity of colour of the test lines between 104 and 105 copies/µL in both 

variations of the LFS prepared. 

 

 

Figure 8.8 – Results obtained by placing different concentrations (104, 105 and 106 copies/µL) of amplified E. 

coli DNA in the two variations of LFS prepared; N, negative control; C, control line; T, test lines. 

 

To better evaluate the signals obtained in the designed strips, the images were processed using 

an image processing software (Image J). A schematic representation of this procedure for image 

analysis is shown in Figure 8.9. 

First, the RGB images were separated in its three components: red, green and blue, and the 

green filter was chosen since it is the closest complementary colour of the red colour of the control 

and test lines (Figure 8.9(A)) and allowed a better visibility of them. Then, a rectangular selection 

tool was used to select the area for analysis (yellow rectangle in Figure 8.9(B)) and a profile plot of 

the intensity of colour throughout the reading area of the strip was generated (Figure 8.9(B)). 
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Figure 8.9 – Schematic representation of the image processing and analysis procedure; (A) application of a 

green filter to the original RGB image; (B) exemplification of a profile of the intensity of colour throughout the 

strip. 

 

The results obtained from the image analysis of the strips designed with the same concentration 

of antibodies in each line is presented in Figure 8.10. It was possible to observe an increase in the 

colour intensity of the test lines with the increased concentration of amplified E. coli DNA, particularly 

in the first test line dispensed on the strip with 0.50 mg/µL of antibodies and in the fifth test line, which 

corresponds to the one already present in the commercially available strips used. The logarithmic 

correlation between the intensity of colour (gray values) and the DNA concentrations is shown in 

Figure 8.10(C). Furthermore, the decrease of intensities of colour from the first test line to the last 

one drawn on the strip (fourth line) is a promising result to achieve the intended semi-quantitative 

determination.  

When using the strips prepared with four test lines with different concentrations of antibodies 

(Figure 8.11(A)), the difference between profiles of the strips with different concentrations of amplified 

E. coli DNA was less clear (Figure 8.11(B)). 

It was possible to observe in both images and in the intensities profile, that there was 

overlapping of test lines, a consequence of the fabrication step, which severely impacted the 

readability of the strips. This variability of the dispensing of the test lines, could be due to the need 

to switch the solution in the dispensing needle for dispensing of each test line, slightly altering the 

position of it in relation to the strips. These initial studies show that the lateral flow strips with the 

same concentration of antibodies in each test line, present an advantage with regard to the 

repeatability of the analysis, when compared with the other design. 
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Figure 8.10 – Results obtained by placing different concentrations (104, 105 and 106 copies/µL) of amplified E. 

coli DNA in the LFS prepared with the same concentration of antibodies in each line; (A) Schematic 

representation of the design and original photo images of the strips; (B) profile of intensity of colour throughout 

the four strips; (C) Logarithmic correlation  between the DNA concentration and the intensity of colour in the 

lines; N, negative control; C, control line; T, test lines. 

 

 

 

Figure 8.11 – Results obtained by placing different concentrations (104, 105 and 106 copies/µL) of amplified E. 

coli DNA in the LFS prepared with the different concentrations of antibodies in each line; (A) Schematic 

representation of the design and original photo images of the strips; (B) profile of intensity of colour throughout 

the four strips; N, negative control; C, control line; T, test lines. 
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The initial goal of designing a strip capable of sequential display of lines according to the 

concentration was not achieved at this point in the design optimization. A possible explanation could 

be that the amount of FITC antibody was not enough to capture all the copies in the lowest 

concentration (104 copies/µL). Additionally, since the test lines are placed on the strips by dispensing 

dots in a line side by side, it is possible that there was not a complete connection between the dots 

and some of the sample flowed through the reaction membrane in-between the dots of antibodies 

that formed the test line. So, more studies are needed to further optimize the LFS, such as increase 

the concentration of antibodies in the test lines, decrease the distance in-between the dots while 

dispensing the antibodies on the test lines, increasing the volume dispensed in each dot, increasing 

distance between the test lines, and also designing a strip with different concentrations of antibodies 

but from the highest concentration in the first test line to the lowest concentration on the last test line. 

 

 

8.4. Conclusions 

In this work, a lateral flow assay for the semi-quantitative detection of E. coli was developed, 

leveraging the Loop-Mediated Isothermal Amplification (LAMP) technique for DNA amplification. 

Through the optimization of key LAMP parameters, including temperature and primer concentrations, 

we were able to obtain "flattened" amplification curves. These curves enabled the differentiation of 

different DNA concentrations at a specific time, which consequently translated into distinguishable 

signals on the lateral flow strips. This crucial step ensured that the assay could reliably indicate the 

presence of different levels of E. coli, thus enhancing its semi-quantitative capabilities. 

Additionally, an innovative lateral flow strip tailored to boost the semi-quantitative detection 

capabilities was designed and studied. Two sets of lateral flow strips (LFS) were designed and 

printed, and despite observing a visual difference between the dilutions of 104 and 105 copies/µL, 

further optimization is necessary to widen the range and capabilities of the approach. Future work 

will therefore focus on exploring other designs, testing higher concentrations of antibodies in the test 

lines, and increasing the space between them, to improve the resolution and accuracy of the assay.  

Despite needing further refinement, the optimized assay demonstrated reliable performance 

across various settings. This makes it a valuable tool for detecting E. coli, providing a rapid and cost-

effective diagnostic method, that not only is particularly useful in resource-limited environments, but 

that also allows an initial triage of the samples and identification of the ones that need more complex 

(and expensive) testing. Moreover, this advancement lays a robust foundation for the development 

of similar assays aimed at detecting other pathogens. By continuing to refine and adapt this 

technology, we can enhance public health surveillance and response strategies, ensuring that 

accurate, timely diagnostic tools are available where they are needed most. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 9. General Conclusions 

 





Chapter 9. General Conclusions 

157 

9.1. General Conclusions 

In this thesis, several innovative point-of-care devices were successfully designed based on the 

microfluidic paper-based device approach for the determination of several health-related parameters, 

that could serve as an adding tool in the diagnosis and monitoring of several health conditions. In 

the development of these devices, multiple parameters and conditions were tested and optimized in 

order to obtain a suitable sensitivity for the expected concentration levels in the proposed samples.  

Table 9.1 shows a summary of the work presented in this thesis, including the target analyte 

the type of device, the number of layers in the device, the sample it was applied to and also its main 

features. 

From Chapters 3 to 7, the point-of-care devices were developed using the 3D microfluidic paper-

based analytical device approach. This type of point-of-care tests is affordable, portable, rapid, 

simple to use, and does not require specific training or complex equipment. Additionally, the 3D 

structure facilitates more complex multi-step analysis, better control of the fluids flow and also allows 

the possibility of introducing pre-treatment steps in the devices. Since, the developed μPAD were 

envisioned to aid in health diagnosis, not only in healthcare facilities, but also in field applications 

that involve remote areas, stability studies were performed both regarding storage of the devices and 

of the coloured product formed after the devices were used. To validate the results provided by the 

developed devices, several samples were tested with them and compared with the measurements 

obtained with a reference method.  

Chapter 3 reports the development of a μPAD for iron determination in urine samples. This 

device was capable of fast, on-hand measurements of total iron in human urine samples without 

requiring pre-treatments steps. A range of 0.07 to 1.2 mg/L of iron, with a detection limit of 20 μg/L, 

proved suitable for all the analysed samples (#26) and comparable to the determination by atomic 

absorption spectrometry. Additionally, stability studies showed the developed μPAD was stable for 

15 days while stored and, after loading the sample, it could be scanned within 3 hours. The low 

stability of the device while stored could be related to the reagents layer being in contact with the 

outside through the sample insertion hole, therefore being more exposed and susceptible to 

degradation. Due to the intrinsic colour of urine, and since the colorimetric detection was performed 

on the top layer of the device, a part of it was prepared without the colour reagent to perform a 

sample blank. The intrinsic absorption obtained with the urine itself was subtracted to the calculated 

absorption obtained with the colour reagent, to allow an accurate measurement of the colour formed 

in analytical determination. 

The µPAD developed for the quantification of nitrate, reported in Chapter 4, was also applied to 

urine samples. However, this device contained a hydrophilic membrane with low porosity (0.20 µm) 

that, not only delayed the flow of the fluids to allow a higher enzymatic reaction time, but also filtered 

the sample and retained most of the bigger molecules that could possibly interfere in the colorimetric 

reaction. One of the interferences that was minimized due to the existence of the membrane was the 

intrinsic colour of urine samples.  
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Table 9.1 – Summary of the characteristics of all the point-of-care devices developed. 

Chapter Analyte 
Type of 

Device 

Number of 

Layers 
Sample Main Features 

3 Iron 3D µPAD 2 Urine 

- Range: 0.07 – 1.2 mg/L 
- LOD: 20 μg/L 
- Storage Stability: 15 days 
- Colour Stability: 3 hours 
- Validation: 26 samples 
- Interference of urine colour minimized 

4 Nitrate 3D µPAD 3 Urine 

- Range: 0.14 – 1.0 mM 
- LOD: 0.04 mM 
- Storage Stability: 30 days in vacuum at -

20ºC 
- Colour Increases until 1 hour 
- Validation: 4 certified samples and 

recovery studies 
- Flow of fluids regulated with membrane 
- Interference of urine colour minimized 

5 NHx 3D µPAD 4 Saliva 

- Range: 0.105 – 5.0 mM 
- LOD: 0.032 mM 
- Storage Stability: 2 months in vacuum  
- Colour Stability: 2 hours 
- Validation: 15 samples 
- Gas-diffusion hydrophobic membrane 

5 Urea 3D µPAD 4 Saliva 

- Range: 0.163 – 5.0 mM  
- LOD: 0.049 mM 
- Storage Stability: 1 month in vacuum  
- Colour Stability: 1 hour 
- Validation: 11 samples 
- Gas-diffusion hydrophobic membrane 

6 Urease 3D µPAD 3 Saliva 

- Range: 0.041 – 0.750 U/mL 
- LOD: 0.012 U/mL 
- Storage Stability: 4 months in vacuum  
- Colour Stability: 40 min 
- Validation: 13 samples 
- Gas-diffusion hydrophobic membrane 
- Kinetic determination 

7 Glucose 3D µPAD 2 Saliva 

- Range: 0.095 – 1.1 mM 
- LOD: 0.028 mM 
- Storage Stability: 2 weeks in vacuum at -

20ºC 
- Colour Increases until 2 hours 
- Validation: 14 samples 
- Two enzymatic reactions in the device 
- Correlation between saliva and blood 

levels confirmed 

8 E. coli 
Lateral 

Flow Strip 
1 Water 

- Range detected: 104 – 106 copies/µL 
- Duration of LAMP assay: 80 min 
- Semi-quantitative analysis 
- Tool for monitoring water safety 
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Because of the small pore size of this membrane, the compounds that contribute to the urine colour 

did not reach the bottom layer where the colorimetric reaction occurs, therefore not interfering in the 

detection. This device proved to be able to quantify nitrate in urine samples in a range of 0.14 – 1.0 

mM with a limit of detection of 0.04 mM. Furthermore, the accuracy of the device was validated with 

four certified samples and with recovery studies (#7 urine samples). In terms of stability, the µPAD 

showed to be stable for 30 days when stored in vacuum at -20 ºC. After being used, colour formed 

in the device increases up until 1 hour, after which it stabilizes.  

In Chapters 5 and 6, three devices were developed for the quantifications of NHx, urea and 

urease in saliva samples. All these determinations relied on the production of ammonia causing a 

change in the pH of bromothymol blue, and consequent change of colour. Because the ammonia 

produced was in a gaseous state, a gas-diffusion membrane was used in the devices. Due to the 

hydrophobicity of this membrane, the aqueous sample did not reach the colour reagent, eliminating 

possible interferences of the saliva sample in the colorimetric reaction. The devices reported in 

Chapter 5 were capable to quantify ammonia/ammonium (NHx) and urea in saliva samples in a range 

of 0.105 - 5.0 mM and 0.163 - 5.0 mM, with limits of detection of 0.032 mM and 0.049 mM, 

respectively. While the NHx μPADs were stable for at least 2 months when stored in vacuum and the 

colour formed could be scanned up to 2 hours, the urea μPADs, on the other hand, maintained is 

performance for only 1 month in vacuum storage and, after reaction with the sample, should be 

scanned within 1 hour. The decrease in stability of the urea determination µPAD when compared 

with the NHx determination µPAD, could be justified by the presence of an enzyme immobilized in 

the paper discs inside the devices. Even though enzymes are a very useful tool to increase sensitivity 

and selectivity, it also makes it more difficult to ensure the stability of the devices in long term. Both 

devices were also validated successfully with measurements with more than human saliva samples 

of both healthy individuals and CKD patients. The NHx determination device was validated by 

comparison with an ammonia selective electrode, while the measurements obtained with the urea 

determination µPAD was compared with the measurements obtained with a commercially available 

kit.  

Although the urease activity µPAD, reported in Chapter 6, used a similar approach to the 

devices reported in Chapter 5, both in terms of reactions and structure, the determination itself was 

achieved using the kinetic capabilities of the urease enzyme. The reactions were performed at two 

different enzymatic reaction times (15 and 20 min), and the variation of signal between these two 

ERT’s was correlated to the urease activity. This approach not only allowed a more accurate 

quantification of the salivary urease, but also suppressed the influence of NHX already present in the 

samples. With the developed device it was possible to quantify the urease activity in saliva samples 

in a range of 0.041 – 0.750 U/mL with a limit of detection of 0.012 U/mL. These features proved to be 

suitable for all the samples analysed (#13) and comparable to the determination using a 

commercially available kit. 

Chapter 7 reports the development of µPAD for the quantification of glucose in saliva samples. 

This quantification was achieved by using two consecutive enzymatic reactions. In the first, glucose 

oxidase converts glucose in gluconic acid, releasing hydrogen peroxide.  
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Then, peroxidase catalyses the release of oxygen from hydrogen peroxide, which interacts with 

o-dianisidine, causing a change of colour that is recorded by scanning the device. The quantification 

of glucose in saliva was achieved within a range of 0.095 to 1.1 mM of glucose, with a limit of 

detection of 0.028 mM. The accuracy of the devices was confirmed by comparing the measurements 

of #14 saliva samples with the developed device and with the reference method of “DinitrosaIicyIic 

Acid Reagent for Determination of Reducing Sugar”. The stability of this µPAD was also studied and 

results showed that the device could be stored for 2 weeks in vacuum at -20 ºC, without decreasing 

its sensitivity, and after being used, the colour formed increased in the first 2 hours, only stabilizing 

after that period. To ensure the device could be used as an aiding tool in the monitoring of diabetes, 

a correlation between the concentration of glucose in saliva and in blood was studied using #5 saliva 

samples of diabetic patients. Results showed that there is a correlation of 2% between the 

concentration of glucose in saliva and in blood, confirming that this device could provide an accurate 

analysis of the glucose levels in saliva and therefore be a tool for diabetes monitoring. 

In summary, the developed μPADs reported in Chapters 3 to 7 are innovative devices that 

provide a simple, easy-to-use alternative to the classical techniques that are currently available, in 

addition to being portable, lab equipment-free, and disposable via incineration, offering 

environmental friendliness and simplifying biological sample handling. The main drawback found 

using this type of fabrication and assembly of paper-based devices was the manual and laborious 

assembly, and delicate lamination process (avoiding the shifting of the discs), which could lead for 

an uneven distribution and decreased reproducibility. In the work carried out and presented in this 

thesis, this problem was minimized by using several replicates for each measurement and removing 

outliers if necessary.  

In Chapter 8, a different approach to the one described so far was adopted. This chapter reports 

the development of a lateral flow assay for the semi-quantitative detection of E. coli. To perform the 

amplification of the DNA in the sample, the Loop-Mediated Isothermal Amplification (LAMP) 

technique was used since it can be performed at a constant temperature and provides high sensitivity 

and specificity of results, due to the use of four to six primers that target six to eight regions. The 

LAMP assay was optimized in order to obtain “flattened” amplification curves that would allow the 

differentiation of different DNA concentrations at a specific time, enabling a semi-quantitative 

analysis. The detection was achieved using a newly designed and innovative lateral flow strip that 

consisted of five test lines, instead of the traditionally found strip with only one test line. The objective 

was to design barcode-style lateral flow strip, where the number of visible lines would be related to 

the concentration of E. coli DNA in the sample. Even though it was possible to visually distinguish 

between the dilutions of 104 and 105 copies/µL with the designed presented, further optimization is 

necessary to widen the range and capabilities of the approach. Despite needing further improvement, 

the assay demonstrated reliable performance across several settings, making it a potentially valuable 

tool for detecting E. coli and providing a rapid and cost-effective diagnostic method, that not only is 

particularly useful in resource-limited environments, but that also allows an initial triage of the 

samples that could need more complex (and expensive) testing.  



Chapter 9. General Conclusions 

161 

Overall, this thesis has demonstrated the potential of microfluidic paper-based analytical 

devices and lateral flow assays as innovative, cost-effective, and affordable diagnostic tools. The 

developed devices successfully addressed key challenges associated with point-of-care testing, 

such as sample complexity, reagent stability, and measurement accuracy. Despite some limitations 

in fabrication and reproducibility, the optimization strategies implemented throughout this thesis have 

contributed to improving their reliability and accuracy. Ultimately, these advancements lay the 

foundation for further innovation in point-of-care diagnostics, with the potential to enhance disease 

detection and health monitoring in both clinical and non-clinical settings. 
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Appendix A – Web of Science Search Parameters 
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Appendix B – Whatman Filter Paper Characteristics 

 

 

Treatment Grade 
Particle Retention 

Liquid (µm) 

Typical Thickness 

(µm) 

Qualitative 

1 11 180 

3 6 390 

4 20-25 205 

5 2.5 200 

Ashless Quantitative 

40 8 210 

41 20-25 215 

42 2.5 200 

Hardened Low Ash 

Quantitative 

50 2.7 115 

52 7 175 

54 20-25 185 

Hardened Ashless 

Quantitative 

540 8 160 

541 20-25 155 

542 2.7 150 
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