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ABSTRACT 

Accurate and timely diagnosis is usually an important step towards appropriate disease 

management. In resource-limited settings, healthcare workers lack proper facilities to 

perform vital tests, and the diagnosis of disease is often determined by non-specific, 

physiological symptoms alone. Simple and rapid tests are needed as pre-requisite tools for 

patient care and must conform to the criteria set out by the World Health Organization 

(WHO). Such tests should be affordable, sensitive, specific, user-friendly, robust, equipment-

free, and deliverable to the needy, and abbreviated as ASSURED diagnostics. To address the 

challenge of specific diagnosis for diseases that present with similar symptoms, multiplex 

diagnostic platforms must be designed. The use of paper has been extensively studied for its 

potential as matrix for microfluidic devices. In fabrication of multiplexed microfluidic 

devices, patterning is an important step. Various approaches including cutting, 

photolithography, wax-printing, plotting and etching have been developed and tested on 

paper. In recent years, the focus has also been directed towards exploring the potential of 

hydrophilic threads as a convenient and low-cost approach for fabrication of microfluidic 

channels and as signal substrate. This research was aimed at designing multiplex diagnostic 

test platforms that could be used at point-of-care especially in resource-limited settings. The 

first approach was to design multiplex paper-based platforms where paper was patterned 

using a combination of cutting and wax-printing. In the second approach, ordinary thread was 

used to create microfluidic channels and paper discs were used for sample loading, reagent 

storage and results display to develop a colorimetric test platform that was demonstrated 

using glucose, uric acid and bovine serum albumin. In the third design, thread was used in 

combination with nitrocellulose membrane to develop an immunochromatographic test 

platform for infectious diseases diagnosis and was tested using Helicobacter pylori (bacteria), 

Hepatitis B surface antigen (viral antigen), and Immunoglobulin G (antibody). Thread-based 

designs were evaluated for short-term viability under normal storage conditions. All designs 

produced rapid results with the lowest limit of detection for antigens being as low as 30 

ng/ml for immunochromatographic tests. Treatment of hydrophobic threads improved their 

wicking, with mercerization being the most efficient with wicking rate up to 42 cm/minute. 

Reagents, including enzymes and antibodies were found to remain viable in dried form on 

membranes and paper discs. Developing multiplexed paper- and thread-based diagnostic 

platforms offers a potential approach in developing ASSURED diagnostics to address health 

challenges in resource-limited settings. Efforts should be directed towards transforming the 

proposed designs into viable products that can be used at point-of-care.  
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CHAPTER ONE 

 

1.0 General Introduction 

1.1 Background Information 

1.1.1 Preamble 

Accurate diagnosis is pre-requisite for appropriate management of any problem, disease or 

condition since the problem must be known before it can be solved. Health facilities in 

developing countries face acute shortages of diagnostic options. Significant efforts are 

therefore directed towards development of affordable technologies in order to enable low-

resource communities to improve healthcare, animal care, food quality, and environmental 

safety (Acharya et al., 2004; Aluwong and Bello, 2010). Simple and low-cost diagnostic 

technologies are very important for improving health-care, and for making health-care more 

accessible and affordable in developing nations and resource-limited settings. However, 

making these diagnostics affordable and accessible to the poor, remains a major challenge 

(Whitesides, 2009). This work therefore, attempts to address this challenge through designing 

and testing low-cost multiplex diagnostic platforms that can be used at point-of-care for 

diagnostic purposes in developing world settings. 

1.1.2 Diagnostic approaches to infectious diseases 

Diagnosis of infectious diseases can be achieved through a variety of ways ranging from history 

and clinical presentation (signs and symptoms), simple rapid tests, molecular tests and even 

advanced technology imaging approaches. Apart from history and clinical presentation, various 

tests ranging from simple microscopy, histopathology, immunohistochemistry, 

immunochromatography, and various forms of imaging techniques such as x-rays, 

ultrasound, computerised tomography (CT) scanning and magnetic resonance imaging (MRI) 

may be applied depending on initial evaluation. Others may include urinalysis, microbial 

culture, flow cytometry, and many more. 

In hospitals equipped with modern facilities, the diagnostic process is often thorough, with high 

probability for establishment of accurate/definitive diagnosis since most of the above 

diagnostic options are available. This influences treatment choice and outcome. However, the 

situation is different in resource-limited setting where even basic diagnostic capacity is lacking. 

In such settings, clinicians rely on patient history and clinical presentation to make diagnosis 

in most cases. As a result, inaccurate diagnosis often leads to improper or uninformed 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Aluwong%20T%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=20560123
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treatment, which jeopardises chances of complete and timely recovery. 

1.1.3 Diagnostic resource limitations and the need for ASSURED diagnostics for 

developing countries 

Diagnosis based on history and clinical signs alone, is most of the times inaccurate due to non- 

specificity of clinical signs and symptoms (Sonkar et al., 2016; Sonkar et al., 2017), as well as 

inability of the patients or parents to recall and clearly explain the symptoms. Due to this 

drawback, more specific diagnostic procedures must always be instituted to complement 

clinical diagnosis. In resource-limited parts of the world, choice of diagnostic algorithm is also 

limited. In such settings, the use of advanced technology diagnostic procedures requiring 

highly trained personnel, expensive laboratory equipment and reliable power supply is highly 

unrealistic. This is because in these settings, it is currently almost impossible to fulfil the 

conditions required for high technology, expertise-demanding diagnosis. Simple diagnostics 

are therefore required to overcome this problem. To ensure that these tests are useful to those 

living in remote, low-resource areas in developing countries, such tests must conform to the 

requirements set by the World Health Organization (WHO). The tests must fulfil the WHO‟s 

ASSURED criteria for ideal diagnostic tests for developing countries. The test must be 

Affordable by the target group, Sensitive (few false-negative results or with lowest limit of 

detection), Specific (few false-positive results), User-friendly (simple to perform by persons 

with little training), Rapid and robust, Equipment-free and Deliverable to end users (must not 

require special storage and transportation conditions such as refrigeration) (Urdea et al., 2006; 

Peeling et al., 2006). Current approaches to addressing these challenges focus on lateral flow 

and microfluidic paper-based devices (Koczula and Gallota, 2016; Yang et al., 2017). These 

devices are fabricated using different forms of paper as medium for diagnosis. Such paper 

forms include chromatography paper, glass fiber, and nitrocellulose membrane. These papers 

are modified by various patterning methods to allow flow of small volumes of reagents in 

desirable directions towards reaction zones where test results are read. Such patterning methods 

include photolithography (Martinez et al., 2008a), plotting (Bruzewicz et al., 2008), ink etching 

(Abe et al., 2008), plasma etching (Li et al., 2008), cutting (Fenton et al., 2009) and wax 

printing (Carrilho et al., 2009; Lu et al., 2009). In some cases cutting is used in combination 

with other methods such as wax printing (Seth and Buza, 2017) but these methods are 

sometimes used independent of each other (Lewis et al., 2014). Lateral flow assays have been 

in the market for a long time now. Although most of the microfluidic approaches have not yet 

resulted in commercial products, effort is being directed towards achieving this goal. 
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Apart from paper, recent research is also focusing on the use of thread as wicking and reaction 

medium for simple, low-cost diagnostics or sensors (Li et al., 2009; Nilghaz et al., 2013). 

Several studies have demonstrated the potential for thread-based devices for blood grouping 

(Ballerini et al., 2011a), infectious diseases pathogen detection and clinical chemistry (Li et 

al., 2009). This approach obviates the need for patterning described above for paper 

microfluidic devices hence may reduce cost and time required for assembly of these devices 

(Li et al., 2009). Microfluidic thread-based analytical devices (µTADs) may also be combined 

with paper platforms to make microfluidic thread-and-paper-based analytical devices 

(µTPADs) for increased versatility (Gonzalez et al., 2016). 

1.1.4 Success stories using ASSURED diagnostics 

Simple multiplex platforms for low-cost diagnostics are finding application in diagnosis of 

different diseases or conditions. They have been used in areas of infectious diseases diagnosis 

for medical and veterinary fields (Nielsen et al., 2008; Rohrman et al., 2012; Kamphee et al., 

2015), urinalysis for non-infectious health biomarkers and other chemicals e.g. detection of 

glucose, proteins, ketones, drug abuse, nitrite, bilirubin, leucocytes (Martinez et al., 2007; 

Reches et al., 2010; Li et al., 2010a, b), bio-threats such as detection of anthrax, plague, 

tularemia, nerve agents, ricin and botulism (Shyu et al., 2002; Gessler et al., 2007; Zasada et 

al., 2015), food safety such as detection of mycotoxins, drug residues, food allergens, food-

borne pathogens (Toldra and Reig, 2006; Shankar et al., 2010; Law et al., 2014; Weng et al., 

2016), environmental safety monitoring such as monitoring chemical or microbial 

contaminations in soil, water and air (Hossain et al., 2012; Sicard et al., 2015), fertility 

testing such as pregnancy diagnosis and sperm quality evaluation (Matsuura et al., 2014), and 

many more applications. 

1.2 Research problem and justification of study 

Diagnosis is the first step towards treatment of a disease or correction of any unfavourable 

condition, but is a major challenge in developing countries. In public health arena, it is 

important that health facilities are well equipped to properly discharge their roles. Failure to 

accurately diagnose the cause of problem always results in wrong treatment or management. 

Health facilities in most developing countries or resource-limited settings are poorly 

equipped as they have poor diagnostic facilities, less trained personnel and unreliable or no 

power supply to run available equipment or help in cold storage of diagnostic reagents that 

require refrigeration or freezing. Most people in such settings therefore, face acute shortage 



4 

 

 

 

in diagnostic services and healthcare providers have fewer options during provision of health 

services. Due to this fact, many conditions afflicting people are poorly diagnosed, and this 

results into poor disease management and outcomes. 

To address this problem and save many lives in resource-limited settings, low-cost diagnostic 

tests need to be developed. Apart from being sensitive and specific, these tests must be 

affordable to poor people and user-friendly, so they can be used with minimal training. 

Paper- and thread-based diagnostics have shown to be promising in addressing this problem. 

Using paper and threads, simple, microfluidic diagnostic tests can be designed and 

developed. Such simple technologies do not require expensive and highly specialised 

manufacturing equipment therefore can be applied in areas where resources are limited. 

Despite the progress made in identification and testing of paper and threads as new substrates 

for low cost POC diagnostics, gaps remain in the knowledge and its application towards 

development of such devices. One of the issues that need to be addressed are the contemporary 

challenges in diagnosis of febrile illnesses in the current era, following decline in malaria 

especially in areas where malaria has always been the predominant cause of febrile illness. 

Decline of malaria comes with challenges associated with detection of sub-microscopic malaria 

infections, diagnosis of malaria using mRDTs, diminishing naturally acquired immunity due 

to reduction in low-dose infective mosquito bites, and the attitude and practice of the 

community and health workers towards malaria decline. 

Reports have recommended multiplexing paper-based diagnostics as one of the best ways to 

develop affordable and robust diagnostic platforms that are highly needed in resource-limited 

settings. Despite this fact, there is limited evidence of devices that have been made available 

for use. Therefore, more effort is required to explore all potential avenues in order to realize 

this goal. 

Apart from paper, threads have also emerged as promising alternatives in fabrication of POC 

diagnostics. Most thread-based device platforms explored have employed the thread as both 

the distribution channel for sample and reagents as well as detection or display zone. A few 

have utilised paper disc as results display zones for colorimetric devices, while none have 

attempted to combine thread and nitrocellulose or nylon membranes for 

immunochromatographic devices. This approach is potential for optimal exploitation of thread 

strength as well as binding and contrast advantage of the nitrocellulose or nylon membranes. 

If well optimized, it will generate devices with high contrast, hence easy to read even by those 



5 

 

 

 

with limited expertise. Combining thread and paper discs is meant to achieve the same goal, 

taking advantage of the great contrast afforded by paper discs when used in colorimetric 

tests. Since threads are relatively new as substrates or matrices for fabrication of rapid 

diagnostics, it is necessary to explore the durability and viability of the devices they produce 

in order to assess their potential for producing ASSURED diagnostics. 

This work describes simple technologies for designing and manufacturing of low-cost 

diagnostics using thread and paper. The developed technologies are  suitable for use in most 

remote parts of the world to improve health conditions of people through improved disease 

diagnosis and hence appropriate and timely management. 

1.3 Objectives 

1.3.1 General objective 

The main objective of this study was to design, develop and evaluate low-cost multiplex test 

platforms for diagnostic applications in the developing world 

1.3.2 Specific objectives 

i. To review the challenges in diagnosis of febrile illnesses in Tanzania in the era of 

declining malaria 

ii. To design multiplex double-antibody sandwich immunochromatographic lateral flow 

platforms for point-of-care (POC) diagnostics 

iii. To design a multiplex thread-on-a-tape colorimetric device for diagnosis of important 

health biomarkers 

iv. To design a multiplex thread-on-a-tape immunochromatographic test for point-of-care 

detection of infectious diseases 

v. To assess short-term stability/viability of thread-on-tape devices under ambient tropical 

conditions 

1.4 Significance of the research 

This study highlights promising future in the field of development of point-of-care diagnostics 

in Tanzania. ASSURED diagnostics developed will have direct application in areas like 

differential diagnosis of febrile illnesses, neonatal and maternal septicaemia, ante-natal 

sexually-transmitted diseases screening, acute bacterial and viral diarrheal syndromes. 

Platforms designed will undergo further development and improvement stages and be used for 

developing target-specific tests with potential for clinical applications. Controlled testing will 



6 

 

 

 

be carried out to assess performance in terms of sensitivity and specificity. Prototypes that pass 

set criteria may be deployed for use in areas where diagnostic infrastructure or capacity is 

limited. 

The test principles and the capacity developed during this study will form a baseline on 

which more applications aimed at development of diagnostic tests for infectious and non-

infectious conditions will be built. The scope includes but is not limited to disease conditions 

characterised by immunological responses, detection of microbial, anti-microbial and chemical 

contamination of animal-derived foods such as milk, meat and eggs, and monitoring 

environmental contamination by pathogens, pesticides and heavy metals. Most of the designs 

described here utilize simple materials that are cheap, readily available and used in daily 

household applications like threads, needles, adhesive tapes, glue, and paper. Moreover, this 

work is the first of its kind in Tanzania and methods used require only moderate training, 

making them easy to adopt and adapt in developing countries such as Tanzania, where both 

infrastructural and trained personnel resources are limited. This will therefore stimulate more 

diagnostic development since the simple technology applied can easily be transferred to local 

scientists with minimal training, to facilitate local development and manufacture of necessary 

diagnostics. Therefore, this project serves as a foundation for building capacity in research, 

development and production of affordable diagnostics in Tanzania. 
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CHAPTER TWO 

 

Challenges in Diagnosis of Febrile illnesses in Tanzania in the Era of Declining Malaria
1
 

 

Abstract 

Malaria and other febrile illnesses are very common especially in children in developing 

countries. Due to reliance on clinical algorithms for diagnosis in resource-poor settings, most 

febrile episodes have always been attributed to malaria. However, continuous malaria 

monitoring and recent improvements in malaria diagnosis have revealed a progressive decline 

in malaria and significant involvement of non-malarial etiologies in most febrile cases. This 

paper highlights the situation of malarial and non-malarial fevers, challenges facing the 

health sector, and possible approaches to addressing these challenges for better diagnosis of 

non- malarial febrile illnesses in Tanzania. 

 

Key words: Non-malarial fevers, febrile illness, malaria, diagnostic challenges, Tanzania 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1
American Journal of Research Communication, 2015, 3(5): 88-110} www.usa-journals.com, 

ISSN: 2325-4076. 

http://www.usa-journals.com/


8 

 

 

 

2.1 Introduction 

Malaria is ranked among the leading causes of morbidity and mortality in Africa and other 

malarial endemic regions with fever being the predominant clinical manifestation 

(Luxemburger et al., 1998; Muhe et al., 1999; Chandramohan et al., 2002; Snow et al., 2005; 

WHO, 2009). Diagnosis of febrile episodes using fever as the sole criteria is somewhat 

cumbersome as many illnesses are accompanied by elevated axillary body temperatures. 

Studies conducted over 5-10 years ago have estimated the number of annual fever episodes 

among African children to be as high as 870 million (Snow et al., 2003; Snow et al., 2005; 

Gething et al., 2010a; Gething et al., 2011), a large proportion of which has been associated 

with malaria. However, these data have been found to overestimate malaria burden due to the 

lack of specificity of a purely clinical diagnosis. Studies have revealed a diminishing 

contribution of malaria to the febrile illnesses whose prevalence remains high (D'Acremont et 

al., 2010; Bisoffi and Buonfrate, 2013; Crump et al., 2013; D'Acremont et al., 2014a). With 

the current decline in malaria transmission in many of the malaria endemic regions, the 

preponderance of febrile episodes could therefore be attributed to non-malarial febrile illnesses 

(NMFIs) (Okiro and Snow, 2010; Acestor et al., 2012; Bisoffi and Buonfrate, 2013). Since 

most fevers without any other obvious cause were in the past almost considered malarial, 

identification of alternative causes of fever has always been perceived as unnecessary and 

causes of NMFIs have remained mostly unknown. Today, the world has made a significant step 

in terms of malaria diagnosis. With deployment of malaria rapid diagnostic tests (mRDTs), 

over-diagnosis, and consequently over-treatment of malaria has been reduced and the 

contribution of non-malarial etiologies to febrile illnesses has now been recognized 

(D'Acremont et al., 2010). Some studies reported a proportion of non-malarial fevers ranging 

between 57% to above 90% (D'Acremont et al., 2010; Gething et al., 2010b). With malaria 

having been ruled out and without sufficient means to specifically reach etiologic diagnosis of 

the febrile conditions (Petti et al., 2006), clinicians often find themselves in a dilemma under 

such circumstances. Consequently, clinical management is often driven by syndrome-based 

guidelines employing empiric treatment (WHO, 2011; Baltzell et al., 2013). In the next 

sections, we discuss the situation of malarial and non-malarial fevers, challenges facing the 

health sector, and possible approaches to addressing these challenges for better diagnosis of 

NMFIs in Tanzania. 
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2.2 Febrile illnesses among children and adults in Tanzania 

Febrile illnesses among Tanzanian children and adults are due to a wide range of etiologies 

including malaria and other non-malarial causes. A recent study on malaria passive case 

detection (PCD) in communities of Korogwe District in Tanga, north-eastern Tanzania, has 

revealed that despite a significant decline in malaria prevalence in these communities, fever 

prevalence remains high (Rutta et al., 2012). In this study, the malaria positivity rate in 15 729 

febrile cases was 20% in 2006, but progressively declined to below 10% in 2009 while fever 

cases remained unchanged (over 40% for children under five, and over 20% for children older 

than five (Rutta et al., 2012). This study did not identify the causes of non-malarial fevers, but 

its findings underscore the fact that even though malaria has declined, the prevalence of fever 

cases remains high. For example, a 2013 hospital-based study in the same district investigating 

causes of fever in children aged 2 to 59 months showed multiple etiology of febrile illnesses 

with respiratory infections occurring in more than 60% of cases (Mahende et al., 2014). 

Other syndromes include gastroenteritis (>21%), bacteremia and urinary tract infections 

(>21%) and malaria (8%). More than 26% of patients were found to be co-infected with more 

than one pathogen in this study (Mahende et al., 2014). 

A separate study in rural and urban Tanzania investigated causes of fevers in children up to 10 

years of age. As in other studies, acute respiratory infections were by far the most common 

aetiology (62%) followed by malaria (11%), gastroenteritis (10%) and urinary tract infection 

(6%). Others included typhoid fever, mucosal infections, meningitis, and some with no known 

causative organism (D'Acremont et al., 2014b). Furthermore, hospital-based studies 

investigating all cases admitted as severe malaria cases at Bombo (Tanga), Magunga 

(Korogwe), and KCMC (Kilimanjaro) hospitals revealed that a considerable proportion of 

admissions were malaria negative on microscopy (Reyburn et al., 2004; Msangeni et al., 2011). 

Specific tests on bacteremia patient samples revealed infection with Salmonella typhi, 

Streptococcus spp, Staphylococcus spp, non-typhi Salmonella, brucellosis, rickettsiosis, 

leptospirosis and others (Biggs et al., 2011, 2013, 2014; Msangeni et al., 2011; Prabhu et al., 

2011; Crump, 2012; Crump et al., 2013; D'Acremont et al., 2014a; D'Acremont et al., 2014b; 

Mahende et al., 2014). It should also be noted that not all cases were positive on blood culture, 

indicating that most of the patients were infected with other groups of pathogens such as 

viruses, protozoans, fungi as well as other bacteria that do not grow well on blood cultures and 

whose detection methods were beyond the scope(s) or objective(s) of these studies (Msangeni 

et al., 2011). It is apparent that febrile illnesses are still highly prevalent in Tanzania despite 
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the reported decline in malaria. However, unlike the situation in the past, frequent causes of 

current febrile illnesses are non-malarial. 

2.3 Diagnostic dilemma of non-malarial fevers 

Accurate diagnosis is a prerequisite for appropriate management of any disease or condition. 

Therefore, diagnostic facilities should be strengthened in order to make sure that appropriate 

treatment is instituted for the right disease. Failure to meet the above standards usually leads 

to wrong treatments, poor outcomes, and an increased risk for development of drug resistance. 

While the above is true, the Tanzanian health sector is still facing a challenge of poor quality 

diagnostic facilities, which are contributing to difficulties in disease management (Ishengoma 

et al., 2009; Ishengoma et al., 2010). Some of the ongoing challenges facing health systems in 

Tanzania with respect to diagnosis of malarial and non-malarial fevers are discussed below. 

2.3.1 Sub-microscopic malaria infection 

Microscopic examination of Giemsa-stained blood slides remains the gold standard and the 

most widely-used laboratory tool for diagnosis of malaria. Although mRDTs provide a more 

convenient option at point-of-care, and nucleic acid-based detection and identification 

techniques offer more sensitivity and specificity, it is microscopy that has continued to be the 

mainstay for malaria diagnosis in settings where resources are available. This is because, while 

mRDTs are rapid and user-friendly and require no specialized training, equipment, or power to 

read the results, they are relatively new in application and some of the original versions lacked 

the ability to distinguish different species of plasmodium. Most mRDTs also are qualitative, 

and products from different suppliers vary in sensitivity and specificity (Forney et al., 2003; 

Wongsrichanalai et al., 2003a; Wongsrichanalai et al., 2007). Nucleic acid-based detection 

methods are more sensitive and specific than microscopy, but require expensive and highly 

specialized equipment, highly trained personnel and continuous power supplies (Coleman et 

al., 2006; Nicastri et al., 2009; Santana-Morales et al., 2012). Most of these essential conditions 

are limited or missing in most low-resource (developing) countries where malaria is endemic. 

Despite the usefulness of microscopy as a tool for malaria diagnosis, its relatively high limit of 

detection is a concern. The established theoretical limits of detection of malaria parasites by 

microscopy lie between 5-20 parasites per microliter of blood (Dowling and Shute, 1966; 

Bruce-Chwatt, 1984; Payne, 1988; Babiker and Schneider, 2008). However, due to a number 

of factors including sample collection, processing, slide reading, equipment, and malaria 

incidence and prevalence, the practical limit of detection is over 100 parasites per microliter of 
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blood (WHO, 1988). This detection limit implies that microscopy may miss lower density 

infections, especially in endemic areas and in areas where malaria is declining. For example, it 

has been found that about 88% of all infections are missed in areas where malaria prevalence 

measured by PCR is less than 10% (Okell et al., 2009). This proportion of patients with parasite 

levels below the limit of detection by microscopy are referred to as patients with 

submicroscopic malaria infection (parasitemia). 

Studies have demonstrated that submicroscopic parasites contribute substantially to malaria 

transmission (Babiker et al., 2008; Karl et al., 2011). Although the proportion of febrile 

infections as a result of submicroscopic parasite density has not been well characterized, the 

possibility has been highlighted (Snounou, 1993; Cohee et al., 2014). The contribution of 

submicroscopic parasites to transmission intensity as well as febrile episodes is likely to 

significantly increase in areas of declining malaria burden as a result of diminishing naturally 

acquired immunity to malaria (Doolan et al., 2009). It has also been shown that, apart from 

acting as reservoirs of transmission, submicroscopic infections could have an impact on 

hemoglobin levels (Mockenhaupt et al., 2000; Cohee et al., 2014). Febrile cases due to 

submicroscopic parasites are expected to be few, but whenever they occur, they are likely to 

be missed by conventional microscopic diagnosis. Such cases will be considered to be non- 

malarial and patients will receive inappropriate treatment, hence minimizing their chances of 

timely and complete recovery, and thus further propagating not only the malaria transmission 

cycle, but also promoting antimicrobial resistance. 

2.3.2 The use of malaria rapid diagnostic tests (mRDTs) 

Along with microscopic examination of Giemsa-stained thick and thin blood smears, mRDTs 

are currently the best available and affordable alternative means of diagnosing malaria, 

especially in resource-poor settings (Ochola et al., 2006; Ishengoma et al., 2011; Mubi et al., 

2011; Minja et al., 2012; Santana-Morales et al., 2012). The use of mRDTs significantly 

facilitates targeted malaria treatment and reduces over-treatment with anti-malarials 

(Ishengoma et al., 2011; Mubi et al., 2011; Rutta et al., 2012). These tests are useful because 

they do not require sophisticated equipment or complicated procedures or training, and can 

be stored at room temperature, which enables their use in areas where refrigeration is lacking. 

However, most mRDTs are not ideal. Their sensitivity and specificity under different 

manufacturing, storage, and operating conditions vary (Iqbal et al., 2003; Ishengoma et al., 

2011). Varying performance implies that under certain circumstances, mRDTs may fail to 

accurately diagnose malaria, thus compromising the choice of treatment. Low sensitivity 
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results in failure to detect malaria parasites in an infected patient (false negative), while low 

specificity results into over-diagnosis, hence overtreatment of malaria. It is paramount that 

mRDTs are sufficiently accurate for proper diagnosis, which is crucial in effecting optimal 

management of fever patients. Fortunately, in most cases their sensitivity and specificity are 

sufficiently high for Plasmodium falciparum (Iqbal et al., 2003; Pattanasin et al., 2003). 

Some brands of mRDTs are designed to detect only one Plasmodium species and may be the 

best choice in areas where that species is the predominant cause of malaria. For example, most 

cases in Sub-Saharan Africa are caused by Plasmodium falciparum (Snow et al., 2005; Hay et 

al., 2009; Gething et al., 2011). In other parts of the world like Asia, North and South 

America, the Middle East, North Africa, and the South Pacific, P. vivax is the predominant 

malaria parasite (Li et al., 2001; Oliveira-Ferreira et al., 2010). However, between these 

extremes, other minor species such as P. ovale, and P. malariae also are present and cannot 

be ignored. For this reason, some of the mRDTs being developed today are capable of 

detecting non- falciparum malaria (Ashton et al., 2010). This diversity in malaria etiology 

poses a challenge to health care workers in developing countries, and sometimes leads to 

improper diagnosis. In Tanzania for instance, mRDTs are usually provided by the Ministry of 

Health, Community Development, Gender, Elderly, and Children (MoHCDGEC) through the 

Medical Stores Department (MSD) (Chipwaza et al., 2014a). If the stock delivered to health 

facilities is capable of detecting P. falciparum only, then any non-falciparum malaria will be 

missed and may be treated symptomatically as a non-malarial febrile case. Therefore, an ideal 

mRDT would be highly sensitive, specific, and capable of detecting all common causes of 

malaria in a particular epidemiological and clinical setting (Mouatcho and Goldring, 2013). 

Despite favourable mRDT performance parameters, malaria diagnosis still poses a substantial 

challenge resulting from potential concomitant infection with other causes of fever (Chipwaza 

et al., 2014a). When other pathogens are involved, mere demonstration of malaria parasites 

may not be conclusive as to what treatment should be applied to the patient (Wongsrichanalai 

et al., 2003b; Brouqui et al., 2005; Keong and Sulaiman, 2006; Uneke 2008; Agwu et al., 

2009). In malaria endemic countries, infection with Plasmodium spp does not necessarily result 

in malaria, since individuals may harbor malaria parasites without becoming ill. Therefore, for 

every febrile case, a thorough check-up should be performed to confirm malaria or rule out 

non-malaria causes of fever. Unfortunately, in low-resource countries like Tanzania, healthcare 

facilities are ill-equipped to make this distinction. 
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2.3.3 Diminishing naturally acquired immunity to malaria and its potential role in fever 

of malarial origin 

Naturally acquired immunity (NAI) to malaria has been associated with non-sterile protection 

against malaria disease in individuals who have been infected by malaria parasites (Doolan et 

al., 2009; Richards et al., 2010; Douglas et al., 2011; Pinkevych et al., 2012). This immunity 

may last for years but can be overcome. For example, exposure to high infectious doses of 

the parasites, changes in the genetics of the parasite resulting in more virulent forms and 

compromised immune systems all may overcome and thus result in diminished naturally 

acquired immunity. 

In these situations, endemic stability is likely to be disrupted. In recent years, the world has 

observed a substantial drop in malaria incidence and prevalence across most of the malaria- 

endemic regions (Mmbando et al., 2010; O‟Meara et al., 2010; Ishengoma et al.,2013; Mboera 

et al., 2013), with the exception of malaria hotspots where no decline has been observed or 

reported. In certain areas, this decline has been occurring for more than 15 years (Ishengoma 

et al., 2013). If withdrawal of continuous exposure to low-dose infective bites is sustained over 

a long period, then NAI subsequently diminishes, which will render adults susceptible to 

malaria (Doolan et al., 2009). Unpublished data from Korogwe, Tanzania show a time lag in 

acquisition of natural immunity to malaria in children from the age of 5 to the age of 10 years 

and above. 

Apart from predisposing the population to rebound epidemics (Doolan et al., 2009; Ursing et 

al., 2014), diminished immunity will shift the endemic stability balance. The level of parasite 

dose to which the population is tolerant will drop in accordance with diminishing natural 

immunity. As a consequence, certain levels of parasites that previously resulted in 

asymptomatic infection could eventually cause clinical cases of fever (Doolan et al., 2009). 

Some fever cases may even be caused by parasite levels below detection limits of current rapid 

diagnostics and microscopy. Although greatly confounded by the non-malarial scenario, this is 

a possibility that needs to be investigated, and which should be addressed by developing 

more sensitive tests for both malarial and non-malarial febrile illnesses. 

2.3.4 Knowledge, attitudes and practices of the community and health workers regarding 

non-malaria fevers 

Although the prime clinical manifestation of malaria is fever, malaria is not the only disease 
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that presents with fever (Punjabi et al., 2012; Acestor et al., 2012; Baltzell et al., 2013; Bisoffi 

and Buonfrate, 2013; Ishengoma et al., 2013; Mayxay et al., 2013; D'Acremont et al., 2014a; 

D'Acremont et al., 2014b). It is therefore important to distinguish all cases of fever and 

correctly diagnose them to their respective etiologies or groups in order to institute appropriate 

treatment. However, the current state of affairs attributes most febrile conditions as malaria. A 

significant proportion of community members in Tanzania and other countries do not have 

appropriate knowledge about febrile conditions and most believe that fever and malaria are 

synonymous (Baltzell et al., 2013; Chipwaza et al., 2014a, b). Only a small proportion was 

able to associate fever with true causes such as respiratory and urinary tract infections 

(Chipwaza et al., 2014a). Due to this lack of knowledge, most febrile patients or parents and 

guardians of febrile children expect a positive malaria test. When they are given negative 

results, sometimes they do not accept them. They would rather have their children given 

antimalarial drugs even if not diagnosed with malaria. This situation also leads to self- 

medication with antimalarial drugs, with or without consulting healthcare professionals 

(McCombie, 2002; Kunda et al., 2007; Chipwaza et al., 2014b). In studies involving 

community members, most admitted that they did not know other causes of fever apart from 

malaria (Crump, 2012; D'Acremont et al., 2014a). 

Healthcare workers face a dilemma in diagnosis and management of febrile illnesses. Clinical 

diagnosis of fever based on symptoms and signs is not sufficient to render appropriate 

treatment. The use of mRDTs helps in definitive identification of positive malaria cases but 

has no use for negative cases. Non-malarial febrile illnesses due to bacteria, protozoa, fungi 

and viruses, for example typhoid fever, urinary tract infections (UTI), acute respiratory tract 

infections (ARIs), rotavirus infection, brucellosis, tick-borne relapsing fever, leptospirosis, 

dengue fever, and Chikungunya virus infection have been reported in Tanzania (Schoonman 

and Swai, 2009; Prabhu et al., 2011; Crump et al., 2013; D'Acremont et al., 2014b; Mahende 

et al., 2014), however there is limited diagnostic capacity for non-malarial fever etiologies. 

Thus, healthcare workers always resort to clinical diagnosis or symptomatic treatment of febrile 

cases (Chipwaza et al., 2014a).  

2.4 What should be the way forward? 

2.4.1 Create community awareness on the existence of non-malarial febrile aetiologies 

It is important for patients and the general community to understand the existence of febrile 

etiologies other than malaria. Healthcare providers should play a leading role in this education. 
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Patients and the general community also should be made aware that a negative malaria test of 

a febrile person does not necessarily mean that the method, device, or personnel doing the 

testing is incompetent. It also does not mean that the patient „is not ill‟. Instead, a negative test 

creates the need for further testing to establish the real cause of the febrile illness in the patient. 

Such awareness can be accomplished at different levels. First, healthcare providers could 

educate patients during consultation sessions after receiving test results regardless of the status 

of the test. Second, the health system should offer alternative diagnosis for non-malarial fever 

cases. It is certainly not assuring when, having all indications of febrile illness, a patient is told 

to go home without being treated simply because only one test was found to be negative. To 

meet this requirement, researchers and scientists must continue to explore all possible causes 

of febrile disease in different epidemiological settings. Third, mass education through local and 

regional media should be employed to strengthen awareness and knowledge about the existence 

of non-malarial febrile illnesses, and the approaches for diagnosing and treating them. 

2.4.2 Strengthen diagnostic systems for malaria and create options for diagnosis of 

other causes of fever 

Most of what appears to be the non-malarial fever dilemma in Tanzania and other low-resource 

countries has gradually resulted from over-dependence on clinical algorithm for malaria 

diagnosis (Font et al., 2001; Reyburn et al., 2004; Petti et al., 2006; Craig et al., 2010). Lack 

of diagnostic infrastructure or resources, trained personnel, instruments such as microscopes, 

and accompanying reagents has always made it impossible to correctly diagnose malaria in the 

developing world. Slight improvements in malaria diagnostics coupled with recent declines 

in malaria infections revealed that not all febrile cases are due to malaria (Snounou et al., 

1993; Wongsrichanalai and Miller, 2002; Murray et al., 2003; Wongsrichanalai et al., 2007; 

Van Den Ende et al., 2010; Reyburn 2010; Yukich et al., 2010; Mouatcho and Goldring, 

2013). It is therefore proposed that improved diagnostics be extended to remote areas where 

such capacity is not available. Building malaria diagnostic capacity in health facilities will 

help discriminate true malarial and non-malarial fevers, thereby enabling accurate, effective 

and optimal malaria case management. However, improved malaria diagnostics will be only 

one step towards success. Capacity needs to be built or strengthened to enable diagnosis of 

alternative causes of fever in malaria-negative febrile patients (Pang and Peeling, 2007; 

Chappuis et al., 2013). To ensure that these tests are useful to those living in remote, low-

resource areas in developing countries, universal tests must conform to the requirements set 

by the World Health Organization (WHO). WHO has developed the ASSURED criteria for 
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ideal diagnostic tests. The test must be Affordable by those at risk of infection, Sensitive (few 

false-negative results), Specific (few false-positive results), User-friendly (simple to perform 

by persons with little training), Rapid and robust, Equipment-free and Deliverable to those 

who need it (Peeling et al., 2006; Urdea et al., 2006). Current research is directed towards 

understanding the aetiology of non-malarial febrile illnesses in different epidemiological 

settings. Most of these studies employ advanced molecular and serological techniques that 

are expensive, time-consuming, requiring trained personnel and in most cases, electric-

powered equipment (D'Acremont et al., 2014b; Mahende et al., 2014). Although these 

techniques are useful in pathogen identification, most of them are impractical to be used at 

point-of-care. This underscores the need to develop simple, highly sensitive, and specific 

tests that meet the WHO ASSURED criteria in order to reach and serve resource-limited parts 

of the world where they are needed most. An example of such efforts employs the use of 

microfluidic paper-based analytical devices (µPADs) (Mabey et al., 2004; Yager et al., 2006; 

Chin et al., 2007; Martinez et al., 2010). Using paper ensures cost reduction and flexibility for 

patterning where photolithography (Martinez et al., 2008a), plotting (Bruzewicz et al., 2008), 

ink etching (Abe et al., 2008), plasma etching (Li et al., 2008), cutting (Fenton et al., 2009) 

and wax printing (Carrilho et al., 2009; Lu et al., 2009) have potential as patterning methods 

for µPADs. Paper has potential as a diagnostic platform because it is readily available and 

inexpensive, can wick and distribute aqueous fluids, and has been in use for a long time as an 

analytical platform. Paper can be modified to incorporate functional groups, can easily be 

transported and stored, is compatible with most printing technologies, and can easily be 

disposed by incineration. Paper is therefore a potential starting material for making 

ASSURED diagnostics (Martinez et al., 2010; Phillips and Lewis, 2014). 

2.4.3 Develop multiplex rapid diagnostic tests for alternative causes of febrile illness 

The WHO recommends rapid diagnostics that are affordable. This means that they should be 

made using cheap, readily available materials and simple technology so that the overall cost of 

a finished product should not deter the poor from using the service. Multiplexing the tests will 

also help. Even in cases where simple and cheap diagnostic tests for unconventional fever 

aetiologies are available, most of these diseases are so unknown or overlooked in the 

developing world that it may imply a trial-and-error approach to arrive at the right diagnosis 

taking one disease at a time after malaria has been excluded. This act of sequential testing may 

be slow, and during this time the patient‟s condition may deteriorate. It may also become 

prohibitively expensive to most people with limited resources, since the cost of each test will 
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quickly reach an unaffordable range. These setbacks may be overcome if multiplexed, low- 

cost, rapid diagnostic tests that are capable of simultaneous detection of multiple pathogens are 

developed. Prototype µPADs have shown potential for multiplexing and also may have 

favourable performance. This type of flexibility should be utilized in designing multiplex tests 

for common causes of febrile illnesses in Tanzania and other low-resource countries where 

malarial and non-malarial febrile illnesses are common. Ongoing research provides crucial 

information about common causes of fever in children and adults and in different geographical 

and epidemiological settings. This information should be taken into consideration while 

planning any multiplex prototype. With all other WHO guidelines met, a diagnostic that is 

capable of multiplexing will greatly enhance affordability by cutting the overall cost of 

otherwise sequential multiple testing in non-malarial febrile patients. 

2.5 Conclusion 

Febrile illnesses continue to cause significant problems in developing countries, especially in 

children under five years of age. Despite its historical dominance, malaria parasites are not the 

only cause of febrile conditions; the actual contribution of malaria has been diminishing over 

the past decade. Continuous malaria monitoring and improvement in malaria diagnosis has 

uncovered significant contributions from non-malarial causes of febrile illnesses. This 

observation has created a new challenge since most healthcare outlets in low-resource 

countries, like Tanzania, are not equipped with the capacity to accurately diagnose non-malarial 

febrile illnesses at point-of-care. Instead, they usually rely on patient or parent history and 

presenting clinical signs and symptoms. Therefore, while there is still a need to develop 

sensitive diagnostics for malaria in order to meet new challenges resulting from low 

parasitemia and decline in naturally acquired immunity to malaria, there also is an urgent need 

to (a) create knowledge and awareness of the community regarding non-malaria fevers, and 

(b) intensify efforts to develop point-of-care diagnostics for non-malarial febrile illnesses in 

order to improve diagnosis and management of these diseases in developing countries. 
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CHAPTER THREE 

 

Multiplex Paper-based designs for Point-of-Care (POC) Diagnostics
2
 

Abstract 

Introduction: Accurate and timely diagnosis is usually the first step towards appropriate 

disease management. In resource-limited settings, healthcare workers lack proper facilities to 

perform vital tests, and the diagnosis of disease is often determined by non-specific, 

physiological symptoms alone. Simple and rapid tests are needed as prerequisite tools for 

patient care and must conform to the criteria set out by the World Health Organization. To 

address the challenge of specific diagnosis for diseases that present with similar symptoms, 

multiplex diagnostic platforms must be designed. 

Methods: Simple designs for multiplexed paper-based diagnostic platforms were developed. 

Laser-cutting and wax printing were used to create specific patterns on paper to guide the flow 

of sample and reagents towards reaction zones. Multi-arm and single strip multiplex platforms 

were designed and tested using Human Immunoglobulin G, Hepatitis B virus surface antigen 

(HBsAg), and Helicobacter pylori antigens. 

Results and Conclusion: All designs produced promising results with the lowest limit of 

detection for antigens being 30 ng/ml for single strip designs. The use of glass fibre conjugate 

pad was found to be more sensitive compared wax-printed chromatography paper. Results from 

this study indicate great potential for further application in development of diagnostic low-cost 

paper-based diagnostic devices. 

Keywords: Point-of-care diagnostics, Multiplex devices, paper-based diagnostic platforms, 

low-cost diagnostics, ASSURED diagnostics 
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3.1 Introduction 

Appropriate patient care or disease management is highly dependent on timely and accurate 

diagnosis, which is insufficiently available in resource-limited settings, culminating into 

symptomatic diagnosis and treatment most of the time (Petti et al., 2006; Yager et al., 2006). 

Simple and rapid tests are needed as prerequisite tools for patient care and must conform to the 

„ASSURED‟ criteria set out by the World Health Organization (WHO). An ideal test must be 

Affordable by those at risk of infection, Sensitive (few false-negative results), Specific (few 

false-positive results), User-friendly (simple to perform by persons with little training), 

Rapid/robust, Equipment-free and Deliverable to those who need it (Mabey et al., 2004; 

Peeling et al., 2006; Urdea et al., 2006). 

In recent years, paper has emerged as an important substrate for fabrication of low-cost, simple 

diagnostics for use in limited-resource settings (Lu et al., 2009; Li et al., 2012; Yetisen et al., 

2013). Desirable features of paper include its ubiquitous abundance, mechanical strength, and 

flexibility. Paper can wick and distribute aqueous fluids, and has been in use for a long time as 

an analytical platform. Also, paper can be modified to incorporate functional groups, can easily 

be transported and stored, is compatible with most printing technologies, and can easily be 

disposed by incineration (Martinez et al., 2010; Phillips and Lewis, 2014). Cellulose-based 

materials such as chromatography and filter papers have found wide applications in making 

dipsticks and microfluidic paper-based analytical devices (Pelton, 2009) while nitrocellulose 

membranes are mostly used in Lateral flow immunoassays (Mansfield, 2009). 

There are cases where multiple diseases or conditions need to be diagnosed together or 

differentiated, especially if observable symptoms are similar. The best example is the case of 

febrile illnesses in malaria-endemic regions (Bisofi and Buonfrate, 2013; Crump et al., 2013; 

D‟Acremont et al., 2010; D‟Acremont et al., 2014; Seth et al., 2015). Patients predominantly 

present with fever symptoms and cannot be accurately diagnosed without a specific test. When 

the most common aetiology of fever (malaria) is ruled out, identifying the exact cause of fever 

is usually done clinically in most cases (Chipwaza et al., 2014a), or if resources allow, through 

sequential testing of the likely fever aetiologies to reach definitive diagnosis. 

Designing multiplexed test devices is therefore very important for enhancing timely diagnosis 

as well as minimizing the cost that would otherwise be incurred if sequential testing was to 

be performed (Seth et al., 2015). Using paper, various patterning methods have been 
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described and tested in previous studies. These methods include cutting (Fenton et al., 2009), 

wax printing (Carrilho et al., 2009; Lu et al., 2009), photolithography (Martinez et al., 

2008a), plotting (Bruzewicz et al., 2008), ink etching (Abe et al., 2008) and plasma etching 

(Li et al., 2008), among others. Apart from clinical applications, other point-of-need 

applications for multiplex paper-based devices may include their use in qualitative/semi-

quantitative detection of antimicrobial residues in milk and other foods of animal origin 

where other testing methods are currently being applied (Ferguson et al., 2002; Pikkemaat et 

al., 2009) and screening for environmental contamination with heavy metals (Lewis et al., 

2014; Wang et al., 2014). Of all the above applications, the use of these devices for point-of-

care diagnosis at health outlets to facilitate patient care in the developing world remains the 

most compelling. In this article, simple designs for multiplexed paper-based diagnostics 

where a combination of laser-cutting and wax-printing was used to create channels and 

barriers to direct the flow of sample and reagents on paper are described. The designs were 

tested using Human Immunoglobulin G, Hepatitis B virus surface antigen (HBsAg), and 

Helicobacter pylori. These were selected on the basis of their availability and diversity 

comprising of immunoglobulin, virus and bacterial targets. 

3.2 Materials and Methods 

3.2.1 Antibodies and antigens 

Antibodies and antigens used in this study were obtained from Arista Biologicals, Allentown, 

PA, USA. Conjugate antibodies used were monoclonal mouse anti H. pylori colloidal gold 

conjugate, clone 4 (CGHPY-0704), monoclonal mouse anti HBsAg colloidal gold conjugate, 

clone 2 (CGHBS-0702), and goat anti human IgG colloidal gold conjugate (CGIGG-0500). All 

conjugate antibodies were conjugated to a 40 nm colloidal gold particle at a concentration of 

10 µg/ml (OD540=10). Capture antibodies used were mouse anti H. pylori antibody 

(ABHPY- 0403), Goat anti HBsAg (ABHBS-0500) and Goat anti human IgG (ABIGG-

0500). Invitro purified proteins from H. pylori, recombinant HBsAg strain produced in pichia 

pastoris, and Human IgG purified by immunoaffinity from whole goat antisera, were used as 

antigens for H. pylori, Hepatitis B and IgG, respectively. There was no positive control since 

testing was done using purified antigens. The device platforms were designed using glass 

fiber pads, chromatography paper and nitrocellulose membrane. Chromatography paper and 

fiberglass were used as sample and conjugate pads while nitrocellulose was used as capture 

membrane. Three different designs are described in this paper. 
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3.2.2 Multi-channel multiplex designs 

In the first design, conjugate pad and nitrocellulose membrane were both cut using laser cutter 

per the plots made on a computer using Corel 7 drawing software (Fig. 1A). In the other two 

designs, sketches drawn using computer program were printed on chromatography paper using 

Xerox 7560 solid ink (wax) printer to create hydrophobic barriers and hydrophilic chambers 

and channels for deposition and flow of conjugate reagents and sample (Fig. 1 B and C). Printed 

paper was heated in hot-air oven for 30 seconds at 150ºC with the printed side facing up to 

melt the wax through the paper thereby creating continuous channels and barriers. The designs 

were tested by assembling a device for simultaneous detection of Helicobacter pylori 

(bacteria), Hepatitis B viral antigen S (virus), and Human Immunoglobulin G. Each arm of the 

conjugate pad was treated with 2.5 µl of 10% BSA in PBS and allowed to dry at room 

temperature for 5 minutes and then at 50ºC for 10 minutes. Stock conjugate antibody (OD10) 

was diluted one fifth in conjugate buffer (2% w/v BSA, 10% w/v sucrose and 0.1% v/v Tween 

20 in Borate buffered saline). This was followed by addition of 5µl of gold conjugate antibody 

to the conjugate pad, each arm with a specific antibody type. The pads were dried at room 

temperature for 5 minutes and then at 50oC for 10 minutes as above. Dried conjugate pads 

were kept in sealed bags with desiccant ready for device assembly. 

The nitrocellulose (capture) membranes appropriately cut to fit the design were treated with 

the specific capture antibodies. Capture antibodies were diluted in PBS (pH 7.4) to a 

concentration of 0.5 mg/ml, with 5% methanol included to enhance fixation of antibodies to 

the membrane. A total of 3 µl were applied to the membrane in small quantities (0.5 µl per 

round). The membrane was dried at room temperature for 2 minutes followed by 10 minutes 

at 50º C. This was followed by addition of 2 µl of blocking buffer (0.1% v/v Tween 20, 5% 

w/v sucrose and 1% w/v BSA) per arm, and then dried as above. Assembly of the 

multichannel device was accomplished by first sticking the nitrocellulose membrane on an 

adhesive tape/plastic backing card placed on a flat surface. At the distal end of each arm, 

appropriately cut absorbent filter papers were placed on top of the membrane in an 

overlapping fashion to serve as wicking or absorbent pads. This was followed by overlaying 

the conjugate (or conjugate cum sample) pad at the center position on top of the membrane. 

For the first design (Fig. 3A), a sample pad was placed on top of the fiberglass conjugate pad 

to complete the device assembly. Assembled devices were tested using a serially diluted 

mixture of target antigens to establish the limits of detection of each against respective antigens. 
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3.2.3 Single channel multiplex design 

The aim was to assess the possibility of combining tests for various analytes on a single strip, 

comprised of a single conjugate pad and capture (nitrocellulose) membrane. In this design, 

gold-conjugated antibodies specific to target antigens Human immunoglobulin G, Hepatitis B, 

and Helicobacter pylori (all from Arista Biologicals, Allentown, PA, USA) were blotted on a 

single piece of glass fiber pad either individually or as pooled solution. In the first approach 5 

µl of each gold conjugate was applied on the pad, followed by the next until all were added. 

The pad was dried between additions, first at room temperature for 5 minutes, followed by 2 

minutes at 50ºC in an oven. After the final addition, the conjugate pad was dried for a further 

10 minutes at 50ºC and kept dry until use. Alternatively, all conjugates were mixed together to 

make one pooled solution. About 10-15 µl of the conjugate mixture was applied to the 

conjugate pad and dried as above. Prior to addition of conjugates, the glass fiber pad was pre- 

treated with 5 µl of 10% BSA and dried as described above. Capture antibodies were diluted 

in PBS (pH 7.4) and 5% methanol to a working concentration of 0.5 mg/ml. A total of 3 µl of 

each antigen-specific capture antibody were applied in small quantities (0.5 µl per round) at 

specifically identified test zones on the membrane. The membrane was dried at room 

temperature for 2 minutes followed by 10 minutes at 50ºC. The membrane was blotted with 2 

µl of blocking buffer (0.1% v/v Tween 20, 5% w/v sucrose and 1% w/v BSA) and dried as 

above. The two methods of conjugate pad treatment were compared by running a sample of 

antigen mixture at the concentration of 30 µg/ml and response was observed within 10 

minutes after sample addition. 
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Figure 1. Components of four-channel multiplex designs (laser-cut and wax-printed) 

Sample pad (A), conjugate pad (B), lateral flow nitrocellulose membrane (C), and 

absorbent pad (D). Note that for design 2, both the sample and conjugate pads are 

printed with wax on same paper. 
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Figure 2. Schematic representation of layers of multiplex paper-based device  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Paper-based device assembly before sample application  

A: Radial design with glass fiber conjugate pad and separate sample pad cut from 

Whatman filter paper. B: Conjugate and sample pads printed on chromatography 

paper. 

A  
 Absorbent pad 

B 

Nitrocellulose membrane 

Sample pad 

Conjugate pad 

HB: Hepatitis B; HP: Helicobacter pylori; IgG: Human immunoglobulin G 
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C 1/8x dilution D 1/16x 

3.3 Results 

3.3.1 Determining optimal conjugate dilution  

To determine optimal dilution for conjugate, stock conjugates with optical density (OD) of 10 

at 540 nm wavelength were diluted serially and then applied to conjugate pads. The 

concentration of capture antibodies on nitrocellulose membrane was fixed at 0.5 mg/ml, and 

3 µl of each antibody were applied in several rounds of small quantities (0.5 µl) at test zones. 

The pads and membranes were dried at room temperature for 5 minutes, then at 50ºC for 10 

minutes. Stock antigens were diluted to a mixture concentration of 30 µg/ml and applied to 

the device after assembly. The response was as shown below. 

i. Using glass fiber conjugate pad 

Each of the three positive arms showed response at various level of conjugate dilution. Reaction 

signal was clear up to the 1/8
th

 dilution of the conjugates (Fig. 4C) but signal strength decreased 

upon further dilution. The highest working conjugate dilution was found to be 8-fold. 

  

 

Figure 4. Determining optimal conjugatedilution for glass fiber conjugate pads  

Arrows indicate positive signal. Note the decrease in signal intensity from A to D. 

ii. Using chromatography paper as both sample and conjugate pad 

As depicted in Fig. 5, signal was observed up to the 1/4
th

 dilution of the conjugates (Fig. 5B). 

The conjugate part was found to still contain some residual conjugate even after sample and 

A 1/2x dilution B 1/4x dilution 
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buffer wash. Overall, it appears that the glass fiber conjugate pads offer complete conjugate 

release compared to chromatography paper, hence could be a better medium for multiplex rapid 

diagnostic devices. 

Figure 5.  Determining optimal conjugate dilution for use on wax-printed chromatography 

paper conjugate chambers. 

The signal intensity decreases with increasing conjugate dilution, only visible up to 4x 

dilution. 

3.3.2 Determining the limit of detection 

Antigens were mixed together and serially diluted to determine the limit of detection of the 

device. Serial dilution followed a hundred-fold initial dilution of stock antigens to 

approximately 300 µg/ml followed by ten-fold dilutions up to 30 ng/ml. Antigen mixture at 

each level of concentration was used to test the devices. Results are presented in the panel 

below (Fig. 6 and 7). 
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B: 1/10 x dilution (approx. 3.0µg/ml) 
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D: 1/10 x dilution (approx. 30ng/ml) 

A: 1/100x dilution (approx. 30µg/ml) B: 1/10-3x dilution (approx. 3.0µg/ml) 

-4 

C: 1/10 x dilution (approx. 300ng/ml) 
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C: 1/10 x dilution (approx. 300ng/ml) 

(i) Using glass fibre conjugate pad  

 

Figure 6. Limit of detection for devices employing glass fiber conjugate pads 

 

(ii) Using Chromatography paper conjugate pad 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Limit of detection for designs employing chromatography paper conjugate pads. 

Note: HP: Helicobacter pylori; HB: Hepatitis B; IgG: Human Immunoglobulin G. 

 

Test signal was observable for all three analytes up to the antigen concentration of 300 ng/ml 
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when glass fibre conjugate pad was used. In this case, only IgG showed positive signal at lower 

antigen concentration of 30 ng/ml (Fig. 6D). On devices made using chromatography paper 

as sample and conjugate pads, sensitivity was lower as the antigen limit of detection was 

found to be 3.0 µg/ml except for IgG which was detected even at 30ng/ml (Fig. 7D). Based 

on these results, the average limit of detection could be around 300 ng/ml as shown in Fig. 6. 

Only IgG showed response at lower concentrations. 

3.3.3 Conjugate optimisation and limit of detection for single strip design 

For single strip test, evaluation of optimal method for conjugate application revealed no 

difference in signal intensity or time taken for signal to develop, whether conjugates are pooled 

or added one-by-one onto the conjugate pad (Fig. 8A). Optimal conjugate dilution in this case 

was found to be 1/4
th

 of the original (OD540=10) stock (Fig. 8B). Positive signal was observed 

shorter than five minutes since sample addition. Signal was clear at antigen concentration 300 

ng/ml and above, although much lower antigen concentration (30 ng/ml) still produced 

visible signal (Fig. 9). 

 

Figure 8. Conjugate optimization. 

 

Pooling of conjugate (A1), conjugate added one by one (A2), optimal conjugate dilution: 

1/2x (B1), 1/4x (B2), and 1/8x (B3) 

A1 A2 B1 B2 B3 
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Figure 9. Limit of detection after 10, 15, 20 and 30 minutes. 

Note significant signal visible up to 30 ng/ml (IgG: Immunoglobulin G; HB: Hepatitis B HP: 

H. pylori) 

A: 30 µg/ml 

10 minutes 15 minutes 20 minutes 30 minutes 

B: 3 µg/ml 

C:300 ng/ml 

D: 30 ng/ml 

IgG HB HP 
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3.4 Discussion and Conclusion 

3.4.1 Discussion 

Simple designs for multiplexed lateral flow immunochromatographic tests were tested in this 

study. Materials used have already been described and tested previously for similar purposes 

and results were promising (Mabey et al., 2004; Yager et al., 2006; Chin et al., 2007; Martinez 

et al., 2010; Phillips and Lewis, 2014). Different designs were compared with respect to their 

potential as diagnostic prototypes. 

The study has demonstrated the possibility of using paper devices to simultaneously diagnose 

or detect multiple analytes in fluids. These may be applied in detection of disease-causing 

pathogens in people seeking healthcare at health facilities especially in developing countries 

where resources for advanced diagnosis may be limited (Urdea et al., 2006). One example 

where multiplexed devices could be of great importance is in the diagnosis of non-malarial 

febrile illnesses, mostly observed in malaria-endemic tropical countries. In this case, specific 

identification of febrile aetiologies has proven to be a great challenge, forcing clinicians to 

resort to clinical diagnosis or symptomatic treatment (Lewis et al., 2013), or encouraging a 

trial-and-error sequential diagnosis of all possible causes of fever once malaria, the most 

common cause has been ruled out. Simple diagnostic devices that can help differentiate 

between malarial and non-malarial fevers simultaneously will greatly facilitate timely 

management of patients with fever not due to malaria. Other areas of application include 

detection of antimicrobial residues in animal-derived foods and detection of environmental 

contaminants in soil and water. 

Two multi-arm designs were tested in this study, one that uses glass fiber conjugate pads and 

the one that uses wax-printed chromatography paper as conjugate pad. Although both designs 

could show satisfactory test signal results, fiberglass was superior over chromatography paper, 

as the former afforded complete conjugate release as compared to the later when compared 

back-to-back. This makes fiberglass a better conjugate pad although chromatography paper 

offers more versatility and simplicity for multiplexing due to its wax-patterning potential. Apart 

from the above two designs, a single strip multiplex design was also tested using similar 

analytes and proved to be simple, sensitive and even more convenient than the other two. In 

this case, there was no difference in signal response whether the conjugate antibodies were 

pooled before being applied to the conjugate pad or added to the conjugate pad individually 

(Fig. 8A). One common feature for all designs is that despite being able to detect multiple 
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analytes, and with potential for further multiplexing, testing is done through one step only, i.e. 

the operator needs to add the sample and some buffer, without any more technical requirement. 

Therefore, such tests can ideally be performed by persons with no advanced training and is thus 

useful for developing countries where resources are limited. 

The generalized limit of detection for tested antigens was found to be 300 ng/ml for multi-arm 

designs, and 30 ng/ml for single-strip device. There were variations in the LOD for different 

antigen targets where for the multi-arm design, the LOD for H. pylori and Hepatitis B 

antigens was found to be 300 ng/ml while IgG was still detectable at 30 ng/ml. for the single 

strip design, LOD for H. pylori and Bepatitis B antigens was found to be 30 ng/ml while that 

for IgG was <30 ng/ml. However, lower detection limits can still be achieved if the 

methodology is slightly modified. Other paper devices tested using different analytes indicated 

more sensitivity as shown by comparatively lower limits of detection (Lewis et al., 2013; 

Schonhorn et al., 2014). The most probable reason for reduced sensitivity in this study could 

be poor concentration of capture antibodies at the nitrocellulose membrane reaction zone due 

to dispersion of antibody solution around the point of application using handheld pipette. The 

half moon and dot signals resulted from the way the capture antibodies were applied to the 

nitrocellulose membrane i.e. using a handheld pipette. The shape of the  signal (dot or half-

moon depended on the flow of the antibodies immediately after addition to the membrane. 

This resulted in non-uniformity of the signal observed. This problem could be overcome if a 

special lateral flow reagent dispenser (LFRD) or material printer is used to draw compact 

lines on the membrane instead of hand application. This line will have high and uniform 

concentration of capture antibodies resulting in a high intensity test signal. To incorporate 

control lines, antibody dispenser or material printer will be used. In case of single strip, an 

ordinary lateral flow reagent dispenser may be used by fixing the head with required number 

of holes that correspond to the number of lines required. However, in case of the multiple 

arm design the LFRD may not be helpful. In this case a material printer working via 

computer command is ideal since deposition of antibodies for both test and control lines will 

be carried out as per image prepared and deposition will take place at indicated points. 

3.4.2 Conclusion 

This study demonstrated that a variety of multiplex designs for paper-based rapid diagnostics 

can be developed to improve diagnosis of common diseases and conditions in resource-limited 

settings. This approach promises a potential alternative to the more time-consuming and rather 

expensive sequential testing in circumstances where diseases presenting with similar symptoms 
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cannot be told apart clinically. Challenges encountered during this designing phase, like low 

signal will be addressed in subsequent phases by using antibody dispenser for capture antibody 

application on the membrane. More optimisation will be conducted to establish the maximum 

number of multiple analytes that could be incorporated on one device while retaining the 

minimum sensitivity and specificity required for point-of-need diagnostic purposes. 
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CHAPTER FOUR 

 

Thread-on-a-tape diagnostic test platform for colorimetric detection of chemical 

analytes of diagnostic importance in resource-limited settings
3
 

Abstract 

Introduction: The recent need for high impact diagnostics in the developing world has 

stimulated research towards development of low-cost diagnostic platforms. Paper has been 

extensively studied as a potential matrix for microfluidic devices. Focus has also been directed 

towards exploring the potential of hydrophilic threads as microfluidic channels and signal 

substrate. In this study, threads, paper discs and mounting tape were used to fabricate and test 

a multiplex device platform. 

Materials and Methods: Threads were treated using hot water, bovine serum albumin, sodium 

carbonate and sodium hydroxide to improve their wicking properties. Mounting tape, paper 

discs, sewing needle, and hydrophilic threads were used to fabricate a multiplex thread-on-a- 

tape device platform which was tested using food dyes, glucose, uric acid and bovine serum 

albumin. 

Results: Hydrophobic threads could wick fluids following treatment with hydrophilic- 

inducing agents. Wicking rate on mercerized thread was 42cm/minute while the rate was 22, 

16 and 9 centimeters per minute for threads treated with sodium carbonate, BSA and water 

respectively. Reagents, including enzymes were kept viable in dried form on paper discs. 

Results of the colorimetric device were ready for reading from 3 minutes of sample application. 

Discussion and Conclusion: Treatment with hydrophilic-inducing agents markedly improved 

wicking potential of threads. Mercerization was found to induce more wicking rate compared 

to other agents and shorter threads wicked fluids faster than longer threads. Assembly and 

testing of this multiplex device gives positive indicator of the potential application of threads 

and tape for designing simple, low-cost prototype devices for use in low-resource settings. 

Keywords: thread-on-a-tape, thread-based devices, diagnostics 
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4.1 Introduction 

Accurate diagnosis is usually the first and most important step for appropriate health care in 

both developed and low-resource regions of the world. Rapid diagnosis is particularly ideal for 

point-of-care application to guide clinicians on appropriate treatment options to patients at 

health facilities. This is because such tests can be requested, carried out and results obtained 

within a short time to allow for treatment or advice to be given to the patient seeking care, 

contrary to highly advanced diagnostic tools that are logistically complicated and require hours 

or even days before test results are available for clinical use (Urdea et al., 2006). Therefore, 

although highly advanced diagnostic platforms facilitate complex diagnostic procedures and 

are desirable everywhere in the world, simple diagnostics are particularly useful in resource- 

limited settings where only essential minimum facilities for saving lives are available and/or 

affordable (Berkelman et al., 2006). Such diagnostic platforms usually conform to the criteria 

put forward by the World Health Organization (WHO) regarding diagnostics for the developing 

world. These diagnostics must be affordable, sensitive, specific, user-friendly, robust, 

equipment-free, and deliverable to end users, also known in short as ASSURED diagnostics 

(Mabey et al., 2004; Peeling et al., 2006; Urdea et al., 2006). 

In response to this call by WHO, many research groups started working on various approaches, 

with microfluidic paper-based analytical devices (µPADs) taking leading role. With this 

approach, paper being a convenient material because of its ubiquitous and cheap availability, 

ease of patterning and disposal became a useful matrix for µPAD. Microfluidic channels on 

paper were created by plotting (Bruzewicz et al., 2008), ink and plasma etching (Abe et al., 

2008; Li et al., 2008), photolithography (Martinez et al., 2008), cutting (Fenton et al., 2009) 

and wax printing (Carrilho et al., 2009; Lu et al., 2009). To create these designs, a wide range 

of equipment was required ranging from simple plotting pen filled with hydrophobic ink 

(Bruzewicz et al., 2008) to a more complex system requiring a computer and carbondioxide 

laser-cutter (Fenton et al., 2009). Among these patterning methods, laser-cutting and wax- 

printing appear to be the most convenient and thereby more promising in efforts to create 

ASSURED diagnostics using paper (Martinez, 2011). Despite paper being very promising for 

application in analytical devices, the search for more substrates is an ongoing endeavour. 

As part of an ongoing effort for seeking new materials for affordable diagnostics, threads and 

other forms of fabric have been investigated as possible target for low-cost microfluidic devices 

(Li et al., 2010a, b; Reches et al., 2010; Bhandari et al., 2011; Safavieh et al., 2011; Nilghaz 
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et al., 2012). Threads have been analyzed with respect to their wicking characteristics. Some 

threads such as cotton and some acrylic thread are naturally hydrophobic because their fibres 

contain wax on the surface and require treatment by various methods to make them hydrophilic, 

while other threads are hydrophilic thus requiring no treatment prior to their use. Methods 

that have been used to improve wicking in threads include boiling in water (Bhandari et al., 

2011), plasma oxidation (Li et al., 2010a, b; Reches et al., 2010), treatment with bovine 

serum albumin (BSA), sodium carbonate and sodium bicarbonate (Nilghaz et al., 2012) and 

mercerization, which involves treatment with sodium hydroxide followed by neutralization 

with an acid (Reches et al., 2010; Nilghaz et al., 2012). In various studies, threads and cloths 

have been found to be promising substrates for fabrication of low-cost, easily disposable and 

convenient rapid diagnostic devices for resource- limited countries (Nilghaz et al., 2013). 

To realize the potential for making ASSURED diagnostics available for use in low-income 

countries, continuous efforts must be directed towards search for more thread-based designs. 

In this work, we evaluate the potential of thread as a fluidic channel for multiplex diagnostic 

devices and demonstrate this concept by developing a multiplex thread-on-a-tape device for 

detection of health biomarkers namely uric acid (gout), glucose (diabetes) and bovine serum 

albumin (renal function). 

4.2 Materials and Methods 

4.2.1 Materials 

Threads and needles were purchased from local textile dealers. Polyester sewing thread 

(MH®, Ningbo, China) and acrylic knitting threads (Robin®, Super Knit, Kenya) were used. 

Polyester thread was naturally hydrophilic and treatment attempts were made to enhance its 

wicking potential. Yellow acrylic knitting thread was hydrophilic while the white acrylic was 

completely hydrophobic. To use this thread, treatment with hydrophilic-inducing chemicals 

was necessary. Although yellow thread was hydrophilic, it was dropped because of poor 

contrast in some of the tests envisaged. Double-sided mounting tape (Fantastic®, Republic of 

China) was purchased from a local stationery outlet. Red, green, orange and yellow food dyes 

(Three Parrots, L.Liladhar and Co., India) were obtained from local food supermarkets. For 

specific tests, chemicals and biologicals were used. Potassium iodide (KI), Glucose oxidase 

(GO) and Bromophenol blue were purchased from AMRESCO, USA while Uric acid (UA), 

bicinchoninic acid (BCH), horseradish peroxidase (HRPO), sodium citrate, copper sulphate 

and citric acid were purchased from Sigma-Aldrich, USA). 
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4.2.2 Treatment of threads to improve fluid wicking 

Six different methods were used to treat hydrophobic threads in order to improve their wetting 

properties. These include boiling in water, soaking in 1% Bovine Serum Albumin (BSA) in 

0.05% Tween 20, boiling in Sodium Carbonate (5 mg/ml), Sodium bicarbonate (5 mg/ml), a 

mixture of Sodium carbonate and Sodium bicarbonate (5 mg/ml) and mercerization (treating 

with Sodium Hydroxide followed by neutralization with acetic acid). 

(i) Hot water 

In a one-liter beaker on a hot plate, water was heated to a boiling point. A length of hydrophobic 

acrylic thread was immersed in boiling water and heated for five minutes and thereafter allowed 

to cool and dry at room temperature. 

(ii) Sodium carbonate (Na2CO3) and sodium bicarbonate 

Sodium carbonate solution at a concentration of 5 mg/ml was used. About 2.5 g of sodium 

carbonate powder was weighed and dissolved in 500 ml of water in a 1000 ml Pyrex beaker. 

The solution was placed on a heat source and heated to boiling point. After boiling the thread 

was introduced into the hot solution and allowed to boil for a further 5 minutes after which 

the thread was rinsed in water and allowed to dry at room temperature. For the case of 

treatment with sodium bicarbonate and the mixture of sodium carbonate and sodium 

bicarbonate, the same approach was applied. 

(iii) Mercerization 

This involves a neutralization reaction between a base and an acid. About 2 g of sodium 

hydroxide pellets was dissolved in 200 ml of water. The thread was soaked into the basic 

solution for approximately 5 minutes at room temperature. The solution was poured out and 

approximately the same volume of glacial acetic acid was added and let to stand for five 

minutes. The thread was squeezed to get rid of excess solution and dried at room temperature. 

These treatment methods were applied to all available types of threads, including the naturally 

hydrophilic polyester sewing thread to assess how each method impacts on hydrophilicity 

and wicking properties of different threads. Tags or labels to denote treatment method applied 

were attached at end of the threads to facilitate easy identification. Treated threads were kept 

dry in sealed tubes with silica gel bags (desiccant) for humidity control. 

4.2.3 Fabrication of a simple diagnostic test device format 

Using threads, double-sided mounting tape, and punched paper discs, a simple design for test 
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device was prepared. Initially, the nature of fluid flow and mixing was evaluated with aid of 

food dyes (colors). Small-sized paper discs were made from filter paper or fiberglass with the 

aid of normal office punching machine. Discs were dipped in food dye solutions of different 

colors (tomato red, yellow, green and orange), allowed to dry at room temperature and kept 

in a sealed tube with desiccant. A device was assembled to assess the potential for paper discs 

to store reagents in dried form for later release during testing, and the power of hydrophilic 

threads to independently direct sample and reagent flow in specific directions. Using an 

ordinary household sewing needle, a thread was sewn from the centre of the top-side of a 

double-sided mounting tape to the other side and through a dyed paper disc back to the top 

side of the tape at the periphery. This was done for the rest of the discs as depicted in Fig. 14A 

and B. A second layer of tape was applied to the bottom side of the tape to laminate the discs 

thereby protecting impregnated reagents from physical and chemical degradation. White 

paper discs were placed at the top of the sample inlet thread end at the centre, as well as the 

signal readout thread ends at the periphery of the tape to form sample and signal pads 

respectively (Fig. 14C and D). In some reactions, the final reactant/reaction indicator is 

impregnated into this disc. With this arrangement, water applied to the sample pad flows 

through the threads to the discs and dissolves the dye. Dissolved dyes wick further along the 

threads back to the top signal discs where results will be displayed (Fig. 15). Variation of the 

above setup was designed by delivering sample through a single thread towards a central disc 

from which individual threads radiate towards specific reaction zones (Fig. 14B). Several 

approaches for mixing solutions flowing through independent threads were tested. These 

include twisting threads together as described by Li et al. (2010b), and making knots of two 

or more threads (Fig. 13). 

Detection of chemical analytes in samples using an assembled prototype device 

To demonstrate the application of this design, a test device was assembled for simultaneous 

detection of proteins, glucose, and uric acid in a sample as previously described (Martinez et 

al., 2007; Li et al., 2010b; Reches et al., 2010). 

Protein test: Indicators for protein detection were 250 mM Citric acid and 3.3 mM 

Tetrabromophenol blue (TBPB) or Bromophenol blue in 95% ethanol. A paper disc was soaked 

in the indicator solution and allowed to dry at room temperature and were later kept in sealed 

bag with desiccant until time of use. 

Glucose test: To test for presence of glucose, Glucose oxidase (GO), horseradish peroxidase 
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(HRP) and potassium iodide (KI) were used. Horseradish peroxidase and GO were mixed in a 

ratio of 1:5 and 5 µl of the mixture was applied on a paper disc and dried at room 

temperature. On another paper disc 5 µl of KI was applied and dried. The discs were kept in 

sealed bag with desiccant until time of use. 

Uric acid: Indicators for uric acid were sodium citrate, copper II sulphate and bicinchoninic 

acid disodium salt hydrate or 2,2-biquinoline-4,4-dicarboxylic acid disodium salt hydrate. One 

paper disc was dipped in a solution containing 20 mmol/L sodium citrate and 0.08% (w/v) 

copper sulphate while another disc was soaked into a solution of 2.56% (w/v) bicinchoninic 

acid disodium salt hydrate. The discs were dried at room temperature and kept in sealed bag 

with desiccant until time of use. 

To assemble a device for testing a single analyte (e.g. glucose), a hydrophilic thread was sewn 

from the top-side of a double-sided mounting tape to the other side and through a GO paper 

disc back to the top side of the tape at the far end. A disc impregnated with dried KI was 

overlaid on top of the emerging thread. A plain disc was stuck on top of the thread origin to 

serve as sample inlet pad. To assemble a multiplex device, same approach was employed. In 

this case threads originated at the centre of the device and emerged at the periphery. Reagent 

discs embedded between the layers and on top of tape were specific to the target analyte as 

described above. 

4.3 Results 

4.3.1 Treatment of hydrophobic thread to improve wicking properties 

The thread used was initially hydrophobic with no wicking tendency. Following treatment with 

various hydrophilicity-inducing agents, the thread could wick fluids through. Figure 10 

demonstrates this transformation where treated and non-treated threads from the same yarn 

were twisted against each other and one end was dipped into a solution of red dye. As observed, 

the dye could wick through treated thread (a) only. 
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Figure 10. Treated and untreated acrylic knitting threads twisted against each other.  

The thread was treated using NaOH followed by acetic acid (mercerization). One end of each 

of the threads was dipped into a solution of red food dye, which subsequently wicked through 

treated thread only. 

4.3.2 Effect of different treatment methods on thread wetting/wicking properties 

Mercerization (treatment with a solution of Sodium Hydroxide followed by neutralization with 

acetic acid) was found to have the most positive effect on wicking properties of acrylic thread 

followed by boiling of thread in 5mg/ml of Sodium Carbonate (Na2CO3). For example, it took 

approximately 6 and 8 minutes for dye to wick through a 30-cm thread treated with NaOH and 

Na2CO3 respectively while it took more than 20 minutes for the dye to flow through same 

length of thread treated by hot water only (Fig. 11). 
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Figure 11. Effect of different treatment methods on thread wetting/wicking properties 

Wicking rate was determined as the length of thread picking the dye per minute. From the 

graph (Fig. 12), mercerization resulted into high wicking rate compared to other treatment 

methods. The average wicking rate was 42 cm/min for the first 4 centimetres, but constantly 

dropped to 9.2 cm/min at the end of the 30 cm thread. For other treatment methods, the rate 

was lower, for example initial wicking rate (cm/min) for the first 4 cm was 22, 16 and 9 

centimeters per minute for threads treated with sodium carbonate, BSA and water respectively. 

In all cases, the rate dropped constantly as the length of thread increased to 4.1 cm, 1.4 cm 

and 1.0 cm per minute for sodium carbonate, BSA and water respectively, at the end of 30 

cm thread length. 

 

Figure 12. Impact of different treatment methods on wicking rate of acrylic thread. 
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Note that treatment with sodium hydroxide followed by neutralization with acetic acid 

produced the highest wicking rate (yellow graph, x data points) followed by hot sodium 

carbonate solution (blue line and blue diamond data points), BSA (red line, square data points). 

The rate decreased with increasing wicking distance. This implies that more efficient reagent 

flow and rapid results are expected when shorter threads are used in the design. 

Mixing of solutions that wick through different hydrophilic threads can be achieved by twisting 

threads at the point where mixing is planned to take place. Alternatively, a disc through which 

threads pass may be used as a mixing zone for solutions being delivered through different 

threads. Figure 13 shows results of mixing different solutions by disc, twisting, and knotting 

methods. Mixing of solution was attained with all methods, however, the most efficient and 

fast mixing was achieved through thread twisting and knotting. 

 

Figure 13. Mixing of solutions by disc, twisting and knotting. 

A: No mixing B: mixing on a paper disc C: Mixing by twisting D: Mixing by knotting. Dyes 

originate on the left and flow towards the mixing zone at the middle. The right-end discs 
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contain mixture of dyes Panels A and B represent two different types of threads (A: Acrylic 

mercerized thread; B: naturally hydrophilic polyester thread.  In B, C and D, top two threads 

are mixed while the bottom thread runs free for comparison purposes.  

4.3.3 Fabrication of multi-analyte device using thread and paper discs on tape 

The device was fabricated using acrylic thread that was treated by mercerization. The bottom 

view of the tape appears as shown in Fig. 14A below. Red, yellow/orange and green paper 

discs each is linked to the sample and results pads by a thread. In the current design, when 

water is applied to the sample disc at the top of the tape, water flows through the thread and 

re-dissolves the dye, which flows further up to the top of the tape to the signal/display discs 

(Fig. 14D). In subsequent stages, the food dye on discs will be substituted with specific reagents 

for each target analyte such that, a specific colorimetric signal at the results disc will be 

indicative of presence of target analyte, hence positive test. 

 

Figure 14. Assembly of the device on tape. 

A and B: Bottom view of the tape showing threaded paper discs soaked in red, green and 

yellow food dye solutions and dried. In Fig. A, each test line is represented by a continuous 

individual thread from the top side of the tape while in B only one thread crosses the tape from 

the top. Threads that form individual test arms emerge from beneath the tape and reagent 

distribution is by the disc (d). In test prototypes, these food dyes will be replaced with specific 

reagent for specific tests. C: Top view of the tape showing completed test assembly. The central 

disc (sample pad) is used for sample injection while the four peripheral discs are used for 

displaying results. Reactions taking place between reagents on discs beneath the tape yield 

colorimetric signals, which are delivered back to the top discs through threads. D: Results after 

addition of water on the sample pad. Water flowed through threads and dissolved the food dyes 

A B 

d 

C D 
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on each disc, and the respective colour solutions were delivered back to top peripheral discs 

via threads as shown except for the bottom left discs whose corresponding reagent discs 

beneath the tape were blanks (negative control). 

  

A B 

Figure 15. Eight-channel multiplex test assembly 

A: Bottom view of tape indicating discs of different colours linked to the top of tape by thin 

polyester sewing threads. The other end of each thread passes through the discs and goes back 

to the top of the tape. B: Top view of the tape indicating sample-loading disc (centre) and 8 

peripheral discs for displaying results. C: Top view of the tape showing results (color discs) 

after application of water through the central (sample) disc. Note that two plain discs in C 

correspond to the two plain discs in A 

4.3.4 Multiplex device for detection of Glucose, proteins, and Uric acid 

Results for uric acid, glucose and protein (BSA) were obtained as documented below. 

Individual discs, single, dual, and multiplex thread-on-tape devices were tested, and results 

imaged. Colorimetric signals began to develop within 3 minutes of sample application for uric 

acid while it required up to 10 minutes for the glucose test to be ready. Test discs were created 

by impregnating specific reagents in paper discs followed by application of sample. Using these 

discs, lowest detectable concentrations were found to be 0.5 mM for both uric acid and 

glucose (Fig. 16) 

C 
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Figure 16. Test discs for Uric acid and Glucose tests. 

 

Intensity gradient with decreasing concentration of uric acid and glucose in the solution read 

at 3 and 10 minutes respectively. Top rows correspond to negative control. 

Thread-on-tape devices were fabricated for single, dual and multiplex tests as indicated below. 

In single devices for glucose (Fig. 17A) and uric acid (Fig. 17C) sample is applied to the white 

sample disc (on the left) and results are observed on the right onto the results disc. Figure 

17B shows a dual test for glucose and protein (BSA) where the sample is applied onto the 

white sample disc in the middle. A more inclusive design is shown by the multiplex test (Fig. 

18) where three or more targets are tested in a single run. In this case, the sample pad is 

located centrally while result display discs are spread radially outwards. 

 

 

B 

 

 

 

 

Figure 17. Thread-on-a-tape-devices (individual) after running a sample through the device 

A: 5 mM Glucose test positive signal. B: Protein (BSA) and Glucose test positive signal. C: 5 

mM Uric acid positive control read at 3 minutes against PBS negative control. S; sample disc, 

T; test disc, P; protein disc, and G; Glucose 

 

 

 

 

A B 

A C 
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Figure 18. Multiplex device for glucose, uric acid and BSA protein. 

Glucose (G), uric acid (U) and BSA protein (P) are tested on a multiplex device. White discs 

turn brown and purple in presence of glucose and uric acid respectively. Yellow disc turns 

green when a sample containing protein is added. A sample solution with varying 

concentrations of target analytes was added to the two devices above. The top left disc was 

blank to serve as negative control. 

4.4 Discussion and Conclusion 

4.4.1 Discussion 

Hydrophilic threads have been demonstrated to be useful as conducting channels for sample 

and reagents in microfluidic diagnostic devices (Li et al., 2010a, b; Ballerini et al., 2011b; 

Nilghaz et al., 2013). When available threads are hydrophobic, treatment with hydrophilizing 

agents renders threads hydrophilic. In this study, several approaches were applied to modify 

the wetting properties of threads. Figure 10 demonstrates the impact of this treatment on 

wicking properties of a thread that was originally hydrophobic as the dye wicks along treated 

thread only, when treated and untreated threads are twisted/wound around each other and 

dipped in a dye solution. 

In this study, different approaches were compared with respect to their efficiency in inducing 

hydrophilicity in a hydrophobic thread. Treatment with a solution of sodium hydroxide, 

followed by neutralization with acetic acid produced the best results. Other treatment methods 

such as soaking in blocking solution like BSA or boiling in water and sodium carbonate 

(scouring) produced same effect although they induced lower and varying wicking efficiency. 

Wicking rate was more than two-folds higher for a mercerized thread compared to that treated 

by other methods (Fig. 11 and 12). Considering the approaches used in this study, treatment 

with sodium hydroxide followed by neutralization with an acid solution (mercerization) can be 

considered the most efficient method. The above methods have also been used previously by 

other study groups and found to be useful (Bhandari et al., 2011; Nilghaz et al., 2012). Plasma 

oxidation (Li et al., 2010a, b; Reches et al., 2010) and other methods such as boiling in sodium 

A B 
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bicarbonate, washing with sodium carbonate (Nilghaz et al., 2012) and using hand soap 

solution (Xing et al., 2013) have been applied to enhance hydrophilicity of threads as well. 

These methods are a useful tool during fabrication of microfluidic thread-based device when 

all the available threads are naturally hydrophobic, and their comparison may help in selection 

of the best method to use. 

The length of thread was found to be an important factor for determining the wicking properties 

of a modified thread. The wicking rate was found to be high on shorter threads or during the 

initial segment of a long thread. In this study, the wicking/flow rate dropped substantially from 

over 40 cm/min during the first 4 centimetres to below 10 cm/min at 30 cm for a thread treated 

with NaOH. To benefit from fast fluid flow and obtain rapid results from thread-based 

microfluidic devices, designs that utilize shorter thread segments should be considered in 

favour of those requiring longer threads. 

Three methods for mixing of solutions were compared: discs, knotting and twisting. Knotting 

and twisting were efficient mixers compared to discs, which tend to mix slowly (staggered). If 

a design requires rapid mixing of solutions, then twists and knots should be considered. 

However, if staggered or slow mixing is desired, disc mixers should be considered as best 

choice. Knots as form of mixers for fluids wicking along hydrophilic threads were also 

explored by other studies where different number of knots produced different levels of 

resistance hence different levels of mixing and dilution of solutions (Safavieh et al., 2011) The 

work by Ballerini et al. (2011b) showed that thread micromixers were capable of high quality 

mixing demonstrated by food dyes and acid-base neutralization reaction.  

Demonstration of a microfluidic device fabrication was made using hydrophilic threads as 

conductors of fluids, punched paper discs as reagent storage and results display zones, and a 

double-sided mounting tape for binding different device parts together. These threads were 

initially hydrophobic before being treated by mercerization to induce their hydrophilicity. 

Initial demonstration with food dyes yielded promising results. Flowing along a hydrophilic 

thread, water wicked through the layer of tape to dissolve dyes of different colors on different 

paper discs, with the dye solution emerging from under the tape within two to three minutes. 

This shows that a complete device can be assembled in similar manner, with results being 

expected in less than 5 minutes. The above design was used to fabricate a POC diagnostic 

device for single, dual and multiplex devices for colorimetric detection of analytes of medical 

or clinical importance. 
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In low resource settings, standard diagnostics are not available for use at point of care, and only 

specialized health facilities have access to modern diagnostic services (Urdea et al., 2006). 

Since individual financial status of people living in poor countries is also low, there is need to 

develop low-cost devices that are affordable to most people. The device platform described 

here fulfils qualities of low-cost diagnostics. The materials used like sewing needles, thread 

and mounting tape are readily available and can be purchased at reasonably low price. Thread- 

based multiplex prototypes can be designed to co-diagnose conditions that resemble one 

another symptomatically or whose diagnostic markers share common medium. For example, 

glucose, uric acid and some proteins can be diagnosed in urine sample. However, this 

combination was conveniently selected only for demonstration purposes not for clinical 

applications.In this multiplex format, different tests required different reaction times to 

complete. It took less than 3 minutes for the uric acid test to complete while the protein and 

glucose tests were completed after 10 minutes. If time for reading test results is supposed to be 

synchronized, then selection of time-compatible target analytes should be considered when 

designing multiplex tests. 

The WHO advocates development of ASSURED diagnostics for wide use in resource-limited 

settings, which is based on the following criteria where an ideal diagnostic should be: 

affordable, sensitive, specific, user-friendly, rapid/robust, equipment-free and deliverable to 

end users. This design has addressed some of these criteria. Simplicity in the manufacturing 

process and low cost of materials required for making the diagnostic platform described here 

qualifies it as being potentially affordable although exact costs/expenses have not been 

calculated. The device requires the operator to add only sample in a one-step action and wait 

for results, which makes it user-friendly. Complimentary to the above simplicity, the time 

required for reading results is short, thus fulfilling the criterion of being rapid. The potential to 

be multiplexed contributes to its robustness since multiple analytes/biomarkers/pathogens can 

be simultaneously diagnosed together obviating the need for sequential testing. Like other 

simple diagnostics, this design requires no extra equipment or any sophisticated environment 

for reading the results. Lastly, the devices can be stored at room temperature since all reagents 

are kept in dried form, enabling them to be transported to different parts where they are needed 

for use. The proposed test device improves on the standard dipstick test as it requires 

relatively small sample volume as compared to the dipstick which requires the operator to use 

large volume of sample due to its wetting nature. The sensitivity and specificity attributes will 

be evaluated for each individual prototype developed using this platform and are therefore not 
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discussed here. 

4.4.2 Conclusion 

Thread can be combined with paper discs and mounting tape to fabricate low-cost microfluidic 

devices with potential of application as point-of-care diagnostics. Hydrophobic threads can 

be modified to become hydrophilic by a range of hydrophilizing procedures. The use of 

cheap materials such as sewing needles, office punching machine, threads, paper and tape 

means that the overall cost of resultant devices is likely to be low, hence affordable by people 

living in limited resource countries. The use of white paper discs facilitates colour display, 

implying that a hydrophilic thread of any colour can be applied for fabrication of such 

devices. Thread- on-tape microfluidic devices may present a viable possibility for designing 

and development of ASSURED diagnostics for the low-income parts of the world. 
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CHAPTER FIVE 

 

Immunochromatographic Thread-based Test Platform for Diagnosis of Infectious 

Diseases
4
 

 

Abstract  

Introduction: Patterning is an important step in fabrication of multiplexed microfluidic 

devices. Various approaches including cutting, photolithography, wax-printing, plotting and 

etching have been developed and tested. Recently, using threads is increasingly being 

considered as an optionfabrication of low-cost microfluidic diagnostic devices. We explored 

the application of threads in combination with nitrocellulose membrane to fabricate multi-

channel immunochromatographic diagnostic devices. 

Methods: Microfluidic channels were made using hydrophilic threads and nitrocellulose 

membrane strips. Household sewing needle was used to weave hydrophilic thread into desired 

patterns through a double-sided mounting tape. Glass fiber discs were used as conjugate pads 

while nitrocellulose membrane was used for immobilization of capture antibodies. Patterned 

threads were linked to nitrocellulose membrane strips by overlapping so that reagents flowing 

through threads were eventually transferred to the membrane. The design was tested using IgG, 

H. pylori and Hepatitis B surface antigen. 

Results and Discussion: Continuous flow was observed from hydrophilic threads to the 

nitrocellulose membrane and a positive signal was visualized on the membrane within 5 

minutes of sample application. The observed limit of detection ranged between 30ng/ml to 300 

ng/ml for H. pylori and Hepatitis B respectively.  

Conclusion: Using thread and tape offers a promising alternative for patterning of multiplexed 

microfluidic diagnostic devices with potential point-of-care applications in resource-limited 

settings. 

Keywords: immunochromatographic, thread-based diagnostics, infectious diseases, 

multiplex microfluidic devices, point-of-care, low-cost diagnostics 
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5.1 Introduction 

Membrane-based Immunochromatographic Lateral Flow Tests (ILFTs) are the first and most 

widely applied point-of-care tests currently in use (Boisen et al., 2016). These tests have wide 

applications ranging from the earliest pregnancy test strips (May, 1991) to include sperm 

quality testing (Matsuura et al., 2014), infectious diseases diagnosis for medical and veterinary 

fields (Nielsen et al., 2008; Rohrman et al., 2012; Kamphee et al., 2015), food safety e.g. 

detection of mycotoxins, drug residues, food allergens, food-borne pathogens (Toldra and Reig, 

2006; Shankar et al., 2010; Law et al., 2015; Weng et al., 2016), urinalysis for non-infectious 

health biomarkers e.g. detection of glucose, proteins, ketones, drugs of abuse, nitrite, 

bilirubin (Martinez et al., 2007; Li et al., 2010a, b; Reches et al., 2010), bio-threats such as 

detection of anthrax, plague, tularemia, nerve agents, ricin and botulism (Shyu et al., 2002; 

Gessler et al., 2007; Zasada et al., 2015), environmental safety monitoring e.g. monitoring 

chemical or microbial contaminations in soil, water and air (Hossain et al., 2012; Sicard et 

al., 2015). 

Typically, a test strip consists of the following components: Sample pad; usually a filter 

paper or glass fiber pad onto which the test sample is applied, Conjugate or reagent pad; this 

contains antibodies specific to the target analyte conjugated to colored particles (usually 

colloidal gold particles, or latex microspheres), Reaction membrane; typically a hydrophobic 

nitrocellulose or cellulose acetate membrane onto which anti-target analyte and control 

antibodies are immobilized in a line that crosses the membrane to act as a capture zone or test 

line, and a Wick or waste reservoir; an absorbent pad designed to draw the sample across the 

reaction membrane by capillary action and collect excess reagents and buffer. 

The sample pad acts as deposition site for the sample and may also help in filtration of 

particulate matters from the sample which passes through this pad towards distal sections of 

the strip. The conjugate pad holds dried detection antibodies conjugated to a reporter (like gold 

nanoparticles or colloidal gold) until when re-dissolved by the sample and buffer. However, 

the reaction membrane binds protein more strongly so that even after the sample and buffer 

flows through the test and control zones, immobilized capture reagents (antibodies/antigens) 

are not dislodged, hence forming a focal point for signal development. This format of 

diagnostic meets the minimum criteria set by the World Health Organization (WHO) for 

ideal diagnostics in developing nations which requires such diagnostics to be affordable, 

sensitive, specific, user-friendly, robust, equipment-free, and deliverable to end users, 
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abbreviated as ASSURED diagnostics (Peeling et al., 2006; Urdea et al., 2006). 

Designing multiplexed membrane-based tests involves patterning of the sample and/or 

conjugate pads, and the membrane itself to create channels that direct reagents towards the 

multiple testing zones/points. The most common patterning methods are wax printing for 

conjugate and sample pads (Carrilho et al., 2009; Lu et al., 2009) and laser cutting for conjugate 

pads and detection membrane (Fenton et al., 2009). Although these approaches are relatively 

simple to execute and are very promising in development of ASSURED diagnostics, it may 

still be difficult in developing countries to obtain the required equipment/machines such as 

laser-cutter, solid ink/wax printer, and reliable power supply to run the machines all the time. 

Microfluidic thread-based analytical devices (µTADs) have recently emerged as a possible 

solution to patterning problems since thin threads can conduct solutions in micro volumes 

towards a target reaction zone. This is because threads are flexible hence can be manipulated 

in any form and direction without any problem, and with their small diameter, can wick and 

transport very small amounts of analyte (Li et al., 2010a, b; Reches et al., 2010). 

In this study, threads were used to create channels through which sample, conjugate reagents, 

and reaction complexes flow, thereby obviating the need for patterning necessary for 

multiplexed paper-based diagnostic devices. Since the membrane is an essential part for 

immobilization of capture reagents, this design will allow the analyte-detector (conjugate) 

complex flowing through threads to be delivered to an underlying strip of nitrocellulose 

membrane containing immobilized capture antibodies for signal development. 

5.2 Materials and Methods 

5.2.1 Materials 

White polyester sewing thread (MH®, Ningbo, China) and household sewing needle were 

purchased from local textile dealers. Mounting tape (Fantastick (FK-M485)®, China) and 

food dyes (Three Parrots®, L.Liladhar and Co., India) were purchased from local stationery 

shops and food markets respectively. Nitrocellulose membrane, glass fiber conjugate pads, 

sample pads and absorbent pads were all supplied by Claremont Bio Solutions (CA, USA). 

Detection (conjugate) and capture antibodies, and antigens (Immunoglobulin G, Hepatitis B 

virus and Helicobacter pylori) were all supplied by Arista Biologicals (Allentown, PA, USA). 

Conjugate antibodies used were monoclonal mouse anti H. pylori colloidal gold 

conjugate, clone 4 (CGHPY-0704), monoclonal mouse anti HBsAg colloidal gold 
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conjugate, clone 2 (CGHBS- 0702), and goat anti human IgG colloidal gold conjugate 

(CGIGG-0500). All conjugate antibodies were conjugated to a 40 nm colloidal gold particle 

at a concentration of 10 µg/ml (OD540=10). Capture antibodies used were mouse anti H. 

pylori antibody (ABHPY-0403), Goat anti HBsAg (ABHBS-0500) and Goat anti human IgG 

(ABIGG-0500). Invitro purified proteins from H. pylori, recombinant HBsAg strain produced 

in pichia pastoris, and Human IgG purified by immunoaffinity from whole goat antisera, 

were used as antigens for H.  pylori, Hepatitis B and IgG respectively. 

5.2.2 Design fabrication using food dyes 

Red, yellow and green food dye solutions were prepared, and punched paper discs were 

immersed in the solutions and allowed to dry at room temperature. A pair of scissors was used 

to cut 2x10mm strips of nitrocellulose membrane. Using an ordinary household sewing needle, 

a thread was sewn from the centre of the top-side of a double-sided mounting tape to the lower 

side and through a dyed paper disc back to the top side of the tape further distal. This was done 

for the rest of the discs as depicted in Fig. 19A. A second layer of tape was applied to the 

bottom side of the tape to laminate the discs thereby protecting impregnated reagents from 

physical and chemical degradation. A plain paper disc was attached at the top of the sample 

inlet thread end at the centre to serve as sample pad. Nitrocellulose membrane strips were stuck 

in contact with thread ends emerging from below the tape, with thread ends overlapping the 

membrane strips by 1-2 mm, to facilitate transfer of solutions from threads to the membrane. 

At the distal ends of membrane strips, absorbent pads were attached to facilitate wicking and 

draining of excess solutions (Fig. 19B). To test the assembly, a few drops of water were added 

to the sample pad and observed for emergence of different dyes from under the tape via the 

thread onto the nitrocellulose membrane and absorbent pad further distal. 

5.2.3 Immunochromatographic thread-based device 

Glass fiber conjugate pad discs were each treated with 2.5 µl of 10% BSA in PBS and 

allowed to dry at room temperature for 5 minutes and then at 50ºC for 10 minutes. Stock 

conjugate antibody (OD10) was diluted one fifth in conjugate buffer (2% w/v BSA, 10% w/v 

sucrose and 0.1% v/v Tween 20 in Borate buffered saline). This was followed by addition of 

5 µl of gold conjugate antibody, each with a specific antibody type (anti human IgG, anti-

hepatitis B surface antigen and anti H. pylori). The pads were dried at room temperature for 5 

minutes and then at 50ºC for 10 minutes as above. Dried conjugate pads were kept in sealed 

bags with desiccant ready for assembly. Capture and control antibodies were diluted in PBS 

(pH 7.4) to a concentration of 0.5 mg/ml. Five percent (5%) methanol was included to 
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enhance fixation of antibodies to the membrane. Test and control lines were drawn on 

nitrocellulose membrane by using Lateral Flow Reagent Dispenser and Legato Syringe Pump 

(Claremont Bio Solutions, CA, USA). The dispense rate was 0.25 ml/minute and voltage was 

set at 5 v. After dispensing, the sheet was dried at 50ºC for 30 minutes and cut into 2x10 mm 

strips using a pair of scissors. This was followed by addition of 2 µl of blocking buffer (0.1% 

v/v Tween 20, 5% w/v sucrose and 1% w/v BSA) per strip. After blocking, strips were dried 

as above and kept at room temperature in sealed bags with desiccant. This step was carried 

out for all capture antibodies (anti human IgG, goat anti Hepatitis B and mouse anti H. 

pylori) and control antibody (Goat- anti-mouse IgG). 

5.3 Results 

A four-arm design was demonstrated using food dyes, and flow of solutions was observed. 

This design combines both vertical and lateral flow across the layers of the device. The 

thread transported the solution vertically downwards from the sample pad at the top to the 

bottom of the tape. Then, there was a lateral movement through punched paper discs 

followed by a vertically upward movement of color solution back to the top layer where lateral 

flow occurred along the nitrocellulose membrane and absorbent pad. The time interval 

between addition of water sample onto the sample disc and emergence of dye solution from 

under the tape was approximately 1-2 minutes. 
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Figure 19. Reagent flow through threads and nitrocellulose membrane. 

A: underside of tape indicating reagent-loaded paper discs (represented by red, green and 

orange dyes) B: Top view of the device after assembly. C: Flow of dyes from the middle 

layer of the tape through the nitrocellulose membrane at the top after addition of water 

(sample) D: Appearance of the membrane after all the dye has cleared out towards the 

absorbent pad 

Assembly of device for demonstration of reagent flow using red, green and orange food dyes 

was done as indicated in Fig. 19A-D above. After addition of water drops at the sample pad 

(middle), food dyes on paper discs dissolved to subsequently flow to the top onto the 

nitrocellulose membrane. The membranes were clear of dyes within 3-5 minutes (Fig. 19D) 

with all the dyes now deposited in the wicking pads. This corresponds to the time required to 

drain excess sample and reagents from the membrane so that the signal can be visualized. 

After demonstration with food dyes, the device was tested using antibodies to mimic actual test 

design for infectious disease rapid diagnostics. Colloidal gold-labelled detection antibodies 

were dried on glass fiber to make conjugate pads (used in place of food dye discs). With the 

capture antibodies immobilized on the NC membrane, introducing a sample at the top disc 

initiated vertical and lateral flow of reagent complexes that completed the test. A red line on 

the nitrocellulose membrane at a position where capture antibodies were immobilized indicated 

positive test, while a visible control line represented a valid test. Figure 20 represents a duo 

device for simultaneous detection of a bacterial and viral target antigen. Helicobacter pylori 

and Hepatitis B represented here can be substituted by any other target depending on the need 

and circumstances. The duo test signals began to show within the first 5 minutes after 

addition of 30-40 µl of sample mixture, and was ready for reading within 10 minutes. Positive 

and negative tests were clearly visible as described under Fig. 20 A-C. 

A 

Thread 

B Nitrocellulose membrane 

Sample pad 

Wicking/absorbent pad 

C D 
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Figure 20. Duo-test device for H. pylori and Hepatitis B.  

Note that test A is positive for both H. pylori (HP) and Hepatitis B surface antigen (HB), test 

B is positive for H. pylori (HP) and negative for Hepatitis B (HB) while test C is negative for 

both HP and HB. The sample added to test A had a mixture of both HP and  HB, sample 

added to test B only had HP while only PBS was added to test C. 

The lowest detectable antigen concentration for H. pylori on naked strips was 300 ng/ml with 

30 ng/ml indicating a faint signal (Fig. 21A). For the case of Hepatitis B, the limit of 

detection for single strips was 80 µg/ml (Fig. 21B). On assembled devices, estimated limit of 

detection was observed to be close to the above (below 100 ng/ml and 400 ng/ml for H. 

pylori and Hepatitis B respectively), with signal intensity being slightly lower (Fig. 21C). 

 

Figure 21. Detection limit for H. pylori and Hepatitis B strips and duo-device. 

Tested concentrations on strips in Fig. 21A range from 30 µg/ml to 3 ng/ml while strips in Fig. 

21 B range from 80 µg/ml to 8 ng/ml. Tested concentrations on the dual device (Fig. 21C) 

A B C 
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were 100 ng/ml and 400 ng/ml for H. pylori and Hepatitis B respectively 

The signal for multiplex design was read between 5-10 minutes and results were as presented 

in Figs. 22 and 23 below. Time for development of test results was comparable to what is 

usually observed in all commercial lateral flow strip tests. Also, there was no notable 

difference in time required by a duo test (2 strips) or multiplex test (6 strips), although 

slightly higher sample volume was required in case of multi-strip test ranging between 30-50 

µl per multiplex run while less than 30 µl was required by single or double strip tests. 

 
 

Figure 22. Multiplex immunochromatographic device with interpretation of results.  

Negative results (a, d); positive results (b, f); doubtful (c); invalid (e); C=control, T=test 

 

Figure 23. Six-channel multiplex immunochromatographic device. 

Note that the test is positive for IgG and H. pylori (HP) but negative for Hepatitis B (HB). T: 

Test; C: Control 
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5.4 Discussion and Conclusion 

5.4.1 Discussion 

This study demonstrates feasibility of combining hydrophilic threads with other components 

of lateral flow tests to create a multiplex device that can potentially be used at point-of-care. 

Fabrication and assembly of this device proceeded in a three-dimensional format common for 

microfluidic analytical devices (Martinez et al., 2008b), with the thread forming a channel that 

can cross multiple layers back and forth. The food dyes employed in these experiments 

reflected the flow of sample and reagents during actual testing. The discs were made of glass 

fiber using ordinary office punching machine. Polyester sewing thread used was hydrophilic, 

therefore, requiring no prior treatment to improve fluid wicking. It took approximately 1 

minute for the dyes to emerge from under the tape. The dyes were visible as they wicked 

along the thread and membrane. The time taken by the dyes to clear from the membrane 

strips (approximately 5-10 minutes) could be equated to the time required to clear excess 

sample and reagents from the nitrocellulose membrane to allow for the signal to be clearly 

visible. Discs embedded between layers of mounting tape carry reagents that are necessary 

for the test. It is expected that these layers of tape help in protection of the reagent-loaded 

discs thereby increasing their shelf life (Fenton et al., 2009). 

Using the above design, a device was fabricated for detection of antigens in solution. Detection 

antibodies conjugated to gold nanoparticles were dried on glass fiber conjugate pad. On a 

nitrocellulose membrane, capture antibodies were immobilized. The conjugate pads were 

laminated between layers of mounting tape and connected to the sample pad and nitrocellulose 

membrane above via hydrophilic threads. The double-sided mounting tape served as an 

adhesive backing for attachment of the sample pad and nitrocellulose membrane. It also served 

as laminate for the conjugate pads, as well as provide mechanical strength to the device. Under 

resource-constrained settings, this tape could be used as substitute for hard cassettes and 

other forms of housing (Fenton et al., 2009). 

The designs fabricated and tested using antibodies for detection of antigens (H. pylori, Hepatitis 

B and IgG) demonstrate the potential of applying immunochromatographic thread-based 

platforms in diagnosis of infectious diseases. In previously described immunochromatographic 

assays on thread (ICAT), threads were used as both wicking (transport) and reaction surfaces 

(Zhou et al., 2012). Both the conjugate/detection and capture antibodies were immobilized on 

threads or yarns. In the current design, threads are only used to facilitate wicking of solution 

along the test platform as detection antibodies are stored on glass fiber and capture antibodies 
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immobilized on nitrocellulose membrane just like on typical lateral flow strip tests. With this 

design, only the thread is introduced as a new component, other components such as sample 

loading pad, conjugate pad, nitrocellulose membrane and wicking pad remain the same. 

Multiplexed platforms were made easy due to the flexibility and durability of threads (Ballerini 

et al., 2011b). A desired number of channels was created using a sewing needle. Using threads 

like in the current platform facilitates multiplexing since threads can be modified to form 

complex networks without the need for complicated patterning. In paper-based microfluidic 

analytical devices, patterning of paper by various approaches such as wax-printing, laser- 

cutting, photolithography, etching and plotting is essential for multiplexing (Carrilho et al., 

2009; Lu et al., 2009; Fenton et al., 2009; Martinez et al., 2008a; Abe et al., 2008; Bruzewicz 

et al., 2008). Using threads obviates the need for further patterning making this approach a 

promising alternative for designing low-cost multiplexed POC diagnostic devices. Since only 

simple tools such as sewing needles, threads and tape are needed during fabrication process, 

these platforms can simply be adopted as potential diagnostics manufacturing alternative for 

the developing world. 

To run a six-channel device, a sample volume of approximately 30-50 µl was required. This 

volume is expectedly higher than what is normally required for a single test e.g. between 10- 

20 µl for malaria RDT (Foster et al., 2014) because in multiplexed designs, the sample must 

be distributed along multiple channels. However, this volume is comparable to what has been 

reported for numerous other lateral flow devices where the sample in the range of 15-200 µl 

has been reported (Sharma et al., 2015). Threads used in this design are thin (approximately 

200-300 µm in diameter), resulting in minimal fluid/sample retention during testing. Despite 

this fact, the flow rate was not compromised as the sample travelled across the membrane to 

the absorbent pad within three minutes, and signal started forming within the first 5 minutes 

and the test was ready within 15 minutes. This too, is comparable to most lateral flow devices 

reported previously, including single strip tests (Posthuma-Trumpie et al., 2008). 

The lowest detection limit was found to be within the range of 30-300 ng/ml, which is 

comparable to or vary slightly from other lateral flow tests described elsewhere (Gessler et al., 

2007; Jimenez et al., 2017), although the limit was higher for Hepatitis B surface antigen. Low 

sensitivity may be a result of many factors, including device assembly and storage conditions 

for reagents and assembled devices. Laminating the section of NC membrane with a transparent 

adhesive tape caused fast flow of the reaction mixture, reducing the time required to complete 
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the test. However, it also reduced the sensitivity of the test either by decreasing the intensity of 

the test line or failure to develop the test line at very low, but normally detectable analyte levels. 

This could probably be attributed to the fast flow rate that reduces contact time between the 

analyte-detector antibody complex and the capture antibody at the test and control lines. 

Lamination offers protection to the membrane against physical damages like scratching or 

wetting. Therefore, alternative protective measures that do not affect signal strength or 

sensitivity should be considered. 

In this study, testing was done using purified antigens diluted in wash buffer (0.05% Tween 20 

in PBS). Body fluids resembling this medium are such as serum, plasma, saliva and urine. 

However, challenges in flow dynamics, reaction time and membrane clearance time are 

expected when a sample with different colorimetric and viscosity properties such as blood, 

stool or pus is used. Evaluation of these sample media and associated flow parameters will be 

performed at a later stage. 

Targets for this study were of diverse nature: immunoglobulins, bacterial antigen and viral 

antigens. This selection was intended to demonstrate that multiplex POC diagnostic devices 

can be designed to detect pathogens that fall into diverse taxonomic groups. This implies that 

viral, bacterial, protozoal and fungal pathogens can all be incorporated on one multiplex device 

for enhanced throughput. This is a promising prospect for addressing the challenge of 

diagnosing non-malarial febrile illnesses (NMFI), whose etiology has been reported to be 

significantly diverse, comprising of bacterial, viral, fungal, protozoal and other causes (Kiemde 

et al., 2016; Acestor et al., 2012; Bisoffi and Buonfrate, 2013; Okiro and Snow, 2010; Mahende 

et al., 2014). To enable accurate and timely diagnosis of such complex clinical presentation, 

multiplexed diagnostic platforms must be explored. 

Most of the items used for fabrication of this device such as threads, needle, adhesive tape and 

papers are easily available and cheap. Conjugate and capture antibodies dried on the glass fiber 

and nitrocellulose membranes can remain stable for months. To run the test, the operator only 

applies the sample on the sample pad and observe for only a few minutes to read the results. 

These attributes will result in simple devices that are affordable, user-friendly, robust, 

equipment free, and deliverable to end users. 

5.4.2 Conclusion 

Multiplexed immunochromatographic diagnostic platforms can be designed using 

hydrophilic threads as fluid distribution channels. Using threads obviates the need for 
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patterning of paper that would otherwise require additional equipment like solid-ink (wax) 

printer or carbon dioxide laser cutter. Combining glass fiber, thread, nitrocellulose membrane 

and mounting tape produces a firm device that can be used at the point-of-care. More work on 

these platforms is needed to transform the concept into practical diagnostic solution to 

facilitate manufacture of low-cost devices for diagnosis of multiple illnesses at the point-of 

care in resource-limited settings. 
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CHAPTER SIX 

 

Short-term Stability of a Thread-on-a-tape Diagnostic Device under Ambient Tropical 

Conditions
5
 

Abstract 

Introduction: Stability of rapid diagnostic tests under normal storage and transportation 

conditions is a key parameter that ensures storage and deliverability of diagnostics to remote 

areas and allows periodic delivery from central supply points. In this study, viability of thread- 

based colorimetric as well as immunochromatographic tests under uncontrolled storage 

conditions was evaluated. 

Methods: Hydrophilic polyester threads were used as microfluidic channels while punched 

whatman paper discs were used for reagent storage and results display for colorimetric tests. 

Glass fiber was used for conjugate storage while nitrocellulose membrane was used for 

immobilization of capture antibodies for test and control lines. Glucose was used for 

colorimetric test device while Hepatitis B surface antigens and H. pylori were used for testing 

the immunochromatographic device. All units were produced on same day, kept at room 

temperature and tested periodically for 16 weeks. 

Results and discussion: All tests remained viable for at least 16 weeks. However, there was 

visible deterioration of signal throughout the testing period suggesting loss of sensitivity with 

time. By end of 16
th week, immunochromatographic test had lost most of the signal, while it 

was the same for colorimetric tests on samples of low concentration. 

Conclusion: Both colorimetric and immunochromatographic thread-based platforms can 

remain viable for a limited length of time. Precautions during preparation and storage of 

finished units should be taken to prolong their shelf life so as to improve their usefulness in 

resource-limited settings. 

Keywords: Viability, stability, thread-based diagnostics, resource-limited settings 
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6.1 Introduction 

Rapid diagnostic tests are essential tools for improving the quality of healthcare by facilitating 

appropriate management of the disease or condition (Leslie et al., 2014; Ansah et al., 2015; 

Johansson et al., 2017). If the diagnosis is accurate and timely, treatment outcome becomes 

favorable. In developing countries, diagnostic systems are poor, hence most diagnosis have 

always been accomplished through history and clinical signs and symptoms only (Chipwaza et 

al., 2014a). This clinical diagnostic algorithm lacks specificity and sensitivity and usually 

results into misdiagnoses (Sonkar et al., 2016, 2017). 

In recent times, rapid diagnostics for most diseases have been introduced and efforts have been 

made to ensure accessibility to such diagnostic services especially by the poor communities. 

However, the need is still high, and more options must be explored to cover all common 

diseases and conditions that are most prevalent in low income countries, especially Sub- 

Saharan Africa. Both paper-based and thread-based diagnostic devices are currently being 

explored as potential diagnostic options (Li et al., 2010a, b; Reches et al., 2010; Nilghaz et al., 

2012; Nilghaz et al., 2013). The World Health Organization has set out criteria for diagnostics 

required in poor-resourced parts of the world. Such diagnostics must be ASSURED, meaning 

that they should be affordable, sensitive, specific, user-friendly, robust, equipment-free, and 

deliverable to end users (Peeling et al., 2006; Urdea et al., 2006). To meet the last attribute, 

diagnostic devices must not require special handling or storage conditions such as refrigeration 

since most health facilities in developing countries cannot meet this condition (Albertini et al., 

2012). Therefore, diagnostic devices that are being advocated must remain stable at ambient 

conditions for a reasonable length of time. 

Temperature and humidity are among important factors affecting performance of paper- or 

cloth-based RDTs (Wang et al., 2012). The effect of oxidation and photolysis can also cause 

drugs and diagnostics to deteriorate. Per the International Conference on Harmonization (ICH) 

and the Global Harmonization Task Force, a minimum stability for 1 year is expected at 30°C 

and 35% humidity in hot/dry regions, and 30°C and 65% humidity in hot/humid regions (ICH, 

2003). High temperature causes denaturation of protein components of the diagnostic devices 

and this affects both enzyme and antigen-antibody-based diagnostics. Unfolding of binding 

sites on capture and/or conjugate antibodies results into loss of activity of these biomolecules, 

resulting into poor or no test results (Wang et al., 2007). Apart from this, higher temperatures 

have been reported to accelerate degradation through deconjugation of signal antibody–dye 



63 

 

 

 

complex, detachment of capture antibody from wick, and change in nitrocellulose wick flow 

characteristics (Bell et al., 2006). Exposure to moisture should always be avoided as it has been 

found to affect the shelf life of stored RDTs negatively (Bell et al., 2006). Most of the reagents 

(such as conjugate antibodies) are diluted in sugar-containing buffers before being dried in 

inactive form on conjugate pads. If the conjugate pad is exposed to high humidity or moisture, 

sucrose may absorb moisture and activates the antibodies prematurely, causing the antibodies 

to aggregate leading to their loss of activity (Li et al., 2016). Also, absorbed moisture turns the 

conjugate into a thick paste (syrup) thereby impairing its tendency to dissolve and release of 

conjugate upon sample application during testing time. 

Although most rapid tests are designed to withstand normal storage conditions, extreme levels 

of temperature and humidity can result in deterioration in their activity. The degree of 

sensitivity to elements depends on the nature of test components, with some being highly 

sensitive to moisture, temperature or light (Mathews and Curtis, 1914). For example, in 

immunochromatographic tests, antibodies are usually sensitive to high temperature, and loss 

of activity may occur when tests are kept at higher temperatures for extended periods (Chiodini 

et al., 2007; Mikhail et al., 2011). In a colorimetric test for glucose, the enzymes glucose 

oxidase and horseradish peroxidase are sensitive to elevated storage temperatures and light 

(Zoldak et al., 2004 ) while potassium iodide is sensitive to light (Mathews and Curtis, 1914). 

Therefore, it is always important to assess each test with respect to its sensitivity to degrading 

elements under normal conditions of use. In this study, we assess how long thread-based 

colorimetric and immunochromatographic devices will maintain their viability when stored at 

room temperature and unregulated humidity conditions of tropical Africa where such tests are 

likely to be used. 

6.2 Materials and Methods 

Three device formats were prepared and evaluated: a thread-on-a-tape device for detection of 

glucose, a glucose-disc test, and an immunochromatographic thread-based device tested 

using Helicobacter pylori and Hepatitis B surface antigen. 

6.2.1 Fabrication of colorimetric glucose test device 

Thread-on-a-tape device for detection of sugar (glucose) was prepared and assembled 

following the procedure previously described (Seth et al., unpublished). Briefly, indicator 

reagents for glucose detection by glucose oxidase method (Glucose oxidase (GO), horseradish 

peroxidase (HRP) and potassium iodide (KI)) were dried on paper discs. 

http://pubs.acs.org/author/Mathews%2C%2BJ.%2BHoward
http://pubs.acs.org/author/Curtis%2C%2BHarry%2BA
http://pubs.acs.org/author/Mathews%2C%2BJ.%2BHoward
http://pubs.acs.org/author/Curtis%2C%2BHarry%2BA
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Horseradishperoxidase and GO (15 units/ml each) were mixed in a ratio of 1:5 and 5 µl of the 

mixture was applied on a paper disc and dried at room temperature. On another paper disc 5 

µl of KI was applied and dried in dark. A thread from the sample inlet pad was sewn through 

the GO-HRP disc placed under the top layer of the double-sided mounting tape back to the 

top of the tape where a disc impregnated with KI was fixed. The device was kept in dark until 

time of use. To prepare the glucose-disc test, filter paper discs punched using ordinary office 

punching machine were prepared. Horseradish peroxidase and GO (15 units/ml each) were 

mixed in a ratio of 1:5 and 10 µl of the mixture was applied on the paper disc, followed by 10 

µl of 0.6 M KI. Loaded discs were immediately kept in dark and dried at room temperature. 

6.2.2 Fabrication of Immunochromatographic antigen detection test device 

Glass fiber conjugate pad discs were treated with 2.5 µl of 10% BSA in PBS and dried at 

room temperature for 5 minutes and then at 50ºC for 10 minutes. Stock conjugate antibody 

(OD10) was diluted one fifth in conjugate buffer (2% w/v BSA, 10% w/v sucrose and 0.1%  

v/v Tween 20 in Borate buffered saline). This was followed by addition of 5 µl of gold 

conjugate antibody, each with a specific antibody type (anti-hepatitis B surface antigen and 

anti H. pylori). The pads were dried at room temperature, following which they were kept in 

sealed bags with desiccant ready for assembly. Capture and control antibodies were diluted in 

PBS (pH 7.4) to a concentration of 0.5 mg/ml. 5% methanol was included to enhance fixation 

of antibodies to the membrane. Test and control antibody lines were drawn on nitrocellulose 

membrane by using Lateral Flow Reagent Dispenser and Legato Syringe Pump (Claremont 

Bio Solutions, CA, USA). The dispense rate was 0.25 ml/minute and voltage was set at 5 v. 

After dispensing, the sheet was dried at room temperature for five minutes followed by 10 

minutes at 50ºC and cut into 2x10 mm strips using a pair of scissors. The strips were kept at 

room temperature in dispensing envelops with desiccant. To assemble the device, threads 

from the sample inlet pad were sewn (using a needle) through the conjugate pads containing 

detector antibodies placed under the top layer of the double-sided mounting tape back to the 

top of the tape where thread ends overlapped on nitrocellulose membrane strips containing 

capture and control antibody lines. A second piece of tape was applied to enclose the 

conjugate pads. The devices were kept at room temperature until time of use. 

To determine short-term stability or viability, assembled devices were subjected to normal 

ambient conditions common to the tropics where these devices are normally used. Some 

devices were tested immediately after assembly while the rest of the devices were kept in 

sealed bags with silica gel bags (desiccant) and kept at room temperature (25-30ºC) and 
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humidity between 40-54%. Testing was carried out after every three weeks to determine if 

stored devices maintained their viability. Sensitivity was arbitrarily defined as the test 

positivity. Loss in sensitivity and change in the limit of detection were evaluated to determine 

how long the test devices remained viable and stable under normal conditions of use. Testing 

was carried out for 16 weeks. 

Reagent discs and devices were prepared, and complete assembly done on day one. On each 

testing day, test devices were retrieved from storage and tested as per standard procedure 

described above. 

6.3 Results 

Change of color was observed on the white disc upon addition of a glucose sample of given 

strength as observed in Fig. 24 below. The colorimetric signal was stronger at 3 weeks 

compared to 16 weeks, which indicate expected decrease in test sensitivity over time. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. Thread-on-a-tape test for glucose. 

Tested glucose concentration was 100 mM and 1 mM. Sample was added to the tests that had 

been stored at room temperature in a desiccated bag. To the negative control test, only water 

was applied to the sample disc. 

On day one, the lowest detectable limit of glucose on glucose disc and thread-based glucose 

test device was less than 1 mM (Fig. 25). Testing done after 3, 6, 9, 12 and 16 weeks were 

also positive at 100, 10 and 1Mm glucose molar concentrations. The devices were stable for 

up to 16 weeks (4 months) with gradual decline in color intensity, and this time could be 

extended further.  
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Figure 25. Results of the colorimetric thread-on-a-tape qualitative test for glucose: response 

up to 16 weeks.   

Assembled devices were stored at room temperature in a bag with desiccant until their 

respective testing times. 

A solution of 1 mM glucose solution remained marginally positive until end of testing time. S: 

sample disc; T: test disc. Arrows show the direction of sample and reagent flow from sample 

disc to the test disc. 

 

 

 

 

Figure 26. Glucose-disc test using discs stored at ambient conditions for up to 16 weeks 

 

Immunochromatographic devices maintained their signal strength for up to 16 weeks, during 

which there was systematic deterioration of the signal. The devices were not tested beyond 16 

weeks, although the 16
th week signal is suggestive of the end of sensitivity for the test. The 
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signals during earlier weeks were strongly visible as depicted in Fig. 27. 

       

 

 

 

 

 

 

 

 

Figure 27. Immunochromatographic test device viability for up to 16 weeks. 

Sample tested on day 1 was negative for HB while for the rest of the testing days, the sample 

mixture had 100 ng/ml (HP) and 400 ng/ml (HB). The signal is faint on the 16
th week testing, 

suggesting the end of viability. Downward arrows indicate the direction of sample flow along 

the device while slanted arrow indicate the test signal. T: test; C: control. 

6.4 Discussion and Conclusion 

Reagents stored on discs remained viable until the end of testing time (16 weeks). Threads were 

also able to wick solutions through the device as effectively as freshly-made devices. This is 

important as it shows that thread-and-paper-based device are capable of withstanding normal 

storage conditions, making them potential for application in resource-limited parts of the world 

where they are most needed. Ability to remain viable at ambient conditions for extended 

periods of time facilitates deliverability of such diagnostic devices, making it possible for these 

devices to be delivered to remote parts of the country once or twice a year. 

The limit of detection for glucose did not vary significantly between freshly made devices, or 

devices kept in assembled form for the whole duration of testing. This creates choice of 

keeping reagents in dry form on discs to be assembled into devices later or keep assembled 

diagnostic devices depending on convenient situation. Storing reagents in dried form on 

paper discs retains viability of some test components like enzymes such as glucose oxidase 

and horseradish peroxidase (for glucose test) which would otherwise require refrigeration. It 

is also possible to spot all necessary reagents on paper discs and keep them for later use or 

transport them to a different location where assembly will be done upon need. The glucose 
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disc test was designed to be a standalone test where everything is done on the disc itself, 

meaning that all necessary reagents are pre-loaded on a filter paper disc, which is kept dry 

before a sample to be tested is applied. This design is very simple in manufacturing and 

convenient to use. Once prepared, discs require dry storage away from direct light. Exposure 

to light results in photo-oxidation of potassium iodide, which is otherwise oxidized 

enzymatically in a positive test. Humidity/moisture re-dissolves the reagents rendering them 

inactive. In this study, the lowest quantity of glucose detectable on the disc for freshly made 

discs was < 0.1 M. The signal strength on subsequent testing interval decreased, but the 

sensitivity was maintained at 0.1 M throughout the testing period. Even after more than 16 

weeks, the disc was still able to detect 0.1 M of glucose. 

Immunochromatographic thread-based test units were all assembled on day one and kept at 

room temperature until testing day. There was change in signal intensity with time, with the 

signal almost disappearing at week 16. Despite this fact, the devices remained viable for almost 

4 months under less than optimal storage conditions. Commercial diagnostic kits are 

individually sealed in a plastic package, and each test is opened only during testing. This keeps 

away moisture, which has been found to affect the viability of immunochromatographic test 

devices (Bell et al., 2006). On the contrary, all devices in this study were placed in one bag, 

which was constantly being opened during each testing day thereby exposing the devices to 

moisture. Loss of viability could be attributed to exposure to moisture. It can therefore be 

expected that the viability time will be extended if ideal storage conditions are ensured. 

Rapid tests have been reported to be viable for up to 12-24 months without refrigeration 

(Phommasone et al., 2015). This attribute allows periodic distribution and storage of such tests 

to remote areas where cold-chain facilities are not available. In Sub-saharan Africa it is 

estimated that less than 30% of health facilities have reliable access to electricity (Adair-Rohani 

et al., 2013). In remote, poorly resourced areas especially in developing countries, tests 

which have a shelf life exceeding 18 months at ambient conditions are favorable since they 

reduce the probability of wastage of expired tests (Peeling et al., 2010). The results reported 

here cover only 16 weeks, and during this time, signals had started to diminish. However, if all 

conditions are appropriately optimized a longer shelf-life may be achieved. 

The main limitation of this study include the fact that test devices were not individually 

wrapped in air-tight wrappings, resulting into repeated opening and closure which allowed 

exposure to light and air. This limitation could have resulted into accelerated loss of 

sensitivity. Despite this fact, thread-on-a-tape diagnostic devices in this study were shown to 
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maintain viability for a considerable length of time at normal storage conditions. This is a 

promising step towards efforts of further developing this type of devices to meet current 

requirement for ASSURED diagnostics in the developing world. 
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CHAPTER SEVEN 

General Discussion, Conclusions and Recommendations 

7.1 General discussion 

7.1.1 The need for appropriate diagnosis in disease management 

As a prerequisite to disease management, diagnosis must be timely and accurate. Delayed 

diagnosis may lead to complications and deterioration of patient health, while wrong or 

inaccurate diagnosis may result into potentially wrong treatment, both of which compromise 

chances of complete recovery. To have maximum and desirable impact, diseases should be 

accurately and timely diagnosed. However, diagnostic facilities in low resource settings face 

significant limitations in terms of personnel, technology, equipment, and working environment. 

Most health facilities in resource-limited settings face acute shortage in terms of modern 

diagnostic equipment and technology, appropriately trained personnel to run the equipment 

(machines), and poor electricity supply to maintain cold storage of reagents used for diagnosis 

(Berkelman et al., 2006). These challenges have contributed to the dependence on clinical 

diagnosis, which has been proved to be inaccurate most of the times (McNerney, 2015; Sonkar 

et al., 2016). 

7.1.2 Low-cost designs for ASSURED Point-of-Care (POC) Diagnostics 

In the present study, various designs for low-cost diagnostics were developed and tested. Both 

paper- and thread-based designs were discussed. The devices were designed in consideration 

with WHO‟s criteria which require diagnostics to be ASSURED, implying that they should be 

Affordable, Sensitive, Specific, User-friendly, Rapid/robust, Equipment-free, and Deliverable 

to end users (Urdea et al., 2006). In developing countries, health sectors are compromised in 

many ways to an extent that it becomes impossible to provide optimal diagnostic services 

(Albertini et al., 2012). This study introduced simple approaches towards developing 

ASSURED diagnostics for the developing world. The use of paper, patterned by wax-printing 

and laser-cutting provided an option for producing multiplexed diagnostic platforms for 

infectious and non-infectious conditions (Seth and Buza, 2017). To diversify the available 

options, thread-based diagnostic platforms were also evaluated and found to have great 

potential as possible diagnostic alternatives. This study explored two thread-based designs: a 

thread-on-a-tape diagnostic test platform for colorimetric detection of chemical analytes and 

an immunochromatographic thread-based test platform for diagnosis of infectious diseases. 

The first design (thread-on-a-tape) uses threads to distribute and mix reagents and deliver them 

to a paper disc for result display. It is ideal for diagnostic tests that are based on the principle 
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of colorimetric reactions, where the end-point color signal is associated with presence or 

absence of the test substance. The second design (immunochromatographic test) uses threads 

to distribute and deliver bioactive molecules (antibodies, antigens and other proteins) to a 

membrane where further reaction results into a signal because of accumulation of a colored 

signal reporter molecule in presence or absence of the test substance (Seth et al., 2018). Both 

designs have been found to be promising as potential diagnostic candidate platforms. The 

colorimetric platform is potentially useful for measurement of analytes of biological 

importance like glucose, uric acid, ketones, nitrites and others (Martinez et al., 2007; Li et al., 

2010a, b; Reches et al., 2010). The immunochromatographic platform will be very useful in 

designing multiplex diagnostics for whose principle is based on antigen-antibody reactions. 

This includes differential diagnosis of febrile illnesses, neonatal and maternal septicaemia, 

ante-natal sexually-transmitted infections (STIs) screening, and acute bacterial and viral 

diarrheal syndromes. Other potential applications of this platform include bio-threats detection, 

drug of abuse measurements, microbial and antimicrobial food safety monitoring, 

environmental safety monitoring, and fertility testing. 

While finer details of sensitivity and specificity will be covered in subsequent studies, other 

aspects of the ASSURED criteria can be addressed by the designs. The simplicity of the 

designing process, availability and low cost of materials are necessary for production of low- 

cost (affordable) diagnostics. Other attributes are also considered since the described designs 

require no special storage or handling conditions, require no other equipment for reading the 

results, hence ideal for use in remote areas. 

7.1.3 Technology transfer for ASSURED diagnostics manufacturing in Tanzania: The 

need and potential 

Rapid diagnostics currently used in Tanzania are imported, mostly from Europe, America and 

Asia since no local company has invested in diagnostics production. Although it is not within 

the scope of this study, importing such diagnostics is likely to be costlier as compared to 

local production of diagnostic devices within the country (WHO, 2011). Local production 

facilitates demand-driven choice of diagnostics to be produced depending on local needs. If 

multiplexed ASSURED diagnostics are to be locally manufactured, such units should consider 

diseases and conditions that are of concern in Tanzania. As can be observed in the studies 

reported here, transferring the technology for diagnostics manufacturing is possible. 

Investment in essential equipment and training of local scientists in relevant fields is 
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necessary to achieve this goal. Target groups of infection may include: non- malarial febrile 

illnesses, zoonotic bacterial infections, causes of neonatal sepsis in hospitals, sexually-

transmitted infections combined with pregnancy test, and others. To initiate the process of 

technology transfer, simple immunochromatographic tests may be the first aim. Here, a 

minimum set of equipment, supplies and biologicals required may include: antibody/antigen 

dispenser, laser-cutter, strip cutter, laminator, conjugate, capture and control reagents, 

nitrocellulose membranes, glass fiber pads, chromatography papers, and adhesive plastic 

backing cards. Initial investment for establishment of a diagnostics manufacturing center may 

be moderately high, but the gains will eventually outweigh the resources invested. Although 

computing the financial cost-benefit analysis was beyond the scope of this study, it can be 

expected that the resultant diagnostic devices will be of low cost because the materials and 

methods used are cheap, although this may not always be true especially where there is stiff 

competition from established suppliers (WHO, 2011). 

7.2 Conclusion 

This study has shown that diagnosis is still a challenge in resource limited parts of the world 

especially in Sub Saharan Africa and action is required to address this problem. Low-cost 

multiplex diagnostic platforms are necessary to deal with this challenge. 

Paper-and thread-based diagnostics have shown to be viable options to address the challenge 

of diagnosis in resource-limited settings. A variety of multiplex designs for paper-based rapid 

diagnostics can be developed to improve diagnosis of common diseases and conditions in 

resource-limited settings. In this study, various such designs have been developed and tested. 

This approach promises a potential alternative to the more time-consuming and rather 

expensive sequential testing in circumstances where diseases presenting with similar symptoms 

cannot be clinically differentiated. 

This study has also established that thread can be combined with paper discs and mounting 

tape to fabricate low-cost microfluidic devices with potential of application as point-of-care 

diagnostics. Hydrophobic threads can be modified to become hydrophilic by a range of 

hydrophilizing procedures. The use of cheap materials such as sewing needles, office 

punching machines, threads, paper and tape means that the overall cost of resultant devices is 

likely to be low, hence affordable by people living in resource-limited countries. Large-scale 

production of devices will need a new consideration and may require an engineering design 

to facilitate automation of the production process. The use of white paper discs facilitates 
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colour display, implying that a hydrophilic thread of any colour can be applied for fabrication 

of such devices. 

This study also endeavoured to design a multiplexed immunochromatographic diagnostic 

platforms using hydrophilic threads avs fluid distribution channels. Using threads was found 

to obviate the need for patterning of paper that would otherwise require additional equipment 

like solid-ink (wax) printer or carbon dioxide laser cutter or other engraving machines. 

Combining glass fiber, thread, nitrocellulose membrane and mounting tape produces a firm 

device that can be used at the point-of-care situations. 

In all thread-based designs, a double-sided adhesive mounting tape has been used to facilitate 

fixation of various components of the devices. This tape is strong thus it forms a firm backing 

for the device such that even in absence of a conventional backing card or cassette, the tape 

can provide short-term durability for these devices. Thread-based devices can remain viable at 

ambient conditions for a considerable length of time when necessary requirements such as 

protection from light and humidity are observed. Improvement on production and storage 

conditions will potentially extend the shelf-life of the proposed devices to suit periodic 

delivery to health facilities or points of use. 

7.3 Recommendations 

More work on these platforms is needed to transform the concept into practical diagnostic 

solution to facilitate manufacture of low-cost devices for diagnosis of multiple illnesses at the 

point-of care in resource-limited settings. Prototype devices should be developed and tested. 

During initial testing, clinical samples should be tested to establish the sensitivity, specificity 

and predictive values of the tests. Initial targets may involve multiplexed diagnostics for non-

malarial febrile illnesses, neonatal and maternal septicemia, bacterial and viral diarrheal 

syndrome, antimicrobial residues, and environmental monitoring. 

Research and training in diagnostics should focus on both vertical and horizontal technology 

transfer to facilitate acquisition of knowledge and expertise in diagnostics designing and 

development by local scientists. Higher learning and research institutions should aim at training 

local biotechnologists and medical scientists who will spearhead the envisioned technology 

transfer and adoption. 

Emphasis should be put on development and growth of local diagnostic industry to facilitate 

local production of diagnostics, especially low-cost diagnostic platforms. Local start-ups may 
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team up with established manufacturers abroad as they establish themselves. Implementation 

of this will ensure that the highly needed rapid diagnostics are available and affordable, 

contrary to the existing situation where most, if not all diagnostics are imported from other 

countries. 

In order for these recommendations to be realised, a strong commitment is required on part of 

the government, pivate sector, individual scientists and business entities. The government 

should dedicate more resources towards development of the diagnostic industry in 

collaboration with the private sector. It is through this kind of collaboration and commitment 

that such ambitions will be realised. 
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