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Abstract 

This study demonstrates the development of a paper-based microfluidic 

device (µPAD) with a gold nanosensor (Au-TA-TG) to detect arsenic 

contamination in Bangladesh groundwater at the World Health 

Organization (WHO) guideline level (10 µg/L). A method has also been 

developed to prevent interference from alkaline metals (Ca, Mg, K and Na) 

by altering the pH level on the µPADs. The heavy metals present in 

groundwater (Mn, Pb, Ni, Cd, Fe III and Fe II) are also confirmed no 

interference with the µPAD arsenic tests. Except for Fe III, which the 

villagers already remove from their groundwater. The µPADs are also 

tested with 24 groundwater samples collected from hand tubewells in 

three different regions in Bangladesh: Shirajganj, Manikganj, and 

Munshiganj, and the results agreed with the results obtained from 

laboratory testing. The µPAD arsenic test can provide the first easy-to-read 

test and capable of detecting arsenic at the WHO guideline level (10 µg/L). 

Thus villagers can test their own water sources and be empowered to make 

decisions about where to obtain the safest water.  
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Chapter 1 

Introduction  

1.1 Motivation 

Surface water (eg, pond water) was an easily achievable and major 

drinking water source in rural regions of Bangladesh before the 1970s [1]. 

Unfortunately, contamination of this water source with microorganisms 

and sewage caused a significant number of water-borne diseases and 

increased mortality rate nationwide [1]. Children and infants were affected 

by pathogen-laden diseases such as diarrhea and cholera due to the intake 

of bacterial contaminated stagnant pond water [1]. To solve this public 

health issue, the United Nation’s Children Fund (UNICEF) and the  

Department of Public Health Engineering (DPHE) in Bangladesh worked 

jointly to install tubewells to extract groundwater as an alternative 

drinking water source, throughout the country during the 1970s [1, 2]. 
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The endeavor reduced issues associated with water-borne diseases; 

however high arsenic contamination of groundwater in rural areas was 

discovered within the following years [3-5]. This naturally occurring toxic 

ion is severely detrimental to human health.   

Bangladesh has an abundance of shallow and deep groundwater 

sources; however, due to the geology of the region, much of this water is 

contaminated with naturally occurring arsenic, which was first discovered 

in 1992 [3, 5, 6]. The World Health Organization (WHO) has described the 

arsenic contamination of Bangladesh groundwater as “the largest mass 

poisoning of a population in history” [7]. In a recent study (2010), 

researchers examined 46,321 hand tubewells from 50 arsenic-

contaminated districts out of a total of 64 districts in Bangladesh. They 

found that 48.1% of the wells had an arsenic level above the WHO 

guideline value of 10 µg/L and 30.9% of the wells were above the 

Bangladesh arsenic standard of 50 µg/L [8]. In 2001 it was estimated that 

35 million people in Bangladesh were under potential risk of arsenic 

contamination, and over the following 10 years, this number increased to 

approximately 80 million people [8, 9]. The arsenic contamination problem 

is exacerbated by the temporal and depth variability of groundwater 

chemistry in Bangladesh, which varies seasonally and as a function of 

depth in the aquifers [10]. The arsenic contamination is a severe issue, 

which can regularly vary; therefore, it is critical for the users of the 
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groundwater sources to have accurate information about the levels of 

arsenic in their tubewells. 

In 1996, nation-wide testing was undertaken in Bangladesh to 

determine the arsenic levels for approximately 1 million hand tubewells, 

with trained personnel using field-test kits. These field-test kits have since 

been reported to have a minimum reliable detection limit of 70 µg/L [2]. 

Since this limit is higher than the Bangladesh arsenic standard of the time 

(50 µg/L), this may have resulted in the mislabeling of many of these hand 

tubewells either safe green (<50 µg/L) as shown in Figure 1a or unsafe red 

(>50µg/L) as shown in Figure 1b [2]. A number of other field-test kits have 

been used by local and international organizations for testing arsenic 

levels in hand tubewells in targeted regions of Bangladesh [2, 8]. The field-

test kits used for this testing are based on the mercury bromide stain 

method, which was found to be incapable of producing reliable results for 

arsenic concentrations below 70 µg/L and had a poor agreement with the 

results from lab-based testing methods [2] . Many of these field-test kits 

have multiple steps and a side effect of producing toxic arsine gas while 

testing the water, and thus must be used by trained personnel.  

Numerous testing methods using gold nanoparticles based chemical 

sensors have recently been developed to detect arsenic at WHO guideline 

level [11]. Unfortunately, these tests are lab-based methods and often have 

interference issues due to the presence of other heavy metals in water. 

Therefore, a test is still required that can reliably test for arsenic levels at 
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the WHO level of 10 µg/L, while also being convenient and safe to use so 

that the users can regularly test their own hand tubewells. A test that is 

also inexpensive and disposable would further help to enable widespread 

and regular testing. 

 

 

 

Figure 1: Hand tubewells in Bangladesh. (a) tubewell free from arsenic 

contamination painted green; (b) contaminated tubewells painted red.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
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1.2 Background 

 

 

 

1.2.1   Microfluidic paper-based analytical device (µPAD) 

Microfluidic paper-based analytical device (µPAD) is a promising platform 

to develop a low-cost and reliable detection device for developing countries 

having limited resources. µPAD offers one-step detection techniques, rapid 

and multiplexed analysis with a small volume of the sample without any 

external pump to operate [12].  Whitesides et al. first introduced the 

strategy of patterning paper for detecting multiple analytes at ultra-low 

concentration level [13]. In the presence of certain reagents, it develops a 

characteristic color indicating the presence of a particular analyte in the 

sample [12, 13]. Following this strategy, different research groups 

developed µPAD techniques to detect a particular analyte in a simple 

manner in the environment or human body [14-17]. In this section, some 

recent advances in µPAD are summarized to observe the potential use of 

µPAD as an arsenic detection device. 

Many notable advances have taken place in the field of detection-

based µPAD as an inexpensive platform for resource-limited settings 

within the last decade. For example, Martinez et al. developed a patterned 
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µPAD to detect glucose and protein in a 5 µL urine sample. It is a useful 

and inexpensive alternative in developing countries to conventional clinical 

settings [13]. Ratnarathorn et al. developed µPAD for detecting copper ion 

using immobilized functionalized silver nanoparticles. The phone camera 

and scanner were incorporated with the µPAD to correlate the 

concentration of ions with pixel values [18, 19]. Chin et al. developed an 

integrated strategy, miniaturizing complex laboratory assay ELISA, using 

µPAD and nanoparticles [20]. This strategy has been applied in remote 

settings of India to detect HIV and syphilis using 1 µL volume of 

unprocessed blood sample [20]. Gong et al. developed an integrated, 

miniaturized paper-based device in pen format to detect Hepatitis B 

surface antigen (HBsAg) and Hepatitis B ‘e’ antigen (HBeAg) in human 

blood [21]. This device was successfully tested at the National Hospital for 

Tropical Diseases in Hanoi, Vietnam [21]. Park et al. also demonstrated a 

smartphone based µPAD to count and display Salmonella in food, 

optimizing position and angle of the smartphone [22]. There are many 

other research groups working on developing µPAD for point-of-care 

disease diagnosis in developing countries [11]. 

µPAD also has some significant applications to monitor water 

quality. For example, Torabi et al., developed a highly selective and 

sensitive µPAD to detect mercury (Hg) in drinking water [23]. Structure-

switching DNA-modified gold nanoparticles (AuNPs) shows vibrant 

characterizing red colour in presence of 5 nM (nanoMolar) Hg in drinking 
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water [23]. Lopez Marzo et al. designed a functionalized AuNPs complex-

based µPAD, which shows a characteristic blue color in the presence of 

cadmium (Cd) in drinking water. The lowest detection limit of this device 

is 0.1 µg/L [24]. These recent advancements in µPAD show the potentiality 

to develop a low-cost, reliable, simple device to detect arsenic in 

groundwater of Bangladesh.    

In summary, recent applications of µPAD demonstrate the 

usefulness of this device as a portable and simple assay and an 

inexpensive alternative in countries of limited resources. This device is 

small, disposable, easy to use, and requires no external equipment or 

power sources. Therefore, the qualities of µPAD demonstrate it as a 

potential candidate to detect arsenic contamination in groundwater of 

developing country, Bangladesh.  

 

1.2.2   Optical property of gold nanoparticles      
 

Optical properties of gold nanoparticles (AuNPs) has received increasing 

popularity for use as a detecting agent at the micro or nano scale, in recent 

years. It has become an excellent choice for scientists and engineers 

because of its exclusive size-dependent optical property and high sensing 

ability. Very recently, the fields of engineering, physics, chemistry, 

material sciences, nanotechnology, and molecular biology, have started to 

use it for sensing, detecting and imaging [25-27]. In this section, optical 
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property of AuNPs, in terms of band shift with changing size is discussed. 

The change of the size of the AuNPs and corresponding band shifting is 

the key tool often taken into account by researchers to develop AuNPs 

based detection methods.    

In nanoscale, AuNPs (size range: 1-100 nm in diameter) strongly 

absorb the light of the visible region of the spectrum and show different 

colours of oscillation [28-32]. Change of colour of AuNPs with size is shown 

in Figure 2 [33].  This absorption originates from the collective electron 

oscillation of conduction band [34, 35]. This optical absorption is termed 

as surface plasmon (SP). A coherent oscillation of surface plasmon induced 

by an incident electromagnetic wave is called surface plasmon resonance 

(SPR) [34]. 

 

 

Figure 2: Different size of AuNPs in solution; the color of the AuNPs change 

with size of the particles [33]. 
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Depending on the size, AuNPs appears as different colours. With 

increasing or decreasing size of AuNPs the colour band shifts within visible 

range (wavelength of light, λ = 390 – 700 nm) of light. As shown in Figure 

3b the red coloured AuNPs absorb light of higher energy and lower 

wavelength (λ = less than ~390 nm to ~630 nm) and scatters red light of a 

higher wavelength and lower energy (λ = ~630 nm to ~700 nm; red line in 

Figure 3b), as a result a red colour appears. Conversely, aggregated blue 

colored AuNPs absorb light of a higher wavelength and lower energy (λ = 

~490 nm to ~700 nm), and scatters light of a lower wavelength and 

comparatively higher energy (λ = ~450 nm to ~490 nm; blue line in Figure 

3b) as shown in Figure 3b. As a result, a blue colour appears. Figure 3a 

shows red-colored dispersed AuNPs (corresponding to the red line in 

Figure 3b) and aggregated blue-colored AuNPs (corresponding to the blue 

line in Figure 3b)  [36].  

 The size-dependent band shifting property of AuNPs makes it an 

excellent choice to use it as a primary detecting agent. Band shifting (red 

to blue or blue to red) property helps to make the decision of presence or 

absence of a particular analyte in media.  
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Figure 3: (a) Red-colored dispersed AuNPs and blue-colored aggregated 

AuNPs (b) Extinction spectra of dispersed AuNPs (red line) and aggregated 

AuNPs (blue line) [36]. 
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1.2.3 Arsenic testing strategies  

Well-established lab-based metal ion detection techniques are capable of 

detecting arsenic accurately at WHO guideline level. Most common testing 

techniques are Marsh test, inductively coupled plasma optical emission 

spectrometry (ICP-OES), atomic fluorescence spectroscopy (AFS) and 

atomic absorption spectrometry (AAS). The major drawbacks of these 

techniques are, high expense and sophisticated lab-based operation steps, 

as a result end-users cannot use these techniques frequently. As an 

alternative numerous field test kits were also developed, such as Merck 

field test kit (minimum detection limit 100 µg/L), National Institute of 

Preventive and Social Medicine (NIPSOM) kit (minimum detection limit 100 

µg/L), General Pharmaceutical Limited (GPL) kit (minimum detection limit 

10 µg/L), Merck doubling kit (minimum detection limit 10 µg/L), Hach kit 

(minimum detection limit 10 µg/L), Quick arsenic kit (minimum detection 

limit 5 µg/L), Arsenator field kit (minimum detection limit 10 µg/L) and All 

India Institute of Hygiene and Public Health (AIIH&PH) field kit (minimum 

detection limit 50 µg/L) [11]. Most of these field test kits are mercury 

bromide stain based colorimetric method, which are inaccurate, expensive 

and cumbersome to use.  

 To develop a low-cost and accurate arsenic detection strategy at 

WHO guideline level scientists merged paper-based microfluidic device 

with colour-dependent detection methodology of gold nanoparticles [37]. 

Gold nanoparticles-based sensor is capable of detecting arsenic within the 
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microscale environment of paper at 10 µg/L. In the following sections of 

this thesis, some recent advances of detecting arsenic using gold 

nanoparticles sensor in both solution phase and µPAD are discussed. 

 

1.3 Literature review 

In this literature review, some recent advances of detecting arsenic using 

gold nanoparticle-based sensor both in solution-phase and µPAD are 

summarized. Since groundwater source of Bangladesh possesses different 

heavy metal ions, therefore a brief description on possible naturally 

occurring heavy metal ions is also discussed in this literature. Finally, a 

summary of the literature is discussed at the end of this section. 

 

1.3.1 Solution-phase detection of arsenic with AuNPs 

Many solution-phase sensors have recently been developed to detect 

arsenic using functionalized AuNPs. In this section, few examples of 

arsenic detecting sensors are briefly described. These descriptions are 

organized, according to the lowest limit of detection of sensors. At the end 

of the section, associated disadvantages of these sensors are also 

highlighted. 

Kalluri et al. developed a Glutathione (GSH), Dithiothreitol (DTT) and 

Cysteine (Cys)-functionalized AuNPs based sensor to detect arsenic in 
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groundwater [38]. The lowest detection limit of this sensor is 1 µg/L. In 

presence of arsenic at or above 1 µg/L, the red colour of the sensor turns 

black, due to the aggregation of AuNPs as shown in Figure 4 [38].  Despite 

being sensitive at WHO guideline limit this solution-phase sensor cannot 

be applied on site to detect arsenic. 

 

  

 

Figure 4: A Colorimetric sensor for detecting As (III); there is no reaction 

with the sensor in (a) and (b) where arsenic concentration is below 1µg/L 

(red colour of AuNP is not changing). sensor reacts with 28 µg/L arsenic 

(red color of AuNPs sensor turned black) (c) [38]. 

 

Yu et al. developed an arsenic sensor based on classical aptamer 

functionalized AuNPs [39]. The lowest detection limit of this sensor is 1.26 

 15 ng/L          380 ng/L          28 µg/L 

a b c 
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µg/L. Red-coloured functionalized AuNPs solution, represents a 

characteristic visual red to a blue shift in presence of arsenic [39]. 

Domínguez-González et al. also developed a selective GSH-DTT-Cys-

2,6-pyridinedicarboxylic acid (PDCA) functionalized AuNPs based sensor 

to detect arsenic in drinking water in laboratory [40]. The lowest detection 

limit of this sensor is 2.5-8.4 µg/L. In presence of arsenic at or above 2.5 

µg/L, the red colour of the sensor turns black, because of the aggregation 

of AuNPs. The colour change indicates the presence of arsenic in water 

sample [40]. Domínguez-González et al. also elevated the pH of water 

samples to remove other interference [40].  

Wu et al. developed a cationic polymer functionalized AuNPs based 

biosensor for detecting arsenic in water [41]. This sensor is comparatively 

less sensitive to arsenic. The lowest detection limit of this sensor is 5.3 

µg/L. It shows a visible signal in presence of arsenic, shifting the initial 

color from red to blue due to the aggregation [41].  

The solution-phase arsenic sensor is successful in detecting arsenic 

at the WHO guideline level, but the drawbacks of these laboratory-based 

sensors are: 

 Complicated steps are required to be followed to detect 

arsenic 

 Trained personnel is required 

 Expensive 
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  As a possible solution, scientists adopted the strategy of µPAD to 

develop a simple and inexpensive arsenic detecting sensor. Some 

applications of this µPAD to detect arsenic are described in the following 

section.  

 

1.3.2   µPADs for detecting arsenic 

To develop a simple and affordable test for an untrained end-user and 

developing country with limited resources, inexpensive µPAD with simple 

operation techniques is becoming one of the excellent choices to 

researchers. An example of a µPAD is the home pregnancy test kit. It is 

widely acceptable throughout the world, because of the affordability and 

convenience to use. The µPAD is also disposable, simple and portable with 

straightforward signal readouts for users.  

Therefore, the µPAD platform can be considered to build a reliable 

and inexpensive testing device to detect arsenic in groundwater of 

Bangladesh. According to the literature, there are only two research 

groups that have recently developed µPADs for arsenic detection in water. 

A brief description of these two recent developments are presented here. 

Stocker et al. developed a paper-based biosensor for detecting 

arsenic (arsenite ions) in potable water, modifying green fluorescence 

protein cells and drying on paper strips. This µPAD has a lowest detection 

limit of 8 µg/L and requires 30 mins to develop a visible signal. Currently, 
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this strategy is a laboratory-based method and has high potential to apply 

in the field [42].   

Nath et al. developed a Y-shape µPAD for detecting arsenic (As3+) 

ions in drinking water using a gold nanosensor, which changes from red 

to a bluish-black colour and is capable of detecting arsenic at 1 µg/L, as 

shown in Figure 5 [37]. The chemistry used to prepare the gold 

nanosensors is simple and well-suited to arsenic tests aimed at the 

individual users; however, the µPAD developed by Nath et al. was not 

tested using groundwater samples. 

 

 

 

Figure 5: Y-shape µPAD with gold nanosensor (red colour). The red colour 

of gold nanosensor turned blue (due to aggregation) in presence of arsenic 

[37]. 

These two mentioned strategies of µPAD to detect arsenic, have high 

potential to apply in the field to test groundwater sample. However, these 
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devices have not considered all of the naturally occurring interfering metal 

ion, which might falsify the result. In this thesis, some naturally occurring 

heavy metal ions have been taken into account to develop an interference 

free µPAD. In the following section, a brief summary of possible naturally 

occurring heavy metal ions in the groundwater of Bangladesh is described.  

 

1.3.3  Interfering heavy metal ions in groundwater of  

Bangladesh 

 

The groundwater of Bangladesh has naturally occurring levels of different 

heavy metal ions. Those are primarily, manganese (Mn), lead (Pb) and 

nickel (Ni) [43]. Groundwater of some industrial areas which are also 

affected by arsenic also possesses cadmium (Cd) [44]. On parallel, a major 

region of groundwater of Bangladesh has elevated level of iron (Fe II and 

Fe III) [43].  

In order to ensure an interference-free µPAD, for detecting arsenic 

in groundwater, the above-mentioned heavy metal ions have been 

individually tested. The result is summarized in the results and discussion 

chapter of this thesis.  
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1.3.4   Summary of literature 

Aside from the study performed by Nath et al. [37], there has been no work 

previously done, to develop a gold nanosensor µPAD to detect arsenic in 

water. However, Nath et al. developed a µPAD with gold nanosensor for 

detecting arsenic in drinking water only, but they did not take into account 

any drinking water or groundwater samples and the associated 

interference problem due to naturally occurring heavy metal ions in the 

groundwater. Some solution-phase arsenic detection techniques are able 

to detect arsenic at 10 µg/L but because of being laboratory-based 

methods, expensive, and cumbersome, these can not be applied onsite by 

an untrained end-user. 

Particularly, none of the studies discussed above developed any 

portable, inexpensive, user-friendly, interference-free and accurate gold 

nanosensor µPAD to detect arsenic in groundwater of Bangladesh. In order 

to develop a portable, simple, disposable and interference free device for 

testing arsenic at 10 µg/L level in groundwater, a gold nanosensor µPAD 

is required to be developed.    
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1.4 Thesis objectives 

The goal of this thesis is to develop a simple, affordable, accurate and 

disposable gold nanosensor microfluidic paper-based analytical device 

(µPAD) to detect arsenic at World Health Organization (WHO) guideline 

level (10 µg/L). Also, in order to obtain accurate results, the device has to 

be free from all probable ion interference. 

Considering these points, there are four main objectives of this 

thesis:  

 Develop and calibrate the gold nanosensor microfluidic paper-based 

analytical device (μPAD) to detect arsenic at WHO guideline level (10 

μg/L). 

 Assess and inhibit the interference problem owing to alkaline metal 

ions (Na, Ca, Mg and K) and tap water. 

 Assess interference owing to heavy metal ions (Mn, Ni, Cd, Pb, Fe II and 

Fe III) at WHO guideline level, both in presence and absence of 20 μg/L 

arsenic. 

 Validate the µPAD with 24 groundwater samples collected from 

Bangladesh and cross-check the results with the results obtained from 

laboratory testing (ICP/OES). 
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1.5 Thesis outline 

In Chapter 2 of this thesis, a detailed description of the required materials, 

synthesis process to develop gold nanosensor, and fabrication of µPAD for 

detecting arsenic will be discussed. This chapter will also discuss the 

image analysis process of the µPADs and groundwater sample collection 

method from Bangladesh. In Chapter 3 all test results of this thesis 

including, calibration of µPAD at WHO guideline level, interfering ion 

testing (alkaline ions and heavy metal ions) and groundwater testing with 

µPAD will be presented and discussed. In Chapter 4 the feedback obtained 

from end users for developing µPADs will be summarized. Finally, Chapter 

5 will conclude the entire thesis and list recommendations for future work. 
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Chapter 2 

 

 

Experimental Method and Setup 

 

 

The main purpose of this thesis is to develop a µPAD with a gold 

nanosensor, to detect arsenic at WHO guideline level (10 µg/L). In this 

chapter, all the required materials, synthesis process to develop the gold 

nanosensor, and fabrication process of the µPADs are presented. This 

chapter also includes the image processing methodology of the µPAD, 

groundwater sample collection method in Bangladesh and list of arsenic 

concentrations of collected water samples obtained from a laboratory 

testing using (ICP-OES). 

 

2.1 Materials 

Gold (III) chloride trihydrate (HAuCl4·3H2O, >99.9%), sodium citrate 

tribasic dihydrate (C6H5O7·2H2O·3Na, >99.0%), (+)-α-lipoic acid synthetic 
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(TA) (>99.0%, titration), EDC (N-(3-dimethylaminopropyl)-N′-

ethylcarbodiimide hydrochloride, > 99.0%), NHS (N-hydroxysuccinimide, 

98%),                 6-thioguanine (> 98%) (TG), 0.25M sodium hydroxide 

(NaOH), arsenic (As) standard for AAS, lead (Pb) standard for AAS, 

cadmium (Cd) standard for AAS, iron (Fe III) standard for AAS, ammonium 

iron (II) sulfate hexahydrate for preparing iron (Fe II) standard solution, 

nickel (Ni) standard for AAS, manganese (Mn) for AAS, sodium (Na) 

standard for AAS, magnesium (Mg) standard for AAS, calcium (Ca) 

standard for AAS, and potassium (K) standard for AAS were obtained from 

Sigma-Aldrich (Oakville, Ontario, Canada). Methanol was obtained from 

ACP Chemicals Inc. (Toronto, Ontario, Canada). The distilled water was 

obtained from Nothing But Water Products Inc. (Markham, Ontario, 

Canada).  

The cellulose chromatography paper (Whatman grade 1 CHR by GE 

healthcare, size: 20 cm x 20 cm, thickness: 0.18 mm) was obtained from 

Fisher Scientific (Philadelphia, USA). Parafilm MTM Laboratory Wrapping 

Film (4 in. x 125 ft. roll) was obtained from Fisher Scientific, Canada. 

Hydrochloric acid (HCl, 37%) and nitric acid (HNO3, 70%) were obtained 

from Sigma-Aldrich (Oakville, Ontario, Canada) and used for cleaning the 

glassware. Tap water used in the experiments was collected from the 

laboratory at the University of Ontario Institute of Technology (UOIT), 

between March and May 2016, in Oshawa, Ontario, Canada.  
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2.2 Gold nanosensor preparation 

Prior to the sensor preparation, all glass apparatuses were cleaned with 

aqua regia (HCl:HNO3; 3:1) and rinsed with distilled water at least 10 

times. All chemical solutions were prepared with distilled water.  

For this thesis, gold nanoparticles were synthesized following an 

established protocol [45]. According to the protocol, 2 mL of freshly 

prepared 25 mM HAuCl4·3H2O solution was added with 198 mL of distilled 

water. The mixture was stirred and boiled at 100ºC; afterward, 2 mL of 

freshly prepared 3.3% (w/v) of C6H5O7·2H2O·3Na was added while stirring. 

The solution was stirred for an additional 15 minutes to ensure that the 

monodispersed gold nanoparticles remained a stable red color. Gold 

nanoparticles preparation is shown in Figure 6 (a and b). 

 

Figure 6: (a) Gold nanoparticles (AuNPs) preparation in fume hood (b) Gold 

nanoparticles solution bright red in colour. 
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The gold nanosensor was prepared with a modified version of the 

protocol developed by Nath et al. [37]. To prepare the sensor, 45 mg of TA 

was dissolved in 10 mL of methanol and this solution was then added to 

200 mL of freshly prepared gold nanoparticles solution at pH 8.0 (pH was 

adjusted using 0.25 M NaOH and measured with a ProLab 1000 pH meter) 

at room temperature. The gold nanoparticles solution after adding TA is 

shown in Figure 7(a). The solution was then stirred for 8 hours covering 

with a cardboard to protect it from light. The AuNPs-TA solution was then 

split into 10 mL volumes (for the centrifuge tubes) and centrifuged at 4000 

rpm for 60 mins (Eppendorf 5804). The centrifuge is showed in Figure 7(b). 

The excess solution was removed from each centrifuge tube with a pipette, 

leaving only the concentrated AuNPs-TA at the bottom. The concentrated 

AuNPs-TA collected from each centrifuge tube was dissolved in 5 mL of 

distilled water. The dissolved solution is shown in Figure 7(c). 
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Figure 7: (a) Gold nanoparticles (AuNPs) solution after adding TA solution, 

(b) Centrifuge used for centrifuging AuNPs-TA solution, (c) Conjugated 

AuNPs-TA solution, after dissolving concentrated AuNPs-TA into distilled 

water. 

A mixture of 2 mL of 10 mM EDC and 2 mL of 10 mM NHS was 

added with 100 mL of the diluted AuNPs-TA at pH 8.0 (same pH 

adjustment as listed above) and stirred for 1 hour. 90 mg TG was dissolved 

in 10 mL of 0.25 M NaOH and added to the previous solution after 1 hour 

of stirring and left to stir for another 3 hours. The final solution is shown 

in Figure 8(a). To obtain final conjugated AuNPs-TA-TG, the solution was 

centrifuged at 3500 rpm for 90 mins (Eppendorf 5804). The excess solution 

was removed from each centrifuge tube with a pipette leaving only the 

concentrated AuNPs-TA-TG (the final gold nanosensor) at the bottom. The 
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concentrated nanosensor is shown in Figure 8(b). The entire sensor 

preparation was performed inside a fume hood. 

 

Figure 8: (a) AuNPs-TA-TG solution after stirring for 4 hours, (b) 

concentrated gold nanosensor at the bottom of the centrifuge tube.  
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2.3 Fabrication of µPAD and test method 

A T-shaped paper device was used, as shown in Figure 9, which was a 

sheet of Whatman CHR 1 cut by a CO2 laser engraver at 15 W (Speedy 

100, 30 W, Trotec). Each paper strip was soaked in distilled water for 72 

hours in order to remove all impurities.  

When an arsenic detection test was performed, the water sample 

was placed on the sample placement zone labelled in Figure 9a and the 

gold nanosensor (AuNPs-TA-TG) was placed on the gold nanosensor 

placement zone labelled in Figure 9a. For both placements, a pipette was 

used. The specific volumes were used for the gold nanosensor and water 

sample for each test, are provided in the results and discussion chapter of 

the thesis. 

Immediately after the two flows of the water sample and gold 

nanosensor met, the µPAD was covered with a piece of parafilm (1.5ʺ x 

1.5ʺ) in order to prevent interference from the air since the chemical sensor 

is sensitive to air. The µPAD was then scanned approximately 3.5 mins 

after covering with the parafilm to obtain the redness intensity. When the 

gold nanosensor interacts with arsenic, the red colour of the nanosensor 

turns to black due to the aggregation of the nanoparticles, as shown in 

Figure 9b. 
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Figure 9: Schematic of µPAD (a) with 0 µg/L As (III) showing the red color, 

and (b) 50 µg/L As (III) showing the black color change. 

 

2.4 Image processing using ImageJ 

To analyze the test result, we scanned the µPAD in a desktop scanner (HP 

Deskjet 2540) to measure both the red and grey intensity of the reacted 

area on the paper strip. The detection zone is designated by the yellow 

dashed rectangle drawn around the reacted area in Figure 9b. Then the 

scanned image was opened in ImageJ and a box was drawn around the 

detection zone. A histogram of the zone was generated to determine the 

RGB value for the red pixels and the mean RGB value of each pixel denoted 

as the grey pixel value. Then the mean value was subtracted from the red 

value to give a measure of how the red value compares to the mean value 
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and thus the “redness” of the area was assessed. This value was denoted 

as the “relative red value.”  

Since the gold nanosensor turns from red to black in the presence 

of arsenic, the relative red value was used to determine if the concentration 

of arsenic in the water samples is above or below the safe level of WHO 

guideline (10 µg/L).  

 

2.5 Groundwater sample collection and analysis 

To test the developed µPAD with groundwater samples, 24 water samples 

were collected from hand tubewells in three districts of Bangladesh: 

Shirajganj, Manikganj, and Munshiganj, as shown in Figure 10.  These 

three districts were shown to have arsenic contaminated hand tubewells 

[9], with contamination of approximately 33% of the wells in Shirajganj, 

72% of the wells in Manikganj, and 93% of the wells in Munshiganj. These 

percentages signify the percentage of wells containing arsenic 

contamination above the WHO guideline level of 10 µg/L [8]. These 3 

regions were selected to provide varying levels of contamination, as well as 

providing a variation of the metals naturally found in the aquifers. 
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Figure 10: Testing locations in Bangladesh 

 

 I traveled to the three test locations shown in Figure 10, with my 

colleague Md. Almostasim Mahmud, to collect water samples from 

tubewells. We also met with the local people who use the hand tubewells. 
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We collected a total of 24 water samples from 24 hand tubewells by 

pumping the water into the plastic bottles shown in Figure 11.  

 

 

Figure 11: Research team traveled to Manikganj (Bangladesh) to collect 

groundwater samples (Name of the people from left: M.A. Muktadir, Md. 

Almostasim Mahmud, Towheedul Alam Chowdury, Mosfera Alam 

Chowdury) 

 Five samples were collected from Pathalia Para village in Shirajganj, 

nine samples were collected from Bahirchar village in Manikganj, and ten 

samples were collected from Mashakhola village in Munshiganj. 
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 We brought 10 mL of each sample to Canada and separated each into 

5 mL for the lab testing and 5 mL for the µPAD testing. Each 5 mL 

groundwater samples were tested at a laboratory (York-Durham Regional 

Environmental Laboratory, Pickering, Ontario, Canada) using the  well-

established trace metal detection technique,  Inductively Coupled Plasma 

Optical Emission Spectrometry (ICP-OES) method to obtain the arsenic 

concentrations in each of the samples as a reference for our testing with 

the µPADs. The arsenic contamination predictions obtained from the 

µPADs can be cross-checked with corresponding laboratory results. The 

results of the laboratory testing are listed in Table 2.1. 

 

 

 

Table 2.1. Arsenic level of groundwater obtained by ICP-OES for three 

different regions of Bangladesh (Shirajganj, Munshiganj and 

Manikganj). 

 

Location Sample ID Arsenic Concentration (µg/L) 

 SJ3  8 

 SJ2 11 

Shirajganj SJ5 12 

 SJ4 30 

 SJ1 35 
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Location Sample ID Arsenic Concentration (µg/L) 

 MAN8 8 

 MAN7 10 

 MAN5 15 

 MAN1 17 

Manikganj MAN9 48 

 MAN6 83 

 MAN2 132 

 MAN4 154 

 MAN3 519 

 MUN4 38 

 MUN3 47 

 MUN5 52 

 MUN6 71 

Munshiganj MUN 72 

 MUN9 73 

 MUN2 93 

 MUN10 103 

 MUN7 158 

 MUN8 162 
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Chapter 3 

 

3 Results and Discussion 

 

 

In this chapter, experimental results obtained from the calibration of the 

µPAD are presented and discussed. The results obtained from the testing 

of both alkaline metal ions and heavy metal ions with the calibrated gold 

nanosensor µPAD are also described here. Finally, the results obtained 

from the testing of 24 collected groundwater sample with gold nanosensor 

µPAD are included. The test results of groundwater sample were further 

cross-checked with results obtained from laboratory testing, which is 

described at the end of this chapter.    
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3.1 Calibration of µPAD with prepared arsenic 

solutions 

It was found that the color change of the gold nanosensor was sensitive to 

the volume that was placed on the µPAD. Thus the volume was used to 

calibrate the µPAD to display a distinct red to black change at the WHO 

guideline level of 10 µg/L. Six different volumes of gold nanosensor were 

tested. Those are: 1.0 µL, 1.2 µL, 1.4 µL, 1.6 µL, 1.8 µL and 2.0 µL. Seven 

different concentrations of standard arsenic solution were used to perform 

the calibration: 1 µg/L, 2 µg/L, 5 µg/L, 7 µg/L, 10 µg/L, 20 µg/L and 50 

µg/L. A volume of 20 µL of water sample was used in this testing since this 

value corresponded to the amount of fluid required to saturate the whole 

test strip so that accurate result can be obtained. Based on a previous 

study by my colleague, it was found that appreciable evaporation in the 

µPAD is  not anticipated when they are fed from a large fluid sample [46]. 

The calibration results are plotted in Figure 12b, which were used 

to determine the volume of sensor that most closely corresponded to a 

color change at 10 µg/L.  To determine which relative red value 

corresponds to a visible shift from red to black, the relative red values 

measured with the scanner and visual observation from the naked eye for 

the strips were correlated. The examples are shown in Figure 12a. Three 

different researchers examined a series of test strips with varying relative 
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red values using naked eye determination and determined that a 

noticeable shift from a red strip to a “red-black” strip corresponded to a 

relative red value of 8. The value of 8, therefore, indicates the threshold 

where a visible blackening of the strip occurs, therefore the values between 

8 and 0 are denoted as the “red-black” zone respectively. Since the “red-

black” zone represents the visible signal for a shift from red to black, this 

zone is used to denote a positive test result, indicating arsenic is present, 

and so throughout this study, the relative red value of 8 is used as the 

demarcation point between positive and negative test results.  

A relative red value of 0 appears as having no red coloring, so values 

of 0 and lower is denoted as the “black zone.” The “red-black” zone is 

labelled in Figure 12b with dashed lines. The data points in Figure 12b 

correspond to the average value for 3 tests that were run at each volume, 

and the error bars correspond to one standard deviation (±σ). 

The relative red values decreased with increasing arsenic 

concentration for each volume of gold nanosensor deposited. From the 

results in Figure 12b, it is found that the 1.6 µL volume corresponded most 

closely to the WHO guideline, with a relative red value just inside the red-

black zone at a concentration of 10 µg/L. The relative red value continues 

to decrease consistently for the 1.6 µL sample as the arsenic concentration 

is increased, indicating that the test is reliable at higher concentrations as 

well. Therefore, 1.6 µL was selected as the volume of gold nanosensor and 

this value was used in all of the further testing performed in this thesis. 
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Figure 12: Results of the calibration tests showing, (a) the scanned strips 

after testing for the 1.6 µL volume, and (b) a plot of the resulting relative 

red values for all volumes of gold nanosensor. 
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3.2 Interference testing 

3.2.1   Alkaline metals and pH adjustment 

The groundwater in Bangladesh has naturally occurring levels of alkaline 

metals such as Ca, Mg, Na and K. From initial testing, interference 

between these alkaline metals and the gold nanosensor was found. In 

order to analyze and eliminate the interference, a series of experiments 

were performed, using lab-made solutions of each of the alkaline metals.  

The concentration of each alkaline metal corresponded with the 

concentrations of these metals in collected groundwater samples from the 

hand tubewells in Bangladesh. The ICP-OES method in the chemistry 

laboratory at UOIT was used to analyze the alkaline metal concentrations 

in one of collected water samples, SJ3. The results are summarized in 

Table 3.1. Later testing with the other water samples confirmed similar 

interference behavior as sample SJ3, so the results for only this sample 

were included here as a representative result. The tap water from our lab 

was also tested. The alkaline metal concentrations of both cases are listed 

in Table 3.1. 

In Figure 13, the results of the relative red value on the µPADs were 

plotted. Here the deposited water sample is a solution containing the 

concentrations listed in Table 3.1 for the individual alkaline metals. The 

tap water was also tested – one sample with no arsenic and in one sample 
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20 µg/L arsenic was added. Figure 13 shows that all of the tested samples 

interfere with the gold nanosensor on the µPADs, with all of the results for 

unadjusted samples in either the red-black or the black zone. To eliminate 

the interference, the pH value was elevated. As a result, the higher pH 

value could counteract this interference for the alkaline metal ions without 

altering the results for arsenic. 

 

 

 

Table 3.1 – Concentration of alkaline metal ions in tap water and 

groundwater of Bangladesh 

 

Alkaline metal 

ions 

Concentration in Oshawa 

tap water (mg/L) 

Concentration in 

Shirajganj (SJ3) 

groundwater (mg/L) 

Ca 37.50 28.50 

Mg 9.90 11.22 

K 1.70 8.10 

Na 13.00 10.10 
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Figure 13: Interference testing with lab-made solutions of major alkaline 

metal ions at groundwater concentrations (Ca at 28.5 mg/L, Mg at 11.22 

mg/L, K at 8.10 mg/L, and Na at 10.10 mg/L) and combined together at 

tap water concentrations. 

 

The pH on each µPAD was increased to 12.1 by adding 2µL 0.25 M 

NaOH solution to each sample. A 15 µL sample volume was used, which 

was increased to 17 µL, after the addition of the NaOH solution. It is found 

from the results of the pH adjusted tests in Figure 13 that most of the 
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alkaline metal solutions, Mg, K, and Na, had relative red values in the red 

zone, indicating no interference. For Ca, the pH adjustment for the pure 

solution of Ca was a substantial improvement, since the interference was 

reduced, but not enough that the result was in the red zone, as expected. 

By examining the tap water results, where a higher level of Ca is present, 

it is found that the pH adjustment was successful in reducing the 

interference for this sample. It is inferred that the interaction of the ions 

together along with other chemicals in the samples prevents the Ca from 

interfering and the result is that after pH adjustment there is no 

interference from the alkaline metals found. From examining the tap water 

sample where arsenic was added, it is found that that the tests are still 

able to respond to arsenic since the relative red value for this test was in 

the red-black zone as it would be expected when 20 µg/L arsenic is 

present. 

 

 

 

 

 

 

 

 



42 
 

3.2.2   Heavy metals 

Other heavy metal ions, which are commonly found in groundwater, were 

also examined for interference. In this section, the results obtained from 

testing the heavy metal ions with the gold nanosensor µPAD are discussed. 

 The µPAD was tested with sample solutions containing manganese 

(Mn), lead (Pb), nickel (Ni), cadmium (Cd) and iron (Fe III and Fe II), at 

WHO guideline levels. Concentrations of the above-mentioned heavy metal 

ions at WHO guideline levels are listed in Table 3.2. 

To analyze the interference of the heavy metals in the presence of 

arsenic, each of these samples with no arsenic and with 20 µg/L of arsenic 

was tested. A sample volume of 20 µL was used for this testing. 
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Table 3.2 – WHO guideline of probable heavy metal remaining in 

groundwater of Bangladesh 

 

Heavy metal 

ions 

WHO guideline level 

(µg/L) 

Mn 500 

Pb 10 

Ni 20 

Cd 3.0 

Fe III 300 

Fe II 300 

 

 

 

The results of the heavy metal tests are plotted in Figure 14, and it 

is found that there is no interference for most of these heavy metals at the 

WHO guideline levels, with only the Fe III exhibiting interference. The tests 

also confirm that, except for Fe III, there is no inhibition of the arsenic 

signal due to the presence of the heavy metals, since the tests with 20 µg/L 

yielded relative red values at or below the red-black zone, as expected.  

Substantial interference from Fe III on µPADs was found from the 

analysis. From the literature is was found that both Fe II and Fe III are 

present in much of the groundwater in Bangladesh [9, 43, 44]. It was 
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deduced that this interference would not be problematic due to what was 

observed during collecting the groundwater samples from the hand 

tubewells in Bangladesh. When the Fe levels are high, the water has a 

noticeable reddish color and the villagers have adopted simple strategies 

to remove the Fe from their water before consumption. This was done in 

two ways:  

(1) In places where the water is visibly red/orange coloured, the 

villagers filtered their water through a cloth after collecting it, which 

removed the Fe from the water to yield clear water.  

(2) Since the Fe precipitates from the water naturally, the villagers 

would collect water and leave it for a few minutes so that the Fe would 

collect in the bottom of the container. They would then use the water from 

the top of the container.  

During the sample collection, the same behavior as method (2) was 

observed. The iron was naturally precipitated at the bottom of the plastic 

bottles.  

For the testing, the clear water from the top of the bottle was used. 

The bottom part containing the Fe sediments was not used, so that any 

interference due to Fe III could be prevented.  
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Figure 14: Interference testing with heavy metal ions at WHO guidelines 

levels (Mn at 500 µg/L, Pb at 10 µg/L , Ni at 20 µg/L, Cd at 3.0 µg/L, Fe 

III at 300 µg/L  and Fe II at 300 µg/L) with no arsenic and with 20 µg/L 

arsenic. 
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3.3 Testing groundwater samples with µPAD 

24 groundwater samples were tested, that were collected from the hand 

tubewells in Bangladesh. In order to incorporate our pH adjustment 

method, 2 µL of 0.25 M NaOH solution was deposited on the paper strip 

in the “water sample placement zone” (labelled in Figure 9a) immediately 

before depositing each water sample. A volume of 15 µL of water sample 

was used for these tests.  

 Figure 15a shows the scanned images of the tests to demonstrate 

how the test with 8 µg/L appears red to the naked eye, the test at the WHO 

guideline level (10 µg/L) appears as “red-black” and as the concentration 

increases, the tests progressively become more black. In Figure 15b the 

relative red values corresponding to the tests are demonstrated. The data 

confirms that the gold nanosensor yields a result in the red zone for tests 

below 10 µg/L, and the tests with concentrations above 10 µg/L are 

progressively more black as the arsenic concentration increases. These 

results confirm that the µPAD tests work on actual groundwater samples 

collected from hand tubewells in Bangladesh without interference, and 

they correlate to the results of the laboratory testing. It also indicates that 

in this study, it is shown, for the first time, a simple and inexpensive µPAD 

test that can reliably predict arsenic contamination of groundwater in 

Bangladesh.  
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 Since the results in Figure 15b show a trend towards continuously 

decreasing relative red value as the arsenic concentration increases, there 

may be potential to develop a test reading app on a mobile phone to provide 

semi-quantitative arsenic readings based on the µPAD tests rather than 

relying on naked eye detection. Future work could involve the pairing of 

the µPAD and a mobile phone app to provide these semi-quantitative 

results onsite. 
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Figure 15: Results of the µPADs testing with groundwater samples 

collected in Bangladesh. (a) Scanned images of the arsenic test strips for 

some representative tests, and (b) the relative red values resulting from 

the tests. 
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Chapter 4 

Feedback from Local People  

The main purpose of developing the gold nanosensor µPAD was to work 

towards a user-friendly, reliable, disposable and affordable technology to 

rural villagers who are affected by arsenic contaminated water in 

Bangladesh. Therefore, in parallel with the groundwater sample collection, 

I talked with the villagers to understand their perception towards the new 

technology for arsenic detection. Interestingly, I found optimistic reviews 

from them.  

I and my colleague Mostasim, interviewed approximately 25 families 

who are impacted by arsenic contaminated groundwater in rural areas of 

Bangladesh, as shown in Figure 16.  
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Figure 16: Interviewing local people, living an arsenic-contaminated area 

of Bangladesh. 
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From the interview, two distinct viewpoints were found. Those are:  

(1) In Manikganj the villagers were aware of the arsenic contamination but 

were not exposed to obvious signs of arsenic poisoning, such as lesions.(2) 

In Munshiganj there was direct exposure to lesions and other health effects 

among many people in the village. In Manikganj, since there were no 

outward signs of arsenic contamination, the villagers could not be sure if 

their particular wells were contaminated, so they consumed the 

groundwater from these wells even though they were aware there was 

arsenic contamination in the area.  

There is a preference to collect water from nearby sources, which 

may include arsenic contaminated tube wells. In Munshiganj, on the other 

hand, where the health effects were visible, it was found that the villagers 

did not consume water from the shallower wells, which had been found to 

contain arsenic and marked red during previous testing from local NGOs, 

and instead they consumed the water from deeper wells that had been dug 

more recently by the government.  

In both cases, the villagers expressed a strong need and desire to 

have more information about their own wells. Also in Munshiganj, they 

would like to regularly test the new deep wells to ensure that they are 

actually free of arsenic. But due to the lack of easily achievable testing 

facilities they cannot monitor the arsenic level of their own wells and thus 

do not have access to trusted information regarding arsenic contamination 

of their own wells.  
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This information would greatly help to alleviate the arsenic 

contamination problem since the arsenic levels can fluctuate seasonally 

[10], and if users were able to understand exactly which of the nearby wells 

were safe to drink from they would use water from the safest sources 

possible. Therefore, they have a desire for an inexpensive, robust, reliable 

and simple test, which will be user-friendly for them to undertake regular 

testing. They agreed that a test like our gold nanosensor µPAD would be a 

useful tool for them and empower them to make informed decisions about 

their drinking water sources. 
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Chapter 5 

Conclusions  

The findings of this thesis are summarized in this chapter. The 

recommendations for the future work are also included at the end of this 

chapter. The main objectives of this thesis were: 

 Develop and calibrate the gold nanosensor microfluidic paper-based 

analytical device (μPAD) to detect arsenic at WHO guideline level (10 

μg/L). 

 Assess and inhibit the interference problem owing to alkaline metal 

ions (Na, Ca, Mg and K) and tap water. 

 Assess interference owing to heavy metal ions (Mn, Ni, Cd, Pb, Fe II and 

Fe III) at WHO guideline level, both in presence and absence of 20 μg/L 

arsenic. 
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 Validate the µPAD with 24 groundwater samples collected from 

Bangladesh and cross-check the results with the results obtained from 

laboratory testing (ICP/OES). 

 

5.1 Conclusions 

This thesis reported, a T-shaped gold nanosensor µPAD (AuNPs-TA-TG) 

that successfully detected arsenic in the groundwater of Bangladesh at the 

WHO guideline level (10 µg/L). According to the literature, this is the first 

successful demonstration of a µPAD arsenic detection test with actual 

groundwater samples using a simple pH adjustment strategy to prevent 

interference from alkaline metals. The pH of the water sample on the µPAD 

was increased to 12.1 during the testing to eliminate the alkaline metal 

interference. It is assessed that, there to be no interference from most 

heavy metals, except for Fe III, but the Fe III is typically removed from the 

collected groundwater in Bangladesh using simple techniques. 

For field testing, three arsenic contaminated regions in Bangladesh: 

Shirajganj, Manikganj, and Munshiganj, were visited and groundwater 

samples were collected from hand tubewells for testing with our gold 

nanosensor µPAD. The results correlated with results obtained from 

laboratory testing using ICP-OES. 
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  The survey for analyzing social acceptability of developed gold 

nanosensor µPAD in three test locations among local villagers gave positive 

feedback of accepting new, simple, reliable and affordable technology for 

detecting arsenic in their own tube wells. This developed gold nanosensor 

µPAD is a further step towards providing arsenic contamination 

information to the users themselves and empowering them to make 

decisions about their water usage and reduce the arsenic contamination 

issue. 

 

5.2 Recommendations  

This gold nanosensor µPAD has the high potentiality to be developed as a 

commercial arsenic detection device. The commercial device can be 

reached to the end-users to empower them to monitor their own well 

accurately so that they can have proper information about the arsenic 

contamination in their own well. The following points are 

recommendations for future works to develop a gold nanosensor µPAD as 

a commercial arsenic detection device in Bangladesh.  

 

 



56 
 

These recommendations are beyond the scope of this thesis, therefore 

stated in this section: 

 To ensure the selectivity of gold nanosensor µPAD, interference tests 

with aluminum (Al3+) and sulfide (S2-) can be conducted. 

 Since the relative red value continues to decrease in the presence of 

increasing arsenic concentrations there is a possibility of pairing the 

µPAD with a smartphone app to provide a quantitative assessment 

of the arsenic concentration onsite. 

 The shelf-life of this gold nanosensor µPAD is an important issue to 

be addressed. The nanosensor can be stored in solution form for one 

month. This sensor is highly sensitive to air. Therefore, a simple 

airtight packaging strategy can be one of the solutions to increase 

longevity. 

 Since the gold nanosensor is also photosensitive, therefore light-

protected packaging can be taken into account to increase the 

longevity of the device.   
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