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Abstract

Water contamination is one of the current global issues; the freshwater sources being

extremely restricted are causing a drinking water crisis in many countries. An increase

in water contamination continuously decreases water quality. Generally, water pollu-

tion includes pathogenic, nutrients, and chemical (organic & inorganic) contaminants.

Inorganic contamination involves metallic particles such as arsenic, lead, etc. Of these

contaminants, arsenic (As) is a major concern due to its mutagenic and carcinogenic

effects on human health. The World Health Organisation has recommended the maxi-

mum contamination limit (MCL) for As in drinking water to be 10 µg/L. Countries like

Bangladesh, China, Vietnam, India, Chile, USA, and Canada are contaminated with

As. Arsenic species are also found in New Zealand in 28 geothermal features from the

Taupo Volcanic Zone and the Waikato region. Thus, a rising level of As in drinking

water creates the need to periodically monitor its levels in potable water.

Commercially available methods are either laboratory–based or kit based techniques.

The most common laboratory–based As detection methods are reliable. However, these

are expensive due to the requirement for specific instrumentation. Hence, they are

not considered to be field-effective for As detection. On the other hand, commercially

available kit-based methods are portable but are not considered to be safe and reliable

due to the production of toxic by-products. The development of a portable and sensitive

As sensor with high throughput could be an asset.

In this research, we present a novel sensor with a unique surface modification tech-

nique to detect arsenite (As(III)) contamination of water. Here, the approach involves

the potential usage of self-assembled optical diffraction patterns of a thiol compound

(dithiothreitol or glutathione) on the gold-coated glass. The self-assembled patterns

are obtained through a microcontact printing (µCP) procedure. Gold binds with the

thiol compound through an Au–S linkage. In addition to this, As(III) has an affinity

towards amino acids, amines, peptides, and organic micro molecules due to As–O or

As–S linkages. The research indicates that the total time taken by the µCP process to

transfer the patterns successfully on to the gold-coated substrate is inversely propor-

tional to the concentration of the thiol molecules and pH value of the solvent. Further,

the signal enhancement of these thiol-based self-assembled patterns allows for detection

of the As(III) contamination. Simultaneously, the automated fluidic system is designed

to provide fluid handling. The system is developed with the help of off-the-shelf and/or

in-house fabricated components. The characterisation of fluidic components proved that

the low-cost fluidic components work reliably in the fluidic network and can be used in
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sensing applications for pumping, mixing, and circulation purposes. We also explore the

possibility of using fused deposition modelling and selective laser sintering technology

for printing of the flow chamber through printing microchannels. These two technologies

have been compared in terms of the minimum possible channel size, fluid flow-rate, and

leakage.

Overall, we developed a sensing scheme of a portable self-assembled diffraction sensor

for As(III) detection. The developed sensor can detect dissolved As(III) up to 20 µg/L.

The µCP of a dithiothreitol pattern has not been found in the literature yet. Hence, this

research also provides a guide towards µCP of dithiothreitol on a gold-coated substrate.
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SERS Surface enhanced raman scattering

SLS Selective laser sintering

SPR Surface plasmon resonance

SWASV Square wave anodic stripping voltammetry

SWCSV Square wave cathodic stripping voltammetry

SWV Square wave voltammetry

TEM Transmission electron microscopy

Zn Zinc

16-MHDA 16-mercaptohexadecanoic acid

µPADs Paper-based analytical devices

µPED Microfluidic paper-based electrochemical sensing device

µCP Microcontact printing
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Introduction

In this century, one of the major challenges that human beings are likely to face is

water quality. Water helps us in living our life - it supports our farming, industries,

tourism, and the welfare of communities. However, irrespective of its great significance

to life on earth, water is knowingly ignored by this industrialised world. Occasionally

it has been considered that there is plenty of freshwaters available. Still, only a tiny

amount of freshwater exists on the earth in lakes, reservoirs, and river systems. Fig. 1.1

illustrates the overall water distribution on our planet. Water may turn out to be the

most valuable commodity on the planet due to population growth and pollution. Water

pollution occurs due to the addition of different contaminants to the water, which can

cause great damage to human and environmental health. Hence, to counter its ill-effects,

periodic water quality monitoring is necessary. This chapter gives information about the

term “water quality” and discusses the reasons behind water impurities and their adverse

effects on health. The significant As contamination problem has been discussed and a

solution has been proposed.

Water pollution occurs due to many natural factors like precipitation, weather, basin

physiography, soil erosion, etc. and anthropogenic factors like urbanization, industrial

and agricultural activities, etc. [28]. The following factors are often used to provide a

measure of water quality: concentration of dissolved oxygen (DO); levels of fecal coliform

bacteria from human and animal wastes; concentrations of plant nutrients nitrogen and

phosphorus; the amount of particulate matter suspended in the water (turbidity); and

amount of salt (salinity). Quantities of pesticides, herbicides, heavy metals, and other

1
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Figure 1.1: Of the total water, 96.5% is saline water, and just 3.5 percent is freshwater.
Glaciers contain almost 68.7% of the total freshwater on the earth. Groundwater is
30%. Ground ice covers 0.86%. Just 0.3% of fresh water is available in rivers, lakes,
and reservoirs. The remaining 1% is contributed by others (atmospheric humidity, soil

dampness, etc.).

contaminants may also be measured to determine water quality [29]. Water Quality

Standards are provisions for controlling the pollution entering the waters.

1.1 Consequence of Water Pollutant on Human Body

Water pollution is a widespread problem across the world. Diseases caused by contam-

inated drinking water result in the death of a million people every year - the majority

are children [30]. Nutrients, toxic substances, and petroleum products enter the rivers,

lakes, and other water bodies and cause water pollution. Water pollution or contami-

nation occurs due to various sources. These sources can be categorized as point sources

and non-point sources [28, 31]. Dumping of organic and inorganic wastes from industrial

and domestic discards form the point sources of drinking water contaminants, whereas

the non-point sources are land run-off, applying chemicals or leaks from buried solid

waste landfills [32].

As mentioned above, there are many sources of contaminants in potable water. Consid-

ering the human body, these substances can be divided into essential trace elements, such

as manganese (Mn), cobalt (Co), copper (Cu), chromium(Cr), zinc (Zn), and iron (Fe),

and non-essential trace elements, such as arsenic (As), cadmium (Cd), mercury(Hg),

and lead (Pb). Essential trace elements are required for life processes and sustainability,

though they are only needed at trace level. However, excess intake of essential trace
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elements may lead to adverse health effects. On the other hand, non-essential trace

elements can induce some diseases such as various forms of cancer, reproductive disor-

ders, cardiovascular disease, and neurological disease even at low concentrations. For

example, human exposure to As can lead to skin lesions and induced skin cancer [33].

Environmental vulnerability resulting from heavy metals is gaining awareness worldwide

due to extensive pollution in different parts of the world [34]. Heavy metals are com-

monly present in most surroundings. Their physiological and chemical characteristics

make them extensively useful in various industrial fields. Industrial waste enhances the

possibility of heavy metal exposure which leads to environmental pollution [35], such

as for surface water, and soil contamination. Almost all heavy metals contain toxic

substances. The presence of heavy metal ions like Cd, As, Cr, Pb, and Hg in water

produces harmful long-term effects on human health [33, 36]. As exists in both the

organic and inorganic form in nature and it has different types [37]. Among all the

types, As(III) and As(V) are present abundantly in natural water and are highly toxic

[38–40]. As exposure occurs through air, food, and water [41]. Long-term inorganic As

toxicity can affect the cardiovascular, nervous, endocrine, and renal systems. It leads

to skin lesions, pulmonary disease, hypertension, etc [42]. Furthermore, As toxicity

causes different types of cancers [43–46]. Cd is a malleable silver-white toxic metal that

appears in the earth’s outer most layer. Its pollution naturally occurs due to volcanic

eruptions, weathering, and river transport. Man-made activities like mining, smelting,

tobacco smoking, disposal of sewage, etc. are equally responsible for the pollution [47].

The International Agency for Research on Cancer has classified Cd and its compounds

as Group 1 carcinogens. Cd toxicity causes osteoporosis, renal dysfunction, preterm

birth and low birth weights [48–50]. Cr is a steely-grey shiny metal that naturally is

present in rocks, soil, animals, and plants. Industrial sources such as magnetic tapes,

metal alloys, protective metal coatings, paint pigments, paper, rubber, and cement etc.

release Cr in the environment [51]. Low-level Cr toxicity can cause types of ulcers and

low blood sugar. Severe chromium toxicity can develop into lung cancer, gastrointestinal

cancer, and DNA damage [48, 52, 53]. Pb is a shiny bluish-gray soft metal naturally

present in the earth’s crust. However, mostly it is accumulated in the environment due

to activities like manufacturing, mining, and fossil fuel burning [54]. The Environmental

Protection Agency (EPA) has considered Pb to be a carcinogen. Acute or short-term

exposure to Pb may result in appetite loss, loss of hunger, headache, elevated blood
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pressure, stomach ache, kidney dysfunction, exhaustion, insomnia, painful inflammation

and stiffness of the joints, and vertigo. Chronic or long-term exposure to Pb can cause

mental abnormality, congenital disorder, allergies, weight loss, paralysis, weak muscles,

dementia, renal damage, and may even be fatal [48, 55]. Mercury (Hg) is a silvery liquid

form of metal. Its contamination occurs in its surroundings due to industrial activities

like paper and pulp preservatives, pharmaceuticals, cement production, and agriculture

industry, etc.[56]. Increased levels of metallic, organic and inorganic mercury can lead

to impairment of the brain, kidneys, muscles, and the fetus. It causes hypertension,

cardiovascular consequences (coronary heart disease, myocardial infarction, cardiac ar-

rhythmia, etc.), and sudden death [57]. EPA has reported methyl mercury and mercuric

chloride as extremely carcinogenic compounds [48, 58].

Nutrients like nitrogen and phosphorous are significant contributors to water body pol-

lution. Abundant nitrogen occurs naturally in our surroundings as approximately 80%

of the air is comprised of nitrogen. When this atmospheric nitrogen encounters rainwa-

ter it produces nitrate and ammonium [59, 60]. Further, a reduction of nitrate results

in nitrite ions [61, 62]. These ions can enter into the soil or surface water. The excessive

use of fertilisers in agriculture is the principal non-point source of nitrogen and phos-

phorus. Another source of agricultural pollution is animal dung. In addition to this, the

disposal of industrial waste and sewage are significant anthropogenic sources of nitrate

pollution [30, 63]. The excessive presence of nitrite and nitrate ions causes an adverse

health effect [64–67].

Nitrate is an essential ion for the human body to decrease blood pressure and improve

blood flow. Still, its unnecessary intake can affect the human body. It can develop

diseases like gastric cancer and Parkinsons disease. Newborns can be afflicted with blue

baby syndrome [61]. It also provides a risk of thyroid cancer [68]. In rivers or lakes,

the presence of excessive nitrate produces unnecessary algae and phytoplankton which

causes eutrophication. This unwanted growth of algae and phytoplankton absorbs more

marine oxygen through the decomposition process and badly affects aquatic life [59].

Domestic waste-water handling and disposal methods provoke the pathogenic contami-

nation of water bodies. Pathogenic contamination results in developing viruses, bacteria,

and protozoa in water [69]. Bacteria like Escherichia coli, Enterococci, Bacteroides, etc.,

are present in the intestines of warm-blooded animals. These are recognized as indicators
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of faecal pollution [70, 71]. These bacteria can enter into the groundwater due to sewage

leakage from septic tanks [72] and are responsible for waterborne diseases such as severe

cholera, diarrhea, legionellosis, and typhoid fever [73]. Additionally, in the contaminated

water supply rotaviruses, hepatitis A and E viruses, and the parasitic protozoa Giardia

lamblia are frequently observed [74]. Monitoring of pathogenic pollution is also equally

important as many outbreaks of E. coli have been reported worldwide that result in

infections and deaths [75, 76].

Thus, it has become necessary to monitor the levels of contaminants in the drinking

water to avoid an adverse health effect on human as well as aquatic life. Table 1.1

summarizes some effects among populations exposed to the impurities [52, 77] and also

includes the maximum permissible limit of the contaminant along with contamination

sources [78–82]. The table also indicates that As, Pb, and mercury can be considered

as major harmful contaminants, but As should be considered as the most dangerous

pollutant among all others due to its mutagenic and carcinogenic effects on human

health.
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1.2 Arsenic Detection

Arsenic is one of the most toxic metallic elements. The majority of the researched As

detection methods use optical techniques, electrochemical techniques, surface plasmon

resonance, and surface-enhanced Raman spectroscopy. These current detection methods

are divided into two main classifications, i.e. accuracy-based and availability-based

methods.

Accuracy-based methods include the laboratory-based methods such as surface-enhanced

Raman spectroscopy, surface plasmon resonance sensors or more expensive lab-based

transmission electron microscopy (TEM). These techniques involve specialised equip-

ment and complex calculations, which correspond to a negative impact limiting the use

of the overall system. On the other hand, availability-based systems are usually based

on colorimetric approaches. These methods tend to be less reliable and measure small

samples of water which limits their accuracy.

1.3 Problem Statement

Higher concentrations of contaminants in water are responsible for fatalities across the

world. The harmful outcomes are increasing due to two main reasons: first, the level

of contaminants in the water is naturally rising with no current practical method to

keep track of the natural changes, and the second is human growth, which leads to the

need for expansion to new water sources with unknown quality. Without the presence of

reliable methods to keep track of the rising concentrations of contaminants in the water,

we cant treat the water sufficiently well to remove the excessive impurities.

This study is focused on the development of a novel sensor that is used to detect the

presence of water contaminants. The major emphasis is given to the detection of dis-

solved heavy metal like As(III). Current methods for As detection either require expen-

sive equipment or produce toxic by-products. It is very important to have a selective,

sensitive, and portable detection method that can be used for water quality monitoring.
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Figure 1.2: Schematic description of the sensor.

1.4 Proposed Solution

This research aims to limit human exposure to high As(III) levels by providing a simple

method to measure its levels in the water. This work investigates the viability of using

a printed pattern of thiolated ligand on a gold-coated glass substrate to indicate As(III)

presence. To achieve this, the water sample flows over the thiol patterned gold-coated

glass. Then the pattern attracts As creating a layer of As(III) on top of the thiolated

ligand which is detected at a later stage in the form of a change in light scattering angle

and intensity with the help of signal enhancement as depicted in Fig. 1.2 and 1.3.

An ambition of the research is to plug the research gap on the methods available to

accurately measure As levels outside the laboratory with ease. The research is considered

to be a novel method as it involves microcontact printing (µCP) of self-assembled thiol

(either DTT or GSH) patterns on the gold-coated substrate – a method that has not

been reported as yet. A sensor usually works in conjunction with a suitable fluidic

system. The fluidic components decide the size of any detection assay. Here, we present a
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Figure 1.3: Schematic description of system layout.

microfluidic-based sensor to accomplish a portable detection method which also provides

high throughput.

1.5 Thesis Layout

The remaining part of this report focuses on the following:

• Literature review

• Sensor design and fabrication

• Fluidic system

• Characterization and testing

• Conclusion

The next chapter, Chapter 2, presents a comprehensive literature review of this research

work. Emphasis is given to heavy metal, nutrients, and pathogenic contamination.

The chapter describes the current developments in microfluidic sensors for overall water

quality monitoring. Also, various aptamer-based As sensors are discussed in the chapter.
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Thereafter, in Chapter 3, sensor design and the fabrication process is discussed in depth.

It includes patterning of thiol compounds on the gold-coated substrate using the µCP

method. Hence the µCP technique is explained in detail. It includes substrate fab-

rication, stamp fabrication, the inking process, and the printing process. Further, it

describes the interaction of thiol compounds (DTT and GSH) with gold and As along

with the chemical structure of thiol compounds. Lastly, the chapter explains the neces-

sity of a signal enhancement step to detect As(III) contamination.

Chapter 4 explains the details of the automated fluidic system that is developed using

off–the–shelf and/or in–house fabricated components. The rationale behind the selection

of these fluidic components is presented, followed by an explanation about the designing

and fabrication process of the components. Lastly, details about the automated process

are provided, including PCB design and software development.

In Chapter 5, characterisation of the thiol patterns and the fluidic system is described.

Thiol pattern characterisation includes the various parameters which are considered such

as the cleanliness of the PDMS stamp, surface property, the concentration of the thiol

compound, and the inking and stamping period of the stamp, etc. ANOVA analysis of

the thiol concentration, inking, and stamping is provided to explain the effect of these

parameters on the µCP process. Then the effect of the concentration of the compound

and pH value on the inking period is provided. The fluidic system characterisation

includes a pump, valve, and flow sensor characterisation. Finally, test results of the

As(III)-contaminated pattern are provided.

Chapter 6 discusses the conclusion and future work.



Chapter 2

Literature Review

The literature review is broadly classified into the following sections:

• Microfluidic detection for water quality that provides a comprehensive review of

microfluidic water quality monitoring sensors

• Aptamer-based arsenic detection

The chapter describes the current developments in microfluidic sensors for overall water

quality monitoring that includes heavy metals, nutrients, and pathogenic detection. Spe-

cific emphasis is given on the role of microstructure in sensors. Methods outlined here

are categorized based on the transduction system including electrochemical and optical

detection. Electrochemical detection covers techniques like electrochemical impedance

spectroscopy (EIS), cyclic voltammetry (CV), and square-wave anodic stripping voltam-

metry (SWASV), etc. On the other hand, optical detection covers colorimetric, fluores-

cent, chemiluminescence (CL), surface-enhanced Raman scattering (SERS), and surface

plasmon resonance (SPR) sensors. The advantages and limitations of each method along

with their challenges while implementing field-effective sensors are also discussed in the

review. In the final section, aptamer-based detection of As is discussed.

12
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2.1 Microfluidic Water Quality Monitoring Sensors

During the past 50 years, heavy metals have significantly invaded our biosphere. Heavy

metals (e.g. As, Pb, Hg, etc.) naturally exist in the surroundings, and various an-

thropogenic actions are also responsible for adding heavy metals to the environment

[87]. Most of these heavy metals may cause fatal effects on public health due to their

potentially mutagenic or carcinogenic effects on the human body [30, 33, 34, 88]. Nu-

trient contamination is also a concern for water pollution. A key source of nutrients

(mostly phosphorus and nitrogen) is land run-off since the nitrate and phosphorus ions

are not held by soil particles. Pathogen contamination is another cause for concern [89].

Water polluted with organic waste, human and animal excrement is a potent source of

pathogenic bacteria, protozoa, viruses, and parasitic worms. It results in gastrointestinal

illness and can be a potential risk to human health. Escherichia coli (E. coli) is generally

considered as faecal indicator bacteria (FIB). Bacterial counts are typically used to eval-

uate the influence of sewage pollution [90–92]. Higher concentrations of contaminants

in water are responsible for fatalities across the world.

The harmful outcomes of water pollution are increasing due to two main reasons: first,

the level of contaminants in the water is continuously rising and there are no current

practical methods to keep track of the natural changes, and the second is human growth,

which leads to the need of expansion to new water sources of unknown quality. For this

purpose, periodic water quality monitoring becomes very essential [93]. The traditional

methods used for water monitoring are sensitive and reliable. However, mostly they are

expensive as they rely on specific instrumentation (laboratory-based and non-portable).

Also, the samples used in these methods require transportation from the site to the

laboratory, which is time-consuming and, most importantly, is not field-effective. Hence,

there is an increasing need to develop prompt, portable and inexpensive sensors with

high sensitivity and reliability. An ideal sensor should have a low cost, high sensitivity

and selectivity, a high throughput, be user-friendly, and should provide in-field operation

ability. It should also meet the WHO guidelines for portable sensor requirements [94].

From these perspectives, microfluidic devices are significantly appealing technologies to

achieve the Lab-on-a-chip (LoC)-based point-of-care applications [95].

Microfluidics is the technology that precisely manipulates a small volume of fluids, using

channels with dimensions of tens to hundreds of micrometers [96–99]. This technology
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has advantages such as faster reaction times, better process control, reduced waste gen-

eration, system compactness and parallelization, and reduced cost and disposability

[96, 100–103]. Most of the microfluidic devices are disposable and are used for one-time

measurements. Earlier, microfluidics mainly focused on the integration of microsensors

with fluidic components (actuators, pumps, valves etc.) and on the miniaturization

of analytical assays. Thereafter, Micro Total Analysis Systems (µTAS) evolved using

micro-fabricated structures. The miniaturization with microfluidics flourished in many

life sciences fields such as genetic analysis, cell biology and protein analysis [104]. Cur-

rently, these devices are widely applied in all branches of science such as chemistry,

biology, engineering, and bio-medical sciences, etc. In earlier days, silicon was used

to fabricate the microfluidic devices [105–107]. Then glass and polydimethylsiloxane

(PDMS) were used for fabrication purpose. Nowadays, even thermoplastic and paper

are accepted as fabrication materials [95, 108, 109]. Several manufacturing techniques

are available for microfluidic sensors such as injection moulding, softlithography, and

mass-production technologies like etching. Among these methods, softlithography tech-

nique using polydimethylsiloxane (PDMS) is a highly popular method [110, 111]. How-

ever, this process requires special equipment, and in many cases access to a clean room

[112]. Currently, researchers are also making use of commercial 3D printers to fabricate

microfluidic sensors as it is possible to fabricate the micro-structures in one step from

a computer based design. The frequently used approaches are inkjet printing, stere-

olithography (SLA), extrusion printing, etc. [113, 114]. Microfluidic sensors can be

Figure 2.1: Illustration of a microfluidic system.
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categorised in two types: one in which the microfluidic system measures the parameters

inside it, the other in which the measurement of parameters takes place with the help of

external integrated equipment [115–117]. Figure 2.1 represents the microfluidic system

in two main parts - the sensing unit and the detection unit. The sensing unit involves

elements such as biological entities, functionalised nanoparticles, and metal electrodes,

etc., whereas the most commonly used detection systems with microfluidics are optical-

and electrochemical-based systems [117, 118]. It is possible to perform multiple analyses

on the microfluidic platform by just modifying its microchannel patterns. Micromixers

have a pivotal point in enhancing the sensitivity of the microfluidic-based sensors [119–

121]. Any extensive pre-analysis is not necessary while detecting the pollutants using

microfluidic sensors. Hence, microfluidic LoC devices have been broadly studied as a

substitute for conventional lab-based methods. Recent reviews presented contamination

related to heavy metal [122], nutrients [123], and pathogens [124, 125] individually.

2.1.1 Microfluidic with electrochemical detection

Generally, the conventional electrochemical methods include a three-electrode system

containing a reference electrode, a working electrode, and a counter electrode. An inter-

action between the analyte and electrode surface produces an electrical signal. Accord-

ing to this working principle, the detection method can be classified as amperometric,

voltammetric, and potentiometric [126]. Measuring micro-volumes of the sample was

difficult with the silver (Ag) electrode-based methods though it has a high sensitivity

towards heavy metal detection [2]. The majority of these methods needed equipment like

a rotator, stirrer, etc. Such limitations have been eliminated with the help of microfab-

rication technologies by incorporating them on the microfluidic platform. The reference,

measuring, and the working electrode can be included in a microfluidic channel [127].

This miniaturization provides many advantages such as higher processing speed, mass

production, portability, reduced cost, multiple analysis and simplicity [122]. These mi-

crofluidic electrochemical sensors can be used in point-of-care (POC) applications for

water quality monitoring. For the last decade, microfluidic-based electrochemical sen-

sors have been the subject of considerable study. Several research based sensors are

discussed and listed in Table 2.1 and commercially available sensors are listed in Table

2.2.
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2.1.1.1 Heavy metal detection

Figure 2.2: Different orientation of electrodes in electrochemical detection methods
(a) Schematic of Au-Ag-Au electrode integrated with microfluidic channel to detect
Hg+2 [1]; (b) Illustration of reusable polymer chip for detection of Pb+2 [2]; (c) Elec-
trodes printed on plastic substrate to detect As(III) [3]; (d) SWCNTs electrodes for

As(III) detection [4].

Chen et al. [1] developed a Hg+2 detector with high sensitivity and reproducibility. A

three-electrode system (Au-Ag-Au) was integrated with a microfluidic channel as illus-

trated in Fig. 2.2a. A novel microfabrication technology (two-step photolithography)

was used to develop the sensor. It turned out to be a disposable sensor due to reduced

cost and less reactant consumption. Anodic stripping voltametry and differential pulse

voltametry electrochemical analysis were used for detecting the Hg+2 ions. The low

detection limit (3 ppb) was achieved by this sensor [1]. A similar three-electrode-based

reusable polymer lab chip sensor was developed by Jung et al. [2] for Pb+2 detection as

shown in Fig. 2.2b. A SWASV was used to perform Pb+2 analysis, the sensor was highly

sensitive and environmentally friendly. The achieved limit of detection (LOD) was 0.55

ppb with 300 seconds deposition time. Another three-electrode system was used in As

detection as shown in Fig. 2.2c. In this system, a disposable plastic substrate was used

to print the electrodes (carbon, silver, and silver/silver chloride ink). When a water

drop was introduced at the electrodes, the induced current was measured with the help

of CV. The method could detect As with LOD of 1 ppb [3]. One more unique method
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was reported in which the integration of gold nanoparticles with a microfluidic chan-

nel was performed using electrochemical deposition. It consisted of three electrodes,

gold nanoparticles, and a microfluidic channel. Electrodes were constructed with single-

walled carbon nanotubes (SWCNTs) and placed into a microfluidic device as shown in

Fig. 2.2d. Gold nanoparticles were used as an electrolyte material for glucose and As

detection. SWASV measurements were done for ultratrace As(III) analysis. The device

provided rapid and sensitive results; it could detect up to 4.5 ppb within 60 seconds [4].

In 2016, an electrochemical sensor was screen-printed on flexible polyethylene tereph-

thalate material. It was demonstrated for selective monitoring of Pb+2 and Hg+2 metal

ions where electrodes were metalized by carbon- and silver-based inks. The results were

reported using CV. The average peak current’s shift was noticed at 50 µM of Hg+2 and

Pb+2. However, the system was not portable as it did not consist of a read out circuit

[128].

In the last few years, paper-based microfluidics has become popular due to the following

benefits first, no need of components like pumps and tubes as it works on capillary

forces and, secondly, its cost-effectiveness [129–134]. As an example, an economical

and simple microfluidic paper-based electrochemical sensing device (µPED) has been

fabricated by Shi et al. [5] for detecting Pb+2 and Cd+2 in aqueous samples. They have

integrated commercial screen-printed carbon electrodes with filter paper strips as shown

in Fig. 2.3. The electrochemical technique was also linked with biological engineering.

In such a combined system, the signal produced by biosensor is analyzed through a three-

electrode system. The detection was carried out with the help of SWASV and found

a very good limit of detection (2.0 ppb for Pb+2 and 2.3 ppb for Cd+2). The device

also exhibited high sensitivity and stability with real samples without pretreatment of

the water sample. Some researchers have also recommended the use of bioreporters for

heavy metal detection. For example, Corts-Salazar et al. [6] utilized the natural E. coli

defence system against toxic As(III).

In this method, they used a commercially available disposable microchip. It contained 16

independent electrochemical cells. The E. coli reporter strain was filled in the microchip.

When bioreporter encountered As, β-Gal activity was produced within 25 min- 50 min.

The reported LOD for the method was 0.8 ppb. The principle of bioreporter is illustrated
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Figure 2.3: Schematic of paper-based method including integrated commercial screen-
printed carbon electrodes with filter paper strips for detection of Pb+2 and Cd+2 [5].

in Fig. 2.4. Thus this microfluidic biosensor has the potential to detect As with high

sensitivity.

Figure 2.4: Pictorial presentation of the working scheme of As(III) bioreporter [6].
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2.1.1.2 Nutrients

Gartia et al. [7] fabricated an economical, sensitive, and portable electrochemical-based

measurement system for quantitative detection of nitrate in a groundwater sample (Fig.

2.5a). The sensor chip was fabricated on a glass substrate. The working and refer-

ence electrodes were made up of a thin layer of silver. The counter electrode was a

gold deposited thin layer. The uniformity of current distribution between electrodes

was enhanced using a concentric layout for the counter and working electrodes. They

fabricated a miniaturized potentiostat circuit with wireless interface to make the sensor

field-deployable. When the performances of a microsensor and a macroelectrode-based

electrochemical system were compared, the precise examination proved that the conven-

tion macroelectrodes had far less sensitivity than the microsensor. The CV determina-

tion of nitrate ions in numerous water specimens was performed using the sensor. The

LOD for the microsensor was approximately 25 ppb.

Figure 2.5: (a) Nitrate sensor chip with wireless communication interface [7]; (b)
Experimental set up of LTCC-based continuous flow potentiometric microanalyzer to
determine potassium and nitrate [8]; (c) A mobile sensing platform with a plug-n-play
microelectronic ionic sensor to detect nitrate [9];(d) nTiO2 modified GF based nitrate

sensor [10].
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In a similar manner, Wang et al. [9] developed a mobile phone electrochemical sens-

ing platform for nitrate quantification as shown in Fig. 2.5c. A mobile phone sensing

platform included a plug-n-play microelectronic ionic sensor which performed electro-

chemical computation utilizing the smartphone audio jack. A LOC sensing system in-

corporated a microelectrochemical sensor, a mobile app and a controlling unit to control

the microfluidics along with the sensor and also manage the liquid specimens. On the

glass substrate, reference and working electrodes were constructed from a silver layer

and gold layer was used to create the counter electrode. The assay utilized an audio

jack to interface the sensor instead of a camera. A user-friendly mobile application in-

terface made a testing procedure very simple to use. This compact smartphone-based

application could determine nitrate concentration with a LOD of 0.2 ppm in 60 seconds.

Additionally, the mobile app could save the data on cloud servers.

Calvo-Lpez et al. [8] developed a compact low-temperature co-fired ceramics (LTCC)-

based continuous flow potentiometric microanalyzer prototype to concurrently detect the

occurrence of nitrate and potassium ions in the specimens of a water recycling process

(Fig. 2.5b). The microsystem combined microfluidics with the sensing mechanism within

the same substrate. The detection system comprised of two ion-selective electrodes that

were constructed using a screen-printed Ag/AgCl reference electrode and ion-selective

membranes. A detection limit was 0.81 mg/L and 9.56 mg/L for potassium and nitrate

ions respectively.

Generally, voltammetric procedures are easy, quick, inexpensive, and not requiring spec-

imen pretreatment before the investigation of the ions in the real specimens. Still, the

production of electrodes that are modified chemically is the main obstruction in such

sensors. Enhancing the ability to transfer electrons between the electrode surfaces and

the electroactive analytes is the principal objective of modified electrodes. Many car-

bon nano-structured materials like multiwall carbon nanotubes (MWCNTs), graphene,

included with metal nanoparticles have been adopted extensively currently, for accom-

plishing this purpose [149]. Cuartero et al. [135] reported use of such carbon nanotubes

in their method. They developed a technique to determine nitrate in seawater using

the direct potentiometric method by in-line coupling to an electrochemical desalination

module. Generally, the presence of highly concentrated sodium chloride in seawater

causes difficulties in determining the nutrients nitrite, dihydrogen phosphate, and ni-

trate at the low micromolar level. In traditional analytical procedures like colorimetry,



Chapter 2 25

UV absorption, fluorescence, chemiluminescence, and ion chromatography applied for

estimating nitrate levels in seawater, very complex pretreatment is necessary. In this

method, a different strategy was accomplished for the reduction of chloride concentra-

tion with a simple electrochemical transformation. A custom-made microfluidic-based

flat desalination cell was combined with the potentiometric sensor (flow cell). The flow

cell included ion-to-electron transducer and a miniaturized reference electrode where the

transducer was made of lipophilic carbon nanotubes (f-MWCNTs) based nitrate selec-

tive electrode. The LOD of this assay was 5 × 10 -7M. Bagheri et al. [65] fabricated

a novel method in which they deposited CuNPs upon MECNTs-reduced graphene ox-

ide nanosheets (Cu/MWCNT/RGO) and detected nitrite and nitrate ions individually

and simultaneously. The sensitivity and selectivity of GCE were improved due to the

nanoparticles deposition on MWCNT-RGO nanocomposite. The output recorded the

concentrations of both ions within a span of 0.1 to 75 µM while determining the analyte

simultaneously. The LOD for nitrite ion was 30 nM and for nitrate ion was 20 nM.

Ali et al. [10] described a microfluidic sensor in which nitrate monitoring was per-

formed with the help of the EIS technique. An electrochemical electrode used in the

method was a porous graphene foam (GF) scaffold. The electrochemical response was

improved by modifying the GF scaffold with electrospun nTiO2 and nitrate selectivity

was increased by modifying the scaffold with nitrate reductase (NiR) enzyme molecules.

Nitrate solutions passed over the nTiO2 activated porous GF and very good interaction

with distinct receptor NiR bound at the scaffold surfaces occurred for nitrate detection

(Fig. 2.5d). The sensor had high sensitivity, selectivity, and rapid detection time in

nitrate ions quantification.

2.1.1.3 Pathogens

Pathogen detection can be performed with a DNA/protein/cell-based probe. Nucleic

acid detection has been recognized as a highly sensitive and selective technology. DNA

based pathogen analysis can be obtained either by direct target probing or after target

amplification. Kim et al. [11] designed a compact, low-cost, electrochemical DNA-based

sensor to provide real-time, continuous monitoring of pathogens. A mobile interface was

coupled with the sensor that provided the analysis in terms of safe or unsafe water. The

electrochemical sensor consisted of two working electrodes with platinum-based
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Figure 2.6: (a) Electrochemical DNA-based sensor for E. coli determination [11]; (b)
Custom made automatic biosensor for pathogenic detection [12].

reference and counter electrode (Fig. 2.6a). Immobilization of the working electrode

was done with a DNA probe in the stem-loop structure. The MB provided the electron

transfer which resulted in the current peak. When E. coli was introduced into the

chamber, hybridization of the DNA probe took place. This resulted in the opening

of the stem-loop structure which further resulted in a reduction of the current peak.

This method provided qualitative results and was suitable for POC use. Li et al. [136]

fabricated another electrochemical DNA-based sensor to detect hepatitis B virus (HBV).

It was a simple paper-based biosensor designed with an origami paper structure and

was functionalised with a DNA-modified AgNP. The use of DNA increased the speed,

stability, and robustness of the biosensor. Its LOD was 85 pM.

Altintas et al. [12] fabricated a custom-made fully automatic biosensor for pathogen

quantification. This device involved a novel biochip design integrated with the microflu-

idic system along with real-time amperometric measurements. The microfluidic system

consisted of a plug and play type biochip docking station that also served as a flow cell

for the electrode array along with the electronic connections (Fig. 2.6b). The sensor

surface was modified with the self-assembled monolayer (SAM) of mercaptoundecanoic

acid and placed. SAM coated electrode arrays were then activated with polyclonal rabbit

anti-E. Coli antibody. Then an E. coli sample was introduced on the electrode surface.

Subsequently, a horse radish peroxidase coupled detector antibody was injected. Thus

the sandwich immunoassay was used for determination of E. coli. This work reported

a rapid, sensitive, and specific detection of a waterborne pathogen E. coli. The sen-

sor output was enhanced through the use of gold nanoparticles when compared with the

standard sandwich method. The detection limit was 50 colony forming units (CFU)/mL.
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The EIS method can illustrate various characteristics of electrochemical technique such

as adsorption, capacitance, diffusion coefficients, electron transfer rate constants, and

charge transfer resistances. Its cost-effectiveness, simplicity, and sensitivity have allowed

researchers in the recent past to use it in a bio-sensing platform with many label-free

transduction methods including impedance flow cytometers and Coulter counters [150–

152]. A sample of particles scattered in a liquid is guided in the direction of electrodes

through a microfluidic channel when an alternating electric field is applied in EIS. The

size and configuration of the particles are responsible for alterations in the electric field

to particle displacements. The electrical current analysis is used to measure these alter-

ations [152]. Several such examples of EIS based detection methods are reviewed in the

following paragraph.

Kim et al. [137] reported a label-free E. coli detection method that utilized posi-

tive dielectrophoretic (pDEP) focusing, capturing, and impedance measurement. This

(pDEP)-based system consisted of an E. coli-focusing and sensing electrode. Inclusion

of the passivation layer avoided the adhesion of E. coli to the electrode. The change

in impedance occurred due to trapping of the E. coli cell on the sensor electrode. The

assay evaluated 300 CFU/mL within 1 min. Jiang et al. [138] designed a portable mi-

crofluidic smartphone-based EIS sensor with Bluetooth connectivity. The microfluidic

sensor consisted of a microhole array silicon substrate with interdigitated sensing elec-

trodes on it and a sensing microfluidic chamber aligned with a nano-porous filter paper.

This filter paper allowed bacteria to pass through while blocking big dirt particles in

water samples. The unit also included an impedance network analyzer chip with a mi-

crocontroller to perform EIS measurement and analysis. The developed android-based

software app was able to remotely control the microcontroller through Bluetooth. The

app could perform functions like a commercially available LCR meter. The LOD for

the bacteria sensing was 10 E. coli cells per milliliter. Clausen et al. [139] developed

another impedance-based real-time microfluidic sensor to measure the bacteria levels in

water samples with the water samples flowing continuously through the sensor. This

method could discriminate E. coli from solid particles with the help of electrical response

in the high-frequency phase. Additionally, the method was able to recognize different

bacteria cells - Staphylococcus aureus (S. aureus) and E. Coli. It provided LOD of 522

cells/mL with real-time continuous monitoring of bacteria in an aqueous sample utilizing

impedance flow Cytometry. Maw et al. [140] utilized a submicron resistive pulse sensor
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based on the Coulter principle for E. coli monitoring. The sensitivity of this method was

improved due to sample handling in a microfluidic chip and the phenomena of microscale

hydrodynamic flow. The unit was made up of a supply section, base unit, detection sys-

tem, data acquisition system, signal processing unit, and display unit. The base unit

comprised of a PDMS microfluidic chip and four electrodes and detection occurred at

the microfluidic platform. This label-free and automatic method provided a rapid result

and appeared to be a user-friendly device.

Ghosh et al. [141] presented an economical and easy microfluidic biosensor for quick

and accurate measurement of Salmonella typhimurium. The microfluidic chip involved

the interdigitated electrode array. The electrode array surface was immobilised with

anti-Salmonella antibodies. The biosensor provided qualitative as well as quantitative

impedance analysis within 3 hours. Its LOD was 3×10 3 CFU/mL. The authors also com-

pared the performance of the microfluidic biosensor with the non-microfluidic biosensor.

They found two to three times higher impedance response for the microfluidic biosensor

with lower LOD compared to the non-microfluidic biosensor.

2.1.2 Microfluidic with optical detection

Many electrochemical methods have been presented for water quality monitoring in this

review paper. The optical strategies due to their simplicity and cost-effectiveness, are

equally popular too. In optical-based microfluidic devices, the optical changes happen

due to the chelation between the recognition element and the target constituents. These

optical-based microfluidic devices are based on various techniques such as colorimerty,

CL, fluorescence, SERS, and SPR. The colorimetric devices include measurement of the

colour change associated with the reaction between the analyte and the sensing element.

The colour variation can be observed by the bare eye or with the help of an optical de-

tection method [153]. In the fluorescence detection method, the analyte-induced changes

are responsible for variations in characteristics of fluorochromes including fluorescence

intensity, fluorescence polarization, and lifetime [122]. Several research-based examples

of such detection methods are considered in the following paragraphs and are described

in Table 2.3. Some commercially available sensors are listed in Table 2.4.
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2.1.2.1 Heavy metal

Figure 2.7: (a) Wax printed µPADs for colorimetric detection of Fe, Cu, Ni [13]; (b)
3D paper microfluidics for metal ion detection [14]; (c) Working principle of As(III)
detector based on modified AuNP [15]; (d) T-shaped µPAD with functionalised AuNp
for As(III) detection [16]; (e) Rapid detection of Pb2+ with MUA modified AuNP [17].

Colorimetry is the most commonly used technique in the microfluidics. The majority of

the studied optical-based microfluidic devices used in heavy metal detection are paper-

based colorimetric sensors. Colorimetric detection is performed in the dark and so it’s
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free from ambient light interference [175]. Mentele et al. [13] reported a paper-based

colorimetric device (µPADs) for metal ion (Fe, Cu, Ni) detection (Fig. 2.7a). This

method provides a rapid and an inexpensive way of metal ion detection. The possibility

of utilizing paper microfluidics as a 3D device was proved by Wang et al. (Fig. 2.7b) [14].

They developed a 3D paper-based microfluidic device for multiplex heavy metal (Cu (II),

Ni (II), Cd (II), and Cr (VI)) detection through a simple combination of patterned paper

by wax printing, tape, and stacking. The colorimetric determination was performed in

association with a smart-phone camera. The developed technique was rapid, low-cost,

and user-friendly.

To avoid toxic chemical reactions in As analysis, researchers have investigated and found

gold nanoparticles (AuNPs) to be promising sensor materials in the colorimetric probe.

Nath et al. [15] determined As(III) with the help of simple paper-based microfluidics

along with a gold nano-sensor (AuTATG). The steady flow rate of the paper substrate

pores allowed a very low concentration of As to remain in a microchannel for a long

enough period so that it interacted with the nano-sensor. A rapid reaction of AuTATG

with As ions resulted in a visible dark bluish-black precipitate at the interfacial zone.

The working principle is illustrated in Fig. 2.7c. However, these µPADs were not tested

against groundwater samples. When similar implementation was tested with ground-

water samples, the interference from several naturally occurring metals was observed

[16]. To eliminate this limitation, Chowdury et al. [16] developed a T-shaped µPAD

using the same functionalised gold nanoparticles (Au-TA-Au) as illustrated in Fig. 2.7d.

Additionally, they adjusted the pH value of the water sample to avoid the other metal

interference. However, this assay provided just a qualitative result. Chen et al. [154]

reported one more user-friendly and a rapid µPAD for mercury(II) ion (Hg2+) measure-

ment in water, for which, they made use of oxidization of tetramethylbenzidine due to

platinum nanoparticles and suppression of the reaction due to the presence of (Hg2+)

ion. The whole interaction resulted in a visible colour change that was provided as a

digital readout through the fiber optic module (Fig. 2.7e). The sensor was capable of

measuring (Hg2+) concentrations till 0.01µM.

Fan et al. [17] designed a portable, power-free microfluidic device to detect lead (Pb2+).

They detected Pb2+ with MUA modified AuNPs (MUA-AuNPs). The chemical reaction

between Pb2+ and MUA caused the aggregation of the modified nanoparticles which in
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turn produced the solution colour change from red to purple. The output could be ob-

served with the bare eye with the help of water drop. It was a rapid and inexpensive

method with a LOD of 10 µM. In 2017, Bonyar et al. [155] developed a custom-tailored

colorimetric semi-automated portable device for As(III) detection in drinking water.

They integrated a commercially available As test kit into a disposable microfluidic car-

tridge as shown in Fig. 2.8a. The Gutzeit reaction was carried out in the cartridge with

automatic camera-based colour evaluation. The entire operation was easy to perform

due to its user-friendly semi-automatic action and required approximately 1 hour to

obtain a result.

Miniaturization of fluorescence detection was possible due to the use of the light-emitting

diodes (LEDs) in the optical detection system. LEDs can emit at various wavelengths

and they can easily fit into typical chip features [116]. Fluorescence detection is an

extremely sensitive technique. However, according to Li et al. [116], its major limitation

is that it can be used with the analytes that have native fluorescence or that can easily

be fluorescently labelled. Still, many researchers have employed fluorescence detection

to determine water pollutants. Qi et al. [18] developed a 3D paper-based fluorescence

sensor to determine Cu2+ and Hg2+ ions. It was based on a combination of quantum

dots (QDs) and an ion imprinting technique on 3D origami paper. CdTe QDs were

implanted on the exterior of the glass fiber paper (Fig. 2.8a). The change in fluorescence

was produced due to the transfer of the photoluminescent energy of the QDs to its

ion imprinting-QDs complex. Bacterial bioassays have shown better performance in

As detection compared to a chemical field kit [176]. Theytaz et al. [19] created a

microfluidic chip containing immobilised E. coli biosensor bacteria (Fig. 2.8b). The E.

coli generated green fluorescent protein in response to As(III). The major drawbacks of

the developed method were its low LOD (50 µg/L) and the use of an epifluorescence

microscope that made it a lab-based method. Similarly, Buffi et al. [177] demonstrated

fluorescence detection of As(III) with the help of a bacteria-based bioassay. The natural

defence system of E. coli against As(III) was used to produce a fluorescence signal. The

E. coli was embedded in small agarose beads. These beads were stored on a microfluidic

chip; the fluorescence microscope was then used for signal detection. Hence the bioassay

cannot be considered as a portable device. Further, in 2014, this assay was enhanced

by Truffer et al. [20]. They incorporated an electronic device with a small optical setup

to measure fluorescence from bacterial reporter cells (Fig. 2.8c). As a result, the device
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Figure 2.8: (a) 3D paper-based fluorescence detection of Cu2+ and Hg2+ [18]; (b) E.
coli based fluorescence detection of As(III) [19]; (c) Fluorescence detection of As(III)

using portable bioreporter [20].

displayed significant potential for field measurements.

Currently, SERS integration with LoC devices is rapidly being adopted in biological

and environmental analysis. Qi et al. [156] displayed prominent potential in integrating

SERS technology with microfluidics in the field of water quality monitoring. They

implemented a continuous flow detection of As(III) ions rapidly. Silver nanoparticles

were modified with glutathione/4-mercaptopyridine (GSH/4-MPY). As(III) has a high

affinity towards GSH. Hence, as As(III) came in contact with GSH/4-MPY, aggregation

of nanoparticles occurred that produced a Raman signal. The developed assay was

highly sensitive and reproducible with the LOD of 0.67 ppb.

Som-Aum et al. [157] developed a highly sensitive microfluidic sensor based on the CL

method that could detect As(III) in water. In this method, sorption of a As(V) pre-

concentration in the form of vanadomolybdoarsenate heteropoly acid (VMoAs-HPA)

ion-paired with hexadecyltrimethylammonium bromide on the surface of polystyrene

beads packed in the microfluidic tool was observed. The matrix effect was removed by

adding 1 × 10 -8 M ethylenediaminetetraacetic acid to all work solutions. Additionally,

the interference from phosphate and chromate was eliminated by the synthesis of sorption

pre-concentration. That also helped to enhance the sensitivity. The method obtained

LOD of 8.9 × 10 -8 M within 5 min.
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Figure 2.9: (a) Quantification of nitrite and nitrate using disposable µPAD [21]; (b)
Schematic of the flow system and detection cell of LED-based nitrate sensor [22]; (c)

Schematic of FOCS method for nitrite measurement [23].

2.1.2.2 Nutrients

Most of the available spectrophotometric methods for nitrate measurement in natural

waters need conversion to the more reactive nitrite before detection. Different types of

nitrate reduction methods have been presented, using a variety of reduction materials

like hydrazine, copperized cadmium, zinc, nitrate reductase, and irradiation by ultra-

violet light. Among all the methods available, the Griess assay is the most established

method of colorimetric nitrite analysis [178]. Beaton et al. [159] first reported such

microfluidic-based colorimetric nitrate analysis using the Griess method. It was an in

situ stand-alone systems which was compact and consumed low power (1.5 W). Use of

colored polymethylmethacrylate (PMMA) helped to reduce background light interfer-

ence which made it a high-sensitivity system. The system displayed the detection with
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high-resolution and produced a better output with a detection limit of 0.02 µM for ni-

trite and 0.025 µM for nitrate. Another microfluidic method was developed by Khanfar

et al. [158] to detect nitrate ions in water in an inexpensive and portable way. It was

based on the Griess procedure. The microfluidic chip had a long-coated PMMA channel

constructed with layers of different thicknesses. The detection system included a LED

and photodiode. However, its LOD was low (0.0782 ppm). Jayawardane et al. [21]

developed a cost-effective disposable µPAD to determine nitrite and nitrate (Fig. 2.9a).

This method also used a Griess reaction for nitrite determination. However, for nitrate

detection, nitrate was reduced to nitrite using zinc microparticles inside the µPAD chan-

nel. The µPAD was fabricated by an inkjet printing method. The hydrophilic µPAD

channel was integrated with zinc microparticles and worked as a virtual flow-through

solid-phase reactor which was a unique concept. The LOD of this method was 1.0 µM

and 19 µM for nitrite and nitrate respectively. This user-friendly method was suitable

for a filed measurement. Recently, Vincent et al.[160] deployed a sensor within the

Seaglider. The sensor employed colorimetric detection, using the Griess assay to deter-

mine nitrate and nitrite. The sensor was comprised of a three-layer PMMA chip. The

chip included microchannels, mixers, photodiodes and LED. The chip was installed with

electronics, valves, and syringe pump. Eventually, the chip was covered in a housing that

was filled with mineral oil and consisted of the internally fitted pressure-compensating

bladder. The LOD of the system was 20 nM. Cogan et al. [22] constructed a low-cost,

robust microfluidic sensing platform and LED-based optical detection system to deter-

mine nitrate in natural waters and wastewater. It was a complete system consisting of

the colorimetric measurement unit, a power unit, wireless communication, storage for

sampling, reagent, and waste in a small unit. The chromotropic method for nitrate anal-

ysis was applied. The colorimetric measurement unit included a LED and a photodiode

(Fig. 2.9b). The author claimed advantages such as ease of operation, inexpensive, low

consumption of power, high throughput, limited waste generation, and compactness in

design. Xiong et al. [23] designed a novel miniaturized cost-effective colorimetric fiber-

optic chemical sensor (FOCS) system for nitrite detection through interfacing with a

microfluidic capillary waveguide. It was based on the GriessIlosvay reaction. When the

reaction occurred between nitrite and Griess reagents, it generated colorimetric azo dye.

The light intensity was changed when the light interacted with the azo dye. The method

achieved LOD of 7 µg/L. The sensor comprised three sections: a capillary waveguide

flow cell, a light source connected with an excitation fiber and a detector connected with
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a detection fiber as shown in Fig. 2.9c. The microfluidic capillary waveguide also acted

like a disposable sampling vessel, a reagent flow-through cell, and a light transmission

element.

2.1.2.3 Pathogen

A colorimetric method is commonly used in optical detection of various pathogens due

to its simplicity and easy readouts. Many times, imaging devices (cell phone camera,

portable scanner, and digital camera) are incorporated with the colorimetric methods to

provide the analysis interpretation. Wang et al. [179] demonstrated a paper-based E. coli

detection method. They used methylsilsesquioxane (MSQ) barriers to lyse the bacterial

cells before the analysis. They also compared MSQ with other barrier materials, wax

and alkylketene dimer (AKD). For this purpose, they printed circular barriers of MSQ,

AKD, and wax. They found MSQ barriers better than the other materials. The change

in colour was recorded with the help of the iPhone 4S camera. Although the assay was

affordable and rapid, it was just a qualitative indicator. Boehle et al. [164] developed a

cost-effective paper-based colorimetric method to detect antimicrobial-resistant bacteria.

This method could identify the presence of b-lactamase mediated resistance. An array

of paper-wells was used to optimize the reaction between b-lactamase and nitrocefin.

The time required for the analysis was approximately 1 hour with LOD of 10 mU/mL.

San et al. [24] developed another paper-based method to detect E. coli from field water

samples in association with a smartphone. The multichannel paper chip was preloaded

with antibody-conjugated beads. The water sample was applied to the inlet of the

paper chip which allowed passing of the bacterial antigens. The smartphone was used

to capture the digital images at some angle and to measure the light scatter intensity

coming from microbead immunoagglutination (Fig. 2.10). The entire analysis time was

just 90 seconds. The assay was simple to use and did not require any external hardware.

The only necessary device was a smartphone with a built-in gyro-sensor and an installed

software application.

Fluorescence detection is another common method in optical pathogen detection. Gol-

berg et al. [162] reported specific capture and detection of bacterial contamination in

water. They developed a unit which consisted of E. coli seizing along with droplet
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Figure 2.10: Scheme indicating a mobile-based multichannel paper chip for rapid E.
coli detection [24].

microfluidics, portable proprietary fluorescence microscopy, and cloud-based data man-

agement and sharing. In this scheme, they used magnetic beads coupled with specific

antibodies to capture E. coli. Further, the seized E. coli were conjugated fluorescently

labeled antibodies. Subsequently, automated optical fluorescence microscopy was used

for the purpose of detection. The entire water quality analysis took place in eight hours

from sample collection to online result display. Malec et al. [165] proposed a labelled

base biosensor where the E. coli was labelled with streptavidin-coated magnetic mark-

ers developing compounds. Video microscopy along with particle tracking software was

utilised for quantitative measurement. The developed microfluidic platform was inte-

grated with microconductors that generated a magnetic field gradient. When the fluid

with the MLBs was brought into the microfluidic platform, a magnetic field gradient

accelerated the MLBs towards the outlet. The method was able to provide a real-time

approach for the detection of pathogens from a small volume liquid sample.

Many researchers implemented the integration of a polymerase chain reaction (PCR) test

on a microfluidic platform. For example, Dharmasiri et al. [161] developed a PMMA

microfluidic chip with eight parallel inputs covalently bonded with polyclonal antibodies.
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The chip was used for the isolation and detection of E. coli. The quantification was

performed after isolation by an off-chip real-time quantitative PCR test. Fluorescent

Figure 2.11: Schematic of SPR-based pathogenic detection [25].

microscopy was used to examine the fluorescently labelled cells in the microfluidic chip’s

channels. This entire process took just under five hours. The LOD was approximately

6 CFU. Li et al. [163] developed an integrated microfluidic device for rapid detection of

pathogenic rotavirus. The device integrated reverse transcription (RT) and PCR with

an online fluorescence detection technique. The microfluidic section incorporated the

grooved copper heating block for RT and a heated cylinder for amplification. The RT-

PCR technique with fluorescence microscopy was able to amplify and measure rotavirus

RNA within one-hour. Tokel et al. [25] presented a portable, multiplex, inexpensive

microfluidic-integrated SPR platform for rapid detection of bacteria such as E. coli and

S. aureus. It was a label-free pathogen detection platform consisting of microfluidic

and SPR technologies. This method utilized a Protein G-based surface chemistry for E.

coli determination that allowed immobilization of antibodies in a favourable orientation.

However, the result was presented as a graph, whereas a direct readout could have been

more appropriate (Fig. 2.11).

2.1.3 Discussion and Outlook

Regular water quality monitoring is a must due to the harmful effects of water contami-

nants on the various functional systems of a human body. A microfluidic-based sensor is

the most suitable method for this purpose. The sensor comprises a sensing and detection

unit on the microfluidic substrate. This review explores several sensors mainly with the
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sensing unit mostly based on chemicals, biological elements, electrodes and nanomate-

rials. The materials used for the sensing unit and substrates are listed in Fig. 2.12.

Furthermore, the review includes the sensors based on two signal transduction methods

- electrochemical and optical detection.

Figure 2.12: Summary of microfluidic sensors
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Electrochemical detection is a big hope for microfluidic devices considering its high sen-

sitivity, selectivity, miniaturization, and the possibility of mass production. Its adapt-

ability with different microfabricated electronic parts leads to a portable device. To

increase the sensitivity of electrochemical sensors, modification of electrodes with biore-

porters or nanomaterials is advisable. However, a significant concern in regard to these

sensors is the fabrication of chemically modified electrodes since it involves a very compli-

cated process. Various optical sensing methods are successfully used in association with

microfluidics including colorimetry, chemiluminescence, fluorescence, SPR, etc. The col-

orimetric analysis provides simple qualitative results in terms of a colour change. The

colorimetric methods give relative results, they cannot yield exact quantitative results.

These methods also require washing or rinsing step before the next measurement can be

taken in the microfluidic chip. Compared to colorimetric methods, chemiluminescence

techniques have higher sensitivity. Also, the elimination of an external light source makes

the instrumentation simple. However, the availability of a limited number of chemilumi-

nescence reagents is the main disadvantage of this technique. The fluorescence detection

is another highly sensitive method. Still, it is limited to analytes that possess inherent

fluorescence or that can be labelled fluorescently. SPR and SERS are highly sensitive

and selective optical detection methods. However, integration of these methods with a

microfluidic platform can be an issue due to non-portable instrumentation. An optical

diffraction method is yet another sensitive detection method, though it still remains

unaddressed in water quality monitoring. This method can produce highly sensitive

results and can be incorporated with microfluidic technology. Table 2.5 summarises the

advantages and disadvantages of electrochemical and optical methods individually. Field

implementation is also an important aspect of discussion while discussing sensitivity and

selectivity. Though there are a few challenges while implementing these sensors in the

real world, the major hurdle associated with these sensors is field deployability. Many

sensors discussed here represent the possibility of in situ and real-time measurement.

However, those remain lab-based methods due to interfacing of lab-based measuring

devices. Another challenge is in real sample measurement due to interference of the

matrix effect. Usually, insoluble particles are suspended in the natural samples, which

can influence the detection methods. In the case of optical detection, such particles

can change the analyte concentration due to the stimulation of light scattering, while in

electrochemical detection such particles can modify the chemical electrodes. These chal-

lenges can be addressed by incorporating suitable measuring as well as filtering devices
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Table 2.5: Advantages & disadvantages of detection methods.

Method Advantages Disadvantages

Electrochemical High sensitivity Tedious fabrication process of
High selectivity electrode
Miniaturized electrodes makes
the system portable
Possibility of mass production

Colorimetric Simple analysis Provides relative output
Provides qualitative results
Quick Response

CL High sensitivity Limited number of CL reagents
Do not require external light source available
Portable

Fluorescence High sensitivity Limited to analytes that possess
High selectivity inherent fluorescence
Portable External light source necessary

SPR High sensitivity Portability may be an issue
High selectivity
Label free detection

SERS High sensitivity Highly sensitive to environmental
High selectivity changes

Optical diffraction High sensitivity Occasionally signal enhancement
High selectivity by sequential amplification is
Portable necessary

along with the sensing mechanism using microfluidics.

Microfluidic technology plays an important role in making the water quality sensors field

effective, as size reduction and automation are highly possible through this technology.

However, the technology has its own challenges such as improper mixing in microchan-

nels caused by laminar flows through it, which can potentially be addressed by imple-

menting passive mixing microfluidic structures. Another challenge is the fabrication

of microchannels with random geometries. Additionally, fabrication of the microfluidic

sensor may sometimes remain a laboratory prototype that needs access to cleanroom

equipment and trained staff to operate. It is possible to overcome these challenges with

the help of rapidly emerging 3D printing technology.

2.2 Use of Aptamer in Arsenic Detection

Aptamers are short DNA or RNA oligomers that have an affinity to specific molecules.

These oligomers are formed from the randomised nucleic acid library. Due to the real-

time in-field detection of heavy metals, aptamers are considered as a promising platform
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for environmental monitoring [180]. Many aptamer-based sensing of various metal ions

with high sensitivity and selectivity have been reported [181, 182]. Kim et. al. [26]

selected the As-binding single-stranded DNA aptamer Ars-3 using affinity column-based

on the SELEX technique (systematic evolution of ligands by exponential enrichment).

They used Ars-3 for the removal of As(III) from the groundwater. Many researchers have

developed biosensors with such aptamer for As(III) detection. A few such examples are

discussed below.

2.2.1 Colorimetric detection

Aptamers are used with colorimetric devices by many research groups where AuNPs

were functionalised with aptamers, polymers, and surfactants to detect As(III) in aque-

ous solution. Wu et. al. [183] developed a sensitive, rapid, and cost-effective colorimetric

biosensor for As(III) detection. The detection was based on the aggregation of AuNPs,

which is controlled by a cationic polymer poly(diallyldimethylammonium) (PDDA) and

an Ars-3 aptamer. In the absence of As(III), aptamers hybridise with PDDA and in-

hibited the PDDA-induced aggregation of AuNPs. In the presence of As(III), aptamers

formed a complex with As(III) that resulted in the aggregation of AuNPs. The LOD

was 5.3 ppb. To improve the LOD (0.6 ppb), another colorimetric based biosensor was

developed in which aggregation of AuNPs was controlled by a cationic surfactant (Hex-

adecyltrimethylammonium bromide i.e. CTAB) and an Ars-3 aptamer [112]. Wu et. al.

[184] reported one more Ars-3 based colorimetric biosensor for As(III) detection with

LOD of 6 ppb. In this biosensor, they inhibited the catalytic activity of hemin by Ars-

3 which was recovered in the presence of As(IIII). Nguyen reported the selective and

sensitive colorimetric detection of As(III) using a synergistic molecular assembly of an

aptamer (Ars-3) and cetyltrimethylammonium bromide (CTAB) on gold nanoparticles

(AuNPs). The As(III) ions interacted with Ars-3 aptamerAuNPs resulted in aggregation

due to presence of CTAB, which developed a red-shift in the surface plasmon resonance

(SPR) band and a visual colour change. The LOD of the sensor was 16.9 ppb [84]. A

simple colorimetric technique was developed to determine As(III) in groundwater with

the help of Ars-3 and AuNPs [85]. In the absence of As(III), the AuNPs were covered

with a negatively charged Ars-3 such that even a high NaCl concentration could not

induce their aggregation. When As(III) was added, it formed a complex with Ars-3 re-

sulted uncovering of the AuNPs. This resulted in NaCl induced aggregation. However,
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the detection limit of the sensor was 161 µg/L which was much higher than the MCL of

the As.

Yang et. al. [83] obtained another unique As(III)-binding peptide with a sequence of

T-Q-S-Y-K-H-G. They used the phage display technique for the screening of the peptide.

This peptide caused the aggregation of AuNPs in the absence of As(III). Upon addition

of As(III), it interacted with the peptide and prevented the aggregation of AuNPs. This

biosensor achieved the LOD of 4 µg/L.

2.2.2 Fluorimetric detection

Ensafi et. al. [86] developed a fluorimetric aptasensor with high sensitivity and selectiv-

ity where aggregation of cationic cysteamine-stabilized CdTe/ZnS core/shell quantum

dots was controlled through aptamer. The aggregation of quantum dots resulted in

fluorescence quenching. In the presence of As(III), the aptamer-As(III) complex prohib-

ited aggregation of the quantum dots. This de-aggregation improved the fluorescence

intensity of the quantum dots. The aptasensor reported a very low detection limit of 1.3

pmol/L. Similarly, highly selective As detection platform was constructed using a blend

of G-quadruplex DNA, a label-free aptamer, and a phosphorescent transition metal com-

plex. The detection limit was of ca. 0.57 µg/L [185]. Another group created a novel

fluorogenic sensing probe to detect As(III) with remarkable LOD of 0.9 ppb in which

they used mesoporous silica nanoparticles with aptamers. Pores of silica nanoparticles

(MCM-41) were loaded with rhodamine B and then the external surface was function-

alised with Ars-3. Upon addition of As(III), rhodamine B was released which resulted

in fluorescence [186]. Similarly, Pan et. al. [187] developed an ultrasensitive aptamer

biosensor for As(III) detection with LOD of 5 ng/L where the change in fluorescence

was recorded due to the presence of As(III).

2.2.3 Electrochemical detection

Vega-Figueroa et. al. [188] developed a label-free impedimetric aptasensor using As-

specific (ArsSApt) aptamer. ArsSApt was immobilised on the gold substrate and further

exposed to As(III). The resistance through the aptamer layer was decreased with the

increased As concentration due to the ArsSAptAs(III) interaction. The detection limit
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was 0.05 ppm. Similar aptasensor was developed by Cui et. al. [189] with differential

pulse voltammetry technique. An innovative, highly sensitive and selective aptasensor

was presented by Baghbaderani et. al. [190] where they introduced a chitosan-Nafion

(Chit-Naf) interface to detect As using impedance spectroscopy (EIS) technique. They

applied a unique amplification approach based on CNTCOOH-BSA conjugate through

which impedimetric response of the aptasensor towards As increased significantly. They

achieved a detection limit of 74 pM. Mushiana et. al. [191] reported an electrochemical

aptasensor for As(III) detection in water making use of carbon nanoparticle (CNPs)

and gold nanoparticles (AuNPs) immobilisation platform. The immobilisation was per-

formed through drop coating CNPs on a glassy carbon electrode (GCE) followed by

electrodeposition of AuNPs on the CNPs modified electrode using cyclic voltammetry.

This nano-platform modified GCE was further immobilised with thiolated aptamer. The

LOD of this method was 0.092 ppb.

2.2.4 Other detection methods

2.2.4.1 Resonance Rayleigh Scattering (RRS) detection

Wu et. al. [192] developed As aptasensor. The sensing unit contained Ars-3 aptamers

and crystal violet (CV) molecules. The size of large nanoparticles was decreased due to

the presence of As(III), which in turn a decline of RRS intensity at 310 nm; while the

diameter of small nanoparticles was increased and caused an increase in RRS intensity.

The change in RRS intensity was dependent on the size variation of nanoparticles that

was changed directly by As(III) concentrations. LOD of the method was 0.2 ppb. A

simple and selective method reported by Tang et. Al. [193] was based on aptamer

(ssDNA) modified nanogold probe (AussDNA) to trace As(III) from water samples. In

the presence of As(III), AussDNA forms a stable complex which induced aggregation of

nanogold. This reaction was responsible for increased RRS intensity at 278 nm. There

was a linear relationship between RRS intensity and As(III) concentration. The method

was able to detect up to 1.9 ng/mL with high selectivity.
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2.2.4.2 Surface enhanced Raman scattering (SERS) detection

Song et. al. [167] Proposed a SERS based strategy where they combined As-specific ap-

tamer with Raman labelled Au@Ag core-shell nanoparticles. In this scheme,4-mercaptobenzoic

acid (4-MBA) and As(III) specific-aptamer (Ars-3) were absorbed on Au@Ag. The ad-

dition of As(III) resulted in the complex of As(II) and aptamer which induced the ag-

gregation of Au@Ag. This, in turn, produced a proportional SERs signal. The detection

limit of this assay was 0.1 ppb.

2.2.4.3 Electrochemiluminescence detection

Liang et. al. [194] constructed a ratiometric electrochemiluminescence (ECL) indica-

tor for As(III) detection. As(III) was detected based on synergistic quenching of ECL

emission of Au−g−C3 N4 NSs using As(III) and Ru(bpy)3
2+ and simultaneously gener-

ating the second ECL signal of Ru(bpy)3
2+ with an increased intensity. The selectivity

and sensitivity was intensified due to coupling of dual quenching effect of As(III) and

Ru(bpy)3
2+ with the second signal of Ru(bpy)3

2+

2.2.4.4 FET based detection

JH An et. al. [195] fabricated highly selective and sensitive field-effect transistor

(FET)-type aptasensors for As(III) detection where As-specific aptamer combined with

CFMNSs and further integrated into a liquid-ion gated FET system. The interaction

between the aptamer and As(III) resulted in field-induced current variations. The de-

tection limit of the aptasensor was ca. 1 pM.

2.3 Summary

In the first part of this present review, microfluidic-based sensors for water quality

monitoring have been extensively discussed in detail. This includes a comparison of

microfluidic-based electrochemical and optical methods with advantages and disadvan-

tages for the detection of contaminants such as heavy metals, nutrients, and pathogens in
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Table 2.6: Aptamer-based arsenic detection

Method Material LOD Ref.

Colorimetric PDDA, and AuNP 5.3 ppb [183]
CTAB and AuNP 0.6 ppb [112]
Hemin 6 ppb [184]
peptide T-Q-S-Y-K-H-G-C and AuNP 4 µg/L [83]
CTAB and AuNP 16.90 ppb [84]
AuNPs 161 µg/L [85]

Fluorescence CdTe/ZnS quatum dots 1.3 pmol L [86]
G- quadruplex DNA and a phoshprescent ca. 0.57 µg/L [185]
transition metal complex
Silica nanoparticles [MCM-41] 0.9 ppb [186]
loaded with rhodamine B

Electrochemical Gold substrate 0.05 ppm [188]
Carbon nanotubes & Modified glass electrodes 74 pM [190]
Carbon nanoparticles & AuNPs 0.092 ppb [191]

RRS CV molecules 0.2 ppb [192]
Nanogold 1.9 ng/mL [193]

SERs Au@Ag coreshell nanoparticles & 0.1 ppb [167]
4-MBA

ECL Au− g − C3 N4 & Ru(bpy)3
2+ NSs 0.0007 ppt [194]

FET based CFMNSs ca. 1 pm [195]

water that have been published in the last decade. Water quality analysis with microflu-

idics is a flourishing technology as it contributes to rapid, economical, and user-friendly

detection methods. It is especially suitable for in-situ testing, particularly in limited-

resource circumstances. The current challenges with in-situ testing and real samples are

also discussed in the review. Such challenges can be addressed by including 3D printing

technology along with the microfluidic platform.

In the second part, aptamer-based As sensors have been explored. However, the As-

specific aptamer Ars-3 seems to be highly popular as the majority of the aptasensors

are making use of Ars-3 for As detection. The aptamer provided highly selective and

sensitive results. These aptasensors have used different detection strategies such as

colorimetric, fluorescence, electrochemical, RRS, SERs, ECL and FET based methods.

Table 2.6 summarises the materials used in and the detection limit of these methods.

All of them are based on the change in the output signal (visual colour, fluorescence,

light intensities or electrical parameters) due to aggregation of nanoparticles.
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Sensor Design and Fabrication

3.1 Introduction

Immobilisation of thiol compounds on solid surfaces is becoming popular in the field

of research due to chemical stability, physical robustness, and terminal functionality.

Specifically, the patterns of ligands in analytical assays are essential to obtain a minia-

turised sensor system. The miniaturisation offers advantages like cost-effectiveness and

integration for simultaneous detection. Several micro-patterning methods like photo-

lithography, micro-spotting, and µCP are available that are being used in developing

the sensing element of the sensors. However, of all the above-mentioned methods, the

µCP technique is the most effective method. Several advantages of µCP have been re-

ported in the literature, e.g. (i) it is not as expensive as photo-lithography technique,

(ii) it can create multifunctional nano/micro-structures on various surfaces, and (iii)

usage of the clean-room is not mandatory [196, 197]. Hence, µCP technique was used

for obtaining the patterns while developing the sensor.

Despite all the advantages of this method, there are a few limitations of the method

too, such as stamp deformation [198, 199], the volatility of ink, and diffusion of the ink

molecules due to longer contact time. Furthermore, water-soluble ink does not permeate

due to hydrophobic surface properties of PDMS which affects the printed SAM quality

[199, 200]. Hence, we experimented to find out the other additional factors such as

molecular weight and pH value of the ink which affect µCP process.

50
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This chapter represents the study of two different thiol compounds for obtaining pat-

terns. One of the thiols is dithiothreitol (DTT). Till now, researchers have used self-

assembled monolayers (SAM) of DTT on the gold substrate, however, no one has at-

tempted to print DTT pattern on the gold substrate. The other thiol is the glutathione

(GSH). The chapter explains the hypothesis of the sensor and fabrication details. In the

first section, the µCP technique is discussed which includes the procedure of substrate

fabrication and stamp fabrication along with the inking and the printing details. The

next section explains the interaction of thiol compounds with gold and As molecule. In

the last section, the necessity for signal enhancement of the thiol patterns is discussed.

3.2 Microcontact Printing

The µCP is being used in the research areas such as BioMEMS, LOC (Lab on a Chip) de-

vices or cell biology for surface passivation using patterned monolayers with sub-micron

resolution [201–203]. This technique is introduced by Whitesides and his colleagues in

1993 [204]. It is comparable to the conventional stamping method as it comprises of the

ink, a stamp, and a substrate. The major difference between these methods is patterns

are formed on micro or nanoscale structures. A polymeric stamp with respite pattern is

generally used in µCP to produce the patterns. The stamp is “inked” by either putting

a drop of ink (proteins, etc.) on the stamp or immersing the stamp in the ink.

Figure 3.1: Diagram showing the steps involved in microcontact printing of thiol ink
on a gold substrate. 1. Take a PDMS stamp. 2. Immerse the PDMS stamp into the
ink. 3. Blow away the ink with the help of the nitrogen stream. 4. Place the PDMS
stamp on the substrate and apply gentle pressure. 5. Observe the pattern under the

microscope.
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Figure 3.2: Diagram illustrating the covalent binding of sulphur atom to the surface
of the metallic substrate forming SAM with a terminal functional group.

Thereafter, the stamp is brought into contact with the substrate surface. PDMS is a

widely used material to make the stamps for µCP [199]. Fig. 3.1 outlines the major

steps involved in the µCP process.

The application of this method is primarily dependent on the type of ink used. Variety

of inks is used for this purpose like thiol compounds, synthetic polymers, dendrimers,

proteins, DNA etc. Hence, different applications of µCP are available such as microma-

chining, pattering proteins, cells or DNA in biosensors on various surfaces such as gold,

silver, copper, glass, polymer etc. [205]. Patterning self-assembled monolayer (SAM) of

alkane thiolates or thiols using µCP is currently considered as a valuable application due

to its superior control over the surface chemistry and parallel processing [206]. SAMs

consists of the head domain that binds with the substrate surface, a tail which forms

ordered structures away from the substrate surface. Generally, tails have a functional

end group. Majority of the times thiol molecules are used to form the SAMs. Thiol is

an organic compound that comprises a carbon-bonded sulfhydryl (–SH) group. In the

case of thiols, sulphur atom covalently bounds with the surface of the substrate, and

terminal functional group changes the surface chemistry of the substrates (Fig. 3.2).

3.2.1 Chemicals and instruments

Analytical reagent grade chemicals were used. All chemicals were purchased from Sigma

Aldrich, New Zealand. GSH (C10H17N3O6S), DTT(C4H10O2S2), phosphate buffer saline
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(PBS pH 7.4), pH 10 buffer solution, and ethanol were used as received without modifica-

tion. Deionized (DI) water was used for all experiments. SYLGARD R© 184 silicone elas-

tomer kit was also purchased from Sigma Aldrich, NZ. The Ars–3 (/5’Biosg/GGTAAT-

ACGACTCACTATAGGGAGATACCAGCTTATTCAATTTTACAGAACAACCAACGT-

CGCTCCGGGTACTTCTTCATCGAGATAGTAAGTGCAATCT-3) and TE-buffer (10

nM Tris, 0.1 mM EDTA, pH 8.0) were purchased from Integrated DNA Technologies,

Singapore. BioMag R© Streptavidin (Nuclease-free with a mean diameter of 1.5 µm) was

purchased from Bang Laboratories, NZ. Initially, the gold-coated slides glass slides were

purchased from Thermo Scientific, NZ. Subsequently, Desk Sputter Coater (DSR1) was

used to prepare the gold-coated glass substrate. Advanced vortex mixer (VELP Scin-

tifica) was used for mixing the thiol solutions thoroughly and, an optical microscope

(Nikon-H600L) was used to observe the self-assembled patterns.

3.2.2 Substrate fabrication

The “substrate” has been well-defined by Love and co-workers [207]. According to

them, its a surface that firmly supports the SAM. For obtaining SAMs, choice of sub-

strates is available from planer surfaces (glass or silicon slides with layers of thin metallic

films, metal foils, single crystals) to highly curved nanostructures (colloids, nanocrys-

tals, nanorods) [207]. However, the most widely used substrates for µCP of thiol SAMs

are thin metallic films (gold, silver, copper, aluminium, and nickel) on the silicon wafer,

glass, mica or plastic slides. Such substrates can be simply produced by methods like

physical vapour deposition, electrodeposition, sputtering, or electrodeless deposition.

In the sensor, gold-coated glass is used as a substrate. There are many reasons to

make it as a substrate in the experimentation. The primary reason is that gold is a

rationally inert material. It does not react with most of the chemicals and does not have

the property of corrosion at room temperature. Hence samples can be easily handled

under atmospheric conditions. Secondly, gold has a very high affinity towards the thiols

without undergoing any uncommon reaction [207–209]. Furthermore, a thin film of gold

can be easily obtained by physical vapour deposition, sputtering, or electro-deposition.

The gold-coated glass substrate was prepared in the laboratory. Here, the glass slides

were cut into the pieces of size 0.8 cm x 0.8 cm. Next, these pieces were cleaned with

ethanol followed by rinsing in DI water and drying with ultra-high purity nitrogen (BOC,
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NZ) stream before sputtering. The layer of gold (50 nm thickness) was sputtered on

these glass slides using the sputtering machine DSR1. These gold-coated substrates were

cleaned with DI water and dried with nitrogen gas before use. A new set of gold-coated

substrates was prepared separately for each experiment.

3.2.3 Stamp fabrication

The stamp is a fundamental element in the µCP process. The stamps used in the exper-

imentation were made of a silicone elastomer PDMS (Sylgard R© 184, silicone elastomer

kit). It is the most commonly used material for stamps [197]. PDMS was used for stamp

fabrication during the µCP process due to the following reasons :

• PDMS is a liquid prepolymer at room temperature because of its low melting point

(about -50◦C) and glass transition temperature (about -120◦C) [210]. Patterns

with micro size features can be reproduced faithfully using PDMS stamps.

• Also, the effective transfer of the ink to the substrate is highly possible. It is likely

to lift the stamp off the substrate without spreading the patterned ink due to its

elastomeric property.

• Furthermore, PDMS can be easily separated from the master mould during fabri-

cation because of the low surface energy.

• Finally, PDMS is relatively inert and does not react with many chemicals [207].

To fabricate the stamps a master mould having 10 µm alternating patterns was used.

The stamp master was obtained from BW Foundry, The University of Sydney. During

fabrication of the stamps, the silicone elastomer base was mixed with a curing agent

in a 10:1 ratio, degassed for 1hr and then poured onto the master mould [197, 210].

Later, at 60◦C, curing was carried out for 3 hrs which was followed by cooling at room

temperature. The cured stamp was gradually peeled off the mould and carefully stored

in a cleaned petri dish. Figure 3.3 pictorially depicts the stamp fabrication process.
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Figure 3.3: Illustration of the process of developing PDMS stamps.

3.2.4 Inking

Inking of the PDMS stamp is an important step during the µCP process. This stage

ensures the deposition of the ink layer on the stamp. There are various well-known inking

methods: liquid inking, inking through PDMS reservoir, direct inking, and inking by

immersing the PDMS stamp in the ink [197, 205] as illustrated in Fig. 3.4. Method(a)-

liquid inking and method(d)-inking by immersing PDMS stamp in the ink were explored

and found method(d) was more suitable for µCP of DTT and GSH. The PDMS stamp

Figure 3.4: Printing methods: (a) liquid inking, (b) inking through PDMS reservoir,
(c) direct inking, and (d) inking by immersing the PDMS stamp in the ink.
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was cut into smaller pieces (0.5 cm x 0.5 cm) before stamping. The smaller stamps were

cleaned using an ultrasonic cleaner with ethanol for half an hour at 30◦C before use.

Different concentrations of the ink were prepared using DI water as well as two buffers

(PBS and buffer solution with pH 10). The thiol solution mixed rigorously using vortex

mixer at speed of 1600 rpm. The stamp was inked with the prepared solution.

3.2.5 Printing

To transfer the ink on the substrate printing was performed. For this purpose, any

excess thiol solution was removed from the stamp using a moderate stream of nitrogen

gas. Next, the stamp was brought into contact with the gold-coated substrate. Gentle

pressure was applied on the stamp to ensure the precise contact between the gold coating

and stamp. The stamp was removed from the substrate, which was followed by rinsing

of the substrate using DI water to remove any unbounded thiol molecules.

The printing task went through many phases and to obtain accurate µCP patterns.

Great efforts were taken into practising µCP. To achieve expertise in the technique,

initially, it was performed with the help of BSA and then DTT and GSH were used for

printing purpose.

3.3 Interaction of Thiol Compounds with Gold and Ar-

senic

Interaction of gold with thiol compound is well known. Gold binds with thiol through

Au–S linkage [211–215]. In addition to this, As(III) has an affinity towards amino acids,

amines, peptides and organic micro molecules due to As–O or As–S linkages [216, 217].

Two thiol compounds (DTT and GSH) with different molecular weight were used to

observe the effect of molecular weight on µCP. DTT is a dithiol compound with two

thiol functional groups in it. GSH is a monothiol compound having one thiol functional

group in it. The molecular weight of DTT is lower compared with GSH. Figure 3.5

explains the chemical structure of DTT and GSH.

Figure 3.6 illustrates the interaction of DTT and GSH with gold and As. The molecules

of DTT and GSH were first stabilised on the gold-coated substrate through Au–S linkages
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Figure 3.5: Molecule structure: (a) DTT and (b) GSH.

[211, 217] to produce a stable pattern. Since DTT has two thiol groups, one group can

form Au–S bond with the gold surface and the other can form As–S bond with the

arsenic present in the aqueous sample [214, 218, 219]. In case of GSH, the molecules

first stabilized on the gold surface using Au–S bond and then As bound through As–O

link. The adsorption of thiol onto the gold surface starts with physisorption, during

which Au–SH coordination bonds form. After this chemisorption takes place in which

disassociation of S–H bond and the formation of Au–S bond occurs. The strength of the

Au–S interaction formed on the gold surface depends upon various conditions such as:

• Different surface properties (oxidized or reduced)

• A pH value of the solution and a type of solvent

• The time duration of the interaction [215].

Figure 3.6: Interaction of DTT and GSH molecule with gold surface and As molecule.
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A pH value is very important in the formation of Au–S bond. At lower pH, disassociation

of S–H is prohibited, hence more Au–SH co-ordination bond formations take place. On

the other hand, higher pH favours the disassociation of S–H which in turns increases

Au–S covalent bond. The ethanolic solution reduces gold surface and aqueous solution

oxidizes gold surface. Hence aqueous solvent enhances the stability of covalent bond

[215].

In addition to this, the time duration of the interaction also plays an important role in

covalent bond enhancement. A minimum 3 second is required to dissociation of S–H

bond and formation of Au–S bond. However, this time may vary according to the thiol

molecules [215].

3.4 Signal Enhancement of Patterns

As described in the above section, As can form a layer on the thiol pattern. However,

the thickness of the layer can be in a few nanometers, which is very difficult to identify

by any detection method. Hence, a signal enhancement of the patterns is necessary for

As detection. For this purpose, immobilisation of magnetic particles can be performed

using As-specific aptamer (Ars–3) and streptavidin onto As-contaminated thiol patterns.

Aptamers are artificially developed chemical antibodies from the randomised nucleic acid

library through binding, separation, and amplification process. It can specifically bind

with a target molecule with high affinity. Aptamers are preferred over antibodies due

to their advantages such as easy to prepare, simplicity of detection, higher sensitivity,

easy to modify, and non-immunogenic property. In 2009, Kim et. al [26] developed a

single-stranded DNA aptamer Ars–3 to remove As from Vietnamese groundwater. The

sequence of the aptamer is: (5’ GGTAATACGACTCACTATAGGGAGATACCAG CT-

TATTCAATTTTACAGAACAACCAACGT CGCTCCGGGTACTTCTTCATCGAGA

TAGTAAGTGCAATCT-3’) and structure is as shown in Fig. 3.7. Ars–3 has a very high

affinity towards As(III) and As(IV). Additionally, we modified Ars–3 at the 5th terminal

with biotin. Hence the modified sequence of Ars–3 is: (/5Biosg/GGTAATACGACTCAC

TATAGGGAGATACCAGCTTATTCAATTTTACAGAACAACCAACGTCGCTCCGG

GTACTTCTTCATCGAGATAGTAAGTGCAATCT-3’). Streptavidin always has an

affinity towards biotin. Thus, due to modification of Ars–3 it can bind with As molecule
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Figure 3.7: Ars-3 structure [26].
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as well as with streptavidin. In this work, magnetic particles of 1-micron size coated with

streptavidin were used that can bind with biotinylated Ars-3. These magnetic particles

can be observed under the microscope and it can be used in diffractrometeric detection.

In this way, a signal enhancement is useful for detection purpose.

Figure 3.8 depicts the signal enhancement process in detail. Ars–3 binds to an As

molecule present on the thiol pattern. As the 5’ terminal of Ars–3 modified with biotin,

BioMag R© Streptavidin also binds to the Ars–3.

Figure 3.8: Signal enhancement using biotinylated Ars–3 and streptavidin-coated
magnetic particle.
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Fluidic System

4.1 Introduction

Sensing applications or sensors determine the presence or concentration of molecules,

biological structures, microorganisms, etc. The term sensor is used for a compact device

that includes sensitive element like chemicals, biological entities (antibodies, aptamers,

enzymes, etc.), nanoparticles, electrodes, etc. This element functions as a transducer to

measure one or more analytes. Often, these analytes are human samples such as blood,

urine, serum, etc. Hence, a microfluidic system is required for sample preparations,

processing the throughput, mixing the reagents and controlling the flow conditions for

detection purpose [220]. For example, in many diagnostic and therapeutic technolo-

gies, a microfluidic system is essential to perform cell separation and sorting steps [221].

Thus, the processing of fluid plays an important role in sensing applications and this

processing includes pumping or mixing of sample liquids or circulation of reagents [222].

Components like a micropump, microvalve, and flow sensor are considered to be the

functional components of any microfluidic system [223]. During the last decade vari-

eties of micropumps and microvalves have been developed [224–232]. Generally, these

components are either built-in fabricated or pre-fabricated. Built-in fabricated fluidic

components are specifically developed for certain applications which cannot be consid-

ered as generic fluidic components. Some explored prefabricated fluidic components

require pneumatic actuation [233, 234]. Pneumatically actuated fluidic components are

not useful in portable applications. In addition to this, most of these microfluidic com-

ponents possess low throughput [229].
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Figure 4.1: Schematic layout of a typical fluidic system showing major components
and fluid circulation path.

The general schematic of the system is shown in Fig. 4.1. This automated system

can be used in the sensing scheme where pumping, mixing, and circulation of reagents

is necessary. It also provides high throughput. The major components that are used

in the system are a pump, valves and flow sensor. To obtain the precise control of

fluid in the system it is beneficial to operate such complex processes automatically.

Hence, the fluidic components in the system are computer–interfaced to operate the

assay sequences in an automated fashion. In the current system, fluidic connections

between the automated dispensing system and the flow chamber were accomplished

using silicone tubing. Silicone is used for the tubing as it is an inert material that does

not react with any substance which flows through it. Another advantage of using silicone

tubing is that it provides a quick and easy connection method.

In this chapter, an automated fluidic system is presented which is developed using off-

the-shelf and/or in-house fabricated components. The chapter mainly describes the

evaluation of the working of low-cost fluidic components such as pump, valve and flow

sensor. Initially, the rationale behind the selection of these fluidic components is pre-

sented. Next, the evaluation process of components is explained. The chapter also

discusses the possibility of using fused deposition modelling (FDM) and selective laser

sintering (SLS) technology for the printing of the flow chamber through printing mi-

crochannels. In the last section, system automation is discussed in detail.
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4.2 Instrumentation

The fluidic system involved solenoid type normally open and normally closed pinch

valves along with the dosing peristaltic pump. The valves and tubing were purchased

from Cole-Parmer, New Zealand. The dosing peristaltic pump was purchased locally.

Automation of the fluidic system was done using Arduino atmega 2560 small and relay

card along with the Labview software.

The FDM-based 3D-printer used was a Tiertime UP 02, equipped with a 0.2 mm nozzle

and the printer was controlled through UPStudio software. And, a software – Inventor

Professional 2020 (Autodesk) – was used to create the required 3D-objects. A coloured

polylactic acid (PLA) having a diameter of 1.70 mm was used as a filament in this work.

The SLS-based 3D-printer used was DTM Sinterstation 2500 Plus. The 3D-objects

were printed with a nylon powder known as Precimid 1170. A Pico Plus Syringe Pump

from HARVARD APPARATUS was used for injecting the water at different flow rates.

Pressure measurements were performed with the help of a Pump PX3 Series pressure

transducer.

4.3 Micro Pump

A pump is the most important component in the fluidic system; therefore, it was neces-

sary to select an appropriate off-the-shelf pump before selection of any other components.

Several types of pumps and their working mechanisms were explored. A brief overview

of different types of pumps is as follows [223, 235, 236]:

Gear Pump: This is the straightforward type of rotary positive displacement pump. It

involves two interlocked gears that rotate in a compact casing as shown in Fig. 4.2a. The

fluid is trapped by the tooth spaces and forcefully thrown around the outer periphery.

The fluid does not move back on the interlocked portion, because the teeth interconnect

highly at the centre [235].

Peristaltic pump: A peristaltic pump is another type of positive displacement pump.

In this pump, unidirectional fluid flow is caused by the peristaltic motion. Typical

peristaltic pumps produce the wave-like motion by a roller along the circumference as

shown in Fig. 4.2b. The flexible tube is fitted inside a circular pump casing that contains
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the fluid. This flexible tube is compressed by several rollers, shoes, or wipers attached

to a rotor. The portion of the tube under the compression closes due to rotation of the

rotor which in turn forces the fluid through the tube [223].

Screw pump: A screw pump is a slightly complex type of rotary pump that utilizes

one, two or three screws with opposing thread e.g., one screw turns clockwise and the

other counter-clockwise. The schematic illustrated in Fig. 4.2c represents a magneti-

cally driven screw pump. It consists of one screw. This single screw rotates inside a

close-fitting container. Permanent magnets are attached to the screw and magnets are

attached to the outside of the motor as shown in the figure. Due to magnetic coupling

between the magnets, a screw is rotated. This rotation of the screw causes the flow of

the fluid in the forward direction. The fluid enters from the feed port and exits from

the discharge port. Like other types of rotary pumps, the gap between the moving parts

and the pump’s casing is nominal [27, 236]. After studying the working principles of

the above pumps, it is observed that, in the gear pump and screw pump, fluid comes in

direct contact with the pump. To avoid contamination, it is preferable to prevent fluid

contact with an external object. The peristaltic pump has no actual contact with the

fluid. It has an internal motor that rotates and pushes on the tube thus creating an area

of low pressure behind it and an area of high pressure in front of it.

Figure 4.2: Schematic of (a) typical gear pump, (b) classical peristaltic pump, and
(c) magnetically driven screw pump [27].
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Figure 4.3: Dosing peristaltic pump

This creates a flow of fluid with no contamination occurring. For this reason, it has

been decided to use the peristaltic pump in the fluidic system. Furthermore, to make

the system cost-effective, a low-cost dosing pump has been used which is displayed in

Fig. 4.3. This is a 12 volt dosing peristaltic pump.

The pump has dimensions of 64 mm length, 28.8 mm diameter, 31.4 mm pump head

diameter with the tubing sizing of 5.0 mm OD and 2.8 mm ID. By changing the applied

voltage polarities, the direction of the fluid flow can be changed. In the current system,

this is achieved with the help of software programming.

4.4 Pinch Valve

Valves are necessary elements for most of the fluidic analysis assays as sample liquids and

reagents must be properly retained until required. Essential characteristics of valves are:

1) easily removable, 2) quick action, 3) low power consumption, 4) wide operation range,

5) leakage-free, 6) zero dead volume and 7) contamination-free valving [229]. Different

types of valves are available. Mainly they are classified as active and passive valves.

Further, those are categorized such as check valves, ball-type valves, pinch-type valves,

etc. [237]. Depending upon the application, valving can be the proportional type or

on-off type. In the current system, on-off type valving was required.

After analyzing various types of valves the most suitable design for the current system

would be pinch-type valves because of their characteristics such as leakage-free flow,

quick response, zero dead volume and easy replacement of tubing [229].



Chapter 4 66

4.4.1 Design and assembly

Figure 4.4: Schematic of the pinch type valve

The working principle of the solenoid-type pinch-valve is illustrated in Fig. 4.4. It

includes conventional solenoid, plunger and silicone tube. In a normally open mode, the

actuation of the solenoid lifts the plunger towards the tube, to close the valve. On the

other hand, in the normally close mode type valve, the actuation of the solenoid pulls

the plunger away from the tube which in turn causes the valve to open.

Figure 4.5 shows the pinch valves that have been used in the system. The valves used in

the fluidic system are two-way normally closed and two-way normally open-type solenoid

pinch valves. The diameter of each valve is 19.30 mm and the height is 48.23 mm with

the tubing size of 1/16” ID x 1/8” OD.

Figure 4.5: Schematic of the pinch type valve
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4.5 Fluid Presence Detection

Along with pumps and valves, a flow sensor is the key element of microfluidic systems

[238]. The flow sensor is required to detect the presence of the fluid in the tubing.

The fluid flow detection is essential for triggering the opening and closing of the valves

so that liquid can be easily measured in the system. Many off-chip flow sensors are

commercially available to deal with this problem. However, such flow sensors have a few

disadvantages, like – large size; difficulties in interfacing; long response time; high-cost,

etc. [238]. Hence, we have introduced an electro-optical-based flow sensor as shown

in Fig. 4.6. The flow sensor has been constructed with the help of an LED and a

photosensitive diode. The 3D printing technique has been used for the implementation

of housing for the sensor. The dimensions of the flow sensor are: 38.2 mm in length and

20.2 mm in width and 18 mm in height.

4.5.1 Design principle and calculations

The design of the flow sensor is very simple as it is made up of a photodiode and an LED.

A detailed version of this type of sensor has been reported for the colorimetric detection

of different biomolecules in [239]. However, our design is based on light scattering by

the fluid present in the tubing. As the fluid flows through the tube, it scatters light

and thus causes a voltage drop in the photodiode output. This voltage drop is read by

an analog-to-digital converter. Through experimentation, we have found that the drop

in voltage is significant even for clear water and thus the sensor provides an effective

means of fluid presence detection. We have used silicon photodiodes for measuring the

scattered light. In the case of the light source, many options were available in terms of

the colour. With the help of experimentation, it has been found that a white LED is

more sensitive than red, blue, and yellow. Hence, we have finalised the white LED as a

light source. While constructing the flow sensor we have kept the light source and light

detector on either side of the tubing as illustrated in Fig. 4.6.
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Figure 4.6: Schematic of Flow sensor

4.6 Flow Chamber

The flow chamber is an important part of the fluidic system that holds the self-assembled

patterned base sensor in it. For fabrication of such a part, several methods are avail-

able such as injection moulding, soft-lithography, etc. Among many methods, a soft-

lithography technique using PDMS micro moulding is a highly popular method [110,

111]. Microfluidics fabrication using PDMS can be easily prototyped with simple proce-

dures [240]. However, this multi-step process requires special equipment and, in many

cases access to a cleanroom. Furthermore, it generally manufactures the final product at

the second step (casting). The process is manual and cannot be fully automated [110].

Due to advancements in modern additive manufacturing methods, 3DP has been shown

as a promising platform for the fabrication of microfluidic devices. 3D printers convert

a computer-aided design (CAD) into a physical 3D object by depositing the desired ma-

terial in a layer-by-layer fashion [241]. The main advantages of 3DP are the automated

fabrication process, cost-effectiveness, higher printing resolution, etc. Additionally, these

machines make the process simpler and lower the size of the required infrastructure and

can be used as desktop printers [242]. The major benefit of using 3DP is the elimina-

tion of the need for a mould to cast the final shape/product. This allows a significant

reduction in the material cost, creates the possibility of mass manufacturing, and saves

significant development time. The possibility of using FDM and SLS technology for

manufacturing a flow chamber was explored by printing the microchannels with these

technologies.
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Table 4.1: 3D printers and working parameters

3D printer Layer Nozzle Material used
Thickness Diameter
(mm) (mm)

FDM 0.1 0.2 PLA
SLS 0.1 NA Precimid 1170

4.6.1 Fabrication of microchannel

The microchannels were fabricated with different diameter sizes. Each microchannel

consisted of an inlet port and a main channel as shown in Fig 4.7. The input connector

was connected at the inlet port. The inner diameter of the inlet port was kept constant

at 0.5 mm. However, the main channel was fabricated with various diameter sizes (0.25

mm, 0.3 mm, 0.35 mm, 0.4 mm, 0.45mm, and 0.5 mm). Two different processes were

explored during the fabrication of these microfluidic channels: FDM and SLS. Pressure

measurements were performed on these channels at different flow rates. In the SLS

printer, the inside power of the laser was set at 18 watts and the outline power was kept

at 9 watts. The slicer fill spacing was kept at 0.15 mm. The FDM printer was optimised

with nozzle temperature at 207◦C and platform temperature at 68◦C to achieve the best

results during the printing process. Other process parameters used during manufacturing

Figure 4.7: (a) CAD image of microchannel; (b) Cross sectional view of microchannel;
(c) Pictorial view showing the internal measurements of microchannel.
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are summarized in Table 4.1. 3D printed channels were cleaned, and the syringe was

connected to each input port of the microchannels to provide the inlet connection.

4.6.2 Fabrication of flow chamber

Figure 4.8: CAD image of flow chamber

Finally, the flow chamber has been fabricated using 3D printing techniques. It consists

of an inlet port, a main body, and an outlet port as shown in Fig. 4.8. The input

connector was connected at the inlet port. The inner diameter of the inlet and outlet

port is kept at 3.2 mm. The size of the main body is 10 mm * 10 mm * 06mm.

4.7 Overall System

The overall layout of such an automated fluidic system is illustrated in Fig. 4.9. This

system can be used for bead-based diffractometry sensing [200]. In this sensing method,

microcontact printed patterns of thiols are exposed to target bound nanoparticles, and

optical devices like gratings are formed for analysis purposes. This process requires a lot

of fluid processing for washing and flowing the nanoparticles and buffer solution over the

printed pattern. Overall, the system includes two containers, pump, six valves, chamber

and flow sensor as shown in Fig. 4.10. The containers are used to hold the reagent and

solution for cleaning purposes. The chamber provides a place to hold the microcontact

printed chip. There are two possible fluid flow modes in the system i.e. continuous flow

and circular flow. The continuous flow is used to fill the tubing and the chamber. Valves
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Figure 4.9: Automated fluidic system

are used to make the fluid flow circularly for analysis purposes. After completion of the

analysis, the fluid can be disposed of in the sink.

Figure 4.10: Schematic diagram of the fluidic system

4.8 System Automation

The PCB has been designed to interface the fluidic components with the controller. The

layout of the PCB is attached in Appendix B. Figure 4.11 illustrates the block diagram

of the system. The fluidic system consists of 7 pinch valves and a peristaltic pump
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Figure 4.11: Block diagram of the fluidic system

to control the liquid flow. All the valves have been controlled using an eight-channel

relay board (XC- 4418). A dual full-bridge driver (L298N) has been used to control the

speed of the pump. The 12-volt power supply has been used for the valves and a pump

whereas a 5-volt power supply has been used for an Arduino board and a relay card.

An Arduino controller (Atmega 2560) has been controlling the entire operation of the

system. A relay board has been interfaced with the Arduino through the digital I/O

pins (from pin no. 16 to 30) of the Arduino. For this, the digital I/O pins are configured

as output pins through the software program. The input pins of the dual full-bridge

driver are connected to the digital I/O pins of the Arduino controller whereas enabled

pins of the dual full-bridge driver are connected to PWM capable pins of the Arduino

controller. The output pins of the dual full-bridge driver are connected to the pump.

The software has been developed in the Labview which in turn controls the pump and

valves ON and OFF. The program is also capable of adjusting the direction of the

pump (i.e. forward or reverse). Figure 4.12 displays the user interface that has been

prepared to achieve the automation of the system. “Labview interface for arduino”

has been downloaded for developing the software. As shown in Fig. 4.12, there are

6 boolean buttons (Valve 1 to Valve 6) through which the user can switch on/off the

valves. “Pump On” and “Pump Off” boolean buttons are used for switching on and off

the pump respectively, whereas the “Pump Reverse” button is used to rotate the pump

in the reverse direction. These buttons have been interfaced with the arduino digital
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Figure 4.12: Schematic of the graphical user interface

pins with the help of “Labview interface for arduino”. All the arduino digital pins have

been configured in output mode. “Exit” button is used to exit from the user interface.

User can operate the fluidic system in the following steps

• Step 1: Fill the “Flow chamber”. If water needs to be filled in the chamber then

only valves 1 and 3 will be initialized. The path given below will fill the chamber

with water. Water Container – Valve 1 – Valve 3 – Pump (Forward direction) –

Flow chamber.

• Step 2: Circulate water in “Flow chamber”. If water needs to be circulated through

the chamber, then only valves 4 and 5 will be initialized. The following path will

help to circulate the water. Flow chamber – Valve 5 – Valve 4 – Pump (Forward

direction) – Flow chamber.

• Step 3: Empty the “Flow chamber”. If flow chamber needs to be emptied then

only valve 4, valve 5 and valve 6 will be initialized. The following path will empty

the chamber. Flow chamber – Pump (Reverse direction) – Valve 4 – Valve 5 –

Valve 6 – Sink

Figure 4.13 represents the flow of the instructions, when a user presses the button “Valve

n” (n represents valve numbers from 1 to 6), “Pump on”, “Pump off” and “Pump

reverse”.
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Figure 4.13: Flow instruction on button pressed
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Characterisation and Testing

In this chapter, the characterisation of thiol patterns and the fluidic system is described.

Initially, thiol pattern characterisation is explained and in the later section, the fluidic

system characterisation is discussed. In thiol pattern characterisation, various param-

eters are considered such as the cleanliness of the PDMS stamp, surface property, the

concentration of the thiol compound, and the inking and stamping period of the stamp,

etc. ANOVA analysis of the thiol concentration, inking, and stamping is provided to

explain the effect of these parameters on the µCP process. Then the effect of concen-

tration of the compound and pH value on the inking period is provided. The effect

of molecular weight on the thiol µCP process is provided as well. The fluidic system

characterisation includes a pump, valve, flow sensor, and flow chamber characterisation.

Finally, arsenite contamination testing along with a signal enhancement technique is

discussed and results are provided.

5.1 Pattern Characterisation

The thiol patterns were the most important part of the sensor. The quality of the thiol

pattern was one of the essential criteria to decide the sensitivity of the sensor. The

pattern quality was dependent on many parameters like on the stamp, surface property,

the concentration of the thiol compound, the inking and stamping period of the stamp,

etc. Hence pattern characterisation was performed to find out all such factors that can

affect the pattern quality.
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Figure 5.1: (a) The patterned side of the stamp is placed opposite the microscope
lens.(b) The patterned side of the stamp is placed towards the microscope lens. Scale

bar: 10 µm.

In this context, the stamp was one of the important factors that can affect the µCP

process. To obtain the patterns it was necessary that inking is done on the respite

patterned side of the stamp. It is a very tricky part to identify the patterned side of the

PDMS stamp. While handling the stamp, it was quite possible to flip the patterned side

upside down. Hence, an optical microscope was used to identify the correct side of the

stamp. Figure 5.1 explains how to identify the stamp sides in which Fig. 5.1a shows the

optical image of the stamp when its patterned side is placed opposite the microscope

lens, whereas Fig. 5.1b indicates the image when the patterned side of the stamp is

placed towards the microscope lens. Hence, it is possible to identify the patterned side

of the PDMS stamp.

Moreover, cleanliness of the stamp was essential to obtain good quality patterns. Ini-

tially, the stamp was cleaned with DI water in the ultrasonic cleaner which did not

Figure 5.2: PDMS stamp (a) Before cleaning, (b) After cleaning with DI water, (c)
After cleaning with ethanol, (d) After cleaning with ethanol, followed by acetone. Scale

bar: 10 µm.

produce the required cleanliness in the stamp. Hence, instead of DI water, ethanol was
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used which made the stamp clearer but not very clean. Then the stamp was cleaned in

ethanol for 20 min. followed by 10 min cleaning with acetone which made the stamp

very clean. Figure 5.2 indicates the stamp before cleaning and after cleaning.

5.1.1 BSA pattern

After obtaining a clean stamp, intense efforts were paid to practising microcontact print-

ing. In order to learn the microcontact printing technique, initially BSA patterns were

printed on the compact disk. For this purpose, various concentrations of BSA were pre-

Table 5.1: Result of BSA pattern printing on the CD.

BSA
Sr. No. concentration Pattern

(mg/mL)
1 2 No
2 4 Very poor
3 6 Poor
4 8 Good

pared to range from 2 mg/mL to 8 mg/mL. A perfect pattern was obtained at 8 mg/mL.

The quality of patterns achieved at different concentrations is indicated in Table 5.1.

It indicates that at 2 mg/mL of BSA solution no pattern was achieved on the CD. As

the concentration increased from 4 mg/mL onwards, patterns were obtained with poor

quality. At 8 mg/mL of BSA, a good pattern was obtained on the CD.

Furthermore, BSA patterns were microcontact printed on the off-shelf gold-coated glass

substrate. The experiment included trying different BSA concentrations, periods of ink

on stamp and stamp on the gold-coated surface. Table 5.2 indicates the different values

of the variables used for the experimental run, whereas Table 5.3 indicates the result of

each run.

Table 5.2: Variables used in experimental run.

Variable High value Low value
Concentration mg/mL 16 8
Ink on stamp min 15 6
Stamp on surface min 15 6

Results in Table 5.3 indicate that the concentration of the ink plays an important role in

the microcontact printing of the patterns on the gold substrate. Higher concentrations
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Table 5.3: Result of experimental run.

Run Concentration Ink on Stamp on Result
No stamp gold surface
1 High High High∗ Best
2 High Low Low Good
3 High Low High Good
4 High High Low∗ Best
5 Low Low Low Poor
6 Low High Low Ok
7 Low High Low Ok
8 Low Low High Ok

∗”Stamp on gold surface” has negligible effect on the result. However, for a three
factor ANOVA, eight results are necessary and for this reason all the results are
retained in the table

Figure 5.3: Main effects plot.

provide good patterns. To determine the significant terms and to predict the best result,

minitab is used. AONVA of the result provided the main effects and two-way interaction

plots.

Figure 5.3 indicates the changes in the result due to the main effects. Concentration has

a significant effect on the pattern quality whereas Stamp on the surface has a negligible

effect on the same. All the factors have a positive effect on the result that means when
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the values of the factors increase from low to high level, the quality of the pattern

improves.

Figure 5.4: Two-way interaction plot.

Figure 5.4 indicates the effect of two-way interactions on the result. In the case of

Concentration and Inking – there is a significant increase in the result as ink on stamp

changes from low to high value when concentration is at 16, whereas result quality

improves slightly, as ink on stamp changes from low to high value and concentration is

at 8.

In the case of Concentration and Stamping – At concentration 8, there is an improvement

in the result as a stamp on gold surface changes from low to high value. On the other

hand, when concentration is at 16 there is no change in the resulting quality, even

though, the stamp on gold surface timing is increased towards a higher value.

In the case of Inking and Stamping – at lower values of ink on the stamp, there is a

change in the quality of the result as a stamp on surface changes from low to high value.

However, there is no change in the resulting quality when the ink on a stamp is at high

value and stamp on gold surface changes from lower to a higher value.



Chapter 5 80

To summarize, the best pattern can be obtained by keeping concentration and inking at

their higher values.

5.1.2 DTT pattern

Table 5.4: Result of experimental run using DTT with liquid inking method.

Sr. Concentration Inking Stamping Stamp Gold slide
No. gm/mL (min) (min) cleaning type Pattern

1 0.33 15 15 New B NO
2 3.56 30 25 Used A NO
3 4 38 38 Used B NO
4 4.2 30 25 New B YES
5 4.2 30 25 Used B YES
6 4.26 30 25 New A and B NO
7 4.71 30 25 Used B YES
8 5.194 30 3 New C NO
9 5.194 30 1 New C NO
10 5.26 30 30 Used A YES
11 5.26 30 30 Used Not cleaned Poor
12 5.37 44 30 New A & B NO
13 5.37 30 30 New B NO
14 5.583 30 25 New B YES

The next phase involved printing the patterns using DTT. At first, DTT µCP was

performed on the off-shelf gold-coated glass slides. The required concentration of DTT

for obtaining the patterns is not available in the literature, and hence the experiment

started with a concentration of 8 mg/mL using DI water to dissolve the DTT. Various

concentrations in the range of mg/mL did not work; therefore, higher concentrations in

the range of gm/ml were used in the experiment.

As discussed in Chapter 3 (3.1.4), two different methods (liquid inking and inking by

immersing PDMS stamp in the ink) were undertaken to obtain the pattern. The result

of the random runs with the liquid inking method (as shown in Fig. 5.5) is explained in

Table 5.4. Here, the used concentrations were ranging from 0.33 gm/mL to 5.5 gm/mL.

Many attempts were made to obtain the pattern in which the inking and stamping

periods were altered from 1 to 40 min. During experimental runs, two types of the

stamp were used, i.e. new stamp and used stamp. Cleaning methods used for gold slide

were – Type A, B and C where Type A – slide dipped in 20 mL ethanol for 10 minutes,

Type B – slide cleaning with the help of Kimwipes soaked in ethanol, and Type C –

slide cleaned with an ultrasonic cleaner. From the results, it can be considered that
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Figure 5.5: DTT patterns obtained during experimental runs described in Table 5.4.

an average 30 min inking and 25 min stamping time is essential for obtaining the DTT

pattern on the gold-coated slide, whereas the type of stamp does not matter. In addition

to this, the Type B cleaning method is useful for obtaining patterns. With this method,

the pattern success rate is approximately 35 %. Figure 5.5 shows different DTT patterns

obtained as described in Table 5.4.

Table 5.5 indicates the result with inking by immersing the PDMS stamp in the ink

(as shown in Fig. 5.6). These experimental runs were performed with the used stamps.

Cleaning methods used for the gold-coated slide were Type A and Type B. From the

Table it can be considered that an average 12 hrs. Inking period and 20 min. stamping

period is required to print the pattern on the gold-coated slide and the B Type cleaning

method is useful for obtaining the patterns. With this method, the success rate of

obtaining a pattern is approximately 71 %. The patterns resulting from the above

experimental runs are displayed in the following Fig. 5.6:

Comparison of the two inking methods shows that the success rate of inking by immersing

the PDMS stamp in ink is almost double that of the liquid inking method. In addition to



Chapter 5 82

Table 5.5: Result of experimental runs using DTT with inking by immersing PDMS
stamp in the ink.

Sr. Concentration Inking Stamping Gold slide
No. gm/mL (min) cleaning type Pattern

1 less than 0.154 overnight 30 B YES
2 0.306 overnight 30 A NO
3 0.33 3.5 hrs 2 sec B YES
4 1.27 overnight 60 A & B YES
5 1.68 overnight 20 B YES
6 1.68 overnight 20 B YES
7 2.117 3.5 hrs 35 A NO

Figure 5.6: DTT patterns obtained during experimental runs described in Table 5.5.

this, the required concentration in the case of the reverse method is very much less than

that of the normal inking method. However, the volume required for the normal method

is much less than for the reverse method. In the case of the liquid inking method, 20 to 25

µL of DTT is required whereas for the other method around 100 µL of DTT is required.

After observing the experimental results from Tables 5.4 and 5.5, one can consider that

obtaining DTT patterns is a complicated process. Even though the success rate was

increased with the help of the reverse method, it was still not 100%. This complexity

is due to instability in the strength of the Au – S bonds that have been formed on the
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gold surface. As explained earlier, the strength of the Au – S interaction formed on the

gold surface depends upon surface properties, pH value, and time duration.

Figure 5.7: Optical patterns obtained with DTT

Hence, lab-made gold-coated (gold thickness 50 nm) glass substrates were used to check

the effect on the result. The rate of obtaining a pattern was 100% on the freshly prepared

lab-made slides where the stamp was immersed in the ink for different time durations.

Figure 5.7 shows the optical images of DTT patterns. Furthermore, to enhance the

result, different pH value buffers (PBS and pH 10) were used while preparing the DTT

solutions instead of DI water. The plot in Fig. 5.8 shows a comparison between the

experimental results of the obtained patterns using different pH values.

To observe the effect of concentration on the patterns, different concentrations of DTT

(0.002, 0.004, 0.008 and 0.010 gm/mL) solution were prepared. To study the effect of

the inking period, the PDMS stamp was immersed in each solution for different time

periods (24, 12, 6, 5, 3, 2, 1, and 0.5 hrs.) and then brought into contact with the

gold-coated substrate. This was followed by observing the patterns under the optical

microscope.

It has been discovered that for concentrations up to 2 mg/mL using PBS as a buffer, the

inking period must be at least 24 hours to obtain the pattern. In the case of pH 10 as a

buffer, the inking period must be 12 hours. As the DTT concentration rises, there is a

consistent reduction in the inking period for both the buffers. However, a minimum of 3

hours is essential to obtain the pattern from 10 mg/mL and above using PBS, whereas

a minimum of an hour is adequate using pH 10 as a buffer.



Chapter 5 84

Figure 5.8: Effect of concentration and pH value on inking period.

The effect of pH value on producing the micropatterns was verified with the help of

two different buffers i.e. pH 7.4 and pH 10. The plot in Fig. 5.8 shows a comparison

between the experimental results of obtained micropatterns using different pH values.

It is indicated that the required inking period decreases as there is an increase in pH

value. It is also observed that the usage of the pH 10 buffer requires almost half the

value of inking period than does PBS.

5.1.3 GSH pattern

Different concentrations of GSH (1, 2, 4, 8, 10 and 20 mg/mL) were prepared. The

PDMS stamp was immersed in each solution for different time periods (6, 3, 2, 1 hrs.)

and brought into contact with the gold-coated substrate, followed by observing the

patterns under the optical microscope. Figure 5.9 shows the optical images of DTT

patterns.

The experimental results are plotted in Fig. 5.10. Obtaining the self-assembled patterns

is potentially dependent on the concentration and the inking period as depicted in the
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Figure 5.9: Optical patterns obtained with GSH

plot. It has been found that to obtain a visible pattern, the minimum concentration

of GSH should be at least 1 mg/mL. Further investigations discovered that for the

concentrations up to 2 mg/mL using pH 10 as a buffer, the inking period must be at

least 6 hours to obtain the pattern. In the case of pH 10 as a buffer, the inking period

must be 3 hours. Furthermore, as the GSH concentration increases, there is a decrease in

the inking period. However, a minimum of 1 hour is required to obtain the pattern from

10 mg/mL and above. Over and above, it is also observed that a very high concentration

(above 1 gm/mL) of GSH is not useful in obtaining the patterns. The graphs in Fig. 5.10

also provides a comparison between the experimental results of obtaining micropatterns

using PBS and pH 10. It denotes that the required inking period decreases as there is

an increase in pH value. It is observed that the usage of buffer pH 10 requires half the

value of the inking period than does PBS.

5.1.4 Effect of molecular weight on thiol microcontact printing

The molecular weight of the thiol compound plays a key role while transferring the thiol

ink on the gold substrate. The monothiol GSH molecule is nearly two times heavier than

the dithiol DTT molecule. The molecular weight of DTT is 154.253 g/mol whereas GSH

is of 307.325 g/mol molecular weight. The experimentation result implies that patterns

of GSH molecules take less time to be transferred on the gold-coated substrate when

compared with DTT molecules. For example, it took 6 hours to transfer the pattern

successfully with 0.002 gm/mL concentration in PBS solution for the GSH molecule. On
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Figure 5.10: Effect of concentration and pH value on inking period.

the other hand, for the DTT molecule with the same concentration and buffer, 24 hours

were required for the pattern transfer. In conclusion, the higher the molecular weight,

the lower the inking period – and lower is the total length of time taken by the µCP

process.

5.1.5 Pattern confirmation

The rate of obtaining thiol patterns improved to 100% with the use of lab-made gold-

coated slides and buffer solutions with higher pH values. The next step was to confirm

the patterns. The available options for this purpose were SEM imaging and fluorescence

imaging. Due to the lean thickness of the thiol patterns, it was difficult to use SEM

imaging. Hence fluorescence imaging was performed. Here, bromophenol blue was used

as a fluorescent dye as it can bind with DTT and GSH. Its absorption spectrum is

between 470 to 570 nm of wavelength. Initially, bromophenol blue (0.001 gm) was

diluted in DI water (1 mL). Next, the solution was vigorously and continuously mixed

using a vortex mixer at a speed of 1600 rpm for 1 minute. The thiol pattern was then

immersed in this prepared solution (100 µL) for 15 minutes. The fluorescence solution
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Figure 5.11: Confirmation of pattern using fluorescent dye.

was blown away with the help of a moderate nitrogen stream. The pattern was cleaned

with DI water and finally, the patterns were observed under the fluorescence microscope.

The fluorescence image is displayed in Fig. 5.11.

5.2 Fluidic System Characterisation

The performance of the pump has been characterised using water. Initially, a calibration

process was done for the pump. Calibration is intended to verify the correlation between

an applied voltage and the resulting flow rate. The input voltage of the pump was varied

by changing the PWM of the pump driver IC through a software program.

5.2.1 Dosing peristaltic pump characterisation

The set-up of the calibration process is shown in Fig. 5.12. For flow rate measurement,

the volume of water drained from the source was measured while the pump was switched

on for 60 sec. Hence, by dividing the volume with time (1 min.), the flow rate was

calculated as a function of PWM. The PWM of the pump driver IC was varied from 0

to 255 and the corresponding flow rate was noted down. The experimental results are

plotted in Fig. 5.13. As depicted in the graph, there was a nearly linear increase in the

flow rate with reference to the increment of PWM. Further investigations discovered that

the PWM threshold of the pump, to begin liquid flow, was around 100 PWM with an
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Figure 5.12: Dosing peristaltic pump.

Figure 5.13: Measured flow rate vs. pulse width modulation of pump driver.

associated flow rate of 10 mL/min. The maximum flow rate of the pump was 80 mL/min.

After the calibration process, the pump performance was characterised by connecting it

in the fluidic network. For this characterisation, the volume of water pumped from the

source was measured for various time durations by keeping the PWM constant at 255.

Thus, the relationship between the volume of water and the amount of time was verified.

Initially, only the pump was connected in the fluidic network and characterisation was

performed. Then the pump along with all the control valves was connected in the fluidic

network and characterisation was performed. The time duration was varied from 0 to

120 seconds and corresponding volume readings were noted down. A linear relationship

between the time (sec) and volume (mL) is shown in Fig. 5.14. The results for the

pump in the network and the pump with valves in the network are not significantly
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Figure 5.14: Measured volumes vs. time duration.

different except for long flow periods. This indicates that the presence of other fluidic

components in the network has little effect on the pumping capacity.

5.2.2 Valve characterisation

The valve is rated at 12V/4W and can apply a holding force of 0.5 kg. When the signal is

sent, it actuates the solenoid and pinches the tube blocking the flow. The solenoid used

in the valve was a commercially available one with a coil resistance of 37.8 . A biomedical

grade silicone tube (1.35 mm ID 3.18 mm OD) was used for the tubing material. The

average pushing force required to fully close the silicone tubing was determined to be 300

gm. The solenoid provides a holding force of 500 gm. The actuator was assembled with

separate parts. Its on/off operation was controlled through the computer. The behaviour

of fabricated valves has been characterised at various actuation voltages ranging from 0

volts to 12 volts to find the holding and inrush voltages of the solenoid.

To find the holding voltage, the actuation voltage was increased from 1 volt to 12 volts.

At actuation voltage of 6 volts, the valve was completely closed. To find the inrush

voltage, actuation voltage was decreased from 12 volts to 0 volts. The minimum voltage

to keep the valve in the closed position was 1 volt. Hence, the holding voltage of the

valve is 6 volts and the inrush voltage of the valve is 1 volt. It was shown that at the

closed position the valve could provide leakage-free operations. Since this valve has two
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Figure 5.15: Characterisation of valve operation

states of operations (open and close), it functions like an on/off switch. One can actuate

it using the voltage between 6 to 12 volts to close completely as shown in Fig. 5.15.

5.2.3 Flow sensor characterisation

Table 5.6: Sensor Output

Sr.No. Type of fluid Sensor o/p
(volts)

1 Fluid absent 4
2 DI water 3.1
3 DI water with magnetic particles 3.4

After finalising the white LED, we experimented to find the threshold value for the

sensor. The threshold value was the value used to detect the presence of the fluid in the

network. The output of the sensor was noted down in the absence of the fluid. Similarly,

the output was noted down in the presence of the DI water. After that, the sensor output

was noted down in the presence of DI water with magnetic particles (diameter of 0.90

m). The results are displayed in Table 5.6. From the results, it has been decided to use

3.5 volts as a threshold value for the sensor. The output of the sensor below 3.5 volts

indicates the presence of the fluid, and above 3.5 volts indicates the absence of the fluid.
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5.2.4 Flow chamber characterisation

Figure 5.16: (a) Experimental set-up, (b) Microchannel printed with FDM method.

To fabricate the flow chamber two technologies (FDM & SLS) have been compared

through printing the microchannels. These technologies have been compared in terms

of their ability to fabricate the microchannels. The comparison is based on the mini-

mum possible channel size, fluid flow-rate, and leakage in the micro-channel body. The

experimental set-up is explained in Fig. 5.16a. Initially, all the printed channels were

cleaned with compressed air jets. Water at different flow rates (varying from 0 to 40

µL/Min. in steps of 5) was injected at the input port with the help of the syringe pump.

A disposable, 10 mL syringe was actuated on the syringe pump.

A pressure sensor was placed between the syringe pump and the input port of the channel

for corresponding pressure measurement. The pressure was obtained as a voltage value

which, in turn, was converted into a psi value using the datasheet. The change in flow-

rate at the input port resulted in a change in pressure at the input port and leakage was

observed in the microchannel.

SLS technology uses nylon powder for laser printing. Consequently, microchannels with

a diameter less than 1.5 mm created using this method were filled up with the nylon

powder resulting in blocked microchannels. However, microchannels with a diameter
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of 1.5 mm and above created using this method did not have any blockages, but the

microchannels created using the FDM method having diameters ranging from 0.25 mm

to 0.5 mm did not have any blockages (Fig. 5.16b). As a result of these observations, the

SLS method was dropped and the FDM method was continued for further experiments.

The water was passed through the FDM method-based microchannels to study the

effects of various flow rates on the leakage.

The graph (Fig. 5.17) explains the relationships among applied flow rates, the pressure

generated at the input port, and the diameter size. As depicted in the graph, there is

a proportional relationship between the flow rate and the pressure. Additionally, at a

certain flow rate, there is a linear increase in the pressure for a decrease in the diameter

size. In the case of microchannels with a diameter of 0.4, 0.45, and 0.5 mm, no leakage is

observed. However, in the microchannel with a diameter of 0.35 mm, no leakage has been

observed until pressure 0.2 psi; above this pressure, the body of the microchannel started

to leak from the top and bottom side near the input port. It has been observed that the

microchannels with a diameter of 0.3 mm and less started to leak even at a minimum flow

rate. The experimental results showed the correlation of internal feature (microchannel

diameter) with the pressure the microfluidic device can handle without any leakages.

Further treatment of a microchannel with a void-filling material or chemical can also

enhance the overall fluidic pressure in the device. Comparison between the SLS and

FDM cannot be presented due to the inability of SLS to print internal features of a

microchannel since the cleaning of the internal features at this scale were not successful

after numerous attempts. The printed SLS internal features were clear with channel sizes

exceeding 1.25 mm which do not fall into the category of microfluidic devices. Finally,

FDM was selected to fabricate the flow chamber.

To fabricate the flow chamber, two designs have been simulated using COMSOL Mul-

tiphysics software. COMSOL provides an interactive environment for modelling and

simulating engineering problems. The main objective of this simulation is to observe

the fluid flow pattern in the body of the chamber at various fluid velocities. Coverage of

the chamber body with the fluid is very essential in order to ensure to coverage of the

entire sensor chip.

During the simulation, inflow velocity has been varied to observe the effect of velocity

on the fluid flow. Two different inflow velocities used are 0.01 m/sec and 0.1 m/sec. The
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Figure 5.17: Change in flow rate vs developed pressure at the input port.

Figure 5.18: Design (a) and (b) at inflow velocities of 0.01 m/s & 0.1m/s.
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results are displayed in Fig. 5.18 (a) & (b). As per the result, for design(a), as the fluid

velocity increases, the coverage area of the chamber body decreases. However, in the

case of design(b), there is not much effect on the coverage area even at higher velocities.

Hence, design(b) is used during the fabrication.

5.3 Testing and Results

5.3.1 Arsenic detection

For As(III) detection purpose, As(III) stock (1 mg/L) solution was further diluted ((10

µg/L, 20 µg/L and 50 µg/L)) with the help of DI water. The gold-coated substrates

with microcontact printed GSH micropatterns were immersed in the diluted As(III)

solutions. Micropatterns (GSH and DTT) are the ligand templates on which arsenic

can form optical diffraction gratings. Optical signal detection could be possible due

to the interference of coherent light beams reflecting from the bare gold surface and

the top of arsenic. However, the thickness of the obtained optical diffraction gratings

was not enough to perform the measurement. Hence, signal enhancement by sequential

amplification phase was included to make the system measurable. The difference in

micropatterns before and after arsenic exposed to As(III) contamination can be seen

under the optical microscope (Fig. 5.19).

Figure 5.19: Optical micro-graph of GSH patterns (a) Before arsenic exposure, (b)
After As(III) (20 µg/L) exposure, (c) After As(III) (50µg/L) exposure.

5.3.2 As(III) confirmation with signal enhancement

As(III) contamination was confirmed with the help of aptamer Ars–3. 20 nM biotiny-

lated Ars–3 was received in the dry form. The following steps were performed to achieve
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signal enhancement. (All equipment were sterilised before each experiment to make

them nuclease-free. This helped in avoiding DNA degradation) -

• Biotinylated Ars–3 resuspension:

1. Initially, the tube containing dry biotinylated Ars-–3 was briefly centrifuged

at 4000 rpm for 1 min before opening. This ensured that any dried DNA that

might be dislodged during shipping was brought down to the bottom of the

tube.

2. Next, it was resuspended in TE buffer (10 mM Tris, 0.1 mM EDTA, pH 8.0).

In the buffer, Tris acts as a buffer, helping to maintain a constant pH for the

solution. EDTA prevents nuclease digestion of the DNA.

3. 200 µL TE buffer was added in dry biotinylated Ars–3 to obtain 100 µM

stock solution. The stock solution was stored at 4◦C for further use.

• Dilutions of biotinylated Ars–3:

The stock solution of biotinylated Ars–3 was further diluted as required for the

experiments. Four different concentrations (0.25, 0.125, 0.05, and 0.0625 µM)

were made for arsenic detection. The following formula was used to prepare the

concentrations:

(V1 * S1) = (V2 * S2)

Where, V1 is a volume of the stock solution, S1 is a concentration of the stock

solution (100µM/200µL i.e. 0.5µM/µL), V2 is the required volume of the dilution,

S2 is the required concentration of the dilution,

1. To prepare dilution with the concentration of 0.25 µM, 50 µL biotinylated

Ars–3 from the stock solution was dispensed in a nuclease-free microcentrifuge

tube. To make a total volume of 100 µL, 50 µL of TE buffer was added in

the microcentrifuge tube.

2. The dilution prepared in step 1 was used as a stock solution to prepare 0.125

µM concentration. Hence 50 µL solution from this stock solution was dis-

pensed in a nuclease-free microcentrifuge tube and 50 µL of TE buffer was

added to prepare the dilution.
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3. Similarly, the dilution prepared in step 2 was used as a stock solution to

prepare 0.0625 µM concentration. Therefore, 50 µL solution from this stock

solution was dispensed in a nuclease-free microcentrifuge tube and 50 µL of

TE buffer was added in it to prepare the dilution.

4. To prepare a dilution with the concentration of 0.05 µM, 10 µL biotinylated

Ars–3 from the main stock solution was dispensed in a nuclease-free micro-

centrifuge tube. To make a total volume of 100 µL, 90 µL of TE buffer was

added in the microcentrifuge tube.

5. All the dilutions were mixed carefully and stored at 4◦C for further use.

• Streptavidin washing and re-suspension:

BioMag R© Streptavidin is a nuclease-free suspension of BioMag R© particles with a

size of approximately 1.5 µm. These particles are covalently coated with strepta-

vidin. The received suspension was washed two times as follows:

1. To wash the suspension, the received solution bottle was shaken vigorously

so that all the particles were mixed properly.

2. The next step involved – magnetic separation of the BioMag R© particles and

removal of the supernatant using a sterilised micropipette.

3. Further resuspension of the BioMag R© Streptavidin in 10 mL of PBS and it

was mixed vigorously.

4. Steps 2 and 3 were repeated one more time and finally, the particles were

resuspended in 20 mL of PBS. The stock solution was stored at 4◦C for

further use.

• Thiol patterns:

1. PDMS stamps were cleaned in the ultrasonic bath with acetone for 30 min.

at 30◦C.

2. GSH solution of 10 mg/mL was prepared in PBS and pH 10 buffer and cleaned

PDMS stamps were immersed in the solutions for an hour and 30 min. re-

spectively.

3. Similarly, a DTT solution with a concentration of 10 mg/mL was prepared

in PBS and pH 10 buffer and cleaned PDMS stamps were immersed in the

solutions for 3 and 1 hours respectively.
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4. New glass substrates were gold coated in the lab. Thiolated stamps were

brought into contact with the gold-coated substrate, applying gentle pressure.

5. After 3 hours, the stamps were removed carefully from the gold-coated sub-

strate and patterns were observed under the optical microscope.

• Arsenic contamination:

1. 100 mL As(III) solution with a concentration of 1 mg/L was received. The

received As(III) solution was further diluted in DI water to obtain the con-

centrations of 50, 20, and 10 µg/L. These dilutions were stored at 4◦C for

further use.

2. The fluidic system displayed in Fig. 4.9 was used during the As(III) detection

procedure to circulate the dilutions over the thiol pattern.

3. 25 mL of each As(III) dilution was dispensed into different glass beakers.

4. The gold-coated substrates having thiol (GSH and DTT) patterns were kept

in the flow-chamber of the fluidic system. The dilution was circulated over

the pattern with a speed of 20 mL/min for an hour. Thus, the patterns were

incubated in the As(III) solution for an hour at room temperature.

• Signal enhancement:

1. 50 µL of BioMag R© Streptavidin was dispensed from the stock solution into

a nuclease-free microcentrifuge tube and further diluted in 450 µL of PBS to

make a total volume of 500 µL.

2. Streptavidin from step 1 was incubated with 20 µL biotinylated oligo Ars–3

for 2 hours at 4◦C.

3. Finally, As(III)-contaminated thiol patterns and thiol patterns without As(III)

contamination were immersed in the above solution and allowed to incubate

for 1 hour at room temperature.

4. The results were observed under the optical microscope.

The pictorial illustration of the whole signal enhancement procedure is displayed in Fig.

5.20.
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Figure 5.20: Illustration of signal enhancement procedure
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5.3.3 Results

The signal enhancement is obtained accurately with the GSH solution (prepared in

PBS) compared to the DTT solution. Hence the goal to detect As(III) was successfully

achieved with the GSH pattern. The limit of detection of the sensor is 20 µg/L. The

results are displayed in Fig. 5.21. GSH patterns are shown in Fig. 5.21a. Figure

5.21b confirms these patterns using a fluorescent dye. It has been observed that the

signal enhancement occurred in different ways on these patterns since it was completely

dependent on the As(III) concentration. As shown in Fig. 5.21c, d, e and f, an increased

number of streptavidin-coated magnetic particles were attracted towards the pattern

that was contaminated with 1 mg/L arsenic dilution when compared with the other

patterns contaminated with 50, 20 & 10 µg/L As(III) dilutions respectively.

Figure 5.21: (a) GSH pattern, (b) Pattern confirmation with fluorescent dye, (c)
As(III) contaminated (1 mg/L) pattern after signal enhancement, (d) As(III) contami-
nated (50 µg/L) pattern after signal enhancement, (e) As(III) contaminated (20 µg/L)
pattern after signal enhancement, (f) As(III) contaminated (10 µg/L) pattern after

signal enhancement.
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Conclusion and Future Work

6.1 Conclusion

A sensing scheme of a diffraction-based sensor for arsenic detection has been developed.

The design, fabrication and testing of the sensor have been successfully conducted in

this research. Initially, a literature study on water quality was conducted. Various water

pollutants and their sources have been listed in Table 1.1. The consequences of each

pollutant on the human body have been listed as well. From the study, arsenic has

been identified as the most harmful element. It has been also found that a regular water

quality monitoring is a must due to harmful effects of water contaminants on the various

functional systems of a human body and a microfluidic-based sensor is the most suitable

method for this purpose. Hence, a comprehensive literature review on microfluidic-based

water quality based sensors has been conducted. The review includes microfluidic-based

electrochemical and optical detection methods for heavy metals, nutrients and pathogen

detection in detail along with advantages and disadvantages. The review revealed that

an optical diffraction method was yet another sensitive detection method which remained

unaddressed in water quality monitoring. This method can produce highly sensitive re-

sults and could be incorporated with microfluidic technology. It was noticed that for

arsenic detection, many researchers were utilising thiol compounds such as GSH and

DTT. Also, a small literature review on the aptamer-based arsenic detection has been

conducted. Various detection methods like colorimetric, electrochemical, EIS, SERs etc.

100
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have been included in the aptamer-based detection review. The study provided infor-

mation about the popular arsenic-specific aptamer Ars-3. Finally, it has been decided

to use a thiol based optical diffractometry sensor for arsenic detection.

In the next stage, it has been decided to use µCP for obtaining optical diffraction

patterns as it is a very useful technique in the patterning the SAMs of bio/chemical

materials. However, the effectiveness of the technique depends upon various parameters

such as type of ink, buffers used to prepare the ink, concentration of the ink, inking period

of the PDMS stamp, pH value of the buffer, and molecular weight of the ink material.

Hence, experiments were set up to obtain the self-assembled optical diffraction patterns

and to find out the effect of the above parameters on the patterns. In experiments,

we used two different thiol inks (DTT & GSH) during the process of µCP due to their

popularity in water quality monitoring. The study indicates that the total time taken

by the µCP process to transfer the patterns successfully on the gold-coated substrate is

inversely proportional to the concentration of the thiol molecules and pH value of the

solvent. When pH value changes from 7.4 to 10, there was a significant reduction in

an essential inking period. Lastly, the success of pattern transferring using µCP is also

dependent on a molecular weight of the thiol molecule. Higher is the molecular weight,

lower is the inking period and so lower is the total length of time taken by µCP process.

Simultaneously, the fluidic system was designed with the help of off-the-shelf and/or

in-house fabricated components. From the characterization of fluidic components, it

has been noted that the peristaltic pump starts pumping at 100 PWM. In the range

of 100 to 255 PWM, the flow rate of the pump increases as a function of speed. The

maximum flow rate provided by the pump is 80 mL/min. At maximum speed, the

volume of the water pumped by the pump increases almost linearly as a function of

time. The pumping function is compared by placing the only pump in the network

and then connecting the pump along with other fluidic components in the network.

The result of the comparison has shown almost similar pump function in both cases.

Overall, the fluidic components work reliably in the fluidic network and can be used in

sensing application for pumping, mixing and circulation purpose. In the future, it may

be possible to miniaturize these components using PDMS and 3D printing technologies.

By miniaturizing these components, it is possible to develop a microfluidic system for

environmental monitoring applications.
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In the third stage, experiments were developed for arsenic detection. It has been re-

ported that the developed self-assembled optical diffraction patterns of GSH can detect

dissolved As(III) up to 20 µg/L. Furthermore for quantitative measurement of dissolved

As(III) in water the signal enhancement of the patterns was necessary. Hence, the sig-

nal enhancement step was introduced in the experimentation. This step involved the

reaction of As(III) with the biotinylated Ars-3 and BioMag R© Streptavidin.

6.2 Future Work

Currently, the sensor provides qualitative output with the help of an optical microscope,

hence it remains a lab-based method and does not give any quantitative output. This

issue can be addressed with the help of a suitable detection system. The self-assembled

patterns of the sensor can act as an optical diffraction grating. Hence, optical signal

detection can be possible by making use of the light beams reflecting from the bare gold

surface and the top of signal-enhanced patterns as shown in Fig. 6.1. The detection

system will simply consist of a light source such as an LED and a light detector to

capture the reflected signal from the pattern. The intensity of the reflected light will

vary proportionally to the arsenic concentration variation.

Figure 6.1: Illustration of optical signal detection strategy

Future work will also include a study of the matrix effect, as in real sample detection the

major challenge will be interference due to the matrix effect. It is equally important to

work on improving the sensitivity of the sensor which may include the addition of some
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supportive chemical molecules in the GSH solution. Additionally, the same detection

scheme can be used for detection of other water contaminants such as nutrients and

pathogens with the help of specific chemical ligands.

Furthermore, integration with a suitable fluidic system will provide a high throughput

and the simultaneous detection of contaminants. The size of the entire method can be

reduced to make it field-effective using microfluidic technology.
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Figure A.1: A paper published in International Journal of Modern Physics B
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Figure A.2: A review paper published in Sensors
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Figure A.3: A paper published in ICST-2019 Conference proceedings
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Figure A.4: A paper published in M2VIP-2019 Conference proceedings
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Figure A.5: A paper published in APWC on CSE-2018 Conference proceedings
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Figure A.6: A poster presented at NZ Product Accelerator 2018
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Figure A.7: A poster presented at the 2nd International Symposium on Advanced
Materials, Manufacturing Processes and Devices (MMPD) 2019
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Figure A.8: A poster presented at Manufacturing and Design (MaD) Conference 2019
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Figure B.2: PCB Layout
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