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Water quality monitoring for remote and Indigenous communities is needed to provide
safe water to all. Detection of aqueous ammonia by fluorescent hydrogel, and parasitic
cysts by flow analysis, provides a low-cost, point-of-care detection mechanism. A
fluorescence responsive hydrogel for aqueous ammonia detection was produced and the
essential components for ammonia responsiveness were determined. Detection
mechanisms of parasites Cryptosporidium and Giardia, two of the most prevalent
parasitic protozoans causing human gastrointestinal illness, were analyzed and compared.
Baseline images of the parasitic (00)cysts were captured by conventional microscopy for
the training of particle tracking algorithms to be implemented into a microfluidic device.
The microfluidic device detection mechanism will utilize shadow imaging and flow
analysis to detect parasitic (00)cysts.



Water quality monitoring in Canada is essential to providing safe water to all. Indigenous
and remote communities, many of which are under boiling drinking water advisories, lack
availability and/or funding to water monitoring resources. A low-cost, point-of-care
detection mechanism has been proposed for the detection of aqueous ammonia and
protozoan parasites, which affect the safety of a source of water. An ammonia
fluorescence responsive hydrogel, based on the fluorescence quenching of rare earth
metal Europium (Eu*) upon contact with aqueous ammonia, has been proposed to be
incorporated into a microfluidic device, which utilizes shadow imaging and flow analysis
to detect parasitic (0o)cysts of Cryptosporidium and Giardia, two of the most prevalent
protozoan parasites which cause gastrointestinal illness around the world. Fabrication of
the ammonia sensitive hydrogel was completed, and the essential components to the
ammonia sensitivity were determined. Chemical analysis and solvent modifications found
that Formamide is the essential solvent to maintain ammonia sensitivity. A literature
review into the current detection mechanisms of Cryptosporidium and Giardia was
completed to provide a reference and starting point for the development of the low-cost,
point-of-care device proposed in this thesis. Baseline images of Cryptosporidium parvum
and Giardia lamblia were captured to provide a reference for the development of a
particle tracking algorithm to be used in the microfluidic device. The images captured
highlight morphological features essential to developing a tracking mechanism based on
the morphology of the (0o)cysts.
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Chapter 1: Introduction

Since the beginning of the 21 century, there has been an increase in the amount
of attention towards monitoring the Earth; climate change, natural disasters, population
growth, and species extinction are some of the factors that have driven the discourse
regarding the planet’s sustainability into mainstream media.

Of the topics that have been brought to the forefront, water quality, especially in a
natural resource rich country such as Canada, has been a top discussion area. Water is an
essential resource for all life, which is often in short supply due to temporal and special
constraints, and while Canada has the third largest supply of renewable freshwater in the
world, the spread over which the abundant sources are allocated is uneven'?.
Environmental governance, which includes the governance of water, is highly
decentralized in Canada®. Over a quarter of the nation’s population relies on groundwater
for drinking, which serves a problem as groundwater resources are not fully mapped, and
as populations increase along the southern border, demand rises and heavily concentrates
in specific areas »'® Natural Resources Canada is currently developing a water quality
database baseline, which pulls data from at least 14 federal and provincial governments,
conservation authorities, water boards, and private companies across the country?. In
conjunction with the quality database, technologies are being developed to map
groundwater in difficult to access areas, such as drones with density and temperature
sensors, which will be used to create a more comprehensive outline of where drinking
water sources are located. A map of freshwater resources is only one step towards
minimizing water insecurity in Canada; water needs to be identified as safe or unsafe to
consume and use for everyday purposes. As the databases continue to expand, there has
been a call to develop low-cost systems capable of monitoring various analytes in water,
particularly in remote locations and on Indigenous territories.

It has been repeatedly demonstrated that high quality water is a crucial piece of an
effective socio-economic development plan*. Canada’s fractionalized water management
strategies have forced many Canadians into drinking water advisories, requiring
individuals to boil household water or to purchase prepackaged water. With the rise of
scrutiny regarding Canada’s historical and current treatment of Indigenous populations,
water quality and security have become a highlighted issue in the country’s efforts to
make amends and improve living conditions of Indigenous people, which contributes to
the country’s larger economic development plan.

Approximately one third of First Nations individuals living on reserves in Canada
are faced each day with an increased threat of health conditions and waterborne infections
caused by high-risk water systems, which affect at least 39 First Nations communities®.
The likelihood of illness is much higher to Indigenous people than the Canadian national
average®. 70 historic treaties, as well as 25 modern treaties, are currently in place between
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the Crown and Indigenous peoples, with negotiations ongoing regarding the claim to land
(Miller). These land claim negotiations are in part a product of the unevenly distributed
water management strategies, with lack of infrastructure and access to fresh water giving
rise to the need of new sources, which begs the requirement of water quality monitoring.

Natural lakes, rivers, and watersheds contain a multitude of organisms, chemicals, plants,
and organism by-products which are of interest to explore and quantify for quality
monitoring. Anthropogenic sources of chemical compounds contribute to fluctuating
aquatic ecosystems and can result in harmful growth or destruction of delicate balances
between organisms. There is currently still no widely accepted practical strategy to
monitor water quality, despite the issue having been addressed in literature since the
1940s’. There are several biomarkers and biogeochemical markers that are related to the
quality of water, such as salinity, nitrate concentration, pH, sedimentation, organic matter,
heavy metals, and pesticide contamination. There is also no data reporting framework that
is accepted Canada-wide to standardize reporting of such quality markers 2.

My masters research was designed to bridge the disconnect in water quality
monitoring; my literature review chapter revolves around the detection mechanisms of
parasitic cysts and waterborne illness needs of Indigenous communities, while my
experimental work chapters are a step in the framework of bringing low-cost, point-of
care devices to natural watersheds, from an optics-based method. The ultimate goal of the
work | am taking part in is to design a system that allows for the monitoring of aqueous
ammonia and parasitic cysts, without the need for trained technician collection of water
samples. The ease of connection between the individual focuses on ammonia and
parasitic cysts comes from the ability of both contaminants to be monitored optically.

Chapter 2 provided an overview and described various detection mechanisms by
which Cryptosporidium and Giardia and their (0o)cysts can be detected in liquid and
solid samples. This chapter provides a comparison to the proposed detection method
outlined in the Parasitic Detection chapter. This chapter also touches on the state of
Indigenous communities regarding water quality and healthcare related to waterborne
conditions.

Chapter 3 outlines the ground truth imaging of Cryptosporidium and Giardia,
done to establish a baseline for flow analysis in the completed proposed device.
Microscopy studies were investigated prior to imaging to ensure the images would be
relevant to aid in the production of particle tracking algorithms.

Chapter 4 details the work done towards a point-of-care, low-cost device for the
monitoring of aqueous ammonia. Taken from a prior investigation on using a pH sensitive
dye, an ammonia sensitive hydrogel was explored, and a prototype device was designed.
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The final chapter (Chapter 5) concludes this chapter, summarizing and presenting
the thesis in a way which ties together all prior chapters.

My work presented in this thesis establishes a comparison of detection
mechanisms for which the proposed method in this thesis will be compared to, as well as
the relevance of water quality monitoring and point-of-care healthcare for Indigenous
communities, presented in Chapter 2. In Chapter 3, my work presents ground truth images
for a particle tracking algorithm to be built off of, based on the morphology of (00)cysts
found while imaging on a microscope. Chapter 4 is the work towards developing a low-
cost detection mechanism for aqgueous ammonia, which could be combined with the
Cryptosporidium and Giardia detection device.

1. McKitrick Ross, Aliakbari EImira, Stedman Ashley. Evaluating the State of Fresh
Water in Canada. (Aliakbari EImira, McKitrick Ross, Stedman Ashley, eds.).
Fraser Institute; 2018.
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the (data) gap. Canadian Water Resources Journal. 2021;47(4):169-175.
doi:10.1080/07011784.2021.2004931
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Chapter 2: Cryptosporidium and Giardia

Cryptosporidium and Giardia are members of the apicomplexan protozoan
parasite family; the parasites infect and cause gastrointestinal and respiratory illness in
numerus vertebrae species, including humans®*’. The first human case of gastrointestinal
disease that was determined to have been the result of Cryptosporidium infection
occurred in the 1970s, despite the genus’ first description by Tyzzer in 1910%*2, Antoine
van Leeuwenhoek first described Giardia in 1681, after discovering motile organisms in
his own stool**>, Notwithstanding, the interest in studying both parasites did not increase
until about the late 1970s to early 1980s. Both parasites lead to a significant rate of
mortality and morbidity throughout the world, in both developed and developing
countries.

As the demand for country-wide, clean, drinkable water is increasing, these
parasites have become an interest to study for water quality. Understanding these
parasites and what makes dangerous to humans and other mammals is key to finding a
method of identifying the pathogenic species in water. In this approach, we must know
which form of the parasites we are looking for and their morphology in order to identify
them in a tested water sample.

2.1 Giardia and Giardiasis

Giardia intestinalis, also known as the species G. duodenalis or G. lamblia, is the
most prevalent protozoan pathogen in the human intestinal tract that causes illness, which
is estimated to cause around 280 million infections (giardiasis) annually®°1>-2°, Cases of
Giardiasis usually onset acutely and typically resolve without the need for intervention,
but in some cases can lead to chronic disease. Cases of human infection occur worldwide,
with higher frequencies in locations where sanitation is poor.

The human pathogenic species of Giardia has two distinct assemblages (A and B),
which cause considerable variation of infections between countries'’ 8. These strains are
of interest to study not only for medical research, but also for water quality research,
since Giardia is a major contributor to human protist induced illness. While G.
duodenalis can infect a multitude of mammals, there are several species of Giardia which
infect other mammals while they do not infect humans. Examples of these species are
Giardia canis and Giardia bovis, which infect dogs and cows/sheep/alpacas/goats/pigs,
respectively>161819 These species are also of interest to study, but as a secondary
interest for water quality monitoring.

The symptoms of Giardiasis can range from asymptomatic to chronic diarrhea to
malabsorption, which, in general, impact immunocompromised individuals and children
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the most severely. Other symptoms can include bloating, and weight loss. Persons of all
ages can be affected, but the most frequently affected age group is infants %4, More
recent implications of Giardia as a human disease have focussed on the impact of
childhood growth, with a study showing that within the first 6 months of life, Giardia
presence resulted in a decreased length-for-age Z score at the age of 2, by 0.4°. Giardia
infections have the ability to alter the gut’s microbiota; irritable bowel syndrome (IBS),
lactose intolerance, and food allergies can be developed following a resolved case of
Giardia infection'*!62 |t has also been shown that reactive arthritis (RA) can arise
during or after infection??.

Live Giardia can be identified in humans by the presence of the parasite or
parasitic cyst in stool.

2.2 Giardiasis Treatment

There is currently no effective and approved available human vaccine against
Giardiasis that is available, and with the increase in antibiotic resistance around the
world, the requirement for new therapies to treat Giardiasis has come into focus?.

Traditional pharmacological treatments include 5-Nitromidazoles (e.g. tinidazole,
metronidazole), 5-Nitrothiazoles (e.g. nitazoxanide), 5-Nitrofurans (e.g. furazolidone),
Aminoglycosides (e.g. paromomycin), Benzimidazoles (e.g. albendazole), Acridins (e.g.
quinacrine), and Quinolines (e.g. chloroquine)??2°. The mechanism of action is different
between drugs, with 5-Nitro based drugs adducting and causing protein/DNA
inactivation, whereas acridins can inhibit DNA synthesis, benzimidazoles can interfere
with the cytoskeleton, and quinolines/aminoglycosides being unknown?*. Drugs to treat
Giardiasis can come with side affects such as gastrointestinal upset, diarrhea, abdominal
discomfort, metallic taste, nausea, and vomiting? 2. Treatment of symptoms is the most
common course of action, which include rehydration (oral or intravenous), and anti-
diarrheal medications.

Some non-drug-based methods for the treatment of Giardiasis include probiotics,
sometimes in tandem with antigiardial pharmacotherapy. In a gerbil model, the use of
probiotics reduced the number of cysts in stool?.

High throughput screening assays are working to identify next generation
antigiardial drugs, with modifications to accommodate for the microaerophilic/anaerobic
conditions necessary for Giardia growth??. Hybrid (chimeric) molecules combining
functional components of two active molecules is a potential for drug design. Drug
repurposing of an already approved drug is another route. Auranofin, an FDA approved
drug for the treatment of rheumatoid arthritis, Fumagillin, an EMA antibiotic for the
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treatment of microsporidian infections, disulfiram, an FDA approved anti-alcohol
dependence treatment drug, and omeprazole (and closely related proton pump inhibitor
family compounds), approved for the treatment of gastrointestinal tract acid-related
diseases, are some of the pharmacological medications used in the treatment of other
conditions that are currently being explored for their efficacy against Giardia?>%. Well
designed clinical trials are needed for new or repurposed drug options to become
commonplace in treating Giardiasis.

2.3 Giardia Life Cycle

The life cycle of Giardia occurs in two main stages; a proliferating trophozoite
followed by the infectious cyst®%-18, The trophozoite cytoskeleton is usually around 9.5
to 21um long and 5 to 15um wide, pear shaped, motile, and propels itself by means of
four sets of flagella that can each behave differently to allow for movement!#-1¢, The
motion of Giardia trophozoites has been described as “falling leaf motility”, as they
tumble erradically'*®. Trophozoites are most commonly found in liquid or soft stools
from infected individuals®.

The cyst produced by G. duodenalis is the stage in life cycle at which the parasite
is the most environmentally robust. Infection begins at this stage when a susceptible host
ingests a cyst. They are oval in shape, with tough two-layered cyst walls, and four nuclei
that are typically situated at one end**. The cysts are usually 5 to 12um in length by 7 to
10pm in width!4151718  The species lacks several typically found parasitic organelles but
has identifiable and unique curved median bodies that can be seen at different stages in
the parasite’s life cycle!*>20, Infective, highly resistant cysts are more commonly found,
in many types of stool**15,

After passing through the acidic stomach region, with an increase in
environmental alkalinity of the duodenum, two excyzoites are promoted to emerge from
the cyst, which then quickly transform into trophozoites'**618, It is at this stage that the
trophozoites attach to the epithelium of the host. The two daughter trophozoites will then
replicate asexually by binary fission, which is completed along the longitudinal plane**°,
Some of the trophozoites will then undergo encystation, while others continue to
replicate, which begins shortly after infection, with the peak rate occurring at one week™®.
A change in environment triggers encystation, which will enable the parasite to survive
outside of host organisms?®.
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2.4 Cryptosporidium and Cryptosporidiosis

Cryptosporidium has seven species that can infect humans, but there are two
species (Cryptosporidium hominis and Cryptosporidium parvum, which are structurally
indistinguishable) that are more commonly associated with the human disease
Cryptosporidiosis, comprising more than 90% of cases®1%111317.26 The coccidian parasite
has been reported as infectious to humans as well as other mammals, reptiles, birds,
amphibians, and fish®1%1117.26 Cryptosporidium outbreaks have occurred worldwide, in
both developing and developed nations, which has led to the classification of the parasite
as the second most found diarrheal pathogen (after rotavirus), causing 12% of total
diarrheal deaths in 2015°,

Characteristic symptoms of Cryptosporidiosis include watery diarrhea and
abdominal pain, but can also include nausea, vomiting, joint and eye pain, recurrent
headaches, dizziness, fatigue, and low-grade fever®®2, Depending on the host factors (i.e.
immune status, age, and exposure frequency), the severity of infection can vary from
asymptomatic to life-threatening®!2. In immunocompromised individuals, such as patients
with AIDS, the percentage of critical cases is increased, with persevering and unrelenting
symptoms resulting in severe dehydration, leading to wasting, and significant mortality
rates®1912 The prevalence of Cryptosporidium as a contributor to worldwide
gastrointestinal illness in adults and children makes it a topic of study in water quality.

2.5 Cryptosporidiosis Treatment

Limited treatment options are available for Cryptosporidiosis. The only FDA
approved treatment, which is a drug that overlaps with the treatment of Giardiasis, is
nitazoxanide, but has limited efficacy in certain populations, such as children (and is not
approved for children under the age of 12 months)?"?. There is no available human
vaccine for the prevention of Cryptosporidiosis.

There are other available pharmacological alternatives for Cryptosporidiosis
treatment, which are not approved by the FDA, and include paromomycin, azithromycin,
and fluoroquinolone?®, Treatment of symptoms, such as rehydration and anti-diarrheal
medications, is the most common option.

Several candidates for Cryptosporidiosis therapeutics have emerged during the
2010s, whether it be new drug discovery or repurposing previously approved drugs.
Clofazimine, KDU731, BKI-(1294, 1517, 1369, 1534, and 1649), P131, AN7973,
Compound 2093, MMV665917, Compound 5, BRD7929, N-methyl-piperazine-Phe-
homo-Phe-vinylsulfonephenyl (K11777), P+OIPC, atorvastatin with/without nitazoxanide
or itavastatin, Triascin C, acetylspiramycin, and garlicin are some of the candidates that
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are currently being screened for efficacy in Cryptosporidiosis treatment?”8, Most of the
above listed compounds are in the discovery phase, but BK1-1708 and KDU731 are in
preclinical, while Clofazimine is in clinical®’. Further studies are required for drugs to
become approved as treatment options.

2.6 Cryptosporidium Life Cycle

The Cryptosporidium life cycle is complex, with both sexual and asexual
reproductive stages; there are six major developmental stages that the parasite undergoes
1012 "Infection begins when a susceptible host ingests or inhales a thick-walled oocyst. In
the lumen of the intestine, four infective sporozoites will be released to bind with the host
and develop into trophozoites. The sporozoites are spindle-shaped, move by helical and
circular gliding movement, trophozoites are around 1.5 to 2.5um in diameter. Excystation
has been reported to be triggered as a result of a multitude of factors such as carbon
dioxide, pancreatic enzymes, and salt content!2, In the next step, a type | Meront will be
formed, which releases merozoites to infect adjacent cells and form either additional type
| Meronts or type Il Meronts 12, The production of Meronts is a type of asexual fission.
The type 1l Meronts then enter host cells and begin the sexual stage formation of
microgamonts and macrogamonts, most of which will develop into thick-walled oocysts
to be released into the environment to infect a new host, but thin-walled oocysts can be
produced for autoinfection %2, The act of autoinfection is a quality that Cryptosporidium
possesses that many other parasites belonging to the Coccidia subclass do not*?,

The fully sporulated thick-walled cyst is typically within 4 to 6um in
diameter®11726 The oocyst is highly environmentally resistant with wall proteins
contributing to the resistance capability%2°,

2.7 Transmission of Parasites

Transmission methods for both Cryptosporidium and Giardia occur in similar
ways; each organism has a highly infective cystic stage. The method of transmission is
through direct contact with contaminated food/water/soil, fecal/genital-oral, untreated and
recreational waters, contact with infected animals, person to person contact, or through
aerosolized droplets, with the most recognized method of transmission is through
contaminated water and food 8182125263045 The |owest infectious dose for
Cryptosporidium is 1 to 5 oocysts, while for Giardia it is as low as 10 cysts, making these
parasites especially dangerous for the human population®*’.
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Highly environmentally robust (oo)cysts allow for transmission of the disease to
occur widely; when a host organism consumes a(n) (oo)cyst, the parasite will replicate
inside of the host to produce more highly infectious (0o)cysts. Those resistant (0o)cysts
will either auto-reinfect or be expelled into the environment. In the latter case the (0o)cyst
wall enables the organism to survive for several months in the right conditions (ie. cool
and damp)114.16.26,383946-48 A stydy regarding survival conditions of Giardia cysts and
Cryptosporidium oocysts found that Giardia cysts were detected and proved animal
infective after 9 weeks of incubation at 4°C in water, soil, and faeces; Cryptosporidium
oocysts in the same conditions were found to have reduced in number but remained
infective for greater than 12 weeks®. The same study showed that 2-week incubation of
(oo)cysts at 25°C, Giardia cysts were not infective after the 2 weeks, while
Cryptosporidium oocysts were infective, but for a shorter period, and were degraded more
rapidly when compared to lower temperatures.

2.7.1 Transmission by Water

One major driving force of contamination is by water. Major routes of exposure
can include untreated recreational waters (e.g. water parks, swimming pools, fountains
and displays), naturally occurring sources (e.g. rivers and lakes), and contaminated
drinking water. Due to (00)cyst size and increased environmentally resistant viability
time, water currents can carry (0o)cysts across varying distances, which can cause
outbreaks at locations far from the origin. (Oo)cysts can be found in both surface water
and sedimentation, which can affect the treatment process for drinking and recreational
water, as well as testing parameters.

Ingestion of (oo)cysts from water is primarily caused by the consumption of
contaminated drinking water. Contact with contaminated wastewater, un-composted
sewage sludge, or agricultural runoff with manure fertilizers are some of the ways which
drinking water may become a vessel for parasites. One of the largest outbreaks of
waterborne disease occurred in 1993 in Milwaukee (USA), with the consumption of
oocyst-contaminated drinking water, and resulted in an estimated 403 000 individuals
being infected'®!’. Unfiltered surface waters and groundwater wells may both contain
(oo)cysts, so long as the conditions are acceptable for viability. Giardia cysts are less
likely to survive in untreated water when compared to Cryptosporidium (in particular, C.
parvum), however they are typically more abundant in drinking water®*’.

According to the World Health Organization in 2019, there are at least 2 billion
people around the world who use a drinking water source that has been contaminated with
faeces®®. Cryptosporidium and Giardia are the most common parasites that are reported in
wastewater, with (00)cyst numbers correlating to the infection rates of humans served,
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with influence from wild and domesticated animals®. Animals and humans that have
been infected may produce and pass up to 10 million Giardia cysts and 10 billion
Cryptosporidium per one gram of faeces®,

Many municipal water utilities test drinking water for cyst contamination, but
there is also the infection route of swallowing water while swimming in recreational fresh
water or recirculated water. In particular, Giardiasis is sometimes referred to as “beaver
fever” particularly in North America, which comes from the epidemiological
characterizations of beaver isolates from contaminated recreational and drinking water
sources®®%°. Since a host can pass very large numbers of transmissive cysts, it may only
take one or a few animals or humans to contaminate a large body or source of water.

2.7.2 Zoonotic Transmission

Zoonotic transmission of both Cryptosporidium and Giardia is also of major
concern as a method of disease migration. Wild and farm animals are susceptible to
contaminated drinking water, which may lead to hosting replicating organisms.
Veterinary students, researchers who work with animals, farm workers, and children
visiting farms are all at risk when encountering animals infected with a strain of parasite
with diverse host populations'?*°,

2.7.3 Transmission by Food.

With global transport of many foodstuffs, there is a risk of contamination and
migration of foodborne zoonotic pathogens. There are fewer documented foodborne
outbreaks when compared to waterborne outbreaks, which is likely due to the lack of
investigative tools and the fact that food is transported globally, meaning cases can be
difficult to track and correlate®!. Since food typically is chilled when transported,
refrigeration increases the likelihood of survival for cysts during transport. In a study
from 2017, it was shown that when lettuce was stored at room temperature, ~50% of
surface Cryptosporidium and Giardia (00)cysts lost viability within the first 24h of
increased temperature exposure!®, Giardia duodenalis alone is estimated to cause around
28.2 million cases of gastrointestinal diarrhea each year resulting from contamination of
food!8. Giardia cysts have been detected on many different types of food such as meat,
shellfish, fruits, vegetables, and dairy products, with the highest contamination rates on
vegetables due to raw consumption®®3!, One way to reduce food related contamination is
by washing fruits and vegetables before consumption, but then comes in the question of
the source of water also being contaminated, as well as how the parasites can contaminate
food not only as a surface contaminant but also from within the food matrix3..
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Cryptosporidium oocysts are smaller than cysts from Giardia, which allows them to be
trapped in smaller pores on food. There are currently few standardized methods for the
detection of the highly transmissive stages of protozoan parasites regarding food, despite
the potential for high numbers of infection3,

Table 1. Species of Cryptosporidium and Giardia and their primary infectivity targets.

Cryptosporidium Giardia
Species Major host(s) References Species Major References
host(s)
C. hominis  Humans, 8.10- G. duodenalis— Humans, 8117
monkeys 1217.263134 A assemblage livestock 193449
C.parvum  Cattle, 8,10 G. duodenalis— Humans 8151771949
humans 1217.263134 B assemblage
C. muris Rodents, 8,10 G. duodenalis— Dogs 8,15,17-19.49
farm animals, 1217263134 C assemblage
humans (G. canis)
C. suis Livestock, 8.10- G. duodenalis —  Cattle, 815,17-19.49
humans 1217.263134  E assemblage hoofed
(G. bovis) livestock
C. Livestock, 8.10- G. duodenalis—  Cats 815.17-19.49
andersoni  humans 1217263134 E assemblage
(G. cati)
C. wrairi Guinea pigs, 810 G. duodenalis—  Rats 8,15.17-19.49
humans 1217.263134 G assemblage
(G. simondi)
C. canis Dogs, 8,10-
humans 12,17,26,31,34
C. felis Cats, humans 810
12,17,26,31,34
C. Birds, 8.10-
meleagridis humans 12,17,26,31,34
C. serpentis Lizards, 81131
snakes

1.8 Detection of (Oo)cysts

There are many methods of detecting and characterizing (0o)cysts in a sample.
The most popular categories of detection are microscopy based, cytometry based,
immunological based, and molecular based. Most detection methods require the cyst to be
in liquid media, which then requires filtration, separation, and concentration to determine
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which organisms and species are present in a sample. Each sample has some advantages
and disadvantages, but debris and other organisms can complicate detection methods by
physically, biologically, or chemically interfering with virtually any parasite containing
sample.

Filtration methods are commonly used as the first step in (00)cyst detection
methods. Membrane, cartridge, and fibre filtration methods are some of the types of
physical filters that are used as precursors to detection of (00)cysts.

Immunomagnetic separation is a common laboratory tool used for the isolation of
targets for further testing. Magnetic beads containing antibodies for the target molecule
are incubated with a solution, separated from the sample, washed, and eluted to obtain
targets. This method is used frequently in the purification of (0o)cysts and can be
combined with other procedures, such as pH relations or turbidity, to isolate targets®>.

Density gradient separation techniques are another category of separation
techniques which are commonly used to isolate (00)cysts. Processes may involve
chemicals, such as sucrose, zinc sulfate, or magnesium sulfate, which lead to flotation
separation, or centrifugation. Both categories of density gradients can be problematic
when concerning viability of (oo)cysts, as they can chemically inactivate or physically
destroy delicate matter.

2.8.1 Microscopy Based Detection

Microscopy based methods were some of the first methods employed to detect
live parasites and (oo)cysts, with Antoine van Leeuwenhoek in 1681 first physically
describing Giardia upon finding organisms in his own sample of stool**>. Microscopy
can be used to detect samples in water, faeces, tissue, food, and on/in other media. Initial
methods using microscopy were based on the adherence of (00)cysts to a coverslip,
following zinc sulfate flotation, and were imaged on a microscope using white light3®50,
Improvements have been made to microscopic methods of detection, including the
addition of chemical stains and dyes (such as Auramine Phenol, Acid Fast stain, and
Giemsa), implementation of alternative illumination mechanisms (such as phase contrast
and differential interference contrast), and use of more powerful microscopes (such as
electron microscopy).

Stains and dyes allow for target organisms to be easily identifiable against a white
microscopy background as well as against other organisms in a sample. Environmental
samples of water are subject to conditions that may affect a stain or dye’s ability to
effectively stain an (o0o)cyst.
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In a 1989 study published by Cambridge University Press, the conventional
methods of staining were compared on Cryptosporidium oocysts in both seeded and
waterborne outbreak water settings®. The stains used were Ziehl-Neelsen (ZN),
auramine-phenol (AP), Wright-Giesma (GDQ), safranin-methylene blue (SMB), and
FITC-labelled monoclonal antibody (Mab). In raw water from seeded samples, ZN
resulted in the oocysts becoming easily identifiable, AP had the same result, but
organisms of similar size also fluoresced, GDQ found oocysts difficult to identify, SMB
had other organisms take up stain, and Mab had variable fluorescence. In filtered water
from seeded samples all stains provided easily identifiable oocysts. When aluminum
hydroxide flocculate and rapid sand backflush sediment samples were tested, interference
made oocysts more difficult to identify for all stains. In the waterborne outbreak samples
of raw and final water, oocysts were detectable with each stain. However, AP, GDQ,
SMB, and Mab had some confusion with other organisms of similar shape in size in raw
water.

Even with the addition of stains and dyes, (00)cysts can sometimes be difficult to
identify in a sample, especially if the sample is non-filtered. Utilizing different light
sources, such as phase contrast (PC) and differential interference contrast (DIC) can aid
further in identifying (oo)cysts in a transparent, unstained sample, eliminating the need
for chemicals and staining protocols before visualization.

PC employs a mechanism of light delivery that utilizes the variations in phase of a
transparent organism, that correspond to changes of light wave amplitude. Since the
human eye is only sensitive to amplitude and wavelength of light, phase information is
rendered invisible without special equipment that separates background light from
specimen scattered light. Constructive interference between scattered and background
light makes identifiable features in the parasites and (0o)cysts more visible. Contrast is
improved by using the combination of a condenser and a phase shift ring to separate
specimen light from the background light, which changes with correspondence to the
minute refractive index differences between intra and extra cellular components. This
method has the tendency to produce a diffraction halo surrounding the specimen.

DIC is another method of microscopy that can aid in visualizing transparent
samples, which also employs phase changes of light. Instead of using a condenser, DIC
utilises polarizing filters and Wollaston Prisms to segment the light into orthogonal
components. This method also improves contrast between the specimen and the
background and is based on the optical path length and optical density variations of the
sample. The image has the appearance of a three-dimensional object and reduces the
diffraction halo seen in PC. In detecting Cryptosporidium and Giardia, DIC provides
morphology information that allows for the distinction from autofluorescent algae®.
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Scanning electron microscopy (SEM) is a method that has been used to visualize
both Cryptosporidium and Giardia®®4 SEM is completed by scanning the surface of a
target with a focussed beam of electrons, which interact with the atoms in the target to
produce a signal which gives topographical and compositional data about the target. This
branch of microscopy requires a highly specialized and expensive microscope, and is
more used in characterization rather than detection.

Detection of organisms using holographic microscopy have been demonstrated in
the use of detecting waterborne parasites*®***® | Using partially coherent spatial
illumination, automated detection and classification of G. lamblia was implemented in
drinking water based on textural features from optical phase (instead of morphological
features)®. This was completed by the computation of propagating matrices which
identify the three-dimensional position of an organism. A different method of this has
been demonstrated with a lensfree approach, making the microscope more compact,
lighter and increases the field of view. ¢

In more recent years, the development of cost-effective, portable, lensfree
microscopy methods have been developed, some with added deep learning-enabled label-
free detection methods*®®. Using colour, lens-free, holographic imaging, with pulsed
illumination, the trained convolutional neural network cytometer captures and
reconstructs phase intensity images of targets within a constantly flowing sample*. This
method has been used to identify G. lamblia cysts in low concentration (<10 cysts per
50mL) in real time*. This method is attractive due to its field-portable and low-cost
nature, especially for remote and resource limited locations.

Microfluidic chips are another emerging platform for microscopy-based detection.
With the use of a y-channel, waveguides, immersion oil, and the analysis of Mie
scattering, detection of pre-treated, inactivated C. parvum oocysts was demonstrated®’.
This method required pre-treatment of samples, which can be an unideal scenario in
point-of-care uses but did not require substantial labour or technician training. For near-
real time detection, the method had a limit of detection of 1-10 oocysts/mL but can be
combined with pre-filtration or concentration to increase the limit. This method is
attractive for its field portability, however it needs to remove the reliance on pre-
treatment to become commonly used method in field.

Increased accessibility of (0o)cyst detection has been established with the
development of a smartphone based microscopic method®®. With the use of a ball lens,
(oo)cysts of Cryptosporidium and Giardia were identified and counted manually on the
basis of shape, size, and contrast, with increased contrast via the use of a stain. This
method currently relies on manual counting, which can be time consuming and labour
intensive, but can be completed by anyone with access to a smartphone and a ball lens.
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Microscopy is the first method that was developed for the identification of
(oo)cysts and is still a primary detection method that is used today. While adjustments to
microscopy can aid in correctly identifying (oo)cysts in a sample, they generally require
specific chemicals or lab infrastructure to complete, which can make the process of
identification time consuming, labour intensive, and costly. These methods are best suited
for wet samples, which is disadvantageous for solid samples such as in food
contamination testing. In more recent years, low-cost, point-of-care microscopy-based
identification methods have become an attractive alternative to traditional lab
microscopy, which can reduce time, costs, and labour, especially when concerned with
remote testing locations.

2.8.2 Immunological Based Detection

A subset of microscopy-based detection mechanisms is through immunological
labelling utilize antibody-antigen interactions, or other intracellular sites, to label
(oo)cysts, which can then be visualized using fluorescence microscopy.

Direct and indirect immunofluorescence assays use a similar principle of dye-
conjugated antibodies to detect a(n) (oo)cyst. DIFA stains a target protein directly,
offering a higher sensitivity when compared to IIFA, which first binds a primary antibody
to a target then uses a dye-conjugated secondary antibody to detect the primary antibody.
When using monoclonal antibodies in DIFA, only one antibody may bind to a target
antigen, but with IIFA, multiple secondary antibodies can bind to each primary antibody.
IIFA offers the advantage over DIFA in this case, as more dye molecules can be
associated with the target protein. 1IFA requires a longer process of sequential staining
when compared to DIFA, which can stain a sample with multiple primary antibodies
simultaneously. The antibody in commercially available DIFA and IIFA binds to an
epitope that is present on the (oo)cyst wall, which can make the viability of (0o)cysts
indistinguishable, since it can bind to empty or sporozoite rich (00)cysts®. Microscopic
observation in conjunction with the assay can determine whether an observed (0o)cyst
contains sporozoites; the light scattering pattern of full versus empty (0o)cysts is
different, which makes them identifiable.

Immunochromatography is of the same principle as DIFA and IIFA but is
simplified to an immunochromatography card that uses coloured banding patterns to
identify the presence or absence of a target antigen. Similar to a Hematrace or COVID-19
rapid test, two strips of immobilized antibodies are placed on a sample card, with one
being a control and the other being a specific antibody for the target of interest. The
detection of the targeted antigen is read as present or not present; it is a qualitative
measurement.
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One water monitoring method that is growing in popularity is enzyme-linked
immunosorbent assay (ELISA). ELISA uses an antibody which is linked to a reporter
enzyme, whose activity can be measured via incubation with an appropriate substrate®,
ELISA is useful for identifying a target protein in a complex mixture, even within a crude
preparation, by immobilizing reactants to a microplate, making it easier to separate bound
material from unbound material. ELISA can be used with direct assay, indirect assay, and
sandwich techniques. Direct and indirect methods are the same as described in DIFA and
IIFA, while sandwich uses a capture antibody (with at least two antigenic sites) pre-
coated to the microplate as well as a detection antibody. The sandwich method, deemed
as such since antigens are sandwiched between two layers of antibodies, removes the
filtration and purification steps performed prior to the assay and enhances sensitivity of
the assay. The detection method can be semiquantitative, quantitative, or qualitative,
based on whether the colourmetric data is graphed or simply compared. Due to the use of
an enzyme, the results have a short window of time in which they can be read.

Enzyme-linked immune-culture assay (ECLIA) has the same logistical methods as
ELISA, with the addition of a coupled Sulfo-Tag as the reporter molecule and a specific
substrate for the Sulfo-Tag®!. ECLIA also has specialized plates, which are inserted into a
reader that produces an electric pulse. The electric pulse initiates the conversion of the
substrate, which in turn produces chemiluminescence. The chemiluminescence data can
then be compared or graphed, meaning it could be interpreted as semiquantitative,
quantitative, or qualitative. One advantage that ECLIA has over ELISA is that the
substrate is activated by the electric pulse, eliminating the result timing associated with
the simple enzyme usage in ELISA.

Fluorescence in-situ hybridization (FISH) differs from the above methods of
labelling by targeting chromosomal locations within the nucleus of an organism, with
fluorescent DNA probes®®©2, It is a cytogenetic technique that does not require cell
culturing to complete. Typically, FISH is used in disease screening, and has applications
in personalized medicine, but it can also be used in (00)cysts detection. The technique
utilizes a labelled section of DNA that has a target site within the organism of interest,
which then binds to the target and produces fluorescence immediately if labelled directly
or waits for an immunological or enzymatic initiated fluorescence if labelled indirectly.
The process of FISH can be time consuming and labour intensive but can be completed
with multiple distinct fluorochromes simultaneously to detect multiple locations within
the DNA. FISH data can be semiquantitative, quantitative, or qualitative.

FITC, or Fluorescein-5-isothiocyanate, is a xanthene dye that labels proteins that
can be visualized by microscopy and cytometry, can be used in immunocytochemistry,
and has a range of other applications. FITC is the most widely used fluorescence labelling
reagent; labelled antibodies, proteins, and substrates can be used to measure a variety of
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cell types and processes®. It is known for having a high quantum efficiency and
conjugate stability. High protein concentrations, or precipitation or aggregation of
proteins, can lead to the failure of this method, as well as the failure to remove unreacted
FITC which can lead to high background fluorescence in visualization. Modifications in
the typical protocol (such as tandem affinity purification or TAP) can reduce the
probability of error and low-quality visualization®. This method can be time consuming
but is seen as a relatively straightforward method of fluorescence staining. In the context
of (oo)cyst identification, this method has been used to stain monoclonal antibodies to
visualize in microscopy®.

The use of aptamer technology has been recently demonstrated a detection method
for C. parvum oocysts®4. An aptamer is a designable synthetic biomolecule, composed of
a single stranded DNA or RNA oligonucleotide, which binds with its target with high
affinity and selectivity, by a process of unique three-dimensional interactions®®.
Electrochemical aptasensors have been developed as able to distinguish between C.
parvum and G. duodenalis for the detection of (00)cysts in the context of both fresh
produce and drinking and recreational water sources®*¢, The aptamers synthesized have
additional functional groups on sites that do not disrupt their structure or function and
have the potential to be conjugated to magnetic beads for the concentration of (00)cysts to
a smaller volume sample®. Aptamers are immobilized to a surface, and the binding of C.
parvum oocysts to the aptasensor causes an increase in the redox current of the device,
which can then be measured by square wave voltammetry®4%. One concern as to the
implementation of aptasensors in water quality monitoring is the time and labour
intensive processes associated with the generation of aptasensors, the rapid degradation of
aptamers by the means of nucleases, and cross-reactivity®.

Recent advances in CRISPR/Cas technology have been used in immunosensing C.
parvum oocysts by the means of combining antibody-based immuno-recognition
combined with CRISPR/Cas12a fluorescent signal amplification by the means of a hybrid
antibody-DNA conjugate and uses a conventional ELISA setup®’. The Cryptosporidium
oocyst acts as the analyte in which a sandwich method of detection is realized. Utilizing 4
different matrices to represent different environmental testing environments (yogurt,
orange juice, lite milk, and dirt suspension), results indicated satisfactory fluorescent
selectivity and signal intensities®’. Costs associated with this method can be high, but it is
a highly specific assay, and it has a short runtime. Further improvement of this system
would be to implement it on removable devices.

Most immunological based methods of visualization require pre-filtration and
concentration of samples to stain targets of interest more effectively. Experiments
involving these methods of staining can be completed on liquid samples, or filters that
liquid samples have been run through, which can make it difficult to analyze solid
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samples such as food. Every staining protocol requires the use of specialized lab
infrastructure in the form of a fluorescence capable microscope, and specific chemicals to
stain, dye, or label a target of interest. Environmental samples can contain inert particles
or algal cells that exhibit strong autofluorescence, or posses similar light scattering
characteristics to labelled (0o)cysts, which poses an obstacle to using fluorescence-based
detection methods. Certain stains and dyes are susceptible to photobleaching and
photodegradation, meaning high chemical turnover rates and increased costs. In these
ways, it can make this visualization techniques less accessible to people or populations
that lack resources and equipment, due to budgetary reasons or remote locations.

2.8.3 Cytometry Based Detection

Cytometry is a commonly used method for the sorting or counting of cells, which
typically have been pre-labeled with fluorescent markers. Cells contained in a buffer
solution are inserted into a chamber, which then ideally carries the cells through a flow
cell or detection window one cell at a time. The detection window is where the cells are
exposed to a laser which produces a fluorescence response in labeled cells, or where data
from light scattered can be characteristic to the components of the cell. The data collected
is from different detection channels that are connected to a computer and can provide the
number of instances that a certain characteristic is observed; the obtained data is
quantitative.

Cytometry is an alternative to microscopy when concerned with the number of
times a target within a cell can be observed, rather than the spatial location of a target
within a cell. With terms of detecting (oo)cysts, different forms of cytometry can be used
such as time-gated flow cytometry®®%8, fluorescence activated cell sorting (FACS)0%°,
immune-dot blot assays®® 0, and laser-scanning cytometry (LSC)>%>2,

Time-gated flow cytometry is used to in the detection of long-lifetime
luminescence (>1 microsecond) in labeled targets, based on temporal-domain
discrimination®®7®, This concept was demonstrated with in a 2009 experiment published
in SPIE, where FITC, fluorochromes CY 3, phycoerythin (PE) and tetramethylrhodamine
B thioisocyanate (TRITC) antibody labelled Giardia lamblia cysts and a UV LED were
used in a time-gated flow cytometer but failed to detect at a rate higher than ~13%
successful due to the low excitation efficiency®®. Time-gated flow cytometry has the
potential to be further improved to detect labelled cysts; with a coherent light source or
high-powered UV LEDs, the detection rate is expected to improve for labelled (00)cyst
detection.

FACS utilizes the same principles as typical flow cytometry, but physically sorts
mixtures of heterogenous cell samples rather than simply collecting data on them. FACS
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was successfully demonstrated to recover Cryptosporidium and Giardia (00)cysts from
river and reservoir water samples in excess of 92%, which allowed for further analysis
(such as viability testing)®®. This method is attractive as a method to sort (00)cysts that are
going to be further explored by microscopy, immunological testing, or molecular based
testing, since it has a higher recovery rate than other methods such as density gradient
centrifugation. (Oo)cysts that are attached to particulate matter can be detected and
sorted, and this method preserves older (0o)cysts, like ones that are commonly found in
environmental samples.

Quantum Dot immune-dot blot assays use alternatives to organic fluorophores as
biological labels, which have been demonstrated to label (0o)cysts successfully but
require improvement to become an efficient detection method’. Quantum dots (QDs) are
inorganic crystalline nanoparticles that have been shown to be superior to conventional
fluorophores in photostability, fluorescence intensity, and photobleaching threshold, and
have been used to detect Cryptosporidium and Giardia by epifluorescence
microscopy’®’2"4 QDs are typically bioconjugated semiconductor composites or
nanocrystals, have a wide spectrum of excitation wavelengths, and have narrow,
symmetrical, and tunable emission spectra’>~"4, The tunable emission is an attractive
quality for multiplexing reactions, which could provide quantitative measurement of
environmental samples, so long as target organisms have species specific antibodies,
detecting multiple organisms simultaneously. QDs can be conjugated with biomolecules
using a universal approach, which limits the customized chemistry required for many
traditional organic dyes’®’2, When regarding flow cytometry, (0o)cysts stained with QDs
exhibited significantly lower mean fluorescence intensity measurements when compared
to organic conjugates, against expectations, as non-specific binding occurred’. To
implement QD based detection methods in flow cytometry, significant improvements
would need to be made to reduce non-specific staining in environmental samples.

LSC is functional improvement to traditional flow cytometry that overcomes
many of the limitations of the typical method. LSC can analyze individual cell time-
resolved events, such as drug uptake and efflux, it may collect data on morphology and
the location of the fluorochrome from within the cell, and it can reanalyze cells
subsequently with alternative probes. There are various types of data that can be recorded
by LSC for each measured object: integrated fluorescence intensity, maximal pixel
intensity within the integration contour area, the xy coordinate of the maximal pixel,
integration area, perimeter of integration contour, circularity, fluorescence intensity of a
torus of user defined width integrated over a peripheral contour defined area around the
integration contour, the time (according to the clock on the measurement computer) at the
time of measurement, and FISH measurements”. LSC requires specialized equipment to
complete, however it compliments typical flow cytometry and offers many advantages. In
a Journal of Applied Microbiology study for the detection of Cryptosporidium oocysts
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and Giardia cysts, as an alternative to manual microscopy, LSC immunofluorescence
detection was completed on glass slides, confirmed with epifluorescence and DIC, and
validated by manual microscopy, and was shown to count (0o)cysts at numbers that were
at the least equivalent to manual microscopy®?. LSC can reduce times compared to
manual microscopy and reduces the error associated with operator fatigue and
subjectivity but requires that samples be mounted onto a glass slide, which can increase
preparation time.

Generally, flow cytometry has the added ability of automation, which improves time and
labour-associated drawbacks that other detection methods may suffer from. However, the
process has several limitations such as the inability to analyze time-resolved events,
morphology, subcellular fluorochrome localization, cell re-analyzation with flow
cytometry, samples must be in a liquid buffer, and large sample sizes require pre-
concentration’™.

2.8.4 Molecular Based Detection

Molecular methodologies are generally used for the identification of a specific
species in a sample. Molecular procedures are an assembly of techniques to identify and
analyze biological markers that are within an organism’s proteome or genome. Tools
based on this principle are used in diagnosing and monitoring disease, treatments for
disease, research, prenatal screening, and other specialities including water monitoring for
infectious organisms. Target regions of DNA or a target protein are amplified and
replicated from a sample with the use of thermocycling, DNA/RNA primers, a
polymerase enzyme, a buffer, and stabilizing agents. The amplified product(s) are run
through a gel matrix to separate the fragments of DNA or the proteins by length or
charge/size, respectively, by applying an electric field to either an agarose gel or
polyacrylamide gel. The banding patterns visualized by alternate light source on the gel
can give information about the sizes of the fragments of DNA or the proteins, which can
provide information about whether a target piece was present in the sample. The
separated DNA or proteins can then be sequenced or run through an assay for further
analysis.

Polymerase chain reaction (PCR) can be used on its own as a diagnostic method
for parasitic oocysts, but it can also be used in combination with immunomagnetic
separation to provide higher quality data’®’’. PCR has the advantages of higher
sensitivity, relatively rapid analysis, low cost (in comparison with other methods), tandem
detection of multiple pathogens or regions of interest, and discrimination between
species/strains’’. Specific primers corresponding to regions within the genome of
Cryptosporidium and Giardia, which can be further specified to individual species (such
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as C. parvum and G. lamblia), are incubated with purified DNA and a polymerase
enzyme, and allowed to undergo thermocycling. The process of thermocycling occurs by
heating the sample to denature the DNA, lowering the temperature to allow for primers to
anneal to target regions, and then raising the temperature to the ideal for the polymerase
enzyme to elongate the newly annealed primer. The product of DNA increases two-fold,
so repeating the cycle multiple times can lead to millions of copies of the DNA.
Sensitivity from purified samples of (00)cysts has been found to be higher than
environmental samples, due to DNA degradation, inhibition by coextracted materials and
non-specific binding and amplification products’”. This can be overcome by the addition
of chemicals (such as BSA) or by adding steps (such as immunomagnetic separation, spin
columns, or flow cytometry) to purify a sample before DNA amplification’®’’. PCR
based techniques require pre-concentration of a sample; due to the potentially low content
of target DNA in an environmental sample, filtration is commonly used to increase the
quantity of usable and amplifiable DNA, as well as decrease the population of
amplification inhibitors in the sample’®83, Integrating in vitro cell culture into PCR
methods has been demonstrated as a method for determining infective (00)cysts®%, since
using traditional PCR techniques with no modifications deems it impossible to tell the
viability of an (oo)cyst’""*%8¢ Cryptosporidium wall proteins, such as the COWP gene,
and Giardia Assemblages A, B, and E specific genes, such as g-giardin, are typical
targets of PCR quantification.®’

Nested PCR is an additional step that can be added to a PCR protocol that is
designed to improve sensitivity and specificity’®8°818_ The DNA undergoes one round of
PCR as per the typical protocol, but for the second round of reaction, a different primer is
used, with the likelihood of non-specific targets possessing sites for both primers
decreasing the chance of unwanted products. The addition of this step increases the time
to detection and requires a second primer, but can be performed on more convoluted
samples, such as environmental water samples, with an increased chance of specificity. In
a published article in Water Research (2001), it was shown that with a nested PCR could
reliably detect as few as 8 Cryptosporidium oocysts spiked in water but stated that
turbidity and debris in environmental samples still proved a significant problem for PCR
inhibition due to the presence of inhibitors that were not washed out®. Nested PCR
allows for the detection of (0o)cysts that are intact, as well as cost effectiveness, technical
simplicity, and the adaptiveness to include enumeration of DNA.

Real-time PCR is a method (also referred to as quantitative PCR or gPCR), is a
method of PCR which enumerates amplified DNA in real time rather than at the end of
thermocycling. There are two common methods which are utilized in gPCR for
enumeration: non-specific DNA intercalating dyes and sequence-specific fluorescence
reporter containing oligonucleotide probes which must hybridize with a complementary
DNA region to fluoresce. The DNA detected by either of the to common methods are
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compared to a standard curve. qPCR has been demonstrated effectively in quantifying
DNA from Cryptosporidium and Giardia (00)cysts®38%%, This method of detection is
attractive due to its real time production of results but is still susceptible to environmental
inhibitors and cannot detect viability.

Droplet digital PCR (ddPCR) removes the reliance on a standard or calibration
curve by providing the absolute quantitation® -3, ddPCR partitions PCR solutions into
separate nano-litre sized droplets (on the order of thousands per sample), where separate
PCR reactions take place. Partitioning methods can include well plates, capillaries,
emulsion oils, or regions of nucleic acid binding surfaces. Each reaction centre is checked
for fluorescence after a desired number of amplification cycles and provides a binary
readout of fluorescent (1) or non-fluorescent (0), which is recorded as a fraction of
fluorescing centres®?. This method has been conducted to compare against gPCR in
detecting Cryptosporidium, and was shown to have higher precision than gPCR, but
became poorer with a decrease in DNA concentration, and was shown to be less affected
by the presence of inhibitors®®. This method of detection is still unable to distinguish
viability in oocysts.

Reverse transcriptase PCR (RT-PCR) has been shown to specifically identify
viable oocysts’®"88 This form of PCR is based on the use of RNA as a template, which
is reverse transcribed into complimentary DNA (cDNA). The reverse transcriptase
enzyme synthesizes a DNA/RNA hybrid, then degrades the RNA portion to give a single
stranded cDNA fragment, which is then elongated by DNA polymerase. Once the initial
step of RT-PCR is completed, the regular PCR process of repetitive thermocycling
amplifies the DNA. RT-PCR has been used in conjunction with other detection methods
to provide higher quality data and more sensitive detection methods’"#%#, One method
described in a paper published in the American Society for Microbiology utilized the
detection of MRNA transcripts by RT-PCR in Cryptosporidium and Giardia (0o)cysts
with an induced heat shock protein gene, since the levels of mMRNA exhibit rapid decay
following cell death”®. This method was compared with immunofluorescence microscopy
(DAPI) and was found to be more sensitive’®. Immunomagnetic separation has also been
used with RT-PCR as a viability assay for C. parvum oocysts, which lowered the limit of
detection for oocyst spiked concentrated environmental samples of water’®. This method
was unable to detect oocysts if they were inactive, but regular PCR tests completed in
tandem confirmed the presence of inactive cysts’®. Implementing cell culture with
traditional PCR, RT-PCR, and immunofluorescence assays have been compared and
demonstrated as methods to monitor infectivity of Cryptosporidium oocysts, with
immunofluorescence assay having the lowest rate of false positives and highest rate of
detection®,
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Restriction fragment length polymorphism assay PCR (RFLP-PCR) is another
form of PCR that has been used to identify Cryptosporidium oocysts in water>8-% In
tandem with nested-PCR, RFLP-PCR can detect low densities of oocysts, as well as
identify if the contamination is human-pathogenic in origin®-®*, This technique utilizes
polymorphisms, which are variations in homologous DNA sequences that distinguish
individuals, and restriction enzyme sites (specific regions where a restriction enzyme will
cleave) to digest DNA into fragments, which are then amplified by PCR. Small-subunit
rRNA-based nested RFLP-PCR was shown to amplify DNA from five or fewer oocysts,
and identify individual species based on the analysis of restriction enzyme cleaved DNA;
incubation of oocysts with specific primer sets to exploit polymorphisms allows for
differentiation 8%,

Loop-mediated isothermal amplification (LAMP) is a relatively new
method that amplifies DNA with high specificity and efficiently, at a rapid rate under
isothermal conditions, employing a DNA polymerase enzyme in tandem with a set of
specially designed primers that locate distinct target DNA sequences, and amplify DNA
at a significantly higher rate than PCR%%, At a constant temperature, typically 4 primers
amplify 6 regions in a target gene, initiated by an inner primer which possesses sense and
anti-sense strands of target DNA, followed by an outer primer, which displaces the DNA
synthesis and releases a single-stranded DNA, which serves as a template for DNA
synthesis that is primed by the second inner and outer primers, which hybridize to the
other end of the target sequence to form a stem and loop structure of DNA®%. Following
rounds of LAMP cycling yield a new stem and loop DNA product which is twice as long
as the original stem and loop, as well as the original stem and loop, with repeated cycling
producing in excess of 10° copies of the target DNA in under an hour, with a final product
stem and loop DNA having inverted repeats and broccoli-like structures that have a high
selectivity of target sequences®. In comparison with PCR, LAMP has been demonstrated
as an effective method to detect picograms of Cryptosporidium and G. duodenalis DNA
in a sample®-1% RT-LAMP has also been used to detect Cryptosporidium oocysts,
utilized to decrease the limit of detection of traditional LAMP, and the labour associated
with the procedure by making the assay single step®®.LAMP is an attractive DNA
amplification method due to its simplicity, rapidity, lack of difficult washing steps,
immunity to the presence of inhibitors (that reduce PCR), cost effectiveness, and lack of
highly specialized equipment®>1%. One limitation to LAMP is that it is highly based on
primer design, which is limited to the published gene sequences available in databases.
There are a limited number of organisms that have been catalogued by individual
researchers, and further investigation and research on primer development would be
required to allow LAMP to become a more commonly used method of DNA
amplification.
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A DNA microarray is an assembly of probe DNA sequences attached to a solid
surface, used to measure gene expression levels by hybridizing to cDNA or cRNA.
Microarrays have been designed and used with probes to specifically detect various
species of Cryptosporidium?®, The use of microarrays can be used to detect multiple
organisms in a single sample, which has the potential to benefit water quality research.
Microarrays require pure genomic DNA, which increases preparation time for samples.
The design of DNA probes comes with challenges; optimal probes can be predicted with
specialized software, but the performance of probes designed does not always occur as
expected in vitro, as well as the decrease in sensitivity when compared to other methods
such as PCR!,

Nucleic acid sequence-based amplification (NASBA), with subsequent
electrochemiluminescence detection, has been used in the detection of viable
Cryptosporidium oocysts from environmental samples'®. The technique produces
multiple copies of single stranded RNA, by means of a two-step process which utilizes
primers which anneal to RNA and an enzyme cocktail to amplify the RNA, which can
then be used to produce cDNA. Amplification protocols can be isothermal or non-
isothermal®. In a study published by ACS Publications, a heat shock protein from
Cryptosporidium was targeted and amplified by NASBA, hybridized with DNA probes,
and quantified, to produce a detection limit of around 5 viable oocysts per sample!®?. One
limitation of this detection method is its inability to detect non-viable oocysts.

Electrophoretic mutation scanning (EMS) can separate DNA molecules in a
manner which is dependent on nucleotide sequence'®. Heteroduplex analysis is a method
which utilized particular electrophoretic conditions to determine if one or more types of a
DNA sequence exist in a sample, since under the conditions, heteroduplex molecules
containing mismatches can be separated from identical molecules that have no
mismatches!®1%, This process has been used in a heteroduplex mobility assay (HMA) for
the rapid detection of diversity in the sequences of different Cryptosporidium species®.
These assays can be useful in identifying variations in genotypes within a parasite
species, and can help in visualizing the migration of parasites and determining outbreaks
associated with a specific variations of species.

Molecular based detection methods display tremendous potential in detecting
Cryptosporidium and Giardia (0o)cysts, but often require the use of specialized
equipment, chemicals and agents, filtration methods, and extensive procedures to remove
inhibitory factors. Procedures typically need to be transported to a lab facility for testing,
which makes water quality monitoring in remote locations and locations with a lack of
infrastructure difficult, timely, and costly.
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2.8.5 Other Detection Mechanisms

Biofilms are low-cost sample reservoir that can be scraped to determine potential
high-risk regions in a watershed that may need further investigation and have been
demonstrated to provide data on Cryptosporidium oocysts'®. Traditional methods of
sample collection involve the filtration of 10L or more of water. In tandem with methods
of immunomagnetic separation and (D or I)IFA, biofilms were analyzed up and
downstream of a wastewater treatment plant, and off of submerged rocks or glass and
provided information on the presence of oocysts in environmental waters®.

Electrochemical impedance spectroscopy (EIS) is an electroanalytical method of
analysis based on the bio-recognition of events which occur on an electrode surface. It
is a steady-state technique that has a wide range of applied frequencies, recognizing small
signals for analysis. A non-invasive method of detecting C. parvum oocysts real time,
with label free analysis, was developed using an interdigitated microelectrode array,
utilizing EIS'%’. In the presence of a low conductive buffer, a linear relationship between
oocyst concentration and sample conductivity was observed in a microvolume of fluid,
caused by oocysts’ ion release under hypo-osmotic conditions!®’. The non-invasive nature
of this method is attractive when compared to staining or labelling, potential for
automation, and rapidity, as well as typical immunomagnetic separation techniques are
non-interfering with the impedance-based strategy of EIS*7,

In another form of electrochemical analysis, potentiometric analysis, two
electrodes, one for reference and one for indication, are presented in an electrochemical
cell, where the difference in potential between the two electrodes provides information
about the concentration of the tested sample!®. In an ELISA-like assay, an antibody-
based horseradish peroxidase-label system was deposited on a screen-printed electrode,
which was then potentiometrically detected, with the sensitivity of 5x10% C. parvum
oocysts per 60ml. This method was carried out within 60 minutes, making it time
effective, but needs to be further explored for other Cryptosporidium species to determine
its applicability in water quality monitoring.

Piezoelectric based biosensors are based on a bioconjugated piezoelectric crystal
as a sensor, with the change in oscillation due to the binding of an object to the surface of
the crystal’®®. An immobilized anti-Giardia lamblia piezoelectric-excited millimetre-sized
cantilever biosensor has been demonstrated in detecting <10 cysts/mL in three water
matrices (buffer, tap, and river) in 15mis, without a preconcentration step'®. Since the
immobilized antibody does not attract the cysts, flow rate was a factor to be considered in
this experiment, with the rate being the limiting factor for transport of cysts to the sensor
surface. The increase of flow rate leading to increase in rotation of the nonspherical cyst
was assumed to enhance exposure to antibody binding sites, and was observed as the
method exhibited a higher response at a higher flow rate. To confirm the response of the
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sensor was due to the binding of G. lamblia, environmental scanning electron microscope
images were taken, and confirmed the presence of cysts. The further feasibility of 1
cyst/mL in a 1L sample, at a flow rate of 5mL/min was shown, which could be an
improvement to this method that would decrease the time required for analysis.

Capacitive based biosensors operate on the principle of registering changes in
dielectric properties, or the thickness of a dielectric layer, when a target binds to the
surface of the sensor. By immobilizing antibodies on interdigitated gold electrodes,
Cryptosporidium detection was detected by measuring the change in capacitive/dielectric
properties upon binding®. This label free method showed a detection limit of 40
cysts/mm?, with the potential to improve and extend detection to other biomarkers in
environmental samples. This method does not require pre-treatments and can be
integrated into microfluidic devices and made to be part of point-of-care devices.

With the use of antibodies, C. parvum oocysts were analyzed with an automated
evanescent wave biosensor'®. Waveguides coated with fluorescently tagged capture
antibody solutions were excited within the evanescent field, with results showing
increased sensitivity for boiled oocysts. The use of fibre optic biosensors needs further
development to increase sensitivity, as only the portion of antibodies bound to the oocysts
closest to the surface of the biosensor were detected. This method has the potential of
automation but needs further research to be implemented for regular use in water quality
monitoring.

Surface enhanced Raman spectroscopy (SERS) is a modification made to
traditional Raman spectroscopy that enhances Raman scattering by adsorbed molecules
on nanostructures, up to the ability to detect single molecules. This technique has been
used for the detection of G. lamblia cysts in finished drinking water'!!, This detection
method utilized a polycarbonate track etched membrane filter to concentrate (PTCE)
cysts, with the addition of immunogold labels, which were then quantified with Raman
mapping!!. Out of the three types of membrane filters tested (Anodisc®, silver
membrane, and gold coated PTCE), all three demonstrated low fluorescence background,
but the gold coated PTCE was found to be the optimal of the three!'!. The ability to detect
a single cyst with this method was demonstrated, however it required 4 hours of
instrument time for a single 400um x 400um map (which is a fraction of the total surface
area) and was undetermined as to the map’s reusability. This method has the potential for
simultaneous detection of multiple pathogens, but also has an increased cost compared to
other detection methods.

A biosensor with direct antibody analysis with mixed self-assembled monolayers
(SAMs) was developed to be used with surface plasmon resonance (SPR) in the detection
of C. parvum oocysts''2. SPR measures the adsorption of a material on a planar metal
surface, with resonant oscillation (which is very sensitive to the change in boundary
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caused by surface adsorption) in metallic nanoparticles caused by the interaction with
incoming light**3. This flow type, real-time increased sensitivity by the addition of an
immunoreaction step and subsequent binding of antibody-oocyst complexes binding to
the sensor’s surface to measure 1x10? oocysts/mL. The immunoreaction step of this
method was <60mins, with the potential of reuse of unbound antibodies and mixed SAMs
leading potential research to improve this method.

In a proof-of-concept experiment, metabolomics was used to detect
Cryptosporidium in its viable/infective form as well as its non-viable irradiated form?!4,
Using excreted metabolites from oocysts, chromatographic and mass spectral data was
able to identify and quantify amino acids, carbohydrates, fatty acids, and alcohol type
compounds to explain differences between viable and non-viable oocysts within a 24h
window from when the sample was acquired to the result. This method requires specific
equipment and trained individuals to interpret data but has the potential to aid in further
research around parasitic cysts and their life cycles.

2.9 Giardia Disinfection

Giardia cysts are resistant to environmental destruction and are insensitive to
some forms of chemical destruction®. Regarding chlorine disinfection, cysts are
relatively resistant, but can be inactivated with 4mg/L of incubation with the chemical
after 60min at 5°C, when the pH levels are between 6-8*. At pH 6 and 7, a chlorine
concentration of 8mg/L will inactivate cysts when in contact for 10 minutes, with the
incubation time rising to 30 minutes at pH 8. At 25°C and pH 6, cysts will be killed when
exposed to 1.5mg/L of chlorine for a period of 10min. For surface disinfection or spill
disinfection, 6% H20. (hydrogen peroxide) can be used.

Physical inactivation of cysts can occur when cysts are exposed to 10 J/m? of UV
light at 254nm*115, Cysts are susceptible gamma irradiation, and to both boiling and
freezing, which is consistent with boiling water advisories across Canada*®. Cysts are
resistant to ozonolysis*. Coagulation-flocculation and filtration (traditional or membrane)
practices are common methods to remove cysts from drinking and recreational water
sources®’.

2.10 Cryptosporidium Disinfection

Cryptosporidium is resistant to most typical disinfectants and chlorination®3,
Oocysts are susceptible 20 minutes of exposure to high concentrations of H203, ethylene
oxide, and ozone (>6%), but are resistant to low concentrations of peracetic acid, sodium
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hypochlorite, quaternary ammonia compound, phenolic, glutaraldehyde, ortho-
phtalaldehyde, and 70% ethanol*"116,

Physical inactivation of oocysts can be completed by incubation at elevated
temperatures (>70°C) of moist heat for around 20min, freezing (-20°C for 24h or -70°C
for seconds), desiccation, UV light, and gamma irradiation®”11®. In concordance with the
removal of Giardia cysts, Cryptosporidium oocysts can be removed from drinking and
recreational water sources by coagulation-flocculation and filtration (traditional or
membrane)®’.

2.11 (Oo)cyst Handling

Both Cryptosporidium parvum and Giardia lamblia are Risk Group 2
classifications which require Containment Level 2 facilities for handling®'*%. Lab coat,
gloves, and eye protection must be worn when handling (oo)cysts. Precautions against the
production of aerosols must be taken, such as handling the (oo)cysts within a biological
safety cabinet (BSC). Specimens must be stored in labelled leak proof containers, and all
surfaces and wastes that have made potential contact with the organisms must be
disinfected.

2.12 Indigenous Communities and Water

Indigenous communities in Canada live with an increased rate of high-risk
drinking water systems and advisories>!'"1!8 Canada has a decentralized approach to
governing water, leaving many small and/or rural communities under boiling water
advisories, many of which are First Nations>>1’, Water resources, what was once
delegated by municipal government (with influence from provincial and federal
governments), is now managed by a tri-departmental structure at the federal level, which
consists of Aboriginal Affairs, Northern Development Canada, and Health and
Environment Canada, which share in the duty of safe delivery of drinking water317:11°,
The Truth and Reconciliation Commission, in response to the Indian Residential School
Settlement Agreement issued in 2007, began a nationwide discourse on the need to
improve Canada’s relations with its Indigenous populations, with water resources
commanding a forefront in the battle to improve relationships'’1%, Since 2015, 136
long-term drinking water advisories have been lifted, with 31 still in effect, spanning 27
communities over the provinces Saskatchewan, Manitoba, and Ontario*?!,

Indigenous communities hold traditional knowledge (TK) in high regard, and
Indigenous Elders and communities have distinctive perspectives on water'"*°, To most
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of the non-Indigenous population, water is seen simply as an essential resource necessary
for survival, but to Indigenous communities it is more sacred; in some Indigenous
communities, water is a gift from the Creator of Mother Earth and holds high spiritual
significance'"11°, Therefore, it is of utmost importance for Indigenous communities to
have access to clean drinking water resources, but also clean water to ensure the
biodiversity of their land, ecosystems, and environment, of which relationships that
Indigenous nations hold importance to>!'°. Scientific thinking needs to be considered as a
companion to TK to develop environmental mandates; pieces of TK that have been
picked out of the vast branch of TK and inserted into environmental mandates!®. When
developing detection mechanisms, considerations of sustainability, maintenance, and long
term usage need to be implemented in congruence with TK, such as a small device design
as to not impact or displace parts of the environment, or long term devices that require
fewer maintenance updates where technicians would be required to come to site. This will
be further explored in consultation with TK and Indigenous communities.

2.13 Indigenous Communities and Healthcare

Indigenous communities are at a heightened risk to waterborne infections with a
rate of 30% higher than the national average but are also at a higher risk for skin
problems, and even birth defects caused by water usage!!’. An Indigenous community in
the Canadian Arctic has one of the highest self-reported acute gastrointestinal illness
rates, as verified by peer-reviewed literature'®, The increased risk to illness is in large
part due to the poor infrastructure surrounding water delivery and storage. With
gastrointestinal illness being the most frequently identified health outcome reported in
Indigenous communities, it comes into question the resources available to treat and
prevent these illnesses.

Access to emergency care health services in remote communities has been
described as “unacceptable” by both service providers and users, and many Indigenous
patients have reported discomfort in reporting their health issues for a fear of information
being shared, resulting in social exclusion!?212%, This fear can be amplified by the fact
that in these communities, many nurses and physicians are only part time; part time health
care providers can mean long turnaround times for diagnosis and treatment!?2123, part
time hours means that many workers have to limit the time they spend with each patient,
which can make a patient feel rushed and forced to omit details of their condition(s),
leaving a higher chance for conditions and illnesses to be misreported. Many of the
healthcare workers in Indigenous communities are underqualified to take on the full
responsibility of duties with which they are given, delaying diagnosis and treatment while
they consult with an expert physician within or outside of the community*??. Furthermore,
the devices and medical equipment in these communities is often out of date, in poor
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condition, or absent altogether, leaving workers and patients with fewer resources to
diagnose and treat'??, Due to the lack of equipment, patients are frequently referred out to
external medical facilities and resources, which can increase expense for travel. Some
Indigenous communities in North-Western Ontario do not have access to a permanent
road, leaving air travel as the only option for transportation to external medical
facilities?2123,

Not only does water quality come into concern when discussing Indigenous
healthcare, but Point-Of-Care (POC) devices used for diagnosis of illnesses have become
an attractive, low-cost method that could solve some of the discrepancies in Indigenous
healthcare. The use of a POC device would reduce the need for expertly trained
individuals required to operate some medical devices. The work presented in this thesis
builds towards the ultimate goal of a low-cost, POC device that can be used for water
quality monitoring but can be easily adapted into a POC medical diagnostic device.

2.14 Conclusion

Detection of Cryptosporidium and Giardia has been an ongoing effort for a long
time, and as technology develops, new detection mechanisms develop also. Many
detection mechanisms require the use of chemicals, expensive lab infrastructure, or a
technical staff, which are generally limited in many resource poor settings such as remote
and Indigenous communities. There is an urgent need for low-cost, point-of-care
detection technologies to address issue of effective water quality monitoring, disease
infection prevention, diagnosis, and disease management.
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Chapter 3: Cryptosporidium and Giardia Experimentation

Cryptosporidium and Giardia produce environmentally robust cysts which are
infectious to human and mammal populations in both developing and developed nations.
The typical method of transmission is through contaminated food or water. To limit the
exposure of individuals to these pathogens, it is of interest to produce a device which can
detect the cysts in water.

There are several ways that these cysts can be detected, like by microscopy,
immunofluorescence, or PCR, but the traditional ways of monitoring require expensive
lab equipment and chemicals, extensive technician training, and copious amounts of time
spent to prepare samples. With the infectious dose of these cysts being so low, it is
imperative that the time to detection be minimized, especially in remote locations, or
where access to healthcare or testing facilities is low.

One such way to minimize time and the cost associated with the testing process is
to fabricate a point-of-care, low-cost device with the capabilities of identifying cysts from
a mixture of biological specimens. One approach to accomplish this goal is by
optofluidics; a small camera connected to a Raspberry Pi will utilise shadow imaging and
flow analysis of particles through a microfluidic channel to identify Cryptosporidium and
Giardia cysts. The device will employ a machine learning algorithm to learn and
characterize the particles in the channel when compared to other particles that may be
present. This technique has been demonstrated in urinalysis for the detection of biomarker
particles such as trichomonas vaginalis and red blood cells*?*. Figure 1 is a schematic
representation of the device setup that has utilized shadow imaging and flow analysis for
particle detection, which the proposed Cryptosporidium and Giardia device will follow
utilizing a Raspberry Pi and a Raspberry Pi camera. Both surface water and drinking
water are targets of testing. Surface water, found on the surface of environmental sources,
will contain a higher quantity of debris, other organisms, and particulate matter that will
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Figure 1. Schematic diagram of the setup of a
microfluidic device used in shadow imaging.
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need to be excluded during the detection of the (0o)cysts, potentially by pre-filtration, or
by rigorous detection algorithms. Drinking water is usually pre-filtered or treated, and
should contain much fewer objects which could interfere with the detection of (0o)cysts.

PDMS is employed as the material for the fabrication of microfluidic channels due
to its high clarity, which reduces the interference by channel material when it comes to
particle detection. Through this method, the tumbling motion of particles flowing through
the channel will be analyzed by shadows created from an overhead light source. This is
advantageous over traditional microscopy by giving not only morphology information but
also how the particle moves during flow.

The goal of my work regarding Cryptosporidium and Giardia revolves around
establishing ground truths in microscopy, and the biology and chemistry around the
fabrication of the optofluidics based detection device. The ground truths are required to
establish what the cysts look like so that the algorithm for tracking their movement can be
developed, since the movement heavily depends on the (0o)cyst’s morphology.

A non-pathogenic model was chosen to establish ground truth microscopy images;
all (oo)cysts purchased were gamma irradiated and non-infectious. Cryptosporidium
parvum was selected for these experiments, however, in future experiments, an irradiated
sample of Cryptosporidium hominis (the more human-infective species) could be used for
more specific ground truth imaging and algorithm training. Giardia lamblia was chosen,
which is a human pathogenic model. Morphological features of the cysts chosen include
the shape of the (oo)cysts which will determine the tumbling and flow pattern of the
particles through a microfluidic channel.

3.1 (Oo)cyst Handling

Safety, handling, and containment procedures were followed in accordance with
Pathogen Safety Data Sheets*’8. A sample of AccuSpike-IR, gamma irradiated, Giardia
lamblia and Cryptosporidium parvum (oo)cysts, 100 each in 2.0mL of DI water,
produced by Waterborne Inc, was purchased from Ceadarlane (PACIR3) and was diluted
into 500mL of DI water in an amber Nalgene bottle, to protect from light degradation. An
aliquot from the diluted sample was fixed onto a microscope slide with Polyvinyl alcohol
mounting medium with DABCO®, antifading (SA C6164), in accordance with prior
established fixing protocol'?. Images were acquired on a Ti-U model inverted Nikon
microscope with no filters.
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3.2 Cryptosporidium Oocyst Morphology

As established in literature, Cryptosporidium cysts are circular to ellipsoidal in
shape, and Giardia cysts are ovoid to ellipsoidal in shape. Cryptosporidium cysts are
smaller than Giardia cysts; Cryptosporidium sizes 4.2 to 5.4um in diameter and Giardia
sizes 8-19um in length01114.1517.18.26 "Figyres 2 and 3 are 40x magnification images taken
of Cryptosporidium oocysts, taken under white light, which are small, individual oocysts
that appear grouped together. Individual oocysts are circular to oval in shape, and clump
in a pattern similar to water droplets on a surface.

Figure 2. Cryptosporidium oocysts at  Figure 3. Cryptosporidium oocysts at 40x
40x magnification under white light.  magnification under white light.

Figure 4. Cryptosporidium oocysts at
20x magnification under white light.
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White light was used in the capture of the images since it will be used in the
microfluidic platform, as well as it its simplicity coupled with how it provides
information on the transparent specimen without the need for staining.

The 40x images captured were found to be the most useful at establishing
morphology of the oocysts due to their size. Images were also captured at 20x
magnification (Figures 4 and 5), and 10x magnification. Information provided by 10x
magnification did not prove as relevant due to the size of the oocysts. 20x magnification
images provided subtle differences in what was viewable by the camera; particles seem to
have clearer borders and are more differentiable.

Figure 5. Cryptosporidium oocysts at 20x
magnification under white light.

Figure 6 is a 40x magnification image taken of the oocysts under DIC, which
allows for a better differentiation of individual cysts in the clumping pattern, but also
shows that some of the signals in both the white light images and DIC images appear to
have air bubbles contributing to the clumping pattern. DIC lighting will not be used in the
microfluidic device but can provide more information in establishing a ground truth
morphology to be used in creating a machine learning algorithm.
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Figure 6. Cryptosporidium oocysts at 40x
magnification under DIC light, showing some artifacts
appear to be water bubbles.

3.3 Giardia Cyst Morphology

Figures 6 and 7 are 40x magnification images of Giardia cysts, identifiable by the
larger size when compared to Cryptosporidium oocysts (Figures 2-6).

Figure 7. Giardia cysts at
40x magnification, under
white light.

Figure 8. Giardia cysts at 40x
magnification, under white light.
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Figure 9. Predicted Giardia
cyst at 40x magnification,
under white light.

Figure 9 is a predicted Giardia cyst, based on morphology and size comparison
with the other (oo)cysts in the sample. These cysts are typically ovoid to ellipsoidal in
shape, but Figures 6 and 7 have a pear-shaped morphology. Giardia cysts can take on
different morphologies. This has the potential to affect image tracking algorithms, which
can be adjusted knowing that DIC imaging did not provide any further relevant
information on the morphology of Giardia cysts

3.4 Flow of Ellipsoidal Particles

The detection of (0o)cysts flowing through a microfluidic channel will depend
heavily on the tumbling motion of the particles when prompted by flow. The study of
fluid dynamics of microfluidic channels has shown that there is both turbulent and
laminar flow within rectangular and trapezoidal channels*?®?’. Since the (00)cysts can be
anisotropic, the size of the ellipsoid will determine the preferential direction through
turbulent flow!?, If the ellipsoid’s ratio of the size of the major axis is larger than the
turbulence forcing scale, the ellipsoid will travel faster in the parallel direction to its
major axis, whereas if the ratio of size of the major axis is smaller than the turbulence
forcing scale, the ellipsoid will travel faster in the parallel direction to its minor axis'%.
Understanding the motion of the particles which resemble the morphology of the
(oo)cysts is important for the image tracking as well as in channel design.

The algorithm to identify (oo)cysts will be able to distinguish the difference in
shape of the Giardia cysts versus Cryptosporidium oocysts, compared with other particles
possible in a sample, and connect shape with flow mechanics to identify (oo)cysts. A
video was taken of a glass microfluidic channel with 10um polystyrene beads with the Ti-
U Nikon microscope at 40x to demonstrate the flow through a channel, to be used in
comparison with the Raspberry Pi and Raspberry Pi camera setup.
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3.5 Microscopy Comparison

The objective lenses used to take the images on the Nikon Ti-U were 10x, 20x, or
40x, which provided a wide field of view, with the sample further away from the lens. In
the microfluidic device, the camera used will have a magnification of 1, with a field of
view of 1Imm by 2.2mm, with a resolution of 3264 x 2448 (8-megapixel camera). The
camera will be directly against the microfluidic channel, covering the entirety of the
width of the channel. While the images taken on the Nikon Ti-U microscope have provide
more detail about the (0o)cysts, they are relevant for determining the size and shape of
(oo)cysts, used to develop the flow tracking algorithm, based on shape.

A 10x objective generally has a field of view of about 2.0mm, which is similar to
the length of the field of view of the microfluidic device. Since the width of the field of
view of the microfluidic device is about 1mm, increasing in magnification on the Nikon
Ti-U microscope to a 20x objective would provide the field of view most like the one
observed with the microfluidic device.

The morphological data gathered with the 20x will be the most similar to the data
gathered with the microfluidic device, but the data gathered with the 40x objective can
provide higher morphological detail for the development of the tracking organism, since
it provides higher detail about the shape of the (oo)cysts. The resolution capabilities of
the Nikon microscope can be up to 4096 by 4096 pixels, which is greater than the
resolution provided by the Raspberry Pi camera. The video frame rate in the Raspberry Pi
camera will be dependent on the use of a 5mp or 8mp camera, which are both available,
with an increased number of pixels resulting in a slower frame rate of video capture due
to the time taken to analyze and represent the greater number of pixels. Captured images
on the Nikon were at a higher resolution and will downsample as needed during the
algorithm developmental phase.

3.6 Conclusion

New optofluidic lensless imaging technology can be used to address some of the
issued in POC devices, which need model biological systems for development. Most
detection mechanisms for Cryptosporidium and Giardia rely on the presence of (0o)cysts,
rather than live parasites, especially in environmental water samples . Non-
pathogenic commercially available (0o)cysts were purchased for the development of a
protocol to acquire and introduce these model systems to the Biophotonics Lab and the
Mac Water microbiology lab (Dr. Schellhorn). Both model organisms are Risk Group 2
organisms and were stored in Biosafety Level 2 containment facilities in opaque
containers to prevent light degradation. All microscopic images captured to identify
morphological features were under transmission white light, used for comparison to what
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the cysts will look like when within the microfluidic channel in the proposed device. The
resulting data as guidance in the development of the microfluidic device.

3.7 Future Direction

For the next step, the (0o)cysts would need to be flown through the microfluidic
channel and observed, analyzing the flow dynamics and whether the (oo)cysts will adhere
to the walls of the channel. For the further development of this system, environmental
waters will need to be tested. The possibility of biofilms and debris aggregating on the
walls of the channel is high, and measures to combat this must be taken, such as
modifying the material of the microfluidic channel. There are various ways in which the
channel can be modified, but one such modification can be made to PDMS to reduce the
water contact angle with the surface 15.
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Chapter 4. Water Quality Monitoring for Ammonia

The goal of designing a point-of-care, low-cost water quality monitoring system is
to create a multifunctional device capable of monitoring multiple contaminants at once.
The proposed system for the Cryptosporidium and Giardia experiments, down the line,
can be modified to include monitoring of other biomarkers in water, such as ammonia
concentrations, which can provide information on the health of an ecosystem or the
efficiency of wastewater treatment plants. Sensors monitoring dissolved oxygen, creatine,
and pH have been successfully designed and produced as microfluidic devices, as well as
the use of motion analysis for point of care urine analysis!?4130131,

The Cryptosporidium and Giardia channel utilizes shadow flow imaging through
a microfluidic channel and an overhead white light source to identify biomarkers flowing
through a fluid, similar to Figure 1. With this setup, it is possible to modify the materials
which the channel is made of to add the functionality of detecting another biomarker. A
hydrogel with a stability similar to the PDMS channel in Figure 1 with ammonia sensing
capabilities would improve the use of a microfluidic water quality monitor. Experiments
were completed to identify the possibility of fabricating such a hydrogel for ammonia
detection, and to see its feasibility in combining the platform with the shadow imaging
flow analysis of Cryptosporidium and Giardia (oo)cysts.
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Figure 1. Schematic diagram of the setup of a
microfluidic device used in shadow imaging.

4.1 Ammonia as a Contaminant

Ammonia is an important nutrient in aquatic environments due to its role in the
aquatic nitrogen cycle as well as its impact on organism growth. The analyte can be
accumulated in waterways and marine and estuarian environments by various methods,
though it is typically unusual to find it in large quantities. The effect and toxicity of the
compound on organisms is dependent upon the chemical form of ammonia, the pH of the
water, and the temperature®. Below the pH of 8.75, ammonium (NH4") is the predominant
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form, which is generally non-toxic, whereas above pH of 9.75, the dominant form is toxic
ammonia (NH3)!32.The pH of an aquatic environment is dependent on other factors.
While the relatively non-toxic form is generally the most abundant form, excessive
concentrations can still be dangerous to aquatic life. Excess quantities of the toxic form of
this compound, such as 0.5umol, will physiologically alter the gills, kidneys, livers, and
other organ tissues of aquatic organisms, which can ultimately lead to death®3, In an
organism, it can cause cell damage and affect the levels of oxidative stress, which can
alter fish behaviour by reducing swimming activity and foraging behaviour in fish®. Both
ammonia and ammonium can stimulate the production of phytoplankton which can lead
to rapid algal growth; ammonia and ammonium can be converted into nitrate by nitrifying
bacterial®2. Eutrophication is a result of increased concentrations of nutrients in surface
water, with nitrate, nitrite, and ammonia being contributing factors’.

The increases in nutrients can have many negative impacts on an ecosystem, some
which can affect humans. With excess amounts of nitrogen, fish populations can drop due
to direct death or alteration of food sources. Over production of algae, especially on the
surface of a waterway, can change the light distribution to species living below the
surface. With temperature changes due to light distribution, species may die off or
reconfigure to survive, which could result in pH, dissolved oxygen, salinity, or other
nutrient changes. The catastrophic effects may be entire ecosystem death, or in a less
severe case it may render a water source unsuitable for human use.

4.2 Sources of Ammonia

There are a multitude of ways in which water quality can be impacted, both by human
and natural influences. Geological, climatic, and hydrological emissions are of the most
influential natural mechanisms by which water quality is affected’. If water levels fall, the
concentration of salts in the remaining water may rise, which can directly affect
organisms or alter the availability of nutrients which affects organisms in a longer term.
The analyte can also amass as a by-product of protein metabolism from fish and
invertebrates, from phytoplankton and organic matter decomposition, and can be utilized
by nitrifying bacteria to form nitrate #132, Nitrogen mineralization, organic sediment
nitrogen, and coliform bacteria are other contributing factors341%,

Some of the most frequent anthropogenic methods of accumulation are agricultural
runoff, landfill contamination, wastewater pollution, and industrial emissions. In a study
of 248 hotspots which had local ammonia enhancement, the 83 agricultural spots were
consistently determined to be associated with animal farming*3¢. In the same study, the
158-spot class of industrial related hotspots, the majority (over 130) were found to be
associated with ammonia-based fertilizer manufacturing. Other works have shown that
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leaky sewers, leaky mains, on site sewage disposal, septic tanks, landfills, gasworks,
atmospheric deposition (which is polluted by human interaction), highways and roads,
airfield de-icing, and house building were other sources of groundwater nitrogen*3’,
Particularly, contaminants from municipal solid wastes landfills are more diverse than

from industrial or agricultural sites*38,

Diverse forms of contaminants pose a challenge to many commercially available aqueous
ammonia detection methods, which rely on pH changes to dictate ammonia
concentrations. Contaminants may be upstream in an ammonia production pathway,
which can make it difficult to rely on pH indicators for ammonia concentration
determination. The pH, however, does affect the proportion in which the two forms of
nitrogen (ammonia and ammonium) present themselves. Not only does a challenge arise
when regarding pH, but the high salinity of saltwater environments can affect the analysis
of the analyte when it is found at trace concentrations at the nanomolar level**,

4.3 Ammonia Detection Methods

Ammonia detection has been completed via multiple routes. It can be detected in
ways such as optically, electrochemically, and biologically. Each method of detection has
strengths and weaknesses, and some are more developed than others.

4.3.1 Optical Detection

The first approach for the detection of ammonia is through analyzing the optical
properties of various substances, which is typically done through spectrophotometric
methods, fibre-optic detection, or fluorescence emission detection, though other optical
methods do exist'*3. The IPB (indophenol blue) methods, which is based on the Berthelot
reaction, produces indophenol blue when ammonia nitrogen reacts with hypochlorite and
phenol, producing a colour change with a maximum absorbance at 640nm?*331%°, This
reaction utilises phenol, which is corrosive and toxic, but is commonly replaced with
salicylic acid, thymol, or OPP (o-phenylphenol)'. This method of detection is being
optimized for flow analysis, including solid phase extraction, flow injection, and
microfluidics to achieve automatic processing with limited sample processing™®.

Fluorescence detection is another optical based method which is used in ammonia
nitrogen detection. For example, o-phthalaldehyde (OPA) and sodium sulfite reacted in
an alkaline medium form an ammonia reactive fluorescent compound33!%°, Quantum
dots (QD) are an attractive alternative to traditional organic dyes, due to strong
photobleaching resistance, wide absorption spectra, and narrow emission spectra.
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Coupling fluorescence detection with flow analysis, microfluidics, micro-
electromechanical systems, and/or solid phase extraction can achieve a higher sensitivity
and optimized limit of detection (LOD) of 1.2nM*3,

The most common form of optical detection of ammonia relies on colourimetric
pH detection. These methods rely on indirect measurements of ammonia via pH changes.
Chemicals imbedded into paper test strips can be dipped in water, with a pH indicator
(typically Bromothymol blue) reading the transformation of ammonium into ammonia®33,
This method can also be employed in ammonia gas detection. These methods usually
have wider ranges of pH that a test can fall within and are semi-quantitative.

Fibre optic detection is a newer method in development for the use of ammonia
detection. Methods utilizing fibre optic technology rely in changes in refractive index of
fibre material coating, which causes a wavelength or power level shift in the transmission
response when ammonia reacts with the coating material'®. Utilizing loss mode
resonance, a porphyrin combined with titanium dioxide was used to detect aqueous
ammonia with a LOD of ~5.88uM®33,

Optical methods of detection have the potential benefit of being simple and can be
made to be low cost with inexpensive chemicals and equipment. Miniaturization is
another possible benefit, with the implementation of microfluidic devices. These methods
generally require chemicals, which may leech into the environment when deployed in
field, but can be made to be environmentally inert.

4.3.2 Electrochemical Detection

Ammonia nitrogen can be detected by analyzing electrochemical properties of a
solution. Electrochemistry is one convenient method which provides rapid results. Gas
sensing electrodes utilize a hydrophilic permeable membrane which separates ammonia
and encapsulates an internal solution of ammonium chloride®**, With a pH adjustment to
highly basic (>11), ammonium chloride is converted to ammonia and travels to the
internal solution through the gas-sensitive membrane!*3,

lon-selective electrodes utilize a sensitive membrane, and when the probe is
placed in a water sample, a potential is created between the inside and outside of the
membrane!33, These electrodes have a high and unique ion-selectivity, with short
response times and high sensitivity.

Electrodes that are modified with nanomaterials can have high sensitivity and
selectivity and provide rapid analyte detection'®. Using voltammetry, oxidation/reduction
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current is measured under the electrode potential. One example of a nanomaterial

modified electrode in the detection of ammonia is carbon nanotubes?®?,

4.3.3 Biological Detection

Biosensors use a biochemical receptor that is in direct contact with a transducer,
and when the analyte of interest is recognized, a reaction occurs which is converted to a
quantifiable electrical signal by the chemical or physical transducer*3, The use of
biological processes in the detection of ammonia is a relatively new process, and data can
be gathered by the measurement of current or voltage.

4.4 Ammonia Sensor Development

The goal of this device is to provide a low-cost, point-of-care device for water
quality monitoring. In remote and Indigenous communities, costs and the time associated
with water testing can be high when technicians need to be transported to collect samples
and samples need to be returned to an external lab for testing. Having a device that can be
deployed in field without the need for an expertly trained technician, with data that can be
wirelessly uploaded to a site with open access, would make routine monitoring data more
accessible. Continuous water quality measurements would be beneficial for long term
studies regarding aquatic environments and life, for example, the prediction of algal
blooms.
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Figure 2. Schematic of setup for the laser based, TIRF mechanism
for the detection of gaseous ammonia.
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4.4.1 Sensing System Design

The detection of ammonia through fluorescence was previously worked on by a
former Ph.D. student, Eric Mahoney, who worked towards using a thin film cellulose
acetate Eosin coating on a microscope slide, excited by a TIRF laser source, with a
PDMS microfluidic channel cap. The device utilized a Raspberry Pi camera to detect the
intensity of a fluorescence response upon the diffusion of ammonia gas through a gas
permeable membrane to contact the immobilized Eosin dye. This method requires the use
of an aligned laser, which makes the system very sensitive to offsetting movements,
requires extensive protection to contain the beam, personal protective equipment, and a
strong power source. A self-contained housing unit was prototyped, but the entire system
needed further optimization to be fully functionalized. An alternative approach was taken,
utilizing a fluorescence responsive, aqueous ammonia detecting hydrogel, with lower
costs, fewer safety concerns, and fewer high precision steps.

4.4.2 Introduction to Hydrogels

A hydrogel is a crosslinked polymerized material that is not water soluble, which
are used heavily in the field of biomedical engineering. According to solvents, the gels
are fabricated as three-dimensional network chemically or physically crosslinked by
entangled molecular bonds and interactions!#°. Many hydrogels are soft and flexible in
nature, with high human biocompatibility, and insolubility in water once fabricated,
making them an attractive method for biomedical applications such as drug delivery and
wound dressing®*!. They are capable of being stimulus-responsive, in some cases
providing a luminescence response upon interaction with a target molecule*®. Hydrogels
have been imbedded with Lanthanide ions, organic dyes, luminescent small molecules,

semiconductor particles, and carbon to provide an array of stimulus responsive gels40-142-
146
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4.4.3 Fabrication of a Europium, Polyvinyl Alcohol, Formamide Hydrogel

To improve upon Eric’s ammonia sensing design, an alternative approach was
explored using a formamide hydrogel matrix containing Europium (Eu®*) molecules,
which has been shown to demonstrated in ammonia detection#”-14°, Other previous works
have demonstrated the use of Eu**or other solutes to provide a luminescent response upon
interaction with a stimulus, many of which are used as ammonia detectors'40.142-147.150-153
The fabrication costs of this hydrogel were calculated to be ~$20CAD for 15mL, using
products purchased from Sigma Aldrich (SA): Europium chloride hexahydrate (SA
212881), Salicylic acid (SA 247588), Poly(vinyl alcohol) (SA 341584), Formamide (SA
F9037), Sodium Hydroxide (SA 221465), 2-Thenoyltrifluoroacetone (SA T27006), and
ThermoFisher Scientific (TF): Formamide (TF 014835.30). All chemicals were used as
received. The hydrogel approach was explored for its low-cost fabrication method,
chemical inertness to aquatic life, and fluorescence recovery capability'43149154155 The
implementation of a UV-LED (Thorlabs LED385L) with wavelength 385nm, and a UV
filter (Thorlabs FEL0500) offer a lower cost alternative to the laser implemented in Eric’s
work.

Water outlet port Water inlet port
Sample housing ' UV LED
unit
Hydrogel/sample
Slide holder
Brtowg T men

unit

o Supp]y_

Figure 3. Schematic illustration of proposed ammonia
detection unit.

The proposed gel would have recoverable fluorescence quenching ability that can
be temporally measured, with the hypothesis that the time for fluorescence quenching to
occur would be directly correlated with the concentration of ammonia in a sample. This
could be measured by pixel intensity, monitored with a Raspberry Pi camera in a dark
environment, with a UV filter placed over the camera to filter out potentially interfering
excitation light. The proposed diagram is shown in Figure 1 and would contain two
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separate chambers within a water-resistant box, one housing the sample while the other
contains the electronic components. The separation of the sample from the electronics
would limit the possibility of damage occurring to the electronic components should the
inlet and outlet ports for the agueous sample happen to leak. A filter holder was designed
and printed from PLA filament, with a slot for the Raspberry Pi camera to slide in directly
underneath. The whole proposed containment unit would be less than 30cm by 30cm,
making the device small and portable.

Based on other works, a hydrogel fabrication protocol was followed!#47148:
Add to 15mL Fm and stir vigorously at 90°C for 1h

0.5mmol Eu(Cl)3*6H20

1mmol Sal

1mmol NaOH

Add 0.15g TTA and stir at 900C for 1h

Add 1.5g PVA and stir vigorously at 95°C for 5h

Immediately put in -20°C fridge for 12h

Freeze dry for 10h

NGO~ wWNE

Table 1. Physical observations of chemical ingredients

Chemical Physical Observation
Europium Chloride Hexahydrate Small, white crystals
(EuCl*6H20)

Salicylic acid (Sal) Fine, white powder, crystalline
Poly(vinyl alcohol) (PVA) Fine, white powder, sand like
Formamide (Fm) Clear, colourless liquid

Sodium hydroxide (NaOH) White, hemispherical solid pellets
2-Thenoylfluoroacetone (TTA) Clear, colourless liquid

Dimethyl Sulfoxide (DMSO) Clear, colourless liquid
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Since the prior established protocol did not give direct quantities of chemicals, the
required quantities were calculated as follows:

Eu(Cl36H,0 = 366.41g/mol Sal = 138.12g/mol NaOH =
40.00g/mol
m m m
n=— n=— n=—
Mw Mw Mw
0.0005 mol = 0.001 mol = 0.001 mol =
m 366.41 138.12
40.00
m = 0.0005mol e 366.41 m = 0.001 mole 138.12 m=
0.001mol « 40.00
m = 0.1832g m = 0.1381g m = 0.04g

The experiment was completed in a fume hood. A hot plate was plugged in and set
to 90°C. A 100mL glass beaker was placed on top of the hot plate and a magnetic stir bar
was added. 15mL of Formamide was measured in a graduated cylinder and added to the
beaker, and the magnetic stir bar was turned on. 0.18g of EuCl*6H>O was measured on a
tared digital balance in a weigh boat and set aside. 0.14g of Sal was weighed on the
balance and set aside. 0.04g of NaOH was weighed on the balance and set aside. The
three measured chemicals were added to the Fm in rapid succession. Upon adding the

STIRRING

Figure 4. Hydrogel solution Figure 5. Hydrogel solution
upon adding EuCl*6H>0, upon the addition of PVA,
Sal, and NaOH to Fm. burnt orange colour.
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chemicals, the solution turned a light, translucent yellow colour, and had the viscosity
similar to water (Figure 4).

After 1h of stirring at 90°C, 0.15g of TTA was measured on the balance and
added to the solution and let to mix for 1h. Within 30m of mixing, the solution turned
burnt orange in colour (Figure 5) but was kept on the hot plate mixing for another 30m.
After 1h of mixing, 1.5g of PVA was measured on the balance and added to the solution.

Figure 6. Hydrogel mixture
after the addition of PVA,
thick brown gelled
substance.

Upon addition of the PVA, an immediate puff of white vapour was observed, and the
solution began to coagulate, turning brown, and emitted a strong burnt odour. The heat
was turned off and the beaker was removed from the plate. The coagulated solution was
poured into a small petri dish and left to cool (Figure 6). The first attempt at hydrogel
fabrication was deemed unsuccessful, which is expected to have been due to solvent

evaporation.

Using a different hotplate, with a digital temperature display the above protocol
was repeated, with a glass dish placed overtop of the beaker to prevent evaporation of the
solvent (Figure 7) the previously listed protocol was attempted again.
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Figure 8. An analog

Figure 7. A glass dish on top thermometer held in the
of the hydrogel to prevent reaction solution, with glass
solvent evaporation. microscope slides to prevent

solvent evaporation.

Figure 9. Microscope slide after
taking it out of the -20°C
freezer, with particulates and
inconsistent freezing.

Upon addition of PVA, particulates were observed swirling in the solution. At the 5h
mark of mixing, the particulates of PVA were still observed. An analog thermometer was
obtained, and the solution temperature was measured to be <70°C. A stand was obtained
to hold the thermometer in the solution, and a glass microscope slide was used to cover
the beaker (Figure 8). The temperature was set to 135.0°C on the digital thermometer and
a temperature of 95°C was observed on the analog thermometer, and the solution was left
to stir for 5h. After 5h of stirring, smaller particulates of PVA were observed in the
solution, and the viscosity appeared to have increased. The solution was poured into a
small petri dish and onto a glass microscope slide (which was placed into a 50mL Falcon
tube for stability) and was placed into a -20°C freezer for 12h. After 12h, the petri dish
and microscope slide were removed from the -20°C freezer (Figure 9) and placed into a
freeze dryer at the Biointerfaces Institute. Before freeze drying, the solution was observed
to be non-homogenous, containing particulates and inconsistent freezing (Figure 9). This
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result is expected to be caused by insufficient time or temperature of the sample, leading
to the PVA not dissolving properly. After a discussion with a technician at the
Biointerfaces Institute, it was determined that any volumes of sample larger than the
small petri dish and microscope slide would have the potential to damage the freeze dryer
as it was designed to dry samples with water used as solvent.

Regardless, the freeze drying was unsuccessful, the samples were still liquid upon
removal from the freeze dryer. The protocol was attempted again, with the analog
thermometer and microscope slide present from the beginning (Figure 10).

At 4h into the final stirring step, large PVA particulates were still observed, so the
solution was removed from heat and poured into two (2) separate 10mL conical tubes. In
one tube, 1.88mL of deionized (DI) water was added to 7.5mL of reaction solution to
make an 80% Fm in water solution. The rest of reaction solution was poured into a
different tube. Both tubes were sonicated for 2 minutes. Cloud like formations appeared
while sonicating but were redispersed with tube agitation. After 2 minutes, the tubes
solutions were poured into two (2) separate beakers and were returned to heat and stirring
for 1h. The particulates in both solutions were observed as much smaller and finer. After
1h of stirring on the hotplate, both solutions were poured into small, labelled petri dishes
and placed in a -20°C freezer. The viscosity of both solutions was higher than the
previous experiment, with the solution containing no DI water having a higher, syrup-like
viscosity, while the solution containing water was like sugar-water. The solution
remaining in both beakers after pouring immediately began to gelatinize.

Figure 10. Addition of an
analog thermometer to the
experiment chamber to measure
temperature more accurately.
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The addition of DI water was completed to see if changing the solvent
composition would improve the solubility of PVA, as most protocols utilize DI water or
DI water/organic solvent mixture as a solvent41:154.156-165

4.4.4 Freeze Thaw Method and PVA Polymerization

After 15h of freezing at -20°C, a cyclic freeze-thaw protocol was adopted (Table
2), in lieu of a freeze dryer. The protocol was designed after a paper published in 2000
outlining the structure and morphology of freeze/thawed PVA hydrogels®®, with
consideration from multiple other works!®1:164167-171 'Ereeze-thaw methods are
comparable to freeze-drying since they produce a similar structural result. The concept of
a freeze that method is based on the formation of solid solvent crystals at low
temperature, which will displace solutes when freezing occurs. Pushing the PVA
particulates together into a close spatial relationship allows for the coordination and
formation oh hydrogen bonds, which is the solidification process in physically linked
PVA hydrogels4!:157:161.162.164,165,170172 "Figyre 11 is a representation of the freeze-thaw
process to coordinate hydrogen bonding, with the end diagram representing when the
solvent has been removed, whether by evaporation or by freeze-drying. PVA hydrogels
can also be chemically cross linked, but that would require additional chemicals which

could damage the ammonia-responsivity of the attempted hydrogel4%:1°6:157.160-163,170,

Table 2. Freeze-thaw cycles of PVA hydrogel.

State Time (h) Temp (°C) Start Finish

Frozen 15 -20 Wed 7:30pm Thurs 10:30am
Thaw 4 22 Thurs 10:30am | Thurs 2:30pm
Frozen 5 -20 Thurs 2:30pm | Thurs 7:30pm
Thaw 4 22 Thurs 7:30pm | Thurs 11:30pm
Frozen 8 -20 Thurs 11:30pm | Fri 7:30am
Thaw 4 22 Fri 7:30am Fri 11:30am
Frozen 8 -20 Fri 11:30am Fri 7:30pm
Thaw 4 22 Fri 7:30pm Fri 11:30pm
Frozen 8 -20 Fri 11:30pm Sat 7:30am
Thaw 4 22 Sat 7:30am Sat 11:30am
Frozen 8 -20 Sat 11:30am Sat 7:30pm
Thaw 4 22 Sat 7:30pm Sat 11:30pm
Frozen 8 -20 Sat 11:30pm Sun 7:30am
Thaw 4 22 Sun 7:30am Sun 11:30am
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A total of 7 freeze-thaw cycles were completed at -20°C and 23°C (room
temperature). An increased number of freeze-thaw cycles can increase crosslinking,
which is why 7 cycles were completed as opposed to 3 to 5%, Figure 12 shows the
hydrogels after removing from the -20°C freezer following the 15h freezing step. On the
second cycle, when removing the samples from the freeze component, a physical change
was observed in the sample with no DI water. The sample transformed from a clear gel to
a white opaque gel (Figure 13), starting at one outside edge of the dish and migrating
across the sample. The sample with DI water remained unlinked after the seventh cycle of
freeze-thawing (Figure 13). In an attempt to link the gel, the sample was placed in an
oven at 37°C for 5h*°. The gel was ruined by another student in the shared lab space who
did not check the oven before turning up the temperature to 70°C, despite a note that was
left on the door indicating when the sample would be finished processing (the student
claimed to have not seen the note). The gel deformed and dried out completely, while the
petri dish melted and deformed. The successful gel was stored in the -20°C freezer when
not in use.
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¢ 2 é/ Formamide solvent
o

Figure 11. Schematic representation of the freeze-thaw process, coordinating hydrogen bonds to
form a solid.

Figure 13. Hydrogels following 7 cycles of freeze-

thawing, with H20 was still liquid while no H.O was
Figure 12. Hydrogels removed from  gglid.

the -20°C freezer after freezing for
15h.
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4.4.5 Excitation and Emission of Ammonia Sensitive Hydrogel

The excitation and emission data about the gel has been established in
literature!#81%°_ Figure 14 (Wang 2019) shows there is an excitation maximum around
365nm, and an emission spectrum at 619nm. The commercially available UV-LED
purchased from ThorLabs uses 385nm light, which falls just outside the peak, and
provides adequate excitation for the gel.
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Figure 14. Pre-established excitation and
emission data of the Fm/PVA/Eu hydrogel

(Wang 2019).

The successfully solidified gel was tested for ammonia response. Prior to testing
for ammonia response, the gel was illuminated with the 385nm UV-LED to establish a
baseline intensity (Figure 15). A tap water sample was deposited onto the surface of the
gel to determine whether any response would be observable from a solution containing no
aqueous ammonia. There was no observed response from the gel upon tap water contact.
A preprepared 5ppm ammonia solution was then deposited onto the gel and the response
was observed. Upon initial contact, the intensity of the gel increased (Figure 16).
Following ~30s of incubation, the intensity of the gel dropped overall, and was slowly
quenched from initial contact site outwards, as the ammonia solution migrated across the

gel (Figure 17).
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The solution was then removed from the gel and fluorescence was observed
(Figure 18). The fluorescence intensity of the gel decreased dramatically following the
incubation with the ammonia solution, proving the gel successfully produced an ammonia
response.

--

Figure 15. Hydrogel Figure 16. Hydrogel upon Figure 17. Fluorescence

with no sample under initial contact with 5ppm quenching caused by 5ppm
385nm light. ammonia solution under ammonia under 385nm light.
385nm light.

Figure 18. 5ppm ammonia solution
removed from the hydrogel, under
385nm light.
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The gel was placed back in the -20°C freezer. The following day (~24h of elapsed
time), the gel was removed from the freezer to observe fluorescence recovery. There was
a very minute fluorescence recovery observed, indicating the need for improvement of
recovery mechanism (Figure 19). The gel was placed back into the -20°C freezer. 2
months later, the gel was removed and tested for fluorescence recovery once again
(Figure 20). An increase in fluorescence, when compared to the observation recorded
after 24h of recovery time, was observed, though not to the original intensity, indicating a
further need for improvement of fluorescence recovery.

Figure 19. Fluorescence Figure 20. Fluorescence
recovery of the hydrogel recovery of the hydrogel after

?_ﬂE: 24h, under 385nm 2 months, under 385nm light.
ight.

The successful fabrication of the hydrogel indicated the need for a mechanism of
depositing the gel onto a microscope slide, like proposed in Figure 3 and Figure 21. A 3D
model of a hydrogel holder was designed in AutoCAD and 3D printed with PLA filament
on a Creality CR-6 SE 3D printer. The holder was then attached to a microscope slide

+—— PDMS cap

Inlet/outlet ports
‘Water channel

Hydrogel layer

¥ Microscope slide

Figure 22. Microscope slide
Figure 21. Schematic representation of proposed setup of a  wjith binder clips, mold for
microfluidic channel incorporating ammonia sensitive hydrogel casting.
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with miniature binder clips (Figure 22). This design would allow for the hydrogel to be
directly poured onto the slide from the beaker, and conveniently had carrying handles
based on the design.

Despite following the identical procedure as in the experiment which successfully
produced a solid gel, subsequent attempts are gel fabrication were unsuccessful (Figure
23), and remained liquid after freeze-thaw cycling. It is unknown why the subsequent
attempts were unsuccessful, but could be due to PVVA not dissolving at a high enough
degree. The unsuccessful attempts at fabricating the gel were left out at room
temperature, and evaporation of solvent was observed. A red colour was also observed in
the samples (Figure 24). The proposed reason for the red colour is due to the interaction
of the gel with the 3D printed PLA material, as the red was not observed in the sample
poured into a small petri dish.

B e T
PEOR ey

Fig'ure' 23. Ubnsuccessful subsequeﬁt
attempts at hydrogel fabrication.

Figure 24. Solvent evaporation
and red colour observed.
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4.4.6 Solvent Modifications for Increased Mechanical Stability

Modifications to solvent were explored in an attempt to increase the possibility for
solidification and mechanical stability of the gel. Consultation with McMaster professor
Dr. Todd Hoare in the Department of Chemical Engineering led to the suggestion of
implementing Dimethyl Sulfoxide (SA D8418). The theory behind using DMSO comes
from the lack of a amine group in the compound, which could have caused some steric
hinderance in the gels using Fm (Figure 25). DMSO has two methyl groups attached to
the central sulfur molecule (Figure 26), which increases the number of hydrogen atoms
available to make hydrogen bonds.

O O
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/U\ HoC™ > CH

H NH»

Figure 25. Schematic
representation Formamide.

Figure 26. Schematic
representation of DMSO.

The above protocol was completed with DMSO in place of Fm. The solution took
on a more slippery look, with a slight green tint (Figure 27). Upon the addition of PVA,
the viscosity increased immediately, and it took on a melted gel quality. When removed
from the hot plate after 5h of stirring, the gel was poured into a medium petri dish and an
adapted microscope slide and placed into the -20°C freezer to begin a freeze-thaw cycle
of 7h and 3h respectively. The gel solidified from the outside inwards (Figure 28). The
gel poured into the adapted microscope slide solidified in a non-uniform manner (Figure
29).

W

_|

d‘
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S Figure 28. Freezing of Figure 29. Hydrogel poure
Figure 27. Hydrogel ~ DMSO hydrogel after first Nt microscope slide
fabrication with step of freeze-thaw. adapter, solidified non-
DMSO. uniformly.
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When the freeze-thaw cycling was complete, it was observed that the gel did not
stick to the adapted microscope slide, it had come up from the edges, and a clear,
colourless liquid was pooling around and on top of the gel. The liquid was removed with
a micropipette and put into a microcentrifuge tube. The samples and the removed
colourless liquid were viewed under the UV-LED, which all fluoresced (Figures 30, 31,
and 32). The liquid fluorescing indicated that Eu®* was leeched out of the gel and into the
liquid. The petri dish sample was then tested for ammonia response; tap water and 5ppm
ammonia solution were both deposited onto the gel and exhibited the same lack of
increase or quenching of fluorescence (Figure 33).

Figure 30. DMSO Figure 31. DMSO hydrogel in  Figure 32. Removed

hydrogel under 385nm microscope adapter, under liquid from microscope

light. 385nm light. adapter sample, under
385nm light.

Figure 33. Tap water and 5ppm
ammonia solution on DMSO
hydrogel, no ammonia response.

Further experiments with mixed solvents were completed. Mixed solutions of
water and Fm, and Fm and DMSO were used as solvents in fabrication of the hydrogel.
Both experiments produced a solidified gel, but neither experiment’s product produced an
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ammonia response. The conclusion that can be drawn from this is that the Fm is a vital
component of the ammonia response mechanism. A search into the functions of all of the
chemicals in the experiment was done.

The TTA is used as an organic sensitizer, and provides oxygen donor sites,
leading to a thermodynamically stable Eu®* complex!”®. The complex formed promotes
the transfer of energy so that Eu®*, and the TTA acts as an antenna, enhancing
luminescence!”174, TTA acts as a chelating organic ligand, which can form with
lanthanide ions such as Eu®* into a complex, where it becomes a photosensitizer by
absorbing light and tightly chelating it'’*. Sal, an aromatic carboxylic type ligand, is also
used as a coordinating agent, working to sensitize Eu* though forming a stable complex
and utilizing the antenna effect!”>"7, Sal also absorbs UV light and transitions electrons
with the aromatic carboxylic acid group, and the transfer of intramolecular energy*®.

Based on a luminescence study of water/non-aqueous solvent mixtures of Eu®*, it
has previously been determined that N-H vibrations in solvents, like Fm, contribute
slightly to deexciting Eu®* when it is excited, but that H,O was a much more effective
quenchert’® Eu®* has also been shown to be solvated preferentially by solvents with high
enough value of dipole moment instances and donor numbers, as solvation is mainly due
to ion-dipole interaction and donor-acceptor interaction’®. Electrochemically speaking,
Fm can also form a weak complex with Eu®*, and in high Fm concentrations (>60%), the
reduction of Eu®* to Eu®* was reversible!’®,

Further investigation would be required to determine the exact interactive role that
Fm has in this hydrogel, and its importance in the ammonia responsiveness of the system,
but it is evident that it is the required solvent for ammonia responsiveness.

4.4.7 Freeze Drying

The initial fabrication protocol for the production of the hydrogel requires the use
of a freeze-dryer 148, Since the freeze-thaw method was rendered non-reproducible, a
freeze dryer was constructed. A commercial freeze dryer was available for use in the
McMaster Biointerfaces Institute, but restrictions on sample solvent were limited to
aqueous, thus eliminating the possibility of use of the instrument.
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The main components of a freeze dryer are a vacuum pump (Edwards), a sample
chamber, and a condensing chamber. The vacuum (Vevor) and insulation pots were
purchased from Amazon, the pressure gauge was purchased from Yellow Jacket (Omni
Vacuum Gauge) tubing, connectors, washers, insulation, and JB Weld were purchased
from Home Depot.

Figure 34. Setup of constructed freeze-dryer. Left to right, Edwards vacuum pump,
condensing chamber, sample chamber.

The setup is shown in Figure 34. A hole was drilled in the top of the condenser
chamber pot to connect tubing leading to the sample chamber, which was sealed with JB
Weld and tested under vacuum. Insulation was layered and glued around the insulator pot,
which contained the condensing chamber.

To test the function of the freeze dryer, raspberries were freeze dried. Raspberries
were placed in the sample chamber and the lid was placed on. Anhydrous ethyl alcohol
100% (purchased from ABB Lab Stores) was poured into the insulator pot and dry ice
(purchased from ABB Lab Stores) was placed in the alcohol. Insulation was placed above
the alcohol surrounding the condenser pot inside the insulator pot. The vacuum was
turned on and the sample was checked every hour to top up the dry ice and alcohol. A
minimum pressure of 234 microns was achieved. After 12h, the vacuum was turned off
and left to vent, then raspberries were removed from the sample chamber and observed as
successfully freeze-dried (Figure 35).
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Figure 35. Successfully freeze-
dried raspberries dried with
constructed freeze-dryer.

A sample of hydrogel mixture was prepared, poured into a medium petri dish,
frozen at -80°C for 12h, then placed in the sample chamber, and the lid was placed on.
Anhydrous ethyl alcohol 100% was poured into the insulator pot, dry ice was placed in
the alcohol, and insulation was placed to surround the condenser pot. The vacuum was
turned on. Bubbles were immediately observed rising from the hydrogel. Alcohol and dry
ice were repeatedly topped up as the sample was set to dry for 12h. After 12h, the vacuum
was turned off and left to vent, and the sample was removed from the chamber to be
observed. The hydrogel was still liquid, indicating that physical crosslinking was not
achieved. This is expected to be caused by insufficient consistent low temperatures,
potentially coupled with a vacuum pressure which is not sufficient. There is no data
available online which gives the required pressure for the triple point of Fm.

4.4.8 PDMS Cap

Despite the gel being unsuccessful, the production of a PDMS cap was explored.
Upon consultation with a previous graduate student in the Biophotonics Lab, Colleen
Chau, a simple modification to reduce the water contact angle of water with PDMS was
determined*?®. For the mold of the PDMS cap, the idea of a 3D printed master was
investigated. Surface modification of PLA would be necessary to reduce the grooves
created during multiple layers of printer filament. Chemical and physical modifications
were both determined as possibilities.
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4.5 Conclusion

This work was a step towards the development of a point-of-care, low-cost
method for monitoring water, but needs improvement for it to become a practiced method
of detection. A protocol needs to be designed to ensure the reproducibility of the
ammonia responsive hydrogel being fabricated successfully. It is difficult to say whether
this method is feasible until the production of the hydrogel is successfully reproducible,
however the fluorescence recovery capabilities of the gel would also need to be further
explored and optimized for a higher degree of recovery, so that the quality of subsequent
measurement data is not decreased with each measurement. The adhesion of the gel to a
microscope slide would also need to be improved, potentially by adding a thin layer of
PDMS on the glass before the addition of the hydrogel.

Learned from my work is that Fm is the essential solvent for the production of this
hydrogel, as other solvents, while increasing mechanical stability, proved to have no
ammonia response. Also learned from my work is the need for a study on the triple point
requirements of Fm.

4.6 Future Direction

The feasibility of this detection method, when compared to the previously
proposed method, has potential to improve on the low-cost nature of the detection
mechanism. To reduce costs even further, a UV filtering plastic could be used in place of
a UV filter to reduce excitation light interference. If a reproducible protocol can be
established, and the fluorescence recovery mechanism can be improved, this method
could be used in multiple applications.

With regards to the detection device for Cryptosporidium and Giardia, since the
Raspberry Pi camera is in contact with the microfluidic channel, the field of view is small
compared to the entire device. This makes it challenging for overall fluorescence
guenching measurements to be taken. For the (0o)cyst detection device to be successful, it
must have a small field of view to detect the small sized (0o)cysts, so increasing the field
of view would render the (00)cyst detection mechanism unusable. A bridge would need to
be gapped for the hydrogel to be implemented into the (0o0)cyst monitoring system, that
allows for the entire intensity measurement to be taken, perhaps by a separate light
intensity sensor than the camera used for imaging the (oo)cysts. A potential direction for
this would be to image the (0o)cysts with the same UV light as used to excite the
ammonia hydrogel. If successful, the same light source could be used to image the
(oo)cysts as to excite the hydrogel, and with a filter to block out excitation light, a
separate intensity sensor could be employed to detect the fluorescence quenching without
the interference of excitation light.
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5.1 Conclusion

Water quality monitoring is an important part of our future, especially in a natural
resource rich country such as Canada. Safe water for all in Canada should be a basic right,
but for so many people, especially Indigenous people and those in remote communities, it
is unavailable!*>11% The first step towards safe water for all is assessing and evaluating
already available water, which can be done through water quality monitoring. Through
this thesis, water quality monitoring was explored. From Cryptosporidium and Giardia
detection methods, to ammonia sensitive hydrogels, efforts are being made towards
developing low-cost, point-of-care devices capable of providing data on the safety of a
water source.

Literature review of Cryptosporidium and Giardia detection mechanisms proved a
starting point for the development of a shadow imaging and flow analysis-based device.
Comparison to prior established methods of detection can help identify where their
improvements need to be made and allow for better design of further methods. Low-cost,
point-of-care detection mechanisms are being developed to reduce the reliance upon
expensive lab infrastructure and trained scientists, as well as the cost associated with
testing a water sample. With the low-cost, point-of-care detection methods, water quality
monitoring can be brought to remote and Indigenous communities, as well as any
community which does not have access to testing infrastructure.

Ground truth images of Cryptosporidium and Giardia (oo)cysts were taken to
establish a set of images to reference when building the algorithm for tracking the
movement of the (0o)cysts within a microfluidic channel. Non-human infective models of
(oo)cysts (Giardia lamblia and Cryptosporidium parvum, gamma irradiated) were chosen
to undergo baseline microscopic imaging, advantageous for their lack of infectivity. For
further studies Cryptosporidium hominis, the most human infective species, could be
chosen to provide more accurate morphological features towards detecting the most
human infective model. With the morphology data gathered from these images, an
algorithm to track the particles through the channel can be built by analyzing the flow
mechanics of an identically shaped particle.

The first steps towards fabricating an ammonia responsive hydrogel to implement with
the detection of Cryptosporidium and Giardia were taken. Based on these experiments,
further steps would need to be made to ensure the hydrogel has a reproducible protocol,
as well as further investigation into the fluorescence recovery mechanism would need to
be done to improve the rate of recovery. Learned from my work is that Formamide is the
essential solvent for maintaining ammonia responsiveness in the hydrogel. The proposed
solution has the potential to be a low-cost fabrication and detection method for aqueous
ammonia monitoring, which can be combined with other microfluidic devices to detect
ammonia in tandem with other targets of interest.
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The water quality monitoring applications of the device proposed in this thesis would
reduce transportation costs, labour, and the need for expensive lab infrastructure to
monitor water in remote locations. The device also has the capability to be adjusted to
monitor urine for healthcare purposes, such as ammonia in urine or for the presence of
urine sediment. Both healthcare applications and water quality monitoring applications
are beneficial not only to the general Canadian population, but especially to those where
the access to healthcare and water quality infrastructure is limited. The information
presented in this thesis is a contribution to the goal of bringing low-cost water monitoring
and healthcare devices to all.
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