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Abstract 

There are millions of Cryptosporidium-attributable cases annually in children aged <24 

months in the sub-Saharan Africa and India, Pakistan, Bangladesh, Nepal, Afghanistan 

regions, respectively, and ~202,000 Cryptosporidium-attributable deaths”. Improved 

monitoring is one solution to this challenge; however, detection of this pathogen is 

particularly challenging, particularly in regard to determining viability information. This 

thesis explores the development of novel protocols and devices for Cryptosporidium 

parvum (C. parvum), through usage of nanoparticles (NPs) and microfluidic methods. NP 

lysis approaches were developed as a low-cost, one-step rapid method with the possibility 

to then integrate lysis and molecular detection into one microfluidic device. Different 

materials, exposure times and concentrations were explored and ZnO NPs were found to 

be as effective as the traditional freeze-thaw protocol.  

Dielectrophoretic microfluidic devices were designed, prototyped and optimised for 

viability-based separations. Fabrication was attempted via laser ablation for the purpose 

of generating microchannels on PMMA sheets and Physical Vapour Deposition via an E-

Beam system to investigate the deposition of electrodes; however, lift-off solvents were 

incompatible with PMMA. Electrode design modifications were implemented to optimise 

performance and efficacy of oocyst separation, based on viability, was assessed via an 

excystation assay where at the outlet collecting non-viable oocysts viability was found to 

be 5.9% and the other outlets showed a viability of 81.8% and 88.4%.  The original 

sample provided had a viability of 89.7%.   

The work here adds to the growing number of studies investigating new ways of lysis and 

detection for C. parvum. The lysis and detection of the oocyst is currently highly intensive 

and a number of new methods of miniaturisation such as µPCR when integrated with a 

lysing and filtration device to create a more precise method of finding the presence of C. 

parvum in water samples. The DEP based separation device builds on the work of 

previous studies such as Su et al. and others in order to separate C. parvum based on its 

viability status in two different devices. This is a significant step showing that label-free 

separation of oocysts of the same species can be separated based on their viability. 
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Chapter 1.  Introduction 
 

1.1 The Big Picture 
 

Water is a key resource for survival of life on Earth.  As the effects of excess greenhouse 

gas levels and rapid urbanisation across Asia increase stress on groundwater sources of 

fresh water due to increased temperature global average temperature, areas in Northern 

Africa, Western, Central and Southern Asia are starting to come under increasing water 

stress 1.  Primary consumption of water in most countries occurs in agriculture, industries 

and municipalities with agriculture absorbing some 70% of fresh water across the world 

2,3. With these changing factors in mind, it is important that sustainable and effective ways 

to monitor and use increasingly scarce fresh water sources are found.   

Keeping this in mind, the United Nations (UN) has set a series of United Nation 

Sustainable Development Goals (UN-SDGs) one of which is ‘Goal 6: Clean Water and 

Sanitation’ for all to be met by 2030 4,5.  Under this goal, key targets were laid out when 

this declaration was signed into effect in 2015 such as, provision for safe and affordable 

drinking water for all, safe and affordable sanitation for all.  It is imperative, therefore, 

that new technologies are developed which can provide safe and clean drinking water for 

all, at reasonable costs 4. ‘Safely Managed’ services for both drinking water and sanitation 

services were some of the new parameters added and data was recorded according to 

these new points, revealing that whilst 71% (5.2 billion people) of the world’s population 

had access to safely managed water services.  One of the key vectors for disease 

transmission is through drinking water and protecting all areas of this service is essential, 

especially since, many waterborne pathogens can rapidly infect thousands of people if 

contaminated faeces are present in water sources which are not monitored.   

Waterborne protozoans, such as Cryptosporidium parvum, , Giardia duodenalis and 

Cyclospora cayetanensis, affect millions worldwide 6,7.  And whilst, C. cayetanensis, 

amongst others, does not cause livestock infection, C.  parvum, G. duodenalis and have 

been shown to infect livestock causing faecal discharges and diarrhoea 8–10.  Diarrhoeal 

discharges from livestock have the potential to enter water bodies through run off and 

transmitting the disease to humans 11.  Such high levels of oocysts present in drinking 

water sources pose significant challenges for management and monitoring due to the 

potential for infecting large populations rapidly leading to major socio-economic 
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problems in areas where the disease may occur.  The cost implications, for example, in a 

1993 outbreak of C.  parvum in Milwaukee, USA were around 96.2 million USD 12.  As 

a result, prevalence of the aforementioned waterborne pathogens remains a key threat to 

the socio-economic prosperity and growth of this region.   

However, C. parvum is not only a developing world problem as many cases have been 

reported in OECD countries with outbreaks in Sweden 13 and alarms raised in Lancashire, 

UK 14 in recent years.  Therefore, the challenge of early detection remains an essential 

concern for drinking water bodies across the world.  Innovations in monitoring techniques 

which both provide more frequent and accurate data along with reducing overall costs is 

therefore imperative to provide safe water for an increasing world population in a time of 

stressed water systems.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.2 Purpose 
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As highlighted above C. parvum is a particularly challenging waterborne pathogen in 

terms of potential impact and difficulty of monitoring (further details are given in Chapter 

2).  Therefore, this project aimed to develop new technologies to tackle the challenge of 

monitoring Cryptosporidium, enabling species and viability-based detection in lab-on-a-

chip set-ups.   

 

The objectives of the project were broken into two major themes: 

• The development of a nanoparticle-based protocol for the purpose of detecting C.  

parvum in conjunction with existing detection procedures such as PCR with the 

aim to miniaturise and integrate the protocol into microfluidic devices. 

• The development of a label-free separation method which allows for the 

separation of viable C. parvum oocysts from non-viable oocysts using 

microfluidics as a backbone. 

 

There were also specific sub-themes explored within these areas such as micro-

manufacturing and assembly methods for a dielectrophoretic chip.   

Microfluidics is an extremely popular field of research due to its capability to provide 

laminar flow regime and lowering the limit of detection significantly.  Microfluidics has 

been explored for waterborne pathogens 15,16 as it offers advantages of providing label-

free techniques for separation and concentration combined with high specificity and low 

usage of reagents.  Furthermore, it has the potential to miniaturise or replace many current 

methods used for concentration whilst also reducing loss of potential pathogenic species.  

However, no full microfluidic system for molecular methods, incorporating all stages, 

has been demonstrated mainly because on-chip sample processing, including the lysis 

step, is difficult. 

Lysis of Cryptosporidium spp. is a difficult task due to the robust outer wall and existing 

methods are difficult to automate and integrate.  Nanoparticles have been shown to 

enhance the lysing capabilities of many metals (Ag, Au, Pt) and metal oxides (ZnO2, 

FeO2) and have been explored for their cytotoxic properties, mainly for bacterial lysis 17–

20 but also for C.  parvum 21.  This thesis has gone beyond previous works which have 

shown that oocyst viability shows decrease in the presence of silver nanoparticles 22 and 
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present an optimised protocol for bench-top use with commercially available kits such as 

Macherey-Nagel Kit to provide enhanced lysing capabilities in conjunction with DNA 

purification provided by the aforementioned kit.  Within this protocol the effect of 

concentration, exposure time and oocyst enumeration on the DNA purified and amplified 

are explored.   

Another major challenge in C.  parvum detection at present is determining viability as 

many of the most sensitive techniques are highly labour intensive.  Furthermore, 

determination of viability is essential and current methods cannot detect whether C.  

parvum is viable or not at point of detection.  Dielectrophoresis has been investigated in 

research laboratories over the last 15-20 years to investigate the effects of electric fields 

on bacterial cells 23–25, yeast 26 and other cells 27–30.  It has garnered interest for its effect 

on oocysts, monitoring of waterborne pathogens and ability to discriminate between 

live/dead cells.  However, in many of the studies explored for C.  parvum, it has not been 

explored whether the viable and non-viable oocysts for this pathogen can be separated 

using label-free techniques such as dielectrophoresis.  A combination of these techniques 

could serve as a unique solution to the detection and/or separation of waterborne 

pathogens. 
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1.3 Outline 
 

The thesis is broken down as such: 

 

Chapter 1 provides a big picture overview regarding the overall scale of the problem 

along with an introduction to the solutions and themes explored within the rest of the 

Thesis 

 

Chapter 2 details the biology and physiology of the waterborne pathogen, C.  parvum, 

the primary object of the research in the thesis along with the effects the pathogen has on 

individuals infected with the disease and the possible treatments available.  It also 

discusses the practices currently in place within industry and government regarding 

detection of this pathogen and the standards in place currently. 

 

Chapter 3 lays out the theoretical and literature groundwork on microfluidics and 

dielectrophoretic theory along with discussions on micro-manufacturing techniques used 

for the exploration of the manufacturing of a dielectrophoresis capable microfluidic chip 

 

Chapter 4 presents the materials and methods used within the subsequent results 

chapters, such as preparation of oocysts, buffers or the setup used for Chapters 6 and 7. 

 

Chapter 5 provides a review of the usage of nanoparticles in research for lysing purposes 

and goes on to lay out the protocol and discuss the results therein.  It also provides a 

discussion on the effect of concentration, exposure time and a comparison with an 

industry-standard technique, freeze/thaw lysis. 

 

Chapter 6 discusses the design, fabrication and testing of a dielectrophoretic chip 

designed to separate C.  parvum based on viability status.  It also discusses design 

concerns and optimisation paths. 
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Chapter 7 presents an optimised dielectrophoretic chip which demonstrates the 

separation of C.  parvum based on viability status.  This is shown during tests with viable, 

non-viable and mixed sample tests.  The mixed sample tests confirmed the results using 

an excystation assay. 

 

Chapter 8 will conclude the thesis by providing a summary of the ideas presented and 

embark on providing recommendations for exploring future work in the areas explored. 
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Chapter 2.  The Biology of C. parvum and Methods of Detection 

2.1 Introduction 

Protozoan pathogens are responsible for a huge global disease burden, impacting both 

human health and agricultural livestock, with a large knock-on economic impact.  For 

example, the percentage of lost GDP can reach 5% due to poor water and sanitation 

and agricultural costs in lost productivity associated with protozoan pathogens reach 

many millions of pounds annually in the UK 31.  Cryptosporidium spp., is a 

particularly problematic waterborne pathogen, as it demonstrates high resistance to 

chlorination (a commonly used approach to disinfect water), requires a low infectious 

dose and persists in a variety of environmental conditions for up to 12 weeks [2]–[4]. 

WHO categorises Cryptosporidium as a reference pathogen for assessment of 

drinking water quality 35.  Globally, the human disease burden for Cryptosporidium 

is estimated at 250-500 million cases per year 36.  For example, a waterborne outbreak 

in Milwaukee (1993) infected 400,000 people and cost $96 million, and recent 

outbreaks have occurred in Australia, the UK and Sweden 37.  In addition, food can 

become contaminated when washed with water containing infective oocysts, which 

has implications for food hygiene worldwide 38,39. 

The ability to monitor water for the presence of protozoan pathogens is critical, and 

relevant globally.  Low-cost, easy to use detection methods are highly sought after by 

water utilities, the livestock industry and NGOs like UNICEF 40.  Currently, detection 

methods for Cryptosporidium use immunofluorescent approaches (after sample 

concentration) to monitor the contamination of drinking water 41.  Further details are 

in Chapter 2 of the thesis.  However, there is growing interest in the use of molecular 

methods for improved detection of Cryptosporidium 42.  More specifically, there are 

several species of Cryptosporidium (Table 2.1) 43, which vary with respect to their 

infectivity and host specificity and are not discriminated between by immunostaining, 

therefore molecular tools (such as PCR) can inform public health decision making.  

For example, identification of the species present provides the opportunity to 

differentiate between species of  Cryptosporidium that are infective to humans and 

those that are not 44.   

The economic impacts of waterborne parasitic outbreaks can be enormous due to 

large numbers of people affected directly by the disease or indirectly due to drinking 
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water boards issuing ‘boil water notice’ to residents in the affected areas.  In one of 

the last major outbreaks of Cryptosporidium spp.  in 1993, Milwaukee, USA, the 

associated costs due to loss of productivity and acute medical conditions was 

estimated to be $96.2 million, with loss of productivity coming to a staggering $64.6 

million or 67.15% of the total costs.  The medical costs came to $31.7 million 12. An 

outbreak of Cryptosporidium hominis in 2007 in Ireland affected an estimated 

120,432 people with 242 confirmed cases of the disease.  A notice was issued by the 

drinking water board requiring people to boil water before consumption for a period 

of 158 days.  The estimated cost associated with this outbreak was €19 million 45. 

There have been potential outbreak incidents in Östersund, Sweden (2010) 13 and in 

Lancashire, United Kingdom (2015) 46.  

2.1.1 Species and Life Cycle of Cryptosporidium spp. 

Cryptosporidiidae family of species has a complicated biological cycle and, as a 

result, the taxonomy of this species is Coccidian.  However, this remains a matter of 

debate among researchers with suggestions by eminent scholars that 

Cryptosporidium spp.  be reclassified as a gregarine instead 47. There are 27 species 

of Cryptosporidium spp.  and out of these C.  parvum and C.  hominis are the primary 

causes of cryptosporidiosis in humans but C.  canis, C.  felis, C.  meleagridis and C.  

cuniculus have also been documented to cause the disease in humans in rare cases.   

Physiologically, the various species of Cryptosporidium spp.  do not present large 

variations in size, morphology or other properties which would allow easy 

identification.  The life cycle of Cryptosporidium spp.is very similar with small 

variations between some species and host specificity.   Due to the similarity in the 

life cycle, it is difficult to provide early detection of human-specific Cryptosporidium 

spp.   The life cycle occurs inside an organism as shown in Fig. 2.1.   Briefly, a 

sporulated oocyst, containing four sporozoites, parasitizes the intestinal epithelial 
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cells in jejunum or ileum through a process known as excystation in which the 

sporozoites are released within the epithelial cells via a parasitophorous vacuole.  The 

sporozoites expand the number of cells through asexual reproduction to form Type I 

meront which release merozoites to continue further asexual reproduction in other 

cells through infection or go further down the chain to form Type II meronts.  The 

Type II meronts form microgamonts and macrogamonts which fertilise to yield 

Zygotes of two types.  A thin-walled sporulated oocyst which spreads the infection 

to other epithelial cells within the host and a thick-walled sporulated oocyst which is 

released in faeces to spread infection to other potential hosts 48. 

Fig.  2.1 C. parvum Life-Cycle Diagram 
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Species Primary Host Secondary Host Location of Infection Oocyst Dimensions (µm) Health Risk 

C.  andersoni Cattle, Bactrian Camel Sheep Gastric 5.5 x 7.4 Minor 
C.  baileyi Poultry Quail, Ostrich and Duck Intestinal 4.6 x 6.2 None 
C.  bovis Cattle Sheep Intestinal 4.7-5.3 x 4.2-4.8 Minor 
C.  canis Dog Human Intestinal 4.95 x 4.71 Minor 
C.  cuniculus Rabbit, Human Unknown Intestinal 5.4 x 5.6 Moderate 
C.  ducismarci Tortoise Unknown Intestinal Unknown None 
C.  fayeri Marsupials Unknown Intestinal 4.5-5.1 x 3.8-5.0 Minor 
C.  felis Cat Human, cattle Intestinal 4.5 x 5.0 Moderate 
C.  fragile Black-spined toad Unknown Gastric 5.5 x 6.2 None 
C.  galli Finch, Chicken Unknown Gastric 8.25 x 6.3 None 
C.  hominis Humans Dugong, sheep Intestinal 4.5 x 5.5 Major 
C.  macropodum Eastern grey kangaroo Unknown Unknown 4.5-6.0 x 5.0-6.0 None 
C.  meleagridis Turkey, human Parrot Intestinal 4.5-4.0 x 4.6-5.2 Moderate 
C.  molinari Fish Unknown Gastric 4.7 x 4.5 None 
C.  muris Rodents Human, Rock Hyrax, Mountain 

Goat 
Gastric 5.6 x 7.4 Minor 

C.  parvum Cattle, livestock, human Deer, mice, pig Intestinal 4.5 x 5.5 Major 
C.  ryanae Cattle, bos taurus Unknown Unknown 2.94-4.41 x 2.94-3.68 None 
C.  scopthalmi Fish Unknown Intestinal, Gastric 3.7-5.0 x 3.0-4.7 None 
C.  scrofarum Pig Unknown Intestinal Unknown Minor 
C.  serpentis Lizard, snake Unknown Gastric 5.6-6.6 x 4.8-5.6 None 
C.  suis Pig Human Intestinal 4.4-4.9 x 4.0-4.3 Minor 
C.  tyzzeri Mice Human Intestinal 4.2 x 4.6 None 
C.  ubiquitum Various mammals Various mammals Unknown 4.7 x 5.0 Moderate 
C.  viatorum Humans Unknown Unknown 4.7 x 5.4 Moderate 
C.  varanii Lizard Snake Gastric, Intestinal 4.2-5.2 x 4.4-5.6 None 
C.  wrairi Guinea pig Unknown Intestinal 4.9-5.0 x 4.8-5.6 None 
C.  xiaoi Sheep Yak, goat Intestinal 2.94-4.41 x 2.94-4.41 None 

Table 2.1 Cryptosporidium spp. (Cryptosporidium and Cryptosporidiosis) [48]  
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2.2 Cryptosporidium Physiology 

2.2.1 Oocyst Structure 

The physiology of this pathogen contains a thick outer wall comprising of a three-

layer structure with an overall average thickness of 50nm 43.  The outer-most layer 

has an average thickness of 10nm and is composed primarily of acidic glycoprotein.  

The central layer is 2.5nm thick and contains glycolipids and lipoproteins which 

provide rigidity to the oocyst.  The two electron-dense inner layers afterwards are, on 

average, 11-13nm and 25.8-28.6nm thick, respectively.  It is primarily comprised of 

filamentous glycoproteins with inner (11-13nm) and outer (25.8-28.6nm) sections 

providing it mechanical flexibility and strength.   

The oocyst contains an enclosed residual body (RB) and four sporozoites (Sp) (see 

Fig. 2.2).  The residual body contains cellular components such as amylopectin 

granules, large lipid body, ribosomes and cytomembranes.  Amylopectin granules are 

used as energy reserves to maintain the oocyst’s internal functions in harsh 

environmental conditions and are also used during the excystation process.  The size 

of C.  parvum oocysts after excystation is reduced from 4.5 x 5.5µm to 3.5-5.2µm x 

0.6-1.2µm 43.  This is a clear indicator that the residual body occupies a large amount 

of volume within the oocyst. 

 

Figure 2.2 C. parvum structure 
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The sizes of various species of Cryptosporidium are shown within Table 2.1 and most 

of these species have very similar sizes thus making size-based differentiation 

difficult to perform between those which pose major and moderate human health risk 

(C.  parvum, C.  meleagridis, C.  hominis, C.  muris, C.  cuniculus, C.  felis, C.  

viatorum and C.  ubiquitum) from those which pose little human health risk and are 

larger in size (C.  andersoni, C.  baileyi, C.  muris and C.  galli) However, for 

differentiation between species such as C.  parvum and C.  hominis, size-based 

differentiation is extremely difficult due to the extremely similar sizes of the two 

species.   

2.2.2 Environmental Persistence 

C. parvum’s robust outer oocyst wall is evolved to deal very effectively with most 

environmental and manmade chemicals presented.  In a series of experiments done 

to test the survival rate of oocysts in various water-based environments, it was found 

that in river water the death rate of oocysts was 0.193 day-1; for tap water it was 

0.0194 day-1 and for sea water it was 0.006 day-1 34 with very little difference in the 

death rate due to temperature variation for temperatures between 4 and 30⁰C.   

However, the size of the oocyst along with large numbers present in untreated waters 

during times of outbreaks makes it particularly challenging for physical filtration 

techniques to cope.  Furthermore, since the median infectious dose level is 132 

oocysts required to cause an infection with doses as low as few 10s of oocysts 

reported to cause infection 49, filtration treatments which screen 99.9% of the oocysts 

can still outbreak in areas which have advanced filtration treatments in place due to 

significant length of time that an oocyst can persist in the local environment of the 

pipe once it has entered the system 50. 

It has been seen that oocysts survive best between 5 – 15oC but can survive for up to 

4 weeks at -5oC and for 2 weeks at 30oC 32.  Techniques which render oocysts non-

infectious include heat treatment at temperatures over 70oC 51,52 and UV Treatment 

using energies above 1mWs cm-2 53.  However, these treatments are either impractical 

or and/or are only now starting to become available in some proactive facilities and 

countries like the UK where legislative pressures have started to bring UV treatment 

to drinking water treatment facilities to improve disinfection capability.  This push is 

occurring due to the inability of current disinfection chemicals to reduce 

Cryptosporidium infectivity to concentration levels safe for human consumption, 
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regardless of oocyst presence in the environment.  However, a key concern with UV 

based disinfection methods is that there is no removal of the oocysts and therefore, 

there is no method to confirm that disinfection has been successful.  Potential 

separation methods such as DEP have the potential to perform this confirmation by 

separating viable and non-viable oocysts. 

2.3 Cryptosporidiosis 

Cryptosporidiosis is the disease caused by the presence of C.  parvum and other 

human pathogenic strains of the Cryptosporidium spp.  in the small intestine in human 

beings.  The disease can cause a self-limiting diarrhoeal episode in healthy adults.  

However, it can leave children and those with compromised immune systems with 

severe weight loss, malnutrition, especially those under 5 years old and can spread to 

other parts of the body.  The disease can also become severe enough to increase 

chances of mortality.  Symptoms include acute and persistent diarrhoea, stomach 

cramps, abdominal pain, fatigue, anorexia, vomiting, nausea and fever.  In healthy 

individuals, the disease can last for up to 5-7 days and this increases to many weeks 

for young children and immunocompromised individuals leading to persistent 

dehydration and weight loss 54. 

The drug currently prescribed to disease sufferers in USA and the UK is Nitazoxanide 

to help relieve the symptoms of the disease.  However, the drug is not effective at 

removing the oocysts from the intestinal region and thus, only minor relief is provided 

to the sufferers of the disease 55,56.  Highly Active Antiviral Treatment (HAART) can 

also be used for providing relief to immunocompromised patients of the disease.   

 

2.4 Cryptosporidium Monitoring 

2.4.1 Introduction 

Unlike their bacterial counterparts, protozoans are difficult to analyse and identify 

using coliform techniques and in vitro cultures as protozoans require a host to 

undergo a full life cycle.  In recent years, some efforts have been made towards trying 

to create such techniques, however, it remains unreliable and thus, is not an effective 

procedure for water-testing laboratories 48.  Methods developed by the US EPA 1622 

and 1623.1 are the standard procedures used today for testing water for 

Cryptosporidium and Giardia, another protozoan pathogen 57.  Method 1622 is 
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specific to Cryptosporidium and method 1623.1 can be applied for both pathogens.  

Currently, the only way to detect Cryptosporidium is via direct detection methods 

which require processing of extremely large quantities of water to find a detectable 

sample 41.   

2.4.2 Presence of Cryptosporidium in drinking water sources and systems  

In order to understand monitoring methodologies, knowledge of how 

Cryptosporidium spp.  oocysts get into drinking water systems is required.  Faecal 

contamination of water sources, human or animal, have been cited and shown to 

increase likelihood of oocysts being present in drinking water bodies 58,59. Studies 

have shown that usage of filtration steps just downstream from the source water can 

reduce the presence of the oocysts found in drinking water 59,60. It has also been noted 

in previous Drinking Water Inspectorate (DWI) reports that Backwash Re-cycling of 

treated water can re-introduce oocysts to the water intended for use in drinking 31.  

Weather conditions also play a key factor in increasing the number of oocysts that 

could be present in drinking water systems.  Water sources subject to drought 

conditions have the potential to increase the concentration of oocysts present in 

drinking water.  Sustained drought periods have also been hypothesised to lead to 

surface waters getting absorbed into the soil and thus entering the groundwater 

potentially creating a new vector for pathogenic outbreak and transmission 61. 

Outbreaks of cryptosporidiosis have been associated with periods of heavy rainfall 

and flooding.  Typically, these outbreaks have been found to occur a month after the 

rainfall period in case of surface water outbreaks and two months after the rainfall in 

case of groundwater outbreaks 31. 
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2.4.3 US EPA Methods 1622 and 1623.1 

The two methods are commonly applied for the detection of Cryptosporidium spp.  

Methods 1623.1 can be used for detection of both Cryptosporidium spp.  and Giardia 

spp.  Water samples (field samples: 10-50L; 1000L for water treatment facilities) are 

passed through specialised membrane filters which can trap Cryptosporidium oocysts 

with, potentially greater than 50% recovery efficiency 62.  However, this is heavily 

dependent on water type, operator skill and has seen variation.  This filter is taken out 

and eluted in a much smaller volume and the eluate is centrifuged to pellet the 

oocysts.  This pellet is then placed in a solution with magnetic beads which are coated 

with Cryptosporidium-specific antibody (for US EPA 1623.1, a Giardia-specific 

antibody is also used).  The beads attach to the oocysts and separate them from the 

rest of the debris using a magnetic field in a process known as Immunomagnetic 

Separation (IMS).  The supernatant is aspirated while the oocysts remain attached to 

the walls of a tube due to the active magnetic field.  After the aspiration process is 

over, the beads are detached from the wall by removing the active magnetic field and 

4’,6’-diamidino-2-phenylindole (DAPI) fluorescent stain along with monoclonal 

antibodies (mAbs) are used to label the oocysts and following this stained samples 

are fixed on a slide and observed in a Differential Interference Contrast (DIC) 

microscope.  The staining aids in providing a count of the oocysts, sporozoites and 

Fig.  2.3 US EPA Method 1622 and 1623.1 methodology; Further processing 

carried out by Scottish laboratories based on local regulations of ‘alert 

reporting level’.  This level is set to 1 oocyst per 100L.  This prompts the 

identification of the species within the Cryptosporidium and Giardia genus. 
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other objects found within a water sample.  This does not provide an identification of 

the species of oocysts nor does it provide any indication towards their viability status.  

Thus, even if an oocyst is found, further processing of the rest of the sample is 

required to confirm whether the oocyst is pathogenic to humans.  This further 

processing requires DNA identification via Polymerase Chain Reaction (PCR) and is 

destructive to the oocyst thus, determination of the infectivity status remains difficult.  

Immunomagnetic Separation (IMS) is facilitated by the use of Dynabeads® anti-

Cryptosporidium kit.  The kit uses magnetic beads coated with immunoglobulin M 

monoclonal antibody isotype (IgM COWP-mAb) which binds to the outer wall 

protein of the oocyst under provided conditions within the protocol.  Some kits vary 

significantly in performance under certain conditions such as changing pH and 

turbidity 63,64. The two most commonly used monoclonal antibodies are the 

aforementioned IgM mAb and an isotype-switched affinity-matured mAb, like IgG3.  

This paratope has much greater affinity and binding strength compared to IgM mAb 

and thus can be used in harsher solution conditions; however, this binding strength 

can also cause the bond between epitope and paratope to not break so easily reducing 

oocyst recovery.   

2.4.4 Immunofluorescent Assay Methods 

Direct immunofluorescent assay using mAbs is used extensively for preliminary 

identification of oocysts and is a part of the USEPA method as shown in Fig.  2.3.  

Other immunofluorescent methods are also known and used for further testing and 

enhancing detection of Cryptosporidium oocysts such as Immunochromatography 

(IC) Assay and Enzyme-linked immunoassays (ELISA).  These methods have shown 

greater specificity when compared to some other techniques such as PCR where a 

Kinyoun acid-fast staining method and an ImmunoCard STAT! (Meridian 

Biosciences).  ELISA method was found to be more specific than PCR.  However, 

these techniques did not show the same level of sensitivity as PCR, which has been 

demonstrated to be capable of detection of 5-10 oocysts 65.   

A combination of these different methods is likely to provide an effective balance 

between sensitivity and specificity.  These methods do not provide any indication of 

the infectivity/viability of the oocyst itself.  Thus, these methods are far more 

effective if diarrhoea is reported in either farm animals such as cows or sheep 66 or in 

human patients 65.  Since, the methods provide no indication of infectivity and are 
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much more effective in faecal samples, it is important to find new avenues and 

techniques which make viability testing fast, sensitive and reliable. 

2.4.5 Biosensors for Pathogenic Detection Applications 

A number of different applications have emerged over the last 20 years within the 

field of pathogenic detection for food and waterborne pathogens 67,68.  These include 

optical, electrochemical, acoustic wave and cantilever biosensors.  Conventional 

methods involve the usage of growth media for selective and targeted culture growth 

for specific pathogenic species followed by molecular detection methods such as PCR 

systems.  These methods are accompanied by technical limitations in detection 

accuracy, sample processing, complexity of process, time intensity and sensitivity. 

Surface Plasmon Resonance is an optical technique (SPR) uses a polarized light beam 

to satisfy resonance conditions of specially designed noble metals.  This creates a 

surface plasmon wave and a short-range electromagnetic field.  The allows for the 

detection of events along the surface of the metal.  Typically, this interaction requires 

a noble metal like gold and a dielectric material such as quartz.  An event such as a 

molecule functionalised on the gold surface may bind to a molecule or a pathogen.  

This binding event causes a shift in the electromagnetic field.  This change is recorded 

and used for the purposes of detection of pathogens.  There are many commercial 

applications utilising this phenomenon for the purposes for biosensing, such as 

BIAcoreAB.  Systems such as these, however, require significant numbers of 

pathogenic species.  For example, specific systems utilising SPR for Listeria 

monocytogenes detection can require up to 106 ml-1 69. 

Electrochemical sensors are another form of biosensors which utilise the changes in 

current or charge to perform detection of biological targets.  These usually combine 

an electrode functionalised on the surface by a target antibody which interacts with 

the antigen resulting a binding event.  This binding event changes the electrical 

characteristics of the electrode and this change can be detected and used to determine 

presence of specific antigens.  There are three types of sensors found within this field: 

potentiometric, amperometric and impedimetric.  Amperometric sensors utilise the 

interactions of characteristic redox reactions from cells such E.  coli to detect their 

presence 70.  Potentiometric sensors utilise the changes in potential difference to 

determine the presence of pathogens using biosensing systems.  A study by 

Abbaspour et al.71 has shown to combine these sensors with magnetic beads and 
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nanoparticles to form a sandwich on highly pathogenic organisms such 

Staphylococcus aureus to perform potentiometric detection of the same.  The 

magnetic beads were bound with primary anti-S.  aureus aptamer and the AgNPs 

were bound with secondary anti-S.  aureus aptamer.  This allowed for the powerful 

magnetic forces to capture the S.  aureus bacterial cells using aptamer specificity.  

The usage of silver nanoparticles with a secondary aptamer enhanced the detection 

capabilities of the electrochemical biosensor being used for detection purposes.   
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Detection Technique Ref. Detection Limit Live 

Dead Detection of 

oocysts 

Speciation Continuous Detection 

Optical 

Detection 

Techniques 

Hydrodynamic trapping with 

immuno-fluorescent 

detection 

72–74 106 oocysts No Potentially Size-dependent  Yes 

Immuno-agglutination 

combined with Scatter 

detection 

75 ≤ 1 oocyst (filtered 

and concentrated); 

1-10 oocysts/ml 

without filtration 

and concentration 

Not reported Not reported Yes 

Raman Spectroscopy 76 Not reported Yes Yes Not Applicable 

Mass-based 

Detection 

Methods 

Micro-cantilevers 77 5 Not reported Not reported Yes 

Electrical 

Techniques 

Capacitive Biosensor 78 40 cells/mm2 Not reported No Yes 

Impedance Spectroscopy 79 Single oocyst Yes Yes Yes 

ELISA-based Potentiometric 

Detection System 

80 5x102 oocysts/ml Not Reported No Yes 

Surface Plasmon  

Resonance 

81 100 Not reported Not reported Yes 

DNA 

Detection 

and Total 

Electrochemical Biosensor to 

detect DNA strands of C.  

parvum  

82 1.8ng/mL  Yes Yes 

Table 2.2. Detection methods employed in publications for the detection of C. parvum and their reported sensitivities or 

speciation and ability for continuous detection 
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Analysis 

Systems 

Electrochemical sensor to 

detect C.  parvum DNA 

Aptamers  

83 100 oocysts Not reported Yes Yes 

mRNA Detection and 

Amplification for C.  parvum 

oocysts 

84 30 oocysts Yes Yes Yes 
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2.4.6 Tests for Infectivity or Viability 

Methods explored above will provide identity of the oocyst present, especially when 

combined with techniques such as PCR-RFLP and qPCR for further information 

regarding the species but do not tackle the question of whether the oocyst is alive at 

the time of water sample being taken.  Furthermore, since oocysts can survive at least 

3 months with the possibility of extending this to 6-12 months, it is incredibly 

important to know the age and infective status of the oocysts being sampled.  The 

infectivity of an oocyst differs from its viability.  A viable oocyst is structurally intact 

and capable of excystation leading to infection in an organism.  An oocyst which is 

non-viable may appear structurally intact and may even excyst when inside the 

organism but due to internal deformities not immediately apparent under the 

microscope, the oocyst will not cause any illness.  Thus, it is important to know the 

viability of the oocyst as this is the best measure for knowing the potential infection 

risk without risking infection to organisms such as sheep or mouse models. 

A number of techniques have been investigated to understand the viability of a 

pathogen.  The ‘gold standard’ model is an infectivity study carried out, typically, in 

a neonatal mouse model.  This model is effective for pathogenic species of 

Cryptosporidium which can infect neonatal mice as well, such as C.  parvum 85.  This 

method is considered time-consuming, expensive and is required to meet stringent 

standards.  Furthermore, the method cannot be used for testing single or a small 

number of oocysts, typically found in environmental samples.  Other techniques used 

are Cell Culture studies which perform in vitro infection of host cells.  The analysis 

of the infection is performed, generally, by PCR and/or immunofluorescence methods 

or in situ hybridisation (FISH).   

Fluorescence in situ hybridisation (FISH) is a method which can enable the 

identification of viable oocysts by attaching a fluorescence label to short highly 

specific sequence of DNA or RNA which binds with its complimentary target within 

the oocyst.  The probe is also attached to a fluorescent marker or has a fluorescent 

molecule embedded within the structure which emits a signal when stimulated.  The 

technique can be made to be highly specific to target particular sequences of RNA as 

these are an excellent indicator of whether an oocyst is viable or not.   

Commonly used methods are in vitro excystation and inclusion/exclusion dyes.  

Briefly, in vitro excystation replicates the environment experienced by the oocyst 
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inside the gastrointestinal tract and measure the number of empty shells, sporozoites 

and oocysts found within the sample.  The inclusion and exclusion dyes typically 

used are propidium iodide (PI) for identifying the viability of the oocyst as membrane 

penetration by propidium iodide indicates oocyst death.  4’6 diamidino-2-phenyl 

indole (DAPI) is used as a marker for DNA which can pass through the membrane of 

a live oocyst.  However, these methods have been known to over-estimate the 

infective potential of oocysts and, at times, have shown that oocysts which are heavily 

damaged and non-infective can still appear as such when carrying out 

inclusion/exclusion dye assays.  However, in vitro excystation and DAPI and PI dye 

analysis is the quickest form of methods available and remain in use  86,87. 

Electrical techniques have been in development in the research laboratories across 

the world to understand effects such as electrorotation and impedance.  These have 

also been utilised in the development of applications such as impedance cytometry 

techniques which assess specific markers of cells passing through and can determine 

which cell has passed through the system through these inherent electrical properties 

of all microbial cells.  However, these characteristics can also be utilised to provide 

deterministic and controlled motion to these cells.  The ability to, therefore, separate 

a viable and non-viable C.  parvum without the usage of excystation methods with 

DAPI and PI analysis represent a significant leap in the ability for water testing 

facilities to be able to preserve the sample after all non-viable and potential false 

alarms have been removed from the sample.  This is particularly relevant for C.  

parvum as the number of oocysts required to be present before an alarm is raised is 

extremely low.  The ability to, therefore, separate the non-viable oocysts out of the 

sample prior to any further testing using PCR or microscopy methods would greatly 

reduce the potential for false alarms to be raised. 

2.4.7 Molecular methods for the detection of C. parvum 

Molecular methods have been developed over the last 2-3 decades for the molecular 

detection and identification of C.  parvum due to the need for a robust method of 

testing drinking water quality.  These methods include the development of genetic 

sequences for usage in PCR.  These genetic sequences have entered commercial usage 

and are being tested for further development of new applications in integration using 

microfluidic PCR systems.  Cui et al.  in a 2017 study investigated the development 

of a disposable PDMS µPCR system.  This comprised of electrodes patterned on a 
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glass substrate.  These electrodes were subsequently used to provide heat uniformly 

across the entire PCR domain and it was shown that the microchannel was able to 

achieve the temperatures required for denaturation, annealing and extension.  This 

was further tested using a β-action segment which was shown to be capable of 

amplification equivalent to a bench-top PCR system88. Another study by Zhu et al. 89 

developed a method to use propidium monoazide to determine viability of pathogens 

prior to PCR and integrated the same as a pre-treatment step on a µPCR system.   

Other studies have shown the ability for a total integration of lysis, purification and 

amplification system such as the one presented by Cho et al.90. In this study, Buccal 

epithelial cells underwent lysis, purification of DNA and amplification of the same 

all in a single integrated microfluidic system.  This is done by creating a 2-layer design 

with electrodes and thermal sensors placed on a glass substrate and a PDMS fluidic 

layer.  The lysis on this chip is performed by heat and purification is performed via 

mechanical filtration.  This system was compared with a bench-top PCR system and 

found to produce comparable results.  A system such as this could be implemented to 

provide effective laboratory solutions without the need for large sample volumes and 

reagent volumes.   

Whilst, systems such as these are effective at cell lysis, purification and amplification 

at the laboratory level, water quality varies significantly and is a complex system.  

Thus, the development of any µPCR system has to account for the variability of the 

water being sampled for detection of pathogens such as C.  parvum.  To solve this, 

the development of a lysis method which is universal and inexpensive to maintain and 

perform, new materials such as nanoparticles must be employed over existing 

methods of lysis such as freeze/thaw which is expensive to perform as the cost and 

knowledge required for the storage of liquid nitrogen is not easily available to regions 

which need these protocols the most.  Furthermore, it is a highly labour-intensive 

protocol and requires experience to perform effectively and correctly.   

It is imperative to develop an optimised and standardised protocol which can be 

utilised by drinking water boards for the detection of C.  parvum.  To develop such a 

protocol, the lysing method of choice must be chosen correctly and nanoparticles are 

a great potential material choice to perform lysis on C.  parvum.  It has been shown 

by Cameron et al.91,92 AgNPs can perform lysis on the pathogen, however, no 

optimised protocol exists which can be integrated with existing purification and 
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amplification protocols, such as Macherey-Nagel DNA purification kits.  The design 

of such a protocol will enable water testing facilities to provide comparable data and 

thus enable future studies into the factors which affect the increase or decrease of C.  

parvum in surface waters and other water bodies. 

2.5 Nanoparticles for Detection of C.  parvum 

2.5.1 Introduction to Nanoparticles 

Nanoparticles can be used to lyse Cryptosporidium, as an alternative to conventional 

approaches.  Nanoparticles (NPs) are defined as having all three dimensions in the 

nanoscale (1-100nm) 93.  NPs are a diverse population of materials and vary with 

respect to their physico-chemical properties such as composition (e.g.  metals (e.g.  

silver), metal oxides (e.g.  zinc oxide)), size (and surface area), morphology and 

charge, which influence their behaviour.  The properties of NPs can be strikingly 

different to that of their larger counterparts, which is driving their exploitation in a 

diverse array of industries (e.g.  electronics, pharmaceuticals, agriculture, textiles, 

cosmetics, food) 94–97.  Integrating NPs into devices for the healthcare industry to 

prevent and control disease has gained considerable interest in recent years.   For 

example, the use of nanoparticles in medical equipment and filtration systems for 

wastewater treatment, mostly in developing countries, has been investigated 98.    

Nanoparticles have been shown to provide a cytotoxic response to biological and 

microbiological cells across various studies.  Silver is a known biocidal substance 

being cited for its capability in preventing bacterial diseases developing through 

wounds as far back as Hippocrates.  In recent decades, the development of 

nanotechnology has resulted in the creation of Silver Nanoparticles (Ag NPs) of 

particular sizes, such as NM300 with an average size of 30nm.  There are numerous 

other metallic and metal oxide nanoparticles also being explored for various 

applications such as Zinc Oxide (ZnO).   

Nanoparticles and nano-particulate complexes have already been explored for cancer 

therapy and show great promise as drug carriers and as potential cytotoxic agents.  

The ability for nanoparticles to be coated and thus cloaked in chemicals which allow 

it to target cells specifically have been explored and are the source of ongoing 

research effort in order to develop novel drugs and therapies for long term remediation 

of this deadly condition.  There are many different types of nanoparticles being 
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research today – metal nanoparticles such as Silver, Copper Oxide, Zinc Oxide or 

Quantum Dots which act both as a type of fluorescent probe and have the ability to 

form complex organic shells which can house therapeutic chemicals on the surface.   

The diversity in nanoparticles has also enabled their usage in a lot of applications 

already and is expanding further into other areas.  Within industry, usage of 

nanoparticles is seen in applications such as sunscreen where the presence of TiO2 

nanoparticles within the cream can enhance the absorption of light in UV region 

whilst reducing the effect of skin whitening.  Nanomaterial based coating are being 

explored in solar panels and have been implemented in concepts such as self-cleaning 

windows which contain a thin surface coating of a photo-catalyst with nanoparticles 

and these particles break down the dirt which is then released from the surface when 

rain or other forms of contact with water are experienced by the window.   

Other areas such as television and laptop screens have also seen addition of the 

presence of nanoparticle crystals within them with the advent of High-Definition LCD 

TVs demanding low scattering of light and high contrast ratio.  This has spurred on 

chemical giants such as BASF to develop dyes containing specific nanomaterial 

crystals to provide for this expanding industry.  As interest continues to grow, there 

is an expectation that nanotechnology will become integral to many applications such 

as food packaging where the presence of nanoparticles embedded within the plastic 

packaging can keep food safe via the biocidal properties of the packaging material.  

These properties of nanoparticles are seeing widespread industrial applications in 

many other areas such as fabrics where they are used to inhibit the reproduction of 

odour-causing bacteria on the surface of the fabric.   

Nanoparticles represent a very promising way of lysing the robust outer wall of C.  

parvum to access the DNA of the micro-organism due to their biocidal properties.  

Particles which are commonly investigated for biocidal properties in microbes and 

human cells include Silver (Ag NPs), Zinc Oxide (ZnO NPs), Titanium Oxide (TiO2 

NPs).  Ag and ZnO NPs were selected for investigation as it is established that they 

have antimicrobial properties 19,99–104.  Although, several studies have shown 

antimicrobial effects of numerous nanoparticles on various bacteria and viruses, only 

a couple of studies have looked at the effect of silver nanoparticles on 

Cryptosporidium 22,105 and to the knowledge of this thesis, no research has 

investigated the impact of zinc oxide nanoparticles on C. parvum, to date.  The impact 



Vaidya, Ameya 

 MICROFLUIDICS FOR WATERBORNE PATHOGEN SEPARATION AND DETECTION 
 

38 | P a g e  
 

of silver nanoparticles on C. parvum, has been previously investigated and it was 

demonstrated that despite the thick oocyst wall, the oocysts were inactivated by silver 

nanoparticles  at 10mg/ml (NM300; 1 mg/ml) within 30mins of exposure 22.   

2.6 Conclusion 

Cryptosporidium spp. is a major pathogenic issue in drinking water supplies, both in 

the developing and the developed world.  A majority (63%) of known parasitic 

waterborne outbreaks across the world between 2011 and 2016 were related to 

Cryptosporidium spp.  There are 2 primary species which are involved in causing 

human Cryptosporidiosis, C.  parvum and C.  hominis, with some cases of C.  

ubiquitum also being known.  The challenge lies in the identification of the two 

primary species which cause human cryptosporidiosis from the rest.  Size-exclusion 

methodologies work only in part and do not provide genetic identification of the 

pathogen.   

 

The US EPA Method 1623.1 is an effective way of gathering genus-level 

identification of the pathogen.  However, further processing steps such as PCR are 

required to ensure that the protozoan identified can cause human cryptosporidiosis.  

However, due to the destructive nature of the process techniques like this cannot 

provide information regarding the potential infectivity of the pathogen screened.  

Thus, other techniques such as FISH have been identified to provide some moderate 

success as they identify the presence of RNA within the oocyst which would not be 

present if the oocyst were not alive.  Molecular methods are developed for species 

determination and are used in many situations.  However, it can be difficult to 

perform and require highly equipped laboratory facilities hence why attempts have 

been made to develop microfluidic approaches for low-resource settings.  As part of 

these miniaturisation, protocols need to be developed which provide consistency 

across various processes, such as lysis.  Lysing of Cryptosporidium spp.  does not 

have a determined and known protocol.  Many different lysing methods exist for a 

variety of different sample sources, such as faecal matter, soil, water.  However, the 

most widely used and accepted technique is Freeze/thaw protocol.  This protocol calls 

for the usage of Liquid Nitrogen and water bath at 56C.  Samples are typically placed 

for 60s followed by water bath at 56C until melted.  This is repeated up to 10-15 

times.  The infrastructure and laboratory facilities required to maintain and perform 
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such tests are not easily available in low-resource settings.  Therefore, the 

development of alternative protocols based on nanoparticles is advantageous as these 

do not require the same level of infrastructure to store and maintain.  Furthermore, 

due to the consistency in the nanoparticles produced protocols can be standardised 

much more readily and provide robust comparative data which increases reliability 

and confidence in the data presented. 
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Chapter 3.  Microfluidics, Dielectrophoresis and Micro-

manufacturing 

3.1 Microfluidics 

3.1.1 Introduction 

Microfluidics is concerned with the development of methods and tools which provide 

precise control and manipulation of fluids constrained to channels at the sub-

millimeter scale 106,107.  A device constructed with sub-millimeter scale fluid channels 

is referred to as a microfluidic device/chip.  Microfluidic devices/chips can be used 

for a variety of purposes such as separation, concentration, filtration and mixing of 

micro-particles, cells and biological molecules such as proteins or DNA 108–110.  The 

success of microfluidic devices in these areas is the result of greater control over the 

flow profile and the highly laminar nature of the fluid passing through a microfluidic 

chip when compared to fluidic systems on the larger scale.   The fluidic channel(s) in 

a microfluidic chip has inlets and outlets.  Generally, the microfluidic device is made 

up of Poly Methyl methacrylate (PMMA) or Poly-Dimethyl siloxane (PDMS).  For 

the device to be considered as “microfluidic” at least one of the primary channel 

dimensions must be between 1000µm and 1µm.  Microfluidics has the potential to 

offer key advantages with respect to sample processing and separation of cells using 

a variety of different techniques, which can be based on size, density and, potentially, 

viability. 

Broadly, microfluidics can be broken into the following 2 major themes; Separation 

and/or Concentration technologies and technologies used for chemical and/or 

biological synthesis.   The primary scope of this PhD is within Separation and 

Concentration technologies.  Thus, greater emphasis will be placed upon the 

description of some of the technologies which have been explored within this area, to 

date.  Microfluidic devices can vary in their complexity depending on the application.   

There is currently a greater drive towards the generation of Micro-Total-Analysis-

System (µTAS) or “lab-on-a-chip” devices.   These devices employ a number of 

electro-mechanical components to drive and manipulate the fluid to separate target 

cells, analytes or protein molecules, reducing sample and reagent volume required 

whilst providing highly sensitive detection compared to traditional methods.    
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In order to build microfluidic devices in which the fluid behaviour is predictable, 

understanding fluid behaviour is essential as it will determine the types of forces that 

may act upon the particle passing through a microfluidic device.  This can improve 

the design of fluid channels to ensure that the fluid channels are of appropriate design 

for the specific application being used.  For example, a dielectrophoretic microfluidic 

device must contain appropriate pressure balance to ensure that equivalent flow rate 

passes through the inlets and outlets of the device. 

3.1.2 Fluid Mechanics 

Fluid Mechanics is an overarching field which studies the behaviour of fluid 

particles and describes their behaviour under any dynamic condition where the 

particle velocity may range from low subsonic to hypersonic 111.  The concepts used 

in these applications are the same as those used to define fluid flow within a 

microfluidic chip.  Designing of microfluidic chips requires an understanding of 

fluid mechanics and the underlying mechanisms of fluid flow, thus, covering these 

fundamentals can help to enlighten how and why microfluidic chips work the way 

they do.  Briefly, the full Navier-Stokes equation 112 is used to understand the 

behaviour of fluids within channels in order to predict various phenomena such as 

mixing, heat distribution, and particle flow, and is shown below: 

𝜌 (
𝜕𝐮

𝜕𝑡
+ 𝐮 .  ∇𝐮) = −∇𝑃 + ∇. (𝜇(∇𝐮 + (∇𝐮)𝑇) −

2

3
𝜇(∇ .  𝐮)𝐈) + 𝐅 (1) 

 

 

1 2 

 

3 

 

4 

 

Fig.  3.1 Flow Profile of fluid inside a channel; When the Reynolds Number 

(Re)<2100, flow is Laminar (A) and when Re>3000, flow is turbulent (B).   

A B 
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where u is the fluid velocity, P is the pressure, µ is the dynamic viscosity of the 

fluid, ρ is the fluid density.    The terms are numbered 1 to 4 to show the different 

forces involved in determining fluid motion.    Term ‘1’ correlates to the inertial 

force applied on the fluid, ‘2’ is the pressure force applied, ‘3’ is the viscous forces 

present and ‘4’ is any external force applied on the fluid.    This principle is used 

alongside the continuity equation, shown below, to map fluid flow. 

𝜕𝛒

𝜕𝑡
+  ∇ .   (𝜌𝐮) = 0 (2) 

The complexity of the two equations can be reduced in order to simplify the 

algorithm used for calculations by checking the four key non-dimensional 

parameters such as Reynolds Number 113, defined below:  

𝑅𝑒 =  
𝜌𝑈𝐿

𝜇⁄  (3) 

If the Reynolds Number (Re) of a given fluid falls within the laminar flow range 

(Re<2100) then Laminar flow is observed as shown in Fig.  3.1 (A).    This number 

is dependent on fluid velocity ‘U’ in a pipe of diameter or height ‘L’ and µ is the 

dynamic viscosity of the fluid.    A low Reynolds number, as typically found in 

nearly all microfluidic devices, denotes a laminar flow which is a highly ordered 

(i.e.  a set of fluid laminas which do not intersect one another) (Fig.  3.1 (A)).    This 

means that fluid flow is highly organized and that the fluid is incompressible which 

means that ∇. 𝐮 = 0 and since the divergence term is zero, − 
2

3
𝜇(∇ .   𝐮) 𝐈 is also 

zero.    

Eqn.  (1) can be reduced further, since the typical Reynolds Number found in 

microfluidic devices in less than 1 which is typically defined as ‘Creeping Flow’.   

Within the Creeping flow regime, inertial forces tend to play an insignificant role 

for the final model calculation and thus the term can be removed 114.   The external 

force within this scenario is also extremely small and thus can be ignored which 

reduces the equation to the following:  

0 =  −∇𝑃 +  ∇ .   (𝜇(∇𝐮 + (∇𝐮)𝑇))  (4) 

This shows that within a microfluidic device the forces applicable on a given fluid 

are the pressure and viscous forces leading to highly organized fluid flow where 
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mixing is limited by diffusion and concentration gradients.   A high surface area-to-

volume ratio, typical, of these micro-channels also leads to different fluid behaviour 

than found in bulk volume.   

Typically, the Re is significantly lower than 2100 and usually is within the range of 

10-4 < Re < 0.2 for microfluidic devices.  Therefore, the Stokes’ Law applies for any 

force calculation being carried out on particles within the microfluidic device 115.  

This equation 

𝐹𝑑𝑟𝑎𝑔 = 6𝜋𝜇𝑟𝑣 (5) 

where Fdrag is the Stokes drag force applied on a particle, µ is the dynamic viscosity, 

r is the radius of a particle and v its velocity. 

3.1.3 Passive Force Separation Technologies 

There are a number of separation technologies which can be employed within the 

field of microfluidics depending on the application being developed and the type of 

analytes being separated or concentrated.   Passive force separation techniques 

typically use fluid mechanical properties to mix and separate particles or cells 116.    

Alternatively active force separation techniques involve the use of acoustic waves, 

electric fields, magnetic forces to perform separation or mixing of cells and particles 

117–120.   Both approaches can be combined with fluorescent tagging to allow for 

fluorescent confirmation of effective separation.   

Fig.  3.2 Pinched Flow Fractionation illustrating particle separation of larger (red) 

particles from smaller (green) particles 
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Passive force separation techniques involve the use of fluid network geometries to 

modify the laminas present within a fluid by either expanding or shrinking them 121–

123.   An example of such a separation technique is Pinched Flow Fractionation as 

illustrated above in Fig.  3.2.   In brief, pinched flow fractionation works on the 

principle of pinching (or narrowing the channel) the laminas from the sample fluid 

significantly followed by a large expansion between the pinched channel and the 

expanded channel 122.   The resultant expansion magnifies and separates the various 

laminas resulting in cells and particles translocating to a new lamina in a size-

dependent manner.   This method is considered to be simple for manufacturing a 

Fig.  3.3 Deterministic Lateral Displacement (DLD) illustrating the principles 

behind this method of passive separation.  ‘G’ is defined as gap length between 

each post (Reprinted with permission from Inglis et al., 2009, Appl.  Phys.  

Letters.) 
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device and enables rapid prototyping, effective for particle and cell separation and 

has been shown to have the ability to be used in conjunction with active forces 

separation methods such as DEP 124,125. 

Deterministic Lateral Displacement (DLD) is one of the most well-known forms of 

passive separation techniques.  Briefly, DLD consists of a series of posts which split 

the laminar flow lines by a fixed distance (Fig. 3.3).  This lateral shift changes the 

laminar flow lines by expanding and shrinking them, allowing for separation of 

particles and cells as shown in Fig. 3.3.  It has been used extensively in separating 

micro-particles and cells based on their size.  This separation can be tailored based 

on the distance between each post and the lateral shift between each row, thus, 

allowing very fine control over the separation of particles and cells at micrometer 

and sub-micrometer scales 126. 

Other methods within this field include hydrophoretic filtration which uses 

obstacles and constrictions to filter and separate particles and cells based on size.  

Choi et al.127 have shown the ability for this method to separate White Blood Cells 

(WBCs) from Red Blood Cells (RBCs).  However, the method is not as widely 

explored as some other passive force separation techniques.   

A major field of passive force separation being explored in research laboratories 

and in some industrial applications is Inertial Microfluidics 115.   Inertial 

Microfluidics uses the passive forces developed within fast flowing microfluidic 

devices to separate cells, and micro-particles based on size 128,129.   The forces 

applied on a given object in an inertial microfluidic device determine its final 

position within the channel and this is used to separate them in a label-free manner.  

This position is affected by the size of the object and the combination of fluid forces 

present within the channel and the shape of the channel itself. 

Inertial microfluidics uses the pressure fields generated inside a straight micro-

channel to separate cells or particles.   These fields are generated due to the high 

velocity at which the fluid travels within a curving microchannel.  The curving 

channel creates zones of higher and lower pressure.  The channel itself can be 

circular, rectangular or square-shaped.   This shape will affect the final equilibrium 

position of all objects within the micro-channel.   The effect of these pressure fields 

on a particle or cell of a given size can be ascertained using the Reynolds Number 
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of the particle or cell as this accounts for the size of the particle in relation the size 

of the micro-channel.   

𝑅𝑃 = 𝑅𝑒 𝑎2

𝐻2⁄ =
𝜌𝑓𝑈𝑎2

𝜇𝐻
 (6) 

where a is the diameter of the particle, H is the hydraulic diameter of the channel.   

This H is equal to the diameter of a circular shaped microchannel and equivalent to 

𝐻 = 2𝑤ℎ (𝑤 + ℎ)⁄  where w and h are the width and height of the rectangular shape 

microchannel.   When Rp <<1, viscous drag forces dominate and provide the 

primary force of movement for the particles.   This means that the particles follow 

the streamlines very closely.   This can be changed as the value of Rp goes above 1 

whereby the primary forces acting on the particle are related to the inertial forces 

involved in inertial microfluidics and thus particles begin to diffuse across fluidic 

streamlines. 

Straight channel systems employ the usage of a straight channel to achieve differing 

equilibrium positions for cells and micro-particles.   Briefly, this method works by 

creating a focusing region for the cells where the inertial lift force pushes the 

objects, based on their size, to a new equilibrium position within the channel.   This 

size-dependent separation method has been used by Hur et al.128 to separate adrenal 

Fig.  3.4 Spiral Channel Inertial Focusing Device illustrating the mechanism 

of microparticles or cells moving towards an equilibrium position.  (Reprinted 

from Jimenez et al., 2017, Chem.  Eng.  Sci.  under Creative Commons 
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cortical progenitor cells from red blood cells inside a straight channel inertial 

microfluidic device.    

The other type of inertial microfluidic separation systems being used are spiral 

channel inertial microfluidic systems.   These systems utilise the capability of 

inertial based focusing with the added effect of two circulating flow patterns that 

develop inside the channel as liquid passes through it 130.   The movement of this 

circulating flow pushes the cells until they arrive at their new equilibrium position.   

The cells will maintain this position until they reach the end of the spiral geometry 

and an expansion magnifies and expands the fluid laminas, thus, separating cells 

and/or micro-particles.   This has been shown to separate C. parvum by Jimenez et 

al.130.   Fig.  3.4 illustrates how a spiral channel microfluidic device operates by 

positioning the objects to their equilibrium position within the channel.   

3.1.4 Active Force Separation Technologies 

There are a number of active force separation methodologies that can be used in 

microfluidic chips.   These include; Acoustophoresis, Magnetic-activated cell 

sorting (MACS), Fluorescence-activated cell sorting (FACS), Adhesion-based 

microfluidics, Optical microfluidic separation and Dielectrophoresis (DEP).    

Acoustophoresis comprises of an expanding body of research which utilises 

acoustic waves for separating, mixing, and pumping of micro-particles and cells.  

Broadly, there are two types of acoustic waves that can be used within 

microfluidics; Travelling Surface Acoustic Waves (TSAWs) and Standing Surface 

Acoustic Waves (SSAWs).  The acoustic waves are generated using Interdigitated 

Transducers (IDTs) which comprise a comb-like structure of electrodes deposited 

on top of a piezoelectric material such as Lithium Niobate (LiNbO3).   The 

piezoelectric is then actuated using an AC electric signal at the resonant frequency.   

This generates Surface Acoustic Waves.   These waves generate two forces within 

a micro-channel – Acoustic Streaming Force (ASF) and Acoustic Radiation Force 

(ARF).  ASF is applied on the fluid travelling through the micro-channel.  Any 

particle/cell which is large enough to be influenced by the acoustic waves 

experiences ARF reaching a new equilibrium position where the pressure on the 

particle and/or cell is minimised.   This new location is dependent on the size of the 

particle or cell and the location of pressure nodes and anti-nodes within the 
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microchannel.  Travelling Surface Acoustic Waves (TSAWs) are generated when 

the transducer is placed on one side of the microchannel and the subsequent acoustic 

waves generated pass across the channel consistently moving in the direction of the 

propagating wave.   This TSAW can be used to impart Acoustic Radiation Force on 

the particles/cells thus separating them based on size or density differences as 

shown by Bourquin et al.131 in their work on separation of RBCs infected with 

Plasmodium falciparum from non-infected RBCs.  More specifically, by 

recirculating the sample they were able to achieve enrichment of the sample 

containing the infected RBCs to improve the detection and diagnosis capability for 

patients infected with this parasite.  TSAWs can be used for separation, detection, 

sorting and trapping of cells and micro-particles as long as the wavelength of the 

acoustic wave remains comparable to the diameter of the target particle/cell.  

Furthermore, minor differences in density and other cell medium properties can be 

Fig.  3.5 (a) (top) Generation of a Surface Acoustic Wave illustrating the propagation 

of a TSAW and its impact on the micro-channel upon entry turning the SAW into a 

“Leaky” SAW which imparts pressure on the micro-channel at an angle ϴr 

generating an Acoustic Streaming Force (b) shows the simulated 1D and 2D acoustic 

fields from ref.  [7].  
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utilised for imparting different magnitudes of ARF thus allowing a second modality 

of separation. 

TSAWs can also be used for mixing fluids within the micro-channel using the 

Acoustic Streaming Force (ASF) as shown below in Fig.  3.5 (a) and (b) 117 where 

particles/cells introduced begin streaming and mixing due to the acoustic waves 

inducing a force on the fluid itself.   Fig 3.6(a) 132 also shows the propagation of a 

TSAW across the substrate and into the micro-channel whereby it encounters a fluid 

boundary mismatch and loses part of the energy which creates the ASF.    

Standing Surface Acoustic Waves (SSAWs) are generated when two or more IDTs 

are placed in parallel to each other on opposite sides of a micro-channel and actuated 

simultaneously 133.   This generates two SSAWs which interfere constructively thus 

creating a series of Pressure Nodes and Anti-Nodes within the channel.   The 

particles/cells in the presence of this field experience an ARF which pushes them 

either towards pressure nodes or anti-nodes which depends on the properties of the 

fluid medium and the fluid within the cell or the material properties of the micro-

particle.   SSAWs have been shown to be capable of focusing particles and cells to 

a specific location within the micro-channel 134.   Focusing of particles/cells to a 

desired location can be useful to develop cell counting methods or separation 

techniques 

SSAWs have also been used in areas such as droplet microfluidics, a two-phase 

application of microfluidics whereby droplets of a medium such as water, where the 

ARF can be utilised for mixing and separation of droplets by active actuation or can 

be used for separation of droplets based on internal contents using continuous 

SSAWs 135.   This can be utilised to separate droplets based on the number of beads 

found within the droplet.   In principle, this method could be applied for the 

separation of droplets based on the number of cells found within the droplet.  

Encapsulating a known number of cells, such as pathogens, could be used to study 

integrated microfluidic PCR and lysis systems. 
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Optical Manipulation of cells and particles has gained interest due to the ability of 

two diverging light beams to hold a cell in place for examination without lifting or 

pushing it to a micro-channel wall 136.   The ability to hold a cell in place within the 

x, y and z-planes offered by Optical Tweezers provides control over individual 

particle/cell and it has been shown that a particle/cell can be trapped, rotated, 

stretched and separated using this technique 133,136.   The technology has also been 

improved significantly to reduce internal damage to the cell the light could cause.   

This technique of tweezing cells has been applied to create multiple traps and utilise 

them for the purpose of sorting cells and particles.  For example, Wang et al. 137 

employed the use of multiple optical traps to translocate cells from one point within 

the channel to another to demonstrate control over individual cells.  This was shown 

by separating yeast cells from microbeads and separating Green Fluorescent Protein 

(GFP) tagged human Embryonic Stem Cells (hESCs) from the untagged cells within 

the mixture.  This particular approach for cell separation will be highly desirable if 

high purity is more important than the processing time of a given sample due to the 

flow rates required to perform optical manipulation.   

Fig.  3.6 SSAW illustration showing (a) Rayleigh SAW converted to “leaky” 

SAW.  Streaming map from Koster.  Reprinted with permission from ref.  59  

(b) Experimental observations and numerical modeling with a droplet positioned at 

the centre of SAW Propagation direction.  Reprinted from ref.  59 
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The techniques discussed above have been shown to be excellent for the size-

specific separation of cells/particles, and are readily integrated into microfluidic 

platforms.  However, these techniques whilst providing excellent separation speeds 

and efficiencies are unable to provide viability-based separation of cells.  The 

intrinsic properties of viable and non-viable cells are not significantly different 

when acoustic properties are investigated or when the effect of inertial focusing is 

present on these cells. 

3.2 Dielectrophoresis – Theory and Research Review 

3.2.1 Theory 

Dielectrophoresis was first described as a phenomenon by Pohl 138 as “the motion 

of suspensoid particles relative to that of the solvent produced by an 

inhomogeneous electric field.  In electrophoresis, an electrostatic field produced by 

the usage of a DC voltage supply is utilised to provide motion and separation of 

cells and particles within a micro-channel or gels like agar.  Dielectrophoresis 

differs in that the force is generated by the presence of an inhomogeneous electric 

field as generated by an AC voltage supply.   

Dielectrophoretic force is generated when an electric field of a particular voltage 

and frequency impart a force on a particle or a cell passing over the field 138.  The 

magnitude and direction of this force are dependent on the size of the cell/particle 

and the dielectric properties such as conductivity of the medium.  The interplay of 

this force with the drag force is experienced by all cells and particles flowing within 

a micro-channel.  The forces, dependant on properties such as size or conductivity, 

causes a highly specific motion of the particle or cell allowing for separation of 

cells from each other based on those properties of the cells.  The dielectric 

properties of a given media and cell can be combined into a single factor, known as 

the Clausius-Mossotti Factor (CM Factor) which is related to the effective 

polarizability of the particle/cell.  This can be represented as either a permittivity 

factor or a conductivity factor in the following equation:  

𝐶𝑀∗ = (
𝜀𝑝

∗ −𝜀𝑚
∗

𝜀𝑝
∗ +2𝜀𝑚

∗ ) , 𝐶𝑀∗ = (
𝜎𝑝

∗ −𝜎𝑚
∗

𝜎𝑝
∗ +𝜎𝑚

∗ ) (7) 
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where CM* represents the complex CM Factor in terms of permittivity.   The 

complex permittivity is itself dependent on the permittivity and conductivity of a 

given material defined as, 

𝜀𝑝
∗ = 𝜀0𝜀𝑝 −

𝑗𝜎𝑝

𝜔
 , 𝜎𝑝

∗ = 𝜎𝑝 + 𝑗𝜔𝜀0𝜀𝑝 (8) 

where ε0 is the relative permittivity, εp is the permittivity of the particle, 𝑗 = √−1, 

σp is the conductivity of the particle and 𝜔 = 2𝜋𝑓 is the angular frequency.  The 

CM Factor determines the directionality of the force applied on the particle or cell 

present in the medium.   This implies that an overall polarizability provided by a 

negative CM Factor causes repulsion of a cell or particle when encountering an 

electric field.   A positive CM factor causes an attractive force on the cell or particle 

in the presence of an electric field.   The dielectrophoretic force which acts on a 

given particle/cell within a non-uniform electric field is the sum of all the positive 

and negative dipole moments induced on the particle or cell.   The summation of 

these moments yields the dielectrophoretic force equation: 

𝐹𝐷𝐸𝑃 = 2𝜋𝜀𝑚𝑅3 (
𝜀𝑝−𝜀𝑚

𝜀𝑝+2𝜀𝑚
) (∇𝐸2) (9) 

This equation is based on a number of key assumptions which are: 

(i) that the particle is a homogeneous dielectric material and has no net charge, 

(ii)  the field is assumed to be non-uniform in nature, 

(iii) the medium is assumed to be infinite in its extent i.e.  no boundaries have been 

assumed within this equation.   

The equation (Equation 9), however, shows that the FDEP is a size-dependent force 

and will be zero if the field is uniform (∇𝐸 = 0).   It shows that dipole moment on 

the particle/cell is dependent on the particle/cell’s permittivity correspondent to the 

surrounding medium which supports the observations of positive and negative 

DEP’s effects on a given particle.   As the DEP force is dependent on the square of 

the magnitude of the electric field,(∇𝐸2), the effect can be observed by either using 

AC or DC field.   It also shows that the electrode geometry is extremely important 

in controlling the term, (𝐸. ∇𝐸).  If the value reaches high levels (~1012-1014 

V2/m3) then a strong DEP force will be applied to biological cells.  Therefore, 
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electrodes employed to generate such values would generate sufficient DEP force 

which would provide effective motion to the particle or cell.   

Bacteria, protozoa and other cell types have conductivity associated with the ionic 

environment found within the cell itself which differ from and the medium the 

cell(s) are suspended in.   When electric fields are applied, this results in conduction 

loss providing a complex permittivity or conductivity, respectively, as shown in 

equation (7) above.   Furthermore, cells are not as homogeneous as, for example, 

polystyrene micro-particles.   Thus, the complexity of these structures must be taken 

into account when trying to calculate the permittivity and conductivity differences 

via the Clausius-Mossotti Factor.   

3.2.2 The Shell Model 

Biological cells can be quite heterogeneous and contain multiple structures and 

membranes which make the aforementioned model of a homogeneous dipole 

particle challenging to use.   A multi-shell model can take this heterogeneity into 

account and will be utilised to account for Cryptosporidium oocyst movement in a 

microfluidic channel in order to consider the oocyst wall, the cell membrane 

between the wall and the inner cytoplasmic environment.   The differences in the 

ionic environment between the various structures such as oocyst medium, oocyst 

wall, membrane and cytoplasm can be utilised to produce a combined permittivity 

and conductivity for the oocyst.   This is done by aggregating the conductivities and 

permittivities of each component from the inside outwards using the Clausius-

Mossotti Factor equation shown above (Eqn.  6).   At each interface, the Maxwell-

Wagner Interfacial Polarisation equation, shown below (Eqn. 10), is required to 

ensure that the condition of maintaining the potential difference on either side of 

the interface is met.   

𝜏𝑀𝑊 =
𝜀𝑝+2𝜀𝑚

𝜎𝑝+2𝜎𝑚
  (10) 

The usage of effective conductivities and permittivities is to create a composite 

value of the various conductivities and permittivities of the oocyst cytoplasm, 

oocyst membrane, oocyst wall and medium, respectively.   This is done by using 

the following equation:  
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𝜀2/1
∗ = 𝜀𝑚𝑖𝑑

∗ [
(

𝑟𝑚𝑖𝑑
𝑟𝑖𝑛𝑛𝑒𝑟

)
3

+2
𝜀𝑖𝑛𝑛𝑒𝑟

∗ −𝜀𝑚𝑖𝑑
∗

𝜀𝑖𝑛𝑛𝑒𝑟
∗ +2𝜀𝑚𝑖𝑑

∗

(
𝑟𝑚𝑖𝑑

𝑟𝑖𝑛𝑛𝑒𝑟
)

3

−
𝜀𝑖𝑛𝑛𝑒𝑟

∗ −𝜀𝑚𝑖𝑑
∗

𝜀𝑖𝑛𝑛𝑒𝑟
∗ +2𝜀𝑚𝑖𝑑

∗

] (11) 

𝜀𝑖𝑛𝑛𝑒𝑟
∗ = (𝜀𝑖𝑛𝑛𝑒𝑟 − 𝑗

𝜎𝑖𝑛𝑛𝑒𝑟

𝜔
) (12) 

where rmid and rinner are the radius of the middle membrane and cytoplasm, 

respectively, 𝜀𝑚𝑖𝑑
∗  and 𝜀𝑖𝑛𝑛𝑒𝑟

∗  are the complex permittivities of the middle 

membrane and cytoplasm, respectively.  This 𝜀2/1
∗  is then used for calculating the 

combined permittivity of the outer wall and the effective permittivity of inner 

cytoplasm and middle membrane layers.   The result of this combined permittivity 

is defined as the complex permittivity of the particle/cell as it aggregates the 

Fig.  3.7 Diagram representing a triple-shell model with permittivity and 

conductivity of the medium (εm,σm), oocyst wall membrane (εouter,σouter), oocyst 

middle membrane (εmid,σmid) and cytoplasm (εinner,σinner) 
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permittivity of each shell considered within the model.   The final effective value 

can then be used to calculate the Clausius-Mossotti Factor for the particle/cell and 

medium and this new CM Factor value can be taken forward to calculate the FDEP.   

Fig.  3.7 shows the structure of a triple-shell model used for C.  parvum oocysts.   

The expected DEP behaviour of cells such as bacteria or cells with cell walls such 

as C.  parvum oocysts can be mapped using Eqn.  (10) and (11) over frequencies 

ranging from 1kHz to 50MHz.   The resultant variation in Clausius-Mossotti Factor 

values (Fig.  3.8) can be used for deciding the type of techniques to be used for 

separation or enrichment of cells and/or particles based on size, viability status and 

other factors which could affect the electrical state of a cell. 

The induced dipole approximation as described above (Eqn.  11 and 12) is 

considered as an approximation because of assumptions made which state that the 

field non-uniformity is large enough to generate a strong DEP force on the 

particle/cell and the variance of the field is low enough that the particle/cell are not 

polarised by this phenomenon.   However, the electric field is not homogeneous and 

neither is the nature of the force exerted on the particle/cell.   The force acts on the 

particle/cell’s atoms and molecules rather than on the object as a whole.   This 

Fig.  3.8 Clausius-Mossotti Factor changing with Frequency (Hz) of a viable C.  

parvum oocyst at a conductivity (σ = 2.8x10-4S/m).  Two points (fx0 and fhx0) are 

important points where the behaviour of the oocyst changes from n-DEP to p-

DEP (fx0) and p-DEP to n-DEP (fhx0) 
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results in a non-homogeneous application of the force on the particle/cell.   

Furthermore, the electric field is not homogeneous and varies at the location of the 

atoms and molecules in the cell/particle.   Thus, the DEP force acting on the particle 

is inhomogeneous and requires the usage of a form of multipole approximation.   

Dielectrophoresis has been explored for its application in cell separation, focusing 

and trapping 24,27,139.  These applications rely on utilising the properties of the cells 

in order to perform label-free manipulation of the cells.  There are key parameters 

which determine the behaviour of particles and/or cells experiencing 

dielectrophoretic force, such as the Clausius-Mossotti Factor, cell and/or particle 

size, the frequency and voltage of the applied field.  The voltage, primarily, 

determines the magnitude of the force whereas the frequency can determine the 

direction of the force to enable repulsive forces (i.e.  negative dielectrophoretic 

force (n-DEP)) or attractive forces (i.e.  positive dielectrophoretic force (p-DEP)).  

The direction of the force is also determined by the Clausius-Mossotti Factor which 

takes into the account the complex conductivity and permittivity of the medium and 

the effective permittivity and conductivity of the cell determined using a shell 

model.  This factor can determine where the frequency of the induced field will 

provide a p-DEP force and where it will be providing an n-DEP force.   

Fig.  3.8 displays the variation of the CM Factor with frequency of the induced 

electric field.   The changes in CM Factor towards a p-DEP (fx0) response was an 

effect first observed by Höber where increasing frequency of an induced field with 

a viable cell, i.e.  a cell with a non-conductive membrane layer, within caused it to 

behave like a conducting sphere.   This is dependent upon the size of the cell and/or 

particle and can be used for the purposes of performing size or shape-based 

separation, if all other conditions remain the same.   This confirms the theoretical 

boundary condition that current density must remain the same at the membrane 

boundary on either side of the membrane which explains the behaviour of the cell 

and/or particle as the ionic conduction currents are more heavily involved in the 

process of maintaining the continuity within and out with the boundary condition 

after the cross-over from n-DEP to p-DEP (fx0) frequency.   The second cross-over 

from p-DEP to n-DEP (fhx0) is not a size-dependent phenomenon as the cell and/or 

particle begin to experience dielectric polarisations.   This phenomenon is largely 

independent of cell and/or particle size due to dielectric polarisations being caused 
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by the fixed charges present within the first layer of the shell rather than the 

movement of ions within the medium.  As a result, the first cross-over frequency 

(fx0) is heavily dependent on the differences in the conductivity of the surrounding 

medium and the environment within the first layer whereas the second cross-over 

frequency (fhx0) is not affected so heavily by the changes in the conductivity of the 

medium as can be seen in the differences between Fig.  3.8 and Fig.  3.8.  In Fig.  

3.8, a conductivity (σ = 2.8x10-4 S/m) is used to show the variation in CM Factor 

and as it can be seen the first cross-over frequency is just below 1x104 Hz for a 

viable C.  parvum oocyst.   For the same oocyst model, at a conductivity (σ = 2.8x10-

3 S/m) the first cross-over frequency, fx0, is just under 1x105 Hz.   Thus, it can be 

seen that the first cross-over frequency is dependent on the differences between the 

conductivity of the medium and the cell and/or particle.    

3.2.3 Applications of Dielectrophoresis  

DEP has seen many applications over the last 18 years in separation and enrichment 

of various bacterial and other pathogenic species (Table 3.1).  One of the earliest 

examples of bacterial separation using DEP was the work carried out by Markx et 

Fig.  3.9 Clausius-Mossotti Factor triple-shell model with Frequency (Hz) of a 

viable C.  parvum oocyst at a conductivity (σ = 2.8x10-3S/m).  The point fx0 shifts 

in comparison to its location in Fig.  7 (pg.  16) due to the nature of the forces 

involved in this regime.  The point, fhx0, remains close to the original location due 

to the nature of the primary force involved at this frequency regime. 
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al. (2015) 140.  by separating Baker’s Yeast (Saccharomyces cerevisiae) from gram-

positive and gram-negative bacteria.   Briefly, they investigated the conductivity of 

a variety of Gram-positive and Gram-negative bacteria and carried out separation 

based on the observations made.   The conditions used for the separation was 8Vp-p 

at 10kHz which caused the bacterial cells to begin collecting on the electrodes and 

the yeast cells experience n-DEP in these conditions causing them to be repelled to 

the regions of low electric field strength.   This allowed them to separate the yeast 

cells from the bacterial cells.   It was also found that Gram positive bacteria 

displayed higher conductivities in comparison to their Gram-negative counterparts 

141.    This variance between the Gram-positive and Gram-negative bacteria was 

utilised to perform DEP-based separation of bacteria. 

Dielectrophoresis has also seen the usage in the separation of C.  parvum from E.  

coli 24.   Briefly, a microfluidic chip was designed with Interdigitated Indium Tin 

Oxide (ITO) electrodes sputtered on a glass substrate and a PDMS micro-channel.   

Two systems were tested – an uncoated DEP system and a surface-coated DEP 

system to enhance capture rates.   Multiple surface coatings were tested, with p-

DADMAC (poly-Diallyl Dimethyl Ammonium Chloride) found to be the best for 

cell adhesion.  Following this, the electrode and substrate coated with p-DADMAC 

and uncoated electrode and substrate were tested.   Characterisation of the cells also 

revealed that the optimal conditions for cell capture using p-DEP was at 1MHz due 

to the frequency displaying the highest Re(fCM) value and showing the lowest 

trapping voltage at the corresponding frequency.   A high Re(fCM) values implies 

that significant polarisation of ions occurs at that frequency across the layer being 

probed.  This polarisation results in a significantly stronger force being applied on 

the cell at a given voltage.   

Deflection of particles and cells to desired locations using Dielectrophoresis has 

been observed by Fiedler et al. 142 in their work on focusing mammalian cells.  

Focusing and Separation use similar methodologies to provide DEP force to a given 

cell.  However, in focusing, cells, either of a single or multiple type(s), are pushed 

to a specific region within the microchannel of a device.  In separation, one 

particular cell type from multiple cell types is deflected to a particular region within 

the microchannel resulting in that type leaving from a different outlet(s).  Similar 

work has been done to enable three dimensional focusing of MCF10A human breast 
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epithelial cells to particular regions within the channel by Tada et al.143.   In this 

study, they developed a planar top electrode and interdigitated electrodes at the 

bottom of the device.   These generated regions where the electric field strength is 

at a minimum within the channel and cells which experience n-DEP at a given 

conductivity, voltage and frequency.  The same field also generates maxima at the 

edge of the bottom electrodes, thus, guiding cells which experience p-DEP towards 

these field maxima.   This method was then used to separate viable and non-viable 

MCF10A human breast epithelial cells at f = 10kHz, V = 20Vp-p and σ = 40 mS/m.   

These conditions cause viable cells to experience n-DEP and non-viable cells to 

experience p-DEP based on the single shell model used for the purposes for 

modelling the behaviour of the cell within this study. 
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Dielectrophoretic 

Technique 

Citation Cell or 

Particle Type 

Reported Flow Rate or 

Speed 

Reported Efficiencies Separation system 

Negative 

dielectrophoretic 

force (nDEP) 

Device 

Waheed et 

al.  30 

RBCs 0.385 mm/s Not applicable; study was focused on 

displaying switching capabilities of device. 

No; but could potentially be used to 

separate cells 

Kung et 

al.  29 

HeLa cells 50 mm/s No reported efficiency; viability reported 

post focusing as 85.3% after DEP. 

No; Mechanism involves a focusing 

system only 

Ali and 

Park 28 

WBC, RBC 

and Platelet 

Separation 

0.850mm/s Recovery Efficiencies 

WBC: 45% 

RBC: 50% 

Platelets: 40% 

Yes; continuous flow separation 

demonstrated 

Park et 

al.23 

E.  coli 0.869 mm/s 87.2% in blood 

94.3% in cerebrospinal fluid 

Yes; continuous flow separation system 

of fluid from cells 

Positive 

dielectrophoretic 

force Device (p-

DEP) 

Song et al.  

27 

Human 

Mesenchymal 

Stem Cells 

(hMSCs) and 

Osteoblasts 

1.73mm/s Collection efficiency was 92% and 67%.  

Purity was at 84% and 87%. 

Yes; Continuous separation achieved 

using p-DEP forces. 

Allahrabbi 

et al.24 

E.  coli and C.  

parvum 

Not reported Collection in uncoated system 29.0% for 

E.  coli and C.  parvum and 61.3%.  

Collection efficiency in p-DADMAC 

coated system rose to 51.9% and 82.2% 

respectively. 

No; Device concentrates on trapping 

using DEP but could be used as a trap 

and release system by trapping either 

cell whilst the other remains unaffected. 

Wu et 

al.144 

C.  parvum Not applicable – non-

continuous flow device 

Collection of oocysts using p-DEP forces 

trapped into SU8 grooves allowing oocyst 

tagging 

No; but can be developed into a trap and 

release system with multiple cell types. 

Trap and Release 

Devices 

Kim et 

al.25 

E.  coli 1500µL/h Not applicable; p-DEP focusing onto 

electrode for analysis 

No 

Electrorotation 

Devices 

Goater et 

al.145 

C.  parvum Not reported Collection Efficiency: 90% No; Concentrates and assess viability 

by electrorotation effects using 

electrodes 

Table 3.1 Application of Dielectrophoresis cellular trapping, focusing or separation. 
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Dielectrophoretic 

Focusing Devices 

Fiedler et 

al.142 

Confluent 

L929 Mouse 

Cells 

Various used No reported efficiencies Device could be used for deflection 

after focusing  

Morgan et 

al.  146 

Latex 

Nanoparticles 

2mm/s None reported No; Device used to focus nanoparticles 

of sizes down to 40nm. 

Mixed DEP (p-

DEP and n-DEP) 

Zhao et 

al.26 

Viable and 

Non-Viable 

Yeast Cells 

None reported None reported Yes; demonstration of continuous flow 

separation on viable and non-viable 

yeast cells 

Su et al.  21 Viable and 

Non-Viable C.  

parvum 

oocysts 

Not reported Not reported No; Characterisation system to observe 

the behaviour of oocysts across a range 

of AC-DEP frequencies and different 

lysis methods (10kHz-10MHz) 
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3.2.4 Microfluidics for Waterborne Pathogens 

Current methods of monitoring waterborne pathogens rely on faecal analysis and 

drinking water sample monitoring as discussed in Chapter 2 Section 2.4 (i.e.  the 

detection of oocysts in livestock faeces).  These analytical methods assume that 

pathogenic species are present in water systems already and have been shown to 

provide a poor correlation between each other.  Alternatives such as direct 

monitoring of large volumes of water are typically used for direct identification of 

particular pathogens such as C.  parvum with standard methods (e.g.  US EPA 

Method 1623) (Chapter 2 Section 2.4.3).  However, for pathogens with low 

minimum infective dose such as C.  parvum, it is difficult to acquire the 

concentration levels needed to provide effective and reliable detection.  Currently, 

concentration of oocysts takes place using membrane filtration methods to trap the 

oocyst within the filter membrane and perform elution (Chapter 2 Section 2.4.3).  

Furthermore, ideally the viability of oocysts would also be assessed and the species 

present would be identified.  This is particularly important as only a few species of 

Cryptosporidium spp.  are infective to humans (Chapter 2).   

In order to concentrate oocysts from large volumes of water samples, microfluidic 

techniques can be used.  Microfluidics has been shown to be capable of performing 

cell sample concentration much more effectively than other size-based separation 

methods used in industry such as membrane filtration.  Spiral channel microfluidics, 

for example, has successfully shown separation of C.  parvum from its media  147.  

Methods such as filtration have also been used in conjunction with other techniques 

such as Immuno-magnetic Separation (IMS) to provide effective and targeted 

separation of C.  parvum from media.  Typical volumes seen using the EPA Method 

1623.1 are ~50µL.    

Access to clean water has direct enhancement to human health and substantial 

impact on economic development.148 As drinking water systems are highly 

integrated in the developed world, the presence of a pathogen has the potential to 

cause large scale panic among the population and lead to altered lifestyle for a 

period of time causing productivity and economic losses.   The development of a 

new generation of separation systems using microfluidics will enhance the speed of 

detection of pathogens entering drinking water systems.   
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Microfluidics offers the potential for enhanced separation and detection methods 

for pathogens which enter drinking water systems.  For example, inertial focusing 

can be used during the sample concentration phases where some 1000L of sample 

is concentrated down to ~1200mL, currently using filtration methods 149.  Whilst, 

filtration methods that are currently used to concentrate samples can be effective at 

trapping microbes initially but they also have the potential to retain the microbes 

during elution 62.   

Once concentrated, the viability of pathogens needs to be assessed, and 

dielectrophoretic techniques could help achieve this.  Continuous flow DEP has 

distinct advantages over trap-and-release DEP 144 as the complexity of the device is 

reduced and sample loss is minimised due to factors such as sticking.  However, 

these methods have a unique challenge of overcoming the complex relationship 

between drag forces which act on cells in flow and the dielectrophoretic forces 

acting on them as they pass over electric fields.  Clever manipulation and 

understanding of this can help build complex separation systems which work in 

flow providing continuous separation based on viability or size or manipulation of 

the conductivity relationship which affects the Clausius-Mossotti Factor.   

After the separation of cells in the device, it would be desirable to identify the 

species present.  In order to use PCR as a molecular approach to detect C. parvum, 

the oocysts must be lysed to determine if there are any public health concerns.  

Development of such integrated systems can minimise labour intensity, improve 

detection limits and reduce sample loss whilst improving the overall sample to result 

time.   

3.2.5 Microfluidics for Molecular Techniques 

Molecular methods can be incorporated into microfluidic devices to detect the 

species of Cryptosporidium spp. present.  Traditionally, PCR has been most 

commonly used to detect C. parvum (Chapter 2 Section 2.4.7)).  However, Immuno-

magnetic Separation, Flow Cytometry and Microscopic methods can also be used 

(Chapter 2 Section 2.4.5).  PCR has been demonstrated within microfluidic devices 

has gained significant popularity in recent years and has the advantage that it 

reduces reagent volume and has the potential to enhance existing levels of detection.  

Techniques combining µPCR with other microfluidic methods such as droplet 

generation have led to the creation of new techniques like Droplet PCR.  Droplet 
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Microfluidics is a field of study which utilises the ability of a two-phase (oil and 

water) microfluidic device to generate precise and evenly sized droplets.  Droplet 

PCR combines the generation of these water-based droplets in oil with DNA 

amplification.  This technique allows for multiplexing of this technique to 

investigate thousands of cells at the same time.  The parallelisation enabled by such 

techniques opens new avenues of research into minor genetic variations and studies 

into drug resistant microbes.   

Molecular approaches have been applied to detect to C. parvum in a range of 

different samples, such as fruit skins, soil, faeces and water 83,150.  These techniques 

used traditional PCR approaches to perform detection of C.  parvum DNA.  

However, these studies have not focused on the integration of oocyst lysis, RNA 

extraction and PCR into a single microfluidic system.  The most challenging step in 

performing PCR on C. parvum is the lysis of the oocysts to obtain the genetic 

material (RNA) required for the analysis.  In order to perform PCR into a 

microfluidic device for the detection of C. parvum an appropriate lysis protocol is 

essential.  Currently, lysis relies of the use of liquid nitrogen (freeze/thaw), but it is 

not possible to integrate this approach into a microfluidic device.  Alternative 

approaches are therefore required, that are compatible with microfluidic systems.  

However, it is necessary to ensure that these alternative methods are as efficient as 

traditional methods. 

3.3 Conclusions 

Microfluidics provides an opportunity to improve detection techniques for many 

pathogens such as C. parvum in drinking water systems using molecular approaches 

(PCR).  In order to lyse cells, it is proposed that NPs are used.  Dielectrophoresis 

and other separation techniques discussed here have been shown to separate a 

diverse set of cells from Human Embryonic Stem Cells to Yeast cells.  Therefore, 

it is suggested that DEP can be used to concentrate C.  parvum and separate them 

based on viability.  The development of a method which can separate between 

viable and non-viable oocysts without any labels opens up the possibility for the 

sample to be processed further using PCR techniques, both traditional and 

upcoming microfluidic approaches.  Development of such techniques will greatly 

improve the sample throughput and reduce overall complexity and labour intensity.   
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Chapter 4.  Materials and Methods 

4.1 Materials and Methods – Chapter 5 

4.1.1 C. parvum Oocysts 

C. parvum were sourced from Waterborne Inc.   (New Orleans, US) and Moredun 

Scientific Limited (Edinburgh, UK) at concentrations of 1x108/ml in phosphate 

buffered saline (PBS).   C.   parvum from Waterborne Inc is an Iowa isolate obtained 

from calves.    The C.   parvum isolate from the Moredun Research Institute is a 

worldwide reference isolate of the species.    All pathogen samples were stored at 

4˚C and used within 3 months of purchase.   To prepare Cryptosporidium for the 

lysis study, samples were vortexed (SA8 Stuart Vortex Mixer, Bibby Scientific Ltd, 

UK) before dilution in DI water (Milli Q Integral 3, Merck Millipore KGaA, 

Germany). 

4.1.2 Visualisation of Oocyst Morphology 

Four samples of Cryptosporidium oocysts (total number 10,000 oocysts) were 

prepared: (1) control sample (exposed to DI water for 30 minutes); (2) Ag NP 

exposed oocysts (1mg/mL) for 30 minutes; (3) ZnO NP exposed oocysts (1mg/mL) 

for 30 minutes; and (4) oocysts which had been exposed to 10 freeze-thaw cycles.  

The oocysts were then stained with Crypto-Cel, FITC stain (TCS Biosciences) and 

fixed with methanol then mounted onto slides using 2% DABCO-PBS with small 

round 10mm glass coverslips, sealed with clear nail polish.  This work was carried 

out by Dr Claire Bankier.   

4.1.3 Nanoparticle characterisation and preparation:  

NM300 AgNPs (<20nm in size) and NM110 ZnO NPs (100nm) were obtained from 

the JRC Nanomaterial Repository (Ispra, Italy).   NM300 is a colloidal 10% w/w 

suspension of Ag NPs in water containing 4% (w/w) each of polyoxyethylene 

glycerol trioleate and Tween 20.   NM110 was supplied as a dry powder.   

Characterisation data (e.g.   size, hydrodynamic diameter, morphology, dissolution) 

for the ZnO and Ag NPs has been performed previously as reported in 151–153.  The 

stock was prepared at 1mg/mL concentration by pipetting and sonication for 16 

mins prior to usage and vortexed before preparation of dilution series.   
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4.1.4 Scanning Electron Microscopy Imaging 

Sterile glass coverslips (10mm) was placed in the wells of a 24 well plate.  Oocysts 

were then added (100µl) to the wells at a concentration of 1000 oocysts/ 100µl (in 

PBS).  Oocysts were then exposed to Ag NPs at a concentration of 0.250mg/mL or 

ZnO NPs at a concentration of 0.500mg/mL for 30 mins.  As a control cells were 

exposed to nothing.   Cells were then fixed with 2.5% Glutaraldehyde in 0.1M 

Sodium Cacodylate at room temperature for 60 minutes.   Cells were then washed 

with the wash buffer 0.1M Sodium Cacodylate (pH 7.3) was used 3 times for 5 

minutes each.   Dehydration of the samples was carried out using ethanol at 35%, 

50%, 70%, 90%, 95% concentration in DI Water once each for 10 minutes and 

100% anhydrous ethanol 3 times for 15 minutes each.   Samples was then dried and 

transferred to a solution containing in 1:2 ratio Hexamethyldisilazane (HMDS): 

100% Ethanol for 20 minutes.  The coverslip was removed and placed on a new cell 

well to dry over-night at 4C.   Samples were then sputter coated with gold and cells 

imaged using a Scanning Electron Microscope.    

4.1.5 Exposure of oocysts to NPs and equivalent ions:  

Oocyst (100µl) were prepared in DI water at concentrations of 1, 10, 100, 1000 and 

10000 cells in Eppendorf tubes.  The oocysts were then exposed to Ag and ZnO NP 

suspensions (200µl) at concentrations of 0.125, 0.250, 0.500 and 1mg/mL (in 

dH2O) for 0, 60 or 120 mins at room temperature.   NP concentrations and exposure 

times were based on the findings of Cameron et al. 22.   DI water was included as a 

negative control and Ag NP dispersant was used as a vehicle control.   Exposure 

time refers to the amount of time prior to commencement of the DNA Extraction 

and Purification protocol as detailed in Section 4.3.6 of this chapter.   

Silver Nitrate and Zinc Chloride (Sigma-Aldrich, Merck GmBH, Darmstadt, 

Germany) were included as ionic controls at the equivalent concentrations of Ag or 

ZnO to that contained in the NP suspensions, at concentrations of 0.250mg/mL for 

AgNO3 and 0.500mg/mL of ZnCl2.    

4.1.6 Freeze-Thaw Lysis 

Oocyst samples (100µl) were prepared by dilution in DI water to obtain oocyst 

concentrations of that ranged from 1, 10, 100, 100 and 10000.    The oocysts were 

placed in Eppendorf tubes and then exposed to liquid nitrogen (-196oC; 1 min), 
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before immersion in a heated water bath at 56oC until fully thawed.    This was 

performed a total of 10 times.   Freeze/thaw lysis protocols vary in the number of 

cycles used for performing lysis of C.  parvum.  Consultations with Moredun 

Research Institute, (Moredun Research Institute, Edinburgh, UK) who work with 

drinking water companies across the UK, determined that 10 cycles of Freeze/thaw 

lysis were adequate and thus, this was the number of cycles used for carrying out 

this method of lysis.   

4.1.7 DNA extraction, purification and detection 

Following exposure to NPs or freeze-thaw cycling (see sections 4.3.4 and 4.3.5), 

Proteinase K (pure) (Sigma, UK) was added (25µl) to the oocyst suspension for 1 

hr at 56oC.   A DNA extraction and purification kit (Macherey-Nagel GmBH, 

Germany) was then used to extract and purify the DNA according to the 

manufacturer’s instructions.   The extraction procedure involves the use of Silica 

membrane for DNA capture and standard chaotropic salts to extract and purify the 

DNA from environmental factors and reduces the presence of nanoparticles through 

precipitation via chaotropic salts.   After incubation and denaturing with proteinase 

K, the sample underwent a 10 min incubation with the first chaotropic salt at 70oC 

and then a series of incubation steps with other chaotropic salts in a microcentrifuge 

tube with an embedded silica membrane filter.   Finally, the DNA was stored in 

100µl of fresh deionised water at -20oC until use.    

Following extraction, purified DNA (5µl) was vortexed and added to a PCR 96 

well-plate (Applied Biosystems, UK).   To detect Cryptosporidium DNA a 

Cryptosporidium probe and primer kit (CeeramTools, SAS Ceeram, Biomerieux, 

France) was used and manufacturer’s instructions were followed.    The kit 

contained Internal Negative (INC) and Positive (IPC) Controls and were always 

included in the analysis, as per the manufacturer’s instructions.   The IPC/CRYPT 

Mastermix was added (20µl) to each of the sample wells as well as the IPC and INC 

wells.   Samples were loaded according to kit instructions into an Applied 

Biosystems PCR Machine.   Briefly, the amplification profile was as follows: 50°C 

for 2 min, 95°C for 10 min, 40 cycles at 95°C for 15s and 40 cycles 60°C for 1 min.   

The fluorescent markers were FAM (499nm – 520nm) for CRYPT, VIC (532nm - 

554nm) for IPC and ROX was used as the passive reference.   Following each cycle 

of the PCR machine, the signal from each well is checked and the cycle at which 
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the signal reaches the base strength required is defined as the Threshold Cycle, as 

this is the point at which the signal reaches the required strength.   This is termed as 

CT. The chapter uses CT to define Threshold Cycle. 

4.1.7 Statistical Methods 

All data are expressed as mean ± standard error of the mean (SEM).   Experiments 

were repeated at least three times, on different days.   Statistical analysis was 

performed using two-way ANOVA with post hoc Tukeys analysis using MATLAB 

(Mathworks, USA).   Significance was set at P < 0.05. 

4.2 Methods – Chapter 6 

There are many different methods of manufacturing microfluidic chips and most are 

highly dependent on the substrate material in question.  Early devices used silicon and 

glass but a wide range of different materials have now been explored ranging from 

ceramics, paper to polymers.  One of the most commonly used polymers is, Poly-

Dimethyl Siloxane (PDMS) which is a breathable elastomeric soft polymer which 

requires soft manufacturing methods to form microfluidic devices.  This is due, in part, 

to the fact that PDMS starts of a gel-like solution which then undergoes a thermal baking 

step in order to become an elastomeric solid.  Furthermore, PDMS requires another 

substrate, usually glass but other substrates have also been used to generate 

microchannels.  And finally, PDMS microfluidic chips are typically one-time use only 

and, therefore, have seen great popularity in the research and development of microfluidic 

systems for medical applications.  Different materials and manufacturing approaches 

Fig.  4.1 Dimensional Drawing of Chip Design 1 presented in Chapter 6 of the thesis 

x 

y 
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offer different size resolution, ability to create certain features, compatibility with 

solvents and other components such as electrodes.   

PMMA is an acrylate based hard polymeric solid and requires methods such as laser 

ablation if derived in sheet form to realise a microfluidic device.  It is also robust enough 

to handle high pressures and flow rates along with being able to be used multiple times 

which is much more acceptable for an industrial or environmental application.  The laser 

ablation carried out in the generation of the dielectrophoretic microfluidic device is an 

Epilog Mini 18x12 (Epilog Laser, Clevedon, UK) CO2 laser system.  This laser within 

the system is 80µm wide and, therefore, 80-100µm is lower limit of manufacturing 

capability with the system.  As the oocyst inlet channel was 100µm wide the optimisation 

of these parameters to a low power (40%) and 3 passes over the channel was found to be 

most optimal.  Incorporation of electrodes/electric fields into microfluidics has seen 

numerous studies performing various functions such as cell collection, cell focusing and 

controlled movement.  It was determined that E-Beam based Physical Vapour Deposition 

would provide excellent fidelity of electrode construction whilst also enabling the option 

of rapid prototyping. 

The goal was to manufacture the optimal design identified from the COMSOL modelling.  

Initially, a three-layer chip was designed.  The top and bottom layers acted as substrates 

and the middle layer acted as the channel layer.  The channel height was chosen to be 

100µm.  This was found to be challenging, however, the three layers cut consistently and 

nominally.  To bond the layers together Ultrafast Ethanol Assist Bonding technique was 

to be used.  Alongside, the chip itself a staging layer was designed to in order to facilitate 

easy access to the chip using standard microfluidic components and chips to achieve this 

were also designed and cut on the laser ablation system.  The bonding method was tried 

on the staging layer whilst the chip’s electrode regions were deposited and on the PMMA 

via E-beam Deposition and the shape was attempted at realisation using the Lift-Off 

Method.  The metals used for this fabrication process were pure Titanium and Titanium 

and Chromium seed layer.  The bonding method was shown to work effectively and so, 

electrode deposition was attempted using Lift-Off.   
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4.2.1 CO2-Assisted Laser Ablation  

Laser Ablation is a standard technique used for PMMA fabrication.  Microfluidic 

chip layers were prepared for laser ablation by providing the right power and speed 

to ensure that fabrication occurred precisely. Laser ablation was carried out using 

an Epilog Mini Cutter. The laser beam had a diameter 80 µm and that made the 

construction of the 100 µm channel challenging but achievable through careful 

manipulation of laser settings.   The microfluidic chip was fabricated in three layers 

with two substrate layers and a chip layer of a 100 µm PMMA.   

A secondary fabrication technique was considered by having only the substrate 

layers and the fabrication of the entire channel on the two layers.  In this scenario, 

the lift-off technique would have been significantly more difficult to achieve as the 

SU8 would have to be dissolved post-bonding by Ultrafast Ethanol Assist Laser 

Bonding Method through dispensing of liquid by syringe into the microchannel.  

This would have been significantly more challenging and created a more uneven 

channel which would affect the flow in unpredictable ways.   

4.2.2 Ultrafast Ethanol Assist Bonding Method 

Ultra-fast Ethanol Assist Bonding Method was recently presented and pioneered by 

Liga et al. 154 as a way to quickly bond PMMA sheets easily and showed that they 

were as effective in bonding the sheets as existing bonding methods.  In order to 

consider the prototyping of the newly designed chip, this bonding method was 

successfully attempted on the staging chip.  The staging chip was to serve as a 

platform on which the 3rd Generation DEP chip would sit.  Briefly, in the Ethanol 

Assist Bonding method, Ethanol (abs.  99.95%) is pipetted onto the surface prior to 

bonding.  The substrate is then heated to 70oC and pressure is applied onto the 

surface for 2 mins.  The combination of pressure, ethanol and heat cause the plastic 

of the PMMA surface.  This causes the PMMA to form a strong bond on the surface 

which then allows the formation of a microfluidic chip.   
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4.2.3 Lift-Off Fabrication 

PMMA was used as the substrate.  Photomask of the electrode shapes was 

purchased from JD Photomask.  AZ-1813 negative Photoresist for 45 s at 3000 

RPM.  A photoresist is a polymeric compound which can be baked onto to a surface 

prior to UV exposure.  Once the photoresist undergoes spin-coating, the photoresist 

and substrate are placed on a hotplate at 70oC for 60 mins.  The mask was then used 

to expose the photoresist using UV light for 60s.  Electrode deposition was carried 

out using a Physical Vapour Deposition system using an E-Beam Lithography.  The 

pressure at which this was carried out 2x10-5 mBars of pressure.  The deposition 

was carried out with either 200nm of Titanium coating or 200nm of Titanium and 

50nm of Chromium as a seed layer. Fig. 4.2 shows a step-by-step process of the 

Lift-Off. 

Fig.  4.2 The illustration shows Lift-off fabrication from start to finish. 
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4.2.4 Preparation of Oocysts 

Live C.  parvum oocysts were used for this study.  The oocysts were an Iowa Isolate 

sourced from Waterborne Inc.  for this study.  Oocysts were taken in 0.5x106/ml 

enumeration and centrifuged at 14000g for 30s leading to pellet formation.  The 

supernatant was removed and the oocysts were resuspended in the conductivity 

medium.  The conductivity medium was prepared using 1x PBS (Sigma-Aldrich) 

and Sucrose dissolved in DI Water.  The media had a controlled conductivity of σ 

= 2.8x10-4 S/m.  The sucrose was used for density matching ensuring that oocysts 

remained suspended.  This conductivity has been investigated before by Su et al. 21 

in their study characterising C. parvum behaviour.  The behaviour observed at this 

conductivity was suitable for this study as the oocyst shows negative DEP behaviour 

as shown in Chapter 3 (Section 3.3.2).   

4.2.5 Statistical Methods 

All data are expressed as mean ± standard error of the mean (SEM).   Experiments 

were repeated at least three times, on different days.   Detection of oocysts was 

carried out using a MATLAB code optimised for the detection of C.  parvum 

oocysts.  The code also performed a count and tagged the location of each oocyst in 

order to identify location in relation with the channel.  Focusing and Separation 

efficiencies were percentages based on the proportion of oocysts detected in desired 

locations against the total number of events detected.   Significance was set at P < 

0.05. 

4.3 Methods – Chapter 7 

4.3.1 Statistical Methods 

Statistical methodology followed as presented in Section 4.2. 
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4.3.2 The Setup – common for both Chip Design 1 (Chapter 6) and Chip Design 2 

(Chapter 7) 

The designs were tested using a microfluidic syringe pump (Fusion 100, Chemyx 

Inc., Texas, USA), an AC signal generator (BK Precision Model 4065, BK 

Precision, California, USA), amplifier (LZY-22+ Amplifier, Mini Circuits, USA). 

Visualisation was done using a camera mounted on standard laboratory 

microscopes. Image analysis was carried out using MATLAB Software (MATLAB, 

MathWorks, USA). Microfluidic Fittings such as Leur-locks and tubes were 

purchased from Adhesive Dispensing Ltd (Adhesive Dispensing Ltd, Milton 

Keynes, UK), Dolomite (Dolomite Microfluidics, Royston, UK) or IDEX (IDEX 

Corporation, Illinois, USA). Electric fittings such as crocodile clips were purchased 

from Farnell (Premier Farnell Ltd, Leeds, UK) or RS (RS Components, Corby, UK). 

Electrical interfacing from electrode pads on the device to the crocodile clips and 

signal generators were purchased from Coda Systems (Coda Systems, Essex, UK). 

This is shown in Fig. 4.3.  

Fig. 4.3 Experimental Setup showing from left to right; the signal generator (bottom 

left), Syringe Pump (middle on raised platform), Amplifier (underneath the raised 

platform), Microscope and camera mount (centre right)  

Signal 

Generator 

Syringe 

Pump 

Amplifier 

Microscope 

and Camera 
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To ensure that the fluid behaved within the laminar regime, the Reynolds number 

was calculated. The channel dimensions, in brief, are as follows, the channel length 

(x-axis) was taken to be 4 mm. The channel height (z-axis) was 80 µm and the 

channel width was 400 µm. If the flow rate in Inlet A was 0.2 µL/min and Inlet B 

at 0.6 µL/min, the Reynolds number was calculated to be 0.055. This value sits well 

below the laminar regime and the fluid flow was observed to be as such. 
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Chapter 5.   Simplified Protozoan Pathogen Lysis with 

Nanoparticles 

 

5.1 Introduction 

As discussed previously (Chapter 2, Section 2.5), nanoparticles have great potential 

to act as lysing agents for C. parvum.   The aim of this study is to develop a quick, 

effective approach to Cryptosporidium lysis that exploits nanoparticles.   More 

specifically, this study explores whether silver (Ag) and zinc oxide (ZnO) 

nanoparticles can be employed as a lysis agent for C. parvum.  Commercially 

available qPCR kits were employed to confirm effective lysis had occurred.  The 

influence of NP concentration and exposure time on oocysts lysis was assessed.   In 

addition, the effectiveness of NPs at lysing Cryptosporidium oocysts was compared 

to the performance of the conventional freeze/thaw lysis approach.   Although several 

studies have shown antimicrobial effects of numerous nanoparticles on various 

bacteria 19,100,155, only a couple of studies have looked at the effect of nanoparticles 

on Cryptosporidium 22,105, and these studies have only assessed the impact of silver 

NPs.  No research has investigated the impact of zinc oxide nanoparticles on 

Cryptosporidium, to date. 

In order to use molecular techniques (such as PCR) to detect Cryptosporidium the 

protozoa must be lysed in order to extract the DNA.   This is a challenging task due 

to the robust oocyst wall 94–96,156,157.   Previous research shows a variety of chemical 

and physical techniques have been used to disrupt the robust outer wall of the oocyst.   

The most commonly used approach for Cryptosporidium lysis is the use of 5-15 

cycles of freeze (using liquid nitrogen) and thaw (in heated water baths) 158, which is 

time-consuming, requires access to liquid nitrogen storage and handling facilities and 

is difficult to automate (e.g.   for use in lab-on-a-chip diagnostic platforms).   

Alternative approaches include bead-beating 159 or sonication 160 to disrupt the oocyst 

wall and enable extraction of DNA.   Interestingly, a combination of approaches has 

been used to ensure lysis, for example, Anceno et al., used a combination of various 

chemical and physical disruption such as bead-beating, sonication or usage of lysis 

buffers to carry out lysis and compared their methods using qPCR 160.    
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Elwin et al. 161 compared Cryptosporidium lysis via zirconia beads or Freeze/thaw 

Lysis and demonstrated that Freeze/thaw Lysis was more efficient at DNA extraction 

than bead-beating.   However, very few other studies have directly compared lysis 

protocols and the best method to use is still unclear.   Ideally when used in a 

microfluidic device the lysis approach should be quick, sensitive, cost effective, 

portable (so they can be used in the laboratory or field), not require access to 

specialised equipment, and be amenable to automation and miniaturisation.   The use 

of NPs to lysis Cryptosporidium could help overcome the limitations of current 

techniques to enable the development of microfluidic detection platforms. 

5.2 Aims and hypotheses 

• To investigate the potential of ZnO and Ag NPs to lyse C.   parvum oocysts using 

PCR and microscopy  

• To investigate the influence of oocyst number, NP concentration and exposure time 

on C.   parvum oocysts lysis 

• Compare the effectiveness of NPs at lysing C. parvum oocysts to Freeze/thaw 

cycling 

Based on these aims, and literature evidence, it is hypothesised that: 

1. Ag NPs will exhibit a stronger cytotoxic response than ZnO NPs and that the two 

NPs therefore exhibit differing responses to one another. 

2. Increasing concentration of NPs will result in lower of Threshold Cycle (CT) 

values 

3. An increase in exposure time should result in lower Threshold Cycle (CT) values 

4. Increasing enumeration of oocysts should result in lower Threshold Cycle (CT) 

values 

5. Usage of NPs would be equivalent to or better than a standard existing method of 

lysis: Freeze/thaw Lysis on the basis of Threshold Cycle (CT) values 

6. Behaviour of NPs compared to salt equivalents should show the primary method 

of oocyst wall rupture 
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5.3 Results 

5.3.1 Feasibility of using NPs for Cryptosporidium lysis and PCR detection 

Initial studies were performed to assess the impact of Ag and ZnO NPs on 

Cryptosporidium lysis, with NP concentrations of 1mg/mL and an exposure time of 

30mins selected based on the work of Cameron et al. 22.  In the first instance imaging 

of oocyst morphology was assessed using SEM and confocal microscopy.  Control 

cells exposed to DI water have a spherical structure, and an intact cellular wall 

(Figure 5.1a(i) and (ii)).  ZnO and Ag NPs stimulated a change in oocyst 

morphology, causing a loss of cell wall integrity and considerable distortion of cell 

shape (Figures 5.1b and 5.1c).   Freeze thaw treatment (Figure 5.1d) also shows 

damage and distortion to cell morphology.   This confirmed the findings from 

Cameron et al. 22 which demonstrated that AgNPs could disturb the oocyst wall, 

and also provided evidence that ZnO NPs might also impact oocyst viability.  Next, 

qPCR experiments were carried out for AgNPs (at a concentration of 1mg/ml, with 

Figure 5.1.   Cryptosporidium oocyst morphology following NP exposure, as 

assessed by Scanning Electron Microscopy and Confocal Microscopy 

Cryptosporidium oocysts (1000) were exposed to DI water (Control, a(i) and a(ii)), 

freeze/thaw cycling (d (i) and d(ii)), or Ag NPs (b(i) and b(ii)) or ZnO NPs (c(i) and 

c(ii)) for 30 minutes at a concentration of 1mg/mL.  Cells were then fixed, and 

imaged using SEM or stained with FITC (green) using an MAb tag to oocyst wall 

and imaged using confocal microscopy.  Confocal microscopy was done by Dr 

Claire Bankier. For all (n=3) 

a(i) a(ii) b(i) b(ii) 

c(i) 
c(ii) 
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1000 oocysts and exposure time of 30 minutes) (Figure 5.2).  Data obtained 

confirms that NPs were able to lyse Cryptosporidium and release DNA.   To confirm 

detection at low oocyst numbers and benchmark against the traditional lysis 

approach, the ability of the Ag NPs (1mg/mL, 30 minutes exposure) to lyse oocysts 

at a range of oocyst concentrations (1 to 10,000) was assessed using PCR, and their 

potency compared to that of freeze/thaw cycling.   Both approaches successfully 

enabled detection of oocysts, across the whole oocyst concentration range, even 

down to the single oocyst level (Figure 5.2).   Overall, the CT values for the 

freeze/thaw lysis method were lower than that of the AgNP approach, indicating 

that freeze/thaw approach was most effective at lysing the C. parvum (Figure 5.2).   

Although both approaches could enable detection of a single oocyst using PCR, out 

of three replicates, two were undetermined for both Ag NPs and freeze/thaw (Figure 

5.2) suggesting that the amount of starting DNA was either too low for the 

procedure to work or that the dilution series yielded no oocysts at these 

concentrations.   Therefore, using oocyst numbers of >10 provided more reliable 

results and low oocyst numbers were not considered further for this study.    

Next, to check whether the NPs had an inhibitory interference with the PCR 

amplification process the PCR kit positive control was spiked with 0.125 mg/mL of 

Figure 5.2 Data showing the feasibility findings where F/T (Yellow) and 

AgNP (Blue) lysing methods were used on C.   parvum in enumerations of 1, 

5, 10, 100, 1000, 10000.  (n = 3) 
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AgNPs and ZnO NPs and compared to the unspiked control.   This was deemed 

Figure 5.3 A: Comparison of Silver Nitrate Salt (grey) with Silver Nanoparticles 

(Black) A concentration of 0.25mg/mL of AgNPs and an equivalent Silver 

concentration of Silver Nitrate.  

B: Comparison of Zinc Chloride Salt (grey) with Zinc Oxide Nanoparticles 

(Black) A concentration of 0.5mg/mL of ZnO NPs and an equivalent Zinc 

concentration of Zinc Chloride. (n=3) for all data.  

A 

B 
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necessary as it is established that NPs can interfere with biochemical assays 94–96.   

Results indicated that the CT values were slightly higher in the NP spiked samples 

although this effect was not significant (Figure 5.10).    

These proof-of-concept studies demonstrated that Ag and ZnO NPs could lyse C.  

parvum oocysts.   More in-depth studies which assessed the performance of the NPs 

on the oocysts by observing effect of concentration and exposure time were carried 

out.  An oocyst concentration of 1000 was selected as the variation in PCR results 

was very low.   

5.3.2 Optimising NP lysis conditions: exposure time and concentration  

To determine the impact of NP concentration on lysis performance 

Cryptosporidium oocysts (10,000) were exposed to different concentrations of Ag 
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Fig. 5.4 Variation of CT value with cycle number for different concentrations of 

ZnONP. 0.125mg (Blue) amplified at an average cycle value of 35.14 cycles. 

This was when the value of fluorescent signal was above 0.5 for 2 consistent 

cycles for a given sample when compared to the Passive Reference Signal 

ROX. An average of 33.98 cycles was required to amplify the signal above 0.45 

for 2 consistent cycles for 0.25mg (Orange). This value was 29.05 cycles for 

0.5mg (Grey) and 37.87 cycles for 1mg (Yellow). 0.5mg recorded the lowest 

average amplification cycles suggesting that maximal starting DNA was present 

within these wells. For all values n = 3. For, ZnONP 1mg, n = 2. 
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and ZnO NPs ranging from 0.125 to 1mg/mL for 30 minutes and the effectiveness 

of lysis was assessed using qPCR.   At all concentrations tested Ag and ZnO NPs 

were able to lyse Cryptosporidium oocysts, with CT values ranging from 28 to 38 

depending on the NP and concentration under investigation (Figures 5.4, 5.5, 5.6, 

5.7 and 5.7). Exposure time had a minimal impact on the Threshold Cycle value for 

both NPs as shown in Fig. 5.7. The effect of NP concentration was much more 

significant as shown in Fig. 5.6.   ZnO NPs (5.4, 5.6B and 5.7A) were significantly 

more effective at Cryptosporidium lysis, as evidenced by the lower CT values 

observed compared to Ag NPs (5.5, 5.6A and 5.7B) at all concentrations tested (CT) 

values for ZnO were between 30-35 cycles whereas those for Ag NPs were between 

35-40).    
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Fig. 5.5 Variation of CT value with cycle number for different concentrations of 

AgNP. 0.125mg (blue) amplified at an average cycle value of 35.82 cycles. This 

was when the value of fluorescent signal was above 0.5 for 2 consistent cycles 

for a given sample when compared to the Passive Reference Signal ROX. An 

average of 35.61 cycles was required to amplify the signal above 0.45 for 2 

consistent cycles for 0.25mg (orange). This value was 37.20 cycles for 0.5mg 

(grey) and 37.87 cycles for 1mg (yellow). 0.25mg recorded the lowest average 

amplification cycles suggesting that maximal starting DNA was present within 

these wells. For all values and error bars, n = 3. 
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However, when determining the most effective NP concentration for oocyst lysis 

(which was identified based on the NP concentration which caused the lowest CT 

A 

B 

Fig.   5.6 Effect of Nanoparticle Concentration on the Cycle Threshold Value 

(CT) with Ag NPs (A) and ZnO NPs (B); ZnO NPs showed a significant 

difference between 500µg/ml and 125µg/ml (p<0.0001), 500µg/ml and 

250µg/ml (p<0.001), 1000µg/ml and 125µg/ml (p<0.001) and 1000µg/ml and 

250µg/ml (p<0.01); Ag NPs showed a significant difference between 250µg/ml 

and 1000µg/ml (p<0.05). (n = 3) for all data. 
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value), the optimal ZnO NP concentration was actually a higher concentration than 

that identified for AgNPs.   The optimal NP lysis concentrations were identified to 

be 0.250mg/ml for Ag NPs, and 0.5mg/mL for ZnO NPs. There was a concentration 

Fig. 5.7 Effect of Exposure Times on the Cycle Threshold Value (CT) with ZnO 

NPs (A) and Ag NPs (B).  Experiments (n=3) were carried out with 1000 

oocysts/mL dilution and 0.500mg/mL for ZnO NPs (A) and 0.500mg/mL (B).  

‘ND’ is Not Detectable.   

A 

B 
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dependent lysis observed with increasing NP concentrations causing a greater effect 

and significant differences were found between 0.25mg/mL and 1mg/mL for Ag 

NPs (P <0.05) (Figs. 5.5 and 5.6A) and between 0.5mg/ml and 0.25mg/ml 

(P<0.001) and 0.5mg/ml and 0.125mg/ml (P<0.0001) for ZnO NPs (Figs.   5.4 and 

5.6B).   No measurement of CT (i.e. values exceeded 40; shown as ND) could be 

made for the control samples (i.e. samples with 10,000 oocysts but no NPs), 

indicating that cells were not lysed in the absence of NPs.   Metal salt (ionic) 

controls (AgNO3 and ZnCl2) were compared to Ag NPs (Fig. 5.3A) and ZnO (Fig. 

5.3B) at 0.25mg/mL and 0.5mg/mL, showing that the lysis performance of ions was 

similar to that of NPs with the only statistically significant differences being 

observed at 1000 oocysts for Ag NPs (Figure 5.3A; P< 0.01) and at 100 oocysts for 

ZnO NPs (Figure 5.3B; P<0.01). 

At the optimised NP concentrations, Cryptosporidium oocysts (10,000) were 

exposed to the lower concentrations of 0.250mg/mL of Ag NPs or 0.50 mg/mL ZnO 

NPs for times ranging between 0 and 120 mins.   The results indicate that the NPs 

were effective at lysing oocysts at all time points investigated, and that time was 
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not an important factor in determining the lysis efficiency as no statistically 

significant change was observed for any of the times tested (Figure 5.7).    

Figure 5.8 Comparison of Oocyst concentrations between Zinc Oxide 

Nanoparticles (Zn), Silver Nanoparticles (Ag) and Freeze/thaw (F/T). A: 

Statistical difference between lysis treatment methods. B: Statistical variation of 

oocyst enumeration for each treatment. (n=3) for all data.    

A 

B 
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5.3.3 Oocyst dose-response curves and comparison to traditional techniques 

In order to investigate the sensitivity of the NP mediated lysis approach, the impact 

of NPs (at a selected optimised concentration and a time of 10 mins) on 

Cryptosporidium lysis was assessed in samples containing oocyst numbers ranging 

from 10 to 10,000 (Figure 5.3).   Obtained data indicates that oocyst lysis can be 

detected in all samples, and that, as expected, lower CT values are obtained for 

highest oocyst enumeration of 10000.   ZnO NP treatment generally results in lower 

CT values when compared to AgNPs, which suggests that it is more effective at 

lysing oocysts than Ag NPs.   

When benchmarking performance against the traditional widely-used freeze/thaw 

(F/T) lysis method, the results show that the F/T method offers more effective lysis 

than the AgNP lysis approach, with lower CT values observed at all oocyst 

concentrations.   For example, CT values were significantly lower for F/T lysis than 

those observed for Ag NPs (Figure 5.7).   Higher CT values were observed in AgNPs 

at 1000 oocyst enumeration with ZnO NPs (P < 0.05).   However, it was found that 

Figure 5.9 Positive Control Study conducted by adding ZnO NPs and AgNPs 

directly into Positive Control of the PCR kit alongside a standard Positive 

Control (left) to observe the potential inhibitory effects.   No significant 

differences were found.   (n = 3) 
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F/T lysis performed equivalently to ZnO NP lysis method, with no statistically 

significant differences in Rn values observed at any oocyst concentration.    

5.3.4 Controls 

A range of controls were used to ensure that NP-mediated lysis was indeed the 

primary effect being investigated.  Negative lysis controls, (i.e.   experiments with 

no oocysts present) were included to in all experiments to ensure that no 

contamination took place (Fig 5.3 and 5.5).  Next, the effect of the Ag NP Dispersant 

(NM-300 DIS) on oocyst lysis was used to confirm there was no impact of the 

dispersant on oocyst integrity.  The results indicated that there was a very small 

effect of NPs in PCR inhibition when NPs were added directly at 0.250mg/mL (Ag 

NPs) and 0.500mg/mL (ZnO NPs) into the PCR kit solutions.  In addition, oocysts 

exposed to dH2O (i.e.  no lysis agent), were investigated to assess whether lysis 

occurred in the absence of NPs or F/T.  The results indicated that CT values were 

>40, suggesting that there was no lysis.   Positive controls, from the PCR kit 

containing Cryptosporidium DNA.  In addition, the investigation of NP-mediated 

inhibitory effects on qPCR (adding NPs directly into the PCR kit positive control 

sample) (Figure 5.10).    

5.4 Discussion 

Molecular tools (e.g.   PCR) for detection of Cryptosporidium provide information on 

the species present, which can inform public health decision making.   This molecular 

approach to pathogen detection requires the lysis of Cryptosporidium, which is 

challenging due to the robust oocyst cell wall, and currently relies on freeze-thaw 

cycles with liquid nitrogen, or bead-beating.   Here a simplified lysis protocol is 

presented for the efficient extraction of molecular material from protozoan pathogens 

such as Cryptosporidium, using nanoparticles.   The lysis of Cryptosporidium by zinc 

oxide and silver nanoparticles was investigated at concentrations ranging from 125 to 

1000 µg/ml, and exposure times up to 120 minutes, and compared to the freeze-thaw 

method.   To confirm the lysis of cells, qPCR and Scanning Electron Microscopy and 

Confocal microscopy were used.   The effectiveness of the different lysis approaches 

can be ranked: ZnO NPs=freeze/thaw>Ag NPs.   The NP approach to oocyst lysis is 

faster and requires less equipment than the F/T approach so may provide a useful 

alternative.  Of additional benefit is that it offers easier miniaturisation capabilities, 
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and the possibility of developing portable methods to detect Cryptosporidium via 

molecular approaches.    

5.4.1 Antimicrobial action of nanoparticles 

The antimicrobial properties of nanoparticles has been widely researched  in a range 

of micro-organisms particularly bacteria, mycobacteria and fungi, and to a lesser 

extent in viruses and protozoa 162–164.   In a recent study by Cameron et al.22, silver 

nanoparticles significantly reduced the viability of Cryptosporidium oocyst cells at 

a range of concentrations by determining the % excystation and sporozoite: shell 

ratio.   However, to date, few studies have investigated the impact of NPs on 

Cryptosporidium oocysts 21,92.   Furthermore, NPs have not been utilised previously 

as a lysis agent required for Cryptosporidium detection.   The results from this study 

demonstrate that both Ag and ZnO NPs can lyse Cryptosporidium oocysts. 

Both Ag and ZnO NPs have been suggested to exert their antimicrobial activity via 

an oxidant driven mechanism 104.   For bacteria, the interaction of NPs with the cell 

membrane has been suggested lead to damage and enhance its permeability (e.g.   

via the formation of pores through endocytic action and oxidative stress) promoting 

cell death due to the bacterial cell’s reduced capability in maintaining control 

between the internal and external environment 165–168  However, the mechanism of 

action by which Ag and ZnO nanoparticles exert toxicity to Cryptosporidium was 

not investigated here since the main focus of this study was to identify whether NPs 

could be employed as a novel approach to lyse Cryptosporidium oocysts.   To 

investigate the mechanism underlying the observed lysis it is suggested that super-

resolution imaging tools like STORM 169 could be used to observe nanoparticle and 

cell interactions to understand cytotoxicity in C. parvum.   Based on the 

observations in previous studies regarding the mode of action of AgNPs in lung 

cells, it is hypothesised that the mode of toxicity action is based on the “trojan 

horse” theory.   In this theory, the NPs enter cells via endocytosis and after entering 

the cell, they start releasing ions which cause oxidative stress and cause damage.  

170 

5.4.2 Lysis of Cryptosporidium 

PCR detection of Cryptosporidium is often restricted by a poor recovery of DNA 

171. Cryptosporidium oocysts are extremely resistant to disinfectants and 

environmental stresses, which is attributed to its robust cell wall 156,157.   This makes 
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isolation of genetic material for PCR analysis challenging 171.  A summary of 

existing literature which has compared approaches to lyse Cryptosporidium oocysts 

is provided in Fig.  5.1 and highlights that the oocyst wall is robust, requiring 

significant effort to lyse.   Traditional lysis methods have included freeze/thaw lysis 

172,173, thermal inactivation 174, sonication 160 and mechanical disruption159,161 or a 

combination of these approaches (Fig.  4.1).   The best approach is still unclear and 

existing studies have relied on the use of either freeze/thaw or bead beating, though 

with varying protocols, and few papers have reported comparison of lysis protocol 

performance.    

With regards to F/T cycling, a variety of cycle numbers have been used 175.  For this 

study, ten rounds of freeze/thaw lysis were selected to compare the effectiveness of 

this approach to NP-mediated lysis.   Furthermore, consultations and observations 

showed that 10 cycles of the freeze/thaw approach causes a mechanical disruption 

of the cell wall caused by cyclical contraction and expansion of the oocyst(s) wall 

during immersion in a liquid nitrogen bath followed by hot water bath until fully 

thawed 172.   The weakened wall structure increases the porosity of the oocyst(s) 

resulting lysis and enables DNA extraction and subsequent qPCR analysis.    

Other techniques in use for C.   parvum lysis are bead-beating and bead-beating 

with ultrasonication.   These are forms of mechanical lysis whereby glass or ceramic 

beads are placed in situ with C.   parvum oocysts and then the mixture is spun in a 

centrifuge at a high rpm to cause mechanical disruption of the wall due to the 

interaction of the beads with the oocysts 159.   Another method of agitation that is 

considered an enhancement to bead-beating is ultrasonication of the suspension 

followed by centrifugation leading to disruption of the oocysts by force or combined 

with Freeze/thaw method.  Future studies must compare other methods such as 

bead-beating and ultrasonication against NP protocols to assess their suitability and 

performance. 

The effectiveness of lysis is routinely assessed using PCR.  Microscopy has been 

used to a more limited extent to confirm oocyst lysis.  Using confocal microscopy 

and SEM it was demonstrated that NPs and Freeze/thaw were able to breach and 

deform the robust outer wall (Fig.  5.1).   A fluorescent probe was used to image 

the integrity of the oocyst cell wall to identify whether freeze/thaw cycling, or 

exposure to NPs (Ag or ZnO) were able to stimulate oocyst lysis.   Using confocal 
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microscopy, it was observed that all approaches tested caused a loss of oocyst cell 

wall integrity, which is indicative that they may cause cell lysis.   Of relevance is 

that (fluorescent) microscopy is commonly used to detect Cryptosporidium oocysts 

in water and faeces using excystation assays, the details for this are described in 

Chapter 2, Section 2.4.3 39,40. 

Oocyst lysis was further studied and quantified using qPCR comparing the 

effectiveness of the different NPs at lysing oocysts, considering the impact of NP 

concentration and exposure time and oocyst number.   The data obtained 

demonstrated that freeze/thaw cycling and ZnO NPs were equally effective at lysing 

Cryptosporidium oocysts but that Ag and ZnO NPs were also capable of stimulating 

cell lysis at all concentrations tested.   Using qPCR, it was demonstrated that ZnO 

NPs were more effective than Ag NPs at lysing Cryptosporidium oocysts, as 

evidenced by the lower CT values from the PCR analysis.  However, the 

concentration required for ZnO NPs to be more effective was higher suggesting that 

Ag NPs were more potent than ZnO NPs.  This advances the hypothesis that 

AgNPs’ potency results in greater DNA damage than ZnO NPs’.  Whilst ZnO has 

been found to exhibit antimicrobial effects over a wide spectrum of bacterial 

species, no study to date has shown antimicrobial effects of ZnO on 

Cryptosporidium.   The toxicity of the exact NPs tested in this study has been 

investigated in other micro-organisms previously.   For example, Donnellan et al., 

(2016) 101 observed that Ag NPs were more toxic to Mycobacterium than ZnO NPs.   

Similarly, Mallevre et al. 176 found that Ag NPs were more potent than ZnO against 

Pseudomonas putida.   This suggests that micro-organisms vary in their sensitivity 

to NP toxicity, which is supported by other findings in the literature for other NP 

types 155,164,177.    

From the observations of CT value at the highest concentrations of Ag NPs (Fig.  

5.5), one can see that this value begins to rise suggesting greater amount of toxicity 

being observed at those concentrations potentially causing greater DNA damage.  

Whilst this is not covered in this study, the potential damage caused by genotoxicity 

must be investigated further to understand and optimise the protocol further.  It is 

crucial to know the appropriate concentration of NPs required to ensure that at the 

level of concentrations typically found in the drinking water (below 0.005 

oocysts/10L), the NPs allow oocysts to be detected.   For example, during the 2015 
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detection of C.   parvum oocysts in drinking water systems in Lancashire, UK, the 

oocyst concentrations were found to be at 0.119 oocysts/10L.   Therefore, on 

average 1000L samples taken for inspection, the process for which is described in 

detail in Chapter 2, would yield 11 oocysts.   Typically, oocyst numbers found in 

drinking water samples are extremely low and require a pre-concentration step.  

Therefore, any lysing methodology must account for the fact that numbers of 

oocysts are low in drinking water systems at the start of an outbreak.  An optimised 

concentration of NPs would render little damage to the oocyst DNA whilst 

damaging the oocysts enough for DNA extraction and purification protocols to 

provide the most accurate number possible.    And whilst, no direct ratio has been 

developed between the CT and numbers of oocysts, a rough link between the oocyst 

numbers and this value has been seen with high enumerations of 10000 oocysts seen 

to be below 30 cycles, on average, and 10 oocysts seen to be over 35 cycles for both 

ZnO NPs, Ag NPs and Freeze/thaw.    

5.4.3 Impact of nanoparticle properties and conditions on lysis 

The physico-chemical properties of NPs are known to influence their antimicrobial 

activity.   In this study it is likely that the size, composition and solubility of the 

NPs under investigation influenced their ability to lyse Cryptosporidium oocysts.   

The primary particle size (as measured by TEM previously)101,151,153.) of the Ag NPs 

was smaller than the ZnO NPs.  However, this size can vary over time due to 

agglomeration observed in studies.   It is well documented that particle size is key 

to NP toxicity, with smaller particle size generally enhancing toxicity 155,167,177,178.  

Therefore, particle properties other than size are likely to influence NP toxicity to 

Cryptosporidium.    

The ZnO NPs tested in this study have been demonstrated previously as being more 

soluble than the Ag NPs tested 151, which may be responsible for their enhanced 

toxicity in this study.   Indeed, the solubility of metal and metal oxide NPs has been 

shown previously to influence their toxicity to micro-organisms.   For example, Xiu 

et al.   179 suggested that the release of ions from Ag NPs was solely responsible for 

their antimicrobial activity, when E. coli was used as the test species.   Similarly, Li 

et al.180 observed that the toxicity of ZnO NPs to E. coli was likely a consequence 

of ion release.   However, there is debate as to whether the antimicrobial properties 

of metal and metal oxide NPs are dominated by particle or ion effects, and therefore 
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their toxicity cannot always be solely attributed to their solubility.   Indeed, NP 

shape155,181, charge and surface coating178,182 are able to drive the antimicrobial 

activity of Ag and ZnO NPs.    

The relationship between NP concentration and effectiveness at stimulating 

Cryptosporidium lysis varied depending on NP type (Figures 5.5A and 5.5B).   

Generally, at lower concentrations of Ag NPs, improved cell lysis was observed.   

As the concentration increased from 125µg/ml to 1000µg/ml, it was seen that the 

CT value increased suggesting that lysis at higher concentrations was less effective.  

Alternatively, Ag NPs may cause DNA damage, which is more evident at higher 

concentrations.  This is seen in the higher CT values and prevents detection of oocyst 

lysis using PCR.  For ZnO NPs, lysis generally improved with increasing 

concentration, as indicated by lower CT values.   Additionally, when ZnO NPs were 

added at the lowest concentration (125µg/ml) to the Internal Positive Control 

solution in the qPCR, no inhibitory affects were observed as a result of this 

interaction suggesting that the lowest concentrations of ZnO NPs were not toxic.   

With the observations made in lowering CT values at the higher concentrations of 

250µg/ml and 500µg/ml, ZnO NPs appear to be slightly less cytotoxic towards C.   

parvum and its DNA.    

Studies have shown a higher toxicity to bacterial cells in higher concentrations of 

nanoparticles, which aligns with the findings observed for ZnO NPs 183,184.   

However, it is likely that lower concentrations of Ag NPs are more effective as their 

final agglomerated size is much smaller than that of ZnO NPs.  As Ag NPs 

agglomerate to a smaller final size at the highest concentrations, it may result in 

reduced effective interactions of Ag NPs with the oocysts.  However, the final size 

of ZnO NPs at the highest concentrations is significantly larger due to much greater 

agglomeration size of ZnO NPs which should result in higher CT values as seen at 

1000µg/mL.  Future investigations into uptake and interactions of NPs with the 

oocyst outer wall will help to understand the mechanism of lysis as carried out by 

NPs.  This will help to establish effective lysing concentrations and develop 

nanoparticles which can specifically target C.  parvum oocysts without damaging 

DNA.  Furthermore, Dynamic Light Scattering (DLS) analysis of NP hydrodynamic 
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diameter by Dr Claire Bankier confirmed that an increased concentration in NPs 

increased their tendency to agglomerate.  It is known that enhanced agglomeration 

of NPs can reduce toxicity to cells in vivo.  For example, Kalbassi et al., 185 

demonstrated that the toxicity of Ag NPs to juvenile fish (Oncorhynchus mykiss) 

was reduced when NPs were agglomerated.    

Exposure time, within the context of this experiment, is defined as the amount of 

time NPs and C.   parvum spend in situ with each other prior to commencement of 

DNA extraction protocol using the Macherey-Nagel Kit.  So, for example, if the 

exposure time is said to be 0 mins, then, NPs and C.  parvum were placed in situ for 

a period of 0 mins prior to DNA Extraction. However, the extraction protocol called 

for a 10 min incubation period. Therefore, the minimum time for interaction 

between the oocysts and the NPs was 10 minutes (Fig. 5.7).  Little difference was 

noted between these exposure times ranging from 0 to 120 mins and thus samples 

with NPs added can proceed directly to extraction steps with no additional exposure 

time required, resulting in a rapid detection process. This suggests that the 

mechanism of action occurs within the first 10 minutes of incubation. Future 

investigations should research this incubation period further to optimise and reduce 

Fig.   5.10 DNA Extraction kit showing Ag NP precipitation (left) after 

addition of chaotropic salts vs Ag NP dissolved alongside C.   parvum prior to 

addition of salts (right) 
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the incubation period to the minimum time needed.  There are no specific steps 

included to remove the NPs, as it was observed that NPs reacted with subsequent 

reagents within the extraction protocol, e.g.  the Ag NPs react with one of the buffers 

(Fig.  5.10) from the extraction kit and undergoing precipitation as the micro-

centrifuge tube becomes coated in a thin layer of silver, thus suggesting some degree 

of removal at this point.    

4.4.5 Oocyst dose-response curves and comparison to traditional approaches 

In order to investigate the sensitivity of the lysis approaches, the effectiveness of 

each treatment (ZnO NPs, Ag NPs and F/T cycling) was compared at different 

oocyst concentrations.  Oocyst concentrations in water are low and detection 

approaches must therefore be sensitive enough to detect the pathogen at low 

concentrations.  For Cryptosporidium species that infect humans, exposure to <132 

oocysts is typically required to cause infection 186. 

Oocyst lysis could be detected at all oocyst concentrations tested (10-10000), 

although improved detection was observed with increasing oocyst number.  Less 

reliable results were obtained at oocyst concentrations of 10 with some samples 

being undetermined, which could reflect the difficulties of accurately obtaining low 

numbers of oocysts in a sample by dilution series.  The data indicated that lysis 

effectiveness could be ranked: F/T=ZnO NPs>Ag NPs as ranked by CT values.    

However, a larger range of concentration gradients and enumeration numbers must 

be tested in order to improve and optimise this protocol further.  Furthermore, there 

are other nanoparticles with cytotoxic properties which have not been tested with 

C.  parvum in this study.   

Based on observations made during NP inhibition experiments, it was seen that the 

PCR process was inhibited by 125µg/ml of NPs directly placed in the PCR sample.   

Furthermore, it was also observed that Ag NPs were far stronger in their inhibitory 

reaction in comparison to ZnO NPs.   This observation fits very well with the qPCR 

efficiencies observed in the experiments.   Oocysts are challenging to accurately 

dilute to low numbers and this might explain the higher efficiencies observed.   The 

concentration experiments showed that at lower concentrations of NPs it becomes 

more difficult to lyse the sample as evidenced by the higher CT value.   Nevertheless, 

lower concentration experiments should be carried out in the future to determine the 
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optimal concentrations needed for particular NPs and a greater variety of lysing 

options and methods should be introduced for the purposes of miniaturisation and 

usage with very little specialist equipment, in remote settings where the challenge 

of this deadly parasite is great.  In terms of statistical significance between the CT 

values observed for freeze/thaw samples compared to NP lysed samples, ZnO NPs 

showed no significant difference when compared to Freeze/thaw lysed samples at 

all concentrations.   AgNPs showed a significant difference when compared to 

Freeze/thaw lysed samples at enumerations of 10000 oocysts (P = 0.01) and 1000 

oocysts (P = 0.05).   They also showed significant difference at 1000 oocyst 

enumeration with ZnO NPs (P = 0.05). (Fig. 5.8) 

Further work could be undertaken to optimise this process, for example testing 

different NPs or even a combination of NPs or improving the DNA extraction and 

purification protocol for combination with NP lysis.   However, given that the NP 

lysis approach can effectively enable detection to low oocyst numbers, albeit 

slightly less well than freeze/thaw, suggests that this method has potential for 

application in molecular detection methods for Cryptosporidium when miniaturised 

into lab-on-a-chip system. 
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5.5 Conclusions 

Overall, this work confirms the initial hypothesis that AgNPs and ZnO NPs can be used 

an effective alternative to traditional freeze-thaw lysis. However, they show that whilst 

AgNPs are effective at lysis but their effectiveness causes a higher Cycle Threshold value 

at the concentrations and enumerations tested when compared to ZnO NPs. This does 

confirm that AgNPs exhibit greater cytotoxicity when compared to ZnO NPs.  Whilst the 

majority of studies involving antimicrobial nanoparticles observe the highest toxicity 

using silver nanoparticles, here it has been shown that for Cryptosporidium, ZnO 

nanoparticles are more effective at all concentrations, achieving lower cycle threshold 

values in PCR analysis. This shows that whilst increasing NP concentration may lead to 

lower CT values, over presence of NPs may cause significant cytotoxicity that results in 

DNA damage thereby increasing the Cycle Threshold values.  The optimal dosage for 

lysis was determined at 0.25mg/mL for Ag NPs and 0.5mg/mL for ZnO NPs, with no 

additional processing time required as the sample. It was further found that time did not 

play a significant role in improving lysis based on PCR results. This is in contrast to the 

initial hypothesis which suggested that time may be critical to lysis action. It was expected 

that increasing oocyst enumerations would yield lower CT values. This was observed in 

all cases except AgNPs where at 1000 oocyst enumeration, the CT values were similar to 

the values observed at 10 oocysts consistently. The final hypothesis in this study 

suggested that NPs could be equivalent to the prevailing Freeze/Thaw Lysis method. It 

was observed while ZnO NPs had results in good agreement with F/T lysis, AgNPs 

consistently provided higher CT values. The differences between Salt controls and their 

equivalent NPs suggest the opposite to the initial hypothesis. They suggest that an ionic 

response is more likely to cause wall rupture and that the impact of the NPs is minimal 

as the qPCR results were not significantly different between NPs and their salt 

equivalents. Furthermore, no significant interference of either of the NPs on subsequent 

PCR amplification was confirmed as the majority of NPs were removed during the 

extraction steps as observed by precipitation of Ag NPs by reagents present in the 

extraction steps. 

Nanoparticles offer a simplified approach to lyse protozoan pathogens, avoiding the use 

of liquid nitrogen or bead beating equipment, and saving time.   In addition, this method 

enables a route to automated detection technologies based onto the extraction and 

detection of protozoan pathogen DNA.   PCR based methods offer advantages over the 
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more traditional approach of microscopy for Cryptosporidium detection down to the 

species level and thus it is proposed that, building on this work, the integration of NP 

based lysis into devices for the molecular detection of Cryptosporidium could enhance 

detection and allow for effective low-cost and portable analysis equipment. 

5.6 Future Work 

The ability to combine multiple pieces of equipment onto a very small platforms using 

microfluidic techniques is being investigated in many research laboratories across the 

world with many types of µPCR systems and lysis systems.   The advantage of working 

on the cellular scale yields more sensitivity and has great potential to being the limit of 

detection down further.  Methods such as inertial microfluidics have great potential to 

concentrate oocysts from large volumes of samples such as the volumes required for 

drinking water analysis.   Conventional methods like freeze/thaw or bead-beating are time 

consuming, labour intensive and require access to specialised equipment, (e.g.   to handle 

liquid nitrogen or an expensive bead beating machine), and reagents, (e.g.   liquid 

nitrogen).  Given that NPs offer a rapid lysis approach with no additional 

exposure/processing time required before entry into DNA extraction and purification 

protocols, and do not require any additional equipment, the NP based lysis method offers 

several advantages over traditional approaches.   Furthermore, the results demonstrate 

how NP lysis is effective even at low numbers of oocysts, which is important in 

applications such as waterborne pathogen monitoring.   Effect of oocyst(s) concentration 

has been investigated in previous studies where lower oocyst concentration resulted in 

unreliable detection at concentrations below 100 oocyst(s)/ml 174.   For these experiments, 

DNA could be detected at oocyst concentrations as low as 1 or 10, although it was noted 

detection was challenging at oocyst concentrations <100, with all lysis methods 

(freeze/thaw, Ag NP and ZnO NPs).   To further develop the NP lysis approach for 

Cryptosporidium the process could be optimised by investigating other NP types along 

with adjustments to the extraction and purification.   Performance verification with other 

species, other Cryptosporidium kits and environmental, food and veterinary oocyst 

samples would also be useful. 
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Chapter 6.  Dielectrophoretic Chip Fabrication and Design 

Assessment 

6.1 Introduction 

The work presented in this chapter covers the modelling, design, manufacture and 

operation of microfluidic devices aiming to use DEP for focusing and separation of 

C.  parvum.  As previously described in Chapter 3 (Section 3.3), dielectrophoresis has 

been shown to have the potential to be an excellent label-free cell separation technique 

using microfluidics.  Here an application based on a microfluidic DEP cell separation 

device is presented alongside the journey of the design process, from conception to 

simulation, fabrication attempt and results from a DEP device separating live and 

heat-inactivated C.  parvum. 

The hypothesis for Chapter 6 and 7 is that given the differences between electrical 

response of heat-inactivated non-viable oocysts and viable oocysts as shown by 

Figures 3.8, 3.9 and Su et al. 21 in previous studies, there is a region whereby the 

effects of the dielectrophoretic force differ significantly on both populations of 

oocysts. These differences can be utilized given the right conditions within a 

microfluidic chip. These conditions must be explored using first simulations to show 

the shape of the electric field. These conditions must then be explored experimentally 

on both populations of oocysts individually and together in order to ascertain whether 

these populations can be separated from each other. 

Furthermore, it must be explored whether a chip of this nature can be fabricated using 

existing facilities available easily and with materials which are robust allowing such 

a microfluidic chip to be reused repeatedly over a period of time. This is explored 

over the next 2 chapters with 2 different designs, using simulations and experimental 

analysis.  

6.2 Modelling and Fabrication 

6.2.1 Modelling 

The aim of the device is to utilize DEP for separation of C. parvum oocysts by 

viability.  Dielectrophoretic separation to guide cells into particular regions of a 

microchannel has been used before in other microfluidic devices for other types of 

cells 142,187.  Similarly, the concept of finger-pair electrodes has seen applications in 
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Clausius-Mossotti Factor analysis for analysis of C.  parvum oocysts 188.  However, 

these have not been used concurrently to perform focusing and separation on a single 

microfluidic chip for C. parvum separation based on viability status.  The chips 

designed in Chapter 6 and 7 incorporated a focusing region prior to the separation 

area offering the advantage of focusing the live oocysts to the centre of the channel 

and then utilizing the finger-pair separation electrodes to shift the live oocysts to the 

opposite end of the channel allowing the oocysts to be fully separated from dead 

oocysts.  The designs all had a 400 µm channel width with two inlets, 100 µm (Inlet 

A) and 300 µm (Inlet B) each (Figure 6.1, Fig. 4.1 and 7.2).  The 100 µm channel size 

for inlet A was selected on the basis that the minimum channel size for fabrication 

using Laser Ablation was 100 µm as the diameter of the laser itself was 80 µm and, 

thus, the smallest channel size which could be fabricated reliably was 100 µm.   The 

choice of 300µm for Inlet B was done in order to provide a larger volume of controlled 

conductivity medium.  Finally, the channel size of 400 µm was used in order to 

provide balanced pressure across the domain in order to reduce the potential for flow-

based separation from occurring.   For all the tests, oocysts were added to the chip 

through inlet A.  Inlet B was not used as the positions of the oocyst would be highly 

unpredictable and could require higher voltages to focus and separate.  Oocysts would 

Fig.  6.1 Features of Chip Design 1.  The flow moves from left to right.  Focusing 

region electrodes shown in red and separation region electrodes in gray.  All 

outlets and inlet microchannel sizes along with separation region electrodes are 

the same. Z-axis is through the page. 

Outlet 1 

Outlet 2 

Outlet 3 

Focusing 

Region 

Separation 

Region 

Inlet A (100µm 

width) 

Inlet B (300µm 

width) 

x 

y 



Vaidya, Ameya 

 MICROFLUIDICS FOR WATERBORNE PATHOGEN SEPARATION AND DETECTION 
 

100 | P a g e  
 

first pass through the chevron shaped focusing electrode region followed by a gap to 

allow the oocysts to pass through a narrow and defined flow region.   The focusing 

region was designed based on principles used in previous studies 142.   The oocyst 

would then pass over the finger-pair separation region where the oocyst would be 

deviated from its position near the centre of the channel to the far end of the channel.  

Whilst electrodes such as these have been used for DEP force in previous studies, 
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designs such as this one for the purpose of oocyst separation has not been attempted.  

This phenomenon occurs due to the nature of charge build-up on the oocyst wall in 

the live oocyst creating a potential across the wall.  This potential being created 

generates a force on the oocyst which causes the live oocyst to deviate.  In a dead 

oocyst, the wall is perforated and the perforation allow charges to move across the 

wall and equalize the forces.  This reduces the amount of force generated significantly 

Fig.  6.2 A) COMSOL Simulation showing electric field density over the 

focusing region. The model has a 10µm SU8 insulation layer to reduce Joule 

heating effects inside the microchannel. B) Position of A) relative to the chip 

(blue line). Pink field lines denote the shape of the electric field. Grid measures 

in mm with 2 denoting a length of 2mm. 

A) 

B) 
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and allows the oocyst to travel without deviation.  The chip has three outlets, of width 

133.33µm each to maintain flow rate balance across the fluid domain.   If a sample 

contains only live oocysts, theoretically, all the oocysts would leave from Outlet C.  

This is likely due to the differences in velocity of the oocysts which enter the fluid 

channel from Inlet A.  Differences in oocyst velocity could be minimized through 

channel design fabricating a narrowing inlet channel which forces all oocysts to enter 

the device in a line.  This has greater potential for success as the average position of 

oocysts encountering the focusing region would be the same.   Oocysts at high 

velocity do not experience the DEP forces for a period of time long enough for them 

to be deviated significantly, but they do undergo a reduction in speed.   The combined 

effect of small deviation and lower speed can be enough for the separation region to 

‘catch’ the oocysts and push them to the centre of the channel, thus, allowing these to 

be collected at Outlet B.  The other chip dimensions in specific regions are as follows; 

the focusing region was 400 µm wide, 70-80 µm high and 1180 µm long. The 

separation region was also 400 µm wide, 70-80 µm high but it was 1860 µm long.  

There were two variants of the designs tested using the setup shown in Chapter 4, 

Section 4.3.2 (Fig. 4.3).  Chip Design 1 had a double chevron focusing region 

followed by 24 finger-pair separation electrodes (Chapter 4, Fig.  4.1).   Chip Design 

2 was single large quadrilateral pair of focusing electrodes and 12 finger-pair 

separation electrodes (Figure 7.1, Chapter 7).  The usage of finger-pair separation has 

been observed before for characterization studies for C.  parvum oocysts 188.  The 

selection of 24-pair and 12-pair finger electrodes was based on providing appropriate 

channel length to allow oocysts to be steered towards the bottom of the channel.  The 

designs were all simulated via COMSOL Multiphysics (COMSOL Inc, Sweden) and 

after optimisation and checking for suitability sent as technical drawings (Fig.  4.1) 

to manufacturing partner, Epigem (Epigem Ltd, Malmo Court, Redcar, UK).    

Finite Element Modelling is commonly used to determine behaviour of particles, 

fluids within complex systems.  COMSOL is a powerful finite element modelling 

software which can be used for the purposes of simulating various forces within 

complex systems.   The designs were first recreated in COMSOL with very minimal 

design features to reduce computational times and provide an understanding of the 

field layout based on a stationary field solution (Fig. 6.2). This was then expanded 

upon and enhanced by adding the rest of the design including an 18µm SU8 Insulation 
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layer.   Furthermore, a model to also take into the account the frequency of the AC 

electric field was generated and the field was analyzed for electric field strength 

values.   The COMSOL simulations used the Electrical Currents, Electrostatics and 

Creeping Flow Toolboxes with both Stationary and Frequency Domain studies.    

The design presented underwent modelling via COMSOL (Fig.  6.2) prior to any 

fabrication.  This was to aid the overall design process and simulate electric fields to 

observe potential paths to be taken by a live C.  parvum oocyst.  Designs for focusing 

region were based on previous ideas regarding DEP focusing electrodes.  Finger-pair 

electrodes have also been used in previous DEP studies for various applications.   

6.2.2 Lift-Off Fabrication 

Lift-Off 189 is a method commonly used in microelectronics and for microfluidic 

electrodes.  The method, in brief, spin-coats AZ-1813 negative Photoresist for 45s 

at 3000RPM.  A photoresist is a polymeric compound which can be baked onto to 

a surface prior to UV exposure.  Once the photoresist undergoes spin-coating, the 

photoresist and substrate are placed on a hotplate at 70oC for 60 mins.  A mask of 

the electrode shapes was fabricated by an external manufacturer on a glass substrate 

(JD Photo-Tools, UK).  The mask was then used to expose the photoresist using 

UV light for 60s.  The substrate was then cleaned with IPA at low concentrations 

to reduce the likelihood of chemical fouling on PMMA and placed in DI water 

afterwards for a short time.   

Once this had been completed the substrate was now ready for E-Beam deposition.  

A number of different techniques were used within this stage of the process to boost 

the adhesion of the electrodes to the PMMA substrate.  Briefly, the E-Beam method 

works as follows.  The substrate is placed within a vacuum chamber where the 

pressure is dropped to 2x10-5 mBars of pressure.  When ready, an electron beam is 

pointed at the source metal and due to the energy imparted into the metal chunk, 

particles are released from the metal which then accelerate through an intense 

magnetic field onto the substrate.  In this manner, 200nm of Titanium was deposited 

on to the PMMA surface.   
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Following electrode deposition, attempts to lift the photoresist took place.  This was 

tried by a number of different solvents in order to preserve the electrodes.  It was 

attempted with DMSO, IPA and Acetone (at 10% vol/vol concentration in DI water, 

70 oC, 30 minutes).  It was found that all were to aggressive and that the electrodes 

were not able to maintain adhesion to the surface of PMMA.  A seeding layer of 

Chromium (50 nm thick) was then placed prior to electrode deposition in order to 

observe whether the presence of another more strongly adherent metal, such as 

Chromium, could boost the adhesive properties of the Titanium onto the surface.  

However, it was found that PMMA would begin to react with the solvents used for 

lift-off or if the solvents were left to carry out the reaction slowly at room 

temperature overnight, the entire metal surface would begin to peel off, thus, 

rendering any electrode deposition ineffective.  Other potentially less aggressive 

Fig.  6.3 Chip layer with electrode patterning using E-Beam Physical Deposition 

method with a seed layer of 50 nm of Titanium and 200 nm of Nickel.  After 

deposition, chip layer was placed in DMSO solution (70 oC, 30 minutes, 10% v/v 

conc in DI Water).  Large features such as electrode pads clearly developed when 

compared to finer electrode features.  Clean Lift-Off not found to be possible for 

electrodes using methods and facilities readily available. 
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chemicals were not tried and all results shown going forward were from a chip 

manufactured by an external manufacturer, Epigem.   

Based on the manufacturing techniques tested, it can be ascertained that these 

methods are difficult to perfect and require further research.  Easier methods of 

fabrication of electrodes on to materials such as PMMA can provide greater impetus 

to research into dielectrophoretic techniques by unlocking rapid prototyping.  The 

ability to rapidly prototype new designs has enhanced the research understanding 

into other cell separation technologies within microfluidics such as inertial focusing 

and hydrodynamic focusing.  Due to the challenging nature of fabricating electrodes 

on to a material such as PMMA and the lack of a greater variety of fabrication 

techniques, external manufacturers Epigem Ltd were selected for the task based on 

their expertise and method of electrode fabrication.   
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6.3 Results and Discussion 

Flow rates of 0.2 µl/min, 0.25 µl/min and 0.3 µl/min were tested within this study on this 

device.  These selections were made based on qualitative assessment of the focusing 

regions’ ability to push oocysts to the centre and based on previous studies such as Ali 

and Park 28 and Park et al. 23 where speeds of 0.8-0.9 mm/s were used in a n-DEP 

microfluidic device. Our devices employed speeds between 0.625 mm/s (0.2 µL/min) and 

0.94mm/s (0.3µL/min). These are speeds similar to previously observed studies as well 

as speeds which were found to be optimal with the device based on qualitative analysis.  

After the focusing region, the separation region was tried.  Based on the observations 

seen, it was found that the focusing region was able to impart force to move the live 

oocysts from the top of the channel towards the centre of the channel (Fig 6.1 and 4.1).  

This effectiveness of this is considered as the focusing efficiency.  This focusing 

efficiency is presented as a quantified percentage value comparing the number of oocysts 

within the desired region vs the total number of oocysts found in a data set.  The finger-

pair separation region intended to impart DEP force causing the oocysts to shift from the 

top (in y axis) or the centre of the channel to the bottom (y axis) of the channel (Fig 6.1 

Fig.  6.4 Behaviour of live oocysts at a flow rate of 0.2µl/min passing over 

the focusing region at 95mV (6.7%; n=3), 100mV (3.7%; n=3), 105mV 

(21%; n=2) and 110mV (35%; n=3) Significant differences found between 

95mV and 110mV (p<0.05) and 100mV and 110mV (p<0.05). 
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and 4.1).  The effectiveness of this phenomenon is considered to be the separation 

efficiency.  However, the focused stream did not provide consistent results which 

suggests that not enough force was being imparted on the oocyst and it is believed that 

further improvement in the future is required for the device to be effective.   

6.3.1 Focusing Region – Effect of Flow Rate and Input Voltage 

The aim of the focussing region is to align all oocysts into one single stream the 

success of the region was evaluated using the measure focussing efficiency which 

was defined as the number of oocysts detected below 100µm from the top of the 

channel proportional to the total number of detected events.  The resulting 

percentage value was termed as the focusing efficiency.  This data was captured and 

determined by capturing a series of 100+ images.  The images were then analysed 

through a MATLAB algorithm which was designed to detect C.  parvum 

specifically based on the known size of the oocyst which helped to determine the 

pixel area an oocyst would likely cover.  As no other cells of a similar size were 

used within this study, all other sizes were excluded by the algorithm due to the size 

specified within the code.  Calculation of the dielectrophoretic force directly is a 

difficult challenge. However, in a device such as this, the dielectrophoretic force 

acts as a counter-directional force to the drag force. Thus, by calculating the drag 

force as focused oocysts exit the field region, one can ascertain a rough estimate of 

the dielectrophoretic force. Section 7.4.3 discusses this aspect by looking at the drag 

force on live oocysts exiting the focusing region and assessing the deflection 

experienced at 0.2µL/min and 0.25µL/min.  

For the three flow rates tested, a number of different voltages were tested in 

triplicate experiments, and it was found that, generally, increasing voltage improved 

focusing efficiency. This is expected as increasing the magnitude of the 

dielectrophoretic force should result in more oocysts being influenced by the 

electric field.  However, it was also seen that these efficiencies were much more 

variable than in previous results and, furthermore, the oocyst stream was not as 

focused as seen in the previous chip design. 

In terms of electrode design two factors were considered, firstly the electrode shape 

and secondly the number of chevrons.  Two chevrons were chosen on the basis of 

previous observations where one set of chevron electrodes had been used for 

effective focusing using dielectrophoresis. It is believed that this is due to the 
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changes made to the electrode shape from rectangular and broad which caused all 

which did not deviate to be lifted to the top of the channel to no longer undergo the 

same lift and slowdown in their velocity.  As a result, many oocysts could no longer 

be focused as efficiently as the previous design.  

The results of the chips used were captured using a high-speed camera by taking a 

series of images at set time intervals of 200ms.  Once captured, the images were 

analysed using a MATLAB script developed to detect oocysts (Fig 4.4, Section 

4.3.3).  The script used here is identical to the script used for the analysis of results 

in the DEP Chip Design 2 (Chapter 7).  However, due to the changes made to the 

light source and camera between the two chips, some image sets were altered for 

their brightness and contrast in order to enhance oocysts passing through.  If this is 

done to any one image set, then, all images within the result were enhanced. For 

example, if images for a result of 0.2µl/min at 95mV were enhanced, then all three 

image sets were enhanced identically enhanced.   

Fig.  6.5 Behaviour of live oocysts passing at a flow rate of 0.25µl/min 

over the focusing region at 100mV (24%; n=3), 105mV (11%; n=3), 

110mV (18%; n=3), 115mV (28%; n=3) and 120mV (43%; n=2) 
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At 0.2µl/min (Fig.  6.5), a number of different voltages between 95 and 110mV 

input voltage were tried.  The frequency of these input signals was kept at 30MHz 

to minimise variation in the different factors being tested.  The focusing efficiency 

varied between 6.9% (n=3) at 95mV to 35% (n=3) at 110mV.  Beyond these voltage 

levels, the oocysts began to adhere to the surface and thus the efficiency dropped 

significantly.   

At 0.25µl/min (Fig.  6.6), input voltages between 100mV and 120mV were tried.  

Higher voltages yielded adhesion of the oocysts to the surface.  At 100mV input 

voltage and frequency of 30MHz, the focusing efficiency was at 24% (n=3).  

However, the efficiency did improve significantly at 120mV to 50%.  For the same 

conditions in the DEP Chip Design 2 (Chapter 7), at the 120mV input voltage, the 

focusing efficiencies averaged 71%.   

Fig.  6.6 Behaviour of live oocysts at a flow rate of 0.3µl/min passing over 

the focusing region at 80mV (54%; n=2), 90mV (11%; n=3), 95mV (15%; 

n=3), 115mV (28%; n=3) and 125mV (30%; n=3) and 130mV (23%; n=3) 
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Finally, 0.3µl/min (Fig.  6.7) was tested as well between a much broader range of 

100 mV to 220 mV at a higher frequency of 32 MHz. The usage of this frequency 

was based on the model of CM Factor for a live oocyst as presented in Chapter 3 

Section 3.2.2 and Fig 3.8. This data shows a plateauing value of the CM Factor 

suggesting a sustained n-DEP response at higher frequencies. This was investigated 

to observe whether such an increase in frequency would yield an improved focusing 

effect on the oocysts. However, as Fig. 6.7 shows the highest recorded focusing 

efficiency was 44% suggesting that the effect of a higher frequency was minimal. 

This confirms the model presented in Chapter 3, however, it does show that the 

design may present challenges.  There was significant variation with no clear trend 

observed.  However, input voltage of 100mV and 105mV performed the best with 

average focusing efficiencies of 62% and 66%, respectively.  When compared to 

the DEP Chip Design 2, which had focusing efficiencies of 49% for 100mV and 

58% for 105mV.   

6.3.2 Effect of Frequency on Focusing Efficiencies 

After observing the improvement in focusing efficiencies at 0.3µl/min, further 

investigation into the possible effect of frequency on this focusing efficiency was 

observed.  Based on the Clausius-Mossotti Factor Model presented earlier in the 

Fig.  6.7 Behaviour of live oocysts at a flow rate of 0.3µl/min at a frequency of 

32MHz passing over the focusing region at 100mV (16%; n=2), 120mV (44%; 

n=3), 140mV (15%; n=3), 150mV (21%; n=3) and 160mV (14%; n=3),180mV 

(10%; n=2), 200mV (10%; n=3) and 220mV (12%; n=2) 
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chapter, a slightly higher frequency of 32 MHz was investigated within the range 

of 100mV and 200mV input voltage.  It had been hypothesised that at 32MHz lower 

input voltages might be required to trap the oocysts.  However, in practice, this was 

not seen with the design used here.   

Focusing efficiency at higher frequencies had a limited impact on the focusing 

efficiencies.  Focusing efficiencies at 0.3 µl/min and 32 MHz are shown below in 

Fig.  6.8.  The focusing efficiencies were higher at the lower voltages as expected, 

but were reduced at higher voltages.  This could be attributed to trapping and pearl 

chain formation as seen in previous works at higher DEP forces.  It was interesting 

to note that whilst frequency seems to have an important effect on the trapping 

voltage itself, its effect was not significantly pronounced on the movement of oocyst 

itself. 

Fig.  6.8 Behaviour of live oocysts at a flow rate of 0.25µl/min passing over 

the finger-pair separation region at 120mV (8.5%; n=3), 140mV (11%; n=3), 

160mV (16%; n=3) and 180mV (21%; n=3).  All data was taken at 30MHz 

frequency. 
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As it can be seen in Fig.  6.8, the focusing efficiency varies significantly with 

voltage.  It was observed that the focusing was most effective at 120 mV.  However, 

the large variation in the focusing efficiencies across the wide voltage range made 

this particular design less viable for oocyst separation. 

6.3.3 Separation Region 

The separation region was tested at 0.25µl/min between 120 mV and 200 mV at 30 

MHz.  The finger pair separation electrodes of similar designs have been used in 

studies previously to understand and produce Clausius-Mossotti Factor Models for 

C.  parvum and G.  duodenalis by Unni et al.188 However, in order to produce 

desired translocating motion on the oocyst, the separation electrodes were angled 

by 30⁰ to cause oocysts to shift from the centre of the channel to the bottom part of 

the channel.   

Fig.  6.9 shows the variance of the separation efficiency across the full range of 

input voltages.  There was no significant variation seen across the voltage range 

tested, however, it was observed that at 180 mV, the variation was significantly 

larger than expected suggesting possible movement of oocysts.  The primary reason 

for the low efficiencies could be attributed to the vast majority of oocysts remaining 

in the top quarter of the channel and thus being influenced to be pushed upwards to 

the ceiling of the channel.  As it can be seen from the design (Fig.  6.1), the finger-

pair separation regions contain a long electrode bar across the length of the finger-

pairs.  This bar results in an even distribution of the resultant electric field (Fig.  

6.2).  This field distribution pushes the oocysts towards the ceiling of the channel 

causing the oocysts to be unable to migrate from the top quarter of the channel to 

the bottom quarter. 

6.3.4 Microfluidic Chip Design Considerations 

The focusing region on the chip seemed to perform less effectively than expected.  

This could be due to a number of different factors, however, as it has been seen 

through a series of controlled tests, the conditions being used are simply unable to 

create the level of DEP force needed to push the live oocysts from the top of the 

channel to the centre.  A number of solutions can be considered including the 

potential application of other techniques such as DLD-DEP as seen in papers in the 

past 124and ongoing works.  There also techniques like Acoustophoresis covered in 
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detail in Chapter 3 which also have the potential to shift specific sized objects to a 

particular region within a micro-channel.   

These techniques could be used in a future study to combine and potentially provide 

a much more unique and effective solution.  In this study, the optimisation of the 

focusing electrode design has been taken as the first logical step.  The design has 

problems providing enough force to the oocysts passing over them which implies 

that either the magnitude is not enough, however, this doesn’t appear to be the case 

as it has been shown that the trapping voltage doesn’t require significant voltage.  

The next potential consideration is the amount of time that the oocyst has to travel 

over the electrode.  As the live oocyst experiences negative DEP force at the higher 

frequencies (30 MHz and 32 MHz) tested within this study, it is pushed upwards 

closer to the channel ceiling.  Further understanding of the impact of frequency on 

DEP force polarity experienced by the oocyst at a given conductivity is studied in 

Chapter 6.  The flow rate inside any channel drops approaching the walls and so, 

the oocyst is naturally slowed down and experiences the DEP force for an even 

longer period of time making the effect much more pronounced.  Furthermore, 

electric fields do not extend significant distances outside the electrode shape and 

making it highly unlikely for the oocyst to feel any effects or deviate from its 

position significantly once it has left the region of DEP influence. 

Fig.  6.9 Illustration of a multi-stage DEP System in which cell A (red) and 

cell B (green) are separated from another through usage of carefully selected 

frequencies and voltages based on characterization data to cause selective 

DEP force. 
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The shape, therefore, needs to be altered to provide more time for the oocysts to 

stay in the field.  One way of doing this is to make the electrodes longer in length.   

An effective shape change would be to remove the double electrode chevron design 

and put a longer fully covered electrode and reduce the final gap size between the 

electrodes to 100µm.  This change should see much more effective focusing of the 

oocysts to the centre of the channel and give the oocysts more time to stay in the 

DEP region of influence.   

The separation region showed very reliable consistency in the lower range of the 

voltages tested, however, due to the nature of the focusing electrodes being unable 

to push the oocysts towards the centre of the channel, the DEP force was not 

significant enough to cause oocyst migration.  Due to the design of these electrodes 

showing consistent results, a focusing region with a smaller focal point (the final 

gap between the V shapes) coupled with the same set of finger-pair electrodes was 

considered to be an effective and viable option.  A potential future design could 

contain the finger-pair electrodes which do not cover the full channel but create 

regions of DEP influence in specific areas which allow for much more controlled 

movement of the oocyst.   

The overall fluidic design of the microfluidic chip itself is not being changed either 

as changes here could cause much more significant variations and comparison of 

the designs would be much more challenging if the channel design is altered as well.  

Therefore, no changes have been made in the channel design as well.  There are 

many potential avenues of passive separation techniques which involve channel 

design to separate and focus cells or oocysts.  The drawback here would be that 

these techniques can only be performed at relatively high flow rates.  Thus, a 

mechanism to reduce the flow rate would be required.  However, the usage of 

passive focusing system such as inertial focusing would not differentiate between a 

viable and non-viable oocyst. 

The end goal of the project is to create a solution which will allow for the separation 

of viable and non-viable C.  parvum, this aspect of the project remains untested 

within this chip due to the lack of effective performance of this electrode design.  

Based on the results seen and discussions had, changes need to be made to the 

focusing region design in order to create a reliable, label-free separation technique 

for the separation of viable and non-viable C.  parvum.  A technique such as this 
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would sit between the IMS purification step which uses Monoclonal Antibody 

(Mab) labels to specifically target C.  parvum, and microscopy identification.  

However, these methods cannot differentiate between viable and non-viable 

oocysts.  Further techniques such as excystation assays, described in Chapter 2, are 

required to test the viability of the oocysts present.  This technique requires the 

oocysts to open the cell wall and release the sporozoites.  Due to the nature of the 

technique counting sporozoites and oocysts, it can be difficult to ascertain whether 

the oocysts are released during the assay itself or were present in the solution prior 

to the commencement of the test. For water quality testing there is also the issue 

that excystation assays typically utilise high numbers of oocysts (e.g. a million) and 

therefore are not suitable to assess viability at the typical levels that might be 

observed in water. Therefore, a label-free technique which can separate the viable 

and non-viable oocysts prior to microscopy identification or genetic identification 

using PCR would be highly attractive for water testing and monitoring purposes.   

Dielectrophoresis is a highly specific separation technique and combined with 

microfluidics has great potential to provide new cell separation modalities to 

laboratories around the world.  Due to its label-free nature, once different cells and 

microorganisms are characterised for their electrical properties, this technique could 

be utilised for selective separation of different cells through a device built to carry 

out multi-stage DEP separation.  To carry out this multi-stage DEP separation, DEP 

design which can carry out focusing and separation must be perfected.  Once this 

design is perfected, the design of multiple DEP stages, where cells are selectively 

separated from one another can occur.  This type of multi-stage DEP system is 

shown below (Fig 6.10) where the Cell A (Red) sphere are being separated from the 

Cell B (green) using DEP electrodes (dark blue). 
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6.4 Conclusion 

C. parvum is a highly dangerous enteric pathogen which can infect humans in low oocyst 

numbers (Chapter 2).  This species is particularly hard to detect as the techniques 

currently in use in drinking water testing laboratories involve methods which cause the 

oocyst to undergo excystation.  Excystation is a process by which the oocyst ejects its 

contents, specifically, the sporozoites when it believes it has entered the jejunum of a 

human being.  These conditions can be created inside a laboratory environment and 

results are then analysed under a microscope.  The process is described in detail in 

Chapter 2.   

Since the process has caused live oocysts to eject their contents, it becomes very difficult 

to assess which oocysts were alive prior to the excystation assay being carried out.  

Dielectrophoresis is a label-free separation technique which imparts force onto a cell 

dependent on the differences between the internal environment of the cell and the external 

medium.  Live C.  parvum oocysts have a strong outer wall which reduces direct transport 

of ions between the internal cellular environment and external medium.  This allows for 

the build-up of charges on the outside and inside of the outer wall when the oocyst 

experiences electric fields.  When the oocysts pass over the electric fields, charges build 

up and this causes a force to be imparted on the oocyst.  As this force is imparted on the 

oocyst, it is shifted to a different location within a microfluidic channel.  Oocysts which 

have been thermally inactivated have perforations within this outer wall rendering their 

ability to control ion transport to be significantly impaired.  This impairment does not 

allow for the significant build-up of ions across the outer wall.  Lacking this build-up, no 

force is imparted and the oocysts remain unaffected by the presence of the electric field.   

PMMA is a robust material and has been used in various microfluidic applications such 

as inertial focusing.  However, the fabrication of dielectrophoretic electrodes using Lift-

Off method has not been done before.  It was seen that initially PMMA did not provide 

the surface area needed for the electrodes to be deposited effectively.  Following these 

initial tests, usage of less aggressive solvents such as DMSO and a pre-treatment with 

Oxygen Plasma was carried out.  The pre-treatment of PMMA was to increase the overall 

surface area and would act as a promotor for electrode deposition.  Furthermore, a seed 

layer of Titanium (50nm) was used to increase the adhesion of the Nickel electrodes.  The 

electrode deposition was more effective than the initial results whereby the entire layer 

would peel off during the development process.   
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When development of the electrodes was carried out, however, it was seen that the whilst 

the process was capable of lifting the deposited metal from regions with larger features, 

however, the development of the finer features of the electrodes was difficult.  Based on 

these observations, external manufacturers using significantly different techniques were 

employed for the fabrication of the DEP chip.  A DEP microfluidic system is presented 

which has been shown to be capable of focusing and separating oocysts.  However, the 

focusing region’s behaviour in this design has been shown to inconsistent and thus 

separation of oocysts with this design is difficult and unpredictable.  Improvements to 

this design are required in order to provide more consistent focusing.   

It was also seen that the different frequencies around the 30MHz range had different but 

significant impact on the behaviour of the oocysts.  Further understanding of this 

behaviour is essential to determining the best conditions for live and heat-inactivated 

oocyst separation. 
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Chapter 7.  AC Dielectrophoresis for the separation of C.  parvum 

7.1 Introduction 

The current methods of detection and identification most utilized in the water industry 

involve the staining of the oocyst, such as acid-fast staining, which typically only 

gives information on presence and number of oocysts 65.  If successful identification 

of oocyst presence passes the threshold levels described in Chapter 2, the sample is 

then taken through freeze/thaw and/or bead beating lysis and genetically identified to 

determine the species of the particular oocyst detected 149,159,161.  However, all the 

methods used either involve in some form the destruction of the oocyst.  Thus, it 

makes difficult to determine whether the oocyst found was live and viable or has it 

been present for a significant period of time within the water systems.  Oocysts can 

maintain infectivity for several months after being shed in the aquatic environment 58. 

However, the presence of the oocyst can be extremely long in drinking water systems 

and can exceed the infective lifetime of the oocyst itself, or the oocyst could be 

inactivated by sunlight or other processes 190,191.  Thus, it is imperative to know that 

the oocyst identified is not only specifically human pathogenic but also that it is viable 

and infectious before the alarm is raised.   

Dielectrophoresis, as described in Chapter 3, is a method of involving the use of 

electric fields to induce force on cells, micro-particles.  Briefly, the method involves 

the use of AC or DC electric fields which induce a polarization effect on the object 

and thus cause a repellant or attractive force on the particle or cell 187.  This can be 

used to manipulate cells on the micro-scale using microfluidic devices.  C.  parvum 

oocysts have a strong outer shell which shields the sporozoites and other organelles 

Fig.  7.1 Viable C.  parvum (A) Non-Viable C.  parvum (B) oocyst 

illustration 

A B 
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in the oocyst from adverse environmental effects such as heat, cold, chemical attacks 

when dissolved in water.  This strong barrier also isolates the internal environment of 

the oocyst from the external environment as shown below. 

This differential in the ionic characteristics of the internal and external environments 

can be utilized to induce a force on the oocyst if the oocyst is viable (Fig.  7.1 A).  

However, if the oocyst wall is damaged by environmental factors (such as heat or 

extreme chemical disinfection) then the wall is not able to isolate the internal and 

external environment (Fig.  7.1 B) and this allows for free ionic exchange thus 

rendering the force to be nearly zero 79.   

In this chapter, Chip Design 2 is presented which can perform AC Dielectrophoresis 

(AC-DEP) and is able to separate viable oocysts from heat treated (70oC; 5 mins) 

oocysts.  Heat treated oocysts have a damaged outer wall which makes the forces 

induced upon them to be extremely small in comparison with viable oocysts which 

maintain the outer wall and thus provide a strong boundary across which ionic 

exchange is extremely limited.  The design and modelling of the fields will be first 

discussed following each design will present separately and then a final section to 

compare each design’s characteristics.  For each design, experiments were carried out 

with each set of electrodes actuated separately first to determine optimal parameters 

and finally synchronous operations were carried out and the results were observed.  

For final confirmation of separation, the samples from synchronous actuation 

operation were collected and taken to Moredun Research Institute (Moredun Research 

Institute, Pentlands Science Park, Edinburgh) where an excystation assay was carried 

out and to determine the infectivity from the sample set collected.   The excystation 

assay, as described in Chapter 2, is a standard method carried out to determine oocyst 

infectivity by using the Sporozoites: Shell ratio 22.   Briefly, the method replicates the 

conditions found within the stomach and small intestine to allow the oocyst to open 

up and allow the sporozoites to leave the oocyst.   The process, known as excystation, 

is how the oocyst infects the small intestinal parts of ileum and jejunum in the human 

body. 
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7.2 Key Differences between Design in Chapter 6 (Chip Design 1) and Chapter 7 

(Chip Design 2) 

In Chapter 6, the effectiveness of the focusing region for Chip Design 1 was discussed 

and found that the double chevron shaped electrodes did not provide the sufficient DEP 

force needed for the oocysts to be focused to the centre of the channel.  To mitigate the 

effects of oocysts rising to the top of the channel and getting caught in the field and the 

channel wall, the electrodes were narrowed into a V-shape (Fig. 7.2).  The hypothesis 

behind this shape was based on observations of the previous iteration of the design.  

Furthermore, a second V-shape was added to form a pair of chevrons focusing towards 

the centre of the channel.  The design changes were thought to reduce the chances of 

oocysts being lifted to the top of the microchannel and still focus towards the centre of 

the microchannel. 

Another change was also considered but not tested, which was to have electrodes above 

and below the channel to produce a field such that the oocysts would place closer to the 

centre of the microchannel.  All these designs were made in AutoCAD and went through 

observations in COMSOL simulations for field shape and strength.  Micro-manufacturing 

of the design was then attempted using techniques available within the university as 

shown in Chapter 6 Section 6.2.   

Outlet 1 

Outlet 2 

Outlet 3 

Fig.  7.2 Design Schematic of the Chip Design 2 with focusing electrode region 

and separation electrode region highlighted; all dimensions are in mm and image 

is scaled 5x for improved visualization 
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7.3 Results and Discussion 

7.3.1 Trapping Voltage 

Trapping voltage is considered to be the point at which the dielectrophoretic force 

(FDEP) which traps the oocysts either by repulsion to top wall or by attraction to the 

bottom wall.   At this point, it can be considered that the dielectrophoretic force and 

drag force (FDrag), caused by fluid movement, are equal.   This voltage can be used to 

understand the behaviour of the oocyst at various frequencies as the voltage should 

change depending on the frequency applied to the field.  The Clausius-Mossotti Factor 

(CM Factor), discussed previously in Chapter 3, displays the variation of the oocyst 

behaviour, dependant on frequency.  This CM Factor is also used to determine the 

directionality of the dielectrophoretic force, FDEP, experienced by the oocysts with a 

positive CM Factor causing positive FDEP force or attraction of the oocysts to high 

electric field density regions and negative CM Factor causing a repulsion of oocysts 

from high electric field density regions. 

During critical trapping voltage tests the flow rate was stopped once a sufficient 

number of oocysts were present on top of the interdigitated electrodes region.  After 

this, the function generator was set at a given frequency and the critical voltage at 

which point the oocysts became immobile was noted.  The frequencies tested ranged 

from 10MHz to 40MHz as this area of within the frequency region of DEP had not 

Fig.  7.3 Critical Trapping Voltage tested at log10(f) between 10 and 40 Mhz.  9 

independent measurements were used for each frequency value.  Conductivity of 

the medium was 2.8x10-4 S/m. 
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been analysed in many studies previously.  These frequencies were selected based on 

previous work by Su et al. 21 where it was observed that n-DEP effects were seen at 

conductivity of σ = 2.8x10-4 S/m.   The behaviour of the oocysts follows a pattern of 

lower critical voltage needed to trap the oocysts as the CM Factor shifts from just 

slightly above 0 at 10 MHz to a strong negative value at 32 MHz.  However, after 32 

MHz the critical voltage required appears to pick up suggesting the possibility of a 

second relaxation worth exploring in future research as it could open new avenues to 

both understand and find new separation regimes for the pathogen.   

Based on the observations made in the simulations and in previous studies (Chapter 

6), an optimized design was sent for manufacturing and subsequent testing was 

carried out using this device to observe the motion of the oocysts with the DEP force.   

As mentioned above (Section 7.1), C. parvum, has key differences in its electronic 

behaviour based on whether it is viable or non-viable.   The differences stem from the 

live cell’s ability to regulate ionic movement, characteristic of dielectrophoresis.   The 

theoretical aspects of this have been described in Chapter 3 in greater detail.   The 

trapping voltage, discussed in the previous section, changes depending on the 

behaviour of the cell in relation with the medium it is present in.   This behaviour is 

calculated via the Clausius-Mossotti Factor.  Values for the conductivity and 

permittivity can be measured across a given range of frequencies allowing the cell to 

be characterised, as shown in Fig.  6.3.   Previous studies 21,192 have carried out this 

characterisation using trapping voltage technique allowing us to work with average 

conductivity values of 2.8x10-4S/m based on a single-shell model used here and 

discussed in Chapter 3.The focusing region from the previous study was observed to 

be unable to focus oocysts consistently and thus it was the region which received 

primary focus during the testing of the interplay between these forces. 

7.3.2 Focusing Region Efficiency 

The drag force equation (Chapter 3, Equation 5) determines the force imparted on 

to each oocyst by the pressure placed on them through mechanical impetus such as 

syringe pumps.   The equation, described in detail in Chapter 3, impacts the 

separation efficiency as the drag force (Fdrag) changes based on the particle radius 
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and velocity.   In comparison, the DEP force (FDEP), described also in Chapter 3, is 

dependent on particle volume and thus the impact of each force on the oocyst can 

play an important role in determining the final oocyst position after it passes through 

the focusing region. 

7.3.2.1 Voltage investigation at three different flow rates 

At 0.2µl/min, the observed efficiencies are shown in Fig.  7.5. The voltages were 

chosen by qualitative analysis of the oocyst position. Factors such as formation of 

oocyst trails as seen in Fig. 7.4 and pearl chains at the electrodes indicating oocyst 

becoming trapped were taken into consideration.   It was seen that at higher voltages 

the efficiency improved for this flow rate, however, with increasing voltage the 

returns were diminishing as many of the oocysts became trapped at the top of the 

channel thus promoting further capture of oocysts there.   It was seen that 100 mV 

the oocysts would deviate to the centre of the channel yet not be lifted significantly 

enough to become trapped at the top channel wall.   

Fig.  7.4. Image of oocysts flowing in the device after exiting the focusing region. 

Oocysts appear as black spots. Oocysts within the labelled region are considered 

to be ‘focused’. 
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The next flow rate observed and tested was 0.25 µl/min (Fig.  7.6).  The voltage of 

100 mV was tested to compare the differences between 0.2 µl/min and 0.25 µl/min 

and two new voltages were tested.   Once again, the general pattern of increased 

voltage leading to increasing efficiency holds within the flow regime tested.   It can 

also be seen that higher voltages are required to achieve focusing when the flow 

rate is increased which agrees with the interaction of the Stokes Drag force (Fdrag) 

and the DEP force (FDEP).  The efficiencies observed at 120 mV of 71% showed the 

potential for DEP to work as focusing force on the oocysts.   

The final flow rate tested was 0.3 µl/min (Fig. 7.7) and it was found that the 

variation in separation efficiency was much higher than at previous flow rates.   As 

higher drag forces were acting on the oocysts compared to previous flow rates, it 

was seen that the oocysts spent less time within the electric field of the focusing 

region.   This had an impact on the focusing efficiency and this was seen via 

statistical analysis using the Student’s T-test which showed significant differences 

between 100 mV and 125 mV (p<0.001) and 120 mV and 125 mV (p<0.01). 

Fig.  7.5 Focusing Region efficiency at 0.2 µl/min tested at 80 mV input voltage 

(n=4; Avg.  Efficiency = 47% ± 13%) and at 100mV input voltage (n=8; Avg.  

Efficiency = 70% ± 6.7%); A significant difference was found between focusing 

region efficiencies via a Student’s T-test between these voltages (p<0.001) 
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The variation in the voltages required to achieve desired focusing region 

efficiencies and the statistical differences observed when testing these conditions 

shows that flow rate of the sample fluid can have a significant impact on the 

effectiveness of the DEP force imparted on the particle. Furthermore, electrode 

geometry for an important role in any study focusing on oocyst translocation within 

the microchannel. For example, the electrode geometry presented in Chapter 7 for 

the same region shows improved focusing efficiency when compared with the 

design presented in Chapter 6. The highest recorded focusing region efficiency in 

that design had a median of 60%.    It was also observed that many oocysts were 

elevated to the top and then pushed to the corner walls of the channel leading to 

many oocysts becoming stuck and thus causing greater agglomeration over time at 

the lowest flow rate.  This potential drawback lessened at the highest flow rate 

tested.  The input voltages showed a trend that reflected the theory behind the DEP 

force (FDEP) calculation that increased voltage levels yielded higher DEP force 

resulting in higher focusing efficiency.   However, if the same voltage continued to 

Fig.  7.6 Focusing Region efficiency at 0.25µl/min tested at 100 mV input 

voltage (n=3; Avg.  Efficiency = 49% ± 13%), at 105 mV input voltage (n=5; 

Avg.  Efficiency = 59% ± 8.9%) and 120 mV input voltage (n=5; Avg.  

Efficiency = 71% ± 9.0%); Significant difference was found between 

focusing region efficiencies at 100 mV and 120 mV (p<0.05) via Student’s 

T-test 
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rise, oocysts would move to the roof of the channel due to the negative DEP force 

resulting in the oocysts slowing down.  Thus, it was critical to find the Goldilocks’ 

Zone of focusing where oocysts were not experiencing significant force causing 

them to lift and were not moving quickly due to the drag force (Fdrag) causing them 

to experience little to no deviation.   

7.3.2.2 Medium conductivity 

The medium’s conductivity was another key component to the device performance 

and it was observed that the conductivity had a major impact on the behaviour of 

the cells and, so, this value was fine-tuned (σ = 2.8x10-4 S/m) to provide the best 

possible focusing.  The effect of medium conductivity has been discussed in greater 

detail in Chapter 3 Section 3.3.2.  At 0.2µl/min, two different input voltage values 

were tested with the efficiencies observed shown below in Table 7.1.  These were 

excellent, however, due to extremely low flow rate, the processing time would be 

increased to over 4 hours for a 50µl sample recovered after the US EPA 1623 

processing technique, which is an industry standard for C.  parvum analysis.  Two 

Fig.  7.7 Focusing Region efficiency at 0.3µl/min tested at 100mV input voltage 

(n=3; Avg.  Efficiency 20% ± 8.2%), at 120mV input voltage (n=3; 35% ± 

14%) and 125mV input voltage (n=4; 72% ± 10%); Significant differences 

were found between focusing region efficiencies at 100mV and 125mV, 

120mV and 125mV using Student’s T-test. 
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further flow rates were analysed and the conditions were tested.  The voltages 

required were optimised for these flow rates to ensure maximum focusing of the 

live cells.  The efficiencies for these are in the table below for 0.25µl/min and 

0.3µl/min, respectively.   

The electrode focusing region was used to align the C.  parvum oocysts to the centre 

of the channel to allow for a reduction in separation region by 50% and still separate 

live and dead oocysts along the electrodes.  The performance of the device under 

the specific conditions is summarised in the table below.  The ‘Focus Percentage’ 

is the percentage of live C.  parvum cells which were focused by the electrodes 

under the conditions specified in the columns towards the left, such as sample flow, 

buffer flow and supplied voltage.  The supplied voltage is amplified by a factor of 

144.25 and the resultant voltage is applied to the electrodes and the electric field 

used to influence the movement of the cells.  Generally, as the flow rate goes up, 

the voltage required to focus the cells more effectively rises as well.   

For example, 78% of the 835 events recorded were in the central region of the 

channel and these occurred at a voltage of 100 mV and at a flow rate of 0.2µl/min.    

Conversely, at 0.3µl/min the required voltage to achieve an 86% focus efficiency 

was 125 mV.  Therefore, a large percentage of the live cells were focused, as 

expected, to the centre of the channel.  The movement of these oocysts is captured 

in Fig 7.8a-c at the three different flow rates for one set of images.  Each blue circle 

represents an event captured by the image processing software detecting oocyst 

events in the channel.  As it can be seen that a large number of oocysts are detected 

Fig 7.8a.  Cell locations 

mapped via MATLAB 

at 0.2µl/min 

Fig 7.8b.  Cell locations 

mapped via MATLAB at 

0.25µl/min 

Fig 7.8c.  Cell locations 

mapped via MATLAB at 

0.3µl/min 
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towards the centre of the channel, thus, showing that the oocysts can be focused to 

particular regions in the channel.   

Cell focusing electrodes have been used in previous studies to confine cells to a 

small region somewhere within the channel 142,146.  The movement of the cells to 

the centre of the channel improves the impact of subsequent separation by finger-

pair separation electrodes even after reducing the number of pairs by half from 24 

to 12.   In Design 2 the focusing region is designed to generate a dielectrophoretic 

force that causes the live C.  parvum cells to migrate to the centre of the channel.    

In conclusion, it can be seen that the focusing region displays the possibility of 

moving oocysts, under the right conditions, to designated locations inside the 

channel thus leaving open the possibility of separating live and heat-inactivated 

oocysts.  After finding the best possible conditions for oocyst movement in the 

focusing region, the conditions needed to optimise the finger-pair separation 

electrodes were analysed.   A detailed table of results (Table 7.1) is also provided 

on the next page for the focusing region with results from each of the three flow 

rates and the different voltages tested at these flow rates being shown alongside the 

focusing efficiency for each.   

Cell focusing electrodes have been used in previous studies to confine cells to a 

small region somewhere within the channel 142,146.  The movement of the cells to 

the centre of the channel improves the impact of subsequent separation by finger-

pair separation electrodes even after reducing the number of pairs by half from 24 

to 12.   In Design 2 the focusing region is designed to generate a dielectrophoretic 

force that causes the live C.  parvum cells to migrate to the centre of the channel.   

The conditions needed to achieve this are optimised based on the experimental 

analysis.   It was seen that the flow rates of 0.2µl/min, 0.25µl/min and 0.3µl/min 

achieved separation with a median of 70% at 80 mV (Fig, 7.5), 71% at 120 mV 

(Fig. 7.6) and 72% at 125 mV (Fig. 7.7)  Lower flow rates did not have a significant 

impact on separation efficiency but it reduced the variance to 6.7% at 0.2 µL/min 

from 10% at 0.3 µL/min at cost of reduced speed.   A number of different input 

voltages and frequency conditions were tested and it was found that 30MHz 

produced the most consistent results for the purpose of separation of live and heat-

inactivated oocysts.   To determine the locations of oocysts at set conditions, a series 

of 100-200 images were taken at fixed intervals (300 ms) and the images captured 
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were analysed using a MATLAB image processing script to determine oocyst 

positions within the channel.   
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      Supplied V (mV)     Events Focus Percentage (%) Average 

Run 

No. 

Sample 

Flow 

(μl/min) 

Buffer 

Flow 

(μl/min) 

1 2 3 
Actual 

V (V) 

Frequenc

y (MHz) 
1 2 3 1 2 3 1 2 3 

1 0.2 0.6 100 80   14.13 30 835 392   78.56% 52.03%   70.32% 47.12%   

2 0.2 0.6 100 80   14.13 30 842 300   71.50% 56.00%   6.73% 13.41%   

3 0.2 0.6 100 80   14.13 30 447 131   66.22% 29.00%         

4 0.2 0.6 100 80   14.13 30 350 237   72.57% 33.33%         

5 0.2 0.6 100     14.13 30 272     60.66%           

6 0.2 0.6 100     14.13 30 676     77.22%           

7 0.2 0.6 100     14.13 30 861     73.98%           

8 0.2 0.6 100     14.13 30 404     61.88%           

1 0.25 0.75 120 105 100 16.95 30 160 264 175 68.12% 65.53% 62.86% 71.37% 58.93% 49.49% 

2 0.25 0.75 120 105 100 16.95 30 194 126 147 85.05% 48.41% 48.29% 9.00% 8.88% 12.81% 

3 0.25 0.75 120 105 100 16.95 30 188 208 272 75.53% 56.25% 37.33%       

4 0.25 0.75 120 105   16.95 30 141 270   65.24% 70.37%         

5 0.25 0.75 120 105   16.95 30 242 512   62.90% 54.10%         

1 0.3 0.9 100 120 125 17.66 30 366 203 286 29.78% 35.47% 73.08% 20.67% 35.03% 72.28% 

2 0.3 0.9 100 120 125 17.66 30 185 156 457 14.05% 48.72% 86.21% 8.16% 13.92% 10.39% 

3 0.3 0.9 100 120 125 17.66 30 209 134 248 18.18% 20.90% 61.69%       

4 0.3 0.9 - - 125 17.66 30 - - 571     68.12%       

Table 7.1.  Results from the Focusing Region of the Dielectrophoretic Device (Chip Design 2) 
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7.3.3 Separation Region Efficiency 

A number of key factors were involved in determining the separation efficiency 

which can be described as defined by the positions of detected events (oocysts) 

found to be lower than 133µm from the top of the channel for a channel width of 

400µm.  The separation efficiency was dependent on the variation in flow rates 

which affected the drag force (Fdrag) acting on the oocysts, the input voltage and 

frequency which affected the magnitude and direction of the dielectrophoretic force 

(FDEP).  Consequently, an understanding of the impact of each factor on the 

separation efficiency of the device is worth examining.    

The separation region was designed as an interdigitated set of electrodes which were 

angled by 45⁰ away from the top line of the micro-channel.  The design of the 

separation electrodes is a pair of electrodes designed as finger pairs.  The total length 

of each electrode is 900µm for the 12-finger pair design tested here.  Each finger of 

the finger pair design was 20µm wide and sat in a gap 60µm wide thus, leaving 

Fig.  7.9 Image of oocysts flowing in the device after exiting the separation 

region. Oocysts appear as black spots. Oocysts within the labelled region are 

considered to be ‘separated’. 
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20µm gap on either side of the electrode.  This gap was considered wide enough to 

allow the passage of the oocysts which are roughly 4-6µm in size.  The interdigitated 

electrodes generate electric field regions of high and low density.  The high intensity 

regions act like a series of force fields which effectively guide the oocyst into 

specific low intensity DEP regions, namely the gaps between the finger-pair 

electrodes.  The gaps were to ensure that oocysts would “slot” through the gaps into 

the lower part of the microfluidic channel.   

The separation region was tested at two flow rates, 0.2 µl/min and 0.3 µl/min based 

on the voltages seen for the focusing region.  At 0.2µl/min, the input voltages tested 

were 70 mV, 80 mV and 90 mV.  It was seen that as the voltage rose, the separation 

efficiency rose as expected as greater force was imparted on each oocyst passing 

through the region.  As it can be seen in Fig.  7.9, the separation efficiency was 

significantly different between 70 mV and 80 mV (p<0.05) and 70 mV and 90 mV 

(p<0.05).   

At 0.3 µl/min, the input voltages tested were 85 mV, 90 mV and 95 mV.  It was 

seen at this flow rate and voltages there was substantial improvement in separation 

Fig.  7.10 Separation region efficiency at 0.2µl/min tested at 70 mV input voltage 

(n=4; Avg.  Efficiency 49% ± 9.8%), at 80 mV input voltage (n=4; 73% ± 13%) 

and 90 mV input voltage (n=4; 68% ± 5.8%); Significant differences were found 

between focusing region efficiencies at 70 mV and 80 mV, 70 mV and 90 mV 

using Student’s T-test. 
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efficiency as shown in Fig.  7.11.   However, as the voltage rose it was seen that the 

separation efficiency dropped very slightly but this was not statistically significant.   

Testing beyond these voltages began to show substantial adhesion and trapping of 

oocysts to the top of the microchannel.  As a result, input voltages were tested 

similar to focusing region voltages of 120 mV and 130 mV but results for those 

experiments are not shown here.   

7.3.4 Residence Time  

An important consideration when assessing the efficacy of dielectrophoretic 

separation is to estimate the velocity of the oocysts as they are leaving the 

electrodes. Images of the all oocysts were taken after they had left the electrode 

region. This makes direct estimation of oocyst residence time difficult, however, 

the exit velocity of the oocysts as they leave the electrode regions can provide some 

information on oocyst behaviour. Fig. 7.11 shows the variation in velocity of 

oocysts as they exit the focusing region at 0.2 µL/min and 0.25 µL/min.  As it can 

be seen the median exit velocities are 1.9 mm/s for 0.2 µL/min and 1.4 mm/s for 

0.25 µL/min. The reduction in exit velocity at increasing flow rates suggests that 

the dielectrophoretic force has an increasing effect compared to the drag force.  

Fig.  7.11 Separation Region efficiency at 0.3 µl/min tested at 85 mV input 

voltage (n=3; Avg.  Efficiency: 94% ± 8.8%), at 90 mV input voltage (n=4; 84% 

± 5.8%) and 95 mV input voltage (n=3; 82% ± 8.2%); No significant differences 

were found. 
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However, as Fig. 7.12 shows, the velocity of non-viable oocysts even at elevated 

voltages are not significantly different when compared to the viable oocysts (Fig. 

7.11). Furthermore, exit velocities for non-viable oocysts (Fig. 7.12) increase with 

high flow rates indicating that any effect experienced by the oocysts due to the 

dielectrophoretic force is minimal and negated by increasing drag force. As these 

velocities are not statistically significant when compared to the exit velocities of 

viable oocysts, it can be ascertained that a separation region is essential for the 

efficient separation of viable and non-viable oocysts. 

The effect of the separation region is significant on the exit velocity as shown in 

Fig. 7.13 where live oocysts leaving the separation region experience a drop in 

velocity due to dielectrophoretic force lifting the oocysts to slower flow streams. 

Furthermore, this suggests that a combination of the two electrode regions has an 

impact on a viable oocyst increasing the residence time and thus allowing the field 

Figure 7.12 Exit Velocities of viable oocysts at 80 mV and 0.2 µL/min (red) and 90 

mV and 0.25 µL/min (blue) after exiting the focusing region. No significant difference 

found 
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more time to push the oocyst towards in the x-direction towards the lower end of an 

image.  

Fig. 7.14 shows the drag force for live oocysts based on the difference between 

average deflection values seen from non-viable oocysts (45 µm) and the deflection 

values of live oocysts seen at 0.2 µL/min and 0.25 µL/min. The data shows that at 

lower flow rates, the drag force is higher. As the Fdrag and FDEP must equal each 

other due to Newtonian laws, it can be ascertained that the DEP force experienced 

is higher for the oocysts at lower flow rates. This is expected as the oocysts, on 

average, experience the dielectrophoretic field for a longer period of time. In 

conclusion, it suggests that 0.2 µL/min would result in a larger DEP force being 

applied on the oocysts increasing the overall efficiency of the device. 

 

Figure 7.13 Exit Velocities of non-viable oocysts at highest voltages tested for each 

flow rate. 100 mV at 0.20 µL/min (left); 120 mV at 0.25 µL/min (centre); and 125 mV 

at 0.30 µL/min (right). 
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7.3.5 Impact of Flow Rate 

The impact of the flow rate on the separation and focusing efficiency of the 

dielectrophoretic microfluidic chip presented can be considered to be the result of 

the interplay between the dielectrophoretic force imposed on the live oocyst(s) 

under specific conditions of conductivity, frequency and input voltage and the drag 

force imparted on to the oocyst(s) by application of pressure via the syringe pump.  

The flow rates tested here were limited by the weaker force of the two, the 

dielectrophoretic force.   

Figure 7.14 Exit velocities viable oocysts at 0.2 µL/min (red) and 0.3 µL/min 

(blue) after leaving separation region.  



Vaidya, Ameya 

 MICROFLUIDICS FOR WATERBORNE PATHOGEN SEPARATION AND DETECTION 
 

137 | P a g e  
 

The focusing region efficiency was much more strongly affected by changes in the 

flow rate due to the design of the electrodes.  The electrodes did not present a dense 

electric field akin to the way the finger-pair separation electrodes did and as a result, 

much more variation was seen on these electrodes.  For example, the focusing 

region efficiency at 0.3 µl/min (Fig. 7.7) went from 20% at 100 mV of input voltage 

to 72% at 125 mV of input voltage.  Furthermore, higher input voltages were 

required to perform the function of oocyst(s) focusing.  When presented together, 

these factors show that the focusing region electrodes are unable to provide the same 

electric field strength and, hence, unable to apply the same magnitude of force.   

In comparison, the separation region with its finger-pair electrodes created regions 

of high electrical field density and low electrical field density and nestled them close 

to each other due to the virtue of the design constructed.  Furthermore, the results 

were much more stable across input voltages at a given flow rate such as 0.3 µl/min 

where at 85 mV input voltage the separation efficiency was 94% (Fig.  7.10) and 95 

mV the separation efficiency was at 82%.   It was also rightfully noted that if an 

Figure 7.15 Dielectrophoretic force calculated, by proxy, using the drag force and 

average deflection of the live oocysts after experiencing the dielectrophoretic field. 
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electrode field region of such a design was extended across a much longer distance 

within the microchannel, the potential for Joule heating effects would be more 

pronounced and have a higher likelihood of occurring due to the significant 

amplification that takes place when the signal from the generator passes through the 

amplifier (Chapter 4, Sec. 4.3.2).  So, for example, the input voltage for the lowest 

voltage tested at 0.3 µl/min was 85 mV which was amplified to as final voltage of 

12.01 V.   

7.3.6 Heat Inactivated Oocysts vs Live Oocysts – What is the real difference anyway? 

Cryptosporidium oocysts found in the environment can be at various stages of their 

oocyst life cycle.  As noted in Chapter 2, the life cycle of the oocyst (Fig. 2.1) within 

a given host is quite complicated and a hard-shell oocyst is released via excretion 

into the environment.  If this oocyst enters the water systems, it can spread to other 

animals or humans through the act of drinking contaminated water.  Oocysts are 

relatively sensitive to their environment, in particular to heat.   

When the presence of oocysts above the threshold level is detected, the authorities 

will alert the localities which will be affected with a ‘boil water notice’.  This notice 

Fig.  7.16 Differences between Viable (blue) and Heat-Inactivated (Red) oocysts 

at best results for each of three flow rates from left to right (0.2 µl/min; 0.25 

µl/min; and at 0.3 µl/min) at the input voltages of 100 mV for 0.2 µl/min; 120 mV 

for 0.25 µl/min and 125 mV for 0.3 µl/min.  Significant differences were found 

for all the conditions tested when comparing live and heat-inactivated oocysts 

(p<0.0001) 
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serves inform the residents and businesses to boil any water prior to human 

consumption.  The measures are taken to ensure that the oocysts’ outer wall is 

perforated and thus it is unable to regulate its internal environment in relation to the 

external environment.  This causes ionic imbalance and stress and can lead to the 

inactivation of oocysts if presented with high temperatures for a sustained period of 

time.  There are many methods which have been used to inactivate an oocyst 

through heat. It can be done at 700C for 5 min or 900C for 5 min.  In this study, all 

heat inactivation took place at 700C and 5 min.   

Previous studies have looked into the effect of various lysing methods on the 

Clausius-Mossotti Factor variation in C.  parvum oocysts such as Silver 

Nanoparticle lysis and heat inactivation, both at 700C and 900C.  Heat inactivation 

at 700C was chosen an excellent starting point to showcase the potential for DEP to 

be used for separation of live and heat inactivated oocysts.  Furthermore, as the 

temperature increases the possibility of the wall becoming breached significantly is 

higher and thus, while lysis is achieved, oocyst integrity may be lost.  This will lead 

to the presence of many intra-oocyst components such as sporozoites being present 

in the medium and potentially entering the live outlets.  If these outlets are collected 

for excystation assays or DNA identification, they can lead to erroneous results. 

Fig.  7.15 shows the difference in separation efficiency of heat-inactivated oocysts 

(red) and live oocysts (blue).  The differences between live and heat-inactivated 

oocysts are quite clear and it can be seen that separation of the two is indeed possible 

in the conditions presented within this chapter.  Further improvements to design that 

might be made should take into account that the primary objective of separation of 

live and heat-inactivated oocysts has been completed.  There are avenues of 

improvements that can take place.  This can be done either by improvement in 

electrode design to improve separation efficiency as there is a possibility of dead 

oocysts still being separated due to imperfect lysis or achieve similar efficiencies at 

higher flow rates to increase overall throughput.   

7.3.7 Live and Heat-Inactivated Oocyst Separation using Dielectrophoresis 

After showing that live and heat-inactivated oocysts could be separated by tracking 

oocyst positions within the microchannel for live and heat-inactivated oocysts, 

samples containing 50% live and 50% heat-inactivated oocysts were tracked for 

their positions in the microchannel and the three outlets were collected and then a 



Vaidya, Ameya 

 MICROFLUIDICS FOR WATERBORNE PATHOGEN SEPARATION AND DETECTION 
 

140 | P a g e  
 

second confirmation test to show separation was carried out.  This second 

confirmation test is an excystation assay and is used to determine the presence of 

live oocysts in a sample using microscopy and fluorescence.  Briefly, the test 

replicates the environment of the gastrointestinal system in order to cause the oocyst 

to open and release the sporozoites.  Further details on this test are provided in 

Chapter 2.  For fluorescence tests, propidium iodide is used to determine oocyst 

wall integrity and DAPI is used for DNA identification. 

To show that the DEP device could perform separation of live and heat-inactivated 

oocysts, a sample which contained approximately a 1:1 ratio between live and heat-

inactivated oocysts.  The flow rates and other conditions used were, 0.2µl/min for 

the sample, 70mV input voltage amplified to 9.89V at 30MHz frequency in a 

solution of the conductivity, σ = 2.89x10-4S/m.  In these conditions, based on 

previous data and modelling, it was concluded that live oocysts will experience 

sufficient negative dielectrophoretic force (nDEP) to the bottom and middle outlets.  

Fig.  7.17 Synchronous operation of both electrodes to perform separation of live 

and heat-inactivated oocysts inside the microchannel.  There was an 

approximately 1:1 ratio of live and heat-inactivated oocysts inside the 

microchannel.  The average separation efficiency of the technique was 55.24% (n 

= 15) and the device performed as expected for a period of 4 hrs which would be 

the typical operation time of the device to process the 50 µl sample that is typically 

used by water boards for water quality monitoring. 
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These outlets were theorised to contain samples with high excystation rates as the 

majority of the oocysts found in this sample should, according to theory and 

previous observations, be live oocysts.  The heat-inactivated oocysts, by theory, 

should experience negligible nDEP force based on the model and specific 

observations presented in the previous section of this chapter.   

Carrying out the test for the result presented in Fig.  7.16, a 50 µl sample was 

prepared.  This sample contained the 1:1 (0.5x106/ml each) live and heat-inactivated 

oocysts discussed earlier and was prepared with the oocysts suspended in a buffer 

solution with the conductivity shown above.  This sample was then processed in full 

through the DEP microfluidic chip (Chip Design 2) and the samples were collected 

at the three outlets in separate vials and readied for further processing and testing 

through an excystation assay.   

Fig.  7.17 shows the performance of the device across the length of time for which 

the device was operating.  The blue dots represent the efficiency of the device at the 

Figure 7.18 Image showing oocysts travelling in 2 bands. Band A (blue) consisting 

of, primarily, non-viable oocysts and leaving from Outlet 1 (Fig. 7.1). Band B (red) 

consisting of, primarily, viable oocysts leaving the chip from Outlet 2 or 3 (Fig. 7.1). 
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time the images were taken and the grey bars represent the number of recorded 

events in the image set taken for that particular separation efficiency.  The blue dots 

that correspond to their number of events are to the right of each grey bar.  As it can 

be seen the device efficiency improves and the number of events drop.  However, 

the number of viable oocysts goes up with time compared to non-viable oocysts, as 

seen by improving separation efficiency values.  This can be attributed to the fact 

that non-viable oocysts undergo re-suspension in 2 steps.  The first re-suspension 

occurs when oocysts are placed at 70C for heat inactivation and a further re-

suspension step afterwards.  During this, it is likely that some non-viable oocysts 

will be lost.  This means that the live oocysts tend to be more evenly suspended that 

heat-inactivated counterparts and this results in more live oocysts being observed 

as the device operation continues later on.  As a result, improving separation 

efficiency proving can be seen and that more and more live oocysts are present 

within the device as the sample measurements are taken.  The sample measurements 

were taken at regular intervals.   

Figure 7.19 Synchronous operation of focusing and separation electrodes at 

0.2µl/min, 30 MHz and 70mV to separate 50µl of “sample” to simulate a sample 

of water testing boards.  Event count (Grey bars) is shown and these were taken at 

regular intervals across the 4 hrs.  of run.  Separation Efficiency (Blue dots) 

through image samples was taken for every sample along with event count data.   
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All 50µl of the sample was processed through the device which took just over 4 

hours to complete.  This operation was to show that the device could maintain 

nominal performance for the entire length of the device operation and to perform 

separation of a sample which would be representative to the volumes that would be 

processed in a water quality monitoring facility.  There are, however, marked 

differences between the sample presented here and the samples usually found in 

drinking water samples.   

For example, the concentration of oocysts would be much lower in a real water 

sample compared to the sample used.  Furthermore, the solution would have to 

undergo some form of pre-processing to ensure that buffer conductivity meets the 

requirements of the device as changes to conductivity cause a far more sensitive 

reaction to the behaviour of oocysts or other micro-organisms present within the 

sample. Drinking water, for example, has a conductivity of 0.02-0.03 S/m. This is 

significantly higher than the conductivity used within the device of 2.8x10-4 S/m. 

Conductivity has a clear impact on the behaviour of the oocysts as observed by the 

changes in the CM Factor. This is discussed in detail in “Chapter 3, Section 3.2.2 

The Shell Model” with Figures 3.8 and 3.9 where it can be seen the frequency at 

which the DEP Force shifts from n-DEP to p-DEP goes up with increasing 

conductivity. This “masking” effect is enhanced as conductivity rises. Thus, a pre-

processing step to reduce the overall conductivity of the solution (testable using a 

conductivity meter) would enhance the ability of the device to see and separate 

oocysts based on viability status. Alongside the complexity of conductivity 

variation, the presence of other micro-organisms requires further research into an 

effective separation strategy for a multi-stage separation of the various micro-

Outlets Viability 

Outlet 1 (Top) 5.9 ± 1.4 

Outlet 2 (Middle) 81.8 ± 7.0 

Outlet 3 (Bottom) 88.4 ± 3.4 

Oocyst Viability (as provided by 

manufacturer) 

89.7 

Table 7.2 Table displaying the excystation assay results as viability 

assessments.  The viability assessments take place as a ratio of sporozoites and 

shells in order to show the viability of the oocyst.  Furthermore, fluorescence 

can be used to show wall integrity using chemicals such as propidium iodide. 
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organisms alongside C.  parvum requires further modelling and scientific 

investigation. 

To show that the device separated the live and heat-inactivated C.  parvum 

efficiently, an excystation assay was performed as a confirmation step.  The results 

for this assay are shown above (Table 7.2) and as it can be seen the viability of the 

middle and bottom outlets is significantly higher than the viability of the top outlet, 

showing that live oocysts were predominantly found in the middle and bottom 

outlets and heat-inactivated oocysts were predominantly found in the top outlet thus 

proving the theory and the previous observations whereby electrode regions were 

actuated individually.   

The usage of dielectrophoresis for separation of bacterial organisms has seen 

numerous publications and has an extensive knowledge base around the subject 

25,140,193.  Therefore, building a system which can provide separation of these micro-

organisms would be challenging from a technical perspective of designing a multi-

stage dielectrophoretic separation system.  However, due to extensive research 

already present in the areas of modelling and understanding of bacterial organisms 

and their interaction with DEP systems, the challenge is achievable and it will 

improve the ability to create complex microfluidic systems capable of performing 

multi-stage separation using label-free techniques such as dielectrophoresis.   

There are other areas as well where a device such as this may see specific 

application, such as, the separation of species of Cryptosporidium spp.  This type 

of separation will require further understanding of the electrical behaviour of 

various species of the protozoan and will lead to greater understanding of the 

differences between the various species, potentially, even from a biological 

perspective.  These differences can help to open potential new avenues for treatment 

of the various species of the protozoan, of which, mainly 3 have been known to 

cause disease in humans (Table 2.1) 194.  Furthermore, separation of the various 

species can also help target potentially spurious readings and save the labour, 

technical and infrastructure costs associated with maintaining and using a PCR to 

provide species-level identification.  Whilst, this will never replace the PCR as a 

definitive final test, if its proven to work it has the potential for deployment in low 

resource settings to provide an initial screening measurement of the potential 
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likelihood of finding C.  parvum in drinking water versus finding another non-

human infective species of Cryptosporidium spp.   

Dielectrophoresis is an excellent and label-free separation technique which is seeing 

a growing interest for its applications in label-free separation.  With growing interest 

in industrial and scientific applications for microfluidic approaches towards solving 

biological questions, further improvements to the designs and other approaches 

which combine techniques such as Deterministic Lateral Displacement (DLD) with 

DEP are seeing greater interest.  The usage of DEP with DLD also has the potential 

to unlock the limiting parameter for DEP, the z-plane.  If electrodes are present as 

physical posts, then, the potential to provide a strong electric field in 3D, as opposed 

to the pseudo 3-dimensional field created by the electrodes presented above has the 

potential to increase the throughput of the system itself and add new modalities of 

label-free cell separation technology.   

In recent years, numerous methods of oocyst lysis have emerged as potential 

contenders to help perform oocyst detection at more sensitive levels, such as the 

usage of nanoparticles.  The usage of these nanoparticles poses an interesting 

question regarding the electrical behaviour of the oocyst(s) after being exposed to 

these nanoparticles.  Studies like Su et al. have shown quite different behaviours of 

the oocyst(s) after exposure to silver nanoparticles which raises some interesting 

possibilities regarding the development of a Micro Total-Analysis System which 

performs the separation, lysis and detection of C.  parvum oocyst(s) and provides a 

more sensitive reading with smaller sample volumes, reagent volumes and any other 

infrastructure cost that might be associated with the development of a research 

laboratory dedicated to water quality management, particularly for countries with 

low resources where problems due to C.  parvum are felt most acutely.   
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7.4 Conclusions and Future Work 

In this chapter, a microfluidic dielectrophoretic chip (Chip Design 2) is presented for 

the separation of live and heat-inactivated C.  parvum.  The chip is composed of two 

electrode regions – a focusing region and a separation region.  These regions are 

designed to push live oocysts from one end of the microchannel to another in a 400µm 

wide microchannel.  The focusing region electrodes were tested first and it was found 

that these electrodes were more sensitive to the drag forces caused by the pump.  And 

therefore, optimal conditions were found at three flow rates (0.2µl/min; 0.25µl/min; 

0.3µl/min).  It was also noticed that whilst the electrodes were excellent at focusing 

the oocysts under the right conditions, there were also some oocysts being lifted to 

the top of the channel.  Future designs will require further improvement to the 

focusing region, potentially, by deploying electrodes above and below the channel to 

provide n-DEP from both below and above the channel.   

Next, the finger pair separation electrodes were tested and the behaviour of the 

oocysts was found to be much more consistent within the flow rates tested but it began 

to drop once the flow rates went above 0.3µl/min.  Heat-inactivated oocysts were then 

tested in the best conditions for each of the three flow rates and it was found that the 

inactivated oocysts did not get influenced by the electric field as theoretically 

expected.  After these tests, a final test containing an approximately 1:1 ratio of live 

and heat-inactivated oocysts was tested.  The sample tested was a 50µl sample, similar 

to the volumes that would be used by the water quality management authorities in 

their laboratories.  This test allowed for the observation of device performance across 

a representative sample volume duration which took just over 4 hrs to perform and 

allowed for the observation of the presence of live and dead oocysts within the 

microchannel across a significant period of time.  This observation showed that the 

resuspension of the heat-inactivated oocysts in comparison to the live oocysts, caused 

fewer oocysts to be present as the sample volume was processed through.   

For future work, improvement to the electrode design of the focusing region must be 

considered in order to determine whether further improvements can be made 

regarding the maximum flow rate used in order to improve device throughput time.  

Furthermore, other improvements such as the deployment of electrodes in the z-plane 

above and below the microchannel provide further possibilities of electric field 
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enhancement and thus have the potential to improve the DEP force experienced by 

the oocyst and, consequently, device throughput by allowing for higher flow rates. 
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Chapter 8.  General Discussions and Conclusions 

The original scope of this thesis was to investigate potential avenues of separation and 

detection methods for the waterborne pathogen C. parvum.  The investigation of 

traditional lysing methods such as freeze/thaw lysis in comparison with nanoparticle-

based lysis protocols shows the potential for integration with microfluidic systems to 

create true Micro-Total Analysis Systems.  These total analysis systems have the potential 

to perform lysis, detection and identification in the small laboratory footprint and using 

extremely small reagent volumes.  The large-scale impact of such cost-effective and easy 

to deploy techniques cannot be understated as C.  parvum can cause problems in all water 

systems.   

C.  parvum is a robust pathogen with a thick outer wall.  As shown in Chapter 2, this 

pathogen has a complicated life cycle and has been shown to have the capacity to stay 

active for significant periods of time in ambient water sources.  Furthermore, as the 

species has the capability to infect multiple hosts, the risk of animal-human transmission 

increases significantly.  These problems are made worse in poverty and low resource 

settings.  A simpler and faster detection method is therefore essential for increased 

awareness and faster reaction to incidents with outbreak potential.  Current techniques 

rely on excystation assays and/or qPCR-based detection methods for species level 

identification.  These techniques do not allow for the identification of whether the oocysts 

were viable in the sample being tested. 

8.1 Nanoparticles and Protozoa  

Nanoparticles have been shown to possess excellent microbial properties and this was 

explored in detail in Chapter 5.  In particular, silver and zinc oxide NPs have been shown 

to have excellent lysing capabilities. In terms of the state-of-the-art with regard to the use 

of nanoparticles/materials with protozoa, a number of studies have shown the capability 

of AgNP, chitosan and copper oxide nanoparticles to prove as an effective disinfectant 

195–197. Other studies using magnetic nanoparticles have shown the specificity of these 

particles to develop new imaging methods 198. These studies show the capability of the 

NPs to cause disruption of the oocyst as evidenced by the work done by Hassan et al. 195. 

However, NPs have never previously been used to lyse protozoa, or other cells, prior to 

qPCR. Furthermore, no work has been done to show the impact of ZnO NPs on lysis of 

C. parvum. It was hypothesized that there is potential for oocyst lysis to occur in a manner 

which could allow for the creation of a consistent protocol.  A study was undertaken as 
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seen in Chapter 5 to understand the effects of nanoparticle concentration, exposure time 

and oocyst enumeration.  It was observed that ZnO NPs displayed excellent lysing 

properties, however, required higher concentrations to maintain effectiveness when 

compared to AgNPs.  Ag NPs whilst requiring lower concentration also increased the 

threshold cycle value, implying greater potential for DNA damage 199,200.  This was 

further confirmed when positive control from a qPCR kit was placed directly with the 

nanoparticles in a qPCR sample.  It was seen that in two out of the three samples taken, 

AgNPs blocked the amplification of two, whilst ZnO NPs blocked the amplification of 

just one.  Future work within this field should involve miniaturization of the lysis method 

in order to perform on-chip separation using one of the multitude separation techniques 

available within microfluidic systems, such as usage of centrifugal microfluidics to 

separate the oocyst debris and nanoparticles from the DNA to prepare for on-chip PCR 

based identification.  

There have been attempts at developing a fully integrated microfluidic platform which 

performs lysis, purification and amplification on a single chip 201. A device of this nature, 

however, has never been reported for protozoan pathogens in literature. Furthermore, the 

focus thus far has been on the final stage – the PCR stage, to lower the limit of detection. 

The usage of Nanomaterials represents a significant advantage due to the sophisticated 

ways in which they can be incorporated into the device using pillars or embedded into 

membranes and can be pre-mixed into the solution and separated using various active 

forces such as magnetic or electric fields. Further exploration of the most effective 

approaches to assess which mechanism may maximize lysis and quantity of extracted 

DNA is required. Extraction, amplification and detection have previously demonstrated 

on-chip for a variety of applications 201, however, this is not as challenging as performing 

lysis.  

This work adds to the growing list of protocols available to researchers and laboratories 

around the world for the detection of C. parvum.  It also builds on the development of 

integrated device which can carry out lysis of oocysts, separation and amplification of 

oocyst DNA within a microfluidic device 202–204. A nanoparticle protocol in comparison 

to a chemical protocol is much easier to work with for the separation and isolation of 

DNA as new physical techniques of separation can be exploited due to the clear size 

differences between DNA, nanoparticles and oocyst debris. ZnO nanowire have been 

studied for their lysing properties with human keratinocytes by Kim et al. 205 and it was 
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seen that the lysing efficiency within this microfluidic device was 65% based on nucleic 

acid and protein concentrations collected.  

8.2 Dielectrophoresis and Microfluidics 

Microfluidics is a rapidly expanding field of study which has seen widespread application 

in the area of cell separation with many unique solutions being introduced and formulated 

15,206,207.  Dielectrophoresis is one such technique which uses electric fields to produce a 

charge potential across a cell membrane or wall 107,187,208,209.  This charge potential when 

released imparts force on the cell causing it to deviate in a controlled direction.  This has 

allowed for the creation of systems which have performed bacterial separation 141, 

characterization of C. parvum and Giardia duodenalis, another protozoan waterborne 

pathogen not considered within the scope of this study but has similar cell biology with a 

different physiological structure 21,188.  These studies highlight the potential for C.  

parvum to be separated based on key factors such as viability status.   

In Chapter 6 and 7, two microfluidic dielectrophoretic chip designs are presented.  In 

Chapters 4 and 6, fabrication techniques often used for microfluidics are also presented 

to investigate whether these chips were capable of rapid prototyping.  It was found to be 

extremely challenging and will require further investigation in a future study.  The design 

presented in Chapter 6 (Chip Design 1) presented some interesting characteristics.  

Focusing regions have been used in previous studies 25,146  to force cells and micro-

particles down specific paths in order to place them in desired locations.  In the design 

presented, it was found that whilst focusing had the potential for success, the oocysts were 

arriving at the electric fields across a wide boundary which resulted in mixed performance 

behavior from the chip.  The lessons from this study were taken forward into the second 

design presented in Chapter 7. 

Chapter 7 saw the evolution of the design from Chapter 6 as it took the ideas of a focusing 

region and attempted to improve upon the focusing region in this study.  The oocysts still 

arrived in a wide boundary at the electrodes, however, the electrodes were significantly 

larger in area and created a larger field of effect.  This increased field of effect allowed 

for the oocysts to be pushed much more effectively towards the centre of the channel.  

Further tests with the separation region confirmed its performance as well and final tests 

with both electrodes running concurrently in a mixed sample study were carried out.  The 

outlets for this sample were collected and an excystation assay was performed upon them 

which confirmed separation of live and heat-inactivated oocysts.   
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The work presented here advances on the idea of a label-free cell separation system based 

on more than the previous works which have carried out size-based separation for 

polystyrene particles210, cancer cells211, bacterial cells212 and others. This work adds to 

the domain of dielectrophoretic microfluidics by showing evidence of label-free 

separation among protozoans with a primary focus on C. parvum. Previous works on C. 

parvum have focused on modelling the force response21 and trapping24,144 and 

impedance79 analysis. This work focuses on separation of C. parvum, not from other 

cells192 based on size or differences in electrical properties such as Unni et al. but for 

oocysts of the same species based on their viability. In particular, it advances on the work 

of Su et al. where a number of different lysing methods were performed on the C. parvum 

oocysts and the behaviour of this was modelled. This work advances on that by providing 

a reusable batch-based continuous dielectrophoretic separation device which can be used 

to perform oocyst separation based on viability status. Due to the methodology used to 

perform this work, it can be replicated readily for other cell types based on DEP force 

response of these cells. 

Dielectrophoresis using a chip similar to the one presented in Chapter 7 at high-frequency 

conditions has the capability to separate C. parvum label-free 21. Once separated the live 

oocysts can be taken for downstream processing using a number of different fluorescent 

methods or genetic identification using Polymerase Chain Reaction (PCR) techniques 

using lysing methods presented in Chapter 5.  

The overall scope of this thesis was to provide greater understanding into detection and 

separation methods for the waterborne pathogen C. parvum.  The work undertaken here 

advances the development of new methods to lyse C. parvum using two different 

nanoparticles and integrates with existing DNA purification methods. The study then goes 

on to explore the potential for microfluidic separation techniques such as 

dielectrophoresis to perform this function on C.  parvum. It was shown that C. parvum 

oocysts can be, in specific and controlled conditions, can be separated using this 

technique. This has been applied for the separation of the oocysts based on their viability 

status in this work. The technique has been used for understanding and modelling the 

behaviour of oocysts in prior work 140,192. This thesis builds on that to create a label-free 

method to separate C. parvum oocysts. 
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