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Summary 

The work described is primarily concerned with measuring the induced AC 

electrokinetic properties of the transmissive stages of two water- and food-borne 

intestinal pathogens, namely oocysts of Cyclospora and eggs of Ascaris, in order to 

demonstrate the applicability of electrorotation for determining the viability of the 

organisms. 

An electrode design that maximises the space over which a uniform electric field is 

applied to the electrorotation chamber is described. This is important when 

investigating organisms that are few in number, or for investigating large, mixed 

populations. 

It was found that Cyclospora viability and sporulation state could be determined using 

electrorotation. Since there is no vital dye assay for this emerging parasite, and its life­

cycle is not fully understood, these are important findings for the water and food 

industries. Modelling of the electrorotational response was found to be in good 

agreement with the experimental data. Limited electrorotational spectra from oocysts 

recovered from baboons showed slight differences when compared with those of human 

source. 

The first electrorotational studies of a complex biological organism, namely the eggs of 

the nematode Ascaris, which poses a global health problem, are presented. It was found 

that unfertilised and fertilised eggs rotate in opposite directions, allowing for rapid 

visual determination of mixed populations. Different stages in the development of 

fertilised Ascaris eggs were also observed by electrorotation. Modelling of the 

electrorotational response of the Ascaris eggs was found to be in reasonable agreement 

with the experimental data. 

The work presented here shows that the electrorotation technique can be used for the 

rapid determination of the viability and sporulation state of oocysts of C. cayetanensis, 

and the fertilisation state of eggs of A. suum. As current viability assays are 

complicated and time consuming, requiring trained personnel, the electrorotation 

technique offers many advantages to the food and water industries, especially as it can 

be automated. 
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CHAPTER 1 : Introduction 

Chapter 1 

Introduction 

1.1 Introduction 

Increased movements of people, expansion of international trade in foodstuffs and 

medicinal biological products, social and environmental changes linked to 

urbanisation, and deforestisation are all manifestations of the rapidly changing nature 

of the world we live in. Add to that the rapid adaptation of micro-organisms, which 

has facilitated the return of old communicable diseases and the emergence of new 

ones, and the evolution of microbial resistance, which means that curative treatments 

for a wide range of parasitic, bacterial and viral infections have become less effective, 

and a communicable disease in one country today is the concern of all. 

Water- and food-borne illness represent a serious and recurring problem in almost all 

parts of the world. Currently, half of the world's hospital beds are occupied by 

people suffering from water-borne diseases (WaterAid, 2002). There are an estimated 

2.4 billion people who do not have access to basic sanitation, of which 1.1 billion are 

without clean water (WHO, 2000). Globally, there are approximately 4 billion cases 

of diarrhoea each year which cause 2.2 million deaths (WHO, 2000). In developing 

countries in the year 2000, 1.3 million children under five died from diarrhoeal 

diseases caused by unsafe water supply, sanitation and hygiene (WHO, 2002a). 

Even developed countries suffer : 76 million cases of food-borne disease occur in the 

USA every year, with 5000 deaths and 325,000 needing hospital treatment, at an 

annual cost of US$35 billion in medical expenses and lost productivity (WHO 

2002b ). Furthermore, according to WHO Quarterly statistics surveys, food-borne 

diseases may be more frequent than the reported cases tend to indicate (WHO, 1997). 

In a single outbreak in 1993, an estimated 403,000 people in Milwaukee, Wisconsin, 

developed an acute diarrhoeal illness as a result of contamination of the public water 

supply with the protozoan parasite, Cryptosporidium parvum. This outbreak was 
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unique in two ways. First, it was by far the largest waterborne outbreak ever reported 

in the United States. Second, the treated water responsible for the outbreak met all 

the federal water quality standards of the time. In this outbreak, the median duration 

of diarrhoea was nine days, with a median weight loss of 4.53kg (10 lb.), and 4400 

people were hospitalised as a result of their illness. Among 82 HIV-infected patients 

who developed cryptosporidiosis, only 34 were still alive at one year (Steiner et al. 

1997). Among the recommendations given by a Centres for Disease Control task 

force in September 1994, was the requirement for improvement of current techniques 

for identification of C. parvum oocysts in the water with regard to their specificity 

and sensitivity for detecting infectious oocysts as well as their cost and labour 

requirements (Steiner, et al. 1997). 

Cyclospora cayetanensis is a recently described protozoan parasite of man (Ashford, 

1979; Ortega et al., 1993) which causes diarrhoeal illness worldwide (Oretga et al., 

1994) and is often mistaken for C. parvum in stool samples (Soave, 1996; Mota et al., 

2000). Cyclosporiasis, the illness caused by infection with C. cayetanensis, is 

endemic in Haiti, Nepal and Peru, although the host ranges and reservoirs are as yet 

undefined (Miller and Paige, 1998). In recent years, the importance of C. cayetanensis 

as an emerging pathogen of humans in the developed world has been highlighted by 

several outbreaks in North America during 1996, 1997 and 1998 (Herwaldt, 2000). 

Despite improved food safety measures implemented after the 1996 outbreak, over 

1,400 cases were reported in 1997, and more in 1998, due to the same source, 

Guatemalan raspberries (CDC, 1997 and 1998). To date, the mode of contamination 

of the raspberries has not been identified for any of these outbreaks, although 

contaminated ground water is suspected (Herwaldt, 2000). Cyclosporiasis is treatable, 

but is clinically indistinguishable from the illness caused by C. parvum, which is not 

treatable (Soave, 1996). This leads to confusion as to what care a patient requires if 

misdiagnosed, and highlights the need for better surveillance and analysis systems to 

be developed. 

As a result of the outbreaks in the United states, the Microbiological Contaminants 

Research Committee of the American Water Works Association (A WWA) and the US 

Environmental Protection Agency (EPA), listed C. cayetanensis as a 'concern' to the 

2 
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water industry, and proposed more research into methods to 'determine oocyst 

viability, taxonomy, species identification, infectivity and virulence ', and to 'determine 

water treatment processes that would remove and inactivate oocysts'. The committee 

also wanted to 'better understand the epidemology of cyclosporiasis in humans, such 

as the significance of waterborne transmission and the public health importance of 

exposure to low concentrations ofCyclospora oocysts ' (AWWA, 1999). 

In the UK there have been no significant outbreaks associated with Cyclospora : only 

44-66 laboratory reports of C. cayetanensis were reported per year between 1993 and 

1998 (Cann et al., 2000). However, only 68% of UK microbiology laboratories 

actively look for Cyclospora, and of those, only 58% correctly identified the organism 

when assessed, suggesting that Cyclospora may be under-diagnosed in the UK (Gill, 

1997; Cann et al. , 2000). In the United States prior to the large multi-state outbreak in 

1996, most laboratories did not routinely examine stool specimens for Cyclospora. 

Since then there has been better awareness for the need to perform the appropriate tests 

(Eberhard et al. , 1997), but a recent review states that most laboratories still only test 

for Cyclospora on request (Herwaldt, 2000). As the oocysts of C. cayetanensis are 

resistant to current water treatment procedures, including chlorination (Rabold et al., 

1994 ), and the infective dose is low, probably between 10 and 100 oocysts (Adams 

and Ortega, 1999), there is a need for more rapid viability assays that work at the 

single organism level. 

The majority of food-borne illness is caused by parasitic infections, usually by 

worms. Ascaris is the common roundworm that infects man and pigs. In 1999 it was 

estimated that 1.5 billion people are infected globally (Crompton, 1999), up from 

1 billion in 1988 (Crompton, 1988). A major factor for this increase is the resilience 

of the transmissive stage, the egg, in the environment, and the increase, and ease, of 

international travel, especially to developing countries. Once shed, eggs can survive 

for 6-12 months in soils (Gaspard et al. , 1997). Eggs have even been reported to 

survive in sub-arctic regions (Embil et al., 1984), and Krasnosos (1978) showed that 

some embryonated eggs were still viable after 14 years in moist soils. 

3 
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Recognition that Ascaris infection is deleterious to health has prompted the World 

Health Organisation to develop and promote control strategies based on the prudent 

use of anthelminthic drugs, supported by appropriate health education and realistic 

sanitation (WHO, 1996). Swine parasitism exerts a significant economic impact 

worldwide; three of the six most common food-borne parasitic diseases in the United 

States are associated with pork consumption (Baker et al., 1994). Ascaris infection 

leads to morbidity in about 335 million of those infected, and is a global public health 

problem (Crompton, 2001). Cross infection of Ascaris from pigs to humans has been 

reported (Crompton, 1989; Anderson, 1995). Diagnosis of infection is by finding the 

characteristic eggs in faecal smears. The detection of eggs in stool samples will not 

work if there are only immature worms, males or old females present in the small 

intestine as these worms do not produce eggs. There is at present no convenient 

method for discriminating between an Ascaris egg from a human, known as 

Ascaris lumbricoides, or from a pig, known as Ascaris suum (Crompton, 2001 ). 

Despite our increased knowledge of hygiene today, 'foodborne disease is perhaps the 

most widespread health problem in the world' (WHO, 1992). One of the major 

means of addressing the concerns about communicable disease in both industrialised 

and developing countries is through the 'development of strong surveillance systems' 

(WHO, 1998). This requires new and improved detection systems to better protect 

water and food supplies. 

1.2 Electrorotation 

Electrorotation has been successfully used to investigate the properties of protozoa! 

pathogens of man (e.g. Gascoyne et al. , 1997b; Goater et al. , 1997). As an 

investigative tool, electrorotation has several advantages over conventional 

techniques. Electrorotation is non-invasive, allowing it to become part of a series of 

sequential investigations. Electrorotation functions at the single organism level, 

which can be extremely important when accurate viability information for low 

numbers of organisms is required, as is the case for water testing. Electrorotation 

allows the real time assessment of particle viability of individual cells (Gundel et al., 

1989; Zhou et al., 1995; Hodgson and Pethig, 1998; Dalton et al., 2001). As well as 
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the rapid (a few seconds per cell) straightforward assessment of the viability of 

individual cells, the viability oflarger numbers of cells ( e.g. 3 0 cells in a field of view 

at a magnification of xlOO) can also be assessed simultaneously. To assist the 

analyst, automatic measurement of the rotation rate or for a full spectrum is also 

possible (Schnelle et al. 1997; Zhou et al. , 1998; DeGasperis et al., 1998, Reichle et 

al., 2000). A full frequency electrorotation spectrum, which can be thought of as a 

'fingerprint' for heterogenous particles like oocysts, provides information not only 

about the viability of the particle, but also the conductivity and permittivity of the 

various 'compartments' within its structure (Chan et al. , 1997). 

After electrorotation analysis the particle remains intact and unchanged, and because 

electrorotation is a non-invasive method the particle can be subjected to further 

holistic or destructive analytical methods. Other techniques, such as fluorogenic 

dyes, have several disadvantages, such as cost, the requirement for an incubation 

stage, specialist storage and handling, as well as a fluorescent microscope in a dark 

room. The majority of flourogenic dyes are also usually carcinogenic and require 

refrigeration. Culture-based viability techniques generally take more than one week 

(Gaspard et al., 1996) and conventional microbiological methods are generally slow, 

largely because incubations in cultural stages are required to generate detectable 

concentrations of cells, taking days. Electrorotation, by comparison, is a quick and 

simple technique, with a sample preparation time of less than 15 minutes, which is 

also faster than a reverse transcriptase polymerase chain reaction test (RT-PCR). 

Although the particle suspension for electrorotation analysis requires sufficient 

purification to avoid particle-debris interaction, electrorotation has found many 

application, with both biological and synthetic particles (Table 1.1 ). 

A variety of particle types, including the transmissive stages of parasites can be 

investigated by electrorotation. Indeed, whereas there is often the need to develop 

viability stains, molecular methods or excystation protocols for determining the 

viability of newly investigated cell types, electrorotation probes a common difference 

between all dead and viable cells, namely membrane integrity. Potential applications 

also include distinguishing between sub-types or strains of particles, whose surface or 

membrane properties differ, for example distinguishing between the cysts of the non-
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invasive Entamoeba dispar from the potentially invasive E. histolytica in which 

specific transmembrane proteins have been identified (Walderich et al., 1998). 

PARTICLE TYPE EXAMPLES 

A CELLULAR Virus Virus erythrocyte interaction (Gimsa et al., 1989) 
PROKARYOTES Bacteria Investigation of the flagellar motor torque of E. coli (Berry & 

Berg, 1996) 
Biocide treatment of bacterial biofilms (Zhou et al., 1996) 
Viability studies of E. coli (Hodgson et al., 1998) 

EUKARYOTES Protozoa Plasmodiumfalciparum infected erythrocytes (Gascoyne et al., 
1997b) 
Cryptosporidium spp. oocysts (Goater et al., 1997) 
Giardia intestinalis cysts (Dalton et al. , 2001) 

Yeast Saccharomyces cerevisiae comparison of wild type and vacuole 
deficient mutant (Asami & Yonezawa, 1996) 
Saccharomyces cerevisiae in an automated system (Reichle et 
al., 2000) 

Algae Neurospora slime (Gimsa et al., 1991) 
Cocca! green alga Chlorococcum mimutum (Reichle et al., 2000) 

Plant cells Barley Mesophyll protoplasts (Arnold & Zimmermann, 1982) 
Insect cell Effect of osmotic and mechanical stresses and enzymatic 
line digestion on IPLB-Sf cell line of the Fall Armyworm 

(Spodoptera frugiperda, Lepidoptera) (Freitag et al., 1989) 
Mammalian cells Cell lines MDA-231 human breast cancer cells (Gascoyne et al., 1997a) 

Lymphocyte Influence of membrane events (Ziervogel et al., 1986) 
Automated measurement system (Reichle et al, 2000) 

Erythrocyte Erythrocytes parasitised by Plasmodiumfalciparum (Gascoyne 
et al. , 1997b) 
a-dispersion studies (Georgieva et al, 1998) 

Platelet Influence of activators (Egger & Donath, 1995) 
a and ~ dispersion model comparison (Neu et al., 2002) 

Trophoblast Mononuclear cells also investigated (Chan et al., 2000) 
OTHER Liposomes Liposomes with 1 to 11 bi layers (Chan et al. , 1997) 
PARTICLES 

Latex bead Effect of surface conductance (Arnold et al. 1987) 
Surface charge investigation (Maier, 1997) 

Table 1.1 - Different particle types investigated by electrorotation (updated from Geater, 
1999). 

Electrorotation also overcomes several problems of commonly used impedance 

methods. Electrode polarisation does not influence the results since particle 

polarisation and consequently particle movement is measured relative to the 

suspending medium. Electric and hydrodynamic particle-particle interactions can be 

avoided since the measuring effect is independent of the solution volume and one 

particle is sufficient for measurements. 
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1.3 Overview of research in Electrorotation 

In 1978 Pohl suggested that non-uniform fields can sometimes induce a torque on a 

particle, causing it to rotate. The term electrorotation was first used to describe the 

method of inducing controlled cellular spin by subjecting a cell to a rotating electrical 

field in 1982 (Arnold & Zimerman, 1982; Mischel et al. 1982). Electrorotation has 

been reviewed in several journal articles (Arnold and Zimmerman, 1988; Pethig, 

1991a; Schnelle et al., 1997) and has been described in several books (Jones, 1995; 

Pethig, 1991 b and 1994 ). The electrotational force on a particle depends on the 

dielectric properties of the particle and the suspending medium. A dielectric is 

defined as a material in which both electrical conduction losses and charge storage 

(polarisation) occurs when it is exposed to an electric field. 

In brief, the magnitude and direction of the electrorotational force on a particle 

suspended in a dielectric medium depends on a number of factors including the 

particle permittivity and conductivity, the medium permittivity and conductivity and 

the applied field strength and frequency. 

The generation of rotating electric fields was considered over 100 years ago, for 

example Meyer (1877) (quoted in Heydweiler, 1897) described how to make a simple 

rotating electric field by the circular motion of an electrostatically charged rod. Using 

this method he induced anti-field motion of a solar radiometer. Electrical generation 

of rotating fields, more suitable for scientific or technical purposes, was described by 

Arno (1892) and later improved by v. Lang (1906) (for greater detail see the review 

by Arnold & Zimmermann, 1988). 

Some important historical work concerning the rotation of objects in electric fields are 

listed in Table 1.2. 
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Hertz Stated that a rotating body exposed to a steady electric field would 
(1881) experience a retarding torque (electromagnetic braking). 

Heydweiler Predicted that a rotating field would produce torque in a body. 
(1897) 

v. Lang Demonstrated that the direction of rotation of an insulating d ielectric 
(1906) cylinder in a rotating electric field could be either anti- or co-fie ld, 

depending on the conductivity of the suspending liquid. 
Lampa Following v. Lang's observations, Lampa wrote a detailed theory on 
(1906) how rotating electric field measurements could be interpreted. 

Teixeira-Pinto et al. Observed orientational movement of suspended, non-spherical, 
(1960) biological cells in linear e lectric fields. 

Pohl Stated that non-uniform (inhomogeneous) fields can sometimes induce 
(1978) cellular spin. 

Arnold & Demonstrated the rotation of a single biological particle in a rotating 
Zimmermann electric fie ld. 
(1982) 

Table 1.2 - Important historical work concerning the rotation of objects in electric fields 
(adapted from Geater, 1999). 

A great deal of work has been carried out to elucidate the nature of the electrorotation 

force, in connection with dielectrophoresis (Wang et al., 1992; Wang et al. , 1993) and 

travelling wave dielectrophoresis (Huang et al. 1993; Wang et al., 1994). Specifically 

designed electrorotation electrodes have been used to characterise the dielectric 

properties of cells, starting with Arnold & Zimmermann's work on isolated plant cells 

(Arnold and Zimmerman, 1982). 

Electrorotation data from non-biological particles, such as artificial liposomes (Chan 

et al. , 1997), have been of use in verifying the theoretical nature of the electrorotation 

force, as these are simple membraned cellular particles. Latex micro-particles have 

similarly been of use in probing the effects of surface groups and charges on the 

electrorotation spectra (Maier, 1997). 

The use of electrorotation for particle characterisation and for determining viability 

are explored in this thesis, using the water- and food-borne pathogens Cyclospora 

cayetanensis and Ascaris suum. To date, the phylum nematoda, which includes the 

economically important Ascaris, is not known to have been investigated by 

electrorotation. 
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1.4 Thesis outline 

Chapter 2 contains a brief description of the biology of the oocysts of C. cayetanensis 

and the eggs of A. suum that is essential to understanding how the particles interact 

with the electrorotation assay. Chapter 3 reviews the dielectric theory and the electric 

field techniques used in this thesis. Chapter 4 presents a review of the mathematical 

model of the electrorotation assay, develops the model for the biological organisms 

under investigation, and predicts the electrorotational responses of the organisms. 

Chapter 5 explains the methods and materials used in this work. Chapter 6 presents 

electrorotational results of C. cayetanensis oocysts, showing that electrorotation can 

determine viability and sporulation state. Chapter 7 describes the electrorotational 

studies of A. suum eggs, showing that electrorotation can determine fertility state. 

Conclusions based on this work and the direction of future studies are given in 

Chapter 8. Detailed background information and recent research into C. cayetanensis 

and A. suum are given in Appendices A and B, respectively. Appendix C lists the 

journal publications and conference presentations that have arisen from this work. 
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Chapter 2 

Organisms Investigated 

2.1 Introduction 

The behaviour of bioparticles such as cells in electric fields is dependent on the 

electrical properties of the cell and its structure. The organisms studied in this work 

are eukaryotic, possessing a well characterised internal organisation. Cells are usually 

discussed in terms of their major components, the cell wall (where present), cell 

membrane and cytoplasmic content. The two organisms investigated, oocysts of 

Cyclospora cayetanensis and eggs of Ascaris suum, are briefly described in this 

chapter. For more detailed biological background information and the most recent 

research regarding these organisms, see Appendices A and B. 

2.2 Cyclospora species 

C. cayetanensis was first reported in humans by Ashford et al. in 1979. The name 

C. cayetanensis was validated in 1994 when a complete morphological description 

was published (Ortega et al., 1994). The work by Eberhard et al. (1999) suggests that 

there are two distinct groupings of cyclosporans. The first that infects insectivores and 

rodents producing large, oblong oocysts and the second, that infects primates and 

produces small, spherical oocysts (see Appendix A for a complete list of sizes and 

species). A notable point made by Eberhard et al. was that the primate species were 

easily distinguished at the molecular level, but not at the light microscope level. 

Based on an 18S rDNA sequence of Cyclospora oocysts collected from baboons and 

humans, Lopez et al. (1999) suggested that two different species designations might be 

warranted for these two primate-associated cyclosporans, Cyc-bab and Cyc-hu, 

respectively. Lopez et al. also noted that 'Cyc-bab' and 'Cyc-hu' are not freely shared 

between baboons and humans and speculated that baboons might not support the 

development of the human-associated Cyclospora. 
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A major constraint on research is the limited supply of C. cayetanensis oocysts 

available for study (Herwaldt, 2000; Quintero-Betancourt et al., 2002). Currently, 

infected humans are the only known source of oocysts, and methods are not yet 

available for propagating them in culture or in animals (Eberhard et al., 2000; 

Quintero-Betancourt et al. , 2002). 

2.2.1 Cyclospora Identification 

Identification of C. cayetanensis oocysts (the environmentally-resistant stage) is 

through a combination of accurate size measurement, autofluorescence in ultraviolet 

light and excystation (Ortega et al., 1994) (Figures 2.1 and 2.2). 

A B C D 

Figure 2.1 - Sporulation and excystation, under laboratory conditions, of an oocyst of 
C. cayetanensis. A - unsporulated oocyst, B - sporulated oocyst, C - sporulated oocyst 
containing sporozoites and D - excystation. Times refer to days after the oocyst is subjected 
to the right environmental conditions (CDC, 2002a). 

Molecular techniques, for example polymerease chain reaction (PCR), can be used for 

identification purposes (Lopez et al., 1999), but there are often distinct differences 

between laboratory and field data (Smith, 1998), in contrast to the similar coccidian 

pathogen, Cryptosporidium parvum. There are no monoclonal antibodies available to 

detect Cyclospora oocysts in environmental samples, and acid-fast staining techniques 

that are commonly used for other cysts in faecal samples are problematic and 

sometimes lead to misidentification of the parasite in the clinical setting (Mota et al., 

2000; Quintero-Betancourt et al., 2002). No successful viability assays using vital 

dyes or a suitable animal model have yet been reported for C. cayetanensis oocysts 

(Eberhard et al. , 2000; Quintero-Betancourt et al., 2002). While the excystation 
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method provides a means of viability determination, this typically takes between 1 and 

2 weeks (Smith et al., 1997), since the oocysts have to sporulate first. 

Only viable, sporulated oocysts of C. cayetanensis are responsible for the transmission 

of infection. Unsporulated oocysts (immature, with undifferentiated cytoplasm) are 

passed into the environment from the host in faeces (Figure 2.lA). The oocysts are 

remarkably uniform in size (8-10 µm) and do not change size upon sporulation 

(Figures 2.lA and B). Egested oocysts sporulate within 2-3 weeks in the environment, 

in the presence of higher atmospheric oxygen concentrations and a temperature of 

approximately 30°C. Each sporulated oocyst contains two ovoidal sporocysts 

(4.0 x 6.3 µm, Figure 2.lB). After maturation, two sporozoites (the infective stages) 

develop in each sporocyst (Figure 2.lC, Ortega et al., 1998). When the right 

environmental conditions are met (i.e. in the natural life-cycle, when an oocyst is 

exposed to biochemical cues from the host intestine), the cell wall splits and releases 

the infectious sporozoites (Figure 2.1D). 

By using epifluorescent illumination with a 350 nm excitation filter, the organisms 

appear as distinctive bright, pale blue circles in stool samples (Figure 2.2) and with a 

450-490 nm excitation filter the oocysts appear as green circles (Ortega et al. 1994). 

However, this autofluoressence appears to decline over time. Most laboratories that 

test water supplies do not perform this test unless specifically requested (Cann et al., 

2000). 

Figure 2.2 - Autofluoresence of C. cayetanensis oocyst under UV illumination (365 nm 
excitation filter) (CDC, 2002a). 
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2.2.2 Oocyst Wall 

From transmission electron microscope studies (Ortega et al., 1993), it has been shown 

that C. cayetanensis oocysts have a bilayered wall 113 nm thick, consisting of a rough 

outer wall of 63 nm and a smooth inner wall 50 nm thick. The bilayered wall structure 

is similar to other coccidian parasites, such as Cryptosporidium parvum. However, the 

wall thickness for C. parvum is more than twice that for C. cayetanensis, at 300 nm. 

The oocyst wall surrounds the inner, cytoplasmic membrane, maintaining the shape of 

the oocyst and protecting the cytoplasmic membrane from mechanical damage and 

rupture due to the high internal osmotic pressure generated by the cytoplasm. The 

oocyst wall has many other uses apart from providing mechanical strength. For 

example, it can store essential ions by attraction to the many ionisable groups within 

the porous cell wall, as well as acting as a molecular sieve to protect the plasma 

membrane from harmful molecules such as antibiotics. The exact composition of the 

oocyst wall for C. cayetanensis is not known. However, from studies of other 

coccidian parasites, such as C. parvum (Smith and Ronald, 2001 ), it can be predicted 

that the oocyst wall will contain protein, glycoprotein, lipid/lipid-conjugates and 

carbohydrates. 

2.2.3 Cytoplasmic Membrane 

The cytoplasmic membrane acts as a selective permeability barrier between the 

cytoplasm and the cell environment. It is able to maintain unequal concentrations of 

ions on either side, yet at the same time selectively allows certain large molecules to 

pass through. It is also the site at which many important and indispensable cellular 

activities occur, and contains sensing molecules which give the cell information about 

its surroundings. All biological membranes share a similar structure, varying in 

thickness from 5-10 nm, consisting primarily of phospholipids and protein, although 

the exact membrane composition depends on the cells of origin. The basic framework 

of the cytoplasmic membrane is the phospholipid bilayer. Hydrophilic groups occur 

on either side of the bilayer while hydrophobic chains occur within it (Figure 2.3). 
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(±) 8 8(!) 8 Et)E) (±) 8 8 Hydrophilic 
group 

Hydrophobic 
group 

Figure 2.3 - A phospholipid molecule (left) and a phospholipid bilayer (right) (Thain and 
Hickman, 1994). 

Thus a sheet is formed in which a hydrophobic layer is sandwiched between two 

hydrophilic layers. In a typical cell, the membrane is made up of three types of lipids 

- phospholipids, cholesterol and glycolipds (Figure 2.4). 

Oligosaccllaride 
of glycoprotein 

Cytoplasmic protein binding 
to membrane components 

Figure 2.4 - Diagrammatical representation of a cell membrane showing the bilayer structure 
of phospholipids, cholesterol and glycoplipids (Thain and Hickman, 1994). 

18 



CHAPTER 2 : Organisms Investigated 

About 75% of the membrane lipids are phospholipids (lipids that contain phosphate 

groups). Present in smaller amounts are cholesterol, a steroid with an attached -OH 

(alcohol) group, and various glycolipids, lipids that have sugary carbohydrate groups 

attached. Cholesterol is incorporated within the bilayer to provide a degree of rigidity. 

The cholesterol molecule is a small, rigid molecule which is able to orientate itself 

between phospholipid molecules in the bilayer, with its polar head close to the polar 

head of the phospholipid. The rigid steroid ring tail of the cholesterol molecule 

interacts with the fatty acid chain of the phospholipid to immobilise the parts of the 

fatty acid chain close to the polar head of the lipid. Glycolipids are found on the outer 

surface of the plasma membrane and are similar to phospholipids with two 

hydrocarbon chain tails, but have a head group consisting of one or more sugar 

residues. The exact function of the glycolipids is not known, however, one group, the 

gangliosides, have a net negative charge. 

The lipids act as a barrier to the entry or exit of polar substances while some of the 

proteins regulate the traffic of polar molecules and ions into and out of the cell. 

Membrane proteins are typically 50 times larger than membrane lipids. The exact 

membrane composition is unknown for C. cayetanensis. 

The lipid bilayer is not a rigid structure. The lipid molecules are actually in a fluid 

state; they can diffuse freely in a lateral direction through the membrane, but they 

cannot passively flip from one side of the bilayer to the other. Some of the proteins in 

the membrane are associated with one side or the other, whilst others are embedded 

within it. The cell membrane also contains enzymes involved in the synthesis of new 

cell and cell membrane components. The proteins are made of sequences of amino 

acids and also contain carbohydrate at their terminations, usually in the form of 

covalently bonded sugar or sialic acid residues located on the outer surface of the 

membrane. This region of high carbohydrate concentration close to the surface of the 

cell is referred to as the cell glycocalyx. 

The hydrophobic interior of the lipid bilayer helps the membrane to serve as an 

impermeable barrier to polar molecules, so preventing most of the water soluble 

contents of the cell escaping. In biological membranes the controlled movement of 

19 



CHAPTER 2 : Organisms Investigated 

molecules across the membrane is carried out by the membrane proteins. Small non­

polar molecules and water are able to diffuse through the membrane. However, larger 

molecules and other polar molecules must cross the membrane via transport proteins. 

There are three principal mechanisms for membrane transport. All involve the 

movement of molecules through channels in the membrane formed by the proteins. 

The simplest form is passive diffusion of large molecules through protein channels. In 

this case the concentration gradient of the molecule governs the direction of transport. 

A more complex form of transport is involved for the movement of polar molecules, 

where a concentration gradient and an electrochemical gradient, provided by the 

transmembrane potential, control transport. The difference in electrochemical 

potential across biological membranes is caused by the well-documented sodium­

potassium pump mechanism, which provides the third means of membrane transport, 

referred to as active transport. The Na+-K+ pump protein system maintains a higher 

concentration of sodium ions outside the membrane than inside, while simultaneously 

maintaining a higher concentration of potassium ions inside the cell. The regulation of 

ion movement provides an electrochemical potential difference across the membrane 

such that the interior of the cell is ~ 70m V more negative than the exterior of the cell. 

2.2.4 Cytoplasm 

The oocyst interior is the region lying within the cytoplasmic membrane. It has a 

relatively high conductivity due to the presence of large amounts of salts. It also 

contains a variety of molecules including DNA, RNA, protein, macromolecular 

precursors and other low molecular weight metabolites. The organisation of these 

molecules within the cell interior is complex, in particular for eukaryotic cells, in 

which many of the life processes such as energy production are defined in organelles. 

Together these components participate in a variety of catabolic and anabolic processes 

that are essential for growth. 
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2.2.5 Oocyst Schematic 

Based on the Transmission Electron Micrograph (TEM) work by Ortega et al. (1993 

and 1994) and a review of C. parvum (Smith and Ronald, 2001), an oocyst of C. 

cayetanensis can be schematically represented as shown in Figure 2.4. The cytoplasm 

is enclosed by the cytoplasmic membrane which is itself surrounded by the oocyst 

wall. The oocyst wall is presented to the external environment (either in water, on 

food or in the stomach). For experiments carried out on oocysts by electrorotation, the 

oocysts are suspended in a liquid media of known conductivity and permittivity. 

External Media 

Oocyst Wall i 113 nm 

1-----C-y-to_p_la_s_m-ic-M- em-br_a_ne---~ i 10nm 

Cytoplasm 

Figure 2.4 - Schematic representation of an unsporulated C. cayetanensis oocyst, and a 
cross-sectional representation of the oocyst structure. 
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2.3 Ascaris species 

Common parasitic roundworms of pigs and humans are in the genus Ascaris. Tyson 

(1683) first described Ascaris in humans scientifically as Lumbricoides teres, but 

Linnaeus (1758) proposed that it be known as A. lumbricoides. Not long after, Goeze 

(1782) published his description of Ascaris in pigs, which he called A. suum. The two 

species continue to be discussed today as if they are separate, although there are 

difficulties in distinguishing them (Crompton, 1989) and there is a debate in the 

literature as to whether they are actually separate species or not (Crompton, 2001; 

Anderson, 2001). 

2.3.1 Ascaris : the worm and egg 

The male worm has a hooked tail and is approximately 15-30 cm long and about 

0.5 cm in diameter. The adult female is longer, approximately 25-35cm, and has a 

smooth tail (Figure 2.5). 

Figure 2.5 - Adult male (bottom) and female (top) worms of Ascaris lumbricoides. The male 
is clearly distinguished by the hooked tail (CDC, 2002b). 

22 



CHAPTER 2 : Organisms Investigated 

Adult worms live in the small intestine of the mammalian host and the female worm 

lays approximately 200,000 unembryonated eggs per day for about a year (Crompton, 

1989), which are shed in faeces. Figure 2.6 shows micro graphs of the eggs. 

sticky layer 

shell 

a b C d 

Figure 2.6 - Ascaris eggs - (a) unfertilised egg, (b) fertilised egg, (c) schematic and (d) a 
fertilised, viable egg after decortication (a, b, c - Katz, 1988). 

When observed microscopically, fertile eggs of A. lumbricoides (Figure 6.3 b) appear 

slightly elliptical in shape with dimensions of between 50-70 by 40-50 µm. The 

fertilised eggs clearly possess a thick shell, and an outer surface that appears rough or 

irregular. The unfertilised eggs (Figure 6.3 a) have a generally thinner shell, are larger 

and more elongated, measuring about 60-100 by 40-60 µm. They are easily 

distinguished from fertile eggs by the lack of signs of a zygote or embryo. The parent 

female deposits an uneven layer of sticky mucopolysacharide on the outer surface of 

the eggs as they are laid, known as the uterine layer (Foor, 1967). 
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2.3.2 Egg Shell Composition 

The egg shell consists of an outer, sticky uterine layer, a vitelline layer (which may not 

be visible by light microscopy), a chitinous layer and an innermost lipid layer (Figure 

2.7). The chitinous layer provides strength, support and protection and also contains 

protein. The lipid layer resists desiccation and penetration by polar molecules. The 

lipid layer also contains molecules called ascarosides, glycosides of ascaryl alcohol, 

that resist entry by all molecules except lipids and gases. 

Figure 2.7 -A fertilised, undeveloped egg showing chitinous layer (c) and the lipid layer (I). 
Note the uterine layer has been removed and the vitelline layer is not visible (Darben, 2002). 

2.3.2.1 Uterine Layer 

This layer is the most variable of all the egg-shell components between nematode 

species. In Ascaris it is a homogenous mass of mucopolysaccharides. The exact role 

of the uterine layer is not known, but it has been proved that it is not essential to the 

continued survival of the embryo (Izumi, 1952). Jasoski (1952) theorised that the 

uterine layer provided an important auxiliary barrier to the penetration of harmful 

chemicals into the egg, and Prociv (1990) suggested the uterine layer acted to prevent 

desiccation. Fairbairn (1957) stated that one function of the layer was to adhere to 

surfaces, thus increasing the chances of transmission. Since the seminal work by Foor 

(1967) on the ultrastructure of Ascaris eggs, very little work has been published on the 

uterine layer since. 
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2.3.2.2 Vitelline Layer 

The vitelline layer is little understood, infrequently described and the chemical nature 

remains unclear (Darben, 2002). It is thought that in Ascaris lumbricoides, the 

vitelline layer is composed of a non-keratinous scleroprotein (Foor, 1967). However, 

no definitive tests have been performed. TEM studies show that the vitelline layer is 

400 nm thick (Rogers, 1956). No specific purpose or function for the layer has been 

proposed and it is assumed to be a residual structure left over from egg-shell 

formation. After fertilisation, the vitelline layer thickens slightly. 

2.3.2.3 Chitinous Layer 

The chitinous layer is the thickest and most prominent layer in the nematode egg-shell, 

approximately 1.6 µm thick (Darben, 2002). The chitinous layer is formed after the 

thickening of the vitelline layer following fertilisation (Sromova and Lysek, 1990). It 

is composed of a polymer of acetyl-glucosamine residues, and provides protection 

against mostly physical stresses (Wharton, 1980). Deshelled eggs are permeable to 

non-polar solvents (Kunert, 1992), while whole eggs are impermeable, suggesting an 

additional barrier function of the chitinous layer. 

2.3.2.4 Lipid Layer 

The lipid layer of nematode eggs is the structure that has attracted the most research. 

The lipid layer is the last of the three endogenous layers to form, being deposited on 

the inner surface of the newly formed chitinous layer after fertilisation, and is about 

100 nm thick (Darben, 2002). The lipid layer prevents entrance of harmful chemicals 

and the loss of water. Polar solvents and other water soluble ovicidal agents, capable 

of pasing through the outer protein and chitinous layers, cannot penetrate the inner 

lipid layer. However, since the membrane must allow the passage of respiratory 

gasses ( carbon dioxide and oxygen), it must also allow the passage of the smaller 

water molecule. Clarke and Perry (1980) stated that the lipid layer of the egg-shells of 
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Ascaris suum eggs was a semi-permeable membrane. They found that Ascaris suum 

eggs were slightly permeable to water and therefore were open to osmotic effects. 

Therefore, the decorticated eggs, whilst still remarkably chemically resistant and often 

infective, need the outer layers of protein and chitin to act as a guard against the loss of 

vital water from the embryo. 

In the eggs of Ascaris lumbricoides, the lipid layer is composed of 75% ' free' 

ascarosides and 25% protein (Fairbairn, 1957). Jaskoski (I 962) concluded that the 

presence of amino acids in the lipd layer was suggestive of the presence of a 

lipoprotein structure, and that this structure must be strongly resistant to hypochlorite, 

in order to survive the decortication process. Tarr and Fairbairn (I 973a) reported that 

almost all ascarosides in the ovaries of Ascaris suum occurred as esters. Later, these 

authors (Tarr and Fairbairn, 1973b) showed that the levels of ascaroside esters steadily 

decreased as the egg developed, accompanied by a subsequent increase in the levels of 

'free' ascarosides. Tarr and Fairbairn also noted a possible biological role for the 

differentiation of the esterified and non-esterified forms : 'free' ascarosides melt at 80-

900C, thus giving greater protection than would the esterified forms, which melt at 

approximately 40°C. 

Electron micrographs of the egg-shell are shown in Figures 2.8 and 2.9. 

Figure 2.8 - Transmission electron micrograph of the egg wall of an Ascaris suum egg. Note 
that the uterine layer has been removed for ease of handling. (v - vitelline layer, ed1- electron 
dense infiltration of the chitinous layer in the region of the vitelline layer, c - chitinous layer, 
ed2 - electron dense infiltration of the chitinous layer in the region of the lipid layer, I - lipid 
layer, em - undeveloped embryo) (Darben, 2002). 
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Figure 2.9 - Transmision electron micrograph showing details of the lipid layer of the egg-shell 
of Ascaris suum. Note the complex lamellated arrangement of this structure 
(c - chitinous layer, ed2 - electron dense infiltration of the chitinous layer in the region of the 
lipid layer, I - lipid layer, sp - spindle body) (Darben, 2002). 

2.3.3 Embryonation 

During embryonation, the single fertilised cell inside the egg divides into progressively 

more cells which become organised into a larval worm (Figure 2.10). An important 

factor to consider for electrorotational studies is that the single large cell in Figure 

2.10a divides into progressively smaller cells. These smaller cells each have a 

membrane, and interact with each other for cell division to occur. The final larval 

stage (Figure 2.10c) is a very complex organism made up of thousands of cells after 

some 100+ divisions. 

a b C 

Figure 2.10 - Stages of development within the egg from (a) unicellular through (b) multi­
cellular to (c) larval stage (CDC, 2002b). 
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2.3.4 Egg Shell Schematic 

Based on the work of Rogers (1956), Foor (1967) and Darben (2002), the structure of 

fertilised and unfertilised eggs of A suum can be schematically represented as shown 

in Figure 2.11. The internal contents of an unfertilised egg are surrounded by the 

vitelline layer, which is in turn surrounded by the sticky uterine layer. Upon 

fertilisation, the chitinous and lipid layers fo1m between the internal contents and the 

vitelline layer, which also thickens slightly. 

Unfertilised Fertilised 

External Media External Media 

Uterine Layer 
Uterine Layer 

Vitelline Layer 500 nm 

Internal Matter 

Chitinous Layer 1600 nm 

Lipid Layer 100 nm 

Internal Matter 

Figure 2.11 - Schematic representation of an unfertilised A. suum egg, and a cross sectional 
representation of the egg structure for a fertilised and an unfertilised egg. 

2.4 Conclusions 

In this chapter, up to date descriptions of the biological structure of C. cayetanensis 

oocysts and A suum eggs have been described. It has been shown that the basic 

structure of the oocysts and eggs can be represented schematically as a series of layers. 

Each layer will have unique dielectric properties, due to the differences in their 

biochemical make-up. This layer structure can then be modeled mathematically, 

allowing for simulations of the expected electrorotational response of oocysts and 

eggs. The model is described in detail in Chapter 4, and the dielectric theory that 

supports the model, and the electrorotation technique, is described in the next 

Chapter, 3. 
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CHAPTER 3 : Theory 

This chapter describes the relevant background theory to AC electrokinetics, and 

focuses on the chosen method of investigation for this work, namely electrorotation. 

The motion of electrically charged biological particles in electric fields was first 

observed over 100 years ago ( e.g. Loretet, 1896). Indeed the phenomenon, known as 

electrophoresis, is widely used for separating and identifying biological molecules 

such as proteins e.g. Polyacrylamide Gel Electrophoresis (PAGE) in uniform electric 

fields. When electrically neutral particles are exposed to a uniform electric field they 

simply polarise. However, in the presence of a non-uniform field the particle will 

experience a resultant force and will move in the field gradient, irrespective of whether 

a time-independent or alternating electric field is applied. Observations of this effect, 

known as dielectrophoresis, date back to 1923 (Hateschek & Thorpe, 1923), but the 

first major study was not until 1951, when Herbert Pohl published his paper on 'The 

Motion and Precipitation of Suspensoids in Divergent Electric Fields' (Pohl, 1951 ). 

Theoretical aspects of dielectrophoresis, mainly established by Pohl (1978), have been 

further developed by many other workers, including Jones and Kallio (1979), 

Benguigui and Lin (1982), Sauer and Schlogl (1985). Of particular interest is the 

change in paiiicle behaviour often observed when the frequency of the applied field is 

increased (Pethig, 1991; Wang et al., 1992 and Jones, 1995). 

In 1978 Pohl suggested that the polarisation of particles in non-uniform fields can 

sometimes induce a torque on a particle, causing it to rotate. If a particle is exposed to 

an external, rotating, electric field, a rotational torque is produced on the particle. The 

term electrorotation was first used in 1982 (Arnold & Zimerman, 1982; Mischel et al. 

1982) to describe the method of inducing controlled cellular spin by subjecting a cell 

to a rotating electrical field. 
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In the present work, the rotating electric field is generated by energising four 

microelectrodes with sinusoidal voltages with 90° phase separation (see Chapter 5 for 

details of the experimental set up). This results in a rotational movement of the 

particle at certain frequencies. The rate and direction of the resulting motion is 

dependent on the dielectric properties of the particle and the suspending medium, as 

will be shown in this chapter. 

3.2 Dielectric Materials 

In response to an applied electric field, free charges within a conducting material move 

in such a direction as to neutralise the field within the conductor. In dielectric 

materials, or insulators, the charges are bound - the electrons are localised in the 

process of bonding atoms together. Thus covalent, ionic or van der Waals bonding 

between closed-shell atoms all give rise to the dielectric or insulating properties. 

There are no free charge carriers and the application of an electric field, unless it is 

very high, will produce no free charge carriers. However, an electrical dipole is 

produced when the bound charges in the atoms of a dielectric are displaced slightly 

from their normal charge centres by the action of an external electrical field. 

Dielectrophoresis arises from the interaction of this induced dipole with the external 

field. In the following sections, these concepts are explored. 

3.3 Dielectric Properties of Materials 

Consider a capacitor with its plates separated by a dielectric material. The presence of 

a charge on the surface of the metal plates attracts charges of opposite polarity within 

the dielectric. Since the charges in the dielectric are not able to move freely, they 

cannot participate in conduction processes. Only slight electrical displacement can 

occur, giving rise to polarisation of the dielectric as exemplified by the generation of 

induced electrical dipoles in Figure 3.1. 
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Figure 3.1 - Two parallel plates separated by a dielectric to form a capacitor. Orientated 
dipoles within the dielectric effectively cancel a proportion of the charge on the metal plates. 

An impo1tant property of the dielectric is its resistivity, which is a measure of the 

resistance, R, a charge experiences travelling through the material. The inverse of the 

resistance is known as the conductance, G, which is the ease with which charge is 

transported through the mate1ial. The charge storage capacity of the dielectric, i.e. its 

capacitance, C, and the conductance, G, are given by 

(3.1) 

and 

(3.2) 

where A is the capacitor plate surface area, dis the distance between the plates, a is the 

electrical conductivity of the material, Q is the charge on the capacitor, V is the voltage 

between the plates, co is the permittivity of free space and Er is the relative permittivity 

of the dielectric material compared to free space. 

The relative permittivity of a medium is the ratio of the capacitance of the appropriate 

dielectric to the capacitance of a vacuum. The action of a dielectric, therefore, is to 

increase the charge storage capability of a capacitor, and the relative permittivity is a 

measure of the polarisability of the material. 
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3.4 Complex Permittivity and tan 8 

If a sinusoidal alternating electric field of relatively low frequency is applied to a 

dielectric, the dipoles will try to align themselves along the field lines at the same 

frequency as the applied field. If the electric field and the dipole moment are 

sufficiently large, then the dipoles will align themselves along the field lines and the 

displacement current (the electromagnetic energy) will be transmitted through the 

material with no loss. As the frequency of the applied field increases, the dipoles find 

it harder to align themselves to the field, due to the various polarisation mechanisms. 

At this stage, some of the electromagnetic energy is lost, being converted into Joule 

heating of the dielectric. This is known as dielectric loss. In addition, the amount of 

charge stored by the capacitor decreases, as the dipoles are no longer polarised to the 

maximum extent, resulting in a decrease in permittivity. It is useful to express the 

dielectric loss in terms of tan o. Consider the equivalent circuit for a real capacitor, i.e. 

one that has losses (Figure 3.2). 

V sin cot 

C 

Figure 3.2 - Equivalent circuit of a real capacitor. 

If the dipoles dissipate energy on oscillation, this can be represented by a resistor Rae• 

in parallel with a perfect capacitor, C. Thus the power loss is due to the current 

through the resistor. In a 'real' dielectric some charge transport will also occur, 

represented by the resistor Rdc· However, for simplicity, it is assumed that the 

dielectric is a perfect insulator against DC current, so Rdc is infinitely large and can be 

ignored. The currents through the resistor and capacitor can be represented by a 

phasor diagram (Figure 3.3). 

34 



CHAPTER 3 : Theory 

. V 
zc= --cos rot 

1/wC 

Resultant 
current i 

Figure 3.3 - Phasor diagram for the equivalent circuit of a real capacitor. 

As can be seen from the diagram, the resultant current is not in phase with the 

capacitor current, but is displaced by a small angle o. In the situation where the 

dipoles experience no lag with the alternating field, Rae is considered infinitely large, 

resulting in no current flow through the resistor. As there is no iR component, the 

resultant current is in phase with the capacitor current, i.e. the current is 90° out of 

phase with the voltage. Thus, the product V x i =0, and so all the electromagnetic 

energy is transmitted without loss. As the frequency increases, a component iR 

develops. Thus the resultant current is no longer 90° out of phase with the voltage and 

the product V xi >0. 

From a mathematical analysis of the energy stored by a perfect capacitor at any instant 

of time and the instantaneous power dissipated through Rae, tan 8 can be described by 

the ratio 

energy lost per cycle 1 
tan8= =--

2n x maximum energy stored per cycle wCR"c 
(3.3) 

where ro is the angular frequency. 
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3.5 Dielectric Polarisation 

For the capacitor in Figure 3.1, the polarisation, P, in the dielectric can be described as 

the additional surface charge density (or electric flux density, D) produced when an 

electric field is applied to the dielectric 

(3.4) 

where Dn is the displacement within the dielectric of permittivity c, and D0 is the 

displacement in the absence of a dielectric. Since D = c0c ,E , then for an externally 

applied field E , the polarisation can be written as 

which may be written as 

where x is the susceptibility of the medium. 

(3.5) 

(3.6) 

(3.7) 

The polarisation, P, may also be defined as the induced dipole moment per unit 

volume (Cross, 1987), i.e. 

P=Nm (3 .8) 

where N is the number of dipoles per unit volume and m is the dipole moment, given 

by 

(3.9) 

where a T is the total polarisability of a dipole and E,0c is the local field strength 

experienced by the dipole. From Equations (3.6), (3.8) and (3.9), the relative 

permittivity of a dielectric can be written as 

(3.10) 
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In order to quantitatively relate the macroscopic permittivity of a material to molecular 

quantities such as its polarisability ar , the relationship between the microscopic field 

intensity E1oc and the macroscopic field intenstity E must be obtained. In dense 

materials such as liquids and solids, E,
0
c is not equal to the applied field, since P is 

large and the total field experienced by a molecule has contributions from both the 

applied field and the fields due to the polarisation of atoms in its neighbourhood. The 

relationship has been simplified for materials with a high degree of crystal symmetry 

or complex molecular disorder (Alison, 1971), to arrive at the Clausius-Mossotti 

equation 

Cr -1 = NaT 

5r+2 3&0 

(3 .11) 

3.6 Polarisation Mechanisms 

The total polarisability, ar , of a homogenous dielectric consists of the sum of the 

electronic, a
0

, atomic, aa and orientational polarisation, a
0

, which are related to 

molecular properties. For a heterogeneous material, consisting of dissimilar elements 

with different dielectric properties, extra polarisation mechanisms occur, which are 

included in the interfacial polarisation term, a; , that depends on the macroscopic size 

and distribution of the various phases in the material. 

Each of the polarisation processes have their own characteristic time constants, and 

will contribute to the series of dielectric dispersions seen as the frequency of the 

applied field is increased (Figure 3.4). 
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log t:' log E
11 

ln1erfac1al 

------,--------- --

Orienta1ional 

DC 10Hz 1MHz-10GHz 10-100GHz Optical 

Frequency (Hz) 

Figure 3.4 - Variations of the real and imaginary parts of the complex permittivity for a 
dielectric exhibiting a number of dispersion processes (adapted from Burt, 1990) 

3.6.1 Electronic Polarisation 

Every dielectric material exhibits electronic polarisation ( a") when an ac field is 

applied, which causes the displacement of electrons in an atom relative to the positive 

nucleus. The displacement is small since the applied fields, in the order of 106 V /m, 

are considerably smaller than those within the atom, which are about 1011 V /m. The 

displacement of the charges 1s therefore only m the order of 

1 o-s A. This resonance process leads to a constant permittivity for applied alternating 

electric fields up to ~ 1015 Hz and, since it is a function of molecular structure, it is 

largely independent of temperature. 
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3.6.2 Atomic Polarisation 

The atomic polarisation process ( aa) arises from the displacement of charged ions 

with respect to each other in a crystal lattice. An applied electric field will cause 

positive ions to move relative to the negative ions, inducing a dipole moment and 

associated polarisation in the dielectric. Consider an ionic solid such as sodium 

chloride. The sodium ions move relative to the chloride ions when subjected to an 

external electric field, inducing a dipole moment within the solid. Similar atomic 

polarisation processes can contribute greatly to the total polarisation in inorganic 

compounds, whilst in organic materials, where ions are absent, this type of polarisation 

only makes a small contribution to the total. Again, this resonance process leads to a 

constant relative permittivity for applied frequencies up to~ 1013 Hz. 

3.6.3 Orientational Polarisation 

Orientational polarisation only occurs in polar materials which contain permanent 

dipoles in their structure, arising from the separation of charged groups within the 

molecule. A good example is the asymmetrical water molecule (Figure 3.5a). 

Molecules such as carbon dioxide, which are symmetrical, have no overall charge 

asymmetry, and therefore have no net dipole (Figure 3.5b). 

◄ 
m=l.84 D 

(a) 

0 6-= c26 = 0 6-

◄ ► -m +m 

(b) 

Figure 3.5 - Examples of the overall dipole moments (m) possessed by (a) a non-symmetrical 
water molecule and (b) a symmetrical carbon dioxide molecule. 
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If no electric field is present the polar molecules are randomly aligned. When an 

electric field is applied, the dipoles experience a torque and will try to align themselves 

with the field. The frequency range over which dipolar polarisations occur is 

dependent on the size of the molecule, from 105 Hz for large molecules, such as a 

protein in solution, to approximately 109 Hz for smaller molecules such as amino 

acids. Liquid water has a dielectric constant of ~80 for frequencies below 109 Hz at 

room temperature, whilst at frequencies above 1011 Hz the dielectric constant falls to a 

value of ~4.5. This polarisation process is temperature dependent. 

The permittivity, 8', and the dielectric loss, 8", are related by a complex equation 

known as the Debye equation, after the work of Debye (1929), who originally 

described the frequency dependence of polarisation processes analytically. Thus the 

complex permittivity, &"(m), is given by 

(3.12) 

where £5 is the low-frequency relative permittivity, £
00 

is the high-frequency relative 

permittivity and -c is the relaxation time, given by r=ll27ifr, where fr is known as the 

relaxation frequency. 

The real and imaginary parts can be equated to give the permittivity and dielectric loss 

as 

(3.13) 

(3.14) 

Equations (3.13) and (3.14) are known as the Debye equations and describe a single 

relaxation process where equilibrium is attained exponentially with time when a 

constant external field is applied to the dielectric material, and has a half-height 

frequency width of 1.14 decades. When applying a DC voltage across the dielectric 

40 



CHAPTER 3 : Theory 

material (m=O), the real part of the complex permittivity reduces to the steady state 

permittivity (£°=6
5
), whilst at very high frequencies the real part reduces to the 

permittivity 6 ,,._, • By considering the energy storage properties of the dielectric in an 

AC field and considering the first law of thermodynamics that deals with the 

conservation of energy, it has been shown (Frohlich, 1958) that the imaginary term E" 

in the complex permittivity is a measure of the energy loss from the applied electric 

field. The phase lag between the polarisation and the applied field leads to this 

absorption of energy and joule heating, and is equivalent to the rate of conversion of 

the electrical energy to heat in the material. This is referred to as the dielectric loss 

factor. 

The frequency dependence of both 6' and 6" is shown in Figure 3.6. 

&' 
~-1--------

0.01 0.1 

I 
I I 

&" ' - - - - - - - - - - - - - - - - 2(c, - c., ) 

----~--- ~-I 
1 10 

Angular Frequency (on) 

! 
I 
I 

100 

Figure 3.6 - The variation of the real and imaginary part of the complex permittivity as 
described by the Debye equations (a) - dielectric permittivity, e' and (b) dielectric loss, e", with 
angular frequency. 
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3.6.4 Maxwell-Wagner lnterfacial Polarisation 

Interfacial polarisation aiises from the accumulation of charges at a structural interface 

between dissimilar phases within a dielectric, and gives rise to the formation of charge 

double layers at the boundaries. This polarisation process is referred to as Maxwell­

Wagner polarisation after the work of Maxwell (1892), who first recognised the 

phenomenon for DC fields, and Wagner (1914, 1924) who extended the theory to 

include AC fields. This type of polarisation is common in heterogeneous biological 

systems, which are composed of molecules exhibiting many different permittivities 

and conductivities. The simplest form of the Maxwell-Wagner interfacial polarisation 

is a parallel plate capacitor with two dielectrics of different thicknesses (d1, d2), 

permittivities (€1, t::2) and conductivities (cr1, cr2) (Figure 3.7). 

Anode 
(+) 

◄ 

E2, 0'2 

►◄ 

Cathode 
(-) 

► 

Figure 3.7 -A parallel plate capacitor separated by two differing dielectrics. 

The mechanism by which interfacial polarisation occurs can be explained in terms of 

the non-uniform distribution of charges across the interface between the two differing 

dielectrics. The build up of charge at the interface causes polarisation in the dielectric 

system, which is frequency dependent. 
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By assuming that cr2 is negligibly small and that E1, E2 and cr1 are frequency 

independent, it is possible to obtain a simple expression for the behaviour of the 

dielectric system. The system can be regarded as two capacitors in series, so that the 

total capacitance is given by 

(3 .15) 

where the capacitance of the two capacitors is given by (Pethig, 1979) 

(3.16) 

and 

(3.17) 

giving a total capacitance of 

(3 .18) 

From Equations (3 .1) and £.18) it can be seen that in the low frequency limit (a> ➔ O), 

the effective permittivity, 65, is given by 

(3.19) 
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For the high frequency limit (cv ➔ oo )the effective permittivity &00 is given by 

6162d 
& =----

00 d 26 1 + d 16 2 
(3 .20) 

from which it can be seen that &
5
>&00 indicating that the system exhibits a dielectric 

dispersion. In fact the dielectric dispersion of a two layer system can be described in 

terms of the Deb ye equations ( van Beek, 1960) where 

' &s - &oo 
(3 .21) & = 6 00 + 2 2 

1 + CV -r 

and 

" (cS - £00 ):v-r 
(3.22) & = 

1 + cv 2-r 2 

with 

_ d(51d10"i + &2d 20"1
2

) 
(3.23) &,- ( y ' . CJ",d2 + 0"2d 1 

(3.24) 

and 

(3.25) 

The conductivity of the interfacial system as a whole is given by 

d0"10"2 
(J" = --'---"-

0"1d2 + 0"2d1 
(3 .26) 
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3. 7 Dielectric Dispersion 

Polarisation rates are limited, so that as the frequency of the applied electric field is 

increased, some polarisation processes will no longer be able to maintain their DC or 

low frequency values (Figure 3.4). The slowest induced polarisation mechanism is 

always the first polarisation term to disappear as frequency is increased as the dipoles 

are no longer able to orientate themselves fully with the alignment of the electric field. 

This results in a reduction in the total polarisability from ar to (ar - a,J. This fall in 

the polarisability with its associated change in the permittivity of the material and the 

absorption of energy is referred to as dielectric dispersion. 

3.8 Manipulation of particles using non-uniform electric 
fields 

Consider a sphere of radius r, composed of an ideal (zero conductivity) dielectric of 

relative permittivity &P, suspended in an ideal dielectric fluid medium with a relative 

permittivity of &,11 and subjected to a homogeneous field E. The field in the fluid is 

uniform before the insertion of the sphere. The sphere distorts this field to give a field 

E in interior to the sphere boundary given by 

E. =[ 3£111 )E Ill • 

£ p +2£111 
(3.27) 

The induced polarisation, P, per unit volume becomes 

(3.28) 

For a volume V, the induced dipole moment, m, is the product of the volume and the 

polarisation, 

m = VP. (3.29) 
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For the case where the neutral dielectric body 1s homogeneously, linearly and 

isotropically polarisable, then 

m=aVE (3.30) 

where a is the polarisability. From Equations (3.29) and (3.30) we obtain 

VP=aVE (3.31) 

yielding 

p 
a=-. 

E 
(3.32) 

Substituting for Ein from Equation (3.27) and P from Equation (3.28) gives the 

polarisability, a, per unit volume as 

(3.33) 

For a homogeneous spherical particle of radius r, and complex permittivity 

suspended in a medium of complex permittivity s,;, , the magnitude of the dipole 
moment for the induced interfacial charges produced is given by (Wagner, 1914) 

( 
. . J lip - £,,, 3 

m = 4n-£,,, • • r E 
lip+ 2£,,, 

(3 .34) 

where E is the applied electric field strength. The complex permittivity takes account 

of the fact that the particle and suspending medium exhibit both conduction and 

dielectric properties when exposed to electrical fields, and has the form 

(3.35) 

where OJ is the angular frequency of the applied field, j ( = H) indicates that the 

dielectric displacement current leads the conduction current by a phase angle of 90° 

and a- is the finite conductivity of the particle or suspending medium. 
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Equation (3.34) reveals that the magnitude and polarity of the induced dipole moment 

depends on the frequency of the applied electric field and on the relative magnitudes of 

&p, Cin, o-P and ~ (Wang et al., 1993). If the magnitude of 6; is less than that of 6,:, 

then the effective polarisability of the particle is less than that of its suspending 

solution, and the induced charges on the particle are as shown in Figure 3.8a, with the 

induced dipole moment m directed against the applied field. Conversely, as shown in 

Figure 3.8b, if the permittivity of the particle is greater than that of the suspending 

medium, then the arrangement of the induced charge produces a dipole moment in the 

same direction as the applied field. The resultant electric field patterns within and 

around the particle for the different cases are shown. 

E 
► 

---_./~ ~ 
(b) Ep>Em 

Figure 3.8 - Two particles of different permittivity shown in a uniform AC electric field created 
between parallel electrodes. The distribution of electric charges induced at the surface of the 
particles and the direction of the resulting dipole moment, m, are shown (a) where the 
permittivity of the particle is less than the surrounding medium (i::m>i::p) and (b) where the 
permittivity of the particle is greater than the surrounding medium (i::p>i::m) (adapted from Talary, 
1994). 

The relaxation time, -r, of this Maxwell-Wagner system is characterised by (Wang 

et al., 1993; Pethig, 1994) 

(3.36) 
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and the frequency dependence of the dipole moment is described by the term 

• • 6 -6 
K(OJ)= / "'. 

6P +26111 

(3.37) 

Equation (3.37) is known as the Clausius-Mossotti factor. This holds true under 

conditions where the characteristic size of the electric field is large compared to the 

size of the particle and the particle is sufficiently far away from other dielectric objects 

so as not to be influenced by their dipole moments. 

3.9 Dielectrophoresis 

Dielectrophoresis is defined as the translational motion of electrically neutral particles 

caused by the polarisation effects of non-uniform electric fields (Pohl 1978, Pethig 

1979). This is quite distinct from electrophoresis which is an electrostatic response to 

the free charges on particles in an electric field. 

3.9.1 Dielectrophoretic Force 

The polarisation of dielectric materials has been shown to be frequency dependent, 

with characteristic dielectric dispersion regions occurring as the frequency is increased 

from de conditions (Figure 3.4). These dispersions affect the translational motion of 

the particle as the frequency of the applied electric field is changed, giving rise to a 

characteristic dielectrophoretic spectrum that is dependent on the dielectric properties 

of the particle. Pohl (1978) provided a simplified theory for the force exerted on an 

electrically neutral particle suspended in a homogeneous fluid medium when exposed 

to a non-uniform field. The brief treatment given here is based on that given by Pohl 

(1978) and Pethig ( 1979). 
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In a static field, the net translational force on a neutral small body with a dipole 

moment m (induced or permanent) at equilibrium is given by 

F = (m• v)E (3.38) 

where V is the del vector operator and E is the external field. Combining Equations 

(3.38) and (3.30) gives 

F =aV(E•V)E 

= av VIEl2 
2 

(3.39) 

(3.40) 

substituting for a from Equation (3.33) into Equation (3.40) gives the dielectrophoretic 

force, F, 

(3 .41) 

which can be rewritten as 

(3.42) 

where K(w) is the Clausius-Mossotti factor described in Equation (3.37). When the 

permittivity of the particle is greater than that of the suspending medium. (sp>&,n), then 

K( w)>O and the particle is attracted to electric field maxima and repelled from the field 

mm1ma. This effect is known as positive dielectrophoresis and is illustrated 

schematically in Figure 3.9. When the permittivity of the particle is less than that of 

the suspending medium ( £P <sm), then K( w) is less than zero and the particle is attracted 

to electric field minima and repelled from the maxima. This effect is known as 

negative di electrophoresis and is illustrated schematically in Figure 3 .10. 
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Neutral particle 

Figure 3.9 - Motion of a polarised neutral particle by positive dielectrophoresis where the 
permittivity of the particle is greater than that of the suspending medium (cp>&m). 

Anode 
(+) 

Electric Field 

Figure 3.10 - Motion of a polarised neutral particle by negative dielectrophoresis where the 
permittivity of the particle is less than that of the suspending medium (cp<&m). 
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3.10 Electrorotation 

Pohl (1978) suggested that non-uniform fields can also sometimes induce a torque on a 

particle, causing it to rotate. However, the first reports of controlled particle rotation, 

using a uniform (homogenous) rotating electric field, were given by Arnold and 

Zimmerman (1982) and Mischel et al. (1982). 

3.10.1 Description of a rotating field 

When two sinusoidally varying, linear electrical fields, directed at right angles to each 

other and differing in phase by exactly 90°, are superimposed, a rotating electric field 

E is produced (Figure 3 .11 ). 

Electric Field 

E, - ····· ···· · ······.............................................. .. ! E 

w::::...._ _ _ ________ _.,, E 
X 

Figure 3.11 - The superposition of two orthogonal linear field vectors and the resultant field, E, 
at a given instant in time. 8 is the angle of E with respect to they-vector. 

This is readily shown by assuming both fields have a peak amplitude Ea (V /cm) and 

angular frequency OJ (rad/s) so that 

and 

Ex = Ea cos(wt - 90° ) 

= Ea sin wt. 

The amplitude of the resultant is given by 

E 2 = Eg (cos 2 wt+ sin 2 wt)= Ea 

and therefore constant. 

(3.43) 

(3.44) 

(3.45) 

(3.46) 
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The angle 0 is given by 

Therefore 

0 
E0 sin wt 

tan = ----'---
E0 cos wt 

= tan wt. 

0=wt. 

(3.47) 

(3.48) 

(3.49) 

The resultant field rotates at an angular frequency OJ but has a constant instantaneous 

amplitude £ 0, which is the peak value of the component fields. 

3.10.2 Frequency dependence of the torque 

Holzapfel et al. (1982) states that a linear alternating field 

EY = E0 coswt 

will induce a linear dipole, my, in a particle given by 

my = t )2 (cos wt+ wrsinwt) 
1+ wr 

where G = -21r&0r 3 and r is the radius of the particle. 

(3.50) 

(3.51) 

Similarly, if a second linear field E, with a 90° phase delay is imposed at right angles 

to Ey, a second dipole is induced, given by 

mx = t )2 (sinwt-wrcoswt). 
1+ wr 

(3.52) 
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The amplitude of the resultant dipole is given by (Arnold and Zimmerman, 1982) 

I 

m=(m2+ m2)2 y X 

I 

= t )2 [sin 2 
(1)/ -cos2 

(1}f + ((1}r )2 sin 2 
(1}f + cos2 

(1}f [2 
1 + (1)1" 

(3.53) 

(3.54) 

(3.55) 

If the instantaneous dipole m and instantaneous field E are not co-linear, a torque will 

result whose magnitude depends on their angular displacement, ¢, where 

tan(¢)= lm(m). 
Re(m) 

(3.56) 

Here Im(m) and Re(m) represent the imaginary and real parts of the induced dipole 

moment, respectively (Figure 3.12). 

my ............................................................................................................................................... m ,, 
m E 

Figure 3.12 - The superposition of two orthogonal linear dipoles resulting from dielectric 
polarisation involving component fields from Figure 3.11. ¢ is the phase lag of the resultant 
dipole with respect to the resultant field (E). 

If the angle a =tan·1(m/my) describes the instantaneous position of the dipole vector 

with respect to the axes, then 

sin¢= sin(0-a) 

= sin0cosa-cos0sina 

m m = _ Y Sin 0 - _x COS 0 . 
m m 

(3.57) 

(3.58) 

(3.59) 
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Substituting using Equations (3.51), (3.52) and (3.55) gives 

I 

sin¢= [1 + (an-)2 J2 (co-rsin 2 0 + co-rcos2 0) (3.60) 

(3.61) 

From Equations (3.55) and (3.61) we see that, for constant cu, the induced dipole is of 

constant amplitude and rotates with a constant phase difference behind the field. 

The torque, r , exerted on the dipole m by the field Eat angle ¢ is given by 

r = Emsin¢. (3.62) 

Substituting from Equations (3.55) and (3.61) then gives 

CU'l' 
r = EG ( )2 , 

1 + CU'l' 
(3 .63) 

from which it is seen that the maximum torque occurs at an = 1 . If co-r is very large or 

very small, the torque reduces to an insignificant level. 

3.10.3 Electrorotation torque and velocity 

When the imposed field E is a rotating electric field, electrorotation occurs as the result 

of the rotational torque exerted on a polarised particle. The rotating electric field can 

be generated by addressing electrodes with 4 sinusoidal voltages, each separated by a 

90° phase angle as shown in Figure 3.13. In theory three, five or even more electrodes 

can be used to generate the rotating field, however the production of the necessary 

phase shifts over a wide frequency range would require complex generator circuitry. 
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180° 

(a) 

Figure 3.13 - A quadrature electrode structure (a) which creates a rotating electric field, E, 
which produces anti-field rotation (b) in a particle (not to scale) in the centre. 

For a homogeneous particle of radius r in an imposed electric field E of angular 

frequency w, the electrorotational torque is given by (Fuhr, 1985; Saur and Schlogl, 

1985) 

1 . . J e - e 
f(w) = -4ne r 3 I P 

III E 2 

m "" * eP + 2e,,, 
(3.64) 

where e; and e,:, are the complex permittivities of the particle and suspending medium 

respectively. Substituting for the dipole moment from Equation (3.34) gives the 

rotational torque in the form 

r(w) = - Im{m(w) }E (3.65) 

Thus it is the imaginary component of the dipole moment that determines the rate and 

sense of the induced electorotation. If the imaginary component of the Clausius­

Mossotti factor is positive then the torque exerted will be negative and the particle 

rotates in a direction that opposes that of the rotating field (anti-field rotation). If the 

imaginary component is negative, then the torque exerted will be positive and the 

particle rotates in the same sense as the electric field (co-field rotation). 
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The sense and magnitude of the rotation, as seen from Equation (3.64), are dependent 

on the relative dielectric properties of the particle and the suspending medium and the 

frequency of the applied field. These affect the phase angle of the field induced dipole 

moment. When the dipole moment lags the electric field by an angle lying between 

0 to 180°, co-field rotation is observed. However, if the dipole moment lags the field 

by more than 180° then anti-field rotation takes place (Huang et al. 1992). 

When the electrorotational torque is balanced by the opposing viscous drag of the 

suspending medium, the magnitude of the steady-state electrorotation velocity V(w) is 

derived as (Arnold and Zimmerman, 1988) 

(3 .68) 

where R is the friction co-efficient whose value depends on the viscosity of the 

surrounding medium and on the geometry and surface frictional properties of the 

pruticle (Kakutani et al. , 1993 ). 

3.11 Dielectric properties of cells 

The dielectric properties of cell suspensions have been studied by many workers in the 

frequency range of ~5 Hz to 30 GHz (Fricke et al. 1956, Schwan 1957, Grant et al. 

1978, Pethig 1979, Pethig and Kell 1987). Generally three major dispersion regions 

are displayed, referred to as a, ~ and y dispersions. These dispersions arise from the 

polarisation mechanisms that occur at the cell exterior, cell membrane and the cell 

interior (aqueous cytoplasmic) (Grant et al. 1978) (Figure 3.14). 
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Figure 3.14 - Frequency variation in the relative permittivity e, and conductivity, cr, of muscle 
showing the presence of three distinct a , ~ and y dispersions. Solid line indicates relative 
permittivity and dashed line indicates conductivity (Schwan, 1957). 

The a-dispersion, which occurs in the frequency range below 10 kHz, is generally 

considered to be associated with the relaxation of the ionic double layer at the 

interfaces of the cells (Schwan et al., 1962; Schwarz, 1962). When cells are suspended 

in an aqueous medium, they acquire a net surface charge due to the presence of 

negatively charged head groups on the lipids, proteins and sugars that reside on the 

membrane surface. An electrical double layer is formed close to the cell surface as 

mobile counter-ions in the suspending medium are electrostatically attracted to the 

charged cell surface (Figure 3 .15). 
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Figure 3.15 - The diffuse electrical double layer formed around a suspended particle in an 
ionic medium with no field applied. 

On the application of an electric field, the ions surrounding the particle are displaced 

about the centre of the cell forming a very large induced dipole (Figure 3.16). 
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Figure 3.16 - The greatly exaggerated displacement of ions in the diffuse electrical double 
layer after the application of an electric field. 
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The displacement of the ions in the double layer takes a finite time known as the 

characteristic relaxation time. The relaxation frequency of such a dispersion is 

typically 1 kHz. At higher frequencies the mobilities of ions in the double layer are 

too low to follow the applied field. The relaxation process is controlled by factors 

such as surface charge density, ionic mobility (which varies with temperature) and 

ionic concentration in the suspending medium and on the surface of the cell. 

The ~-dispersion occurs in the frequency range of 1 MHz to 10 MHz and is considered 

to be associated with the interactive charge build up at the interfaces between the 

poorly conducting cytoplasmic membrane and the suspending medium (Irimajiri et al. , 

1979; Pethig and Kell, 1987). The relaxation mechanisms that arise are associated 

with the interfacial polarisation processes. The relaxation that occurs at the membrane 

interface between the suspending media and the charge build-up on the outer surface 

of the cell are identical to the interfacial Maxwell-Wagner relaxation. There will also 

be relaxation processes associated with the interface between the inner surface of the 

cell membrane and the cell cytoplasm. The cytoplasmic membrane, as described in 

Chapter 2, consists mainly of lipids and protein molecules and is relatively non­

conducting. The average thickness of a lipid bilayer membrane is around 6 run and the 

permittivity of the phospohlipids which make up the bilayer is around 2.580 (Pethig, 

1979). This gives an average membrane capacitance of ~0.5 µFcm·2
• The widely held 

textbook value of membrane capacitance is 1.0 µFcm·2 (Pethig, 1979), which was 

originally found by extracellular electrode measurements. Transmembrane electrode 

techniques have found the membrane capacitance to be probably no more than 

0.6 µFcm·2
, with the lateral electrophoresis of proteins within the plane of the 

membrane affecting the effective permittivity of the membrane (Pethig and Kell, 

1987). In parallel with this capacitance is some degree of conductivity caused by the 

movement of ions through the membrane, either by diffusion or via the membrane 

transport proteins. A typical membrane resistance is 20 nm·2 (Asami et al. , 1989) 

which for a membrane thickness of 5 run is equivalent to a conductivity of 0.25 nsm·1
• 
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At low frequencies, the high resistance of the cell membrane insulates the cytoplasm 

from the external electric field, and no DC current is induced within the cell interior as 

shown in Figure 3.17a. At higher frequencies, the short-circuiting effect of membrane 

capacitance allows the electric field to penetrate into the cell, Figure 3. l 7b, until at 

sufficiently high frequencies the effective membrane resistance becomes vanishingly 

small and the cell appears as a sphere with the dielectric properties of the cell 

cytoplasm and radius of the cell without its membrane (Figure 3.17c). This 

~-dispersion need not constitute a single relaxation mechanism but may also include 

polarisation processes attributed to the rotation of protein molecules within the plane 

of the membrane (Kell and Harris, 1985). 

Low Frequency 

0 -. --. 

(a) 

High Frequency 

--------------
------------

(c) 

Figure 3.17 - Schematic indicating current flow at various frequencies and magnitude of 
induced dipole (adapted from Talary, 1994) 

The y-dispersion appears in the very high frequency range (> 1 GHz) and is associated 

with the relaxation of water molecules within the cytoplasm (Grant et al., 1978). 

Water bound to proteins and other biomacromolecular structures exhibits dielectric 

dispersions at frequencies lower that the y-dispersion of free water molecules (which 

occur at ~20 GHz), and this can sometimes be observed as a small 8-dispersion in the 

region 0.1 - 1 GHz (Grant, 1965). 
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3.12 Conclusions 

The dielectric theory, applied to cells, has been presented in this Chapter. Combined 

with the biological information from Chapter 2, this is developed in Chapter 4 into a 

mathematical model of a biological cell in a rotating electric field which can be used to 

simulate the electrorotational response of Cyclospora cayetanensis and Ascaris suum. 

The simulations will then be compared to experimental data in order to determine the 

changes in the dielectric properties of the organisms. 
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4.1 Introduction 

Chapter 4 

Modelling 

The chosen modelling method for biological organisms subjected to electrorotation is 

described in detail in this chapter. The effects of changing the model parameters and 

what information can be deduced about the organism under investigation are 

discussed. Based on model parameters taken from the relevant literature, comparisons 

are made with preliminary electrorotational data to show the validity of the chosen 

model for the organisms under investigation. A brief overview of other types of 

mathematical models available are also given. 

4.2 Spherical Dielectric Multi-Shell Model 

For a homogeneous particle of radius r subjected to an imposed electric field E of 

angular frequency OJ, the effective dipole moment m, time-averaged dielectrophoretic 

force F and rotational torque f(m) are related through Equations (3.34), (3.42) and 

(3.65), respectively, as shown in Chapter 3. 

However, cells are not homogeneous in their electrical and physical properties. Hober 

( 1913) showed, to a good approximation, that red blood cells could be represented as a 

conducting sphere surrounded by a resistive membrane. Maxwell (1892) had already 

demonstrated that such a concentric system could be replaced by a homogeneous 

sphere of the same outer radius having an effective resistance rP. When placed in an 

electrical field, the 'smeared out' sphere can be substituted for the heterogeneous 

sphere without altering the field. Maxwell and later Wagner (1914) extended this 

philosophy to derive the effective complex permittivity of a system composed of 
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particles dispersed in a dielectric medium. This means that the interfacial charging 

effect that occurs for a homogeneous particle is reflected in the overall dielectric 

property of the heterogeneous mixture. 

The multi-shell model of a cell was formulated based on dielectric theories by Fricke 

(1924), Hanai (1960) and Irimajiri et al. (1979), whereby a heterogeneous particle can 

be described in terms of a homogeneous smeared out sphere exhibiting frequency 

dependent dielectric and conductive properties. This concentric-spheroid model of a 

cell was used to calculate (Irimajiri et al., 1979) the effective electrical properties of 

cells in suspension, and later adapted for the calculation of the electrorotational torque 

acting on a cell in a rotating electric field by Fuhr and Kuzmin (1986). Using this 

approach, Equations (3.34), (3.42) and (3.65), for homogeneous particles can be used 

to describe the case for heterogeneous ones, by the simple process of replacing the 

frequency independent permittivity and conductivity parameters by frequency 

dependent ones. A formal proof that this approach gives the same (but more 

practically useful) results as those of the effective dipole-moment method of Fuhr and 

Kuzmin (1986) is given in Huang et al. (1992). 

The multi-shell model of a cell is shown in Figure 4. la in the form of concentric 

dielectric spheres with a permittivity of Ei, conductivity cr i (i = 1,2, ... ,N+ 1) and radius 

Ri for each shell i , respectively, where i = 1 is the innermost sphere (Huang et al. , 

1992). The effective, frequency dependent, complex permittivity of such multi-shelled 

particles can be determined using the following smeared out sphere approach. 
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(a) (b) 

N+l 

(N-1) eff 

(c) (d) 

N eff 

(e) 

Figure 4.1 - A smeared out sphere approach for determining the effective permittivity of a N 
shell sphere, showing the progressive simplification to a simple homogeneous sphere having 
an effective frequency dependent, complex permittivity (Equation 4.10) that mimics the 
dielectric properties of the multi-shell sphere. 

66 



CHAPTER 4 : Modelling 

If we initially consider the case of the inner-most shell (1), with a complex permittivity 

of s; , surrounded by the next shell (2) with complex permittivity s;, we can replace 

the inner-most shell (Figure 4.1 b) with an effective shell of complex permittivity 

(4.1) 

(4.2) 

where the function S is defined as 

(d)
3 

2(a-b) 

S( b d) = b -;; + (a+ 2b) a, , c, 3 ( ) • 

(d) a - b 
-;; (a+ 2b) 

(4.3) 

This effective shell completely describes the frequency dependent dielectric properties 

of the first sphere within the second. The process can be repeated as shown in Figure 

4. lc by considering the first effective shell with a complex permittivity of s;eif, 

surrounded by the next shell (3) with a complex permittivity of s;. We can replace 

the inner-most effective shell with an effective shell of complex permittivity 

(4.4) 

(4.5) 

(4.6) 
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By continuing this process of replacing the inner spheres by effective shells, eventually 

the outer shell will be reached at which point the shell-spheres will have been reduced 

to an equivalent smeared out sphere, as shown in Figure 4.1 e, whose effective 

permittivity is given by 

(4.7) 

(4.8) 

(4.9) 

(4.10) 

where J(a,b) , defined as (a-b )!(a+ 2b ), is the Clausius-Mossotti factor of 

Equation (3.37), & ~+I is the complex permittivity of the outer-most shell and &~- le.If 

represents the effective complex permittivity of the inner-most N spheres after they 

have been 'smeared' together. 

By inserting Equation ( 4.10) into Equations (3 .34 ), (3 .42) and (3 .65), it is 

theoretically possible to calculate the electrorotation frequency spectra of a spherical 

particle with any number of shells. Ermolina et al. (2000) performed an analysis of 

the model and determined that the dielectric parameters of the exterior cell structures 

influence the low-frequency part of the electrorotational spectrum, and the parameters 

of the interior structures affect the high frequency region. 
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4.3 Ellipsoidal Dielectric Multi-Shell Model 

The two-shell model has been well tested for both spherical and ellipsoidal cells 

possessing a wall and membrane (Irimajiri et al., 1979; Asami et al., 1980; Huang et 

al., 1992; Kakutani et al., 1993; Zhou et al., 1996) (Figure 4.2). 

y 

X 

aa 

Figure 4.2 - Cross-section of an ellipsoidal two-shell model representing a simple cell (e.g. 

yeast) in the x-y plane. s;,s;,s; and s;represent the complex permitivitties of the 

suspending medium, cell wall, cytoplasmic membrane and cell interior, respectively. 

The complex AC permittivity of the suspending medium, the cell wall, the cytoplasmic 

membrane and the interior of the cell are represented by s;, s;, s; and s; 
respectively. They are determined by 

(4.11) 

where Bi and a'i are the relative permittivity and conductivity, respectively, of the /h 

phase (i= l ,2,3 and 4). The surfaces of the shells are represented by three confocal 

ellipsoids and an ellipsoidal co-ordinate system is introduced by assuming the 

outermost surfaces of the shelled ellipsoid to be a standard ellipsoid with semi-axis ao, 

b0 and c0 (Kakutani et al. 1993), where 
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(4.12) 

where q is a parameter representing a family of surfaces of confocal ellipsoids. When 

q = 0 and q = -8;, equation ( 4.12) represents the outermost and th surfaces 

respectively of the shelled ellipsoid (Asami et al. , 1980; Kakutani et al., 1993). The 

semi-axis ai, bi and Ci of the l" surface are given by 

(4.13) 

A cell, such as yeast, can be considered as a homogeneous ellipsoid surrounded by a 

cytoplasmic membrane and a cell wall. For such a particle in an imposed electric field 

E of angular frequency (JJ, the electrorotation torque r((JJ) is given by (Kakutani et al. 

1993) 

(4.14) 

where Ve is the volume of the ellipsoid given by 

(4.15) 

and Xa((J}Xa = x,y) is given by 

(4.16) 

where 1s the complex permittivity of the suspending medium and 

A;a (i = 0,l,2;a = x, y )is the depolarising factor along the x and y axis given by 

(4.17) 
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(4.18) 

with 

(4.19) 

&:.ffp is the effective complex permittivity of the two-shelled ellipsoid along the 

a(a = x,y )axes, and is given by 

(4.20) 

where &;:.u represents the effective complex permittivity of the innermost ellipsoids 

after they have been smeared together and is given by 

( 4.21) 

with 

(4.22) 

where the subscripts 1, 2 and 3 represent the internal phase, cytoplasmic membrane 

and the wall of the biological cell, respectively. 
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4.4 Limitations of Model 

Gascoyne et al. (1995) performed a numerical analysis of the three-shell model and 

highlighted several important limitations. The shell model assumes that the dielectric 

surfaces are smooth and perfectly concentric. A biological surface, such as the 

cytoplasmic membrane, has a complicated, folded structure and will therefore have a 

larger surface area than is assumed by the idealised model. It is unclear to what extent 

such deviations from an ideal smooth surface may affect the shape of the 

electrorotation spectra, although Gascoyne et al. suggest a broadening of the anti-field 

peak (,8-dispersion) could result. To minimise the effects of cell ionic leakage during 

the course of an electrorotation experiment, Gascoyne et al. stated that the 

electrorotational spectrum should be measured from the high-frequency end 

downwards. Gascoyne et al. also stated that to determine the interior parameters of the 

particle accurately, the frequency spectrum should be taken to as high a value as 

possible, to encompass the co-field peak. Gascoyne et al. concluded that the model 

was limited for characterising particles of complex structure, but offered a reasonable 

approximation for simple particles. 

Co-field electrorotation effects at frequencies typically below 1 kHz (a-dispersion) 

have been observed for latex beads (Wang et al., 1993), artificial vesicles (Wicher and 

Gundel, 1989), yeast (Arnold and Zimmerman, 1989) and red blood cells (Georgieva 

et al., 1998; Neu et al, 2002). The single-shell model does not predict such low­

frequency co-field electrorotation. Grosse and Shilov (1996 and 1998) realised that in 

addition to the total torque acting on the particle together with its double layer, a 

motion of the outer part of the double layer relative to the particle can also cause 

rotation. This electroosmotic slip velocity theory of low frequency electrorotation was 

tested by Georgieva et al. (1998) and by Neu et al. (2002) and found to be consistent 

with experimental data. 

The traditional isotropic dielectric single-shell model was further extended in the low 

frequency region to account for plasma membrane anisotropy by Sukhorukov et al. 

(2001). The anisotropy can be caused by the partition of hydrophobic ions into the 

membrane of the cell. Numerical calculations by Sukhorukov et al. demonstrated that 
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the tangential conductivity related to the lateral ion motion can introduce significant 

deviations from the conventional isotropic model in the low frequency region. 

Chan et al. (1997) performed a series of reliability tests of the single- and multi-shell 

models using liposomes. Chan et al. reported that the single shell model provided 

close agreement between experiment and theory for unilamellar liposomes, and that 

the three-shell model provided a good theoretical description of the oligolamellar 

liposomes (two distinct compartments). Chan et al. also reported that decreasing 

confidence levels were found for the parameters with increasing model complexity, 

reflecting a deterioration of the conditioning of the solution system. This deterioration 

was attributed to the complex, recursive nature of the dielectric equations and Chan et 

al. concluded that increasing the complexity of models beyond 4 or 5 layers could lead 

to complete degeneracy among parameters in the solution set, and that the dielectric 

multi-shell model was a realistic model for relatively simple cells only. 

4.5 Organisms modelled 

Various simple organisms have been modelled using the multi-shell model (Table 4.1) 

and good correspondence with experimental data has been obtained. 

T-Lymphocytes (white blood cells) Becker et al., 1995 
Erythocytes (red blood cells) Becker et al., 1995; Gimsa and Wachner, 1998; 

Huang et al., 1999 
Yeast (viable and non-viable) Huang et al., 1992; Wang et al., 1992; Zhou et 

al., 1996, Talary et al., 1996 
Mammalian cell line OSI 9 (viable and non-viable) Gascoyne et al, 1993, Wang et al., 1994, 

Gascoyne et al., 1994 
Mammalian cell line RI (viable and non-viable) Gascoyne et al., 1993 and 1994 
Mammalian cell line (human lymphoid Jurkat) Suckorukov et al., 200 I 
Breast cancer cells (MDA 23 I) Becker et al., 1995 
Liposomes Chan et al., 1997 
Bacteria Morgan et al, 1987; Holze!, 1999 
Trophoblasts Chan et al., 2000 

Table 4.1 - Some biological organisms investigated by electrorotation and modelled using the 
multi-shell model. 
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4.6 Modelling of a 2 shell Biological Organism 

Electrorotation spectra of a biological organism were modelled here using a 2-shell 

model based on the simple structure of an unsporulated, spherical oocyst of 

C. cayetanensisas as described in Chapter 2. The physiological data used to model 

C. cayetanensis is given in Table 4.2, and was taken from the relevant literature. The 

suspending medium conductivity was assumed to be 1.0 mS/m and the relative 

permittivity to be 79 (Huang et al., 1992). 

Conductivity (Sm·1) 

Viable Non-viable 

Cytoplasm 0.5" 0.1• 
Cell Membrane 1 e-<>• 1 e-4• 

Cell Wall 0.025b 0.025b 
Relative Permittivity 

Cytoplasm 50c 50c 
Cell Membrane Sd Sd 

Cell Wall soc soc 

References : a - Goater, 1999; b - Talary et al., 1996; c - Huang et al., 1992 and d - Pethig et al. , 1995 

Table 4.2 - Physiological values used to model oocysts of Cyc/ospora cayetanensis. 

All C. cayetanensis modelling was carried out using the spherical two-shell model in 

MatLab (Math Works Ltd, UK). An initial simulation using the values listed in 

Table 4.2 bears a close resemblance to preliminary experimental electrorotation 

spectra of 4 morphologically identical unsporulated oocysts of C. cayetanensis 

(Figures 4.3 and 4.4). 
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Cyclospora Rotation 
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Figure 4.3 - Viable (solid line) and non-viable (dashed line) Matlab simulation of the 
electrorotational response of unsporulated oocysts of C. cayetanensis based on the 
physiological values given in Table 4.2. 
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Figure 4.4 - Rotation spectra of 4 unsporulated oocysts showing the difference between 
viable( ■ , •) and putative non-viable(~. ◊) oocysts. (conductivity 0.6 mS/m). 
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It is not possible to distinguish morphologically between viable and non-viable 

C. cayetanensis oocysts. The membrane of a viable oocyst is selectively-permeable to 

ions and non-lipid, soluble molecules, so the internal composition of the cell is quite 

different from the exterior medium. Upon cell death, membrane integrity is lost, and 

the cell freely exchanges material with the external suspending medium. As a result, 

fewer induced charge differences occur between the inside of the oocyst and the 

exterior medium, and this greatly affects the rotation spectra produced. The difference 

in the magnitude of rotation rate (Figure 4.4) between oocysts designated viable and 

non-viable is similar to that reported by Goater et al., (1997) for Cryptosporidium 

parvum, a coccidian pathogen with a similar structure to C. cayetanensis. Goater 

confirmed that this observation was due to differences in oocyst viability by a 

fluorogenic vital dye assay (Goater, 1999). The viability of C. cayetanensis oocysts 

cannot be independently verified by such methods as none have yet been developed. 

The close correlation between the modelled viable and non-viable oocysts and the 

experimental data is a good indication that the model is reliable for simulating 

C. cayetanensis oocysts. 

The effects on the simulated C. cayetanensis oocyst electrorotation spectra of changing 

model parameters is shown in Figures 4.5 to 4.12 These simulated spectra will be 

used later (Chapters 6 and 7) to indicate what may be causing the effects observed in 

experimental spectra. 
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4.6.1 Effect of Changing Suspending Medium Conductivity 

Changing suspending solut ion conducti"1ty 
3 .--------,,-----r----~----,-----,------, 

2 

1 
,,-.._ 

; 
'Cll 0 '-' 

V 
~ 
~ 
~ 
0 

-1 ..... 
~ ..... 
0 
~ 

-2 

-3 L------JL------'------L---......... --_ _._ __ __, 
2 3 4 5 6 7 8 

log freq {Hz ) 

Figure 4.5 - Effect on a model viable, unsporulated C. cayetanensis oocyst rotation spectra of 
chang ing the conductivity of the suspending solution from 0.05 to 2.0 mS/m. 

Figure 4.5 shows that increasing the conductivity of the suspending solution will 

increase the anti-field peak rotation frequency, decrease the anti-field peak rotation 

rate, increase the high frequency cross-over point and decrease the co-field peak 

rotation rate. The model assumes a constant wall conductivity, which for walled 

particles such as yeast cells (Markx et al., 1995) has been shown to vary with 

suspending medium conductivity. Carstensen et al. (1965) suggested that at low 

suspending medium conductivities the conductivity of the wall has a lower limit 

determined by counterions of the fixed charge of the cell wall, whereas for higher 

conductivities, ions from the medium invade the cell wall causing an increase in its 

conductivity so that it takes on values roughly proportional to that of the suspending 

medium. As most of the work described is performed in low suspending medium 

conductivities, an assumption was made that the wall conductivity would be a constant 

near to its lower limit, and that the model was valid. 
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4.6.2 Effect of Changing Membrane Conductivity 

Changing membrane conductivity 

2 

1 
,,-._ 

N 

> 
..... 

en 
0 ..__, 

Q) 

~ p::: 
i::: 
0 

-1 ·-g 
..... 
0 p::: 

-2 

3 4 5 6 7 8 
log freq (Hz) 

Figure 4.6 - Effect on a model, viable, unsporulated C. cayetanensis oocyst rotation spectra 
due to changing the conductivity of the membrane from 1 x1 Q-6 to 1 x1 Q-4 Sim. 

Figure 4.6 shows that as the membrane conductivity increases, a large reduction in the 

anti-field rotation rate is seen. As a C. cayetanensis oocyst undergoes sporulation, a 

reorganisation of the interior occurs, with the membrane bound cytoplasm becoming 

two membrane bound sporocysts, each containing sporozoites that possess their own 

organised contents and membranes. Thus the membrane dielectric properties will be 

very different between unsporulated and sporulated oocysts, and the model predicts 

that the unsporulated oocysts should have a greater anti-field peak rotation rate 

compared to the sporulated oocysts. 
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4.6.3 Effect of Changing Wall Conductivity 

Cyclospora Rotation - effect of changing wall conductivity 
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Figure 4.7 - Effect on a model viable, unsporulated C. cayetanensis oocyst rotation spectra 
due to changing the wall conductivity from 0.1 to 0.003 S/m. 

Figure 4.7 shows the effect on the model of changing the conductivity of the oocyst 

wall. In comparison with other factors, changing the cell wall conductivity has little 

effect on the electrorotation spectra. 
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4.6.4 Effects of Changing the Interior Conductivity 

Cyclospora Rotation - effect of changing interior conducti\Aty 
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Figure 4.8 - Effect on a model viable, unsporulated C. cayetanensis oocyst rotation spectra 
due to changing the interior conductivity from 0.5 to 0.01 Sim. 

Figure 4.8 shows the effect on the model of changing the interior conductivity of the 

oocyst. As the interior conductivity decreases, the anti-field rotation rate greatly 

reduces and the peak rotation frequency shifts from 100 kHz to about 20 kHz. In a 

viable oocyst, the interior conductivity is high compared to the suspending medium 

due to the high concentration of salts present. When an oocyst becomes non-viable, 

membrane integrity is lost, and the oocyst freely exchanges material with the external 

suspending medium, lowering the interior conductivity. The model predicts that the 

interior conductivity of an oocyst is a major factor influencing the difference between 

the spectra of viable and non-viable organisms. 
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4.6.5 
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Effect of Changing the Interior Permittivity 
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Figure 4.9 - Effect on a model viable, unsporulated C. cayetanensis oocyst rotation spectra 
due to changing the interior permittivity from 40 to 100. 

Figure 4.9 shows the effect on the model of changing the relative permittivity of the 

oocyst interior. As the interior permittivity decreases, so does the co-field peak 

rotation rate. There is no effect on the anti-field peak rotation rate. In comparison 

with other factors, changing the interior cell permittivity has little effect on the 

electrorotation spectra. 
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Effect of Changing the Wall Permittivity 

Changing wall permittility 
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Figure 4.10 - Effect on a model viable, unsporulated C. cayetanensis oocyst rotation spectra 
due to changing the wall relative permittivity from 20 to 1000. 

Figure 4.10 shows the effect on the model of changing the relative permittivity of the 

oocyst wall. In general, as the wall permittivity decreases, the co-field peak rotation 

rate increases. There is little effect on the anti-field peak rotation rate. Significant 

increases in the wall permittivity are necessary to effect even a small increase in the 

cross-over frequency. 
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Effect of Changing the Membrane Permittivity 

Changing membrane permitti-.ity 
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Figure 4.11 - Effect on a model viable, unsporulated C. cayetanensis oocyst rotation spectra 
due to changing the membrane relative permittivity from 3 to 15. 

Figure 4.11 shows the effect on the model of changing the relative permittivity of the 

oocyst membrane. As the permittivity of the membrane increases, the anti-field peak 

rotation frequency decreases. There is also a slight increase in the rate of rotation at 

the peak rotation frequency . The cross-over frequency also decreases with an increase 

in the membrane permittivity. There is little effect upon the co-field peak rotation rate 

or frequency. 
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4.6.8 Effect of Changing the Suspending Medium Permittivity 

Changing medium permitti"4ty 
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Figure 4.12 - Effect on a model viable, unsporulated C. cayetanensis oocyst rotation spectra 
due to changing the medium relative permittivity from 20 to 500. A value of 79 is typical for the 
suspending solutions used in this work. 

Figure 4 .12 shows the effect on the model of changing the relative permittivity of the 

suspending medium. As the permittivity of the medium decreases, the co-field peak 

rotation frequency increases, the co-field peak rotation rate decreases and the cross­

over frequency increases. 

84 



CHAPTER 4 : Modelling 

4.6.9 Summary of Modelling Changes 

These simulations show the type of differences that could appear in the rotation spectra 

for oocysts of Cyclospora cayetanensis due to changes in the oocysts' physiological 

and morphological state. By observing the changes in actual spectra it is hoped that a 

better understanding of the processes occurring within the oocysts can be obtained. 

The changes in the model parameters shown in this chapter can also be used to explain 

effects observed in the spectra of Ascaris suum eggs. 

4. 7 Other Models 

There are other methods to model a biological particle subjected to a rotating electric 

field, and some a briefly described here. 

4.7.1 Resistor-Capacitor Model 

Gimsa and Wachner first proposed a resistor-capacitor model for the structural 

polarisations for homogeneous and single-shell spheroids with the symmetry axis 

orientated perpendicular to the field (Gimsa and Wachner, 1998). All geometrical 

constituents were described by parallel circuits of a capacitor and resistor. Model 

predictions were consistent with experiments on human red blood cells. The model 

assumes that the disturbance of the external field due to polarisation may project into 

the medium to a characteristic distance, the 'influential radius ' . This parameter is 

related to the axis ratio of the spheroid and allows the geometry for a finite resistor­

capacitor model to be determined. From the model, the potential at the spheroids 

surface is obtained, and the local field inside a homogeneous spheroid is determined. 

In the single shell case, this is the dependent induced dipole moment. This approach 

allowed Gimsa and Wachner to develop simple equations for homogeneous and single­

shell spheroids, which they expanded in 1999 to include both oblate and prolate 
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homogeneous spheroids (Gimsa and Wachner, 1999). The model has been further 

expanded by Gimsa for ellipsoidal cells (Gimsa, 2001). 

The single shell RC model is shown in Figure 4.13. 
z 

_./ Gjnf 

/,~:~b,ane exterior ··· ..... . 

Figure 4.13 - Single shell model of general ellipsoidal shape with constant shell (membrane) 
thickness d. The principal axes a, b and c are orientated in the x, y and z directions, 
respectively. a;n, is the influential radius along axis a. The equivalent resistor-capacitor model 
is shown (Gimsa, 2001 ). 

The RC model has been shown to be consistent with simple biological organisms such 

as red blood cells (Gimsa, 2001). However, Gimsa states that a much more 

complicated problem is the extension of the model to multi-shell objects with 

additional structural (interfacial) dispersions, since for the internal structures an 

influential radius cannot easily be defined. Such investigations are underway (Gimsa, 

2001), but so far have not been published. 

86 



CHAPTER 4 : Modelling 

4.7.2 Spectral Representation 

Recently, Huang and Yu (2002) have proposed a model based on the use of spectral 

representation for analysing the electrorotation spectra of particle in suspensions. The 

spectral representation is a rigorous mathematical formalism for the effective dielectric 

constant of a two-phase composite material (Bergman, 1978). It offers the advantage 

of the separation of material parameters (namely the dielectric constant and 

conductivity) from the cell structure information. Huang and Yu compared their 

theoretical calculations for a simple spheroid system to results obtained by Burt et al. 

(1996) for anti-body coated latex beads, and stated they had good agreement. Huang 

and Yu concluded that their spectral representation model could easily be extended to 

a multi-shell model. However, they then state that 'we believe that the multi-shell 

nature of a cell may have only minor effect on the electrorotation spectrum '. It has 

been shown experimentally (Goater, 1999) and theoretically (Gascoyne et al. , 1995; 

Chan et al., 1997), that the electrorotation spectrum is greatly affected by more 

complex biological organisms (with more shells and interfacial polarisation 

mechanisms), and casts doubt on the validity of the spectral representation model for 

anything other than a simple particle. 

4.8 Conclusions 

As the organisms that are being investigated, Cyclospora cayetanensis and Ascaris 

suum, are complex, having several layers (shells), the established multi-shell model 

was used in this work. The advantages and limitations of this modeling method have 

been described in this Chapter. In Chapters 6 and 7, the best fits of the spherical and 

ellipsoidal multi-shell models are made to the experimental data obtained for 

C. cayetanensis oocysts and A. suum eggs, respectively. 
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Chapter 5 

Materials and Methods 

5.1 Cyc/ospora spp. 

Purified Cyclospora cayetanensis oocysts were supplied by the Scottish Parasite 

Diagnostic Laboratory (SPDL, Glasgow, UK). Samples were collected from infected 

humans in the Glasgow area who had recently travelled abroad (2 male, 1 female). 

One of the major challenges during purification is to separate the oocysts from debris 

in the sample, without simultaneously losing most of the relatively few oocysts 

present (Herwaldt, 2000). The samples were purified by a water-ether sedimentation 

protocol followed by a sucrose flotation method (Bukhari & Smith, 1995). Oocysts 

were then washed in deionised water and stored at 4°C in 2% potassium dichromate 

solution to prevent bacterial growth. 

To obtain reproducible electrorotation data, oocysts were first washed and 

resuspended in a solution of well defined chemical composition and conductivity. To 

reduce electrical heating effects the magnitude of the rotating field was also kept as 

low as possible. 

For this work, phosphate buffered saline (PBS, pH 7.4, 10 mM phosphate buffer, 27 

mM KCl, 137 mM NaCl, Sigma Chemical Co.) solution adjusted to a conductivity of 

1 mS m·1 was used as the suspending medium. At this conductivity, rotation rates 

were easily measurable at modest applied voltages in the frequency range 100 Hz 

tolO MHz. The washing procedure (repeated three times) consisted of diluting a 

100 µl aliquot of oocyst suspension in ultra pure water (conductivity 0.1 mS m·1
) to 

1.5 ml, vortexing for 30 seconds, microcentrifuging for 1 minute (3300 xg) and then 

aspirating to 100 µ1. After the final wash the sample was resuspended in PBS 

solution which had been diluted with ultra pure water to give a conductivity of 

1 mS m·1
• The suspending medium conductivity was then checked by testing 200 µl 

of supernatant following centrifugation using a calibrated Hanna Instruments Pure 
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Water Tester'", modified to reduce the volume of the sample chamber. Working 

particle density concentrations were typically 5 x 103 oocysts ml"'. All experiments 

were carried out at l 9°C in an air conditioned, class 2 biological hazard laboratory. 

5.2 Ascaris spp. 

Adult female Ascaris suum roundworms were collected from the intestines of 

slaughtered pigs from a local abattoir (Cig Arfon, Caernarfon, Wales). The worms 

were stored in 5% formalin solution at 4°C. Fertilised and unfertilised eggs were 

collected from the female worms by dissection of the uterus, and stored in water at 

4°C. The highly adhesive, debris coated glycosaminoglycan outer cortical layer was 

removed by adding an equal volume of 12% sodium hypochlorite to the suspension, 

and incubated at 37°C for 30 minutes. Following this process (known as 

decortication), the eggs were stored in ultra pure water at 4°C. Prior to 

electrorotation, the eggs were washed three times in ultra pure water and suspended in 

solutions of phosphate buffered saline (PBS). The PBS was diluted to a conductivity 

of 0.65 ±0.1 mS/m, to reduce electrical heating effects at the electrodes. 

5.3 Electrode Design 

A frequent practical problem with electrorotation is that the particle is seldom 

positioned in the exact centre of the electrode array. Also, groups of particles cannot 

all be in the exact centre of the array, so many potential spectra are lost, as the 

uniformity of the field cannot be guaranteed over the whole region of the electrode 

chamber. Different electrode geometries have been investigated theoretically in an 

attempt to overcome this problem (Hughes, 1998). For the present work an electrode 

geometry was chosen that provides a uniform field over the central region of the 

electrode chamber. The 'bone' electrode design is optimised for electrorotation by 

making the chamber enclosed by the electrode edges near circular in shape. The 

electrode shapes are described by the 4th order polynomial 

y(x) = x 4 
- 0.75x2 + 1. (5.1) 
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The shape provides a near uniform electric field in the central region and reduces 

unwanted dielectrophoretic forces that the particle may experience. This is confirmed 

by an electric field analysis in the X-Y plane for the electrode system (Maxwell™, 

Ansoft) (Figure 5.1 a-d). 

a - 0° b-30° 

c-60° d-90° 

Figure 5.1 - The bone electrode array as described by equation 3.1 with an electric field 
analysis in the x-y plane. The applied voltages progress through the first quarter of a cycle in 
30° steps, a - 0°, b - 30°, c - 60°, d - 90°. The magnitude of the vectors in the central region 
as the field changes direction remain constant. 

The field vectors within the central section of the chamber do not change magnitude, 

confirming that the bone electrode design generates a highly uniform field within the 

central area. A greater number of spectra can be acquired with this design. This is 

especially important for obtaining data from samples with limited numbers of 
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organisms, such as the oocysts of C. cayetanensis, which has no animal model 

available for amplification. The bone electrode design is also advantageous in 

creating a uniform field over as large an area as possible in the centre of the chamber, 

since using low conductivity suspending media results in disruptive positive 

dielectrophoretic forces over a wider frequency range than are observed for higher 

conductivity solutions. Indeed, for high conductivity media, negative 

dielectrophoresis may be observed over the whole frequency range of interest, in 

which case highly angular electrode tips are an advantage as they assist in keeping the 

particle in the centre of the chamber (Fuhr et al., 1994). However, this is not helpful 

with multiple particles in a chamber, as they are pushed together. 

5.4 Electrode Manufacture 

The bone electrodes were manufactured usmg a photolithographic process. A 

microscope slide was cleaned in an ultrasonic bath for 5 minutes in a 1 :4 solution of 

Decon 90™ (Scientific Services/BDH, UK) and ultra pure water. A thin layer of 

chromium ( ~5 run) was evaporated onto the microscope slide using an Edwards Auto 

306 Turbo Evaporator (Severn Science, Bristol). A gold layer was then evaporated 

on top of the chromium layer, to a thickness of~ 70 run. The chromium layer is used 

as an adhesion layer between the glass of the microscope slide and the gold layer 

(Figure 5 .2a). A 2µm layer of positive photo-resist (Shipley 1818, Chestech, Rugby, 

Warickshire) was then spun onto the slide (Figure 5.2b). The photoresist was then 

soft-baked at l l 6°C for 1 minute to remove any solvents and stresses. The slide was 

exposed to a collimated UV source (436 run, g-line) for 25 seconds (Presima 

Tamarack MAS 12 mask aligner) through a 1:1 mask of the bone electrode design 

(Figure 5.2c). Where the ultraviolet light strikes the positive resist, it weakens the 

polymer through chain scission. The weakened polymer was washed away by 

developing solution (MF 319, Shipley, UK) leaving a positive image of the mask on 

the resist layer (Figure 5.2d). The slide was then placed in a gold etching solution 

(aqua regia for ~20s). The gold not protected by a resist layer was removed, exposing 

the chromium layer beneath. Next, the chrome layer was etched using chrome etch 
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removed using acetone, leaving a set of gold/chromium electrodes on the microscope 

slide in the pattern of the bone electrode mask (Figure 5.2f). 

A 
Gold ]aver - 70 nm 

Chrome ]aver -5 nm 

Glass microscope slide 

B 
Photn-r,,.sist ~2 11m 

Gold 
Chrome 

Glass microscope slide 

Coll imated UV light 

• • • • • • • • 
C Mask I I I I 

Resist ' ' ' i 

Uolct 
1 :nrome 

Glass microscope slide 

D 
Resist I I 1 I 
Gold 
Chrome 

Glass microscope slide 

E 
Resist I I I I 
Gold I I I I 
Chrome I I I I 

Glass microscope slide 

F 
Gold I I I I 
Lhrome I I I I 

Glass microscope slide 

Chrome and then gold 
evaporated onto a glass 

microscope slide 

Positive photo-resist 
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Figure 5.2 - Photolithographic production process to fabricate bone electrodes. 
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For the experiments carried out in this work, an inter-electrode gap of 2 mm was used 

(Figure 5.3), to maximise the number of organisms exposed to the uniform field 

region. 

Figure 5.3 - Plan view of bone electrodes showing the 2mm electrode gap. 

5.5 Experimental Set Up 

The microscope slide with gold electrodes was coated in a 30 µm layer of dry-film 

resist (Laminar 5000, Shipley, UK), which was exposed to provide a 5 mm hole 

around the bone electrode tips. The resist coated slide was then heated slowly to 

270°C and baked for 2 hours. The resist provided protection for the electrode contacts 

during experimentation. A circular PVC layer was added around the electrode tips to 

form a chamber ~ 100 µm deep. During experimentation, the chamber was sealed 

using a circular coverslip (Figure 5.4). 

Electric fields in the frequency range 100 Hz to 10 MHz. were generated by 

connecting a custom made four phase sinusoidal signal generator to the electrodes. 

Particle identification and motion in the electric field were visualised using phase 

contrast microscopy with a total magnification of x 400 for the Cyclospora oocysts, 

and xl00 for the Ascaris eggs (Nikon Optiphot-2 microscope with JVC model TK-

1280E colour video camera attachment and x2.4 zoom tube) and recorded by video 

for later analysis and timing by stopwatch (Figure 5.4). 
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Figure 5.4 - Experimental set up for rotation experiments (Goater, 1999). 

5.6 Experimental Procedure 

At the start of each experimental session, a haemocytometer grid of known size was 

recorded to video tape at various zoom settings. By measuring the grid on the TV 

screen, the total magnification of the system (microscope, video camera, zoom and 

TV) was known. When the video tape of an experiment was paused, the dimensions 

of the particle could be measured directly from the TV screen. This system of 

measurement had the advantage of being accurate even if the video tape was played in 

a different video player and displayed on a different TV screen. 
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20 µl of sample suspension was pipetted into the electrorotation chamber. The 

chamber was then sealed with a microscope coverslip. After 1 minute, to allow 

particle sedimentation onto the glass, particles within the central region of the 

chamber (Figure 5 .1 d) and greater than 3 particle diameters from other particles were 

selected for the full frequency spectrum. 20 approximately equidistant frequency 

points on a log scale were chosen between 100 Hz and 10 MHz, and particles were 

rotated for approximately 20 s at each frequency. 

The applied field was kept on while changing frequencies as this helped prevent 

particle-substrate adhesion. As electrophoretic effects, which cause particle drift, 

were more noticeable at lower frequencies, <lkHz, each spectrum was recorded from 

high to low frequency. There was no significant difference between a spectrum 

recorded in this manner and one recorded with a random frequency order. The shape 

and magnitude of the spectra obtained are known to be affected by the particle 

position in the chamber and by the presence of debris on the particle surface (Goater, 

1999). Particles were therefore excluded from analysis if they were positioned 

outside the central region of the chamber, drifted more than three times their own 

diameter during the recording or had debris, e.g. bacteria, on their surface. These 

selection criteria, coupled with an electrode design that minimised particle drift, 

improved the proportion of oocysts or eggs from which reliable data could be 

obtained. 

After each aliquot had been examined and spectra recorded, the chamber was washed 

with ultra pure water and dried under a stream of nitrogen gas. The chamber was then 

reused. Due to electrolysis effects at the electrode edges, a chamber was only used 

for 30 experiments and then replaced before significant deterioration occurred. 
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5. 7 Results Analysis 

5.7.1 Normalisation of the Rotation Rate 

Due to limitations in the signal generator, the data collected at different frequencies 

was not always obtained at the same voltage. During each experiment, the phase 

angle of the signals and the actual applied voltage were measured using an 

oscilloscope (Hameg 20MHz storage oscilloscope, Model HM 205-3, RS 

Components, UK). As the rotation rate has been shown to scale with the square of 

the applied voltage (Arnold et al., 1987), the rate of rotation was normalised by 

dividing by V2 as shown 

[ Rotations ] 

ROTrate == I 00 x (~~ (5.2) 

5.7.2 Results Plotting 

Results were plotted on a log frequency scale and the standard deviation, a measure of 

how widely values are dispersed from the mean value, was calculated using the 

'nonbiased' or 'n-1 ' method, using the following formula 

(J' == (5.3) 
n 

where x is the population of size n. 
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The 95% confidence level was then found from the standard deviation. This is the 

-
degree of confidence that a parameter lies in the given interval. If x is the mean of a 

random sample of size n from a population with variance cr2 a central 95% confidence 

interval for the population mean is given by 

- + 1.96a 
x_ ✓n (5.4) 

Results of measurements carried out as described above are presented in Chapters 6 

and 7 for oocysts of Cyclospora cayetanensis and eggs of Ascaris suum, respectively. 
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Chapter 6 

Electrorotation of Cyclospora cayetanensis 

6.1 Introduction 

In this Chapter, electrorotation spectra for three isolates of C. cayetanensis oocysts 

from humans and two isolates from baboons are presented. A comparison is made 

between spectra from sporulated and unsporulated oocysts, human source and baboon 

source oocysts and viable and non-viable oocysts. Using the spherical multi-shell 

model described in Chapter 4, the electrorotational response of oocysts are modelled 

and compared to experimental spectra to provide a better understanding of the 

physiological changes that are occurring within the oocysts. 

Due to the limited numbers of C. cayetanensis oocysts available to work with, spectra 

were recorded of any oocysts found within the middle third of the electrorotation 

chamber that were reasonably free of debris. Of the 200+ spectra obtained, only about 

100 were from oocysts that were clean enough to be analysed, the others possessed 

some form of debris attached to the oocyst wall, either bacteria or particulate matter 

from the original stool sample. The spectra presented in this Chapter are therefore of 

clean oocysts, except where specifically mentioned otherwise. 

6.2 Analysis of Human Isolate C1 

30 initial spectra were obtained from a human isolate designated Cl and were used for 

familiarisation with the experimental procedure, described in detail in Chapter 5, the 

experimental equipment, the organism and the model. 
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6.2.1 Effect of surface debris 

Since the samples were badly contaminated with particulate matter, the effect on the 

rotation spectra of small amounts of debris on the oocyst wall was investigated 

(Figure 6.1). The spectra of three oocysts with simi lar amounts of debris were 

compared to the spectra of an uncoated oocyst (Figure 6.2). The spectra were taken at 

the same suspending medium conducti vity (1.3 mS/m). The peak rotation frequency, 

and the rotation cross-over frequency values were the same for the debris-coated and 

uncoated oocysts. The debris-coated oocysts rotated in the same direction but at a 

slower rate than that for than the uncoated oocyst. 

Figure 6.1 - Debris on the surface of a sporulated oocyst. 
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Figure 6.2 - Rotation spectra of a single, debris free, unsporulated oocyst (£\) compared to 3 
debris coated, unsporulated oocysts (*, o, +). The solid line is the best fit for the single shell 
model using the parameters given in Table 6.1 , but with the value of the viscous drag increased 
from 2.3 x10·10 to 4.5 x10·10 for the debris coated oocysts (conductivity 1.3 mS/m). 
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Cyclospora cayetanensis 

Unsporulated Sporulated 

Viable Non-viable Viable Non-viable 

Dimensions (µm) 9a 9a 9a 
Wall thickness (nm) 113a 113a 113a 
Membrane thickness (nm) 9b 9b 9b 

Permittivity (e,) 
Interior soc soc soc # 

Membrane 5c 3e 5c 
Wall 60C 60C 60C 

Conductivity (S/m) 
Cytoplasm o.sd 0.2 ± o.o3e o.sd 
Membrane (l±0J)x 10-6 e (2±0. I )x 10·5 e (8±0.S)x I ◊-6 e 
Wall 0.09 ± o.01 e 0.01 ± o.004e 0.09 ± o.01e # 

# none observed 
reference a-Ortega et al., 1993; b- Pethig et al, 1995; c - Huang et al., 1992; d - Huang et al., 1993 
and e - fitted 

Table 6.1 - Particle dimensions and initial dielectric parameter values used in the modelling of 
the electrorotation spectra shown in Figures 6.2, 6.3, 6.4 and 6.5. 

Other than changing the value of the viscous drag term in the model, the parameters 

defining the electrical properties of the oocyst and the suspending medium were not 

changed, indicating that the reduction in rotation velocity due to the presence of debris 

on the oocyst surface can be attributed to drag alone. Goater (1999) reported that the 

presence of small amounts of particulate matter on the surface of a Cryptosporidium 

parvum oocyst reduced the rotation rate by a significant amount, and attributed the 

effect to drag. Mitchell (2001) showed that the addition of a single bacterium to a latex 

bead changed the sense rotation of the latex bead. As such a change is not seen here, 

merely a reduction in the rate of rotation, it is clear that the addition of small amounts 

of faecal debris, not bacteria, will reduce the rate of rotation of the anti-field peak, but 

will not change the anti-field peak frequency, or the high frequency cross over 

frequency. 
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6.2.2 Biological Variance 

The effect of biological variance is shown in Figure 6.3, which shows a comparison of 

seven unsporulated, debris-free oocysts at the same solution conductivity. 
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Figure 6.3 - Rotation spectra of seven debris free, unsporulated oocysts showing similar anti­
field peak rotation rates, but differences in the anti-field peak rotation frequency of 60 kHz to 
200 kHz (conductivity 0.4 mS/m). 

The anti-field peak rotation rate varies by ~10% between the seven oocysts. The 

oocysts show a variety of peak rotation frequencies, between 60 kHz and 200 kHz. 

There appear to be two populations in the upper cross-over frequency region, one at 

1.5 MHz (solid symbols) and one at 3 MHz (open symbols). This data suggests a 

difference between the oocysts, other than solution conductivity and sporulation state, 

that is not discernable visibly. This difference may be due to biological variance 

between oocysts, highlighting the sensitivity of the electrorotation technique. The 

'kink' in the three open symbol spectra at ~800 kHz is also similar to an effect 

observed in Figure 4.7 for a very low conductivity of the oocyst wall (0.003 S/m) and 

could be attributed to another dispersion process. The modelleing also showed the 

increase in the high frequency cross-over frequency, as seen here for the three open 

symbols (Figure 6.3). 
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6.2.3 Unsporulated and Sporulated Oocysts 

Rotation spectra for three unsporulated and two sporulated debris free oocysts are 

shown in Figure 6.4. The unsporulated oocysts rotate at a higher rate than the 

sporulated oocysts. The frequency at which the direction of rotation reverses from 

anti-field to co-field at high frequencies is significantly different between unsporulated 

and sporulated oocysts, at 800 kHz and 2 MHz respectively. Thus, at 1 MHz the 

unsporulated oocysts will rotate in the opposite direction to the sporulated oocysts, 

allowing rapid discrimination. The values used for the model are listed in Table 6.1 . 
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Figure 6.4 - Rotation spectra of three debris free, unsporulated oocysts (+, t.., □), which rotate 
at a higher rate than two debris free, sporulated oocysts in the anti-field region (*, o). Solid line 
indicates the best fit with the model using the values listed in Table 6. 1 (conductivity 1.0 
mS/m). 

From Table 6.1, which shows the values of best fit from the model, it can be seen that 

the major difference between sporulated and unsporulated oocysts is a difference in the 

conductivity of the membrane. The increase in the conductivity of the membrane 

corresponds to the changes occurring within the oocyst during sporulation, namely the 

formation of the two sporocysts, as detailed in Chapter 2, Figure 2.1. At high 
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frequencies,> 2 MHz, the model does not match the experimental data well, and for 

frequencies below 1 kHz, the model does not show the slight co-field rotation 

observed experimentally for unsporulated oocysts. The limitations of the model at low 

frequencies and for complex organisms at high frequencies was discussed in 

Chapter 4. However, for the frequency range 1 kHz to 2 MHz, the model fits the 

experimental data well, and the difference in magnitude of the peak rotation frequency, 

and the difference in the high frequency cross-over point, can be used to distinguish 

between unsporulated and sporulated oocysts. 

6.2.4 Viable and non-viable oocysts 

The spectra for four debris free, unsporulated oocysts, at the same conductivity 

(0.9 mS/m) were significantly different (Figure 6.5). Two of the oocysts (~, □) gave 

characteristic rotation spectra as seen previously for unsporulated oocysts (Figure 6.4). 

The spectra of the other 2 oocysts ( o, *) were characteristic of non-viable oocyst 

spectra, as reported and verified for Cryptosporidium parvum by Goater ( 1999). 
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Figure 6.5 - Rotation spectra of 2 debris free, viable, unsporulated oocysts (~. □), and 2 
putative non-viable, unsporulated oocysts (*, o). Mean rates of rotation shown. Solid line 
indicates the best model fit using the values listed in Table 6.1 (conductivity 0.9 mS/m). 
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From the model data (Table 6.1), the difference between the two types of oocysts is a 

reduction in the membrane permittivity, an increase in the membrane conductivity, a 

decrease in the cytoplasm conductivity and a decrease in wall conductivity. These 

changes are consistent with a membrane that has ceased to function and can be 

attributed to differences in the viability of the oocysts. The membrane of a viable 

oocyst is selectively-permeable to ions and non-lipid soluble molecules, so the internal 

composition of the cell is quite different from the exterior medium. Upon cell death, 

membrane integrity is lost, and the cell freely exchanges material with the external 

suspending medium. As a result, fewer induced charge differences occur between the 

inside of the oocyst and the exterior medium, and this greatly affects the rotation 

spectra produced. This difference in the magnitude of rotation rate (Figure 6.5) 

between oocysts designated viable and non-viable is similar to that reported by Goater 

et al. (1997) for Cryptosporidium parvum, a coccidian pathogen with a similar 

structure to C. cayetanensis. Goater confirmed that this observation was due to 

differences in oocyst viability by a fluorogenic vital dye assay (Goater, 1999). As the 

viability of C. cayetanensis oocysts cannot be independently verified by such 

techniques, as methods have yet to be developed, and it is not possible to distinguish 

morphologically between viable and non-viable oocysts, this result could have 

significant implications for detection and assessment of this organism in the water and 

food industries. 
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6.2.5 Effect of suspending solution conductivity 

The conductivity of the supporting medium was found to affect the anti-field peak 

rotation frequency and rotation rate, and the high frequency cross-over point, at which 

the oocyst changes direction of rotation. Increasing the conductivity of the suspending 

solution increased the anti-field peak rotation frequency, decreased the anti-field peak 

rotation rate, increased the high frequency cross-over point and decreased the co-field 

peak rotation rate, as predicted in Chapter 4, Section 4.6.1. (Figure 6.6). 

1.0 

co-field 

0 

N 

~ 
'7 anti-field .!!!.,, 

Q) ..., 
ro 

0::: 
C -1.0 
0 

:.:; 
ro 
0 
0::: 

-2.0 

104 105 106 

Frequency (Hz) 

Figure 6.6 - Electrorotation spectra for debris free, unsporulated oocysts of C. cayetanensis 

(~. 0.4 mS/m; o, 0.6 mS/m; +, 0.8 mS/m; * 0.95 mS/m; □, 1.1 mS/m). Solid lines indicate the 
best fit of the model parameters listed in Table 6.1, with only the solution conductivity varied. 

As the conductivity of the solution increases the upper frequency cross-over point shifts 

from ~800 kHz to ~2 MHz. The conductivity of the suspending medium was the only 

model parameter varied, and the effects observed in Figure 6.6 highlight the importance 

of maintaining a constant suspending medium conductivity during experiments. Due to 

biological variance (Figure 6.3), oocyst spectra with conductivities varying by 

± 0.1 mS/m can be compared with confidence. 
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6.2.6 Effects of storage 

Oocysts of isolate C l were stored in 2.5% potassium dichromate solution at 4°C after 

the initial spectra shown in Figure 6.2 were obtained. Due to the limited number of 

oocysts available to work on, it is important to know if long term storage affects the 

oocysts, or the rotation spectra. Eight months later, electrorotation spectra of oocysts 

from this isolate were measured again to investigate the effect of storage on the spectra 

(Figure 6.7). 
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Figure 6.7 - Rotation spectra of 2 debris free, unsporulated (+, o) and 2 debris free, sporulated 
(*, ti) oocysts after storage in 2.5% potassium dichromate solution for 8 months at 4°C 
(conductivity 0.6 mS/m). Solid lines indicate the best fit of the model using the values listed in 
Table 6.2. 

The anti-field peak rotation rate for the unsporulated oocysts is greater than that of the 

sporulated oocysts, as seen previously (Figure 6.4). The magnitude of the anti-field 

rotation rate has decreased slightly ( ~ 10%) for both the unsporulated and sporulated 

oocysts compared to before storage (Figure 6.4). The anti-field peak rotation frequency 

for the sporulated oocysts shows a slight increase compared to that seen before storage, 

from 100 kHz to 150 kHz. The high frequency cross-over frequency, at ~1.5 MHz, is 

the same for sporulated oocysts before and after storage. 
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For unsporulated oocysts, the high frequency cross-over frequency has changed to 

3 MHz compared to 800 kHz seen previously (Figure 6.4). Thus the previous 

assertation that the difference in direction of rotation at 1 MHz indicated sporulation 

state is no longer valid. However, the ability to distinguish between sporulated and 

unsporulated oocysts by the difference in magnitude of the anti-field peak rotation rate 

is still valid, even after storage for 8 months. 

The model shows that, after storage, for the sporulated oocysts there is a slight increase 

in the conductivity of the wall, and a slight decrease in the membrane permittivity that 

corresponds to these changes in the rotation spectra (Table 6.2). 

Cyclospora cayetanensis 

Unsporulated Sporulated 

Before storage After storage before storage After storage 

Permittivity (E,) 
Membrane 5a 4c 5a 4c 

Conductivity (S/m) 
Cytoplasm 0.4±0.JC 0.8 ± 0.!C o.sb 
Wall 0.09 ± 0.0JC 0.2 ± 0.0 IC 0.09 ± 0.0JC 0.12± 0.0J C 

# none observed 
reference a - Huang et al., 1992; b - Huang et al., 1993 and c - fitted 

Table 6.2 - Changes to the dielectric parameter values from Table 6.1 used in the modelling of 
the electrorotation spectra shown in Figure 6.7. 

The high frequency section of the spectrum is usually associated with the internal 

dielectric properties of cells, as explained earlier (Chapter 4). The shift in the high 

frequency cross-over frequency from 800 kHz to 3 MHz for the unsporulated oocysts 

before and after storage corresponds to an increase in the conductivity of the interior of 

the unsporulated oocysts. The model also indicates that there is an increase in the 

conductivity of the oocyst wall after storage, which is associated with the shift in the 

peak anti-field rotation frequency from 60 kHz to 200 kHz. 
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The experiments performed on the oocysts after storage were performed at a 

suspending medium conductivity of 0.6 mS/m. The experiments prior to storage were 

conducted at a suspending medium conductivity of 1.0 mS/m. Based on the observed 

and modelled effect of the suspending medium conductivity on the electrorotation 

spectra of oocysts (Figures 6.6 and 4.5), it would be expected that the peak anti-field 

rotation rate would be reduced for the oocysts after storage, and that the high 

frequency cross over frequency would be reduced also. That these trends are not 

followed implies that the differences between Figures 6.4 and 6.7 could be greater still, 

if the experiments had been performed at the same suspending medium conductivity. 

Unlike previous spectra (Figures 6.2, 6.4, 6.5 and 6.6), there is no low frequency co­

field rotation observed for either unsporulated or sporulated oocysts after storage 

(Figure 6.7). As mentioned in Chapters 3 and 4, the low frequency area of the 

rotation spectrum is related to the surface charge of a particle, and is not fully 

understood. This data suggests that storage in 2.5% potassium dichromate solution 

reduces the surface charge of the oocysts. 

Taking into account biological variance and the limited number of oocysts studied 

before and after storage, it is reasonable to assume that the sporulated oocysts were not 

affected greatly by storage. Indeed, a sporulated oocyst is capable of surviving in 

hostile environments until the right environmental conditions are met and excystation 

can occur. In contrast, certain physiological changes have to occur to an unsporulated 

oocyst as it undergoes sporulation in the environment. Artificial sporulation usually 

takes place after 7-20 days at a temperature between 26-30°C (Smith et al. , 1997). 

Since the unsporulated oocysts investigated were kept at 4°C, the life-cycle processes 

will have been drastically reduced, due to immobilisation of proteins on the surface of 

the oocyst. This would result in the conductivity of the oocyst wall increasing, as seen 

in the modelling data. 

Long term storage in potassium dichromate does not affect the viability of 

C. cayetanensis oocysts, as oocysts will sporulate in 2.5% potassium dichromate 

solution (Smith et al., 1997). However, the data presented here shows that, although 

the oocysts may remain viable, their dielectric properties are affected by the storage 

medium and temperature. 
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6.2.7 Ruptured Oocysts 

Oocysts with ruptures in their cell walls, as shown in Figure 6.8, are non-viable. 

Figure 6.8 - Unsporulated oocyst with a rupture in the cell wall. 

The interior of a ruptured oocyst may be partially or wholly at the same conductivity as 

the surrounding solution. Therefore spectra of ruptured oocysts are useful for 

comparison with whole, putative non-viable oocyst spectra. When an oocyst becomes 

non-viable, it loses membrane integrity, and material is exchanged freely between the 

interior of the oocyst and the exte1ior solution. Figure 6.9 shows rotation spectra of 

three ruptured oocysts, a debris free, viable unsporulated oocyst and a putative non­

viable oocyst. 
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Figure 6.9 - Rotation spectra of three oocysts that have a rupture in the oocyst wall (◊ , o, b,.), a 
centrally located viable, unsporulated oocyst (■), and a putative non-viable oocyst (*) (Conductivity 0.4 
mS/m). 
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Compared to the unsporulated, viable oocyst, the ruptured oocysts all have low anti­

field rotation rates and low cross-over frequencies, which correspond with the 

characteristics observed by Goater (1999) to indicate non-viable oocysts, as discussed 

earlier (Section 6.2.4). Based on the work of Goater (1999), and the response of the 

ruptured oocysts, it is assumed that the intact, morphologically indistinguishable, 

unsporulated oocyst that has a very low rotation rate and low cross-over frequency is 

non-viable, as has been modelled previously (Figure 6.5) 

The differences in the rotation rates of the ruptured oocysts can be attributed to varying 

stages of cell death, with sections of the membrane still being resistive in places, 

and/or differences in the size of the rupture. The effect on the rotation spectra of 

changes in the conductivity of the cell membrane were shown in Figure 4.6, which 

showed a decrease in the rate of rotation with increasing membrane conductivity. The 

rupture in the oocyst wall allows the interior contents of the oocyst, such as salts and 

DNA, to be freely exchanged with the external, suspending medium. Thus the interior 

of the ruptured oocyst has a conductivity similar to that of the suspending medium. 

Figure 4.8 showed the effect on the rotation spectra of reducing the interior 

conductivity of an oocyst, namely a large reduction in the anti-field rotation rate, a 

reduction in the anti-field peak rotation frequency and a reduction in the cross-over 

frequency. All of these effects are observed in Figure 6.9. 

6.3 Baboon Cyc/ospora Spectra 

A limited number of baboon Cyclospora oocysts were obtained from the Scottish 

Parasite Diagnostic Laboratories (SPDL), and investigated. Cyclopora oocysts from 

baboons are morphologically indistinguishable from oocysts recovered from humans, 

and are considered to be the same species. For more information on the taxonomic 

classification of Cyclospora, see Appendix A. 
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6.3.1 1998 Baboon Isolate 

Oocysts were collected in April 1998 from baboons in Africa and stored in formalin at 

the SPDL. The samples were known to contain viable and non-viable oocysts (Smith 

et al., 1997). However, due to the amount of time in storage, and the storage method 

(no antibiotics), the samples were contaminated with particulate matter and bacteria. 

Very few oocysts could be isolated that were free from debris or bacteria and very few 

rotation spectra could be obtained. Of oocysts supplied from four different baboons, 

only one isolate contained reasonably clean oocysts, and from this, only three 

unsporulated oocysts were clean enough to be investigated. The few spectra from the 

debris free oocysts revealed a distinct difference in rotation rate and the peak rotation 

frequency between the viable and putative non-viable oocysts (Figure 6.10). With 

such a small sample number, this is not a conclusive result. 
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Figure 6.10 - Rotation spectra of three unsporulated oocysts collected from baboons in April 
1998. The faster rotating oocyst (fl) is probably viable, while the slower rotating oocysts (o, *) 
are putative non-viable. Solid lines show the best fit to the model using the parameters listed in 
Table 6.3 (conductivity 0.8 mS/m). 
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The putative non-viable spectra are rotating m a manner that is not expected or 

consistent with non-viable oocysts, which are expected to exhibit much lower rotation 

rates in the anti-field region as seen previously in Figure 6.5. The speed of rotation is 

comparable to that of a sporulated oocyst (Figure 6.4), however, the baboon oocysts 

were confirmed as unsporulated morphologically at the time of the experiments and 

afterwards by examination of the video tape. One possible explanation is that, unlike 

the human Cyclospora oocysts, the baboon oocysts were stored in formalin (3 7% 

formaldehyde) for transport from Africa to the SPDL, which affected their physico­

chemical properties. When the oocysts were stored in formalin, they were viable. The 

formalin has somehow preserved the integrity of the membrane, whilst at the same 

time rendering the organism non-viable. 

Baboon source Cyclospora 

U nsporu lated 

Viable Non-viable 

Dimensions (~tm) 9a 9a 
Wall thickness (nm) 113a 113a 
Membrane thickness (nm) 9b 9b 

Permittivity (1::,) 
Interior soc soc 
Membrane 4d 4d 
Wall 6QC 6QC 

Conductivity (S m-1) 

Cytoplasm 0.8 ± 0. 1d 0.5 ± 0.03d 
Membrane (l±0.3)x!0-6 d (8± 0. l)x I o-6 d 
Wall 0.1±0.Qld 0. 15 ± 0.02d 

reference 

a-Ortega et al., 1993; b- Pethig et al, 1995; c - Huang et al., 1992; and d - fitted 

Table 6.3 - Particle dimensions and initial dielectric parameter values used in the modelling of 
the electrorotation spectra shown in Figure 6.10 for unsporulated oocyst from baboons. 

The model data, shown in Table 6.3, for the unsporulated, viable baboon oocysts is 

similar to that shown for the unsporulated, viable human oocysts that were stored in 

2.5% potassium dichromate solution (Table 6.2). The only difference is that the wall 

conductivity for the viable, unsporulated baboon oocysts is 0.1 Sim, while for the 

viable, unsporulated human oocysts it is 0.2 S/m. This difference may be due to the 

formalin affecting the surface charge of the oocyst in a different way to that of the 

potassium dichromate. The modeling data for the putative non-viable oocysts show 
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dielectric properties that would be associated with sporulated oocysts (a much lower 

wall conductivity would be expected for a non-viable oocyst). This suggests that there 

are either differences between the baboon and human source oocysts that cannot be 

identified by light microscopy, or that the storage in formalin has greatly changed the 

physiological properties of the oocysts. Formaldehyde is used to fix and preserve 

cells, and it has been reported that formaldehyde affects the plasma membrane of 

mammalian cells (Burt, 1990). In high concentrations formaldehyde produces inter­

and intra-molecular cross linking in proteins (Schauenstein et al., 1977; Zubay, 1983). 

This treatment effectively stops the membrane proteins from functioning by fixing 

their structure and possibly their position in the membrane, so making the membrane 

more rigid. This could explain the effects in the spectra observed for formalin stored 

baboon oocysts. 

6.3.2 1994 Baboon Isolate 

Figure 6.11 shows rotation spectra of three unsporulated oocysts obtained from a 

baboon source collected in 1994 compared to two unsporulated oocysts from a human 

source. Again, there were problems obtaining enough clean oocysts from such a 

contaminated source. The baboon spectra show a remarkable uniformity of rotation 

rate and peak rotation frequency, despite being from oocysts stored in formalin for five 

years at 4°C. The spectra are also similar to those in Figure 6.10, which were from 

oocysts stored for a shorter time (one year). The oocysts collected in 1994 were 

confirmed non-viable by the excystation protocol (Ortega et al., 1993) carried out at 

the SPDL. This indicates that the previous designation of non-viable oocysts was 

correct (Figure 6.10), and shows that non-viable baboon oocysts have a higher anti­

field rotation rate than non-viable human oocysts, although this may be an effect of the 

storage conditions. The peak rotation frequency for non-viable, unsporulated oocysts 

of baboon and viable, unsporulated human oocysts is the same (~80 kHz). Further 

investigation into these effects, as well as comparisons with fresh samples of baboon 

oocysts, is required before any conclusions can be drawn. Low frequency co-field 

rotation is observed for the baboon oocysts suggesting that the effect formalin has on 

the surface charge is different to the effect potassium dichromate has, as mentioned 

earlier. 
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Figure 6.11 - Spectra of 3 debris free, non-viable, unsporulated, baboon Cyclospora oocysts 
(0, *, +) collected in 1994 and stored in formalin at 4°C compared to 2 debris free, unsporulated 
human source oocysts ( □ , L-.). Solid lines show the best fit of the model using the parameters 
listed in Table 6.4 (conductivity 0.5 mS/m). 

Unsporulated Cyclospora 

Human Baboon 

Dimensions (µm) 9a 9a 
Wall thickness (nm) 11 3a 113a 
Membrane thickness (nm) 9b 9b 

Perm ittivity (c:,) 
Interior soc soc 
Membrane 5c 5c 
Wall 6QC 6QC 

Conductivity (S m·1) 

Cytoplasm 0.4 ± 0. 1d o.s ±omd 
Membrane (l±0J )x 10·6 d (1 ±0. l)x !0"6 d 
Wall 0.09 ± 0.0 1d 0.09 ± 0.04d 

reference 
a-Ortega et al. , 1993; b- Pethig et al, 1995; c - Huang et al., 1992; and d - fitted 

Table 6.4 - Particle dimensions and dielectric parameter values used in the modelling of the 
electrorotation spectra shown in Figure 6.11 for unsporulated oocysts from baboons and 
humans. 
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The parameters used to model the human unsporulated oocysts are the same as listed 

in Table 6.1. The difference between the human and baboon model parameters is an 

increase in the conductivity of the cytoplasm. Whether this is due to a difference 

between very similar species of Cyclospora, or an artefact of the storage remains to be 

investigated. Lopez et al. (1999) recently reported finding differences in the ribosomal 

DNA between morphologically indistinguishable, unsporulated oocysts recovered 

from humans and baboons. It is interesting to note that the oocysts that Lopez et al. 

performed their studies on are from the same source as the oocysts investigated here. 

Figure 6.11 concurs with Lopez's findings, but a more comprehensive investigation 

with many more oocysts is required before any firm conclusions can be drawn. 

6.4 Analysis of Human Isolate C2 

34 spectra were obtained from isolated C2 at a suspending medium conductivity of 

1 mS m-1
• The spectra recorded for 19 oocysts which were in an unsporulated state 

and were morphologically indistinguishable are shown in Figure 6.12. However, the 

rotation spectra were of two distinct types, 17 oocysts that have a rapid anti-field 

rotation rate, and two oocysts that have very slow rotation rates. As seen previously 

(Figure 6.5) the two types can be designated viable and non-viable. The distinct 

spectra of two unsporulated oocysts ( open symbols) designated non-viable are similar 

to the spectrum of an oocyst that had no observable structural contents(*, Figure 6.12) 

and which was considered non-viable, as discussed in Section 6.2.7. Minor 

differences between spectra can be attributed to differing states of deterioration 

following oocyst death. 

Estimations of the electrical parameters of the different oocyst components for the 

viable and non-viable best model-fits shown in Figure 6.12 are listed in Table 6.5. 

Similar trends to those of C. parvum oocysts (Goater, 1999) are found for the 

C. cayetanensis oocysts, namely an increase in membrane conductivity with a 

corresponding decrease in the interior conductivity as oocysts die. This provides 

further evidence that the change in shape of the spectra from viable to non-viable is 

indeed due to differences in physiological state. 
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Figure 6.12 - Rotation spectra of 19 debris free, unsporulated oocysts showing two distinct 
populations(•, n=17) and (o, D.). Also shown is the spectrum for an oocyst without internal 
contents (*). Solid lines show the best fit from the multi-shell model using values listed in 
Table 6.5. Mean rotation rate shown, with error bars representing one standard deviation 
(conductivity 1 mS m-1). 

Cyclospora cayetanensis 

Unsporulated Sporulated 

Viable Non-viable Viable Non-viable 

Dimensions (µm) 9a 9a 9a 

Wall thickness (nm) 11 3a 113a 11 3a 
Membrane thickness (nm) 9 ± o.sc 9 ± o.sc 9 ± o.sc 

Permittivity (E,) 
Interior sob sob sob 
Membrane 4 ± o.sc 4 ± o.sc 4 ± o.sc 
Wall 60b 6ob 60b 

Conductivity (S m-1
) 

Cytoplasm 0.8 ± 0.JC 0.2 ± 0.Q3C 0.8 ± 0.JC 
Membrane (S.S±0.3)xlo-6 c (1± 0. l )x l0'5 c (8±0.S)x I o-6 C 

Wall 0.09 ± 0.01c 0.01 ± 0.004c 0.09 ± 0.01c 

# none observed 
reference a -Ortega et al., 1993; b - Huang et al., 1992 and c - estimated 

Table 6.5 - Particle dimensions and dielectric parameter values used in the modelling of the 
electrorotation spectra for isolates C2 and C3 shown in Figures 6.12, 6.13, 6.14 and 6.16. 
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C. cayetanensis oocysts of isolate C2 were stored at room temperature ( ~ 20°C) to 

induce sporulation. 30% were found sporulated after 14 days. Excystation studies 

(Ortega et al., 1993) on these sporulated oocysts performed at the SPDL showed that 

75% excysted, indicating that the isolate contained both viable and non-viable oocysts. 

A comparison between unsporulated and sporulated oocysts is shown in Figure 6.13. 
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Figure 6.13 - Rotation spectra comparing 14 debris free, sporulated oocysts (o) and 17 debris 
free, unsporulated oocysts ( • ). Solid lines show the best fit from the multi-shell model using 
values listed in Table 6.5. Mean rotation rate shown, with error bars representing one 
standard deviation (conductivity 1 ms m·1). 

The sporulation state was determined by the presence/absence of two sporocysts 

within the oocyst wall as identified using phase contrast microscopy. Significant 

differences in the spectra are found in the frequency window from 20 kHz to 200 kHz, 

with a much reduced rotational velocity for the sporulated oocysts in this range. The 

previous spectra, for isolate Cl, indicated that at a frequency of 1 MHz, unsporulated 

and sporulated oocysts rotate in opposite directions (Figure 6.4). Although this 

conclusion was valid for the limited numbers of spectra obtained for isolate Cl , this 
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distinction is not possible for isolate C2. Importantly, however, the distinction based 

on the rate of rotation in the frequency window 20 kHz to 200 kHz holds for both 

isolates. 

From the model, the change in the spectra upon sporulation can be considered to be 

primarily associated with a slight increase in oocyst membrane conductivity. It must 

be noted, however, that whereas the multi-shell model enables accurate determinations 

to be made of the dielectric properties of the outermost membrane and wall of the 

oocyst, at best it can only provide an approximate indication of any changes occurring 

in the properties or level of complexity of internal structures (Chan at al., 1997). 

From TEM studies (Ortega et al., 1994), a sporulated oocyst is described as possessing 

a two layered oocyst wall (63 and 50 nm thick respectively) surrounding two 

sporocysts, each with walls 62 nm thick surrounding a plasma membrane. Within each 

sporocyst are two membrane-bound sporozoites. These complex internal features may 

explain the deviation of the fitted curves in Figure 6.13 from the experimental 

observations at the higher frequencies, where the electrorotation properties are 

regarded as being more sensitive to the internal structure of particles (Pethig, 1991 ). 

To verify this assumption another shell was added to the model, to represent a 

sporocyst wall, and the membrane thickness increased to represent the sporocyst 

membranes (Figure 6.14). The approximation is useful to observe the effects the extra 

shell has on the model. The parameter values used were taken from Table 6.1 for an 

unsporulated oocyst. The sporocyst wall was given the same properties as the oocyst 

wall. Figure 6.14 shows that the addition of an extra shell reduces the anti-field 

rotation rate. The addition of the sporocyst wall shell and thickening of the membrane 

reduces the anti-field rotation rate, increases the anti-field peak rotation frequency and 

increases the high frequency cross-over frequency. 
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Figure 6.14 - Effect of adding a new wall and thickened membrane shell to the model. Solid 
lines indicate model fits using the data from Table 6.1 for a sporulated oocyst. Experimental 
data for a debris free, sporulated oocyst are given for comparison (o) (conductivity 1.0 mS/m). 

To obtain a better fit to the experimental data, the parameters were modified from 

those listed in Table 6.1. The new fitted parameters are given in Table 6.6, but at 

frequencies > 1 MHz there is still not a good fit to the experimental data (Figure 6.15). 

The relative permittivity of the membrane had to be increased from 5 to 7, which is 

consistent with a thicker lipid structure with more proteins and carbohydrates. The 

interior conductivity of the oocyst had to be reduced to 0.3 Sim, which is also 

consistent with a reduction in the amount of conductive material bound within the two 

sporozoites within each sporocyst. A reduction in the membrane conductivity, from 

8 xl0-6 S/m to lxl0-6 Sim could indicate that the membranes of the sporozoites perform 

different functions compared to the unsporulated oocyst membrane, which needed to 

interact with the external environment in order for the oocyst to sporulate. The 

conductivity and permittivity of both walls remained the same. Above 1 MHz the 

model still does not follow the experimental data well. 
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Figure 6.15 - Best fit of the 3-shell model using the data from Table 6.6 for a sporulated 
oocyst compared to the experimental data for a sporulated oocyst (o) (conductivity 1.0 mS/m). 

Sporulated Cyclospora 

2 shell model 3 shell model 

Dimensions (µm) 9a 9a 
Oocyst wall thickness (nm) 113a 113a 
Sporocyst wall thickness (nm) n/a 62b 
Membrane thickness (nm) 9c 15d 

Permittivity (E,) 
Interior soe soe 
Membrane 5e 7d 

Oocyst wall 6oe 6oe 
Sporocyst wall n/a 6oe 

Conductivity (S m·1
) 

Cytoplasm 0.4 ± 0. l d 0.3 ± 0.03d 
Membrane 8 X 10"6 ± 0.3d l x J0·6 ± O.Jd 
Oocyst Wall 0.09 ± 0.01 d 0.09 ± 0.0 1d 
Sporocyst wall n/a 0.09 ± 0.01 d 

reference 
a-Ortega et al., 1993; b- Ortega et al. , 1994; c - Pethig et al, 1995; d - fitted and e - Huang et al., 1992. 

Table 6.6 - Particle dimensions and dielectric parameter values used in the modelling of the 
electrorotation spectra shown in Figure 6.15 for a sporulated oocyst. 
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6.5 Analysis of Human Isolate C3 

41 spectra of unsporulated oocysts were obtained from isolate C3 at a suspending 

medium conductivity of 1 mS m-1
• The spectra are shown in Figure 6.16 and are of 

two distinct types, corresponding to viable and non-viable oocysts. These 

electrorotational spectra confirm that the best method to distinguish between viable 

and non-viable oocysts is by the characteristic difference in the peak anti-field rotation 

rate. The high frequency cross-over point is not a reliable indicator of viability, as it 

varies between isolates (Figures 6.4, 6.12 and 6.16). 
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Figure 6.16 - Rotation spectra of 41 debris free, unsporulated oocysts showing two distinct 
populations, viable(• , n=29) and non-viable (o, n=12). Solid lines show the best fit from the 
multi-shell model using values listed in Table 6.5. Mean rotation rate shown, with error bars 
representing one standard deviation (conductivity 1 ms m-1) . 
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6.6 Conclusions 

While storage in 2.5% potassium dichromate solution does not affect biological 

viability, it has been shown that the dielectric properties of the human source oocysts 

are affected, especially at the oocyst surface. Storage in formalin has been shown to 

affect the dielectric properties of baboon source oocysts. Differences observed 

between baboon and human source oocysts need further investigation, but indicate that 

the electrorotation technique can detect differences in the species of oocyst 

investigated, which may be of importance in risk determination of water and food 

where species are differentially infective to humans. 

In the absence of any vital dye staining technique, electrorotation velocity at the anti­

field maxima can be used to determine C. cayetanensis oocyst viability. Previously 

published electrorotation data from other protozoans (Goater et al. , 1997), fungi 

(Huang at al. , 1992) and animal cells (Gundel et al. , 1989) support this. 

The ability to determine the sporulation state of C. cayetanensis oocysts has also been 

demonstrated with electrorotation. This detection of internal content 

compartmentalisation is of importance as the oocysts are only potentially infectious 

following sporulation. Determining oocyst viability and sporulation state is therefore 

important in assessing the risk associated with potentially contaminated water. 

Currently only trained laboratory workers can identify the degree of sporulation by 

observing morphological indicators, as oocysts of C. cayetanensis do not change their 

overall dimensions upon sporulation. Electrorotation has a clear advantage over PCR, 

as Herwaldt (2000) has shown that PCR cannot distinguish between sporulated and 

unsporulated oocysts. 

Within the known limitations of the multi-shell model for characterising bioparticles 

of complex structure (Chan et al., 1997), the fitted data indicates that the membrane 

conductivity of non-viable C. cayetanensis oocysts is significantly greater than that of 

viable ones. The corresponding decrease in the internal conductivity of the oocysts 

confirms that this loss of viability is associated with a physical degradation of the 

membrane and the loss of its ability to act as a barrier to passive ion flow. 
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Chapter 7 

Electrorotation of Ascaris suum 

7.1 Introduction 

In this chapter, the electrorotation spectra for eggs of three isolates of Ascaris suum are 

presented. A comparison is then made between the spectra from unfe1tilised and 

fertili sed eggs and the results from an investigation into sets observed in the fe1tilised 

spectra using the ellipsoidal multi-shell model are reported. 

7 .2 Effect of decortication 

Initial attempts to obtain electrorotation spectra of A. suum eggs were unsuccessful due 

to their large size and high ly adhesive outer uterine layer. Removing this layer by 

decortication, as described in Section 5.2, spectra were successfully obtained. 

However, it was not possible to reliably reproduce the decortication process, as for 

each isolate differing thicknesses of the uterine layer were removed. For some 

iso lates, the decortication process removed the vitelline and uterine layers and killed 

the organisms (Figure 7. l a, b). To obtain reliable data, only spectra from eggs from 

the same isolate, that had been dec01ticated at the same time and had the presence of 

the vitelline layer confirmed by optical microscopy, were compared. 

a b C 

Figure 7.1 - Ascaris suum isolate AB eggs (a and b), damaged by the decortication process, 
compared to an egg from isolate A2 (c), with a visibly intact vitelline layer. 
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7.3 Ruptured Eggs 

Fertilised eggs with a rupture in the vitelline, chitinous and lipid layers, which allows 

the interior to be filled with the suspending medium and the majority of the contents to 

disperse, are non-viable and known as shells (Figure 7.2). 

Figure 7.2 - A fertilised, viable egg (left), compared to a non-viable shell (right). Note the 
uniformly distributed contents of the viable egg, and the intact, retractile wall. 

An egg which has been ruptured will still have a resistive membrane for a period of 

time after the damage. Hence, the shell spectrum should have a reduced rotation rate 

compared to a viable egg, and a faster rotation rate when compared to a cell whose 

membrane is no longer functioning. There should be significant differences between 

the spectra of shells and viable eggs besides a change in the rotation rate, due to the 

change in the membrane and interior dielectric properties. This is observed for two 

shell spectra compared to unruptured, intact, similarly sized eggs with contents in 

Figure 7.3. The shell spectra have a reduced anti-field rotation rate, a reduced anti­

field peak rotation rate frequency, a much reduced high frequency cross-over 

frequency, a higher co-field rotation rate and a reduced co-field peak rotation rate 

frequency. As expected, the modelling data (Table 7.1) show that the differences 

between the two spectra are due to an increase in the lipid layer conductivity and a 

decrease in the conductivity of the vitelline and chitinous layers, as expected in the 

non-viable shell samples. Thus at 800 kHz, a viable, fertilised egg should rotate in the 

anti-field region, and a non-viable egg in the co-field direction, allowing for rapid 

discrimination. 
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Figure 7 .3 - Electrorotation spectra of 4 fertilised eggs ( open symbols) of isolate A 1 compared 
w ith the 2 shell spectra(+, *) (conductivity 0.4 mS/m). 

non-viable (shell) 

Dimensions (µm) 

Vite lline Layer thickness (nm) 
Chitinous Layer thickness (nm) 
Lipid Membrane thickness (nm) 

Relative Permittivity (E,) 

Vitelline Layer 
Chitinous Layer 
Lipid Membrane 
Cytoplasm 

Conductivity (S/m) 
Vitelline Layer 

Chitinous Layer 
Lipid Membrane 
Cytoplasm 

60 X 44a 

soob 
1600b 
100b 

6QC 
6QC 
6C 
soc 

0.02d 

0.03d 
s X 10-6 d 

0.0 1d 

Ferti lised Ascaris suum 

viable 

60 X 44a 

soob 
1600b 
100b 

6QC 
6QC 
6C 

soc 

o.ose 
o.ose 

1 X 10-7/ 

o.sg 

References : a - Foor, 1967; b - Darben, 2002; c - Huang et al., 1992; d - fitted e - Asami et 
al. , 1976;/-Gimsaetal. , 1991 ; g - Wang eta/., 1994 

Table 7.1 - Values used for initial modelling of A. suum spectra in Figure 7.3. 
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7.4 Effect of high suspending medium conductivity 

Figure 7.4 shows spectra for fertilised eggs only at a higher conductivity of 2.2 mS/m. 

Here, the peak rotation frequencies shift towards higher frequencies compared to the 

spectra seen in Figure 7.3, as predicted in the modelling Chapter (Section 4.6.1). 
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Figure 7.4- Rotation spectra of 11 fertilised eggs of isolate A1 (conductivity 2.2 mS/m). 

There were no co-field rotations observed at either low or high frequencies as seen 

previously in Figure 7.3. With a higher conductivity suspending medium, there are 

less charge differences between the interior of the egg and the exterior solution. This 

results in the induced torque being less than that for the lower external conductivity 

situation (Figure 7.3). This reduced torque is unable to overcome the drag and friction 

between the egg and the chamber base, resulting in no low frequency rotation. High 

frequency co-field rotation would be observed if the frequency generator used in this 

work could reliably provide frequencies greater than 5 MHz. 

There are 3 sets grouped around three different anti-field peak rotation frequencies to 

note in the spectra, which are discussed in more detail in the next sections. 
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7 .5 Analysis of Spectra of Isolate A2 

124 spectra of A. suum isolate A2 were obtained. Figure 7.5 shows spectra of 22 

unfertilised and fertilised eggs at a conductivity of 0.55 mS/m. Four sets can be seen 

in the spectra; the three sets seen previously (Figure 7.4) that rotate in the anti-field 

region with peak rotation frequencies of 200 kHz (solid lines, open symbols), 600 kHz 

(dashed lines, solid symbols) and 1.2 MHz (solid lines) and a fourth set that rotates in 

the co-field direction with a peak rotation frequency of 1 MHz, 

1.0,-----------------------------, 

co-field 
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ro anti-field a::: 
C: 
0 
:;:; 
J!l -1 .0 
0 
a::: 

-2.0 

102 103 104 106 107 

Frequency (Hz) 

Figure 7.5 - Electrorotation spectra of 22 decorticated A. suum eggs, isolate A2, showing 
three sets in the anti-field region, and one in the co-field region (conductivity 0.55 mS/m). 

The spectra with the co-field high frequency peak at 1 MHz represent unfertilised eggs 

only, as determined by morphological indicators. All of the spectra in the anti-field 

region are from fertilised eggs. The difference in direction of rotation between 

fertilised and unfertilised eggs can be used for easy identification of the fertilisation 

state at frequencies greater than 10 kHz and less than 1 MHz. Differences between the 

three anti-field spectra sets based on the size of the eggs or visible egg contents could 

not be attributed. The lack of data around 1 KHz is due to the induced torque being 

unable to overcome the friction between the eggs and the rotation chamber base. 
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Further spectra of the same isolate at a different conductivity (0.65 mS/m) are shown 

in Figure 7.6. 
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Figure 7.6 - Electrorotation spectra of 26 eggs of isolate A2 eggs (conductivity 0.65 mS/m). 

The unfertilised eggs again rotate only in the co-field region. Their peak rotation 

frequency has decreased slightly, to 800 kHz, from the 1 MHz seen previously 

(Figure 7 .5). There are again three sets in the anti-field peak rotation region, at 

200 kHz, 600 kHz and 1.2 MHz, all associated with fertilised eggs. Differences 

between the three anti-field sets based on the size of the eggs or visible egg contents 

could not be attributed. There appear to be no common factors linking the eggs in 

each anti-field peak-rotation frequency set. The differences are probably due to the 

development of the egg, such as the thickening of the vitelline layer and the changes in 

the lipid layer properties as discussed in Chapter 2. To investigate the possible causes 

of these three sets, the electrorotational response was modelled using the ellipsoidal 

multi-shell model. 
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7.6 Modelling 

Of the 124 spectra obtained of debris free eggs of isolate A2, 118 were in the 

conductivity range 0.65 ± 0.1 mS/m, and so could be compared, and 113 were 

accurately measured by a calibrated haemocytometer (as described in Chapter 5). 

There are two distinct morphological types of A. suum eggs, fertilised eggs that are 

oval, and unfertilised eggs that are more elliptical. By plotting the length and widths 

of these eggs it is easy to see the difference between the two types (Figure 7.7). The 

mean values of the sizes of the two types of eggs were used in the ellipsoidal multi-

shell model. 
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Figure 7.7 - Dimensions of 113 eggs of A. suum isolate A2, showing two distinct types, 
unfertilised and ferti lised. The boxes indicate the maximum and minimum values measured. 

Using the ellipsoidal multi-shell model described in Chapter 4, electrorotation spectra 

of fertilised and unfertilised eggs of A. suum were simulated (Figure 7.8). The 

physiological data used is given in Table 7.2, and was taken from the relevant 

literature. As can be seen from Figure 7.8, the model fits reasonably well with the 

fertilised spectra data, but poorly with the unfertilised spectra data above 2 MHz. To 

obtain the unfertilised spectra fit, a value of 0.01 mS/m for the cytoplasm conductivity 

was required, which is typically associated with a non-viable organism, suggesting 

that the model used might not be able to accurately predict the behaviour of 

unfertilised Ascaris spectra. As there is a large degree of variance in the fertilised 

spectra data, the data was split into the three peak anti-field rotation sets and the model 

used to investigate the differences between them. 
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U nfertil ised 

Dimensions (µm) 

Vitelline Layer thickness (nm) 
Chitinous Layer thickness (nm) 
Lipid Membrane thickness (nm) 

Relative Permittivity (c,) 

Vitelline Layer 
Chitinous Layer 
Lipid Membrane 
Cytoplasm 

Conductivity (S m·1
) 

Vitelline Layer 
Chitinous Layer 
Lipid Membrane 
Cytoplasm 

74 X 3ga 

4oob 

6QC 

soc 

o.osd 

o.oif 
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Ascaris suum 

Fertilised 

60 X 44a 
soob 
1600b 
100b 

6QC 
6QC 
6C 

soc 

o.osd 
o.osd 

1 X I0·7e 

0.8g 

References : a - Foor, 1967; b - Darben, 2002; c - Huang et al. , 1992; d - Asami et al., 1976; 
e - G imsa et al., 199 I;/- fitted and g - Wang et al. , 1994; 

Table 7.2 - Values used for modelling of A. suum spectra shown in Figure 7.8. 

1.0~----~----~-----~------,-------, 

0.5 co-field 

~ 
$ -0.5 anti-field 
ro 

0::: 
C 
0 

$ -1 .0 
0 

0::: 

-1 .5 

102 103 104 105 106 107 

Frequency (Hz) 

Figure 7.8 - Rotation spectra of Ascaris suum eggs comparing 14 unfertilised (£\) and 104 
fertilised (o) eggs. Error bars represent the mean rotation rate and one standard deviation. 
Solid lines show the best fit from the multi-shell model using values listed in Table 7.2 
(conductivity 0.65 ±0.1 mS/m). 
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7.6.1 Unfertilised egg spectra 

Using the physiological values given in Table 7.2 for the unfertilised eggs, the 

difference between the largest egg (80x40 µm) and the smallest (68x34 µm) egg were 

modelled, to investigate how this would affect the spectra (Figure 7.9). 
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Figure 7.9 - Effect of changing the size of the unfertilised egg from the largest size observed 
(80 x 40 µm) to the smallest (68 x 34 µm). Solid lines show the best fit from the multi-shell 
model using values listed in Table 7.2 for the two limiting particle sizes. Error bars represent 
the mean rotation rate and one standard deviation (conductivity 0.65 ±0.1 mS/m). 

Although there is an increase in the mass of the cytoplasm, and to a lesser extent, the 

mass of the various layers, the difference in size does not affect the unfertilised spectra 

to any significant degree. 
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7.6.2 Fertilised egg spectra 

Due to the lack of attributable trends in the fertilised eggs that produced the three sets 

in the anti-field spectra (Figures 7.5 and 7.6), the spectra were examined on a more 

global basis. The number of spectra obtained for each specific peak rotation frequency 

was plotted (Figure 7.10). 
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Figure 7 .10 - A histogram of anti-field peak frequency distribution among 104 fertilised eggs. 
There are three regions of interest around the frequencies 200 kHz, 600 kHz and 1.5 MHz. 

There are three regions of interest, around the peak rotation frequencies of 200 kHz, 

600 kHz and 1.5 MHz. The spectra from these three regions were separated into individual 

plots and modelled (Figures 7.11 to 7.13). 

7.6.3 Fertilised egg spectra - 200 kHz peak 

To obtain the best fit of the model to the experimental data for the fertilised eggs with 

a peak rotation frequency of 200 kHz, a number of modelling parameters had to be 

changed (Table 7.3, Figure 7.11). The effects of the variations in size from the largest 

observed egg (6lx48 µm) and the smallest egg (53x42 µm) are also shown. 
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Initial values New values 

Cytoplasmic conductivity (Sm-1) 0.8 0.5 

Lipid membrane conductivity (Sm-1) 1 X 1Q-/ 5 X 1Q-t> 

Chitinous Layer conductivity (Sm-1) 0.05 0.09 

Lipid membrane permittivity (er ) 6 15 

Table 7.3 - Changes in parameter values from those listed in Table 7.2 needed to obtain the 
best fit of the model to the fertilised egg peak rotation frequency of 200 kHz shown in Figure 
7.11 . 
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Figure 7.11 - Rotation spectra of 36 fertilised A. suum eggs with the peak rotation frequency 
200 kHz. Solid lines show the best fit from the multi-shell model as listed in Tables 7.2 and 
7.3. Error bars represent the mean rotation rate and one standard deviation (conductivity 
0.65±0.1 mS/m). 

The majority (92%) of the eggs that produced these spectra had internal contents that 

did not touch the egg wall, indicating a possible developmental stage that corresponds 

to this peak rotation frequency. 
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7.6.4 Fertilised egg spectra - 600 kHz peak 

To obtain the best fit of the model to the experimental data for the fertilised egg peak 

rotation frequency of 600 kHz, again a number of parameters had to be changed 

(Table 7.4, Figure 7.12). The effects of the variations in size from the largest observed 

egg (65x50 µm) and the smallest egg (55x43 µm) are also shown. Only 71 % of these 

eggs had internal contents that did not touch the egg wall. 

Initial values New values 

Lipid membrane conductivity (Sm·l) 1 X 1 0· f 1 X 1Q•6 

Chitinous Layer conductivity (Sm·l) 0.05 0.04 

Lipid membrane permittivity (er) 6 4 

Table 7.4 - Changes in parameter values from those listed in Table 7.2 needed to obtain the 
best fit of the model to the fertilised egg peak rotation frequency of 600 kHz shown in 
Figure 7.12. 
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Figure 7.12 - Rotation spectra of 21 fertilised A suum eggs with the peak rotation frequency 
600 kHz. Solid lines show the best fit from the multi-shell model as listed in Tables 7.2 and 
7.4. Error bars represent the mean rotation rate and one standard deviation (conductivity 
0.65±0.1 mS/m). 
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7.6.5 Fertilised egg spectra - 1.5 MHz peak 

To obtain the best fit of the model to the experimental data for the fertilised egg peak 

rotation frequency of 1.5 MHz, some parameters were once again changed (Table 7.5, 

Figure 7.13). The effects of the variations in size from the largest observed egg 

(62x48 µm) and the smallest egg (53x44 µm) are also shown. Only 22% of these eggs 

had internal contents that did not touch the egg wall. 

Initial values New values 

Lipid Membrane thickness (nm) 100 nm 200 nm 

Lipid membrane conductivity (Sm-1) 1 X 1 o-/ 5 X 1 0-ti 

Chitinous Layer conductivity (Sm-·1) 0.05 0.09 

Lipid membrane permittivity (er) 6 3 

Table 7.5 - Changes in parameter values from those listed in Table 7.2 needed to obtain the 
best fit of the model to the fertilised egg peak rotation frequency of 1.5 MHz shown in 
Figure 7.13. 
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Figure 7.13 - Rotation spectra of 14 fertilised A. suum eggs with the peak rotation frequency 
1.5 MHz. Solid lines show the best fit from the multi-shell model as listed in Tables 7.2 and 
7.5. Error bars represent the mean rotation rate and one standard deviation (conductivity 
0.65±0.1 mS/m). 

139 



CHAPTER 7 : Electrorotation of Ascaris 

7.6.6 Fertilised egg spectra discussion 

The physiological changes occurring as an egg undergoes fertilisation, the formation 

of the lipid membrane etc., offers a possible explanation as to why there is so much 

variance between the fertilised egg spectra. The model indicates that the differences 

between the 3 anti-field peak rotation frequencies at 200 kHz, 600 kHz and 1.5 MHz 

are due to these physiological changes. All the eggs are viable, fertilised, unicellular 

and have similar lipid membrane conductivities, as expected of organisms of similar 

physiological state. Differences in their other dielectric properties indicate what 

physiological changes are about to occur. The cytoplasm conductivity increases with 

the peak rotation frequency, as does the thickness of the lipid membrane, while the 

permittivity of the membrane decreases. This can be attributed to changes in the egg 

development, from a unicellular internal organisation, to a more complex, multi­

cellular organisation (Chapter 2, Figure 2.10), which contains, initially, two membrane 

bound cells. The distribution of the interior contents of the eggs appears to support this 

hypothesis (Table 7.6, Figure 7.14). As the frequency of the peak rotation frequency 

increases from 200 kHz to 1.5 MHz, more of the eggs have their internal contents 

touching the cell wall. 

1.5 MHz 600 kHz 200 kHz 
(n=14) (n=21) (n=37) 

Contents touching cell wall (%) 78 29 8 

Contents not touching cell wall (%) 22 71 92 

Viable(%) 57 43 51 

Non-viable(%) 43 57 49 

Table 7.6 - Analysis of the data producing the three peak rotation frequency sets seen in 
Figures?.11 to?.13. 

Figure 7.14 - An egg with the internal contents touching the egg wall (left)and an egg with 
internal contents retracted from the egg wall (right). Note that these are one sided captured 
images, and that when an egg rotates, the distinction is not as apparent or as large as these 
images might suggest. 
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7.6.7 Fertilised egg spectra - analysis by viability 

As there were no clear reasons for the observed sets in the fertilised spectra the video 

data of all the experiments were taken to the Scottish Parasite Diagnostic Laboratory, 

in Glasgow, to have the viability and fertility state of the eggs confirmed by a clinical 

parasitologist. Not all eggs could be positively identified as viable or non-viable. Of 

the 104 fertilised egg spectra examined, the viability and development state of only 72 

could be positively identified (Table 7.6). The spectra were then collated, analysed 

and found to have again three peak rotation frequency groupings around 200 kHz, 

600 kHz and 1.5 MHz (Figures 7.15 to 7.17). 
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Figure 7.15 - Rotation spectra of 19 viable (o) and 18 non-viable(■) fertilised A. suum isolate A2 eggs 
at a peak rotation frequency of 200 kHz. Mean rotation rates shown, with error bars indicating one 
standard deviation (conductivity 0.65±0.1 mS/m). 

Figure 7.15 shows electrorotational spectra of 37 eggs that had a peak rotation 

frequency of approximately 200 kHz and whose viability had been determined. The 

mean rotation rate of the viable eggs was found to be slightly higher than that of the 

non-viable eggs. However, the overlap of error bars shows that this is not a significant 

difference, and can be attributed to slight differences in physical size between the 
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eggs. The non-viable spectra bear no resemblance to that of ruptured egg spectra, seen 

previously in Figure 7.3, and suggest that while a fertilised egg may be biologically 

non-viable, it still possesses intact vitelline, chitinous and lipid layers which still have 

similar dielectric properties to viable eggs. 
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Figure 7.16 - Rotation spectra of 9 viable (o) and 12 non-viable(■) fertilised A. suum isolate 
A2 eggs at a peak rotation frequency of approximately 600 kHz. Mean rotation rates shown, 
with error bars indicating one standard deviation ( conductivity 0.65±0.1 mS/m). 

Figure 7 .16 shows electrorotational spectra of 21 fertilised eggs that had a peak 

rotation frequency of 600 kHz and whose viability had been determined. The slight 

difference in the electrorotational responses between the two types of eggs can be 

attributed to variations in the egg sizes. 
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Figure 7.17 - Rotation spectra of 8 viable (o) and 6 non-viable(■) fertilised A. suum isolate 
A2 eggs at a peak rotation frequency of 1.5 MHz. Mean rotation rates shown, with error bars 
indicating one standard deviation (conductivity 0.65±0.1 mS/m). 

Figure 7.17 shows electrorotational spectra of 14 fertilised eggs that had a peak 

rotation frequency of 1.5 MHz and whose viability had been determined. The mean 

rotation rate of the viable eggs is slightly higher than that of the non-viable eggs. 

However, the overlap of errors bars shows that this is not a significant difference. 
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7. 7 Discussion 

Decortication of the outer layer of the A. suum eggs is required before electrorotation 

experiments can proceed. The decortication process produces differing thicknesses of 

the vitelline layer, which greatly affects the spectra obtained, and so only spectra 

obtained from the same isolate which has been decorticated at the same time can be 

compared. In some instances, the decortication procedure removed the cell wall from 

the eggs completely. Thus decortication reduces the reproducibility of experimental 

data. However, decortication allows more accurate visual identification of an egg's 

fertilisations state (one/two cell stage or larval stage). Without decortiation, eggs 

adhere to the chamber and carry many particles of debris, which also affect 

reproducibility. 

Fertilised eggs rotate at a more rapid rate and in the opposite direction to unfertilised 

eggs in the frequency window 10 kHz to 2 MHz (Figure 7.8). At 600 kHz, the average 

peak rotation rate of fertilised eggs are at a maximum in the anti-field region. 

Unfertilised eggs have a peak rotation frequency of 1 MHz in the co-field region, 

allowing for easy visual differentiation between the two types due to direction of 

rotation. This process can easily be automated using existing image processing 

techniques (Schnelle et al. 1997; DeGasperis et al., 1998; Zhou et al., 1998) and 

would create a quick and easy method for determining the contents of a mixed 

population, useful for screening water supplies. 

Examination of the fertilised egg spectra indicated three possible sets, at 200 kHz, 

600 kHz and 1.5 MHz (Figures 7.5 ,7.6, 7.11, 7.12 and 7.13). Attempts to correlate 

these sets with physical size, visible changes in life-cycle stage, and viability failed to 

identify the reason for the differences. The only factor that appears to correlate with 

the three sets of fertilised egg spectra is the distribution of the internal contents 

(Table 7 .6). At the peak rotation rate ~ 1.5 MHz, 78% of the eggs have internal 

contents touching the cell wall. Corresponding figures at 600 kHz and 200 kHz are 

29% and 8% respectively. It is highly likely that the cause is due to the changes in the 

physico-chemical nature of the eggs, such as the changes in the ascerosdies of the lipid 

layer as described in Chapter 2. This hypothesis is supported by the modelling data, 

144 



CHAPTER 7 : Electrorotation of Ascaris 

which indicates that changes in the lipid membrane and the cytoplasm properties can 

explain the different spectra. It must be noted though that an Ascaris egg is the most 

complex organism that has been attempted with this model. Previous organisms were 

simple structures such as yeast and red blood cells (as discussed in Chapter 4), and 

further investigation using multi-cellular fertilised eggs is recommended. 

7.8 Conclusions 

This is the first reported electrorotation study of a nematode, Ascaris suum. 

Electrorotation can readily distinguish between fertilised and unfertilised decorticated 

eggs, as confirmed using standard optical microscopy techniques. Spectra for 

fertilised eggs fall into three sets, probably reflecting three stages of egg development. 

However, the decortication process influences the spectra obtained, and limits the 

practical applications of the technique for this organism. Standardising the 

decortication process would be advantageous, but adds another level of complexity to 

the whole electrorotation process. However, electrorotation has been shown to be 

applicable to the important phylum, nematoda. The technique could be applied to 

similar organisms that do not require decortication, and which cannot easily be 

analysed using optical microscopy. 
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Chapter 8 

Conclusions and Recommendations for Further Work 

8.1 Conclusions 

This thesis presents the results of the first investigation of two species of parasites that 

infect man, namely the protozoa Cyclospora cayetanensis and the nematode Ascaris 

suum, using the dielectric technique of electrorotation. This is also the first 

investigation of a member of the phylum nematoda. Chapter 1 described the global 

health implications of these two parasitic organisms, and details why electrorotation 

could be used as a rapid test of organism viability. The current status of research using 

the electrorotation technique was described, along with suggestions of potential 

applications in the field of parasitology and public health. It was noted that, with the 

exception of the work on Cryptosporidium and Giardia by Goater (1997 and 1999) 

and indirect work on Plasmodium falciparum (Gascoyne et al., 1997), the protozoa, a 

group of more than 50,000 species (Pechenik, 1991 ), have been relatively ignored. 

Few thorough investigations have been undertaken to date of their dielectric 

properties, and no nematodes of the extant 20,000 species (Pechenik, 1991 ), have 

been investigated prior to the work presented here. 

Both Cyclospora and Ascaris are of importance to human health as they can, for part 

of their life cycle, inhabit the intestine in a parasitic manner. Both species have been 

shown to be major causative agents of chronic diarrhoea in humans and other animals 

and so also can be of economic importance. Current techniques for the detection and 

viability determination of the transmissive stages of these parasites have their 

disadvantages, and so a sensitive detection method that could do both is seen, 

especially by the water industry, as a potentially useful tool. The transmissive forms 

of each organism, namely the oocysts of Cyclospora and the eggs of Ascaris, are 

appropriate to study by electrorotation. The aim of the experimental work described in 

this thesis was to show that electrorotation could be used as such an identification and 

viability determination tool. 
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Chapter 2 contains a detailed review of the biological structure of the oocysts and 

eggs. Chapter 3 reviews the basic theory of AC electrokinetics, which provides the 

background to the electrorotation technique, and also briefly reviews the research 

performed into the dielectric properties of biological cells. Current mathematical 

models for simulating the behaviour of biological particles in rotating electric fields 

are described in Chapter 4. 

The use of smaller electrode geometries, such as polynomial type electrodes of less 

than 0.5mm inter-electrode gap, have previously been demonstrated to assist 

positioning of particles prior to electrorotation analysis usmg negative 

dielectrophoresis. However, due to pre-sample handling and initial low concentrations 

of some of the organisms investigated here, only a fraction of the organisms in any 

sample could be assayed and the use of small electrode geometries was impractical. In 

some cases, no organisms from an aliquot of sample could be assessed, as none were 

positioned within the appropriate region of the electrode chamber. The electrode 

structure described in Chapter 5 attempts to overcome this problem by providing a 

uniform field over as large an area as possible, maximising the number of organisms 

exposed to the field, which can then be assessed. 

In Chapter 6 it was demonstrated that electrorotation gives an indication of the 

viability of individual oocysts of Cyclospora cayetanensis; this correlated well with 

the work by Goater (1997) on a similar coccidian parasite, Cryptosporidium parvum, 

which was verified in that work by a twin dye permeability assay. This is an 

important result as to date, no vital dye has been described for C. cayetanensis oocysts 

(cf DAPI and PI dyes for C. parvum oocysts). Such a dye technique would be 

valuable to compare with the electrorotation differences observed between 

morphologically similar oocysts of C. cayetanensis presented in this work, and many 

researchers are currently attempting to isolate such dyes (Eberhard et al. , 2000; 

Quintero-Bentacourt et al., 2002). It has also been shown that electrorotation can 

determine the sporulation state of an oocyst, which is an important factor in assessing 

the potential risk of contaminated water, as only sporulated oocysts are infectious. 

Currently, only trained laboratory technicians can determine sporulation state. The 

electrorotation method can be automated, potentially allowing for faster and more 
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precise monitoring of water supplies. Simulation of the electrorotational response of 

C. cayetanensis oocysts has shown that the observed differences between viable and 

non-viable, and sporulated and unsporulated, oocyst spectra are consistent with their 

changing dielectric properties. The values from the model indicate that membrane 

conductivity of non-viable oocysts is significantly greater than that of viable ones 

(2x10-5 S/m compared to lxl0-6 S/m, respectively). There is a corresponding decrease 

in the internal conductivity of the oocyst, from 0.5 S/m to 0.2 S/m, confirming that the 

loss of viability is associated with a physical degradation of the membrane and the loss 

of its ability to act as a barrier to passive ion flow. The membrane conductivity of a 

sporulated oocyst is greater than that of an unsporulated oocyst, as is the conductivity 

of the oocyst interior. This is consistent with the formation of the two membrane 

bound sporocysts during sporulation, which will increase the surface area of 

membrane within the oocyst. 

In this work it was found that storage for up to 8 months in 2.5% potassium 

dichromate solution has minimal effect upon the electrorotation spectra of sporulated 

oocysts. However, an effect on the unsporulated oocysts was observed. Modelling 

indicated that the storage medium affected the surface charge on the wall of the 

unsporulated oocyst. The distinction between sporulated and unsporulated oocysts as 

indicated by the difference in their anti-field peak rotation rates remained. Only a 

limited number of oocysts could be investigated after storage, due to bacterial and 

particulate adhesion to the oocysts. The effect of the addition of a bacterium on the 

electrorotational response of an artificial particle has been shown by Hodgson (1998), 

for latex beads and on a biological particle by Geater (1999) for oocysts of C. parvum. 

The effect on the electrorotation spectrum of the adhesion of a small amount of faecal 

debris, not bacteria, reported in this work is not known to have been reported 

previously. A reduction in the anti-field rotation rate was observed, which, according 

to the model, could be ascribed to viscous drag alone, with the dielectric parameters of 

the oocyst unchanged. This result highlights an important limitation of the 

electrorotation technique; organisms under investigation need to be free of adherent 

debris and bacteria. This indicates that environmental samples will need to undergo 

rigorous cleaning procedures before they can be investigated, which could limit the 

effectiveness of the electrorotation technique, due to the inevitable losses that occur. 
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Cyclospora infects other primates, such as baboons (for a complete species list, see 

appendix A). Oocysts recovered from baboons are generally considered to be the 

same species as those recovered from humans, namely C. cayetanensis. However, a 

difference between the electrorotational response of human and baboon source oocysts 

was observed, but due to the very limited numbers of baboon source oocysts available, 

this difference could not be thoroughly investigated and may have been an effect of 

long term storage or biological variance. Recent work by Lopez et al. (1999), has 

indicated that there is indeed a difference between human and baboon source oocysts, 

and further investigation is required to determine if electrorotation is a sufficiently 

sensitive technique to distinguish between Cyclospora species. 

In Chapter 7 it was demonstrated that electrorotation can indicate the fertilisation state 

of individual eggs of A. suum. Unfertilised eggs rotate in the co-field direction only, 

while fertilised eggs rotate in the anti-field direction only in the frequency range 

200 kHz to 2MHz. Thus a mixed population can be rapidly and reliably assessed 

using the electrorotation method. Unfertilised eggs will never be biologically viable, 

and once egested by the female worm will never become fertilised. Modelling 

indicates that unfertilised eggs have very low internal conductivities, suggestive of 

non-viable organisms. However, the spectra of unfertilised eggs are not consistent 

with the spectra of eggs that had lost the majority of their contents through rupture. 

The latter had very low internal conductivities and were known to be non-viable. This 

indicates that unfertilised eggs, while biologically non-viable, possess functioning 

layers. 

The outer, uterine layer of Ascaris eggs is very adhesive, and needs to be removed 

prior to investigation by electrorotation. This process, known as decortication, has the 

advantage of overcoming contamination of environmental samples by removing any 

debris along with the uterine layer. However, decortication has the disadvantage of 

removing varying thicknesses of the next layer of the egg, the vitelline layer, which 

affects the electrorotational response. Thus, only eggs from the same decortication 

sample were compared during electrorotation. 

Three sets in the fertilised egg spectra were identified, which appear to be due to the 

distribution of the internal contents of the egg as it progresses though its life-cycle. 
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The model indicates that the changes are mainly due to the lipid membrane and 

chitinous layer properties. There is an apparent correlation between the three sets and 

the position of the interior contents in the egg with respect to the egg wall. The 

complex nature of the internal contents of a fertilised egg cannot be accurately 

modelled using the current model. However, it should be possible to model the effect 

of an electric field on a sphere containing a smaller sphere of differing electrical 

properties using a finite element modelling package, such as FemLab (COMSOL, 

UK). The inner sphere can be modelled touching and not touching the inner wall of the 

larger sphere, to see the effect this has on the electric field in the localised area. It is 

possible that, in the case for Ascaris, the internal contents effectively short circuit the 

egg wall where they touch it, causing a localised disruption to the field which affects 

the electrorotation spectra. 

Ascaris is the first nematode to be investigated by the electrorotation technique, and is 

the most complex organism, in terms of the internal structure, to be modelled using the 

multi-shell model. The limitations of the multi-shell model for complex organisms 

were discussed in Chapter 4. At frequencies greater than 2 MHz, the recorded spectra 

were observed to deviate from the modelled spectra. However, the model is 

sufficiently accurate at frequencies below this for insights into the dielectric properties 

of the organism to be obtained. 

Electrorotation overcomes the problems associated with vital dyes such as toxicity, 

the requirement for specialised storage and highly skilled microbiological training. 

Electrorotation is a non-invasive process, the undamaged oocysts/eggs can be tested 

further by other techniques, e.g. rDNA analysis, in the hope of determining the life­

cycle and modes of transmission. Electrorotation also has the advantage of being 

versatile; the same experimental set-up can investigate many different organisms. 

Since electrorotation relies upon visual data analysis, the process is easily automated 

and several groups have published image processing procedures (Zhou et al. , 1998; 

DeGasperis et al. , 1998). These qualities of the electrorotation technique show that it 

has the potential to become a powerful investigative tool for microbiologists involved 

in the control of water and food -borne parasites. 
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8.2 Recommendations for Further Work 

Placing an Ascaris egg in a rotation chamber and observing the changes to the 

electrorotation response as the egg undergoes embryonation over a period of several 

days would give an insight into the physico-chemical changes that occur during 

embryonation and clarify the cause of the three sets of anti-field spectra observed. 

Attempts to observe the changes occurring while an unsporulated oocyst of 

C. cayetanensis sporulates were attempted, but failed due to desiccation of the sample 

chamber. A redesigned electrorotation chamber to prevent drying is required. In 

addition, the chamber could incorporate inlet/outlet po11s, which could be used to 

physically position the organism in the centre of the chamber by precise fluid flow. 

This would provide a low cost alternative to systems that have been used previously 

for accurate positioning, such as laser tweezers (Reichle et al, 2000), and would allow 

the majority of organisms in a sample to be analysed. Such a chamber was designed 

(Figure 8.1), and the recent advances in elastomer moulding, such as 

Polydimethylsiloxane (PDMS), mean that such a chamber can now be relatively 

easily fabricated. 

View 
A B # C D 

Cover slip 

PDMS 

Poly lmide 

PDMS 

Electrodes 

Figure 8.1 - Cross-section of a proposed low cost, microfabricated structure to capture and 
position single oocysts of C. cayetanensis. A and B - inlets, C and D -outlets, E - 1 00µm 
diameter hole. 

To overcome problems associated with friction between the organism and the base of 

the chamber, the organism could be levitated using another set of electrodes by 

dielectrophoresis, as shown by Reichle et al. (1999). This is a very complicated 

solution, as the electrorotation fields and the dielectrophoretic fields interact, and 

there would be problems for large organisms such as Ascaris eggs. There are simpler 
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methods, such as placing the organism between two layers of solutions of different 

density (Fuhr and Kuzmin, 1986) or adjusting the suspending medium specific 

gravity so that the organism floats. 

The Ascaris eggs examined in this initial investigation were removed from the uterus 

of female worms. To further the development of electrorotation as a tool for the 

water and food industries, eggs recovered from the environment need to be 

investigated and their electrorotational response compared to the data presented in 

this thesis. 

A limitation of this work was the inability of the frequency generator to reliably 

provide four sinusoidally varying fields exactly 90° out of phase above 5 MHz. This 

prevented high frequency co-field rotation data to be obtained, although modelling of 

the organism response was limited above 2 MHz due to the complex internal 

structures involved. There are now commercially available frequency generators 

(such as the TGA 1244, 4 channel, 40 MHz arbitrary waveform generator, Thurlby 

Thandar Instruments, UK), which were not available until near the end of this work, 

that can provide reliable high frequencies. A lot of attention and modification of the 

model for low frequencies has been performed, as discussed in Chapter 4. However, 

the limitation of the model at high frequencies for complex organisms has not been 

significantly addressed and requires further investigation. 
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Appendix A - Cyclospora Species 

In this appendix, the background and most recent research regarding Cyclospora is 

presented, along with the problems associated with investigating and controlling this 

organism. 

Background 

Although Cyclospora cayetanensis is a relatively newly described pathogen of humans, 

there are reports of cyclosporans being detected in the intestines of moles dating back 

to Eimer in 1870. The genus Cyclospora was named by Schneider in 1881, when he 

described a new species of coccidian parasite from a millipede, Glomeris spp. In 1902, 

Schaudinn reported the first life-cycle study, which showed that Cyclospora caryolitica 

developed in the intestines of moles and produced severe enteritis. Since then, fourteen 

species of Cyclospora have been described in moles, rodents, insectivores, snakes and 

primates (Table A. l ). 

Species Host Species Common Name Oocysts size Authorities 
(µm) 

C. glomericola Glomeris sp. Millipede 25-36 X 9-10 Schneider, 188 1 
C. ca,yolytica Talpa europaea European Mole 16-1 9 X 13-1 6 Schaudinn, 1902 
C. viperae Vipera aspis European Asp 16.8 X 12.6 Phisalix, 1923 
C. babaulti Vipera berus Eurpoean Adder 16.8x 10.5 Phisalix, 1924 
C. tropidonoti Tropidonotus natrix Grass Snake )6.8 X )0.5 Phisalix, 1924 

(= Natrix natrix) 
C. talpae Ta/pa europaea European Mole 12-19 X 6-13 (Pellerdy & Tanyi, 1968) 

Duszynski & Wattam, 1988 
C. megacephali Scalopu aquaticus Eastern Mole 14-21 X 12-18 Ford & Duszynski, 1988 
C. ashtabulensis Parascalops breweri Hairy-Tailed Mole 14-23 X 11-19 Ford & Duszynski, 1989 
C. parascalopi Parascalops brewer/ Hairy-Tailed Mole 13-20 X 11 -20 Ford & Duszynski, 1989 
C. angimurinensis Chaetodipus hispidus Hispid Pocket Mouse 19-24 X 16-22 Ford, Duszynski & 

McAllister, 1990 
C. cayetanensis Homo sapiens Human 8- 10 Ortega, Gillman & Sterling, 

1994 
C. ceropitheci Cercopithecus African Green / Vervet 8-1 0 Eberhard, da Silva, Lilley 
sp.n. aethiops Monkey and Pieniazek, 1999 
C. co/obi sp.n. Colobus guereza Colobus Monkey 8-9 Eberhard, da Silva, Lilley 

and Pieniazek, 1999 
C. papionis sp.n. Papio anubis Olive Baboon 8- 10 Eberhard, da Silva, Lilley 

and Pieniazek, 1999 

Table A.1 - Species of Cyclospora 
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The recognition of Cyclospora as a protozoan pathogenic to humans is relatively 

recent. Ashford et al. (1979) reported an lsospora-like coccidian infecting three 

humans in Papua New Guinea. From 1985, similar structures were found in faecal 

samples from patients with diarrhoea and were determined to be the causal agent. Due 

to the appearance and staining characteristics of the unsporulated oocysts, these 

infections were initially attributed to cyanobacterium-like bodies (blue-green algae) or 

coccidian-like bodies (CLBs). Ortega et al. (1993) characterised these CLBs as 

oocysts belonging to a species of Cyclospora. In 1994 the new species was designated 

as C. cayetanensis, after the location of Ortega' s principle studies, Cayetano Heredia 

University in Lima, Peru (Ortega et al. 1994). 

Epidemology 

Organisms similar in appearance to Cyclospora have been found in patients with 

protracted diarrhoeal illness in North, Central and South America, the Carribean, 

Africa, Bangladesh, Southeast Asia, Australia, England, Germany and Eastern Europe 

(Figure A.I). The disease is endemic in Haiti, Nepal and Peru. Host ranges and 

reservoirs are as yet undefined (Miller and Paige, 1998). Most infections have been 

reported in tourists or expatriates visiting countries that normally have high diarrhoeal 

rates (Marshall et al. , 1997; Petry et al., 1997). In recent years, the importance of 

C. cayetanensis as an emerging pathogen of humans has been highlighted by several 

outbreaks (Herwaldt, 2000). The first reported outbreak in the United States was in 

1990, in a hospital dormitory in Chicago (Anon, 1991). Prior to that event, only 

sporadic cases had been reported (Soave et al. , 1998). In the spring of 1996, 1,465 

cases were reported in the US and Canada, attributed to raspberries imported from 

Guatemala (Herwaldt et al. , 1997). Despite improved food safety measures, over 1,000 

cases were again reported in 1997 due to the same source, and on May 30, 1997, the 

government of Guatemala and the Guatemalan Berries Commission voluntarily 

suspended exports of fresh raspberries to the United States (CDC, 1997). In May, 

1998, Guatemalan berries were implicated in outbreaks in Ontario, Canada (CDC, 

1998). To date, the mode of contamination of the raspberries has not been identified for 

any of these outbreaks. Mesclun, basil and blackberries have also been linked to 

Cyclospora infection in humans (Herwaldt, 2000). 
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In Peru, over a 6 year period, nearly all Cyclospora infections occurred between 

December and July (Ortega et al. , 1998). In Nepal, infections occurred most frequently 

from May to August (Schlim et al. , 1991; Hoge et al. , 1993 ). This seasonality 

corresponded to the rainy season, and one suggestion is that this seasonality is due to 

fluctuations in temperature and/or humidity (Soave et al. , 1998). However, this 

seasonality has yet to be defined. It is interesting to note that no outbreaks were 

associated with Guatemalan raspberries during Guatemala' s autumn and winter export 

seasons in 1996 and 1997. 

Figure A.1 - Map of the world showing sites of reported C. cayetanensis infection. (Ortega et 
a/., 1998). 

In an outbreak in a military camp in Nepal in 1994, C. cayetanensis oocysts were 

recovered from the storage tank of an adequately chlorinated supply, indicating that 

C. cayetanensis, like Cryptosporidium parvum, is resistant to chlorination (Rabold et 

al. , 1994). C. parvum is also resistant to other halogens, such as iodine, and this may 

indicate that Cyclospora may also be resistant. Boiling appears to kill Cyclospora 

(Conner, 1997). 

In the UK there have been no significant outbreaks associated with Cyclospora : only 

44-66 laboratory reports of C. cayetanensis were reported per year between 1993 and 
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1998 (Cam1 et al., 2000). However, only 68% of UK microbiology laboratories 

actively look for Cyclospora, and of those, only 58% correctly identified the organism 

when assessed, suggesting that Cyclospora may be under-diagnosed in the UK (Gill, 

1997; Cam1 et al. , 2000). In the United States prior to the large multi-state outbreak in 

1996, most laboratories did not routinely examine stool specimens for Cyclospora. 

Since then there has been better awareness for the need to perform the appropriate tests 

(Eberhard et al. , 1997), but a recent review states that most laboratories still only test 

for Cyclospora on request (Herwaldt, 2000). 

Cyclosporiasis : the disease 

Cyclosporiasis, the illness caused by infection with C. cayetanensis, is treatable, but is 

clinically indistinguishable from the illness caused by Cryptosporidium parvum, 

which is not treatable. This leads to confusion as to what care a patient requires if 

misdiagnosed. 

Symptoms of Cyclospora infection occur approximately one week after ingestion of 

oocysts, and can persist for a month or more. The minimum number of oocysts 

required to infect an individual is thought to be between 10 to 100 (Adams and Ortega, 

1999). It is not known how long the oocysts can survive under different 

environmental conditions. 

Clinical manifestations include prolonged watery diarrhoea that occurs in a relapsing, 

cyclical pattern, sometimes alternating with constipation. Important associated 

symptoms include severe nausea, fever, vomiting, anorexia, myalgia, abdominal 

cramping and weight loss (mean weight loss associated with untreated infections is 

estimated to be 3.6 kg). Increased upper intestinal gas and bloating is frequently noted 

(Conner, 1997). The onset of illness has been reported as abrupt in 68% of adult 

patients with symptoms lasting an average 7 weeks (Marshall et al. , 1997). Although 

the illness is self-limited, it may be prolonged. Progressive fatigue, anorexia and 

weight loss may overshadow the presenting diarrhoeal symptoms (Soave, 1996; 

Conner, 1997). In patients suffering from acquired immune deficiency syndrome 

(AIDS), infection can last up to 4 months (Marshall et al. , 1997), is more severe and is 

associated with a high rate of recurrence that can be attenuated with long-term 
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suppressive therapy (Soave, 1996). Delay in diagnosis (which requires examination 

of a stool specimen) often occurs because upper gastrointestinal tract signs and the 

symptoms of profound fatigue predominate over the diarrhoeal symptoms by the time 

medical attention is sought. It has been reported that prior infection as a child can lead 

to possible immunity as an adult (Ortega et al. , 1998) and that children under 18 

months can acquire protection from breast feeding (Conner, 1997). 

The main site of infection is probably the small intestine and possibly the colon 

(Casemore, 1994). There is evidence from small animal studies on other cyclosporan 

species ( C . talpae) of multiple organ involvement, including infection of the liver and 

bile duct (Casemore, 1994). Histological studies have provided evidence of the 

following characteristics of Cyclospora : the upper small bowel is the site of infection 

in the immuno-competent host; infection is associated with pronounced changes in 

histopathology; and the parasite is intracellular (Soave, 1996). Ultimately, nutrient 

malabsorption and increased secretion of fluids and electrolytes from the gut produces 

secretory and osmotic diarrhoea (Brown and Rotchafe1~ 1999). 

Cyclosporiasis : Treatment 

The recommended treatment for cyclosporiasis is a combination of two antibiotics, 

trimethoprim-sulfamethoxazole (TMP-SMX), also known as Bactrim, Septra, or 

Cotrim. (CDC, 2002). A study of 43 AIDS patients showed that TMP-SMX at 

960mg (160mg TMP/800mg SMX) four times a day for 10 days was effective. 

Diarrhoea and abdominal pain stopped after 2.5 days. Recurrence of symptoms was 

observed 1-3 months post treatment in 44% of patients (Marshall et al. , 1997). In a 

double-blinded, placebo-controlled trial of TMP-SMX for Cyclospora infection in 20 

expatriates in Nepal, oocysts and symptoms cleared after 7 days of treatment in 94% 

of the patients. After 7 days of crossover therapy, 91 % of the patients in the placebo 

group cleared the infection (Marshall et al. , 1997). It is interesting to note that 

cyclosporiasis appears to have emerged in Nepal at a time when, because of growing 

resistance, quinolones replaced TMP-SMX for the treatment of bacterial enteritis 

(Hoge et al. , 1995). Alternative effective therapeutic agents have not yet been 

identified, which is unfortunate for sulfa-allergic patients, who have no treatment 

available to them (Brown and Rotchafer, 1999; Conner, 1997). 
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Taxonomy 

C. cayetanensis is a coccidian pathogen, first reported in humans in 1979 (Ashford et 

al., 1979). The name C. cayetanensis was first put forward by Ortega et al. in 1993, 

and was validated in 1994 when a complete morphological description was published 

(Ortega et al., 1994 ). Prior to 1994, the organism was variously referred to as CLB 

( coccidian-like or cyanobacterium-like body), blue-green algae-like, fungal spores and 

large Cryptosporidium (Soave et al., 1998). There have been various questions about 

the exact molecular taxonomy of Cyclospora, due in part to improvements in 

molecular diagnostic techniques and Duszynski et al. (1999) have questioned the exact 

structural description of the sporulated oocyst as made by Ortega et al. (1994 ). 

Despite this, Cyclospora cayetanensis is the preferred name for the organism in the 

literature and it has been classified as shown in Table A.2. 

Kingdom Protozoa (Goldfuss, 1818) Predominantly unicellular 

Phylum Apicomplexa (Levine, 1970) Possessing apical complex 

C lass Sprozoasida Asexual and sexual cycles, with oocyst formation 

Sub-class Coccidiasina Life cycle with merogeny, gametogony and sporogony 

Order Eucoccidiorida 
(Leger & Duboscq, 1910) 

Suborder Eimerioina Independent microgamy and macrogamy 

Family Eimeriidae 

Genus Cyclospora (Schneider, 1881) 2 sporocysts - 2 sporozoites each 

Species cayetanensis (Ortega et al. 1994) Infects humans 

Table A.2 - Taxonomic classification of Cyc/opora species 

Life Cycle and Transmission 

Mechanisms of pathogenesis and potential virulence are not yet defined, although the 

faecal-oral route is probably the major one. Seasonality of infection is extremely 

strong. The life cycle has yet to be completely described. 

Most reports (Hoge et al., 1993; Rabold et al.,1994) dealing with the infection have 

come from cities and regions which are predominantly coastal, near both fresh and salt 
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water, suggesting C. cayetanensis is transmitted via the water-borne route 

(Figure A. l). The most likely explanation is that, like other coccidians, C. 

cayetanensis, is transmitted via the water- and food-borne routes. One suggestion for 

the contamination of the Guatemalan raspberries is that the berries were sprayed with 

insecticide diluted by contaminated ground water. A recent 12 month study of the 

water supply in Hanoi found C. cayetanensis oocysts in the water supply but could not 

confirm this was the mode of transmission of infection in the population (Cam et al. , 

2001) 

Unsporulated oocysts are shed in faeces, and up to 40% sporulated within 7-13 days 

under optimal laboratory conditions (Marshall et al., 1997). As there are life cycle 

variations between Cyclospora species, it is difficult to predict the complete life cycle 

for C. cayetanensis, although exogenous sporulation closely resembles that of 

C. talpae. It also remains to be determined if humans are the only natural host. The 

potential existence of animal reservoir hosts, and the mechanisms of contamination of 

food and water, are still under investigation. (Eberhard et al., 2000). 

A proposed life cycle for C. cayetanensis is shown in Figure A.2 and described in 

Table A.3. 

No. in Fig A.2 Description of life-cycle stage 
When freshly passed in stools, the oocyst contains a spherical sporont and is not 

I infective (thus, direct fecal-oral transmission cannot occur; this differentiates 
C. cayetanensis from another important coccidian parasite, C. parvum). 
In the env ironment, sporulation occurs after days or weeks at temperatures between 

2 26° C to 30° C , resulting in division of the sporont into two sporocysts, each 
containing two sporozoites. 

3-4 Fruits, vegetables, and water can serve as vehicles for transmission. 
The sporulated oocysts are ingested (in contaminated food or water). The oocysts 

5 excyst in the gastrointestinal tract, freeing the sporozoites which invade the epithelial 
cells of the small intestine. 
Inside the cells the sporozoites undergo asexual multiplication and sexual 

6-7 development to originate mature oocysts which will be shed in stools in unsporulated 
form. 

Table A.3 - Description of the proposed life-cycle of Cyclospora cayetanensis. 
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Figure A.2 - Proposed life cycle of Cyclospora cayetanensis (CDC, 2002). 
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Appendix B - Ascaris Species 

Recognition that Ascaris infection is deleterious to health has prompted the World 

Health Organisation to develop and promote control strategies based on the prudent use 

of anthelminthic drugs, supported by appropriate health education and realistic 

sanitation (WHO, 1996). Ascaris infects both humans and pigs and swine parasitism 

exerts a significant economic impact worldwide - three of the six most common food­

borne parasitic diseases in the United States are associated with pork consumption 

(Baker et al. , 1994). In this chapter, the background and most recent research regarding 

Ascaris is presented. 

Background 

Common parasitic roundworms of pigs and humans are in the genus Ascaris. The 

earliest recorded case of Ascaris infection in the UK appears to be 'Pete Marsh' , whose 

2,500 year old corpse, containing Ascaris worms, was found in a Cheshire bog (Owen, 

1986). Tyson (1683) first described Ascaris in humans scientifically as Lumbricoides 

teres, but Linnaeus (1758) proposed that it be known as A. lumbricoides. Not long 

after, Goeze (1782) published his description of Ascaris in pigs, which he called A. 

suum. The two species continue to be discussed today as if they are separate, although 

there are difficulties in distinguishing them (Crompton, 1989) and there is a debate in 

the literature as to whether they are actually separate species or not (Crompton, 2001 ; 

Anderson, 2001 ). 

The genus Ascaris comprises 17 species according to the classification of Y amaguti 

(1961) and 13 species according to that of Skryabin et al. (1991) (Table B.1). 
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Species Host Species Common Name Distribution 

A. brevispiculum Apodemus chevrieri Wood mouse Former USSR 

A. castoris Castor fiber Eurasian beaver Europe 
A. cebi Cebus capuucinus White throated Honduras to Columbia 

capuchin monkey 
A. columnaris Mephitis mephis Striped skunk Related mammals in 

Mustela erminea Stoat N. America 
Procyon lotor Raccoon 

A. dasypodina Dasypus gymnurus Armadi llo Paraguay 
A. devosi Martes Americana American Martin N . America 
A. hippopotami Hippopotamus Hippopotomus Sub-Saharan Africa 

amphibious 

A.Joffi Citellus pygmaeus Little souslik Kazakhstan 
A. laevis Marmota monax Woodchuck N. America 

Citellus panyii Arctic ground 
squirrel 

A. lumbricoides Homo sapiens Human Worldwide 
Alouatta palliata Howling monkey 
Canis familiaris Domestic dog 
Callosciurus pyge,ythrus Irrawaddy squirrel 
Gorilla gorilla Gorilla 
Hylobates agilis Agile gibbon 
Hylobates far Gibbon 
Macaca arctoides Bear macaque 
Macaca mulatta Rhesus monkey 
Pan paniscus Pygmy chimpanzee 
Pan troglodytes Chimpanzee 
Ratufa indica Indian giant squirrel 
Sus domesticus Domestic pig 

A. ovis Ovis aries Domestic sheep Australia, N. America, UK 
& former USSR 

A. phacocheri Phacochoerus africanus Wart hog D.R. Congo 
A. schroederi Ailuropoda melanoleuca G iant panda P.R. China 
A. spalacis Spa/ax leucodon Blind mole rat Balkans 
A. suricattae Suricata suricatta Meerkat Republic of South Africa 
A. suum Sus domesticus Domestic pig Worldwide 

Sus scrofa Wild boar 
Bos Taurus Domestic cattle 
Homo sapiens Human 
E,ythrocebus patas Red monkey 

A. tarbagan Marmota sibirica Siberian marmot Siberia 

Table 8.1 - Host specificity of species of Ascaris. (* indicates the species is not listed in the 
Skryabin classification system) (Crompton, 2001 ). 
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Epidemology 

In 1988 the estimated number of people infected with A. lumbricoides was 1 billion 

(Crompton, L988). However, recent estimates have put the number at about 1.5 billion; 

the contribution from the third world being more than a billion alone (Crompton , 1999). 

Ascaris infection leads to morbidity in about 335 million of those infected, and is a 

global public health problem (Crompton, 2001 ). Cross infection of A. suum from pigs 

to humans has been reported (Crompton, 1989; Anderson, 1995). Ascaris infection is 

particularly prevalent in developing count1ies (Meeking el al., 1996), with the list of 

countries with prevalences of 50% or more being longer than those countries reporting 

a decline in infections (Figure B.1) (Crompton, 1985). 

lnte-stinal Helminths 

Coontr1A.s ~e: lnte:st:nal helll1intns are: a pwllC hE':.alh Pf 
C°""'1tl•~ ,~ .. ln l♦Slirl.tl h• ltrilnlhS •• ,,~trilU•d 

Figure B.1 - Map of the world showing the countries affected by helminth (intestinal worms) 
infection (WHO, 1995). 

Once shed, the eggs can survive for 6-12 months in soi ls (Gaspard et al. , 1997). Eggs 

have even been reported to survive in sub-arctic regions (Embil et al., 1984), and 

Krasnosos ( 1978) showed that some embryonated eggs were still viable after 14 years. 
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Ascaris Infection 

The disease caused by Ascaris infection is called ascariasis. Infection occurs through 

the ingestion of embryonated eggs. In the presence of natural light and at 30°C, 

A. lumbricoides embryonate rapidly to the state in which they can infect man 

(Echenique et al. , 1997). The prepatent period, the time between the exposure of the 

host to the infective eggs and the detection of eggs in the hosts faeces, is 60-70 days. 

The infectious dose is unknown, but may be as low as 100 eggs. In a remarkable series 

of experiments in 1922, Koino infected himself with 2000 eggs and became seriously 

ill (Koino, 1922). Koino's younger brother, infected with 500 eggs, also became ill, 

but not as seriously. 

Diagnosis of infection is by finding the characteristic eggs in faecal smears examined 

by bright field microscopy. The detection of eggs in stool samples can fail if there are 

only immature worms, males or old females are present in the small intestine as these 

worms do not produce eggs. There is at present no convenient method for 

discriminating between an egg of A. lumbricoides or A. suum. 

A few adult worms in the intestine will not do much harm to the human host, except for 

occasional abdominal pain. Complications arise when there are large numbers of 

worms. Physical blockage of the intestine occurs, leading to serious intestinal 

complications. In such cases, surgery maybe required to remove the worms 

(Wasadikar et al. , 1997). It has been shown that Ascaris induced intestinal obstruction 

occurs about 30 times more frequently in children than adults (Ochoa, 1991) and that 

children aged 5-15 are at greater risk of morbidity than other groups in a community 

(Chan et al. , 1994). 

Research has shown that heavy infection can lead to up to 25% non-utilisation of 

ingested calories by the host (Latham et al.,1977). Infection with A. lumbricoides has 

been strongly linked to retarded growth in children (Hlaing, 1993; Solomons, 1993; 

Ananthakrishnan et al. , 1997) and there is evidence that high numbers can affect mental 

performance (Watkins et al., l 997). 
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Ascaris treatment 

The WHO recommends that four anthelminthic drugs should be used in programmes 

designed to reduce morbidity due to A. lumbricoides and other intestinal nematode 

infections - Albedendazole, Levamisole, Mebendazole and Pyrantel embonate (WHO, 

1995). Treatment with Nitazoxanide to clear a specific infection (500 mg tablets 

administered orally, twice a day, for 7 days) can also be effective (Cabello et al., 1997, 

Doumbo et al., 1997). However, resistance to anthelmintics has appeared in some 

parasitic nematodes, but the mechanisms of this resistance remains to be determined 

(Martin et al. , 1996; Crompton, 2001). It is encouraging to note that, so far, no reports 

of drug resistant A. suum in pigs have been found (Taylor, 1992; Crompton, 2001 ). 

Taxonomy of Ascaris 

The accepted systematic scheme for the classification of Ascaris is set out in Table B.2. 

Kingdom Nemathelminthes 
Sub-kingdom Metazoa Multi-celled animals 
Phylum Nematoda Roundworms (cylindrical body tapered at 

both ends, unsegmented) 
C lass Secernetea chemosensory structures located at the tail 
Sub-class Rhabditia having a mouth & tripartite oesophagus 
Order Ascaridida Large roundworms 

Sub-order Ascaridina Roundworms of various arthropods, 
molluscs, and vertebrates (inc. humans) 

Superfamily Ascaridoidea highly muscular oesophagus 

Family Ascarididae well-developed lip region separated 
from the cervical region 

Genus Ascaris three-lipped mouths 

Species lumbricoides (Linnaeus 1758) infects humans 
suum (Goeze 1782) infects pigs 

Table 8.2 - Taxonomy of Ascaris species. 
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Lifecycle 

The life cycle of Ascaris lumbricoides is by the direct faecal-oral route, with no 

intermediate host. Males and females live in the small intestine feeding on digested 

food of the human host. In order for eggs to start developing, they must be outside the 

host and the environmental temperature must be 30°C with moisture and oxygen being 

readily available. After 14 days the larvae are fully developed, but remain within the 

egg shell until swallowed by a human, usually either by ingesting contaminated soil or 

unwashed vegetables. Eggs can remain infective up to two years in the right conditions 

(CDC, 1999; Kazura, 2000). 

The conditions required for hatching of the larvae are a temperature of about 3 7°C, 

moderately low-redox potential, high carbon dioxide concentration and neutral pH. 

These are the conditions found in the mammalian intestine. The full life cycle of 

Ascaris lumbricoides is shown in Figure B.2. Adult worms live in the intestine and 

females produce eggs which are passed in faeces. Fertile eggs embryonate and become 

infective in the right environmental conditions and are swallowed. The eggs take in 

water and the increased water concentration activates the larva, which secretes a variety 

of enzymes to help break down the egg shell. Once the egg shell is sufficiently 

weakened, the larva hatches out and starts to travel through the body. They pass 

through the intestinal wall and reach the lungs via the blood or lymphatic system. In 

the lungs, they pass into the air sacs, are carried up the bronchial tree, coughed into the 

pharynx and are re-swallowed to pass through the stomach and enter the small intestine, 

where they grow, mature and mate, producing more eggs that are excreted in faeces. 

An adult can live for 6 months to a year inside a human small intestine. 
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Figure 8.2 - Life cycle of Ascaris lumbricoides (CDC, 2002). 
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Abstract 

The safety of water supplies is threatened by waterborne protozoan pathogens of man . M any of these pathogens 
a re highly resistant to standard disinfection methods, have low infectivity doses and cause protracted disease. Single 
organisms subjected to a uniform rotating electric field acquire an induced electric dipole moment. The dipole and 
field interact and can produce a torque that makes the o rganism spin. The rate and direct ion of spin is a sensitive 
function of the dielectric properties of the o rganism and the suspending medium, namely the conductivi ty and 
permittivity. During a pathogen's lifecycle. numerous physico-chemical changes occur, which a lter its dielectric 
properties. Electrorota tion can detect these changes, enabling the viability of the pathogen to be determined. Using 
a microfabricated planar gold electrode array optimised for electroro ta tion and energised wi th quadrature sinusoidal 
Yo!tages, we investigated the electrorotationa l properties of two protozoan parasites; Giardia muris and Cyc/ospora 
cayera11e11sis. We present differences in their electrorotationa l respo nse due to viabili ty, which was confirmed by vita l 
dye assay fo r G. 11111ris. Based on this work, we propose that electro rotation can be used to determine the viability of 
C. cayew11e11sis. for which no vita l dye assays a re available. The potential of thi s technique as a rapid and precise 
assay fo r the determination of parasite viability is particularly applicable to the food, water and healthcare industries. 
Furthermore, electrorotat ion is a non-invasive techniq ue , a llowing organisms to be further analysed using, for 
example, DNA sequencing, to establish likely pathogen sources. © 2001 Elsevier Science B.V. All righ ts reserved. 

Key,.-ords: Electrorotation: Viability: Cyclospora cayerane11sis ; Giardia 1111iris 

I. Introduction 

Safe drinking water has been one of the major 
public health advances of the last century. People 
in developed countries take for granted that their 
water is safe to drink, a luxury that most of the 
world's population does not have. The leading 
cause of infant mortality in the developing world 
is infectious diarrhoea a nd the prevalence of d i-

• Corresponding author. Tel.: + 44- 1248-38275lx271 l: fax: 
+ 44-1248-361429. 

E-mail address: agoatcr@sees.bangor.ac.uk (A.O . Geater). 

a rrhoeal pathogens is largely influenced by the 
quality and quantity of clean water available for 
d rinking and washing [I). Until recently, modern 
water treatment ha d all but eliminated these con­
cerns in developed nations. H owever, over the 
past 25 years, the safety of developed nations' 
water supplies has been threatened by contamina­
tion caused by protozoan parasites such as Cryp ­
rosporidium panwn, Giardia intestinalis and 
Cyclospora cayetanensis. These microscopic para­
sites, in very small quantities (< JOO), can cause 
prolonged diarrhoea in healthy people, and have 
been known to cause death in the elderly, young 

0927-7757,01 ,S - see front matter © 2001 Elsevier Science B.V. All rights reserved. 
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children and immuno-compromised people, such 
as AIDS sufferers. 

G. inrestinalis is the most frequently detected 
protozoan parasite of man (2). Giardia muris is a 
closely related species of G. intestinalis that infects 
rodents and cattle and is a good experimental 
substitute for G. intesrinalis. The viability of G. 
muris cysts can be determined by vital dyes cou­
pled with morphological inspection. This allows 
the determination of viability by electrorotation 
to be verified using existing and proven protocols. 
C. cayetanensis is a newly described protozoan of 
man [3] and causes diarrhoeal illness world-wide 
(4). There is currently no vital dye method of 
determining the viability of oocysts of C. 
cayeranensis (5). Electrorotation has earlier been 
successfully used to investigate the dielectric prop­
erties of the protozoan C. parvum (6). Here, we 
have investigated the properties of G. muris and 
C. cayetcmensis, and hence found that the 
physico-chemical changes that occur when a pro­
tozoan changes from a viable to a non-viable state 
can be clearly detected. 

2. Electrorotation 

If a b ioparticle, such as a cell, bacterium or 
virus. is exposed to an external electric field, it 
becomes electrically polarised. If the electric field 
is uniform in nature, then the particle experiences 
no net electrostatic force. However, if the electric 
field is non-uniform, the particle experiences a 
dielectrophoretic force, which causes it to move to 
regions where it minimises its electrostatic energy. 
If the particle is subjected to a rotating uniform 
electric field, a torque will be exerted on the 
particle, causing it to spin. This effect was first 
described by Arnold [7] and Mischel · [8] in 1982, 
and is called electrorotation. 

Consider a particle suspended in the centre of a 
quadrature electrode system with each electrode 
energised by a sinusoidal voltage 90° out of phase 
with its adjacent electrodes. In this situation , the 
resultant electric field rotates at an angular veloc­
ity equal to the angular frequency, w, of the 
applied sinusoidal voltages. The particle will expe­
rience a rotational torque, r(w), the direction 
and magnitude of which is given by 

f'(cv) = - Im{m(cv)} E (I) 

where Im indicates the imaginary component of 
the induced dipole moment m(w) with, 

(2) 

where E is the electric field strength, R is the 
radius of the particle and /(s-:'n, s;) is the Clau­
sius-Mossotti factor, defined as: 

f( ·* ·*) _ (e; - B~) 
f; ,m Bp - ( * + 2 * ) 

f,p f,m 
(3) 

where 1:; and s~, are the particle and suspending 
medium complex permittivities, respectively, 
defined ass*= s- j(a /w) withs the permittivity, 
a the conductivity and j = J - 1. 

The dielectric properties of the particle are in 
turn related to the physico-chemical properties of 
the particle. Thus the induced rotation of the 
particle is a sensitive function of the particle's 
dielect ric properties, namely the conductivity and 
permittivity of the organism's constituent compo­
nents. These components include the cell wall (if 
p resent) , the plasma membrane and the cyto­
plasm. The rotation is a lso a function of the 
conductivity and permittivity of the suspending 
medium. The membrane of a viable particle is 
(selectively) permeable to ions and non-lipid , solu­
ble molecules. Upon cell death , membrane in­
tegrity is lost, and the cell freely exchanges 
material with the external suspending medium. 
Another result of cell death might be the loss of 
active transport mechanisms, causing transmem­
brane gradients to dissipate even if the mem­
brane integrity is maintained. This greatly affects 
the rotation spectra produced, as less induced 
charge differences occur between the interior of 
the oocyst and the exterior medium. If the imagi­
nary component of 111 is positive, then the torque 
produced will cause the particle to rotate in a 
direction that opposes that of the rotating field 
(9). 

3. 'Bone' electrodes 

A frequent practical problem with electrorota­
tion is that the particle is seldom positioned in the 
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exact cent re of the electrode array. Also, groups 
of particles cannot all be in the exact centre of the 
array, so many potent ial spectra are lost, as the 
uniformity of the field cannot be guaranteed O\'er 
the whole region of the electrode chamber. In an 
attempt to over come this problem, we have de­
signed a more efficient electrode geometry that 

(a) 

provides a more uniform field over the central 
region of the electrode chamber (Fig. 1). 

The 'bone' electrode design is optimised for 
electrorotation only by making the chamber en­
closed by the electrode edges circular in shape. 
The electrode shapes are descri bed by the 4th 
order polynomial: 

(bl 

Fig. I. (A- DI The bone electrode array as describ,·J by Eq. ( ➔ l "i1h a n elec1ric field analysis in 1hc .\'- Y plane. The applied ,·o h ages 
progress 1hrough 1he first quartn ,,r a c~clc in >ll° s1eps. (a) 0°: (b) >0°: (c) 60°: Cd ) 90°. The magnitude and dir,·t·1ion of 1he vecl01's 
in 1he ccn1 ral rcgi,rn as 1he fk ld d1angcs d inx1i,, n rema ins co11s1an1. 



266 C. Dalton et al. / Colloids and Swfaces A: Physicochem. Eng. AJpects 195 (2001) 263-268 

(4) 

The shape provides a near uniform electric field 
in the central region and reduces unwanted dielec­
trophoretic forces that the organism may experi­
ence. This is confirmed by an electric field analysis 
in the X - Y plane for the electrode system 
(MaxwellTM, Ansoft) (Fig. l(A - D)). The field vec­
tors within the central section of the chamber do 
not change magnitude, confirming that the bone 
electrode design has a very uniform field within 
the central area. This allowed a greater number of 
spectra to be acquired during our analysis, which 
is especially important for obtaining data from 
organisms at low concentrations, such as the 
oocysts of C. cayetanensis. No animal model is 
available for the amplification of C. cayetanensis 
and so there are limited numbers available to 
work on. 

4. Experimental setup 

G. muris cysts were obtained from Waterborne 
Inc. (Louisiana, USA) via Professor H.V. Smith 
at the Scottish Parasite Diagnostic Laboratory 
(SPDL, Glasgow, UK). The cysts were trans­
ported packed in ice as a stock solution of 7 
million cysts in I ml of reverse osmosis water. On 
arrival , the cysts were washed in ultra pure water 
and stored at 4 °C until required. The viability of 
G. muris cysts was determined following the ap­
proved protocol of Schupp and Erlandsen [10) of 
combining the fluorogenic vital dyes fluorescein 
diacetate (FDA) and propidium iodide (PI) with 
morphological inspection. Purified oocysts of C. 
cayetanensis were supplied from infected individu­
als from the Glasgow, Scotland area by Professor 
H.V. Smith. On arrival, the oocysts were washed 
in deionised water and stored at 4 °C in 2% 
potassium dichromate solution until required. 
Unsporulated (non-infectious, viable) oocysts of 
C. cayetanensis can be successfully sporulated to 
infectious, viable oocysts under laboratory condi­
tions in 2.5% potassium dichromate solution [4). 
The conditions for sporulation to occur in the 
environment are currently unknown [11). The dif­
ference between sporulated and unsporulated 

oocysts is easily distinguished by light microscop) 
[4) and the electrorotational difference has beer 
investigated and reported elsewhere [12). All th( 
oocysts used in this study were unsporulated anc 
morphologically indistinguishable by ligh 
microscopy. 

The (oo)cysts were washed three times in ultn 
pure water and suspended in dilute solutions ol 
phosphate buffered saline (PBS) at a conductivit) 
of 1.0 mS m - 1 (PBS, pH 7.4, 10 mM Phosphate 
buffer, 27 mM KC!, 137 mM NaCl, Sigma Chem­
ical Co.). The low conductivity of the suspendin~ 
solution reduced electrolysis and heat productioc 
at the electrode edges. Working particle concen­
trations were 3 x 104 cysts m l - t for G. muris anc 
5 x 103 oocysts ml - 1 for C. cayetanensis. Afte1 
each sample had been investigated, the chambe1 
was washed prior to the next experiment with 
ultra pure water and dried under a stream of 
nitrogen. 

The gold electrodes were manufactured by pho­
tolithography in a class II clean room onto a glas~ 
microscope slide with a 5 nm chromium adhesion 
layer and a 70 nm gold layer. The electrodes were 
energised using a computer controlled frequency 
generator with an output range of 100 Hz- IC 
MHz. Particle motion was visualised using phase 
contrast microscopy with a total magnification of 
x 400 and recorded to video for later analysis and 
timing by stopwatch (Nikon Optiphot-2 micro­
scope with JVC model TK-1280E colour video 
camera attachment). 

5. Results 

The electrorotation spectra obtained for n = 37 
viable and n = 5 non-viable cysts of G. muris are 
shown in Fig. 2. There is a distinct difference 
between the two types of spectra obtained. fn 
particular, there is the difference in the peak 
rotation rate, in the frequency window 60- 600 
KHz, where the viable cysts rotate at a much 
faster rate than the non-viable cysts. Also, at 400 
KHz, the viable and non-viable cysts rotate in 
opposite directions, a llowing for easy 
discrimination. 
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Fig. 2. Electrorotation spectra obtained for 11 = 37 ( • ) viable 
and 11 = 5 ( C ) no1H·iable cysts o f Giardia 11111ris. The mean 
rate o f rotation is shown, wi th error bars indicating o ne 
sta nda rd de,·iation. Co-field and anti-field denote the sense o f 
rotation o f the particles relative to that of the applied field. 

Fig. 3 shows the electrorotation spectra ob­
tained for 11 = 29 viable and 11 = 12 non-viable 
oocysts of C. cayetanensis. The viable spectra 
are indicated by the shape of their response, 
which is similar to that of the viable G. 11111ris 
spectra ea rl ier shown. 

All of the viable organisms possessed intact 
walls and refractile contents. The non-viable 
type spectra could be split into two groups­
those that were morphologically non-viable (visi­
ble damage to the cell wa ll) and those 

.--. 
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Fig. 3. Electrorotation spectra obtained for 11 = 29 ( • ) viable 
and 11 = 12 ( C ) non-,·iable oocysts o f C,rclospora w,reranensis. 
The mean ra te of ro ta tion is shown. \\'ith error bars indicating 
one standard deviation. Co-field and anti-field denote the sense 
of rotation of the particles relative to that o f the applied field. 

morphologically indistinguishable from the vi­
able organisms, but which gave the same spectra 
as the known non-viable cells. The ability to 
distinguish viable from non-viable by rotation in 
opposite directions is not possible, as there is 
overlap at the high frequency end of the spectra . 
However, the two groups can be distinguished 
by their rotation rates in the frequency window 
40-400 KHz. 

A study of molecular mechanics to furt her 
understand the electrorotation behaviour be­
tween viable and non-viable protozoa would be 
of particular interest, especially the effect of 
membrane ion-transport. Related studies in the 
area of dielectrophoresis have been ea rlier re­
ported [13]. 

6. Conclusions 

Electrorotation can non-invasively determine 
the viability of cysts of G. 11111ris and oocysts of 
C. ca)'C'tanensis. This a llows the (oo)cysts to be 
further analysed by other methods, e.g. rDNA 
analysis. This method also has the advantage of 
being versatile- the same experimental setup 
can investigate many different organisms. Since 
electrorotation relies upon visual data analysis, 
the process is easily automated and several 
groups have published image processing proce­
dures [14, 15]. These qualities of the electrorota­
tion technique show that it has the potential to 
become a powerfu l investigative tool for micro­
biologists involved in the control of water-borne 
parasites. 
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Electrorotation is a noninvasive technique that is capable of detecting changes in the morphology and 
phys icochemical properties of microorganisms. Electrorotation studies are reported for two intestinal para­
sites, Giardia i11testi11alis and Cyclospora cayeta11e11sis. It is concluded that viable and nonviable G. i11testi11alis 
cysts can be differentiated by this technique, and support for this conclusion was obtained using a fluorogenic 
vital dye assay and morphological indicators. The viability of C. cayetanensis oocysts (for which no vital dye 
assay is currently available) can also be determined by electrorotation, as can their sporulation state. Modeling 
of the electrorotational response of these organisms was used to determine their dielectric properties and to 
gain an insight into the changes occurring within them. Electrorotation offers a new, simple, and rapid method 
for determining the viability of parasites in potable water and food products and as such has important 
healthcare implications. 

Parasitism has a significant impact worldwide, both econom­
ically and in terms of human suffering. The environmental 
route of transmission (water, soil, or food) is important for 
many protozoan parasites. Increased demands made on natu­
ral resources increase the likelihood of encountering environ­
ments and food products contaminated with parasites. The 
development of new gener ic methods for simply and rapidly 
determining the viability of such parasites is therefore of im­
portance. 

E lectrorotation is a new technique, in terms of its applica­
tion to the study of microorganisms. During e lectrorotation, 
particles are subjected to a uniform rotating electric fie ld that 
causes the particles to rotate (3, 20). The induced rotation of 
the particle is a sensitive function of the particle's dielectric 
properties, namely, the conductivity and permittivity of the 
organism's constituent components. These components in­
clude the wall (if present), the plasma membrane, and the 
cytoplasm. The rotation is also a function of the conductivity 
and permittivity of the suspending medium. E lectrorotation 
has been successfully used to investigate the viability of oocysts 
of the protozoan Ciyptosporidium pa,vum (12), and prelimi­
nary studies have been reported for oocysts of one human 
isolate of Cyc/ospora cayetanensis (8). Using an improved elec­
trode design, we have investigated the electrorotational re­
sponse of Giardia intestinalis cysts and have advanced our 
knowledge of the electrorotational response of oocysts of C. 
cayetanensis. 

The flagellate G. intestinalis is the most frequently detected 
protozoan parasite in fecal samples from humans (11). Al­
though an infected human can excrete up to 1010 cysts per day, 
the infective dose is low, between 25 and 100 cysts (26). In 
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assessing water quality it is important not only to detect and 
identify cysts in low concentrations but also to determine their 
viability and therefore their potential for causing infection. 
Current methods for dete rmining cyst viabi lity include in vivo 
testing (27), in vitro excystation, vital dyes (32), phase-contrast 
microscopy (29), and heat shock mRNA analysis (1 ). In vivo 
methods are expensive, and while they give information about 
populations of cysts, none is obtained about individual cysts in 
a population, which is important when calculating the risk from 
parasites with low infectious doses. The in vitro methods are all 
lengthy procedures and/or subject to inaccuracies; for example, 
nonstaining was reported for one of four human isolates of G. 
duodena/is cysts tested (32), and excystation cannot be used for 
determining the viability of individual or small numbers of 
cysts (5). Smith (34) suggested that propidium iodide (Pl) 
inclusion or exclusion and morphological assessment according 
to Schupp and Erlandsen (29) was the most suitable method 
for determining G. intestinalis cyst viability. Thompson· and 
Boreham (36) also concluded that this was the most satisfac­
tory way to proceed. We show that electrorotation can be used 
to determine the viability of G. intestinalis cysts, a conclusion 
supported using a combination of a vital dye and morpholog­
ical indicators. 

C. cayetanensis is a recently described protozoan parasite of 
humans (4, 21) and causes diarrheal illness worldwide. The 
exact mode of transmission is not yet known, but water- and 
food-borne routes have been implicated in recent outbreaks 
(35). The transmissive stage, a spherical oocyst with a diameter 
of 8 to 10 µ,m, is voided with the host feces in the unsporulated 
form. Sporulation occurs after 7 to 12 days of incubation at 25 
to 30°C or within 6 months when maintained at 4°C; only 
sporulated oocysts are infectious. Identification of C. cayet­
anensis oocysts is through a combination of accurate size mea­
surement, autofluorescence in UV light (450 to 490 nm and 
365 nm), and excystation (22). Molecular techniques, for ex­
ample, PCR, can be used for identification purposes (19), but 
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Rotating Field 
Generator 

· · · · · · · · · • Planar Gold Electrode 

FIG. 1. A particle (p) suspended between four electrodes and sub­
jected to a rotating electric field (E) (3, 13, 16, 20). Depending on the 
dielectric properties of the particle and the electrical frequency, the 
particle will rotate in either the same direction (cofield) or in the 
opposite direction (antifield) as the rotating field. Antifield rotation is 
depicted in this figure. The distance between opposing electrode faces 
was 2 mm. 

there are often distinct differences between laboratory and 
field data (33). No successful viability assays using vital dyes 
(10) or a suitable animal model have yet been reported for C. 
cayetanensis oocysts, and while the excystation method pro­
vides a means of viability determination, this typically takes 
between 1 and 2 weeks (21, 22), as the oocysts have to undergo 
sporulation first. 

As the oocysts of C. cayetanensis are resistant to current 
water treatment procedures, including chlorination (25), and 
the infective dose is low, probably between 10 and 100 oocysts 
(2), there is a need for more-rapid viabili ty assays that work at 
the single-organism level. 

Based on our previous C. pa,vum study (12) and the current 
G. intestinalis data, we show strong evidence that, in the ab­
sence of a vital dye technique, the viability of C. cayeranensis 
oocysts can be determined by the electrorotation method. We 
also show that electrorotation can determine the sporulation 
state of an oocyst, which is important for assessing the poten­
tial risk of water contaminated with C. cayeranensis. Finally, we 
have analyzed the electrorotation response of the particles to 
determine their dielectric properties using the so-called dielec­
tric multishell model, described elsewhere (18, 38). 

MATERIALS AND METHODS 

Cysts of G. i111es1i11alis were obtained from human diarrheic samples provided 
by the public health laboratories of Gwynedd Hospital, Gwynedd, Wales, United 
Kingdom. Samples were purified by a water-ether sedimentation protocol fol­
lowed by a sucrose flotation method (6). Cysts were then immediately washed in 
deionized water and stored at 4'C for use within 1 month. G. i111es1i11alis cyst 
viability was determined morphologically by phase-contrast microscopy (29) and 
according to assays with the fluorogenic vital dye propidium iodide (PI) (30). A 
100-µ.I aliquot of cyst suspension was incubated with 10 µ.I of Pl (0.02 mg m1- 1

) 

in phosphate-buffered saline (PBS), pH 7.4 (10 mM phosphate buffer, 27 mM 
KCI, 137 mM NaCl; Sigma Chemical Co.), for 30 min in a water bath at 37'C. 
Following the dye procedure the suspensions were washed in deionized water. 

Purified C. caye1a11e11sis oocysts were supplied by the Scottish Parasite Diag­
nostic Laboratory (SPDL) (Glasgow, United Kingdom). Samples were collected 
from three infected humans (two male, one female) in the Glasgow area who had 
recently traveled abroad. The samples were purified as for G. i111es1i11alis. Oocysts 
were then washed in deionized water and stored at 4'C in 2% potassium dichro­
mate solution. 

To obtain reproducible electrorotation data, the particles are first washed and 
resuspended in a solution of well-defined chemical composition and conductivity. 
To reduce electrical heating effects, the magnitude of the rota ting field should 
also be as low as possible. For the work reported here, PBS of conductivity I mS 
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FIG. 2. Electrorotation spectra of G. intesrinalis cysts at a suspend· 
ing medium conductivity of 1 mS m-1 grouped according to inclusion 
or exclusion of the vital dye PI and morphology. Symbols show mear. 
rotation rates and error bars indicate 1 standard deviation for 11 = E 
viable (solid symbols) and 11 = 19 nonviable cysts (open symbols). Solie 
lines show the best fits from the multishell model using the values listcL 
in Table 1. 

m- 1 was used as lhe suspending medium to achieve easily measurable rotalior 
rates for modest applied voltages in the convenient frequency range of 100 Hz tc 
10 MHz. The washing procedure (repeated three times) consisted of diluting , 
100-µ.I aliquot of particle suspension in ultrapure water (conductivity, 0.1 m! 
m- 1) to 1.5 ml, vortexing for 30 s, microcentrifuging for 1 min (3,300 X g), anc 
lhen aspirating to JOO µ.I. After the final wash, the sample was resuspended ir 
PBS solution which had been diluted with ultrapure water to give a conduct:\'!' 
of I mS m- 1

• The suspending medium conductivity was then checked by testini 
200 µ.I of supernatant following centrifugation using a calibrated Hanna lnstrn 
men ts Pure Water Tester, modified to reduce the volume of the sample chamber 
Working particle density concentratio ns were 3 X 104 cysts ml- 1 for G. imesri 
11alis and 5 x 103 oocysts m1-r for C. caye1a11e11sis. 

Descriptions of the basic theory and experimental procedures of electrorota 
tion are given elsewhere (13, 16). In brief, 20 µ.I of (oo)cyst suspension wa 
pipeucd into a chamber surrounded by four planar gold electrodes, as shown i1 
Fig. I. The so-called "bone" electrode design is described by a 4th-order pOI) 
nomial and is oplimized to create a uniform rotating electric field over as larg 
an area as possible in the center of the chamber. The shape and magnitude of th 
spectra obtained are known to be affected by the particle position in the chambc 
and by the presence of debris on the particle surface (8). Particles were therefor 
excluded from analysis if they were positioned outside the middle third of th 
chamber, drifted more than lhree times their own diameter during the recordini 
or possessed debris on their surface. These careful seleclion criteria, couple 
with an electrode design that minimizes particle d rift, improved the proportio 
of oocysts from which data could be obtained. 

Particle idenlification and motion in the eleclric field were visualized usin 
phase-contrast microscopy wilh a total magnification of X400 (Nikon Optiphot• 
microscope with JVC model TK-1280E color video camera auachment) an 
recorded by video for later analysis and timing by stopwatch. A minimum of 10 
of behavior was recorded at each of 20, approximately equidistant, applic 
frequency points on a log scale over the range of 100 Hz to 10 MHz. After eac 
aliquot had been examined and spectra had been recorded, the chamber w, 
washed under pressure with ultrapure water from a wash bottle and dried und, 
a stream of nitrogen gas. 

RESULTS AND DISCUSSION 

The electrorotation spectra obtained from 27 G. inresrinal, 
cysts, identified as possessing intact cyst walls with no debr 
adhering to the surface, are shown in Fig. 2. The spectra a, 
grouped according to viability. It is clear that viable and nOI 

viable cysts exhibit markedly different electrorotation behavio 
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TABLE I. Pa rticle dimensions and dielectric parameter values used in the modeling of e lectrorotation spectra 

Dimensions (µm) 
Wall thickness (nm) 

Parameter 

Mean membrane thickness (midpoint :t range)(nm) 
Permi11ivity (e,) 

Interior 
Membrane (midpoint :r range) 
Wall 

Giardia0 

Viable 

9 X 6b 
300' 
6 :t 0.5 

6r.f 
6 :t 0.5 
60" 

Nonviable 

9 X 6b 
300" 
6 :t 0.5 

611 
5 :t 0.5 
60" 

Cyc/ospora 

Unsporulated Sporulated 

Viable Nonviable Viable Nonviable 

9' 9' 9' _d 

]]3< 113c 113< 
9 :t 0.5 9 :t 0.5 9 :t 0.5 

50" 50" 50" 
4 :t 0.5 4 :t 0.5 4 :t 0.5 

60" 6()< 6()< 

Mean conducti\"ity (midpoint :t range) (S m- 1
) 

Interior 0.8 :t 0.2 0.02 :!: 0.002 0.8 :t 0.1 0.2 :t 0,03 0.8 :t 0.1 
Membrane 2 X 10-6 :t 0.8 1 X 10- 5 :!: 0.2 5.5 X 10-• :t 0.3 l X 10- 5 :t 0.1 8 X 10-• :!: 0.5 
Wall 0.032 :!: 0.002 0.05 :t 0.005 0.09 :!: 0,01 0.01 :t 0.04 0.09 :!: 0.01 

• As determined by references 29 and 34. 
b Measured \'alues. 
< From reference 21. 
J - , none observed. 
< From reference 31. 
I From reference 15. 
t From reference 16. 

Spectrum profiles are in good agreement to those previously 
reported for the viabil ity of isolated animal cells (14), biocide­
treated yeast cells (Sacc/,aromyces cerel'isiae RXII) (37), and C. 
panwn oocysts (12). 

Within the applied frequency range there is a frequency 
window, centered around 400 kHz, within which viable and 
nonviable cysts rotate in opposite directions. The terms 
"cofield'' and "antifield" denote the sense of rotation of the 
particles rela tive to that of the applied field. At 400 kHz, 
cofield rotation thus characterizes nonviable cysts while anti­
field rotation characterizes viable cysts. The rotation direction, 
observed through a light microscope, is easily determined after 
a few seconds of observation and is aided by the ell ipsoidal 
shape of the cysts. An alternative method of distinguishing the 
particle viability through electrorotation is by noting the sig­
nificant d ifference in the magnitude of the antifield rotation 
peak. For these cysts (in a suspending medium of 1 mS m- 1 ) , 

the peak antifield rotation, or characteristic frequency, is found 
at approximately 60 kHz. Although the greatest difference in 
rotational velocity for viable and nonviable cysts occurs a t this 
frequency, determination of the viability of cysts by electroro­
tation alone requires accurate measurement of the rotational 
velocity and knowledge of the field strength. Automated image 
processing techniques that measure the rotational direction 
and velocity of particles have been demonstrated by several 
groups (9, 28, 38). 

Modeling of the experimental data for G. intestinalis (Fig. 2) 
using an ellipsoidal two-shell model (37) allowed values of the 
electrical parameters of the d ifferent cell components to be 
estimated (Table 1). The most significant differences between 
viable and nonviable cysts are an increase in the membrane 
conductivity with a corresponding decrease in the interior con­
ductivity. These findings are consistent with nonviable cysts 
having an impaired plasma membrane which allows ions to be 
exchanged more freely with the external media. This is also 
consistent with the response of PI dye, which only stains non-

viable cysts as it cannot traverse intact biological membranes 
(17). 

In itial electrorotat ion spectra for a second particle type of 
similar size, namely, the spherical oocysts of C. cayetanensis, 
are shown in Fig. 3. All of the n = 19 oocysts were in an 
unsporulated state and were morphologically indistinguish­
able. The spectra recorded, however, were of two distinct 
types. Similarities between these spectra and those shown in 
Fig. 2 for G. intestinalis cysts indicate the possibility that the 
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FIG. 3. Electrorotation spectra of unspo rulated C. careranensis oo­
cysts at a suspending medium conductivity of 1 mS m- . The spectra 
obtained from then = 19 intact unsporulated oocysts were one of two 
distinct types. T he first type, that characteristic of 11 = 17 oocysts, is 
summarized by the solid symbols and error bars representing the mean 
rotation rate and 1 standard deviation. The open symbols show the 
rotation rates o f the 11 = 2 oocysts with the second dist inct spectra type. 
Also shown is the electrorotation spectrum for an oocyst without 
internal contents (*). Solid lines show the best fit from the multishell 
model, using values listed in Table 1. 
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FIG. 4. Electrorotation spectra of C. cayeta11ensis oocysts at a sus­
pending medium conductivity of 1 mS m- 1 comparing sporulated and 
unsporulated intact oocysts. Symbols show mean rota tion rates and 
error bars indicate 1 standard deviation for 11 = 17 unsporulated (solid 
symbols) and 11 = 14 sporulated (open symbols) oocysts. Solid lines 
show the best fi t from the mullishc ll model using values listed in Table 
I. 

two types of spectra shown in Fig. 3 are those of viable and 
nonviable oocysts. Discrimination of nonviable and viable C. 
cayetanensis oocysts by rota tion in opposite directions at a 
specific frequency is not possible, due to overlap between the 
anti- and cofield crossover points and the very low rates of 
cofield rotation observed above 2 MHz. 

The distinct n = 2 unsporulated in tact-walled oocysts have a 
spectrum comparable to that of an oocyst that had no observ­
able structural contents (Fig. 3) and which was considered 
no nviable. These spectra are similar over most of the fre­
quency range, indicating that they are of a similar physiological 
sta te. The previous report on C. cayetanensis assumed that this 
type o f response was due to a change in viability (8), but this 
could not be verified. Minor differences between spectra can 
be attributed to differing states of deterioration following oo­
cyst death. E stimations of the electrical parameters of the 
different oocyst components for the viable and nonviable best 
model fits shown in Fig. 3 are listed in Table 1. Trends similar 
to those of the G. intestinalis cysts are found for the C. cayet­
anensis oocysts, namely, an increase in membrane conductivity 
with a corresponding decrease in the interior conductivity, 
providing further evidence that the change in shape of the 
spectra is indeed due to differences in physiological state. 

Oocysts of C. cayetanensis were stored a t room temperature 
(approximately 20°C) to induce sporulation. After 14 days, 
30% were fou nd to be sporulated. Excystation studies (21) o n 
these sporulated oocysts performed at the SPDL showed that 
75% excysted. An electrorotational comparison between un­
spo rulated and sporulated oocysts of C. cayetanensis is shown 
in Fig. 4. The sporulation state was determined by the presence 
o r absence o f two sporocysts with the oocyst wall as identified 
using phase-contrast microscopy. Significant differences in the 
spectra are found in the frequency window from 20 to 200 kHz, 
with a much-reduced rotational velocity for the sporulated 
oocysts in this range . The p revious report, for a single isolate of 

C. cayetanensis, indicated that at a frequency of 1 MHz, un­
sporulated and sporulated oocysts rotate in opposite directions 
(8). Although this previous conclusion was valid for that iso­
late, this distinction is not possible with m ixed isolates. Impor­
tantly, however, the d istinction based on the rate of rotatio n in 
the frequency window mentioned is confirmed. From the mul­
tishell model, the change in the spectra upon sporulation can 
be considered to be primarily associated with a slight increase 
in oocyst membrane conductivity. It must be noted, however , 
that whereas the multishell model enables accurate determi­
nations to be made of the d ielectric prope rties of the ou ter­
most membrane and wall of the oocysts, at best it can only 
p rovide a rough indication of any changes occurring in the 
proper ties or level of complexity of internal structures (7). 
From transmission electron microscopy studies (22), a sporu­
lated oocyst is described as possessing a two-layered oocyst 
wall (63 and 50 nm thick, respectively) surrounding two spo­
rocysts, each with 62-nm-thick walls surrounding a plasma 
membrane. Within each sporocyst are two membrane-bound 
sporozo ites. These features may explain the deviation of the 
fitted lines in Fig. 4 from the experimental observations for C. 
cayetanensis at the higher freq uencies, where the electrorota­
tion p roperties are regarded as being more sensitive to the 
internal structure of particles (23). 

In conclusion, we have demonstrated that the electrorota­
tion technique can differentiate between viable and no nviable 
cysts of G. intestinalis. Two simple methods were identified for 
the rapid determination of cyst viability, the fi rst of which 
involves only momenta1y observation o f the particle to decide 
the direction of rotation. The second method involves deter­
mining the rotational velocity at a frequency close to the an­
tifield maximum and may be more useful in environmental 
samples, as this feature is less sensitive to changes in the 
suspending medium conductivity. In using morphological in­
spection in conjunctio n with PI inclusion (36), we consider that 
our method for determining viability was sufficiently reliable in 
terms of deciphering the two distinct categories obtained in the 
electrorotatio n data. 

In the absence of current viability surrogates fo r small num­
bers of organisms, we have also demonstra ted that electroro­
tation velocity at the antifield maximum can be used to deter­
mine C. cayetanensis oocyst viabil ity. T he data presented in this 
paper fo r G. intestinalis cysts and from previously published 
electrorotation data from other protozoans (12), fungi (16), 
and animal cells (14) support this hypothesis. Indeed, where 
there is a need to develop viability assays for new pathogens or 
cells, by p robing me mbrane integrity, electrorotation may pro­
vide a simple and rap id solution. E lectrorotation also over­
comes the problems associated with vital dyes, such as toxicity 
and the requirement for specialized storage. 

The ability to determine the sporulation state of C. cayet­
anensis oocysts was also demonstrated with electrorotation. 
T his is of impo rtance as only following sporulation are the 
oocysts potentially infectious. Dete rmining oocyst viability and 
sporulation state is therefore important in assessing the risk 
associate d with potentially contaminated water. Currently only 
trained laboratory workers can identify the degree of sporula­
tion, as oocysts of C. cayetanensis do not change their physical 
size upon sporulation. 

W ithin the known limitations of the multishell model for 
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characterizing bioparticles of complex structure (7), th~ data 
(Table 1) indicate that the membrane conductivity of nonvia­
ble ( oo )cysts is significantly greater than that of viable ones. 
The corresponding decrease in the internal conductivity of the 
( oo )cysts confirms that this is associated with a physical deg­
radation of the membrane and the loss of its ability to act as a 
barrier to passive ion flow. It is also of interest to note from 
Table 1 that the best fit of the multishell model suggests that 
the C. cayetanensis membrane is thicker than that for G. intes­
tinalis (9 and 6 nm, respectively). On the assumption that the 
chemical composition of the membrane remains constant, then 
the deduced reduction in the relative permittivity of the G. 
intestinalis membrane from a value of 6 ± 0.5 to 5 ± 0.5 E, also 
suggests that the effective surface area of the membrane is 
reduced on transition from the viable to nonviable state. A 
reduction in membrane surface area could correspond to a 
reduction in the complexity of the surface morphology, such as, 
for example, a reduction in membrane folding. Alternatively, 
the membrane polarizability could be reduced through a loss of 
protein function, for example, by the formation of protein 
complexes within the lipid bi layer (24). 
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Acidic vesicles in Schis tosoma mansoni 

B . J. Cooke', P. H agan1
, J. A. Thornhill2, 

P. Carneiro-Santos' and J. R. Kusel2 Divisions of 
1 l 11fcctio11 and Immwzity, and 1 Biochemistry and Molecular 
Biology, Il3LS, University of Glasgow, Glasgow G 12 8QQ, 
UK 

Schistosomula of Sclzistoso111a manso11i were stained 
with the fluorescent dye Lysotracker Red D N D-99, 
which becomes protonated in' acidic vesicles such as 
lysosomes (HAUGLAND, 1996: Molecular Probes Hand­
booh of Fluorcsccm Probes and Research Chemicals, 6th edn. 
Oregon, USA: Molecular Probes Inc.). Accumulation of 
the dye was seen as brightly stained patches throughout 
the schistosomula, but did not occur in cercariae (P. 
Carneiru-S:mtos, unpublished). These novel organelles 
arc a possible site of action of the drug praziquantel. 

Methyknc blue, a redox indicator, is coloured only 
when oxidized. Coloured methylene blue was seen to 
q uench the fluorescen ce of Lysotracker within the acid ic 
\'esicks. This was visible as black spots in the fluorescent 
parasite, and demonstrated strongly oxidizing conditions 
within the \'esicles. Addition of the oxidizing agent 
hydrogen pernxide revealed that the methylene blue 
was not accumulated in the vesicles, but that it was 
present throughout the parasite in its reduced form. 

Quantitation of the vesicles in the schistosomula 
revealed a mean of2•1·24, (SD 5·77). This number was 
secn to incn:ase after 24, 43 and 72 h (0·05 > P >O·O 1 ). 

Addition of the methylene blue to the stained schisto­
somula can be used 10 dem onstra te anacrobiasis in 
individual parasites with a high degree of sensitivity, 
and shows that conditions v:iry across the slide. 

\Vhat is 't1·opieal medicine'? 

S. Dag a, C. L. Ewles, H. Javedan, F. C. Kerr, 
A. Maudgil and C. T . Roberts ' (with 
David Stevenson1 as group nclvisor) 'Second-year 
Swdc111s, 17,c U11ivcrsi1y nf Edi11b111,:lz Medical Sclzoal, 
Tcvivt Pl,1a, l;'cli11b11rg/z EH8 9A G, UK, 1 Honorary Fellow, 
Public 1-lcalt.lz Sci.:11ccs, U11iv.:r.<ity nf Edinburgh, UK 

Six second-year mcdic:il students formed a Special 
Study M odule to determine the nature and relevance of 
'tropical medicine' in the 2 1st century. It appears that 
since it was first established, the definition of 'tropical 
medicine' has remained ill-defined and poorly under­
stood. 

To improve understanding and resolve t.he dilemma, 
the evidence for both the speciality and the practice of 
medicine in the tropics was reviewed from geographical 
and social points of view and in relation to specific 
'tropical diseases'. 

Such analysis led to the conclusion that defining which 
factors arc responsible for 'tropical diseases' is a difficult 
task. In addition, a more holistic approach should be 
taken, incorporating the changing health of the world 
and how the health of some areas affects others. In light of 
this, it may be an idea to think in terms of global health. 

The complete report is available on the internet: http:// 
www.bms.ed.ac. uk/medics/year2/group7 6 

E lcctrorotation studies of A scaris suun1 

C. Dalton1
, R. Pethig1 and H. V. Smith2 1 lnstiwce of 

tvfolcc11lar and Biomolccular Electro11ics, University of 
Wales, Bangor, Gwynedd LL57 1 UT, UK; 1Scouislz Para­
site Diagnostic Laboratory, S robhill Hospital, Glasgow G21 
3UW, UK 

We report electrorotation studies of ova of the nema­
tode Ascaris su1111z. Electrorotation, the process of indu­
cing controlled cellular spin by using rotating electric 
fields, is sensitive to the dielectric properties of microbio­
logical organisms (ARNOLD, \VI: M. & ZllvlMERMA..'-1, U ., 
1988:Joumalof Electrostatics, 21, 15 1- 191 ). A . rn11111 is the 
large roundworm infecting swine which can cross infect to 
humans (ANDERSON, T . J. C., 1995: Parasitvlol<),, 110, 
2 I 5-21 9). An adult female worm can lay in excess of 
200 000 fertilized ova per day into the environment, which 
in temperate climates can remain viable for 7 years. There 
arc currently some 59 million people at risk of some 
morbidity from ascariasis (DE SILVA, N. R. cc al., 1997: 
Tropical lvledici11e and Im,mwtional He<1lc/1, 2, 5 19 - 528). 

We present distinct differences in the electrorotational 
response between fertilized and unfertilized ova of 
A. s1111111, which can be used for identification purposes 
in mixed populations. We also report variations witJ1in the 
fertilized ova spectra, which may be due to changes in the 
ova structure during the life-cycle. As clectrorotation is a 
non-invasive process, after spectra ha\'e been ocquin:d, 
the ova can be further nnalyscd by conventional means. 

Subst1·atc recognition motifs of the T1·yp:111osoma 
un.a:d nuclcobasc transp orters 

Lynsey J.M. McMurray and Harry P. de Kon ing 
Division of lnf.:cci,m a11d l1111111111icy, IJJLS, U11h1.:rsiry nf 
Glasi;ow, Glasgow G 12 BQQ, UK 

The 1'2 adenosinc t ra nsporter h as been used as a 
means of drug entry into Trypa11oso111a bnicci (TYE, C.-K . 
.:t al., 1998: l3ioorga11ic and lvfcdici11al Chwzisuy Lccr.:rs, 8, 
81 1-8 16). We decided to investigate tJ1e 1~ brucr.i 
nuclcobnse transporters as alternative 'doorways'. Low 
concentra tions of free nuclcobase in mammalian b lood, 
and :i high affinity of tJ,e parasite transporters for tJ1cir 
nuch:obnsc substrates, ensure selectivity of designed 
drugs. Nuclcobase analogues have a distinguished his­
tory as anti-viral and anti-neoplastic agents, and a 
reservoir of known compounds exists. Bloodstream 
forms of T. bmcci express 2 hypoxanthinc transporters: 
the high-affinity H2 transporter and the lower-affinity 
H3 transporter (DE KONING, H. P. & JARVIS, S. M., 
1997: Molcwlar and l3ioclzc111ical Parasitology, 69, 245-
258). Procyclic parasites express only the low-affinity H 1 
transporter (DE KONING, H . P. & JARVIS, S. M ., 1997: 
European J oumal of Biochc111is1ry, 247, I 102- 111 0). 
Using an oil-spin technique to assay uptake, and by using 
nucleobase analogues, we will 'map' the different recog­
nition motifs required for efficient hypoxanthine uptake 
by the HI and H2 transporters. 

Recovery of Cryptosporidium oocysts and Gfardia 
cyst s from large volumes o f natural mineral waters 

C. A. Paton, R. A. B. Nichols and H . V. Smith 
Scottish Parasite Diag11oscic Laboratory, Scoblzi/1 Hospital, 
Glasgow G21 3UW, UK 

Current European Union and UK legislation states 
that natural mineral waters should be free from parasites 
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Application of a murine m odel for contagious 
bovine pleuropneu m onia (CBPP) t o the in-v ivo 
comparison of the virulence of Europ ean and 
African isola tes 

Ma!co!mJ. Brodlie 1 a nd J ohn B. M a r ch2 'Division of 
Biological Sciences, ICAPB, University of Edinburgh, 
King's Buildings, Ashworth Laboracon'es, West Mains 
Road, Edinburgh EH9 3JT, UK; 1 Moredun Research 
Insn'wce, Pe11tla11d Science Park, Bush Loa11, Penicuik 
EH260PZ, UK 

Contagious bovine pleuropneumonia (CBPP) is eco­
nomically the most important cattle disease in Africa. 
The aetiological agent is Mycoplasma mycoides subspe­
cies mycoides small colony variant (MmmSC). CBPP is 
generally considerc:d to be more severe in Africa than in 
Europe-one explanation being that Africnn strains are 
more viru lent thnn European strains. Unfortunately 
M111111SC is a restricted pathogen in Britain rendering 
experiments involving cattle prohibitively expensive. 

European strains have been shown to possess geno­
lypic and metabolic differences from African strains; 
however, the relevance of these to virulence has not been 
demonstrated. ln-\'itrn growth inhibition tests per­
formed in this laboratory have suggested no difference 
in virulence between the 2 groups. In this study the 
virulence of European ::ind African strains were com­
pared in vivo using a murine model (SMITH, G. R., I 971: 
Tropical Animal Health a11d Prod11crio11, 3, 169- 172). No 
significant differences were found, suggesting that other 
factors such as improved husbnndry :ind chemotherapy 
mny be responsible for the more benign nature of CBPP 
in Europe. 

An additional finding from this study was that strain 
M375, recently isolated from Botswana, wns of signifi­
cantly lower virulence in mice than the other M111111SC 
strnins, providing further evidence that it behaves acypi­
cnlly for the species. 

Molecul:ir detec tion :md characterizatio n o f Cryp­
tosporidium parvum in human and wastewater 
snmplcs 

D. M . CampbeUl ·2, R. A . B. N ich ols 1
, J. E. 

O'Grndy2 a nd H. V. Smith 1 'Scorcish Parasite Diag-
11osric Laboratory, Srobhi/1 Hospital, Glasgow G2 J 3UW, 
UK; J U11iversiry of Srrarhclydc, The Todd Cemre, Dcpan­
mcllt n/ 111111111110/ogy, Glasgow G4 O,VR, UK 

CT)·ptospon·dium par.mm causes gastrointestinal infec­
tion in both human beings and domestic livestock. Two 
genotypes have been described from analysis of 6 poly­
morphic genetic loci of C. parv11111, namely genotype H 
(human) found only in humans, :ind genotype C (cattle) 
found in both hum::m :ind non-human hosts. C. parv11111-
positive stool snmples submitted to the Scottish Parasite 
Diagnostic Laboratory were purified and analysed by 
PCR-RFLP of the COWP gene (SPANO, F. et al., 1997: 
FEMS Microbiology Lerrcrs, 150, 209-217) and charac­
terized :is either genotype H or C . Of 36 stool samples 
analysed, 27 were from sporadic cases and 9 were from 
'outbrenk' cases. Twenty four of the 27 sporadic cases 
were genotype C and 3 were genotype H, whereas all 
'outbreak' cases were genotype C . Assay sensitivity fo r 
PCR-RFLP of the COWP gene was between 10 and 20 
purified oocysts. Thirty sewage effiuent samples were 
seeded with varying concentrations of oocysts ( 10, 100 

and 1000) of an Iowa isolate (genotype C). The sensi­
tivity of detection was between 100 and 1000 oocysts. 
Infectivity studies with genotypes Hand C in ICR/CD l 
neonate mice indicated that only genotype C oocysts 
caused infection. Improved PCR sensitivity could be 
achieved by genocyping the intemnl transcribed spacer 1 
region or other multicopy gene. Genotyping small num­
bers of oocysts in both clinical and sewnge effluent 
samples can assist in our understanding of C. parv11m 
epidemiology. 

Viability d etermin a tion of Cyclospora cayetan cn­
sis oocys ts 

C. Dalton\ R. P ethig 1, C . A. Paton1 and H. V. 
Smith2 1 Institute of lvlolewlar and Bio1110/ewlar Electro-
11ics, University of ~11/ales, Bangor LL57 I UT, UK; i Scorrish 
Parasite Diagnostic Laboraro,y, Stobhi/1 Hospital, Glasgow 
G2/ 3Ull1/, UK 

Elcctrorotntion, the process of inducing controlled 
cellular spin by using rotating electric fields, is sensitive to 
the dielectric properties of microbiological organisms 
(ARNOLD, W. M. er al., 1988: Jo1m10/ of Elecrrosratics, 21, 
15 1-1 91). 

Cyc/vspnra caycra11c11sis is an emerging coccidian patho­
gen of humans, and is resilient to disinfection regimens 
used in water trencmcnt. The viable, sporulatcd oocysts 
arc not readily detected by the current methods used to 
assure the safety of wate r supplies. The oocysts are 
uniform in size and shape (spherical, 8-10 µm in dia­
meter,, making them ideal for elcctrorotational studies. 

Using a microfabricated plnnar gold electrode struc­
ture, \\'C investigated the electrorotational properties of 
oocysts of C. cayera11cnsis. We present variations in the 
response of m orphologically similar oocysts, which are 
characteristic o f ::i difference in oocyst viability (DAL­
TON, C. er al., 1999: Instiwre of Physics Elecrrosrarics '99 
Co11fcrrncc Procccdi11gs [in press]). Differences in the 
clcctrorotntional response of sporul::ncd and unsporu­
lated oocysts arc also described. This rapid, non-invasive 
technique has potential applications in diagnostics. 

Cryprosp oridium ooeyst m a nipulation, viab ility 
determination a n d c apt ure using a com b ined tr a ­
velling wave d iclect roph orcsis a nd electrorotation 
device 

A. D. Goater 1, R . Pethig1
, C. A. P a to n1 and H. V. 

Smith 2 1 lnstirwe of lvlolec11/ar a11d Biomolecular Electro­
nics, University of Wales, Bangor LL57 I UT, UK; 1 Scorrish 
Parasite Diagnostic Laboratory, Scobhi/1 Hospital, Glasgow 
G2/ 3Ull1/, UK 

A micro-electrode device is described for mnnoeuvring 
single particles from a suspension for capture on to a 
membrane filter. Fnbricated on a thin polyimide film by 
photolithography and Ins er ablation, the device is demon­
strated here using oocysts of Cryprosporidi11111 par.;um, a 
waterborne pathogen of humans. The design allows the 
generation of both travelling wave and rotating electric 
fields by the same electrodes (GOATER,A. D. eta!., 1997: 
Jounial of Physics D: Applied Physics, 30, L65-L69). 
Travelling wave dielectrophoresis (TAI.ARY, M. S . et al., 
1996: Jounia/ of Physics D: Applied Physics, 29, 2198-
2203) is used to concentrate the pnrticles into a central 
electrorotation (ARNOLD, W. M. ec al., 1988: Journal of 
Elecrrosrarics, 21, 15 1- I 9 1) chamber where the physiolo-
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Electrorotation of oocysts of Cyclospora cayetanensis 

C Dalton 1, R Pethig 1, C A Paton2 and H V Smith2 

1Inst itute of Molecular and Biomolecular Electronics, University of Wales, Dean Street, 
Bangor, Gwynedd, LL57 I UT, UK 

2Sconish Parasite Diagnostic Laboratory, Stobhill NHS Trust Hospital, Springburn, 
Glasgow G2 1 3UW, UK 

Abstract. Electrorotation is sensitive to the dielectric properties of microbiological 
organisms. Using a microfabricated planar gold electrode structure, we investigated the 
electrorotational properties of oocysts of the emerging coccidian pathogen, Cyclospora 
cayetanensis. We present differences in the electrorotational response of sporulated and 
unsporulated oocysts. Variations in the responses of morphologically similar oocysts, 
which are characteristic of a difference in oocyst viability, are also described. This 
rapid, non-invasive technique has potential applications in diagnostics. 

1. Introduction 
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Cyclospora cayetanensis is a coccidian pathogen which causes prolonged diarrhoeal disease 
in both immunocompetant and immunocompromised hosts. Waterborne and foodborne 
routes have been implicated as likely routes of transmission. Cyc/ospora was first reported 
in humans by Ashford in 1979 [ 1] and is resilient to disinfection regimes used in water 
treatment. Viable, sporulated oocysts are responsible for the transmission of infection, and 
are not readily detected by current methods used to assure the safety of water supplies. Thus, 
distinguishing between non-viable and viable oocysts is of great significance to a variety of 
professionals, including epidemiologists, public health officials, and water industry 
personnel. The oocysts are remarkably uniform in size and shape (spherical , 8-10 µm 
diameter), making them ideal for electrorotational studies. 

2. Electrorotation 

As described by Pohl in 1978 [2], non-uniform (inhomogeneous) fields can induce a torque 
on a particle suspended in an electrolyte, causing it to spin. Arnold and Zimmerman [3] and 
Mischel et al. (4] first reported methods to induce controlled cellular spin by using rotating 
electric fields. A uniform rotating electric field can be generated by energising four 
electrodes with sinusoidal voltages, with 90° phase difference between adjacent electrodes 
(figure 1). The rate and direction of the induced electrorotation is detennined by the 
imaginary component of the dipole moment m of the particle, which is itself dependant on 
the dielectric properties of the system as a whole. The rotational torque r(ro) exerted on a 
particle by the rotating electric field is given by : 

r(eu) = - Im{m(eu )}E 

I ., 

I 
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where Im indicates the imaginary component of the dipole moment m and E is the electric 
field strength. If the imaginary component of m is positive, then the torque exerted will be 
negative causing the particle to rotate in a direction that opposes that of the rotating field 
(figure 1 b ). 

(0) (b) 

Figure I - (a) Rotating field generated by applying sinusoidal voltages to 4 electrodes, with phases 
spaced 90° apart. (b) The rotational torque acting on the particle will be either co- or anti- field, 
depending on the angle of the induced dipole moment. In the case represented here, the particle is 
rotating counter to the clockwise rotating field. 

For biological particles, such as oocysts of C. caye/anensis, structures such as the oocyst 
wall and plasma membrane, along with the cytoplasm and its contents, each contribute to the 
overall electrical permittivity and conductivity of the particle. 

3. Equipment and Materials 

The electrodes were deposited by photolithography onto glass microscope slides, with a 
chromium adhesion layer of 5 nm and a gold layer of 70 nm. The inter-electrode analysis 
chamber was 2 mm in diameter. The electric fie lds were generated by a four phase 
sinusoidal signal generator, and applied to the electrodes in the frequency range 100 Hz to 
IO MHz. Oocysts of C. cayetanen.sis were supplied by the Scottish Parasite Diagnostic 
Laboratory (SPDL), in either 2% potassium dichromate solution, or water. Oocysts were 
washed in ultra pure water and re-suspended in dilute solutions of normal phosphate 
buffered saline (Sigma Chemical Co.), which typically had conductivites of 0.6-1.0 mS/m, 
to reduce electrolysis and heat production at the electrodes. Sample results were visualised 
through a Nikon Optiphot 2 microscope using phase contrast microscopy with a 
magnification of x40 and a zoom of x2.25. Results were recorded to video tape for 
subsequent analysis using a JVC colour video camera head (model TK-1280E) attached to 
the microscope. 

4. Results and Observations 

Over 100 electrorotation spectra were obtained which facilitated the differentiation of 
sporulated and unsporulated oocysts of C. cayetanensis. Unsporulated oocysts rotate at a 
higher rate than sporulated oocysts (figure 2). The frequency at which the direction of 
rotation reverses from anti-field to co-field at high frequency (the so called cross-over 
frequency), is significantly different between sporulated and unsporulated oocysts. Thus, at 
l MHz the unsporulated oocysts will rotate in the opposite direction to the sporulated 
oocysts, allowing rapid discrimination between the two types of oocyst. 
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Figure 2 - Rotation spectra ofunsporulated oocysts (dashed lines), which rotate at a higher rate than 
sporulated oocysts (solid line). 

It is not possible to distinguish morphologically between viable and non-viable oocysts 
containing similar morula. Non-viable and viable oocysts can be either sporulated or 
unsporulated. The membrane of a viable oocyst is semi-permeable (selectively) to ions and 
non-lipid, soluble molecules. Upon cell death, membrane integrity is lost, and the cell freely 
exchanges material with the external suspending medium. This greatly affects the rotation 
spectra produced, as Jess induced charge differences occur between the inside of the oocyst, 
and the exterior medium. The peak rotation frequency was found to vary considerably for 
visibly similar, particulate free, unsporulated oocysts of C. cayetanensis (figure 3). 
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Figure 3 - Rotation spectra of unsporulated C. cayetanensis oocysts showing the difference between 
viable (dashed lines) and possibly non-viable (solid lines) oocysts. 

This difference in the magnitude of rotation rate is similar to that reported by Goater et al. 
(S] for Cryptosporidium parvum, a smaller, but similar pathogen to C. cayetanensis. Goater 
confirmed that this observation was due to differences in oocyst viability by fluorogenic 
vital dye assay [6]. The viability of C. cayetanensis oocysts cannot be independently verified 
by such methods, because as yet none have been developed. Excystation of the oocysts at 
SPDL confirmed that 75% of the sporulated oocysts from the sample were viable. 
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The effect of small amounts of debris on the oocyst wall was investigated. The peak rotation 
frequency, and the rotation cross-over frequency values, for the debris-coated and uncoated 
oocysts, all remained the same (figure 4). The only difference was a slower rotation rate for 
the debris-coated oocysts. This can be attributed to viscous drag caused by the debris. 
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Figure 4- Rotation spectra of uncoated (dashed line) and debris-coated (solid lines) sporulated 
oocysts of C. cayetanensis. 

5. Conclusions 

In this work, the sensitivity of the electrorotation assay in determining characteristic 
differences between morphologically indistinguishable oocysts of the pathogen Cyclospora 
cayetanensis has been shown. An important result has been the apparent ability of the assay 
to distinguish between viable and non-viable oocysts, previously not possible. As 
electrorotation is a non-invasive process, the undamaged oocysts can be tested further by 
other techniques in the hope of determining the life-cycle and modes of transmission. 
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