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Abstract
Pathogenic bacteria are causative agents of epidemics and deaths worldwide; water is a
vector for the transport of bacteria and their consequent consumption by humans. The
accepted “gold standard” for assessing bacterial concentrations in water is by traditional
plate counts. However, this globally accepted technique takes longer than 24 hours. An
alternative method to rapidly detect and to continuously assess bacterial concentration is
required. A biosensor that provides near real-time information on the bacterial loading of
a waterbody is proposed. This thesis describes the development of a microfluidicmagnetophoretic device to detect bacteria in water.
Escherichia coli is a well-reported bacterium found in the intestinal tract of mammals.
Particular strains of E. coli are pathogenic to humans. E. coli is used as an “indicator” for
water contamination and was chosen as the target for the biosensor. Magnetic particles
(MPs) were functionalised with an anti-E. coli antibody. The functionalised MPs were
used to capture E. coli from drinking water by forming MP-bacterial complexes.
A microfluidic device was designed, incorporating magnetophoresis, to separate and
concentrate MPs suspended within a sample. A separation efficiency of approximately
80% of the MPs from a sample flow was achieved. Using a magnetic gradient and video
tracking of the MPs, the magnetic-drift velocities of unbound and bound MP-bacterial
complexes was determined. It was found that viable and non-viable MP-bacterial
complexes had different magnetically-induced drift velocities. A single viable E. coli
bound to an MP travelled at 0.49 times the velocity of an unbound MP, and a single nonviable E. coli travelled at 0.75 that of an unbound MP. As such, this novel
magnetophoretic separation technique can be used to determine the viability of bacteria.
The developed biosensor provides the ability to concentrate, separate and enumerate
viable E. coli from drinking water, with the potential for automation and sampling from
continuous flow.
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1. The continuous detection of pathogenic bacteria in
waterbodies
Pathogenic bacteria are the cause of infectious diseases throughout the world. Water is a
common vector for the spread of bacterial contamination events. There are many species
of pathogens that thrive, survive and persist in all water types such as Escherichia coli
and Vibrio cholerae. The current method for detecting pathogenic bacteria in
waterbodies takes longer than 24 hours and requires laboratory analysis. The objective of
the work described in this thesis was to design and develop a biosensor that will detect
bacteria in near-real time, at low-cost and from continuous flow.

1.1. Current detection methods for the presence of pathogenic
bacteria
Current methods used to monitor the microbial content of water are culture-based
techniques. A water sample is spread upon a plate of agar. The plate is incubated at an
optimal temperature for 24 to 72 hours, after which the colonies are counted. The
number of colonies on an agar plate is taken as the viable number of bacteria within a
sample. This process is time consuming, requires laboratory facilities and trained users.
As contamination of water supplies can be rapid and short-lasting, there is a demand to
reduce the detection time for the presence of contaminants. Samples are often taken
intermittently by means of “grab” samples. As contamination events are rapid and
stochastic, they may be missed by this sampling method; samples are not representative
of the whole waterbody [1]. The practicality and reproducibility of traditional plate
counts has been debated rigorously in recent years. The total number of bacteria within
an environmental sample can be hugely underestimated. As many as 99% of bacteria are
thought to be un-culturable by the plating method [2]. The percentage of “unknown”
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bacteria in the environment, poses a risk to human welfare. This method is no longer fitfor-purpose and replacements are being sought.

1.2. Physiological states of bacteria
A key attribute of new detection technologies, is the ability to determine between viable
and non-viable bacteria. Bacteria can enter into a number of physiological states upon
entering foreign environments, this phenomenon has not been well recognised until
recently [3].
Human-pathogenic

bacteria

are

not

usually

prevalent

in

the

environment.

Enteropathogens (such as Enterococcus sp. and E. coli) whose “natural” environment is
in the intestines of mammals can be transported to waterbodies. Upon entering the “unnatural” waterbody environment the bacteria become stressed. Physiological and
morphological changes are observed. Morphologically, the bacteria may change shape
and reduce in size [4]. The physiology may be altered, metabolism may cease [5], and
spore-like structures (endospores) are produced by some species of bacteria. Endospores
provide a safety mechanism against harsh environmental conditions, safeguarding
genetic material. Endospores can remain dormant in unfavourable conditions for many
hundreds of years [6] and are unaffected by many disinfection techniques (e.g. ultraviolet irradiation).
In adverse environmental conditions, physiological changes can make pathogenic
bacteria un-culturable upon agar plates yet the pathogenic bacteria may well continue to
maintain their persistence and virulence. The term “viable-but-non-culturable” (VBNC)
has been given to these organisms [7, 8]. VBNC will only return to a culturable i.e.
reproducible, state when preferable conditions are re-encountered [9]. In at least some
species, the VBNC state is distinct from the starvation response, where bacteria are still
readily culturable when plated on suitable media [10]. Species with a true VBNC state, a
resuscitating step is required before the cells can again reproduce. There are
20

environmental and chemical stimuli, which resuscitate VBNC cells; these are dependent
upon the species of bacteria. Described resuscitation steps include temperature changes,
co-culture, culture in preferential media [11] and the addition of resuscitating promoting
factors (Rpf) [12]. VBNC bacteria can still be a danger to any person that consumes
them; their detection is therefore important to preventing the spread of disease.
An early-detection system could provide authorities with the necessary information to
implement treatment or closure of a waterbody. An infectious dose of pathogenic
bacteria can be as little as 10 to 100 colony forming units (CFU) [13]. This is a small
amount and difficult to detect. When developing a biosensor to detect pathogenic
bacteria in near-real time, the sensor must be able to detect 10 CFU/ ml and
determination of bacterial viability at the single cell level is necessary. The proposed
biosensor should also enumerate the number of viable and non-viable bacteria.

1.3. Biosensors for bacterial detection
There has been a plethora of novel biosensor designs for the detection of bacteria.
Scientific and engineering advancements have been made [13–17], and the detection of
single cells has been accomplished [18, 19]. The technologies used to achieve this do not
yet offer the advantage of sampling in continuous flow, in real-time with an automated
response. These are the attributes, described above, that are required to monitor for
bacterial contamination events.

1.4. Objectives of the proposed biosensor and thesis overview
There were three objectives when developing a continuous monitoring system, “a
biosensor,” for pathogenic bacteria in aqueous environments. Firstly, it was necessary to
assess available microbiological techniques that could be adaptable for the biosensor and
could provide a viability assessment of bacteria. Secondly, a continuous method for
extracting the target from water was required; this method must enable the concentration
21

of the target-pathogens for further analysis. Thirdly, the captured bacteria would be
defined as being viable or non-viable, and enumerated at the single-cell level. To meet
these objectives, the technologies employed were microfluidics, superparamagnetic
micro-particles and immuno-labelling. An overview of the research and development
that was conducted to design a biosensor for monitoring waterbodies is given here.
1.4.1. Exploration of microbiological techniques suitable for continuous
assessment of bacterial populations
Flow cytometry and zeta potential measurements were explored as suitable rapid
microbiological techniques. Flow cytometry is a well-established microbiological
technique, for assessing cells. The use of fluorochromes in addition to flow cytometry
allows a thorough analysis of a population and can provide information on the
physiological state of bacteria. Flow cytometry is restricted by a detection limit of 103
cells/ ml, expensive instrumentation and the need for skilled users. Commercially
available fluorochromes were used to assess bacterial populations in different
physiological states. The aim was to identify a fluorochrome that could be used as a
viability indicator and that had a good correlation using traditional plate counts.
When suspended in water, bacteria act as bio-colloids. The bacterial-cell surface and the
transport of ions across the bacterial-cell membrane give the cell a charge. This charge
can be measured by means of the zeta potential. Zeta potential measurements were
compared to those obtained by flow cytometry and plate counts to establish whether a
correlation between the three microbiological techniques could be found.
1.4.2. Escherichia coli as an indicator organism for the biosensor to target
E. coli is persistent in the environment as it is a facultative anaerobe and has the ability
to maintain its virulence [20]. When in an extra-enteric environment, E. coli is unable to
replicate until it is within a host enteric environment again [21].
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E. coli has long been used as a model pathogenic bacterium and its physiology is well
documented. The correlation between E. coli and other faecal contaminants such as
Enterococcus sp. is well established [22] and the presence of E. coli in a waterbody is
indicative of faecal contamination. As such, E. coli was determined as a suitable target
bacterium for the proposed biosensor.
1.4.3. Microfluidics as a sampling, separation and concentration device
Microfluidic devices (MFD) offer the potential to monitor samples, and therefore
waterbodies, in near real-time and from continuous flow. Microfluidics can be designed
with almost any geometry to suit the application. Measurements can be conducted from
small volumes of complex fluids with efficiency and speed [23]. The use of novel microand nano-technologies as additional detection mechanisms, in conjunction with an MFD,
offers specificity, and separation and concentration of low-concentration cells, from
large volumes of samples. A three-inlet, three-outlet MFD was designed. The MFD
enabled a sample flow to be hydrodynamically focussed and permitted the separation of
bacteria from continuous flow in conjunction with magnetophoresis, as described in the
following sections.
1.4.4. Immuno-magnetic labelling of magnetic particles
Immuno-magnetic labelling of magnetic particles (MPs) using an anti-Escherichia coli
antibody was used to isolate, separate and concentrate E. coli cells from water samples.
The ligand-protein interaction of streptavidin to biotin was used to orientate the
antibodies upon the MPs to obtain maximum capture efficiency. Incubation of MPs with
the sample enabled the capture of E. coli. Upon binding of the MPs to E. coli, the
bacteria inherit the magnetic properties of the MPs and can be manoeuvred by an
external magnetic field. Using a permanent magnet and a magnetic gradient, captured E.
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coli was separated from the sample flow using the designed microfluidicmagnetophoretic device.
1.4.5. Magnetophoretic mobilities of superparamagnetic particles
Magnetic separations are characterised by the magnetic properties of the MPs used in the
assay. The response of an MP to a magnetic gradient is dependable upon the
susceptibility of the magnetic material and therefore the magnetic moment, the
“mobility”. To maximise the separation efficiency of the described magnetophoreticmicrofluidic device, a study of the magnetophoretic mobilities of commercially available
MPs was conducted. The magnetic properties of the MPs were investigated by design of
a magnetophoretic observation chamber. The uniformity, with regard to magnetic
content, and the magnetically induced drift velocities of the MPs in a non-uniform
magnetic field was determined. The self-assembly of the MPs into chains and the
resultant magnetophoretic mobilities was predicted using a simple model. MPs were
used to capture a mock biomarker, a silica non-magnetic bead (NMB) to confirm the
applicability of the derived model.
1.4.6. Magnetophoretic mobilities of captured Escherichia coli
The MFD was used to concentrate the immuno-labelled MPs from drinking water (DW).
Using a magnetophoretic chamber and a magnetic gradient with microscopic video
tracking of the MPs and MPs-bacteria complexes, the magnetically induced drift
velocities were determined. It was found that there was a significant difference in the
magnetophoretic drift velocities of captured viable and non-viable E. coli cells.

1.5. Thesis summary
The aim of this thesis was to develop a biosensor that enabled the detection of
pathogenic bacteria in water. To achieve this, an MFD was developed, encompassing
magnetophoresis and the use of immuno-labelling of MPs, is described in this thesis. The
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technology offers the potential for the continuous monitoring of species-specific
pathogens from waterbodies. The low-cost sensor analyses captured bacteria at the
single-cell level; the viability of the bacterial cells was determined by the magnetically
induced drift velocity of captured bacteria. The biosensor offers the potential for
automation and progression towards a total-analysis system as a “Lab-on-a-chip”.
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2. The continuous detection of pathogenic bacteria in water:
A review of current technologies and areas for development

The contamination of waterbodies by pathogenic bacteria is a cause for concern on a
global scale. Current detection methods are time consuming and laborious. There is a
requirement to reduce the detection time in sensing pathogens and to provide a
continuous method for monitoring waterbodies. The development of a near real-time,
continuous sensing system for the detection of pathogenic bacteria, a biosensor, is a
sensible ambition for the discipline. The biosensor must be user-friendly, reasonably
priced, portable and easily maintainable, for its users may not be scientifically trained. If
the biosensor is to be commercially viable, the technologies employed must allow for
automation and, eventually, a digital readout of the number of pathogens present.
Biosensing employs a wide range of scientific and engineering disciplines including
chemistry, biology, physics and electronics [24]. This review sets out to discuss and
highlight advances within these fields, and assess technologies and methods that are
suitable for the rapid and continuous monitoring of waterbodies.

2.1. Water contamination by pathogenic bacteria
The microbiological contamination of waterbodies can have, and is demonstrated to
have, serious adverse effects upon human health [25]. In developing nations, the leading
cause of death is by bacterial infections, accounting for an estimated 40% of the 50
million deaths each year [14]. More than 2.6 billion people do not have access to clean
DW, which alone has been attributed to 2.2 million deaths annually [22].
Pathogenic bacteria can occur in very low concentrations in environmental settings; but
even at low concentrations they pose a risk to human health. Waterbodies that possess
low purification capacities can episodically contain pathogenic bacteria [26]. Examples
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of pathogenic bacteria found in waterbodies can be seen in Table 2.1; many strains of
pathogenic bacteria have extended survival periods in water systems, regardless of the
temperature [27].
DW has low mineral content and ideally only contains a few live non-pathogenic
microbial cells per litre [28]. A key challenge in microbiological sampling of
waterbodies, is obtaining representative sampling. Current monitoring methods of DW
supplies utilise “grab” sampling, which may not be representative of the whole
waterbody and could miss flash contamination events [29]. It is current practice to
monitor waterbodies for contamination by detecting “indicator” species of bacteria.
Indicator species include Enterococcus sp. and E. coli as examples. The presence of
these species in water is indicative of recent faecal contamination. Lakes and coastal
waters that are popular for recreational activities should be regularly assessed to
determine the levels of indicator bacteria in the water to ensure that the area is safe for
the public’s use. A portable biosensor is required that is able rapidly, and accurately to
detect in water samples the total number of indicator bacteria, along with their viable
percentage.
Table 2.1. Examples of pathogenic, waterborne bacteria [30]
Species of bacteria
Burkholderia pseudomallei
Campylobacter jejuni, C.coli
Escherichia coli – Pathogenic
E. coli – Enterohaemorrhagic
Francisella tularensis
Legionella spp.
Leptospira
Salmonella Typhi
Other salmonellae
Shigella spp.
Vibrio cholerae

Persistence in
Water Supplies
May multiply
Moderate
Moderate
Moderate
Long
May multiply
Long
Moderate
May multiply
Short
Short to long
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Relative
Infectivity
Low
Moderate
Low
High
High
Moderate
High
Low
Low
High
Low

The infective dose of a pathogen can be as low as 10 CFU/ ml [31]. The microbial
communities of waterbodies can be expected to be temporally and spatially dynamic,
with fluctuations and regular variations. Very few sensors have been documented to
detect below 10 CFU/ ml [17], and those that do, tend to involve complex
microbiological pre-enrichment steps [18].

2.2. Contamination sources
In developing countries, a major concern is that of waterbodies becoming polluted by
receiving direct loading of pathogenic bacteria from open sewers, industry and farming.
Whole communities are dependent upon untreated, contaminated waterbodies for
drinking, washing and cooking [32]. These communities are at a high level of risk of
becoming infected by a plethora of pathogenic bacteria. It has been reported that as many
as 60% of households in Indian slums do not have any method for water purification
[33].
In the developed world, the danger of contaminated waters reaching domestic water
supplies is mitigated with care, legislation and extensive infrastructure. However, during
winter months the level of ground water can increase dramatically and flooding
frequently occurs. During periods of extreme rainfall, untreated sewage waters may
overflow into water courses, contaminating the water supply; leaving the public at risk of
infection [34].
Many of the species of bacteria that pose a risk to human health can be found living in
mammals and birds. There is evidence to suggest the largest sink for pathogenic bacteria,
in the developed world, is farmed livestock. Wilson et al., found that 96% of cases of
Campylobacteriosis (the most commonly identified cause of gastro-enteritis) caused by
the Campylobacter jejuni and Campylobacter coli could be associated to strains isolated
from chicken and cattle [35].
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A global increase in the intensive farming of poultry, cattle, sheep, pigs and fish will also
increase the abundance of pathogenic bacteria harvesting sites. These potential
contaminants will be brought closer to water resources where bacteria are readily
transported and dispersed. A study into the presence of antimicrobial resistant E. coli in
Canada, reported that the probability of contamination was higher in private wells if
livestock were kept on the nearby land [36]. Farms store, and fertilise crops with manure,
which again adds possibility of the leaching and seepage of contaminants into
groundwater [34].

2.3. Threat to human health
It has been estimated that the number of children who die each day because of waterrelated disease is 4,000 [38]. As an example, V. cholerae is a Gram-negative, oxidasepositive bacillus [39] that can cause chronic diarrhoea. The species is autochthonous to
coastal and freshwater environments [40]; coastal water is deemed as contaminated if 1
CFU/ 100 ml is present. The regulation is so constrained due to the epidemic nature of
the bacterium [41]. The Haitian cholera epidemic in October 2012 infected 93,000
people of whom 2,100 people died in a matter of weeks; the outbreak was caused by a
strain of V. cholerae from a distant geographic region [42].
2.3.1. Seasonal fluctuations in microbial concentrations
During winter months, and during the rainy seasons in the tropics, there is an increase in
the transport of microbes into water supplies from sediments and surface water. This is
attributed to the increased rainfall washing allochthonous bacteria from the land and
being re-suspended from riverbeds, into ground waters [34]. After the occurrence of a
major weather event or natural disaster, contaminated DW supplies is one of the major
causes of rapidly spreading diseases [43].
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2.4. Indicators of contamination
The presence of enteric bacteria in DW is considered by the US Environment Agency
and the European Union as an indicator of faecal contamination (see Table 2.2). The
presence of these organisms is monitored, and detection will result in a supply being
confined until levels return to those permitted by the standard. Studies have found
correlations between physico-chemical water conditions and the presence of pathogens
[44]. Increased nutrient levels in water supplies often lead to the presence of increased
counts of bacteria. For example, in groundwater increased phosphate levels > 0.05 mg l-1
are positively correlated to the number of Cryptosporidium sp. and E. coli [37]. In
addition, the size of particulate matter, and its distribution within a waterbody has been
reported to correlate with increased microbial loading in aquifer systems [45]. This
technique may be used as early warning signals for water supply contamination. These
methods do not provide quantifiable results of microbial contamination. It is proposed
that an indicator species is often used as the biosensor target, as an indicator for
contamination.
2.4.1. Species of bacteria suitable as indicators
There have been a number of species of bacteria that have been defined as indicators of
contaminated waters. Examples of these bacteria are described here.
2.4.1.1.

Coliforms

Coliform bacteria are Gram-negative, rod-shaped, non-spore forming bacteria that
ferment lactose with the productions of acid and gas when incubated between 35 and 37
°C [46]. They are easily characterised as coliforms using membrane filtration techniques.
Coliforms encompass a wide range of bacteria that are found in soils, water, human and
animal waste [47]. They are widely used as an indicator of water contamination.
Although many coliform bacteria are non-pathogenic, their presence in water is a sign of
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the water being contaminated and as such with the potential presence of pathogenic
agents from the intestinal tract of warm-blooded animals [48].
Table 2.2. The indicator bacteria used to determine drinking water quality in the United
Kingdom [41]
Parameter

Description

E. coli

Their detection in water is an indication of faecal
contamination.
Enterococci Their detection in water is an indication of faecal
species
contamination. They are readily killed by
disinfection but the occasional detection in
drinking water can occur.

Standards
(per 100 ml)
Drinking Bathing
Water
Water
0
2000
0

330

Their presence in water may indicate faecal
pollution has occurred. They are readily killed by
disinfection but the occasional detection in
drinking water can occur.

0

10000

Clostridium Bacterium that can produce spores that can
perfringens persist in the environment for long periods of
time. Their presence in water can indicate
historic contamination.
Colony
General measure of the bacterial population
counts
within drinking water.
measured

0

N/A

No
abnormal
change

No
abnormal
change

Coliforms

2.4.1.2.

Enterococci

An example of a widely used group of bacteria, used as an indicator of contaminated
watercourses, is Enterococci [49]. The bacteria in the genus Enterococci are Grampositive, facultative anaerobic cocci and are prevalent in mammalian digestive tracts.
They are known to cause a number of urinary tract diseases, meningitis and have
increasing antibiotic resistance [50].
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2.4.1.3.

Bacteroid spp.

Bacteroid spp. have a short persistence in the environment due to the truly anaerobic
nature of the organisms. In addition, the concentration of Bacteroid spp. in animal
excrement is much lower than in human, it is therefore a good indicator of recent sewage
contamination [1].
2.4.1.4.

Escherichia coli

E. coli is a Gram-negative, rod-shaped, facultative anaerobe of approximately 2 µm in
length [51]. It is one of the most important species in biotechnology and microbiology
[52]. There are only a small number of sero-groups, compared to the numerous strains of
E. coli, that are enterohemorraghic [53]. Pathogenic E. coli O157:H7 is still a major
cause of diarrhoea and can even lead to renal failure and meningitis [54]. The
consumption of as little as 10-100 CFU/ ml can cause infection [55]. “Escherichia coli
provides conclusive evidence of recent faecal pollution and should not be present in
DW” [30].
Reported infections by E. coli are increasing (Figure 2.1). Urinary tract infections are
widely caused by E. coli, as is bacteraemia (the presence of bacteria in the blood which
is usually sterile) [56]. Furthermore there has been an increase in number of strains of E.
coli that are resistant to anti-microbials.
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Figure 2.1. The rates per 100,000 people, of laboratory confirmed Escherichia coli
O157 cases between 1984 and 2008 in the United Kingdom [57]

2.5. Physiology of bacteria
The identification of bacteria in water, in real-time, requires a method for detecting and
identifying the particular species. The physiology of bacteria holds important markers
that may be used as detection mechanisms.
A bacterial membrane consists of an outer membrane or capsule, a rigid peptidoglycan
cell wall and a tightly controlled cytoplasmic membrane (Figure 2.2) which prevents
cells from direct interactions with environmental macromolecules [58]. Many species of
bacteria (e.g. E. coli) respond to changes in the environment in the search for nutrients
via a process termed chemotaxis (i.e. swimming) [59]. Changes in the environment are
responded to via a signal transduction, via chemotaxis-specific sensors, and the rotation
either clockwise or anti-clockwise of the flagellum [60].
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Figure 2.2. The general structure of bacteria [61]

2.6. Physiological states of bacteria
The death of a bacterial cell has long been defined as the inability to grow a visible
colony on bacteriological media [62]. Parthuisot et al, [63] report that viability should be
restricted to circumstances where evidence that a cell is able to divide is provided,
therefore viability is demonstrated by an ability to culture the cell. However, much
attention has been given to dormant or quiescent bacteria that when stressed become unculturable on standard media and have been given the term VBNC (viable but not
culturable). It has been reported that VBNC cells maintain their virulence [64], as such a
method to detect VBNC cells is required.
2.6.1. Environmental stressors
The physiological state of a microbe is dependent upon the stressors encountered, such
as pH, temperature, hyper- and hypo-salt concentrations, oxygen levels and other
chemical stressors such as chlorine [65]. A gastrointestinal bacterium, upon exiting its
preferred environment and entering a watebody, will be subjected to a number of these
stressors. Whilst some cells will maintain their pathogenicity, their physiological state
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will be altered. When a cell enters unfavourable conditions, the changes may be
physiological with differences in cell size, the structure of cells walls and the
permeability of cell membranes [66].
2.6.2. Resuscitation
VBNC cells can remain dormant for many years. A change in the chemical or physical
environment is required to resuscitate the bacteria. There are a number of species which
have been reported to recover from a VBNC state via a variety of resuscitation steps. E.
coli can be resuscitated by changes in temperature, the addition of the supernatant of a
growing culture of bacteria and the addition of amino acids [11]. Rpf (resuscitating
promoting factor) are a group of secreted proteins which have been used to resuscitate
VBNC actinobacteria [12]. The resuscitation step required is likely to be dependent
upon the stressors encountered that induced the VBNC state. As an example, the addition
of sodium pyruvate to a culture, has been reported to enable the resuscitation of
hydrogen peroxide sensitive cells [67].
2.6.3. Cell damage as viability analysis
It is important, when designing a biosensor, that the viability of the target organism is
reported by the sensor. Liao et al., [68] describe some of the characteristics that may be
used to determine cell death: wrinkles/holes on bacterial cell surface, degree of
hollowness, increased surface veins, condensation and loss of cytoplasm, disruption and
aggregation of cytoplasmic membranes, fractures in the membranes and severe inner
damage of the intracellular organisation. Viability is not easily defined in terms of a
single physiological or morphological parameter [3]. “Defining cell death and cell
viability is philosophically and experimentally difficult” [69].
When bacteria are subjected to a disinfection technique, Nebe-von-Caron et al., [70]
hypothesise that a stressed bacterial cell first loses the ability for active transport across
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the cell membrane, the cytoplasmic membrane then becomes depolarised and finally
permeabilisation of the cell membrane occurs. It is not clear when a cell loses its ability
to replicate and when a pathogen loses its virulence.
Non-spore forming bacteria lose their culturability when subjected to stress. This results
in the formation of VBNC cells which maintain their virulence but go undetected using
traditional culture-based methods [71]. When favourable environments are reencountered, the VBNC cells return to their “viable state.”

2.7. Current methods and standards for detecting pathogens in
waterbodies
DW supplies are generally monitored via low frequency, grab sampling [29]. Pathogenic
bacteria may evade detection due to their presence in low numbers [72]. Common
methods to determine microbial levels are most probably number and membrane
filtration [58]. The most widely used tests are culture-based methods; a review of current
methods is described below.
2.7.1. Culture-based techniques
Monitoring the number of microorganisms in DW using cultivation-dependent methods
of heterotrophic plate counts was introduced at the turn of the 20th century [73]. It is
common for culture-based enumeration of microbial content to take more than 24 hours.
In this time a contaminated waterbody could cause a threat to public health [74]. In
addition to the duration of the culture-based technique, the standard deviation in CFU
can be as great as 20% [75]. There can be large discrepancies between the total number
of microorganisms in a sample and the numbers determined by plate counts [76]. This
adds uncertainty to the results obtained by traditional methods.
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2.7.2. Biochemical tests
Adenosine triphosphate (ATP) is a product released during respiration. ATP detection
has long been accomplished through bioluminescence and the enzyme luciferase. There
are numerous commercially-available kits that analyse ATP by simply adding
luciferin/luciferase to a sample and measuring the luminescence (e.g. StayBriteTM,
ENLITEN®). The measurement of ATP can be conducted using a handheld device,
offering both portability and speed of response. These attributes offer the potential for
near-real time and continuous monitoring of a waterbody. As ATP is only released by
live cells, this technique can be used as an indication of viability [77]. However, free
ATP must also be determined, as this is released by cells in the die-off phase. An
estimation of the active proportion of the biomass within a sample can be found by:
Microbial ATP = Total ATP – free ATP [29].
Quantitative measurements of ATP have been applied to biological and environmental
systems for many years [78]. As an indicator for an estimation of biomass, ATP
measurements provide useful data. However, at low biomass concentrations, the standard
techniques are not sensitive enough.
2.7.3. Need for improved, real-time, continuous sensing
Point-of-need biosensing must make use of automatable technologies that are
inexpensive and can be used by non-skilled personnel [79]. In addition, there is a
demand to assess the physiological status of the detected organisms, not only the total
number of cells in a sample [3]. With all current real/short-time technologies there is a
detection limit [80]. The technologies that provide a platform for fast bacterial detection
with a low detection limit (LOD) will be reviewed in the following sections.
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2.8. Species specific sensing
A species specific bacterial sensor must be capable of sensing only the strain of bacteria
which is of interest. To confirm the interaction or capture of a particular species, labels
are used [81]. There are a number of methods that have been employed to enable this.
Bacteria have many attributes which may be used as sensor recognition sites or labels.
Generally bacteria are negatively charged [82], many contain or excrete toxins [83],
numerous species contain intrinsic fluorophores such as tryptophan [84], and have a
mass of approximately 10-12 g [85]; all of which are detectable. Bacteria have a number
of components that a biosensor can target. Examples include: ribonucleic acid (RNA),
deoxyribonucleic acid (DNA), lipid, lipopolysaccharide (LPS), peptidoglycan, glycogen
and polyamine [86]. The following sections will explore relevant detection labels and the
target bacteria.
2.8.1. Nucleic acids
In vitro nucleic acid amplification is designed to amplify a target nucleic acid sequence
that is unique to the pathogen of interest [87]. Nucleic acid based sensors involve the
attachment of a capture oligonucleotide onto the sensor surface, the target nucleic acid is
detected via hybridisation of the capturing probe [88]. Molecular fingerprints based upon
environmental nucleic acids provide a tool for screening an array of bacteria, viruses and
protozoan pathogens [89]. The different types of reported nucleic acid sensing methods
are reported here.
2.8.1.1.

Deoxyribose nucleic acid

DNA sequences can be only present as one copy per cell, this makes DNA a difficult
target for a biosensor [74]. For this reason, DNA probe hybridisation assays are usually
performed for culture confirmation [87]. The sensitivity of DNA sensors is critically
dependent on the signal amplitude corresponding to a DNA hybridisation event [90].
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2.8.1.2.

Deoxyribose nucleic acid microarrays

The use of microarray technology in conjunction with DNA-based typing provides a
valuable tool in pathogen detection. Using only one sensing platform, several species can
be tested for. Oligonucleotides are printed directly onto a glass surface, incorporation of
a fluorescence marker enables a colorimetric result which can be read by a scanner,
quantified and analysed [91]. The detection limit is approximately 4 x 104 CFU/ g and
requires improvement [92] to enable the detection of low concentrations of pathogenic
species.
2.8.1.3.

Ribonucleic acid

16s ribosomal RNA exists in high copy numbers in bacterial cells, and it is an essential
component in ribosomes [93]. RNA is often selected as a target molecule in the
identification of bacterial detection [94]. RNA detection can also be an indication of the
viability of the cells sensed [87] as RNA rapidly degrades once a cell has died or is
inactive. The use of 16s rRNA labelled onto capture and detector probes was described
for the electrochemical detection of uropathogens with an LOD of 2.6 × 103 in only 45
minutes [93]. The rapid degradation of RNA makes this technique unsuitable for use in
an environmental sensor.
2.8.2. Aptamers
Aptamers are artificial oligonucleotides (either DNA or RNA) that can bind to a variety
of pre-determined entities [95] with high affinity and have a similar capacity for proteinprotein interactions as antibodies do [96]. Aptamers are composed of nucleic acids,
usually adenine, guanine, cytosine and thymine; their structural changes can therefore be
designed [97]. The single stranded nucleic acid sequences used in aptamer development
are acquired through the process of Systematic Evolution of Ligands by Exponential
Enrichment [98]. The advantages of using aptamers over antibodies are: their size 39

which results in higher density of immobilised binding sites, better stability and heat
resistance, lower cost and due to their synthetic nature, endless possibility for design
[99].
Aptamers and their production have been thoroughly reviewed by Fowler et al., [100].
Due to the ability to generate aptamers in vitro, their low cost and the ability to develop
without a host, aptamers are receiving increased attention in the medical industry [101].
Aptamers with a reversible configuration would be preferable [95] to use within a
biosensor platform. When an aptamer is bound to the target, a conformational change
occurs that can be measured [97]. This change may be “re-set” by the introduction of a
buffer containing a DNA sequence with higher competiveness to the already bound
target [102]; the reaction may then begin again.
2.8.2.1.

Aptamer beacons

An aptamer beacon is an aptamer that is labelled with a fluorochrome. Upon interaction
with an analyte, the fluorochrome is separated from its quencher and “lights up” [103].
One method of designing an aptamer beacon is by creating an antisense oligonucleotide
that denatures the functional structure of an aptamer. A fluorescent reporter and quencher
are located so that they are opposite to one another in the denatured structure and upon
binding a change in fluorescence will occur [104].
2.8.3. Immunoassays for pathogen detection
The immune system has evolved clearance mechanisms to recognise surface markers on
bacteria. Examples that are used in bacterial detection are described here.
2.8.3.1.

Peptides

Anti-microbial peptides (AMPs) are found in nature as primary defence mechanisms
against infection by bacteria and fungi. They are stable and can be continually exposed to
harsh environments, making AMPs an attractive alternative to antibodies. AMPs bind to
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a variety of pathogens [105]. Coating a sensor surface in AMPs will then enable the
detection of multiple pathogenic species with a detection limit of 1 cell/ µl. However,
this technique does not allow for species specificity; Mannoor et al., reported that AMPs
capture different pathogens with differing affinities [106]. AMPs offer a promising tool
for pathogen detection; however, their use is still in its infancy and requires further
development.
2.8.3.2.

Antibody-based immunoassays

Immunoassay techniques are based upon the interaction between an antibody and an
antigen. Bacterial isolates may be tested for their characteristic antigens, which interact
with specific antibodies. The first concept of using an immunoassay as a sensing agent
was reported by Yalow and Berson [107].
A bacterial cell may carry one or more of these antigens: somatic (O) antigens, which in
Gram-negative bacteria are made of the O-polysaccharide. Flagella (H) antigens, which
are heat labile proteins and capsular (K) antigens, are made of the carbohydrate of cell
capsules [28]. High specificity antibodies have been developed [108] to utilise this
recognition element. The region of the antibody that binds to the antigen is called the
paratope, and the region of an antigen that binds with an antibody is called the epitope
[109].
Antibodies only have one target-binding site; the orientation of an antibody when using
antibodies as a bio-sensing platform is paramount to obtaining high specificity and
detection levels [110]. There are methods of orientating bacteria on biosensor surfaces,
to optimise the affinity of the sensor. These are described later in Chapter 5.
Although the use of antibodies to detect pathogenic bacteria offers a highly sensitive
approach, they do not provide any information on the physiological state of the targeted
pathogen [108]. In addition, a challenge for field diagnostics that employ antibodies is
the need to maintain the antibody’s structure and prevent thermal denaturation;
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antibodies may not maintain specificity when used in harsh environments [106]. The
sensitivity and reliability of a sensor utilising immuno-labelling via antibodies will
depend upon the chemistry of labelling the sensor and storage of the sensing probe [111].
2.8.4. Cell-based sensors
Cell-based sensing uses living cells or tissue as an integral part of the sensor [112].
Whole cells, when used as a biosensing element, are capable of responding to threats in a
physiologically relevant manner. Cell-based sensors make use of the electrical properties
of cells to report on the changes in the cell’s vicinity [24].
2.8.4.1.

Genes, proteins & enzymes

Proteins and enzymes have been used as markers for individual species and groups of
bacteria. The outer membrane of bacteria has characteristic proteins. For example, the
enzyme β-D-glucuronidase is an accepted biomarker for E.coli detection in
microbiological water quality analysis [113]. Protein targets include murein lipoprotein,
of which there are ~7 × 105/ cell and porins which produce channels for small
hydrophilic molecules to cross the cell membrane [86]. An example of a sensor that
utilises an enzyme, is that of a tyrosinase biosensor used to determine the presence of E.
coli with an LOD of 10 CFU/ ml [114].
2.8.4.2.

Polysaccharides

On the cell surface of enteric bacteria, a number of polysaccharides are synthesised and
displayed [115]. LPS, a glycolipid, is found exclusively in the external leaflet of the
outer membrane. In Enterobacteriaceae, LPS is composed of three structural regions: the
hydrophobic lipid A, the core oligosaccharide and the ‘O’ antigen polysaccharide side
chain [116]. An example of an exopolysaccharide (defined as a saccharide that is loosely
associated with the outer membrane) is that of colonic acid (CA). CA is produced by
enteric bacteria when they are outside of the intestine [86] and when grown in sub42

optimal conditions [115]. CA may therefore be a target to test for enteric bacteria in
aqueous environments.
2.8.5. Secretions
It is important to understand the virulence factors of pathogenic bacteria as these offer
signals for the specific detection of the pathogenic microorganisms. Classical virulence
factors include toxins, adherence molecules, invasion of the host cells and the evasion of
the host’s immune system [83].
There are a number of volatile metabolites produced by bacterial strains that may provide
identifying fingerprints for a sensor to detect [117]. In order to replicate, bacteria require
iron. Once invasion of the host cell has occurred, iron is limited. The pathogenic bacteria
release siderophores to chelate iron [83]. A biosensor may use the concentration of
siderophores in a sample as an indicator for the presence of pathogens. However, this
technique would not allow for species specific identification, and a further detection
technique would be required.
2.8.5.1.

Toxins

There are two major groups of toxins, endo- and exo-toxins. The former are part of the
integral structure of a bacterium, the latter are secreted molecules [83]. A large number
of toxins target carbohydrates on cell surfaces to which they attach and gain entry into
the cell [118]. The presence of bacterial toxins in the blood is an important indicator of
the presence of virulent activity. Toxins can be present and detectable before an
infestation by the microbes [119].
Radio-immunoassays, enzyme-linked immuno-sorbent assay (ELISA) and latex
agglutination assays have all been developed for the detection of the cholera toxin (CT).
However, these assays take several hours to complete. [120].
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Bunyakul et al., [121] describe the electrochemical and fluorescent detection of the CT
B-unit (CTB) via liposome amplification in under an hour. Schofield et al., [122]
developed a gold nanoparticle-based colorimetric bioassay for the detection of the CTB.
The theoretical LOD was determined as 54 nM (3µg/ ml) within ten minutes. These
reports show the improvement upon culture-based techniques and potential for near-realtime bacterial sensing.
2.8.6. Bacteriophage
Bacteriophages are viruses which infect bacteria using their tail spike proteins [123].
They are particularly useful in identifying pathogenic bacteria from complex samples
[27]. The interaction between a phage and a bacterium generates a quantifiable
impedimetric behaviour [124]. Given recent advances in genetic engineering, it is
possible to label phages with a fluorescent marker, for example a green fluorescent
protein (GFP). The use of a fluorescently labelled phage has been used to identify E. coli
in sewage water in only a few hours [125]. An additional advantage to this system is the
ability to regenerate the sensor simply by treating with 20 mM sodium hydroxide. This
allows the sensor to be reused for multiple cycles. In addition, a phage will only “infect”
a viable bacterium [126].
As bacteriophage only infect live cells, it is possible to detect the number of viable cells
in a sample. Using electrochemical impedance spectroscopy, Mejri et al., [124] captured
E. coli using magnetic nanoparticles (MNPs). Immobilising the E.coli onto the sensor
surface, using a goat polyclonal IgG antibody, T4 bacteriophage was injected. The
impedimetric behaviour was recorded over a 15 minute period and a strong decrease in,
and the absolute value for, the number of live bacteria was determined.
The availability of bacteriophage is broad, however there is a concern about the
specificity of culture techniques and given the infancy of bacteriophage development,
antibodies provide a well-tested alternative [85]. Bacteriophage provide an estimation of
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the number of live bacteria, a secondary technique would be required to enumerate nonviable bacteria.
2.8.7. Summary
There are several potential targets on, or within bacteria, for a bacteria sensor to exploit.
Aptamers can be designed specifically to the target required; they are inexpensive and
reversible, and as such seem useful for sensor design. However, aptamers are not readily
available. Bacteriophages allow for the determination of viable cells in a sample, unlike
nucleic acid-based techniques which are, on the whole, non-specific to viable/non-viable
cells. Antibodies are expensive and laborious to produce [127] but there are many
commercially available antibodies for key bacterial species, including those mentioned in
this thesis. Given the extensive research surrounding the use of antibodies to detect
pathogenic bacteria, and their commercial availability, antibodies will be used as the
basis of the species-specific sensor described in this thesis.
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2.9. Sensing technologies
Biosensor technologies have emerged as powerful and versatile alternatives to culturebased techniques. Many of the shortcomings of traditional methods are overcome,
primarily due to speed of analysis and simplicity of operation [128]. “The function of a
pathogenic biosensor is to transduce receptor recognition towards the target pathogen
into a detectable signal” [129]. Biosensors usually incorporate a biologically active layer
as a recognition element. The bio-recognition event is translated by a transducer into a
signal that is proportional to the analyte concentration [88].
The many variations of biosensors have been reviewed previously [128–133]. Very few
sensors have been documented to detect below 10 CFU/ ml [17]. Those that do, tend to
involve complex pre-enrichment steps [18]. This review will explore recent advances in
microbial sensing and identify technologies which may be suited to the proposed
biosensor.
2.9.1. Enzyme-linked immuno-sorbent assays
Enzyme-linked immuno-sorbent assays (ELISA) are often used to detect pathogenic
bacteria [134]. The principle of an ELISA is the detection of an antibody-antigen
interaction. Typically ELISAs are conducted in a 96 well plate; require substantial
reagents, labour and precision. This ultimately makes the technique expensive. The
reported detection limits are not sensitive enough (106 CFU/ ml) and there is a lengthy
procedure between sample preparation to final analysis. As such, this technique will not
be suitable for the biosensor proposed here [135].
2.9.2. Polymerase-chain reaction
Polymerase chain reaction (PCR) is an in vitro technique used to amplify enzymatically
specific fragments of nucleic acids through a series of repetitive reaction cycles. Ultrafast PCR methods can detect as low as 5 CFU in a single assay with a 20 minute
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detection time. In contrast to the short detection time, the process is lengthy as several
pre-treatment steps are required in order to establish suitably conditioned samples
suitable for the extraction of target DNA [18]. Ultra-fast PCR has been reported to be
able to detect as few as 1 CFU/ ml of V. cholerae in seawater samples; however, the
enrichment step took four hours [41]. The technique also offers possibility for partautomation [136], but requires highly-trained users as the enrichment step is complex.
2.9.3. Optical sensors
The selectivity and sensitivity achievable by using optical biosensors has made this
sensing technique amongst the most popular in bacterial sensing [24]. Light absorption is
a physical parameter which can be used to observe eukaryotic cells. The size of bacteria,
being close to the resolution of optical microscopes, make optical measurements more
challenging [137]. Individual species are not identifiable by optical measurement alone.
Optical sensors, in conjunction with additional techniques do allow for sensitive bacterial
analysis, these are described here.
2.9.3.1.

Fluorescence-based techniques

A direct and efficient method that does not require pre-enrichment of samples, is that of
fluorescence labelling of cells [138]. For a molecule to emit fluorescence, it must absorb
light at a wavelength shorter, or equal to, the wavelength of emitted light, raising an
electron to a higher energy level, known as an excited state. Fluorescence occurs when
some, or all, of the energy is lost via light emission from the electron [137]. Fluorescence
emitted from cells can be detected by devices such as photodetectors and intensified
cameras [79].
2.9.3.1.1.

Organic fluorochromes

A significant number of biosensors report the detection of pathogenic bacteria using
organic fluorochromes. Whilst organic fluorochromes are extremely useful in providing
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detailed information on the physiological states of microorganisms, there are some
inherent flaws in their use, for example, the poor photo-stability and low intensity
fluorescence [17]. Use of fluorochromes in samples that are complex and unfiltered may
result in fluorescent quenching [94]. Environmental samples may have organisms that
have fluorescent properties such as algal cells containing phycoethyrin and chlorophyll.
Furthermore, the presence of fluorescent background material may produce false positive
and negatives results when used in an environmental biosensor.
2.9.3.2.

Flow cytometry

“Flow cytometry is the registration and measurement of optical phenomenon
(fluorescence, scattering, absorption etc.) occurring when particles flow past a laser
beam” [139]. Flow cytometry offers fast and detailed analysis of cells and
microorganisms. The presence of cells can be measured in real time by employing
organic fluorochromes targeting biological components and structures. There is presently
a lower size limit of detection of flow cytometers; being approximately the size of
bacteria 1 µm. Analysis of environmental samples often provides a great deal of
background noise and false positive and negative results.
2.9.3.3.

Time resolved fluorescence

Time-resolved fluorescence (TRF) utilises chelate labels which produce intense
fluorescence signals with a long half-life and a large Stokes’s shift with narrow emission
peak. Therefore, the chelate label can be read after the non-specific background noise has
decayed [140]. This technique, coupled with immuno-labelled MPs, has been used to
detect E. coli in apple cider (10 CFU/ ml), ground beef (1 CFU/ ml) and alfalfa (4 CFU/
ml) [141].
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2.9.3.4.

Surface plasmon resonance

Surface plasmon resonance (SPR) based sensors can be used to detect bacterial cells by
direct detection, sandwich assay, or inhibition assay [80]. They have a rapid detection
time [142]. SPR is an optical method that measures the refractive index of thin layers of
a material on a metal surface [143]. SPR sensors have been developed for the
measurement of antigens which bind to antibody molecules immobilised on the SPR
sensor surface. SPR sensors are capable of detecting analytes in complex biological
media with high specificity and sensitivity. Jyoung et al., [39] describe the detection of
V. cholerae O1 using SPR but the detection limits were between 105 and 109 CFU/ ml.
Also using SPR, Oh et al., [134] developed a sensor with a minimum detection limit of
102 CFU/ ml suitable to monitor E. coli O157:H7 in wastewater. However, it also proved
difficult to stabilise the instrument for a period of more than eight weeks.
2.9.3.5.

Optical waveguides

Planar surfaces offer the possibility of creating patterns of immobilised capture
molecules on the surface of the waveguide allowing a single surface to be used in
screening of multiple samples and multiple target analytes [144].

The use of an

evanescent wave to provide a real-time assessment of a binding assay has been reported
[145, 146]. The planar waveguide has an evanescent field which extends above and
below the waveguide. When a target adsorbs to the sensor surface, the evanescent field is
perturbed allowing optical detection. The US Naval Research Laboratory use a fully
portable planar based biosensor (RAPTOR) to simultaneously detect bacterial cells and
toxins on a single surface [147] with an assay time of between 10 and 15 minutes [145].
A complex optical system is required making development expensive and difficult to
manufacture. Due to the large size of bacteria compared to viruses, for example, the
evanescent field only penetrates the bacterial structure to a small degree. It is suggested
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that the evanescent field needs to be enhanced to increase the sensitivity and selectivity
of the technique for use in detecting bacteria [148].
2.9.4. Interferometric
Several sensors have been reported which utilise waveguides as their sensing technique.
There are two commonly used interferometric sensors: the Mach Zehnder and Young
designs [149]. Briefly, a light source is coupled to an optical channel waveguide, the
light is guided parallel along the optical channels of the sensor and is emitted forming
two cones at the end of the planar device. The cones superimpose and form characteristic
interference “fringes” [150]. Small displacements in the waves that travel along the
waveguide are measured [151]. Bio-recognition molecules with binding sites are
immobilised onto a sensing surface, the sample passes over the surface and the target is
bound [152]. The binding causes light to be refracted and this change is detectable by the
lateral movement of the fringe pattern [15]. The nature of optical chips that incorporate
waveguides permits the analysis of a number of analytes in parallel. Different analytes
may be utilised in separate channels, the number of channels incorporated on chip will
determine the number of analytes for analysis. In addition, if multiple wavelengths are
used to probe a change in the refractive index, at different distances from the sensor
surface, a sensor may discriminate particles of different size as described by [153].
Interferometric sensors can be affected by background interference due to background
binding or auto-fluorescent molecules. They are generally better suited to nanometresized targets due to the limited penetration depth of the evanescent field.
2.9.4.1.

Fibre optics

The use of fibre optics in biosensing offers several advantages; they are electrically
isolated and are immune to electro-magnetic interference. Fibre optics can have a high
degree of sensitivity, are lightweight, compact and biocompatible [154]. The difficulty in
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using fibre optics is the precision in which the alignment of the fibre that is required
[155].
2.9.5. Electrochemical
In electrochemical sensing, the cell membrane functions as the capacitor whilst the
suspending medium acts as the resistance element [24]. A capture probe, such as a
nucleic acid sequence, is anchored to a sensor surface. The target is captured onto the
sensor surface; the detector probe recognises the target. Electrochemical sensors can be
sensitive enough to directly sense nucleic acid hybridisation, this removes the
requirement for nucleic acid amplification, as in PCR, and therefore reduces the
problems associated with deploying this additional technique [93]. The different types of
electrochemical sensors are described here.
2.9.5.1.

Impedance

Impedance measurements are of the resistance, capacitance and/or inductance of a
sample and are obtained by the use of electrodes suspended in a sample [156]. When an
alternating, sinusoidal current is applied, the impedance (Z) of a system is a function of
its resistance (R S ), capacitance (Cd ) and the applied frequency (f) as shown in equation
2.1 [156].
2
1
|𝑍| = √𝑅𝑠2 + (
)
𝜋 𝑓 𝐶𝑑

(2.1)

The bacterial cell membrane is highly insulating, presenting a conductivity of 10 -7 S/m,
whereas the inside of the cell, containing inter alia: DNA, nutrient storage granules,
ribosomes and many more dissolved charged molecules, is more conductive (1 S/m)
[157]. When cells are exposed to alternating electric fields within the range of
radiofrequencies, interfacial polarisation across the cell membrane causes cells to
become polarised [158]. At low frequencies, there is more time for ions to encounter the
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cell membrane, thus polarising the cell. At higher frequencies, the change in electric field
direction is so rapid that only a few ions have time to reach the cell membrane, making
the contribution to capacitance negligible [159]. The frequency used in impedance
measurements is therefore important. At low frequencies, cells are polarisable, the cell
membrane acts as an insulator and the cells therefore store charge, acting as small
capacitors [160]. At high frequencies the charge passes through the cells, the cells are
more conductive [161].
2.9.5.1.1.

Multi-frequency Impedance Spectroscopy

Multi-frequency electrical impedance spectroscopy measures the bulk capacitance of a
suspension at different frequencies. The change in the bulk capacitance of a cell
suspension changes with frequency, which is proportional to the number of membraneenclosed cells present [162]. The range of frequencies within which cells lose their
polarisabilities between about 0.5 and 3MHz and is termed the β-dispersion [163]. The
Biomass Monitor (Aber-Instruments, Aberystwyth, UK) is a commercially available
instrument that utilises this technique.
2.9.5.1.2.

Impedance Biosensors

A change in impedance can also be observed when cells adhere to the surface of the
electrodes, causing a reduction in the surface area, increasing the impedance across the
electrodes, as interfacial capacitance [164]. Antibodies may be used in conjunction with
an impedance biosensor to enable species selectivity and improve adherence of the cells.
The number of bacteria present is directly proportional to an increase in impedance
[165]. In a two electrode impedance system, the reference electrode also works as a
counter electrode. The use of multiple electrode systems enables better reproducibility by
using a reference electrode, a counter electrode and a working electrode [166].
Microfabrication has enabled the development of microelectrode array impedance
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detection systems [156]. Furthermore, incorporating impedance measurements with
microfluidics enables a non-invasive and label-free device with the potential to monitor
single-cells.
2.9.5.1.3.

Impedance Microbiology

Impedance microbiology is a common approach that enables bacterial growth to be
monitored. When bacteria are cultured in a nutrient medium, the medium will change in
composition as the nutrients are used up and metabolic end products are produced. As
this occurs, the resistance to the flow of the current passing through the medium will
change, and is therefore measureable [167].

The detectable range of impedance-

microbiology measurements is usually between ~104 and 108 cells/ ml [168] and is
therefore not sensitive enough to be used in the proposed sensor.
2.9.5.2.

Amperometric

Amperometric methods measure the current across a sample. The amperometric
detection of E. coli cells was described by Laczka and et al., [169] by first coupling the
bacteria to MPs using immuno-labelling and trapping the cells downstream of a gold
micro-band electrode; the lower limit of detection was 55 cells/ ml with a detection range
of 102 to 108 cells/ ml. Whilst this biosensor can detect bacteria in milk, there is no
current means of determining the physiological state of the bacteria that are captured.
2.9.5.3.

Potentiometric

Potentiometry is a simple method to measure the voltage of a sample, that is portable and
suitable to environmental sensing [170]. An aptasensor, using potentiometric
measurements, has recently been described that can selectively detect 1 CFU/ ml of
Staphylococcus aureus in only 1 to 2 minutes [171] and which is reversible, given the
nature of the utilised aptamers.

A potentiometric biosensor coupled with carbon

nanotubes (CNT) was described that provided data close to real-time, with an immediate
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response ranging from 0.2 to 106 CFU/ ml [18], however the precision required for the
use of CNTs does not lend itself to field-based activities.
2.9.6. Quartz crystal microbalance
A quartz crystal microbalance (QCM) is composed of a quartz crystal detector that is
used as a transducer. A piezoelectric standing wave is used to oscillate the surface. A
metal coated plate is layered with self-assembled carboxyl-terminated alkanethiol and an
antibody is attached to this coating. A detection limit of 103 to 107 CFU/ ml of the fish
pathogen Vibrio harveyi was reported using a 5MHz QCM [172]. Increasing the voltage
and hence amplitude of the oscillation of a QCM causes the rupturing of the bonds
attaching bacteria to the surface resulting in a detectable acoustic noise. The quantitation
of bacteria using this method is termed rupture event scanning [173] and is quantitative
over a range of six orders of magnitude and with as few as 20-30 bacteria; greatly
improving the sensitivity of standard QCM methods. Immuno-labelling of gold
nanoparticles as enhancers and amplifiers of the signal enabled the detection of E. coli at
the single cell level. The process was completed in 24 hours, which is a limitation of this
technique [174]. The detection limits of QCM are promising and recent advances
indicate single cell detection of bacteria. The methods are presently only suitable to
batch processes; further advances need to be made before this technique can be
incorporated into a continuous sensing system.
2.9.7. Vibrational spectroscopy
Fourier Transform Infrared Spectroscopy (FTIR) and Raman spectroscopy (RS)
techniques are based upon vibrational energy levels of chemical bonds [175]. Vibrational
spectroscopy is a powerful tool for bacterial analysis. It enables the mapping of a
bacterium with such detail that a “fingerprint” can be established [176] which is unique
to each species, and potentially each strain.
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2.9.7.1.

Fourier transform infrared spectroscopy (FTIR)

Veiseh et al., [177] combined a microarray of a single macrophage cell with FTIR
spectro-microscopy. The infrared shift of the macrophage cell was observed when
exposed to LPS (a major component of gram negative bacterial cell walls [178]). The
spectrum shift as observed by FTIR was dependent upon time, several hours allowed for
a clear shift.
2.9.7.2.

Raman spectroscopy

RS is a spectroscopic technique which is used to study the vibrational, rotational and
other low frequency modes in a system [179]. A major advantage of RS is the ability to
analyse specimens without fixation or being sectioned. Vibrational spectroscopic
techniques provides specific chemical information about the bio-analyte and is a
potential detection technique for species identification [180] and a viability assessment.
Water molecules have small Raman scattering and RS is suited to applications in an
aqueous medium [181]. The weakness of the inelastic scattering (~1 in 108 incident
photons) results in analysis time taking several minutes and is a potential drawback of
this method [176]. Surface enhanced RS (SERS) can overcome this to some degree. The
enhanced signal is due to the local optical fields from resonance of the applied field with
surface plasmon oscillation of metallic nanostructures [181, 182]. The use of expensive
metal colloids is required, e.g. silver and gold nanoparticles, which also have a toxic
effect upon microorganisms. In addition, due to the polishing preparation between
measurements, there is irreproducibility of SERS intensity and irreproducibility of
Raman spectrum at the single cell level [183, 184].
2.9.8. Magnetic
A magnetic field may be used to collect samples with magnetic properties. The
introduction of functionalised-MPs, that capture target organisms, can be manoeuvred by
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a magnet field. Environmental samples generally do not contain much in the way of
magnetic materials. As such, background signals are low, and noise interference of
measurements is minimal [17]. There are two types of magnetic-microfluidic separation
devices: batch and continuous [185].
2.9.8.1.

Batch magnetic separations

Batch separation involves the trapping of MPs by an external magnet, the removal of the
supernatant and the removal of the trapped particles, once the magnetic field has been
removed. Miltenyi Biotech (Bergisch Gladbach, Germany) produces a wide variety of
magnetic-activated cell sorting columns and MPs (Figure 2.3). The Miltenyi system
utilises functionalised MPs, coated in antibodies, to capture cells by binding to the
corresponding antigenic site. The sample and the MPs, is passed through a separation
column, with an internal separation matrix that is magnetised by an external permanent
magnet. The unbound cells pass through the column and internal matrix freely. Bound
MP-cell complexes are captured in the magnetised-matrix of the separation column.
Removal of the external magnetic field will enable the flushing of the column and
removal of the MP-cell complexes for further analysis [186]. A batch method was
described by Beyor et al., that had a detection limit of 2 CFU/ µl and the separation of E.
coli from a mixed population with S. aureus; the reported capture efficiency is
approximately 70% [187]. A limitation of batch magnetic separations is the restricted
volume that can be used in one separation. Processing of large volumes would be timeconsuming due to the saturation of the separation surface and subsequent flushing
requirements.
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Figure 2.3. A schematic of the Miltenyi batch magnetic separation device. The magnetic
particles are trapped in the separation matrix when it is magnetised by two external
permanent magnets. The magnets are later removed which enables separation of the
magnetic particles [188].
Electromagnets have the ability to be switched into active and inactive mode and with an
adjustable magnetic field which can exceed 1 Tesla [189] and offer a versatility in
design. However, electromagnets are bulky and an expensive method for magnetic
separation of samples. Permanent magnets, although providing a weaker magnetic field
are easy to use and provide an immediate magnetic field and are often preferred when
designing a magnetic separation device [190]. Rotating permanent magnets have been
described that allow the control of the magnetic field from on to off. The removal of the
magnetic field in this manner allows cleaning and flushing of the magnetisable collection
matrix from semi-continuous flows. An advantage to this device is enabling the
flexibility to the separation as an electromagnet would, but without the additional costs
and bulky electromagnets [190]. The semi-continuous approach to separating magnetic
material from non-magnetic material and has been described by other authors [191] in
more complex systems that incorporate automation of sampling filling, flushing and
collection.
2.9.8.2.

Continuous magnetic separations

Continuous magnetic separations of micrometer-sized particles are achievable when used
in combination with fluidic devices. In clinical settings, continuous separation of red and
white blood cells has been demonstrated with a 94% and 89% efficiency of separating
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red and white blood cells, respectively. A lateral flow magnetic separation was achieved
using a ferromagnetic wire array in a glass chip, separating the red blood cells using their
inherent magnetic properties [192].
Magnetic split-flow fractionation has been described [193] and can be seen in Figure 2.4.
A two inlet and two outlet device is used to direct the flow of a sample stream and a
buffer stream around two 90 degree turns in a fluidic device. The centre of the device
directs the two streams to merge to allow for the separation of non-magnetic material
into the outer stream flow. This technique was successful at separating 94% of magnetic
material from non-magnetic material, after two passes of the magnet.

Figure 2.4. Magnetic split flow fractionation of magnetic material from non-magnetic
material [193]
Obtaining a high gradient magnetic field that enables the deflection of magnetic material
into a separation flow, from continuous flow is difficult given the limited strength of
permanent magnets. To overcome this, multiple magnets may be used [194] in a
quadrupole configuration displayed in Figure 2.5. A sample flow and sheath flow are
introduced to the device using hydrodynamic focussing; the magnetic material is
deflected from the inner sample flow, to the outer flow and separated by use of two
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channels after the magnets. High flow rates (4 ml /s) were used enabling large sample
volumes to be separated.

Figure 2.5. A schematic of the quadrupole flow sorter with arrows to describe the
direction of the flows [194]
Using an axial rotating glass tube and computerised-electromagnets, separation of
magnetic material from non-magnetic was achieved without use of a buffer flow by
alternating the on-off mode of the electromagnets. The on-off cycle deflected magnetic
material into a different region of the sample flow than the non-magnetic material; a 60%
separation was achieved per phase switch [195]. A microfluidic device using rotation of
permanent magnets has also been described [196]. The sample with functionalised MPs
to capture waterborne pathogens is passed through a microfluidic device. External
permanent magnets rotate, trapping MPs at various positions along the microfluidic
device. Whilst the magnets are engaged, non-magnetic material flows through the
device. After several trapping cycles, it is hypothesised that all non-magnetic material
has exited the device and only MPs remain (Figure 2.6).
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Figure 2.6. A schematic of the continuous and periodical trapping and releasing of the
magnetic particles through the channel creates a path-phase shift between the magnetic
and non-magnetic particles. Finally, the purified sample is collected in the collection
reservoir using a stationary permanent magnet [196]
On-chip magnetic separation incorporating microfluidics has been demonstrated that
enable the separation of magnetic material with differing magnetic mobilities [197]. A
permanent magnetic is placed above the microfluidic chip, a sample flow is introduced in
a channel furthest from the magnet, as the flow passes through the chip, magnetic
material is deflected towards the magnet, with the particles with highest magnetic
moments travelling the furthest along the magnetic gradient (Figure 2.7).

Figure 2.7. A schematic of on-chip magnetophoresis for continuous separation of
magnetic particles with different magnetic mobilities [197]
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2.9.8.3.

Giant magneto-resistive sensors

Giant magneto-resistive (GMR) sensors are paradoxically small and easily incorporated
with other technologies e.g. microfluidics. In conjunction with immuno-labelled MPs,
GMR sensors offer high sensitivity sensing devices. Briefly, a coil at the base of the
sensor is magnetised, MPs are pulled down by the external magnetic force (which may
be a permanent- or an electro-magnet) onto the antibody-labelled sensing surface. Those
MPs carrying the target organism become immobilised, creating a sandwich assay.
Unbound MPs may be removed using a secondary magnet or via washing. Bound
particles “perturb the magnetic field of a resonant coil detector” [198]. Cyclic
voltammetry is conducted before and after a sample has passed through a sensor. The
difference in this measurement can be correlated with the number of organisms in a
sample [124]. The sensitivity of the device is dependent upon many features. The
magnetic flux decreases rapidly with distance from the magnet surface [199]; the sensor
surface must be carefully designed in order to maximise the magnetic attraction upon the
MPs.
2.9.9. Summary
Due to their sensitivity and selectivity, optical and electrochemical based sensors are the
most popular sensors used to detect pathogens [23]. Interferometric sensors allow the
immobilisation of several different capture molecules onto a planar surface, allowing for
the screening of multiple target analytes [200]. However, evanescent field-based sensors
suffer from the field which is limited to approximately 110 nm above and below the
waveguide. Due to the larger size of bacteria (1 µm) the evanescent field minimally
penetrates the cell structure which limits the LOD [201]. RS is a highly powerful
technology and should be explored further. As water molecules exhibit small Raman
scattering, this technique has been shown to work well in an aqueous medium [181].
Raman technologies are not as yet broadly available; magnetic and fluorescence-based
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technologies are and, as such, will be used in this project.

2.10.

Capture mechanisms and cell labelling

There are a number of methods for capturing target bacteria from a sample. The different
technologies available for cell labelling and capture are described within this section.
2.10.1. Nanotechnologies
The use of nanoparticles (NPs) as labels in conjunction with novel detection technologies
has led to improvements in sensitivity and to multiplexing sensing systems. Many
technological advances have focused on the development of nano-structured biosensors
to enhance surface-to-volume ratios and reduce cross section, thus enabling a more
effective bio-target immobilisation onto the nanostructure [202]. The localised surfaceplasmon resonance (SPR) of metal NPs is characterised by the presence of intense
adsorption and scattering peaks, which greatly improves the sensitivity of biosensors that
incorporate this technology [203].
NPs have many favourable attributes for microorganism detection; they have a large
surface area to volume ratio and compositional-dependent properties such as
fluorescence and magnetism [204]. A micro-fabricated device coupled with NPs was
reported as being 100,000 times more specific and 10 times more sensitive for DNA
detection than modern genomic detection systems [205], although genome analysis has
greatly advanced in sensitivity since Devadhasan’s study. NPs offer signal enhancement
to traditional optical and electrochemical transductions which enables the ultrasensitive
detection of microorganisms [17]. Some of the most commonly reported nano-structures
are discussed here.
2.10.1.1.

Carbon-nanotubes

The exceptional properties of carbon-nanotubes (CNT) include: small size, great strength
and high electrical and thermal conductivity [17]. These offer substantial improvements
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as electrochemical transducers compared to traditional electrodes. An aptamer-based,
highly selective Salmonella Typhi potentiometric biosensor was reported by ZeladaGuilén et al., that can detect a single CFU, without cross-reaction with any other types of
bacteria [18]. Whilst CNT offer an extremely sensitive method for the detection of
bacteria, it is reported that CNT have a toxic effect upon bacteria (dependent upon the
CNT structure) [206].

As such, CNT use in a biosensor which determines the

physiological state of the microorganism, in addition to total number, may produce falsenegative results with regard to viability.
2.10.1.2.

Gold nanoparticles

Gold-NPs and fluorescent polymer constructs have been used for the fluorescent
identification of microorganisms without the need for antibodies [207]. Using thiolated
lactose derivatives and gold-NPs, researchers were able to detect the cholera toxin using
a spectrophotometer to detect the change in colour of

the NP suspension [122].

However, gold-NPs are an expensive means of targeting bacteria and more cost-effective
technologies are required.
2.10.1.3.

Quantum dots

Luminescent semiconductor nanocrystals, also known as quantum dots (QDs), are ideal
labels for use in detecting multiple binding events [208]. Traditionally QDs are
chalcogenides (selenides or sulphides) of metals such as cadmium or zinc which range
from 2 to 10 nm in diameter [209]. QDs have size-dependent fluorescence with a
narrow-bandwidth [208]. This fluorescence is stabilised by the presence of an outer shell
e.g. zinc sulphide, which provides photo-stable properties [210] above that of organic
dyes [211].
A flow-through system using antibody-coated QDs to detect E. coli O157:H7 in 20
minutes with a LOD of 2.3 CFU/ ml [212] has been reported. This demonstrates the
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potential that QDs have for use in sensing techniques. However, little has been published
so far on this topic [17].
QDs are potentially toxic to bacteria given their nanoscale properties and chemical
composition [213]. The concentration of QDs used has been reported to have inhibitory
effects upon the growth of E. coli cells [214]. The use of QDs as a detection system in a
biosensor should be carefully considered in terms of size and material in order to avoid
the occurrence of false-negative readings. In addition, given the structure of bacteria, the
cell membrane prevents macromolecules entering the cell. The QD label must attach to
the cell via immuno-labelling, or enter the cell after it has been permeabilised [58]. There
is no direct method of determining cellular pathways or mechanisms with quantum dots;
QDs will therefore have limited use in viability studies.
2.10.2. Microparticles
Colloidal microparticle suspensions provide a binding mechanism that is mobile, easily
dispersed throughout a sample, with a large surface area for binding a target organism,
resulting in highly efficient capture [215].
2.10.2.1.

Magnetic particles

Magnetic particles (MPs) can be coated with capture molecules specific for desired
targets [216]. In a batch, sandwich assay, utilizing MPs and immuno-labelling, a sensor
surface is coated with an antibody. The sample flows through; target antigens bind to the
antibody sites. When exposed to a heterogeneous sample, the MPs attach to the surface
of desired cells via antibody–antigen interaction [217] creating a sandwich assay. An
external magnetic field is applied and the response can be measured [109].
Recent molecular advances now enable aptamers to be immobilized onto an MP [218]
which could provide a more versatile technology. The use of MPs allows for the
detection of microorganisms in complex media with high throughput and a LOD of 103
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CFU/ ml using magnetic NPs [124] and as low as 15.5 to 38.75 CFU/ ml [219]. Tu et al.,
[141] describe a streptavidin-coated, immuno-magnetic bead assay to detect E. coli
O157:H7 with the associated cost being just 0.50 USD/ assay. Immuno-labelling of MPs
was used in conjunction with a magneto-resistive sensor, to detect E. coli O157:H7 at a
concentration of 10 CFU/ ml in a handheld microfluidics (MFD) [109]. Although
promising, there is still a need to improve the capture efficiency of MPs, and although
low limits of detection and short assay times are reported (less than two hours), capture
efficiencies can range between 40% and 90% of target cells [182, 196, 220, 221].
The growth and replication of a single bacterium was monitored through the attachment
of a single bacterial cell to an immuno-MP of 2.8 µm. Using a rotating asynchronous
magnetic field, the bead rotated with the field and the growth was recorded [222]. This
method is a powerful means of observing bacteria at the single cell level and controlling
the position of the bacteria within a viewing location.
2.10.3. Liposomes
Liposomes are synthetic structures composed of a phospholipid bilayer. The first form of
liposome was reported in 1978 by Day and Ringsford [223]. Diacetylenes, consisting of
a long-chain alkane hydrophobic end and a hydrophilic end would self-assemble at the
water-gas interface to form polymerisable monolayers. The hydrophilic end; a carboxylic
group could be linked to a guest substrate or “lectin”. Assembling the diacetylenes into
vesicles and photopolymerising the structures, liposomes were formed [224].
Fluorochromes can be encapsulated to act as signal amplifiers [225] and detection of a
target is reported via a change in colour of the liposome. The use of liposomes as
colorimetric indicators in biosensor applications has been reported for the detection of
the influenza virus [226] and bacteria [227]. Detection ranges were in the order of of
6 × 103 to 6 × 107 cells, and the total assay time was less than 45 minutes [13]. The
electrochemical detection of haemolytic bacteria was reported by Kim et al., [228].
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When a redox-active bacterium comes into contact with the liposome, an entrapped
mediator is released by the breakdown of the liposome bilayer, allowing for
electrochemical detection. A drawback of using liposomes is that the breakdown can be
triggered by a number of physical conditions (such as pH and mechanical agitation), and
not only by the presence of the target molecule [224].
2.10.4. Summary
The ready availability of commercially produced MPs and QDs, their reported low
LODs, and their low associated costs, make the use of micro- and nanoparticles an
attractive technology for cost-effectively targeting and sensing pathogenic bacteria.
However, the potential toxicity of QDs needs to be investigated further before pursuing
their use within a bacterial sensor. Given this finding, MPs are the preferred choice, and
will be used as the basis of the proposed bacterial sensor.

2.11.

Separation strategies

The identification of viable bacteria from DW will involve several stages. The
preliminary step will be to extract the organisms of interest from a heterogeneous
sample. Physical isolation methods, including centrifugation and filtration, are unsuitable
due to their high power demands and are time-consuming. In addition it has been
reported that physical damage may be caused to intact-viable cells by these techniques
[229]. Potential separation techniques will be discussed in the following section.
2.11.1. Microfluidics
MFDs offer a high throughput of samples, are cheap to fabricate and allow versatility
when being designed [121]. The micro-scale geometry of MFDs ensures fluid flow is
laminar compared to that of macro-scale devices [230]. This allows for predictable and
repeatable cell movements [217]. Microfluidic systems are able to conduct
measurements with efficiency and speed from small volumes of complex fluids; they can
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be engineered such that they do not require skilled users [23]. The nature of
microfluidics allows the incorporation of micro-fabricated structures, magnetophoresis or
dielectrophoresis, within the chip to enable concentration [129] or sorting of a sample.
Inclusion of a resistive pulse sensor in an MFD would allow for individual cells to be
counted [231], which would be a useful attribute.
Microfluidics also offer the ability to run multiple channels in parallel. Such an approach
can increase sample throughput and monitor samples for a number of target molecules,
without compromising purity and efficiency [217]. A drawback of using narrow channels
in microfluidics is the tendency for particles to clog the channels and for pressure drops
across the device [232], as such careful design of the geometry is necessary.
2.11.2. Ultrasonic separation
The generation of nodal planes by ultrasonic standing waves can be used to collect and
separate micron-sized particles. Cells within an ultrasonic standing wave will typically
be driven to pressure nodal planes within the standing wave [233]. Cells agglomerate,
depending on their density, at either the node or the anti-node; the primary force on a
particle is proportional to the ultrasonic frequency.
Acoustic radiation forces have been used for non-intrusive manipulation of microscopic
objects [234] and for harvesting microalgae and bacteria on a large scale [235]. An
ultrasonic standing wave may be used to move cells in a solution into the standing wave
where the cells amalgamate at the nodal planes [236]. Incorporating microfluidics,
balancing the flow rate, and acoustic force, particles can be organised to travel along a
fluid channel through acoustophoresis as described by Petersson et al., [237]. This
collection of cells can then be directed to exit into a sampling chamber [238].
Acoustophoresis requires high powered devices with high frequencies (1MHz) in order
to avoid cavitation and consequent damage to bacterial cells [235]. A primary
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requirement for the proposed sensor is that cost is minimal and therefore this technique is
not considered to be appropriate.
2.11.3. Separation by size
MFDs may be designed to separate a heterogeneous sample into groups as a function of
the size of the particle. An input channel will guide the sample into a matrix of channels
of decreasing size or with obstacles of varying sizes [217, 239]. Particles with
dimensions smaller than the width of the obstructions will pass through. Particles of a
size larger than the obstruction will collide with the obstruction and will be displaced in a
direction towards wider channels by an additional flow [217]. Size-based cell sorting
enables the capture of target cells without any attachment to the cell surface which is
advantageous for the study of the cells after separation. However, to achieve this, the
target cells must be significantly different in size from the rest of their surroundings
[240], which is not the case for bacteria.
2.11.4. Separation using dispersed bubbles
The nature of suspended solids in seawater are of hydrophilic molecules [241]. In order
to remove bacteria from seawater, rather than suspended matter, a technique using
bubbling has been reported [242]. The hydrophilic nature of suspended solids means they
tend not to stick to bubbles. Bacteria, however, with surface active substances such as
polysaccharides and proteins and with the addition of a cationic surfactant, adsorb onto
bubbles when foam is generated. Proteins and polysaccharides appear to change the
interface of solids from hydrophilic to hydrophobic. The bacteria attach to the bubbles
and rise to the surface of the water where they can be removed. A continuous flow
through system has been described where as much as 86% of the bacterial community of
seawater was removed in this manner [243].
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Dissolved air flotation (DAF) as a method for DW treatment has also been described
[244]. To achieve DAF of flocculants in DW, divalent cations (e.g. Ca2+ and Mg2+) are
required and added in an optimised manner that is dependent upon the water constituents
[245]. The flocculation process will bind the bacteria in large masses, and although
separation from the main waterbody can be achieved, the flocculants would then need to
be broken up in order to detect individual bacterial cells, adding an unnecessary
additional process when compared to other separation techniques.
2.11.5. Gradient separation
The use of different types of gradients to separate particles of different size, shape and
charge has been widely reported. Gravitational, hydro-, electro- and magneto-phoresis
will be discussed further. Further examples of gradient separations including diffusion,
which are not described in detail in this work, can be found [246].
2.11.5.1.

Gravity

Incorporating gravitational pull and microfluidics, Huh et al., [247] designed a device
that operated perpendicular to gravity. Using sedimentation velocities, particles of
different sizes were separated into two collection chambers. The use of gravity greatly
simplifies the system and minimises the volume/ power requirements.
2.11.5.2.

Hydrophoresis

Hydrophoresis is the movement of suspended particles under the influence of a microstructure induced pressure field which enables a flow-rate independent separation [248].
Many techniques offer continuous flow separation e.g. field-flow fractionation [249],
pinched flow-fractionation [250] and size-exclusion chromatography [251]. Existing
separation technologies have a high power demand [247].
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2.11.5.3.

Electrophoresis and dielectrophoresis

Electrophoresis is the term used to describe the motion of charged particles arising from
an electrostatic force within an electric field [252, 253]. In electrophoresis, an analyte
has a constant migration velocity which is a result of the balance between the
hydrodynamic drag and the driving force exerted upon the particle from the applied
potential difference [254]. Electrophoresis is different from dielectrophoresis which
describes the translational motion of non-charged dielectrically polarised particles in a
non-uniform electric field [255]. Dielectrophoresis is an electrokinetic method that
allows the intrinsic dielectric properties of suspended cells to be exploited for separation
[256]. When an external electric field is applied, there is a lowering of the internal
electric-field energy density within a cell. The cell will experience a force in the
direction of the steepest gradient in energy density, to reduce the overall energy in the
system [257]. The electrical properties of a cell must be different to the suspending
solution in order for a dielectric force to be induced [258].
2.11.5.4.

Electrophoresis

The use of gels in electrophoresis, act as a molecular sieve for the macromolecular
analytes, restricting their diffusion along the electrolyte buffer [254]. Denaturing
gradient gel-electrophoresis has been extensively used in the study of microbial
populations e.g. [259]. Used in conjunction with PCR, an increasing amount of
denaturing chemicals is used to unwind DNA molecules. DNA is negatively charged and
is attracted by positive electrodes. The DNA is forced to migrate through the pores of the
gel. The hydrogen bonds between the base pairs are broken down by the increasing
chemical gradient. The variation in the DNA sequence results in different sequences
migrating different distances, providing the ability to determine between species of
bacteria and to detect mutations [260]. However, the technique suffers from
irreproducibility in analyte migration times and low detection sensitivity [261].
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2.11.5.4.1. Capillary Electrophoresis
The use of electrophoresis with capillaries, to separate whole cells, has been widely
reported and extensive reviews may be found [262, 263]. As an example, acospores and
diploid cells of the yeast Saccharomyces cerevisae were successfully separated using
electrophoresis with such purity that the acospores could be used in genetic analysis
[264]. Capillary zone electrophoresis has been demonstrated successfully to separate
mixtures of five species of bacteria: Enterococcus faecalis, Streptococcus pyogenes,
Streptococcus agalactiae, Streptococcus pneumoniae, and Staphylococcus aureus into
discrete regions [265]. As such, electrophoresis is a powerful tool for separating
heterogeneous populations of micro-organisms.
2.11.5.4.1.1.

Particle charge

In an electric field, charged particles experience a motion dependent upon the particles’
net charge. Aqueous solutions contain positive and negative ions (cations and anions
respectively). The adsorption of ions onto the particle surface is caused by the partial
charge of a particles surface, termed the “stern layer.”

Figure 2.8. A schematic displaying the electrical double layer that surrounds a particle
in an aqueous medium, the zeta potential is the electrical potential measured at the
slipping plane [266]
The absorption results in the “net charge” of the particle. Counter-ions surround this
layer in a cloud formation and extend from the surface into the solution, termed the
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“diffuse layer” [267]. The zeta potential is defined as the electrostatic potential at the
colloidal surface, or the slipping plane as displayed in Figure 2.8. The zeta potential
provides an estimate of the magnitude of the electric field between particles that results
from the combined effect of ionized charged groups on the particle surface, counter-ions
released into the surrounding solution and salt ions [268]
2.11.5.1.

Dielectrophoresis

In contrast to electrophoresis, where the electrophoretic force is linearly proportional to
the applied field, dielectrophoresis refers to the effect of an electric field gradient on a
polarisable particle [269]. “The motion of suspensoid particles relative to that of the
solvent resulting from polarisation forces produced by an inhomogeneous electric field”
as first described by Pohl [270]. The dielectrophoretic force acting upon a particle is
dependent upon the magnitude and non-uniformity of an externally applied electric field.
The physical and electrical properties of the surrounding medium, conductivity and
permeability, and the particle radius also influence this force [271]. The movement of a
dielectric particle can be a propulsive force towards a region of high field strength when
the particles are more polarisable than the media (positive dielectrophoresis). When the
particles are less polarisable than the media, a movement towards a region of low field
strength is witnessed (negative dielectrophoresis) [271, 272]. The use of direct current
(DC) in conventional dielectrophoretic applications enables the separation of particles
through their migration to the electrode with the opposite charge. This technique has
been demonstrated to separate successfully symmetrical particles [272] such as beads,
viruses and bacteria. A large voltage is required in DC-dielectrophoresis which is costly
in device fabrication and also causes joule heating within the device. When used in
biological applications this can cause denaturing and deactivation of the biological
matter [273]. In addition, the heating causes electro-thermal gradients to develop within
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the device which can counteract the direct motion of the particles, decreasing device
performance [273].
An alternative to DC is to use alternating current (AC) in dielectrophoretic applications.
The use of AC permits high field strength without water electrolysis and development of
electrothermal and thermal-osmotic gradients [272]. Flexibility in experiment design can
be achieved by changing the wave shape, phase, symmetry and the magnitude and
frequency. AC dielectrophoresis has proved an important mechanisms for trapping
particles [274].
Dielectrophoretic methods have been reported to be capable of distinguishing between
physiological states. Bacteria in different physiological states may have distinct
morphological features including differences in cell size, structure of cell walls and
permeability [66].

These characteristics can lead to a change in cell electrical

polarisabilities and hence particle conductivity [66]. Li & Bashir [275] describe the
dielectrophoretic separation of live and dead Listeria innocua with 90% efficiency.
Dielectrophoretic concentrations of biomarkers can be actuated in short sample times; a
toxin immuno-sandwich concentration assay was described incorporating microfluidics
that produced results in only five minutes [276] with detection limits as low as 0.1 pg/
ml. A major drawback of micro-scale dielectrophoretic methods is the bubble formation
caused by the internal electrodes. Bubbles can distort both the fluid stream and the
electric field, disrupting separation trajectories [277]. In addition, the separations must be
conducted on samples with low cell numbers and in a non-complex matrix.
2.11.5.2.

Magnetophoresis

The presence of magnetic dipoles is generated by the spin of some of the particle’s
electrons when situated within a magnetic field. The electrons can be aligned parallel or
anti-parallel to neighbouring electrons [203]. The interaction of the polarised electrons
with one another, gives rise to the categorisation of the magnetic material. In micron73

sized materials paramagnetism and diamagnetism are relevant. Paramagnetism is a term
that describes the attraction of a particle when an external magnetic field is applied. The
magnetic dipoles in paramagnetic materials are orientated randomly. When an external
magnetic field is applied, the dipoles align with the magnetic flux lines [278]. A
paramagnetic particle will move to a region of maxima in a magnetic field.
Diamagnetism describes the characteristic of a particle with movement that is directed
against the applied magnetic field; the diamagnetic particle is forced to regions of
minima in the magnetic field [199]. Diamagnetism is a weak force compared to
paramagnetism [279].
Magnetophoresis is a term which describes the motion resulting from the influence of a
magnetic field gradient on magnetic materials relative to a fluid [280]. Magnetophoresis
is separable from electrophoresis where no induced magnetic dipoles exist. A major
advantage of separations using magnetophoresis is that target cells can be extracted in
situ without any sample enrichment and minimal preparation. “Magnetophoresis is not
significantly affected by many physical parameters such as pH, temperature or salinity”
[281].
High gradient magnetophoresis has limitations when used to separate MPs. MPs interact
with each other over distance; forming chains and agglomerates which result in
unpredictable behaviour and clumping at surfaces [280]. In order to separate
continuously and effectively using a magnetophoretic gradient, these unpredictable
behaviours need to be resolved or correctly managed [282]. The magnetic moment of
different sized MPs was used to develop a magnetophoretic separation device, in
conjunction with fluorescent biological labels, to separate particles into 25 different
categories [283]. This is an example of how versatile magnetophoresis is for separating
at the micro-scale.
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2.12.

Proposed technologies

An affinity sensor determines the binding between the receptor molecules on the
biosensor (probes) and the analyte molecules under detection (target) [81]. To enable the
separation of E. coli from water samples, as a continuous process, and the subsequent
concentration and detection of viable- and nonviable-cells, a combination of technologies
will be employed. Environmental biosensors must operate in non-ideal operating
conditions, within complex matrices, including particulate and organic matter. An
extreme range of temperatures (from zero to 30 °C or more) will be experienced by the
biosensor. The biosensor must therefore show little background interference and perform
to a similar standard to those operating in ideal buffer solutions [284].
2.12.1. Immuno-magnetic labelling
The development of mono- and poly-clonal antibodies, targeting bacteria, has been ongoing for many years. As an established and well-documented technique for capturing
bacteria with high specificity and affinity, antibodies will be used in the proposed
biosensor developed in this study. Many manufacturers offer MPs readily coated with
covalent or non-covalent bonds to attach antibodies to the MPs surface. An example of a
non-covalent binding is that of streptavidin coating of MPs and biotinylated antibodies.
Streptavidin binds to biotin with high affinity. Both are also commercially available and
given the reported success of using this conjugation chemistry [141] it will be used in
this study.
When immuno-labelled MPs are placed in a magnetic field gradient, they experience a
force that is proportional to their magnetic moment [285]. This relationship enables a
separation device to be modelled and the movements of MPs, once bound to the target
bacteria, predicted.
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2.12.2. Microfluidics
Microfluidics provide advantageous characteristics for environmental sampling,
including small sample throughputs, low manufacturing costs [286] and they do not
require vast quantities of costly reagents [287]. Microfluidics can greatly reduce analysis
time from days to minutes, thereby creating the potential for monitoring in real, or close
to real-time and with portability at a hand-held level [17]. Multiple assay steps can be
incorporated into the design of an MFD; sample mixing, sorting, separating and
enumeration [169]. Sensing pathogens in water requires the concentration of the
pathogens from large samples at low concentrations [187].

Microfluidics offer a

platform that enables this process and will therefore be used in the proposed biosensor.
2.12.3. Summary
Immuno-labelling of MPs with an antibody specific to the target bacteria will be used to
extract and concentrate the target bacteria. The sample with conjugated particle-bacteria
complexes will then be passed through a microfluidic device. Using magnetophoresis
the MPs (both bound and unbound) will be separated from the sample and suspended in a
solution suitable for sensing. A tertiary step will employ magnetophoresis to separate
bound from unbound particles and to explore the physiological status of the cells
bacteria, whether they are viable or non-viable.
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3. Methods to determine the physiological state of bacteria
As part of the development of a biosensor to monitor pathogenic bacteria in water, a
method is required to characterise captured bacteria as posing a risk to human health, i.e.
viable or non-viable. The research described in this chapter explores the available
microbiological techniques that offer the potential to assess rapidly bacterial-viability
and as such could be used in the development of a continuous flow biosensor.

3.1. Introduction
The viability of bacteria has previously been defined as the ability of a bacterium to form
a colony on an agar plate [288]. “Viability should be restricted to circumstances where
evidence that a cell is able to divide is provided, therefore viability is demonstrated by
culture” [289]. Identifying viable bacteria using culture-based approaches requires days
rather than hours [290] and no-longer meets the requirements for detecting bacterial
contamination. Pathogenic bacteria are ubiquitous; they can be found in soil, river,
seawater and drinking water.
A new method is necessary to differentiate between viable and non-viable cells, and to
further explore the physiological status of cells, whether they are in a VBNC state, or
stressed cells that are able to recover, or dormant. This study explored methods that may
be employed as part of a biosensor recognition element that would assess bacterial
populations in water and the physiological state of the cells.
3.1.1. Electrophoresis
The electrophoretic mobility of a particle, and therefore a bacterium, is dependent upon
the ratio of the conductivity of the particle to that of the environment [291]. Aqueous
solutions contain positive and negative ions (cations and anions respectively). The
adsorption of ions onto the particle surface is caused by the partial charge of a particle’s
surface, termed the “stern layer.” This adsorption results in the “net charge” of the
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particle. Counter-ions surround this layer in a cloud formation and extend from the
surface into the solution, termed the “diffuse layer” [267]. The electrophoretic mobility
of particles in solution can be measured with commercially available instruments, such
as the Malvern ZetaSizer (Malvern, UK). Such instruments enable rapid analysis of
suspended particles, and could be utilised to measure the electrophoretic mobility and the
“net-charge” of bacteria from environmental samples.
3.1.1.1.

Zeta potential

The zeta potential is defined as the electrostatic potential at the colloidal surface, or the
slipping plane as displayed in Figure 3.1. The zeta potential provides an estimate of the
magnitude of the electric field between particles that results from the combined effect of
ionized charged groups on the particle surface, counter-ions released into the
surrounding solution and salt ions [268].

Figure 3.1. A schematic displaying the electrical double layer that surrounds a particle
in an aqueous medium, the zeta potential is the electrical potential measured at the
slipping plane [266]

The zeta potential may be measured using a combination of electrophoresis and Laser
Doppler Velocimetry. An electric field is applied and the velocity of the suspended
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particles measured, the term electrophoretic mobility is also used to describe the
particle’s velocity. The Henry equation may be used to derive the zeta potential:
µ𝐸 =

𝜀𝜁
1
(
)
𝜂 1 + 𝜎2 /2𝜎1

(3.1)

where µ𝐸 is the electrophoretic mobility, 𝜀 the permittivity, 𝜁 the zeta potential, 𝜂 the
viscosity and 𝜎1 and 𝜎2 the conductivity of the particle and solution respectively [291].

3.1.1.2.

Electrical properties of bacteria

Bacteria can be simply described using three structures: the cytoplasm, surrounded by
the cell membrane and the cell wall which provides a boundary between the cell and the
surrounding medium [161]. Each species of bacteria has a complex and unique
composition of cell wall [292]. The components of the cell wall (e.g. proteins, teichoic
acid, peptidoglycan), contribute to the surface charge of bacterial cells through ionisation
of proton-active functional groups [293]. An intact cell membrane, found in viable
bacteria, is almost non-conducting due to the high regulation of ion transport through the
transmembrane channel proteins [161]. The absorption of ions through the cell
membrane from a solution affects the electrical potential [294] of a bacterium. The
interior of a bacterial cell, containing many dissolved charged molecules may have
conductivity as high as 1 S/ m. However, a viable cell has an intact cell membrane,
which is highly insulating [162]; the membrane may have a conductivity as small as 10-7
S/ m [157]. If the cell membrane becomes permeabilised, the exchange of material
between the inside of the cell and the suspending medium will increase as the cell
membrane is no longer regulated. As the cell membrane is compromised, it no longer
acts as an insulator and the conductivity of the membrane will increase [158].

3.1.1.3.

Zeta potential as a viability indicator

It has been reported that bacteria treated with different antibiotic compounds increase in
conductivity with duration of treatment [295]. As shown in Equation 3.1, the
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conductivity of a bacterial cell affects its electrophoretic mobility and therefore the zeta
potential. It is hypothesised, that given the reported change in conductivity of a bacteria
cell when treated with membrane permeabilising agents, it should be possible to
distinguish between live and dead cells by measuring their zeta potential.
3.1.2. Flow cytometry
Flow cytometry is a process that utilises hydrodynamic focussing to align a sample, so
that particles are in single file as they pass a laser. The laser excites the sample and
information is collected as particles cross the laser beam. Generally, flow cytometers can
collect five or six parameters at a single pass of a cell. Morphological characteristics
determined by flow cytometry are determined by the amount of light scattered by a cell,
and this is dependent upon the size of the cell, its surface roughness, membrane, nucleus
and its internal granular material [290]. The forward scatter measurement provides
information on the amount of light that is blocked as a cell passes the laser and is
correlated with the size of the particles. The side scatter parameter is collected from an
angled detector and provides information on the integrity of a cell and the intracellular
structure. There are usually three or four fluorescence channels in mainstream flow
cytometers in which emitted fluorescence can be collected, although analytical machines
can have as many as eight. Each channel has a photomultiplier which enhances the signal
in order for it to be computed. Some organisms have natural fluorescence, for example
cyanobacteria and fluorescent bacteria including Pseudomonads [296]. Non-fluorescent
bacteria require the addition of a fluorochrome to label the cell with a fluorescent
marker. There are a number of fluorochromes available for the analysis of bacteria; these
are described in Section 3.1.3.
Flow cytometry has been shown to have marked advantages over other microbiological
methods [73]. It allows the “rapid and simultaneous” analysis of differing cell
parameters with high precision [69]. Flow cytometry is most widely carried out as a
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batch process; however, it does allow for adaptation into a continuous monitoring
system. The software for analysing flow cytometric measurements is advanced. These
benefits make flow cytometry an attractive method for analysing environmental samples,
without the requirement for pre-enrichment, and with only a short (approximately 20
minute) incubation phase.
3.1.3. Fluorochromes for bacterial viability assessment in conjunction with
flow cytometry
A number of fluorescent stains (fluorochromes) are commercially available that enable
the labelling of bacterial cells and that provide evidence of the physiological state of
bacterial populations such as cell integrity, glucose uptake or membrane potential [297–
299]. Commercially-available fluorochromes that are excited by 488 and 640 nm lasers
of the BD Accuri C6 flow cytometer used within this study, will only be discussed
(Table 3.1).
3.1.3.1.

Nucleic acid stains

In order for a bacterium to generate electrochemical gradients which enable transport of
essential molecules across its membrane, the membrane must be intact [298]. It is
suggested that if a cell has a permeabilised membrane, it is no longer viable as essential
transport cannot occur [300]. There are a variety of fluorochromes that are membrane
impermeable. These fluorochromes can only enter a cell when the membrane is
compromised. All bacterial cells contain nucleic acid; dyes which target this region are
common. Membrane impermeable dyes that mark nucleic acids are often used as
indicators of non-viable cells, for example propidium iodide (PI) [300–302] and sytox
green (SG). PI has been widely used in conjunction with Syto 9 [66, 303, 304], a nucleic
acid stain that is membrane permeable. Syto 9 (Molecular Probes) can be used to obtain
the total number of bacterial cells. When used as a double stain with PI, PI quashes the
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Syto 9 fluorescence of dead cells and a percentage of live and dead cells can be obtained.
However, the efficacy of Syto 9 has been questioned [305]. Syto 9 is suspended in
DMSO which has antibacterial properties [306] and may therefore produce falsenegative results, in addition Syto 9 exhibits high background fluorescence [307]. SYBR
Green I (SB) has been suggested as an alternative stain to use alongside PI [300, 301]
given its enhanced quantum fluorescence compared to Syto 9. SYBR Green in
combination with PI was therefore used in this study.
Table 3.1. The fluorescent stains discussed within this report and their characteristics
(adapted from [298])
Fluorochrome

Characteristic

Propidium iodide
Membrane integrity
Sytox green
Membrane integrity
Ethidium Bromide
Efflux activity
DiBAC4
Membrane potential
Syto 9
Nucleic acid
SYBR green I
Nucleic acid
2-NBDG
Glucose uptake
*Not specified by manufacturer

Absorption

Emission

(nm)
535
502
518
493
488
497
475

(nm)
647
523
605
516
510
520
550

Molecular
weight

668
600
394
517
*
510
342

SG is another membrane impermeable stain used for the assessment of dead bacterial
cells [308]. Roth et al., [309] found SG to have much less background fluorescence (5%)
compared to PI (50%) and markedly improved flow cytometric results were reported.
The use of nucleic acid stains in viability studies has been widely reported. However,
cells with compromised membranes have been seen to recover and reproduce [302].
Yoshioka et al., [310] suggest that membrane permeability may not always be related to
viability.
3.1.3.2.

Membrane potential

Metabolising bacteria have an electrochemical potential across their plasma membrane,
generated by respiration. The anionic lipophilic oxonol Bis-(1,3-Dibutylbarbituric Acid)
Trimethine Oxonol (DiBAC4) has been widely used to explore the membrane potential
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of bacteria [311, 312]. A reduction in the membrane potential allows for the stains to
collect within the cells. DiBAC4 is suspended in ethylenediaminetetraacetic acid (EDTA)
which increases membrane permeability. This step enables the measurement of the
membrane potential, it would otherwise be a measurement of membrane integrity [69].

3.1.3.3.

Metabolic activity

Metabolic activity cannot be determined by use of traditional plating techniques [313]. A
fluorescent derivative of D-glucose, 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2Deoxyglucose (2-NBDG) has been used as a marker for metabolising cells [314]. As
glucose is required for vital cell functions such as ATP synthesis, it is a good candidate
as a marker for active cellular metabolism. It is taken up by the cell via the glucosespecific phosphoenolpyruvate-phosphotransferase system (PEP-PT) [315] by competing
with D-glucose. The uptake of 2-NBDG can therefore be used as a mechanism for
detecting active metabolism and therefore cell viability.
3.1.4. Traditional plate counts
The growth of bacteria on agar plates has been, and is still, a widely used technique to
explore the species in the colonies that form. The agar acts as a nutrient supply for the
bacteria. Using different “recipes” of agar, it is possible to create a culturing platform
that is selective and differentiative for identifying microorganisms. Environmental
bacteria are notoriously hard to culture on agar plates. It is thought that only 1% of the
total species of bacteria have been successfully cultured [316]. As the industry standard
for detecting pathogenic bacteria, plate counts will be used in this investigation as a
comparative analysis to zeta potential and flow cytometry analysis.
3.1.5. Defining viability of bacteria
There is no single physiological or morphological parameter that defines viability [3]. It
is widely reported that different disinfection techniques have different impacts upon
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bacteria. For example, chlorination of bacteria is reported to damage the DNA of the
cells to such an extent that nucleic acid dyes cannot bind [317].
In this study flow cytometry and fluorochromes were used to identify the signs of
inactivation of bacterial cells. To add a further dimension, the zeta potential of bacterial
cells, was measured in order to determine whether variations in zeta potential were
correlated with differing physiological states. A comparison of the viability
measurements made using zeta potential, flow cytometry and traditional plate counts was
conducted.
Bacteria were induced into different physiological states. The cells were: heat treated,
starved of nutrients, and incubated overnight with silver nitrate (AgNO3). The aim was to
investigate these effects upon the bacteria, through assessment of the populations of the
bacteria using the different microbiological techniques. Heat treatment of bacteria causes
drastic changes in the outer membrane of Gram-negative bacteria, with the loss of LPS
which is indicative of membrane permeabilisation. LPS contribute to the exclusion of
hydrophobic compounds from the cell [318]. Starvation of bacterial cells has been
reported to alter the size and shape of the bacteria [319], although starved cells may
maintain viability they become unculturable [320]. Bacterial populations treated with
silver ions have been shown to release potassium ions, an intracellular component,
suggesting a loss of membrane potential. Silver ions are reported to interact with thiol
groups in enzymes and proteins contributing to bacterial inactivity. In addition, the silver
may bind to key functional groups of enzymes [321]
Four species of bacteria were used in the investigation as model organisms. The species
used in this study were: Bacillus megaterium, Enterococcus saccharolyticus, Escherichia
coli, and Vibrio harveyi (see Table 1). The strains and species of bacteria were selected
as human-pathogen model organisms, but nonetheless are non-pathogenic, for safe
working in the laboratory.
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Table 3.2. The species of bacteria used within this study and their key characteristics
Species
Gram
Origin
Vector
Size (µm) Shape
Bacillus megaterium
+ve
Soil
Soil
4
rod
Enterococcus saccharolyticus +ve
Birds
Water/Soil 1
cocci
Escherichia coli
-ve
Mammals Water/Soil 2
rod
Vibrio harveyi
-ve
Marine
Seawater
2
rod

3.2. Materials and method
The materials and methods used to conduct microbial analytical techniques upon four
species of bacteria under different conditions and physiological states are described.
3.2.1. Bacterial cultures
Escherichia coli (NCTC 4001) was obtained from Environmental Scientifics Group,
Derbyshire. Vibrio harveyi (1280), Enterococcus saccharolyticus (702594) Bacillus
megaterium (4821) were obtained from National Collection of Industrial Food and
Marine Bacteria (Aberdeen, Scotland).
Bacterial cultures were prepared in 20 ml of: Luria-Bertani (LB) broth for E. coli,
nutrient broth for B. megaterium and E. saccharolyticus cultures and marine broth for V.
harveyi. Cultures were grown overnight in an orbital incubator at 150 rpm at 30 °C.
Due to the antimicrobial effect of silver nitrate [322], dead samples were prepared by
treating cells with 1 ml AgNO3 overnight. Before analysis, cells were centrifuged and
washed three times in the appropriate solution to remove AgNO3 from the sample.
In order to create samples of stressed cells - with a number of cells having permeabilised
membranes but not the entire population - cells were prepared by heating at 50 °C in a
water-bath and samples were taken for analysis at different time intervals up to 30
minutes.
To explore the effect of starvation upon bacteria, cultures were washed in the required
solution three times and stored at 4 °C until examination.
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3.2.2. Zeta potential
Zeta potential measurements were obtained using a ZetaSizer (Malvern Instruments,
UK). Samples were measured at a temperature of 25 °C. The instrument was allowed to
equilibrate for two minutes before a set of three measurements was taken. Consumable
capillary cells were used for all samples and were thoroughly washed with ethanol and
three subsequent flushes of the respective solution before a new sample was measured.
3.2.3. Flow cytometry
Flow cytometric measurements were obtained employing an Accuri C6 Flow Cytometer
(BD Biosciences Europe, Oxford, UK) equipped with two lasers which excite at 488 and
640 nm. Samples were prepared so that the concentration of cells did not exceed 106
CFU/ ml. Samples were run through a core size of 4 µm and for a volume of 30 µl. Data
was analysed using Flowing Software (http://www.flowingsoftware.com/).
3.2.4. Fluorescent staining procedures
Samples of 1 ml were incubated at 25 °C with either SYBR Green I (SB) 1:104 dilution
and propidium iodide (PI) 10 µg/ ml [73] for 15 minutes, ethidium bromide (EB) 12 µg/
ml DiBAC4 15 µg/ ml for 10 minutes [116] or 2 µg/ ml of 2-NBDG for 25 minutes. PI
and EB fluorescence were collected above 585 nm; the remaining fluorochromes were
measured using the 530 nm filter. All stains were purchased from Invitrogen, UK.
3.2.5. Plate counts
To calculate the concentration of viable cells in a sample, serial 1:10 dilutions were made
by adding 100 µl of a sample to 900 µl of the relevant suspending solution. The dilution
was vortexed and 100 µl was removed and then added to 900 µl of the relevant
suspending solution. This was repeated until a dilution of 10-9 was achieved. The serial
dilutions were then drop plated using the Miles & Misra technique [323]. Three 20 µl
drops of each dilution were spotted onto a divided, numbered agar plate, each making
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three separate pools of approximately 1.5 to 2.0 cm diameter. The dilution which enabled
individual colonies to be counted, with a statistically viable total number, was
enumerated. The average of the three replicates was taken.
LB agar was used to culture E. coli, nutrient agar for B. megaterium, E. saccharolyticus
and marine agar for V. harveyi. The numbers of colonies after incubation at 30 °C for 48
hours were counted from the highest countable dilution. The average number of colonies
was calculated, and the CFU/ ml established.
3.2.6. Solution preparation
DW, deionised water (DI) and artificial saltwater (ASW) of salinity 33.3 ppt were
sterilised by autoclaving. A range of pH values, from 3 to 10, was investigated due to the
assumption that the more [H]+ in the solution, the greater the charge of the suspended
particles [324]. The pH was adjusted using HCL and NaOH to the value required.
3.2.7.

Statistics

The statistical methods used were analysis of variance (ANOVA), T-Test (*denotes
P<0.05) and linear regression.
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3.3. Results
The results obtained from the investigation into the viability and the effect of disinfection
treatments on the zeta potential of the four species of bacteria is described. An
investigation into suitable fluorochromes that could be used as an alternative to plate
counts was conducted with the bacterium E. coli. A comparison of the analysis on
bacterial viability as obtained by measuring the zeta potential, flow cytometry and plate
counts was conducted to establish whether a relationship existed between the
microbiological techniques.
3.3.1. Zeta potential
The bacteria were selected to represent a broad taxonomic spread, being both Gram
positive and Gram negative, and related to environmental pathogens. The zeta potential
of each species was measured to explore whether the zeta potential was dependent upon
species, physiological state and the suspending solution.
To avoid fluctuations of the momentary number of particles in the scattering volume of
the ZetaSizer, and the bias this would produce, results were only accepted as good
quality if the count rate was between 150 and 10,000 kilo-counts per second (kcps)
[325]. In addition, results were classed as acceptable if the phase data met the criteria of
the Dispersion Technology Software (provided as standard with the ZetaSizer Nano).
3.3.1.1.

Drinking water as a suspending solution

The range of zeta potentials for the four species of viable bacteria suspended in DW at
different pH values was -3.12 to -31.03 mV.
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Figure 3.2. The zeta potential of live bacteria Escherichia coli (EC), Bacillus
megaterium (BM), Enterococcus saccharolyticus (ES) and Vibrio harveyi (VH) at
different values of pH (Error = 1 SD; n =3)

It may be seen from Figure 3.2 that, as the pH increases, the zeta potential of the bacteria
becomes more negative, and above a pH of 3.5, bacteria were negatively charged when
suspended in DW. The charge represents the electrical potential at the shear plane
between a cell wall and its suspending solution [324]. B. megaterium was the only
species of bacteria to display a positive zeta potential, when suspended at pH 3. The zeta
potential of all the species of bacteria became more negative with increasing pH, this
observation being a result of an increase in hydrogen ions in the solution from the
addition of HCl and an increase of the negative charge of suspended particles [326].
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Figure 3.3. The zeta potential of four species of bacteria suspended in drinking water at
pH 3. (Error = 1 SD; n = 6;* P<0.05 **P<0.01; T-test)

The zeta potentials of viable and AgNO3 treated bacteria were significantly (P<0.05)
different for each species of bacteria when suspended in DW at pH 3 (Figure 3.3). E. coli
was the only organism that displayed significant difference between viable and treated
cells across the range of pH values. AgNO3 treated cells had more positive zeta potential
than live cells. This may have been due to the breakdown of the cell membrane and the
unregulated transport of ions across the boundary [327].
The pH of the suspending solution and the species of bacteria were all statistically
significant in terms of the zeta potential when DW was used as the supending solution
(ANOVA; Two factor p < 0.05).
3.3.1.1.1.

Drinking water stress experiment

Figure 3.4 represents the zeta potentials measured after bacterial species were subjected
to thermal stress in a water bath. The zeta potential became less negative after 30
minutes of thermal stress for all bacteria apart from E. saccharolyticus, where the zeta
potential remained at approximately -13 mV. The zeta potential of viable and heat
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treated E. saccharolyticus varied by only 0.74 mV at pH 8; this result was therefore
expected.
Similar observations were made when exploring viable bacteria and AgNO3 treated
bacteria in experiments in DW; damaged cells were found to have a less negative zeta
potential.

Figure 3.4. The zeta potential (mV) of Escherichia coli (EC), Bacillus megaterium (BM),
Enterococcus saccharolyticus (ES) and Vibrio harveyi (VH) after being subjected to
thermal stress when suspended in drinking water (Error = 1 SD; n=6)
3.3.1.2.

Suspending solutions

The zeta potential of the four species of bacteria, both viable and AgNO3 treated, is
dependent upon the suspending solution. Figure 3.5 represents a comparison of the zeta
potential at pH 8 of the three solutions; cells were suspended in DW, ASW and DI.
Variances in the zeta potential were observed and they were dependent upon the
constitution of the suspending solution and its pH. It can be seen that with increasing
water composition and ion content, the zeta potential becomes less negative.
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Figure 3.5. The zeta potential of viable (striped) and AgNO3 (dotted) treated a) Bacillus
megaterium, b) Escherichia coli c) Enterococcus saccharolyticus and d) Vibrio harveyi
when suspended in three water types at pH 8 (Error = 1SD; n=3 *denote T-Test
P<0.05).

Soni et al., [328] reported a zeta potential of viable E. coli (strain DH5α) cells suspended
in DW of pH 8.4 of -47.8 ± 0.7 mV, compared to the value found in these experiments
of -19.95 ± 0.32 mV at pH 8. The difference may be due to a combination of factors such
as different concentrations of bacteria used in the study (zeta potential is dependent upon
concentration [266], the strains of E. coli investigated and the slight difference in pH.
The zeta potential of different species of bacteria was found to be significantly different
(P<0.05) in this study when the bacteria were suspended in DW and DI, this may be
attributed to the fact that each species of bacteria has a complex and unique composition
of its cell wall [292]. Contrary to DW and ASW as suspending solutions, the zeta
potential of AgNO3 treated bacteria was more negative than viable bacteria when
suspended in DI.
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The use of ASW as a suspending solution made it difficult to obtain reliable zeta
measurements for the ASW caused premature corrosion of the electrodes of the capillary
cell.
Using ANOVA (Two factor with replication, P<0.05) no significant difference was
detected between the zeta potential of the species of bacteria and the pH of the
suspending solution when suspended in ASW. This trend may be explained by the
increased number of cations in the solution and their potential to shield the surface
charge within the proximity of the negatively charged cell surface [324]. In addition, the
pH of the ASW suspending solution did not have a significant effect on the zeta
potential; variance in zeta potential with differing salinities has not been well
documented [329]. It is concluded that these species of bacteria, when suspended in
ASW, have their intrinsic charged masked by suspended cations. The pH of the
suspending solution of bacteria has previously been reported to affect the zeta potential
[328]; in this study the pH was found to be a significant factor also.
The zeta potential was dependent upon the pH of the suspending solution, which is well
understood and reported. The zeta potential can provide information on the physiological
state of bacteria i.e. viable or non-viable. To be used in the proposed biosensor, the zeta
potential measurement would be required at the single cell level. Measurements at the
single cell level would remove the concentration dependency and complexity of
heterogeneous samples of bacteria that may have different physiological states or stages
in the bacterial life cycle.
3.3.2. Development of flow cytometry protocol to assess bacteria in water
It is not possible to differentiate between different species of bacteria using flow
cytometry without using a fluorescent-antibody. For this reason, only E. coli was used in
the development of a flow cytometry protocol using commercially available
fluorochromes.
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In order to remove background interference from cells debris, dead controls were
prepared by subjecting cells to 20 minutes at 90 °C and fluorochromes subsequently
added.
The fluorochromes utilised to assess the viability of cells whilst in starvation were SB
and PI, in combination, as indicators of membrane integrity and total cell count. EB
which is an indicator of cells that had lost efflux pump potential and SX was used as an
additional indicator of membrane integrity. The collection of DiBAC4 in cells indicated
a loss of membrane potential and 2-NBDG uptake indicated an inability of cells to
metabolise.
3.3.2.1.

Fluorochrome calibrations with plate counts

To explore the use of fluorochromes as viability indicators that might replace the use of
plate counts, E. coli was heat treated, and different concentrations of viable and heattreated cells were analysed using the five fluorochromes and were then compared to plate
count analysis. The only significant correlation with plate counts was found to be with

2-NBDG uptake

the fluorochrome 2-NBDG (Figure 3.6); a correlation was observed (R2 = 0.88).
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Figure 3.6. The correlation between flow cytometry analysis of the uptake of
fluorochrome 2-NBDG in Escherichia coli cells treated using heat with the log reduction
in plate counts
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To investigate further the use of 2-NBDG as a viability indicator, different
concentrations of AgNO3 treated E. coli were assessed for viability using 2-NBDG and
plates counts. A weak positive correlation was detected (Figure 3.7). This is in contrast
to the reports in the literature, which suggest that live cells allow the uptake of 2-NBDG
through the PEP-PT transport system, via glucose uptake (as seen in Figure 3.6).

60%

y = 0.1477x
R² = 0.8401

2-NBDG uptake

50%
40%
30%
20%
10%
0%
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Log Reduction (CFU/ ml)

Figure 3.7. Calibration curve of 2-NBDG with plates counts with AgNO3 treatment of
Escherichia coli

It has been reported that when incorporated into living cells, the 2-NBDG metabolite can
be further decomposed into a non-fluorescent derivative [310]. To explore this further a
calibration of 2-NBDG uptake was conducted with respect to time and temperature.
Figure 3.8 displays the uptake of live E. coli of 2-NBDG. The uptake is dependent upon
time and temperature and at 15 °C the uptake is much slower than at 25 and 30 °C by 20
minutes; the uptake is reduced by as much as 20%. The results provide evidence that the
incubation was not long enough to allow for the decomposition of the metabolite into its
non-fluorescing stage.
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Figure 3.8. The percentage uptake of 2-NBDG by live Escherichia coli with respect to
time and at different incubating temperatures (Error = 1SD; n=3)

E.coli was cultured at 30 °C, it can be expected that the cells metabolise more efficiently
at the warmer temperatures and therefore metabolise the 2-NBDG into its fluorescent
derivative more quickly. The contradicting effects of disinfection techniques, make the
use of 2-NBDG in microbial analysis unreliable.
3.3.2.2.

Starvation and stress experiment

Five fluorochromes were employed to assess the bacteria that had been entered into
starvation states, in order to examine their physiological response.
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Figure 3.9. The uptake of the five fluorochromes by Escherichia coli cells when
suspended in drinking water (Error = 1SD; n=3)
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Of all the stains used, the combination of PI and SB produced the anticipated response;
as the duration of starvation increased more cells lost membrane integrity. However, no
correlation was observed between PI and SB staining, and plate counts (data not shown).
Very little increase in uptake by the other stains was detected; the data presented in
(Figure 3.9) are stochastic revealing no trends.
It has been previously reported that bacterial cells that are stressed, first lose their ability
to metabolise, their membrane potential is then lost before the efflux pumping stops,
finally the cells become permeabilised [70]. This trend was not observed in this study
when cells entered into the starvation phase. There was very little, or no increase, in EB
and DiBAC4 staining. Previous studies using DiBAC4 as a viability indicator have
employed the stain in conjunction with EDTA in order to facilitate active transport
across the cell membrane. EDTA was used to suspend DiBAC4 before use in the assays,
an increase in the concentration of EDTA may have enhanced uptake. However, EDTA
is a well-known toxicity agent as it depletes the lipopolysaccharide layer of the bacteria;
its use has the potential of providing false-positive results when used to assess viability
of bacteria [330].
Figure 3.10 represents the uptake of PI by heat treated cells, which shows as the duration
of heat treatment increased, so did the uptake of PI and therefore the number of cells that
had permeabilised membranes.
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Figure 3.10. Flow cytometry analysis of the uptake of SYBR green (green FL-1) and
propidium iodide (red FL-3) by Escherichia coli with heat treatment a. 0s b. 180s c. 270s
d. 360s when suspended in drinking water.

No correlation was found between cell permeability, as indicated by PI and SB dualstaining, and viability plate counts. This result suggests that the short heat treatment
(waterbath 60 °C) temporarily permeabilised the cell membrane, but the cells were able
to recover and replicate when presented with optimal growth conditions.
3.3.2.3.

Flow cytometry summary

PI and SX are both indicators of permeabilised membranes, it would therefore be
expected that similar trends are observed when using these two fluorochromes as a
viability indicator. This was not the case; there was little detectable uptake of SX, but
85% of cells after 19 days’ starvation were found to be PI positive. The difference may
have been in-part, attributed to the double-staining used with PI and SB; however, this
does not provide an explanation for the total difference in uptake between the two
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staining techniques. It has been reported that labelling with SX is markedly improved
compared to that with PI [309]; the opposite was found in this experiment.
Much information may be derived from using multiple fluorochromes to assess a
bacterial population and the changes to the physiology when subjected to different
stressors. The data detailed in this study is non-conclusive and disparities exist between
the data described and that reported in the literature.
Live bacteria, 50 /50 live /dead bacteria, and dead controls were all conducted to ensure
the staining protocol worked reliably. It was also anticipated that, due to the SX,
DiBAC4, 2-NBDG and EB protocols being reliant upon only one fluorescence, that
moribund (a physiological state between viable and non-viable) cells were included in
the analysis as they were not easily discriminated.
The uptake of all fluorochromes was directly dependent upon incubation time and
temperature. The development of a standard protocol is necessary for each fluorochrome.
Use of an on-line monitoring system for water samples would require the sensor to be
temperature controlled, thereby adding a complex dimension to the proposed sensor.
3.3.3. Comparative analysis
In order to compare the three microbiological techniques described in this Chapter, the
four species of bacteria as detailed in Table 3.2 were routed into a starvation state. Plate
counts were obtained at different time intervals into the starvation, as were zeta potential
measurements and flow cytometry values using PI and SB. Table 3.3 summaries the
differences obtained by the three analytical techniques.
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Table 3.3. A comparison of the three microbiological techniques of the viability of the
four species of bacteria under starvation condition after 16 days

Species
E. coli
E. saccharolyticus
B. megaterium
V. harveyi
E. coli
E. saccharolyticus
B. megaterium
V. harveyi

PI Uptake
Change in Zeta
%
(mV)
Deionised Water pH 7
+ 37.62
+ 9.40
+ 37.9
+ 8.91
+ 34.69
+ 4.57
+ 73.39
+ 8.38
Artificial Seawater pH 7.6
+ 17.37
+4.39
+52.36
-10.81
+52.29
-0.60
+35.48
+2.23

Plate Counts
Log Reduction
7.47
2.92
4.24
-0.60
4.47
6.22
7.65
-1.11

All species of bacteria showed an increase in PI staining after 19 days of exposure to
starvation conditions. PI & SB staining of V. harveyi cells in ASW at day zero also
indicated 55% of the population had permeabilised membranes. The CFU/ ml as
determined by plate counts, of V. harveyi increased by 0.60 log units over the course of
the experiment. This suggests that bacterial cells, or at least a proportion of the cells,
may have recovered from having permeabilised membranes. V. harveyi was cultured in
marine broth (made with ASW). The species should not therefore have been affected by
changes in osmotic pressures and the subsequent damage to the cell membrane this may
have caused [331].
The zeta potential became less negative in six out of the eight tests. A slightly more
negative zeta potential was observed in the case of B. megaterium, starved in ASW. E.
saccharolyticus had a more negative zeta potential with a -10.81 mV difference in zeta
potential. The log CFU decreased in E. coli, E. saccharolyticus and B. megaterium. V.
harveyi did not show a reduction in CFU in either DI or ASW during the starvation
phase.
E. saccharolyticus and B. megaterium had more negative zeta potentials after the
starvation period in ASW. No correlation was found between flow cytometry
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measurements and the reduction in CFU, as determined by plate counts, which is
contrary to some previous reports [332].
V. harveyi revealed no detectable decrease in counts as assessed by viable plating. PI
staining suggested that 73% of cells suspended in DI had permeabilised membranes and
would be categorised as “non-viable”. The plate counts suggest that given optimal
growth conditions, the bacteria could recover even with damaged cell membranes. Cells
with an intact membrane may be dead or alive [333] and those that have a damaged
membrane can recover.

3.4. Discussion
Three microbiological techniques were used to analyse the physiological states of four
species of bacteria. Bacterial cell surfaces possess acidic and basic functional groups,
such as carboxylic, phosphoric, hydroxyl and amine groups [334]. These properties all
lead to independent surface charges, which were observed in this investigation. The
bacterial cell surface is dynamic and responds to environmental changes [335] and this
may be seen by the change in zeta potential when suspended in different solutions.
The use of fluorochromes as a viability indicator of bacteria, together with flow
cytometry, offer a thorough process for investigating the physiological states of bacterial
communities exposed to stressors. Discrepancies exist between the data obtained for total
viable cell count, as determined by fluorescence-based methods, and those obtained
employing viability plating, which may be attributed to the existence of VBNC cells
[316], culture-based methods are argued to under evaluate the total number of microbes
present in a sample. Fluorescent-based approaches have the additional benefit of
allowing a more detailed analysis of the physiological state of microbes [62]. However,
the associated technology is expensive, and there is a requirement for strict temperature
control and incubation times for the staining procedures. Furthermore, the proper storage
of the organic fluorochromes used in an on-line sensor would be challenging for
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commercially-available fluorochromes have poor photo-stability and low-intensity.
Incorporation into an automated biosensor would require correction for background
fluorescence, and might also require a washing step in order to remove unbound-dye.
QDs offer photo-stability and an alternative means of fluorescently-labelling cells.
However, because the QDs are inorganic, labelling requires immuno-functionalisation of
the QDs.. The QDs cannot enter viable cells via pathways. The cell membrane must be
permeabilised and the cell envelope removed to allow collection of QDs within the cells
[58]. QDs will therefore offer less physiological information when used as a labelling
technique as compared to organic fluorochromes.
To understand better how the cells are inactivated, a technique such as RS could prove
valuable. RS allows the chemical profiling of cells; a chemical “fingerprint” may be
mapped and abnormalities between viable and treated cells may be detected [336]. A
disadvantage of RS is the significant up-front cost and the relatively unestablished use of
this technology in microbiological applications.
In order to decide upon a technique to assess the viability of a sample in a continuous
flow measuring system, the nature of the sample must first be considered. Not all
techniques are suitable, nor do they provide accurate assessments of the populations
when compared to plate counts. Plate counts have been used to assess microbial
contamination for many years. It is necessary, when finding an alternative method, to
correlate the new assessment method of bacterial viability with the plate count method in
order to determine the reliability and consistency of new methods. This was not achieved
in this study.

3.5. Conclusions
The suspending solution, pH, physiological state and type of species all have a
significant effect upon the zeta potential of bacteria when suspended in DW and DI. No
correlation was detected between fluorescent staining and plate counts of starved cells.
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Cells that appeared to have a permeabilised membrane could recover and go onto
reproduce, as demonstrated by E. coli when subjected to heat stress and V. cholerae
when subjected to starvation conditions. In order to measure the zeta potential of
bacteria, the recommendation of this study is that the bacteria are suspended in a buffer
that is optimised for zeta potential measurement. A buffer of pH 3 provided the greatest
difference in zeta potential between viable bacterial cells and AgNO3 treated bacterial
cells.
Flow cytometry is a valuable technique that enables the study in near real-time of
physiological states of bacteria. However, the dependency upon the staining protocols of
temperature control is a major drawback of using this technique in an automated, on-line
monitoring system. In addition, the cost of flow cytometers requires significant
investment and the data is arbitrary and open to interpretation. The microbiological
techniques described in this Chapter need adaptation before their use as viability
indicators in the proposed sensor, or a suitable alternative should be found.
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4. Continuous separation using microfluidics and
magnetophoresis
To enable the isolation of pathogenic bacteria from water samples, a method to
continuously capture, separate and concentrate the organisms from complex samples is
required. A novel microfluidic-separation device is described that incorporates
hydrodynamic focussing and magnetophoresis to achieve these requirements.

4.1. Introduction to microfluidics and magnetophoresis
As transient environments, waterbodies need to be continuously monitored for chemical
and biological contaminants. Environmental applications include the detection of toxic
metal contaminants (e.g. Cr3+, Ni2+, Co2+) [326],

viruses [337, 338], pathogenic

bacteria [339] and protozoa [340]. An all-encompassing, real-time continuous system is
required which determines the levels of designated pollutants in a waterbody. As an
example, an online water toxicity monitor has been reported that utilises genetically and
chemically modified E. coli reporter strains, that in the presence of metal contaminants,
emit fluorescence [341]. The levels of naturally occurring fluorescent organic matter has
shown to be an early warning signal for contamination of water reservoirs [342]. While
there has been progress in the development of real-time chemical monitoring systems,
biological contaminants e.g. pathogenic bacteria, are still difficult to detect in real-time,
and even close to real-time. Further progress needs to be made.
Contamination incidents of waterbodies are characterized as being stochastic, shorttermed and difficult to detect [342]. Pathogenic bacteria are approximately 1-2 µm in
size and occur in low concentrations in the environment. Current micro-scale isolation
methods involve various centrifugation techniques [343] and fluorescence active cell
sorting [344]. Experienced users are required and both methods suffer from poor purity,
they are expensive [345] and can cause damage to cells [229]. Improvements are needed
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that enable a cost-effective, highly-efficient device that achieves the separation,
concentration and isolation of micro-particles continuously. Due to the low infectious
dose and toxicity level of many contaminants, it is highly desirable for the sampling
procedure to increase the concentration of the targeted contaminant and to reduce
limiting factors that will inhibit detection [346].
The research, as detailed in this Chapter, describes the design and optimisation of a
microfluidic-manetophoretic device that will be used to concentrate the targeted
pathogens and remove these cells from the environmental sample, suspending the cells in
a solution that is optimal for further analysis. This is achieved through the use of MPs,
microfluidics devices (MFD), hydrodynamic focussing (HDF) and the principles of
magnetophoresis.
4.1.1. Microfluidic devices for bacteria concentration
Microfluidic devices, i.e. fluid handling systems with channel dimensions on the
micrometer scale, have become widely used within the clinical and environmental
sectors. Advantages include small sample throughputs, they are inexpensive to
manufacture [286] and do not require vast quantities of costly reagents [287]. MFD can
greatly reduce analysis time from days, to minutes or even seconds. This creates the
potential for monitoring in real, or close to real-time [347].
There are three main types of label-free separations that are conducted using MFD.
Firstly, kinetic separation, which is dependent upon the rate of cell deflection
perpendicular to primary channel flow. Secondly, continuous equilibrium separations
which are dependent upon the migration of cells from, or to, equilibrium positions.
Thirdly elution methods, which are dependent upon forces antiparallel to primary flow to
create differential retention [348]. Whilst these methods are useful for sorting and
filtering a sample, they do not allow the separation of species-specific organisms.
Pathogenic bacteria are difficult to discriminate between naturally occurring detritus and
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non-harmful bacteria given their physical size and shape. In order to remove selectively a
target cell from a complex, heterogeneous sample with particulates of a similar size, a
marker must first be used to target the cells of interest. The incorporation of labelling
cells within an MFD is achievable and has been widely reported [286, 349, 350].
4.1.2. Hydrodynamic focussing
Typical dimensions of microfluidic devices are on the milli- to nano-scale. At these
dimensions, laminar flows are achieved which are advantageous due to their steady and
predictable characteristics. The low Reynold’s number of the flow within an MFD is
dependent upon the size of the microchannels. These conditions allow for what is termed
HDF of sample flows. Buffer fluids are used to focus a sample stream within a region of
an MFD. Most widely reported HDF occurs in a two-dimensional plane (2D), however
more complicated HDF in three-dimensions (3D) have recently been described [139].
The fluidic systems required to permit 3D focussing are complicated and many
additional problems are introduced in design and function. This report describes a 2D
HDF to enable a simplistic concept for an MFD.
4.1.3. Magnetic microparticles
Functional MPs are used in a variety of applications for the capture, transport and
detection of magnetically labelled cells [185]. A specific capture molecule may be
immobilised upon an MP [220]. When an MP comes into contact with a target cell, a
binding event occurs. The target cell inherits the magnetic properties of the MP [350]
and will thus be influenced by a magnetic field. The use of MPs allows for precise and
repeatable binding events to be introduced into a separation experiment [349].
Paramagnetic and ferromagnetic materials have a magnetic susceptibility, greater than
zero, whereas diamagnetic materials have a magnetic susceptibility less than zero.
Ferromagnetic materials have a much larger susceptibility and therefore experience
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greater forces. However, the residual magnetisation within the beads leads to hysteresis
in

the particles.

The principles underlying detection using MPs

that are

superparamagnetic, is the ability to switch between a dispersed and assembled state
[219]. The single superparamagnetic domain fluctuates rapidly due to thermal excitation,
leading to no magnetic moment for macroscopic timescales [351]. Superparamagnetism
is determined by the size of the nanoparticles of iron oxide (normally maghemite or
magnetite) being less than 20 nm. The electrons inside the nanoparticle always have
dipoles along the magnetic field lines. The commercially available superparamagnetic
MPs used in this study were formed by incorporating several superparamagnetic
maghemite nanoparticles in a micro-sized silica or polymer sphere. The sphere becomes
a magnetisable particle with a mobility determined by an induced motion of an applied
magnetic field [352].
4.1.4. Microfluidics in conjunction with magnetophoresis as a continuous
concentration and separation device
Magnetic separation permits the targeted cells to be isolated directly from crude
environmental samples [282]. The term magnetophoresis describes the influence of a
magnetic field upon a particle in a viscous medium [353]. Incubating a sample with
functionalised-MPs will render the targeted cells magnetic. There are two types of
magnetophoretic-microfluidic separation device: batch and continuous. Batch separation
involves the trapping of MPs by an external magnet, the removal of the supernatant and
the capture of the trapped particles once the magnetic field has been removed. A
magnetophoretic-microfluidic separation device has been reported to separate between
78 and 90% of the total MPs from the sample flow into a buffer flow and were analysed
after exciting the chip [354]. However, the flow rates used were very low (25 – 40 µl/hr)
which significantly limits the volume of sample that can be analysed. Alternative
continuous methods e.g. [194, 355] have been described; however, these methods present
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certain difficulties. The agglomeration of MPs is a particular problem. The greater the
number of particles within close proximity of each other, the greater the magnetic force
acting upon them due to their induced magnetic dipoles. This encourages particle
agglomeration [356] which results in differing mobilities and velocities in the gradient
magnetic field [357]. Even at low concentrations of MPs, variations in their physical
properties cause undesirable differing mobilities, that can lead to poor separation
efficiencies. The microchip designed by Pamme and Manz [197] uses magnetophoresis
to separate MPs from a sample flow into one of nine separation channels; the reported
separation of MPs in excess of 75%. The microchip design which incorporates multiple
exit channels enables the separation of MPs with different mobilities. MPs with higher
mobilities are deflected further and separate through an exit channel located at a greater
distance away from the sample flow. The analysis of the separation efficiency is
conducted on-chip and does not report the total throughput of the MPs. The permanent
magnet is positioned above the chip, which is considered to be problematic by
encouraging surface collisions, although this has not been discussed by the authors. It is
well documented that the flow-profile within a rectangular microfluidic device is
parabolic [358]. The velocity at the surfaces of the device is zero; MPs that collide with
the surfaces are difficult to recover, especially at low flow rates.
To enable the continuous separation of MPs as single entities or agglomerates, and to
allow higher volumes of samples to be processed, two novel magnet configurations were
devised. The aim of the designs is to enable use of MPs of any size, susceptibility and
concentration, to be continuously separated from a sample using microfluidics (Figure
4.1). The MPs are encouraged into a “region of minima” (ROM) where no magnetic
force is experienced by the MPs; subsequently the MPs are separated by a continuous,
hydrodynamically-focussed buffer flow. The ROM is located in the centre of the z axis
thereby avoiding MP-surface collisions and subsequent loss of MPs within the device.
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4.1.5. Reducing magnetic particles sedimentation
As stated, a common problem of using MPs in separation is their tendency to form
agglomerates and sediment out of suspension. To reduce single MPs self-assembling into
agglomerates, attractive forces must be counteracted by repulsive forces.

Figure 4.1. A schematic of the proposed microfluidic-magnetophoretic separation device
using permanent magnets. A heterogeneous sample enters through channel 2; immunolabelled MPs migrate towards the magnet and exit the device from exit channel 1 in the
hydrodynamically focussed buffer flow.

A surfactant can prove useful. A surfactant consists of micelles that have hydrophobic
tails which attach to the MPs, while the hydrophilic heads of the surfactant face into the
water [359]. This acts as a buoyancy aid, reducing particle collision and sedimentation
[360].

4.2. Theoretical considerations
When designing an MFD for the separation of pathogenic bacteria from waterbodies,
there are certain physical conditions that first need to be understood and calculated.

4.2.1. Reynold’s number
The Reynold’s number is used to predict the flow patterns in fluid conditions:

𝑅𝑒 =

𝜌𝑢̅𝐿 𝑢̅𝐿
=
𝜂
𝑣𝑘
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(4.2)

It is a dimensionless quantity where 𝜌 is the density of the fluid, 𝑢̅ is the mean velocity, L
is the characteristic length, η is the dynamic viscosity and 𝑣𝑘 is the kinematic viscosity
of the fluid.
4.2.2.

Two-dimensional hydrodynamic focussing

The parameters that are important to consider when using HDF are described in more
detail by Kunstmann [361] but are summarised here. Based on the mass conservation
principle for incompressible fluids, the volume flow passing through the central inlet
channel must equal the volume of fluid passing through the focused sample stream, and
the volume flow passing through all three inlets must be the same as the total fluid
passing through the main channel.
𝑄𝑠 = 𝑊𝑓 ℎ𝑉𝑓

(4.3)

𝑄𝑠 + 2𝑄𝑖 = 𝑊0 ℎ𝑉0

(4.4)

where 𝑊0 is the width of the channel, 𝑊𝑓 is the width of the focussed sample stream and
h is the channel height; Q𝑖 and Q𝑠 are the volume flow rates of the sample and the sheath
respectively and 𝑉0, is the initial velocity along a channel and 𝑉𝑓 the final sample stream
velocity (Figure 4.2). By rearranging the two equations above the following expression
for the width ratio can be found.

𝑓=

𝑊𝑓
1
Q𝑖
=
.
𝑊0 𝑦𝑟 𝑄𝑖 + 𝑄𝑠 + 𝑄𝑠

(4.5)

In order to predict the width of the hydrodynamically focused stream, the unknown
velocity ratio 𝑦𝑟 =

𝑉𝑓
𝑉0

.
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Figure 4.2. A schematic of the three inlet channels of the microfluidic device displaying
hydrodynamic focussing of sample flow

Assumptions are made that the liquids are Newtonian and have a density (ρ) and
viscosity (η), and all channels are the same height (h).
4.2.3.

Theory of magnetism

Three vectors describe a magnetic field: B, the field induction, H, the field strength and
M, the magnetisation of the medium. The detailed theory of magnetism is given by
Zborowski [362]. Magnetism describes the interaction of materials in a magnetic field;
this is dependent upon the material property, namely the magnetic susceptibility 𝜒.
Susceptibility is dependent upon the magnetisation M of atoms or molecules with the
field H, which is equal to the relative permeability of the material in a vacuum (µ𝑟 = 1).
𝜒 =

|𝐌|
= (µ𝑟 − 1)
|𝐇|

(4.6)

The magnetic field H is defined as:
𝐁 = µ0 (𝐇 + 𝐌)

µ0 is the magnetic permeability in a vacuum and B is the magnetic flux density.
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(4.7)

The magnitude of the magnetic force acting on an MP in the direction of greatest change
in energy density may be expressed as:

𝐅𝑝 = 𝛥𝜒𝑉

𝛻|𝐁|2
2µ0

(4.8)

𝛥𝜒 the difference in magnetic susceptibility of the MP and the surrounding solution,
and 𝑉 the volume of the magnetic body [36].
4.2.4. Stokes’s drag force
The magnitude drag force (𝐹𝑑 ), defined by Stokes’s law, acting upon a spherical object is
given by:
𝐅𝑑 = 6 𝜋𝑟𝜂𝐮

(4.9)

where r is the radius of the sphere, η is the viscosity of the suspending medium and u is
the magnitude velocity of the spherical object [363, 364].

4.3. Method & materials
The materials and methods used to design a separation device using HDF, MFD and
magnetophoresis are described in this section.
4.3.1. Microfluidic device
A custom designed MFD was manufactured (iBidi, Germany) in polydimethylsiloxane
(PDMS), a schematic of the MFD is shown in Figure 4.3, the channel depth was 0.4mm,
length 23.73mm and width of 3mm. The three inlets and three outlets allow for HDF at
the inlet, and collection of the three separate fluid streams at the output.
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Figure 4.3. A schematic of the microfluidic device, channel depths of 0.4 mm
4.3.2. Magnet design
The primary step was to design novel magnet configurations that would reduce MP
interaction with the side walls of the MFD and to enable the separation of MPs of any
susceptibility. The software package FEMM was used to model the B-fields of two
magnet configurations for use in the continuous-separation experiments. Magnets of
dimensions 20 x 6 x 1.5 mm N42 Neodymium with a 1.2 kg pull (First4MagnetsTM,
UK) were used in two configurations: a) a double magnet- and b) a quadrupoleconfiguration (Figure 4.4).

Figure 4.4. A schematic of the magnet configurations mounted upon the microfluidic
device in a. double magnet and b. quadrupole and how the magnets are positioned on the
microfluidic device from the i) top- and ii) side-views

4.3.3. Separation experiments
Fluorescent 1 µm MPs (superparamagnetic, fluorescent excitation 502 nm, emission 525
nm), were obtained from Chemicell (Germany). MPs (concentration of 10 6 particles/ ml)
were suspended in blue ink to enable the HDF to be viewed clearly. The surfactant
Pluronic F127 (Sigma-Aldrich) at 0.01% w/ v was added to the particle mixture to
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prevent adhesion of MPs to the MFD surfaces. To demonstrate the separation of MPs
from the sample inlet, a mixture of MPs and blue non-magnetic beads of 0.4 µm in size
was used.
Prior to each experiment the MFD was flushed with DI and 0.1% F-127 surfactant for
five minutes. Two hydrodynamic flows of DI and 0.1% F-127 Pluronic, were used to
focus a sample flow containing the MP sample.
The MFD was connected to three 1.0 ml glass syringes (BD Biosciences, UK) mounted
on Harvard syringe pumps using 0.5 mm inner diameter flexible tubing to introduce the
flows to the device. The channels of the MFD were visualised and data recorded using a
charge-couple device (CCD) camera mounted on a stereomicroscope and an inverted
microscope. The outlet channels were connected by the same tubing to three 0.5 ml
collection pots (Microfluidic Chip Shop, Germany) mounted on the MFD, which were
capped after each experiment and removed for further analysis.
Samples were analysed using a BD Accuri C6 flow cytometer. A volume of 30 µl was
analysed, core size 10 µm, on a fluidics setting of 8 µl/ min. Data was collected
triggering with the FL-1 (510 nm) channel, with threshold setting of 8000 on forward
scatter.
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4.4. Results of the magnetophoretic-microfluidic separation
Simple computer models were used to determine the physical conditions of the
magnetophoretic-MFD. The magnetic field was modelled using FEMM, and the velocity
profile was determined using Matlab and fitted a parabolic flow regime.
4.4.1. Fluid dynamics and hydrodynamic focussing
It was important to understand the characteristics of the fluid as it travels through the
MFD. The MPs experience forces from the magnetic field and a force from the fluid. In
order to establish high separation efficiencies, these forces must equate to a greater pull
towards the magnet, so that the MPs can be separated from the main sample flow and
into a buffer flow for separation.
The Reynold’s number (for total flow rates between 30 and 600 µl/ min) was calculated
to be between 1 and 12; laminar flow is experienced within the MFD. This is distinctive
of microfluidic channels [365]. An important characteristic of the fluidic dynamics is the
parabolic flow through a rectangular channel and the resultant zero velocity at the
internal surfaces of the channel. This flow regime is well documented in rectangular
fluid channels [366]. When MPs hit a surface of the device, there will be zero velocity to
drive the MPs along and out of the MFD. MPs will be deemed as “lost” if they arrive at
an internal surface, as they are difficult to recover using continuous flow at low flow
rates. In order for surface collisions to be minimised, and therefore the number of lost
MPs, careful design of the magnetic field is necessary.
4.4.2. Hydrodynamic focussing
Lateral 2D HDF was achieved by focussing the central sample flow with two buffer
flows channels 1 and 3 (Figure 4.5).
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Figure 4.5. A schematic of the hydrodynamic focussing achieved by two buffer flows
introduced in channels 1 and 3, and the coloured sample flow entering through
channel 2.

In order to achieve steady state, the experiment was allowed to run for five minutes. It
was found that a higher flow ratio produced a more narrowly focussed sample stream.
Efficient HDF can only be achieved when the side-channel flows are equal or greater
than the sample flow [361]. HDF was easily achieved over a wide range of flow rates (30
to 600 µl/ min). When conducting the separation experiments, the HDF was adjusted in
each of the three inlet flows in order to fill, but not overspill, their respective exit
channel.
4.4.3. Double magnet configuration
A novel configuration utilising two magnets was designed. Positioning the magnets in a
double magnet configuration, one on top of the other (Figure 4.6), an ROM is observed
in the horizontal plane. The magnetic gradient, which is both positive and negative
within the device, results in the MPs traveling in the direction of the magnetic gradient
(positive and negative) towards higher magnetic energy as displayed in Figure 4.7. The
MPs then gather at the area of minimum magnetic-force, the ROM.
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Figure 4.6. The magnetic flux lines of the double magnet configuration as modelled in
FEMM

Careful positioning of the magnets 1.65 mm from the fluid-channel’s edge, with the
optimum 2.64 mm separation (data not shown) between the magnets, the ROM in the
horizontal plane could be accurately positioned in channel 1, at 0.5 mm away from the
channel’s side wall (Figure 4.6). MPs entering the device in channel 2 were separated
through magnetophoresis from the sample flow into the ROM, where no magnetic force
is experienced. The MPs were removed from the MFD by the hydrodynamically
focussed flow in channel 1.
The advantage of using a magnetic field of this design is the minimising of the number
of MPs at the edges of the MFD, where the velocity profile is zero. Due to the zero
magnetic force acting on the MPs in the ROM, theoretically, MPs of any susceptibility,
size and concentration can be separated from a sample flow.
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Figure 4.6. The magnetic force acting upon a magnetic particle across the width of the
microfluidic device as modelled in FEMM

a.

b.

Figure 4.7. The exit end of the microfluidic device, highly concentrated magnetic
particles aligned in the region of equilibrium starting from the sample inlet, channel 2,
and exiting through exit channel 1 under a) zero flow conditions and b) continuous flow
at higher magnification.

Figure 4.7a) displays the concentrated MPs under static conditions (i.e. zero flow)
aligned in the ROM, exiting the device through channel 1. Figure 4.7a) shows that a
clear separation of magnetic material was achieved. Figure 4.7b) shows a higher
resolution image of the transport of MPs out of the exit channel away from the sample
flow. This separation is again demonstrated in Figure 4.8; the orange coloured MPs are
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separated from a mixture of magnetic and non-magnetic particles (blue) in the central
flow, channel 2.
4.4.4. Separation of MPs using the double magnet configuration
The separation of MPs using the MFD-magnetophoretic separation device was
determined using flow cytometry. The MPs, which were introduced through the channel
2, migrate to the ROM, where no horizontal magnetic force is acting upon them (Figure
4.8). A clear separation was visible; however, the percentage of MPs exiting through
channel 1, when measured by flow cytometry, was low (Figure 4.10).

Figure 4.8. The separation of magnetic particles (orange) from a mixture of magnetic
particles and blue non-magnetic beads achieved in continuous flow using the double
magnet configuration

The results indicated that the majority of MPs were not deflected by the magnets and
travelled straight through the device in the sample flow. The separation efficiency of the
double magnet configuration was found to be negatively correlated to the total flow rate
in the MFD (Figure 4.9). Flow rates lower than 50µl in each inlet could not be used due
to instrumental limitations that interrupted the flow, making it appear turbulent with the
introduction of mixing between flows within the MFD.
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Figure 4.9. The correlation between flow rate and the percentage of the collected
magnetic particles that were separated into exit channel 1 compared to the total
magnetic particles collected from all three outputs (Error = 1 SD; n=3).

The field strength of the magnet and the magnetic susceptibility of the MPs will limit the
maximum flow rates [355]. The aspect ratio of the flow rates in the channel inlets is kept
as close to 1, whilst maintaining complete HDF. The device was designed so that MPs
are drawn into and exit through channel 1. However, it can be seen from Figure 4.10 that
the majority of MPs (> 65%) exited through channel 2.
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Figure 4.10. The percentage of magnetic particles recovered from each exit channel at
different flow rates (Error = 1 SD; n=3)
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Visual observations suggested that separation of MPs from the sample flow was
achieved. MPs were deflected by the magnet from the central sample flow into the buffer
flow. By eye, and using the low magnification of a stereomicroscope, this observation
was confirmed. Further examination using higher resolution microscopy, revealed that
the MPs were being deflected from the sample flow in both the x and z direction and
were becoming trapped at the surface of the MFD, where they agglomerated and exited
slowly out of channel 1 by rolling along the top surface. It was very difficult to centre the
ROM in the middle of the MFD in the y plane. It is anticipated that slight misalignment
of the magnets increased the number or collisions with the top of the MFD, increasing
agglomeration. MPs became trapped at the surface and were separated by rolling along
the top surface and out of exit channel 1.
Analysis using flow cytometry supported this observation, it was found that the majority
of MPs (>65%) were not deflected from the main sample flow; the MPs did not have
large enough residence time within the magnetic field to be separated. It is assumed that
agglomerates were separated due to their increased magnetophoretic mobility, but single
MPs passed straight through the device.
4.4.5. Optimisation of the quadrupole magnet configuration
Due to the low separation efficiency found for the double magnet configuration, a
quadrupole magnet configuration (4.11) was used in further experiments.
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4.11. The FEMM model of the magnetic flux lines of the quadrupole configuration

The force acting upon the MPs was increased through use of the four magnets in the
quadrupole configuration (Figure 4.12). The gap between the magnets was 3.5 mm, with
a separation of 2.64 mm; the ROM in the horizontal plane was located at 1.5 mm away
from the channel edge of the iBidi MFD.

Figure 4.12. The magnetic force acting upon a magnetic particle across the width of the
microfluidic device as modelled in FEMM

When using the quadrupole magnet configuration MPs were introduced in inlet 1, and
separated from the sample flow into channel 2 (Figure 4.4). The ROM was positioned
along channel 2 so that MPs migrated along the magnetic gradient to this point; the MPs
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were then separated using the buffer flow, exiting through channel 2. As displayed in
Figure 4.13, MPs located at the channel’s edge will be situated within an area of high
gradient and will be manoeuvred towards the centre of the device.

Figure 4.13. A schematic of the hydrodynamic focussing used with the quadrupole
configuration, magnetic particles are introduced in channel 1 and separated into
channel 2.
4.4.6. Separation using the quadrupole magnet configuration
The quadrupole configuration was more successful at focussing the MPs away from the
sample stream and into a channel for separation. Although there was a definite migration
of the MPs sideways into the central stream, there was also an upwards force acting upon
the MPs, causing them to agglomerate at the surfaces of the device.
The separation efficiency using the quadrupole configuration in continuous flow was
55% (Figure 4.14). It was again observed that separation using the magnetophoresisMFD under continuous flow did not allow enough time for all MPs to migrate into the
central exit channel. Many were still found in the introductory exit channel. To improve
this separation, a strategy of introducing MPs for 30 seconds, then pausing all flow for
60 seconds and repeating this for ten cycles, before using a fast flush of 1000 µl/ min for
10 seconds; termed a “pulsed” mode. This strategy aimed to increase the residence time
of the MPs in order for them to migrate into the ROM and to be separated. Nearly 80%
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of the MPs were separated from the sample flow using the pulsed mode and the
quadrupole magnet configuration.

Figure 4.14. The separation efficiency of the quadrupole configuration in continuous and
pulsed mode compared to the control of no-magnets (Error = 1 SD; n=3).
4.4.7. Separation and concentration of MPs from a sample
Although numerous microfluidic devices have been described [210, 236, 237, 310, 311],
further development is required to establish higher separation efficiency whilst
maintaining target cell purity [240]. The MFD incorporating magnetophoresis as
described in this Chapter goes someway to improving upon previously described
devices. It enables the continuous separation of MPs from a complex sample without
pre-enrichment and is comparable to separation described by Xia et al, [369] where
separation efficiencies are detailed as being between 50 and 90%.
The MPs that were initially freely dispersed throughout the larger water sample were
concentrated and separated from the original sample matrix. The separated and
concentrated MPs will contain bound and unbound MPs. A further analytical step is
necessary in order to determine the number of bacteria that have been captured by the
MP. This is described in the Chapter 5.
The separation efficiency may be improved by reducing the dimensions of the channel.
The described MFD is 3 mm in width. The MPs need to migrate at least 0.5 mm in the x
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direction before they are “separated” and can be transported in the buffer flow. When
operating in the pulsed mode, an increase in the “pause” time will allow an increased
residence time for the MPs to migrate to the ROM. This is expected to increase the
separation of MPs from the sample flow.
The magnetic susceptibility of the MPs determines the magnetic moment and hence the
force exerted upon the MPs within a magnetic field [370]. In order to increase the
flexibility of the MFD, MPs with a higher magnetic susceptibility will enable the use of
increased flow rates due to the increased magnetic force; the residence time required
within the MFD will be reduced. A study into suitable commercially available MPs is
conducted in Chapter 5.
The separation efficiency using the “pulsed” mode may be further improved through
physical alterations to the magnet. Shaping and tapering of the magnets at the exit ends
will reduce the magnetic flux, and therefore the pull on the MPs, allowing them to be
flushed from the device more easily.
An exploration of the vertical forces experienced by the MPs should be conducted using
3D finite element methods to explore the trajectories of the MPs within the magnetic
field. Studies on continuous separation using magnetophoresis have neglected the
migration of MPs in the z direction [197]. A method for counteracting the loss of MPs
within the MFD could be to introduce a viscosity gradient. Increasing the viscosity of the
buffer flows would reduce the velocity of the MPs as they migrate towards the magnet.
This would also slow the movement of MPs in the z direction.
Despite the HDF, MPs are introduced at different positions into the MFD and were
therefore subjected to different forces. These different forces are responsible for the
trapping and “loss” of MPs in the MFD. 2D HDF was described in the MFD, however,
the particles will still experience vertical forces [139]. To overcome the limitations of 2D
HDF, a 3D HDF MFD should be considered. Flow cytometers achieve HDF by
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introducing flows via a smaller capillary within a larger capillary, thus obtaining a
simple, yet effective method of circular and 3D HDF. The use of 3D HDF and a
magnetic separator was described by Zborowski & Chalmers [371]. In order to increase
the predictability of the trajectories of the MPs, a more localised introduction of the MPs
into the device should be found. Reducing the dimensions of the device and making use
of HDF, but in 3D, might help mitigate this problem.
Magnetic separation permits the isolation of target cells from heterogeneous, crude
samples [282]. Microfluidics has increased in popularity within scientific research over
the past decade. The versatility they offer in design allows for an array of applications.
Laminar flow that is achievable at the micro-scale enables highly predictive
characteristics and for continuous separation to be achieved. The ability to incorporate
automation and analysis on-chip is an attractive characteristic. Microfluidic separations
are still troubled by trapped air-bubbles and blockages. Such phenomena are mitigatable,
but are still an occurrence that can disrupt separation. The low flow limits observed in
this experiment will restrict the amount of sample that can be processed. Running
multiple MFDs in parallel will increase the concentration and separation of larger
volumes, and could also facilitate multi-analyte detection, which is desirable when
monitoring water for contaminants.

4.5. Conclusions
An MFD incorporating magnetophoresis was designed to separate MPs from a sample
flow. A dilute sample of MPs was concentrated and presented for further analysis. Two
novel magnet configurations were designed to remove MPs from a sample in continuous
flow.
Low magnification viewing of the separation indicated a good separation of the MPs.
However, analysis by flow cytometry highlighted that many MPs passed through the
device without being deflected from the sample flow. Increasing the residence time of
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the MPs by introducing a “pulsed” flow regime increased the separation of MPs from the
sample flow. The quadrupole configuration, when operated in a pulsed mode, was able to
separate nearly 80% of the MPs from the sample flow
.
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5. Magnetophoretic velocities of superparamagnetic particles,
agglomerates and complexes

The objective of this Chapter is to explore the understanding of how MP-capture assays
perform by measuring mobilities of MPs, when aggregated together or attached to nonmagnetic beads (NB). The magnetically induced velocities of self-assembled MP chains
were measured and found to meet the proposed models. A study into the zeta potential of
the MPs was completed to determine a scenario for maximal electrostatic interactions
and efficient capture of the MPs to a target. MPs were bound to biotinylated NBs,
representing attachment to a disease biomarker. The drift velocity of MP chains and MPNB complexes in a gradient magnetic field was compared. This study will enable the
accurate prediction of particle velocities and trajectories and can mimic the case of a
bacterium or other cell bound to an MP.

5.1. Introduction to magnetophoretic separations
Due to the commercial availability, low cost and easy functionalization of MPs, their use
in the separation and detection at the micro-scale is ever increasing. MPs have been
described in many batch applications, which include but are not limited to the detection
of pathogenic bacteria in the environment [141, 354] and in food [372, 373].
In clinical settings, the use of MPs for the recognition of biomarkers from blood [374–
376], including nucleic acids, microvesicles [345] and proteins [377], have been
documented along with applications in biomedical imaging [378]. Environmental
contaminants have been removed through adsorption to MPs [379], and algae have been
harvested using the same technique [380].
A simple and reliable method is required to determine the magnetic characteristics of
MPs in order to enhance the predictability for in vivo applications. A better
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understanding of the properties of MPs will allow for their use in more advanced,
continuous-flow systems [381].
A study was conducted into the magnetic properties of four commercially available MPs,
using light microscopy. The aim was to develop a better understanding of the movement
of the particles within a magnetic field, as single particles, self-assembled chains and as
complexes bound to a NB. A diameter of 1 µm was chosen for the NB as this is
representative of the approximate size of bacteria and specifically E. coli.
5.1.1. Superparamagnetic particles
Superparamagnetism refers to the random magnetisation of magnetic crystallites in the
absence

of

an

external

magnetic

field

[370].

The

unique

properties

of

superparamagnetism enable the free dispersion of MPs throughout a sample matrix. The
later application of an external magnetic field allows MPs to be focused, separated or
concentrated from a sample, at a specific location. When required, removal of the
magnetic field results in magnetic relaxation of the MPs, i.e. they “switch off” [276],
allowing the MPs to be re-dispersed and removed from the location.
There are a variety of commercially available MPs with different manufacturing
procedures and therefore differing characteristics. The loading of iron oxide
nanoparticles into a silica shell, for example, occurs either as dispersed particles within
the silica shell or as a group forming the core [382]. It can then be expected that each
brand of MPs will behave differently when subjected to a magnetic field.
The response of a magnetic material to an applied magnetic field is termed magnetic
susceptibility [362]. Magnetic susceptibility is an important parameter, but may vary
greatly [370]. Given this variation, it is not sufficient to determine only the magnetic
susceptibility. The susceptibility provides an approximation of magnetic responsiveness
in in vivo applications [383]. However, the MPs’ trajectory and induced magnetic
velocity can be better calculated from experimentally determined magnetic mobility.
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5.1.2. Functionalised magnetic particles
The ability to coat several superparamagnetic nanoparticles with a silica or polystyrene
shell allows the magnetic content to be maximised, increasing the magnetic mobility of
the particle, while maintaining the superparamagnetism (which is dependent upon the
nanoparticle size) [384]. The coating encases the toxic iron oxide content; as such the
conjugate becomes biocompatible [378].
Functional MPs are used in a variety of applications for the capture, transport and
detection of magnetically labelled cells [185]. The functionalization of a microparticle is
achieved through the attachment of a biologically active component to its surface, for
example, a ligand, an amino acid or a protein [385]. A specific capture molecule may be
immobilised upon the surface of an MP [220]. When a particle comes into contact with a
target cell, a binding event occurs. The target cell inherits the magnetic properties of the
MPs [350] and will thus be influenced by a magnetic field. The most widely used capture
method is the immunological antibody-antigen interaction [354], or a protein-ligand
interaction (as was used in this study). Immuno-magnetic separation is generally an
efficient and rapid method to perform and can be achieved in almost any sample matrix
[370].
5.1.3. Streptavidin-biotin binding
Streptavidin-biotin binding has one of the highest association constants in biochemistry
[386]. This ligand-protein interaction acts as a good model for binding due to its low cost
and the considerable enthalpy generated (approximately 107 kJ/ mol) [387]. Biotinylation
is a popular method for attaching proteins, carbohydrates and nucleic acids to particles.
Due to the small size of biotin, it is unlikely to change the natural functions of the
molecule to which it is attached [388].
Given the strong binding properties to biotin and the ease with which proteins may be
biotinylated, many manufacturers offer MPs coated with streptavidin. This binding
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interface was used in this study to demonstrate the potential for using immuno-labelling
of MPs for target detection through attachment of a biotinylated antibody to streptavidin
coated MPs.
There are many conjugation methods for coating particles with binding molecules. The
linkers that are used to attach the molecule to the particle surface vary in length. Two
types of biotinylated beads were used as mock biomarkers in this study. The first bead
had biotin attached via a “short” linking arm (SLB); the second with biotin attached by a
bespoke “long” linking arm (LLB) as supplied by Chemicell (Germany), with four
additional methylene bridges in the linking arm attaching biotin to the bead. The
particles used in this study are listed in Table 5.1.
5.1.4. Zeta potential of magnetic particles
All suspended particles carry a charge; the components of the MPs and interaction with
surrounding media give the particle an electrical charge. A double layer is formed
between a particle and the suspending medium, the first layer, named the Stern-layer,
contains immobilised ions surrounded by the diffuse layer [81]. The potential between
the diffuse layer and the suspending medium is measurable and is termed the zeta
potential [389]. The zeta potential is measurable by commercially available instruments
such as Malvern Instruments’ Zetasizer Pro. Electrophoretic light scattering is used to
measure the electrophoretic mobility of a particle towards either the cathode or anode,
and the Helmholtz-Smoluchowski equation [324] used to extrapolate a value for the zeta
potential.
To establish efficient binding of MPs to a target, it is important to know the charge of the
binding particle and the charge of the target particle. If both particle types carry the same
charge when suspended in the solution, then rather than binding of the MP to the target,
the particles will be repelled from each other and will remain isolated.
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Table 5.1. The six types of micro-particles used in the study and their individual physical
and surface characteristics
Manufacture Brand
Size (um) Magnetism
Chemicell
ScreenMAG/G - Streptavidin
1.00
Superparamagnetic
Dynabeads
MyOneT
1.05
Superparamagnetic
Dynabeads
MyOneC
1.05
Superparamagnetic
Dynabeads
M270
2.8
Superparamagnetic
Chemicell
screenCORE/RR-Biotin Short
1.00
None
Chemicell
screenCORE/RR-Biotin Long
1.00
None

Information regarding the charge of Dynabeads, as used in this study, is available from
the manufacturer [390]. However, charge information for the Chemicell particles was not
available. A study into the zeta potential of the Chemicell particles was conducted in
order to gain an approximation of the isoelectric point and charge of the particles across
a pH range. Ideally, the solution should have a pH such that the MP and NB have
opposite charges to promote binding.
5.1.5. Continuous separation
In order to maximise the potential for MPs in ultrasensitive detection of E. coli, there is a
need to improve their extraction from a continuous flow of assay solution. The
continuous separation from a sample flow will allow the use of MPs in even more
diverse and complex systems. This will have advantages; for example within
environmental applications for the removal of contaminants from wastewater, or in a
medical context, for the extraction of bacteria from a patient with septicaemia [391].
Continuous methods have been described [355]. However, these methods meet certain
difficulties. The agglomeration of MPs is a particular problem. The greater the number of
MPs within close proximity to each other, the greater the magnetic force acting upon
them. When in high concentration, particle agglomeration is unavoidable [392]. An
understanding of the magnetic properties of particle agglomerates is required to allow for
predictability when designing a continuous flow system.
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5.2. Transport model
There are two dominant forces which act upon MPs when in a magnetic field. Primarily,
the magnetic force imposed by a gradient field and secondly the Stokes’s Drag which is
generated in the opposite direction to movement, these formulae are detailed in Chapter
4 (equations 4.8 and 4.9).
5.2.1. Magnetophoretic velocity
The magnetically induced velocity, u, upon an MP is then determined when these forces
balance:
𝛥𝜒𝑉 𝛻|𝐁|2
𝛻|𝐁|2
𝐮 =
=𝜇
6𝜋𝑟𝜂 2µ0
2µ0

(5.1)

where 𝛥𝜒 the difference in magnetic susceptibility of the MP and the surrounding
solution, and 𝑉 the volume of the magnetic body, r the radius, η the viscosity of the
suspending medium µ0 is the magnetic permeability in a vacuum and B is the magnetic
flux density and µ is the magnetophoretic mobility of an MP [362]. The magnetic flux
density was determined by modelling the magnetic configuration in the finite element
software FEMM.
The velocity of the MPs as they traversed the FOV was determined using the tracking
mechanism of ImageJ and the plug-in MJtrack. Rearranging Equation 5.3 enables the
magnetic mobility to be derived from the measured velocity:

𝜇 =

𝑢
𝛻|𝐁|2 /2µ0

(5.2)

5.3. Materials and methods
The magnetophoretic mobility of four types of MPs was determined using light
microscopy, and tracking of individual MPs using the ImageJ software package
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(http://rsb.info.nih.gov/). The magnetically induced velocity was determined for a single
MP, chains and MP-NB complexes. The zeta potential of particles was determined using
a Malvern Zetasizer Pro and the isoelectric point of the Chemicell particles was derived
from this data. In total, this study extends to six types of particles.
5.3.1. Superparamagnetic particles
Commercially available ScreenMAG-streptavidin coated MPs and ScreenCORE
biotinylated silica beads were obtained from Chemicell (Germany) of 1 µm in size.
Dynabeads MyOneC, MyOneT both of 1.05 µm in size and 2.8 µm particles M270 were
purchased from Invitrogen, UK [390].
5.3.2. Mobility study
To compare the mobility of the four types of MPs, the drift velocity of the particles, in
stationary liquid, within a known region of the magnetic B-field was determined. Using
an inverted microscope and magnification that allowed the clear viewing of 1 µm
particles, the particles were observed in a Fast-read microscope slide (Immune Systems,
UK) which contains a set of easy-fill fluid “observation chambers” (Figure 5.1) of
dimensions 190 × 100 × 0.1 mm. Each observation chamber has a counting grid preetched to its surface for easy determination of viewing location. MPs were observed
moving towards the magnet and their velocity measured, but data from MPs that
travelled with atypical velocity were ignored from the analysis. Selecting velocity data in
this way is necessary to avoid including data from beads that are clearly interacting with
the chamber’s internal surfaces or close neighbours, noting that the channel depth size is
just 100 µm.
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Figure 5.1. A schematic of the experimental setup used to determine the magnetically
induced velocity of magnetic particles, as single particles and self-assembled chains
5.3.3. Binding observations
All particles were washed in TE buffer three times before being diluted to a
concentration between 6 -7 × 107 particles/ ml. MPs were re-suspended in DI. In order to
enable the binding of MPs to the biotinylated silica beads, 250 µl of the silica beads were
added to the 250 µl MPs and incubated with steady rotation for two hours.
5.3.4. Observations
All particle types were diluted to within a range of 6-7 × 107 particles/ ml in DI. A
volume of 20 µl of each MP solution was pipetted into the Fast-read observation
chamber. After the particle solution had filled the chamber and particles were stable, an
external magnetic field was applied by accurately positioning a permanent N42
neodymium magnet (Magnets4U, UK) adjacent to the observation chamber (8 mm from
the viewing area) as illustrated in Figure 5.1. Video frames were recorded of the particles
moving towards the magnet using µEye software and a CCD camera (Imaging
Development Software, Germany) (33 frames/ second) and were analysed offline using
the ImageJ software. MPs were tracked over a distance of 55 µm; the equivalent of one
traverse of the field of view (FOV) of the camera. The velocity of the MPs was
calculated using the ImageJ software.
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5.3.5. Zeta potential
Zeta potential measurements were taken using a Zetasizer (Malvern Instruments, UK)
and the method followed as described in Section 3.2.2. The zeta potential measurements
were taken across a range of water with pH between 3 and 10.
5.3.6. Software packages
The B-field of the magnet through the observation channel was modelled using FEMM
(http://www.femm.info/wiki/HomePage) a finite element method software package for
magnetics; 𝛻|𝐁|2 was estimated to be of the order of 10-6 T2/ m. Particle trajectories
were tracked using ImageJ video tracking software.
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5.4. Results for the magnetophoretic mobilities of magnetic particles
A study into the magnetophoretically induced velocity upon MPs was conducted. Single
particles, chains and MP-NB complexes were analysed. Velocity data was compared to
predictions derived from a simple drag force model to determine if relative drift velocity
of MP-NB complexes could be a useful parameter in a biosensor. MPs bound to a nonmagnetic biomarker, for example, are predicted to have a lower drift velocity (i.e.
mobility) compared to a single MP; detection of bacteria is given by interpretation of the
relative mobility of a population of such particles.
5.4.1.

Magnetophoretic mobility of magnetic particles

The Dynabeads M270 of size 2.8 µm had the largest drift mobility, attributed to the
larger quantity of iron present in this type of MP. The Chemicell MPs had the lowest
mobility. The magnetically induced drift velocity of the MPs is given in Table 5.2.

Table 5.2. The magnetophoretic induced velocity obtained for the four different types of
magnetic particles in water (n = 20). (*Not specified by manufacturer)

Particle
Chemicell
MyOneC
MyOneT
M270

Diameter Iron Velocity Velocity
µm
%
µm/ s
SD
1
*
12.19
0.36
1.05
26
15.58
0.28
1.05
26
17.32
0.13
2.8
14
59.01
0.18

Given the heterogeneity of the MPs used within this study, inevitably there is a range of
mobilities which may be attributed to the different size, shape and iron content. As
described in Section 5.3.4, care was taken, when recording observations, to discount MPs
interacting with internal surfaces of the observation chamber.
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5.4.2. Magnetically induced velocity on magnetic particle chains
Chains of MPs were evaluated for their velocity as they passed through the FOV. As the
chains self-assemble along the direction of the magnetic field lines, it is possible to
establish drift with either orientation of the chain, by using a different configuration of
the permanent magnet. The orientation of the chain is in the same direction as the pole
axis of the magnet as illustrated in Figure 5.2. In order to explore further the effect of
Stokes’s drag force upon chains of MPs and to demonstrate the models proposed, two
experimental configurations were investigated.
In the configuration shown in Figure 5.2i, the long axis of the magnet was placed parallel
to the observation chamber (Figure 5.2iii). MP chains are formed along the direction of
the magnetic field lines and the chain drifts in the direction of increasing magnetic
energy density, i.e. towards the magnet. In configuration Figure 5.2ii, the long axis of the
magnet was rotated 90 degrees, perpendicular to the observation chamber, and the
magnetic pole axis rotated. The MP chains will again form along the magnetic field lines
but the direction of the drift orthogonal to the long axis of the chain. The chain travels
towards the magnet but in an orientation with higher Stokes’s drag (Figure 5.2iv).
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Figure 5.2. A schematic of magnetic particles travelling towards a permanent magnet in
configuration (i) showing the B-field lines, the direction of B-field (B) is parallel to the
direction of maximum magnetic force (F). In configuration (ii) the B-field and force are
perpendicular
(iii) Sequential images of a chain of three MPs travelling towards the magnet at three
time intervals (t0, t1 and t2), and (iv) a chain of five MPs aligned perpendicular to the
magnet at three time intervals (t0, t1 and t2). Chains assemble in the B-field direction.
[Not to scale.]

The magnetic drift velocity observed for the case of a chain of n identical spherical
particles, moving either with the long axis of the chain in the direction of the drift or
perpendicular to the drift, can be estimated by equating the magnetic forces to an
approximation of the corresponding drag force.

Following [393] the drag on a

longitudinal elliptic body in low Reynolds number flow can be adapted for this study by
assuming a circular cross-section equal to the diameter of the spherical particles, a, and
the length of the long axis determined by the number of particles in the chain, 𝑛 × 𝑎.
𝐹∥ = 4𝜋𝜂𝑎𝑣

𝑛2 − 1
2𝑛2 − 1
ln[𝑛 + (𝑛2 − 1)1⁄2 ] − 𝑛
(𝑛2 − 1)1⁄2
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(5.3)

The above equation applies for the case when n ≥ 2 and is the drag force when the long
axis of the 𝑛-particle chain is aligned in the direction of a scalar drift velocity, 𝑣, i.e.
configuration (i). When the drift velocity is perpendicular to the long axis of the chain,
i.e. configuration (ii), the drag force approximates as
𝐹⊥ = 8𝜋𝜂𝑎𝑣

𝑛2 − 1
2𝑛2 − 3
ln[𝑛 + (𝑛2 − 1)1⁄2 ] + 𝑛
(𝑛2 − 1)1⁄2

(5.4)

The magnetic force acting on a body of 𝑛 MPs in a linear chain will be taken as simply 𝑛
times the force on a single MP. In other words, dipole interaction between neighbouring
MPs has been determined to be negligible compared to changes in the drag force. Using
equation (5.1) equated to either (5.3) and (5.4) leads to the magnetic drift velocities for
the two orientations of the chains. In order to compare the mobility of an 𝑛-MP chain
with the model described above it is sufficient to consider a normalised velocity obtained
by dividing by the magnetic drift velocity for a single bead, u. Figure 5.3 shows the
experimental data compared to the model (dotted curve), and within the expected
statistical error confirms that the longitudinal elliptical body approximation is a sufficient
predictor of the drift velocity of 𝑛-MP chains.

140

Figure 5.3. The normalised ratio of the magnetophoretically induced velocity per chain
of magnetic particles to the magnetophoretically induced velocity of a single magnetic
particle travelling towards a magnet i) parallel and ii) perpendicular to the field lines.
The dotted curves represent the data calculated from the proposed model. Error = 1 SD.
The data points represented by a square are single data results with replicates.
The magnetically induced velocity on a single MP of each type was normalised to 1.
This enabled the data collected from all four MP types and, the chains they formed, to be
directly comparable. Figure 5.3 displays the normalised velocity data of the chains
formed by all MP types.
5.4.3. Zeta potential measurements
The zeta potential of all Chemicell particle types was measured at different pH values.
An estimation of the isoelectric point was found to be at pH: 5.5 for the ScreenMAG-G
MPs, 6.2 for the SLBs and 6.9 for the LLBs (Figure 5.4). The zeta potential measured for
the Dynabeads varied from that listed by the manufacturer (Table 5.3). The conditions
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under which the manufacturer measured the charge are not specified. The zeta potential
is influenced by many characteristics, such as concentration and the suspending solution
[394]. Consequently the charge measurements tabulated here are only comparable within
this study.
In order to maximise binding of an MP to a target, the zeta potential of the particles was
investigated to determine the charge of particles and to predict electrostatic interactions.
The charge of the particles at pH 7 was determined to be negative and results in an
electrostatic repulsion rather than an attractive force to the NB. Secondly, the zeta
potentials of the formed MP-NB complex should be the same as the internal surfaces of
the device they are within. The same electrostatic charge will create a repulsive force
between the internal surfaces of the observation chamber and the MP-NB complex;
reducing MP-surface interactions.
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Figure 5.4. The zeta potential of Chemicell i) streptavidin-ScreenMAG-G ii) short-linker
biotinylated silica and iii) long-linker biotinylated silica beads, suspended in water
adjusted to different pH values. The crossing of the horizontal axis determines the
isoelectric point. Error bars denote the standard deviation of the individual
measurements (Error =1 SD; n =15).
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Table 5.3. The surface properties of the magnetic particles and silica beads used within
this study (* data not provided by manufacturer).

Particle
ScreenMAG/G
MyOneT
MyOneC
M270
ScreenCORE/SL
ScreenCORE/LL

Isoelectric
Point
pH
5.4
5.0
5.2
4.5
6.1
6.9

Charge
pH 7
mV
*
-10
-35
-50
*
*

Zeta pH7

Protein/Ligand

mV
-17.39
-16.04
-20.57
-28.28
-34.22
-7.68

Attachment
Aminated
Tosylactivated
Carboxylic
Carboxylic
Aminated
Aminated

5.4.4. Bound particles
When incubating MPs with the SLBs, paired bindings were observed to be extremely
rare. The same difficulty was not found when binding MPs to the LLBs. The binding of
the SLBs was difficult for all MPs types in DI. However, little or no binding was seen
with the SLBs with the larger M270 MPs. As discussed in Section 5.4.3, the electrostatic
forces may inhibit binding. The short linking arm may not be brought into a region that
would enable linkage with the streptavidin site. The same phenomenon was not
experienced when binding the LLBs, i.e. in this case binding appeared to be immediate,
suggesting that the electrostatic forces were circumvented by the extra length of the
binding linker (data not shown). The results presented are for only the LLBs bound to the
various types of MPs.
The bound MP-NB complexes were tracked and the velocities calculated. The complexes
travelled at 75 – 85% of the velocity of one MP. The predicted velocity is a factor of 0.8
times the velocity of a single MP due to the additional Stokes’s drag introduced by the
bound NB (as per equation 5.4). In all cases the NB aligns behind the MP, in the
direction of travel, regardless of the magnet configuration.
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The data in Figure 5.5 displays single MPs bound to single NBs with a 1 µm diameter. In
vitro experiments may find single MPs bound to smaller or larger, bacteria or even
multiple bacteria. In such cases the velocity of a particle-bead complex will be further
reduced with increasing diameter or number of attachments. The model fits with the
observations made, although there are some variations between the different MPs types.
MyOneC and MyOneT both have the same iron oxide content and should therefore have
the same magnetically induced velocities; it may be seen from Figure 5.5, that the
induced velocities are similar but not identical. The variations may be attributed to the
heterogeneity of the MPs and the variance in the magnetically induced drift velocity this
creates.

Figure 5.5. The velocities of single magnetic particles (hatched) and single magnetic
particles bound to a single biotinylated silica bead (dotted). The number above each
column represents the velocity ratio of the magnetic particle-silica complex, to the
velocity of a single MP of the same type. Error = 1 SD; n = 5.

5.5. Conclusions
A method has been developed that allows the analysis of the magnetically induced drift
velocity of MPs in a known magnetic gradient. The trajectories of the MPs within a
magnetic field, as single particles, chains and complexes, were observed. The Dynabead
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M270 had the greatest magnetophoretic mobility. Chains of MPs aligned with the field
lines of the magnet.
This study shows that the magnetic drift velocity of MPs formed into chains or attached
to NBs can be predicted using simple approximations to the increase in drag forces.
Tracking the movement of MPs attached to a biomarker will enable the quantification,
and a method to separate, successfully captured biomarkers. The measurement of
magnetophoretic mobility may be an effective tool for the detection of captured bacteria
by the MP if the attachment is of comparable size.
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6. The separation and detection of single, viable Escherichia
coli from drinking water
The separation method, as described in Chapter 5, to discriminate between bound and
unbound MPs was used to evaluate captured E. coli from DW. The research in this
Chapter describes the labelling of MPs with an anti-E. coli antibody and the optimisation
of the method. The magnetophoretic drift velocities of MP-bacterial complexes were
explored and the drift-velocities of viable and non-viable bacteria compared.

6.1. Introduction
Whilst many of the novel biosensors, that have been described, offer great promise and
low-detection limits (as low as 1 CFU/ ml) [18, 169], many require highly trained
scientific users and are costly in their use of reagents and equipment. MPs, in
conjunction with immuno-labelling are a cost-effective, sensitive method for capturing
target bacteria from environmental samples and are used within this study to analyse
captured E. coli at the single-cell level.
6.1.1.

Superparamagnetic microparticles

Functional magnetic micro-particles are used in bioanalytical applications as solid
carriers for capture, transport and detection of magnetically labelled cells [185]. The
MPs are able to be freely dispersed within a sample. Colloidal suspensions of MPs
provide a large surface for chemical binding. MPs are easily dispersed throughout a
sample which enables the highly efficient interactions with the target cells [215].
Functionalising the surface of the MPs with an antibody allows the binding of speciesspecific bacteria.
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6.1.2.

Escherichia coli as a biosensor target

The physiology and virulence of E. coli is well reported. Most strains of E. coli are not
harmful and are ubiquitous in the mammalian digestive system. However, some strains
are enterohemorrhagic and cause diarrhoea, severe illness and even death. An indirect,
but common secondary consequence of E. coli gastroenteritis is that of haemolytic
uraemic syndrome which is characterised by the onset of fragmentation of red blood cells
and renal failure, for which there is no direct treatment [395]. E. coli

was first

recognised as a cause of illness in 1982 during an outbreak causing severe bloody
diarrhoea due to contaminated hamburgers [396].
“Indicators are used to provide an early warning of potential microbial contamination”
[74]. The bacteriological quality of DW is determined using indicators of microbial
contamination; E. coli is a universally used indicator [30]. Although the use of an
indicator organism such as E. coli

has received discussion over its suitability for

indicating water contamination, there are no reliable alternatives [33]. Due to the widely
reported cases of E. coli as a water- and food-borne pathogen [397], many sensors have
been described which target this bacterium [397–400]. It was therefore used as an
indicator in this Chapter.
6.1.3. Escherichia coli carriers and vectors
E. coli resides in the intestine of many animals. Most pathogenic strains of E. coli are
carried by healthy cattle in their faeces [401] and cattle farming has been attributed for
the distribution into groundwater. Rain is an important vector in the distribution of E.
coli however, and temperature is equally as important to the presence of pathogenic
strains [26].
The physico-chemical intestinal environment is vastly different from that of the extraintestinal habitat. E. coli is a facultative anaerobe which can adapt in order to survive and
maintain its virulence in both environments [20]. Additional reported sources of E. coli
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contamination are from minced beefburger, unpasteurised milk, cider and vegetables
(e.g. lettuce and radish sprouts) [395].
6.1.4. Immuno-labelling of magnetic particles and magnetophoresis
Antibody or nucleic acid probes are utilised in a vast number of detection sensors [402].
A capture molecule may be immobilised on the surface of an MP, once bound to the
target, the target also inherits the magnetic properties [350]. Antibodies can be either
polyclonal (multi-strain specific) or monoclonal (single-strain specific) and can target
specified antigenic sites on a cell, in this case a bacterium. The number of strains of E.
coli has been reported to be 173 ‘O’ antigens, 103 ‘K’ antigens and 56 ‘H’ antigens, with
more ever being discovered [401].
Given the strong binding properties to biotin and the ease with which proteins may be
biotinylated, many manufacturers offer MPs coated with streptavidin. This binding
interface was used in this study to demonstrate the potential for using immuno-labelling
of MPs for target detection through attachment of a biotinylated antibody to streptavidin
coated MPs. The biotinylation of the “heavy chain” of antibodies allows specific
orientation of the antibodies upon the MP, ensuring the antigenic binding sites are
available for binding and not blocked by the surface of the MP. This increases the
affinity of the biosensor.
Once a cell has been captured by an immuno-labelled MP, the cell can be manoeuvred
by a magnetic field. “Magnetophoresis is the physical migration phenomenon of a
particle in a liquid due to the magnetic susceptibility of the particle under a magnetic
field gradient” [403]. A static magnetic field is applied to the sample; only magnetic
material will migrate. An advantage of using a static field is that it will not impact the
transport of charged solutes and ions in aqueous solutions, unlike an electric field [282].
Target bacteria are present in environmental samples in low concentrations. A high
concentration of MPs is required in order to move through a sample and ensure the
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binding and isolation of the target bacteria. Chapter 4 details the microfluidic
concentration method used to achieve this separation. In order to successfully identify
the percentage of bound MP to bacteria, the unbound MPs must be removed. To achieve
this, a non-uniform magnetic gradient is applied. Bound MP-bacterial complexes migrate
along the gradient at a reduced velocity and are therefore separable from the unbound
particles. The bound MP-bacterial complexes, once isolated, can be viewed at the single
MP-bacterial level using the magnetophoretic observation chamber as described in
Chapter 5.3.4.
A prerequisite of designing a novel biosensor technology is the ability to determine the
physiological state of the captured bacteria. An investigation into the magnetophoretic
drift velocities of viable and non-viable cells was conducted to ascertain whether a
relationship could be found between the magnetically induced drift velocities and
viability.
6.2. Transport model
There are two known dominant forces which act upon MPs when in a magnetic field.
Primarily, the magnetic force imposed by a gradient field and secondly the Stokes’s Drag
which is generated in the opposite direction to motion through a fluid, a detailed
description of these forces may be found in Chapters 4.2 and 5.2.

6.3. Materials & method
The method for preparing the immuno-labelled MPs is described here, along with a
description of the magnetophoretic chamber used for separating bound and unbound
MPs, and viable and non-viable E. coli cells.
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6.3.1. Immuno-labelling of magnetic particles
The five types of MPs used within the optimisation study were ScreenMagG (Chemicell,
Germany) of approximately 1 µm diameter, Dynabeads MyoneC and MyOneT of 1.05
µm diameter and Dynabeads M270 and M280 of 2.8 µm diameter obtained from
Invitrogen, UK.
Superparamagnetic microparticles Dynabeads MyOneC coated in streptavidin, 1.05 µm
in size, were purchased from Invitrogen, UK. A concentration of 7-12 × 107 beads/ ml
were washed in PBS three times and re-suspended in 100 µl of PBS. Anti-Escherichia
coli polyclonal antibody (Biotin) (ab20640) was purchased from Abcam, UK. Aliquots
of 20, 40 and 120 µg/ ml were added to the MPs. The antibody-MP samples were
incubated for 40 minutes at 100 rpm in an orbital shaker. The MP-antibody conjugates
were washed by collecting the MPs at the bottom of the Eppendorfs, by using a
permanent magnet and removing the supernatant. The antibody-MPs were then washed
four times in PBS with 0.1% bovine serum albumin, to block excess binding sites. The
MPs were re-suspended in 100 µl of the same buffer and stored at 4 °C, the surfactant
Pluronic F-127 (Sigma Aldrich, UK) was added a 0.1% w/v.
6.3.2.

Binding calibration

To measure the amount of biotinylated antibody that had attached to the streptavidincoated MPs, the absorbance of the antibody suspended in a quartz curvette, at a
wavelength of 280 nm, was established over a range of concentrations using a
Schimadzu spectrophotometer to determine a calibration curve.
Absorbance is given as a logarithmic ratio of a quantitative measurement of the radiation
falling upon a material and the radiation transmitted through the material:
𝐼

𝐴𝜆 = −𝑙𝑜𝑔10 𝐼1
0
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(6.1)

where 𝐴𝜆 is the absorbance at a certain wavelength of light (λ), 𝐼1 is the intensity of the
light that has passed through the material and 𝐼0 is the intensity of the light before the
material [404].
After binding the antibody to the MPs, the supernatant was removed and the absorbance
measured. The extinction coefficients at 280 nm [141] were derived from the calibration
and were used for estimating the amount of conjugated antibody with the MPs.
6.3.3. Escherichia coli preparation
E. coli (HB101) was obtained by, kind permission, from the stores of Professor
Thompson’s laboratory at the Engineering Science Department, University of Oxford. A
single colony was inoculated in pre-autoclaved Luria broth and incubated in an orbital
shaker at 30 °C overnight. The bacteria were centrifuged into a pellet, at 10,000 rpm and
cooled to 10 °C, the supernatant was removed and the pellet re-suspended and washed
three times in PBS. The bacteria were finally re-suspended in ambient DW for further
experimentation.
6.3.3.1.

Viable and non-viable cells

To prepare the cells for the viable and non-viable analysis, a sample of E. coli was
treated using chlorine at a concentration of 5 mg l-1. Cells were suspended in the
chlorinated solution for one hour. The cells were centrifuged as above and washed five
times in DW to remove the chlorine from the sample. To ensure the cells were nonviable, samples were analysed using the traditional plating method as described by Miles
and Misra [323]. The concentration of the sample of viable E. coli was 1.4 × 107
CFU/ml.
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6.3.4. Antibody-MP-bacterial binding
The 100 µl antibody-MP stock solutions were added to 900 µl of E. coli suspended in
DW and incubated at room 25 °C in an orbital shaker at 100 rpm for 2 hours. The
Antibody-MP-bacterial complexes were collected at the bottom of the Eppendorfs and
unbound E. coli cells were removed in the supernatant. The complexes were washed in
DW twice before further analysis.
6.3.5.

Mobility study

To determine the magnetophoretic mobility, the velocities of single MPs, and MPbacterial complexes were measured within a known region of a magnetic B-field. Using
an inverted microscope and magnification that allowed the clear viewing of 1 µm MPs,
the MPs and MP-bacterial complexes were observed in a Fast-read microscope slide
(Immune Systems, UK) which contains a set of easy-fill fluid “observation chambers”
(see chapter 5.3.4).
6.3.6.

Observations and software packages

Observations were made as described in section 5.3.4 and 5.3.6.
6.3.7. Statistics
The significance of the results described were tested using the Student’s T-Test. The use
of ‘*’ denotes a statistically significant difference between means with P<0.05.
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6.4. Results
The capture of E. coli cells was demonstrated using five types of MPs. An example of
light microscopy images of E. coli attached to M270 and Chemicell MPs is pictured in
Figure 6.1.

Figure 6.1. a) An M270-Escherichia coli complex and b) a Chemicell-Escherichia coli
complex

6.4.1. Antibody Specificity
To determine the specificity of the antibody-MPs, a control sample of unfunctionalised
MPs and two samples of anti-E.coli-MPs were incubated for eight hours with a sample of
E. coli HB101 and a sample Staphylococcus warneri (ATCC 27836). The capture
efficiency was determined using light microscopy, and was found to be 82% for E. coli
and 1% for S. warneri. This demonstrated the specificity of the functionalised MPs to
capture E. coli (Figure 6.2).
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Figure 6.2 The capture efficiency of anti-Escherichia coli-MPs of Escherichia coli,
Staphylococcus warneri and unfunctionalised MPs (Error = 1 SD; n=4)

The optimised binding conditions used to capture viable and non-viable E.coli cells were
determined. The magnetically induced drift velocity of viable and non-viable cells was
calculated using the magnetophoretic chamber as described in Chapter 5.
A calibration between concentrations of anti-E. coli antibody suspended in DI, and
absorbance measurements at wavelength 280 nm was made (Figure 6.3). A good
correlation was established between the two parameters (R2 = 0.99) and the equation of
the straight line was found to be y = 0.0018x.

Figure 6.3. The antibody absorbance calibration conducted at a wavelength of 280 nm
(Error = 1 SD; n=3)
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The amount of antibody used to functionalise each type of MP was determined using this
equation and the amount of antibody conjugated to the respective MPs was calculated
and is detailed in Table 6.1. The density of the MP types and the surface area was
obtained from the manufacturers’ data sheets [351, 390].
The absorbance measurement of the supernatant showed that the greatest amount (65%)
of the total antibody was attached to the MyOneC MPs. The MP type M280 had the
lowest amount of antibody bound to its surface, retaining only 25% of the original
antibody concentration.
The use of biotinylated antibody-streptavidin labelling was overall successful, and found
to be a simple method for fuctionalising MPs.

Table 6.1. The magnetic particles used in the immunoassay to capture Escherichia coli,
physical attributes and the amount of antibody applied and attached to the MPs with the
calculated antibody surface area
Surface
Size Applied Bound Bound
Beads
Surface Area
Antibody
2
Bead
(µm) (µg/ ml) (µg/ ml)
%
(per µg)
(µm / g)
(ng/ m2)
Chemicell

1.00

40

23.15

57.87

9.0 x 107

5.0 x 1013

46.30

MyOneT

1.05

40

22.22

55.56

9.5 x 106

3.3 x 1013

67.54

MyOneC

1.05

40

25.93

64.81

9.5 x 106

3.3 x 1013

78.79

M270

2.80

40

20.56

51.39

6.5 x 105

1.6 x 1013

128.4

24.54

5

13

61.31

M280

6.4.2.

2.80

40

9.81

6.5 x 10

1.6 x 10

Antibody-magnetic particle functionalisation capture efficiencies

The optimal binding conditions were explored by coating the five types of MPs with
different concentrations of the antibody. The larger beads (M270 and M280) were
trialled with three concentrations of antibody: 20, 40 and 120 µg/ ml. A maximum
binding percentage was found for both particle types between 8 and 10 hours of
incubation. A decline in the percentage of binding was observed after 10 hours. The
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incubation step was conducted in an orbital incubator maintained at room temperature.
The decline in binding efficiency may be attributed to the denaturing of the antibody
[405].
The concentration of antibody 120 µg/ ml achieved the highest binding capacity for
particle types M270 and M280 (Figure 6.4). Even at this high concentration of antibody,
only 55% of the MPs were bound to bacteria. This poor binding efficiency does not
make the MPs suitable for capturing E. coli from environmental samples.

Figure 6.4. The binding efficiencies of the 2.8µm magnetic particles M270 (a) and M280
(b) functionalised with different concentrations of antibody (Error = 1 SD; n=3)

Of the 1 µm MPs the maximum binding percentage was 80%, obtained using the
Dynabead MyOneC at both 20 and 40 µg/ ml. Chemicell MPs had the second highest
binding efficiency, reaching greater than 60%. The optimal conditions for attaching the
antibody to MyOneC and were a concentration of 40 µg/ ml and an incubation of eight
hours (Figure 6.5) and similarly for the Chemicell MPs the conditions are 4 hours and 20
µg/ ml of antibody.
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Figure 6.5. A comparison of the three types of magnetic particles functionalised with a)
20 µg/ ml and b) 40 µg/ ml of anti-Escherichia coli antibody (Error = 1SD; n=3)

A higher percentage of antibody was attached to the smaller MPs, providing more sites
for the antibody to bind to the target. This has been previously reported [141] and may be
explained by the larger surface area to volume ratio for the smaller MPs.
6.4.3.

Magnetophoretic velocity of Escherichia coli

Given the higher capture efficiencies of MyOneC and Chemicell particles, they were
used to explore the magnetophoretic-drift velocities of captured E. coli.
MP-bacterial complexes and unbound MPs were observed as they traversed the FOV.
The velocity was determined by tracking the individual trajectories using ImageJ
software. Single MyOneC MPs travelled at an average velocity of 20 µm/ s and
Chemicell MPs at 18 µm/ s. The drift velocity is expected to reduce as the number of
bacteria attached to the MPs increased.
A comparison of the drift velocities induced on the MyOneC and Chemicell MPs was
conducted (Figure 6.6). Surprisingly, the drift velocities for the Chemicell MPs did not
differ significantly between the single MPs, and complexes (T-Test P>0.05). Unbound
and bound complexes of the MyOneC MPs, however, could be determined by the
magnetically induced drift velocity of the MyOneC MPs and were therefore used in the
later separation experiments.
158

A comparison was made between the MP types: Chemicell and MyOneC. The aim of
the experiment was to select the most suitable MP type for use in bacterialmagnetophoretic separations. As mentioned previously, no clear distinction could be
made between the unbound and bound spread of velocities of the Chemicell MPs. This
may be explained by the size distribution of the Chemicell MPs as found in Chapter 5. It
was noted that the range of the magnetic mobility of a single MyOneC particle type was
narrower than that of single Chemicell particles (see Chapter 5).

a.

b.

Figure 6.6. The scatter graphs (
represent single MPs,
MP+1 bacterium and
MP+2 bacteria) and respective bar graphs obtained for the velocity of magnetic
particles attached to one and two viable Escherichia coli cells a) Chemicell and b)
MyOneC
(Error = 1SD; * denotes T-test P<0.05)

Figure 6.7 displays the magnetically induced drift velocities of the MyOneC MPs
attached to viable E. coli cells. It was observed that in rare cases, as many as seven
bacterial cells could attach to a single MP at any one time. Pathogenic bacteria express
159

and utilise an array of adhesions, which can occur as protein-protein or proteincarbohydrate interactions [83]. Adherence molecules on the cell membrane of E. coli,
such as fimbriae, lock the cells together, and though not directly attached to the MP, the
complex moves as one. Even with vigorous vortexing and ultrasonication of samples
before analysis, these clusters of bacteria were still visible.

Figure 6.7. The magnetically induced velocity of Dynabeads MyOneC as the beads
traversed the observation chamber. The number above each column is the ratio of the
velocity of the complex to a single MP. The dotted data points denote single observation
results (Error = 1 SD)

6.4.4. Magnetophoretic velocity of viable and non-viable Escherichia coli
cells
Viable and non-viable cells were prepared by using chlorine to render one population of
cells non-viable. Plate counts determined that no viable cells were present in the
chlorinated sample 0 CFU/ ml and 1.59 x 107 CFU/ ml in the untreated sample.
There was a significant difference between the magnetically induced drift velocities of
MPs when attached to viable E. coli cells and non-viable cells (Figure 6.8). The viable
cells had a velocity of approximately 0.49 that of a single MP, whereas the non-viable
cells travelled at a velocity of 0.75 that of a single MP.
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Single MP
Viable E. coli-MP
Non-viable E. coli-MP

Figure 6.8. The magnetically induced drift velocities of magnetic particles attached to
Escherichia coli in non-viable and viable physiological states relative to the drift
velocity of an unbound single magnetic particle (Error = 1 SD; n=10 * denotes T-test
P<0.05)

The magnetic drift velocities of single MyOneC MPs bound to different number of E.
coli cells from viable and non-viable sample sets was found to fit an exponential
expression.

Figure 6.9. The logarithmic values of the magnetically induced drift velocity upon a
single magnetic particle bound to increasing numbers of bacteria (N) for dead
Escherichia coli; and for viable Escherichia coli, (Error =1 SD n is dependent upon
the number of observations made which were random)
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The logarithmic plot in Figure 6.9 displays a linear relationship with high regression
values for both the chlorinated (R2=0.9217 and equation of the line y = -0.1096x –
4.7849) and viable (R2=0.9013 equation of the line y = -1192x -4.8747). Using these
equations, it will be possible to determine the number of bacteria attached to an MP and
an estimation of the viability of the captured bacteria. Using these equations, it will be
possible to determine the number of bacteria attached to an MP and an estimation of the
viability of the captured bacteria.
Previous results (Chapter 5) displayed a decrease in the drift velocity of an MP-NB
complex to 0.8 of the velocity of a single unbound MP. A single viable E. coli bound to
an MP travelled at 0.49 times the velocity of a single MP, and a single non-viable E. coli
travelled at 0.75 that of a single MP. It is hypothesised that viable E. coli induced some
resistance to the magnetic transport of the MP. E. coli are widely documented as being
motile organisms. When the bacteria have sufficient ATP within the cells, the bacteria
search for food sources by chemotaxis, rotating their flagellar to search for food. This
movement would increase the resistance to the magnetically induced drift velocity, and
would reduce the velocity of the complex. The viability of bacteria is therefore
demonstrated by motility.

6.5. Discussion
E. coli cells were captured by functionalised MPs using a biotinylated polyclonal anti-E.
coli antibody that was attached to the surface of the streptavidin-coated MP. Of the five
MPs trialled, the Dynabead MyOneC was selected to use in further experiments due to
its high E. coli-capture efficiency, in the shortest duration (8 hours) and the uniformity of
the MPs.
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6.5.1.

Antibody conjugation of magnetic particles

It was observed during this investigation that, after 10 hours of incubation at room
temperature, the immuno-labelled MPs lost the ability to bind bacteria. This may be
attributed to the loss of biological function and overall stability of proteins above 4 °C
due to the degradation by proteases [405]. Long-term use of an antibody under
environmental conditions is therefore not appropriate, as the sensing technology will be
compromised by a denatured antibody. The addition of a protease inhibitor may be a
solution to prevent the rapid degradation of the protein and is suggested for further
research.
An explanation for the lower than expected capture efficiency exhibited by the MPs
when labelled with the polyclonal antibody is that the antibody is designed to target the
O-saccharide of E. coli. The strain of E. coli used in this experiment was HB101. The
naming of the strains of E. coli i.e. O, K and H, is due to the presence of an antigenic site
at different locations on the cell surface. The antibody region of HB101 is located on the
flagellum and the specificity of the polyclonal anti-E. coli from ABCAM had not been
previously tested upon strains with the H antigenic site. Different strains of E. coli
interact differently to the same MPs, due to the different antigenic differences between
strains [141]. E. coli HB101 was used in this study to demonstrate the capture of bacteria
using immuno-labelling of MPs. To optimise this assay, an environmental strain of E.
coli indigenous to the sensor-sampling area could be used as an indicator of
contamination. There has been advancement in the development of synthetic
oligonucleotides (aptamers) during recent years [96]. It is proposed, to increase the
capture efficiency and the shelf-life of the MP-capture biosensor technology, aptamers
[103] are investigated as an alternative labelling method.
Only 55% of the MPs for M270 and M280 were bound to bacteria. As the M270 and
M280 are negatively charged (see Chapter 5.4.3), and when suspended in water, E. coli
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is also negatively charged (see Chapter 3.3.1.1). These particles repel each other and are
likely to have a minimum separation distance that depends on the repulsive charge
magnitude. A reason for the poor percentage of MPs bound to bacteria is that the linking
arm attaching the antibody to the MP is not long enough to circumnavigate the
electrostatic repulsion region. Tu et al. [141] observed that larger MPs were more
effective at capturing bacteria than smaller MPs at the same density. They attributed this
to the ability of the larger MPs presenting a larger volume, and therefore increase the
possibility for target-collisions. An investigation into the optimal pH should be
conducted to improve the capture efficiency of the antibody-coated MP; it has been
reported that the interaction between antibodies and antigens was dependent upon the pH
of the reaction system [220]. The proposed sensor is designed to reduce the detection
time for identifying contaminated environmental samples; an incubation time of 8 hours
is too long. In order to improve the proposed sensor and move towards a commercial
product, this incubation period must be reduced significantly. It is proposed that mixing
should be conducted on-chip using a spiral microfluidics channel [232], thus
encouraging immediate MP-bacterial interaction. This will shorten the incubation step
and improve capture efficiency.
The detection of E. coli has been demonstrated here. However, there is no reason to
suggest that this technique is limited to E. coli, as a plethora of antibodies exist for the
detection of not only bacteria but of biomarkers of disease also. Using a magnetophoretic
gradient along a microfluidic chip, it is possible to separate viable and non-viable
bacteria. It is hypothesised that this technique may also be used to separate damaged
cells from intact cells, given the induced drift velocities.
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6.5.2.

Magnetophoretic velocity of viable and non-viable Escherichia coli

cells
There was a significant difference observed between the viable and non-viable drift
velocities of E. coli cells. It is well documented that when bacterial cells are treated with
chemicals, the cell membrane is permeabilised and stressed cells can change in shape.
The loss of membrane integrity results in the free transport of ions in and out of the cell,
the cell is expected to lose its rigid structure, becoming much like a deflated balloon.
Viable cells of E. coli are motile through the use of a single flagellum. The viable cells
may be altering the trajectory of the MP by “swimming”, thus increasing the drag force
exerted on the MP-bacterial complex, motility therefore defining viability in this study.
Viable and non-viable bacteria have morphological differences that are not visible using
conventional light microscopy. The loss of cell integrity may also play a role in the
increased velocity of non-viable cells. It is recommended that environmental scanning
electron microscopy (SEM) is conducted upon viable and non-viable bacteria, to observe
any morphological differences.

6.6. Conclusions
The magnetophoretic chamber described here is a useful tool to distinguish between
unbound and MP-bacterial complexes. Bound MPs traverse the chamber at a slower
velocity than single MPs. It is possible to distinguish between viable and non-viable E.
coli cells, by viable cells motility, using the magnetophoretic chamber described due to
the difference in the magnetically induced drift velocities.
The use of video-tracking will enable the automation of the analysis and a digital readout
of the magnetically-induced velocities of single MPs, MP-bacterial complexes, and
differentiate between viable and non-viable bacteria within a sample.
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7. Summary, conclusive remarks and future work
The objective of the work described in this thesis was to develop a biosensor to detect
pathogenic bacteria in water. The key features of the biosensor were: to enumerate and
assess the viability of captured bacteria from continuous flow, and to reduce the
detection time of current microbiological methods.

7.1. Summary of research and discussion
Available microbiological techniques were investigated to ascertain whether they could
provide a basis for viable, rapid detection of bacteria. An MFD was designed,
incorporating magnetophoresis to separate and concentrate bacteria from water. MPs
were used as solid-capture bodies to isolate E. coli from water. The research conducted
for this thesis is summarised and discussed in this Section.
7.1.1. Microbiological viability analytical techniques
The biosensor developed in this thesis, should produce a rapid reading on the
physiological state of the detected bacteria. The industry standard for pathogen detection
is by use of plate counts, where a response time takes greater than 24 hours. An
exploration of suitable microbiological techniques was conducted with the aim of
identifying a replacement method for the rapid analysis of the viability of bacteria in
DW.
Flow cytometry offers a fast and efficient method for analysing bacterial populations
with the addition of organic fluorochromes [298]. Flow cytometry was used to assess the
bacterial populations and the physiological response of the cells when subjected to
different environmental stressors and conditions. The fluorochromes utilised in this study
were selected as a function of the different physiological pathways they targeted, and
they were indicators of different physiological states such as loss of membrane potential
(DiBAC4) and permeability (SG and PI).
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Berney et al., [406] suggested that the use of membrane-permeable nucleic acid
fluorochromes, such as Syto 9, with Gram-negative bacteria may be limited, due to the
outer membrane acting as a barrier preventing the uptake of these dyes. A correlation
with plate counts was found with one fluorochrome, 2-NBDG. Further development of
the 2-NBDG protocol highlighted areas of concern and variable results when used to
assess different disinfection techniques. Viable bacteria may be active or inactive with
respect to metabolic activity [407]; therefore 2-NBDG is not a reliable indicator of
viability. It has been reported that flow cytometric analysis can overestimate viability in
bacteria by as much as 20% [408]. No satisfactory results were obtained that enabled the
confident use of flow cytometry to identify viable and non-viable bacteria as an
alternative to plate counts.
When cells are exposed to electric fields within the range of radiofrequencies, interfacial
polarisation across the cell membrane causes cells to become polarised [158]. The
bacterial cell membrane is highly insulating, presenting a conductivity of 10-7 S/m,
whereas the inside of the cell, with: DNA , nutrient storage granules, ribosomes and
many more dissolved charged molecules, is more conductive (1 S/m) [157].
Permeabilisation of the cell membrane will result in the breakdown of the membrane and
it can no-longer act as an insulator. The conductivity of the cell membrane will therefore
increase.
Measurement of the zeta potential of bacteria provided an array of information of
bacterial populations. The zeta potential of different species of bacteria was found to be
significantly different. Importantly, zeta potential, as measured using a commercially
available instrument, is dependent upon concentration and the suspending solution [266,
328]. The zeta potential is measured at the slipping plane, a distance away from the
surface charge of a bacterium, in microbiological terms. To improve upon these results
and to better interpret the change in the charge of bacteria when subjected to different
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stressors, a measurement of the surface charge would be beneficial and could improve
upon the results that are reported.
In order to obtain confidence of a rapid bacterial viability technique, a direct comparison
with plate counts is required, or a consistency of results reported. Although there has
been advancement in real-time microbiological techniques, the tested techniques did not
meet all of the requirements for the proposed sensor. No reliable correlation was found
between flow cytometry and zeta potential analysis of bacterial populations and
traditional plate counts. This background investigation highlighted the need for a novel
method to assess bacterial viability.
7.1.2. Microfluidics and magnetophoresis for the continuous separation and
concentration of pathogenic bacteria
Microfluidics enable measurements from small volumes of complex fluids with speed
and sensitivity. MFDs are a powerful and versatile tool for biosensors [366]. In this study
an MFD was designed to incorporate magnetophoresis to separate and concentrate bound
bacteria from a sample flow. A novel quadrupole magnet configuration was designed
that enabled the focussing of the MPs away from the sample flow. A separation of 80%
of the MPs from the sample flow was established which is a marginal improvement on
the 75% trapping efficiency of the MFD reported by Ramadan et al., [377].
The described MFD had limitations; the magnet design encouraged surface collisions
and loss of MPs. Further developments are required to optimise the configuration; these
are described later in this Chapter. MFDs reported in the literature, incorporating
magnetophoresis to separate micro-particles from continuous flow, have not addressed
the vertical forces experienced by the MPs [197], and the problematic removal of these
MPs. This study highlights that there are additional areas within the topic of
magnetophoresis that need to be addressed to better design a continuous magnetophoretic
separation devices.
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The device enables the separation of MPs with different mobilities, providing a
separation platform that is not affected by agglomerates that occur inevitably when
magnetic material is used in biological separations. The microfluidic design has a higher
throughput (3000µl/hr) than described magnetophoretic devices (40 µl/hr) [354]. The
described magnetophoretic device utilises low-in-cost, commercially available materials
and therefore provides a simple platform to separate biological material. Multiple
devices can be run in parallel to increase throughput further and to enable multi-target
detection. In addition, the separation efficiency of the here described magnetophoreticmicrofluidic device was determined after the MPs had exited the device, and not within
the chip, as reported by [197]. Determining the separation of MPs on-chip does not take
into account the starting and final concentrations and is therefore not an accurate method
for determining the overall separation efficiency of magnetic material from a sample.
7.1.3. Magnetophoretic mobilities of magnetic particles
MPs have been used in numerous biotechnology applications over the past decades
which include areas of drug delivery [409], culture assays [410] and biomarker
concentration [411]. To understand better the characteristics of MPs and their behaviour
within a magnetic field, a simple method was developed to determine the magnetic
mobility of MPs and a predictive model was established to calculate the magnetic drift
velocities of the MPs. It was found that some brands of MPs have better uniformity in
size and magnetic content than others. When used in continuous separations, to allow for
predictability, MPs should be chosen on their uniformity. Predictability of the trajectories
of MPs is not as important a characteristic when using MPs in batch applications. The
self-assembly of MPs into chains is a phenomenon that must be carefully considered
when using MPs in a continuous flow separation device. The magnetically induced drift
velocity of chains of different numbers of MPs was determined by a simple model.
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The charge of MPs is an important consideration. The MPs used within this study were
all found to have a negative charge when suspended in DW at pH 7; bacterial cell
surfaces are usually negatively charged at pH 7 [335]. The length of the linking arm
attaching the capture site to the MP must be of a length sufficient to enable the
circumnavigation of the electrostatic repulsion region when the target has the same
charge.
7.1.4. Separation and detection of Escherichia coli
The capture of E. coli from DW was achieved through functionalisation of MPs with a
polyclonal antibody. Using the magnetophoretic observation chamber, the magnetic drift
velocities of the captured bacteria were determined. The drift velocity decreased
exponentially with increasing number of attached bacteria to a single MP. The
magnetophoretic drift velocities of viable and non-viable bacteria were found to be
significantly different. This may be attributed to the differences in morphology of the
bacteria that had been treated with chlorine. It has been reported that disinfection
techniques create wrinkles, holes in the cell wall and the cells lose integrity [68]. As E.
coli are flagellates, motion induced by movement of their flagella may result in
additional drag, thus slowing the MP-bacterial complex. Viability is therefore
determined by the motility of viable bacteria. Further experimentation should be
conducted to provide evidence for this; this is described in Section 7.1.4. As E. coli are
flagellates, motion induced by movement of their flagella may result in additional drag,
thus slowing the MP-bacterial complex.
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7.2. Concluding remarks
A continuous microfluidic separation device has been developed that enables the
concentration of dispersed MPs to be determined using microfluidics and
magnetophoresis. Immuno-labelling of MPs allows the specific capture of a target,
namely E. coli from a complex sample. After concentration, the MPs are separated via
magnetophoresis and are categorised into unbound and bound MP-bacterial complexes
by analysing their magnetically-induced drift velocities. The magnetic drift velocity ratio
of the MP-bacterial complexes to single MPs was used to establish the difference
between viable and non-viable E. coli cells. The detection time of capturing bacteria was
reduced. Traditional plate counts commonly take more than 24 hours; this technique
produced results between four and eight hours, which is a useful improvement. Captured
bacteria were analysed at the single-cell level, and their viability was determined by
differences in their magnetically induced drift velocities.
The research described in this thesis requires some further development before the
biosensor can be used in situ. The research areas required to achieve this goal are
described in this Chapter.
7.2.1. Towards a “Lab-on-a-Chip”
The application of the developed sensor is for use as a continuous monitoring system for
pathogens in waterbodies. To enable this, the sensor requires some further development.
There are three further key components of research and development required.
7.2.1.1.

MP-bacterial binding on-chip

Spiral MFD channels have been described which encourage the immediate interaction
between immuno-labelled microparticles with the targeted cells [232]. Channels that
incorporate spirals would reduce the incubation duration of MPs and bacteria. There is
the possibility of making the binding quasi-instantaneous, due to the fluid dynamics
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forcing the interaction of bacteria with the MPs. The longer the period the antibody is
kept at environmental temperatures (i.e. above 4 °C) the greater the chance of it
denaturing and losing the specificity and selectivity of the biosensor. There are several
targets on, or in bacteria, for a bacteria sensor to detect. Antibodies are expensive and
time consuming to produce due to their complicated production [127]. To increase
affinity and shelf-life of the sensor, aptamers can be designed specifically to the target
required; they are comparatively inexpensive to produce with reversible binding, and as
such seem useful for the biosensor design [100].
The removal of MPs from the bound bacteria is possible, by deploying an elution step.
The elution process requires the pH of the sample to be reduced to acidic conditions (pH
between 2 and 3) or the temperature elevated about 70 °C [412], thus denaturing the
protein binding the MPs to the bacteria. In the proposed sensor there is no need for this
elution step as the analysis of the captured bacteria will be conducted on-chip.
Nonetheless this possibility should be noted. There are alternative applications that
require the targeted cells to be recovered e.g. the separation of rare cell types from blood.
As such, an elution step would be necessary.
7.2.1.2.

Continuous flow

Waterbodies should be monitored continuously for a variety of contaminants, including
indicator bacteria such as E. coli. The microfluidic and magnetophoretic device has the
potential to enable such monitoring through automation of the sample inlets and buffer
flows along with an on-chip mixing chamber (Section 7.1.1.). A characteristic of
microfluidics, that would need to be carefully avoided, is the tendency for blockages and
air bubbles to interfere with the sampling and analytical process. A filter would need to
be applied to remove such debris before the sample entered the biosensor.
Multiple microfluidic chips could be used in parallel, and the sample flow directed
between the chips. With the use of multiple-labels such an approach would enable the
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detection of multiple targets enabling the detection of other indicators apart from E. coli.
Clearly, the total volume of sample required for analysis would be increased.
The experimental setup as described within this thesis is of a relatively simple
magnetophoretic separation and observation chamber, where the analysis of viable and
non-viable cells is conducted. It would be relatively straightforward to write a Matlab
code that recorded the MP-bacterial trajectories and calculated the magnetically induced
drift velocities of each complex that traversed the FOV. Doing so would enable the
automation of the analytical section of the proposed sensor and advance the sensor
toward a total-analysis biosensor.
7.2.2. Increasing separation efficiency and through-put
The separation efficiency of the MFD described in Chapter 4 was determined to collect
80% of MPs. Increasing the magnetic mobility of the MP-bacterial complexes would
increase the separation efficiency, and allow higher flow rates and therefore increase
sample throughput. A method of doing so would be by use of MNPs. Many papers have
described the use of MNP as capture and drug delivery bodies. There is an advantage of
using immuno-labelled MNPs as capture technologies as each individual MNP can be
small enough to be a particle with a single dipole. Labelling a cell with several or
hundreds of MNPs will increase the magnetic mobility of the cell, to a far greater extent
than that of labelling a cell with a magnetic microparticle comprised of only
approximately five magnetic nanoparticles of a single dipole. The difficulty, quite
obviously, in using MNPs is their size, and the limitations of conventional light
microscopy. Labelling cells with exactly the same number of MNPs would prove
challenging, given their size. A more sensitive method of analysing the magneticallyinduced velocity would be required as this is dependent upon the magnetic-component of
the labelled cells.
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7.2.3. Viable and non-viable analysis
There is still a debate over the best method to determine the physiological status of cells.
Due to the low-infective dose limits of some strains of pathogenic bacteria (e.g. E. coli
10 CFU/ ml) the method used in a biosensor must have a correlation with traditional
plate counts and provide additional information of the state of cells.
7.2.3.1.

Chemotaxis and viability analysis

Bacteria respond to changes in the chemical composition of the environment through a
mechanism termed chemotaxis. Species of bacteria, such as E. coli, have flagellar which
enable motility [59]. Signals received by receptors sense a change in the environment
and modulate the rotation of the flagellar in order to approach attractants and to avoid
repellents [60]. E. coli has been reported to swim through aqueous media at 1.76 m day-1
[413] It is hypothesised that the difference in the magnetically-induced drift velocity is,
in part, due to the motility of bacteria. Viable bacteria, as determined by their motility,
will migrate towards a nutrient source, whilst non-viable cells will remain stationary. If
no nutrient source is apparent, the motile bacteria “tumble” in order to search for
available nutrients. This motion, against the magnetic gradient, decreases the velocity
through alteration of the trajectory. To enhance the migration, a repellent chemical may
be used to encourage swimming away from the sample exit. The different magnetic-drift
velocities as observed in Chapter 6, between viable and non-viable E. coli cells, is in
part, attributed to the motility of the viable E. coli and the added drag force on the carrier
MP. In order to test this theory, the same experiment should be repeated but with viable
and non-viable cells of a non-motile species of bacteria such as Stapholococcus aureus.
7.2.3.2.

Raman spectroscopy

Whilst motility is hypothesised as a mechanism for viability analysis at the single-cell
level, RS offers a powerful tool to further enhance the sensitivity of the biosensor.
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RS is the vibrational, inelastic spectrum of objects. It is caused by the Raman scattering
of photons only; 1 in 106 photons are scattered in this manner. With recent advances in
microscopy, video imaging and improved engineering of Raman spectroscopes and
optical tweezers [183], it is now possible to use RS to analyse individual bacterial cells
in vitro, with the potential for continuous monitoring. RS produces a “fingerprint” of
bacterial cells, which is species specific and dependent upon not only the physiological
state, but also the metabolism of the bacterial cells [176]. It is a powerful tool and would
be ideal to use as the analytical part of a bacterial sensor. In addition, because of the
unique fingerprint of each species of bacteria, there would be no need for immunomagnetic labelling of MPs. Instead, a sample could be passed through the MFD, hydrodynamically focussed into a region suitable for RS analysis, a fingerprint taken and an
automated response given. As a proof of principle, RS analysis could be conducted upon
the targets as captured by the biosensor described in this work, a profile of E. coli
obtained and a correlation sought between viable and non-viable bacteria. One drawback
of RS is that it is expensive and requires bulky instrumentation. However, advances have
been made to reduce the size, and as RS is developed and recognised as a powerful tool,
the cost involved would be reduced [414].
7.2.4. Scope of sensor – a broader perspective
There is a demand to manipulate particles at the micro-scale. Pathogens need to be
monitored in hospitals [23], as biological warfare agents [415], and within
environmental-, food- [24] and pharmaceutical-industries [106]. The detection of
biomarkers in clinical applications has numerous uses including point-of-care diagnostics
[416, 417], drug delivery [418] and screening [347], and in treatments [217].
To establish the use of the described biosensor as a separation device in clinical settings,
the separation of tumour cells from serum should be tested. Using clinical samples, the
use of a surface marker specific to the cancerous cell, could be used to isolate cells from
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a patient who is irresponsive to treatment. Separation of the tumour cells could then be
used in further experiments to screen potential drugs and their effect upon the cancerous
cells. Collaboration with the John Radcliffe hospital, Department of Gynaecology and
Obstetrics, has been established. The biosensor will be trialled in a clinical setting to
isolate circulating tumour cells from blood.
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