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Abstract

Sclerotinia stem rot (SSR), caused by the necrotrophic fungal pathogen Sclerotinia sclerotiorum,
is one of the most devastating diseases affecting crops. More than 400 plant species around the
globe are affected by this fungus. In canola, one of Canada’s most important crops, yield losses
due to SSR can be as high as 50%. Although chemical control with fungicides is currently the most
common tool for the management of SSR, the routine application without prior information about
the risk of the disease development is also financially inefficient. The early prognosis of an
outbreak is critical to avoid the severe economic losses caused by SSR and can be achieved by the
detection of a small number of S. sclerotiorum airborne ascospores, one of the main agents of
infection in stem rot. However, the current lack of simple and effective methods to detect fungal

airborne pathogens has hindered the development of an accurate early warning system.

In this thesis, we explored the design and development of lab-on-a-chip devices for the detection
of S. sclerotiorum ascospores, aiming at their future integration with spore-trap samplers into an
effective SSR forecasting system. Our first design is based on a Coulter counter approach, which
consists of a microfluidic chip capable of quantifying single ascospores flowing in a microchannel.
The target ascospores are injected into the device and selectively captured by dielectrophoresis,
while other particles in the sample are flushed away to the outlet drain of the device. Subsequently,
the target ascospores are released into the flow stream of the device and are detected when flowing

through a constriction employing dynamic impedimetric sensing. Experimental results indicated a

il



0.3% change in the impedance signal produced by individual ascospores, which were detected

using a benchtop potentiostat.

In our second approach, we developed a microfluidic device that contains a nano-thick aluminum
electrode structure integrated with a picoliter well array for dielectrophoresis-driven capture of
ascospores and on-chip quantitative detection employing static impedimetric sensing. Based on
experimental results, we demonstrated a highly efficient ascospore trapping rate of more than 90%
with an effective impedimetric sensing method that allowed the ascospore quantification of each
column in the array and achieved a sensitivity of 2%/ascospore at 5 kHz and 1.6%/ascospore at 20

kHz, enabling single ascospore detection.

Finally, the dielectric properties of S. sclerotiorum ascospores were determined experimentally
employing a microfluidic platform containing interdigitated aluminum microelectrodes. The
dielectric properties of ascospores are of major importance for the development of
dielectrophoretic filters, as it provides information about the dielectrophoretic response of the
ascospores without the need for long iterative testing. The dielectric properties of ascospores were
determined in media of different conductivities and they were modeled using a realistic ellipsoidal
double-shell model based on the multi-shell theory. To validate the methodology and analysis, the
dielectric properties of human embryonic kidney (HEK-293) cells were also determined and

compared to values reported in the literature.

We envision that the devices proposed in this thesis will contribute to the development of a low-
cost, miniaturized, and automated platform technology that can be integrated into an infectious

plant disease forecasting tool for canola crop protection.
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Chapter 1

Introduction

1.1 The Disease

Sclerotinia stem rot (SSR), caused by the necrotrophic fungal pathogen Sclerotinia
sclerotiorum (Lib.) de Bary, is a destructive disease of canola (Brassica napus), one of the most
widely cultivated crops in Canada [1]-[3]. Canola is a profitable crop, with a huge impact on the
Canadian economy, as well as on countries like China, and India, the three largest canola producing
countries in the world [4]. In Canada alone, the production of canola generates $26.7 billion
annually [5], with an increase in production from about 12.7 million tons in 2010 to 20.4 million
tons in 2018 [6]. To date, SSR is one of the major threats to the production of canola, with yield
losses that can be as high as 50% when the environmental conditions are conducive to the
development of the disease [7].

Sclerotinia sclerotiorum 1is a soil-born pathogen that affects over 400 plant species from 75
different families, including several economically important crops such as lettuce, carrot, lentils,
mustard, and canola [1], [8]. The fungus has been reported all over the world, although it is more
prevalent in temperate regions with cool and wet seasons [1]. Around 90% of the fungus’ life cycle

is spent as small structures called sclerotia, which are formed from aggregates of mycelium and



can survive in the soil for years. Sclerotia are dark in color due to the presence of melanin, which
has been suggested to play a major role in the protection against adverse conditions in many fungi
[9]. Under suitable environmental conditions, such as saturated soil and cool environments,
sclerotia can germinate either myceliogenically or carpogenically [1], [8], [10]. The myceliogenic
germination of sclerotia gives rise to mycelium, which can infect plants directly through the soil.
Infection through myceliogenic germination occurs only in a few crops, like sunflower, and it is
not the primary mode of canola infection [1], [11]. Sclerotia germinate carpogenically to produce
mushroom-like structures called apothecia that can generate millions of microscopic airborne
spores (ascospores) that can travel from field-to-field following wind currents® [1], [12], [13].
Researchers reported that, on average, 2 million ascospores can be released per apothecium over
a period of 8 days, with a maximum recorded number of 30 million ascospores per apothecium
[13]. Distances traveled by ascospores have been reported to vary from 100 m to several kilometers
[14] and pollinating bees have been suggested to contribute to the even further dispersal of
ascospores [15]. Since carpogenic germination has been observed as the primary mode of sclerotia
germination in the field [16], the infection of canola plants occurs mainly due to ascospores, which
land on the plant petals and germinate once they fall onto leaves, stems, and branches, producing
abundant white mycelium, which penetrate the stem tissue. The infected plant then will again
produce sclerotia within the stem, which return to the soil during harvest, thus completing the
disease cycle [12]. The first visual symptoms of SSR appear as watery lesions on leaves and
branches. The lesions expand becoming bleached (greyish white) in appearance, the reason for
which SSR is commonly known as white mould. Figure 1.1 illustrates the cycle of SSR in canola

plants.

! Throughout this thesis, the terms ascospore and spore are used interchangeably.
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Figure 1.1: Cycle of Sclerotinia stem rot of canola. Figure was inspired and redrawn from [17].

1.2 Management of SSR in Canola

The two primary methods for the management of SSR are based on cultural and chemical control
practices. Within cultural control, crop rotation with non-host species is the most common
alternative employed by farmers. The goal of crop rotation is to reduce the amount of inoculum
present in the field, mainly the density of sclerotia, so that infection of canola crops can be avoided
or at least reduced in future years [2]. However, since sclerotia can survive in the soil for up to 7
years [10], [12], crop rotation is not very effective as a disease control measure. Furthermore,

canola plants can still get infected, even without the in-field presence of sclerotia, due to



ascospores coming from external fields in wind currents [18]. In addition, the wide host range of
S. sclerotiorum can contribute to maintaining the levels of sclerotia through the presence of
susceptible weeds or plants other than canola [8]. Tillage of the soil is another alternative within
cultural control that has been suggested as a tool for the management of SSR [19]. The goal of
tillage is to bury sclerotia to avoid its germination. However, the efficiency of tillage as a
management tool for SSR has not yet been effectively demonstrated [20].

In Canada, chemical control employing fungicides is the main strategy for the management
of SSR [21], [22]. Although this approach can be highly effective, the application of fungicides is
economically inefficient when done routinely and with no indication of the risk of infection.
Furthermore, the systematic application of fungicides can also increase the selective pressure on
pathogen populations to develop insensitivity. This was the case of the fungicide benomyl,
marketed as BenLate, which was previously employed to manage SSR. In Canada, populations of
S. sclerotiorum have been confirmed to develop insensitivity to this fungicide [20], [23]. Ideally,
canola growers must apply fungicides during specific time frames in the flowering stage and only
when necessary, that is, when ascospores are present in the field and when environmental
conditions are conducive to the development of the disease but before symptoms are visible [21],
[24]. Since the prediction of SSR outbreaks is hard to achieve, farmers typically apply fungicides
without any objective information on the risk of infection, and their spray decision is typically
based solely on their experience and intuition [25]. Due to these limitations, there has been a great
interest in developing SSR forecasting systems that can provide farmers with reliable and field-
specific information on the risk of disease development, so that they can apply fungicides only

when necessary and thus avoid severe economic losses.



As S. sclerotiorum ascospores are the main source of canola crop infection, it is critically
important to develop forecasting systems that can measure the in-field levels of these microscopic

organisms in order to accurately predict the risk of SSR outbreaks.

1.3 Thesis Objectives

The main drive of the research presented in this thesis is the development of micromachined
devices for the detection, in solution, of S. sclerotiorum airborne inoculum. The origin of this
project was born many years ago through a collaboration between the Binary Lab, led by Dr. Jie
Chen and research scientists from Innotech Alberta, led by Dr. Xiujie Li. The ultimate goal of the
project was to develop an SSR forecasting system based on the integration of microdevices and
commercially available spore-trap samplers. Clearly, the development of such forecasting system
is a complex and ambitious project that requires the integration and collaboration between
multidisciplinary fields of study and research backgrounds, including, but not limited to, nano and
microfabrication, microfluidic design, crop protection, biology, chemistry, mechanical design,
circuit and software design. From an engineering perspective, we can identify three general
subsystems or components that will have to be developed: The development of microdevices;
Fluidic integration between microdevices and spore-trap samplers; Data processing and
communication. Each one of these components will require its own research and development in
order to find the best system suitable for Canadian fields. The research work described in this

thesis focuses mainly on aspects of device development.

The specific research objectives of this thesis are:



e To develop lab-on-a-chip devices for the detection and quantification of S. sclerotiorum
airborne inoculum employing dielectrophoresis (DEP) and electrochemical impedance
spectroscopy (EIS).

e To develop devices capable of quantifying single S. sclerotiorum ascospores in solution,
aiming at their integration in SSR forecasting applications.

e To obtain an estimation of the dielectric properties of S. sclerotiorum ascospores.

1.4 Literature Review

As described in previous sections, the wide host range of S. sclerotiorum, the viability of sclerotia
in the soil for many years, and the dispersion of ascospores in wind currents are the main factors
for the reduced and limited effectiveness of cultural control practices as management tools for
SSR. Although the application of fungicides can be an effective alternative, it is not profitable
when applied routinely. Due to these problems, there has been great interest in developing SSR
forecasting systems that can provide farmers with reliable information on which they can base
their spray decisions. Ideally, and based on the disease triangle, a forecasting system or risk
assessment tool should incorporate information on in-field inoculum, a measure of environmental
conditions as well as information on the stage of development of the crop (host) [26]. In the
following sections, a detailed description of the main strategies and methods that are employed for

the forecasting of SSR are presented.

1.4.1 Risk Assessment Checklist

A risk assessment checklist created in Sweden is one of the first methods developed for the forecast

of SSR [2]. The risk assessment checklist includes factors such as crop density, SSR incidence in



the last host crop, rain in the last two weeks prior to flowering, and the number of apothecia per
100 sclerotia in the field [2]. Points are assigned to levels within each factor and then added and
compared with a threshold to determine if fungicide application is required. This method was
tested in Swedish fields, where spray recommendations were given in 75% of the fields that
required fungicide application and in 16% of the fields that did not need fungicide application.
These percentages changed when the risk point threshold changed. Although the checklist provides
a simple and field-specific assessment of SSR risk, it is very time-consuming and labor-intensive.
Furthermore, since SSR has been reported in fields with no apothecia [18], the checklist method
may not provide an accurate prediction of SSR infection. The Swedish checklist has been adapted
to Canadian conditions [27], and similar methods were also developed in Denmark [2] and

Germany [28].

1.4.2 Weather-based forecast

Weather-based forecasting systems have also been developed to assess the risk of SSR in canola
and other plants. Clarkson et al. [29] developed a mathematical model for S. sclerotiorum infection
and disease development on lettuce, which incorporates environmental parameters such as relative
humidity, and temperature. Measurements of ascospore density in a controlled environment were
also added to the model to increase the prediction accuracy. Similarly, Sharma et al. [30] developed
a forecasting system for SSR in Indian mustard, incorporating parameters such as temperature,
rainfall, soil moisture, relative humidity and hours of sunshine [30]. For the canola case, a forecast
system based on weather maps has also been developed and employed in the prairie provinces of
Canada [20], [24]. In this system, weather parameters obtained from Environment Canada stations
were employed to create, twice a week, risk maps of SSR development. These maps were

employed by Canadian farmers, but they are no longer available [20]. On the other hand, similar



risk maps based on temperature and precipitation patterns are still available online to farmers of
North Dakota [31]. The main limitation of these systems is that they only indicate the regional risk
of an outbreak, ignoring characteristics of specific-field microclimates [20]. Furthermore, they are
based exclusively on weather parameters, without the inclusion of any measurement of inoculum

levels.

1.4.3 Forecast based on presence and level of disease inoculum

The measurement of inoculum levels present in the field is an important factor influencing the
accuracy of forecasting systems, as it indicates the amount of pathogen available for SSR
development. Inoculum levels can be measured in numerous ways, including counting the number
of apothecia and/or sclerotia [2], measuring the concentration of ascospores [18], [21], [29], [32]
as well as petal infestation measurements [30], [33], [34].

Counting the number of apothecia and/or sclerotia accounts only for inoculum present in the
field, which might not provide an efficient forecasting system, as SSR has been reported in fields
with no apothecia [18], [35], [36]. On the other hand, the estimation of airborne inoculum through
petal infestation measurements or by monitoring the concentration of ascospores using spore-trap
samplers may provide a more accurate and field-specific indication of SSR risk.

Petal infestation is commonly measured by collecting canola petals from the field, which are
then cultured in Petri dishes containing potato dextrose agar (PDA). The Petri dishes are incubated
for 3-5 days, after which the percentage of petals infested with S. sclerotiorum is visually
determined by colony morphology [33]. The percentage of infested petals is then correlated to the
risk of disease development, information that growers use to decide on whether fungicide
application is required or not [33], [34]. When environmental data was included, the petal test has

shown good assessment risk [37]. Molecular methods such as real-time PCR can also be employed



to measure petal infestation [38]-[40]. In Canada, petal-test kits following this protocol are
commercially available.

The major limitation of the petal test based on PDA plating is the long incubation time (3-5
days), during which the disease can spread throughout the crop causing significant economic
losses. Moreover, it is labor-intensive and requires skilled personnel to correctly identify S.
sclerotiorum colonies. Petal infestation measurements with PCR analysis can reduce the time delay
associated with the incubation time of the agar test as well as potential errors associated with the
wrong identification of S. sclerotiorum colonies [39]. However, farmers still need to ship their
samples to a testing laboratory, which can take some time and thus delay their spray decision.
Measurements obtained with PCR are robust, highly reproducible and have excellent selectivity
and sensitivity, but can be inhibited by sample matrices [41], requiring sample pre-treatment before
PCR. This, together with their elevated cost and complexity, makes them unsuitable for on-site
applications.

Spore-trap samplers have also been employed for the collection of in-field S. sclerotiorum
airborne inoculum [29], [32], [42]. Up until recently, spore-traps were mainly restricted to research
applications. However, since 2018, a passive spore-trap sampler, marketed as Spornado Sampler
has been commercially available in Canada. The samplers are placed in the field to directly collect
ascospores from the air in “sample cassettes”. Farmers can then send these cassettes to laboratories
for PCR analysis. After the analysis, farmers receive information about the risk level (low,
medium, or high) of disease development, so that they can take better spray decisions.

Here is important to explain what “spore-trap samplers” are. Although this might be a well-
known tool for those with a background in agriculture, it might not be clear for most of the readers

with a background in engineering. Spore-trap samplers are commercially available tools or



instruments that are employed to collect (or sample) particles present in the air employing a
vacuum pump (active spore-trap samplers) or without a vacuum pump (passive spore-trap
samplers). Depending on the brand and model, trapped particles can be collected in vessels

containing a liquid media or culture media. Chapter 5 presents images of a spore-trap sampler.

1.4.4 Forecast employing micromachined devices

Advances in microfabrication technologies and microfluidic platforms have allowed the
development of lab-on-a-chip systems that can alleviate some of the drawbacks presented by
conventional methods bound exclusively to research laboratories, such as PCR, and flow
cytometry. The demand for a low-cost, miniaturized, field-specific and on-site SSR forecasting
system may be met with the increasing progress of lab-on-a-chip platforms. Although there have
been several reports of micromachined devices used for plant pathogen diagnosis [43]-[47],
approaches aiming at the detection and quantization of SSR airborne inoculum have been limited
to one [21]. In a collaboration between InnoTech Alberta and our research group at the University
of Alberta (Binary Lab), the first immuno-impedimetric biosensor for ascospore detection was
developed [21]. S. sclerotiorum ascospores were detected employing an impedimetric non-faradaic
biosensor coated with anti-S. sclerotiorum polyclonal antibodies as the biorecognition element.
Antibodies were employed to bind ascospores to the surface of interdigitated electrodes and thus
generate a detectable electrical signal. Figure 1.2 shows the developed biosensor. Ascospores in
solution were successfully detected with this device, but the limit of detection reported as 7.8 x
10* ascospores/mL, was far from the threshold that is required for SSR forecasting applications. A
reliable system for the forecasting of SSR must be able to detect a threshold of about 10
ascospores/m> of air to provide an early warning to farmers [42]. This threshold allows an 8-day

advanced forecasting of SSR outbreaks. As seen in Figure 1.2, the biosensor was based on a design
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containing a PDMS mask with 8 wells, that need to be loaded and unloaded manually. The
microdevices developed in this thesis, and described in more detail in the following chapters, have

their foundations in the biosensor’s early work.

Figure 1.2: First biosensor for S. sclerotiorum ascospore quantification. (a) Biosensor showing
gold microelectrodes for impedimetric detection. (b) Biosensor with PDMS mask for ascospores

loading.

1.4.5 Microdevices employed for plant pathogen detection

As mentioned in the previous section, there have been several reports of micromachined
devices used for plant pathogen detection, other than S. sclerotiorum [43]-[47]. Typically,
methods employed by these portable devices are classified into direct and indirect techniques [46].
Direct methods are those that can detect the pathogen itself while indirect methods can detect the
effects on the plant in response to the pathogen. Immunological approaches based on antigen-
antibody binding reactions and molecular techniques using nucleic acid sequences of target
pathogens comprise the direct methods. Recent reports include a microfluidic device that
incorporates an electrochemical immunosensor for the detection of Xanthomonas arboricola, a
disease that affects hazelnuts and walnut [48], and an impedimetric immunosensor fabricated with

11



gold microelectrodes for the detection of Plum Pox Virus, a disease that affects stone fruits [44].
Similarly, Cebula et. al. demonstrated the detection of the pathogen Pseudomonas Syringae pv.
Lachrymans, the causative agent of cucumber angular leaf spot, by immobilizing antibodies on
gold electrodes and employing impedimetric sensing as the transduction mechanism [49]. Within
molecular methods, a foldable LAMP (Loop-mediated isothermal amplification) device was
recently reported for the detection of two pathogens of rice, Magnaporthe oryzae and Sarocladium
oryzae, causative agents of rice blast and sheath rot, respectively [50]. Employing a similar
approach, Natsuhara et. al. developed a PDMS-based microfluidic device for the detection of
tomato yellow leaf curl virus using LAMP and fluorescence microscopy [51].

On the other hand, indirect methods are typically based on imaging and volatile organic
compounds (VOC) detection. The VOC profile produced by plants changes in response to a
pathogen, thus, it can be used as a non-invasive diagnostic method. Using a commercial e-nose
(gas sensor), Zhang et.al. successfully classified wheat of different storage ages and different
degrees of insect damage [52]. Similarly, Laothawornkitkul ez. al. employed an e-nose to
discriminate VOC profiles of cucumber and pepper leaves under mechanical damage and pest
attacks compared to healthy leaves [53].

Imaging techniques can include fluorescence spectroscopy and hyperspectral imaging [54]—-
[57]. The main idea of these techniques is that the response of plants to radiated light varies with
the wavelength of the light, which can change in response to a pathogen. Recently, and employing
hyperspectral imaging, Kong et. al. developed an application for detecting SSR symptoms in
canola stems covering the spectral range of 384 - 1034 nm [58]. Although this approach can help
identify SSR symptoms, it is not suitable to provide an early warning of SSR infection, which is

in general a challenge associated with indirect methods [46].

12



1.5 Thesis outline

This thesis presents work done for the development of lab-on-a-chips devices for the label-free
detection of S. sclerotiorum ascospores, aiming at their future integration with spore-trap samplers.
This thesis intents to lie the foundations for the development of an SSR forecasting system based

on micromachined devices. The work described here is organized into five chapters.

Chapter 1 introduces SSR, the literature review as well as the thesis objectives. Chapter 2 describes
the first generation of devices that were developed based on the Coulter principle and
dielectrophoretic force. The theory of the fundamentals of particle manipulation using
dielectrophoresis is also described in chapter 2. Chapter 3 discusses the development of the second
generation of devices based on an electroactive microwell array design. Chapter 4 describes the
dielectric characterization of S. sclerotiorum ascospores and their relevance to the development of
dielectrophoretic filters. Chapter 5 summarizes the work presented in this thesis as well as future

work.
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Chapter 2

A Coulter counter approach

2.1 Introduction

As previously noted, S. sclerotiorum ascospores were successfully detected with the devices based
on an immuno-impedimetric approach [21]. However, those devices have deficiencies that could
limit their potential integration with commercial spore-trap samplers into an effective SSR
forecasting system. The main issue is related to the low sensitivity, where too many ascospores
(7.8 x 10* ascospores/mL) are needed to generate a detectable signal. The second issue is related
to the integration and automation of the device. The previous design has a PDMS mask with 8
wells that need to be loaded and unloaded manually, which makes automation and integration with
commercial pumps difficult.

With these constraints in mind, a new device based on a microfluidic design was developed
for the real-time detection of S. sclerotiorum ascospores, employing impedimetric sensing and
dielectrophoresis.

The device measuring system is based on the Coulter principle, in which electrodes are
submerged in an electrolyte solution, and changes in the impedance of the solution are monitored
in a narrow fluidic constriction between the electrodes [59], [60]. When a microparticle such as a

biological cell flows through the constriction, it will momentarily dislocate the solution’s volume
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in this region, producing a change in the measured impedance. Thus, for every passage event,
impedance pulses proportional to the displaced volume of solution will be generated. These pulses
can contain information about the size, number, speed, and type of the particles flowing through
the constriction. This method was first developed by Walter Coulter [60], which laid the
foundations of modern flow cytometers.

Advances in micro and nanofabrication have allowed the development of portable
impedance-based flow cytometers, previously confined exclusively to benchtop equipment. First
reports on micromachined impedance-based flow cytometers were published by Renaud et al.[61]—
[63] using coplanar and parallel microelectrodes to extract cell information. Later on, approaches
aiming to increase the sensitivity of these devices were also proposed, using insulating fluids [64],
[65] and by shrinking channels to confine cells [66], [67]. More complex systems, which employ
laser excitation and optical lenses, were also investigated by researchers [68], [69].

To selectively capture the target ascospores, a dielectrophoretic filter implemented through
interdigitated microelectrodes (IME) was also integrated into our microfluidic device.
Dielectrophoresis is an electrokinetic phenomenon widely employed for the selective manipulation
of polarizable particles, such as bacterial and mammalian cells within a spatially non-uniform
electric field [70]-[72].

The goal of our microfluidic device is to employ dielectrophoresis to selectively capture
target ascospores that are injected into the microchannel of the device, while others in the sample
are flushed away. Afterward, the target ascospores will be released into the flow stream of the
microchannel and detected when flowing through channel constrictions employing dynamic

impedimetric sensing based on the Coulter method. In the following sections, a detailed description

15



of the development (design, fabrication, and test) of these devices is presented, as well as a

description of the theory of dielectrophoresis.

2.2 Fundamentals of Dielectrophoresis for Particle Manipulation

Dielectrophoresis (DEP) is the force exerted on a polarizable particle that arises from the

interaction between a non-uniform electric field and the particle’s induced dipole. As such, the

DEP force strongly depends on the dielectric properties (electrical permittivity and conductivity)

of the particle and surrounding medium [73], [74]. Unlike electrophoresis (EP), particles are not

required to be charged for DEP manipulation. Figure 2.1 illustrates the difference between EP and

DEP.
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Figure 2.1. Difference between electrophoretic and dielectrophoretic forces. (a) Under a uniform

electric field, the net force acting on a neutral and polarizable particle is zero as forces cancelled

out. (b) EP force is exerted on a charged particle under a uniform electric field. (c) A net DEP
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force acts on a neutral and polarizable particle under a non-uniform electric field (F- > F+) and the

particle moves toward the positively charged electrode.

DEP was first described by Herbert Pohl [70], [72] and since then, it has been extensively
used for the spatial manipulation of particles like cells and even DNA [75]. Besides being an
efficient label-free particle manipulating technique, DEP's main advantage is that it can be easily
integrated into lab-on-chip devices, which is linked to the ease of manufacturing electrodes that
are required for the generation of electric fields at the microscale.

The general form of the DEP force Fpgp acting on an infinitesimal dipole is given by,
Fpgp=p-VE 2.1)

where p is the dipole moment and E is the external electric field. From this equation, it is clear
that the electric field must be non-uniform in order to induce a net DEP force. The force on
equation (2.1) is an approximation for the force induced on any physical (finite) dipole. Thus, to
obtain the expression of a practical force acting on polarizable particles like cells or plastic beads,
the effective dipole moment p. sy that is induced in these particles (by the external electric field)
need to be determined and replace in equation (2.1). The effective dipole moment of a polarizable
particle is, by definition, the moment of an equivalent point dipole that, when placed at the same
location as the center of the particle, generates the same electric potential [76]. The electric

potential @ gy due to a point dipole of moment p, at a distance r = |r| from the center of the

dipole is given by:

pcos6

Paipote = (2.2)

AT e, T2
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where g, is the electric permittivity of the medium in which the dipole is immersed and 8 is the
angle between r and the dipole’s axial direction. Therefore, the effective dipole moment p.sf of a
dielectric particle can be determined by solving the boundary value problem and then comparing

equation (2.2) to the potential of the particle due to the induced dipole [76].

If we consider the ideal case of an insulating sphere of radius R and permittivity €, in the

presence of an electric field E, and that is placed in a medium of permittivity €,,, then the effective

dipole moment is given by [76], [77]:

(sp - Sm) }E (2.3)

=4 R3
Peff Tem {(sp + 2¢g,,)

By replacing psy into equation (2.1), and provided that the particle is small compared to the

non-uniformities of the field, the DEP force acting on the sphere is:

(&p — €m)
— 3 D m 2
Fpep = 2mey,R {(ep”em) VIE| (2.4)

where the bracketed fractional term is known as the Clausius-Mossotti (CM) factor, which gives a
measure of the strength of the effective polarization as a function of the permittivities [76], [77].
If &, > €&, the CM factor is positive, and the DEP force is directed towards regions of maximum
electric field gradient, known as positive DEP or pDEP. If €, < &, the CM factor is negative and
the DEP force is directed towards regions of minimum electric field gradient, known as negative
DEP or nDEP.

The DEP force from equation (2.4) is the induced force on a perfect insulator. In reality,
particles and mediums have finite conductivities. Therefore, we can find a more realistic

expression for the DEP force by considering a sphere of permittivity €, and electrical conductivity
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0y, placed in a medium of permittivity €, with a conductivity of a,,. Considering a sinusoidal

electric field E(r,t) = Re(E,(r)e/®"), the effective dipole moment of the particle will be given
by [76], [77]:

(Ep* - 8m*)

(e-I—T)} cos (wt)E,(r) (2.5)
D m

peff = 41T€mR3Re{

where €," and €,," are the complex permittivity of the particle and medium, respectively, each

given by € = ¢+ o/jw, where w is the frequency of the applied electric field. Again, by
replacing equation (2.5) into equation (2.1), the DEP force acting on the particle can be calculated
as [76], [77]:

(8p" —&m’)

F 1) = 2me,,, R3Re
DEP( ) m {(Sp +2 m )

}cosz(a)t)V|Eo(1’)|2 (2.6)

By taking the time average, cos?(wt) it is simplified to %5, thus the time average DEP force

acting on the particle is given by [76], [77]:

(Fpgp(1)) = Mg R*Re {(( p m*))}V|Eo(T)|2 2.7)
&+ 2em

Equation (2.7) is the most common equation employed to describe the DEP force acting on
particles such as biological cells, as it is more realistic than the force on eq. (2.4).

The direction of the DEP force is given by the sign of the real part of the CM factor, which
is a frequency dependent function. Figure 2.2 shows an example of CM factor curves for red blood
cells in saline solution of different conductivities. When the real part of the CM factor is positive,
the particle will experience pDEP force, and when it is negative, the particle will experience nDEP

force. These DEP responses depend on the applied frequency and the dielectric properties of the

19



particle and medium. Therefore, different species will have different DEP responses at different
frequencies and is mainly this dependency that enables DEP filters to electrically separate different

species of cells and other biological particles.
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Figure 2.2. The real part of CM factor for red blood cells in saline solution of different

conductivities. Curves were plotted using the dielectric properties reported in reference [78].

2.3 Materials and Methods

2.3.1 Design considerations

The design guidelines for the first generation of devices were mainly driven by the limitations
encountered in the previously introduced biosensor [21]. To facilitate the integration with
commercial pumps, a microfluidic approach was chosen. On the other hand, a Coulter counter with
additional on-chip functionality implemented through a dielectrophoretic filter was chosen to
increase the sensitivity and achieve single ascospore detection. Both structures (DEP filter and

Coulter counters) were designed to be fabricated based on coplanar microelectrodes. Figure 2.3
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shows the CAD design of a single microfluidic device?. The complete photolithography mask
employed for the fabrication of devices is provided in Appendix A (Figure A. 1).

DEP fiter Caulier Zounters Microfluidic channel
I

Figure 2.3. CAD design of a single die. The device is based on a microfluidic design that integrates

a DEP filter and Coulter counters.

The sealing of our devices was initially designed to be done with polydimethylsiloxane
(PDMS), a standard material used in microfluidics. However, Coulter counters are very prone to
clogging issues due to small channel constrictions, roughly in the order of the largest particle to be
detected [79]. In our devices, the constriction is in the order of 20 pm, and a clogged channel can
considerably reduce the lifetime of the chip, especially when considering that the sealing of PDMS
to glass substrates is irreversible. For this reason, the microchannels were designed to be fabricated
with a negative photoresist and sealed using hydrophilic adhesive tape, providing a simple, re-
usable, and straightforward sealing mechanism. Furthermore, this process does not require
specialized training or equipment and allows for easy sterilization of channels for re-use, hence

reducing the chip cost and increasing the yield per wafer.

2.3.2 Device fabrication

2 The design of the microfluidic chip was based on a similar device employed by our collaborators at Yale University,
led by Dr. Mark Reed. With their help, | adapted the design for my project. | designed the photolithography masks
and fabricated all versions of the devices that are described in this thesis.
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Microfluidic chips were fabricated using standard photolithography processes on borosilicate glass
substrates of 4-inch diameter and 1 mm thickness.> Substrates were first cleaned with piranha
solution (3:1, HoSO4/H>0») for 15 min. Subsequently, aluminum was sputtered and patterned to
form an interdigitated microelectrode (IME) structure for the DEP filter, consisting of 8 electrode
fingers of 1mm length, 100 pm width, and 100 um spacing. Six sets of coplanar microelectrode
structures of 20 pm wide and 20 pm spacing were also patterned on the substrate for impedimetric
detection. The aluminum electrodes were patterned using the positive photoresist (PR) HPR 504,
which was spread at 500 rpm for 10 s, then increased to 4000 rpm for 40 s, and finally baked at
115 °C for 90 s. Metalized wafers coated with the PR were exposed under UV light at 200 mJ/cm?
using a mask aligner (ABM-USA, Inc.) and developed using Microposit 354 developer for 30 s.
After PR patterning, the metal was etched using aluminum etchant type A (Transene Company
Inc.). The total thickness of the deposited aluminum was 210 nm. Aluminum was selected due to
its low cost and ease of fabrication compared to gold. To fabricate the microfluidic channels, a
second photomask was used after depositing 20 pm of the negative PR SU-8 2015 (Kayaku
Advanced Materials Inc) on top of the patterned aluminum layer. SU-8 was spread on top of the
substrates at 500 rpm for 15 s and then increased to 2000 rpm for 30 s to form a 20 pm thick layer.
These substrates were soft baked at 65 °C for 2 min and then for 4 min at 95 °C. Subsequently,
UV light exposure was done at 150 mJ/cm?, followed by a post-exposure bake step at 65 °C for 2
min and then for 5 min at 95 °C. Finally, the substrates were developed for 2 min using SU-8
developer (Kayaku Advanced Materials Inc.). Channel constrictions of 20, 30, 40, 50, and 60 pm
width and a constant depth of 20 um were fabricated. Afterward, chips were cleaned with ethanol

in an ultrasonic bath for 2 minutes and left to dry for 1 hour at room temperature. Finally,

3| would like to thank Dr. Gaser Abdelrasoul for always being open to discuss with me about fabrication processes.
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hydrophilic and pressure-sensitive adhesive tape (Adhesive Research, ARflow 93049) was
carefully applied on top of the surface, and then inlet/outlet holes were created to connect the chip
to a syringe pump. The schematic representation of the fabrication process* is shown in Figure
2.4a and the fabricated chip is shown in Figure 2.4b. The IME structure and the microelectrodes
located in the channel constrictions are highlighted in Figure 2.4c¢ and 2.4d. Every chip is integrated
with six sets of microelectrode structures (Figure 2.4b), allowing multiple measurements at the

same time. In the experiments described here, only one of these microelectrode sets was used

(Figure 2.4d).
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Figure 2.4. Microfluidic device for ascospore detection employing dielectrophoresis and
impedimetric sensing: (a) Fabrication process; (b) Chip after fabrication; (c) Microscopic image
of the IME structure with 8 electrode fingers of 1mm length, 100 um width, and 100 pm spacing.
The microfluidic channel width is 1mm, and the height is 20 um; (d) Microscopic image of
microelectrodes in channel constriction: dimensions of microelectrodes are 20 um wide and 20 um
spacing. The channel constriction dimensions are 20 um for both width and height with a length

of 300 um.

4 The entire fabrication process of these devices was performed in the facilities of the nanoFAB at the University of
Alberta. A special thanks goes to Dr. Kexin Gao for his help with SU-8 processing.
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2.3.3 Equivalent circuit

The equivalent electrical circuit of the measuring system can be modeled as shown in Figure 2.5a,
where Z¢n-a and Zch- represent the channel impedance between the left-center and right-center
electrodes, respectively. Za is the double layer impedance generated at the electrode-electrolyte
interface, and C; is a parasitic capacitance in parallel with the channel impedance. A more
simplified model is shown in Figure 2.5b, where the channel impedance is given by the solution
resistance Rso1 and the double layer impedance is assumed to be dominated by the double layer
capacitance Cqi. It should be noted that this is a simplified model for a non-faradaic application
(no-redox reaction), which is the case of Coulter counters. For this reason, factors such as charge
transfer, non-uniform currents, and double-layer resistors were not considered, as they do not

affect the interpretation of our results.

Figure 2.5: Equivalent circuit of the measuring system. (a) Basic electrical impedance model of
the Coulter counter, Zch-A and Zch-B represent the channel impedance, Zdl is the double layer
impedance and Cp is a parasitic capacitance; (b) Simplified electrical impedance model, Rsol is

the solution resistance and Cdl is the double-layer capacitance.
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The electrical double-layer is formed through the interaction of ions in the electrolyte
solution and charge carriers at the surface of energized electrodes, and it is typically modeled as
an ideal capacitor or a constant phase element [80], [81]. The impedance of the double layer is
known to dominate the net impedance of an electrode-electrolyte system, such as the one employed
in our device, at low frequencies. However, since the principle of Coulter counters relies on
detecting changes in the impedance of the solution due to flowing particles, they are typically
operated at frequencies where the double layer impedance is negligible. The impedance of the
solution depends on the ionic concentration of the electrolyte and is typically modeled as a resistor.
In this device, we employ phosphate-buffered saline (PBS) and dilutions of PBS with milli-Q water
as the electrolyte. Finally, the parasitic impedance, which is modeled as a capacitor, is in parallel
with the channel impedance and arises mainly from the cables employed to connect our device to
measurement equipment, as well as from the substrate. The parasitic impedance dominates the
systems’ net impedance at very high frequencies because parallel impedances combine
reciprocally, and thus the smaller term dominates. Parasitic effects are typically unavoidable, but
they should be minimized to avoid significant attenuations of the output signal, even if the Coulter
is not operated at very high frequencies.

Initially, our devices were fabricated on silicon wafers with 500 nm of thermally grown
silicon dioxide as the insulator, as shown in Figure 2.6a. Initial tests with these devices showed a
masking effect. Measuring the impedance spectrum between two electrodes of the Coulter, and
with the microchannel filled with solutions of different conductivity, yielded no significant

difference over a wide range of frequencies (Figure 2.6c). This issue was mainly attributed to
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parasitic effects coming from the substrate, reason for which we decided to abandon the use of

silicon dioxide wafers® and employ glass wafers instead (Figure 2.6b).
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Figure 2.6: (a) Microfluidic device fabricated on silicon with 500 nm of thermally grown silicon
dioxide. Devices based on silicon dioxide substrates were abandoned very early on in the project
due to parasitic effects encountered during impedimetric measurements. (b) Microfluidic device
fabricated on a glass substrate. (c) Initial impedance spectrum measurement of devices fabricated
with silicon dioxide substrates. The microchannel was filled with solutions of different

conductivities and no significant changes in the impedance were observed.

2.3.4 Methodology and instrumentation
To measure the channel impedance (Zch-A and Zch-B), a potentiostat SP-200 controlled by EC
lab software from BioLogic Science Instruments Inc. (Knoxville, Tennessee) was employed. The

chip was connected to the SP-200 through a custom chip-holder shown in Figure 2.7.

5 Silicon wafers with 500 nm of silicon dioxide were bought directly from the nanoFAB. A thicker oxide layer could
reduce the parasitic effects, but it was easier and cheaper to change to glass substrates.

61 would like to thank Riley Stuermer for designing and fabricating the first version of the chip-holder as well as Lukas
Menze, who fabricated the second version.
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Figure 2.7: Chip-holders employed for connecting the microfluidic device to measurement
equipment. (a) Holder based on spring-loaded pogo pins. Photograph courtesy of Riley Stuermer
(b) Holder based on FFC connector.

The first version of the chip-holder, shown in Figure 2.7a, was based on a 3D printed piece
made of polylactic acid (PLA) and integrated with spring-loaded pogo pins that contacted the pads
of the chip. The second version, shown in Figure 2.7b, was based on a PCB integrated with an
FFC connector. The first version of the holder was not employed for long, as it required constant
soldering of cables to the spring-loaded pins. All the experiments described in this chapter were
performed using the chip-holder with the FFC connector.

Fluid flow was achieved using a syringe pump (NE-1000, New Era Pump Systems Inc.) with
plastic tubes (Tygon tubing) connected to inlet-outlet ports of the device. During all experiments,
an upright fluorescence microscope (Amscope FM820TMF143) integrated with an ultra-sensitive
1.4AMP monochrome CCD digital camera (Sony ICX825ALA) was used for imaging and video
recording. The measured impedance data was recorded and processed with MATLAB

(MathWorks, USA). The typical experimental setup is shown in Figure. 2.8.
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Figure 2.8: Experimental setup employed for experiments.
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In order to validate the chip design, I performed initial experiments with fluorescent
polystyrene beads (Spherotech) of 10 um and 16 um in diameter (nominal values). Chips with
microfluidic constrictions of different sizes (width) were also fabricated and tested with
polystyrene beads. Lastly, experiments with S. sclerotiorum ascospores were performed. For this,
a heterogeneous spore sample containing S. sclerotiorum and F. graminearum was prepared.
Before the impedimetric detection of target ascospores, they are selectively captured at the
beginning of the microfluidic channel employing DEP, while contaminants in the sample are
flushed away to the outlet drain. Subsequently, the DEP signal is turned off, allowing target
ascospores to flow freely through the channels for subsequent detection. A function generator
(Tektronix AFG 3251) was employed for the generation of the DEP signal. The time-stamps of
impedance pulses that are generated by the passage of beads/ascospores through the constriction

area were compared with video data to avoid false positives.
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2.3.5 Spore production

S. sclerotiorum ascospores were obtained by planting sclerotia in wet sand and incubating them at
10 °C until they germinate to form apothecia.’” Afterward, ascospores produced by apothecia were
captured by directing them to filter paper discs using a vacuum pump. Ascospores can easily be
released from the paper disk by vortexing it in any liquid solution. To facilitate identification and
imaging, ascospores were stained using acridine orange (Thermo Fisher Scientific).

Fusarium graminearum® spores were also employed in our experiments to produce a
heterogenous spore sample and were obtained by culturing the fungus in SNB (synthetic nutrient-
poor broth) medium (KH2PO4 1 g, KNO; 1 g, MgSO4-7H20 0.5 g, KC1 0.5 g, glucose 0.2 g, sucrose
0.2 g/ L) on a shaker (150 rpm) at room temperature for 7 days. The spores were separated by

filtration of the liquid culture through a 20 pm filter and further centrifugation.

2.4 Experimental Results and Discussion

I first started by characterizing the impedance spectrum of the microelectrodes. Figure 2.9 presents
the magnitude of the impedance over a wide range of frequencies between a pair of
microelectrodes while the channel was filled with different concentrations of PBS. As expected,

higher concentrations provide higher conductivity and thus lower impedance.

7 S. sclerotiorum ascospores were produced by our collaborators at the research facilities of InnoTech in Vegreville.
8 would like to thank Dr. Oleksandra Savchenko for culturing F. graminearum spores. These were initially provided

by our collaborators at InnoTech, but later on we started culturing them in our Lab as it is simpler to produce
compared to S. sclerotiorum ascospores.
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Figure 2.9. Impedance spectroscopy measurements ranging from 1 kHz to 2 MHz at different PBS
concentrations. Symbols show the average value of five impedance measurements per frequency.

The dashed vertical line indicates the frequency at which subsequent experiments are performed
(100 kHz).

At 0.01X (1.5 mM) PBS, the impedance spectrum exhibits three distinct frequency ranges.
Electrode polarization, attributed to the formation of ionic double layers around the
microelectrodes dominates the impedance at low frequencies, while parasitic capacitances in the
system cause the impedance to roll-off at higher frequencies. The middle frequency range reflects
the resistance of the solution between the microelectrodes. To avoid masking effects due to the
double layer and parasitic effects, real-time impedance measurements were performed at 100 kHz.

The chip was first tested with fluorescent polystyrene beads with diameters of 10 um and 16

um. Beads were diluted and mixed in a 1:1000 dilution of 0.01X PBS at pH 7.4. When the beads
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flowed through the channel constriction area, peaks in the impedance were generated and
measured with the SP-200. In order to avoid false positives due to noise and interference signals,
video data was recorded simultaneously with the impedance measurement and employed to match
every peak with the passing event of beads. Figure 2.10a illustrates an example of this process,
while Figure 2.10b shows the average change in the impedance magnitude between a pair of

microelectrodes obtained for 10 um and 16 pm beads.
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Figure 2.10: (a) Schematic representation of the measuring process: video data is recorded and
matched with peaks in the impedance signal to avoid false positives; (b) Average change in the

impedance for beads of 10 um and 16 pm. Channel width and height are both 20 microns.

The applied flowrate in these experiments was 100 uL/h and the channel constriction size
was 20 pm in width and height. In total, 52 beads of 10 um and 46 beads of 16 um were detected
with an average peak of 5.10 + 1.03 kQ and 22.43 + 0.81 kQ, respectively. The volume ratio of
beads assuming perfect spheres is 4.09, while the impedance change ratio when taking the mean
of both signals is 4.40, which can be considered as a good approximation to validate the measuring

system of our device.
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The dispersion in peaks height can be explained by the height at which particles flow when
passing through the detection area (microchannel constriction). When a voltage is applied to the
microelectrodes, an electric field is generated, which decreases with the distance above the surface
of the microelectrodes, therefore, particles flowing at different heights will have different
contributions to the impedance. This vertical dependence of the impedance magnitude is a typical
issue encountered in Coulter counters based on coplanar electrodes [82], [83].

Another factor that contributes to this wide dispersion is the variation in bead sizes. The
manufacturer reported a coefficient of variation (CV) in size of 8% for particles of 10 um and 7%
for 16 pm beads. High-speed beads were not detected because the sampling rate of the SP-200 is
around 200 ps, providing a maximum detectable speed of 1x10° um/s. Assuming a parabolic flow
profile and that the average flow speed is two-thirds of the maximum speed, the maximum
theoretical volumetric flowrate can be calculated to be 96 uL/h for a channel with a height and
width of both 20 um. Thus, to increase the detection rate, we set the pump to a flowrate of 50 uL/h.

To investigate how the channel constriction width affects the sensitivity, chips with 30, 40,
50, and 60 um were also fabricated while keeping the height constant at 20 pm. Results showing
the average change in impedance when beads of 10 pm are passing through the detection area are

shown in Figure 2.11a.
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Figure 2.11. (a) Changes in the impedance at 100 kHz as a function of channel size (width),
channel height is constant at 20 pm. Results were obtained with beads of 10 pm diameter, and the
error bars represent the standard deviation; (b) Schematic representation of experiments performed
with spores: In step 1 a mixed sample of spores is introduced into the chip, and target spores are
subsequently selectively captured using DEP while contaminants are filtered out. In step 2, a PBS
solution is introduced to the flow stream, the DEP signal is turned off, releasing target spores, and

impedimetric sensing is turned on for the detection of target spores in real-time at 100 kHz.

The average values were calculated after 30 beads were detected per channel size, except for
the channel of 20 pm where 52 beads were detected. As expected, changes in impedance, and
therefore the sensitivity of the chip, decreases with the increase of channel width. Therefore, there
is a trade-off between sensitivity and channel size, where small channels will provide a higher
sensitivity at the expense of increasing the frequency of clogging. Since we aim to detect single
ascospores of S. sclerotiorum, with ellipsoidal shape and size in the range of 2—5 pm x 8—15 pm,
a chip with 20 um width was selected.

After the validation experiments with beads, I continued with experiments to test the
performance of the device for spore detection. In general, commercially available spore-trap

samplers are not able to filter out all the debris and contaminants present in the field. Such
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contaminants can be dust particles or other types of spores. Since our device is intended to be
integrated with these tools, a filtering process is required to remove these particles before the
impedimetric detection of target particles. Therefore, we employed a two-step process using a DEP
filter before the impedimetric detection of S. sclerotiorum ascospores, as described schematically
in Figure 2.11b.

First, a heterogeneous sample containing S. sclerotiorum and F. graminearum was prepared.
We chose F. graminearum because it is one common type of spore present in the prairie regions
of Canada, in which the majority of canola fields are located [84]. F. graminearum is also a
pathogen for crops, especially wheat, causing the disease known as Fusarium head blight [84].
Both spores were first suspended separately in milli-Q water with a resistivity of 18.2 MQ-cm™!
and at concentrations of about 7.8x10* spores/mL, measured using a standard hemocytometer, and
then both samples were mixed in a final sample volume of 10 pL.

The mixed sample was then introduced through the chip's inlet at a flowrate of 50 pL/h.
Subsequently, an AC excitation signal of 18 Vpp (peak to peak) at 60 kHz was applied to the IME
structure to concentrate S. sclerotiorum ascospores at the electrode edges using pDEP, while other
particles could flow freely to the outlet drain. Figure 2.12 shows a microscopic image of the
heterogeneous spore sample, as well as the process of DEP filtering over time. F. graminearum
spores have a banana shape, with an average size of around 40 um long and 2-4 um wide.

Here is important to mention that the frequency of the DEP signal was determined
empirically, by observing the motion of spores between 1 kHz and 10 MHz and under the same
buffer solution. Ideally, the DEP response of the spores should be obtained by plotting the curves

of the CM factor, as we showed in Figure 2.2, however, the dielectric properties of S. sclerotiorum
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ascospores are unknown. Table 2.1 summarizes the DEP responses of S. sclerotiorum ascospores

that were obtained by observing their motion between 1 kHz and 10 MHz.
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Figure 2.12: DEP filter: (a) Heterogeneous sample of spores, F. graminearum spores are shown
in red circles; (b) 2 min. of DEP signal on; (¢) 4 min. of DEP signal on; (d) 6 min. of DEP signal
on. Flow is from left to right. The applied voltage is 18 Vpp. The longer the DEP signal is turned

on, the more S. sclerotiorum ascospores accumulate at the electrode edges.

Frequency Observed
DEP response
1 kHz Unstable
10 kHz pDEP
100 kHz pDEP
1 MHz pDEP
10 MHz pDEP

Table 2.1: Observed DEP responses of S. sclerotiorum ascospores in milli-Q water as the medium

solution.
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Under 10 kHz, the DEP response was difficult to determine. Initially, I observed a few
ascospores to be trapped at the edges of the IME, but they were often released after a few seconds,
even without turning the DEP signal off and with very low flow rates. From 10 kHz and above, a
stable pDEP response was observed. With the obtained DEP responses and for the specific solution
in which spores were suspended, 60 kHz at 18 Vpp and with a flowrate of 50 uL/h provided a
selective capture of target spores while others were flushed away. We employed Milli-Q water due
to its large resistivity and to minimize Joule heating. The capture efficiency was found to be close
to 87% for a flowrate of 50 pL/h. This was calculated by comparing the input and output
concentration of target spores during the first step.

Once all the contaminants were filtered out, a 0.01X PBS solution was introduced to the flow
stream of the device, the DEP signal was turned off, and changes in the impedance magnitude
were measured. Figure 2.13a shows the exact moment in which an S. sclerotiorum ascospore is
passing through the microfluidic constriction while Figure 2.13b shows peaks in the impedance

signal generated by a single ascospore and by a cluster of them.
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Figure 2.13: S. sclerotiorum detection: (a) Single S. sclerotiorum ascospore flowing in a 20 pm
wide microfluidic constriction; (b) Real-time impedance measurement showing peaks produced

by a single ascospore and an ascospore cluster. The impedance measurement was performed at
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100 kHz; (c) Histogram of the impedance signal for single S. sclerotiorum ascospores. In total, 24
single ascospores were detected.

In total, 24 single ascospores were measured with an average impedance change of 3.00 +
0.71 kQ. The impedance histogram for ascospores is shown in Figure 2.13c. Although ascospores
may have the same length as beads of 10 um, their volume is smaller, which is why smaller changes
were obtained. In these experiments, the average size of our ascospores was found to be 11 £2 um
x 3 £ 1 pum, determined using an optical microscope.

The detection of ascospores was more challenging than the detection of beads since the
detection signal peaks are closer to the background noise of our equipment (Figure 2.13b). The
root-mean-square (RMS) value of the noise was measured to be 0.3378 kQ. Figure 2.13c shows
that the peak amplitudes of detected ascospores are larger than three times the RMS noise value.
The CV of impedance measurements for ascospores is 23.5%, larger than the ones obtained for
beads, with 20% and 4% for particles of 10 pm and 16 pm, respectively. Although sparse,
ascospore aggregation was also present during our experiments, producing higher peaks (Figure
2.13b) than the average for single ascospores. Aggregated ascospores were identified with video
data, and their peaks were not included and considered as false positives. Although they can still
germinate and therefore infect plants, the goal of these experiments was to test, as a proof of
concept, the sensitivity to single ascospores. The dispersion in peaks amplitude, as in the case of
beads, can be explained by the height at which ascospores flow as well as the variability in
ascospore size.

As mentioned before, changes in the impedance were monitored between two of the
microelectrodes in the microfluidic constriction. A three-electrode configuration allows

differential measurements and can provide antisymmetric peaks per detection event, which helps
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to detect real signals from noise. By aiming to demonstrate the effectiveness and feasibility of our
method, we only used two microelectrodes, as video data was employed to match every peak. The
three microelectrodes in our chip were designed and intended for future field testing in which video
recording wouldn’t have been possible.

During initial experiments with beads and ascospores, channels were occasionally blocked,
as shown in Figures 2.14a and b. This problem was quickly solved by peeling off the tape, cleaning
the chip, and applying a new piece of tape, which would not be possible if commonly used
materials, such as PDMS were employed to create the microfluidic channels. Figure 2.14c shows

a chip that was re-taped and cleared of any clogs.

(a)

Clogged ascospores

100 pm Clogged beads

I 100 pm I I I

Sterilized and re-taped microchip

I 100 pm I

Figure 2.14: Microscopic images of clogged channels during initial experiments: (a) Ascospores

blocking the channel constriction during an experiment; (b) Beads with 10 pm diameter blocking
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the channel constriction during an experiment; (c) Sterilized and re-taped chip. Scale bars equal

100 pm.

Although in the previous approach [21], the same sensing mechanism based on impedance
measurement was employed, the spore selectivity in our device is performed using DEP. DEP can
filter out common contaminants present in samples provided by commercial spore-trap samplers,
allowing single S. sclerotiorum ascospores (target spores) to be detected when they flow through
the microfluidic constriction, thus satisfying the sensitivity requirements for an SSR early warning
system. Furthermore, the footprint of the device was reduced by 50% compared to the previous
design by incorporating a microfluidic platform that improves the device integration and
compactness, facilitating its automation with commercial pumps. These features are essential when
we think about designing a forecasting system consisting of a network of lab-on-a-chip platforms
capable of monitoring large extensions of canola fields.

Commercial spore-trap samplers are capable of capturing airborne particles in a liquid
collection media, such as the “Biosampler” by SKC Ltd. or “Cyclone” by Burkard Manufacturing
Co Ltd. Thus, the concentration of particles captured by these samplers will depend on the number
of particles present above the crop canopy, the sampler’s collection volume, and the air passing
through them. In the previous device, the minimum concentration required to produce a detectable
signal was 7.8x10* ascospores/ mL, imposing this value as the minimum concentration of target
ascospores that the traps should provide to the device. On the other hand, and based on the
validation experiments presented here, our current microfluidic chip could provide no limitation

on the concentration required from the traps, as single ascospores were detected.
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2.5 Conclusions

In this chapter, we described the development of a proof of concept lab-on-a-chip device for the
detection of S. sclerotiorum ascospores, aiming at smart-agriculture applications, and more
specifically, canola crop protection. Our device is integrated with a dielectrophoretic filter, and an
impedimetric measuring system based on the Coulter principle. Experimental results indicated an
efficient dielectrophoretic separation between S. sclerotiorum ascospores and F. graminearum
spores from a heterogenous sample. Furthermore, single S. sclerotiorum ascospores were detected
using dynamic impedimetric sensing with a change in the impedance signal of around 0.3% per
ascospore and using a benchtop potentiostat. To facilitate experimentation and reusability, a
reversible and straightforward sealing mechanism using hydrophilic tape was implemented. To the
best of our knowledge, the device we developed and described in this chapter represents the first

report of single S. sclerotiorum ascospore detection employing a micromachined device.
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Chapter 3

An Electroactive Microwell Array Design

3.1 Introduction

In this chapter, we describe the development of a new microfluidic device for the capture and
quantification of S. sclerotiorum airborne inoculum. Although our previous device, described in
Chapter 2, was able to successfully detect single ascospores, we identified a few aspects that could
be improved when we consider the end goal of our devices. The sealing mechanism based on
hydrophilic tape provided reusability of chips and a quick solution to clogging issues, which is
certainly a useful feature during proof-of-concept experiments. However, a disposable device that
can reduce the frequency of clogging and with permanently sealed channels is a more desirable
feature, instead of having the final users (farmers) go through the cleaning and subsequent re-
taping process. Another aspect that we seek to improve with the device we describe in this chapter
is the sensitivity of impedance measurements. The Coulter counter uses dynamic impedance
measurements, which require high-speed instruments to provide an output signal. On the other
hand, static impedance measurements are known for providing higher sensitivity and can also
reduce the large variability in the impedance signal due to the height at which ascospores flow in
the microchannel. Here, is important to clarify that dynamic impedance measurement refers to

cases in which the impedance signal changes rapidly over time, which was the case of our Coulter
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device, producing impedance pulses due to ascospores that flow through the detection area. On the
other hand, with static impedance measurements, we are referring to changes in the impedance
due to ascospores that are static in the detection area of the device.

With these criteria in mind, we designed a microfluidic device based on an electrode-
activated microwell array for the capture and quantification of S. sclerotiorum ascospores.
Microwell arrays have been commonly used for high-throughput cell sequencing [85]-[89], cell
pairing [90], [91] as well as for cancer cell identification and characterization [92]-[95]. These
devices are normally designed with thousands of microwells and cells are generally detected and
analyzed by imaging and microscopy. One common approach is to capture particles or cells into
the microwells using gravity [88], [96]—-[98]. To increase the capture efficiency, as well as to obtain
selective capture, active trapping mechanisms, such as dielectrophoresis have been used [90],
[99]-[102]. Recent reports of devices using microwell array and DEP include a microfluidic device
composed of 3600 microwells for double-sub-Poisson single-cell RNA sequencing [85], an
electroactive device with 300,000 microwells for the molecular analysis of tumor cells [94] and a
microfluidic chip with more than 3000 microwells for the capture and subsequent analysis of
cancer cells, including the characterization of cell apoptosis via immunostaining and fluorescent
in situ hybridization (FISH) [92].

Here we developed an inexpensive and portable microfluidic device with a total of 190
picoliter wells, which were fabricated on top of coplanar nano-thick aluminum electrodes. These
electrodes were employed for the dielectrophoresis-driven capture of S. sclerotiorum ascospores
and subsequent on-chip detection using static impedimetric sensing. We extensively characterized
our device and unambiguously demonstrated an ascospore trapping rate of more than 90%. The

impedimetric quantification of single ascospores was also demonstrated, with a platform design
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that allows us to address each column in the microwell array individually. The device presented
here provides a unique approach for the capture and quantification of S. sclerotiorum airborne

spores.

3.2 Materials and Methods

3.2.1 Design and operating principle

Our microfluidic device was designed and fabricated with a total of 20 aluminum microelectrodes
(100 nm thick, 20 um wide and 6 um gap) and upon which an array of 190 microwells made of
SU-8 resist was fabricated. Figure 3.1a shows the fabricated device while Figure 3.1b and 3.1c

show a close-up of the microelectrodes and microwells, respectively.

Figure 3.1: Microfluidic device based on an electroactive microwell array design. (a) Assembled
microfluidic device. (b) Microscopic image of microelectrodes and microwells. The array has 190
microwells in total, 10 microwells per electrode pair (column) with 20 nano-thick aluminum
electrodes in total. (c¢) Helium ion microscopy (HIM) image of microwells made of SU-8.

Each microelectrode can be addressed individually and between each pair, 10 microwells

were placed. To focus the flow of ascospores towards the center of the device, in which the
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microelectrodes were placed, the microfluidic channel was designed with a constriction, and each
alternate column in the microwell array was shifted in the y-axis direction to ensure that a
microwell is always under the path of a flowing ascospore (Figure 3.1b).

As mentioned in previous chapters, and according to previous reports [21], [42], the
detection of approximately 10 ascospores/m® of air allows an 8-day advanced forecast of SSR
outbreaks. This threshold expressed in, for example, ascospores per milliliters of solution will of
course depend on the collecting volume of the air sampling system. In our device, we chose a low
number of microwells based on this detection range. On the other hand, the diameter and depth of
microwells were designed based on the average size of S. sclerotiorum ascospores. The schematic
representation of the cross-sectional view of our device is shown in Figure 3.2a. The microfluidic
channels in these devices are permanently sealed using PDMS (more details on fabrication aspects
are given in the next section).

The operating principle to capture S. sclerotiorum ascospores into the microwells is based
on the DEP-induced force. In the same manner as in the previous device, the non-uniform electric
field for DEP capture is generated by applying a sinusoidal voltage to the microelectrodes, which
can be configured as an interdigitated microelectrode (IME) structure during the process of
trapping ascospores into the microwells. This configuration is schematically shown in Figure 3.2b.
Once ascospores are captured, non-faradaic electrochemical impedance spectroscopy (nF-EIS)
measurements can be performed to quantify ascospores column by column. nF-EIS is a label-free
detection technique that measures the electrical current of an electrode-electrolyte system in
response to an applied AC potential with no redox species in solution [103]-[105]. During the
impedance measurements, microelectrodes can be operated individually, allowing the

measurement of each column in the microwell array, and providing the ability to determine
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ascospore occupancy per column. The configuration employed during impedance measurements
is schematically shown in Figure 3.2¢. The microelectrode configuration is externally controlled

by switches in a custom-made chip-holder, shown in Figure 3.3.
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Figure 3.2: (a) Schematic representation of the cross-sectional view of the microfluidic device.
(b) Microelectrodes can be combined into an interdigitated structure for ascospore capture in all
the microwells of the device using DEP. (c) After DEP capture, microelectrodes are operated

individually for impedance measurements column by column.
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Pogo pins

Figure 3.3: Custom-made chip holder. (a) Lateral view of the holder showing spring loaded pogo
pins used to electrically connect the pads of the microfluidic device to external equipment. (b) Top

view of chip holder showing the switches used to change the electrodes operation mode.

The final design of the microfluidic platform presented here, and shown in Figure 3.1a, was
tailored based on a validation design that we first developed in our Lab.” Figure 3.4 shows the
CAD design of a single die for the validation and final version of the microfluidic platform. The
complete photolithography masks employed for the fabrication of both devices are provided in
Appendix A (Figure A. 2 and A. 3).

The validation design helped us to develop a reliable fabrication protocol and allowed us to
run initial tests. The main problems found with these devices were related to the alignment between
the metal and SU-8 layers, as well as microwell distribution. These issues are shown in Figure 3.5.
The misalignment of microwells to microelectrodes was due to insufficient alignment marks in the

photomasks, which in turn enabled limited or no DEP capture when a signal was applied to the

% | would like to thank Lukas Menze for designing the validation photomask. | designed the final photomask,
developed the fabrication process for both devices and performed tests of both devices.
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microelectrodes, as these were covered by SU-8. The distribution of microwells was also
problematic, as ascospores and other particles can flow through the channel constriction without

even crossing any microwell, which also limited DEP capture.

Figure 3.4: CAD files of a single die for (a) validation device developed for initial tests and

fabrication process development. (b) The final version of our microfluidic platform design.

Microwells are not align
o the metalization layer

Figure 3.5: Microscopic image of microwells in the validation device. Microwells are not aligned
to microelectrodes underneath and the distribution of wells is too scarce to obtain efficient DEP

capture of particles.
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3.2.2 Device fabrication
The microfluidic devices were fabricated on 500 um thick glass substrates with 4-inch diameter.
These substrates were first cleaned with piranha solution (3:1, H2SO4:H>07) for 15 minutes.
Immediately after this, 100 nm of aluminum was sputtered on top of the substrates. Electrodes
were patterned using a positive photoresist AZ1512 (EMD Performance Materials Corp.), which
was spread at 500 rpm for 10 s, then increased to 5000 rpm for 40 s, and finally baked at 100 °C
for 60 s. Afterward, the photoresist was exposed under UV light at 100 mJ/cm? using a mask
aligner (ABM-USA, Inc) and developed using AZ 400k 1:4 developer (EMD Performance
Materials Corp.). The metal layer was subsequently etched using aluminum etchant type A
(Transene Company Inc.). Electrodes were fabricated with a width of 20 um and a gap between
them of 6 um. Using a second photomask, microwells were fabricated on top of the electrodes
using the negative photoresist SU-8 (Kayaku Advanced Materials Inc.) with a thickness of 10 um.
Thicknesses of 5 um and 20 um were also fabricated. SU-8 2010 was spread on top of the
substrates containing patterned electrodes at 500 rpm for 15 s and then increase to 3500 rpm for
30 s to form 10 um thick layers. These substrates were soft baked at 65 °C for 2 min and then for
4 min at 95 °C. UV light exposure was done at 100 mJ/cm? and the substrate subsequently post-
exposure baked at 65 °C for 2 min and then for 5 min at 95 °C. Finally, substrates were developed
for 1 min using SU-8 developer (Kayaku Advanced Materials Inc.). The additional substrates with
SU-8 layers of 5 pm and 20 pm thick were fabricated using SU-8 2005 and SU-8 2015,
respectively. Each substrate provides 6 devices, 3 with microwells of 20 pm in diameter and 3 with
15 pm.

To obtain the microfluidic channels, a master mold for PDMS molding was fabricated on a

prime silicon wafer of 4-inch diameter using SU-8 2015 with a thickness of 18 um. A 10:1 mass
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ratio of PDMS base and curing agent (Sylgard 184 silicone elastomer kit) was poured onto the
master mold and cured in an oven at 100 °C for 1 hour. Afterward, the polymerized PDMS was
peeled off and inlet/outlet holes were created on the channels using a disposable biopsy punch

(Robbins Instruments Inc.) and subsequently cleaned with IPA and milli-Q water.

3.2.3 Bonding and assembly

Microfluidic channels on PDMS structures were irreversibly bonded to the fabricated glass devices
containing SU-8 microwells by silanization, using APTES (3-Aminopropyl)triethoxysilane 99%.
Traditionally, oxygen plasma is used to irreversibly bond PDMS to glass surfaces when
prototyping microfluidic devices. However, our microfluidic device has a SU-8 layer on top of the
glass, which does not result in the creation of -SiOH groups after the plasma treatment [106]. With
the silanization process, APTES molecules (CH3CH20O- and NH>) are bound to the plasma-treated
PDMS surface. CH3CH2O will react in one end with the —SiOH group on the PDMS, while the
other end (NHz) will react with the epoxy group on the SU-8 surface forming strong covalent
bonds [106]. The schematic representation of the bonding method is shown in Figure 3.6.

First, the channel side on the PDMS was exposed to oxygen plasma using a reactive-ion
etching machine (Trion Technology, Inc.). After the surface activation, the channel side was
immersed in a liquid solution containing 99% (3-aminopropyl)triethoxysilane(APTES) for 45 s.
Afterward, the PDMS was washed with milli-Q water and dried using nitrogen gas. Immediately
after this, the PDMS and our device (glass + SU-8) were carefully aligned and brought into contact.
The structure was baked on a hot plate at 150 °C for 1 hour while a standard calibration weight of
200 grams was applied on top. Finally, 21G stainless steel connectors were inserted into the input

and output holes in the PDMS and connected to PTFE tubing (Elveflow Microfluidics).
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Figure 3.6: Bonding process: (a) Silanization of plasma-treated PDMS using APTES. (b) Epoxy-

groups on the SU-8 surface react with NH> on the PDMS surface when bring into contact.

3.2.4 Instrumentation and experimental setup

The employed instrumentation is similar to what we employed with the Coulter counter device.
The custom-made chip-holder introduced in section 3.2.1 is based on spring-loaded pogo-pins
(Mill-Max Corp.) and was used to electrically connect our microfluidic device to all external
equipment. A set of switches in the holder allowed us to control the signal applied to each
microelectrode. The flow of ascospores in solution within the microfluidic channel was generated

and controlled using the same syringe pump (New Era Pump Systems Inc. NE-1000). During DEP
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experiments, sinusoidal signals were applied to the microelectrodes via the chip-holder by using a
function generator (Rigol DG822) through a bipolar 10X amplifier (Tabor Electronics 9250). An
oscilloscope (Tektronix TDS 2012B) was also used to monitor the applied signal. nF-EIS
measurements were performed using a high precision impedance analyzer (Zurich Instruments

MFIA) controlled by the software LabOne.

3.2.5 Reagents and ascospore production

S. sclerotiorum ascospores were produced as described in Chapter 1. To prepare ascospores in
solution, the filter paper discs were cut into small pieces (approximately 2 mm x 10mm) and
inserted in a 2 mL centrifuge tube containing 1.5 mL of ultrapure Milli-Q water with a resistivity
of 18.2 MQ cm ™! (Sigma-Aldrich). Subsequently, the tube was shaken for 45 s at 1500 rpm using
a digital vortex mixer (Fisher Scientific). The piece of paper was then removed from the tube and
the solution was filtered using a cell strainer (PluriSelect) with a 20 pm mesh. During DEP
experiments spores were resuspended in our DEP loading buffer, consisting of 1% w/v bovine

serum albumin (BSA) in milli-Q water to avoid non-specific binding of spores.

3.3 Experimental Results and Discussion

3.3.1 DEP-assisted capture of ascospores

To evaluate the performance of our device for capturing S. sclerotiorum ascospores, I designed
two sets of experiments. In the first set, the occupancy distribution of captured ascospores was
examined as a function of the applied flowrate. Devices having microwells with diameters of 20
um and 15 pm were tested. Prior to loading ascospores, ethanol was slowly injected into the device

at a flowrate of 2 pL/min in order to remove air bubbles within the microwells. Afterward, our
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DEP buffer was introduced into the channel at the same flowrate for 10 min. Subsequently, 10 uLL
of stained S. sclerotiorum ascospores at a low concentration of approximately 4.4x10* spores/mL,
measured with a conventional hemocytometer, were pumped into the device at a fixed flowrate of
0.2 uL/min.

While the ascospore suspension was flowing, a sinusoidal signal of 20 Vpp and 300 kHz
was applied to the electrodes to enable positive DEP capture. Once the entire ascospore volume
(10 uL) was pumped, a washing step was implemented to remove remaining ascospores on the
SU-8 surface by increasing the flowrate to 15 pL/min for 2 minutes, while keeping the DEP signal
on. Flowrates of 0.4 and 0.8 pL/min were also examined, and three independent experiments were

performed for each flowrate. The obtained results are summarized in Figure 3.7.

a Microwell diameter: 20 pm b Microwell diameter: 15 um
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Figure 3.7: Ascospore occupancy employing DEP assisted loading. Each bar shows the mean
value of three independent experiments and represents the number of microwells occupied by zero,
one, two and three or more ascospores. The total number of microwells is 190. (a) Ascospore

occupancy as a function of the applied flowrate for devices in which microwells have a 20 pm
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diameter and employing a sinusoidal DEP signal of 20 Vpp at 300 kHz. (b) Same as (a) but with

microwells of 15 um diameter.

A high ascospore occupancy of 91.23% was achieved in devices with microwell diameters
of 20 um, subjected to a flowrate of 0.2 pL/min (Figure 3.7a) and with more than 70% of the
microwells occupied by at least 2 ascospores. As expected, ascospore occupancy decreases as the
flowrate increases, with an average occupancy of 83.11% and 71.86% for flowrates of 0.4 and 0.8
puL/min, respectively. It was also verified that the percentage of single ascospores increased from
16.49% to 24.38% when the flowrate increased from 0.2 to 0.8 pL/min. The average velocity of
ascospores increases as the flowrate increases, and thus the drag force acting on them, decreasing
the number of ascospores captured with the same DEP signal amplitude. The same trend was
observed in devices with microwells of 15 pm diameter (Figure 3.7b) and almost no triplets were
present after the washing step.

The difference in occupancy levels between the two devices can be attributed to two main
reasons: a reduction in the cross-sectional area of the channel due to a smaller constriction and a
larger attenuation of the electric field due to smaller microwells. The microfluidic channel
constriction (Figure 3.1b) 1s 420 um and 320 pm for devices with microwells of 20 um and 15 pm
diameter, respectively. By the continuity equation, we know that as the cross-sectional area of our
microchannel is reduced, the mean velocity of ascospores increases for a constant flowrate [107].
Therefore, for the same flowrate, ascospores are flowing around 32% faster in devices with
microwells of 15 um diameter. Furthermore, SU-8 is an insulator and as the diameter of the
microwells is reduced, a larger attenuation of the electric field and thus the DEP effect is obtained.

Figure 3.8 shows fluorescence microscopy images of ascospores captured at different flowrates.

53



Figure 3.8: Ascospore occupancy as a function of flowrate. The applied DEP signal was 20 Vpp
at 300 kHz and the pumped volume was 10 pL. Devices with microwells of 20 um diameter and
applied flowrate of: (a) 0.2 pL/min (b) 0.4 uL/min and (¢) 0.8 pL/min. Devices with microwells
of 15 um diameter and applied flowrate of: (d) 0.2 uL/min (e) 0.4 pL/min and (f) 0.8 pL/min. Scale

bars are 40 um.

In the second set of experiments, the influence of microwell depth with regards to occupancy
distribution of captured ascospores was evaluated at a constant flowrate of 0.2 uL/min. In addition
to the previously described chips showcasing a microwell depth of 10 um, devices with microwell
depths of 5 um and 20 um were also fabricated. The DEP signal amplitude and frequency, the
concentration of ascospores, and the injected volume were kept the same as in the previous
experiment. The results obtained during these experiments are summarized in Figure 3.9. As
expected, high spore occupancy (92.35%) was observed in devices with microwells of 20 pum

diameter and 5 um depth (Figure 3.9a). On the other hand, the occupancy in devices with
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microwells of 15 um diameter and 5 pm depth was on average 79% with more than 45% of the

microwells occupied by doublets (Figure 3.9b).

a Microwell diameter: 20 ym b Microwell diameter: 15 ym
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Figure 3.9: Ascospore occupancy employing DEP assisted loading. Each bar shows the mean
value of three independent experiments and represents the number of microwells occupied by zero,
one, two and three or more spores. The total number of microwells is 190. (a) Ascospore occupancy
as a function of microwell depth: the diameter of the microwells is 20 um and the applied DEP
signal 1s 20 Vpp at 300 kHz. (b) Same as (a) but with microwells of 15 um diameter. Error bars

represent the standard deviation.

During the washing step of devices with 5 um depth, a few ascospores were observed
escaping the microwells, particularly those in which there were two or more ascospores already.
This issue was solved by increasing the voltage to 22 Vpp during the washing step. Notably, the
ascospore capture efficiency decreased drastically for both microwell diameters when the depth of
microwells was 20 um (Figures 3.9a and 3.9b). This can be attributed to the decrease in the

intensity of the electric field gradient with the increasing distance from the electrodes surface. We
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carried out numerical simulations using commercially available software (COMSOL
Multiphysics) to investigate this effect. The simulation domain and the electric field generated by
the microelectrodes are shown in Figure 3.10, where the electric field intensity |E| is represented

with a color map.
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Figure 3.10: COMSOL simulations: (a) Simulation domain and color map of electric field
intensity generated by microelectrodes. The white dashed rectangle A represents the integration
boundaries of the electric field gradient (V|E|?) with a fixed height of 10 um and width equal to
the microwell diameter . (b) Simulation of the effective electric field gradient V|E |§ff as a

function of SU-8 thickness. The effective gradient is proportional to the DEP force acting on
ascospores and decreases exponentially with the increase of SU-8 thickness. The voltage used in

these simulations and applied to the microelectrodes was the same as the experimental voltage (20

Vpp).

As per equation (2.4), the gradient of the squared electric field V|E|? is directly proportional
to the DEP force acting on the ascospores, therefore, we defined the effective gradient as:

VIE |§ff = [ V|E|*dA, which represents the magnitude of the electric field gradient (V|E|?)
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integrated over the white dashed rectangle of area 4 above the microwells, shown in Figure 3.10a,
with a fixed height of 10 um and width given by the microwell diameter. The simulation of the
effective gradient as a function of SU-8 thickness is shown in Figure 3.10b. We can see that as the
thickness of the SU-8 layer increases, the effective gradient decreases exponentially and therefore
the DEP force also decreases.

This means that as the microwell depth increases, the DEP capture efficiency will decrease
exponentially, which was clearly observed in our experiments. It is also important to point out that
we also tested ascospore loading in all our devices using nothing but gravity. However, in all cases,
all the microwells were empty, which indicates that the DEP force was the dominant force in
capturing ascospores into microwells. Figure 3.11 shows HIM images of ascospores captured

inside microwells using DEP.

Figure 3.11: HIM image of S. sclerotiorum ascospores inside microwells captured by
dielectrophoresis force. (a) Single ascospore in a microwell of 20 um diameter; (b) Single
ascospore in a single microwell of 15 um diameter. The applied DEP signal was 20 Vp, at 300

kHz.
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Ascospores were fixed for HIM imaging using 4% paraformaldehyde in PBS with 0.1%
Triton X-100.'° First, ascospores were introduced into the device and captured using DEP. After
this, 1 mL of the paraformaldehyde solution was pumped into the device manually and left to rest
for 15 min. Secondly, PBS 1X was introduced for 10 minutes to rinse the microwells. Lastly,
captured ascospores were dehydrated by introducing ethanol of graded concentrations, which were
20% for 5 min, 40% for 5 min, 60% for 5 min and 80% for 5 min. Images were taken employing
the HIM microscope at the facilities of nanoFab.

Based on the results presented above, it is evident that our devices can effectively capture
ascospores into the microwells using DEP. The frequency was chosen by observing the DEP
response of ascospores in our DEP buffer, in the same way that it was done in the previous chapter.
At 300 kHz, a stronger pDEP response was observed. Devices with 20 um diameter and 5 pm
depth provided higher capture efficiency and flexibility to account for the ascospore size
variability. Devices with 15 um diameter and 5 um depth provided a lower number of ascospores
per microwell when compared to devices with microwells of 20 um diameter, and the overall
capture efficiency could be increased by, for instance, reducing the flowrate, at the expense of an

increase in capture time.

3.3.2 Impedimetric quantification of S. sclerotiorum ascospores
After capturing ascospores into the microwells, we employed nF-EIS to quantify them. During this
process, microelectrodes are operated individually (Figure 3.2c), allowing for impedance

measurements of each column in the microwell array by applying an AC potential from the

10 A huge amount of appreciation goes to Dr. Jie Zeng for her help with the fixation process. She prepared the
reagents and helped me throughout the fixation process.
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impedance analyzer to the respective pair of microelectrodes located beneath each microwell

(Figure 3.1b). To test the performance of our quantification method, we first pumped a solution

with a low concentration of ascospores (~2x10* spores/mL) at a flowrate of 0.2 pL/min into the

device. Subsequently, we used DEP to capture single ascospores into a fixed column of the

microwell array. Every time a single ascospore was captured in a microwell of the respective fixed

the DEP signal was turned off, and the impedance spectrum was recorded from 5 kHz to

column,
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Captured

2 Ascospores
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1 MHz. This process of capturing ascospores in a fixed column is shown in Figure 3.12.
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Figure 3.12: Ascospore capture in a single column using DEP. The flowrate was 0.2 pL/min from
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left to right and the applied DEP signal was 20 Vpp at 300 kHz. After every single ascospore was
captured, the DEP signal was turned off and impedance measurements were recorded in the
frequency range of 5SkHz-1MHz. The DEP signal was turned back on after the impedance



measurements were completed and only when a flowing ascospore was in the trajectory of an
empty microwell of the same column. Flowing ascospores were monitored through the microscope
camera. (a) Entire microwell array showing a single ascospore captured at a fixed column. The

number of captured ascospores in a fixed column increases from (b) to (g). Scale bars are 50 um.

Flowing ascospores were monitored using the microscope camera to ensure that no
ascospore was captured in a microwell that was already occupied. Thus, the DEP signal was turned
back on only when an ascospore was flowing in the direction of an empty microwell of the same
column. During the impedance spectrum measurement, which takes approximately 20 s, none of
the captured ascospores escaped from the microwells, even when the DEP signal remained off for
a longer time. The typical magnitude response of a single column in the microwell array as a
function of the number of captured ascospores and for devices with microwells of 20 um diameter

is shown in Figure 3.13.
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Figure 3.13: Magnitude of the impedance versus frequency as a function of the number of single
S. sclerotiorum ascospores captured in a column of the microwell array. Diameter of microwells

is 20 pum.

On the other hand, the typical phase response of a single column in the microwell array as a
function of the number of captured ascospores and for devices with microwells of 20 pm diameter

is shown in Figure 3.14.
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Figure 3.14: Phase of the impedance versus frequency as a function of the number of single S.
sclerotiorum ascospores captured in a column of the microwell array. Diameter of microwells is

20 pm.

As expected in a capacitive-based sensor, magnitude curves decrease (Figure 3.13) and phase

curves tend to -90° (Figure 3.14) as the frequency increases. The experimental Nyquist plot and
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the equivalent circuit model with such responses is shown in Figure 3.15. Rm models the solution
resistance which is in parallel with the solution capacitance Cs. The constant phase element (CPE)
models the electrical double-layer at the electrodes, all in parallel with a parasitic capacitance Cp,
which, as explained in the previous chapter, accounts for parasitic effects introduced by the
connection cables, chip-holder and substrate. This is a simplified equivalent circuit, commonly

used to describe the electrode-electrolyte interface in interdigitated electrode sensors [108].
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Figure 3.15: Nyquist plot with equivalent circuit model as a function of the number of single S.
sclerotiorum ascospores captured in a column of the microwell array. Diameter of microwells is

20 pm.

By fitting the experimental data to the equivalent circuit, we verified that captured

ascospores will mainly induce changes in R, Cs and CPE, contributing to the total impedance
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change of the system. Fitting results had chi-square values less than 0.023. and are shown in Figure
3.16.

The impedance measurements curves clearly show that changes in the number of captured
ascospores can effectively modulate the impedance response of our device. It is important to
mention that in these experiments, seven ascospores per column were captured since as the
microwells of a single column were filled, it became more difficult to prevent two ascospores from

occupying the same microwell.

b c
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Figure 3.16: Fitting by equivalent circuit. (a) Equivalent circuit employed to fit experimental data.
Rm models the solution resistance, in parallel with the solution capacitance (Cs), which are in series
with a constant phase element (CPE) that models the electrical double-layer at the electrodes, all
in parallel with a parasitic capacitance (Cp), which accounts for parasitic effects coming from the
connection cables, connector and substrate. (b) Fitting by equivalent circuit when no spores were
captured and the microwells are only filled with buffer. (c) Fitting by equivalent circuit when 7
spores were captured in a column of the microwell array. By fitting each experimental data, we
verified that as the number of captured spores increases, Rm decreases while Cs and CPE increases,

contributing to the total impedance change of the system.
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In order to account for variations in the impedance response of each column in the microwell

array, we defined the normalized impedance as,

Zspore - Zbuffer

| Znorm| =

3.1
Zbuffer ( )

where Zgpore 18 the impedance response due to captured ascospores in microwells, and Zyfrer 18
the impedance response given by the buffer. Thus, the calibration curve for the normalized
impedance magnitude at frequencies of 5 kHz and 20 kHz is shown in Figure 3.17, in which each
point represents the average value of three independent experiments (N=3) performed in different

columns of the microwell array.
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Figure 3.17: Calibration curve of the normalized impedance magnitude at 5 kHz and 20 kHz

(N=3) in devices with microwells of 20 um diameter.
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By fitting the experimental data with a linear regression, an R? value of 0.9390 with a slope
of 0.020 was obtained for SkHz. Whereas for 20 kHz the R? value was 0.9404, with a slope of
0.016. We can express the sensitivity as the percentage of impedance change per captured
ascospore by simply multiplying the slopes by 100, yielding a sensitivity of 2%/spore at 5 kHz and
1.6%/spore at 20 kHz. These curves clearly indicate that it is possible to quantify ascospores with
our device and that the sensitivity decreases with frequency, which was expected by the spectra
obtained in Figure 3.13. The linearity, on the other hand, was very similar for both frequencies.

As described in the previous section, depending on conditions of flowrate and device
geometry, more than one ascospore could get captured in a single microwell using DEP. Thus, I
carried out an experiment to determine the impedance change due to ascospores in a single
microwell. The calibration curve (N=3) for the normalized impedance magnitude is shown in
Figure 3.18. No more than 4 ascospores could be captured in the same microwell and the R? and
slope values obtained for 5 kHz were 0.8061 and 0.017, respectively, while the values for 20 kHz

were 0.7869 and 0.007.
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Figure 3.18: Calibration curve of the normalized impedance magnitude at 5 kHz and 20 kHz when
ascospores are captured in a single microwell with 20 um diameter (N=3).

This experiment was very challenging as it was critical to capture ascospores in a single
microwell of a column. However, on many occasions, ascospores were captured in different
microwells of the same column, and the experiment had to restart. As expected, the microwell
dimensions limited the number of ascospores that can be captured and, as the number of ascospores
increased, the area of exposed microelectrodes was reduced. We also noticed that ascospores tend
to stack on top of each other partially, and sometimes completely, as the number of ascospores
increases, thus reducing the electric field perturbation, which lead to a reduction in the total
impedance change as the microwell was filled. These factors can potentially explain the low values
for the coefficient of determination that were obtained for these curves, which implies a deviation
from a simple linear correlation.

Lastly, we also calculated the calibration curve based on the phase of impedance. The

calibration curve (N=3) for the normalized impedance phase is shown in Figure 3.19.
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Figure 3.19: Calibration curve of the normalized impedance phase at 5 kHz and 20 kHz (N=3) in

devices with microwells of 20 um diameter.

At 50 kHz, an R? value of 0.9368 was obtained with a slope of 0.007, while for 100 kHz, the
R? was 0.9284 with a slope of 0.005. Although the impedance phase is less sensitive than
magnitude, it could still be employed as an alternative or complementary parameter to quantify
ascospores.

We repeated the same experiments for chips with microwells of 15 pm diameter. The typical
magnitude response of a single column in the microwell array as a function of the number of

captured ascospores and for devices with microwells of 15 pm diameter is shown in Figure 3.20.
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Figure 3.20: Magnitude of the impedance versus frequency as a function of the number of single
S. sclerotiorum ascospores captured in a column of the microwell array. Diameter of microwells

is 15 pm.

With a smaller diameter, a smaller portion of the electrodes surface area is in contact with
solution, yielding considerably larger magnitude values when compared to those with microwells
of 20 um diameter. Figures 3.21 and 3.22 show the typical phase response and Nyquist plot for
devices with microwells of 15 pm diameter, respectively. As expected, the same trend was obtained
for both plots when compared to those obtained for devices having microwells of 20 pm in
diameter. To compare the sensitivities, the calibration curves were calculated at the same
frequencies.

The calibration curve for the normalized impedance magnitude (N=3) at frequencies of 5

kHz and 20 kHz is shown in Figure 3.23.
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Figure 3.21: Phase of the impedance versus frequency as a function of the number of single S.
sclerotiorum ascospores captured in a column of the microwell array. Diameter of microwells is

15 pm.
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Figure 3.22: Nyquist plot with equivalent circuit model as a function of the number of single S.
sclerotiorum ascospores captured in a column of the microwell array. Diameter of microwells is

15 pm.
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Figure 3.23: Calibration curve of the normalized impedance magnitude at 5 kHz and 20 kHz

(N=3) in devices with microwells of 15 pum diameter.

A sensitivity of 0.7%/spore at 5 kHz and 0.4%/spore at 20 kHz was obtained. When capturing
ascospores in a single microwell, no more than 3 ascospores could be captured, obtaining a

calibration curve with a slope of 0.003 at 5 kHz and 0.001 at 20 kHz, as shown in Figure 3.24.
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Figure 3.24: Calibration curve of the normalized impedance magnitude at 5 kHz and 20 kHz when
ascospores are captured in a single microwell with 15 pm diameter (N=3).

Lastly, the calibration curve (N=3) for the normalized impedance phase is shown in Figure
3.25. At 50 kHz, an R? value of 0.9736 was obtained with a slope of 0.002, while for 100 kHz, the
R? was 0.9750 with a slope of 0.001. The sensitivities achieved are larger than the basic accuracy
of our measurement instrument (0.05%) for both microwell diameters, validating the reliability of

our results.
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The lower sensitivity presented by devices with microwells of 15 um diameter can be mainly
attributed to the reduction of the exposed surface area of the measuring microelectrodes, which
naturally increases the double-layer impedance or equivalently, reduces the double-layer
capacitance of the measuring system. This is a well-known effect for reducing the sensitivity in
impedance measurements [ 109]. Based on these experiments and the results obtained, devices with

20 um diameter microwells are more sensitive for ascospore quantification.
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Figure 3.25: Calibration curve of the normalized impedance phase at 5 kHz and 20 kHz (N=3) in
devices with microwells of 15 pm diameter.

Lastly, a mixed solution of S. Sclerotiorum ascospores and F. graminearum spores was
prepared, as shown in Figure 3.26. The mixed solution was resuspended in our DEP buffer at a
concentration of approximately (2.4x10* spores/mL) and pumped into our device for the DEP

testing. At 60 kHz, only target ascospores were captured into the microwells, which was expected
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based on the results obtained in the previous chapter. At 300 kHz, target ascospores were again
captured into the microwells and F. graminearum spores were slowed down while flowing through
the microwells region, indicating a weak pDEP force, but they were not captured or stopped. Figure
3.27 shows two instances, in which a F. graminearum spore enters the microwell region and leaves
to the outlet drain. When compared with our previous design, the microwell device provides
additional selectivity, given by the physical limitations imposed by the microwell’s dimensions.

The DEP testing was performed with devices having a 20 um diameter.

Figure 3.26: Microscopic image of a mixed solution containing S. sclerotiorum and F.
graminearum (macroconidia) spores. F. graminearum spores are banana-shaped while S.

sclerotiorum have ellipsoidal shape.
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Figure 3.27: F. graminearum spore flows through the device without being captured. The
frequency of the DEP signal is 300 kHz, which only captured target ascospores. Flowrate was 0.2
pL/min from right to left. (a) Spore enters the microwell region. (b) Spore leaves the microwell
region without being captured by DEP.

Through extensive experimentation and characterization, we have demonstrated the
feasibility of our new design for the capture and accurate quantification of S. sclerotiorum
ascospores, well within the sensitivity requirements needed for SSR forecasting applications.
When compared to the device presented in Chapter 3, some key issues have been improved. Our
current quantification method is based on static rather than dynamic impedance measurements,
which increases the sensitivity and reduces the need for instruments with an ultra-fast response
time. Moreover, the DEP signal is applied with the same microelectrodes that are employed for
impedimetric sensing, avoiding the need for a dedicated structure for DEP trapping and another
one for sensing. Lastly, we eradicated clogging issues by increasing our microchannel size but
without losing the sensitivity to single ascospores.

Furthermore, and to the best of our knowledge, only a few microfluidic platforms employing
microwell arrays and impedimetric sensing have been reported, [102], [110] which are primarily
restricted to medical applications. These devices are fabricated with two electrode planes, one
under the microwells and the other one on top, reducing the impedance measurement to the whole

array, limiting the device sensitivity, and making it immune to changes that occur in single
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microwells. In contrast, with our approach, each column in the array can be measured individually,

which allows the detection of single particles in a single microwell.

3.3.3 A cell sorting application

Here, I will briefly describe a cell-sorting application employing an electroactive microwell array
device that I helped to develop and that had its origin on the chips I designed for the capture and
quantification of S. sclerotiorum ascospores. The cell sorting project was born as a collaboration
between our research group and Dr. Michael Chu from the Alberta’s Cross Cancer Institute.”’

For the cell-sorting application, we increased the number of microwells to 10,000, and
instead of having addressable individual microelectrodes, we designed a device with ten
independent and addressable interdigitated microelectrodes (IME) structures, named sectors,
which allows the DEP-driven capture of cells. Figure 3.28a shows the fabricated device and Figure

3.28b and 3.28c show a close-up of the sectors and microwells, respectively.

11 As mentioned in the preface, the cell-sorting project was led by Lukas Menze. We both extensively collaborate
on each other’s project.
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Figure 3.28: A cell sorting application (a) Assembled microfluidic platform. (b) Microscopic
image of microwells and sectors. Each of the 10 individually addressable sectors contains 1000
microwells (c) Close-up of the microwells fabricated on top of gold microelectrodes. (d) Each
sector can operate individually or combined with adjacent sectors to capture a specific cell type

employing DEP force. Figures are courtesy of Lukas Menze.

Each sector contains 1000 microwells and can be operated individually, allowing the
application of different DEP signals on each sector, and thus providing the capability of capturing
(sorting) different types of cells in different sectors. This operating principle is schematically
illustrated in Figure 3.28d.

We tested this device employing a clinically relevant mixed sample composed of benign
(MCF-10A) and cancerous (MDA-MB-231) breast cells. The experimental results indicated a
benign to cancerous cell capture accuracy of over 95% using a DEP signal of 15 Vpp at 250 kHz,
which demonstrated the viability of the platform as a reliable cell sorting device. Typically, the

number of cell types that can be sorted by current DEP based cell sorters depends on the number
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of output channels. With our design, we remedy this limitation by using the multi-sectorial
approach as different cell types can be captured in different sectors.

The process flow and characterization of the device were performed in the same way as the
chip for ascospore detection. The complete description of these aspects, as well as details on the

experiments performed, can be found in the recent Master’s thesis of Lukas Menze [111].

3.4 Conclusions

The primary goal of any SSR forecasting system is to reduce the unnecessary application of
fungicides. For this, the effective and rapid quantification of S. sclerotiorum airborne inoculum is
essential. However, the current lack of simple, cost-effective, and portable platforms that can
capture and quantify S. sclerotiorum airborne spores has hindered the development of an efficient
early warning system.

The device presented here can remedy these limitations through the unique integration of a
microfluidic platform and a label-free quantification method that uses dielectrophoresis to reliably
capture S. sclerotiorum ascospores in solution and into a picoliter well array. Ascospores in the
microwells are subsequently quantified using non-faradaic electrochemical impedance
spectroscopy employing coplanar nano-thick aluminum electrodes.

Microwell arrays with different diameters and depths were fabricated and extensively tested
to determine the optimal conditions for ascospore capture and quantification. We demonstrated a
highly efficient ascospore trapping rate of more than 90% and the detection of single ascospores,
satisfying the sensitivity requirements to provide an early warning of SSR outbreaks. Due to

characteristics like simplicity, and portability, we believe that the future integration of our device
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with high throughput spore-trap samplers has great potential for crop protection applications, such

as the on-site forecasting of SSR.
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Chapter 4

Dielectric Analysis of Ascospores

4.1 Introduction

The dielectric parameters of biological cells are intrinsic properties that are often employed as
biomarkers for the label-free separation and differentiation of cells [112]-[114]. These dielectric
properties are typically described in terms of the cell’s relative permittivity and electrical
conductivity, which when combined, give a frequency-dependent dielectric spectrum known as
complex permittivity, a concept already introduced in chapter 2 [115], [116]. As most cells have
complex heterogeneous structures, the multi-shell theory is commonly used to model them as
particles composed of concentric shells, typically in spherical or ellipsoidal format. The dielectric
properties of each shell are assumed to be different from each other and homogeneous within each
shell [117]. For mammalian cells, the single-shell model is generally used, in which the cell interior
(cytoplasm) and the plasma membrane that surrounds it has different relative permittivity and
conductivity [112], [115], [116]. For plant cells, fungi, and bacteria, the double-shell model has
typically been employed by researchers to account for the dielectric properties of the extra layer
(cell wall) that surrounds the membrane [118]-[120].

One of the most common techniques for the dielectric characterization of cells is dielectric

impedance spectroscopy, which measures the impedance of a dilute suspension of cells over a
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wide range of frequencies [116], [121]. These measurements are then used to extract the dielectric
properties employing electrical models that relate the cell's complex structure to passive electrical
components, from which the dielectric properties can be determined [110], [117]. The main
drawback associated with dielectric spectroscopy is that is limited to cell suspensions [121], [122].
AC electrokinetics techniques, such as dielectrophoresis (DEP) and electrorotation (ROT) have
also been extensively used for the dielectric characterization of cells [123], [124]. DEP employs
non-uniform electric fields to induce cell movement in a medium of known conductivity, while
ROT uses rotating electric fields. By characterizing the motion of cells under these AC fields via
the measurement of different parameters such as velocity spectrum [125], induced force [126]
rotation rate [127], [128], and cross-over frequency [129], the dielectric properties of different
types of biological cells has been determined [114]. One of the main advantages of DEP and ROT
is that they can be easily integrated with microfluidic platforms and contrary to dielectric
spectroscopy, they can be employed for the measurement of single cells. Moreover, they can also
be employed for the manipulation and label-free separation of mammalian cells, plastic beads, and
DNA [75], [112],[130].

In this chapter, the dielectric properties of S. sclerotiorum ascospores are determined
experimentally, employing a dielectrophoretic method. As previously described, when performing
the experiments presented in chapters 2 and 3, a lot of time was invested in finding the DEP
response of ascospores, which of course changed depending on the conductivity of the employed
buffer solution. Although this process was cumbersome and time-consuming, it was necessary
because the dielectric properties of S. sclerotiorum ascospores are unknown. Finding the DEP
response by looking at the movement of ascospores and by iteratively testing different

combinations of voltage amplitudes and frequencies of the AC signal used to generate the required
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non-uniform electric field allowed us to tunned the DEP filter on both, the Coulter and microwell
devices.

To remedy this limitation, we employed a dielectrophoretic method to experimentally
determine the dielectric properties of S. sclerotiorum ascospores in media of different electric
conductivities and using a microfluidic platform. For this, ascospores were modeled using a
realistic ellipsoidal double-shell model, from which the dielectric properties were estimated by
finding the minimum voltage that balances the DEP and Stoke’s drag force acting on ascospores
flowing in the microchannel of our device and over a wide range of frequencies (10 kHz to 20
MHz). Prior to performing experiments with ascospores, and in order to verify the validity of the
methodology and analysis as well as device validation, the dielectric properties of human

embryonic kidney (HEK)-293 cells were estimated and compared with published results.

4.2 Materials and Methods

4.2.1 Operating principle and theory
The experimental determination of the dielectric properties of S. sclerotiorum ascospores is based
on the measurement of the minimum trapping voltage that balances the DEP and Stoke drag force
acting on ascospores flowing in a microfluidic channel [131], [132]. These measurements are
performed over a wide range of frequencies (10 kHz to 20 MHz).

The microfluidic device employed in this chapter was fabricated with interdigitated
microelectrodes (IME), which, as in our previous devices, enables the generation of a non-uniform
electric field for DEP by applying sinusoidal voltages to the IME. Figure 4.1a shows the fabricated

device while Figure 4.1b shows a close-up to the IME. Particles flowing through our microfluidic
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channel can be trapped at the IME edges with positive DEP (pDEP) or at the top of the
microchannel with negative DEP (nDEP), as shown schematically in Figure 4.1c. As described
previously, the DEP force acting on a particle can be either positive or negative, depending on
whether the particle is attracted towards the region of maximum electric field gradient or repelled
from it [102], [133], [134]. The sinusoidal voltages are applied to the IME through a custom-made
chip-holder, which is the same as the one employed with the devices described in chapter 3 and is

shown in Figure 4.1d.

Microfluidic
channel
1mm

Fx pDEP Fome ”L.
X
80 ym——

I F

Microelectrode s

40 pm—

Figure 4.1: (a) Assembled microfluidic device for dielectric characterization. (b) Microscopic
image of interdigitated microelectrodes in the microchannel. Microelectrodes employed in
experiments have a width and spacing of 80 um and 40 um, respectively. Microchannel width is
Imm (c) Schematic representation of the cross-sectional view of the assembled device showing
pDEP trapping at the edges of microelectrodes and nDEP trapping at the top of the microchannel.

Experiments with cells were performed with a channel height of 20 pm while experiments with
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ascospores were performed with a channel height of 15 um (d) Custom-made chip holder to

connect the microfluidic device with external equipment and to facilitate imaging.

Employing the expression for the DEP force Fpp, given in equation 2.7, we can re-write the

Fpp in the x-direction for a particle trapped by pDEP as,

& — e;‘n}6|E|2

4.1
g+ 2e,) 0x “.1)

FX pDEP ES 7l'€mT‘3R€ {

For the sake of simplicity, we are omitting the “< > and “( )”symbols, and |E| is the
magnitude of the electric field. We can further simplify equation (4.1) by using the relationship
between the electric field and electric potential (Poisson’s equation), as demonstrated elsewhere

[131], [132],

& (4.2)

V=1
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where V' is the amplitude of the sinusoidal voltage applied to the IME. Naturally, under nDEP, the
Fpep in the x-direction has the same form as equation (4.2), with the difference that the value of
the gradient term will be smaller and the voltage amplitude larger. This component of the DEP
force balances the Stoke drag force acting on the particle, which in turn stops the particle from

moving in the x-direction. The horizontal Stoke drag force is given by [135],

FDRAG = 67TT]rk(Vf - Vp) (43)
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where 7 is the fluid viscosity, vy is the local flow velocity at the center of the particle, vy, is the
velocity of the particle, which is zero when the particle is trapped, and k is a nondimensional factor
accounting for the wall effect.

Under pDEP, the Fjgp in the y-direction pushes the particle to the IME edges and is balanced
by the reaction force Fg, preventing the particle to move in this direction. Under nDEP, the Fpgp
in the y-direction pushes the particle away from the IME and towards the top of the microchannel.
It is important to note that the forces of gravity and buoyancy (sedimentation) in the y-direction
are also present, but they were omitted to simplify the force diagram and since their difference is
typically much smaller compared to the magnitude of the DEP force in this direction.

Under the conditions of fixed flowrate and frequency of the electric field, the minimum DEP
trapping voltage that balances the DEP and drag force can be measured to estimate the real part of

the CM factor [132]. Thus, equating (4.2) and (4.3), we can isolate the real part of the CM factor:

Re{g;; - s;*n} 3 6knvy
& + 2em 29IEI2| 2 (4.4)
m ox |,_,

By measuring this minimum trapping voltage V at different frequencies, the spectrum of the
real part of the CM factor can be obtained, from which the dielectric properties can be later
estimated. To validate the methodology, we first performed experiments with HEK-293 cells, as
the dielectric properties of this cell line are well known in the literature. Subsequently, experiments

with S. sclerotiorum ascospores were performed. The values of the wall correction factor, the local

84



flow velocity, and the spatial gradient of the electric field were simply obtained through numerical

simulations using commercially available software (COMSOL Multiphysics 5.6).!2

4.2.2 Device fabrication
The microfluidic devices employed in this chapter were fabricated using standard
photolithography processes on 500 pum thick fused silica substrates with 4-inch diameter.
Substrates were first immersed in piranha solution (3:1, H>SO4:H>02) for 15 minutes.
Subsequently, 100 nm of aluminum was sputtered on top of the substrates. Microelectrodes were
patterned using a positive PR AZ1512 (EMD Performance Materials Corp.), which was spread at
500 rpm for 10 s, then increased to 5000 rpm for 40 s, and baked at 100 °C for 60 s. The PR was
exposed under 405 nm light at 120 mJ/cm? using a high-speed direct-write photolithography tool
(MLA150 Heidelberg Instruments) and developed using AZ 400k 1:4 developer (EMD
Performance Materials Corp.). The aluminum layer was subsequently etched by wet etching using
aluminum etchant type A (Transene Company Inc.). Microelectrodes with different widths and
gaps were fabricated. In the experiments described here, microelectrodes with 80 pm width and
40 um gap were employed. The photomask employed to fabricate these devices are provided in
Appendix A (Figure A. 4). Aluminum was selected due to its low cost compared to gold as well
as the ease of fabrication with wet etching.

To fabricate the microfluidic channels, a master mold was fabricated on a prime silicon wafer
of 4-inch diameter using the negative PR SU-8 2015 (Kayaku Advanced Materials Inc.). SU-8
2015 was spread on the silicon wafer at 500 rpm for 15 s and then increase to 2200 rpm for 30 s

to form 20 pm thick layers. These substrates were soft baked at 65 °C for 2 min and then for 4 min

12| would like to thank Zuyuan Tian for helping with COMSOL simulations.
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at 95 °C. UV light exposure was performed at 150 mJ/cm2 and the substrate was subsequently
post-exposure baked at 65 °C for 2 min and then for 5 min at 95 °C. Finally, substrates were
developed for 1 min using SU-8 developer (Kayaku Advanced Materials Inc.).

After the master mold was finished, a 10:1 mass ratio of PDMS base and curing agent
(Sylgard 184 silicone elastomer kit) was poured onto it and cured in an oven at 100 °C for 1 hour.
The polymerized PDMS was then peeled off, and inlet/outlet ports were created using a disposable
biopsy punch (Robbins Instruments Inc.). To bind the PDMS with the devices containing the
microelectrodes, both were exposed to oxygen plasma for around 45 s using a reactive-ion etching
machine (Trion Technology, Inc.) Subsequently, the PDMS and the glass devices were carefully
aligned, brought into contact, and baked on a hotplate at 150 °C for 1 hour while a standard
calibration weight of 1 kg was applied uniformly on top. Finally, 21G stainless steel connectors
were inserted into the inlet/outlet ports in the PDMS and connected to PTFE tubing (Elveflow

Microfluidics).

4.2.3 Cell and spore production

S. sclerotiorum ascospores were produced as described in Chapter 1. HEK-293 cells were cultured
from frozen stock at 37°C in high glucose Dulbecco’s Modified Eagle Medium with L-glutamine
and Phenol indicator (DMEM, high glucose; Gibco) supplemented with 10%(v/v) fetal bovine
serum (FBS; SIGMA)."? The cell line was split once its confluency on a 10 cm culture dish reached
~90 %, routinely twice a week. Before each experiment, cells were detached from the culture dish

by incubation in 0.05% trypsin-EDTA at 37°C for 5 min and then resuspended in 5 mL culture

13 | would like to thank Zuyuan Tian for culturing HEK cells that were employed in experiments. He was always
available to provide me with cells, whenever | need them.
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media. Subsequently, 1 mL of cell suspension was transferred to a centrifuge tube and
centrifugated at 1000 rpm for 5 min, followed by the replacement of culture media with our low

conductivity DEP buffers.

4.2.4 DEP buffer

Cells and ascospores were resuspended in a DEP buffer, with two different conductivities. DEPBI1
(10 mM HEPES, 3 mM NaOH, 285 mM sucrose, and 1.5 mM MgCly) with a measured
conductivity of 370 pS/cm. DEPB2 was obtained by diluting DEPB1 (1:8) with DI water and with
a measured conductivity of 50 uS/cm. The conductivity of our buffers was measured with a
conductivity meter (Oakton CON 6+) before each experiment. Low conductivity buffers reduce

Joule heating and facilitates DEP trapping of ascospores and cells.

4.2.5 Instrumentation and experimental setup
The employed instrumentation and experimental setup are the same as described in chapter 3. The
chip-holder presented in chapter 3 was slightly modified to fit the microfluidic device described

in this chapter.

4.2.6 TEM methods

To obtain TEM images, ascospores were first chemically fixated with 2.5% glutaraldehyde and
2% paraformaldehyde in 0.1 M phosphate buffer (pH 7.2 — 7.4) and left overnight. Subsequently,
spores were dehydrated with graded concentrations of ethanol (50%, 70%, 90%, 100%) in 15 min
intervals for each concentration. After this, ascospores were washed with propylene oxide for 20

min and then infiltrated and embedded in pure spurr resin overnight and cured at 70 °C. Sections
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of 70 nm to 90 nm thickness were obtained using an ultramicrotome Reichert-Jung Ultracut E. The
sections were then stained with uranyl acetate and lead citrate stain. Images were acquired with a

transmission electron microscope Morgagni 268 (Philips / FEI).*

4.3 Experimental Results and Discussion

4.3.1 Dielectric properties of HEK-293 cells
I first performed experiments with HEK-293 cells in order to validate the methodology. The reason
for this is that the dielectric properties of this cell line are well know in the literature. Prior to
loading cells into the device, and to remove air bubbles from the microchannel, our device was
primed using ethanol, which was injected at a flowrate of 5 uL/min for 10 min. Subsequently, our
buffer DEPB1 was slowly pumped into the microchannel at a flowrate of 0.3 pL/min for another
10 min. After this, HEK-293 cells resuspended in DEPBI1 at a concentration of about 6.1x10*
cells/mL were introduced into the microchannel at the same flowrate. To determine the minimum
DEP trapping voltages, a high amplitude signal was initially applied to capture flowing cells. Once
a cell was captured, the amplitude of the signal was slowly and carefully decreased in steps of 1V
until the cell was released. Thus, the minimum DEP trapping voltage was recorded as the voltage
1 V above the signal that released the cell. For the voltage levels used during trapping, no
observable morphological changes were detected in cells.

The minimum DEP trapping voltages were recorded over a wide range of frequencies, from
10 kHz to 20 MHz, and five measurements per frequency were performed to account for cell size

variability. The same process was also repeated for cells resuspended in our buffer DEPB2 with a

1| would like to thank Dr. Oleksandra Savchenko and Dr. Kacie Norton for preparing ascospores for TEM imaging.
Without their help, TEM imaging wouldn’t have been possible. Dr. Kacie Norton also operated the TEM microscope.
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measured concentration of around 6.2x10* cells/mL. Three independent experiments were
performed for each buffer. Figure 4.2a shows the curves obtained during one experiment.

The lower boundary of the frequency range was chosen to avoid interference from electrode
polarization effects while the upper boundary was limited by our signal generator. With the
measured voltages, and using equation (4.4), the spectrum of the real part of the CM factor for
each buffer can be calculated. Figure 4.2b shows the experimental spectrum of the CM factor
obtained for each buffer using the measured voltages and equation (4.4). The parameters used in

the calculations are shown in Table 4.1.

&9



Q
o

= 30+ 1.2+

>°'25 = DEPB1 5 «  DEPBI

@ 2 © 0.84 . pere2

Q § iy a4 DEPB2 kS :

= 20+ G RS s — BestFit

é § ; o 044

o 15- i S

= £ 00 e

= ©

ol % .

-+ 4 l 2 '0.4-

- RIS &

= T T T T 1 -0.8 T T T T 1
108 104 105 108 107 108 108 104 10% 10% 107 108

Frequency (Hz) Frequency (Hz)

C

Emem,Omem ¥

nDEP

Figure 4.2: Dielectric characterization of HEK-293 cells. (a) Minimum DEP trapping voltages
(peak-to-peak) from 10 kHz to 20 MHz for cells resuspended in two different medium
conductivities, DEPB1 (~ 370 uS-cm™) and DEPB2 (~ 50 uS-cm™). Each point represents the
average of five measurements (N=5). Error bars represent the standard deviation. (b) Experimental
spectrum of the real part of the Clausius-Mossotti factor for HEK-293 cells (N=3). Error bars
represent the standard deviation. (c) Single-shell model used. The radius of HEK-293 cells was
measured to be 7 pm on average and the membrane thickness was set to 7 nm. (d) Microscopic
images of HEK-293 cells captured under pDEP and nDEP. Under pDEP cells were captured at the
edges of microelectrodes and under nDEP cells were captured at the top of the microchannel. Cells

were stained to facilitate imaging of nDEP capture.

90



Parameter \ Description Value

k Wall correction factor 2.0
n Fluid viscosity 1x10°%Pa-s
Vvr Local flow velocity 3.79%10*m/s
Em Relative medium permittivity 78
£, Vacuum permittivity 8.85x10"2 F/m
7, Cell’s radius 7 pm
2
% Gradient of electric field 2.0x10" V¥/m?3
y=7um
2
% Gradient of electric field 4.8x10'? V?/m3
y=13uym

Table 4.1: Parameters employed for calculations of the real part of the CM factor for HEK-293
cells. The wall correction factor, flow velocity and gradient values were obtained from COMSOL.

Fluid was assumed to be mainly water with a permittivity of 78 and viscosity value was obtained

from [136].

In order to obtain the dielectric properties from the CM spectrum, cells were modeled using
a spherical single-shell model, which is shown in Figure 4.2c, which has an effective complex

permittivity given by [114], [115],

(T'_o)3 + SZyt — Emem
r g:yt + 2‘gr*nem
1o 3 EZyt — Emem
(T_l) B g:yt + 2‘gr*nem

S:ff = Emem 4.5)

where 7, is the radius of the cell, r; =17, — t, where t is the thickness of the cell’s membrane, and
Ecyt and &y are the complex permittivities of the cell interior and membrane, respectively. The
cell radius of our HEK-293 cell population was determined microscopically while the value of the

membrane thickness, equal to 7 nm, was obtained from published reports [121]. By replacing &,

in equation (4.4) with the effective permittivity &; ., from equation (4.5), the dielectric properties
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of HEK-293 cells can be estimated by fitting the experimental CM factor spectrum, shown in
Figure 4.2b. Data fitting was performed using the nonlinear least square method, implemented
with built-in Matlab 2015b functions (MathWorks). As the conductivity of the medium increases,
the value of the first cross-over frequency (transition from nDEP to pDEP) is shifted to the right
(Figure 4.2b), from 39.1 kHz to 174.4 kHz, based on the best fit analysis. Cells normally present
two cross-over frequencies, however the second one (transition from pDEP to nDEP) falls outside
of the range of our signal generator. Figure 4.2b also indicates that the values for the real part of
the CM factor decrease as the conductivity of the buffer increases, requiring higher voltage
amplitudes to trap cells (Figure 4.2a). Microscopic images of HEK-293 cells trapped by pDEP at
the edges of the IME and by nDEP at the top of the microchannel are shown in Figure 4.2d. Cells
were stained to facilitate imaging under nDEP.

The values of the four dielectric properties obtained experimentally with each buffer, DEPB1
and DEPB2, are shown in Table 4.2. These results agree well with those reported by other

researchers [137], [138].

Reference Buffer Ecyt Oyt (S/m) Emem Omem (KS/m)

This thesis DEPBI1 89.98 + 0.57 0.40 £1.95x101% | 504+0.03 | 0.99+1.0x107

This thesis DEPB2 88.38 £ 1.06 0.41+3.74x101° | 290+0.11 | 0.58+4.1x10?
[138] 3 85+4 047~ 19x10° | 628=023 ~0
[137] ; 60 0.5 95 ~0

Table 4.2: Dielectric properties of HEK-293 cells obtained experimentally. Values represent the

average of three independent experiments.

As expected, the permittivity (&) and conductivity (@) of the cell’s interior remain

unchanged regardless of the conductivity of the buffer, since there is no ion exchange between the

interior of the cell and the buffer. These parameters influence the CM spectrum at higher
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frequencies, whereas the lower frequency range of the CM spectrum is mainly affected by the
dielectric properties of the plasma membrane, a lipid bilayer with low ionic permeability regarded
as an insulator. As such, the conductivity values (0 ,,e:m) Obtained for both buffers were very low,
as expected. Both, the permittivity (€pem) and conductivity (G ,,em) 0of the membrane increased
slightly with the increase of buffer conductivity. A higher ionic strength induces an increase in the
surface charge at the cell’s membrane, which increases the surface capacitance and conductance.
This effect can explain the variation in the permittivity and conductivity, which was also observed
by other groups [139], [140]. These results validate the analysis and methodology as the estimated

dielectric properties lie within values previously reported in the literature.

4.3.2 Dielectric properties of ascospores

After validating the device and methodology with HEK-293 cells, I proceeded to perform
experiments with S. sclerotiorum ascospores. The process of ascospore loading into the
microfluidic device was performed in the same manner as in the experiments with cells.

The measured trapping voltages for ascospores re-suspended in both buffers, DEPB1 and
DEPB2, are shown in Figure 4.3a. The ascospore concentration on both buffers was measured to
be around 7.2x10* ascospores/mL. Different from the previous experiment, the flowrate for
ascospores in DEPB1 was set to 0.2 pL/min and 0.5 uL/min for DEPB2. The flow rate was reduced
to 0.2 uL/min with DEPBI1 to limit the amplitude of the applied voltage, as higher voltages (~ 40

Vpp) damaged the IME at low frequencies.
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Figure 4.3: Dielectric characterization of S. sclerotiorum ascospores. (a) Minimum DEP trapping
voltages (peak-to-peak) from 10 kHz to 20 MHz for ascospores resuspended in two different
medium conductivities, DPB1 (~ 370 uS-cm™) and DPB2 (~ 50 pS-cm™). Each point represents
the average of five measurements (N=5). Error bars represent the standard deviation. (b)
Experimental spectrum of the real part of the Clausius-Mossotti factor for ascospores (N=3). Error
bars represent the standard deviation. (c) Ellipsoidal double-shell model used. Semi-axes a, and
bo=c, were measured to be on average, 7 um and 3 um, respectively. (d) Microscopic images of
ascospores captured under pDEP at the edges of microelectrodes and by nDEP at the top of the

microchannel. Ascospores were stained to facilitate imaging of nDEP trapping.

An ellipsoidal double-shell model [118], as shown in Figure 4.3c, was employed to analyze

the dielectric properties of S. sclerotiorum ascospores, as this model more accurately represents
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their real shape [10], [21]. The ascospore is assumed to be an ellipsoid, with two concentric shells
referred to as the membrane and the ascospore wall. Therefore, there are in total 6 dielectric
parameters to be determined, as shown in Figure 4.3¢c. The semi-axes, a, and b, are 7 um and 3
um, respectively. These are the average values obtained by observations under the microscope of
our spore population. The third semi-axes, ¢, was set to be equal to b, (prolate spheroid). As there
are no published reports with values for the membrane and the ascospore wall thickness, TEM
images were performed to estimate these values. The average thickness for the ascospore wall was
found to be 150 nm, while the membrane thickness was measured to be around 8 nm on average.
Figure 4.4 shows TEM images of a sectioned ascospore. TEM images were performed only to
obtain an estimation of the thickness of the two outermost layers surrounding ascospores and not

to study their internal composition or their physiology.
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Figure 4.4: TEM images of sectioned spores. Sample thickness were between 80nm and 90 nm.
A spore wall was identified during TEM imaging with an average value of 150nm. A second layer

was observed (spore membrane) with a much smaller thickness value and equal to 8 nm.

The CM factor equation for an ellipsoid is also different from that of spheres, and is given

by [118], [141],

(M=t 5 Fm 4.6
3 Em + Ao(&p — &) (4.6)

and according to the concentric multi-shell theory, the effective complex permittivity for the

ellipsoidal double-shell model is [118],

v [t G —EA + ale — (1 A)
SET W e+ (8 — )AL — ale; —&))A

(4.7)
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with &5 is given by,

% er*nem + (Slfkn - gr*nem)AZ + B(gfn - g;knem)(l - Al)

&= &€ - ” - " " (4.8)
2 mem Emem + (Ein - gmem)AZ - ﬁ(gin - gmem)Al
with,
_ abic; _ a;b;c; (4.9)
aghoco ’ a,bycq .

Ew»> Emem, and &}, are the complex permittivities of the ascospore wall, membrane, and ascospore
interior, respectively. Ag 1, are the depolarization factors along the horizontal direction and are

defined by,

a;b;c; * ds
_ Wil

O (s+ ai)\/(s +a;2) (s + b;>)(s + ¢;2)

;o 1=01,2

i

(4.10)

where s is an arbitrary distance for integration. The depolarization factor has not got any direct
physical meaning and depends mainly on the geometrical shape, reason for which is also typically
known as geometrical factor [142]. With the equations defined above, the same process of
numerical calculations employed in the experiments with cells can be used with ascospores. Thus,
with the measured voltages shown in Figure 4.3a, and using equation (4.4), the spectrum of the
real part of the CM factor for each buffer can be calculated. The CM spectrum for ascospores is

shown in Figure 4.3b.
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The parameters used in the calculations are shown in Table 4.3. For the sake of
simplification, the value of the radius 7, used in equation (4.4) is the radius of a sphere with an
equivalent volume to that of an ellipsoidal ascospore. The height of the channel was also reduced
to 15 um for experiments with ascospores. We observed that for the applied frequencies of the
electric field, ascospores are polarized and oriented horizontally, along the x-direction of the
channel, in other words, the xs and ys axes (Figure 4.3c) of the ascospores are parallel to the x and
y axes of the system (Figure 4.1c). Therefore, we reduced the channel height to limit the voltage

required for trapping ascospores under n-DEP (top of the channel).

Parameter Description ‘ Value
k Wall correction factor 1.9
n Fluid viscosity 1x107 Pa s
Ve Local flow velocity DEPBI 2.80x10*m/s
Vra Local flow velocity DEPB2 7.02x10*m/s
Em Relative medium permittivity 78
& Vacuum permittivity 8.85x10"? F/m
r Equivalent radius 3.9 um
IEI?,_,
“ox Gradient of electric field 2.7x10" V¥/m?
X y=3um
9EI%,_, . .
“ox Gradient of electric field 9.0x10'? V?/m?
x y=12pm

Table 4.3: Parameters employed for calculations of the real part of the CM factor for S.
sclerotiorum ascospores. The wall correction factor, flow velocity and gradient values were
obtained from COMSOL. Fluid was assumed to be mainly water with a permittivity of 78 and

viscosity value was obtained from [136].

As expected, the spectrum of the real part of the CM factor indicates an observable
conductivity dependence on the DEP response of ascospores. When employing DEPB2, no nDEP
response within the applied frequency range was observed, although the trend of the best fit curve

seems to indicate a cross-over frequency way below 10 kHz (Figure 4.3b). Trapping at frequencies
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lower than 10 kHz was found to be unstable, reason for which we did not consider this region in
our calculations. At a higher buffer conductivity (DEPB1), nDEP response of ascospores was
observed and the cross-over frequency was found to be at 28.4 kHz based on the best fit curve.
Microscopic images of ascospores captured with nDEP and pDEP are shown in Figure 4.3d. The
DEP response of ascospores agrees well with the empirical results obtained in previous chapters.

To estimate the dielectric properties, the experimental CM factor was fit to equation (4.6),

in which &, was replaced by the effective permittivity &,7; from equation (4.7). The dielectric

properties are summarized in Table 4.4.

Buffer Ecyt Ocyt (S/m) €mem amem(”S/m) Ew Oy (S/m)
8506+ | 00990+ | 31.86< 99.99 = | 0.080 =

DEPBL | ™ ¢4 0.0022 110 | 7BELOO TS T 0019
8619+« | 00970+ | 3179+ 99.99= | 0.010 =

DEPB2 | = 5, 0.0003 Loo | 7R0£230 1 el 1 0.003

Table 4.4: Dielectric properties of S. sclerotiorum ascospores obtained experimentally. Values

represent the average of three independent experiments.

The conductivity and permittivity of the ascospore interior was found to be insensitive to the
conductivity of the external buffer, similar to what we obtained for HEK-293 cells. The same was
obtained for the membrane, as this is surrounded by the ascospore wall. On the other hand, the
conductivity of the ascospore wall increased slightly with the increase in medium conductivity,
which can be attributed to the increase in the surface charge at the ascospore wall. This parameter
mainly influences the CM spectrum at low frequencies. The same trend was obtained by Asami et
al., in which they analyzed the dielectric properties of E. coli bacteria using an ellipsoidal double-

shell model [119]. On the other hand, the permittivity of the ascospore wall mainly influences the
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CM factor spectrum at very high frequencies. Einolf et al. and Asami et al. suggested that the
permittivity of the wall has no influence on the CM factor spectrum within the frequency range
employed in our experiments [143], [119]. This suggest that to obtain a more accurate estimation
of the wall permittivity, higher frequencies should be considered (> 50 MHz).

It is also important to point out that by employing the multi-shell theory, we are assuming
homogeneous structures for both cells and ascospores. However, these structures are in reality,
complex heterogeneous structures composed of proteins, organelles, and nuclei. Within the
frequency range employed in our experiments, the multi-shell theory is a simplified approximation
that explains the dielectric dispersion of biological cells due to interfacial polarization. This is the
major polarization mechanism usually observed in biological cells and tissues at the examined
frequencies [115].

As mentioned earlier, our primary goal is to determine or approximate the dielectric
properties of ascospores so that their dielectrophoretic response for a medium of known
conductivity can be estimated a priori, without having to run long iterative experiments. This can
considerably accelerate the design of dielectrophoretic filters, especially when multiple species are
to be filtered. In our experiments, we chose media of low conductivity as this is the standard in
DEP filters. This is mainly due to the fact that media of low conductivity improves the dielectric
contrast of the cells, spores, or any polarizable microparticles, with respect to the manipulation
media [144]. As the conductivity of the medium increases, the CM spectrum decreases, and it

becomes harder to capture particles.
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4.4 Conclusions

In this chapter, we have experimentally estimated the dielectric properties of Sclerotinia
sclerotiorum airborne ascospores. These parameters are of major importance for the development
of SSR forecasting systems based on dielectrophoretic filters.

We have employed a standard AC electrokinetic method within a microfluidic platform to
determine the dielectric parameters of these ascospores and at two different medium
conductivities. Our microfluidic device was fabricated with interdigitated microelectrodes for the
generation of non-uniform electric fields, which induced a dielectrophoretic force on ascospores
flowing within our microchannels and under laminar flow. By measuring the minimum trapping
voltages over a wide frequency range, the DEP response, and dielectric properties of S.
sclerotiorum ascospores were determined. In addition, ascospores were modeled using a realistic
double-shell model based on the multi-shell theory. We believe that our results can accelerate the
design of DEP filters for SSR forecasting applications. Furthermore, and to the best of our
knowledge, this is the first report on the analysis of the dielectric properties of Sclerotinia

sclerotium airborne inoculum.
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Chapter 5

Summary and Future Outlook

In this thesis, we explored the development of micromachined devices for the detection of
S. sclerotium ascospores. As previously described, these devices are intended to be integrated with

spore-trap samplers in the future, aiming at the development of an SSR forecasting system.

5.1 Accomplishment and contributions

One of the main objectives, as outlined in Chapter 1, was the development of a microdevice
capable of detecting single S. sclerotium ascospores. In Chapter 2 we described the development
of a proof-of-concept device based on the Coulter principle that was able to achieve the
impedimetric quantification of single S. sclerotium ascospores. This chip required only two
photomasks to be fabricated and it was integrated with a DEP filter implemented through
interdigitated microelectrodes. The DEP filter allowed us to selectively separate target ascospores
from F. graminearum spores, a fungal pathogen typically encountered in the prairie regions of
Canada. The main accomplishment of the work described in Chapter 2 is related to the single-

spore sensitivity that was achieved, for the first time, using well established label-free techniques.
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Although proof-of-concept, we demonstrated the great potential of lab-on-chips for the
development of an SSR forecasting system.

In Chapter 3 we tackled issues and drawbacks encountered with the Coulter counter design,
such as clogged channels, low sensitivity, and a sealing mechanism that was not suitable for field
operations. For this, a new chip based on an electroactive microwell array design was developed.
Wider microchannels eliminated clogging events, while a static impedimetric sensing increased
the sensitivity to single ascospores. Furthermore, the DEP filter was implemented with the same
microelectrodes used for impedimetric sensing, and the mode of operation between impedance
measurement and DEP was controlled using switches in a custom-made chip-holder. Although the
same principles were employed (DEP and impedimetric sensing), the devices described in Chapter
3 are six times more sensitive and have a more robust design compared to the Coulter approach,
which are desired characteristics for field applications. In addition, we developed an enlarged
version of this device (from 190 to 10000 microwells) for an application in cell sorting. The
efficiency of this platform was demonstrated with a clinically relevant sample of cancer cells.

In Chapter 4 we described experiments for the dielectric characterization of S. sclerotium
ascospores in the frequency range of 10 kHz to 20 MHz. The main goal of these experiments was
not to study the interaction of AC electric fields and ascospores at a molecular level, but rather to
obtain an estimation of the dielectric properties of the ascospores. Knowledge about the dielectric
properties of target ascospores can accelerate the tunning process of DEP filters by simply plotting
curves of the CM factor and for any given medium, without having to perform lengthy iterative
experiments to determine the DEP response. The obtained dielectric properties yielded a DEP

response (based on CM factor curves) that are in good agreement with previously observed
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behavior. To the best of our knowledge, this represents the first report on the dielectric properties

of this spore species.

5.2 Considerations on selectivity

F. graminearum spores (macroconidia) were employed as contaminants in all the
experiments described in this thesis, and the effective dielectrophoretic separation between this
species and the target ascospores (S. sclerotiorum) was demonstrated during experiments. Under
field operation, spore-trap samplers are likely to collect different types of particles such as pollen
grains, dust particles and other species of spores. Large particles, say greater than 20 pm, can be
filtered out with conventional membrane filters before the sample (from the trap) is pumped to our
microfluidic devices. In this case, the remaining particles will be closer in size to the target
ascospores.

The selectivity on a dielectrophoretic filter arises primarily from the dielectric properties of
the particles one wish to separate. This is because the DEP force depends on the dielectric
properties of the particle on which the force is induced. Different species of cells or spores have
different dielectric properties, which provide the basis for selective discrimination. In practical
terms, the difference in dielectric properties will be translated into the frequency of the applied
electric field that yields different DEP responses for different particles in the sample. In simpler
words, it is necessary to find the frequency at which two or more species in the sample present
different types of DEP force (pDEP and nDEP) or different levels of the same DEP force. When
there is not a single frequency that can separate more than two different particles (at the same
time), our DEP filters can be cascaded as shown schematically in Figure 5.1. This allows the

application of different frequencies for each DEP filter, allowing the discrimination of a desired
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type of particle. Future field testing will provide valuable information about common particles that
are sampled by commercial traps, which will further improve our DEP filtering strategy within

microfluidic devices.

DEP Filter 1 DEP Filter 2

Flow © O0O0 Q00 o
O ONONG®) Q00 O

DEP signal A é DEP signal B é

Figure 5.1. Schematic representation. DEP filters can be cascaded to allow the separation of more

than two particles.

5.3 Future work

Future work in our Lab will focus on two main aspects: Device integration and hardware
development. Although there are a variety of spore-trap samplers commercially available, work in
our Lab will focus on the sampler marketed as cyclone, by Burkard Manufacturing. Figure 5.2a
shows this sampler installed in the field by collaborators from the Lethbridge Research and
Development Centre, while Figure 5.2b shows the cyclone sampler installed in our Lab for

integration tests with our chips. The sampler has an air throughput of 16.5 L/min and can collect
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airborne particles directly into a 1.5 mL Eppendorf vial. Our goal is to pump the collection solution

from the vial, in a controlled manner, to our microfluidic devices."

Figure 5.2: (a) Spore-trap sampler “cyclone” installed in the field by collaborators. Photograph
courtesy of Dr. André Laroche from the Lethbridge Research and Development Centre. (b) Spore-

trap sampler in the Binary Lab for integration testing with our microfluidic devices.

All the experiments described in previous chapters were performed with the help of benchtop
equipment (signal generator, impedance analyzer, amplifiers). However, it is desirable to develop
portable equipment that can facilitate future field or greenhouse testing. Thus, three main hardware
components are needed, a DEP board for the generation of the DEP signal, an impedance board
for impedimetric measurements, and finally a switching board, which will switch between modes
of operation, that is, between measuring the impedance and applying the DEP signal. Ultimately,
these three components can be combined in a unique PCB. The development of these portable

equipment has already started. The first generation of the DEP board that is being developed in

15 | would like to thank Meng Xiao and Yiwei Feng who are currently working and testing the integration between
the microfluidic devices | developed and the spore-trap sampler.
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our lab is shown in Figure 5.3. The board was designed to provide sinusoidal voltages of up to 32
Vpp with a frequency range between 1kHz and 1MHz. The output signal is simply generated using
a DDS (Direct Digital Synthesizer) generator, controlled by a microcontroller (ATmega328). The

DDS output is then amplified employing a two-stage amplifier implemented through op-amps.'¢

Figure 5.3: DEP board in construction. Photograph courtesy of Tianxiang Jiang.

Work on the switching board has also started. Figure 5.4 shows the first generation of the
switching board. The circuit design employs five 8-bit shift registers than can control 40 analog
outputs, 20 for the DEP signal and 20 for impedance measurements (there are 20 pads in our
microfluidic device). Switches were implemented with common SPST integrated circuits, and the

logic was controlled with the ATmega328 microcontroller.!”

6 | would like to thank Tianxiang Jiang who is currently working with the development of the DEP board. While the
initial design specifications and amplification strategy were mine, Tianxiang has perfected them, handling the PCB
layout, component selection, simulation and soldering.

171 would like to thank Riley Stuermer for developing the switching board. We worked together to design the circuitry
and specifications, but was Riley who handled the PCB layout, component selection, simulation, and soldering.
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Figure 5.4: Switching board in construction for future field testing.

An impedance board is also being developed by the “circuit design” team of our research
group, which will not only support this project but many others within our Lab. Future work will
focus on testing and validating the three electronic boards and finally combining them into one.
Naturally, field testing with the whole system is also part of the future work. This step will require
the help of collaborators with expertise in crop protection as well as plant pathologists. Field testing
will provide valuable feedback to further improve the design of our microfluidic devices as well

as the design of the PCBs.
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Appendix A

Figure A. 1: Mask design of the Coulter counter chip. Each wafer provides 8 chips
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N

Figure A. 2: Mask design of the validation chip based on microwells. Each wafer provided 16
131

chips



Figure A. 3: Mask design of the chip based on microwells. Each wafer provided 6 chips, 3 chips

have microwells with 20 um diameter and 3 have 15 um in diameter.
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Figure A. 4: Mask design of the chip employed for the dielectric characterization of S.

sclerotiorum ascospores.
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