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Abstract

Legionellosis is a devastating disease worldwide, due to unpredictable outbreaks in man-
made water systems. Legionella, the causative agent of this disease, was responsible for
more than 30% of water-borne disease outbreaks in the USA between 2001 and 2006.
The literature indicates that modern water systems, such as air-conditioning units,
showers, hot tubes and industrial refrigeration towers provide optimal growth conditions
for Legionella pneumophila (L. pneumophila) and propagate its transmission through
aerosol. Transmission to the human host thus occurs through the inhalation of
contaminated water droplets. Developing a highly specific, sensitive and rapid biosensor
that detects only metabolically active bacteria is a main priority for water quality
assessment. In this thesis, we proposed a detection system based on highly specific DNA
capture and detector probes targeting the 16s rRNA from pathogenic L. pneumophila
using Surface Plasmon Resonance imaging (SPRi). To achieve specific and sensitive

detection, probe design and optimal hybridization conditions were implemented.

We investigated the performance of the developed biosensor for detection of L.
pneumophila in complex environmental samples, particularly those containing protozoa.
We demonstrated that the expression level of rRNA is extremely dependent on the
environmental conditions. The presence of amoebae with L. pneumophila, especially in
nutrition-deprived samples, increased the amount of L. pneumophila 15-fold after one
week. Using the developed SPRi detection method, we were also able to successfully
detect L. pneumophila within three hours, both in the presence and absence of amoebae in

the complex environmental samples obtained from a cooling water tower.

Despite advances in miniaturization and automation of biosensors for on-site
applications, progress in cutting-edge technologies, especially for monitoring
environmental water samples to predict potential outbreaks are still at an early stage of
development. Among different fluidic handling systems, digital microfluidics (DMF) has
gained much interest. In DMF, as opposed to continuous flow microfluidics, individual
droplets are manipulated independently by applying electric potential to an array of

electrodes. In this setup, there is no need for external pump or tubing which makes it a



great candidate for on-site applications. In order to integrate the developed detection
system with a DMF chip, some modifications, such as using fluorescent microscopy and
magnetic beads were required. The conception, design and functionality of the advanced
DMF device were demonstrated and the simultaneous manipulation of multiple droplets
on-chip was confirmed. The various steps of the assays, including magnetic capture,
hybridization duration, washing steps, and assay temperature were optimized. We were
able to not only to reduce reagent volumes significantly and magnetic beads
consumption, but also drop the limit of detection to 1.8 attomoles. Finally, we showed
that the multiplex detection for a pathogenic and a non-pathogenic species of Legionella
can be achieved by using capture and detector DNA probes for each 16s rRNA target.
Taken all together, our results suggest that the developed DMF device combined with the
proposed detection system has great potential for rapid, high-throughput, multiplex, and

inexpensive on-site detection of pathogens.



Abrége

Dans le monde entier, la légionellose est une maladie aux conséquences néfastes, tout
particuliérement en raison de 1’augmentation des épidémies incontrélées au niveau des
systemes de traitement des eaux. La Légionnelle est I’agent infectieux responsable de
cette maladie, et qui est également impliquée dans plus de 30% des maladies hydriques
aux Etats-Unis entre 2001 et 2006. Les données de la littérature montrent que les
systemes modernes de traitement des eaux, tels que la climatisation, les systemes de
douches, et les tours de refroidissement offrent des conditions optimales de croissance et
de propagation de la Legionella pneumophila (L. pneumophila) a travers la formation
d’aérosols. De ce fait, la transmission de la Iégionellose aux humains se produit a travers
I’inhalation de gouttelettes d’eau contaminée. L’un de principaux défis de I'évaluation de
la qualité de l'eau serait de mettre au point des biocapteurs hautement spécifiques,
sensibles et rapides. Dans cette thése, nous avons mis au point un systéme SPRi de
détection basé sur la capture hautement spécifique de I’ADN et sur le ciblage par sonde
de détection spécifique de ’ARNr 16s provenant des L. pneumophila pathogéniques.
Afin d’améliorer la spécificité et la sensibilité de détection des pathogénes, nous avons
conceptualis¢ une sonde spécifique et mis en ceuvre des conditions optimales

d’hybridation.

Nous avons donc testé la performance de notre plateforme de détection des L.
pneumophila sur des échantillons représentatifs d’un environnement complexe,
notamment de part la présence de protozoaires. Ainsi, hous avons démontré que le taux
d’expression des ARNr est fortement li¢ aux conditions environnementales. En mesurant
I’expression des ARNTr 16s, la présence concomitante d’amibe et de L. pneumophila, tout
particulierement dans les échantillons en carence de substance nutritive, augmente de
maniere significative la quantité de L. pneumophila aprés une semaine. Nous avons
également détecté, par I’utilisation de notre méthode SPRIi, les L. pneumophila en moins
de 3 heures, en présence ou en absence d’amibe dans les échantillons des tours de

refroidissement.

Malgré, les avancées en miniaturisation et en automatisation des biosenseurs pour

I’utilisation in situ, il reste encore plusieurs défis a relever notamment dans I’analyse des



¢chantillons d’eau d’origine environnementale afin de prédire au mieux les risques
potentiels d’épidémies. Les dispositifs a microfluides digitaux (DMF) sont des candidats
treés prometteurs en comparaison au reste des systémes de manipulation fluidiques. De
plus, a ’opposé des dispositifs microfluidiques a flux continu, le dispositif DMF permet
de manipuler de maniére indépendante des gouttelettes individuelles par I’application de
potentiel électrique a un réseau d’électrode. Notre appareillage ne requiert aucune pompe
externe ou tubes, ce qui le rend utile pour des applications sur place. Aussi, afin
d’intégrer ce systéme de détection a la puce DMF, des modifications ont été apportées
telles que I’utilisation de billes magnétiques fluorescentes. Les différentes étapes de
I’analyse, incluant la capture magnétique, la durée d’hybridation, les étapes de lavage et
la température optimale ont été optimisées. Le volume des réactifs et la quantité de billes
magnétiques ont été réduit considérablement. De plus, le seuil de détection a été baissé a
1.8 attomoles. Finalement, nous avons démontré que notre systéme détecte
spéecifiquement I’ARN 16s. Nous avangons que ce systéeme détient un énorme potentiel
de détection multiplexe, rapide, a haut débit et peu colteux pour divers pathogenes, et ce

a partir de tres petites quantités d’échantillons et de réactifs.
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Thesis Outline:

In Chapter 1, after a general introduction to the problem statement based on a brief
description of Legionellosis disease and the need for development of an on-site
biosensor; the motivation of the thesis work and the accomplishments are presented.
Chapter 2 discusses the rationality behind the targeting 16s rRNA, the use of SPRi and
investigation of amoeba-Legionella interaction and utilizing of DMF. The research
hypothesis and objectives are stated in Chapter 3.

Chapters 4, 5, 6, 7, 8 present background information and comprehensive
literature review of the topics covered by this thesis. Chapter 4 describes the principles
and requirements of a biosensor technology. An overview of the SPR biosensors and
DMF devices is presented in chapter 5 and 6 respectively. An extensive literature review
related to Legionella is reported in Chapter 7. The biology of Legionella, the interaction
of the Legionella with other microorganisms, the detection requirements for the
environmental setting and different ways for water disinfection are discussed. This
chapter also covers the state of the art detection techniques along with commercially
available detection kits for Legionella. Chapter 8 consists of a review article published in
Lab on a Chip, where the state-of-the-art in using microfluidic based biosensors for
pathogen detection is described. This overview provides the reader with a context for
evaluating the novelty and the contribution of this work to the larger research field.
Chapter 9 presents the development of a detection method targeting the L .pneumophila
16s rRNA using SPRi. The purpose here was to develop a detection system that
potentially only detects viable bacteria while at the same time offers high specificity and

sensitivity. Therefore, the different parameters for DNA/RNA hybridization and signal
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amplification was investigated and optimized.

Chapter 10 reports on the successful implementation of the developed system
described in Chapter 9, for the detection of the L. pneumophila in complex environmental
samples particularly in presence of amoeba.

Chapter 11 is devoted to the integration of the developed detection system in
Chapter 9 with DMF setup for multiplex and automated detection of Legionella. The
various steps of the assays, including magnetic capture, hybridization duration, washing
steps, and assay temperature were optimized. The rapid, multiplex and automated
detection of pathogenic and non-pathogenic Legionella was demonstrated.

Finally, Chapter 12 provides a general discussion of the results and outlines the future
work towards the development of biosensors for on-site detection of Legionella in
environmental water setting. The new directions that could be implemented to maximize

the diagnostic potential of this work, are also provided.
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Chapter 1  Introduction

The World Health Organization (WHO) recently reported that infectious diseases are the
second leading cause of mortality throughout the world after cardiovascular disease.
Overall, pathogens guide the research and development in many fields, including
diagnostics, pathology, drug discovery, clinics, biological warfare, food safety and
disease outbreaks. Among these pathogens, Legionella the causative agent of
Legionellosis (an acute form of pneumonia and Pontiac fever [1]) is a major concern due
mainly to unpredictable outbreaks such as recent incidents reported in Canada, USA,
Norway, and Germany [2-4]. Legionella was responsible for more than 30% of water
borne disease outbreaks in USA between 2001-2006 [5]. The fatality rate of
Legionellosis ranges between 10% and 40% and approaches 50% within hospital and
industrial outbreak settings, particularly affecting individuals with compromised health
status [1]. Presently, more than 50 Legionella species have been identified with
approximately half of these species being associated with human disease. To have an
accurate and reliable evaluation of the water risk assessment it is thus crucial to design
detection systems that can distinguish between pathogenic and non-pathogenic
Legionella [6, 7].

L. pneumophila is responsible for more than 90% of Legionellosis. L.
pneumophila is found in most natural and engineered water systems, where it
contaminates and multiplies inside amoeba [8]. Modern water systems, such as air-
conditioning units, showers and industrial refrigeration towers provide optimal growth
conditions for L. pneumophila and propagate its transmission through aerosol [9].

Transmission to the human occurs through the inhalation of contaminated water droplets.



Once in the lungs, L. pneumophila infects and replicates inside alveolar macrophages and
causes widespread tissue damage [1].

In order to monitor the water systems routinely to predict any potential outbreaks,
development of an on-site biosensor is of great importance. A biosensor for detection of
Legionella should be specific and sensitive with capability of multiplex detection of
different bacteria species. Furthermore, the biosensor for on-site applications should be
portable, automated, cost-effective and rapid.

The current gold standard for detection of Legionella is a laboratory culture
method, which is very time consuming (a matter of days) and is also unable to detect
viable but non-culturable (VBNC) Legionella even though they are potentially
pathogenic. Polymerase Chain reaction (PCR) is another popular detection method due to
its sensitive and rapid analysis. Although PCR can analyze the samples within few hours,
it is especially unreliable for environmental water samples due to presence of PCR
inhibitors. One of the biggest drawbacks of PCR and other alternative methods such as
DNA microarray and immunology-based assays [10-12], is the inability to distinguish
between live and dead bacteria. Targeting ribosomal RNA is a feasible alternative that
overcomes the aforementioned shortcomings. Since RNA expression level is directly
correlated to the microbial activity, it provides a more reliable and accurate information
for detection of Legionella [13]. Therefore, in this thesis, we proposed a detection system
targeting the 16s rRNA from L. pneumophila by designing a set of DNA probes. The
design of DNA probes, the surface chemistry and the optimization of the hybridization
conditions were carried out in order to achieve high specificity and sensitivity of

detection of in vitro transcribed 16s rRNA using Surface Plasmon Resonance imaging



(SPRi) and quantum dot signal enhancement. We then evaluated the performance of the
proposed detection system for RNA extracted from pathogenic bacteria in complex
environmental water samples containing other microorganisms such as amoeba. Finally,
we focused on integrating the proposed detection system with a DMF device for rapid,
automated and multiplex detection of 16s rRNA from pathogenic and non-pathogenic
Legionella species. The detection of Legionella species targeting the 16s RNA within the
miniaturized DMF device was found to be a promising detection system for on-site

applications.



Chapter 2 Rationale

2.1 16s rRNA as reliable genetic material

The specific identification of biological species is essential for pathogen detection.
Pathogens are generally recognized based on two main properties: via specific epitopes
on the pathogen membrane or genetic contents. The former could be detected using
antibodies or antibody alternatives such as aptamers while the latter implies the use of
nucleic acid-based probes as biorecognition moieties. Since, it is very difficult to develop
a library of aptamers for targeting epitopes on Legionella, antibodies presents the only
option for their detection. However, although antibodies-based immunoassays provide
rapid detection with minimal manipulation, they often suffer from a low specificity due to
the cross-reaction with other species. The epitopes present on the cell's surface are
normally found throughout the species. Therefore, generally a genus-level detection can
be achieved [14]. Another drawback of using this method is the inability to distinguish
between live and dead bacteria. Similarly to aforementioned methods, those based on
targeting the DNA content [10-12], are also failed to distinguish between live and dead

bacteria.

Targeting ribosomal RNA (rRNA) is a potential alternative that overcomes the
aforementioned limitations, since it provides a detection system that is more reliable,
accurate, and sensitive. The presence of RNA in bacteria is directly correlated with
microbial activity, since following bacterial death, the associated RNA degrades
relatively rapidly [15], further enhancing the accuracy and reliability of bacterial
detection. Among RNA types, 16S rRNA is highly conserved between different species

of bacteria and has been utilized for microbial identification [16, 17]. The presence of

4



high copy numbers of 16S rRNA in each bacterium is another incentive for identifying
bacteria through the direct detection of 16S rRNA. However, risk of degradation and the

presence of its secondary structure remain the significant shortcoming of using rRNA.

2.2 SPRIi as detection method

Focusing on the detection of 16S rRNA, various sensing techniques, including
electrochemical sensors [18, 19], impedance [20], fluorescent microscopy [21-23],
surface-enhanced Raman spectroscopy (SERS) [24], and SPR [25, 26] were used for
bacterial species-specific detection. Among these methods, SPR imaging (SPRi) has
proven to be a versatile tool for the real-time study of genomic and proteomic interactions
and Kinetics. In contrast to classical wavelength or scanning angle SPR systems, SPRi
provides visualization of the multiple interactions simultaneously in real time thanks to
the integration of a charge-coupled device (CCD) camera with the associated sensogram.
When compared to other end-point measurement systems, the use of SPRi allows real
time monitoring and detailed kinetic analysis to further elucidate analyte’s binding

behavior as well as to better differentiate between specific and non-specific adsorptions.

2.3 Amoeba and L. pneumophila cohabitation

The interaction of protozoa, especially amoebae, with L. pneumophila in water systems is
of great importance. L. pneumophila can normally survive in nutrition-deprived
environments for long periods of time but cannot multiply. L. pneumophila has been
observed to multiply in these environments only when amoebae were present. The
ingestion of L. pneumophila by amoebae provides an intra-cellular environment for its

amplification in water systems. In addition, amoebae can also act as a shelter against



harsh conditions such as low temperatures, nutrition-deprived environments and the
presence of biocides [27-30]. In the case of a biocide treatment, this protection can result
in treatment failure, after which L. pneumophila might be able to recolonize the water
system rapidly. Another important impact of the amoeba-Legionella interaction is the
enhancement of the virulence of L. pneumophila [31]. It has been reported that this
interaction contributes to L. pneumophila’s virulence by priming the bacteria to infect
human cells. Among amoebae, Acanthamoeba spp. is commonly isolated from
Legionella contaminated water systems, a process which has been reported to support the

intracellular life of L. pneumophila [27, 32, 33].

2.4 Integration of DMF with fluorescence microscopy

Recently, investigators have been more interested in the use of DMF in chemical and
biological applications. In DMF, as opposed to continuous flow microfluidics, individual
droplets (pL-pL) are manipulated independently by applying electric fields to a series of
electrodes array. Multiple droplets involving different reagents can be manipulated
simultaneously and the operation scheme can be reprogrammed without the need to
change the device design. Therefore, DMF is a promising candidate for applications
involving complex and multistep assays [34]. Different bioassays have been performed
using DMF devices such as immunoassays [35], cell culture [36], DNA hybridization
[37] and PCR [38]. In the present work, in order to integrate the developed detection
system into the DMF platform, some modifications including the use of magnetic beads
and fluorescent microscopy were necessary. Magnetic beads provide a high surface-to-
volume ratio and fast diffusion time. They can also be manipulated easily by external

magnetic force which can be used for separation of the captured target from the solution.



Although the integration of the SPRi with DMF platform has been demonstrated
previously [39], it has been mainly for simple and straightforward protocols. It must also
be noted that in these reports, the movement of the droplets were carried out without the

use of any oil shell.

For more complex droplet manipulations, the use of a thin oil shell is necessary in
order to perform consistent long and automated protocols on the chip. However, the high
refractive index of oil can interfere with the SPRi signal measurement and its residue on
the detection spot can yield unreliable data. For these reasons, the fluorescent microscopy
was used as detection mean instead of SPRi with DMF platform to fulfill the third

objective of this PhD thesis.



Chapter 3 Hypothesis and Thesis Objectives

3.1 Hypothesis

It is hypothesized that designing specific DNA probes targeting the 16s rRNA of the
Legionella integrated in DMF setup can provide a portable and cost-effective biosensor

for automated and multiplex detection of viable Legionella bacteria.

3.2 Thesis Objectives

Based on the above hypothesis, the main objective of this thesis was to design and
develop a portable biosensor system for rapid and multiplex detection of viable L.
pneumophila in complex environmental samples with high sensitivity and specificity.
This was achieved by defining three sub-objectives:

» Develop a simple detection system that ensures the detection of viable Legionella

with high specificity and sensitivity

To achieve this aim a sensing platform compatible with SPRi was designed to detect
viable Legionella bacteria through the appropriate selection of the target analyte and
bioreceptor. Experimental conditions were optimized to ensure both high specificity

and sensitivity.

* Implementation of the detection platform developed in objective one for the

detection of L. pneumophila in complex environmental water samples

To validate the high specificity of the biosensing system, the detection of
Legionella’s 16s rRNA was achieved in complex environmental water samples

containing protozoa. The effect of residing Legionella in nutrition-deprived water



environment and its interaction with amoeba on the sensor output signal was
investigated. Finally, the sensitivity of the detection system using environmental

water samples in presence and absence of the amoeba was determined.

Integration of the developed detection system with a DMF chip toward on-site

applications

This goal was fulfilled by developing protocols for hybridization and droplet
manipulation in the DMF chip in order to obtain the highest signal to noise ratio
while minimizing the detection time and reagent consumption.

This dissertation is, therefore, a collection of published papers, or manuscripts under
consideration, aimed to validate the hypothesis by fulfilling the above-mentioned

objectives.



Preface to chapter 4 to 8: Background Information and literature

review

The following four chapters provide the contextual knowledge and comprehensive
literature review required for the completion of this thesis project. Chapter 4 describes the
principles and requirements of any biosensor technology. An overview of the SPR
biosensor and DMF devices is presented in chapter 5 and 6 respectively. An extensive
literature review related to Legionella is reported in Chapter 7. The biology of
Legionella, the interaction of the Legionella with other microorganisms, the detection
requirements for the environmental setting and different methods of disinfection are
discussed. This chapter also covers the state of the art detection techniques along with
commercially available detection kits for Legionella. Chapter 8 consists of a review
article published in Lab on a Chip where the state-of-the-art in using microfluidic based
biosensors for pathogen detection is presented. This review covers different topics
including: biomarkers, amplification methods, sample preparation techniques and the

design strategies for multiplex and point of care biosensors.
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Chapter 4 Biosensors

A biosensor can be defined as an analytical device that uses biological reactions with a
physiochemical detector for detecting target analytes. These devices mainly consist of
two components: a bioreceptor and a transducer. A bioreceptor including antibodies,
nucleic acids, enzymes, cell and viruses can recognize specifically the analyte while the
transducer (optical, electrochemical, thermal and mass) generates an output signal [40] as
a result of the biorecognition event. In addition to these two components, electronic parts
(for processing the output signal), sample handling units and data processing algorithms
constitute also the components of a biosensor. Sample handling units can include
miniaturized filters for enrichment of the sample and removal of undesired compounds.
Data processing algorithms allow for maximum information from the noisy
measurements.

Electrochemical biosensors are great candidates for diagnostics applications. This
is mainly due to their high sensitivity and compatibility with microfabrication technology
towards their miniaturization. Electrochemical biosensors measure the electrical value
(potential, current or impedance) from oxidation or reduction reactions [41]. The
application of these biosensors are however limited to charge transfer phenomena and

enzymatic reactions.

There are also biosensors based on mass measurement which detect very small
changes caused by the binding of the target to the piezoelectric crystals [41]. The
adsorption of the target analyte on the crystal results in a change in frequency of
oscillation. This change can then be used to determine the mass of the analyte bond to the

surface of the crystal. This method is simple and easy to use, however, in general it does
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not provide high sensitivity in contrast to electrochemical or optical methods.

Biosensors based on optical transducers, are among the most popular ones since they
allow for the measurement of different properties, such as polarization, amplitude, phase
and energy. These methods include: fluorescence, adsorption, Raman, surface enhanced

Raman and surface plasmon resonance.

Depending on the transduction technique and the nature of the target, receptors
can be immobilized onto different substrates. These substrates can be made of a wide
variety of substrates such as: polymer, glass and metal. In this context, optical methods
such as fluorescence have an advantage over other techniques, as virtually any type of
substrate can be employed for the detection of target species. In genomic applications, the
detection of specific DNA or RNA sequences requires the design of complementary
DNA/RNA to serve as the probe. In protein detection, antibody-based detection is one of
the main analytical techniques for targeting specific antigens. Aptamer-based detection is
an alternative for antibodies which is designed through a complex and time-consuming
setup. Although very challenging, once the aptamer is designed, it offers high specificity
to the target. For the detection of ions, mass spectrometry (using the mass to charge ratio)
or electrochemical assays (an ion-specific chemical reaction in enzymatic conditions) are
typically used. Three-dimensional templates have also been used for biorecognition
elements. In this approach, generally referred to as molecular imprinting, a template of
the chemical structure of the target is creating by polymerizing or crosslinking the

monomers around the target.

There are many features that are required or desirable in a biosensor based on its

specific application. Sensitivity, specificity and detection time are however the main

12



characteristics of any biosensor. In addition, for applications such as point-of-care or on-
site detection, other critical features include portability, low cost, ease of use, automation,
being self-contained (minimal use of accessories). Potential for mass production should
also be considered. Although an ideal biosensor possesses most of these features, in
practice, its capabilities may be tuned or prioritized according to the requirements of the

detection platform.
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Chapter 5 SPR Principle

In the early 20™ century, Wood first observed that the plasmon phenomenon originates
from unique electromagnetic properties of a metal-dielectric interface [42]. On the
surface of the transition metal, free electrons that propagate along the surface can perform
coherent fluctuations, called surface plasma oscillations [43]. These charge density
oscillations along the metal-dielectric interface are accompanied by an electromagnetic
field (Figure 5.1), which is described by Maxwell's Equations. In the simplest model,
Maxwell's Equations are solved for semi-infinite metal in contact with semi-infinite
dielectric media with complex permittivities em= €'m + i€'m and e4= €'q + i€'q. Where ¢'j and

¢"j are real and imaginary parts of g (where jis m or d).
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Figure 5-1 Metal-dielectric interface. Reprinted from Willets 2007 [44] with permission from Annual
Review of Physical Chemistry.

The analysis of Maxwell's Equations with appropriate boundary conditions shows that
only a single guided mode of electromagnetic field with electric field component along
the surface (a surface plasmon) can be supported by this structure [45]. Since, surface

plasmon is a transverse magnetic mode, its vector of intensity of magnetic field is in
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plane with the metal-dielectric interface which is perpendicular to the direction of
propagation (Figure 5-1). The electric field intensity of surface plasmon waves decays
exponentially in both media with maximum intensity at the interface. The wave vector of

the surface plasmon in the propagating x-axis is described by the following equation:

1) ,sm.s
Ksp =7 Sm_+€dd (Eq. 5.1)

where c is the speed of light and o is the frequency of oscillation. For a propagating wave
in the presence of a dielectric medium (real g4), the second medium requires a negative
dielectric function (gm) and its absolute value is bigger than &4. This can be achieved by
most metals, particularly by gold and silver. For instance, for a water-gold interface, a
field penetration depth at a wavelength of 850 nm is 400 nm into solution and 25 nm into

the gold, can be fulfilled in a metallic medium [46].

The surface plasmon cannot be excited in free space directly by incident photons,
since the latter does not have sufficient energy or momentum to couple to the surface
plasmon at the metal-dielectric interface. The photon momentum should be increased to
reach the required threshold to excite the surface electrons into oscillation and generate
the plasmon wave. Since the electrons are resonating, this phenomenon is called SPR. As
energy is absorbed in this resonance, the resonant coupling is observed as a minimum, or
attenuated, reflected light intensity. There are two approaches to increase the photon
momentum: attenuated total reflection and diffraction. The improvement and coupling
between light and a surface plasmon is performed using a coupler. The three most
commonly used couplers are prisms, waveguides, and grating couplers. The prism

coupler is the most common method for excitation of the surface plasmons. In this
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method the optical wave is passing through a high refractive index prism and is totally
reflected at the interface between a thin metal layer and the prism, evanescently
penetrating through the metal layer. This excitation causes a drop in the intensity of the
reflected light that in turn results in a dip in the angular or wavelength of the reflected

light.

In the grating coupler setup, corrugation is introduced to the metallic surface and
the light is split into a series of beams directed away from metal surface. The interface is
illuminated from the dielectric side and the reflected light is measured to track the
resonance condition. This could cause noise to the measurement since the illumination
traverses the sample solution. In the optical waveguide setup, the light entering via the
optical waveguide, evanescently penetrates the metal film and excites a surface plasmon.
A change in refractive index of the sample results in a change in the propagation constant
of the surface plasmon. This subsequently leads to alteration of the characteristics of the
light wave coupled with surface plasmon, such as the coupling angle and the wavelength.
Based on the characteristics measured, SPR sensors are classified by the angle, intensity,
wavelength or phase modulation [45].

In the angular interrogation mode, the strength of the incident light and the
surface plasmon is observed by scanning the incident angle at a constant wavelength.
This allows for a dip in angular spectrum of reflected light to represent the excitation of
the surface plasmon. Conversely, in the wavelength interrogation mode, the surface
plasmon excitation is achieved by using multiple wavelengths, such as polychromatic
light at a constant incident angle. Since the resonance angle and wavelength are

dependent on the refractive index, the shift in these parameters is correlated to the change
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in the binding of molecules to the biosensor interface. In addition to these interrogations,
intensity modulation is an alternative for monitoring the resonance condition. This is
based on measuring the reflected intensity due to changes in refractive index of the

analyte at a fixed angle and wavelength.

SPRi is based on the integration of a CCD camera with the sensogram which
provides visualization of the multiple interactions in real time as opposed to classical
SPR systems. This was first explored by Rothenh&uslar and Knoll in 1988 [47]. In this
approach a monochromatic polarized light from a laser diode with a specific wavelength
shines on the surface. The SPRi can spatially scan or capture changes in resonance
condition over a surface area and create a contrast image. Therefore, any error of spotting
or surface defects can be identified and removed from measurements. In addition, the
potential for high-throughput screening of the bimolecular interaction makes this method
very attractive. Among different laser wavelengths, it has been shown that the near
infrared excitation wavelength (800-1152 nm), improves the performance of the SPRIi

[48].

One of the major shortcomings of SPR detection system is the lack of sufficient
sensitivity for very dilute concentration analytes. Therefore, there have been many efforts
to enhance the sensitivity of SPR detection systems mainly using nanomaterials either as
substrate or as an amplification tag. Noble metallic, magnetic and liposomes based
nanoparticles and carbon based materials, as well as two-dimensional nanostructures on
the SPR substrates are amongst the most common ones [49]. There are different
characteristics of the nanoparticles that can be used to tune the signal enhancement in the

SPR systems including: nanoparticle’s size, shape and dielectric constant of nanoparticles
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and its surrounding medium [50].

Noble metallic nanoparticles, in particular gold nanoparticles are amongst the
most popular materials for enhancing the SPR sensitivity. This is mainly due to the ease
of preparation and functionalization with different chemical moieties [51]. The dominant
phenomenon for the signal enhancement for gold nanoparticles is the interaction and
coupling localized surface plasmon from nanoparticles and surface plasmon.

Among the different nanoparticles, quantum dots have been recently utilized for
SPRi signal enhancement. For instance it has been demonstrated that the near infrared
quantum dots had a more pronounced signal enhancement for SPRi in detecting DNA
and proteins [37, 52]. The mechanism for this phenomenon is not well understood yet.
however it has been suggested that the near infrared fluorophores couple the scattered
light more strongly onto gold nanostructures [52, 53]. In addition, it has been shown that
the nanometer thick gold have a stronger absorption in the near infrared compared to the
visible range [54]

The use of magnetic nanoparticles [55], carbon nanotubes [56] and liposomes [57]
for signal enhancements are mainly due to their large surface mass loading. Magnetic
nanoparticles are particularly interesting due to their ability to be manipulated using an
external magnetic force and their ease of functionalization [55]. Graphene is another
interesting material for signal enhancing in SPR setup. It has been demonstrated that the
graphene layer on gold surface can result in better sensitivity, which is mainly due to
increasing the surface area for analytes adsorption and charge transfer from graphene to
gold surface [58].

With recent advances in nanofabrication technology, two-dimensional
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nanostructures have also been explored lately and integrated into the SPR detection
systems [59]. The rapid and reproducible fabrication of these structures can lead to label-

free SPR signal amplification.
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Chapter 6 Digital microfluidic Principles

In digital microfluidic, discrete droplets are manipulated electrostatically on an array of
electrodes coated with a hydrophobic dielectric insulator. There are two different formats
of DMF: closed and open (Figure 6-1). In the close format, the droplet is sandwiched
between two substrates patterned with electrodes. The top plate which is transparent,
normally has the continuous ground electrode and the bottom plate possesses an array of
actuation electrodes. In the open format, the droplet is placed on top of the electrodes
array coated with a dielectric layer. In this setup, actuation and ground electrodes are in
the same substrate. In both formats, a dielectric layer is deposited on top of the actuation
electrodes and is followed by coating with a thin hydrophobic layer. One of the major
advantages of the closed system compared to open system is reducing the evaporation of
the droplet, which allows the implementation of the fluidc functions such as droplet
dispensing and splitting.

Ground clcctrodo (b)

( b B
T ——

Actuation Ground
Actuation electrode electrode electrode
BN Substrate ) Metal (Au, Pt, Cr, Cu, or ITO)
Dielectric Hydrophobic coating

Figure 6-1 EWOD actuation configurations: (a) closed and (b) open EWOD system. Reproduced from
[60] with permission from The Royal Society of Chemistry.

DMF devices were investigated and popularized in the 2000s mainly by the Fair group

[61]. This technique is also called ‘electrowetting-on-dielectric” (EWOD).
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Electrowetting on bare electrodes results in a small contact angle change which tends to
be irreversible. In order to alleviate this issue, a layer of dielectric is employed to
improve the contact angle change and reversibility of the electrowetting. In these devices,
by applying a voltage, the free energy of the dielectric layer is changed and it reduces the
solid-liquid interfacial tension, which results in a change in wettability on the surface.
Therefore the contact angle of the droplet on the surface is dramatically reduced when a
potential is applied.

The basic characterization of the movement of the droplet in EWOD is based on a

thermodynamic approach using the Young-Lippman equation [62]:

g0, V?

cosd = cos@
0+ 2yd

(Eq. 6.1)

In this equation, 6y and O are the contact angle before and after the use of the potential,
respectively. g, and e; represent the relative permittivity of the dielectric layer and free
space, respectively.y is the surface tension of the liquid-filler media, and d is the
dielectric thickness. In the thermodynamic approach, droplet movement is described as
being the result of changes in interfacial energy as a result of the accumulation of charge
at the surface.

The issue with the thermodynamic approach is that it only addresses the static problem,
and does not explain the change in the contact angle in mechanical terms. This can be
achieved by considering the electric forces acting on the droplet.Therefore, the
electromechanical approach is a better method to determine the electrical forces exerted
by the electric field at the interface [63-65].

These forces can be estimated by integrating the Maxwell-Stress tensor, Tij (Eg. 6.2) over

any surface surrounding the droplet [66]: where ¢ij is the Kronecker delta, £ is the

21



permittivity of the medium surrounding the droplet, E is the electric field surrounding the

droplet, and i and j refer to pairs of x, y, and z axes.
1
This formulation can account for the motion of dielectric liquids [67] and liquids with

low tension surface that do not experience a change in contact angle [68].
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Chapter 7 Legionella

7.1 Legionellosis

Legionellae are Gram-negative, non-spore-forming, rod-shaped bacteria. They contain
branched-chain fatty acids and require L-cysteine and iron for growth. L. pneumophila
multiplies at temperatures between 25°C to 42°C, with an optimal growth temperature of
35°C [69] and a generation time of 99 minutes under optimal conditions [70]. Its
diameter and length vary between 0.3-0.9 um and 2-20 pum, respectively [71].

Legionellae were first detected in 1976 in Philadelphia after a notable outbreak of
pneumonia in a hotel on the occasion of a United States Army Veterans’ meeting [72].
Legionellosis is a modern era disease, because of human alteration in the environment
especially increasing the temperature in the water systems. Legionella in the natural
water environment would be a rare cause of human disease.

The fatality rate of Legionellosis ranges between 10% and 40%, however, it
approaches 50% within hospital and industrial outbreak settings, particularly affecting
individuals with compromised health status [1]. Presently, more than 50 Legionella
species have been identified with approximately half of these species being associated
with humans. L. pneumophila is responsible for more than 90% of Legionellosis. A list of
Legionella species and their associations with human disease is presented in Table 7-1.
To have an accurate and reliable evaluation of the water risk assessment, it is thus crucial
to design detection systems that can distinguish between pathogenic and non-pathogenic
Legionella [6, 7].

L. pneumophila is found in most natural and engineered water systems, where it

contaminates and multiplies inside amoeba [8]. The literature indicates that modern water
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systems, such as air-conditioning units, showers and industrial refrigeration towers,
provide optimal growth conditions for L. pneumophila and propagate its transmission
through aerosol [9]. Transmission to the human host occurs through the inhalation of
contaminated water droplets. Once in the lungs, L. pneumophila infects and replicates
inside alveolar macrophages and causes widespread tissue damage [1]. Legionnaires’
disease has no unique clinical or radiographic features [73, 74] which may lead to
inappropriate therapy and a poor prognosis.

Table 7-1 Legionella species and their association with human diseases.

Species associated with disease Species not associated with any disease

L. pneumophila

L. spiritensis

L. bozemanii L. jamestowniensis
L. dumoffii L. santicrucis
L. micdadei L. cherrii
L. longbeachae L. steigerwaltii
L. jordanis L. rubrilucens
L. wadsworthii L. israelensis
L. hackeliae L. quinlivanii
L. feeleii L. brunensis
L. maceachernii L. moravica
L. birminghamensis L. gratiana

L. cincinnatiensis

L. adelaidensis

L. gormanii

L. fairfieldensis

L. sainthelensi

L. shakespearei

L. tucsonensis

L. waltersii

L. anisa L. genomospecies
L. lansingensis L. quateirensis
L. erythra L. worsleiensis
L. parisiensis L. geestiana
L. oakridgensis L. natarum

L. londoniensis

L. taurinensis

L. lytica

L. drozanskii

L. rowbothamii

L. fallonii

L. gresilensis

L. beliardensis
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7.2 The interaction of Legionella with other organisms and its

significance

One of the critical factors that allows bacteria to amplify, is the presence of the nutritional
factors inside the milieu. Legionella requires a unique combination of nutrients in order
to grow in the laboratory setting. The nutrient levels for Legionella growth are rarely
found in water systems. However, L. pneumophila can normally survive in nutrition-
deprived environments for long periods of time but cannot multiply. Their multiplication
occurs in these environments mainly when amoebae also present. This is due to the fact
that the ingestion of L. pneumophila by amoebae provides an intra-cellular environment
for its amplification in water systems [27, 32, 33]. In addition, amoebae can act as a
shelter for L. pneumophila against harsh conditions, such as low temperatures, nutrition-
deprived environments and the presence of biocides [27-30]. This protection may result,
for instance, in the failure of the treatment, after which L. pneumophila can be able to
rapidly recolonize the water system. Another important impact of amoeba-Legionella
interaction is enhancing the virulence of L. pneumophila [31]. It has been reported that
this interaction contributes to its virulence by priming the bacteria to infect human cells.
The life cycle of L. pneumophila in amoeba resembles that of macrophages. In both
amoeba and human phagocytes, coiling phagosomes engulf the bacteria, and once
phagocytized, the phagosome does not acidify or fuse with the lysosomes. The interaction
of L. pneumophila with both amoeba and mammalian phagocytes is very similar. This
similarity can suggest that the virulence of L. pneumophila for macrophages is an
outcome of its evolution as a parasite of amoebae [1]. Among amoebae, Acanthamoeba

species (spp.) is commonly isolated from Legionella contaminated water systems.
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7.3 Standards level of Legionella in environmental settings

There is a lack of consistent standards for acceptable levels of Legionella in an
environmental setting. The level that requires action varies depending on the source of
the contamination and its exposure. Table 7-1 summarizes the Legionella's level in
different settings requiring action for the decontamination of the water source. For
example, the acceptable Legionella level in cooling towers is generally three order of
magnitude greater than domestic running water. In French healthcare setting, elderly
patients with a history of alcoholism and smoking have a maximum allowable level of
10,000 CFU/L, whereas for the high-risk patients using immunosuppressants, the

threshold is 250 CFU/L in the water system [75].

Table 7-2 CFU of Legionella per liter based on USA Occupational Safety & Health Administration
technical manual: https://www.osha.gov/dts/osta/otm/otm_iii/otm_iii_7.html

Action Cooling tower Domestic water Humidifier
Prompt cleaning 100,000 10,000 1,000
Immediate 1,000,000 100,000 10,000
cleaning

7.4 Eradication/Disinfection

There are different methods for eradication/disinfection of the Legionella from water
sources. These methods can be classified into four categories: 1) thermal disinfection 2)
ultraviolet (UV) irradiation, 3) chemicals (chlorine, ozone, iodine), 4) metal ionization
(copper and silver). Increasing the temperature above 60 °C is one of the most reliable

methods for elimination of Legionella from water systems. An 8 log reduction in L.

26




pneumophila concentration has been demonstrated within 25 minutes of water treated at
60°C, 10 minutes at 70°C, and 5 minutes at 80°C [76]. UV irritation is another method
for eradication of bacteria. Although Legionella is more susceptible to UV compared to
other gram-negative bacteria [77], the UV irradiation is insufficient by itself and needs to
be complemented with additional disinfectant methods [78]. Among chemical
disinfectants, chlorine has been widely used for disinfecting potable water and swimming
pools. Legionella is much more resistant to chlorine than many other bacteria such as E.
coli. The concentration of chlorine which is needed to continuously control Legionella is
2-6 times more than typical chlorine concentrations in domestic potable waters [78]. In
addition, there are different issues, namely corrosiveness and chlorine toxicity associated
with the use of chlorine, which makes it less desirable. Utilizing metal ions, especially
copper and silver ions, has been shown to be effective in disinfecting the water systems.
These ions are believed to interfere with enzymes and bind to DNA that ultimately lead
to bacterial death [79]. Some reports suggest that for hot-water storage tanks, the use of
metal ions is more effective than using periodical superheat (77°) [80]. Although using
the metal ions is proven as a viable option, for hot water systems, there are not many
reports on using these metal ions. It should be mentioned that because of the
environmental implication of using these chemicals, the minimum concentrations should

be utilized in order to minimized adverse effects.
7.5 Current Detection Methods for Legionella:

Current conventional detection methods include identification via laboratory culture and
PCR [10, 11]. Laboratory culture is the current gold standard method employed to detect

L. pneumophila. In order to improve the sensitivity of this method, the medium used for
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the culture of Legionella is constantly revisited. The currently used medium is composed
of buffered charcoal-yeast extract (BCYE) agar enriched with ketoglutarate [81].
Although the specificity of this method is near 100%, the sensitivity for complex samples
does not exceed 60% [82, 83]. In addition, if the samples under study contain other
microorganisms, they could inhibit Legionella's growth. Another drawback of bacteria
cell culture methods is its inability to detect VBNC Legionella, even though they might
potentially be pathogenic.

While laboratory culture entails long procedures requiring several days, PCR is a
faster detection methodology and highly specific. Compared to culture method, the PCR
analysis has a tremendous advantage, since it provides high negative predictive value
(80— 100%) [84, 85]. A negative PCR result can be a good predictor of a negative culture.
Thus, for L. Pneumophila, negative PCR results are quite useful as a risk indicator [84,
85]. There are some reports suggesting a correlation between data obtained by culture
method and via PCR for hot water samples. However, only two publications could be
found that discuss this correlation in the case of cooling tower water samples [84, 85].
This could be due to negative culture reading and high positive PCR results since in
general, the later provides greater accuracy than culture reading [86, 87].

Although very reliable, one should also deal with many disadvantages of PCR technique,
notably laborious post-amplification procedures, time consuming, limited assay
optimization and validation, false positive results and issues with distinguishing between
live and dead cells [88]. There is on-going research to address these problems. For
example, Chang et al. [89] used ethidium monoazide (EMA) and propidium monoazide

(PMA) to prevent dead cells from participating in the PCR reaction. The authors showed

28



that although both materials were useful for this assay, the required amount of EMA was
one quarter of that of PMA. Yang et al. used real time PCR with 23-5S rRNA as target.
In this study, L. Pneumophila and Legionella spp were detected with a LOD of 7.5
CFU/mL [88].

In addition, real-time PCR results depend strongly on the nature of the testing site
and its treatment that very often make the interpretation of the results and its comparison
with data obtained through bacterial culture very challenging. In a thorough study that
compared the culture method to real-time PCR of samples in cooling water systems
obtained from different sites in Europe, a significant difference between the results of
real-time PCR and culture methods was observed. Real-time PCR reading of bacteria
number always exceeded the CFU count of the culture methods [90].

Other methods, namely antibody-based detection, have also been utilized extensively
[91]. The Choi group [92] used antibody-based SPR for detection of L. pneumophila. The
authors used a self-assembled protein G layer on a gold surface along with monoclonal
antibody to specifically target L. pneumophila and achieved a LOD of 10° bacteria/mL.
Protein G is a cell wall protein found in most species of Streptococci [92] and has been
used for improving the orientation of antibodies. It exhibits a specific interaction with the
Fc portion of IgG [91]. Another group used side-polished optical fibers with a 850 nm
LED and halogen light source in a surface plasmon resonance setup. A specific chemistry
was used to immobilize antibodies against L. pnemophila and a LOD of 10 CFU/mL was
achieved [93]. Similarly, legionella and E. coli were detected in 3 hours with a LOD of

10° cells/mL using antibodies by surface acoustic waves [94].

In order to lower the LOD and reduce the data collection time, new trends
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concentrate on improving the transducers capabilities. A compact SPR sensor targeting
the L. pneumophila using specific antibodies was developed that was able to detect 10°
CFU/mL in approximately one hour [95]. The use of a electrochemical impedance
spectroscopy with a disposable immunochip was expanded for Legionella’s detection in
spiked water samples with a sensitivity of 2 x 107 cell/mL in around one hour [96].
Besides, an optical sensing method so-called ‘Optical Waveguide Light mode
Spectroscopy’ was introduced for detection of Legionella. Glutaraldehyde was used to
bind antibodies to the sensor surface. This detection system was able to detect 10°

CFU/mL in 25 min [97].

Flow cytometry alone or in combination with other methods, is also used for the
detection of Legionella. For instance, in a recent demonstration, 5 x 10° cell/mL was
detected in less than 3 hours [98]. Further, filtration and immunomagnetic separation
were combined with flow cytometry, resulting in detection of 50 Legionella cells per liter
in two hours. Although this technique offered a good sensitivity, no correlation to plate
counting was observed, making the interpretation of the data difficult [99].

The antibody detection method is fairly rapid, but cross-reactivity between species is a
critical shortcoming that limits the specificity of the technique. DNA/ Peptide nucleic
acid (PNA) microarray-based detection targeting DNA in bacteria is another alternative
that provides the desired specificity by targeting species-specific sequences in DNA
[100].

The main drawback of all the aforementioned methods is their inability to differentiate
between live and dead bacterial cells. This feature is critical for achieving accurate and

reliable read out. To overcome the limitations of using DNA and antigen targeting-based
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techniques, detection of the bacterial RNA is a viable alternative approach. A summary
of different detection setups, including the advantages and limitations of each detection
method is presented in Table 7-2. The presence of RNA in bacteria can be correlated with
microbial activity, since following bacterial death, the associated RNA degrades
relatively rapidly [15]. Among RNA types, 16s rRNA is highly conserved between
different species of bacteria and has been utilized for microbial identification [16, 17,
101]. The presence of high copy numbers of 16s rRNA in each bacterium is another
motivation to identify bacteria through the direct detection of 16s rRNA. However,
instability and the presence of a secondary structure are significant drawbacks of using
ribosomal RNA. The secondary structure renders access to the target sequence difficult.
This is why methods such as using multiple adjunct probes, heat denaturation, and
fragmentation are often used to circumvent this issue [22, 26]. Focusing on the detection
of 16S rRNA, various sensing techniques, including electrochemical sensors [18, 19],
impedance [20], fluorescent microscopy [21-23, 102], surface-enhanced Raman
spectroscopy (SERS) [24], and SPR [25, 26] were used for bacterial species-specific
detection. Among these methods, SPRi has proven to be a versatile tool for the real-time
study of genomic and proteomic interactions and kinetics. In contrast to classical
wavelength or scanning angle SPR systems, SPRi provides visualization of the multiple
interactions simultaneously in real time thanks to the integration of a CCD camera with

the associated sensogram.
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Table 7-3 Comparison of different detection techniques for pathogenic bacteria

Method Advantages Limitations
no live/dead cell
high sample throughput differentiation
PCR high sensitivity susceptible to polymerase
quantitative (Real-time PCR) inhibitors
low sensitivity
Antibody- differentiation of subspecies l(?w specificity o
based o o high cross-reactivity
methods quantitative and qualitative .
slow and expensive assay
. . laborious and time-
) inexpensive ]
Conventional . consuming
simple o
culture based . inability to detect VBNC
methods specitic low sample throughput
gold standard method oW sathp’e tirougipu
detects only living cells
minimal interference by sample
Ribosomal matrix limited probe desi
imited probe design
RNA based high specificity P 8
methods

quantitative and qualitative
detects VBNC

In contrast to other end-point measurement systems, the use of SPRi allows

detailed kinetic analysis that is monitored in real time, to further elucidate analyte binding

behavior as well as to differentiate better between specific and non-specific adsorptions.

To date, few reports on detecting 16S rRNA within an SPR setup are available in the

literature. Nelson et al. [103] detected 16S rRNA from E. coli with a limit of detection

(LOD) of 2 nM through the use of DNA probes. Joung et al. [25] used PNA probes and

electrostatic interaction between positively charged gold nanoparticles and negatively

charged RNA as a signal post-amplification method, achieving a LOD of around 100 pM,
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which is far from the desired sensitivity in the context of the detection of pathogenic L.

pneumophila in a water sample.
7.6 Commercially available detection Kits

A list of commercially available detection kits targeting Legionella is summarized in
Table 7-3. Among these detection Kits, several of them are based on
immunochromatographic tests, including FastPath, Legipid, VIRapid and Legionella
Testing Kits. In these Kits, specific antibodies are functionalized onto the strips on the
detection pad and the change in color of strips is used to evaluate the presence of target
bacteria. Therefore, they provide only a positive or negative readout of target pathogens
within our hour, when the bacteria concentration is over 100 CFU/mL; no further

information is available regarding the number and state of the bacteria.

In an approach developed by a Vermicon Inc, a German company, the culture
method and direct immunofluorescence are combined. In this technique, bacteria are first
pre-cultivated for 2-3 days and then stained using two different fluorescent dyes for

detection of both Legionella spp. and L. pneumophila.

There are also detection kits based on real-time PCR. These kits are not normally self-
sustaining and require a thermo cycler and fluorescence reader. Although these kits only
facilitate the process, they are not suitable for on-site experiments. For instance, Qiagen

and Pall provide Legionella detection kits based on real-time PCR in less than one hour.

Sigma-Aldrich recently released a new detection system called HybriScan for
various pathogenic bacteria including L. pneumophila. The detection technique is based

on targeting the 16s rRNA within the bacteria using capture and detector probes. It
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possesses also a labeled detection probe that allows for an enzyme-linked optical signal

readout. This detection technique is composed of a filtration and enrichment step, cell

lysis, RNA recovery, hybridization with DNA probes, immobilization onto binding

plates, enzyme coupling, detection reaction and finally, signal measurements and

readouts. This detection method detects only viable bacteria with high specificity but it is

very laborious and has to be performed by specialized technicians.

Table 7-4 List of the commercially available Legionella detection kit.

Name Company | LOD Time Pre- Comments Reference
treatment
Sensitivity=80%
100 . - http://www.nalco.com/
FastPath NALCO 25 min yes or no result :
ceIIs/mL immunochromatographic services/fastpath.htm
test
. L LOD=100 magnetic bead : biotica.
Legipid Biotica CEU 1 hour yes & hetp /N::;'\\;i'dkzzz'ca esfe
Legionella
Tg ti hydrosens 100 25 mi N . Yes or no result . http://www.hydrosense
esting o CFU/mL min o immunochromatographic biz/kits.php
Kits test
. . . http://en.vircell.com/pr
VIRapid® immunochromatographic | oy, ces/rapid_tests/?tx_
LEGIONEL Vi I 15 mi test gtkvircell_pi1%5Buid%5
LA Irce - min ” Yes or no result D=830&cHash=c5c52bb
d68b9fb0fa61998b730e
CULTURE
51805
http://www.giagen.com
mericon w6y | 1 qPCR cmologiefeomateie
Quant Qiagen or hour os required sample prep, | assay-kits/food-safety-
Legionella & per ¥ Thermal cycler and testing/mericon-quant-
. reaction fl d legionella-spp-
spp Kit uorescent reader kit#technicalspecificatio
n
GeneDisc
Rapid 5 ] qPCR http://www.pall.com/m
Microbiol PALL GU/PCR | 3 hours yes the primers and probes | iy iopharmaceuticals/
are dried out within the product.page?id=52011
ogy well plate o
System
http://www.sigmaaldric
i 55 h.com/technical-
. 1gmMa- . . documents/articles/mic
HybriScan Aldrich -- hours yes Detection of rRNA robiology-
focus/legionella-
detection.html
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8.1 Abstract

Effective pathogen detection is an essential prerequisite for the prevention and treatment
of infectious diseases. Despite recent advances in biosensors, infectious diseases remain a
major cause of illnesses and mortality throughout the world. For instance in developing
countries, infectious diseases account for over half of the mortality rate. Pathogen
detection platforms provide a fundamental tool in different fields including clinical
diagnostics, pathology, drug discovery, clinical research, disease outbreaks, and food
safety. Microfluidic lab-on-a-chip (LOC) devices offer many advantages for pathogen
detection such as miniaturization, small sample volume, portability, rapid detection time
and point-of-care diagnosis. This review paper outlines recent microfluidic based devices
and LOC design strategies for pathogen detection with the main focus on the integration
of different techniques that led to the development of sample-to-result devices. Several
examples of recently developed devices are presented along with respective advantages
and limitations of each design. Progresses made in biomarkers, sample preparation,
amplification and fluid handling techniques using microfluidic platforms are also covered
and strategies for multiplexing and high-throughput analysis, as well as point-of-care

diagnosis, are discussed.
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8.2 Introduction

The World Health Organization (WHO) recently reported that infectious diseases is the
second leading cause of mortality throughout the world after cardiovascular disease
[104]. This problem is particularly severe in developing countries and deprived areas of
developed countries, that suffer from poor hygiene and limited access to centralized labs
for diagnostics and treatments. Half of the mortality in poor countries is due to infectious
disease [105]. As in developed countries, despite great progress in enhancing health
conditions, there are still several issues that remain to be resolved in regards to food
industries, pathogen outbreaks, and sexually transmitted diseases [106]. It is worth
mentioning that in the USA alone, food-borne pathogens were the main cause of more
than 50 million illnesses reported in 2011 [107]. Overall, pathogens are of great
importance in many different fields, including diagnostics, pathology, drug discovery,
clinical research, biological warfare, disease outbreaks, and food safety.

Conventional and standard methods of pathogen detection include cell culture,
PCR, and enzyme immunoassay, which are often laborious and take from several hours
to days to perform. Pathogen detection methods should be cost-effective, fast, sensitive,
and accurate. For point of care (POC) applications, the detection platform should also be
simple to use and interpret, stable under a wide range of operating conditions (such as
temperature, humidity), preferably portable and disposable [108]. Furthermore, they
should provide the required sensitivity and specificity [109]. The ability to perform
multiplex tests is another important prerequisite for pathogen detection devices,
especially in the case of diseases with several pathogen sources, such as lower respiratory

infections [108]. One of most successful non-microfluidic POC devices is so far the
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immunochromatographic strip (ICS), which is currently used in developing countries
[110-112]. Despite some issues with the test’s sensitivity and specificity, ICS has been
considered an ideal model for the development of microfluidic-based devices for the
pathogen detection by taking advantages of low cost, sensitivity, specificity, portability,
and simplicity of microfluidic option. Microfluidics provides a higher surface to volume
ratio, a faster rate of mass and heat transfer, and the ability to precisely handle very small
volumes of reagents, ranging from nano to picoliters, in microchannels. Because of these
characteristics, microfluidic devices provide better performance than conventional
systems for providing a rapid detection time. The use of microfluidics in the context of
Lab-on-a-Chip (LOC) devices has begun to play an important role in the analytical
investigations of biological and chemical samples in a single miniaturized device. These
devices inherently possess the characteristics that make them suitable for POC
applications.

Here, we review the present status of microfluidic-based devices for pathogen
diagnostics, emphasizing innovative designs, strategies, and trends during the past three

years.

8.3 Biomarkers

The specific identification of biological species or their strains is essential for pathogen
detection. Pathogens are generally recognized based on two main properties: by genetic
contents, using nucleic acid-based probes, or by specific epitopes on the pathogen
membrane or their produced toxins, using antibodies or antibody alternatives. Usually,
the latter approach provides a lower specificity compared to nucleic acid-based approach,

because the epitopes present on the cell's surface are normally found throughout the
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species. Then, generally, genus-level detection is achieved [14], but this can provide
results in a shorter time with less manipulation. List of different biomarkers used to

detect pathogens summarized in Table 8-1.

8.3.1 Antibodies

Antibody-based detection is one of the main analytical techniques used for the detection
of pathogens. Although labour-intensive, Antibody-based detection has proven to be a
crucial and important factor in the specific and high-affinity detection of pathogens.
Engineering antibody fragments, recombinant antibody-fragments (rAbs), single chain
variable fragments (scFv) and monovalent antibody fragments (Fabs) are recent
approaches that have originated from the antibody-based detection. These use of these
fragments is more cost-effective while providing the same specificity limit as
conventional antibody methods [113]. The detection of specific proteins and of the whole

cell are the two most common applications of antibody-based probes.

8.3.1.1 Protein and toxin detection using antibodies

Recently, antibody-based probes were used for the detection of several toxins, including
Ricin A Chain (RCA), Staphylococcal Enterotoxin B (SEB) toxin surrogate [114],
ovalbumin [115], and cholera toxin subunit B (CTB) [116]. Microarray immunoassays
have also been used extensively for the multiplex detection of proteins and toxins [117,

118].

8.3.1.2 Whole cell detection

Antibody cell-based pathogen detection in microfluidic systems has been demonstrated

using different biosensing tools, including Surface Plasmon Resonance (SPR) [119],
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fluorescence [120], impedance [121], chemiluminescence [93], and conducting polymers

[122], and impedance [123].

Applying a whole-cell detection approach, pathogens such as influenza [124], E.
coli [125, 126], L. pneumophilia [127], hepatitis B, hepatitis C and HIV [128] could be

detected.

8.3.1.3 Alternatives to the antibody

Although antibodies are widely accessible and easy to use, they have several drawbacks,
such as expensive cost, poor chemical and physical stability, large size, use of animals for
antibody production, limited antibody availability for all potential analytes, and quality-
assured preparations. There are several emerging alternatives to antibodies, including
enzyme-substrate reactions [129], molecular imprinted polymers [130], protein-based
[131], small molecule probes [132] aptamers [133-137], and antimicrobial peptides
(AMPs) [138].

The main advantage of enzyme-substrate reactions in comparison to Ab-Ag is that
they can be regenerated several times without loss of affinity or specificity. For instance,
there are enzyme inhibition-based sensors for toxin detection, e.g., the detection of Sarin
(a highly toxic material) in blood by using immobilized cholinesterase on a microfluidic
chip [129]. Enzymes can also be used to target proteins. For instance, Le Nel et al. [139]
developed a microfluidic chip for the detection of pathological prion protein (PrP) by
proteinase K (PK)-mediated protein digestion.

Molecular imprinted polymers (MIPs), which can be produced at a low cost in
relatively high stability and reproducibility, are another alternative to antibodies [140,

141]. A microfluidic chip coupled to the MIP method was developed for the detection of
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the Tobacco Mosaic Virus (TMV) and the Human Rhinovirus serotype 2 (HRV2) using
impedance measurement [130].

Protein-based pathogen detection is another approach in which the crucial point is
preserving the native state and orientation of the protein in order to provide high
specificity and sensitivity [142]. For instance, heat shock protein 60 (Hsp60), which is a
receptor for listeria adhesion protein (LAP) during L. monocytogenes infection, was
utilized for the detection of the LAP. By using Hsp60, higher sensitivity and capture
efficiency was achieved in comparison to the use of a monocolonal antibody. Another
feature of this protein is that it can be produced in E. coli by the recombination of cDNA,
making it a cost-effective choice [131].

Small molecule probes have also emerged as alternatives to antibody-based
detection. For instance, Kell et al.[132] developed a vancomycin-modified nanoparticle
for the isolation of gram-positive and -negative bacteria. Although its selectivity is less
than those of monoclonal antibodies, it is a useful tool for capturing a wide range of
bacteria with single vancomycin-functionalized nanoparticles. It was shown that the
architecture and orientation of the molecule are crucial to an efficient target capture.
Overall, by using small molecule probes, the long-term stability, reaction conditions, and
temperature for surface modification are more flexible compared to those of an antibody-
based approach.

Aptamers are fairly recent options to replace antibodies [135]. Aptamers are
nucleic acid molecules developed by an in vitro process, which can bind to their
molecular targets, such as small molecules, proteins, or cells [136], with high affinity and

specificity [143]. Aptamers have several distinct advantages over antibodies, including
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Table 8-1 Detection of pathogens implemented in microfluidic devices

Pathogen Probe LOD Sample Time qf Amplification | Ref
analysis
antibody 10° CFU mL* Soil sample - - [144]
Antibody, primer 200 CFU mL™ Synthetic - PCR [145]
3.58x10° copies puL™* Synthetic
Primer 13 min PCR 146
10°CEU mL~ Hotdog, banana, [146]
milk
. ) AMP(Antimicrobial A . B _
E. coli 0157:H7 peptide magainin 1) 1 bacteria pL Synthetic [138]
DNA probe 25 CFUmL™ Synthetic - - [147]
Antiboody 32 CFUpL? Synthetic 20 min - [126]
grréttl)l;ody/DNA 100 bacteria Synthetic - PCR [148]
Primer 1 cell in 10° Synthetic 4hr PCR [149]
Polycoloonal 0.6 CFUL* Lake water 5 hr PCR [150]
antibody/primer
E. coli K12 andO157:H7 antibody 10 CFU mL* Iceberg lettuce 6 min - [151]
. . 55 cells mL™* PBS
E. coli K12 Antibody 100 cells mL™ Vilk 1hr [125]
E. coli BL21 Primer 10°cells mL™ Blood samples 1hr PCR [22]
. - 1 CFU uL* Synthetic . _
E. coli DH5a, S.s aprophyticus PNA probe 100 CFU pL™ Urine 30 min [152]
E. coli (BL21(DE3)) Antibody 10* CFUmL™ Synthetic - - [123]
E. coli XL-1 Primer 1000 Bacteria mL* Synthetic 30 min NASBA [153]
3 1 Clinical urine
E. coli DHSR DNA probe 10°CFU mL sample 40 min - [23]
80 CFU mL* Synthetic
. 1 Apple (Red . B
Botrytis cinerea Antibody 0.008 g mL Delicious) 40 min [154]
DNA probe 8 fmol Synthetic 1hr - [155]
A T E
B. cinerea, D. bryoniae, and B. Primer/probe 0.2ng uL Synthetic 3 min PCR [156]
squamosa
StaphvIoCoceUs aureus Primer <10 copies Synthetic <20 min RPA [157]
phy Antibody 1 CFU Synthetic 30 min - [158]
Salmonella Enterica Primer, probe 8.8ngmL™ Synthetic - RCA [159]
Salmonella berta DNA probe 10°CFU mL* Synthetic 25 min - [160]
Bacillus globigii Antibody 1CFUmL? Synthetic 30 min - [122]
Surrogate biotoxin (ovalbumin) Antibody 50 ppb (18 ng mL™) Raw milk sample | - - [115]
Cholera toxin subunit B (CTB) Antibody 1.0ngmL? Synthetic 1hr - [116]
Botulinum toxoid DNA/antibody 25 pg Synthetic - - [161]
Phage M13KQ7 Anti-M13 10°pfu mL* Synthetic - - [162]
Rotaviruses Primer ﬁf)f 104 RNA copies Stool 1hr RT-PCR [163]
HIN1 Primer/probe 10 TCIDs Throat swab 3.5hr RT-PCR [164]
Swine influenza virus Antibody 610 TCIDs, mL™ Synthetic 6 min - [124]
Influenza A virus (AH1pdm) Primer 5.36x10° copies mL™ Synthetic 15 min RT-PCR [165]
Influenza B, coronavirus
0C43, influenza A, and human | Primer 48,63,10,and 167 | o poric 2hr RT-PCR [166]
: copies, respectively
metapneumo virus
HIV-1 Primer 10 HIV particles Spiked saliva - RT-LAMP [167]
sample
Noroviruses (NVs) and . 4 4 . .
Rotaviruses (RVs) Primer 6.4x10" copies pL Synthetic 1hr RT-PCR [168]
Nervous necrosis virus (NNV) Primer 10 fg of cDNA Grouper larvae 1hr RT-LAMP [169]
Pseudorabies virus (PRV) Primer 10 fg DNA uL? Synthetic 1hr LAMP [170]
Severe acute respiratory
syndrome (SARS) virus SARS Primer 3x107 copies pL™* Synthetic - HDA [171]

DNA
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enhanced affinity and specificity, resulting in better limit of detection (LOD) for
biosensing applications. Typically, they are also smaller than antibodies, enabling them to
bind to epitomes that are otherwise inaccessible to antibodies [136]. Aptamers are
selected in conditions similar to those of a real matrix and can be modified during
immobilization, without any adverse effect on their affinity. Finally, they can be
subjected to several cycles of regeneration [172].

On the other hand, aptamers require a long selection time and several resources to
target a specific epitope. Normally, the systematic evolution of ligands by exponential
enrichment (SELEX) is used to isolate aptamers. Lou et al. [133] developed a magnetic
bead-assisted SELEX technique using microfluidics to reduce processing time. This
design could isolate the target aptamers after a single round, as compared to conventional
SELEX methods, which usually require 8-15 rounds of selection. A particular feature of
this device is ferromagnetic patterns imbedded in the microchannel, which are capable of
producing highly localized magnetic field gradients that provide precise control over a
small number of beads. This device also benefits from the laminar flow characteristics,
which result in minimizing the molecular diffusion to obtain higher purity. As a proof of
concept, aptamers were selected for Botulinum neurotoxin type A. In another effort to
reduce aptamer discovery time, Ahmad et al.[134] developed a microfluidic SELEX
platform in which they found new aptamer sequences for PDGF-BB in only three rounds.
Antimicrobial peptides (AMPs) are also used to take benefit from their intrinsic stability,
ease of synthesis, and long-term functionality compared to antibodies. AMPs can be
found in nature, such as in the extracellular milieu of bacteria and on the skin of higher

organisms [138]. Mannoor et al. [138] AMP for the detection of E. coli, using impedance
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measurement as a label-free and portable biosensor platform. The semi-selective
antimicrobial peptide magainin I, which occurs naturally on the skin of African clawed
frogs, was immobilized on the arrays of gold electrodes for the detection of E. coli. The
LOD of one bacterium per pL was obtained. Depending on the targeted application,
AMPs provide advantages and disadvantages. If the goal is to detect a broad range of
pathogens, they would be useful because AMPs are semi-selective toward their target.
However for the identification of a very specific target in a pathogenic mixture, they
might not be appropriate.

8.3.2 DNA/PNA:

DNA hybridization assays provide unique advantages compared to conventional
antibody-based approaches due to their capabilities for sensitive, specific, and rapid
detection of target nucleic acids [173]. Recently, various microfluidic DNA-based probes
were coupled to different measurement techniques, including SPRi [37], conductance
impedance [164, 174-176], and (FRET) fluorescence [177]. For more information please
refer to a review paper [178] for DNA microfluidic based and an integrated microfluidic
system for DNA analysis [179].

Wang et al. [155] implemented two different methods to distinguish a single mismatch
using gold nanoparticles (GNP). In the first approach, a glass surface was coated with a
monolayer of GNP, which increased the hybridization efficiency due to nano-scale
spacing between the probes. In the second approach, a DNA amplicon bounded to GNP
was introduced to the probe-functionalized surface. Riahi et al. [23] used a double
stranded DNA probe for the detection of bacterial 16s rRNA. Double stranded DNA is

composed of an actual complementary DNA probe to the target with a fluorescent dye at
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the 5' end. A shorter probe is then hybridized to the first probe, with a quencher at the 3'
end, in which the 5' of the first probe is in the proximity of the 3' of the second probe.
After introducing the target, the quencher probe is replaced by the target, resulting in a
fluorescent signal. This setup was used to detect different pathogens in a clinical urine
sample, and a total experimental time of less than 40 min was achieved.

Peptide nucleic acid (PNA) is a DNA analogue with a peptide backbone instead of a
sugar phosphate backbone. PNAs normally exhibit chemical and thermal stability,
resistance to enzymatic degradation, faster hybridization kinetics, and the ability to
hybridize at lower salt concentrations. Lower salt concentrations help to denature the
secondary structures of targets, such as RNA. PNA beacons were designed for the
detection of 16s rRNA from E. coli in a droplet-based microfluidic device, without any
pre-amplification steps. In this method, DNA beacons were labeled with fluorescent dyes
and quenchers at both ends. Because of the loop shape of the beacons, they are both in
proximity of each other in an unhybridized state. After hybridization, this loop broke
down, and the quencher became ineffective, due to its distance from the dye, resulting in
the fluorescence emission [180]. In another approach, PNA molecular beacons were used
for the detection of the PCR amplicons. The PNA beacon had a reporter and a quencher
at each end in proximity of each other before hybridization. After hybridization with the
target DNA, fluorescence emission from the reporter occurred upon excitation. This setup
could discriminate a single-base mutation at a 100 nM concentration [181]. Conversely, a
LOD of 1 CFU pL™ in 30 minutes was obtained by Lam et al. [152] when a PNA probe
immobilized on the nanostructured microelectrodes (NMES) is used for the detection of

S. saprophyticus and E. coli. One of the drawbacks of the PNA probes is their relatively
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higher cost compared to DNA probes.
8.4 Amplification Methods

8.4.1 PCR and its design

Polymerase Chain Reaction (PCR) is a molecular technique for DNA amplification. It
plays a key role in genetic analysis, biology, and biochemistry research, since it is able to
replicate a specific fragment of a target nucleic acid by cycling through three temperature
steps and creating several million DNA copies within a few hours. Integrating
microfluidics with PCR not only could provide the previously mentioned advantages in
implementing microfluidic systems, but also could yield lower thermal capacity and a
higher heat transfer rate, and could significantly reduce the reaction time [182]. Pan et al.
[183] developed a multichamber PCR microfluidic chip coupled to multichannel
separation and temperature control units for parallel genetic analysis. The device did not
require any additional fluidic control unit and was easy and simple to operate. PCR
products were separated and detected in these channels utilizing electrophoresis. The
hepatitis B virus (HBV), Mycobacterium tuberculosis (MTB), and the genotyping of
human leucocyte antigen (HLA) were detected using this platform.

Preventing the sample evaporation is one of the main challenges to overcome with
using PCR in microfluidic systems. This issue is particularly problematic in open reaction
channels. To address this challenge, Wang et al. [184] used non-miscible mineral oil to
cover the liquid and prevent its evaporation during the experiment. Salmonella enterica,
Escherichia coli, and Listeria monocytogenes could then be simultaneously detected
using an oscillatory-flow multiplex PCR. This design achieved an evaporation loss of less

than 5% while decreasing the detection time to less than 24 min.
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Figure 8-1 Schematics of isothermal amplification methodologies: (i) HDA: dsDNA is unwind by
Helicase enzyme then single-strand binding protein stabilizes the strands. Finally a double-stranded copy is
produced using Primers and polymerase. (Reproduced from Ref. [185] with permission from Royal Society
of Chemistry.) (ii) RPA: Primers bind to template DNA and a copy of the amplicon is produced by
extension of the primers using a DNA polymerase. (Reproduced from Ref. [186] with permission from
Public Library of Science.) (iii) LAMP: Template synthesis initiated by the primer sets resulting in stem-
loop DNAs with several inverted repeats of the target sequence. In this schematic, only the process using
forward primer set is shown. ( Reproduced from Ref. [185] with permission from Royal Society of
Chemistry.) (iv) NASBA: (A) The initial phase to synthesize complementary RNA to the target RNA and
(B) In the cyclic phase, each newly synthesized RNA can be copied, leading to exponential amplification.
(Reproduced from Ref. [185] with permission from Royal Society of Chemistry.) (v) RCA: (a) Linear
template and single primer (b) Circular template and single primer. Blue and green lines represent target
DNA and oligonucleotide primers respectively. (Reproduced from Ref. [187] with permission from
Elsevier.

In some cases when entire bacteria were introduced to the detection PCR platform,
captured bacteria inside the microfluidic device could be lysed by thermal [188],
chemical [189], physical [190, 191] and electrical means [192]. For instance, Cheong et
al. [193] developed a one-step real-time PCR method for pathogen detection. In this
design, Au nanorods were used to transform near-infrared energy into thermal energy and
subsequently lyses the pathogens. Next, DNA was extracted and amplified in the PCR

chamber. This one-step lysis improved the overall efficiency of the device because there
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was no need to change or remove reagents.

PCR was integrated with different sample preparation and separation devices to
obtain higher sensitivity and specificity. For instance, sample cleanup was used along
with PCR to detect human respiratory viral pathogens. Capillary electrophoresis was
implemented for the post amplification sample cleanup and separation step in conjunction
with PCR, and results were obtained in less than two hours [166]. Target enrichment,
capture, lysis, and real-time gPCR were used for the detection of E. coli in water samples
in eight different samples independently and simultaneously. Before capturing the target
cell, two filtration steps were performed to remove particles, followed by sample
enrichment. Antibodies coated on the PMMA surface were used to capture the target cells
in the next step. After washing to remove nonspecific attachment, cells were removed
using a cell stripper solution and thermally lysed. Next, the genetic contents were used in
real-time PCR amplification, and the LOD of 6 CFU was achieved in less than 5 hours

[150].

8.4.2 Isothermal

The isothermal amplification [185, 194] of DNA/RNA have recently drawn interest since
it does not require a large thermal momentum and energy for temperature cycles as
compared to PCR systems. Therefore, it is a simpler and more energy efficient approach,
making it an excellent choice for POC applications. Methods for isothermal
amplification, include loop-mediated isothermal amplification (LAMP) [195-197],
helicase-dependent amplification (HDA) [198], nucleic acid sequence-based
amplification (NASBA) [153], recombinase polymerase amplification (RPA) [157, 199]

and rolling circle amplification (RCA) [187].
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One of the most common isothermal amplification methods is LAMP. Although this
technique is primarily used for DNA amplification, by reverse transcriptase it can also be
implemented for RNA samples. The obtained signal can be visualized either by
fluorescent intensity measurement or by the naked eye for turbidity due to precipitation,
which makes it suitable for locations with limited resources. Generally, four primers are
used to recognize six distinct sequences of the target DNA with a working temperature of
around 60-65 °C (Figure 8-1-iii). Fang et al. [170] used LAMP amplification for the
detection of Pseudorabies viral
DNA. The design consisted of eight parallel microchannels, enabling simultaneous
reactions for high-throughput analysis. The entire device is sealed with uncured PDMS,
which prevents evaporation and bubble formation. The result can be visualized by a
compact real-time absorbance device or even by the naked eye. Using this method, 10 fg
of DNA per pL were detected within 1 hr, which is faster and more sensitive than PCR,
and consumes less sample volume. The higher sensitivity, simplicity, and low cost of this
design make it suitable for use in POC diagnostics. In another approach, the LAMP
method was used in a disposable self-heating cartridge [200]. The temperature control
was provided by the exothermic reaction, using a Flameless Ration Heater (FRH)
activated by water. A DNA sample collected from E. coli in urine samples was detected
via the LOD of the 10 E. coli DNA within 1 hr. LAMP was also integrated with a low-
cost CCD-based fluorescent imaging system [201]. Various features of the imaging
system, such as gain, offset, and exposure time, were optimized to achieve better
sensitivity. The performance of this low-cost CCD imaging system was comparable to

commercially available PCR systems. Six different waterborne pathogens were tested
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with this device, and it could detect single DNA copy in 2 pL in less than 20 min. Using
RNA as a target in the LAMP method requires a reverse transcription to convert the RNA
into DNA. This method was implemented to detect HIV RNA [167] and the nervous
necrosis virus (NNV) in grouper larvae [169]. For NNV detection, functionalized
magnetic beads (MB) conjugated with a specific probe were used to capture the RNA
from the grouper tissues. To generate a uniform temperature, an array-type micro-heater
was utilized. As a result, more specific and faster extraction could be achieved. A LOD of
10 fg of DNA was found which was 100-fold more sensitive than RT-PCR.

For HDA method, the helicase enzyme opens the double-stranded DNA in order to let
the primers hybridize, extend, and become two copies (Figure 8-1-i). This mechanism
operates at the same temperature range as LAMP, but it is simpler because it requires two
enzymes and, similar to PCR, only two specific target oligos. However, compared to the
LAMP method, it is longer. The HDA method was successfully used to detect the ovarian
cancer biomarker Rsf-1 [198], severe acute respiratory syndrome (SARS) virus DNA
[171], and E. coli [202].

HDA was also used in a fully integrated microfluidic system, which contained bacteria
lysis, extraction, and HDA amplification of the DNA on a disposable cartridge. With this
setup, 10 CFU of E. coli were detected in less than one hour [202].

In the transcription-based RNA amplification system or NASBA, initially developed by
Compton et al. [203] (Figure 8-1-iv), three enzymes are involved in the reaction, namely
avian myeloblastosis virus reverse transcriptase, RNase H, and T7 RNA polymerase.
Generally, NASBA produces more than 10° copies in 90 min at a temperature around 40

°C and different types of nucleic acids, including tmRNA, rRNA, mRNA, ssDNA, and
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virus nucleic acid, can be analyzed. One of the drawbacks of this method is its inability to
amplify the double strand of DNA since an initial temperature of 95 °C is required,
adding more complications to the design. Dimov et al. [153] used a NASBA method for
the detection of E. coli. The tmRNA (10Sa RNA) was used as target because of its high
stability compared to mRNA, high copy number, and presence in most bacteria. This
characteristic increased the sensitivity and shortened the experimental time. Before the
amplification step, silica beads were used for the purification and concentration of the
RNA from the sample. Applying real-time detection, the LOD of 100 cells in less than 30
min was achieved.

RPA first introduced in 2006 [186], (Figure 8-1-ii) for DNA amplification at low
temperature (37 °C). RPA couples strand-displacement DNA synthesis with isothermal
recombinase-driven primer targeting of the sample, resulting in an exponential
amplification. The sensitivity of the RPA is similar to that of conventional PCR. For
instance, the mecA gene from Staphylococcus aureus was detected with an LOD of 10
copies in less than 20 min [157].

RCA is another alternative method to RPA, which is also performed at a low temperature
(37 °C). RCA (Figure 8-1-v) is usefulfor circular DNAs, such as viruses, plasmids, and
bacteriophage genomes. This method can be used to amplify circular probes, which are
designed to circularize upon binding to a target and seal by ligation [204]. For instance, it
has been shown that circular viral DNA could be amplified by RCA using bacteriophage
phi29 DNA polymerase without the use of primers [187]. V. cholerae DNA was also
detected with an LOD of 25 ng DNA in around 1 hr using an electrophoretic microchip

setup [205].
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Figure 8-2 (a) Schematic of the DEP integrated in a microfluidic device for continuous cell separation
and concentration. (b) Fluorescence microscopy image of separation channel inflow (c) fluorescent image
of separation channel outflow. (Reproduced from Ref. [206] with permission from Royal Society of
Chemistry.)

In another attempt, Sato et al. [159] developed a fully integrated microchip by using
padlock probes and RCA in which solid phase capture in the microchannel was used to
employ RCA on the bead for single molecule detection. Thirty amol genetic DNA from

Salmonella were detected by this system.
8.5 Sample preparation

Placing the initial sample in contact with the biomarker without sample preparation
would hinder sensitivity and specificity. Therefore, the sample preparation steps are of
high importance in achieving high sensitivity and specificity in any detection platform.
The enrichment of the target analyte and/or the removal of inhibitors are two main
strategies in this regard. This is especially important in the case of complex matrices,

such as blood, salvia, interstitial fluid, and environmental samples composed of many
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different entities. Dielectrophoresis (DEP), micro/nano particles, and filters are three
simple and straightforward approaches for sample preparation.

8.5.1 DEP

In the presence of electric fields, particles express dielectrophoretic activity. When
subjected to a non-uniform electric field, polarised particles will move towards regions of
high or low electric fields. A particle's polarisability in its surrounding medium induces
dielectophoretic motion towards (positive DEP) or away from (negative DEP) the
electrode

surface. The strength of this force depends on several factors, including the particle's
electrical properties, shape and size, and the frequency of the electric field. Therefore, to
manipulate a group of desired particles, a particular frequency should be applied.
However, positive DEP cannot be used to enrich bacteria in physiological media, which

has a high conductivity, since it only works in the media with low conductivity.

To overcome said limitation, Park et al. [206] used a combination of positive and
negative DEP to continuously separate and concentrate bacteria from physiological
samples, such as cerebrospinal fluid and blood. This microfluidic platform was used to
concentrate the bacteria up to 104-fold by taking millilitre volumes of the target samples.
The separation efficiency in the buffer was 87.2% for E. coli in human cerebrospinal
fluid and blood, as shown in Figure 8-2.

In another effort [207], a DC insulator DEP was developed in which arrays of
cylindrical insulators were implemented inside a microchannel. By using negative DEP,
E. coli and Saccharomyces cerevisiae were enriched and separated in less than 2 min.

Applying different configuration of electrodes would be effective in terms of the decay of
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the field and control over targets. For example, three-dimensional DEP was developed by
positioning the electrodes on the top and bottom of a microchannel. In this research,
different bacteria, such as Staphylococcus aureus and Pseudomonas aeruginosa, were
continuously sorted and concentrated with a higher efficiency than that of 2D electrode
configuration [208].

8.5.2 Particles and beads

Magnetic, metallic, polymeric, and liposome-based micro/nano particles have proven to
be effective in obtaining higher sensitivity and selectivity for pathogen detection. Micro-
beads, due to their high surface-to-volume ratios and low diffusion times, can increase

the chance of biorecognition [114].
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Figure 8-3 (i) Schematic diagram of integrated microfluidic LAMP system for RNA purification and
NNV detection. (Reproduced from Ref. [169] with permission from Elsevier.) (ii) Schematic illustrations
of an integrated PMMS-CE microdevice for multiplex pathogen detection. The microdevice consists of a
passive mixer, a magnetic separation and a capillary electrophoretic microchannel to identify target
pathogens. (Reproduced from Ref. [158] with permission from Royal Society of Chemistry.)

8.5.2.1 Micro/nano particles
Micro/nano particles have been extensively used for nucleic acid extraction and

enrichment [149, 153, 169, 209] or for whole cell enrichment [125, 126, 145, 149, 158,
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210, 211]. Silica beads were employed to extract RNA from biological samples in a
microfluidic system [153, 209], reducing the chance of contamination and RNA
degradation. Bhattacharyya et al. [209] used a solid-phase extraction system, which was
formed by trapping silica particles in a porous polymer monolith. RNA of the influenza A
(HIN1) virus could attach to silica particles, be isolated from the infected mammalian
cells and detached later for further manipulation. In another approach, silica beads were
immobilized on a bed to purify and concentrate RNA from a mammalian cell sample
infected with influenza. Immobilized beads increased the capture efficacy by passing the
solution back and forth on the bed to increase the RNA capture efficiency by 10°-to 10°-
fold as compared to that of non-immobilized beads [153]. For whole-cell detection,
antibody-immobilised glass beads were applied inside a microchannel to capture E. coli

with up to 96% efficiency [126].

8.5.2.2 Magnetic beads

Although microparticles provide a high surface-to-volume ratio and fast diffusion time,
their manipulation is uniquely dependent on the applied flow conditions. To add another
degree of freedom for particle manipulation, magnetic beads can be used and controlled
by magnetic fields. This would increase the selectivity through enhanced discrimination
between specific and non-specific targets [212, 213].

A popular strategy for magnetic bead-based detection relies on enhancing the mixing
and capturing of the probe-functionalized beads with the sample, followed by applying a
magnetic field to capture the beads and surface rinsing. For instance, Wang et al. [169]
used a specific probe conjugated to magnetic beads to capture the target RNA from the

entire tissue lysate. After target hybridization, the beads are immobilized on the surface
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using a permanent magnet, and the lysate is washed out in the channel. This is followed
by isothermal amplification of the captured RNA (Figure 8-3-i). Applying this strategy,
magnetic beads were also used to capture and enrich target cells from the sample. To
obtain an even distribution of beads in the channels, the beads were situated after each
split in a bifurcated channel. In this way, a bed of beads is formed by a magnetic field.
The sample flowed through this bed, and after washing, off-chip PCR and CE were
performed to enhance the capture efficiency of E. coli O157 in a background of E. coli
k12 [145]. Using the same approach, magnetic beads could be functionalized with
enzyme-labeled antibodies for the electrochemical detection of pathogens, such as E. coli
[125]. Since non-specific binding is at least an order of magnitude weaker than specific
ligand-receptor binding [214], the Fluidic Force Discrimination (FFD) method could be
used to control target attachment and nonspecific detachment under flow conditions in
microfluidic channels, as well as target capture selectivity [114]. Mulvaney et al. [114]
employed FFD by applying sufficient force using the speed of laminar flow to selectively
remove the nonspecific binding materials and to distinguish between specific and non-
specific binding. Magnetic beads were used for the detection of the target in complex
matrices, such as whole blood. After capturing the analyte by magnetic beads on the
surface, the controlled flow passed over the analyte to remove the non-specific bindings
due to the fact that non-specific bindings are at least an order of magnitude weaker than
the specific ligand-receptor bindings [214]. The number of the beads was counted either
by optical microscopy or magnetoelectronic sensor to obtain the density of the beads. As
such, ricin A chain (RCA) and staphylococcal enterotoxin B (SEB) were detected with an

LOD of around 300 fM.
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Mujika et al. [210] developed a magnetoresistive immunosensor for the detection of E.
coli. The device could detect small variations in the magnetic field caused by the
conjugation of magnetic beads to previously immobilized antigens on the surface
(antibody-antigen-antibody-magnetic bead). The results showed a very high specificity
for E. coli, with the 105 CFU mL™ E. coli being compared to salmonella spp. as a
negative control.

Passive mixing and detection using magnetic beads is another strategy in which
mixing and target capture occur in flow conditions. Microfluidic design and flow control
are important factors in this approach. Antibody-conjugated magnetic beads as capture
probes and gold nanoparticles conjugated to the same antibody and fluorescently labelled
DNA barcodes as complementary probes were used to detect bacteria that were
sandwiched between the functionalized magnetic particle and gold nanoparticles [158].
Passive mixing was obtained through the design of the micromixer, which was used to
attain the maximum cell capture efficiency. This design included an intestine-shaped
serpentine around 18 cm in length, which could hold around 4 pL (Figure 8-3-ii).
Increasing the retention time in this setup caused higher mixing, and as a result, a high
cell capture efficiency up to 75% capture was achieved with 20 min retention time. This
was followed by separation of the MB-E. coli-GNP complex through applying a
magnetic field and then purification of the non-conjugated particles by rinsing. DNA
barcodes were then detached from the GNPs by heating (up to 90 °C) and were detected
using fluorescence microscopy. A high number of the obtained DNA barcodes per GNP
resulted in the single-cell detection of three different pathogens (Staphylococcus aureus,

E.coli O157:H7, and Salmonella typhimurium) in less than 30 min.
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Figure 8-4 (i) Schematic of microfluidic emulsion generator (MEGA) array device. (A) Design of a
glass-PDMS-glass hybrid four-channel MEGA device and (B) Layout of a 32-channel MEGA device. (C)
Layout of 96-channel MEGA device.(D) Illustration of complete four layer 96-channel MEGA device and
the plexiglass assembly module. (Reproduced from Ref. [149] with permission from American Chemical
Society.) (ii): Exploded view of the microfluidic chip containing shuttle flow channels, micropumps and
microvalves. (Reproduced from Ref. [215] with permission from Royal Society of Chemistry.) (iii): (A)
Schematic representation of an immunoreaction chip used for detection of algal toxins. red and blue color
represent the regular valves and sieve valves respectively. (B) and (C) Pictures of the microfluidic chip and
central area of the chip. (Reproduced from Ref. [216] with permission from Royal Society of Chemistry.)

8.5.3 Filter

Filters are a cost-effective and straightforward alternative for the rapid preparation and
enrichment of samples. Physical filtration systems can be made of aluminum oxide [217],
polyimide [218], chitosan [219], poly carbonate [220], SU-8 [221] and silica [222]. Using
multistep polycarbonate-based membranes (10 um and 0.1 um), E. coli cells could be
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enriched up to 2x10%fold in a microfluidic system [150]. Nano-sized membranes can
also be used to separate small biological elements, such as antibodies and viruses. For
example, Reichmuth et al. [124] used nanoporous polyacrylamide membranes (10 nm) to
detect the influenza virus. The size-exclusion characteristics of the in situ polymerized
membrane led to the simultaneous concentration of viral particles and the separation of
virus-fluorescent antibody complexes, while unbound antibodies passed through the
membrane. Compared to electrophoretic immunoassay solely, applying the membrane
resulted in a faster detection time and higher sensitivity [124].

Filters can be chemically functionalized to be even more specific to selectively capture
the target. For instance, Liu et al. [167] used Flinders Technology Associates (Whatman
FTA) membranes as a filter for the isolation, concentration, and purification of nucleic
acids. This filter specifically captures nucleic acids and also enhances the removal of
inhibitors, which drastically increases the sensitivity of the detection platform.

3D microstructures in microfluidic platforms can be applied to physically filter
biological elements. In this regard, microfabrication is required to produce structures
such as micro-pillars. The patterned micropillars can later be chemically functionalized
using microfluidics. Hwang et al. [22] implemented microfabricated micropillars with an
affinity for bacterial cells inside a PCR chip to detect E. coli in blood samples. Bacteria
were first captured on the micropillars, and the rest of the sample, containing PCR

inhibitors, was washed away.
8.6 Design strategies for pathogen detection

Many efforts have been made towards the development of novel designs based on

microfluidic principles for rapid, automated, and high-throughput analysis of pathogen
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detection in order to obtain robust and detailed information from complex samples
containing different pathogens.
8.6.1 Strategies to develop high-throughput multiplex devices
Rapid, multiplex and high-throughput detection of multiple pathogens requires the
implementation of parallel microchannels, embedding micro-pumps, micro-valves, and/or
discretizing the flow into controllable droplets. These features could be only obtained
through appropriate design of automated microfluidic LOC platforms that can assure the
operation of the device, especially for non-technical operators [128, 149, 215, 223, 224].
An automated shutter flow device embedded with micro-valves and a micro-pump was
implemented for the high-throughput hybridization of dengue virus DNA (Figure 8-4-ii)
[215]. This device was composed of 48 hybridization units, which could run assays in
high-throughput mode. An LOD of 100 pM was achieved in only 90 sec using 1 pl of
sample.

Combining an embedded micro-pump with droplet-based microfluidics could
enhance automation and high-throughput analysis. For instance, Zeng et al. [149]
developed a droplet-based.microfluidic system for single-cell genetic analysis (Figure 8-
4-1). In this setup, multiplex PCR amplification integrated with a microfluidic emulsion
generator (up to 3.4 x 10° droplets per hour) was performed for large-scale quantitative
genotypic studies of biological samples. The design included glass-PDMS-glass hybrid
substrates that were integrated with a three-valve diaphragm micropump, which helped
transport and encapsulate cells inside the droplets. The entire process, including PCR

amplification, lasted around 4 hours, and led to single-cell-level sensitivity.
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Figure 8-5 Activation mechanism of the Electro-hydraulic Pump. Bubbles are formed by electrolysis of
the pumping fluid applying electrical current. The produced pressure is transferred through a flexible
membrane to a hydraulic fluid chamber, which then pushes fluid out of the reagent chamber. (Reproduced
from Ref. [225] with permission from Royal Society of Chemistry.

Designing parallel detection chambers is a simple approach to performing high-
throughput sample analysis (Figure 8-4-iii). Zhang et al. [216] developed a chip
composed of two layers: a patterned, fluidic layer at the top and a pneumatic control layer
at the bottom. This chip consisted of seven immune-reaction columns with
micromechanical valves, and concentrations of target toxins were read out by measuring
the color intensity of the micro-columns. Detection of the toxins, such as microcystin,
were achieved in less than 25 min with an LOD of 0.02 ng mL™.

Microfluidic quantum dot (QD)-based barcodes for multiplex high-throughput
detection of the hepatitis B virus, hepatitis C virus, and HIV were developed. Three QDs
with different emission wavelengths were selected and conjugated to a specific antibody
for each target. Using an electrokinetically driven, microfluidic system, real-time readout
of the barcodes with a picomolar LOD was achieved in less than one hour [128]. Despite
efforts to develop multiplex high-throughput devices, they still cannot be used in POC or

on field detection systems.
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8.6.2 Strategies to develop POC devices
Recently, efforts have been made to develop detection platforms suitable for POC
diagnostics. Low cost, portability, ease of use, fast detection time, and minimal side
accessories are the main characteristics of microchips for POC diagnostics. Several
factors should be considered in developing microchips with the aforementioned
specifications. Transducers and pumping systems normally occupy larger spaces,
consume more power, and are costly. Indeed, most research in this field is being directed
towards eliminating or minimizing the need for external accessories and power.

For instance, a low-power and low-cost pump system so-called Electro-Hydraulic
Pump (EHP) was developed by Lui et al. [225]. This system consists of two separate
sections: an electrolyte chamber and a reagent chamber. On top of these two chambers,
there is a hydraulic fluid separated by a flexible membrane. First, gold electrodes are used
for electrolysis. As a result, bubbles are formed and expand the flexible membrane. This
pressure forces the fluid to move out of the reagent chamber. Since this system is mainly
made of PDMS and polystyrene, it is suitable for mass production. A broad range of flow
rates generated by EHP (from 1.25 to 30 pL min™), and its simple fabrication method
makes it a suitable option for many lab-on-a-chip applications (Figure 8-5) [225].

Since handling liquids in microfluidic devices, without pumps or valves, would be
a tremendous step towards developing portable POC devices, Weng et al. [160]
developed a microfluidic chip that does not require syringe pumps, valves, and tubing for
liquid handling. The device operates by gravity-based pressure-driven flow, and
electrokinetically controlled oil-droplet sequence valves (ECODSVs) were implemented

inside this microfluidic chip. Electroosmotic flow was used to control the ECODSVs and
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hence the sequential fluidic operation of the chip. Using this setup, an RNA-DNA

hybridization assay was carried out in less than 25 min.

Figure 8-6 (i) Droplet based microfluidic chip implementing magnetic actuation. Demonstration of the
droplet manipulation in (c) air and (d) oil mediums. (Reproduced from Ref. [198] with permission from
Royal Society of Chemistry.) (ii) (a) Top view of an EWOD-based digital microfluidic device, (b) a
reservoir, (c) analysis spots, and (d) region for mixing, storing and splitting droplets. (Reproduced from
Ref. [226] with permission from IEEE.)

8.6.2.1 Droplet-based and Digital microfluidics

Another approach that eliminates the need for pumping and valve systems can be
achieved by droplet-based microfluidics. The overall configuration and process is
straightforward, which makes the setup practical for POC applications. Droplet-based
microfluidics [227, 228] is based on the generation and manipulation of individual
droplets. Therefore, each droplet can potentially be a bioreactor, which is an important
advantage compared to continuous flow microfluidic devices. Droplets are typically
generated by the flow of at least two liquids, and controlled either by volume or pressure.
Unlike continuous flow microfluidics, scaling up does not increase device size or
complexity, making it a good candidate for high-throughput screening and analysis.
Different biological assays, such as PCR [229] and DNA hybridization [180, 230], were
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carried out with droplet-based microfluidics. For instance, a droplet-based platform was
used for the high-throughput detection of E. coli [180]. PNA probes were designed to
specifically target 16s rRNA from E. coli. To do so, the cell sample and detection probes
were mixed, and after droplet production, cell lyses and hybridization was carried out in
each droplet. Finally, using confocal fluorescence spectroscopy, a detection signal was
obtained.

In a new design for transporting reagents between droplets, micro-elevation was
implemented to form slits that facilitate the splitting of the super paramagnetic particles
from droplets (Figure 8-6-i). Material transfer between each droplet was carried out by
silica superparamagnetic particles, which acted as carriers. The embedded slits were
either V-shaped or pairs of micropillars. Genetic analysis, steps of cell lysis, DNA
binding, washing, elution, amplification, and detection are performed within each
individual droplet. This platform was also equipped with a thermal cycler for PCR
amplification. Using this chip, PCR and HDA (Helicase dependent amplification) were
performed for the detection of ovarian cancer biomarker Rsf-1 and E. coli. Although this
material transfer method is a simple solution to reduce complexity, it is still dependent on
magnetic forces, which makes it’s applications in POC diagnostics challenging [198].

In droplet-based microfluidics, droplets are moved in series in one direction,
restricted to microchannel geometries. Unlike the droplet-based microfluidic setup,
digital microfluidic analysis (DMF) is able to address each droplet discreetly in an array
of electrodes which can then be moved based on the electrowetting on dielectric (EWOD)
principle on a 2D plane. This ability makes the DMF an excellent choice for multiplex

high-throughput assays. So far, DMF has been used for many applications, including cell
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culturing [36], DNA hybridization [37, 231], PCR [38], and immunoassays [35].
Different transducers have also been integrated with DMF, such as SPR imaging [39],
field effect transistors (FET) [232], matrix-assisted laser desorption/ionization mass

spectrometry (MALDI-MS) [233, 234], and UV/Vis spectroscopy [235].
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Figure 8-7 Schematic diagram of the microfluidic microarray. Procedure for (A) probe printing and (B)
Hybridization. (Reproduced from Ref. [156] with permission from Elsevier.)

For instance, a DMF platform made of 500 electrodes in the bottom substrate and a
disposable plastic top substrate with 100 detection spots was developed. In this setup,
many detection tests could be carried out by replacing the top plastic substrate with a 5
DC USB connection (Figure 8-6-ii). Overall, having the capability of high-throughput
analysis with an exchangeable disposable plastic detection layer and running on a very
low power supply, makes DMF a platform suitable for locations with few resources
[226]. A portable DMF cartridge was designed, which benefited from magnetic bead-
based immunoassay and PCR, which was primarily targeted for POC applications

because of its low cost of fabrication and versatility [236].
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8.6.2.2 Lab on a disk devices

Centrifugal pumping, also called "lab-on-a-CD" is another approach to eliminate the need
for tubing and external pumping systems because it only requires a simple electric motor
for fluid handling [157, 237]. Compared to conventional (vacuum suction) systems, this
method provides less signal variations between replicate samples. Wang et al. [156]
developed a sophisticated microfluidic microarray in which centrifugal pumping was the
driving force (Figure 8-7). This device was composed of radial and spiral microchannels
for parallel DNA detection at the level of single-base-pair discrimination. The
hybridization occured in the intersection of the radial probe line and spiral channels,
which deliver the target. Sensitivity was further enhanced by controlling the flow rate and
channel depth. By lowering the flow rate, the residence time will increase, resulting in
better hybridization. At the same time, mass transport was enhanced by decreasing the
channel depth, resulting in a better signal to noise ratio because the shallower channel has
better mass transport as compared to the deeper channel. Using this device, over 100
samples were analyzed in parallel in 3 min.

A variety of phenomena in nature operate based on capillary forces. Mimicking
this concept and implementing it into microfluidic devices is an ideal alternative for
accessory-free liquid handling. For instance, a capillary-based microfluidic platform was
implemented to simultaneously detect four different waterborne pathogens using real-
time PCR [238].

8.6.2.3 Paper-based devices

Compared to other capillary-based microfluidic devices developed for pathogen
detection, paper-based microchips [239, 240] provide an innovative approach to produce
disposable, biodegradable, cost-effective, portable and simple chips. These devices are
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generally made from abundant materials such as cellulose fiber, have low volume and are
easy to fabricate [241].

Various detection strategies have been implemented in paper -based microfluidic
devices to recognize pathogen presence, most of which are based on the colorimetric
method [242, 243]. Lateral flow immunochromatographic is one such common test
method where the result can be observed by the naked eye. Abe et al. [244] used
immunochromatography to detect 1gG antibodies and a LOD of 10 pg L™ was achieved
within 20 min. It is noteworthy that conventional single-layer paper-based platforms are
not comparable with conventional LOC devices in terms of sensitivity, accuracy, and
multiplex analysis capabilities. As a result, there have been many efforts to design
multiplex paper-based devices with higher sensitivities. Specifically, paper-based three-
dimensional microfluidic devices have emerged to enable more complicated analysis. In
addition to movement along each layer, reagents can also move up and down between the
top and bottom layers. Martinez et al. [245] developed such a microfluidic platform
(Figure 8-8-i) by stacking layers of patterned paper in which each layer can have a
different pattern of biomarkers and reagents. Despite the sophisticated technology
involved in the fabrication of this device, its final cost is very low, making it a promising
candidate for POC diagnostics in resource-limited settings.

Enzyme-Linked Immunosorbent Assays (ELISA) [246] and
Electrochemiluminescence (ECL) have also been performed using 3D paper-based
microfluidics [247]. Liu et al. [246] reported a 3D paper-based device using ELISA in
which all necessary regents were stored within the device in dry state. Using this setup,

only 2 pL of sample was required to perform the analysis (Figure 8-8-ii). The
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colorimetric results can be captured by cell phone or scanner and sent to an off-site
location for further analysis. Using this setup, the 1gG antibody was detected in 43 min

with an LOD of 330 pM [246].
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Figure 8-8 Three-dimensional paper-based microfluidic. (i) Demonstration of the fabrication, design and
patterning of a three-dimensional paper-based microfluidic. (Reproduced from Ref. [245] with permission
from Proceedings of the National Academy of Sciences.) (ii) Schematic of operating procedures of ELISA
in a three-dimensional paper-based microfluidic. (Reproduced from Ref. [246] with permission from
IEEE.) (iii) A three-dimensional paper-based microfluidic using origami principle. (Reproduced from Ref.
[248] with permission from American Chemical Society.)

ECL immunoassay was also integrated on a 3D paper-based microfluidic device [247]. In
this setup, eight working carbon electrodes were screen-printed on the first paper
substrate and on the second paper substrate all patterns included both the same Ag/AgCl

reference and carbon counter electrodes. In addition to the advantages provided by 3D
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design, the device could also benefit from the higher sensitivity and specificity provided
by the ECL method [247].

Although the emergence of such devices is an important step towards producing
real diagnostic devices for POC applications, there is still a need to reduce fabrication
complexity while benefiting from the advantages of 3D design. The origami concept can
be used in this regard to simplify fabrication complexity. Origami is a traditional
Japanese paper folding technique, which is used to construct 3D geometries from a single
paper sheet. Liu et al. [248] fabricated an entire paper-based device from a single sheet
using one-step photolithography based on origami demonstrating that complex patterns
can be produced without additional fabrication overhead. Another advantage of this
system is that it is performed using an automated printing technique and assembled
without tools (Figure 8-8-iii) [248].
8.6.2.4 Integration towards sample-to-result POC devices
A multitude of design and detection methods were introduced in the previous sections,
each providing specific advantages regarding pathogen detection. The proper integration
of these techniques into a single chip would address most of the drawbacks seen when
each one is used individually. This would bring the end goal of developing POC devices
into reality by performing sample-to-result diagnostic tests with low LODs in a
reasonable time.

A fully integrated, disposable, and portable device was developed to detect the
HIN1 virus from a throat swab sample, based on microfluidics [164] where the
immunomagnetic target capture, pre-concentration and purification, PCR amplification,
and sequence specific electrochemical detection steps were performed on a single

monolithic chip (Figure 8-9-i). A DNA probe complementary to the HIN1 virus was
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immobilized on a gold electrode. The amplified ssDNA was introduced for 30 min and
target hybridization induced a conformational change in the probe that led to a decrease
in the electrical current. The LOD of this device for the HIN1 influenza virus was 10
TCID50, four orders of magnitude below those of clinically relevant viral titers with total
analysis time of 3.5 hours. This device could have a great potential in POC applications
because of its high sensitivity in testing real samples. Further improvement, such as
finding alternatives for the syringe pumps and heaters would make these devices an
excellent option for POC applications.

Another fully integrated device was developed by Lam et al. [152] (Figure 8-9-ii).
This platform enabled the detection of pathogenic bacteria in urine samples in less than
30 min. Generally, cells were first lysed in a chamber by applying an electrical field
resulting in the release of their genetic content. Then, nanostructured microelectrodes
were implemented for the electrochemical detection of the genetic content. E. coli and S.
saprophyticus were successfully tested in urine samples with 100 CFU pL™ (clinical
relevant concentration) using this platform. The device does not require sample
preparation or amplification steps while providing the necessary sensitivity in a faster
time and more straightforward approach.

Lutz et al. [157] developed a self-sufficient lab on a foil system, based on a
centrifugal lab on a CD principle for automatic nucleic acid amplification, capable of
performing 30 reactions simultaneously. The structure was micromilled on a cyclic olefin
copolymer, and foil formation was achieved by hot embossing. The reagents for signal
amplification were stored inside a glass capsule, which increased the shelf life of the

device. The liquid was then released by crushing the glass capsule container, and
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centrifugal forces was applied to control the fluid flow between chambers. Isothermal
amplification at a low temperature (37 °C) was performed to minimize energy

consumption (Figure 8-9-iii). The total detection time was less than 20 min.
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Figure 8-9 (i) Schematic illustration of the microfluidic chip for Sample-to-answer genetic analysis of
HIN1 virus. (Reproduced from Ref. [164] with permission from American Chemical Society.) (ii)
Schematic diagram of the chip consisting of a lysis chamber and nanostructured microelectrodes integrated
to the sensing system for detection of bacterial pathogens. (Reproduced from Ref. [152] with permission
from American Chemical Society.) (iii) Picture of a foil based Lab on a disc with liquid reagent containers
and its operating procedure. (Reproduced from Ref. [157] with permission from Royal Society of
Chemistry.)

A microfluidic device based on a nucleic acid was developed to detect different
pathogens. This device was mainly made of low cost and disposable materials
(polycarbonate). The operation was automatically controlled by an analyzer that provided
pouch and valve actuation via electrical motors. The presence of bacterial B. Cereus, viral

armored RNA HIV, and the HIV I virus in saliva samples was tested [249].
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Lafleur et al. [250] developed a disposable multiplexed sample-to-result
microfluidic device based on immunoassay (Figure 8-10-ii). This device was able to
detect disease-specific antigens or IGM antibodies from blood. For instance, the detection
of the malaria antigen and IgM to Salmonella Typhi LPS was carried out. This
microfluidic chip was based on flow through the membrane immunoassay on porous
nitrocellulose. After introducing the blood to the system, blood cells were removed by
passing the sample onto the plasma extraction membrane. The separated plasma was
divided into two samples, one for antigen detection and another for IgM detection. For
IgM detection, the 1gG antibodies present inside the sample were removed using protein-
G Dbeads. After capturing the target, signal enhancement was achieved using gold
nanoparticles conjugated with detection antibodies. An LOD of 10-20 ng mL™ was
achieved in 30 min, which is comparable to benchtop ELISA tests. Bubble formation
caused by the pneumatic fluid handling system in this device is one of the challenges that
will need to be addressed. In addition, finding an alternative to the fluidic handling
system (preferably accessory free) would help to reduce the size, cost, and complexity of
device operation.

An interesting example of accessory-free POC devices was developed by Liu et al. [200].
In this disposable self-heating cartridge-based device, after performing isothermal
amplification, the outcome could be visualized by the naked eye using a low-cost LED
signal (Figure 8-10-i). Heat was provided by an exothermic reaction of the Mg-Fe alloy
and water, and the flow rate was controlled by utilizing a porous filter paper inside the

device. Temperature control was achieved using paraffin as a phase change material. If
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necessary, paraffin could absorb the extra heat during melting. Using this device, as few

as 10 E. coli DNA copies were detected [200].
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Figure 8-10 (i) Schematic presentation and images of self-heating cartridge based device for isothermal
amplification (a) exploded view, (b) green fluorescence emission from a test amplification chamber.
(Reproduced from Ref. [200] with permission from Royal Society of Chemistry.) (ii) Schematic diagram of
the DxBox integrated immunoassay cards for detection of the malaria antigen and S. Typhi-IlgM from
blood sample. (Reproduced from Ref. [250] with permission from Royal Society of Chemistry.) (iii)
Schematic diagram and pictures of a POC microfluidic device based on ELISA-like assay. (a) Picture of the
microfluidic chip. (b) Scanning electron microscope image of a cross-section of microchannels. (c)
Transmitted light micrograph of channel meanders. (d) Illustration of the passive delivery mechanism for
multiple reagents. (e) Diagram of biochemical reactions in detection zones at different steps of
immunoassay. (f) Absorbance traces of a complete HIV-syphilis duplex test as reagent plugs pass through
detection zones. (Reproduced from Ref. [251] with permission from Nature publishing group.)

Recently, another promising POC microchip for the simultaneous detection of HIV and
syphilis was developed, which was also tested in field studies in three developing
countries (Figure 8-10-iii). This cost-effective handheld microchip uses only 1 pL of
unprocessed blood sample, without a need for any moving parts, electricity, or external

instrumentation. Implementing injection molding technology was the key to mass

producing the device, resulting in a very low final cost. The passive reagent delivery
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method was utilized to manipulate the reagents and samples in which blocks of reagents
were introduced sequentially into a tube and separated by air spacers. For capturing HIV
and treponemal-specific antibodies from blood, the envelope antigen and the outer
membrane antigen (Tpnl7) were immobilized on the chip surface, respectively. In the
next step, a gold-labeled antibody to human 1gG was introduced, and signal amplification
was achieved through the reduction of silver ions onto gold nanoparticles. The optical
density of the silver film could be measured through low-cost and robust optics, such as
light-emitting diodes and photodetectors. This device could provide sensitivity and
specificity comparable to bench-top ELISA and other conventional detection methods
within 20 min on the site [251]. The very promising field study results obtained using the
device open new avenues in the implementation of microfluidic-based devices for POC
applications all over the world, especially in developing countries with poor healthcare

resources.

8.7 Outlook and future trends

During the past decade, engineering tools have been implemented to study different
aspects of pathogen detection platforms, including design, micro/nanofabrication, sample
preparation and amplification, miniaturization, automation, multiplexing, and high-
throughput analysis. Despite recent technological advances, the development of a cost
effective, accessory-free single device capable of simultaneously achieving high-
throughput and multiplex analysis with high specificity and sensitivity remains elusive.
Biomarkers with higher specificity along with miniaturized, cost-effective designs with

minimum side accessories and high sensitivity are required to achieve this goal.
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Biomarker selection is a critical factor in obtaining the required specificity.
Antibodies are the most common biomarkers, although they cannot deliver the desired
specificity, nor are they available to diagnose all pathogens. However, in terms of the
detection of epidemic and life-threatening diseases, such as HIV and tuberculosis,
especially in developing countries, they can play a critical role in controlling the rate of
disease propagation. Among new alternatives to antibodies, aptamers are promising
candidates. However, the time and cost required to discover and design aptamers should
be reduced. For cases requiring very high specificity, molecular-based diagnostics can be
implemented. This could be achieved by designing DNA probes for target hybridization,
followed by specific primers for the amplification of the target gene. In the applications
where high stability is required, PNA probes could provide better stability and
hybridization than DNA probes.

Molecular amplification of the target genes is an essential component of bench-
top diagnostic techniques in order to attain higher sensitivity. Among these techniques,
PCR has been widely used through its integration into microfluidic chips. However, the
requirement for precise temperature control for thermo-cycling at the micro scale makes
the chip design more complicated as compared to macro-scale experiments. To address
this issue, isothermal amplification techniques have emerged as an alternative to PCR in
microfluidic chips. Among isothermal methods, low-temperature isothermal
amplification could be useful because it operates at 37 °C. However, the LAMP technique
that requires a higher performance temperature (60 °C), is currently at the center of

attention for POC applications as test results can be visualized with the naked eye.
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Sample preparation is key to achieving high sensitivity and specificity. Among
the diverse techniques for sample preparation, the use of magnetic beads is one of the
most promising approaches, it is not only sensitive and cost-effective, but also provide
better control over captured reagents’ motions inside the chip.

In designing microchips, the desired biosensor chip should be able to deliver the
same LOD as bench-top methods (around 10-1000 CFU mL™ ). Automation, the potential
for mass production, and portability are also important specifications to be considered in
the design of microchips for POC applications. LOD and assay time for detection of
different pathogens summarized in Table 8-1.

In terms of automation and high-throughput analysis, digital microfluidics has
proven to be one of the most interesting technologies since thousands of individual
droplets can be discreetly manipulated and analyzed. Though there is still a need for
modification to produce a portable and accessory-free system, selecting proper materials
in the fabrication of LOC devices can play an important role in producing cost effective
devices. Paper-based microfluidic devices are very promising platforms to provide a
disposable, portable, biodegradable, and easy-to-fabricate detection microchip. Despite
the efforts made in developing paper-based devices, such as the production of 3D-paper-
based platforms and the integration of different detection methods, these devices do not
provide the desired sensitivity. In this regard, the proper functionalization and
immobilization of biomolecules on the paper-based substrates can enhance device
sensitivity.

This review pointed out that the design and modification of various components

for the development of a universal sample-to- result LOC device should be performed
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with a clear vision of producing a totally integrated self-contained, accessory-free
microchips that also provide the required sensitivity and specificity. The future will
belong to simple LOC microfluidic devices that possess the desired the sensitivity and
specificity while providing complex diagnostics in remote areas, without a need for

centralized laboratories.
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Preface to Chapter 9: Sensitive detection of 16s rRNA from Legionella

pneumophila using surface plasmon resonance imaging

In order to meet the first objective of this thesis, that is to design a simple detection
system for detection of viable Legionella with high specificity and sensitivity using the
SPRi, an investigation into the design of DNA probes and optimization of the

hybridization kinetics was undertaken.

The effect of the design of two probes, one to capture the RNA on the substrate
and the other to increase the detection sensitivity, on specificity of the detection system
was investigated. To overcome the lack of desired SPRi sensitivity for the detection of
this species, near-infrared quantum dots (QDs) was employed as a post-amplification
strategy. In addition, the effect of experimental parameters, including temperature, buffer
composition, length of the spacer between the detector probe and the biotin, and the pre-
treatment of 16s rRNA were investigated and optimized to reach a high sensitivity for

detection of L. pneumophila.

The results of this study were presented in following manuscript entitled “Sub-
femtomole detection of 16s rRNA from Legionella pneumophila using surface plasmon

resonance imaging”, which was published in Biosensor and Bioelectronics in 2014.
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9.1 Abstract

Legionellosis has been and continues to be a life-threatening disease worldwide, even in
developed countries. Given the severity and unpredictability of Legionellosis outbreaks,
developing a rapid, highly specific, and sensitive detection method is thus of great
pertinence. In this paper, we demonstrate that sub-femtomole levels of 16S rRNA from
pathogenic L. pneumophila can be timely and effectively detected using an appropriate
designed capture, detector probes, and a QD SPRi signal amplification strategy. To
achieve specific and sensitive detection, optimal hybridization conditions and parameters
were implemented. Among these parameters, fragmentation of the 16s rRNA and further
signal amplification by QDs were found to be the main parameters contributing to signal
enhancement. The appropriate design of the detector probes also increased the sensitivity
of the detection system, mainly due to secondary structure of 16s rRNA. The use of 16S
rRNA from L. pneumophila allowed for the detection of metabolically active pathogens
with high sensitivity. Detection of 16S rRNA in solutions as dilute as 1 pM at 450 pL
(0.45 femtomole) was achieved in less than three hours, making our approach suitable for
the direct, timely, and effective detection of L. pneumophila within man-made water

systems.

Keywords: Legionella pneumophila, surface plasmon resonance imaging, pathogen

detection, 16s rRNA, quantum dot, hybridization
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9.2 Introduction

Legionellosis is an acute form of pneumonia and Pontiac fever, a milder form of the
disease with flu-like symptoms [1] that has been and continues to be devastating
worldwide, even in developed countries. This is mainly attributed to unpredictable
outbreaks, such as recent incidents reported in Canada, the U.S.A., Norway, and
Germany [2-4]. L. pneumophila is the causative agent of Legionellosis. The fatality rate
of Legionellosis ranges between 10% and 40% and approaches 50% within hospital and
industrial outbreak settings, particularly affecting individuals with compromised health
status [1]. L. pneumophila is found in most natural and engineered water systems, where
it contaminates and multiplies inside amoeba [8]. The literature indicates that modern
water systems, such as air-conditioning units, showers, and industrial refrigeration towers
provide optimal growth conditions for L. pneumophila and propagate its transmission
through aerosol [9]. Transmission to the human host thus occurs through the inhalation of
contaminated water droplets. Once in the lungs, L. pneumophila infects and replicates
inside alveolar macrophages and causes widespread tissue damage [1].

Current conventional detection methods include identification via laboratory
culture and polymerase chain reaction (PCR) [10, 11]. Laboratory culture is the gold
standard method employed to detect L. pneumophila. However, laboratory culture suffers
from low sensitivity, especially if the samples under study contain microorganisms that
inhibit Legionella’s growth. Another drawback is its inability to detect VBNC Legionella
even though they might potentially be pathogenic. While laboratory culture entails long
procedures requiring several days, PCR is a faster detection methodology and highly

specific. However, it is laborious and normally requires centralized laboratory facilities.
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PCR is especially unreliable when analyzing environmental samples due to the presence
of PCR inhibitors.

Other methods, namely antibody-based detection, have also been investigated
[127]. This method is fairly rapid, but cross-reactivity between species is an important
shortcoming that limits the specificity of the technique. DNA/PNA microarray-based
detection targeting DNA in bacteria is another alternative that provides the desired
specificity by targeting species-specific sequences in DNA [100].

The main drawback of all the aforementioned methods is their inability to
differentiate between live and dead bacterial cells, which is critical for achieving
accurate and reliable results.

To overcome the limitations of using DNA and antigen targeting-based
techniques, detection of the bacterial RNA is a viable alternative approach. The presence
of RNA in bacteria is directly correlated with microbial activity since, following bacterial
death, the associated RNA degrades relatively rapidly [15], further enhancing the
associated accuracy and reliability of bacterial detection. Among RNA types, 16S rRNA
is highly conserved between different species of bacteria and has been utilized for
microbial identification [16, 17]. The presence of high copy numbers of 16S rRNA in
each bacterium is another motivation to identify bacteria through the direct detection of
16S rRNA. However, instability and the presence of a secondary structure are significant
drawbacks of using ribosomal RNA. The secondary structure renders access to the target
sequence difficult. This is why methods such as using multiple adjunct probes, heat

denaturation, and fragmentation have been used to circumvent this issue [22, 26].
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Focusing on the detection of 16S rRNA, various sensing techniques, including
electrochemical sensors [18, 19], impedance[20], fluorescent microscopy [21-23],
surface-enhanced Raman spectroscopy (SERS) [24], and surface plasmon resonance
(SPR) [25, 26] were used for bacterial species-specific detection. Among these methods,
SPR imaging (SPRi) has proven to be a versatile tool for the real-time study of genomic
and proteomic interactions and kinetics. In contrast to classical wavelength or scanning
angle SPR systems, SPRi provides visualization of the multiple interactions
simultaneously in real time thanks to the integration of a charge-coupled device (CCD)
camera with the associated sensogram. In contrast to other end-point measurement
systems, the use of SPRi allows detailed kinetic analysis, monitored in real time, to
elucidate analyte binding behavior further, as well as to differentiate better between
specific and non-specific adsorptions. To date, few reports on detecting 16S rRNA within
a SPR setup are available in the literature. Nelson et al. detected 16S rRNA from E.coli
with a limit of detection (LOD) of 2 nM through the use of DNA probes [103]. Joung et
al. used PNA probes and electrostatic interaction between positively charged gold
nanoparticles and negatively charged RNA as a signal post amplification method,
achieving an LOD of around 100 pM [25],which is far from the desired sensitivity in the
context of the detection of pathogenic L. pneumophila in a water sample.

This work presents the first report on utilizing 16S rRNA for the detection of L
.pneumophila with SPRi. To overcome the lack of desired SPRi sensitivity for the
detection of this species, near-infrared quantum dots (QDs) are employed as a post-
amplification strategy. We previously demonstrated that QDs with an emission of 800 nm

induce the strongest SPR signal enhancement among QDs with differing wavelengths
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[37]. As such, our aim was to address the main challenges associated with the detection
of L. pneumophila through the use of 16S rRNA from L. pneumophila, allowing for the
detection of only metabolically active pathogens with high sensitivity. With the design of
two probes, one to capture the RNA on the substrate and the other to increase the
detection sensitivity, for each target region, the high specificity of the detection system is
further ensured (Figure 9-1). The effect of experimental parameters, including
temperature, buffer composition, length of the spacer between the detector probe and the
biotin, and the pre-treatment of 16s rRNA were investigated and optimized to reach a

sensitivity detection of L. pneumophila in the femtomole range.
9.3 Materials and methods

9.3.1 Chemical and reagents

6-Mercapto-1-hexanol (MCH), potassium phosphate dibasic solution, 1 M, pH 8.9 (1 M
K;HPO,),sodium chloride (NaCl), sodium hydroxide (NaOH), sulfuric acid (H,SO,),
hydrogen peroxide (H»O,),and ethanol were purchased from Sigma-Aldrich (St. Louis,
MO,U.S.A.).A fragmentation kit was obtained from Ambion. Oligonucleotides (ODN)
were purchased from Integrated DNA Technologies(Coralville, IA, U.S.A.). Streptavidin-
coated quantum dots, QD 800 STVD, SSPE buffer (20X buffer is 3.0 M NaCl, 0.2 M
NaH;,POg4, and 0.02 M EDTA at pH 7.4.), Denhardt’s solution [50X solution is1% Ficoll
(type 400), 1% polyvinylpyrrolidone, and 1% bovine serum albumin]were purchased
from Invitrogen (Carlsbad, CA,U.S.A.).

9.3.2 DNA probe design

Two specific DNA capture probes (CP), referring to legl CP and leg2 CP,

complementary to L. pneumophila's 16s rRNA, were designed using bioinformatics
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software packages from Cardiff University, England. Particular features in the sequence,
such as loops and hairpin curves, were checked and avoided. The specificity of these
probes was confirmed by submitting the sequence to the Check Probe program of the
Ribosomal Database Project (RDP). In terms of detection probes, two different
biotinylated probes with gap of 0 bp and 7 bp (Legl DP 0/7 bp and Leg2 DP 0/7 bp)
between the capture and detection probes for each target RNA sequence were designed.
Finally, a DNA probe and a universal probe (EU capture probe) were used as negative
and positive controls, respectively. The length of each detector probe was determined to
ensure similar melting temperatures while avoiding cross-reactivity and hybridization to
any capture probes. This was verified by including a detector-only control for each
hybridization experiment conducted (data not shown).The secondary structure model of
L. pneumophila was obtained from http://www.rna.ccbb.utexas.edu [252].

9.3.3 RNA preparation

Synthetic 60 bp RNA from the L. pneumophila's 16S rRNA, which contains
complementary sequences for Legl capture and detector probes, was synthesized by
Integrated DNA Technology (Table 9-1). Moreover, 16S rRNA of L. pneumophila was
produced using T7 RNA polymerase-driven in vitro synthesis methodology. Briefly, the
16S rRNA gene of L. pneumophila was amplified by PCR from DNA extracted from
L.pneumophila using specific primers (5-AGACAAACTGTGTGGGCACTTTGG-3" and
5-TGGGCACTTTGATTCCTTCTGTGC-3'). The PCR fragment was then inserted into
the pGEM-T (Promega) vector downstream of the T7 promoter. The plasmid was then
transformed and propagated in JM109 high-efficiency competent cells. The PCR

fragments could become inserted in the sense or antisense orientation. Plasmids carrying
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fragments in the sense orientation were identified and utilized for further experiments.
The identification of colonies carrying plasmids containing fragments in each orientation
were identified by PCR, and the correct sequence of the fragment was validated by
sequencing. The plasmids carrying the correct sequences were isolated and used as a
template for T7 RNA polymerase (New England Biolabs) to produce 16S rRNA. The
resulting RNA product was further purified by acid-phenol and stored in -80 °C for
further use.

9.3.4 Surface chemistry on SPRi chip

Gold-coated slides (Horiba, France) were cleaned with UV/ozone for 10 min, rinsed
thoroughly with MQ water, and treated with piranha solution for another 5 min. After
rinsing with MQ water, the slides were dried under a stream of nitrogen. DNA
immobilization was performed using 1 pM thiol-modified oligonucleotide probes
comprising a 10T spacer in 1M KH;PO4 for 180 min. Following the immobilization,
substrates were treated with 1 mM MCH for 90 min to improve the orientation of the
probes and attenuate non-specific adsorption. The slides were further passivated with
2.5X Denhardt solution for 10 min and stored at 4 °C before further use.

9.3.5 RNA pre-treatment

Denaturation of the 16s rRNA were carried out by the incubation of samples in 65 °C for
5 min. Fragmentation of the 16s rRNA were performed according to the protocol
provided by the manufacturer (Ambion) except that different concentrations of the
fragmentation buffer (zinc solution) were used in these experiments. Frag.1 and Frag.2
represent the use of 1 and 2 pL of the fragmentation buffer, respectively. Then the

solution was mixed with 1.28 pg of 16s rRNA in 20 uL of total reaction volume. The
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solution was kept at 75 °C for 15 min, followed by the addition of blocking solution
(EDTA). The samples were kept on ice until further use.
9.3.6 SPRi measurements
SPRi detection of biomolecular binding to the chip surface was performed using a
scanning-angle SPRi instrument (model SPRi-Lab+, GenOptics, France). The SPRi
apparatus, equipped with an 800 nm LED source, a CCD camera, and a microfluidic cell,
was placed in an incubator (Memmert Peltier, Rose Scientific, Canada). The SPRi
measurements for each spot were taken as described previously [37]. The entire biochip
surface was imaged during the angular scan. At least five spots were selected for each
experiment to monitor the binding events with both the probes and the controls, and each
experiment was repeated at least three times.

RNA hybridization experiments were carried at 37°C with an injection volume of
450 pL. A baseline signal was first obtained for the hybridization buffer, followed by the
hybridization signal for the targets. Detector probes were pre-mixed with the RNA
samples before injection. Following the hybridization of the target RNA with the capture
probe and the detection probe, streptavidin-conjugated Qdots (SA-QDs), 1 nM in
concentration in hybridization buffer, were injected and allowed to bind to the
biotinylated detector probes for 10 min. At each step, the substrate was washed with
buffer, and the difference in the reflected intensity (%AR) was computed by taking the
difference between the initial and final buffer signals. Successive hybridizations were
followed by surface regeneration using 50 mM NaOH, without significant binding

efficiency loss.
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9.3.7 Statistics

The lower detection limit was defined as the smallest concentration of an analyte,
calculated as the blank signal plus or minus three standard deviations. All data were
expressed as the mean + SD. Statistical comparisons between two groups were done
using Student’s paired t-test, while multiple comparisons were done using one-way

ANOVA, followed by the post hoc Tukey test.

pH pE pH

AAAAAA Target 16s rRNA /\/\/ Biotinylated detector probe
NNE Capture probe ® Streptavidin coated QD

Figure 9-1 Schematic illustration of the RNA hybridization using capture and detector probes, before and
after addition of SA-QDs. a) Mixture of target RNA and biotinylated detector probe pass through the
detection surface. b) Addition of streptavidin-QDs after hybridization of target RNA to Capture probe and
detector probe.

9.4 Results and discussion

Two different regions of the L. pneumophilia’s 16s rRNA sequence were targeted to
investigate the regional effects on hybridization efficiency and specificity, as well as the

88



proximity of the detector and capture probes. One specific capture probe was designed
for each region. In addition to these two specific capture probes for L. pneumophila, one
universal probe and one control probe were selected as positive and negative controls,
respectively. A summary of the oligonucleotide sequences for probes is given in Table 9-

1.

Since significant non-specific hybridization to the control probes was observed at
room temperature (data not shown) the hybridization temperature was set at 37 °C. Then,
to detect L. pneumophila with high specificity and in very low concentrations, the effect
of experimental parameters, namely the buffer composition, the length of the spacer

between detector probe and biotin, and the pre-treatment of 16s rRNA were investigated.

9.4.1 Effect of buffer composition and detector probe spacer on hybridization
efficiency
In addition to the hybridization temperature, the buffer composition and the proximity
between the detection probe and its respective biotin functional group also play an
important role in the stringency and efficiency of the hybridization [18, 26].
A 60bp synthetic RNA sequence was selected from L. pneumophila’s 16s rRNA
sequences complimentary to the Legl CP. Therefore, 60bp synthetic RNA (Table 9-1)
was utilized to investigate the effect of the buffer composition and the detector probe

spacer.
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Figure 9-2 Effect of buffer composition on hybridization efficiency. Hybridization of 10 nM synthetic
RNA for 18 min on the biochip expressed as A%R as a function of buffer composition (1X-6X SSPE). The
inset represents the hybridization efficiency of the Legl CP which control probe signals were subtracted
from the Legl CP signals. All data is expressed as mean = standard deviation (n=5).

Synthetic RNA hybridization for an incubation time of 18 minutes is illustrated in
Figure 9-2. To better compare the different buffer compositions, the signals obtained
from the control probes were subtracted from the Legl CP hybridization signals at each
buffer composition (Figure 9-2 inset). Increasing the salt concentrations by four-fold
(from 150 to 600 mM) resulted in higher hybridization efficiency. A further increase of
the salt concentration to 900 mM showed a slight increase in hybridization efficiency but
caused an increase in non-specific adsorption to the control probe. Thus, 600 mM SSPE
was set as the optimal hybridization buffer. As for the optimal biotinylated spacer,
different spacers, such as dT and TEG (containing a 15 C spacer), were investigated,
whereas TEG yielded the highest signal (data not shown). These optimized hybridization

parameters were then set for the detection of 16s rRNA in further investigations.
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9.4.2 L.Pneumophila 16s rRNA Pre-treatment
Conversely, to address the steric hindrance resulting from the secondary structure of 16S
rRNA, the effect of different pre-treatment methods was investigated. Figure 9-3a shows
the changes in SPRi differential reflectivity signals representing 18-minute hybridization
for pre-treated, as well as intact, 16s rRNA to the Legl, Leg2 and EU CPs.

In general, Legl CP produced stronger hybridization signals compared to the
Leg2 and EU capture probes. This may be attributed to several factors, including: i) the
higher melting temperature of Legl CP compared to the Leg2 and EU CPs, ii) the
position of the Legl CP complementary sequence, located on the more exposed region of
the 16s rRNA secondary structure, and iii) the weaker secondary structure of 16s rRNA
to be disrupted by the Legl CP compared to the Leg2 and EU capture probes (Figures 9-
4a and 9-4b). To arrive at the optimized fragmentation protocol, two methods with
varying fragmentation solution concentrations were used to obtain the 16S rRNA
fragments, referred to as Fragl and Frag2. As shown in Figure 9-3a, denaturation through
heating of the 16s rRNA resulted only in a significant increase of A%R for hybridization
to EU CP, but not Legl and Leg2 CPs. The same trend was also observed for Fragl. In
addition, Frag2 resulted in the highest improvement in hybridization efficiency among
the three capture probes relative to intact 16S rRNA. This is due to the higher
concentration of cations in Frag2 compared to those in Fragl, which results in smaller
fragments and, in turn, higher accessibility of the capture probes. For simplicity’s sake,

fragmentation will henceforth refer to Frag2.
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Figure 9-3 Effect of fragmentation and denaturation pre-treatment methods on of 16s rRNA on
hybridization efficiency. a) Hybridization of 10 nM 16s rRNA after 18 min incubation with EU, Legl and
Leg2 capture probes. b) Effect of 16s rRNA pre-treatment on QDs post amplification. 100 nM Legl DP
Obp with 10nM 16s RNA were used and hybridization efficiency with Legl CP followed by addition of the
1nM SA-QDs was investigated. All data is expressed as mean + standard deviation (n=5, *P<0.05 versus
intact, denatured and Fragl).

To further investigate the effect of pre-treatment of the 16S rRNA, biotinylated
detector probes located 0 bp away from the Legl CP were investigated for hybridization
efficiency and subsequent signal amplification through the addition of SA-QDs. Legl DP
Obp was pre-mixed with fragmented, denatured, and intact 16S rRNA samples before
injection into the SPRi system. Figure 9-3b shows the A%R for hybridization, using Legl
CP, of 16S rRNA pre-mixed with Legl DP Obp for 18 minutes, followed by the addition

of SA-QDs and a 10 min reaction time, as a function of the pre-treatment methodology.
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Addition of the detector probe resulted in a slight increase in the signal, with the highest
for fragmented 16S rRNA. SA-QDs addition also resulted in a drastic change in A%R for
fragmented 16S rRNA versus slight signal enhancement for intact and denatured RNAs.
The enhanced hybridization efficiency could be explained by a higher number of
hybridized detector probes for fragmented RNA due to the easy access of smaller RNA as
well as the ease of access of SA-QDs to the small 16S rRNA fragments compared to the

whole 16S rRNA.

9.4.3 Determination of the SPRi limit of detection for 16s rRNA from L.

Pneumophila
The optimal experimental parameters, the pre-treatment fragmentation, and the SA-QD
post amplification strategy were used to investigate two more critical factors, the distance
between the capture and the detector probe and the hybridization time, affecting the
specificity and efficiency of the target sequence hybridization extracted from L.
pneumophila and to determine the SPRi limit of detection (LOD) [26].

To investigate the effect of the detector probe’s proximity to the capture probe on
the specificity and sensitivity of the detection system, two detector probes for the Legl
and Leg2 capture probes were designed to hybridize to the 16S rRNA sequence 0 and 7
bp away from the respective capture probes (Figures 9-4a and 9-4b). Figures 9-4c to 9-4f
show the hybridization of four detector probes with fragmented 16s rRNA along with the
use of SA-QD signal amplification for incubation times of 18 and 10 min, respectively.
The results indicated that Leg2 CP possessed a higher signal when Leg2 DPs (Leg2 DPs
at 0 and 7bp) were used compared to Legl DPs (Legl DPs at 0 and 7bp) (Figures 9-4c

and 9-4d). This was further accentuated after the addition of SA-QDs. Both Leg2 DPs
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produced significantly higher signals compared to Legl DPs (Figures 9-4e and 9-4f).
This could be due to the position of these probes on the secondary structure of 16s rRNA.
As shown in Figure 9-4b, Leg2 CP and Leg2 DP target the same stem-loop in the 16s
rRNA secondary structure. The presence of Leg2 DPs, therefore, causes disruption of this

stem-loop and further facilitates the reaction with Leg2 CP.
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Figure 9-4 Effect of different detector probes on hybridization efficiency. x-axis represents capture
probes a,b) secondary structure diagrams for L. pneumophila based on L. pneumophila model (accession
number (accession number M34113) [252] for area complementary to Legl CP and Leg2 CP respectively.
Lines next to the diagrams indicate of the position of capture and detector probes. c,d) Change in
reflectivity was measured after 18 min for three different capture probes ( EU, Legl and Leg2 CPs) for 10
nM fragmented 16s rRNA corresponding to a and b respectively. e,f) Addition of 1 nM SA-QDs for 10 min
corresponding to ¢ and d respectively. All data is expressed as mean + standard deviation (n=5, *P<0.05
versus other capture probes).
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The same hybridization trend was therefore expected for Legl CP with both Legl
DPs. However, only Legl DP Obp showed a markedly enhanced signal either with 16s
rRNA hybridization or the following SA-QD post amplification. Further examination of
the secondary structure of L. pneumophila revealed that the position of Legl DP Obp and
Legl DP 7bp contributes significantly to this difference. As shown in Figure 9-4a, Legl
DP Obp contains two internal loops compared to Legl DP 7bp, which possesses only one
internal loop. Upon further examination of the secondary structure, it was apparent that,
for Legl DP 7bp hybridize to 16S rRNA, it needs to overcome a stronger secondary
structure compared to Legl DP Obp (14 bonds compared to 9). Since the Legl DP Obp
produced the most pronounced SPRi signal, it was selected for further experiments.

Finally, to determine the effect of hybridization time, fixed volumes of
fragmented 16s rRNA were used with incubation times ranging from 4.5 to 150 min,
obtained by varying the flow rate to the SPRi system. The range of incubation was
purposely selected to maintain the time of analysis comparable to that of PCR. Figure 9-6
presents the effect of hybridization time on A%R for Legl CP. As expected, increased
incubation time was directly related to enhanced hybridization efficiency. An incubation
time of 150 min was then chosen, along with optimal hybridization conditions, to
investigate the SPRi sensitivity and its LOD for the detection of 16S rRNA from L.
pneumophila. 16S rRNA hybridization with multiple samples containing fragmented 16s
rRNA varying in concentration from 1 pM to 10 nM, with 100 nM Legl DP Obp in 4X
SSPE buffer were taken, and the hybridization adsorption kinetics were monitored in real

time with SPRi measurements employing the SA-QD signal amplification strategy.
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Figure 9-5 Fragmented 16s rRNA hybridization with Legl CP with series of ultralow RNA
concentrations: 10 nM, 1nM, 100 pM, 10 pM, 1 pM a) Normalized real-time SPRi kinetic curve for
detection of ultralow concentration of 16s rRNA b) The reflectivity change were plotted versus
concentration after 150 min. The inset figure shows the differential reflectivity change (A%R) for 1 pM, 10
pM and 10 pM. All data expressed as mean * standard deviation (n=5, *P<0.05 versus control probe).

The normalized SPRi kinetic curves for SA-QD adsorption for various 16s rRNA
concentrations ranging from 1 pM to 10 nM are given in Figure 9-5a. Figure 9-5b shows
the plot of the A%R for Legl and control capture probes for the aforementioned
concentrations. The inset in Figure 9-5b shows the A%R for low concentrations of 16s
rRNA (1,10, and 100 pM). A significant difference in the SPR signal was observed
between Legl CP and the control probe even at 1 pM 16S rRNA clearly established a
limit of detection on the order of 1 pM L. pneumophilal6és rRNA. This value could be
translated to the equivalent of 88.5 CFU pL ™ with the assumption of 6,800 ribosomes per
bacteria [102]. This limit of detection is far lower than the previously reported value for

RNA detection using an SPR biosensing system [25, 103].
9.5 Conclusions

Developing a detection system that distinguishes metabolic active pathogens with the

desired specificity, sensitivity, and time of detection is of great importance and relevance
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for the rapid detection of pathogens in environmental samples. In this paper, we
conclusively demonstrated that a sub-femtomole level of 16S rRNA from pathogenic L.
pneumophila can be specifically detected using an optimized experimental protocol,
adequate design of capture and detector probes, and employing a QD signal amplification
strategy with a SPRi biosensor. The proposed approach offers several distinct advantages
compared to other conventional detection systems, including high specificity through the
design of two probes (capture and detector) for the target, high sensitivity through using
QD signal post amplification, and rapid and reliable quantification using L.
pneumophila’s 16S rRNA, which is a good representation of metabolically active
bacteria.

To achieve specific and sensitive detection, optimal hybridization conditions and
parameters were implemented. We showed that the SPRi detection of 16S rRNA in
solutions as dilute as 1 pM at 500 uL (0.5 femtomole) can be achieved in less than three
hours, making the SPRi detection system suitable for the direct detection of L.
pneumophila, in man-made water systems. Through the integration of a microfluidic
system with SPRi and further automation, it would be possible to reduce further the

detection volume to less than 1 pL and improve the LOD significantly.
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9.7 Supplementary Information:

Table 9-1 Oligonucleotide sequences employed as capture and detector probes.

Name Sequence 5°--3’
EUB342 ACTGCTGCCTCCCGTAG
Control TCAATGAGCAAAGGTAT
Legionella pneumophila 1 CAGGTCGCCCCTTCGCCGCC
Legionella pneumophila 2 TCGCCACTCGCCATCTGTCT

Detector probe Legl Obp

CTCTGTATCGGCCATTGTAGC

Detector probe Legl 7bp

TCGGCCATTGTAGCACGTGTG

Detector probe Leg2 Obp AGCAAGCTAGACAATGCTGCCGT
Detector probe Leg2 Obp TAGACAATGCTGCCGTTCGACTTGC
Synthetic Legionella UACACACGUGCUACAAUGGCCGAUACAGAGGGCGG

pneumophila’s RNA

CGAAGGGGCGACCUGGAGCAAAUCC
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Figure 9-6 Effect of hybridization time of 10 nM fragmented 16S rRNA with Legl Cp on hybridization
efficiency. All data is expressed as mean * standard deviation (n = 5).

99



Preface to Chapter 10: Sensitive and Specific SPRi Detection of L.

pneumophila in Complex Environmental Water Samples

To fulfill the second objective of this thesis, the sensitivity and specificity of the system
developed in the first objective were validated for the detection of L. pneumophila in

complex environmental water samples.

The cohabitation of the amoeba with L. pneumophila in the nutrition deprived
buffer and the environmental water samples was investigated. Furthermore, the accuracy
of this detection approach in these conditions and their effects on the biosensor

performance was studied.

The results of this study are reported in the following manuscript entitled "
Sensitive and Specific SPRi Detection of L. pneumophila in Complex Environmental
Water Samples™ which is under consideration for publication in the journal Analytical

and Bioanalytical Chemistry journal.
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10.1 Abstract:

Legionellosis is a very devastating disease worldwide mainly due to unpredictable
outbreaks in man-made water systems. Developing a highly specific and sensitive rapid
detection system that detects only metabolically active bacteria is a main priority for
water quality assessment. We previously developed a versatile technique for sensitive and
specific detection of synthetic RNA. In the present work, we further investigated the
performance of the developed biosensor for detection of L. pneumophila in complex
environmental samples, particularly those containing protozoa. The specificity and
sensitivity of the detection system was verified using total RNA extracted from L.
pneumophila in spiked water co-cultured with amoebae. We demonstrated that the
expression level of rRNA is extremely dependent on the environmental conditions. The
presence of amoebae with L. pneumophila, especially in nutrition-deprived samples,
increased the amount of L. pneumophila 15-fold after one week. Using the developed
SPRi detection method, we were also able to successfully detect L. pneumophila within
three hours, both in the presence and absence of amoebae in the complex environmental
samples obtained from a cooling water tower. These findings suggest that the developed
biosensing system is a viable method for rapid, real-time and effective detection not only
for L. pneumophila in environmental samples, but also to assess the risk associated with

the use of water contaminated with other pathogens.
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10.2 Introduction

Legionella species are the causative agent of Legionellosis, and among them, Legionella
pneumophila (L. pneumophila) is responsible for more than 90% of Legionellosis.
Legionellosis is a very devastating disease worldwide mainly due to unpredictable
outbreaks. Legionellosis which is transmitted through aerosol, is manifested as a form of
pneumonia or Pontiac fever, a milder form of the disease with flu-like symptoms [1].
Between 2001-2006, 30% of waterborne disease outbreaks in the USA were caused by
Legionella [5]. The fatality rate of Legionellosis can approach 50% within industrial and
hospital outbreaks, especially affecting individuals with a compromised health condition
[1]. L. pneumophila is found in most natural and engineered water systems, such as air
conditioning, showers and cooling towers where it contaminates and multiplies inside
amoeba [8].

Currently, L. pneumophila is mainly detected by laboratory culture, polymerase
chain reaction (PCR), immunology-based methods and DNA microarray methods [10-
12]. However, these detection methods all have shortfalls. The culture method is very
time consuming, does not have the ability to detect viable but nonculturable cells
(VBNC). PCR is unreliable in many situations, due to false-positive detection of
nonviable bacteria and the presence of inhibitors in environmental water [253]. DNA
microarrays are also unable to distinguish between live and dead bacteria. Targeting
rRNA is a viable alternative that overcomes the aforementioned limitations: it provides a
detection system that is more reliable, accurate, and sensitive. This is due both to the
correlation of RNA expression level in bacteria with microbial activity, and to the

presence of high copy numbers of 16S rRNA in each bacterium.

103



We developed an effective, technique for detection of synthetic RNA [13], through the
design of specific DNA capture and detector probes along with the use of Quantum dots
(QDs) for signal amplification. We were able to detect sub-femtomole levels of synthetic
RNA with the Surface Plasmon Resonance imaging (SPRi) biosensor in less than three
hours. Although detection of synthetic RNA is the first step towards the development of a
biosensor for on-site detection, the main challenge remains to validate the performance of
the developed biosensor for much more complex situations such as the detection of RNA
extracted from pathogenic L. pneumophila in environmental water samples, particularly

when protozoa are present.

The interaction of protozoa, especially amoebae, with L. pneumophila in water
systems is of great importance. Most of the conventional biosensors are unable to detect
the L .pneumophila hidden inside amoeba and failed to provide any meaningful
information regarding the interaction of Legionella with protozoa especially in the
environmental water samples. L. pneumophila can normally survive in nutrition-deprived
environments for long periods of time but cannot multiply. They multiply in these
environments mostly when amoebae were also present [27]. The ingestion of L.
pneumophila by amoebae provides an intra-cellular environment for its amplification in
water systems. In addition, amoebae can also act as a shelter against harsh conditions
such as low temperatures and the presence of biocides [27-30], In the case of biocide
treatment, this protection can result in treatment failure, after which L. pneumophila
might be able to recolonize the water system rapidly. Another important impact of

amoeba-Legionella interaction is the enhancement of the virulence of L. pneumophila
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[31]. It has been reported that their combined action contributes to L. pneumophila’s
virulence by priming the bacteria to infect human cells [254].

Therefore, in our current work, we investigated the interaction of the amoeba with
L. pneumophia in the nutrition deprived buffer and the environmental water samples. We
further examined the specificity and sensitivity of our detection approach in these
conditions and their effects on the biosensor performance with the ultimate goal of
developing an on-site detection system (Figure. 10-1). In order to ensure specificity of the
detection system, we first examined total RNA (tRNA) extracted from different bacteria
and then the limit of detection of tRNA extracted from pathogenic L. pneumophila was
determined with our SPRi-based biosensor setup. In addition, the effect of residency of L.
pneumophila in nutrition-deprived water samples and amoeba-Legionella interaction in a
co-culture system with defined water composition on 16s rRNA expression and on the
SPRIi signal at different time points were assessed. Finally, cooling tower water samples
contaminated with L. pneumophila, in the presence and absence of amoebae, were
examined to explore the viability of the developed technique for detecting L.

pneumophila in a complex environment.
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Figure 10-1 Schematic illustration of the infection cycle of L. pneumophila in amoebae in cooling tower
water and detection of L. pneumophila using SPRi: a) cooling tower water containing amoebae and L.
pneumophila, b) an amoeba infected by L. pneumophila, c) multiplication of L. pneumophila inside an
amoeba, d) lyses of amoeba and release of L. pneumophila, e) collection and lyses of L. pneumophila, f)
extraction and fragmentation of RNA from L. pneumophila, g) hybridization of extracted RNA on the SPRi
chip, h) schematic of the RNA hybridization using capture and detector probes and use of QDs post
amplification.

10.3 Experimental:

"Materials and Methods” can be found in the Electronic Supplementary Material.
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10.4 Results and Discussion:

10.4.1 Assessment of specificity and sensitivity of the SPRi biosensor

In order to evaluate the specificity of the detection system, the change in SPRIi reflectivity
(A%R) of tRNA hybridization from 10° CFU/mL of L. pneumophila, two different strains
of E. coli (DH5a and K12) and Pseudomonas aeruginosa was measured. As shown in
Figure 10-5, hybridization of tRNA extracted from all bacteria except for L. pneumophila
did not result in a significant SPR signal. This confirmed that the designed capture and
detector probes allowed for highly specific detection of L. pneumophila. To determine the
sensitivity and limit of detection (LOD) for tRNA, a dilution series of L. pneumophila in
AYE medium ranging from 3 x 10 to 3 x 10®° CFU/mL was made, and 1 mL of each
sample was used for RNA extraction. The extracted RNA was then fragmented and the
hybridization kinetic was monitored in real-time with SPRi biosensor, employing the SA-
QD signal amplification. The results indicated that RNA could be extracted from very
low concentrations of bacteria, ranging from 3 x 10* - 3 x 10® CFU/mL. A LOD
comparable to that obtained for the detection of Synthetic RNA [13] was achieved
thereby confirming the high sensitivity of the developed detection system in a complex

mixture of RNA (Figure 10-6).

10.4.2 16s rRNA expression level

The presence of L. pneumophila in non-optimal conditions, especially in nutrition-
deprived environments, has been reported to affect its metabolic activity which in turn
influences the expression of 16s rRNA [255]. To investigate the metabolic activity of L.
pneumophila in nutrition-deprived environments, L. pneumophila was incubated in AC

buffer at different time points from 0-48 hours. Reverse transcriptase PCR was first
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performed to convert RNA to cDNA, and then real-time PCR was carried out to quantify
the expression level of 16s rRNA. Since in real-time PCR, the cycle threshold (Ct) is
defined as the number of cycles required for the signal to exceed the background level,
the Ct value is inversely proportional to the amount of RNA in the sample (Figure 10-2).
It has been reported that L. pneumophila cannot grow in AC buffer [256] and we further
confirmed this by CFU counting for each sample (data not shown). Our results suggest
that, even after 6 hours of exposure of L. pneumophila to AC buffer, the level of 16s
rRNA expression dropped significantly and this trend continued up to 48 hours (Figure
10-2). This further shows that the metabolic activity of bacteria is extremely dependent
on their milieu, and confirms that targeting 16s rRNA in bacteria could give meaningful

insight into the metabolic state of bacteria.
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Figure 10-2 The effect of incubation time of L. pneumophila in AC buffer on 16s rRNA expression was
examined. Ct values obtained from real-time PCR experiments and plotted against four different incubation
time points. All data are expressed as mean * standard deviation.
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10.4.3 SPRIi detection of L. pneumophila co-cultured with amoeba

In order to investigate the effect of amoebae presence on L. pneumophila purulence, 1.5 x
10° amoebae were co-cultured with 1.5 x 10° CFU of L. pneumophila in AC buffer.
Figure 10-3 shows changes in SPRi signal as a function of L. pneumophila concentration
after 1, 2 and 7 days in the presence and absence of amoebae. Interestingly for L.
pneumophila in AC buffer, the SPRi signal dropped to 0.18 + 0.09 as of day one (Figure
10-3b) which is significantly lower than at the same concentration in AYE (2% change in
reflectivity is expected at the same concentration in AYE, according to Figure 10-6). This
lower SPRi signal is obviously due to the reduction of 16s RNA expression of L.
pneumophila in a nutrient-poor medium as compared to the SPRi signal in an AYE
medium. The drop in SPRIi signal is also in agreement with our previous observation,
depicted in Figure 10-2. The Ct value for day 1 was significantly lower than that for day
0. The SPRi signal for day 1 was stronger for the co-cultured samples than for the L.
pneumophila cultured alone: (0.18 £ 0.09 versus 0.72 + 0.13) while the CFU count
remained the same for both (Figure 10-3a). This further confirmed that the of amoebae
would enhance L. pneumophila 16s rRNA expression.

In order to examine the effect of RNA extracted from amoebae on the detection
system performance, the negative control samples containing only amoebae were also
tested at all time points. No signals for amoeba samples were observed (data not shown).
As seen in Figure 10-3a, although the concentration of L. pneumophila in AC buffer
remained the same from day 1 to 7, the presence of amoebae in co-culture samples
resulted in a significant increase of L. pneumophila concentration after 2 and 7 days as

compared to day 1. The same trend could be observed with SPRi results. The reflectivity
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change for the co-culture sample increased with incubation time. We believe that the
increase in the SPRIi signal is mainly due to the increase of L. pneumophila concentration

and partly due to the increased expression of 16s rRNA.
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Figure 10-3 Incubation of L. pneumophila in AC buffer in presence and absence of amoeba after 1, 2 and
7 days. a) Concentration of L. pneumophila versus incubation time b) SPRi measurements of the
hybridization of extracted RNA from 1 mL of each sample with QDs post amplification. An initial
concentration of 10° CFU of L. pneumophila in presence and absence of 10° amoebae in a 6-well plate was
used. All data expressed as mean * standard deviation (*P<0.05).

10.4.4 Validation of sensing technique for the cooling tower water sample:

To demonstrate the specificity and sensitivity of the system for the detection of L.
pneumophila in complex environmental samples, L. pneumophila with a concentration
ranging from 2 x 10* to 2 x 108 CFU/mL was spiked in a water sample from a cooling
tower. A series of the SPRi measurements were performed in the presence and absence of
amoebae after two days to assess the effect of the this complex water sample on the L.
pneumophila purulence and the 16s rRNA expression. As shown in Figure 10-4a, the
concentrations of L. pneumophila samples did not change after two days (1:1 linear
correlation between day 0 and 2) while a significant increase of L. pneumophila

concentration was observed when L. pneumophila was co-cultured with amoebae for all
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initial concentrations used in this study. After day 2, the increase in L. pneumophila
concentrations in the co-cultured samples was greater for the initial concentrations of 4,
5.3 and 6.2 Log CFU/mL than for the initial concentrations of 7.1, 7.4 and 8.2 Log
CFU/mL. This could be due to the difference in the infection ratio of L. pneumophila to
amoebae. Since the initial amoebae concentration was chosen as 6.2 Log amoebae per
sample, the infection ratio of less than one (samples with initial concentrations of 4, 5.3
and 6.2 Log CFU/mL) resulted in a more pronounced increase in concentration of L.
pneumophila. This result is in agreement with literature reporting that at a higher
infection ratio (when there are more bacteria per amoeba), the amoebae are lysed more
rapidly [257, 258]. Therefore, there would be less amoebae for L. pneumophila to grow

in, which would explain the reason behind our overall observation.
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Figure 10-4 Incubation of a dilution series of L. pneumophila in a cooling water sample in the presence
and absence of 1.5x10° amoeba for 2 days. a) CFU plate counting for each sample. b) SPRi signal
measurements of the hybridization of extracted RNA from 1 mL of each sample with QDs post
amplification. All data expressed as mean + standard deviation.

The presence of L. pneumophila in cooling tower water samples resulted in a higher SPRi
signal as compared to signals from AC buffer samples shown in Figure 10-4b. For

instance, the sample with a concentration of 6.2 and 5.3 Log CFU/mL resulted in 0.499 +
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0.02 and 0.17 + 0.02 changes in reflectivity, respectively. These reflectivity changes were
higher than the reflectivity change of 0.12 + 0.05 obtained from of 6 Log CFU/mL in AC
buffer after 2 days (Figure 10-3b). This could be explained by the fact that the cooling
tower water sample might contain more nutrition elements than the AC buffer. This
higher concentration of nutrients can enhance the metabolic activity of the L.
pneumophila and therefore the 16s rRNA expression level. As such, we could
successfully detect L. pneumophila samples in the presence of amoebae with initial L.

pneumophila concentrations as low as 4.4 Log CFU/mL (Figure 10-4b).

10.5 Conclusions

Monitoring metabolically active bacteria rapidly with high specificity and sensitivity is
the main challenge in water quality assurance to prevent any potential outbreaks due to
contaminated water systems. Using total RNA extracted from L. pneumophila along with
SPRi technology, we investigated RNA as a viable genetic moiety that can provide a
highly specific and sensitive detection modality for the detection of L. pneumophila in
environmental water samples. We demonstrated that targeting 16s rRNA in L.
pneumophila gives meaningful insight into the metabolic state of the bacteria by exposing
bacteria to a nutrition-deprived environment and monitoring the change in 16s rRNA
expression with time. Our results showed that after only six hours of exposure of L.
pneumophila to a nutrition-deprived environment, the 16s rRNA expression level
decreased significantly. Interestingly, the presence of amoebae with L. pneumophila, in
nutrition-deprived AC buffer enhanced the expression of 16s rRNA after one day and
resulted in a 15-fold increase in L. pneumophila concentration after one week. Further

development of this biosensing approach for detection of L. pneumophila would certainly
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contribute to the implantation of tools and platform for rapid, real-time and multiplex

detection of bacteria, which is essential for water risk assessment of various sources.
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10.7 Electronic Supplementary Material

10.7.1 Materials and methods

10.7.1.1 Chemical and reagents

Oligonucleotides (ODN) were purchased from Integrated DNA Technologies (Coralville,
IA, USA). Streptavidin-coated quantum dots (Qdot 800 STVD), Denhardt’s solution [50x
solution is 1% Ficoll (type 400), 1% polyvinylpyrrolidone, and 1% bovine serum
albumin], and SSPE buffer (20x buffer is 3.0 M NaCl, 0.2 M NaH,PQO,, and 0.02 M
EDTA at pH 7.4) were purchased from Invitrogen (Carlsbad, CA, USA). Random
primers and superscript Il reverse transcriptase were purchased from Life Technologies,
(Gaithersburg, MD, USA). ITag Universal SYBR Green Supermix was purchased from
Bio-Rad (Hercules, CA, USA). A fragmentation kit was obtained from Ambion
(Carlsbad, CA, USA). All other reagents were purchased from Sigma-Aldrich (St. Louis,

MO, USA) unless stated otherwise.
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10.7.1.2 DNA probe design

DNA capture probe (CP), detector probe (DP) and control probe were designed and were

immobilized on the biochip gold surface as described previously (Table 10-1) [13].

Table 10-1 Oligonucleotide sequences employed in the experiments.

Name Sequence 5°--3°

Control probe TCAATGAGCAAAGGTAT

Legionella pneumophilal (Legl CP) CAGGTCGCCCCTTCGCCGCC

Detector probe (Legl DP) CTCTGTATCGGCCATTGTAGC

10.7.1.3 Surface chemistry on SPRi biochip

Gold-coated slides (Horiba, France) were cleaned by UV/ozone treatment and piranha
solution and rinsed thoroughly with MQ water. DNA immobilization was performed
using 1 pM thiol-modified oligonucleotide probes in 1 M KH,PO4 for 180 minutes [13].
Following the immobilization, substrates were treated with 1 mM MCH for 90 minutes,
further passivated with 2.5x Denhardt solution for 10 minutes and stored at 4 °C before

further use.

10.7.1.4 SPRi measurements

SPRi experiments were performed using a scanning-angle SPRi instrument (model SPRi-
Lab+, Horiba, France). The SPRi apparatus, equipped with an 800 nm LED source, a
CCD camera and a flow cell, was placed in an incubator (Memmert Peltier, Rose
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Scientific, Canada). The SPRi measurements were performed by imaging the entire
biochip surface during the angular scan [37]. At least five spots were selected for both the
probes and the controls in each experiment and repeated at least three times. RNA
hybridization assays were carried out as described previously [13]. Briefly, 450 uL of
each sample was used for each experiment, which were all carried out at 37°C. A
baseline signal was first obtained for the hybridization buffer consists of 4x SSPE buffer,
followed by the hybridization signal for the RNA targets mixed with biotinylated detector
probes. Next, 1 nM streptavidin-conjugated Qdots (SA-QDs) were injected and allowed
to bind to the detector probes for 10 minutes. At each step, the chip was rinsed with
buffer, and the difference in the reflected intensity (A%R) was computed. Successive
hybridizations were followed by surface regeneration using 50 mM NaOH prior to each

measurement.

10.7.1.5 Co-culture of L. pneumophila and Amoeba

Acanthamoeba castellanii (a common amoeba which support intracellular life of L.
pneumophila [27, 32, 33] ) were cultured in peptone yeast glucose (PYG) broth (20 g
proteose peptone, 1 g yeast extract, 0.1 M glucose, 0.4 mM MgSO,, 0.05 mM CacCl,, 0.1
mM sodium citrate, 0.005 mM Fe(NH4)2(SO04)2, 0.25 mM Na;HPO, and 0.25 mM
KH,POy,, adjusted pH to 6.5 with HCI) at 30 °C. For the co-culture experiments, 1.5 x 10°
cells in 1ml of PYG were seeded into each well of a 6-well plate. After 40 minutes, the
media in each well was removed and washed three times with AC buffer (0.4 mM
MgSO,, 0.05 mM CaCl,, 0.1 mM sodium citrate, 0.005 mM Fe(NH4)2(SOa)2, 0.25 mM
Na;HPO, and 0.25 mM KH,PO,4, pH to 6.5). The laboratory wild type JR32, a

streptomycin resistant, restriction-negative mutant of the L. pneumophila strain
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Philadelphia-1, was used. Strains grown on BCYE agar (10 g/L Yeast extract, 10g/L
ACES buffer, 15 g/L Agar, 2 g/L Activated Charcoal, 0.25 mg/ml ferric pyrophosphate
and 0.4 mg/ml L-cysteine) were suspended in AYE broth (ACES-buffered yeast extract
broth supplemented with 0.25 mg/ml ferric pyrophosphate and 0.4 mg/ml L-cysteine) at
an ODgo of 0.1 and then further diluted to obtain an approximate desired concentration.

CFU counts at different time points were performed to track growth of the bacteria.

10.7.1.6 RNA extraction

RNA extraction was performed from 1 mL of each sample. For the co-culture
experiment, pipetting was performed several times to make sure all amoebae and bacteria
were in suspension before collecting a sample. The RNA extraction was then performed
using a column-based PureLink RNA mini kit from Ambion, according to the

manufacturer recommendations.

10.7.1.7 Total RNA fragmentation

Total RNAs extracted from bacteria were fragmented using a fragmentation kit from
Ambion. The mixture was incubated at 75 °C for 15 minutes, followed by the addition of

the blocking solution [13]. The samples were kept on ice until further use.

10.7.1.8 Reverse transcriptase PCR and Real-time PCR

For analysis of the 16s RNA expression by Reverse transcriptase PCR (RT-PCR) and
real-time PCR (gPCR), RNA was extracted from L. pneumophila and exposed to AC
buffer with different incubation times. Four microliters of extracted RNA was then
converted to cDNA by using random primers and Superscript Il reverse transcriptase,

following the manufacturer’s instructions (Life Technologies). For each sample, a
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negative control without reverse transcriptase was carried out. Real-time PCR reactions
were then performed with 1 pl of cDNA using the iTaq Universal SYBR Green Supermix
following the manufacturer's instructions (Bio-Rad). A primer set used for real-time PCR

analysis is as Table 10-2.

Table 10-2 Forward and reverse primers for RT-PCR

Forward 5'-AGAGATGCATTAGTGCCTTCGGGA-3'

Reverse: 5-ACTAAGGATAAGGGTTGCGCTCGT-3'

10.7.1.9 Cooling tower water sample

The environmental water sample was provided by the “Service de I’environnement Ville
de Laval” originating from a municipality cooling tower. This cooling water sample was

filtered with 0.2 um and spiked with L. pneumophila accordingly.

10.7.1.10 Statistics

The lower detection limit was defined as the smallest concentration of an analyte,
calculated as the blank signal plus or minus three standard deviations. All data were
expressed as the mean + SD. Statistical comparisons between two groups were done

using Student’s paired t-test.
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Figure 10-5 Specificity of the detection system was evaluated. The reflectivity change of QD post
amplification after hybridization of total RNA extracted from L. pneumophila was compared against 2
strains of E. coli and one strain of Psudomonas. RNA was extracted from 1 mL of 10° CFU/mL of each
bacterium. All data expressed as mean =+ standard deviation.
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Figure 10-6 Hybridization of fragmented total RNA extracted from L. pneumophila with Legl CP. The
reflectivity change of QD post amplification after hybridization of total RNA was plotted versus the series
of L. pneumophila concentrations. All data expressed as mean * standard deviation.
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Preface to Chapter 11: Rapid and Multiplex Detection of Legionella’s

RNA using Digital Microfluidics

The ultimate goal of this project was to develop a low-cost rapid biosensor allowing
miniaturization for on-site applications. To reach this goal, the third objective of this
thesis project was set in order to adopt the developed detection platform during the first
objective with a DMF chip. The modifications were included the use of magnetic beads
as 16s rRNA bearing moieties within the DMF device and fluorescence microscopy as
optical transducer. Such as, simultaneous manipulation of multiple droplets on-chip
allowed to determine the optimal hybridization conditions including magnetic capture,
hybridization duration, washing steps, and assay temperature. Further, the multiplex
detection of 16s rRNA from two different species of Legionella: L. pneumophia and L.
israelensis was demonstrated. A limit of detection of 1.8 attomoles RNA could be

achieved.

These finding are resulted in a manuscript entitled "Rapid and Multiplex
Detection of Legionella’s RNA using Digital Microfluidics" which is published in Lab on

a Chip in 2015.
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Abstract

Despite recent advances in the miniaturization and automation of biosensors,
technologies for on-site monitoring of environmental water are still at an early stage of
development. Prevention of outbreaks caused by pathogens such as Legionella
pneumophila would be facilitated by the development of sensitive and specific
bioanalytical assays that can be easily integrated in miniaturized fluidic handling systems.
In this work, we report on the integration of an amplification-free assay in digital
microfluidics (DMF) for the detection of Legionella bacteria based on targeting 16s
rRNA. We first review the design of the developed DMF devices, which provide the
capability to store up to one hundred nL-size droplets simultaneously, and discuss the
challenges involved with on-chip integration of the RNA-based assay. By optimizing the
various steps of the assay, including magnetic capture, hybridization duration, washing
steps, and assay temperature, a limit of detection as low as 1.8 attomoles of synthetic 16s
rRNA was obtained, which compares advantageously to other amplification-free
detection systems. Finally, we demonstrate the specificity of the developed assay by
performing multiplex detection of 16s rRNAs from a pathogenic and a non-pathogenic
species of Legionella. We believe the developed DMF devices combined with the
proposed detection system offers new prospects for the deployment of rapid and cost-

effective technologies for on-site monitoring of pathogenic bacteria.
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11.1 Introduction

Water-related diseases are responsible for more than 3.4 million deaths annually [259].
Among these diseases, Legionellosis, an acute form of pneumonia, is a major concern for
outbreaks, as shown by recent incidents reported in Canada, USA, Norway, and Germany
[2-4]. Legionella, the causative agent of this disease, was responsible for more than 30%
of water borne disease outbreaks in USA between 2001-2006 [5]. Legionellosis outbreaks
are associated with high mortality rates (15 to 20%)[260], which can reach up to 50% for
individuals with a compromised health condition [1]. Legionella is found in most natural
and man-made water systems [8] such as cooling towers, air conditioners and
showerheads. These systems not only provide optimal growth conditions, but can also
propagate Legionella through aerosol [261]. Presently, more than 50 Legionella species
have been identified with approximately half of these species being associated with
human disease [6] [7]. To have an accurate and reliable evaluation of the risk involved
with various water systems, it is thus crucial to design detection systems that can
distinguish between pathogenic and non-pathogenic Legionella. A biosensor for detection
of Legionella should thus be specific and sensitive with capability of multiplex detection
of different bacteria's species. Also, development of on-site systems that are portable,
automated, cost-effective and rapid is required to monitor the water systems routinely and
better predict any potential outbreaks. Today, detection of Legionella continues to rely to
a large extent on the conventional culturing method, which is very time-consuming and
expensive.

Molecular methods such as polymerase chain reaction (PCR), DNA microarray and

immunology have also been used for the detection of Legionella in laboratory settings.
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Automatic robotic liquid handling systems using standard well plates can be used to
perform the numerous liquid handling steps required by these methods. These robotic
systems can perform at rate of tens of assays per minute. However, they require sample
volumes of pL or more. Below this level, evaporation and capillary forces are major
issues [262]. In addition the robotic liquid handling systems are very sensitive to the
viscosity and nature of the sample solutions. For instance handling solution containing
nucleic acid and proteins with high concentrations would be challenging [263]. Large
size, instrumentation complexity and cost are among other major drawbacks of these
robotic systems that make them less practical for field applications such as on-site
monitoring. Also, field applications do not necessarily require high speeds and massive
parallelisation, but rather precise control over complex protocols with instrumentation
that have small footprint and low-cost.

Therefore, miniaturization of pathogen detection methods and their integration in
microfluidic devices has been gaining much attention as it can not only lead to the
reduction of reagent consumption and analysis time but can also facilitate on-site
deployment of chemical and biological assays [11]. Digital microfluidics (DMF) has
recently arisen as a promising and versatile platform for chemical and biological
applications. In DMF, as opposed to continuous flow microfluidics, individual droplets
(of pL to pL) are manipulated independently by applying electric potential to an array of
electrodes. Multiple droplets containing different reagents can be manipulated
simultaneously and the operation scheme can be reprogrammed without the need to

change the device design.
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Figure 11-1 a) Top view of the developed digital microfluidic device. b) Schematic of electrical input pin
to electrowetting electrode assignment. Each color represents a partition to which specific input pins are
assigned. The partitions were defined according to the functions of the electrowetting electrodes:
dispensing (blue), transportation (green), preparation (red), and storage (purple). c) Example of pin
assignment in top section of the chip, each number/letter representing a specific electrical input.

Each droplet can thus act as microreactor from which independent tests can be performed
concurrently in a confined environment, therefore making DMF a promising candidate
for applications involving complex and multistep assays [34]. Also, compared to
conventional continuous flow microfluidic devices using fixed channel arrangements, the
very high reconfigurability of DMF can help improving assay optimization and decrease
development costs. On the other hand, until recently, most DMF devices were primarily
designed and utilized for simple assays requiring only a few steps and limited number of

droplets. The developed devices thus typically lacked the complexity required to perform
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multiplexed bioassays in which numerous tests must be performed concurrently.

While different bioassays have been performed using DMF, including immunoassays
[35], cell culture [36], DNA hybridization [37] , PCR [38] and isothermal amplification
[264], most pathogen detection assays were based on either immunoassay or DNA
hybridization and PCR amplification. Even if PCR and other amplification techniques
provide rapid results with high sensitivity, they are susceptible to inhibitors, which is a
key issue for samples coming from environmental water systems. Another major
drawback for the DNA-based and immunoassay techniques is their inability to
distinguish between live and dead bacteria. This is a major concern in environmental
water settings because of the false-positive results that can occur after water treatments.
In contrast, targeting ribosomal RNA (rRNA) is a viable alternative that overcomes the
aforementioned shortcomings. Indeed, since RNA expression level is directly correlated
to the microbial activity, it provides a more reliable and accurate target for detection of
live Legionella.[13]

There have been only few attempts to develop detection assays in DMF based on RNA.
For example, Jebrail et al. [265] demonstrated the feasibility of RNA extraction from
blood using magnetic beads within a DMF device. In another recent work, Rival et al.
[266] performed single cell analysis using micro RNA from human HaCaT cells followed
by mRNA capture on magnetic beads, mRNA conversion to DNA and Reverse
Transcriptase PCR (RT-PCR) amplification. The use of RT-PCR, even if it provides high
sensitivity, can require elaborate sample preparation steps, expensive enzymes and
reagents, and precise control of the temperature, making this method less desirable for

on-site applications.
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Figure 11-2 a) Schematic showing the hybridization of target RNA on the magnetic beads using designed
capture and detector probes b) Effect of the incubation time on the detected fluorescence intensity for on-
chip hybridization assays performed at a concentration of 100 nM target RNA.

In this work, we report the multiplex and amplification-free detection of synthetic
16s rRNA from Legionella bacteria using DMF devices capable of handling complex
assays. We present the design and conception of the DMF devices, demonstrate
simultaneous manipulation of multiple droplets on-chip and investigate the optimal
hybridization conditions and limit of detection for L. pneumophila 16s rRNA. We
additionally demonstrate that the developed assay, which is based on two sets of DNA as
capture and detector probes, can achieve a high degree of selectivity by showing the
multiplex detection of rRNA from two different species of Legionella, one pathogenic (L.
pneumophia) and one non-pathogenic (L. israelensis). We believe the DMF device
combined with the proposed detection system have great potential for rapid, high-
throughput, multiplex, and inexpensive detection of pathogens with minimal sample and

regent volume.
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11.2 Results and discussion

11.2.1 Design of the DMF devices

The integration of multiplex protocols in DMF requires the development of devices that
can manipulate and store multiple droplets simultaneously to perform the dilution, mixing
and analysis steps required by the assay. Unfortunately, it is challenging to design and
fabricate DMF devices containing enough active electrodes to handle complex protocols
while simultaneously keeping fabrication cost and process complexity low enough for
typical biomedical applications. To simplify the fabrication of the devices, we have
developed a process where negative SU-8 photoresists is used directly as the dielectric
for the fabrication of advanced DMF requiring multiple levels of metallization (see
Materials and methods section for more details) [226]. We have indeed found that SU-8
not only offers good electrical properties (dielectric breakdown ~4 MV/cm and relative
dielectric constant of about 4), but also ease of deposition and patterning, long term
resistance to humid environment and saline buffers, resistance to scratches and pinhole
formation, and good temperature stability.

The design of the developed DMF devices is shown in Figure 11-la. The device
contains 560 active electrodes, 7 reservoirs and multiple regions for mixing and sample
preparation. The device also includes enough storage regions to hold up to 100 individual
droplets, as we have found that the maximum assay complexity that can be integrated in
DMF is often limited by the maximum number of droplets that can be stored
simultaneously on-chip. It is noteworthy that the DMF device shown in Figure 11-1 is
capable of handling assays even more complex that those demonstrated in this paper.

This was done on purpose to so as to take full advantage of the very high
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reconfigurability of DMF, where only one chip can be easily designed to handle the
needs of various different assays by simply changing the droplet programming sequence.
To limit the complexity of the electronic circuits and facilitate electrical connection to
the device, we have limited the number of independent electrical inputs to only 24. Thus,
each electrical input is connected simultaneously to multiple active electrodes by using
connection lines placed on a different metallization level. The assignment of the electrical
inputs to each active electrode has to be cleverly designed to avoid as much interferences
as possible when multiple droplets are on the DMF devices simultaneously. To minimize
unwanted interactions between the fluidic operations, the input-to-electrode assignment
has been divided into partitions [267] according to the function of the electrodes (see
Figure 11-1b): 8 electrical input pins where assigned for dispensing (blue), 5 pins for
transportation (green), 6 pins for preparation (red), 4 pins for storage (purple), and 1 pin
is connected to top plate (not shown). As shown in Figure 11-1c, the pin assignment
within each partition has also been optimized to maximize interdependence of fluidic
operations when multiple droplets are located in the same partition. For example, to move
only the droplet marked with an arrow from the sample preparation to the transportation
partition, the electrical input pins would be actuated as follow: 2 -5 — 1 — C. The input
pins are also assigned in a similar manner in the storage region, except that smaller active
electrodes (labelled y and ) are used to minimize the real estate of the device. Finally,
the distribution of the 8 independent electrical pins within the reservoir partition (blue
color in Figure 11-1b), ensures that a droplet can be dispensed independently from each

reservoir.
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11.2.2 Assay design and optimization

Due to presence of many species of Legionella, it is critical to design assays with a high
selectivity capable of differencing pathogenic from non-pathogenic species. As shown
schematically in Figure 11-2a, we have developed an assay based on the hybridization of
Legionella's 16s rRNA on magnetic beads. In order to achieve high specificity, two DNA
probes were designed for each target. One probe served as a capture probe and was
immobilized on magnetic beads while the second probe, in addition to ensuring the high
specificity, is used as a detector probe functionalized with a fluorescent dye (Figure 11-
2a).

Before integrating the assay in the DMF devices, different critical parameters
were evaluated to obtain the highest hybridization efficiency with minimum analyte
consumption, and the shortest assay time. The following factors were also considered:
hybridization buffer composition, temperature, reaction volume, and the incubation time.
Among these factors, buffer composition and temperature were found to play an
important role in specificity and sensitivity of the hybridization. We previously [13]
demonstrated that the 600 mM salt concentration in the neutral pH buffer at 37 °C for the
L. pneumophila RNA-DNA hybridization resulted in the highest specificity. As discussed
in the Materials and methods section, all on-chip assays have thus been performed at a

temperature of 37°C.
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Figure 11-3 Schematics protocol showing the serial dilution and hybridization of 16s rRNA on the DMF
devices. a) Creation of the exponential dilution of the RNA sample into six concentrations. b) Mixing of the
diluted RNA droplets with the magnetic beads. c) Incubation of the magnetic beads with six concentrations
of 16s rRNA. d) Capture of magnetic beads and separation of supernatant e) Six times washing of magnetic
beads. f) Fluorescent measurement.

To validate the on-chip 16s rRNA hybridization protocol and optimize the speed of on-
chip assays, we have first performed a series of simple on-chip measurements to assess
the effect of incubation time on hybridization efficiency. For on-chip tests, L.
pneumophila 16s rRNA and the detector probes were first mixed together off-chip. Then,
for each incubation time reported in Figure 11-2b, one droplet of a 100 nM RNA solution
was dispensed and mixed on-chip with one droplet containing magnetic beads coated
with immobilized capture probes. As described more in details in Section 11-4, the mixed
droplet was washed six times and fluorescent measurements were carried out
immediately. As can be seen in Figure 11-2b, the intensity of fluorescence increased from
one minute up to 20 minutes after which fluorescent signal is seen to saturate. Therefore,
we chose 20 minutes as the optimal incubation time for further experiments.

The reaction volume of the RNA sample on which the detection experiment is
performed is another key factor that can affect the results of the detection assay. In
conventional laboratory experiments, the reaction volume is typically on the order of tens
of uL or higher. On the other hand, by integrating the assay into DMF devices, we were

able to reduce the reaction volume required for one hybridization assay to only 30 nL

130



(i.e., only two individual droplets). It is also noteworthy that, due to the small electrodes
of our DMF devices (0.5x0.5 mm), this volume is also smaller by a factor of 10 to 100
times compared with other reported reaction volumes for bioanalytical assays performed
in DMF [34, 264, 266]. The developed integrated assay thus offers the interesting
prospect to significantly decrease both the reagent consumption and minimal sample
volume. In particular, the reduced consumption of streptavidin coated magnetic beads to
only 15 nL per hybridization assay (about 3600 particles) offers the potential to reduce
the cost of each assay. On the other hand, the reduced sample volume can obviously
impact the ultimate limit of detection of the assay. We show next how the limit of
detection of the developed assay has been evaluated by performing serial dilutions on-
chip.

11.2.3 On-chip serial dilution and hybridization

To evaluate the limit of detection of the assay in DMF devices, we have performed on-
chip the protocol shown schematically in Figure 11-3. Figure 4 shows sequential images
illustrating the various steps required to perform this protocol in DMF. The first steps,
which are summarized in Figure 11-3a and Figure 11-4a, involve the generation of
sample droplets containing a series of different concentrations. One droplet from the
RNA reservoir is first dispensed and transported to the mixing area. Next, another droplet
is dispensed from the buffer reservoir and transferred to the same mixing area. In the
mixing area, the two droplets are mixed with rapid circular movements and split into two
identical daughter droplets, one of which is moved either to the storage area for later use
or to the waste reservoir (depending on the targeted concentration profile). The other

daughter droplet is kept at the mixing area for another dilution step with a droplet from
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the buffer reservoir. In this way, an exponential dilution series of the original droplet is
obtained. For the developed assay, droplets having concentrations of about 500 nM, 125
nM, 8 nM, 1.0 nM, 0.5 nM and 0.12 nM were analyzed.

It is noteworthy that any variation in the volume of the dispensed droplets will
introduce some errors on the RNA concentration in the dilution series compared with
nominal values. In our DMF devices, we have found the dispensed droplets have an
average volume of 15.3 nL with a standard deviation of about 0.4 nL (about 3%). This
variability on the droplet volume accumulates through the dilution protocol and can thus
give rise to significant uncertainties on the RNA concentration for the higher dilutions.
By propagating the standard deviation of droplet volume on the 13 dilutions steps
required to decrease the RNA concentration from 1 uM to 0.12 nM, it is possible to show
that the relative error (standard deviation) on the concentration reaches about 30% (see
ESI for a detailed analysis). We believe that this error is small enough not to affect the
outcome of the assay.

As shown in Figure 11-3b-c and Figure 4b, each droplet from the dilution series is
then actively incubated with magnetic beads. To that end, one droplet from the reservoir
containing the magnetic beads functionalized with L. pneumophila CP probe is first
dispensed and transferred to the adjunct mixing area. In the next step, one of the droplets
from the dilution series of L. pneumophila's RNA is transferred from the storage area to
the same mixing area. After mixing, the new larger mixed droplet is transferred to sample
preparation area. Subsequently, all of the six L. pneumophila's RNA concentrations are
mixed with magnetic beads and transferred to the sample preparation area. The droplets

are incubated for around 20 minutes during which they are slowly moved on the sample
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preparation area to create fluid recirculation, minimize sedimentation and maximize the
hybridization efficiency. Finally, as shown in Figure 11-3d-e and Figure 11-4c, the
magnetic particles are captured and washed to remove the un-hybridized RNA. To
capture the magnetic beads, two 2.5 mm diameter cylindrical neodymium rare-earth
magnets are positioned on top of the DMF chip (each magnet is located in the center top

of the three sample preparation electrodes - see Figure 11-4c).

a. Exponential
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Figure 11-4 Top view image sequence showing the digital microfluidic protocol used for the RNA serial
dilution and hybridization assay. a) Creation of the exponential dilution profile of the RNA sample into 6
droplets (1. to 3.). b) Mixing of the diluted RNA droplets with the magnetic beads and incubation (4. to 6.).
c) Magnetic capture and washing of the incubated droplets (7. to 9.).

The magnets are positioned to attract and concentrate the magnetic beads on the top part
of the droplet. After capture of the magnetic beads, all the six droplets are split

simultaneously into the two daughter droplets and the droplets containing the supernatant
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are transferred to the waste reservoir. The magnets are then removed temporarily and
each droplet containing the magnetic beads are washed by (i) transferring them one at a
time to the mixing area located on top of the chip and (ii) mixing them with one droplet
from the buffer reservoir. The mixed droplet is then transferred back to its previous
location in the sample preparation area. The capture and wash sequence of the magnetic
beads is repeated for a total of six times.

In general, to capture and separate magnetic beads in a droplet, the magnetic force
should be sufficient enough to capture the magnetic particles but not too strong as to
cause irreversible particle aggregation [34, 268, 269]. As described, the two permanent
magnets placed on top of the DMF allowed concentrating efficiently the magnetic beads
on top of the droplets, removing supernatant and performing several washes. On the other
hand, we observed that sedimentation of the magnetic particles on the bottom plate of the
device could make capturing the magnetic beads difficult. In order to alleviate this issue,
we implemented a new strategy to improve capture and separation of the magnetic beads.
In this strategy, the droplet was spread on two electrodes on top of the sample preparation
area by activating both electrodes in the presence of magnets (Figure 11-4-7). This was
followed by switching on and off only the top electrode while the bottom electrode was
kept activated. This switching was found to facilitate the re-capture of sedimented
magnetic beads while ensuring that the pellet of captured magnetic beads remained intact.
To achieve acceptable particle separation, a frequency around 7 Hz was used for the
switching process. We hypothesize that the switching creates fluid recirculation inside the
droplets, which causes the sedimented particles to be resuspended in solution and

captured by magnet. Finally, it is noteworthy that the use of Pluronic F-127 in the buffer
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solutions was also found to improve the re-suspension of the particles after magnetic

capture.

The choice of the washing protocol should also be considered when separating the
un-hybridized RNA and detector probes from the magnetic beads. In our experiments, we
observed that a total of six washes with 1:1 ratio of buffer to sample were sufficient in

removing the supernatant from magnetic particles before fluorescence measurement.
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Figure 11-5 Measured relative fluorescent intensity versus L. pneumophila’s RNA concentration using
superparamagnetic beads and Cy3 fluorescent tagged detector probe. (see ESI for the calculation of the
error on the concentration). Inset: A bright-field and fluorescent images of a droplet containing captured
RNA onto the magnetic beads.

This number of washes is also in accordance with a similar reported protocol [34]. In
this method, the magnet was manually removed after the ‘capture and separation’ step
and the droplet containing magnetic beads was re-suspended in wash buffer droplet in the
mixing area (Figure 11-4-9). The removal of the magnet ensures that there won't be any
entrapment of the unhybridized RNAs and detector probes in the pellet of the captured

magnetic beads. We hypothesize that this is advantageous compared to other previously
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reported methods where the magnet was at the same place throughout the whole washing
process. For example, when the magnet position is kept constant, is has been reported
that up to 18 washes are required [236] when the buffer to sample ratio is of 1:1 and 5

washes [268] for a buffer to sample ratio of 5:1.

11.2.4 Limit of detection for L. pneumophila’s RNA

As described earlier, six different concentrations of the L. pneumophila's RNA ranging
from 0.5 uM to 122 pM were made on the DMF chip and hybridized with functionalized
magnetic beads for twenty minutes at 37°C. After six times washing with buffer, the
fluorescent intensity for each droplet was measured directly on-chip and subtracted from
the negative control. As can be seen in Figure 11-5, the developed system could
successfully detect 16s rRNA at concentrations as low as 122 pM in less than 30 minutes.
Considering the 15 nL volume of the RNA droplet, this amount is equivalent to 1.8
attomoles of 16s rRNA. Due to the very low dead volumes offered by the proposed
system, the LOD in terms of absolute amount is thus around 250 to 10,000 times less than
the LOD reported for 16s rRNA using amplification-free detection systems such as SPRi
[13], and electrochemical [270] techniques respectively. Moreover, with a total analysis
time of only 30 minutes, the system provides a measurement 6 times faster than the
aforementioned methods. One of the limiting factors in our sensitivity was the auto-
fluorescence of the DMF device, which interfered with the signal obtained from the
droplet at low concentrations. We believe that, by alleviating this problem (for e.g., by
choosing materials with lower auto-fluorescence), the signal-to-noise ratio and the LOD

could even be increased further. Finally, it is also worthwhile noting that the developed
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assay offers a rather large dynamic range, providing a regular signal increase for more
than three orders of magnitude of RNA concentration (Figure 11-5).

11.2.5 Multiplex detection of pathogenic and non-pathogenic Legionella

As described in the introduction, the multiplex detection and ability to distinguish the
pathogenic from non-pathogenic bacteria is a critical feature required for monitoring
environmental water samples. Thus, in addition to L. pneumophila, we designed a series
of capture and detector probes targeting the 16s rRNA from L. israelensis as a non-
pathogenic Legionella species, since there is no report of human disease from this
species.

In order to perform the multiplex detection of these two target RNAs, the detector
probe specific to L. israelensis (L.i) was functionalized with Cy5 dye in contrast to the L.
pneumophila's (L.p) detector probe which was tagged with Cy3 dye. Two sets of
functionalized MB with a concentration of 2.4 x 10° particles/mL were also prepared,
each with one of the two capture probes (L.p MB and L.i MB).

For the multiplex protocol, the on-chip incubation, magnetic separation, and washing
steps were performed in a similar manner to the exponential dilution protocol discussed
before (see Figure 11-4). However, in this case, RNA concentration was fixed at 100 nM
and two additional reservoirs were used for the L.i MBs and for L.i RNAs. Also, instead
of performing a dilution series, fluidic operations were such that the two different types
of functionalized magnetic beads (i.e., L.p MB and L.i MB) were each hybridized with
three different RNA samples prepared by mixing (i) a L.p droplet with a buffer droplet,
(i) a L.i droplet with a buffer droplet and (iii) a L.p with a L.i droplet. A total of six

different hybridization measurements were thus performed to evaluate the specificity of
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the developed assay.

Figure 11-6 shows the resulting measured fluorescence intensity for the six
hybridization tests for both the Cy3 and Cy5 filters (corresponding respectively to the
dyes of L.p and L.i detector probes). As expected, the reaction of L.p RNA with L.p MB
resulted in a significant fluorescent signal only with Cy3 filter, indicating that only L.p
detector probes hybridized significantly to the beads. The opposite trend was observed
for the reaction of L.i RNA with L.i MB, which resulted in a strong signal only in Cy5
filter (i.e., only L.i detector probe was hybridized). On the other hand, much smaller
signals were measured in both Cy3 and Cy5 filters when L.p RNA was incubated with L.i
MB or when L.i RNA was incubated with L.p MB, indicating that neither the L.p detector
probes nor the L.i detector probes were hybridized to the beads. Finally, for the mixed
sample containing both L.p and L.i RNA, the normalized fluorescent intensities for Cy3
and Cys5 filters were in the same level as those obtained for L.p RNA with L.p MB and
L.i RNA with L.i MB respectively. In summary, these results confirm that the developed
assay based on two sets of independent capture and detector probes can achieve a

specificity high enough to discriminate between RNA from two Legionella species.

138



I C 3 filter
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Figure 11-6 Multiplex detection of Legionella 16s rRNAs including pathogenic, L. pneumophila (L.p)
and non-pathogenic L. israelensis (L.i). Detector probe specific to L.p RNA sample was tagged with Cy3
dye while the detector probe specific to L.i RNA sample was tagged with Cy5 dye. Three RNA samples
including L.p, L.i and mixture of L.p and L.i were incubated with two types of magnetic beads
functionalized with either L.i or L.p capture probes. The fluorescent measurements were carried out with
Cy3 and Cys5 filters for each droplet.

11.3 Conclusion

We have shown the successful integration of a multiplex RNA assay in DMF for the
specific detection of Legionella species using 16s rRNA targets. An advanced DMF
platform was designed to integrate the developed assays, which offered the possibility to
perform on-chip complex fluidic manipulations with multiple droplets. The various steps
of the assays, including magnetic capture, hybridization duration, washing steps, and
assay temperature were first optimized. The advanced fluidic capabilities of the platform

were then used to perform exponential dilutions to evaluate, in the same assay and under
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the identical condition, the signal from multiple RNA concentrations. We have shown
that, by integrating the assay in DMF devices, we were able not only to reduce drastically
reagent and magnetic beads consumption, but also to decrease the minimum amount of
RNA required to achieve positive sample identification to about only 1.8 attomoles,
which demonstrates the potential of the developed system to achieve amplification-free
detection based on 16s RNA. Finally, we have shown that specific detection for
pathogenic and non-pathogenic species of Legionella can be achieved by using capture
and detector DNA probes for each 16s rRNA target. We have thus demonstrated a proof
of concept for the automated multiplex detection of pathogenic and non-pathogenic
Legionella in DMF.

The developed DMF devices also offer the interesting prospect to simplify the sample
preparation steps required to extract and purify RNA from bacteria. Because of the high
specificity of the detection system and the possibility to hybridize the magnetic beads and
target rRNA directly within the crude cell lysate, we envisage that all the sample
preparation and hybridization steps could be performed on-chip using thermal lysis. By
integrating sample preparation, the proposed detection and fluid manipulation system
could thus be used as a versatile tool for high-throughput and multiplex detection of

several types of bacteria with minimum reagent consumption.
11.4 Materials and methods

11.4.1 Chemical and reagents
BioMag Streptavidin coated superparamagnetic beads were purchased from Bangs
Laboratories (Fishers, IN, U.S.A). Pluronic F-127 was purchased from Sigma-Aldrich

(St. Louis, MO, U.S.A.). Oligonucleotides were purchased from Integrated DNA
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Technologies (Coralville, 1A, U.S.A.). SSPE buffer (20X buffer is 3.0 M NaCl, 0.2 M
NaH,PO,, and 0.02 M EDTA at pH 7.4.), was purchased from Invitrogen (Carlsbad, CA,
U.S.A)). Silicone oil (viscosity of 2 cSt) was purchased from Clearco (Bensalem, PA
U.S.A), SU8 photoresists from Gersteltec (Pully, Switzerland) and Teflon AF from

Dupont (Mississauga, ON, Canada).

11.4.2 DMF device fabrication

The DMF devices were fabricated by first depositing and patterning, by standard
lithography, layers of 10 nm thick Cr and 100 nm thick Au on a borosilicate glass wafer
to form a network of contact pads and 200 um wide connection lines. A first layer of
about 5 um thick SUS8 dielectric was then deposited by spin-coating and UV exposed
through a mask to open interconnection vias in specific locations. A second layer of Cr
and Au was then patterned on top of the first dielectric layer to form the 500 x 500 pm
active electrodes and reservoirs of the devices. The electrodes were finally covered with a
second layer of about 2.5 pum thick SU8 dielectric and a thin 30 nm layer of hydrophobic
coating based on Teflon AF. The top plate of the devices was made by covering ITO-
coated plate (Delta technologies, Stillwater, MN, USA) with the same hydrophobic

coating. As a final step, the DMF devices were finally post-baked at 200°C for 2h.

11.4.3 Microfluidic platform and DMF device operation
The DMF devices were powered with a home-developed AC voltage source capable of
amplifying the 5 V DC voltage from a USB connection to a 0.3 to 3 kHz square-wave of

0 to 150 V. The use of AC voltage minimizes the amount of charge trapping occurring
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inside the dielectric of the devices compared to DC voltage, thus improving both the
reliability of droplet displacement and DMF lifetime. A typical operation voltage of
about 85V RMS at 1 kHz was used for droplet displacements, which was found to
provide reliable droplet displacement at a speed of 10 electrodes per second. The 24
independent electrical inputs of the devices were contacted with a custom clip made from
spring-loaded pogo-pins. A home-developed software providing advanced sequence
programming capabilities has been developed to control the electrical inputs and
automate the droplet displacements.

The devices were filled by dispensing droplets of about 1 pl on the bottom electrodes
forming the reservoir of the DMF devices using a pipette. Before reservoir filling, a small
amount (i.e., < 0.1 pl) of silicone oil was applied on the reservoir by touching the device
with a the tip of a pipette As discussed elsewhere [271], the oil naturally forms a thin
shell around the droplets, which has been shown to facilitate droplet displacements and
improve device reliability. The top plate of the device is then electrically grounded and
put in place along with a spacer providing a constant gap of about 70 um. Individual
droplets of about 15 nL are then dispensed from the reservoirs of the devices by applying
a sequence of voltage on the electrode of the DMF devices. The temperature was
controlled by mounting the DMF devices on a thermoelectric element connected to an H-
bridge electrical circuit controlled by an Arduino microcontroller in communication with
a computer. While performing the RNA assay, the temperature in the DMF devices was
kept constant at 37°C to favor hybridization. To minimize the evaporation of the small 15
nL droplets, DI water was dispensed around the edge of the DMF devices. In this

configuration, only marginal evaporation was observed for the duration of the assay
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(about 30 min). No significant evaporation of the thin oil shell around the droplet was
observed. Many regents used in biological applications such as proteins are susceptible to
non-specific adsorption to the hydrophobic layer of the DMF devices, increasing
dragging forces and eventually preventing droplet displacement [272]. In our
experiments, we have found that the droplets containing the streptavidin-coated
paramagnetic beads could not be manipulated reliably despite the presence of an oil shell
around the droplet. Reliable droplet displacement was obtained by adding 0.1% (v/v)

Pluronic F127 to the solutions.

11.4.4 DNA probe design and hybridization condition

DNA capture probes (CP), complementary to L. pneumophila and L. israelensis's 16s
rRNA, were designed using bioinformatics software packages from Cardiff University,
England. Particular features such as loops and hairpins, were checked for and avoided.
The specificity of these probes was confirmed using the Check Probe program and
Ribosomal Database Project (RDP). In terms of detection probes, a fluorescent-tagged
DNA probe with zero base pair gap between the capture and detection probes (DP) for
each target RNA sequence was designed. Cy3 (excitation at 550 nm, emission at 570 nm)
and Cy5 (excitation at 649 nm, emission at 670 nm) dyes were used for L. pneumophila
and L. israelensis detector probes respectively. The length of each detector probe was
determined to ensure similar melting temperatures while avoiding cross-reactivity and
hybridization to any capture probes. The cross reactivity of these detector probes was
tested against the capture probe, revealing no significant interaction (data not shown).

Two RNAs (60bp in length) from the L. pneumophila and L. israelensis's 16S rRNA,
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which contains complementary sequences for the designed capture and detector probes,
were synthesized by Integrated DNA Technology (Table 11-1).

Table 11-1 Oligonucleotide sequences employed in the experiments

Name Sequence 5°--3°

L. pneumophila CP /Biotin/TTTTTTTTTTCAGGTCGCCCCTTCGCCGCC

L. israelensis CP /Biotin/TTTTTTTTTTGCGCCAGGCCATAAGGTCCC

L. pneumophila DP CTCTGTATCGGCCATTGTAGCTTTTTTTTTT/Cy3/

L. israelensis DP CAGCTTTACTCCAAAGAGCATATGCGGTTTTTTTTTT/Cy5/
L. pneumophila’s UACACACGUGCUACAAUGGCCGAUACAGAGGGCGGCGAAGG
RNA GGCGACCUGGAGCAAAUCC

CTAATACCGCATATGCTCTTTGGAGTAAAGCTGGGGACCTTAT

L.israelensis RNA | <~ cTGGCGCTTTAAGA

11.4.5 Microparticle preparation and signal measurement

The hybridization buffer was chosen based on previously reported work.[13] Briefly all
the reagents were diluted in 4X SSPE buffer containing 600 mM NaCl and hybridization
experiments were carried out at 37°C inside the DMF chip.

Before the start of the assay, the streptavidin coated superparamagnetic particles (MB)
were washed off-chip three times with 4X SSPE buffer containing 0.01% pluronic F-127
and were concentrated to the final concentration of 2.2 mg/mL (2.4 x 10° particles/mL).
In order to immobilize the biotin capture probes on magnetic beads, an excess amount of
DNA capture probe (4 pL of 100 puM) was incubated off-chip with 100 pL of the

magnetic bead solution for 15 min at room-temperature. This was followed by three times
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washing with 4X SSPE buffer. The same protocol was used for the preparation of the MB
used in the capture of L. pneumophila and L. israelensis. The functionalized beads were
kept at 4°C before use.

An inverted fluorescence microscope (Nikon TE 2000-E) was used for measurement of
the fluorescence intensity of the droplets inside the chip. All images were captured using
a CCD camera and analyzed by ImageJ (National Institutes of Health, Bethesda, MD).
The Fluorescent measurements were carried out on the chip by locking at the target
droplet under the microscope. All measurements were subtracted by the intensity
obtained from a negative control. The negative control droplet contained magnetic beads
with the detector probe and was washed six times using the same protocol as the other
droplets. For the multiplex detection of RNA, the fluorescent intensities for each sample
were normalized for each filter independently by the positive control (the mixture of the
magnetic bead, RNA and proper detector probe). The lower detection limit was defined
as the smallest concentration of an analyte, calculated as the blank signal plus or minus

three standard deviations. All data were expressed as the mean * standard deviation.
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11.6 Electronic Supplementary Information (ESI)

11.6.1 Evaluation of the error caused by droplet volume variability during an
exponential dilution series in digital microfluidics

We evaluate here how the random variability in the droplet volume in digital
microfluidics gives rise to an error in the reagent concentration during an exponential
dilution series. To create this dilution series a buffer droplet is mixed with a reagent
droplet. The resulting droplet is then split in two droplets and one of the resulting droplets
is kept for the next dilution step. This process is repeated for n steps to create the
exponential dilution series.

1. First dilution step

To create the first dilution step of the series, a droplet of volume V, and regent
concentration of C, is mixed with a buffer droplet of volume V5 and concentration C = 0.
The concentration C; of the mixed droplet is thus given by:

GV
LV, +

The relative error AC, /C; on Cy is thus given by:

(Aq)Z ~ (ACO)Z s (AVO>2 o (A0 + V) g

G/ \G Vo Vo + Vg

where AC, is the standard deviation of the concentration from the bulk solution, and AV,
and AVg are respectively the standard deviation of the volume of the reagent and buffer
droplets. As both the buffer and the buffer droplets were obtained from the same on-chip

dispensing protocol, we can assume that AV, = AVz = AV , where AV is the standard
deviation of droplet volume following dispensing from a reservoir. We thus have:

AV, + V) =/ (AVp)? + (AVR)2 = V2 AV

As both droplets were obtained by the same dispensing process, we also neglect herein
any systematic volume difference between V,, and Vg such that V, = Vz = V. We thus

have:
(AC1>2 _ (ACO>2 N (AV)Z N VZ AV\°
¢,/ \¢ 4 2V
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¢,/ \¢ 2\V

Knowing the standard deviation of the droplet volume, this expression can be used to
evaluate the error on the concentration of the first dilution level.

2. Second dilution step

For the second dilution step, we first have to split the mixed droplet into two individual
droplets. Neglecting systematic error that might occur during this splitting process, the
volume of the new split droplet is given by:

VotV
)

Thus the error on V; is:

AV, = [ (AVp)? + (AVR)? = V2 AV
The concentration C, of the mixed droplet after the second dilution step is given by:

_an
2T+,

The error on the concentration after the second dilutions step can thus be found using the
same process as for the first dilution step:

(Se)" 2 (A0, (B (A Y
c, C, 7 V, + Vs
ACN2  (ACNE  (AVN? (V3AV
(- (0 o) (2
C, C v 2V

(AC2>2 B (ACl)z N 11(AV)2
¢, ) \¢ 4 \Vv

3. n'" dilution step

In general, it is possible to show that, for the n™ dilution step, the error on the
concentration is given by (for n>0):
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<ACn)2 B (ACn_1)2 N 5n+1 (AV)Z
¢,/ \C,4 4 %

This formula can be used to find the error of the n™ dilution step knowing the error on the
(n-1) step.

Using arithmetic series, we can then show that the error of the n™ dilution step can be
obtained directly from:

2

(ACn)z B (ACO)Z N 5n% + 7n (AV)
¢,/ \¢, 8 1%
Thus, if we consider that the initial concentration of the bulk solution at the beginning of

the dilution series is known (i.e., AC, = 0), the error on the concentration of the n™ step
is function of only the error on the droplet volume:

AC, AV [5n2+7n

c, V 8

The following table provides numerical analysis of the error as a function of the dilution
step:

Dilution AC,/C, Cn/Co
Step

0 0 1
1 1.22 AV/V Yy
2 2.06 AV/V Ya
3 2.87 AV/V 1/8
4 3.67 AV/V 1/16
5 4.47 AV )V
6 527 AV/V
7 6.06 AV /V
8 6.86 AV /V
9 7.65 AV /V
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10 8.44 AV/V
11 9.23 AV/V
12 10.0 AV/V 1/4096
13 10.8 AV/V 1/8192

For example, assuming an initial standard deviation of AV /V = 3%, the standard
deviation of the concentration after 13 dilutions step is of about 32%.

Note:

It is important to note that we considered only the random variability in droplet volume in
our analysis. Systematic error would have to be taken into account separately. For
example, if the buffer droplets are systematically larger than the reagent droplets or if the
splitting process is systematically biased, the average concentration of the various steps

of the dilution series has to be shifted accordingly
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Chapter 12 General Discussion, Conclusion

12.1 Summary of Achievements

In this thesis, we have demonstrated that by integrating a DNA based hybridization assay
targeting the 16s rRNA with versatile fluidic manipulation provided by DMF
microfluidics, a sensitive and specific detection system with enhanced analytical
capabilities for multiplex and rapid detection of Legionella can be realized. In the
following sections, a summary of the accomplishments towards the three objectives set

during this PhD project is presented.

Objective 1: Develop a simple detection system that ensures the detection of viable

Legionella with high specificity and sensitivity

In order to detect only viable bacteria, 16s rRNA from Legionella was targeted through
the design of a series of DNA probes. DNA probes were designed using special software
and were screened against a database of ribosomal RNA of all bacteria to further ensure
high specificity. Two DNA probes were selected for each of the targets in the 16s rRNA
region. The first and second probes acted as a capture probe (immobilized on the sensor
surface) and as a detector probe respectively for further enhancement of the signal while
ensuring the specificity. In order to improve the detection sensitivity of the SPRi system,

quantum dots were used for SPR signal amplification.

We showed that the distance between the capture and detector probes is very critical in
obtaining high sensitivity. We accordingly designed these two probes to address this
criterion and demonstrated that the zero pair base distance results in the highest signal. In

addition, the buffer composition, temperature, and pre-treatment of the 16s rRNA factors
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affecting the hybridization efficiency were optimized to ensure the desired specificity and
sensitivity. The phosphate buffer with 0.6 M salt concentration at 37°C resulted in the
best hybridization condition. To alleviate the hindrance effect of the secondary structure
of 16s rRNA on accessibility of probes to the target region, the fragmentation RNA
method was performed to achieve the high hybridization efficiency. The optimal
hybridization conditions and parameters were implemented to detect the in vitro
transcribed 16s rRNA at a concentration as low as 1 pM per 500 uL (0.5 femtomole) in

less than three hours.

Objective 2: Implementation of the detection platform for the detection of L.

pneumophila in complex environmental water samples

The specificity and sensitivity of the detection platform was validated using total RNA
extracted from L. pneumophila in spiked water co-cultured with amoebae. We
demonstrated that targeting 16s rRNA in L. pneumophila gives meaningful insight into
the metabolic state of the bacteria by exposing it to a nutrition-deprived environment and
monitoring the change in 16s rRNA expression with time. Our results showed that after
only six hours of exposure of L. pneumophila to a nutrition-deprived environment, the
16s rRNA expression level decreased significantly. Interestingly, the presence of
amoebae with L. pneumophila, in nutrition-deprived AC buffer enhanced the expression
of 16s rRNA after one day. We demonstrated that the presence of amoebae with L.
pneumophila, especially in nutrition-deprived samples, increased the amount of L.
pneumophila 15-fold after one week. Using the developed detection method, we were
also able to successfully detect L. pneumophila within three hours, both in the presence

and absence of amoebae in complex environmental samples obtained from a cooling
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water tower.

Objective 3: Integration of the developed detection system with a digital

microfluidic chip towards on-site application

An advanced DMF platform was designed to integrate the developed assays with on-chip
complex fluidic manipulations of multiple droplets for on-site applications. The use of
DMF provides many advantages over the standard continuous-flow microfluidic device,
since it did not require an external pump or microfabricated moving parts to manipulate
and control individual droplets. The droplet paths were fully programmable, allowing for
the complete automation of the assay. The advanced fluidic capabilities of the platform
were first used to perform exponential dilutions and to evaluate simultaneously the signal
from multiple RNA concentrations. After the optimization of magnetic capture,
hybridization duration, washing steps, and temperature, within the DMF devices, we
were able not only to drastically reduce the reagent and magnetic beads consumption, but
also decrease the minimum detected amount of RNA to 1.8 attomoles. This level of RNA
concentration is at least 250 times less than reported for 16s rRNA amplification-free
detection systems for positive sample identification [13]. Finally, we have shown that the
multiplex detection of a pathogenic and a non-pathogenic species of Legionella can be

achieved in less than 30 minutes on the chip.

12.2 Original claims

The originality of this project lies in two major areas: (i) design and development of a
unique DNA hybridization assay for detection of metabolic active Legionella in complex

environment water samples, and (ii) development of a potable and low-cost biosensor
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based on DMF for rapid and multiplexed detection of Legionella.

The differentiation between live and dead bacteria is crucial for risk assessment
for any water system. Among different targets from Legionella (i.e. cell receptors, DNAs,
RNAs, proteins and toxins) we chose to work with the 16s rRNA as target for detection
of Legionella. This choice was based on the fact that 16s rRNA undergos rapid
degradation after bacterial death and could therefore be a good tool to estimate only the
alive bacteria in the water samples. This differentiation is especially critical for
evaluation of the water disinfectant efficiency, in which most other detection methods
(targeting DNA or cell receptors) result in false-positive readout. We were the first to
report on utilizing 16s rRNA for the detection of L. pneumophila with SPRi. We designed
a new series of DNA probes specifically targeting the L. pneumophila 16s rRNA. We
then demonstrated the effect of different factors such as hybridization conditions, DNA
probe design and Quantum dots use for signal post amplification on sensitivity and

specificity of developed detection system.

We further demonstrated that the expression level of 16s rRNA in L. pneumophila
was extremely sensitive to its milieu and therefore can be used for assessing the
metabolic state of the bacteria. Amoeba was shown to play an important role in survival
and amplification of the Legionella in environmental systems [27]. Successful detection
of L. pneumophila both in the presence and absence of amoebae in complex

environmental samples obtained from a cooling water tower was accomplished.

We were the first to demonstrate the detection of 16s rRNA in a DMF setup with
a LOD of 1.8 attomoles RNA within 30 minutes [13]. This level of sensitivity for 16s
rRNA amplification-free detection systems has not reported so far in the literature. This
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biosensor also demonstrated the capability to perform multiplex assays such as
differentiating various species of Legionella on a DMF chip. Taken together, our results
show that integrating DMF device with our detection platform will introduce a new
means for fabricating low-cost, portable biosensor for rapid and multiplex detection of
different Legionella species in environmental water samples to improve the risk

assessment and likelihood of prediction of any possible outbreak.
12.3 Limitations and Future Perspectives

The successful implementation of the Legionella detection platform developed through
this PhD thesis requires further improvement to be used for on-site detection of
pathogenic bacteria in the environmental samples. The limitations of our approach and
the future directions to overcome those limitations are discussed in the following

sections.

12.3.1 16s rRNA expression

We showed in Chapter 10 that the expression level of 16s rRNA in Legionella is
extremely dependent on the milieu. The signal from the detection system is proportional
to the amount of 16s rRNA in the bacteria and to obtain more accurate information
regarding the number of bacteria and their metabolic state, it is necessary to establish a
correlation between the 16s rRNA expression level and the milieu. It is therefore
suggested to establish a correlation between expression levels of 16s rRNA per bacteria
in the specific water samples, based on residency time and temperature of the sample.
Because of the variations in the 16s rRNA expression as a function of the metabolical
activity, it is also desirable to target a reference DNA gene in addition to 16s rRNA as an
internal reference to get a better idea of expression of 16s rRNA per bacteria. Obviously
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the feasibility of targeting the single copy DNA gene is dependent on the very high

sensitivity of the detection system.

12.3.2 Toward development of true on-site biosensor
Although we have successfully presented in Chapter 11 an integration of developed
detection system with a DMF setup for multiplex detection of Legionella, some

modifications and future work are needed in order to realize a true on-site biosensor.

12.3.2.1 Integration of sample preparation with the DMF chip

Although in our DMF detection device, an important part of dilution processes and assay
protocols were carried out on-chip, the sample preparation including collecting the
bacteria from water samples and extracting RNA were performed off-chip. A true on-site
biosensor should be able to contain all the necessary steps (self-contained) including the
sample preparation steps. Currently, RNA/DNA has been extracted on the microfluidic
chips using heat, chemical, electrical or mechanical forces [273]. For our current DMF
setup, the integration of a device enabling the thermal lyses of the bacteria would be very
convenient for the following reasons: 1) The device has already an integrated temperature
control, 2) there is no need for additional reagents or materials to the chip unlike
chemical and mechanical lyses methods, 3) the heat will help the denaturation of the
secondary structure of the 16s rRNA and will improve the hybridization process, and 4)
hybridization of the DNA probes with the target 16s rRNA and thermal lysis can be

performed in the same droplet.

12.3.2.2 Improving the limit of detection
Limit of detection of the developed biosensor is around 100 CFU in each droplet. This

level of sensitivity is not enough for water risk assessment. Several modifications should
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therefore be implemented individually or in combination, such as 1) reducing the
background fluorescence, 2) decreasing the droplet volume, and 3) implementing

digitized readout (compartmentalization).

High background fluorescent signal from DMF electrodes was one of the major
limitations for obtaining low limit of detection. There are few options for reducing the
background florescence. One possibility could be to use materials other than gold with
lower auto-fluorescence. Another option could be to design special electrodes with a

circular opening window for fluorescence measurement.

Since the bacteria are lysed within a single droplet, decreasing the volume of the
droplet will result in higher concentration of the released RNA from a bacterium.
Assuming 7000 copy of 16s rRNA per Legionella, lysing a single Legionella in a droplet
of 15 nL (current droplet volume in DMF) will lead to a final concentration of 16s rRNA
under 1 pM. Decreasing the droplet volume to a pico liter range will increase the
concentration of 16s rRNA up to nM range from a single cell and therefore reduce the
sensitivity to single bacteria in each droplet. Smaller droplets can be produced either by
fabricating smaller electrodes or reducing the gap between the electrode layer and top

plate in a new DMF device.

Digital readouts have proven to be advantageous and far more sensitive (single
molecule level) than conventional assays [274]. The concentration is determined digitally
instead of total analog signal. In addition, one way of compartmentalization of the output
signal can be achieved using magnetic microparticles. In order to obtain the
compartmentalization in the DMF chip, an array of microwells could be designed on the

top plate where each well would contain only one magnetic bead. One of the challenges
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of this setup is keeping the microparticles inside the microwells. This issue can be
addressed either placing a magnet above the top plate to prevent the magnetic bead to
wash away from the wells or by designing hydrophilic microwells in the hydrophobic
surface (teflon coated top or bottom plates of DMF device) to localize also the aqueous
solution within the microwells. To incorporate these features, a standard lift-off method
can be used to pattern Teflon on the top plate to produce a dense array of microwells. For
quantification, the hydrophilic wells containing a bead have to be identified by its
fluorescent signal for the precise determination of the ratio of “on” and “off” wells. This
method would open the door for highly sensitive at the level of single molecule and

multiplex detection of the target analytes.

12.3.2.3 Mass production

Feasibility for mass production and cost reduction are two critical factors to be
considered in the success of point-of-care and on-site biosensors. Paper and plastic are
two potential substrate candidates for the production of disposable and low cost DMF
devices. Producing DMF on paper has been previously demonstrated, but remains far
away from mass production or even from providing the complexity that is needed for
conventional bioassays [275]. The alternative substrate is plastic, which remains
unexplored for DMF applications. The use of plastic substrate reduces the time and
operational cost significantly. The selection of plastic substrate should meet the fast
replication needs with respect to its thermal, optical and mechanical properties. The
feasibility of using plastics in making DMF device was shown in a recent report where
injected printed silver electrodes on a polyethylene terephthalate (PET) substrate was

used to fabricate an electrowetting valve [276].
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12.3.2.4 Transducer integration

The development of the portable and integrated transducer is necessary for point-of-care
and on-site applications. There are some comprehensive reviews on the optical imaging
systems for such applications [277-279]. In this PhD work, the DMF chip was used in
combination with a conventional fluorescent microscope. This rather encouraging, since
there are reports on miniaturization of the fluorescent microscope and its integration with
smart phones [280-282] as well as on compact and portable SPR biosensors [278, 279].
We have used SPRi during the development of our detection platform and the fluorescent
microscope with DMF detection platform. Therefore, the integration of a more versatile

transducer system should be considered in the future development of DMF device.

12.3.2.5 Molecular beacons for one-step detection

In any biosensor setup especially for on-site applications, minimizing the steps and their
complexities are essential. In the developed detection system, the magnetic bead
capturing-and-washing protocol is a tedious process. The washing step was needed to
remove the excess detector probes (unhybridized probes). In order to simplify the
hybridization process, the DNA molecular beacons can be used. These probes are
designed with two functional tails in the native state; one is a fluorophore at one termini
and another a quencher molecule at the other end in the proximity of each other. The
molecular beacon consists of stem and loop section. The stem is composed of the small
parts of the each end of the probe that are complementary to each other while the loop
section is complementary to the target sequences. When the target RNA is hybridized to
the loop section of the probe, the formed duplex becomes more stable than the stem

(because of more base pairs). This leads to the separation of the stem and therefore
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separation of the fluorophore and quencher, which will result in fluorescent emission. As
such, the fluorescent signal level is in direct correlation with the target RNA
concentration, and the detection of the target RNA can be achieved only in one step.
Molecular beacons can be present in the droplet containing the bacteria, while lysis and
hybridization can occur simultaneously without a need for addition or removal of any

reagent.
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Effective pathogen detection is an essential prerequisite for the prevention and treatment of infectious
diseases. Despite recent advances in biosensors, infectious diseases remain a major cause of illnesses
and mortality throughout the world. For instance in developing countries, infectious diseases account
for over half of the mortality rate. Pathogen detection platforms provide a fundamental tool in
different fields including clinical diagnostics, pathology, drug discovery, clinical research, disease
outbreaks, and food safety. Microfluidic lab-on-a-chip (LOC) devices offer many advantages for
pathogen detection such as miniaturization, small sample volume, portability, rapid detection time
and point-of-care diagnosis. This review paper outlines recent microfluidic based devices and LOC
design strategies for pathogen detection with the main focus on the integration of different techniques
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that led to the development of sample-to-result devices. Several examples of recently developed
devices are presented along with respective advantages and limitations of each design. Progresses
made in biomarkers, sample preparation, amplification and fluid handling techniques using
microfluidic platforms are also covered and strategies for multiplexing and high-throughput analysis,

as well as point-of-care diagnosis, are discussed.

1. Introduction

The World Health Organization (WHO) recently reported that
infectious diseases are the second leading cause of mortality
throughout the world after cardiovascular disease.! This
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problem is particularly severe in developing countries and
deprived areas of developed countries, that suffer from poor
hygiene and limited access to centralized labs for diagnostics and
treatments. Half of the mortality in poor countries is due to
infectious discase.” As in developed countries, despite great
progress in enhancing health conditions, there are still several
issues that remain to be resolved in regards to food industries,
pathogen outbreaks, and sexually transmitted diseases.® It is
worth mentioning that in the USA alone, food-borne pathogens
were the main cause of more than 50 million illnesses reported in
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2011* Overall, pathogens are of great importance in many
different fields, including diagnostics, pathology, drug discovery,
clinical research, biological warfare, disease outbreaks, and food
safety.

Conventional and standard methods of pathogen detection
include cell culture, PCR, and enzyme immunoassay, which are
often laborious and take from several hours to days to perform.
Pathogen detection methods should be cost-effective, fast,
sensitive, and accurate. For point of care (POC) applications,
the detection platform should also be simple to use and interpret,
stable under a wide range of operating conditions (such as
temperature, humidity), preferably portable and disposable.®
Furthermore, they should provide the required sensitivity and
specificity.® The ability to perform multiplex tests is another
important prerequisite for pathogen detection devices, especially
in the case of diseases with several pathogen sources, such as
lower respiratory infections.” One of most successful non-
microfluidic POC devices so far is the immunochromatographic
strip (ICS), which is currently used in developing countries.”
Despite some issues with the test’s sensitivity and specificity, [CS
is considered an ideal model for the development of microfluidic-
based devices for pathogen detection by taking advantage of low
cost, sensitivity, specificity, portability, and the simplicity of
microfluidic options. Microfluidics provides a higher surface to
volume ratio, a faster rate of mass and heat transfer, and the
ability to precisely handle very small volumes of reagents,
ranging from nano to picoliters, in microchannels. Because of
these characteristics, microfluidic devices provide better perfor-
mance than conventional systems for providing a rapid detection
time. The use of microfluidics in the context of Lab-On-a-Chip
(LOC) devices has begun to play an important role in the
analytical investigations of biological and chemical samples in a
single miniaturized device. These devices inherently possess
characteristics that make them suitable for POC applications.

Here, we review the present status of microfluidic-based
devices for pathogen diagnostics, emphasizing innovative
designs, strategies, and trends during the past three years.

2. Biomarkers

The specific identification of biological species or their strains
is essential for pathogen detection. Pathogens are generally
recognized based on two main properties: by genetic contents,
using nucleic acid-based probes, or by specific epitopes on the
pathogen membrane or their produced toxins, using antibodies
or antibody alternatives. Usually, the latter approach provides a
lower specificity compared to nucleic acid-based approach,
because the epitopes present on the cell’s surface are normally
found throughout the species. Then, generally, genus-level
detection is achieved,'” but this can provide results in a shorter
time with less manipulation. List of different biomarkers used to
detect pathogens summarized in Table 1.

2.1. Antibodies

Antibody-based detection is one of the main analytical
techniques used for the detection of pathogens. Although
labour-intensive, antibody-based detection has proven to be a
crucial and important factor in the specific and high-affinity
detection of pathogens. Engineering antibody fragments, recom-
binant antibody-fragments (rAbs), single chain variable frag-
ments (scFv) and monovalent antibody fragments (Fabs) are
recent approaches that have originated from antibody-based
detection. The use of these fragments is more cost-effective while
providing the same specificity limits as conventional antibody
methods.!! The detection of specific proteins and of the whole
cell are the two most common applications of antibody-based
probes.

2.1.1 Protein and toxin detection using antibodies. Recently,
antibody-based probes were used for the detection of several
toxins, including Ricin A chain (RCA), staphylococcal enter-
otoxin B (SEB) toxin surrogate,'” ovalbumin,'® and cholera
toxin subunit B (CTB)."* Microarray immunoassays have also
been used extensively for the multiplex detection of proteins and
toxins,'*¢
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Table 1 Detection of pathogens implemented in microfluidic devices

Pathogen Probe LOD Sample Time of analysis ~ Amplification ~ Ref
E coli O15T:HT Antibody 10° CFU mL™! Soil sample 43
Antibody, primer 200 CFU mL™! Synthetic PCR S
Primer 3.58 x 10° copies yL™'  Synthetic 13 min PCR 45
10° CFU mL™! Hotdog, banana,
milk
AMP (Antimicrobial 1 bacteria pL ™’ Synthetic 34
peptide magainin I)
DNA probe 25 CFU mL ™! Synthetic 46
Antibody 32 CFU uL™* Synthetic 20 min 25
Antibody/DNA probe 100 bacteria Synthetic PCR 47
Primer 1 cell in 10° Synthetic 4h PCR 48
Polycolonal 0.6 CFU L™} Lake water Sh PCR 49
antibody/primer
E coli K12 andO157:H7 Antibody 10 CFU mL? Tceberg lettuce 6 min 50
E coli K12 Antibody 55 cells mL ™" PBS 1h 24
100 cells mL™* Milk
E coli BL21 Primer 10° ells mL ™" Blood samples 1h PCR 51
E coli DHSu , S. saprophyticus  PNA probe 1 CFU uL™! Synthetic 30 min 52
100 CFU pL™" Urine
E coli (BL21(DE3)) Antibody 10* CFU mL™ Synthetic 2
E. coli XL-1 Primer 1000 Bacteria mL™" Synthetic 30 min NASBA 53
E coli DH5R DNA probe 105 CFU mL™! Clinical urine 40 min 54
sample
80 CFU mL™! Synthetic
Botrytis cinerea Antibody 0.008 pg mL™' Apple (Red 40 min 55
Delicious)
DNA probe 8§ fmol Synthetic 1h 56
B. cinerea, D. hryoniae, Primer/probe 0.2ng pl.”! Synthetic 3 min PCR 57
and B squamosa
Staphylacoccus aureus Primer <10 copies Synthetic <20 min RPA 58
Antibody 1 CFU Synthetic 30 min 59
Salmonella enterica Primer, probe 88 ngmL™" Synthetic RCA 60
Salmonella berta DNA probe 10° CFU mL™! Synthetic 25 min 61
Bacillus globigii Antibody 1 CFU mL™! Synthetic 30 min 21
Surrogate biotoxin (ovalbumin)  Antibody 50 ppb (18 ng mL™") Raw milk sample 13
Cholera toxin subunit B (CTB)  Antibody 1.0 ng mL™? Synthetic 1h 14
Botulinum toxoid DNA/antibody 25 pg Synthetic 62
Phage M13KO7 Anti-M13 107 pfu mL~’ Synthetic 63
Rotaviruses Primer 3.6 x 104 RNA Stool 1h RT-PCR 64
copies uL™!
HINI Primer/probe 10 TCIDs, Throat swab 35h RT-PCR 65
Swine influenza virus Antibody 610 TCID 5 mL™' Synthetic 6 min 23
Influenza A virus (AHIpdm)  Primer 5.36 x 10° copies mL™'  Synthetic 15 min RT-PCR 66
Influenza B, coronavirus Primer 4.8, 6.3, 10, and Synthetic 2h RT-PCR 67
OC43, influenza A, and 167 copies, respectively
human metapneumo virus
HIV-1 Primer 10 HIV particles Spiked saliva RT-LAMP 68
sample
Noroviruses (NVs) and Primer 6.4 x 10" copies uL ™! Synthetic 1h RT-PCR 69
rotaviruses (RVs)
Nervous necrosis virus (NNV)  Primer 10 fg of cDNA Grouper larvae 1h RT-LAMP 70
Pseudorabies virus (PRV) Primer 10 fg DNA pL™! Synthetic 1h LAMP 71
Severe acute respiratory Primer 3 x 107 copies L™’ Synthetic HDA 72

syndrome (SARS) virus DNA

2.1.2 Whole cell detection. Antibody cell-based pathogen
detection in microfluidic systems has been demonstrated using
different biosensing tools, including Surface Plasmon Resonance
(SF‘R),]7 fluorescence,'® i11'1pr-:ciaruse,'9 chemiluminescence,” con-
ducting polymers,”! and impedance.??

Applying a whole-cell detection approach, pathogens such as
influenza, ™ E. coli®™* L. preumophilia,® hepatitis B, hepatitis
C, and HIV? could be detected.

2.1.3 Alternatives to the antibody. Although antibodies are
widely accessible and easy to use, they have several drawbacks,
such as expensive cost, poor chemical and physical stability,

large size, use of animals for antibody production, limited
antibody availability for all potential analytes, and quality-
assured preparations. There are several emerging alternatives to
antibodies, including enzyme-substrate reactions,”® molecularly
imprinted polymers,” protein-based,*” small molecule probes,*!
aptamers,****&374 and antimicrobial peptides (AMPs).**

The main advantage of enzyme-substrate reactions in compar-
ison to antibody-antigen is that they can be regenerated several
times without loss of affinity or specificity. For instance, there
are enzyme inhibition-based sensors for toxin detection, e.g., the
detection of sarin (a highly toxic material) in blood by using
immobilized cholinesterase on a microfluidic chip.*® Enzymes
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can also be used to target proteins. For instance, Le Nel et al®
developed a microfluidic chip for the detection of pathological
prion protein (PrP) by proteinase K (PK)-mediated protein
digestion.

Molecularly imprinted polymers (MIPs), which can be
produced at a low cost in relatively high stability and
reproducibility, are another alternative to antibodies.’®*” A
microfluidic chip coupled to the MIP method was developed for
the detection of the tobacco mosaic virus (TMV) and the human
thinovirus serotype 2 (HRV2) using impedance measurement.””

Protein-based pathogen detection is another approach in
which the crucial point is preserving the native state and
orientation of the protein in order to provide high specificity
and sensitivity.*® For instance, heat shock protein 60 (Hsp60),
which is a receptor for listeria adhesion protein (LAP) during
L. monocytogenes infection, was utilized for the detection of the
LAP. By using Hsp60, higher sensitivity and capture efficiency
was achieved in comparison to the use of a monocolonal
antibody. Another feature of this protein is that it can be
produced in £ coli by the recombination of cDNA, making it a
cost-effective choice.>”

Small molecule probes have also emerged as alternatives to
antibody-based detection. For instance, Kell ez al ! developed a
vancomycin-modified nanoparticle for the isolation of gram-
positive and -negative bacteria. Although its selectivity is less
than those of monoclonal antibodies, it is a useful tool for
capturing a wide range of bacteria with single vancomycin-
functionalized nanoparticles. It was shown that the architecture
and orientation of the molecule are crucial to efficient target
capture. Overall, by using small molecule probes, the long-term
stability, reaction conditions, and temperature for surface
modification are more flexible compared to those of an
antibody-based approach.

Aptamers are fairly recent options to replace antibodies.*®
Aptamers are nucleic acid molecules developed by an @ vitro
process, which can bind to their molecular targets, such as small
molecules, proteins, or cells,*® with high affinity and specificity.*!
Aptamers have several distinct advantages over antibodies,
including enhanced affinity and specificity, resulting in better
limit of detection (LOD) for biosensing applications. Typically,
they are also smaller than antibodies, enabling them to bind
to epitopes that are otherwise inaccessible to antibodies.*”
Aptamers are selected in conditions similar to those of a real
matrix and can be modified during immobilization, without any
adverse effect on their affinity. Finally, they can be subjected to
several cycles of regeneration.*

On the other hand, aptamers require a long selection time and
several resources to target a specific epitope. Normally, the
systematic evolution of ligands by exponential enrichment
{SELEX) is used to isolate aptamers. Lou et al® developed a
magnetic bead-assisted SELEX technique using microfluidics to
reduce processing time. This design could isolate the target
aptamers after a single round, as compared to conventional
SELEX methods, which usually require 8-15 rounds of selection.
A vparticular feature of this device is ferromagnetic patterns
embedded in the microchannel, which are capable of producing
highly localized magnetic field gradients that provide precise
control over a small number of beads. This device also benefits
from the laminar flow characteristics, which result in minimizing

the molecular diffusion to obtain higher purity. As a proof of
concept, aptamers were selected for botulinum neurotoxin type
A. In another effort to reduce aptamer discovery time, Ahmad
et al > developed a microfluidic SELEX platform in which they
found new aptamer sequences for PDGF-BB in only three
rounds.

Antimicrobial peptides {AMPs) are also used to benefit from
their intrinsic stability, ease of svnthesis, and long-term
functionality compared to antibodies. AMPs can be found in
nature, such as in the extracellular milieu of bacteria and on the
skin of higher organisms ** Mannoor et al* used AMP for the
detection of E. coli, using impedance measurement as a label-free
and portable biosensor platform. The semi-selective antimicro-
bial peptide magainin I, which occurs naturally on the skin of
African clawed frogs, was immobilized on the arrays of gold
electrodes for the detection of £. coli. The LOD of one bacterium
per uL was obtained. Depending on the targeted application,
AMPs provide advantages and disadvantages. If the goal is to
detect a broad range of pathogens, they would be useful because
AMPs are semi-selective toward their target. However for the
identification of a very specific target in a pathogenic mixture,
they might not be appropriate.

2.2. DNA/PNA

DNA hybridization assays provide unique advantages compared
to conventional antibody-based approaches due to their
capabilities for sensitive, specific, and rapid detection of target
nucleic acids.™ Recently, various microfluidic DNA-based
probes were coupled to different measurement techniques,
including SPRi,™ conductance impedance.®”® 7 and (FRET)
fluorescence.”® For more information please refer to a review
paper”™ on DNA microfluidic-based and an integrated micro-
fluidic systems for DNA analysis.*®

Wang et al.”¢ implemented two different methods to distin-
guish a single mismatch using gold nanoparticles (GNPs). In the
first approach, a glass surface was coated with a monolayer of
GNPs, which increased the hybridization efficiency due to
nanoscale spacing between the probes. In the second approach,
a DNA amplicon bound to GNPs was introduced to the probe-
functionalized surface. Riahi er a/** used a double stranded
DNA probe for the detection of bacterial 16 S rRNA. Double
stranded DNA is composed of an actual complementary DNA
to probe the target with a fluorescent dye at the 5’ end. A shorter
probe is then hybridized to the first probe, with a quencher at the
3’ end, in which the 5 of the first probe is in the proximity of the
3’ of the second probe. After introducing the target, the quencher
probe is replaced by the target, resulting in a fluorescent signal.
This setup was used to detect different pathogens in a clinical
urine samples, and a total experimental time of less than 40 min
was achieved.

Peptide nucleic acid (PNA) is a DNA analogue with a peptide
backbone instead of a sugar phosphate backbone. PNAs
normally exhibit chemical and thermal stability, resistance to
enzymatic degradation, faster hybridization kinetics, and the
ability to hybridize at lower salt concentrations. Lower salt
concentrations help to denature the secondary structures of
targets, such as RNA. PNA beacons were designed for the
detection of 16 S rRNA from E coli in a droplet-based
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microfluidic device, without any pre-amplification steps. In this
method, DNA beacons were labeled with fluorescent dyes and
quenchers at both ends. Because of the loop shape of the
beacons, they are both in proximity of each other in an
unhybridized state. After hybridization, this loop broke down,
and the quencher became ineffective, due to its distance from the
dye, resulting in the fluorescence emission.®! In another
approach, PNA molecular beacons were used for the detection
of the PCR amplicons. The PNA beacon had a reporter and a
quencher at each end in proximity of each other before
hybridization. After hybridization with the target DNA,
fluorescence emission from the reporter occurred upon excita-
tion. This setup could discriminate a single base mutation at a
100 nM concentration.*> Conversely, a LOD of | CFU pL ™" in
30 min was obtained by Lam er al® when a PNA probe
immobilized on the nanostructured microelectrodes (NMEs) is
used for the detection of S. saprophyticus and E. coli. One of the
drawbacks of the PNA probes is their relatively high cost
compared to DNA probes.

3. Amplification methods
3.1. PCR and its design

Polymerase Chain Reaction (PCR) is a molecular technique for
DNA amplification. It plays a key role in genetic analysis,
biology, and biochemistry research, since it is able to replicate a
specific fragment of a target nucleic acid by cycling through three
temperature steps and creating several million DNA copies
within a few hours. Integrating microfluidics with PCR not only
could provide the previously mentioned advantages in imple-
menting microfluidic systems, but also could vield lower thermal
capacities and a higher heat transfer rates, and could signifi-
cantly reduce the reaction time.** Pan et al® developed a
multichamber PCR microfluidic chip coupled to multichannel
separation and temperature control units for parallel genetic
analysis. The device did not require any additional fluidic control
unit and was easy and simple to operate. PCR products were
separated and detected in these channels utilizing electrophor-
esis. The hepatitis B virus (HBV), Mycobacterium tuberculosis
{MTB), and the genotyping of human leucocyte antigen (HLA)
were detected using this platform.

Preventing sample evaporation is one of the main challenges to
overcome with using PCR. in microfluidic systems. This issue is
particularly problematic in open reaction channels. To address
this challenge, Wang et a!®* used non-miscible mineral oil to
cover the liquid and prevent its evaporation during the
experiment. Salmonella enterica, Escherichia coli, and Listeria
monocytogenes could then be simultaneously detected using an
oscillatory-flow multiplex PCR. This design achieved an
evaporation loss of less than 5% while decreasing the detection
time to less than 24 min.

In some cases when entire bacteria were introduced to the
detection PCR platforms, captured bacteria inside the micro-
fluidic device could be lysed by thermal®® chemical,®” physi-
cal®®** and electrical means.® For instance, Cheong et al®!
developed a one-step real-time PCR method for pathogen
detection. In this design, Au nanorods were used to transform
near-infrared energy into thermal energy and subsequently lyse
the pathogens. Next, DNA was extracted and amplified in the

PCR chamber. This one-step lysis improved the overall efficiency
of the device because there was no need to change or remove
reagents.

PCR was integrated with different sample preparation and
separation devices to obtain higher sensitivity and specificity.
For instance, sample cleanup was used along with PCR to detect
human respiratory viral pathogens. Capillary electrophoresis
was implemented for post amplification sample cleanup and the
separation step in conjunction with PCR, and results were
obtained in less than two hours.®” Target enrichment, capture,
lysis, and real-time ¢ PCR were used for the detection of E. coliin
water samples in eight different samples independently and
simultaneously. Before capturing the target cell, two filtration
steps were performed to remove particles, followed by sample
enrichment. Antibodies coated on the PMMA surface were used
to capture the target cells in the next step. After washing to
remove nonspecific attachment, cells were removed using a cell
stripper solution and thermally lysed. Next, the genetic contents
were used in real-time qPCR amplification, and a LOD of 6
CFU was achieved in less than 5 h.*

3.2. Isothermal

The isothermal amplification®® of DNA/RNA have recently
drawn interest since it does not require large thermal momentum
and energy for temperature cycles as compared to PCR systems.
Therefore, it is a simpler and more energy efficient approach,
making it an excellent choice for POC applications. Methods
for isothermal amplification, include loop-mediated isother-
mal amplification (LAMP),”® * helicase-dependent amplification
(H.DA),QD nucleic acid sequence-based amplification (N ASBA),53
recombinase polymerase amplification (RPAY®'™ and rolling
circle amplification (RCA).*

One of the most common isothermal amplification methods is
LAMP. Although this technique is primarily used for DNA
amplification, by reverse transcriptase it can also be implemen-
ted for RNA samples. The obtained signal can be visualized
either by fluorescent intensity measurements or by the naked eye
for turbidity due to precipitation, which makes it suitable for
locations with limited resources. Generally, four primers
are used to recognize six distinet sequences of the target DNA
with a working temperature of around 60-65 °C (Fig. 1-iii).
Fang et al’’ used LAMP amplification for the detection of
pseudorabies viral DNA. The design consisted of eight parallel
microchannels, enabling simultaneous reactions for high-
throughput analysis. The entire device is sealed with uncured
PDMS, which prevents evaporation and bubble formation. The
result can be visualized by a compact real-time absorbance
device or even by the naked eye. Using this method, 10 fg of
DNA per pL were detected within 1 h, which is faster and more
sensitive than PCR, and consumes smaller sample volumes. The
higher sensitivity, simplicity, and low cost of this design make it
suitable for use in POC diagnostics. In another approach, the
LAMP method was used in a disposable self-heating car-
tridge.'”! The temperature control was provided by the
exothermic reaction, using a Flameless Ration Heater (FRH)
activated by water. A DNA sample collected from E. coli in urine
samples was detected vig the LOD of the 10 E. coli DNA within
I h. LAMP was also integrated with a low-cost CCD-based
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Fig. 1 Schematics of isothermal amplification methodologies: (i) HDA: dsDNA is unwound by the helicase enzyme then a single-strand binding
protein stabilizes the strands. Finally a double-stranded copy is produced using primers and polymerase. (Reproduced from Ref. 92 with permission
from Royal Society of Chemistry.) (ii) RPA: Primers bind to template DNA and a copy of the amplicon is produced by extension of the primers using a
DNA polymerase. (Reproduced from Ref. 93 with permission from Public Library of Science.) (iii) LAMP: Template synthesis initiated by the primer
sets resulting in stem-loop DNAs with several inverted repeats of the target sequence. In this schematic, only the process using forward primer set is
shown. (Reproduced from Ref. 92 with permission from Royal Society of Chemistry.) (iv) NASBA: (A) The initial phase to synthesize complementary
RNA to the target RNA and (B) in the cyclic phase, each newly synthesized RNA can be copied, leading to exponential amplification. (Reproduced
from Ref. 92 with permission from Royal Society of Chemistry.) (v) RCA: (a) Linear template and single primer (b) circular template and single primer.
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Blue and green lines represent target DNA and oligonucleotide primers respectively. (Reproduced from Ref. 94 with permission from Elsevier.)

fluorescent imaging system.'® Various features of the imaging

system, such as gain, offset, and exposure time, were optimized
to achieve better sensitivity. The performance of this low-cost
CCD imaging system was comparable to commercially available
PCR systems. Six different waterborne pathogens were tested
with this device, and it could detect single DNA copies in 2 pL in
less than 20 min. Using RNA as a target in the LAMP method
requires a reverse transcription to convert the RNA into DNA.
This method was implemented to detect HIV RNA®® and the
nervous necrosis virus (NNV) in grouper larvae.” For NNV
detection, functionalized magnetic beads (MB) conjugated with a
specific probe were used to capture the RNA from the grouper
tissues. To generate a uniform temperature, an array-type
micro-heater was utilized. As a result, more specific and faster
extraction could be achieved. A LOD of 10 fg of DNA was
found which was 100-fold more sensitive than RT-PCR.

For HDA method, the helicase enzyme opens the double-
stranded DNA in order to let the primers hybridize, extend, and
become two copies (Fig. 1-i). This mechanism operates in the
same temperature range as LAMP, but it is simpler because it
requires two enzymes and, similar to PCR, only two specific
target oligos. However, compared to the LAMP method, it is

longer. The HDA method was successfully used to detect the
ovarian cancer biomarker RSF-1, severe acute respiratory
syndrome (SARS) virus DNA,”? and E. coli.'”

HDA was also used in a fully integrated microfluidic system,
which contained bacteria lysis, extraction, and HDA amplifica-
tion of the DNA on a disposable cartridge. With this setup, 10
CFU of E. coli were detected in less than one hour.'”

In the transcription-based RNA amplification system or
NASBA, initially developed by Compton er al.'™ (Fig. 1-iv),
three enzymes are involved in the reaction, namely avian
myeloblastosis virus reverse transcriptase, RNase H, and T7
RNA polymerase. Generally, NASBA produces more than 10°
copies in 90 min at a temperature around 40 °C and different
types of nucleic acids, including tmRNA, rRNA, mRNA,
ssDNA, and virus nucleic acid, can be analyzed. One of the
drawbacks of this method is its inability to amplify the double
strand of DNA since an initial temperature of 95 °C is required,
adding more complications to the design. Dimov ez al.>* used a
NASBA method for the detection of E. coli. The tmRNA (10
saRNA) was used as a target because of its high stability
compared to mRNA, high copy number, and presence in most
bacteria. This characteristic increased the sensitivity and
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shortened the experimental time. Before the amplification step,
silica beads were used for the purification and concentration of
RNA from the sample. Applying real-time detection, a LOD of
100 cells in less than 30 min was achieved.

RPA was first introduced in 2006, (Fig. 1-ii) for DNA
amplification at low temperature (37 °C). RPA couples strand-
displacement DNA synthesis with isothermal recombinase-
driven primer targeting of the sample, resulting in an exponential
amplification. The sensitivity of the RPA is similar to that of
conventional PCR. For instance, the mecA gene from
Staphylococcus aureus was detected with an LOD of 10 copies
in less than 20 min.”®

RCA is another alternative method to RPA, which is also
performed at a low temperature (37 °C). RCA (Fig. 1-v) is useful
for circular DNAs, such as viruses, plasmids, and bacteriophage
genomes. This method can be used to amplify circular probes,
which are designed to circularize upon binding to a target and
seal by ligation.'" For instance, it has been shown that circular
viral DNA could be amplified by RCA using bacteriophage
phi29 DNA polymerase without the use of primers.”* V. cholerae
DNA was also detected with a LOD of 25 ng DNA in around 1 h
using an electrophoretic microchip setup.'”” In another attempt,
Sato et al®® developed a fully integrated microchip by using
padlock probes and RCA in which solid phase capture in the
microchannel was used to employ RCA on the bead for single
molecule detection. Thirty amol genetic DNA from Salmonella
was detected by this system.

4. Sample preparation

Placing an initial sample in contact with a biomarker without
sample preparation will hinder sensitivity and specificity.
Therefore, sample preparation steps are of high importance in
achieving high sensitivity and specificity in any detection
platform. The enrichment of the target analyte and/or the
removal of inhibitors are two main strategies in this regard. This
is especially important in the case of complex matrices, such as
blood, saliva, interstitial fluid, and environmental samples
composed of many different entities. Dielectrophoresis (DEP),
micro/nano particles, and filters are three simple and straightfor-
ward approaches for sample preparation.

4.1. DEP

In the presence of electric fields, particles express dielectrophore-
tic activity. When subjected to a non-uniform electric field,
polarised particles will move towards regions of high or low
clectric fields. A particle’s polarisability in its surrounding
medium induces dielectophoretic motion towards (positive
DEP) or away from (negative DEP) the electrode surface. The
strength of this force depends on several factors, including the
particle’s electrical properties, shape and size, and the frequency
of the electric field. Therefore, to manipulate a group of desired
particles, a particular frequency should be applied. However,
positive DEP cannot be used to enrich bacteria in physiological
media, which has a high conductivity, since it only works in the
media with low conductivity.

To overcome said limitation, Park et a used a combination
of positive and negative DEP to continuously separate and
concentrate bacteria from physiological samples, such as

/ 105

cerebrospinal fluid and blood. This microfluidic platform was
used to concentrate the bacteria up to 104-fold by taking
millilitre volumes of the target samples. The separation efficiency
in the buffer was 87.2% for E. coli in human cerebrospinal fluid
and blood, as shown in Fig. 2.

In another effort,'” a DC insulator DEP was developed
in which arrays of cylindrical insulators were implemented
inside a microchannel. By using negative DEP, E. coli and
Saccharomyces cerevisiae were enriched and separated in less
than 2 min. Applying different configurations of electrodes are
effective in terms of the decay of the field and control over
targets. For example, three-dimensional DEP was developed
by positioning the electrodes on the top and bottom of a
microchannel. In this research, different bacteria, such as
Staphylococcus aureus and Pseudomonas aeruginosa, were con-
tinuously sorted and concentrated with a higher efficiency than
that of 2D electrode configuration.'®”

4.2. Particles and beads

Magnetic, metallic, polymeric, and liposome-based micro/nano
particles have proven to be effective in obtaining higher
sensitivity and selectivity for pathogen detection. Micro-beads,
due to their high surface-to-volume ratios and low diffusion
times, can increase the chance of biorecognition.'?

Separation channel

Medium exchange
bacterial cell

buffer stream —»

Concentration chamber

Buffer inlet
Sample inlet

DEP separation electrodes
DEP concentration electrodes

Fig. 2 (a) Schematic of DEP integrated in a microfluidic device for
continuous cell separation and concentration. (b) Fluorescence micro-
scopy image of separation channel inflow (c) fluorescent image of
separation channel outflow. (Reproduced from Ref. 105 with permission
from Royal Society of Chemistry.)
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4.2.1 Micro/nano particles. Micro/nano particles have been
extensively used for nucleic acid extraction and enrich-
ment*®* 711 or for whole cell enrichment 5444859111112
Silica beads were employed to extract RNA from biological
samples in a microfluidic system,’*''* reducing the chance of
contamination and RNA degradation. Bhattacharyya et al''"
used a solid-phase extraction system, which was formed by
trapping silica particles in a porous polymer monolith. RNA of
the influenza A (ITIN1) virus could attach to silica particles, be
isolated from the infected mammalian cells and detached later
for further manipulation. In another approach, silica beads were
immobilized on a bed to purify and concentrate RNA from a
mammalian cell sample infected with influenza. Immobilized
beads increased the capture efficacy by passing the solution back
and forth on the bed to increase the RNA capture efficiency by
10°- to 10*-fold as compared to that of non-immobilized beads.™
For whole-cell detection, antibody-immobilised glass beads were
applied inside a microchannel to capture E. coli with up to 96%
efficiency.”

4.2.2 Magnetic beads. Although microparticles provide a high
surface-to-volume ratio and fast diffusion time, their manipula-
tion is uniquely dependent on the applied flow conditions. To
add another degree of freedom for particle manipulation,
magnetic beads can be used and controlled by magnetic fields.
This would increase the selectivity through enhanced discrimina-
tion between specific and non-specific targets.''*''

A popular strategy for magnetic bead-based detection relies on
enhancing the mixing and capturing of the probe-functionalized
beads with the sample, followed by applying a magnetic field to
capture the beads and surface rinsing. For instance, Wang er al.”
used a specific probe conjugated to magnetic beads to capture
the target RNA from the entire tissue lysate. After target
hybridization, the beads are immobilized on the surface using a
permanent magnet, and the lysate is washed out in the channel.
This is followed by isothermal amplification of the captured
RNA (Fig. 3-1). Applying this strategy, magnetic beads were also
used to capture and enrich target cells from the sample. To
obtain an even distribution of beads in the channels, after each
split the beads were situated in a bifurcated channel. In this way,
a bed of beads is formed by a magnetic field. The sample flowed
through this bed, and after washing, off-chip PCR and CE were
performed to enhance the capture efficiency of E. coli 0157 in a
background of E. cefi K12.* Using the same approach, magnetic
beads could be functionalized with enzyme-labeled antibodies for
the electrochemical detection of pathogens, such as E. coli™
Since non-specific binding is at least an order of magnitude
weaker than specific ligand-receptor binding,''® the Fluidic
Force Discrimination (FFD) method could be used to control
target attachment and nonspecilic detachment under flow
conditions in microfluidic channels, as well as target capture
selectivity.'> Mulvaney ez al'’> employed FFD by applying
sufficient force using the speed of laminar flow to selectively
remove the nonspecific binding materials and to distinguish
between specific and non-specific binding. Magnetic beads were
used for the detection of the target in complex matrices, such as
whole blood. After capturing the analyte by magnetic beads on
the surface, the controlled flow passed over the analyte to
remove non-specific bindings due to the fact that non-specific
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arriie DNA relodse
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Fig. 3 (i) Schematic diagram of integrated microfluidic LAMP system
for RNA purification and NNV detection. (Reproduced from Ref. 70
with permission from Elsevier.) (ii} Schematic illustrations of an
integrated PMMS-CE microdevice for multiplex pathogen detection.
The microdevice consists of a passive mixer, a magnetic separator and a
capillary ¢lectrophoretic microchannel to identify target pathogens.
(Reproduced from Ref. 59 with permission from Royal Society of
Chemistry.)

bindings are at least an order of magnitude weaker than the
specific ligand-receptor bindings.''® The number of the beads
was counted either by optical microscopy or a magnetoelectronic
sensor to obtain the density of the beads. As such, ricin A chain
(RCA) and staphylococeal enterotoxin B (SEB) were detected
with an LOD of around 300 fM.

Mujika e al''! developed a magnetoresistive immunosensor
for the detection of E. coli. The device could detect small
variations in the magnetic field caused by the conjugation of
magnetic beads to previously immobilized antigens on the
surface (antibody-antigen-antibody-magnetic bead). The results
showed a very high specificity for E cefi, with the 105 CFU
mL™" E coli being compared to Salmonella spp. as a negative
control.

Passive mixing and detection using magnetic beads is another
strategy in which mixing and target capture occur in flow
conditions. Microfluidic design and flow control are important
factors in this approach. Antibody-conjugated magnetic beads as
capture probes and gold nanoparticles conjugated to the same
antibody and fluorescently labelled DNA barcodes as comple-
mentary probes were used to detect bacteria that were
sandwiched between the functionalized magnetic particles and
gold nanoparticles.” Passive mixing was obtained through the
design of the micromixer, which was used to attain the maximum
cell capture efficiency. This design included an intestine-shaped
serpentine channel around 18 ecm in length, which could hoeld
around 4 pL (Fig. 3-ii). Increasing the retention time in this setup
caused higher mixing, and as a result, a high cell capture
efficiency up to 75% capture was achieved with 20 min retention
time. This was followed by separation of the MB-E. coli-GNP
complex through applying a magnetic field and then purification
of the non-conjugated particles by rinsing. DNA barcodes were
then detached from the GNPs by heating (up to 90 “C} and were
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detected using fluorescence microscopy. A high number of the
obtained DNA barcodes per GNP resulted in the single-cell
detection of three different pathogens (Staphvlococcus aureus,
E.coli O157 : H7, and Salmonella typhimurium ) in less than
30 min.

4.3. Filter

Filters are a cost-effective and straightforward alternative for the
rapid preparation and enrichment of samples. Physical filtration
systems can be made of aluminum oxide,'™® polyimidﬂ,”g
chitosan,'* poly carbonate,’”! SU-8'"" and silica.'” Using
multistep polycarbonate-based membranes (10 ym and 0.1 m),
E. coli cells could be enriched up to 2 x 10%fold in a
microfluidic system.*” Nano-sized membranes can also be used
to separate small biological elements, such as antibodies and
viruses. For example, Reichmuth et al” used nanoporous
polyacrylamide membranes (10 nm) to detect the influenza virus.
The size-exclusion characteristics of the in situ polymerized
membrane led to the simultaneous concentration of viral
particles and the separation of virus-fluorescent antibody
complexes, while unbound antibodies passed through the
membrane. Compared to electrophoretic immunoassay solely,
applying the membrane resulted in a faster detection time and
higher sensitivity.”?

Filters can be chemically functionalized to be even more
specific to selectively capture the target. For instance, Liu ef al.*®
used Flinders Technology Associates (Whatman FTA) mem-
branes as a filter for the isolation, concentration, and purifica-
tion of nucleic acids. This filter specifically captures nucleic acids
and also enhances the removal of inhibitors, which drastically
increases the sensitivity of the detection platform.

3D microstructures in microfluidic platforms can be applied to
physically filter biological elements. In this regard, microfabrica-
tion is required to produce structures such as micro-pillars. The
patterned micropillars can later be chemically functionalized
using microfluidics. Hwang et /! implemented microfabricated
micropillars with an affinity for bacterial cells inside a PCR chip
to detect . coli in blood samples. Bacteria were first captured on
the micropillars, and the rest of the sample, containing PCR
inhibitors, was washed away.

5. Design strategies for pathogen detection

Many efforts have been made towards the development of novel
designs based on microfluidic principles for rapid, automated,
and high-throughput analysis of pathogen detection in order to
obtain robust and detailed information from complex samples
containing different pathogens.

5.1. Strategies to develop high-throughput multiplex devices

Rapid, multiplex and high-throughput detection of multiple
pathogens requires the implementation of parallel microchan-
nels, embedding micro-pumps, micro-valves, and/or discretizing
the flow into controllable droplets. These features could be only
obtained through appropriate design of automated microfluidic
LOC platforms that can assure the operation of the device,
especially for non-technical operators.?’##116.124.125

An automated shutter flow device embedded with micro-
valves and a micro-pump was implemented for the high-
throughput hybridization of dengue virus DNA (Fig. 4-ii)."*¢
This device was composed of 48 hybridization units, which could
run assays in high-throughput mode. An LOD of 100 pM was
achieved in only 90 s using 1 pl of sample.

Combining an embedded micro-pump with droplet-based
microfluidics could enhance automation and high-throughput
analysis. For instance, Zeng et al*® developed a droplet-based
microfluidic system for single-cell genetic analysis (Fig. 4-i). In
this setup, multiplex PCR amplification integrated with a
microfluidic emulsion generator {up to 3.4 x 10° droplets per
hour) was performed for large-scale quantitative genotypic
studies of biological samples. The design included glass-
PDMS-glass hybrid substrates that were integrated with a
three-valve diaphragm micropump, which helped transport and
encapsulate cells inside the droplets. The entire process,
including PCR amplification, lasted around 4 h, and led to
single-cell-level sensitivity.

Designing parallel detection chambers is a simple approach to
performing high-throughput sample analysis (Fig. 4-iii). Zhang
et al "' developed a chip composed of two layers: a patterned,
fluidic layer at the top and a pneumatic control layer at the
bottom. This chip consisted of seven immune-reaction columns
with micromechanical valves, and concentrations of target toxins
were read out by measuring the color intensity of the micro-
columns. Detection of the toxins, such as microcystin, were
achieved in less than 25 min with an LOD of .02 ng mL ™.

Microfluidic quantum dot (QD)-based barcodes for multiplex
high-throughput detection of the hepatitis B virus, hepatitis C
virus, and HIV were developed. Three QDs with different
emission wavelengths were selected and conjugated to a specific
antibody for each target. Using an electrokinetically driven,
microfluidic system, real-time readout of the barcodes with a
picomolar LOD was achieved in less than one hour.*’ Despite
efforts to develop multiplex high-throughput devices, they still
cannot be used in POC or on field detection systems.

5.2. Strategies to develop POC devices

Recently, efforts have been made to develop detection platforms
suitable for POC diagnostics. Low cost, portability, ease of use,
fast detection time, and minimal side accessories are the main
characteristics of microchips for POC diagnostics. Several
factors should be considered in developing microchips with the
aforementioned specifications. Transducers and pumping sys-
tems normally occupy larger spaces, consume more power, and
are costly. Indeed, most research in this field is being directed
towards eliminating or minimizing the need for external
accessories and power.

For instance, a low-power and low-cost pump system so-called
Electro-Hydraulic Pump (EHP) was developed by Lui et al.'*®
This system consists of two separate sections: an electrolyte
chamber and a reagent chamber. On top of these two chambers,
there is a hydraulic fluid separated by a flexible membrane. First,
gold electrodes are used for electrolysis. As a result, bubbles are
formed and expand the flexible membrane. This pressure forces
the fluid to move out of the reagent chamber. Since this system is
mainly made of PDMS and polystyrene, it is suitable for mass
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Gas control layer

Shutle flow layer

Glass substrate with gel pads

Fig. 4 (i) Schematic of microfluidic emulsion generator (MEGA) array device. (A) Design of a glass-PDMS-glass hybrid four-channel MEGA device
and (B) layout of a 32-channel MEGA device. (C) Layout of a 96-channel MEGA device. (D) Illustration of complete four layer 96-channel MEGA
device and the plexiglass assembly module. (Reproduced from Ref. 48 with permission from American Chemical Society.) (ii) Exploded view of the
microfluidic chip containing shuttle flow channels. micropumps and microvalves. (Reproduced from Ref. 116 with permission from Royal Society of
Chemistry.) (iii) (A) Schematic representation of an immunoreaction chip used for detection of algal toxins. Red and blue color represent the regular
valves and sieve valves respectively. (B) and (C) Pictures of the microfluidic chip and central area of the chip. (Reproduced from Ref. 117 with

permission from Royal Society of Chemistry.)

production. A broad range of flow rates generated by EHP (from
1.25 to 30 L min™"), and its simple fabrication method makes it
a suitable option for many lab-on-a-chip applications (Fig. 5).'*

Since handling liquids in microfluidic devices, without pumps
or valves, would be a tremendous step towards developing
portable POC devices, Weng et al.®" developed a microfluidic
chip that does not require syringe pumps, valves, and tubing for
liquid handling. The device operates by gravity-based pressure-
driven flow, and electrokinetically controlled oil-droplet
sequence valves (ECODSVs) were implemented inside this
microfluidic chip. Electroosmotic flow was used to control the
ECODSVs and hence the sequential fluidic operation of the chip.
Using this setup, an RNA-DNA hybridization assay was carried
out in less than 25 min.

5.2.1 Droplet-based and digital microfluidics. Another
approach that eliminates the need for pumping and valve
systems can be achieved by droplet-based microfluidics. The
overall configuration and process is straightforward, which

makes the setup practical for POC applications. Droplet-based
microfluidics'**'?? is based on the generation and manipulation
of individual droplets. Therefore, each droplet can potentially be
a bioreactor, which is an important advantage compared to
continuous flow microfluidic devices. Droplets are typically
generated by the flow of at least two liquids, and controlled
either by volume or pressure. Unlike continuous flow micro-
fluidics, scaling up does not increase device size or complexity,
making it a good candidate for high-throughput screening and
analysis. Different biological assays, such as PCR'*” and DNA
hybridization,*"'*" were carried out with droplet-based micro-
fluidics. For instance, a droplet-based platform was used for the
high-throughput detection of E coli®' PNA probes were
designed to specifically target 16 S rRNA from E. coli. To do
50, the cell sample and detection probes were mixed, and after
droplet production, cell lyses and hybridization was carried out
in each droplet. Finally, using confocal fluorescence spectro-
scopy, a detection signal was obtained.
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Fig. 5 Activation mechanism of the electro-hydraulic pump. Bubbles
are formed by electrolysis of the pumping fluid applying electrical
current. The produced pressure is transferred through a flexible
membrane to a hydraulic fluid chamber, which then pushes fluid out
of the reagent chamber. (Reproduced from Ref. 126 with permission
from Royal Society of Chemistry.)

In a new design for transporting reagents between droplets,
micro-elevation was implemented to form slits that lacilitate the
splitting of the super paramagnetic particles from droplets
(Fig. 6-1). Material transfer between each droplet was carried out
by silica superparamagnetic particles, which acted as carriers.
The embedded slits were either V-shaped or pairs of micropillars.
Genetic analysis, steps of cell lysis, DNA binding, washing,
clution, amplification, and detection are performed within each
individual droplet. This platform was also equipped with a
thermal cycler for PCR amplification. Using this chip, PCR and
HDA (Helicase dependent amplification) were performed for the
detection of ovarian cancer biomarker Rsf-1 and E. coli.
Although this material transfer method is a simple solution to
reduce complexity, it is still dependent on magnetic forces, which
makes it’s applications in POC diagnostics challenging.”’

In droplet-based microfluidics, droplets are moved in series in
one direction, restricted to microchannel geometries. Unlike the
droplet-based microfluidic setup, digital microfluidic analysis
(DMF) is able to address each droplet discreetly in an array of
electrodes which can then be moved based on the electrowetting
on dielectric (EWOD) principle on a 2D plane. This ability
makes the DMF an excellent choice for multiplex high-
throughput assays. So far, DMF has been used for many
applications, including cell culturing,'”> DNA hybridiza-
tion,m'”3 PCR,"™ and irﬂmuru}assnys.135 Different transducers
have also been integrated with DMF, such as SPR imaging,'*®
field effect transistors (FET),'*” matrix-assisted laser desorption/
jonization mass spectrometry (MALDI-MS),"**"* and UV/Vis
spectroscopy.'® For instance, a DMF platform made of 500
clectrodes in the bottom substrate and a disposable plastic top
substrate with 100 detection spots was developed. In this setup,
many detection tests could be carried out by replacing the top
plastic substrate with a 5 DC USB connection (Fig. 6-ii). Overall,
having the capability of high-throughput analysis with an

exchangeable disposable plastic detection layer and running on
a very low power supply, makes DMF a platform suitable for
locations with few resources.'”” A portable DMF cartridge was
designed, which benefited from magnetic bead-based immunoas-
say and PCR, which was primarily targeted for POC applica-
tions because of its low cost of fabrication and versatility.'*’

5.2.2 Lab on a disk devices. Centrifugal pumping, also called
“lab-on-a-CD” is another approach to eliminate the need for
tubing and external pumping systems because it only requires a
simple electric motor for fluid handling.”'"** Compared to
conventional (vacuum suction) systems, this method provides
less signal variations between replicate samples. Wang er al.®’
developed a sophisticated microfluidic microarray in which
centrifugal pumping was the driving force (Fig. 7). This device
was composed of radial and spiral microchannels for parallel
DNA detection at the level of single-base-pair discrimination.
The hybridization occured in the intersection of the radial probe
line and spiral channels, which deliver the target. Sensitivity was
further enhanced by controlling the flow rate and channel depth.
By lowering the flow rate, the residence time will increase,
resulting in better hybridization. At the same time, mass
transport was enhanced by decreasing the channel depth,
resulting in a better signal to noise ratio because the shallower
channel has better mass transport as compared to the deeper
channel. Using this device, over 100 samples were analyzed in
parallel in 3 min.

A variety of phenomena in nature operate based on capillary
forces. Mimicking this concept and implementing it into
microfluidic devices is an ideal alternative for accessory-free
liquid handling. For instance, a capillary-based microfluidic
platform was implemented to simultaneously detect four
different waterborne pathogens using real-time PCR.'*

5.2.3 Paper-based devices. Compared to other capillary-based
microfluidic devices developed for pathogen detection, paper-
based microchips'*'*° provide an innovative approach to
produce disposable, biodegradable, cost-elfective, portable and
simple chips. These devices are generally made from abundant
materials such as cellulose fiber, have low volume and are easy to
fabricate.'*¢

Various detection strategies have been implemented in paper -
based microfluidic devices to recognize pathogen presence, most
of which are based on the colorimetric method."*'* Lateral
flow immunochromatographic is one such common test method
where the result can be observed by the naked eye. Abe et al.'*
used immunochromatography to detect IgG antibodies and a
LOD of 10 ug L™" was achieved within 20 min. It is noteworthy
that conventional single-layer paper-based platforms are not
comparable with conventional LOC devices in terms of
sensitivity, accuracy, and multiplex analysis capabilities. As a
result, there have been many efforts to design multiplex paper-
based devices with higher sensitivities. Specifically, paper-based
three-dimensional microfluidic devices have emerged to enable
more complicated analysis. In addition to movement along each
layer, reagents can also move up and down between the top and
bottom layers. Martinez et al."™ developed such a microfluidic
platform (Fig. 8-1) by stacking layers of patterned paper in which
cach layer can have a different pattern of biomarkers and
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Fig. 6 (i) Droplet based microfluidic chip implementing magnetic actuation. Demonstration of the droplet manipulation in (c) air and (d) oil mediums.
(Reproduced from Ref. 99 with permission from Royal Society of Chemistry.) (i) (a) Top view of an EWOD-based digital microfluidic device, (b) a
reservoir, (c) analysis spots, and (d) region for mixing, storing and splitting droplets. (Reproduced from Ref. 127 with permission from IEEE.)
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Fig. 7 Schematic diagram of the microfluidic microarray. Procedure for (A) probe printing and (B) hybridization. (Reproduced from Ref. 57 with

permission from Elsevier.)

reagents. Despite the sophisticated technology involved in the
fabrication of this device, its final cost is very low, making it a
promising candidate for POC diagnostics in resource-limited
settings.

Enzyme-Linked Immunosorbent Assays (ELISA) '*' and
Electrochemiluminescence (ECL) have also been performed
using 3D paper-based micrifluidics.'™ Liu et al'*' reported a
3D paper-based device using ELISA in which all necessary
regents were stored within the device in dry state. Using this
setup, only 2 pL of sample was required to perform the analysis
(Fig. 8-ii). The colorimetric results can be captured by cell phone
or scanner and sent to an off-site location for further analysis.
Using this setup, the IgG antibody was detected in 43 min with
an LOD of 330 pM.'*!

ECL immunoassay was also integrated on a 3D paper-based
microfluidic device.'” In this setup, eight working carbon
electrodes were screen-printed on the first paper substrate and
on the second paper substrate all patterns included both the
same Ag/AgCl reference and carbon counter electrodes. In
addition to the advantages provided by 3D design, the device
could also benefit from the higher sensitivity and specificity
provided by the ECL method.'*

Although the emergence of such devices is an important step
towards producing real diagnostic devices for POC applications,
there is still a need to reduce fabrication complexity while
benefiting from the advantages of 3D design. The origami
concept can be used in this regard to simplify fabrication
complexity. Origami is a traditional Japanese paper folding
technique, which is used to construct 3D geometries from a
single paper sheet. Liu ez al.'> fabricated an entire paper-based
device from a single sheet using one-step photolithography based
on origami demonstrating that complex patterns can be
produced without additional fabrication overhead. Another
advantage of this system is that it is performed using an
automated printing technique and assembled without tools
(Fig. 8-iii).'**

5.2.4 Integration towards sample-to-result POC devices. A
multitude of design and detection methods were introduced in
the previous sections, each providing specific advantages
regarding pathogen detection. The proper integration of these
techniques into a single chip would address most of the
drawbacks seen when each one is used individually. This would
bring the end goal of developing POC devices into reality by
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Fig. 8 Three-dimensional paper-based microfluidic platform. (i) Demonstration of the fabrication, design and patterning of a three-dimensional
paper-based microfluidic platform. (Reproduced from Ref. 150 with permission from Pr dings of the National Academy of Sci ) (i) Sct ic
of operating procedures of ELISA in a three-dimensional paper-based microfluidic device. (Reproduced from Ref. 151 with permission from IEEE.)

(iii) A three-dimensional paper-based microfluidic device using origami principle. (Reproduced from Ref. 153 with permission from American Chemical

Society.)

performing sample-to-result diagnostic tests with low LODs in a
reasonable time.

A fully integrated, disposable, and portable device was
developed to detect the HINI virus from a throat swab sample,
based on microfluidics®® where the immunomagnetic target
capture, pre-concentration and purification, PCR amplification,
and sequence specific electrochemical detection steps were
performed on a single monolithic chip (Fig. 9-i). A DNA probe
complementary to the HINI virus was immobilized on a gold
electrode. The amplified ssDNA was introduced for 30 min and
target hybridization induced a conformational change in the
probe that led to a decrease in the electrical current. The LOD of
this device for the HINT influenza virus was 10 TCIDS0, four
orders of magnitude below those of clinically relevant viral titers
with total analysis time of 3.5 h. This device could have a great
potential in POC applications because of its high sensitivity in
testing real samples. Further improvement, such as finding
alternatives for the syringe pumps and heaters would make these
devices an excellent option for POC applications.

52

Another fully integrated device was developed by Lam er al.
(Fig. 9-ii). This platform enabled the detection of pathogenic
bacteria in urine samples in less than 30 min. Generally, cells
were first lysed in a chamber by applying an electrical field
resulting in the release of their genetic content. Then, nanos-
tructured microelectrodes were implemented for the electro-
chemical detection of the genetic content. E. coli and S.
saprophyticus were successfully tested in urine samples with 100
CFU uL™" (clinical relevant concentration) using this platform.
The device does not require sample preparation or amplification
steps while providing the necessary sensitivity in a faster time
and more straightforward approach.

Lutz et al.®® developed a self-sufficient lab on a foil system,
based on a centrifugal lab on a CD principle for automatic
nucleic acid amplification, capable of performing 30 reactions
simultaneously. The structure was micromilled on a cyclic olefin
copolymer, and foil formation was achieved by hot embossing.
The reagents for signal amplification were stored inside a glass
capsule, which increased the shelf life of the device. The liquid
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Fig. 9 (i) Schematic illustration of the microfluidic chip for sample-to-answer genetic analysis of HINI virus. (Reproduced from Ref. 65 with
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integrated to the sensing system for detection of bacterial pathogens. (Reproduced from Ref. 52 with permission from American Chemical Society.) (iii)
Picture of a foil based lab on a disc with liquid reagent containers and its operating procedure. (Reproduced from Ref. 58 with permission from Royal

Society of Chemistry.)

was then released by crushing the glass capsule container, and
centrifugal forces was applied to control the fluid flow between
chambers. Isothermal amplification at a low temperature (37 °C)
was performed to minimize energy consumption (Fig. 9-iii). The
total detection time was less than 20 min.

A microfluidic device based on a nucleic acid was developed to
detect different pathogens. This device was mainly made of low
cost and disposable materials (polycarbonate). The operation
was automatically controlled by an analyzer that provided pouch
and valve actuation via electrical motors. The presence of
bacterial B. Cereus, viral armored RNA HIV, and the HIV 1
virus in saliva samples was tested.'™*

Lafleur ez al."> developed a disposable multiplexed sample-to-
result microfluidic device based on immunoassay (Fig. 10-ii).
This device was able to detect disease-specific antigens or IGM
antibodies from blood. For instance, the detection of the malaria
antigen and IgM to Salmonella Typhi LPS was carried out. This
microfluidic chip was based on flow through the membrane
immunoassay on porous nitrocellulose. After introducing the
blood to the system, blood cells were removed by passing the
sample onto the plasma extraction membrane. The separated
plasma was divided into two samples, one for antigen detection
and another for IgM detection. For IgM detection, the IgG
antibodies present inside the sample were removed using protein-

G beads. After capturing the target, signal enhancement was
achieved using gold nanoparticles conjugated with detection
antibodies. An LOD of 10-20 ng mL™" was achieved in 30 min,
which is comparable to benchtop ELISA tests. Bubble formation
caused by the pneumatic fluid handling system in this device is
one of the challenges that will need to be addressed. In addition,
finding an alternative to the fluidic handling system (preferably
accessory free) would help to reduce the size, cost, and
complexity of device operation.

An interesting example of accessory-free POC devices was
developed by Liu er al'® In this disposable self-heating
cartridge-based device, after performing isothermal amplifica-
tion, the outcome could be visualized by the naked eye using a
low-cost LED signal (Fig. 10-i). Heat was provided by an
exothermic reaction of the Mg-Fe alloy and water, and the flow
rate was controlled by utilizing a porous filter paper inside the
device. Temperature control was achieved using paraffin as a
phase change material. If necessary, paraffin could absorb the
extra heat during melting. Using this device, as few as 10 E. coli
DNA copies were detected.'”!

Recently, another promising POC microchip for the simulta-
neous detection of HIV and syphilis was developed, which was
also tested in field studies in three developing countries (Fig. 10-
iii). This cost-effective handheld microchip uses only 1 uL of
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unprocessed blood sample, without a need for any moving parts,
electricity, or external instrumentation. Implementing injection
molding technology was the key to mass producing the device,
resulting in a very low final cost. The passive reagent delivery
method was utilized to manipulate the reagents and samples in
which blocks of reagents were introduced sequentially into a tube
and separated by air spacers. For capturing HIV and trepone-
mal-specific antibodies from blood, the envelope antigen and the
outer membrane antigen (Tpnl7) were immobilized on the chip
surface, respectively. In the next step, a gold-labeled antibody
to human IgG was introduced, and signal amplification was
achieved through the reduction of silver ions onto gold
nanoparticles. The optical density of the silver film could be
measured through low-cost and robust optics, such as light-
emitting diodes and photodetectors. This device could provide
sensitivity and specificity comparable to bench-top ELISA and
other conventional detection methods within 20 min on the
site.!*® The very promising field study results obtained using the
device open new avenues in the implementation of microfluidic-
based devices for POC applications all over the world, especially
in developing countries with poor healthcare resources.

6. Outlook and future trends

During the past decade, engineering tools have been imple-
mented to study different aspects of pathogen detection

platforms, including design, micro/nanofabrication, sample
preparation and amplification, miniaturization, automation,
multiplexing, and high-throughput analysis. Despite recent
technological advances, the development of a cost effective,
accessory-free single device capable of simultaneously achieving
high-throughput and multiplex analysis with high specificity
and sensitivity remains elusive. Biomarkers with higher speci-
ficity along with miniaturized, cost-effective designs with
minimum side accessories and high sensitivity are required to
achieve this goal.

Biomarker selection is a critical factor in obtaining the
required specificity. Antibodies are the most common biomar-
kers, although they cannot deliver the desired specificity, nor are
they available to diagnose all pathogens. However, in terms of
the detection of epidemic and life-threatening diseases, such as
HIV and tuberculosis, especially in developing countries, they
can play a critical role in controlling the rate of disease
propagation. Among new alternatives to antibodies, aptamers
are promising candidates. However, the time and cost required
to discover and design aptamers should be reduced. For cases
requiring very high specificity, molecular-based diagnostics can
be implemented. This could be achieved by designing DNA
probes for target hybridization, followed by specific primers for
the amplification of the target gene. In the applications where
high stability is required, PNA probes could provide better
stability and hybridization than DNA probes.
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Molecular amplification of the target genes is an essential
component of bench-top diagnostic techniques in order to attain
higher sensitivity. Among these techniques, PCR has been widely
used through its integration into microfluidic chips. However,
the requirement for precise temperature control for thermo-
cycling at the micro scale makes the chip design more
complicated as compared to macro-scale experiments. To
address this issue, isothermal amplification techniques have
emerged as an alternative to PCR in microfluidic chips. Among
isothermal methods, low-temperature isothermal amplification
could be useful because it operates at 37 °C. However, the
LAMP technique which requires a higher performance tempera-
ture (60 °C), is currently at the center of attention for POC
applications as test results can be visualized with the naked eye.

Sample preparation is key to achieving high sensitivity and
specificity. Among the diverse techniques for sample prepara-
tion, the use of magnetic beads is one of the most promising
approaches, as it is not only sensitive and cost-effective, but also
provides better control over captured reagents’ motions inside
the chip.

In designing microchips, the desired biosensor chip should be
able to deliver the same LOD as bench-top methods (around 10—
1000 CFU mL™"). Automation, the potential for mass produc-
tion, and portability are also important specifications to be
considered in the design of microchips for POC applications. The
LOD and assay time for detection of different pathogens
summarized in Table 1.

In terms of automation and high-throughput analysis, digital
microfluidics has proven to be one of the most interesting
technologies since thousands of individual droplets can be
discreetly manipulated and analyzed. Though there is still a
need for modification to produce a portable and accessory-free
system, selecting proper materials in the fabrication of LOC
devices can play an important role in producing cost effective
devices. Paper-based microfluidic devices are very promising
platforms to provide a disposable, portable, biodegradable, and
easy-to-fabricate detection microchip. Despite the efforts made
in developing paper-based devices, such as the production of 3D
paper-based platforms and the integration of different detection
methods, these devices do not provide the desired sensitivity. In
this regard, the proper functionalization and immobilization of
biomolecules on paper-based substrates will enhance device
sensitivity.

This review pointed out the design and modification of various
components for the development of a universal sample-to-result
LOC device which should be performed with view to producing a
totally integrated self-contained, accessory-free microchip that
also provide the required sensitivity and specificity. The future
will belong to simple LOC microfluidic devices that possess the
desired sensitivity and specificity while providing complex
diagnostics in remote areas, without a need for centralized
laboratories.
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Legionellosis has been and continues to be a life-threatening disease worldwide, even in developed
countries. Given the severity and unpredictability of Legionellosis outbreaks, developing a rapid, highly
specific, and sensitive detection method is thus of great pertinence. In this paper, we demonstrate that
sub-femtomole levels of 16s rRNA from pathogenic Legionella pneumophila can be timely and effectively
detected using an appropriate designed capture, detector probes, and a QD SPRi signal amplification
strategy. To achieve specific and sensitive detection, optimal hybridization conditions and parameters
were implemented. Among these parameters, fragmentation of the 16s rRNA and further signal
amplification by QDs were found to be the main parameters contributing to signal enhancement.
The appropriate design of the detector probes also increased the sensitivity of the detection system,
mainly due to secondary structure of 16s rRNA. The use of 16s rRNA from L. pneumophila allowed for the
detection of metabolically active pathogens with high sensitivity. Detection of 16s rRNA in solutions as
diluted as 1 pM at 450 pL (0.45 femtomole) was achieved in less than 3 h, making our approach suitable

for the direct, timely, and effective detection of L pneumophila within man-made water systems.

@ 2013 Elsevier B.V. All rights reserved.

1. Introduction

Legionellosis is an acute form of pneumonia and Pontiac fever,
a milder form of the disease with flu-like symptoms (Swanson and
Hammer, 2000) that has been and continues to be devastating
worldwide, even in developed countries. This is mainly attributed
to unpredictable outbreaks, such as recent incidents reported in
Canada, the US.A., Norway, and Germany (CDC, 2011; Nygard
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et al,, 2008; Von Baum et al., 2010). Legionella pneumophila is the
causative agent of Legionellosis. The fatality rate of Legionellosis
ranges between 10% and 40% and approaches 50% within hospital
and industrial outbreak settings, particularly affecting individuals
with compromised health status (Swanson and Hammer, 2000).
L. pneumophila is found in most natural and engineered water
systems, where it contaminates and multiplies inside ameba
(Wadowsky et al, 1991). The literature indicates that modern
water systems, such as air-conditioning units, showers, and
industrial refrigeration towers provide optimal growth conditions
for L. pneumophila and propagate its transmission through aerosol
(WHO, 2003). Transmission to the human host thus occurs
through the inhalation of contaminated water droplets. Once in
the lungs, L. pneumophila infects and replicates inside alveolar
macrophages and causes widespread tissue damage (Swanson and
Hammer, 2000).

Current conventional detection methods include identification
via laboratory culture and polymerase chain reaction (PCR)
(Foudeh et al, 2012; Lazcka et al, 2007). Laboratory culture is
the gold standard method employed to detect L. pneumophila.
However, laboratory culture suffers from low sensitivity, especially
if the samples under study contain microorganisms that inhibit
Legionella's growth. Another drawback is its inability to detect
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viable but non-culturable Legionella even though they might
potentially be pathogenic. While laboratory culture entails long
procedures requiring several days, PCR is a faster detection
methodology and highly specific. However, it is laborious and
normally requires centralized laboratory facilities. PCR is especially
unreliable when analyzing environmental samples due to the
presence of PCR inhibitors.

Other methods, namely antibody-based detection, have also
been investigated (Oh et al,, 2003). This method is fairly rapid, but
cross-reactivity between species is an important shortcoming that
limits the specificity of the technique. DNA/PNA microarray-based
detection targeting DNA in bacteria is another alternative that
provides the desired specificity by targeting species-specific
sequences in DNA (Zhou et al., 2011).

The main drawback of all the aforementioned methods is their
inability to differentiate between live and dead bacterial cells,
which is critical for achieving accurate and reliable results.

To overcome the limitations of using DNA and antigen targeting-
based techniques, detection of the bacterial RNA is a viable alternative
approach. The presence of RNA in bacteria is directly correlated with
microbial activity since, following bacterial death, the associated RNA
degrades relatively rapidly (McKillip et al, 1998), further enhancing
the associated accuracy and reliability of bacterial detection. Among
RNA types, 16s TRNA is highly conserved between different species of
bacteria and has been utilized for microbial identification {Clarridge,
2004; Coenye and Vandamme, 2003). The presence of high copy
numbers of 16s TRNA in each bacterium is another motivation to
identify bacteria through the direct detection of 165 rRNA. However,
instability and the presence of a secondary structure are significant
drawbacks of using ribosomal RNA. The secondary structure renders
access to the target sequence difficult. This is why methods such as
using multiple adjunct probes, heat denaturation, and fragmentation
have been used to circumvent this issue (Hwang et al., 2011; Small
et al, 2001}

Focusing en the detection of 165 rRNA, various sensing techni-
ques, including electrochemical sensors (Bockisch et al, 2005;
Xie et al, 2004}, impedance (Elsholz et al, 2006}, fluorescent
microscopy (Gerasimova and Kolpashchikov, 2012; Hwang et al.,
2011; Riahi et al, 2011), surface-enhanced Raman spectroscopy
(SERS) (Stephen et al., 2012}, and surface plasmon resonance (SPR}
{Joung et al, 2008; Small et al, 2001) were used for bacterial
species-specific detection. Among these methods, SPR imaging
(SPRi} has proven to be a versatile tool for the real-time study of
genomic and proteomic interactions and kinetics. In contrast to
classical wavelength or scanning angle SPR systems, SPRi provides
visualization of the multiple interactions simultaneously in real
time thanks to the integration of a charge-coupled device {CCD}
camera with the associated sensogram. In contrast to other end-
point measurement systems, the use of SPRi allows detailed
kinetic analysis, monitored in real time, to elucidate analyte
binding behavior further, as well as to differentiate better between
specific and non-specific adsorptions. To date, few reports on
detecting 165 rRNA within a SPR setup are available in the
literature. Nelson et al. detected 16s rRNA from E. coli with a limit
of detection (LOD} of 2 nM through the use of DNA probes (Nelson
et al, 2000). Joung et al. used PNA probes and electrostatic
interaction between positively charged gold nanoparticles and
negatively charged RNA as a signal post amplification methed,
achieving an LOD of around 100 pM (Joung et al., 2008}, which is
far from the desired sensitivity in the context of the detection of
pathogenic L pneumophila in a water sample.

This work presents the first report on utilizing 16s rRNA fer the
detection of L. pneumophila with SPRi. To overcome the lack of
desired SPRi sensitivity for the detection of this species, near-
infrared quantum dots (QDs) are employed as a post-amplification
strategy. We previously demonstrated that QDs with an emission

of 800 nm induce the strongest SPR signal enhancement among
QDs with differing wavelengths (Malic et al., 2011). As such, our
aim was to address the main challenges associated with the
detection of L. pneumophila through the use of 16s rRNA from
L. pneumophila, allowing for the detection of only metabolically
active pathogens with high sensitivity. With the design of two
probes, one to capture the RNA on the substrate and the other to
increase the detection sensitivity, for each target region, the high
specificity of the detection system is further ensured (Scheme 1].
The effect of experimental parameters, including temperature,
buffer composition, length of the spacer between the detector
probe and the biotin, and the pre-treatment of 16s rRNA were
investigated and optimized to reach a sensitivity detection of
L pneumophila in the femtomole range.

2. Materials and methods
2.1. Chemical and reagents

6-Mercapto-1-hexancl{MCH), potassium phosphate dibasic
solution, 1M, pH 8.9 (1M K;HPO4), sodium chloride (NaCl),
sodium hydrexide {(NaOH), sulfuric acid {H2504), hydrogen per-
oxide (H;0,), and ethanel were purchased from Sigma-Aldrich (St.
Louis, MO,U.S.A.). A fragmentation kit was obtained from Ambion.
Oligonucleotides (ODN} were purchased from Integrated DNA
Technologies (Coralville, 1A, US.A.). Streptavidin-coated quantum
dots, Qdot 800 STVD, SSPE buffer (20 = buffer is 3.0 M NaCl, 0.2 M
NaH-PO4, and 0.02 M EDTA at pH 7.4.), and Denhardt’s solution
[50 x solution is 1% Ficoll (type 400}, 1% polyvinylpyrrolidone, and
1% bovine serum albumin] were purchased from Invitrogen
(Carlsbad, CA, U.S.A.).

2.2. DNA probe design

Twao specific DNA capture probes (CP), referring to leg1 CP and
leg2 CP, complementary to L pneumophila’s 165 rRNA, were
designed using biocinformatics software packages from Cardiff
University, England. Particular features in the sequence, such as
loops and hairpin curves, were checked and avoided. The specifi-
city of these probes was confirmed by submitting the sequence to
the Check Probe program of the Ribosomal Database Project {RDP).
In terms of detection probes, two different biotinylated probes
with gap of 0 bp and 7 bp (Legl DP 0/7 bp and Leg2 DP 0/7 bp)
between the capture and detection probes for each target RNA
sequence were designed. Finally, a DNA probe and a universal
probe (EU capture probe} were used as negative and positive
controls, respectively. The length of each detector probe was
determined to ensure similar melting temperatures while avoiding
cross-reactivity and hybridization to any capture probes. This was
verified by including a detector-only control for each hybridization
experiment conducted (data not shown}. The secondary structure
model of L. pneumophila was obtained from htip://www.rna.cchb.
utexas.edu(Cannone et al., 2002).

2.3, RNA preparation

Synthetic 60 bp RNA from the L. pneumophila’s 16s rRNA, which
contains complementary sequences for Legl capture and detector
probes, was synthesized by Integrated DNA Technology Table S1.
Moreover, 16s rRNA of L. pneumophila was produced using T7 RNA
polymerase-driven in vitro synthesis methodology. Briefly, the 16s
TRNA gene of L pneumophila was amplified by PCR from DNA
extracted frem L pneumophile using specific primers {5-AGACAAAC-
TGTCTGGCCACTITCG-3" and 5-TGGGCACTTTGATTCCTTCTGTGC-3')
The PCR fragment was then inserted into the pGEM-T (Promega}
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vector downstream of the T7 promoter. The plasmid was then
transformed and propagated in JM109 high-efficiency competent cells.
The PCR fragments could become inserted in the sense or antisense
orientation. Plasmids carrying fragments in the sense orientation were
identified and utilized for further experiments. The identification of
colonies carrying plasmids containing fragments in each orientation
were identified by PCR, and the correct sequence of the fragment was
validated by sequencing. The plasmids carrying the correct sequences
were isolated and used as a template for T7 RNA polymerase (New
England Biolabs) to produce 16s rRNA. The resulting RNA product was
further purified by acid-phenol and stored in —80 “C for further use.

2.4. Surface chemistry on SPRi chip

Gold-coated slides (Horiba, France) were cleaned with UV/
ozone for 10 min, rinsed thoroughly with MQ water, and treated
with piranha solution for another 5 min. After rinsing with MQ
water, the slides were dried under a stream of nitrogen. DNA
immobilization was performed using 1 pM thiol-modified oligo-
nucleotide probes comprising a 10T spacer in 1M KH,PO, for
180 min. Following the immobilization, substrates were treated
with 1 mM MCH for 90 min to improve the orientation of the
probes and attenuate non-specific adsorption. The slides were
further passivated with 2.5X Denhardt solution for 10 min and
stored at 4 °C before further use.

2.5. RNA pre-treatinent

Denaturation of the 16s rRNA was carried out by the incubation
of samples in 65 °C for 5 min. Fragmentation of the 16s rRNA was
performed according to the protocol provided by the manufacturer
{Ambion) except that different concentrations of the fragmenta-
tion buffer (zinc solution) were used in these experiments. Fragl
and Frag2 represent the use of 1 and 2 uL of the fragmentation
buffer, respectively. Then the solution was mixed with 1.28 ug of
16s rRNA in 20 pL of total reaction volume. The solution was kept
at 75 °C for 15 min, followed by the addition of blocking solution
(EDTA). The samples were kept on ice until further use.

131
2.6. SPRi measurements

SPRi detection of biomolecular binding to the chip surface was
performed using a scanning-angle SPRi instrument {model SPRi-
lab+, GenOptics, France). The SPRi apparatus, equipped with an
800 nm LED source, a CCD camera, and a microfluidic cell, was placed
in an incubator (Memmert Peltier, Rose Scientific, Canada). The SPRi
measurements for each spot were taken as described previously
(Malic et al,, 2011). The entire biochip surface was imaged during the
angular scan. At least five spots were selected for each experiment to
monitor the binding events with both the probes and the controls,
and each experiment was repeated at least three times.

RNA hybridization experiments were carried at 37 °C with an
injection volume of 450 uL. A baseline signal was first obtained for
the hybridization buffer, followed by the hybridization signal for the
targets. Detector probes were pre-mixed with the RNA samples
before injection. Following the hybridization of the target RNA with
the capture probe and the detection probe, streptavidin-conjugated
Qdots {SA-QDs), 1 nM in concentration in hybridization buffer, were
injected and allowed to bind to the biotinylated detector probes for
10 min. At each step, the substrate was washed with buffer, and the
difference in the reflected intensity (A%R) was computed by taking
the difference between the initial and final buffer signals. Successive
hybridizations were followed by surface regeneration using 50 mM
NaOH, without significant binding efficiency loss.

2.7, Statistics

The lower detection limit was defined as the smallest concentra-
tion of an analyte, calculated as the blank signal plus or minus three
standard deviations. All data were expressed as the mean + SD.
Statistical comparisons between two groups were done using Stu-
dent's paired t-test, while multiple comparisons were done using
one-way ANOVA, followed by the post hoc Tukey test.

3. Results and discussion

Two different regions of the L.pneumophila’s 16s rRNA sequence
were targeted to investigate the regional effects on hybridization

SH

_

SV VYV VUN
VAVAVY

Target 165 rRNA

Capture probe

"N

Biotinylated detector probe

Streptavidin coated QD

Scheme 1. . Schematic illustration of the RNA hybridization using capture and detector probes, before and after addition of SA-QDs. {(a) Mixture of target RNA and
biotinylated detector probe pass through the detection surface. (b) Addition of streptavidin-QDs after hybridization of target RNA to capture probe and detector probe.
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efficiency and specificity, as well as the proximity of the detector
and capture probes. One specific capture probe was designed for
each region. In addition to these two specific capture probes for
L. pneumophila, one universal probe and one control probe were
selected as positive and negative controls, respectively. A summary
of the oligonucleotide sequences for probes are given in Table S1.
Since significant non-specific hybridization to the control
probes was observed at room temperature (data not shown) the
hybridization temperature was set at 37 °C. Then, to detect
L. pneumophila with high specificity and in very low concentra-
tions, the effect of experimental parameters, namely the buffer
composition, the length of the spacer between detector probe and
biotin, and the pre-treatment of 16s rRNA were investigated.

3.1. Effect of buffer composition and detector probe spacer on
hybridization efficiency

In addition to the hybridization temperature, the buffer com-
position and the proximity between the detection probe and its
respective biotin functional group also play an important role in
the stringency and efficiency of the hybridization (Bockisch et al.,
2005; Small et al,, 2001).

A 60 bp synthetic RNA sequence was selected from L pneumo-
phila's 16s rRNA sequences complimentary to the Legl CP. There-
fore, 60 bp synthetic RNA (Table S1) was utilized to investigate the
effect of the buffer composition and the detector probe spacer.

The effect of buffer compositions on the SPRi differential
reflectivity (A%R) of synthetic RNA hybridization for an incubation
time of 18 min is illustrated in Fig. 1. To better compare the
different buffer compositions, the signals obtained from the
control probes were subtracted from the Legl CP hybridization
signals at each buffer composition (Fig. 1 inset). Increasing the salt
concentrations by four-fold {from 150 mM to 600 mM) resulted in
higher hybridization efficiency. A further increase of the salt
concentration to 900 mM showed a slight increase in hybridiza-
tion efficiency but caused an increase in non-specific adsorption to
the control probe. Thus, 600 mM SSPE was set as the optimal
hybridization buffer. As for the optimal biotinylated spacer, differ-
ent spacers, such as dT and TEG {containing a 15C spacer), were
investigated, whereas TEG yielded the highest signal (data not
shown). These optimized hybridization parameters were then set
for the detection of 16s rRNA in further investigations.

12

SSPE buffer composition

i 0.6 | —+- Legl CP
-=- Control
0.4
0.2 .———’I/’k/"
0
x 2X ax 6X

SSPE buffer composition

Fig. 1. Effect of buffer compesition on hybridization efficiency. Hybridization of
10 nM synthetic RNA for 18 min on the biochip expressed as A%R as a function of
buffer composition {1 < -6 x SSPE). The inset represents the difference between
the hybridization signal of the Legl CP and that of the control probes. All data is
expressed as mean + standard deviation (n=5).

3.2, L. pneumophila 16s rRNA pre-treatment

Conversely, to address the steric hindrance resulting from the
secondary structure of 16s rRNA, the effect of different pre-
treatment methods was investigated. Fig. 2a shows the changes
in SPRi differential reflectivity signals representing 18-minute
hybridization for pre-treated, as well as intact, 16s rRNA to the
Leg1, Leg2 and EU CPs.

In general, Legl CP produced stronger hybridization signals
compared to the Leg2 and EU capture probes. This may be attributed
to several factors, including: (i) the higher melting temperature of
Legl CP compared to the Leg2 and EU CPs, (ii) the position of the
Legl CP complementary sequence, located on the more exposed
region of the 16s rRNA secondary structure, and (iii) the weaker
secondary structure of 16s rRNA to be disrupted by the Legl CP
compared to the Leg2 and EU capture probes (Fig.3a and b). To arrive
at the optimized fragmentation protocol, two methods with varying
fragmentation solution concentrations were used to obtain the 16s
rRNA fragments, referred to as Fragl and Frag2. As shown in Fig. 2a,
denaturation through heating of the 16s rRNA resulted only in a
significant increase of A%R for hybridization to EU CP, but not Leg1
and Leg2 CPs. The same trend was also observed for Fragl. In
addition, Frag2 resulted in the highest improvement in hybridization
efficiency among the three capture probes relative to intact 16s rRNA.
This is due to the higher concentration of cations in Frag2 compared
to those in Fragl, which results in smaller fragments and, in turn,
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2 06| 1 |
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0 .
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®
a 4
3 |
2
1 ! '
oL m .

Intact Denatured Fragmented

Fig. 2. Effect of fragmentation and denaturation pre-treatment methods on 165
rRNA on hybridization efficiency. (a) Hybridization of 10 nM 16s rRNA after 18 min
incubation with EU, Legl and Leg2 capture probes. (b) Effect of 16s rRNA pre-
treatment on QDs post amplification. 100 nM Legl DP 0 bp with 10 nM 165 RNA
were used and hybridization efficiency with Legl CP followed by addition of the
1 nM SA-QDs was investigated. All data is expressed as mean +standard deviation
(n=>5,"P < 0.05 versus intact, denatured and Fragl).
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higher accessibility of the capture probes. For simplicity’s sake,
fragmentation will henceforth refer to Frag2.

To further investigate the effect of pre-treatment of the 16s
rRNA, biotinylated detector probes located 0 bp away from the
Legl CP were investigated for hybridization efficiency and sub-
sequent signal amplification through the addition of SA-QDs. Leg1
DP 0bp was pre-mixed with fragmented, denatured, and intact
16s rRNA samples before injection into the SPRi system. Fig. 2b
shows the A%R for hybridization, using Leg1 CP, of 16s rRNA pre-
mixed with Leg1 DP 0 bp for 18 min, followed by the addition of
SA-QDs and a 10 min reaction time, as a function of the pre-
treatment methodology. Addition of the detector probe resulted in
a slight increase in the signal, with the highest for fragmented 16s
rRNA. SA-QDs addition also resulted in a drastic change in A%R for
fragmented 16s rRNA versus slight signal enhancement for intact
and denatured RNAs. The enhanced hybridization efficiency could
be explained by a higher number of hybridized detector probes for
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to a and b respectively. (e,f) Addition of 1 nM SA-QDs for 10 min corresponding to ¢ and d respectively. All data is expressed as

fragmented RNA due to the easy access of smaller RNA as well as
the ease of access of SA-QDs to the small 16s rRNA fragments
compared to the whole 16s rRNA.

3.3. Determination of the SPRi limit of detection for 16s rRNA from
L. pneumophila

The optimal experimental parameters, the pre-treatment frag-
mentation, and the SA-QD post amplification strategy were used
to investigate two more critical factors, the distance between the
capture and the detector probe and the hybridization time,
affecting the specificity and efficiency of the target sequence
hybridization extracted from L. pneumophila and to determine
the SPRi limit of detection (LOD) (Small et al., 2001).

To investigate the effect of the detector probe’s proximity to the
capture probe on the specificity and sensitivity of the detection
system, two detector probes for the Leg1 and Leg2 capture probes
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were designed to hybridize to the 16s rRNA sequence 0 and 7 bp
away from the respective capture probes (Fig. 3a and b). Fig. 3c-f
shows the hybridization of four detector probes with fragmented
16s TRNA along with the use of SA-QD signal amplification for
incubation times of 18 and 10 min, respectively. The results
indicated that Leg2 CP possessed a higher signal when Leg2 DPs
(Leg2 DPs at 0 and 7 bp) were used compared to Legl DPs (Legl
DPs at 0 and 7 bp) (Fig. 3¢ and d). This was further accentuated
after the addition of SA-QDs. Both Leg2 DPs produced significantly
higher signals compared to Leg1 DPs (Fig. 3e and f). This could be
due to the position of these probes on the secondary structure of
16s rRNA. As shown in Fig. 3b, Leg2 CP and Leg2 DPs target the
same stem-loop in the 16s rRNA secondary structure. The presence
of Leg2 DPs, therefore, causes disruption of this stem-loop and
further facilitates the reaction with Leg2 CP.

The same hybridization trend was therefore expected for Legl
CP with both Legl DPs. However, only Legl DP 0 bp showed a
markedly enhanced signal either with 16s rRNA hybridization or
the following SA-QD post amplification. Further examination of
the secondary structure of L. pneumophila revealed that the
position of Leg1 DP 0 bp and Leg1 DP 7 bp contributes significantly
to this difference. As shown in Fig. 3a, Legl DP 0 bp contains two
internal loops compared to Legl DP 7 bp, which possesses only
one internal loop. Upon further examination of the secondary
structure, it was apparent that, for Legl DP 7 bp hybridize to 16s
rRNA, it needs to overcome a stronger secondary structure
compared to Legl DP 0bp (14 bonds compared to 9). Since the
Legl DP O bp produced the most pronounced SPRi signal, it was
selected for further experiments,

Finally, to determine the effect of hybridization time, fixed
volumes of fragmented 16s rRNA were used with incubation times
ranging from 4.5 min to 150 min, obtained by varying the flow rate
to the SPRi system. The range of incubation was purposely selected
to maintain the time of analysis comparable to that of PCR. Fig. 51
presents the effect of hybridization time on A%R for Legl CP. As
expected, increased incubation time was directly related to
enhanced hybridization efficiency.

An incubation time of 150 min was then chosen, along with
optimal hybridization conditions, to investigate the SPRi sensitiv-
ity and its LOD for the detection of 16s TRNA from L. pneumophila.
16s rRNA hybridization with multiple samples containing frag-
mented 16s rRNA varying in concentration from 1 pM to 10 nM,
with 100 nM Legl DP 0 bp in 4 x SSPE buffer were taken, and the
hybridization adsorption kinetics were monitored in real time

with SPRi measurements employing the SA-QD signal amplifica-
tion strategy. The normalized SPRi kinetic curves for SA-QD
adsorption for various 16s rRNA concentrations ranging from
1 pM to 10 nM are given in Fig. 4a. Fig. 4b shows the plot of the
A%R for Legl and control capture probes for the aforementioned
concentrations. The inset in Fig. 4b shows the A%R for low
concentrations of 16s rRNA (1,10, and 100 pM). A significant
difference in the SPR signal was observed between Legl CP and
the control probe even at 1 pM 16s rRNA, which clearly established
a limit of detection on the order of 1 pM L. pneumophila 16s rRNA.
This value could be translated to the equivalent of 88.5 CFU uL™'
with the assumption of 6800 ribosomes per bacteria (Leskeld et al.,
2005). This limit of detection is far lower than the previously
reported value for RNA detection using an SPR biosensing system
{Joung et al., 2008; Nelson et al., 2000).

4. Conclusions

Developing a detection system that distinguishes metabolic
active pathogens with the desired specificity, sensitivity, and time
of detection is of great importance and relevance for the rapid
detection of pathogens in environmental samples. In this paper,
we conclusively demonstrated that a sub-femtomole level of 16s
rRNA from pathogenic L. pneumophila can be specifically detected
using an optimized experimental protocol, adequate design of
capture and detector probes, and employing a QD signal amplifi-
cation strategy with a SPRi biosensor. The proposed approach
offers several distinct advantages compared to other conventional
detection systems, including high specificity through the design of
two probes (capture and detector) for the target, high sensitivity
through using QD signal post amplification, and rapid and reliable
quantification using L. pneumophila's 16s rRNA, which is a good
representation of metabolically active bacteria.

To achieve specific and sensitive detection, optimal hybridiza-
tion conditions and parameters were implemented. We showed
that the SPRi detection of 16s rRNA in solutions as diluted as 1 pM
at 500 pL {0.5 femtomole) can be achieved in less than three
hours, making the SPRi detection system suitable for the direct
detection of L. pneumophila, in man-made water systems. Through
the integration of a microfluidic system with SPRi and further
automation, it would be possible to reduce further the detection
volume to less than 1 uL and improve the LOD significantly.

199



AM. Foudeh et al / Biosensors and Bioelectronics 52 (2014) 129-135 135

Acknowledgments

We acknowledge National Science and Engineering Research
Ceuncil of Canada-Collaberative Research program and Discovery
program, Genome CanadajGenome Quebec, Nano-Quebec and
Le Fonds Quebécois de la Recherche sur la Nature et les
Technologies-Centre for Biorecognition and Biosensors for their
financial support. The authors would alsc like to thank Dr ].-].
Drieux and Dr P. Hiernaux from Magnus for their technical support
and advice, S. Shapka and S. Filion-Cété for scientific discussions
regarding SPRi and Dr T. Fatanat Didar for his comments on the
manuscript. Work in SPF laboratory is supported by NSERC
Discovery Grant 418289-2012.

Appendix A. Supporting information

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.bios.2013.08.032.

References

Bockisch, B., Grunwald, T., Spillner, E., Bredehorst, R, 20035. Nucleic Acids Research
33 (11), el0l.

Cannone, ]|, Subramanian, S, Schnare, MN,, Collett, | R., D'Souza, LM., Du, Y., Feng, B.,
Lin, N, Madabusi, LV., Miiller, KM., 2002. BMC Bioinformatics 3 (1), 2.

CDC, 2011. MMWR, 1083-1086.

Clarridge 3rd, J.E,, 2004 Clinical Microbiclogy Reviews 17 (4), 840-862. (table of
contents).

Coenye, T., Vandamme, P., 2003. FEMS Microbiclogy Letters 228 (1), 45-49.

Elsholz, B., Worl, R., Blohm, L, Albers, ], Feucht. H., Grunwald, T. Jurgen, B,
Schweder, T., Hintsche, R, 2006. Analytical Chemistry 78 (14), 4794-4802.

200

Foudeh, A.M., Fatanat Didar, T, Veres, T, Tabrizian, M., 2012. Lab on a Chip 12 (18),
3249-3266.

Gerasimova, Y.V., Kolpashchikov, D.M., 2012. Bicsenscrs and Bicelectronics, 0).

Hwang, K-Y, Jeong, S-Y., Kim, Y.-R, Namkoong, K., Lim, H.-K, Chung, W.-S,, Kim. ].-H.,
Huh, M., 2011. Sensors and Actuators B: Chemical 154 (1), 46-51.

Joung, H.-A, Lee, N.-R., Lee, S.K, Ahn, [, Shin, Y.B., Choi, H.-5., Lee, C.-5, Kim, 5.,
Kim, M.-G., 2008. Analytica Chimica Acta 630 (2), 168-173.

Lazcka, 0., Campo, FJ.D., Mufioz, EX.,, 2007. Biosensors and Bioelectronics 22 (7),
1205-1217.

Leskeld, T, Tilsala-Timisjirvi, A., Kusnetsov, |., Neubauer, P, Breitenstein, A, 2005,
Journal of Microbiological Methods 62 (2), 167-179.

Malic, L, Sandros, M.G., Tabrizian, M., 2011. Analytical Chemistry 83 (13),
5222-5229.

MeKillip, |L., Jaykus, L-A., Drake, M., 1998. Applied and Envirenmental Microbiclogy
64 (11), 4264426

Nelson, B.P., Grimsrud, TE, Liles, M.R,, Goodman, RM., Corn, RM., 2000. Analytical
Chemistry 73 (1), 1-7.

Nygard, K., Werner-Johansen, @, Rensen, 5., Caugant, D.A, Simonsen, @, Kanestram, A.,
Ask, E., Ringstad, ], @degard, R, Jensen, T, Krogh, T, Heiby, EA., Ragnhildstveit, E.,
Aaberge, 1.5, Aavitsland, P., 2008. Clinical Infecticus Diseases 46 (1), 61-69.

Oh, BK., Kim, YK, Lee, W., Bae, Y.M., Lee, WH., Choi, JW., 2003. Bicsenscrs and
Bioelectronics 18 (5-6), 605-611.

Riahi, R, Mach, K.E, Mohan, R,, Liac, |.C, Wong, P.K, 2011. Analytical Chemnistry 83
(16), 6349-6354.

Small, J., Call, D.R., Brockman, FJ., Straub, TM. Chandler, D.P, 2001. Applied and
Environmental Microbiclogy 67 (10), 4708-4716.

Stephen, KE., Homrighausen, D., DePalma, G., Nakatsu, CH, Irudayaraj, J., 2012.
Analyst 137 (18), 4280-4286.

Swanson, M., Hammer, B., 2000. Annual Reviews in Microbiclogy 54 (1), 567-613.

Von Baum, H., Hirter, G., Essig, A., Liick, C., Gonser, T., Embacher, A., Brockmann, 5.,
2010. Eurosurveillance 15 (4], 19472,

Wadowsky, R, Wilson, T, Kapp, N., West, A., Kuchta, ] Dowling, .. Yee, R, 1991.
Applied and Envirenmental Microbiology 57 (7), 1950-1955.

WHO, 2003. pp. 1-24.

Xie, H., Zhang, C, Gao, Z,, 2004. Analytical Chemistry 76 (6), 1611-1617.

Zhou, G, Wen, S, Ly, Y, Li, R, Zhong, X, Feng, L, Wang, L, Cao, B, 2011
International Journal of Food Microbiclogy 145 (1), 293-300.




Sub-femtomole Detection of 16s rRNA from Legionella Pneumophilia

Using Surface Plasmon Resonance Imaging

Amir M. Foudehl, Jamal S. Daoudl, Sebastien P. Fauchers, Teodor Veres™ and

. 12%
Maryam Tabrizian®

'Biomedical Engineering Department, “Faculty of Dentistry, * Department of
Natural Resource Sciences, McGill University, Quebec, Canada, * National

Research Council of Canada, 75 Boul. de Mortagne, Quebec, Boucherville, Canada

Supplementary Information:

201



Table S1. Oligonucleotide sequences emploved as capture and detector probes.

Name Sequence 5°--3°
EUB342 ACTGCTGCCTCCCGTAG
Control TCAATGAGCAAAGGTAT
Legionella pneumophila 1 CAGGTCGCCCCTTCGCCGCC
Legionella pneumophila 2 TCGCCACTCGCCATCTGTCT
Detector probe Legl Obp CTCTGTATCGGCCATTGTAGC
Detector probe Legl 7bp TCGGCCATTGTAGCACGTGTG
Detector probe Leg2 Obp AGCAAGCTAGACAATGCTGCCGT
Detector probe Leg2 Obp TAGACAATGCTGCCGTTCGACTTGC
Synthetic Legionella UACACACGUGCUACAAUGGCCGAUACAGAGGGCGG
preumophila’s RNA CGAAGGGGCGACCUGGAGCAAAUCC
35
3
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- 2
=®
<15
1
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Figure S1. Effect of hybridization time of 10 nM fragmented 168 rRNA with Legl Cp on

hybridization efficiency. All data is expressed as mean =+ standard deviation (n = 3).
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Rapid and multiplex detection of Legionella's RNA
using digital microfluidics}

Amir M. Foudeh,}? Daniel Brassard,}® Maryam Tabrizian® and Teodor Veres*®

Despite recent advances in the miniaturization and automation of hiosensors, technologies for on-site
monitoring of environmental water are still at an early stage of development. Prevention of outbreaks
caused by pathogens such as Legionella pneumophila would be facilitated by the development of sensitive
and specific bioanalytical assays that can be easily integrated in miniaturized fluidic handling systems. In this
work, we report on the integration of an amplification-free assay in digital microfluidics (DMF} for the
detection of Legionella bacteria based on targeting 16s rRNA. We first review the design of the developed
DMF devices, which provide the capability to store up to one hundred nl-size droplets simultaneously, and
discuss the challenges involved with on-chip integration of the RNA-based assay. By optimizing the various
steps of the assay, including magnetic capture, hybridization duration, washing steps, and assay tempera-
ture, a limit of detection as low as 1.8 attomoles of synthetic 16s rRNA was obtained, which compares
advantageously to other amplification-free detection systems. Finally, we demonstrate the specificity of the
developed assay by performing multiplex detection of 16s rRNAs from a pathogenic and a non-pathogenic
species of Legionella. We believe the developed DMF devices combined with the proposed detection
system offers new prospects for the deployment of rapid and cost-effective technologies for on-site
monitoring of pathogenic bacteria.

1. Introduction

Water-related diseases are responsible for more than
3.4 million deaths annually.' Among these diseases,
legionellosis, an acute form of pneumonia, is a major concern
for outbreaks, as shown by recent incidents reported in
Canada, USA, Norway, and Germany.>™ Legionella, the causa-
tive agent of this disease, was responsible for more than 30%
of water borne disease outbreaks in the USA between 2001-
2006.° Legionellosis outbreaks are associated with high mor-
tality rates (15 to 20%),° which can reach up to 50% for indi-
viduals with a compromised health condition.” Legionella is
found in most natural and man-made water systems® such as
cooling towers, air conditioners and showerheads. These sys-
tems not only provide optimal growth conditions, but can
also propagate Legionella through aerosol.” Presently, more
than 50 Legionella species have been identified with approxi-
mately half of these species being associated with human
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disease."™" To have an accurate and reliable evaluation of
the risk involved with various water systems, it is thus crucial
to design detection systems that can distinguish between
pathogenic and non-pathogenic Legionella. A biosensor for
detection of Legionella should thus be specific and sensitive
with capability of multiplex detection of different bacteria’s
species. Also, development of on-site systems that are porta-
ble, automated, cost-effective and rapid is required to monitor
the water systems routinely and better predict any potential
outbreaks. Today, detection of Legionella continues to rely to
a large extent on the conventional culturing method, which is
very time-consuming and expensive.

Molecular methods such as polymerase chain reaction
(PCR), DNA microarray and immunology have also been used
for the detection of Legionella in laboratory settings. Auto-
matic robotic liquid handling systems using standard well
plates can be used to perform the numerous liquid handling
steps required by these methods. These robotic systems can
perform at rate of tens of assays per minute. However, they
require sample volumes of uL or more. Below this level, evap-
oration and capillary forces are major issues."” In addition
the robotic liquid handling systems are very sensitive to the
viscosity and nature of the sample solutions. For instance
handling solution containing nucleic acid and proteins with
high concentrations would be challenging.® Large size,
instrumentation complexity and cost are among other major

Lab Chip, 2015, 15, 1609-1618 | 1609
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drawbacks of these robotic systems that make them less prac-
tical for field applications such as on-site monitoring. Also,
field applications do not necessarily require high speeds and
massive parallelisation, but rather precise control over com-
plex protocols with instrumentation that have small footprint
and low-cost.

Therefore, miniaturization of pathogen detection methods
and their integration in microfluidic devices has been
gaining much attention as it can not only lead to the reduc-
tion of reagent consumption and analysis time but can also
facilitate on-site deployment of chemical and biological
assays."* Digital microfluidics (DMF) has recently arisen as a
promising and versatile platform for chemical and biological
applications. In DMF, as opposed to continuous flow micro-
fluidics, individual droplets (of pL to pL) are manipulated
independently by applying electric potential to an array of
electrodes. Multiple droplets containing different reagents
can be manipulated simultaneously and the operation
scheme can be reprogrammed without the need to change
the device design. Each droplet can thus act as microreactor
from which independent tests can be performed concurrently
in a confined environment, therefore making DMF a promis-
ing candidate for applications involving complex and
multistep assays.'® Also, compared to conventional continu-
ous flow microfluidic devices using fixed channel arrange-
ments, the very high reconfigurability of DMF can help
improving assay optimization and decrease development
costs. On the other hand, until recently, most DMF devices
were primarily designed and utilized for simple assays requir-
ing only a few steps and limited number of droplets. The
developed devices thus typically lacked the complexity
required to perform multiplexed bioassays in which numer-
ous tests must be performed concurrently.

While different bioassays have been performed using
DME, including immunoassays,'® cell culture,"” DNA hybridi-
zation,'® PCR' and isothermal amplification,*® most patho-
gen detection assays were based on either immunoassay or
DNA hybridization and PCR amplification. Even if PCR and
other amplification techniques provide rapid results with
high sensitivity, they are susceptible to inhibitors, which is a
key issue for samples coming from environmental water sys-
tems. Another major drawback for the DNA-based and immu-
noassay techniques is their inability to distinguish between
live and dead bacteria. This is a major concern in environ-
mental water settings because of the false-positive results
that can occur after water treatments. In contrast, targeting
ribosomal RNA (rRNA) is a viable alternative that overcomes
the aforementioned shortcomings. Indeed, since RNA expres-
sion level is directly correlated to the microbial activity, it
provides a more reliable and accurate target for detection of
live Legionella.”*

There have been only few attempts to develop detection
assays in DMF based on RNA. For example, Jebrail et al>
demonstrated the feasibility of RNA extraction from blood
using magnetic beads within a DMF device. In another recent
work, Rival et al.** performed single cell analysis using micro

1610 | Lab Chip, 2015, 15, 1609-1618
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RNA from human HaCaT cells followed by mRNA capture on
magnetic beads, mRNA conversion to DNA and Reverse Tran-
scriptase PCR (RT-PCR) amplification. The use of RT-PCR,
even if it provides high sensitivity, can require elaborate sam-
ple preparation steps, expensive enzymes and reagents, and
precise control of the temperature, making this method less
desirable for on-site applications.

In this work, we report the multiplex and amplification-
free detection of synthetic 16s rRNA from Legionella bacteria
using DMF devices capable of handling complex assays. We
present the design and conception of the DMF devices, dem-
onstrate simultaneous manipulation of multiple droplets on-
chip and investigate the optimal hybridization conditions
and limit of detection for L. pneumophila 16s rRNA. We addi-
tionally demonstrate that the developed assay, which is based
on two sets of DNA as capture and detector probes, can
achieve a high degree of selectivity by showing the multiplex
detection of rRNA from two different species of Legionella,
one pathogenic (L. pneumophia) and one non-pathogenic
(L. israelensis). We believe the DMF device combined with the
proposed detection system have great potential for rapid,
high-throughput, multiplex, and inexpensive detection of
pathogens with minimal sample and regent volume.

2. Results and discussion
2.1 Design of the DMF devices

The integration of multiplex protocols in DMF requires the
development of devices that can manipulate and store multi-
ple droplets simultaneously to perform the dilution, mixing
and analysis steps required by the assay. Unfortunately, it is
challenging to design and fabricate DMF devices containing
enough active electrodes to handle complex protocols while
simultaneously keeping fabrication cost and process com-
plexity low enough for typical biomedical applications. To
simplify the fabrication of the devices, we have developed a
process where negative SU-8 photoresists is used directly as
the dielectric for the fabrication of advanced DMF requiring
multiple levels of metallization (see Materials and methods
section for more details).”* We have indeed found that
SU-8 not only offers good electrical properties (dielectric break-
down ~4 MV em ™" and relative dielectric constant of about 4),
but also ease of deposition and patterning, long term resis-
tance to humid environment and saline buffers, resistance to
scratches and pinhole formation, and good temperature
stability.

The design of the developed DMF devices is shown in
Fig. 1a. The device contains 560 active electrodes, 7 reservoirs
and multiple regions for mixing and sample preparation. The
device also includes enough storage regions to hold up to
100 individual droplets, as we have found that the maximum
assay complexity that can be integrated in DMF is often lim-
ited by the maximum number of droplets that can be stored
simultaneously on-chip. It is noteworthy that the DMF device
shown in Fig. 1 is capable of handling assays even more com-
plex that those demonstrated in this paper. This was done on

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 a) Top view of the developed digital microfluidic device. b) Schematic of electrical input pin to electrowetting electrode assignment. Each
color represents a partition to which specific input pins are assigned. The partitions were defined according to the functions of the electrowetting
electrodes: dispensing (blue), transportation (green), preparation (red), and storage (purple). c) Example of pin assignment in top section of the

chip, each number/letter representing a specific electrical input.

purpose to so as to take full advantage of the very high
reconfigurability of DMF, where only one chip can be easily
designed to handle the needs of various different assays by
simply changing the droplet programming sequence.

To limit the complexity of the electronic circuits and facili-
tate electrical connection to the device, we have limited the
number of independent electrical inputs to only 24. Thus,
each electrical input is connected simultaneously to multiple
active electrodes by using connection lines placed on a differ-
ent metallization level. The assignment of the electrical inputs
to each active electrode has to be cleverly designed to avoid as
much interferences as possible when multiple droplets are on
the DMF devices simultaneously. To minimize unwanted
interactions between the fluidic operations, the input-to-
electrode assignment has been divided into partitions®®
according to the function of the electrodes (see Fig. 1b): 8 elec-
trical input pins where assigned for dispensing (blue), 5 pins
for transportation (green), 6 pins for preparation (red), 4 pins
for storage (purple), and 1 pin is connected to top plate (not
shown). As shown in Fig. 1¢, the pin assignment within each
partition has also been optimized to maximize inter-
dependence of fluidic operations when multiple droplets are

This journal is ® The Royal Society of Chemistry

located in the same partition. For example, to move only the
droplet marked with an arrow from the sample preparation to
the transportation partition, the electrical input pins would be
actuated as follow: 2 - 5 = 1 - C. The input pins are also
assigned in a similar manner in the storage region, except that
smaller active electrodes (labelled y and B) are used to mini-
mize the real estate of the device. Finally, the distribution of
the 8 independent electrical pins within the reservoir partition
(blue color in Fig. 1b), ensures that a droplet can be dispensed
independently from each reservoir.

2.2 Assay design and optimization

Due to presence of many species of Legionella, it is critical to
design assays with a high selectivity capable of differencing
pathogenic from non-pathogenic species. As shown schemati-
cally in Fig. 2a, we have developed an assay based on the
hybridization of Legionella’s 16s rRNA on magnetic beads. In
order to achieve high specificity, two DNA probes were
designed for each target. One probe served as a capture probe
and was immobilized on magnetic beads while the second
probe, in addition to ensuring the high specificity, is used as
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Fig. 2 a) Schematic showing the hybridization of target RNA on the magnetic beads using designed capture and detector probes. b) Effect of the
incubation time on the detected fluorescence intensity for on-chip hybridization assays performed at a concentration of 100 nM target RNA.

a detector probe functionalized with a fluorescent dye
(Fig. 2a).

Before integrating the assay in the DMF devices, different
critical parameters were evaluated to obtain the highest
hybridization efficiency with minimum analyte consumption,
and the shortest assay time. The following factors were also
considered: hybridization buffer composition, temperature,
reaction volume, and the incubation time. Among these fac-
tors, buffer composition and temperature were found to play
an important role in specificity and sensitivity of the hybridi-
zation. We previously”' demonstrated that the 600 mM salt
concentration in the neutral pH buffer at 37 °C for the
L. pneumophila RNA-DNA hybridization resulted in the highest
specificity. As discussed in the Materials and methods sec-
tion, all on-chip assays have thus been performed at a tem-
perature of 37 °C.

To validate the on-chip 16s rRNA hybridization protocol
and optimize the speed of on-chip assays, we have first
performed a series of simple on-chip measurements to assess
the effect of incubation time on hybridization efficiency. For
on-chip tests, L. pneumophila 16s rRNA and the detector
probes were first mixed together off-chip. Then, for each
incubation time reported in Fig. 2b, one droplet of a 100 nM
RNA solution was dispensed and mixed on-chip with one
droplet containing magnetic beads coated with immobilized
capture probes. As described more in details in section 2.3,
the mixed droplet was washed six times and fluorescent mea-
surements were carried out immediately. As can be seen in
Fig. 2b, the intensity of fluorescence increased from one min-
ute up to 20 minutes after which fluorescent signal is seen to
saturate. Therefore, we chose 20 minutes as the optimal incu-
bation time for further experiments.

The reaction volume of the RNA sample on which the
detection experiment is performed is another key factor that
can affect the results of the detection assay. In conventional
laboratory experiments, the reaction volume is typically on
the order of tens of puL or higher. On the other hand, by inte-
grating the assay into DMF devices, we were able to reduce
the reaction volume required for one hybridization assay to

1612 | Lab Chip, 2015, 15, 160

only 30 nL (ie., only two individual droplets). It is also note-
worthy that, due to the small electrodes of our DMF devices
(0.5 x 0.5 mm), this volume is also smaller by a factor of 10
to 100 times compared with other reported reaction volumes
for bioanalytical assays performed in DMF.">?** The devel-
oped integrated assay thus offers the interesting prospect to
significantly decrease both the reagent consumption and
minimal sample volume. In particular, the reduced consump-
tion of streptavidin coated magnetic beads to only 15 nL per
hybridization assay (about 3600 particles) offers the potential
to reduce the cost of each assay. On the other hand, the
reduced sample volume can obviously impact the ultimate
limit of detection of the assay. We show next how the limit of
detection of the developed assay has been evaluated by
performing serial dilutions on-chip.

2.3 On-chip serial dilution and hybridization

To evaluate the limit of detection of the assay in DMF
devices, we have performed on-chip the protocol shown sche-
matically in Fig. 3. Fig. 4 shows sequential images illustrating
the various steps required to perform this protocol in DMF.
The first steps, which are summarized in Fig. 3a and 4a,
involve the generation of sample droplets containing a series
of different concentrations. One droplet from the RNA reser-
voir is first dispensed and transported to the mixing area.
Next, another droplet is dispensed from the buffer reservoir
and transferred to the same mixing area. In the mixing area,
the two droplets are mixed with rapid circular movements
and split into two identical daughter droplets, one of which
is moved either to the storage area for later use or to the
waste reservoir (depending on the targeted concentration pro-
file). The other daughter droplet is kept at the mixing area
for another dilution step with a droplet from the buffer reser-
voir. In this way, an exponential dilution series of the original
droplet is obtained. For the developed assay, droplets having
nominal concentrations of 500 nM, 125 nM, 8 nM, 1.0 nM,
0.5 nM and 0.12 nM were analyzed.

It is noteworthy that any variation in the volume of the
dispensed droplets will introduce some errors on the RNA
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Fig. 3 Schematics protocol showing the serial dilution and hybridization of 16s rRNA on the DMF devices. a) Creation of the exponential dilution
of the RNA sample into six concentrations. b) Mixing of the diluted RNA droplets with the magnetic beads. c) Incubation of the magnetic beads
with six concentrations of 16s rRNA. d) Capture of magnetic beads and separation of supernatant e) Six times washing of magnetic beads.

f) Fluorescent measurement.
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Fig. 4 Top view image sequence showing the digital microfluidic protocol used for the RNA serial dilution and hybridization assay. a) Creation of
the exponential dilution profile of the RNA sample into 6 droplets (1. to 3.). b) Mixing of the diluted RNA droplets with the magnetic beads and
incubation (4. to 6.). ¢) Magnetic capture and washing of the incubated droplets (7. to 9.).

concentration in the dilution series compared with nominal
values. In our DMF devices, we have found the dispensed
droplets have an average volume of 15.3 nL with a standard
deviation of about 0.4 nL (about 3%). This variability on
the droplet volume accumulates through the dilution proto-
col and can thus give rise to significant uncertainties on
the RNA concentration for the higher dilutions. By

alis © Th

propagating the standard deviation of droplet volume on
the 13 dilutions steps required to decrease the RNA concen-
tration from 1 uM to 0.12 nM, it is possible to show that
the relative error (standard deviation) on the concentration
reaches about 30% (see ESIf for a detailed analysis). We
believe that this error is small enough not to affect the out-
come of the assay.
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As shown in Fig. 3b-c¢ and 4b, each droplet from the dilu-
tion series is then actively incubated with magnetic beads. To
that end, one droplet from the reservoir containing the mag-
netic beads functionalized with L. preumophila CP probe is
first dispensed and transferred to the adjunct mixing area. In
the next step, one of the droplets from the dilution series of
L. pneumophila's RNA is transferred from the storage area to
the same mixing area.

After mixing, the new larger mixed droplet is transferred
to sample preparation area. Subsequently, all of the six
L. pneumophila’s RNA concentrations are mixed with magnetic
beads and transferred to the sample preparation area. The
droplets are incubated for around 20 minutes during which
they are slowly moved on the sample preparation area to cre-
ate fluid recirculation, minimize sedimentation and maxi-
mize the hybridization efficiency.

Finally, as shown in Fig. 3d-e and 4c, the magnetic parti-
cles are captured and washed to remove the un-hybridized
RNA. To capture the magnetic beads, two 2.5 mm diameter
cylindrical neodymium rare-earth magnets are positioned on
top of the DMF chip (each magnet is located in the center
top of the three sample preparation electrodes - see Fig. 4c).
The magnets are positioned to attract and concentrate the
magnetic beads on the top part of the droplet. After capture
of the magnetic beads, all the six droplets are split simulta-
neously into the two daughter droplets and the droplets
containing the supernatant are transferred to the waste reser-
voir. The magnets are then removed temporarily and each
droplet containing the magnetic beads are washed by (i)
transferring them one at a time to the mixing area located on
top of the chip and (ii) mixing them with one droplet from
the buffer reservoir. The mixed droplet is then transferred
back to its previous location in the sample preparation area.
The capture and wash sequence of the magnetic beads is
repeated for a total of six times.

In general, to capture and separate magnetic beads in a
droplet, the magnetic force should be sufficient enough to
capture the magnetic particles but not too strong as to cause
irreversible particle aggregation.'?**” As described, the two
permanent magnets placed on top of the DMF allowed con-
centrating efficiently the magnetic beads on top of the drop-
lets, removing supernatant and performing several washes.
On the other hand, we observed that sedimentation of the
magnetic particles on the bottom plate of the device could
make capturing the magnetic beads difficult. In order to alle-
viate this issue, we implemented a new strategy to improve
capture and separation of the magnetic beads. In this strat-
egy, the droplet was spread on two electrodes on top of the
sample preparation area by activating both electrodes in the
presence of magnets (Fig. 4-7). This was followed by
switching on and off only the top electrode while the bottom
electrode was kept activated. This switching was found to
facilitate the re-capture of sedimented magnetic beads while
ensuring that the pellet of captured magnetic beads
remained intact. To achieve acceptable particle separation, a
frequency around 7 Hz was used for the switching process.

1614 | tab Chip, 2015, 15, 1609-1618
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We hypothesize that the switching creates fluid recirculation
inside the droplets, which causes the sedimented particles to
be resuspended in solution and captured by magnet. Finally,
it is noteworthy that the use of Pluronic F-127 in the buffer
solutions was also found to improve the re-suspension of the
particles after magnetic capture.

The choice of the washing protocol should also be consid-
ered when separating the un-hybridized RNA and detector
probes from the magnetic beads. In our experiments, we
observed that a total of six washes with 1:1 ratio of buffer to
sample were sufficient in removing the supernatant from
magnetic particles before fluorescence measurement. This
number of washes is also in accordance with a similar
reported protocol.'” In this method, the magnet was manu-
ally removed after the ‘capture and separation’ step and the
droplet containing magnetic beads was re-suspended in wash
buffer droplet in the mixing area (Fig. 4-9). The removal of
the magnet ensures that there won't be any entrapment
of the unhybridized RNAs and detector probes in the pellet
of the captured magnetic beads. We hypothesize that this
is advantageous compared to other previously reported
methods where the magnet was at the same place throughout
the whole washing process. For example, when the magnet
position is kept constant, is has been reported that up to
18 washes are required”® when the buffer to sample ratio is
of 1:1 and 5 washes™ for a buffer to sample ratio of 5: 1.

2.4 Limit of detection for L. pneumophila's RNA

As described earlier, six different concentrations of the
L. pneumophila’'s RNA ranging from 0.5 uM to 122 pM were
made on the DMF chip and hybridized with functionalized
magnetic beads for twenty minutes at 37 °C. After six times
washing with buffer, the fluorescent intensity for each drop-
let was measured directly on-chip and subtracted from the
negative control. As can be seen in Fig. 5, the developed
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Fig. 5 Measured relative fluorescent intensity versus L. pneumophila’s
RNA concentration using superparamagnetic beads and Cy3
fluorescent tagged detector probe (see ESIt for the calculation of the
error on the concentration). Inset: a bright-field and fluorescent
images of a droplet containing captured RNA onto the magnetic
beads.
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system could successfully detect 16s rRNA at concentrations
as low as 122 pM in less than 30 minutes. Considering the
15 nL volume of the RNA droplet, this amount is equivalent to
1.8 attomoles of 16s rRNA. Due to the very low dead volumes
offered by the proposed system, the LOD in terms of absolute
amount is thus around 250 to 10 000 times less than the LOD
reported for 16s rRNA using amplification-free detection sys-
tems such as SPRi,” and electrochemical® techniques
respectively. Moreover, with a total analysis time of only
30 minutes, the system provides a measurement 6 times faster
than the aforementioned methods. One of the limiting fac-
tors in our sensitivity was the auto-fluorescence of the DMF
device, which interfered with the signal obtained from the
droplet at low concentrations. We believe that, by alleviating
this problem (for e.g., by choosing materials with lower auto-
fluorescence), the signal-to-noise ratio and the LOD could
even be increased further. Finally, it is also worthwhile not-
ing that the developed assay offers a rather large dynamic
range, providing a regular signal increase for more than three
orders of magnitude of RNA concentration (Fig. 5).

2.5 Multiplex detection of pathogenic and non-pathogenic
Legionella

As described in the introduction, the multiplex detection and
ability to distinguish the pathogenic from non-pathogenic
bacteria is a critical feature required for monitoring environ-
mental water samples. Thus, in addition to L. pneumophila,
we designed a series of capture and detector probes targeting
the 16s rRNA from L. israelensis as a non-pathogenic
Legionella species, since there is no report of human disease
from this species.

In order to perform the multiplex detection of these two
target RNAs, the detector probe specific to L. israelensis (L.i)
was functionalized with Cy5 dye in contrast to the
L. pneumophila's (L.p) detector probe which was tagged with
Cy3 dye. Two sets of functionalized MB with a concentration
of 2.4 x 10" particles mL™" were also prepared, each with one
of the two capture probes (L.p MB and L.i MB).

For the multiplex protocol, the on-chip incubation, mag-
netic separation, and washing steps were performed in a sim-
ilar manner to the exponential dilution protocol discussed
before (see Fig. 4). However, in this case, RNA concentration
was fixed at 100 nM and two additional reservoirs were used
for the L.i MBs and for L.i RNAs. Also, instead of performing
a dilution series, fluidic operations were such that the two
different types of functionalized magnetic beads (i.e., L.p MB
and L.i MB) were each hybridized with three different RNA
samples prepared by mixing (i) a Lp droplet with a buffer
droplet, (ii) a L.i droplet with a buffer droplet and (iii) a Lp
with a L.i droplet. A total of six different hybridization mea-
surements were thus performed to evaluate the specificity of
the developed assay.

Fig. 6 shows the resulting measured fluorescence intensity
for the six hybridization tests for both the Cy3 and Cy5 filters
(corresponding respectively to the dyes of Lp and L.i detector
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Fig. 6 Multiplex detection of Legionella 16s rRNAs including
pathogenic, L. pneumophila (L.p) and non-pathogenic L. israelensis (L.i).
Detector probe specific to L.p RNA sample was tagged with Cy3 dye
while the detector probe specific to L.i RNA sample was tagged with Cy5
dye. Three RNA samples including L.p, L.i and mixture of Lp and L.i
were incubated with two types of magnetic beads functionalized with
either L.i or L.p capture probes. The fluorescent measurements were
carried out with Cy3 and Cys5 filters for each droplet.

probes). As expected, the reaction of L.p RNA with Lp MB
resulted in a significant fluorescent signal only with Cy3 fil-
ter, indicating that only L.p detector probes hybridized signif-
icantly to the beads. The opposite trend was observed for the
reaction of L.i RNA with L.i MB, which resulted in a strong
signal only in Cy5 filter (ie., only L.i detector probe was
hybridized). On the other hand, much smaller signals were
measured in both Cy3 and Cy5 filters when Lp RNA was
incubated with L.i MB or when L.i RNA was incubated with
L.p MB, indicating that neither the L.p detector probes nor the
L.i detector probes were hybridized to the beads. Finally, for
the mixed sample containing both L.p and L.i RNA, the nor-
malized fluorescent intensities for Cy3 and Cys5 filters were in
the same level as those obtained for Lp RNA with Lp MB
and Li RNA with Li MB respectively. In summary, these
results confirm that the developed assay based on two sets of
independent capture and detector probes can achieve a speci-
ficity high enough to discriminate between RNA from two
Legionella species.

3. Conclusion

We have shown the successful integration of a multiplex RNA
assay in DMF for the specific detection of Legionella species
using 16s rRNA targets. An advanced DMF platform was
designed to integrate the developed assays, which offered the
possibility to perform on-chip complex fluidic manipulations
with multiple droplets. The various steps of the assays,
including magnetic capture, hybridization duration, washing
steps, and assay temperature were first optimized. The
advanced fluidic capabilities of the platform were then used
to perform exponential dilutions to evaluate, in the same
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Table 1 Oligonucleotide sequences employed in the experiments
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Name Sequence 5'--3"

L. pneumophila CP

L. israelensis CP

L. preumophila DP

L. israelensis DP

L. pneumophila’s RNA
L. israelensis RNA

assay and under the identical condition, the signal from mul-
tiple RNA concentrations. We have shown that, by integrating
the assay in DMF devices, we were able not only to reduce
drastically reagent and magnetic beads consumption, but
also to decrease the minimum amount of RNA required
to achieve positive sample identification to about only
1.8 attomoles, which demonstrates the potential of the devel-
oped system to achieve amplification-free detection based on
16s RNA. Finally, we have shown that specific detection for
pathogenic and non-pathogenic species of Legionella can be
achieved by using capture and detector DNA probes for each
16s rRNA target. We have thus demonstrated a proof of con-
cept for the automated multiplex detection of pathogenic and
non-pathogenic Legionella in DMF.

The developed DMF devices also offer the interesting pros-
pect to simplify the sample preparation steps required to
extract and purify RNA from bacteria. Because of the high
specificity of the detection system and the possibility to
hybridize the magnetic beads and target rRNA directly within
the crude cell lysate, we envisage that all the sample prepara-
tion and hybridization steps could be performed on-chip
using thermal lysis. By integrating sample preparation, the
proposed detection and fluid manipulation system could
thus be used as a versatile tool for high-throughput and mul-
tiplex detection of several types of bacteria with minimum
reagent consumption.

4. Materials and methods
4.1 Chemical and reagent

BioMag Streptavidin coated superparamagnetic beads were
purchased from Bangs Laboratories (Fishers, IN, U.S.A).
Pluronic F-127 was purchased from Sigma-Aldrich (St. Louis,
MO, U.S.A.). Oligonucleotides were purchased from Inte-
grated DNA Technologies (Coralville, 1A, U.S.A.). SSPE buffer
(20x buffer is 3.0 M NaCl, 0.2 M NaH,PO,, and 0.02 M EDTA
at pH 7.4.), was purchased from Invitrogen (Carlsbad, CA, U.S.A.).
Silicone oil {viscosity of 2 cSt) was purchased from Clearco
(Bensalem, PA U.S.A), SU8 photoresists from Gersteltec (Pully,
Switzerland) and Teflon AF from Dupont (Mississauga, ON,
Canada).

4.2 DMF device fabrication

The DMF devices were fabricated by first depositing and pat-
terning, by standard lithography, layers of 10 nm thick Cr
and 100 nm thick Au on a borosilicate glass wafer to form a

1616 | Lab Chip, 2015, 15, 1609-1618

/Biotin/TTTTTTTTTTCAGGTCGCCCCTTCGCCGCC
/Biotin/TTTTTTTTTTGCGCCAGGCCATAAGGTCCC
CTCTGTATCGGCCATTGTAGCTTITTTTTTT/Cy3/
CAGCTTTACTCCAAAGAGCATATGCGGTTTTTITTTT/Cy5/
UACACACGUGCUACAAUGGCCGAUACAGAGGGCGGCGAAGGGGCGACCUGGAGCAAAUCC
CTAATACCGCATATGCTCTTTGGAGTAAAGCTGGGGACCTTATGGCCTGGCGCTTTAAGA

network of contact pads and 200 um wide connection lines. A
first layer of about 5 um thick SUS dielectric was then depos-
ited by spin-coating and UV exposed through a mask to open
interconnection vias in specific locations. A second layer of
Cr and Au was then patterned on top of the first dielectric
layer to form the 500 x 500 pum active electrodes and reser-
voirs of the devices. The electrodes were finally covered with
a second layer of about 2.5 pm thick SUS dielectric and a thin
30 nm layer of hydrophobic coating based on Teflon AF. The
top plate of the devices was made by covering ITO-coated
plate (Delta technologies, Stillwater, MN, USA) with the same
hydrophobic coating. As a final step, the DMF devices were
finally post-baked at 200 °C for 2 h.

4.3 Microfluidic platform and DMF device operation

The DMF devices were powered with a home-developed AC
voltage source capable of amplifying the 5 V DC voltage from
a USB connection to a 0.3 to 3 kHz square-wave of 0 to 150 V.
The use of AC voltage minimizes the amount of charge trap-
ping occurring inside the dielectric of the devices compared
to DC voltage, thus improving both the reliability of droplet
displacement and DMF lifetime. A typical operation voltage
of about 85 V RMS at 1 kHz was used for droplet displace-
ments, which was found to provide reliable droplet displace-
ment at a speed of 10 electrodes per second. The 24 indepen-
dent electrical inputs of the devices were contacted with a
custom clip made from spring-loaded pogo-pins. A home-
developed software providing advanced sequence program-
ming capabilities have been developed to control the electri-
cal inputs and automate the droplet displacements.

The devices were filled by dispensing droplets of about
1 upl on the bottom electrodes forming the reservoir of the
DMF devices using a pipette. Before reservoir filling, a small
amount (i.e., <0.1 pl) of silicone oil was applied on the reser-
voir by touching the device with a the tip of a pipette as
discussed elsewhere,*® the oil naturally forms a thin shell
around the droplets, which has been shown to facilitate drop-
let displacements and improve device reliability. The top
plate of the device is then electrically grounded and put in
place along with a spacer providing a constant gap of about
70 um. Individual droplets of about 15 nL are then dispensed
from the reservoirs of the devices by applying a sequence of
voltage on the electrode of the DMF devices. The temperature
was controlled by mounting the DMF devices on a thermo-
electric element connected to an H-bridge electrical circuit

This journal is © The Royal Society of Chemistry 2015
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controlled by an Arduino microcontroller in communication
with a computer. While performing the RNA assay, the tem-
perature in the DMF devices was kept constant at 37 °C to
favor hybridization. To minimize the evaporation of the small
15 nL droplets, DI water was dispensed around the edge of
the DMF devices. In this configuration, only marginal evapo-
ration was observed for the duration of the assay (about 30 min).
No significant evaporation of the thin oil shell around the drop-
lets was observed.

Many regents used in biological applications such as proteins
are susceptible to non-specific adsorption to the hydrophobic
layer of the DMF devices, increasing dragging forces and eventu-
ally preventing droplet displacement.”* In our experiments, we
have found that the droplets containing the streptavidin-coated
paramagnetic beads could not be manipulated reliably despite
the presence of an oil shell around the droplet. Reliable drop-
let displacement was obtained by adding Plutonic F127 to the
solutions with final concentration of 0.01% (v/v).

4.4 DNA probe design and hybridization condition

DNA capture probes (CP), complementary to L. pneumophila
and L. israelensis’s 16s TRNA, were designed using bioinfor-
matics software packages from Cardiff University, England.
Particular features such as loops and hairpins, were checked
for and avoided. The specificity of these probes was con-
firmed using the Check Probe program and Ribosomal Data-
base Project (RDP). In terms of detection probes, a fluores-
cent tagged DNA probe with zero base pair gap between the
capture and detection probes (DP) for each target RNA
sequence was designed. Cy3 (excitation at 550 nm, emission
at 570 nm) and Cy5 (excitation at 649 nm, emission at 670 nm)
dyes were used for L. p yphila and L. isr is detector
probes respectively. The length of each detector probe was
determined to ensure similar melting temperatures while
avoiding cross-reactivity and hybridization to any capture
probes. The cross reactivity of these detector probes was
tested against the capture probe, revealing no significant inter-
action (data not shown). Two RNAs (60 bp in length) from the
L p phila and L. isr is's 16S rRNA, which contains
complementary sequences for the designed capture and detec-
tor probes, were synthesized by Integrated DNA Technology
(Table 1).

4.5 Microparticle preparation and signal measurement

The hybridization buffer was chosen based on previously
reported work.”" Briefly all the reagents were diluted in 4x SSPE
buffer containing 600 mM NaCl and hybridization experi-
ments were carried out at 37 °C inside the DMF chip.

Before the start of the assay, the streptavidin coated super-
paramagnetic particles (MB) were washed off-chip three
times with 4x SSPE buffer containing 0.01% pluronic F-127 and
were concentrated to the final concentration of 2.2 mg mL™*
(2.4 x 10° particles mL™"). In order to immobilize the biotin
capture probes on magnetic beads, an excess amount of DNA
capture probe (4 uL of 100 uM) was incubated off-chip with

This journal is © The Royal Society of Chemistry 2015
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100 pL of the magnetic bead solution for 15 min at room-
temperature. This was followed by three times washing with
4x SSPE buffer. The same protocol was used for the preparation
of the MB used in the capture of L p yphila and L. israel

The functionalized beads were kept at 4 °C before use.

An inverted fluorescence microscope (Nikon TE 2000-E)
was used for measurement of the fluorescence intensity of
the droplets inside the chip. All images were captured using
a CCD camera and analyzed by Image] (National Institutes of
Health, Bethesda, MD). The Fluorescent measurements were
carried out on the chip by locking at the target droplet under
the microscope. All measurements were subtracted by the
intensity obtained from a negative control. The negative con-
trol droplet contained magnetic beads with the detector
probe and was washed six times using the same protocol as
the other droplets. For the multiplex detection of RNA, the
fluorescent intensities for each sample were normalized for
each filter independently by the positive control (the mixture
of the magnetic bead, RNA and proper detector probe). The
lower detection limit was defined as the smallest concentra-
tion of an analyte, calculated as the blank signal plus or
minus three standard deviations. All data were expressed as
the mean =+ standard deviation.
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Evaluation of the error caused by droplet volume variability during an exponential dilution
series in digital microfluidics

We evaluate here how the random variability in the droplet volume in digital microfluidics gives rise to
an error in the reagent concentration during an exponential dilution series. To create this dilution series
a buffer droplet is mixed with a reagent droplet. The resulting droplet is then split in two droplets and
one of the resulting droplets is kept for the next dilution step. This process is repeated for n steps to
create the exponential dilution series.

1. First dilution step

To create the first dilution step of the series, a droplet of volume V}; and regent concentration of (j is
mixed with a buffer droplet of volume V3 and concentration C = 0. The concentration C; of the mixed
droplet is thus given by:

- CoVo
A

G

The relative error AC; /C; on C; is thus given by:

(ACl)Z B (ACD)Z N (AVU)2 o (A0 + V) 2

Gl T NG Vo Vo + Vg

where ACj is the standard deviation of the concentration from the bulk solution, and AV;, and AVy are
respectively the standard deviation of the volume of the reagent and buffer droplets. As both the buffer
and the buffer droplets were obtained from the same on-chip dispensing protocol, we can assume that

AVy = AVy = AV , where AV is the standard deviation of droplet volume following dispensing from a
reservoir. We thus have:

AWV + V) = J(AV)?2 + (AVg)2 = V2 AV

As both droplets were obtained by the same dispensing process, we also neglect herein any systematic
volume difference between V/; and V; such that V; = I/; = V. We thus have:

N\ 0\ NN 2
@ - @)+ ()
2 2 2
(@) - (&) +:5)

Knowing the standard deviation of the droplet volume, this expression can be used to evaluate the error
on the concentration of the first dilution level.
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2. Second dilution step

For the second dilution step, we first have to split the mixed droplet into two individual droplets.
Neglecting systematic error that might occur during this splitting process, the volume of the new split
droplet is given by:

VotV

Vi 2

Thus the error on V] is:

AV, = J(AVp)? + (AVg)? =VZ AV

The concentration C, of the mixed droplet after the second dilution step is given by:

_ah
LR A7

The error on the concentration after the second dilutions step can thus be found using the same process
as for the first dilution step:

@QY_@Q2+@KY+Am+%)Z
Gt q) A Vi, + Vg
A AN A V3’
GE)_GT) (7) 2V
(AC})Z__(ACI)2+_11(AV)Z
Gl \G 4 \V
3. n" dilution step

In general, it is possible to show that, for the n™ dilution step, the error on the concentration is given by
(for n>0):

AC,\®  (AC,_1\% 5n+1/AV\?
pesant LY = + ——
@) -G =)

This formula can be used to find the error of the n™ dilution step knowing the error on the (n-1) step.

Using arithmetic series, we can then show that the error of the n™ dilution step can be obtained directly
from:

(A(,‘,l)2 a (ACU)2 " 5n% +7n (AV 3
C,)  \¢y 8 V)
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Thus, if we consider that the initial concentration of the bulk solution at the beginning of the dilution
series is known (i.e., ACy = 0), the error on the concentration of the n step is function of only the error
on the droplet volume:

AC, AV |5n2+7n

C,,_VV 8

The following table provides numerical analysis of the error as a function of the dilution step:

Dilution Step AC,/C; Ca/Co
0 0 1
1 1.22 AV)V Y
2 2.06 AV/V %
3 2.87 AV)V 1/8
4 3.67 AV/V 1/16
5 4.47 AV]V
6 527 AV/V
7 6.06 AV/V
8 6.86 AV ]V
9 7.65 AV/V
10 8.44 AV/V
11 9.3 AV/V
12 10.0 AV/V 1/4096
13 10.8 AV/V 1/8192

For example, assuming an initial standard deviation of AV/V = 3%, the standard deviation of the
concentration after 13 dilutions step is of about 32%.

Note:

It is important to note that we considered only the random variability in droplet volume in our analysis.
Systematic error would have to be taken into account separately. For example, if the buffer droplets are
systematically larger than the reagent droplets or if the splitting process is systematically biased, the
average concentration of the various steps of the dilution series has to be shifted accordingly
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