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Abstract

Foodborne pathogenic bacterial infection is one of the main causes for food poisoning cases.
Therefore there is an urgent need for rapid, sensitive and cost-effective detection methods
in order to avoid or to respond to outbreaks of such diseases in a timely manner. To this
end, a dendrimer-aptamer modified microfluidic detection system with rolling circle
amplification (RCA) is developed to detect E. coli O157:H7. In the proposed detection
system, poly(amidoamine (PAMAM) dendrimers are immobilized onto inner surfaces of
polydimethyl siloxane (PDMS) microchannels to avoid non-specific binding and to
provide more binding sites to subsequently conjugate capturing aptamers as recognition
elements. Surface modifications by the PAMAM dendrimers and the aptamers are
characterized. To further enhance detection sensitivity, RCA is employed to intensify
fluorescence signals for detection. To better understand the RCA process and optimize its
reaction conditions, the RCA reaction processes are followed over time using atomic force
microscopy and agarose gel electrophoresis. Subsequently, the optimized RCA reaction
conditions are used in a dendrimer-aptamer microfluidic whole-cell detection system for
E. coli O157:H7 detection with signal RCA (sRCA) signal intensifications. To further
improve the detection sensitivity, a new set of RCA sequences for capturing target bacterial
cells (i.e. cRCA\) are designed to produce tandem repeat aptamer units (i.e. cRCA-aptamers)
for more efficient target captures. In situ cRCA synthesis on microchannel inner surface is
characterized and optimized for its application in capturing E. coli O157:H7 cells. The

cRCA approach shows better capturing ability and further increased the fluorescence



detection signals. Our results suggest that the proposed platform is a promising method for

sensitive and rapid detection of pathogenic bacterial cells.



Résumé

La majorité des cas d'intoxication alimentaire sont causés par des bactéries pathogenes.
Donc, il y a un besoin urgent pour des methodes de détection rapides, sensibles et rentables
pour éviter ou répondre aux flambées de ces maladies en temps opportun. Pour cet
objective, un systeme de détection microfluidique modifié par des dendrimere-aptameéres
avec une amplification en cercle tournant (ACT) est développé pour détecter E. coli
0157:H7. Dans le systeme de détection proposé, les dendriméres PAMAM sont
immobilisés sur les surfaces internes des microcanaux PDMS pour éviter la liaison non
spécifique et pour fournir plus de sites de liaison qui ensuite conjugue les aptameéres de
capture comme éléments de reconnaissance. Les modifications de surface par les
dendriméres PAMAM et les aptameres sont caractérisées. Pour améliorer encore la
sensibilité de détection, ACT est utilisé pour intensifier les signaux de la détection de
fluorescence. Pour mieux comprendre le ACT procédé et optimiser ses conditions de
réaction, les procédés de réaction ACT sont suivis au fil du temps en utilisant la
microscopie a force atomique et I'électrophorese sur gel d'agarose. Ensuite, les conditions
de réaction ACT optimisées sont utilisées dans un systeme de détection dendrimere-
aptamere microfluidique de cellule entiere pour la détection de E. coli O157: H7 avec des
intensités de signal RCA (S-ACT). Pour améliorer encore la sensibilité de détection, un
nouvel ensemble de séquences ACT pour capturer des cellules bactériennes cibles (p. ex.
C-ACT) est dessiné pour produire des unités aptameres répétées en tandem (p. ex. poly-
aptameres) pour des captures cibles plus efficaces. La synthese de C-ACT in situ sur une
surface interne de microcanaux est caractérisée et optimisée pour son application a la

capture de cellules E. coli 0157:H7. L'approche C-ACT montre une meilleure capacité de
iv



capture et augmente encore les signaux de détection de fluorescence. Nos resultats
indiquent que la plate-forme proposée est une méthode prometteuse pour la détection

sensible et rapide des cellules bactériennes pathogéenes.
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Chapter 1

Introduction

1.1 General introduction

Rapid detection of foodborne pathogens and real time monitoring on food quality are of
great importance to food industry. With a growing need for fresh food products from
customers, fast transportation of food products is desired. Conventional methods usually
take several days to obtain results of pathogen detection, which delayed the food products
getting into circulation. Rapid detection of foodborne pathogenic bacteria is of great
importance to the food industry and public health [1-3]. E. coli O157:H7 is one of the key
pathogenic bacteria that is associated with foodborne illnesses, and its infective dose is
estimated to be as low as 10 cells [4-6]. The typical symptom of E. coli O157:H7 infection
is hemorrhagic colitis or bloody diarrhea [7, 8]. The food poisoning cases caused by E. coli
0157:H7 are not as many as those caused by Salmonella or Campylobacter spp., however,
they lead to more diseases and even deaths [9]. Therefore, sensitive detection of this highly
threatening pathogen is a pressing issue. Currently, the most commonly used detection
methods for E. coli O157:H7 include plate culture, enzyme-linked immunosorbent assay
(ELISA) and polymerase chain reaction (PCR). Plate culture is the conventional method to
detect pathogens, which takes several days to get results and involves laborious procedures
[10, 11]. In comparison, ELISA and PCR are sensitive and can give fast result turn-around.

However, sample pre-treatment steps such as cell enrichment and DNA extraction are often
2



required, significantly increasing the overall detection time [12, 13]. More sensitive and
rapid detection methods have been continuously expected. Since the late 1980s, lab-on-a-
chip (LOC) technique or micro total analysis system (UTAS) that offers portability, high
sensitivity, low cost and reduced reagent consumption has attracted growing research
interests [13-17]. The reduced size also improves the analytical performance of
microfluidic devices. The potential to integrate with automated analytical modules and
develop on-site detection devices further increases their research popularity. Although
these newly developed detection methods have promoted more efficient and sensitive
approaches for identification and to monitor pathogenic bacteria, there are still growing

needs and desires for simple and sensitive detection methods.

The principle of detection in biosensors is to transduce recognition reactions (specific
interaction between target and recognition element, such as antigen and antibody, or target
protein and its aptamer) into readable signals; therefore strategies to improve detection
sensitivities are based on enhancing recognitions between targets and sensing elements, as
well as intensifying transduced detection signals. To meet this goal, recognition elements
and detection signal intensifications are imperative for sensitive detections. Nucleic acid
aptamers have been studied in many applications in foodborne pathogen detections due to
their advantages, including ease of synthesis and modification, good reproducibility, and
high sensitivity [18-23]. Aptamers are in vitro selected single-stranded DNA/RNA
oligonucleotides that can recognize and bind to specific targets through folding into defined
tertiary structures [24-26]. The selection procedure is called systematic evolution by

exponential enrichment (SELEX) from DNA/RNA libraries of random sequences [25, 27].



Compared with antibodies, aptamers possess some distinct advantages including small
sizes (1-2 nm), stable structures to undergo repeated denaturation and renaturation, broad
detection targets and high specificities [16, 28-30]. Once selected, they can be synthesized
commercially with high purity and reproducibility. Besides, it is versatile and convenient
for aptamers to be chemically modified and labeled, making them easier to be
functionalized with nanoparticles, microbeads or conjugated with surfaces. As a result,
aptamers have been used in microfluidic devices as a substitute for antibody [31]. In
addition, aptamers can be linked with a primer DNA to initiate signal amplifications,

especially nucleic acid based amplifications, such as rolling circle amplification (RCA).

1.2 Thesis objectives

The overall objective of this study was to develop a simple and sensitive microfluidic
device to detect foodborne pathogenic bacteria. To achieve this, there are 3 sub-objectives:
(1) To modify E. coli O157:H7 aptamers on a previously developed dendrimer coated
PDMS microchannel. As a recognition element, the immobilized aptamers are tested to
specifically recognize and capture the target E. coli O157:H7 cells; (2) To develop a RCA
signal intensification system for transducing the recognition interaction into readable
signals. In addition, RCA was employed upon this dendrimer-aptamer detection system to
improve the signal intensity and detection capability. By visualizing RCA products using
fluorescence probes, detection signals were collected and analyzed; (3) To further improve
the detection sensitivity of the established detection system. Poly-aptamers produced by
cRCA reaction were employed to replace the initial monolayer aptamers modified on the

dendrimer PDMS microchannel. These cRCA-aptamers containing tandem repeated
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aptamers were supposed to work like long capturing arms aiming to target E. coli O157:H7
cells, which were combined with the initial signal intensification RCA (sRCA) to form a

dual-RCA detection system for E. coli O157:H7 cells.

1.3 Thesis structure and scientific contributions

This thesis consists of 6 chapters: Chapter 2 is modified based on a publish review article;
Chapters 3, 4 and 5 are independent original research papers, either published or submitted
to peer reviewed scientific journals. Chapters 2-5 are presented using journal paper formats
and are modified accordingly to achieve format consistence in this thesis. Chapter 1 is
general background introduction and Chapter 6 is general discussion, conclusions, and

recommendations.

The details of the thesis organization are described as followed.

Chapter 1: Introduction

A background on the field of foodborne pathogen detection and an overview on the projects

in this thesis are presented. The objectives, research novelty and strategies are also outlined.

Chapter 2: Literature review

Contributions:

Published paper



Yugian Jiang, Shan Zou, Xudong Cao*, Rapid and ultra-sensitive detection of foodborne
pathogens by using miniaturized microfluidic devices: a review, Analytical Methods 8

(2016) 6668-6681. (IF 2016 = 1.9)

Chapter 3: A simple dendrimer-aptamer based microfluidic platform for E. coli

0157:H7 detection and signal intensification by rolling circle amplification

Contributions:

Published paper

Yugian Jiang, Shan Zou, Xudong Cao*, A simple dendrimer-aptamer based microfluidic
platform for E. coli O157: H7 detection and signal intensification by rolling circle

amplification, Sensors and Actuators B: Chemical 251 (2017) 976-984. (IF 2016 = 5.4)

Submitted manuscript

Xingkai Hao, Po Ying Yeh, Yubo Qin, Yugian Jiang, Zhenyu Qiu, Xudong Cao*,
Aptamer surface functionalization of microfluidic devices via dendrimers as multi-handled
templates and its application in sensitive detections of foodborne pathogenic bacteria,

submitted.

Poster competition

Yugian Jiang, Xingkai Hao, Zheng Dai, Xudong Cao*, Effective detection of foodborne

pathogen using PAMAM dendrimer and aptamer coated microfluidic channel. Faculty’s



7th Edition of the Engineering and Computer Science Poster Competition, 2nd prize was

awarded.

Chapter 4: A study on rolling circle amplification and its signal enhancement in a

dendrimer-PDMS microfluidic detection system

Contributions:

Submitted manuscript

Yugian Jiang, Zhenyu Qiu, Tao Le, Shan Zou, Xudong Cao*, A study on rolling circle
amplification and its signal enhancing application in a dendrimer-PDMS microfluidic

system, submitted.

Conference presentation

Yugian Jiang, Shan Zou, Xudong Cao*, A study on rolling circle amplification and its
signal enhancing application in a dendrimer-PDMS microfluidic system. 67" Canadian

Chemical Engineering Conference, Oct. 22-25, Edmonton.

Chapter 5: Developing a dual-RCA aptamer-based microfluidic platform for

sensitive whole-cell detection of E. coli O157:H7

Contributions:

Submitted manuscript



Yugian Jiang, Shan Zou, Xudong Cao*. Developing a dual-RCA aptamer-based
microfluidic platform for sensitive whole-cell detection of E. coli O157:H7. In preparation

of submission.

Chapter 6: Discussion and conclusion

An overall summary and conclusions are included. Recommendations for further work

based on the presented work in this thesis are discussed.
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Chapter 2

Literature review

Rapid and ultra-sensitive detection of foodborne

pathogens by miniaturized microfluidic devices

Yugqian Jiang, Shan Zou, Xudong Cao

The following chapter mainly consists of the paper entitled Rapid and ultra-sensitive
detection of foodborne pathogens by using miniaturized microfluidic devices: a review,
published in Analytical Methods. Authors of this review article include Yugian Jiang, Shan
Zou and Xudong Cao. Formatting and minor modification (such as figure number and
labels) were made on the published version and a new section (2.5) on fabrication and
modification of minimized microfluidic PDMS devices was added to provide information
on materials and techniques commonly used in the detection systems which are also closely

relevant to my work in this thesis.

A literature review on rapid and sensitive detection methods based on miniaturized
microfluidic devices to detect foodborne pathogenic bacteria were presented in this chapter.
Detection principles, features of detection methods, and techniques or strategies for

facilitating ultra-sensitive detection were discussed. In addition, emphasis was put on
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microfluidic detection conducted on the miniaturized devices with excellent detection

performance reported in the most recent years.
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Abstract

Identification and quantification of foodborne pathogens is becoming increasingly
important to public health and food safety since pathogenic bacteria cause a large amount
of foodborne illnesses and even deaths. Conventional methods for foodborne pathogen
detection are time-consuming and laborious due to the requirement of a series of processes
including cell enrichment, isolation and biochemical identification. Therefore the demand
for rapid, sensitive, inexpensive and convenient approaches to detect foodborne pathogenic
bacteria has emerged in recent years. Among those new approaches, microfluidic chip-
based detection has generated growing interests because of their miniaturized size,
improved sensitivity and reduced detection time. In addition, the application of
nanomaterials and magnetic microbeads has further facilitated target recognition and signal
transduction processes in microfluidic pathogen detections. The lab-on-a-chip technique
has developed into an alternative to conventional methods to detect foodborne pathogens
owing to its potential to offer desired sensitivity and to respond in a short test time. Most
recently, smartphones and 3-D printing technologies are attracting growing attentions for
enhanced detection performance. This paper reviews the most recent development and
trend of miniaturized microfluidic devices based on different recognition principles and
signal amplification methods to detect foodborne pathogens. In particular, emphasis will
be put on those that offer both rapid detection result turn-around and ultra-low detection

limit of 102 - 10° cells/mL or even single-cell detection.

Keywords: Food safety; Bacteria detection; Microfluidic devices; Signal amplification;

Biosensor; Lab on a chip; Single-cell detection.
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2.1 Introduction

Food safety is one of the major concerns to public health. It is estimated that there are
nearly 76 million cases of foodborne illness in the US annually, resulting in more than
300,000 hospitalizations and 5,000 deaths every year [1-3]. Food safety greatly depends
on rapid and sensitive detection of harmful agents, such as pathogens, viruses and toxins,
which could be brought into the food chain at any point during procedures such as food
production, transportation, processing, storage, retailing, and handling [4, 5]. To monitor
food safety and regulate food hygiene, Hazard Analysis and Critical Control Points
(HACCP) programs have been implemented to critically control potential contamination
points during food processing. This has significantly improved our food safety [6, 7].
However, there are still millions of people around the world facing illnesses caused by food
[8]. While food poisoning and foodborne illness can be caused by harmful chemicals,
heavy metals, parasites, fungi, viruses and bacteria. In the US, the bacteria related food
poisoning cases are mostly caused by Salmonella, Norovirus (Norwalk Virus),
Campylobacter, E. coli, Listeria, Clostridium perfringens [9]. Unfortunately, conventional
methods for foodborne pathogen detection - generally involving multiple laborious steps -
take up to several days to get results, demonstrating an unmet need for rapid and sensitive

detection of foodborne pathogens [6, 10-12].

To solve this problem, several alternative detection methods have been developed. For
instance, liquid or gas chromatography (LC or GC) in combination with mass spectrometry
(MS) have been used to detect E. coli O157:H7 and Salmonella typhimurium by ways of

analyzing their metabolites [13]. The main problem of this approach is the requirement of
15



sophisticated instruments and highly trained personnel, making it inappropriate or even
impossible to be applied as a routine method for pathogen detection and monitoring.
Immunoassays such as enzyme-linked immunosorbent assay (ELISA), and nucleic acid
technologies such as polymerase chain reaction (PCR) have also been used in an attempt
to rapidly detect foodborne pathogens with high sensitivities [14-16]. Table 2-1
summarizes assays commonly used to detect foodborne pathogens, their limits of detection
(LODs), and overall detection time when pre-enrichment samples are considered. It should
be mentioned that while molecular detections are highly specific and sensitive, they still
require pre-enrichment steps that account for most of the overall detection time (see pre-
enrichment time vs. detection time shown in Table 2-1). As indicated in Table 2-1,
microchip-based biosensors offer better sensitivity and shorter response time in detection,

although the need for prior cultural enrichment is still debatable.
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Table 2-1 Detection of pathogenic bacteria in water or food matrix by different methods

Method Pathogen Sample Limit of Pre- Detection  Ref.
type detection enrichment  time
(LOD) time
Plate culture  E. coli O157: Apple cider 10°CFU/mL 48-72h - [17]
H7
PCR E. coli 0157  Water 1CFU/mL  16-20h ~3h [18]
PCR-ELISA E. coli Milk 102 CFU/mL 16 h ~4h [19]
ELISA E. coli 0157  Cultures ~ 10 24h ~4h [20]
fromfood  CFU/mL
ELISA Shigella Bufferand ~ 10* 48h ~4h [21]
dysenteriae chicken CFU/mL
carcass
wash
PCR-ELISA  Salmonella Milk and 10°CFU/mL 18h ~5h [22]
spp. meat
sample
Immune- E. coli Milk 50CFU/mL 16h ~3h [23]
based
microchip
Fiber optic Listeria, Ready-to-  ~ 10® 24h ~2h [24]
biosensor E. coli eat CFU/mL
0157:H7, meat Each
Salmonella samples
Aptamer E. coli Bacteria in 10CFU/mL 16h ~15h [25]
based O157:H7 PBS buffer
biosensor

While these new techniques offer significant improvements for detecting foodborne
pathogens, they also leave much more to be desired. Restrictive regulations have been
implemented as some diseases caused by foodborne pathogens or their toxins happen at
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very low doses. For example, in Canada, the acceptable limit of Listeria monocytogenes in
ready-to-eat food is 100 CFU/g (colony forming unit), while it is zero-tolerance for infants
or people with special medical conditions [26]. Another example is that the infective dose
of E. coli O157:H7 is estimated to be as low as 10 cells [27, 28]. Therefore, it is critically
important to be able to detect foodborne pathogenic bacteria at low concentrations to

safeguard food safety and ensure timely response to outbreaks.

Miniaturized microfluidic devices (MMDs) - also known as lab-on-a-chip (LOC) or micro
total analysis system (UTAS) - emerged in the 1990s [29]. It has been demonstrated that
the microfluidic technology can integrate multiple operations and parallel identifications
on a single miniaturized device with high throughput analysis [30]. In the past decades,
growing research efforts have been focused on the detection of foodborne pathogens using
microfluidic approaches [8, 29, 31-33]. In this paper, we will review detection principles
and characteristics of MMDs in terms of their recognition and signal amplification
mechanisms. It includes most recent studies and new trends in MMD designs with
outstanding performance at ultra-low detection limits and short detection time. In addition,
challenges and potential opportunities for developments of these microfluidic devices for

the detection of foodborne pathogens will also be discussed.

2.2 Working principles of microfluidic detection

Microfluidic sensing systems can be divided into different categories according to their
working mechanisms, recognition process, and signal transduction. The general

recognition process takes place after samples are introduced into the detection system and
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this can be summarized into two steps: 1) target bacteria contained in samples are identified
by the recognition elements via bio-specific interactions; and 2) the bio-specific
interactions subsequently induce changes via biochemical reactions that can be transmitted
into readable signals [34]. Figure 2-1 is a brief illustration of the detection of foodborne
pathogens by bio-sensing devices. As the food matrix is very complex, depending on the
characteristics of food samples, several sample preparation steps are needed to treat the
food samples before the bio-recognition process. In target identification, common
interactions between targets and recognition elements include antibody/antigen,
enzyme/substrate, DNA or RNA/their complementary sequences, and aptamers or
bacteriophages/whole bacterial cells [8, 32, 35]. Readable electrochemical or optical
signals can be transduced from bio-specific interactions by signal modules or external

instruments.
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Figure 2-1 Flowchart of general food sample preparation and main steps involved to detect

foodborne pathogens by bio-sensing systems.

2.3 Recognition and identification

2.3.1 Antibody based detection

Among all recognition principles, specific interactions between antibodies and antigens are
the most widely used recognition mechanism [34, 36, 37]. Antibody/antigen based
immunoassay can achieve rapid detection of foodborne pathogens because of direct
recognitions between antibodies and whole cells, avoiding target lysis steps to extract DNA

or RNA products [38]. In general, the LOD of antibody-based MMDs is reported to be
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~100 CFU/mL (or higher) [39]. While antibodies can be readily obtained nowadays, the
batch-to-batch variability, the possibility of cross-reactions when targets are closely related,
and the inability to distinguish viable from nonviable bacteria are some of the main
drawbacks associated with using antibodies/antigen interactions as the recognition
mechanisim [40]. Using antibody based lateral flow immunoassay, Cho et al. recently
described detection of E. coli 0157:H7 with a LOD of 10> CFU/mL, which was completed
within 15 min [41]. Most microfluidic device based assays for foodborne pathogen
detection employing antibody-antigen recognition mechanism have reported LODs

ranging from 10° to 10® CFU/mL [42-50].

2.3.2 Nucleic acid based detection

Nucleic acids (DNA or RNA molecules) have been used as specific and sensitive
recognition elements to identify foodborne pathogens via specific sequence base-pairing
interactions. Typically, complementary nucleic acid probes modified with fluorescent dyes
are used to generate readable signals [40]. While this type of identification is of great
specificity and accuracy, the requirement for cell lysis and enrichment of DNA fragments
makes the whole detection process time consuming. Recently, a special type of nucleic
acid molecules called aptamers, which are single-stranded DNA or RNA oligonucleotides
that form their own complex or structures, have emerged and attracted growing attention
[51, 52]. Compared with nucleic acid base-pairing hybridization, the most outstanding
advantage of aptamers is that they can recognize specific surface proteins on bacteria as
whole cells without cell lysis and DNA extraction [53]. Aptamers are selected through a

cyclic process named systematic evolution by exponential enrichment (SELEX) from
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DNA/RNA libraries of random sequences. They have been produced with binding
specificity to many different targets [54, 55]. They can recognize specific targets through
folding into defined tertiary structures with high affinity [56, 57]. Once selected, they can
be synthesized with high purity and reproducibility. Nucleic acids have stable structures to
undergo repeated denaturation and renaturation cycles. When applied in MMDs, nucleic
acid aptamers are versatile and can be chemically immobilized onto nanoparticles,
microbeads or substrates [58]. To date, nucleic acid based microfluidic detection systems

have been reported to achieve LOD ranging from 2 CFU/mL to 10?> CFU/mL [59-64].

2.3.3 Bacteriophage based detection

As an alternative recognition element, bacteriophages have also attracted much research
attention for foodborne pathogen detection [65-70]. Bacteriophages are viruses that can
bind to and infect host bacteria by injecting their DNA into the host bacteria followed by
their efficient replication. The use of bacteriophages has two advantages: 1) high specificity
to target bacteria: the specific phages can be selected from phage libraries and used to
recognize particular bacteria via certain proteins, lipids and sugars of bacterial cells [71];
and 2) infection of only live bacterial cells: bacteriophages are able to discriminate viable
from nonviable bacterial cells and only infect live cells. As viruses, bacteriophages are
inexpensive with long shelf life [67, 72]. Furthermore, genetic modifications of phages can
be carried out to allow incorporation of reporter genes, which can be expressed to produce
detectable signals to characterize the existence of the target bacterial cells [71].

Bacteriophages have been used to detect foodborne pathogens such as Staphylococcus
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aureus and E. coli 0157:H7, and the LODs are reported to be 10 - 10* CFU/mL [66, 73-

75].

As each different detection mechanism is more suitable for specific sample conditions (i.e.
whole cells vs. cell lysis) and detection requirements (i.e. live cell vs. dead cell detection),

all three detection mechanisms have applicability for use in microfluidic devices.

2.4 Signal transduction and amplification

The common goal of signal transduction is to convert specific biochemical reactions into
readable signals to qualify or quantify the target bacteria. Those signals are usually electric,
thermometric, piezoelectric, magnetic, micromechanical, photonic, or optical, and can be
transduced by techniques such as surface plasmon resonance (SPR), surface acoustic wave,
fluorescence/phosphorescence spectrometry and bio-/chem-iluminescence [76]. The
transduced signals are then detected by spectrophotometers or fluorescence microscopes,
which are often connected to computers to further process the signals when necessary [39,
77]. In order to achieve ultra-high detection sensitivity, additional signal amplifications are
often required. Currently three methods are commonly employed in MMDs to amplify
detection signals. These are nucleic acid amplification, nano-scale particles, and magnetic

microbeads.

2.4.1 Nucleic acid amplification

As mentioned above, nucleic acids are being used as a type of recognition elements to

identify target bacteria. Moreover, they can be replicated by nucleic acid polymerases
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based on designed templates, which can be applied to enhance detection signals. This signal
enhancing mechanism has been used in many applications, such as polymerase chain
reaction (PCR), ligase chain reaction (LCR), strand displacement amplification (SDA),
rolling circle amplification (RCA), and loop mediated isothermal amplification (LAMP)
[32]. For example, PCR is widely used to amplify target nucleic acids with very high
sensitivity, but it always requires incubation, cell lysis and multiple purification steps to
obtain target DNA or RNA; in addition, thermal cyclers are required to achieve exponential
amplification of target DNA [78-80]. Recently, isothermal amplification methods, such as
RCA and LAMP, have attracted growing attention due to their high efficiencies and
isothermal temperature requirements [81, 82]. As shown in Figure 2-2A, RCA products
are long single stranded DNAs or RNAs containing repeated sequences that are propagated
based on a circular template. Once the RCA products are generated, they can be readily
visualized by complementary probes modified with fluorophores that will give off
fluorescent signals for detection. It is evident that the detection method shown in Figure 2-
2B (rolling circle amplification) binds significantly more fluorescent probes than a method
without rolling circle amplification, as shown in Figure 2-2C. Nucleic acid-based
amplification approaches are often combined with both aptamer and antibody recognition
steps. For instance, Fischer et al. described a method in which amplifiable DNA sequences
(including primer) were incorporated into an aptamer to obtain bio-readout ability [83]. An
aptamer was used to recognize the target while the primer was used for the RCA reaction,
respectively. Nucleic acid-based signal amplification approaches can also be incorporated
into antibody based detection system [84-86]. In a study by Schweitzer et al., an antibody

was conjugated with a 5’ thiol oligonucleotide that contained a primer for RCA, and the
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RCA products were detected by hybridization with fluorescently labeled oligonucleotides.
By using this immuno-RCA system, the immunoassay sensitivity was enhanced by more

than two orders of magnitude when compared with conventional immunoassays [85].
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Figure 2-2 Signal amplification of RCA in detection system: A. working principle of RCA,
B. detection by fluorescent probes with RCA amplifications - with signal enhancement;
and C. detection by fluorescent probes without RCA amplifications - no signal
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Similarly, LAMP has also been widely used in microfluidic devices for signal amplification.
In comparison with RCA, LAMP amplifies DNA sequences utilizing several specific
primers [87, 88]. For example, Sayad et al. developed a lab-on-a-disc microfluidic device
to detect Salmonella using LAMP amplification [89]. This portable device successfully
integrated sample preparation and detection on a microfluidic disc and achieved a detection

limit of 5 pg/ul DNA from Salmonella. Notably, the whole procedure was completely
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automated, and the detection was completed within 70 min. Using a lab-on-a-chip system,
Sun et al. reported detection of Salmonella at a LOD of 10° cells/ml when the signal was
amplified using LAMP [90]. Interestingly, LAMP was also used to detect Listeria
monocytogenes on food contact surfaces with an impressive reported lower LOD of 1
CFU/100 cm? [91]. Besides RCA and LAMP, other isothermal DNA amplification
techniques have also been used in microfluidic systems to assist bacterial cell detection or

DNA detection [87].

2.4.2 Nanoparticles

Developments in optoelectronics and electromechanical technology have facilitated bio-
recognition and signal transduction at the nanometer scale [34]. By virtue of their unique
physical, optical and electrical properties, nanomaterials are increasingly utilized to
significantly improve detection sensitivities [31, 92, 93]. For example, nanoparticles (NPs)
possess better fluorescence properties than traditional organic fluorophores, facilitating
signal transduction and intensifying signals in MMDs [31]. It has been reported that a
variety of NPs, such as gold and silver NPs, quantum dots (QDs), and magnetic NPs have
been used in bacterial detection to enhance both detection signals and detection sensitivities
[8, 94-99]. For instance, semiconductor QDs (CdSe core with ZnS shell) were used in a
fluorometric assay in combination with antibodies to capture E. coli O157:H7 cells. This
biosensor exhibited two orders of magnitude in sensitivity (LOD is 2.3 CFU/mL) compared
to that using a traditional organic dye [100]. In addition, Rotem et al. reported a method to
detect bacteria using a QD modified bacteriophage. The researchers showed a LOD of 10

cells/mL, which had a signal intensity of about 100-fold above the background signal [101].
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Additionally, nanomaterials can be used to simplify detection procedures. Zuo et al.
conducted an excellent piece of work by incorporating graphene oxide (GO) and aptamer
into a microfluidic system [102]. As shown in Figure 2-3, the inner surface of the
microfluidic channels was functionalized with GO and fluorophore modified aptamers. In
the absence of targets, the fluorescence was quenched as the aptamers were physically
adsorbed on the surface of the GO. However when the target pathogens were present,
aptamers were released from the GO surface and specifically bound to the the target
pathogens. The binding event resulted in re-appearance of fluorescence, indicating the
existence of target pathogens (Figure 2-3B). By virtue of switching the fluorescent
properties of the surface on and off, the use of GO enabled a simple one-step detection of
multiple pathogens. This device was reported to have a LOD of 11 CFU/mL using
Lactobacillus acidophilus as a model bacterium [102]. It is also worth noting that the

detection only took about 10 min to complete.
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Figure 2-3 Schematic illustration of PDMS/paper hybrid microfluidic biosensor
functionalized by aptamer and GO for detection of multiple pathogens: A. overall view of
PDMS microfluidic device design; B. modification of microchannel and target pathogen
capture by aptamer-GO; C. illustration of fluorescence signal “on” and “off” states:
fluorescence on the aptamer is quenched by GO (off) and the fluorescence is restored after
target pathogen binds to aptamer and liberates aptamer from the GO surface (on). Figures

were adapted from Ref. [102] with permission from The Royal Society of Chemistry.

Nanomaterials have facilitated the development of biosensors and significantly improved
the development of miniaturized microfluidic detection. Indeed, various functions of NPs
in microfluidic detection have been exploited in recent years. Generally, modified NPs help
to recognize, capture and concentrate bacterial cells in samples [103-105]. While the
application of nanomaterials in MMDs is still in its infancy, it certainly has a promising

outlook in the detection of foodborne pathogens.
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2.4.3 Magnetic microbeads

Magnetic microbeads, similar to nanoparticles, have large surface-to-volume ratios; in
addition, their magnetic properties can be utilized to simplify detection procedures and to
enhance detection signals. The surface of magnetic microbeads can be functionalized with
recognition elements while the magnetic property allows the microbeads to be conveniently
manipulated by externally applied magnetic fields. Therefore, magnetic microbeads have
been used in various steps in lab-on-a-chip detections, including fluid mixing, analyte
labelling and capturing, and immuno-magnetic separation [106-108]. For example, Qiu et
al. used microbeads (1 - 5 um in diameter) modified with antibodies to capture and separate
target bacteria from background particles using an externally applied magnetic field
without any centrifugation or filtration, as shown in Figure 2-4A [109]. This process also
enriched target cells in suspension, therefore enabling detection of low target concentration
in samples. In another study by Ozalp and colleagues, a quartz crystal microbalance sensor
was developed to detect Salmonella cells in food samples, which was assisted by magnetic
bead separation [110]. As shown in Figure 2-4B, the magnetic beads were functionalized
with an aptamer specific to Salmonella. This enabled Salmonella cell capture on the
aptamer-functionalized magnetic bead surfaces, achieving rapid enrichment of target
Salmonella cells in less than 10 min and ultimate detection of Salmonella cells at a LOD
of 100 CFU/mL in milk samples. Similar approaches have been used to modify microbeads
with appropriate antibodies for foodborne pathogen detection with high specificities and
sensitivities [111, 112]. It is interesting to note that while most of the studies employed

magnetic microbeads modified with antibodies or aptamers for foodborne pathogen capture
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and subsequent separation, smaller sized particles, such as sub-micron-sized particles and
nano-sized particles have also been reported in the literature [113]. For example, in a recent
study, Zhu et al. used a FesOs/Vancomycin/PEG magnetic nanocarrier with diameters 100
- 200 nm to efficiently enrich Listeria monocytogenes samples, and used an
electrochemiluminescence based DNA sensor to detect the bacterial cells at a LOD as low

as 10 CFU/mL [114].
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Figure 2-4 Schematic illustration of magnetic separation and concentration of samples. A.
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microbeads modified with antibodies. Reprinted from Ref. [109], Copyright (2009), with
permission from Elsevier; B. An aptamer-based detection for Salmonalla using magnetic
microbeads to concentrate samples. Reprinted from Ref. [110], Copyright (2014), with

permission from Elsevier.

2.5 Fabrication and modification of PDMS devices

2.5.1 Polymeric materials

In comparison with glass and silicon, polymeric substrates have been favored to fabricate
microfluidic devices due to the advantages of low cost, high chemical resistance and
excellent optical properties [115]. The most commonly used polymeric materials in device
fabrication include polymethyl methacrylate (PMMA), polydimethyl siloxane (PDMS),
Polycarbonates (PC), polystyrene (PS), and polyethylene terephthalate (PET) [116]. PDMS
is one of the most commonly developed polymers for microfluidic device fabrication with
merits of ease to use, low cost, flexibility, optical transparency, low toxicity and chemically
stable properties. PDMS is capable to fabricate structures at microscale (sub-0.1-pum) levels
with very low shrinkage rates, making it a good stamp resin for soft lithography [117].
PDMS microfluidic channels have been extensively employed in various microfluidic
devices. Applications of PDMS fabricated microfluidic devices include biochemical assays
[118-121], detection of pathogens [122-124], cell culture and enrichment [125-127], cell
analysis and sorting [128-132], fluid flow control [133, 134], microfluidic mixing [135,

136], etc.

2.5.2 Photolithography and soft lithography
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Soft lithography is a technique to construct structures using elastomeric stamps, molds and
conformable photomasks on micro- or even nano- scale. This technique has been
extensively used in fields of biomedical diagnosis, analysis and detection [137, 138].
PDMS devices are commonly fabricated by soft lithography [139, 140]. A master (or mold),
usually made of silicon wafer with desired channel structures, is generally produced by
photolithography techniques (Figure 2-5A). Briefly, negative photoresist such as SU-8 is
spin-coated on a substrate silicon wafer (step i in Figure 2-5A). A photomask with designed
structures is layered on the negative photoresist and exposed to UV light (step ii in Figure
2-5A) to form a protruding part which will be the major straight and plain channel structure
by etching and striping (step iii in Figure 2-5A). Subsequently, the developed master is
used to mold PDMS for fabricating a microfluidic device. This process can be briefly
summarized as 3 steps shown in Figure 2-5B. Step (i): deposit the mixture of PDMS
monomer (base) and cross-linker agent (curing agent) onto the master; step (ii): cure the
PDMS mold by heating and release the hardened PDMS from the master; and step (iii): cut
the PDMS stamp and create access ports before bonding to a glass slide by O plasma

treatment.
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Figure 2-5 Schemes for soft lithography. A. master fabrication process; B. PDMS

microfluidic device assembling.
2.5.3 PAMAM dendrimer

Dendrimers are highly branched polymers of ideally symmetric skeletal structure and a
unique molar mass [141]. Synthesis of dendrimers started in the 1970s and has become a
major research focus since the late 1980s [141, 142]. Dendrimers possess many unique
properties such as ease of dissolution, low viscosity and non-crystallization [143]. The
poly(amidoamine) (PAMAM) dendrimer family has been studied extensively, which is
well synthesized, characterized and commercialized [144, 145]. The molecular structure of
PAMAM dendrimers is shown in Figure 2-6. Divergent methods have been used to
synthesize PAMAM dendrimer, where branch cell multiplicity initiates from a central core
and forms concentric shells (generations) [141]. As the core-shell architecture grows
(generation number increases), PAMAM dendrimers become globular in shape and the

surface groups exponentially increase [145]. From generation 1 to 7, the surface functional
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groups increase from 4 to 512 (Figure 2-6). Those surface functional groups can be
modified to link with a variety of molecules via chemical linkage, hydrogen bond, or
hydrophobic interaction [146, 147] for different applications, such as sensing [148-150],
drug delivery [151, 152] and gene transportation [153, 154]. Specifically, as a type of
polymeric nanoparticles, PAMAM dendrimers have been applied to reduce non-specific
binding and enhance detection sensitivity in detection systems for proteins, nucleic acids,
pathogens and other chemicals [155, 156]. In a study by Chang and colleagues, PAMAM
dendrimer (G4, 64 surface functional groups) and SYTOX Green dye were employed to
construct a sensing film for detection of Pseudomonas aeruginosa [157]. As a result,
PAMAM dendrimer enhanced the fluorescence intensity of the sensing system by 350%.
In another work reported by Ji et al., PAMAM dendrimer films (G4) were used for cell
capture and collection in an optical sensor, where the dendrimer worked as an adhesive
element to capture bacteria (this was semi-selective sensor, not specific to one type of
bacteria) [158]. The sensitivity of the sensor was dramatically increased in flowing water

and achieved a LOD of 10* cells/ml.
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Figure 2-6 Structure of PAMAM dendrimers and their generation comparison.

2.6 Different types of microfluidic systems for rapid and ultra-sensitive detection

methods

Miniaturized microfluidic devices include a wide variety of devices of different appearance
and with different structures, and most of them are based on lateral flow devices and
microfluidic channels. Those devices are designed to be portable and cost-effective with
outstanding benefits of high sensitivity and rapid speed. In this section, we categorize
MMDs -- according to their structures and functions -- into test strips (i.e. lateral flow
testing) and microfluidic channels. Furthermore, we will discuss the most recent platforms

for detection of foodborne pathogens in several hours with a LOD below 102 cells/mL.

2.6.1 Test strips or lateral flow biosensing systems

Test strips or lateral-flow tests have been successfully developed since the 1990s [159].

Test strips rely on capillary forces or wicking action of water through the paper to drive
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fluids in one direction [160], and they are essentially the simplest microfluidic systems that
are designed to detect a variety of targets and give detection results in minutes. Compared
to microfluidic channels, testing strips are generally convenient and inexpensive to
fabricate, but the performance is compromised because fluid handling capability is limited.
Some strips, such as pregnancy and diabetic test strips, have already been successfully
commercialized [29]; it should also be mentioned that some other test strips specifically
designed for the detection of foodborne bacteria are also commercially available. For
instance, Quick™ 15-minute bacteria test strips by Carolina Biological Supply are
commercially available for rapid detection of certain bacteria species, such as E. coli,
Salmonella, and Shigella in drinking water with a claimed LOD of 10° CFU/mL [161].
Furthermore, a variety of paper-based test strips for foodborne pathogenic bacteria
detection have been reported in the literature [76, 162]. Typically, test strips provide only
qualitative (presence/absence), not quantitative results; however, some recent strips are
designed to be quantitative. For example, Blaskoza et al. used a combination of nucleic
acid amplification and immunoassay-based lateral flow to detect Listeria spp. and Listeria
monocytogenes [163]. The researchers showed that they were able to detect about 10 cells
(i.e. Listeria spp. and Listeria monocytogenes) in 25 mL milk. The detection process took
5 - 15 min to get final results. However, it should be noted that it took 24 h for sample pre-

treatment, including cell enrichment and target DNA isolation prior to testing.

More recently, test strips have been further improved by either employing nanoparticles or
combining with different types of biosensors. For example, a disposable immuno-sensing

strip was developed by Lin et al. to detect E. coli O157:H7 using screen-printed carbon
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electrodes (SPCE) [164]. This detection strip was modified with AuNPs and the detection
principle is illustrated in Figure 2-7. The immuno-recognition occurred when the SPCE
strip, coated with primary antibodies, was immersed into samples containing E. coli
0157:H7 cells. Secondary antibodies conjugated with horseradish peroxidase (HRP) were
then introduced to form a sandwich structure. Finally, H>O> was used to react with the HRP
on the electrodes and the signal was detected as a current response. The detection process
from sample-in to answer-out took only 1 h, and the LODs were 6 CFU/strip for E. coli in

PBS buffer or milk.
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Figure 2-7 Microstructure of the immuno-sensing strip modified with Au nanoparticles
and ferrocenedicarboxylic acid (FeDC) for detection of E. coli O157:H7. Reprinted from

Ref. [164] with permission from Elsevier.

In another piece of work by Wu et al., an aptamer-based lateral flow biosensor was
developed to detect E. coli O157:H7 [25]. Two aptamers were employed to bind to E. coli
0157:H7 cell membrane via different membrane proteins. As shown in Figure 2-8A, one

aptamer (shown in red) was biotinlated and bound to streptavidin-modified magnetic beads
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for target bacterial cell separation and enrichment; the other aptamer (shown in blue) was
used as an amplification template for an isothermal DNA amplification method (strand
displacement amplification, SDA). The SDA products were ssSDNAs which were
subsequently cut by a nicking enzyme at specific sites to produce a large number of short
sSDNAs. As shown in Figure 2-8B, the resulting short ssDNAs were subsequently
introduced into a lateral flow sensor and migrated along a strip where the short sSSDNAs
were captured by AuNP conjugated with complementary probes (stored on a conjugate
pad). The complexed ssSDNA-AuUNP continued to move to the test zone and eventually gave
a characteric red band “T” to indicate the presence of E. coli O157:H7 in the sample, as
shown in Figure 2-8C. In contrast, a control band (at a different location, “C”) would
always be present regardless of the presence of E. coli O157:H7 cells to indicate the

migration of AuNPs along the strip. This assay showed a LOD of 10 CFU/mL.
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Figure 2-8 Aptamer-based lateral flow biosensor for the detection of E. coli O157:H7: A.
Bacterial cells were captured by aptamers, concentrated by magnetic microbeads, and the
capture event amplified by SDA. SDA products were then cut by specific enzyme; B. the
resulting cut ssDNAs were further detected by lateral flow biosensor; and C. typical images
of test results for the detection of E. coli O157:H7 versus non-target bacterial cells. Images

adapted from Ref. [25] with permission from Elsevier.

2.6.2 Microfluidic channels and biochips

Microfluidic channels are always contained in chip-based microfluidic devices and the
diameters of the channels are tens to hundreds of micrometers [165]. Biochips contain
either microchannels and/or microwells to provide a space for bio-reactions. According to
the liquid propulsion principles, microfluidic platforms can be subdivided into the
following categories: capillary, pressure driven, centrifugal, eletrokinetic and acoustic
systems [29]. The advantages of these microfluidic devices include the capability of
handling sophisticated fluids and integration of sample clean-up, preparation and
separation, and target detection. However, fabrication of highly integrated microfluidic

devices can be complicated and expensive [166].

Sensitive ELISA assays have recently been combined with microfluidics for bacterial cell
detection. For example, Song and VVo-Dinh developed a platform (shown in Figure 2-9)
using an ELISA biochip with an array of capillary sensors that was modified with
antibodies to detect E. coli O157:H7 [38]. The high sensitivity was due to the high affinities

of the antibody-antigen interactions and the amplification of signals from reactions
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between enzyme-conjugated secondary antibodies and substrates. The LODs of this device
for detecting E. coli O157:H7 were reported to be 3 and 230 cells for the ELISA-based
microfluidic system (Figure 2-9A) and the immuno-labelling based (Figure 2-9B) system,

respectively.
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Figure 2-9 Illustration of E. coli O157:H7 detection by immunoassay in capillary sensors:
A. ELISA and B. Cy5 labeled sandwich immunoassay. Figures were adapted from Ref.

[38] with permission from Elsevier.

One of the most significant advantages of microfluidic devices is their ability to integrate
different functionalities to carry out complex tasks [30, 137]. Kim et al. developed a highly
integrated and automated microfluidic device to detect Salmonella [167]. This system
integrated DNA extraction and isothermal amplification, as well as pathogen detection onto
a single miniaturized disc (Figures 2-10A and B). A laser diode was employed to wirelessly
adjust a valve control and provide required heating in the isothermal amplification step
(Figure 2-10C). The entire detection process from cell lysis and DNA extraction to the final
results was automatically controlled and was completed within 30 min. The LOD of this

highly integrated disc method was 10 CFU/mL in PBS and 100 CFU/mL in milk samples.
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Figure 2-10 Fully integrated lab-on-a-disc for the detection of foodborne pathogens. A.
Structure of the lab-on-a-disc with top and bottom plates made of polycarbonate, strip
sensors, adhesive layer, and the metal heater; B. Top view of a section of the disc featuring
the chambers for cell lysis, isothermal amplification, metering, dilution, and detection; C.
Schematic illustration of the experimental setup. Adapted with permission from Ref. [167]

Copyright (2014) American Chemical Society.

2.7 New trends in microfluidic detection

2.7.1 Smartphones

Smartphones, as highly integrated devices, contain cameras, batteries, displaying screens,
and installed applications. Moreover, smartphones can easily connect to sensing devices
and transfer data wirelessly [168]. For example, Zhu et al. reported a smartphone based
platform to detect E. coli O157:H7 in liquid samples [169]. As shown in Figure 2-11A, a
sandwich format bioassay using primary and secondary antibodies was conducted inside
of a glass capillary. In particular, QD-conjugated secondary antibodies were used, and the
fluorescence intensity emitted from the QDs was measured by a smartphone that acted as
an integrated module for data collection, storage and processing. The LOD was reported to
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be as low as 5 - 10 CFU/mL in both buffer solutions and fat-free milk samples. Another
smartphone-based platform was reported by Park et al. to detect Salmonella [170]. A paper
strip modified with polystyrene microparticles and antibodies against Salmonella was
prepared, as shown in Figure 2-11B. The presence of Salmonella in the sample would cause
the antibodies and the particles to agglutinate. The extent of agglutination was directly
proportional to the concentration of Salmonella in the sample and could be detected by
light-scattering of the paper strip when viewed at specific viewing angles by a smartphone.
This information could be further processed using an application installed on the
smartphone (see Figure 2-11C). The platform was reported to be able to complete a
detection in 1 min and achieved a LOD of 10 CFU/mL cells in buffer [170]. Similarly,
Rajendran et al. described an immuno-chromatographic test strip that combined
fluorescent nanoparticles with a smartphone (Figure 2-11D) to detect Salmonella and E.
coli bacteria [171]. Specifically, silica nanoparticles (SiNPs) doped with FITC and Ru(bpy)
were conjugated with antibodies. The fluorescence images, captured by a smartphone
camera upfitted with additional filter and lens, were processed by an application installed
on the smartphone (Figure 2-11E). Other examples involving smartphones in foodborne
pathogen detection include detection of Listeria monocytogenes using a portable platform
with the assistance of a smartphone to enable quick data interpretation with the naked eye
having a LOD of 20 CFU/mL [172]; in addition, a smartphone was also used to allow quick

detection of pathogens in ground beef with a low LOD of 10 CFU/mL [173].
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Figure 2-11 A. Schematic diagram of the E. coli detection on a cell-phone using the
quantum dot based sandwich assay in glass capillary tubes; Adapted from Ref. [169] with
permission from The Royal Society of Chemistry; B. Diagram of a single-channel paper
microfluidic device; C. Smartphone application for Salmonella detection from a multi-
channel microfluidic device; In part from Ref. [170] with permission from The Royal

Society of Chemistry; D. Optical layout and E. Representative image showing the readout
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of the LFIA strip from the smartphone application; Adapted from Ref. [171] with

permission of Springer.

The combination of MMDs and smartphones for foodborne pathogen detection emerged in
the last several years and is gradually becoming a new trend. With the rapid development
of camera quality and other hardware capabilities, it is certain that smartphones will

provide more possibilities in pathogen detection.

2.7.2 3-D printing

Fabrication of microfluidic devices is primarily based on soft lithography, a well-
established process that is also followed by replica molding and device sealing steps [139].
This process is complicated and time consuming. In addition, soft lithography is only used
to fabricate MMDs having relatively simple structures because the pattern features are
needed to be printed on a flat photomask for photolithography [174, 175]. To fabricate
microchannels with secondary patterns, multi-steps are needed, making the fabrication
even more complicated. For example, two-level soft lithography and replica molding were
used to fabricate a microchannel with secondary lower-relief structure [176]. In
comparison, as an alternative method, the 3-D printing technique creates micro-structures
directly from CAD software rather than depending on masks [177]. This reduces the time
from device design to the first device in hand [175]. A 3-D structure is built on a layer-by-
layer basis using materials as “ink” to “print” [178]. One advantage of 3-D printing over
traditional soft photolithography is that it can produce an enclosed structure of MMDs,

while the molded elastomer from soft lithography involves manual operations of
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assembling and bonding steps (for example, the sealing procedure to enclose the
microchannel) [175, 179]. Another advantage of 3-D printing is that it does not require a
cleanroom environment [175]. Furthermore, 3-D printing is capable of building specialized
3-D structures with topography flexibility that cannot be otherwise built by soft lithography.
For instance, Lee et al. produced a microfluidic device containing a 10-loop helical
microchannel with trapezoidal cross section (250 and 500 um, with width of 1000 pum,
Figure 2-12A and B) using a 3-D printer to detect pathogenic E. coli bacterial cells [180].
This 3-D printed device integrated sample separation and detection processes. 3-D printing
technology has developed rapidly in recent years, and its application in microfluidic

detection will enable easy and cost-effective fabrication of MMDs [178].
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Figure 2-12 A 3-D printed microfluidic device for the detection of E. coli: A. Schematic
illustration of device design and detection procedure; B. Trapezoidal cross section of the
helical microchannel; C. Photograph of the 3-D printed device. Reproduced from Ref. [180]

with permission of Nature Publishing Group.

2.8 Summary

Miniaturized microfluidic devices can detect foodborne pathogens at a rapid speed of
several hours or less (enrichment procedures are not included) with LODs ranging from
several cells/mL to 10° cells/mL. To further improve the detection performance, both
nanoparticles and magnetic microbeads have been employed. In addition, there is an

emerging trend to apply 3-D printing technique to fabricate microfluidic channels,
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particularly for channels with complex geometries for potentially better detection
performance. To develop more rapid and sensitive detection platform for foodborne
pathogens, researchers have started to employ smartphones as a potential tool to substitute
computers. The trends of MMDs lie in multiplexing or simultaneous detection of different
bacteria as food could be contaminated by various pathogens. One possible approach is to
use multiple probes for different pathogens, or use different tagging primers to initiate
separate amplifications and achieve simultaneous detection of several foodborne pathogens
[181-183]. As the target bacteria from food samples require sequential cultural enrichment
steps which accounts for the whole detection time, high sensitivity detection methods in
combination with robust and rapid sample concentration methods should be further
developed to eventually abolish the need for enrichment steps, thereby producing truly

rapid detection.
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Chapter 3

A simple dendrimer-aptamer based microfluidic
platform for E. coli 0157:H7 detection and signal

intensification by rolling circle amplification

Yugian Jiang®®, Shan Zou ®, Xudong Cao  *

A literature review on sensitive and rapid microfluidic detection platforms was discussed
in Chapter 2. As a continuation of research work in our group on aptamer-dendrimer coated
PDMS microchannels for detecting E. coli O157:H7, rolling circle amplification (RCA)
was further applied to intensify the fluorescence detection signals of the established system.
This dendrimer-aptamer-RCA detection system for E. coli O157:H7 was described in

Chapter 3.
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Abstract

Pathogenic bacteria in food cause a large number of foodborne illnesses and deaths.
Therefore there is an increasingly urgent need for rapid, sensitive and cost-effective
detection methods in order to avoid or to respond to contamination events and outbreaks
in a timely manner. In an attempt to develop a simple and sensitive fluorescence intensity
based microfluidic detection platform, poly(amidoamine) (PAMAM) dendrimer was
immobilized onto a polydimethyl siloxane (PDMS) microchannel that was further
modified with DNA aptamers for detections of E. coli O157:H7 cells. To further improve
detection performance, rolling circle amplification (RCA) was employed to enhance the
fluorescence signals. In addition, RCA products were characterized by both agarose gel
electrophoresis and atomic force microscopy. Our results showed that RCA was able to
enhance detection signals by up to 50 times and that the limit of detection of the system
was reduced to 102 cells/mL with excellent detection specificities. Therefore, it can be
concluded that this simple dendrimer-aptamer based microfluidic detection platform with
RCA signal enhancement is a promising method for rapid and sensitive detection for

foodborne pathogenic bacteria.

Keywords: signal amplification, lab-on-a-chip, microfluidic device, dendrimer, aptamer,

AFM.
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3.1 Introduction

Rapid and sensitive detection of foodborne pathogenic bacteria is of great importance to
the food industry and public health since foodborne bacteria cause a large number of
foodborne disease cases [1-3]. E. coli O157:H7 is an important type of pathogenic bacteria
that is associated with foodborne illnesses, and its infective dose is estimated to be only as
low as 10 cells [4-6]. It was reported that a high number of hospitalization and mortality
resulted from E. coli O157:H7 infections in food products [7]. Therefore, it has been
recognized as a highly threatening pathogen [8, 9]. To date, the most commonly used
detection methods for E. coli O157:H7 include plate culture, enzyme-linked
immunosorbent assay (ELISA) and polymerase chain reaction (PCR). While plate culture
is a conventional method to detect bacteria, it takes several days to get results and involves
laborious procedures [10, 11]. Molecular approaches such as ELISA and PCR are sensitive
and give fast result turn-around; however sample pre-treatment steps such as cell
enrichment and DNA extraction are often required, significantly increasing the overall
detection time and complexity [12, 13]. Since the late 1980s, lab-on-a-chip (LOC)
techniques that offer portability, high sensitivity, low cost and reduced reagent
consumption have attracted growing research interests [13-17]. In addition, aptamers have
emerged as a new type of recognition element in detection and gained growing attention
[18]. Aptamers are in vitro selected single-stranded DNA/RNA oligonucleotides that can
recognize and bind to specific targets, including metal ions, proteins and cells with high
affinities, through folding into defined tertiary structures [19-21]. Recently, aptamers have

found many applications in foodborne pathogen detection due to many of their advantages,
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including ease of synthesis and modification, good reproducibility, and high sensitivity
[22-27]. For example, an aptamer-based biosensor was developed to detect E. coli
0157:H7 at concentrations ranging from 10* to 108 CFU/mL with a high specificity [28].
In another study, aptamers were conjugated to quantum dots for E. coli O157:H7 detection
and showed a detection limit of 10° CFU/mL [29]. Furthermore, an interesting study
reported an aptamer-based biosensor that was designed to detect Salmonella paratyphi A.
In this study, graphene oxide (GO) was employed in combination with aptamers to achieve
a detection limit of 102 cells/mL [30]. While exciting, these methods are still far away from
real applications since they are based on the use of well plates that require laborious sample
pre-treatment steps and careful handling procedures. In comparison, microfluidics based
detection platforms that feature high throughput, intrinsic ability to integrate with other on-

chip functionalities have recently attracted a significant amount of attention [13].

To improve detection sensitivities, signal amplification techniques are required. Currently,
the most commonly used signal amplification approaches include nucleic acid
amplification, nanoparticles or magnetic microbeads, and substrate-enzyme amplification
[31]. Amongst these techniques, nucleic acid amplification techniques have been widely
used. In particular, rolling circle amplification (RCA) has attracted growing attention due
to its high efficiencies and single reaction temperature requirements. RCA is a robust
isothermal DNA amplification technique that utilizes DNA or RNA polymerases to
generate long single stranded RCA products (RCAPs) consisting of hundreds to thousands
of tandem repeats complementary to a circular template, thereby achieving massive signal

amplifications [32]. While many studies have used RCA techniques to enhance signals in
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various detection systems, most of them are focused on detection of nucleic acids, proteins,
and other biomolecules [33-38]. In fact, few studies have used RCA for whole-cell

detections [39, 40].

In this study, we employed RCA in a novel dendrimer-aptamer coated microfluidic device.
Specifically, a PDMS microchannel was initially modified with PAMAM dendrimers,
which rendered the microchannel non-fouling and provided multiple binding sites for
subsequent aptamer conjugation. The RCA was carried out in the presence of captured E.
coli O157:H7 cells in the microfluidic channels. To confirm the RCA reaction, RCAPs
were characterized by both agarose gel electrophoresis (AGE) and atomic force
microscopy (AFM). Finally, the dendrimer-aptamer-RCA microfluidic system was used to
detect E. coli O157:H7 cells. Our results showed that the LOD of this system was 10?
cellssmL with excellent specificity, and that the detection signals were significantly
enhanced by up to 50 times under RCA conditions when compared with detections without

RCA.

3.2 Experimental

3.2.1 Overall design of the dendrimer-aptamer based detection system

The overall designs of the dendrimer-aptamer microfluidic system and dendrimer-aptamer-
RCA detection system are shown in Figure 3-1. The capturing aptamer — immobilized on
the inner surface of the PDMS microchannel via pre-conjugated PAMAM dendrimers —
was employed to recognize and capture the target E. coli O157:H7 cells in samples. The

dendrimer modification was optimized previously and generation 7 of PAMAM was
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chosen as the optimal dendrimer, which showed remarkably non-fouling properties [40,
44]. Herein, the functions of PAMAM dendrimer are: 1) to prevent non-specific adsorption
of non-target particles, and 2) to provide multiple binding sites and to maximize subsequent
aptamer bindings [41]. In this study, we employed RCA to further improve the fluorescence
detection signals. The principles of RCA are shown in Figure 3-1B, where the designed
padlock probe and aptamer-primer specifically hybridize with each other and are further
ligated to form a circular template. As shown in Figure 3-1C, the RCA process is
incorporated into a capturing aptamer|bacterium|aptamer-primer sandwich structure with a
free primer “tail” that serves as a hybrid binding site for padlock probe and RCA reaction
initiation. RCA produces single-stranded repeating copies of DNA molecules
complementary to the circular template that is extended from the end of the surface-bound
aptamer-primer. At the end of the RCA, the RCAPs will hybrid with appropriately designed
complementary fluorescent probes that give off quantitative signals for detection. As a
result of the RCA reaction, the detection signals are significantly enhanced. In contrast, in
the absence of target bacteria, the aptamer-primer will be washed away from the

microchannel and no signals will be detected.
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Figure 3-1 Schematic drawing of the dendrimer-aptamer-RCA detection system: A. image
of the microfluidic device and illustration of target bacteria captured by dendrimer-aptamer
modified PDMS detection system; B. schematic representation of RCA based on a padlock
probe-ligated circular template; C. signal enhancement by RCA: (i) target bacterial cells
are captured by the modified microchannel; (ii) aptamer-primer and padlock probe are
sequentially introduced and circular template is formed via ligation; (iii) RCA is initiated
and long tandem-repeat single strands are generated; (iv) fluorescent probes are added to

visualize the detection signals.

3.2.2 Materials

Poly(amido amine) (PAMAM) dendrimers with ethylenediamine core (generation seven)
were purchased from Sigma-Aldrich (Oakville, ON), and the surface amino groups were
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further modified to carboxyl groups based on a previous report [41]. 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide (EDC) was obtained from Alfa Aesar (Ward
Hill, MA). (3-aminopropyl)-trimethoxysilane (APTMS) and N-hydroxysuccinimide (NHS)
were purchased from Thermo Fisher Scientific (Rockford, IL). Nuclease-free water, IDTE
buffer and DNA oligonucleotides (sequence shown below) capped with either amine or
Cy3 were obtained from Integrated DNA Technologies (IDT) (Coralville, 1A). Phi29 DNA
polymerase, T4 DNA ligase and deoxynucleotide (dNTP) solution mix, Tris/Boric
Acid/EDTA (TBE) buffer mix for electrophoresis, agarose (genetic analysis grade for
DNA/RNA separation with broad range from 500 bp to 25 kb), promega blue/orange
loading dye, DNA ladders and ethidium bromide were purchased from Fisher Scientific
(Ottawa, ON). Sylgard 184 poly(dimethyl siloxane) (PDMS) kit was purchased from Dow
Corning (Midland, MI). All other chemicals were obtained from Sigma-Aldrich and used
as received unless indicated otherwise. Formalin-killed fluorescein isothiocyanate (FITC)
labeled and non-labeled E. coli O157: H7 cells were generous gifts from Canada Food

Inspection Agency (Ottawa, ON).

Table 3-1 Sequences of DNA oligonucleotides

Sequence name Sequence

Capturing aptamer 5’-NH>-ATCCG TCACA CCTGC TCTAT CAAAT GTGCA GATAT
CAAGA CGATT TGTAC AAGAT GGTGT TGGCT CCCGT AT-3’

Designed aptamer-primer 5’-ATCCG TCACA CCTGC TCTAT CAAAT GTGCA GATAT CAAGA

CGATT TGTAC AAGAT GGTGT TGGCT CCCGT ATTTT TTTTT
GTCCG TGCTA GAAGG AAACA GTTAC-3’

Designed padlock probe 5’-TAGCA CGGAC ATATA TGATG GACCG CAGTA TGAGT
ATCTC CTATC ACTAC TAAGT GGAAG AAATG TAACT GTTTC
CTTC-3
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Designed Cy3 fluorescently 5°-Cy3-GTTTC CTTCT AGCAC-3’

labelled complementary probe

Note: the capturing aptamer was selected from an approved patent, which is reported to
bind with the lipopolysaccharide (LPS) on the cell membrane of E. coli O157:H7 with
good specificity [28, 42]. Other reported aptamer candidates for E. coli O157:H7 are
summarized in Appendix A. The italic portion of aptamer-primer sequence had the same
sequence as the capturing aptamer as shown above; the underlined portion was the primer
[43] where single and double underlined sequences were complementary to the sequences

respectively underlined in the padlock probe, see Figure 3-2.
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Figure 3-2 Schematic drawing of oligonucleotides sequences showing aptamer-primer and
padlock probe. Note that the gap shown in the sequence is to be linked to form a circular
template via DNA ligation; the single and double underlined sequences described in the

text above are shown in red and green, respectively.

3.2.3 Fabrication and modification of PDMS microfluidic device
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3.2.3.1 PDMS microfluidic channel preparation

PDMS stamps were prepared using a standard lithography process [41]. To seal the
microchannel, PDMS stamp and glass slide (as substrate) were first treated by oxygen
plasma with a plasma cleaner before joining the two treated surfaces. Subsequently the
bonded surfaces were heated at 100 °C for 30 min to make a permanent bond, as we have
previously reported [41, 44]. Figure 3-1A shows a photograph of the resulting microfluidic

device.

3.2.3.2 Surface amination and PAMAM dendrimer engraftment

To introduce amino groups to the inner surfaces of a PDMS microchannel and its glass
substrate, a silane coupling method was employed, as we have demonstrated elsewhere
[44]. To conjugate PAMAM dendrimer to the amine functionalized inner surfaces of the
microchannel, PAMAM-NH: was modified to obtain PAMAM dendrimer functionalized
with carboxyl groups (i.e. PAMAM-COQOH) using a previously reported method [41].

Subsequently, the microchannel was extensively washed and stored in PBS for future use.

3.2.3.3 Immobilization of capturing aptamers

To immobilize capturing aptamers to the inner surfaces of the resulting PAMAM-COOH
modified microchannel surfaces, capturing aptamers capped with -NH> was used to react
with PAMAM-COOH surfaces [45]. Immediately prior to the reaction, capturing aptamers
were denatured at 95 °C for 5 min and cooled on ice for 1 min. After the modification

reaction, the microchannel was extensively washed and stored in PBS for future use. To
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further confirm and characterize the capturing aptamer immobilizations on the PDMS-
dendrimer surface, Cy3 functionalized capturing aptamers (Cy3-aptamer) capped with -
NH. were used to modify the dendrimer coated PDMS surfaces. Therefore the amount of
Cy3-aptamers immobilized on the surface could be estimated by the relative fluorescence
intensity. The significance of fluorescence intensity changes was analyzed by one way

ANOVA test.

3.2.3.4 Aptamer E. coli O157:H7 capturing performance

To confirm E. coli bacterial cell capturing performance of the aptamers, aptamers and E.
coli O157:H7 cells were fluorescently labelled with Cy3 and FITC, respectively. The
fluorescently labelled aptamers and E. coli O157:H7 cells were incubated together at 37 °C
for 30 min, after which unreacted aptamers were washed away by centrifugation (14,000
x g for 5 min). The washing step was repeated 3 times to ensure that all unreacted aptamers
were removed. Finally, the cells were collected, re-suspended in PBS (pH 7.4), and
observed using both phase contrast and fluorescence microscopy. To further test the
capturing ability of the dendrimer-aptamer functionalized microchannels, FITC labelled E.
coli O157:H7 cells were injected into fully functionalized microchannels at a flow rate of
0.05 mL/h for 1 h. The total injection volume of E. coli O157:H7 cells was 150 pl (the
volume of microchannel plus the injection volume of sample solution) per channel. The
microchannels were subsequently washed with PBS (pH 7.4), and the captured cells were
observed under fluorescence microscope along the microchannels under fluorescence

modes (Olympus 1X81, Richmond Hill, ON).
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3.2.4 RCA reaction conditions and characterization of RCAPs

3.2.4.1 RCA reaction

To prepare circular templates for RCA reaction, 50 pL hybrid solution containing 2 pM of
both aptamer-primer and padlock probe were incubated at 37 °C for 30 min to allow
hybridization between aptamer-primer and padlock probe. This was followed by ligation
reaction catalyzed by 10 U T4 DNA ligase in 10 x T4 ligation buffer (400 mM Tris-HCI,
100 mM MgClz, 100 MM DTT, 5 mM ATP, pH 7.8) at room temperature for 30 min, after
which the ligation mixture was heated at 65 °C for 10 min to deactivate the T4 DNA ligase
in order to stop the ligation reaction. RCA reaction was subsequently performed by adding
phi29 DNA polymerase into the ligation reaction mixture. Specifically, for a 100 uL RCA
reaction mixture, 10 U of phi29 DNA polymerase was used. After the reaction mixture was
allowed to react at 37 °C for 2 h, it was heated at 65 °C for 10 min to deactivate the phi29
DNA polymerase in order to stop the RCA reaction. It should be noted that
oligonucleotides were denatured by heating at 95 °C for 5 min and cooled on ice for 1 min

to obtain conformational equilibrium to ensure desired intramolecular folding [43].

3.2.4.2 Characterization of RCAPs

To characterize the RCA products, both agarose gel electrophoresis (AGE) and atomic
force microscopy (AFM) were used. For AGE characterizations, RCAPs were first
denatured at 95 °C for 5 min and ice-cooled prior to loading the samples into 2% agarose
gel. After the gel electrophoresis, gel images were obtained using an Alphalmager (HP

Imaging System, San Jose, CA). Original oligonucleotides, i.e. aptamer-primer and

75



padlock probe were used as controls. For AFM characterizations, diluted DNA solutions
were carefully dropped onto a freshly cleaved mica surface (V-1 Grade, SPI Supplies
Division of Structure Probe Inc., West Chester, PA) pre-treated by 5 mM NiCl> and
incubated at room temperature for 20 min. Subsequently the coated mica surface was
carefully rinsed by filtered Milli-Q water and dried by pure nitrogen [46]. The MultiMode
AFM with the NanoScope V controller (Bruker Nano Surfaces Division, Santa Barbara,
CA, USA), in Bruker’s ScanAsyst or PeakForce QNM modes. The peak force with which
the tip taps the sample surface was always kept at the lowest stable imaging level of 20 mV
(this is the raw signal measured by the 4 quadrant photodiode that corresponds
approximately to 0.5 nN based on the nominal spring constant of the cantilevers used and
on the typical photodiode sensitivity when the tip is properly aligned on our AFM).
ScanAsyst-Air AFM probes (0.4 N/m, f0:50-90 kHz, Bruker AFM Probes, Camarillo, CA),
which are made of silicon nitride, were used. The typical tip diameter is 2 nm according to
the manufacturer’s specifications. While images of sizes of up to 20 x 20 um? were
acquired to insure good homogeneity of the samples, all the images that are shown in the
thesis and that were used to measure heights were 1 x 1 um? in size, acquired with the 512
x 512 pixels resolution, and at a scan rate of 1 Hz. In this way the pixel size is
approximately 2 x 2 nm?. The diameters or heights of all the DNAs were in the range from
1.2 to 2 nm. Based on manufacturer’s specifications and on our own tests, the radii of AFM
tips used were 3 to 15 nm, and the tips with larger radii were replaced. Based on the
combination of the tip and nanotube radii, the pixel size of 2 x 2 nm? was chosen as
sufficient to have reliable nanotube height measurements, where larger images or less

pixels would lead to underestimation of the diameter. The obtained AFM images were
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processed using open access software Gwyddion (http://gwyddion.net/). The height

distributions were obtained by measuring 500 locations of strands from more than ten AFM

images.

3.2.4.3 Signal amplification by RCA

To investigate signal enhancement by RCA, the following experiment was carried out.
Unlabeled E. coli O157:H7 cell suspension at concentrations of 10%, 10°, 10* and 10°
cells/mL were individually injected into fully functionalized microchannels at a flow rate
of 0.05 mL/h for 1 h. The total injection volume of E. coli O157:H7 cells was 150 pl (the
volume of microchannel plus the injection volume) per channel; subsequently the ligation
products of aptamer-primer and padlock probes (1 uM) was introduced at the same flow
rate for 1 h. After washing with PBS buffer, Cy3 labeled fluorescent probes were injected
into the channel and incubated with the RCAPs at 37 °C for 30 min to allow hybridization,
after which the unbound probes were washed with PBS (pH 7.4). Fluorescent images of
the microchannels were captured under a 10 x objective using an inverted fluorescence
microscope (Olympus X70) equipped with a high-resolution camera (QIC-F-CLR-12,
QImaging). Fluorescence intensities of the images were analyzed using Image J and the
fluorescence detection signals were the measured average intensity of the microchannel
after subtraction of background intensity (i. e. the fluorescence intensity of the non-target
microchannel) [47]. A total number of 20 images were captured from random positions of
each microchannels using 1000 ms as the exposure time. The original fluorescence images
are 1392 x 1040 pixels, 16-bit. The histogram was analyzed after selecting the

microchannel area by selection tools in ImageJ. The mean value of the analyzed area was
7
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used as the fluorescence intensity of each images. Images obtained from negative controls
were used as background for subtraction. The tests were repeated in triplicates and error

bars represent standard deviations of measurements (n=3).

3.3 Results and discussion
3.3.1 Immobilization of capturing aptamer on dendrimer modified PDMS

microchannel

In a previous study, we successful demonstrated the immobilization of dendrimers on
PDMS surfaces (i.e. microchannel inner surface) [41], as shown in Steps (i)=>(ii)=>(iii) in
Figure 3-3A. In this study, we further modified the PDMS-dendrimer surfaces with
capturing aptamers against E. coli O157:H7. To confirm that the capturing aptamers were
successfully immobilized, Cy3 modified aptamer (i.e. Cy3-aptamer) was used, as shown
in Step (iv) in Figure 3-3A. The fluorescence intensities of the modified surfaces are shown
in Figure 3-3B. It is clear that the fluorescence intensities on the surfaces of interest
increased significantly (p < 0.01, n=10, 0=0.05) from 49.6 + 33.6 a.u. before the Cy3-
aptamer modification, to 590.1 + 102.7 a.u. after Cy3-aptamer modification. It is noted that
the background fluorescence observed in samples before modification is mainly due to
PDMS auto-fluorescence, as reported previously [48]. This more than 10-fold fluorescence
intensity increase in comparison with the original PDMS-dendrimer surface strongly
suggests that the aptamers were successfully immobilized on the dendrimer modified
PDMS microchannel surfaces. Moreover, the fluorescence intensity increased minimally

when the Cy3-aptamer was introduced to the dendrimer PDMS surface without the
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catalysis of NHS/EDC as shown in Fig. 3.3 B (b), which further confirmed the successful

bonding between Cy3-aptamer and dendrimer-PDMS.
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Figure 3-3 lllustration of PDMS surface modifications: A. schematic drawing of PDMS
surface modification steps (i) native PDMS surface; (ii) PDMS surface amination by O>
plasma activation and APTMS treatment; (iii) PAMAM surface dendrimer modification
by NHS/EDC chemistry; (iv) fluorescently labeled capturing aptamer immobilized to the
surface via PAMAM dendrimer; and B. fluorescence signal intensities of PDMS-
dendrimer surfaces before and after aptamer conjugation. Insets: fluorescence micrographs

of each surface of interest.

3.3.2 Recognition of E. coli O157:H7 by aptamers and device performance
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To verify recognitions between aptamers and E. coli O157:H7 bacterial cells, FITC labeled
E. coli O157:H7 were incubated with Cy3 labeled aptamer. After removing the unbound
Cy3-aptamers, the centrifugated bacteria cells were observed under phase contrast
microscope as shown in Figure 3.4A. The fluorescence spots were imaged when switched
to FITC and Cy3 modes of microscope, which were further merged and showed in Figure
3.4D. Our results indicate that the aptamers, both in solution and PDMS surface
immobilized, were able to effectively recognize and bind to the E. coli O157:H7 cells (see

Figure 3-4).
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Figure 3-4 Micrographs of FITC labeled E. coli O157:H7 cells: A. E. coli O157:H7 cells
observed under phase contrast microscope; B. FITC labeled E. coli O157:H7 cells observed
under fluorescence microscope; C. Cy3 labeled aptamer observed under fluorescence
microscope; D. merged image of B and C; and E. FITC labeled E. coli cells captured by

dendrimer-aptamer PDMS microchannel.

3.3.3 Characterization of RCAPs
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To confirm RCA reactions, RCA products were characterized by both AGE and AFM.
Figure 3-5 shows gel images of the original aptamer-primer (Lane 1), padlock probe (Lane
2) and RCA products (Lane 3). As expected, each of Lane 1 and Lane 2 showed one band
that indicated low molecular weight (i.e. less than 100 bp), whereas Lane 3 showed DNA
products with extremely low mobility and high molecular weights exceeding 10, 000 bp.
This provides a clear evidence to confirm RCA reactions. It is worthwhile mentioning that
DNA markers used in this experiment were designed for double stranded DNAs; therefore
discrepancies between the real molecular weights for single stranded DNAs and those

derived using the DNA markers were expected [43].

10, 000 bp

650 bp
500 bp

200 bp

100 bp

Figure 3-5 Agarose gel (2%) electrophoresis images of RCA products: Lane 1: aptamer-

primer; Lane 2: padlock probe; and Lane 3: RCA products.
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Furthermore, RCA products were also characterized by AFM. In comparison with the
aptamer-primer (Figure 3-6A and 6B) and padlock probe (Figure 3-6C and 6D) that showed
small DNA segments, the RCAPs showed clear and long chains of DNA molecules (Figure
3-6E), suggesting a significant growth in molecular size, as expected. This result also
supports the AGE results as shown in Figure 3-5. The AFM image of RCAPs after
conjugation with complementary fluorescent probes is shown in Figure 3-6G. In addition,
DNA molecule profile heights and height distributions for both RCAPs and RCAPs
conjugated with complementary probes are shown in Figure 3-6F and 6H, respectively. It
is interesting to note that for RCAPS, the height distribution histogram shows a unimodal
distribution with a peak value of 0.8 nm (Figure 3-6F). However, after hybridization with
complementary fluorescent probes, the height distribution histogram shows a clear bimodal
distribution with two peak values at 0.8 nm and 1.1 nm (Figure 3-6H). This change in
height distribution after probe conjugation is most likely because of formations of double
stranded DNA segments along the long single stranded RCAP molecular chains. In fact,
single stranded DNA has a reported height of 0.4-0.6 nm while double stranded DNA has
a reported height of 0.7-2.0 nm [49-51]. Taken together, the results discussed above
strongly indicate that complementary probes were successfully conjugated to the long

RCAP molecular chains.
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Figure 3-6 AFM measurements of different samples: A. AFM image of aptamer-primer;
B. zoomed-in image of A; C. AFM image of padlock probe; D. zoomed-in image of B; E.
AFM image of RCA products; F. measured strand height distribution of RCA products
(n=500 measurements); G. AFM image of RCA products conjugated with complementary
fluorescent probes; and H. measured strand height distribution of RCA products conjugated

with complementary fluorescent probes (n=500 measurements).

3.3.4 E. coli O157:H7 detection with RCA signal enhancement

To investigate the efficacy of the detection system in detecting E. coli O157:H7 cells, we
compared detections of E. coli O157:H7 cell with and without RCA signal enhancements
at different cell concentrations. The fluorescence images of the detection results are shown
in Figure 3-7A. It is clear that as the concentration of target cells increased, signal
intensities also increased for detections both with and without RCA signal enhancement. It
is also evident that for a given cell concentration, the detection signals with RCA
enhancement (R1-R4) were always greater than those without (C1-C4); in fact, a closer
look at Figure 3-7B reveals that detections with RCA resulted in approximately 30-50 folds
increases in signal intensities, suggesting a significant signal enhancement by RCA for
detections. As seen in Figure 3-7A, C1-C4 show detection singals without RCA
enhancement, i.e. fluorescent probes were directly introduced to the capturing
aptamer|bacterial celllaptamer-primer sandwich detection system without the RCA -- this
is in comparison with R1-R4, detections with the RCA. The reason why there are signals
for C1-C4 is because the fluorescent probes have complementary sequences with a portion

of the aptamer-primer complex. This design is done on purpose to show differences
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between detection signals with and without RCA. As a result of the design, C1 — C4 still
show fluorescence signals —albeit much weaker -- in comparison with the RCA group as
can be seen in Figure 3-7A. As aresult of the significant signal enhancement by RCA (see
Figure 3-7A), the LOD was 102 cells/mL for detections without RCA while the LOD was
10% cells/mL for detections with RCA. The limit of detection is defined as the lowest
bacterial concentration that can provide fluorescence signals at least three standard
deviations greater than those from the negative control [52-54]. Furthermore, the linear
relationship shown between signal intensities (with RCA) and cell concentrations ranging
from 102 to 10° cells/mL (inset in Figure 3-7B) strongly suggests the current detection
system with RCA signal enhancement will detect E. coli O157:H7 cell concentrations at as
low as 102 cells/mL. It should be mentioned that microchannels modified with dendrimers
and without capturing aptamers (i.e. blanks, B1-B4) showed minimal background signals
at all cell concentrations studied (Figure 3-7A). The minimal background noises obtained
might due to surface modifications with PAMAM dendrimers by decreasing surface non-

specific adsorptions, thus further increasing detection sensitivities.

In an attempt to incorporate RCA approach with microfluidic channels, Sato et al.
successfully detected Salmonella enterica by means of detecting the extracted genomic
DNA from the target bacteria with RCA enhancement in microfluidic devices. This
approach achieved high detection sensitivity due to the application of RCA [55]. In the
current study, we also combine the RCA with microfluidic devices with the focus on
developing a whole cell assay without the need to extract DNA molecules from the target

samples. This could be advantageous for fast detection. We demonstrate that RCA signal
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enhancement can significantly increase detection signals, thereby decreasing LOD by 10
folds from 10° cells/mL (i.e. without RCA) to 102 cells/mL (i.e. with RCA). Using an
aptamer based biosensing system without RCA, Wu and colleagues [28] reported a LOD
10* cells/mL in their efforts to detect E. coli 0157:H7 cells. The significant differences in
LODs between the two studies strongly indicate the effectiveness of RCA in signal
enhancement. It is also interesting to note that in this study, the LOD without RCA is 10°
cells/mL, about 10 times more sensitive than the reported LOD of 10* cells/mL. This
difference can be attributed to the use of PAMAM dendrimers in this study to 1) reduce
background signals since PAMAM dendrimer modified microfluidic system has been
shown to suppress up to 99% of non-specific particle/cell adhesions to PDMS microfluidic
channel surfaces [41]; and 2) attach multiple copies of aptamers to the microchannel for
detection by using PAMAM dendrimers as multifunctional templates to further conjugate
capturing aptamers to provide more capturing surface areas and to achieve enhanced target
capturing probabilities [56], both of which will enhance target capturing efficiency for

detection, particularly in low concentration detections.
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Figure 3-7 Detection of E. coli 0157:H7 cells with and without RCA signal enhancement
at different cell concentrations. A. Fluorescence images of detection results at different

bacteria concentrations; B1 to B4 represent blank controls (channel surface with dendrimer
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modification + bacteria + RCA, i.e. no capturing aptamers) at different cell concentrations;
C1 to C4 represent detection without RCA at different detection concentrations; R1 to R4
represent detection with RCA groups. Note signal intensities comparisons between
detections with and without RCA; B. signal intensities of different detections at different
bacteria concentrations; Inset: relationship between RCA signal intensities and different

bacteria concentrations.

3.3.5 Detection specificities

The specificity of the new microfluidic dendrimer-aptamer PDMS system for the detection
of E. coli O157:H7 was investigated using non-target cells, including Listeria innocua, E.
coli K12 and E. coli ER2420 at two different cell concentrations, i.e. 1x10% and 1x10*
cellssmL. After RCA signal enhancement and fluorescence probe hybridization,
fluorescence signals were measured. As shown in Figure 3-8, for both cell concentrations,
the current simple microfluidic system demonstrates excellent specificities for E. coli
0157:H7, the target bacterial cell, as the fluorescence signals from all non-target samples

are minimal.
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Figure 3-8 Detection specificities of the new dendrimer-aptamer-RCA detection system as
demonstrated by detections of both target E. coli O157:H7 cells and non-target cells at

concentrations of 10% and 10* cells/mL. Error bars represent standard deviations (n=9).

In addition, the detection performances of the current dendrimer-aptamer system with RCA
signal enhancement was compared with those of recently reported methods (see supporting
information Table 3-2). In particular, it is evident that whole cell assays are more
advantageous as they do not require laborious DNA extraction procedures and therefore
allow fast detection result turn-around. Furthermore, in comparison with other detection
methods, the current method offers relatively high detection sensitivities with a LOD at 102
cells/mL. To the best of our knowledge, this is the best detection sensitivity achieved using
simple microfluidic channels for bacterial detection to date. The simplicity of this design
and the possibilities to integrate it with other on-chip microfluidic functionalities, such as
sample preparations [13, 57], make this reported microchannel a powerful tool for bacteria

detection by microfluidic devices.
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Table 3-2 Comparisons on detection sensitivity of different methods for E. coli O157:H7

cells
Method Sample type Limit of Enrichment Overall Ref.
detection (LOD) steps or DNA  detection time
extraction
Multiplex Purified DNA 045 to 0.05 Yes More than 28 h  [58]
Polymerase Chain extracted from pM/ul
Reaction (MPCR)  bacteria
Real time PCR Artificially 10%to 10* CFU/g  Yes More than 24 h  [59]
contaminated
meat products
Multiplex PCR Meat sample 10% CFU/ml Yes More than 30 h  [60]
Surface  plasmon Bacteria in 3.0 x 105 No Less than 2 h, [61]
resonance  (SPR) buffer CFU/mL excluding
immunosensor sample
preparations
Fiber optic based Ready-to-eat ~10% CFU/mL No More than 24 h, [62]
biosensor including cell
meat samples enrichment
culture
Lateral flow bacterial cellsin 1.14 x  10® No <1lh [63]
immunoassay PBS buffer and CFU/mL  and
milk samples 114  x 10
CFU/mL,
respectively.
Dendrimer- Bacteria in PBS 102 cells/mL No 4-5h Current
aptamer biosensing  buffer study

with RCA signal

enhancement

3.4 Conclusions
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In this study, we designed a simple and highly sensitive dendrimer-aptamer-RCA
microfluidic detection system to detect E. coli O157:H7 cells. To increase the detection
sensitivity, PAMAM dendrimer was used to reduce background signals and at the same
time used as a multi-handled template to subsequently conjugate multiple aptamers for
greater probability and more surface area for target bacteria capturing. The design was
advanced by the application of RCA to enhance detection signals to allow detection
sensitivities to be further enhanced. The resulting microfluidic detection device showed an
impressive LOD of 102 cells/mL with high specificity, which is a highly sensitive detection
performance in the field of whole bacterial cell detection by simple microfluidic devices.
Therefore, it is expected that its simple design and intrinsic possibilities to integrate with
other on-chip functionality modules, such as sample separation and concentration, will

make this novel microchannel a promising tool for pathogenic bacteria detection.
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Chapter 4

A study on rolling circle amplification and its
signal enhancing application in a dendrimer-

PDMS microfluidic system

Yugian Jiang, Shan Zou, Xudong Cao

In Chapter 3, a dendrimer-aptamer-RCA detection system for E. coli O157:H7 was
developed and showed up to 50-fold signal enhancement compared with non-RCA
dendrimer-aptamer detection system. In this chapter, to further investigate effects of the
RCA reaction time on the detection signal intensification, the morphological changes of
RCA products were characterized by atomic force microscopy. Different RCA reaction
times were applied to enhance fluorescence detection signals and results indicated that 2 h

was the optimal reaction time.
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Abstract

Rolling circle amplification (RCA) has been used to enhance detection signals as its long
single stranded RCA products can provide multiple binding sites for signal probes for
detection. Therefore formations and morphologies of the RCA products are important to
study in order to optimize such signal amplifications. However, molecular chain growth of
the RCA products has not been particularly explored in the literature. In the current study,
we employ atomic force microscopy (AFM) to monitor the RCA products during the course
of the RCA process over time. Subsequently the results of the RCA obtained from the AFM
study are combined with those from the conventional electrophoresis method to optimize
RCA reactions for rapid and sensitive detection. We show that there appears to be an non-
homogeneous RCA initiation phase in early to mid stage of the RCA reaction where some
chains grow faster while others grow slower or even remain dormant, an observation that
has not been reported in the literature. Furthermore, to demonstrate the efficacy of RCA
signal enhancement in detection, RCA is used in a dendrimer-aptamer modified
microfluidic whole-cell detection system to detect samples spiked with E. coli O157:H7
cells at concentrations ranging from 102 to 10° cells/mL. Our results show that there is a
linear relationship between detection signals and E. coli O157:H7 cell concentrations after
RCA signal intensification. Our results also indicate that the RCA is able to enhance
detection signals by around 100 folds and that the observed signal enhancement and
detection sensitivity increase with increasing RCA reaction time. Taken together, these

results suggest that a properly configured RCA reaction in combination with dendrimer-
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aptamer surface modified microfluidic channel is a promising approach to simple and

sensitive whole-cell detection.

Keywords: Rolling circle amplification; Pathogen detection; Aptamers; Biosensing;

Atomic force microscopy; Agarose gel electrophoresis.
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4.1 Introduction

Sensitive detections of foodborne pathogenic bacteria are important since a large number
of food poisoning cases are caused by bacterial pathogens [1]. For example, 353 cases of
outbreaks related to foodborne E. coli O157:H7 were reported in the United States from
2003 to 2012 [2]. The Canadian Food Inspection Agency (CFIA) issued 9 recalls in 2013,
all due to E. coli O157:H7 contaminations. Since traditional culture methods for pathogen
detection are time-consuming, and molecular methods such as enzyme-linked
immunosorbent assay (ELISA) and polymerase chain reaction (PCR) require lengthy and
labor-intensive cell enrichment and DNA extraction procedures, developing an efficient
and sensitive detection method for E. coli O157:H7 represents a pressing issue. Since the
late 1980s, lab-on-a-chip (LOC) or microfluidic biosensors have attracted growing
research interest [3-8]. In a microfluidic biosensing system, antibodies, nucleic acids,
aptamers or bacteriophages are the main recognition elements used to identify target
analytes [4]. To further enhance detection sensitivity and signal read-out, signal
amplification techniques, such as nucleic acid amplification, antigen-antibody

amplification, nanoparticles and magnetic beads have been employed [9-13].

Rolling circle amplification (RCA) has been widely used to enhance detection signals in
biosensing systems due to its high efficiency and isothermal reaction temperature
requirements. As an isothermal enzymatic DNA/RNA amplification technique, RCA
utilizes circular single stranded nucleic acid template (i.e. circular template) to generate
repetitive and long single stranded DNA/RNA molecular chains under the catalysis of

polymerases [14, 15]. Requirements for a RCA reaction include a circular template, a
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primer with a free 3’-end, DNA or RNA polymerase and deoxynucleotides (dNTPs) as
substrates [16]. In general, a RCA starts with the formation of a circular template from a
padlock probe, an originally linear oligonucleotide that can be ligated to form a circular
molecule, which can be subsequently used as a template for DNA amplifications [17]. For
the DNA amplifications, a properly designed primer is required to anneal to and circularize
the padlock probe to form a circular template (under the catalytic action of T4 DNA ligase),
after which nucleotides will be continuously added to the 3” end of the primer — based on
the circular template, thus growing a long molecular chain from the original primer. This
“lock and roll” process can extend a single stranded DNA/RNA molecule hundreds to
thousands of times of its original length based on the circular template. In comparison with
PCR, RCA does not require expensive equipment for thermal cycling or special laboratory
conditions. In fact, RCA can be conducted on any solid supports or in complex biological
environments such as on a cell surface or inside of a cell [15], and the reaction temperature
for RCA can range from room temperature to 42 °C [18]. These advantages make the RCA
technique versatile and adaptable to low-cost and robust biosensing applications. As a
result, RCA has gained considerable attention as an important DNA amplification tool and
has been used for ultrasensitive detection of nucleic acids, proteins and other molecules

[15, 16, 19-26].

Typically, the long RCA products consist of hundreds to thousands of tandem repeats
which act as binding sites for signal elements, such as complementary fluorescent probes.
Therefore, knowledge about chain growth of the RCA products is important to optimize

their applications in detection. To characterize the RCA products, several methods have
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been reported in the literature. Gel electrophoresis (polyacrylamide gel electrophoresis or
agarose gel electrophoresis) is one of the most common ways to characterize the RCA
products by directly demonstrating the production and relative quantity of high molecular
weight RCA products [27, 28]. In addition, SYBR Green | dye has also been used to detect
RCA products that would give off fluorescence signals when long strands of RCA products
interact with the SYBR Green dye [29]. In comparison with the two above mentioned
techniques, AFM has been used to provide a versatile platform for imaging and
manipulating molecules at a single-molecule resolution, which has been successfully
employed in a number of studies to characterize DNA molecules, including RCA products
[30-33]. Generally, RCA products have been characterized by AFM solely for morphology
analysis in order to confirm the presence of RCA products (RCAPS) as evidence of
successful RCA reactions and only at the end of the RCA reactions [28, 33-36]. In the
present study, AFM is used to follow the RCA reaction during the course of the RCA
process, including ligation between aptamer-primer complex and padlock probe (i.e.
formation of circular template), and the “rolling” process for RCA products as a function
of reaction time. This new approach to study the RCA reaction, in combination with the
gel electrophoresis method, provides new insights into the RCA reaction process over time.
In the latter aspects of the study, RCA signal intensification was further explored in a
poly(dimethyl siloxane) (PDMS) microfluidic system for application to E. coli O157:H7
cell detection. Results from the dendrimer-aptamer modified microfluidic detection system
showed that the detection signals of E. coli O157:H7 were significantly enhanced by up to
100-fold when RCA was used; moreover, the effect of detection signal enhancement was

increased as the RCA reaction time was increased and a linear relationship was observed
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between bacterial concentration and detection signal. These results support the concept that
RCA can be used as a signal amplification strategy in combination with a microfluidic
detection system in a sensitive whole-cell detection assay. As a result, it is concluded that
this is a promising new approach to develop a simple and sensitive detection method for

foodborne and clinical pathogenic bacteria.

4.2 Experimental

4.2.1 Materials

All DNA oligonucleotides (sequences shown below), nuclease-free water, IDTE buffer
were purchased from Integrated DNA Technologies (IDT) (Coralville, 1A). Poly(amido
amine) (PAMAM) dendrimers with ethylenediamine core (generation seven) (G7) were
obtained from Sigma-Aldrich  (Oakville, ON). 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide (EDC) was obtained from Alfa Aesar (Ward Hill, MA). (3-
aminopropyl)-trimethoxysilane (APTMS) and N-hydroxysuccinimide (NHS) were
purchased from Thermo Fisher Scientific (Rockford, IL). Phi29 DNA polymerase, T4
DNA ligase, deoxynucleotide (ANTP) solution mix, Tris/Boric Acid/EDTA (TBE) buffer
mix, Promega blue/orange loading dye, DNA ladders, and ethidium bromide for
electrophoresis were purchased from Fisher Scientific (Ottawa, ON). Sylgard 184
poly(dimethyl siloxane) (PDMS) kit was purchased from Dow Corning (Midland, Ml). All
other chemicals were obtained from Sigma-Aldrich (Oakville, ON) and used as received
unless indicated otherwise. Formalin killed E. coli O157: H7 cells were generously donated

by the Canada Food Inspection Agency (Ottawa, ON).
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Table 4-1 Oligonucleotide sequences used in this section

Sequence name Sequence

E. coli O157:H7 capturing 5’-NH,-ATCCG TCACA CCTGC TCTAT CAAAT GTGCA GATAT
aptamer [37, 38] CAAGA CGATT TGTAC AAGAT GGTGT TGGCT CCCGT AT-3’
Aptamer-primer complex 5’-ATCCG TCACA CCTGC TCTAT CAAAT GTGCA GATAT CAAGA

CGATT TGTAC AAGAT GGTGT TGGCT CCCGT ATTTT TTTTT
GTCCG TGCTA GAAGG AAACA GTTAC-3’

Designed padlock probe 5’-TAGCA CGGAC ATATA TGATG GACCG CAGTA TGAGT
ATCTC CTATC ACTAC TAAGT GGAAG AAATG TAACT GTTTC
CTTC-3

Designed Cy3 fluorescently 5°-Cy3-GTTTC CTTCT AGCAC-3’

labelled complementary probe

Note: the italic portion of aptamer-primer complex has the same sequence as the capturing
aptamer and that the underlined portion is the primer [25] where the single and double
underlined sequences are complementary to the sequences likewise underlined in the

padlock probe sequence.

4.2.2 Fabrication and surface modification of PDMS microfluidic device with E. coli

O157:H7 capturing aptamers

PDMS microfluidic devices were prepared using a standard lithography process. All

procedures were based on well-established protocols reported elsewhere [39, 40].

4.2.3 Rolling circle amplification reactions

A typical RCA reaction starts with the formation of circular templates. To prepare the
circular templates, 50 pL hybrid solution containing 100 nM of both aptamer-primer

complex and padlock probe were incubated at 37 °C for 30 min to allow hybridization
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between the aptamer-primer complex and the padlock probe. This was followed by ligation
reaction catalyzed by 10 U T4 DNA ligase in 10 x T4 ligation buffer (400 mM Tris-HCI,
100 mM MgCl, 100 mM DTT, 5 mM ATP, pH 7.8) at room temperature for 30 min, after
which the ligation mixture was heated at 65 °C for 10 min to inactivate the T4 DNA ligase
in order to stop the ligation reaction. Subsequently, the RCA reaction was performed by
adding phi29 DNA polymerase and dNTP into the ligation reaction mixture. Specifically,
for a 100 uLL RCA reaction mixture, 10 U of phi29 DNA polymerase was used. After the
reaction mixture was allowed to react at 37 °C for pre-determined periods of time (i.e., 5,
15, 60, 120, 180, and 600 min), it was heated at 65 °C for 10 min to inactivate the phi29
DNA polymerase in order to stop the RCA reaction. It should be mentioned that all
oligonucleotides were denatured by heating at 95 °C for 5 min and quickly cooled on ice

for 1 min to ensure desired intramolecular folding immediately prior to RCA reactions [25].

4.2.4 Agarose gel electrophoresis (AGE) analysis of RCA products

To analyze RCA products, AGE was used. Briefly, RCA products were analyzed by 0.5%
or 2% agarose gel electrophoresis in TBE buffer (44.5 mM Tris, 44.5 mM H3BO3, 1 mM
EDTA) (pH 8.5) at room temperature for 30 min at 75 V. Gel images were obtained using
an Alphalmager (HP Imaging System, San Jose, CA) and were guantitatively analysed

using ImagelJ [41, 42].

4.2.5 AFM studies of RCA reactions over time

The RCA reactions were followed over time using AFM. Specifically, RCA product

solutions (100 nM) at different RCA reaction time points were drop-cast on freshly cleaved
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mica surfaces (V-1 Grade, SPI Supplies Division of Structure Probe Inc., West Chester,
PA) pre-treated with 5 mM NiCl in order to increase affinities between the negatively
charged DNA molecules and the mica surfaces. The coated mica surfaces were then
carefully rinsed by filtered Milli-Q water and dried by pure nitrogen. The resulting samples
were imaged using a Multimode AFM with NanoScope V controller (Bruker Nano
Surfaces Division, Santa Barbara, CA) in either Bruker’s ScanAsyst or PeakForce QNM
modes. ScanAsyst-Air AFM probes (0.4 N/m, fo: 50-90 kHz, Bruker AFM Probes,
Camarillo, CA) with typical tip diameters of 2-5 nm were used. AFM images were acquired
with a scan size between 500 by 500 nm and 10 by 10 um (512 x 512 pixel) and at a scan
rate of 1 Hz. The obtained AFM images were processed using open access software

Gwyddion (http://gwyddion.net/).

4.2.6 Dendrimer-aptamer-RCA detection and signal enhancement system

The construction of the dendrimer-aptamer modified PDMS microfluidic devices followed
a procedure reported elsewhere with minor modifications [43]. The detection of the E. coli
0157:H7 was demonstrated using a dendrimer-aptamer (surface bound) | E. coli O157:H7
cell | aptamer-primer complex, a sandwich detection system with RCA for signal
enhancements, as shown in Figure 4-1. Specifically, highly branched dendrimers were
immobilized on the inner surfaces of the PDMS microchannels and the capturing aptamers
were consequently conjugated to the dendrimer coated PDMS surfaces via functional
groups of the PAMAM dendrimers. The benefits of using the PAMAM dendrimers were
twofold as we have demonstrated in our previous work [39, 44]: (1) the dendrimers are

shown to render modified surfaces non-fouling to minimize non-specific bindings, thus
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reducing background signals; and (2) the immobilized multifunctional dendrimers can
provide multiple binding sites for conjugating multiple copies of the E. coli O157:H7-
capturing aptamer to significantly increase capturing probabilities. Buffer solutions spiked
with formalin inactivated E. coli O157:H7 cells at different concentrations (i.e. 10%, 10%,
10* and 10° cells/mL) were injected into the dendrimer-aptamer modified PDMS devices
at a flow rate of 0.05 ml/h for 1 h. Subsequently the devices were washed with PBS (pH
7.4), after which the aptamer-primer complex was introduced to react with the captured E.
coli 0157:H7 cells for 30 min in order to form a sandwich detection format (see Figure 4-
1). The resulting devices were carefully washed again with PBS (pH 7.4), and signal
enhancements by RCA were initiated on top of the captured E. coli O157:H7 cells using
procedures described above. Subsequently, complementary fluorescent Cy3 labelled
probes (see sequence in Materials section) were used to hybrid with the RCA products at
37 °C for 30 min to give off quantitative signals for detection. The whole system was
washed with PBS (pH 7.4) to remove excess probes. Fluorescence images were captured
using an inverted Olympus fluorescence microscope (IX81, Richmond Hill, ON) equipped
with a high-resolution camera (QImaging, Surrey, BC). Specifically, the images were
captured using 1000 ms as the exposure time. At least twenty fluorescence images for each
sample were collected from random and different areas of the detection surfaces, and
fluorescence signals were analyzed by ImageJ [45]. More details can be found in section
3.2.4.3. PDMS microchannels modified with dendrimers only but not with capturing

aptamers were used as controls.
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Figure 4-1 Schematic drawing to demonstrate dendrimer-aptamer sandwich detection
system with RCA for signal enhancement.

4.3 Results and discussion

PDMS microfluidic channels were successfully prepared and their inner surfaces were
modified with E. coli O157:H7 capturing aptamers as reported in our previous studies [39,

40].

4.3.1 RCA product characterizations by both AFM and AGE

Products from the RCA reactions were characterized using both AFM and AGE. As shown
in Figure 4-2A, a RCA reaction was initiated with the generation of circular DNA
molecular chains that were formed by ligating aptamer-primer complexes and padlock
probes by T4 DNA ligase. In the presence of the phi29 DNA polymerase, single stranded

DNA molecules (i.e., RCA products) were produced using the circular DNA molecular
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chains as templates (i.e. the process of rolling). AFM was used to study the morphologies
of the RCA products throughout the RCA reaction over time. As shown in Figure 4-2, it is
evident that circular template DNAs were formed in the ligation procedure. It is interesting
to note that the circular templates were indeed circular in shape (see Figure 4-2D). In
addition, a closer analysis of these circular templates showed that the sizes of the circular
structures were around 15 nm in diameter. This result is in good agreement with a
theoretical value of 20-30 nm, considering that the padlock probe is a linear ssSDNA of 79
nt [46]. Significantly, although AFM has been used to probe RCA products [31], a “rolling”
RCA product has been successfully imaged by AFM (shown in Figure 4-2E) for the first
time to the best of our knowledge. This imaged RCA product appeared to have an elongated
and coiled molecular chain that exhibited a morphology similar to that of a “lollipop”. The
contour length of this RCA product was measured to be ~ 1.3 um, consistent with other
published studies reporting that RCA products are usually from hundreds of nanometers to
microns in length depending on RCA reaction conditions [14, 47]. It is interesting to note
that at the central portion of this lollipop, there was a bright spot that had a greater height
(measured at ~ 3 nm) than the RCA product chain (measured at ~ 1 nm); this spot is most
likely phi29 polymerase since it is known that during the RCA reactions, phi29 polymerase
attaches to a primer-template substrate before the next incoming nucleotide binds the
polymerase [48, 49]. This is the first direct evidence in support of this concept. Short
sSDNAs of aptamer-primer complex and padlock probes were also imaged by AFM to
show small DNA molecules before ligation and RCA reactions, where small molecular

spots rather than long DNA strands were observed (Figs. 2b and 2c).
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Figure 4-2 RCA reactions as characterized by AFM. A. schematic illustration of padlock-
ligated RCA process; B. AFM image of aptamer-primer complex before ligation; C. AFM
image of padlock probe before ligation; D. formation of circular templates (arrows) after
ligation between aptamer-primer complex and padlock probe; E. RCA product showing a
long and coiled ssDNA chain and phi29 polymerase (arrow) at the growing end of the

molecular chain.

Agarose gel electrophoresis was also used to confirm the formation of RCA products, and

the results are shown in Figure 4-3. It can be seen that both the original aptamer-primer
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complex (Lane 1) and the original padlock probe (Lane 2) displayed short DNA molecular
chains, as expected. In contrast, after the ligation reactions between the aptamer-primer
and the padlock probe, the resulting circular template showed a roughly two-fold increase
in molecular weight, as shown in Lane 3. Besides, there are several extra bands in Lane 3
which might be the dimers of aptamer-primer and padlock probes or other by-products of
ligation reactions. Likewise, Lane 4 showed RCA products after 2 h of RCA reaction,
suggesting the presence of high molecular weight products (>> 10 kbp) with extremely low
mobility. This result is in good agreement with previous studies that showed similar gel
electrophoresis results [50, 51]. It has been established that the synthesis rate of RCA is
around 50 nt/sec along the circular template [52], which translates into the formation of
RCA products with molecular weights of more than 300 kbp after 2 h of RCA reaction.
This suggests that the RCA products would have too low of a mobility to migrate out of
the wells in the electrophoresis experiment, which was confirmed by the AGE results in
the current study (Lane 4). It is worthwhile to mention that other than the high molecular
weight products, Lane 4 also showed some relatively low molecular weight products, likely
explained by the presence of short RCA products and unreacted aptamer-primer complex

(i.e. circular templates) after 2 h of RCA reaction.
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Figure 4-3 RCA reactions as characterized by AGE (2% agarose gel). Lanes shown are
original aptamer-primer complex (Lane 1), original padlock probe (Lane 2), ligation
product of aptamer-primer complex and padlock probe (Lane 3), and RCA products after
2 h of RCA reaction (Lane 4). Lanes M1 and M2 are DNA markers with top band at 650

bp and 10 kbp, respectively.

4.3.2 RCA reactions followed by AFM over time

RCA reactions were followed over time by AFM. To achieve this, RCA samples were
collected at different time points, and their RCA product morphologies were studied using
AFM. As shown in Figure 4-4, at 5 min, there were many small round shaped dots,
suggesting the formation of many circular templates by ligation reactions between aptamer-
primer complexes and padlock probes without obviously observed RCA chains; however,
no observable long RCA products were spotted. At 15 min, it was clear that the majority
of the dots had - albeit small - ““tails”, likely suggesting that initiations of RCA mainly took

place within this time frame but there was no significant RCA chain growth during the
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same period of time. When reaction time was increased to 60 min, long chains of RCA
products were readily identified. However, it was also evident that the initiation of the RCA
reaction and the growth of the RCA product were not homogenous as most of the circular
templates did not grow into long RCA product chains; in fact, only a very small percentage
of the molecules showed long chains after 60 min of RCA reaction while the vast majority
of the chains were still short. In contrast, when the reaction time was further increased to
2 h, a greater percentage of long RCA product chains were observed, and these chains
appeared to be longer than those at 60 min. However, it is also evident that there were still
a significant amount of short molecular chains as indicated by the presence of small dots.
When the reaction time was further increased to 3 h, it was clear that the number of the
short chains was significantly reduced; however, it was difficult to compare the RCA
product chain length due to entanglements of the long chains. Finally, after 10 h of RCA
reaction, AFM results demonstrated many extremely extensive and long RCA products. It
is also interesting to note that the short DNA strands observed at previous time points
completely disappeared, confirming that the low weight products seen in AGE (see Figure
4-3 in Lane 4) were short chain RCA products. Overall, the AFM results appears to suggest
that for the given RCA reaction system, there is a non-homogeneous RCA lag phase at the
early to mid stage (i.e. 0 ~ 60 min) of the RCA reaction where some chains grow faster
while others grow slower or even remain dormant. This observation has not been reported
in the literature before, likely because AFM has not been used to characterized RCA
products over time like the way it was used in the current study. It is not yet known why
there are such differences between the chains. However, it is clear that if given enough

time (i.e. 10 h) all chains will grow into high molecular weight RCA products.
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As a signal amplification technique, RCA reaction conditions should be optimized to
achieve sufficient signal amplification with reasonable detection time. Based on the results
obtained from the AFM study (see Figure 4-4), it can be concluded that a reaction time of
2 h or more should be chosen as optimum RCA reaction time, as our AFM results showed
that for RCA reaction for more than 2 h there were many fully developed RCA chains for
sufficient signal enhancement; in addition, a much longer reaction time would not be
desirable since it would not allow for fast turn-around detection [4]. As a result, a reaction
time of 2 h was determined as an optimal RCA reaction time in this study. A closer look at
RCA conditions used by previously published studies shows that RCA reactions were
carried out using a wide range of reaction times, ranging from 10 min to 6 h [16, 25, 50-
58], suggesting that RCA conditions, such as reaction time, should be further investigated
for RCA optimizations. It would be particularly interesting to study ways to initiate
homogeneous RCA reactions in the initial phase (i.e. in the first 1 hour of the RCA reaction
as shown in this study) to allow for more effective RCA signal intensifications within a

shorter period of time (i.e. 1 hour or less).
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Figure 4-4 Morphological changes of RCA reactions products by AFM from varied reaction time. The downward arrows point different

levels of zoom-ins.
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The RCA reactions were also studied by AGE. Figure 4-5 shows AGE results of RCA
products collected over a range of RCA reaction times (Figure 4-5A) and relative quantities
of the high molecular weight molecules in the overall RCA products from all groups (i.e.
fractions with molecular weights greater than 10 kbp, as shown in the box in Fig 4-5B).
The ethidium bromide staining dyes intercalate with nucleic acid RCA products and the
relative fluorescence intensity under UV light is positively proportional to the amount of
RCA products. It is clear that the fractions of high molecular weight RCA products
increased with increasing RCA reaction time. For example, from 5 min to 120 min, high
molecular weight RCA products increased dramatically with increasing reaction time.
However, when the reaction time was further increased beyond 120 min, the reaction rate
appeared to slow down significantly, as additional 60 min reaction time from 120 min to
180 min did not result in as much RCA products as it did from 60 min to 120 min. Therefore,

2 h was used as an optimal reaction time.
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Figure 4-5 RCA products at different reaction time points characterized by AGE. A. AGE
image of RCA products at different reaction time points; B. relative quantities of high

molecular weight RCA products (i.e. molecular weight greater than 10 kbp as shown within

the box) as a function of RCA reaction time.
4.3.3 Application of RCA in detection systems for signal intensification

To further investigate the effect of reaction time on detection signal enhancement, a
dendrimer-aptamer based microfluidic detection system was used to detect samples spiked
with formalin inactivated E. coli O157:H7 cells at different concentrations (i.e. 10° - 10°
cells/mL) using RCA signal amplification with different reaction times. As shown in Figure

4-6A, there was a linear relationship between detected fluorescence signals and bacterial
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concentrations investigated. Furthermore, for a given concentration, the detected
fluorescence signals increased with increasing RCA reaction time, as shown in Figure 4-
6B. This is expected since increasing RCA reaction time would result in increasing chain
length of the RCA products, which in turn resulted in more complementary binding sites
for fluorescent probes to conjugate for enhanced signal for detection. A closer analysis of
the data reveals that the slope of each of the straight lines increased with increasing RCA
reaction time, suggesting an increasingly sensitive detection with longer RCA reaction time,
as detection sensitivities are determined by the slope of the response curve [59, 60]. In
contrast, detection without RCA signal enhancements (fluorescent probes were directly
introduced to the detection systems without RCA reactions) showed significantly less
sensitive responses (i.e. slope was flat). This demonstrates the benefit of using RCA that
enhanced the fluorescence signals by almost 100 folds, when signals from detections with
RCA enhancement for 2 h or 10 h were compared with that without RCA at the same
concentrations. It is also interesting to note that for detections employing 10 h as RCA
reaction time, while the fluorescence signals increased with increasing target
concentrations in the sample, it levelled off at 10° cells/mL of E. coli 0157:H7 (see Figure
4-6A\); this is likely because at this high concentration and long RCA reaction time, the
RCA products formed highly extensive and entangled structures that physically prevented
the fluorescent probes to freely (and quantitatively) hybrid with the RCA products.
Therefore, it is clear that RCA reactions enhance detection signals and that the extent of
enhancement is dependent on the RCA reaction time. Longer RCA reaction times (e.g., 2
h and 10 h) resulted in higher detection sensitivities -- as evidenced by both the greater

slopes in the linear relationship seen in Figure 4-6A and more intense signals for a given
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concentration -- suggesting that long RCA reaction times are particularly beneficial for low
target concentration detection, such as at concentrations of 102 cells/mL or lower. However,
excessively long RCA reaction time may not be practically feasible as it will significantly
slow down the detection process and render the detection method less attractive. Therefore,
RCA reaction for 2 h was chosen as the optimal reaction condition for the detection of E.
coli O157:H7 at the concentration range investigated in this study. It is interesting to note
that there is a wide range of RCA reaction conditions used in the literature for detection
[16, 25, 51, 55, 61], further suggesting that an appropriate RCA reaction conditions for a
particular detection application are dependent on not only factors such as circular template
design and RCA reaction temperature, but also the target analyte concentration whose

interplay with RCA reaction time is a key factor to be further studied.
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Figure 4-6 Detections of different E. coli O157:H7 concentrations using RCA signal
enhancement. A. Fluorescence signals of aptamer-RCA detection system with different
RCA reaction time when varied E. coli O157:H7 concentrations were applied (from 10 to
10° cells/mL); B. Fluorescence images of detection systems with varied RCA reaction time

(i-iv: 0, 0.5, 2, 10 h, respectively) when 10° cells/mL E. coli O157:H7 were applied.

4.3.4 Detection specificity

The specificity of the current dendrimer-aptamer-RCA microfluidic detection system for
E. coli O157:H7 was investigated by testing several non-target bacteria including Listeria
innocua, E. coli K12 and E. coli ER2420. The detection signals collected after RCA

intensification for E. coli O157:H7, Listeria innocua, E. coli K12, E. coli ER2420 and
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control (i.e. without any bacteria) were plotted at different bacteria concentrations (Figure
4-7). It is evident that the fluorescence signals for the target E. coli O157:H7 at
concentrations of 10% and 10* cells/ml were significantly higher than those for non-targets
and controls, demonstrating excellent specificities of the current detection platform for E.

coli O157:H7.

E.coli Q157:H7 Listeria innocua EcoliKI2 E.coli ER2420 Control
3500

2500
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Fluorescence signals (a.u.)
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Figure 4-7 Detection specificity of the current dendrimer-aptamer-RCA detection system
by a comparison on fluorescence signals on target E. coli O157:H7 cells and non-target

Listeria innocua, E. coli K12 and E. coli ER2420 cells at different cell concentrations.

To further demonstrate that the detection system is a powerful and sensitive whole-cell
detection platform, its detection performance was compared with those of other recently

published whole bacterial cell detection systems in Table 4-1. The difference between this
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comparison table with the previous Table 3-2 in Chapter 4 is that whole cell detection
methods for foodborne bacteria were compared with the work in this chapter. It is evident
that the detection results obtained in this study showed lower LOD than other
electrochemical, colorimetric and fluorescence biosensors, and that the present dendrimer-
aptamer-RCA microfluidic system is a simple and sensitive approach to whole cell
detections. The simplicity of this design and the possibilities to integrate with other on-
chip microfluidic sample preparation functionalities, such as sample concentration [62] and
separation [63], make this reported microfluidic detection method a powerful tool for

foodborne pathogen detection.

Table 4-2 A comparison of the current dendrimer-aptamer-RCA approach with other

reported methods for whole bacterial cell detection

Target Method Sample Limit of detection Ref.
(LOD)

E. coli O157:H7  Fluorescence Spiked whole 5 x 10? CFU/mL [64]
immunoassay milk

E. coli 0157:H7  Electrochemical Ground beef 2.05 x 10% CFU/mL [65]

S. Typhimurium  immunosensor Chicken rinse 1.04 x 10% CFU/mL

water

E. coli O157:H7  Electrochemical Bacteria solution  10° CFU/ml [66]
biosensor

E. coli O157:H7  Bacteriophage based Spiked skim 4.9 x 10* CFU/mL [67]
colorimetric assay milk

E. coli O157:H7  Amperometric Bacteria solution 3.6 x 10° CFU/mL [26]
immunosensor

E. coli O157:H7  Electrochemical Bacteria solution 102 CFU/ml [68]
impedance
immunosensor
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S. typhimurium Aptamer-based Bacteria solution 6 x 102 CFU/mL [69]

impedimetric sensor

L. Colorimetric sensing Spiked milk 2.17 x 102 CFU/ml [70]

monocytogenes platform

E. coli O157:H7  Aptamer-based Bacteria solution 102 cells/mL This
fluorescence biosensor study

4.4 Conclusions

In this study, the RCA reaction process and RCA products were investigated by both AFM
and gel electrophoresis for a better understanding of RCA reaction and its application in
detection signal amplification. For the first time, lollipop-like RCA product morphology
was directly documented by AFM, and the development of long strands of RCA products
was followed over time. The AFM results revealed a non-homogeneous chain growth
especially at the initial stage of the RCA reaction. AFM and gel characterizations were
both used to characterize the RCA reaction conditions and RCA signal intensification was
used in the dendrimer-aptamer microfluidic system to detect E. coli O157:H7 in samples.
Our results showed that there was a 100-fold signal enhancement by RCA reaction in
comparison with detection without RCA and that with increasing RCA reaction time, both
the detection signals and detection sensitivity increased. Given the wide range of RCA
reaction conditions employed in the literature, further studies are warranted to investigate
optimal RCA conditions such as reaction time, reaction temperature, and interplays
between the above mentioned conditions and target analyte concentrations. It is our belief
that a properly configured RCA reaction in combination with a dendrimer-aptamer surface-
modified microfluidic channel is a promising approach to simple and sensitive bacterial
whole-cell detection.
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Chapter 5

Developing a dual-RCA aptamer-based
microfluidic platform for sensitive whole-cell

detections of E. coli 0157:H7

Yugian Jiang®®, Shan Zou ®, Xudong Cao  *

Based on the detection system described in Chapter 3 and Chapter 4, a new RCA sequence
set was designed to produce tandem repeated aptamers for E. coli O157:H7 in order to
improve the capture efficiency of the dendrimer modified PDMS microchannel. In this
chapter, cRCA was characterized and used to in situ synthesize poly-aptamers, which was
verified to perform higher capture efficiency compared with the previous mono-layer

aptamers.
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Abstract

Aptamer based microfluidic platforms have been developed rapidly and strategies to
improve detection sensitivity are highly desired. As capturing agents, aptamers
immobilized right into a detection system should improve capture of target bacterial cells.
In this study, rolling circle amplification (RCA) was used to produce repeated capture
aptamer units (capturing RCA, cRCA) and characterized using atomic force microscopy
and gel electrophoresis. /n situ synthesized cRCA products on a microchannel inner surface
composed of long single stranded tandem repeated aptamers (cCRCA-aptamers) were used
for capturing E. coli O157:H7 cells. This cRCA-aptamer-modified microchannel showed
more than 3 times higher capture efficiency than the previously constructed microchannel
modified using a single layer of E. coli O157:H7 aptamers (monolayer aptamers). To
transduce and intensify detection signals, a different RCA set (SRCA) was further applied
to the detection system after bacterial cells were captured by the cRCA-aptamers. sSRCA
products were visualized by complementary fluorescent probes to quantitatively determine
the number of target cells. Linear relationships between fluorescence signals and E. coli
O157:H7 concentrations ranging from 10 to 10* cells/mL were obtained. Results also
showed that the cRCA-aptamers increased fluorescence signals up to 5-fold in comparison
with the previous monolayer aptamers system. This dual-RCA detection system is a
promising approach for sensitive detection of pathogenic bacteria in food, environmental

and clinical detection systems.

Keywords: Rolling circle amplification; Bacteria detection; Aptamers; Biosensors; Atomic

force microscopy; Microfluidic channels.
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5.1 Introduction

Researchers have devoted continuously increasing efforts in the field of “lab on a chip”
(LOC), or micro total analysis systems (UTAS), in the past two decades [1-5]. Detection of
foodborne pathogenic bacteria, such as E. coli O157:H7 and Salmonella, using
microfluidic analysis systems has developed rapidly and gained growing attention due to
the miniaturized sizes of the devices, potential for continuous sampling and reduced costs
[6-8]. In a microfluidic detection system, recognition elements are usually immobilized for
target identification. Aptamers, as one type of recognition element in microfluidic detection
systems, are in vitro selected single stranded nucleic acids identified using Systematic
Evolution of Ligands by EXponential enrichment (SELEX) [9-11]. Aptamers have been
used as sensing agents to recognize and bind to their corresponding targets with high
affinities and specificities [12, 13]. As reported, bacterial cells captured by aptamers in
microfluidic systems can be subsequently eluted for cell sample purification and
enrichment before DNA extraction, followed by PCR based assays for detection [14, 15].
In addition, the captured cells can be further visualized into read-out detection signals by
transduction of binding interactions between target cells and corresponding aptamers [16,

17].

Rolling circle amplification (RCA) is an efficient isothermal nucleic acid amplification
technique, which extends very short primers (~ 15 mer) into several micrometers of long
single stranded products (~ 100,000 mer) [18, 19]. RCA has been exploited in many
applications in biosensing and detection. Typically, it has been used for signal

amplification to enhance detection sensitivity of systems for detection of nucleic acids,
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proteins, and target elements [20-25]. RCA products consist of tandem repeating copies
(determined by the designed circular template) acting as multiple binding sites for the
complementary signal probes. Generally, the complementary oligonucleotides for RCA
products are tagged with fluorescent dyes, magnetic beads, quantum dots or other
nanoparticles [26-29]. In this study, RCA was used for intensifying detection signals
(signal RCA or sRCA). Essentially, those repeating units of RCA products can be modified
into desired sequences by altering the circular template. Taking advantage of this feature,
researchers have produced tandem repeating aptamers with high efficiency for a specific
target by a specially designed RCA [30-33]. For example, in a study by Zhang and
colleagues, multiple leukemia cell-binding aptamers were synthesized by RCA, which
were further combined with doxorubicin to form poly-aptamer-drug [30]. The poly-
aptamer was produced by RCA, which enhanced more than 40-fold the binding affinity to
target leukemia cells. Zhao et al. incorporated RCA synthesized aptamers for cancer cells
into a microfluidic device and found that the RCA-aptamers showed higher capture ability

than regular monolayer aptamers and antibodies [32].

In our previous work, a dendrimer coated PDMS microchannel was further immobilized
with E. coli O157:H7 capture aptamers and SRCA was utilized to improve the fluorescence
detection signals [16]. To further improve the detection sensitivity, a newly designed RCA
(for capturing target bacterial cells more efficiently, thus called “cRCA”) which produced
tandem repeated E. coli O157:H7 aptamers (cCRCA-aptamers), was proposed to replace the
previous monolayer aptamers. The difference between monolayer aptamers and cRCA-

aptamers is that the former has short and single units of E. coli O157:H7 aptamer sequence,
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while the latter has relatively longer strands containing tandem repeated units of the same
aptamer sequences. We speculated that these cRCA-aptamers, whose length would be
several micrometers, would be able to specifically capture more target bacterial cells
because of the tentacle-like structure produced. In other words, the cRCA-aptamer-
modified microchannels would capture more target bacterial cells than those modified
using monolayer aptamers, given the equivalent inoculum volume. Overall, dual-RCA
reactions can be integrated to develop a sensitive detection system for E. coli O157:H7
cells, where the function of cRCA is to produce cRCA-aptamers for enhancing target
capture in the modified microchannel, while the previous sSRCA will be used for signal
amplification to provide increased florescence. This is a novel combination of two different
RCA reactions to improve detection performance. As SRCA was developed in our previous
work, only cRCA sequence design and reaction condition optimization are required in this
work. cRCA products were imaged and analyzed by atomic force microscopy (AFM) and
gel electrophoresis. Results showed that the cRCA-aptamer-modified microchannels
captured three times more target bacterial cells than those modified with monolayer
aptamers at E. coli 0157:H7 concentrations ranging from 102 to 10* cells/mL. Moreover,
fluorescence detection signals were collected after SRCA intensification, which indicated
that detection signals were enhanced by 3-5 times in comparison with monolayer aptamers
microchannels. This is the first time that dual-RCA was employed in a whole-cell detection
system, which provides a potential application in sensitive whole-cell detection of
pathogenic bacteria in food safety, environmental monitoring and clinical diagnosis

applications.
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5.2 Experimental

5.2.1 Overall design of the aptamer based dual-RCA detection system

The overall design of the dual-RCA microfluidic detection system and schematic
representation of the modified inner channel surface are shown in Figure 5-1. Initially,
PAMAM dendrimers were immobilized onto the inner surfaces of a PDMS microchannel
to render the resulting surfaces nonfouling and to provide multiple handles for conjugation
of primer-padlock ligation products for further cRCA reactions [34]. Subsequently, cRCA
reactions were carried out in order to produce tandem repeated aptamers that are specific
for E. coli O157:H7 cells. The products of the cRCA reactions were used - in situ - as
capturing aptamers to recognize and capture target E. coli O157:H7 cells as the first layer
of the cRCA | E. coli O157:H7 cells | aptamer-primer sandwich detection format. This
cRCA layer design is aimed to significantly enhancing surfaces areas for capturing bacteria
cells by longer c-RCA aptamers and thus improving capturing probabilities. To further
enhance the detection signals, SRCA will be employed to transduce the capturing events
and to intensify the fluorescence detection signals, thus allowing sensitive detection [16].
More specifically, to achieve the cRCA, a properly designed padlock probe must first
hybridize with its matching primer (capped with -NH2 on the 5° end) to form a circular
template (i.e. ligation product) that is subsequently immobilized onto the inner surface of
the PDMS microchannel. The cRCA reactions are carried out using the immobilized
ligation products as templates and result in extended long chains of cRCA products under
the catalysis of phi29 DNA polymerase. Each long chain of cRCA product consists of

hundreds to thousands copies of E. coli O157:H7 aptamers as the sequence of circular
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template is designed to be complementary to the sequence of the E. coli O157:H7 aptamers.
Similarly, the sRCA reactions start with the formations of circular templates by
conjugations between the aptamer-primers and the padlock probes. The aptamer-primer
complexes serve three purposes: 1) the aptamer-primer sequence is designed to conjugate
with the padlock probe to form circular template; 2) the aptamer segment of the aptamer-
primer complex recognizes the captured target E. coli O157: H7 cells on the microchannel
surfaces and attaches to the cells; and 3) the primer segment of the aptamer-primer complex
provides binding sequence for SRCA reaction using the padlock probe as a template for
strand elongation. The long DNA chains that are produced provide multiple binding sites
for complementary fluorescent probes and thus visualizing the target cells by counting the
fluorescent signals. In short, cRCA is employed to benefit the capture performance and

SRCA is used for signal intensification.
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Figure 5-1 Scheme of the aptamer based dual-RCA detection system. A. Photography of

the constructed microfluidic device; B. schematic drawing and illustration of microfluidic

channel inner surface, where the PDMS surface is modified with PAMAM dendrimers

(generation 7) and cRCA (producing repeated aptamers for capturing target bacteria) is

subsequently conjugated to form multi layers of aptamers. SRCA is finally introduced for

detection signal amplification after target bacteria are captured.

5.2.2 Materials

Sylgard® 184 silicone elastomer kit for poly(dimethyl siloxane) (PDMS) device fabrication

was purchased from Dow Corning (Midland, MI). Poly(amido amine) (PAMAM)

dendrimer (Generation 7) with ethylenediamine core and carboxyl surface functional
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groups was purchased from Sigma-Aldrich (Oakville, ON). All oligonucleotides used in
this study were obtained from Integrated DNA Technologies (IDT) (Coralville, 1A) and
their respective sequences are shown in Table 5-.1. RCA reagents including Phi29 DNA
polymerase, T4 DNA ligase, deoxynucleotide (ANTP) solution mix, and electrophoresis
related chemicals including Tris/Boric Acid/EDTA (TBE) buffer mix, Promega
blue/orange loading dye, DNA ladders, and ethidium bromide (EB) were obtained from
Fisher Scientific (Ottawa, ON). 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDC)
was obtained from Alfa Aesar (Ward Hill, MA). (3-aminopropyl)-trimethoxysilane
(APTMS) and N-hydroxysuccinimide (NHS) were purchased from Thermo Fisher
Scientific (Rockford, IL). All other chemicals, unless otherwise stated, were purchased
from Sigma-Aldrich (Oakville, ON). Formalin killed E. coli O157: H7 cells were

generously donated by the Canada Food Inspection Agency (Ottawa, ON).

Table 5-1 Summary of DNA sequences used in the dual-RCA detection system

Name Seq.# Sequences (5°-3°) Source
Capturing- Primer S1  S5-NH-TTTTT TTTTT GAAGG ACTTA This work
RCA GTTAC TGTCG AGCGA T-3’ (36 nt)
Padlock S2 5’-AACTA AGTCC TTCAT ACGGG AGCCA This work,
(CRCA) probe ACACC ATCTT GTACA AATCG TCTTG designed to

ATATC TGCAC ATTTG ATAGA GCAGG  produce E. coli
TGTGA CGGAT ATCGC TCGAC AGT-3" (98 0157:H7 aptamer
nt)

cFprobe  S3  5-Cy3-TTTTC TTGTA CAAAT CGTCT-3’ This work
(20 nt)
Signaling-  Aptamer-  S4  5-NH-ATCCG TCACA CCTGC TCTAT [35-37]
RCA primer CAAAT GTGCA GATAT CAAGA CGATT
TGTAC AAGAT GGTGT TGGCT CCCGT
(SRCA) ATTTT TTTTT GTCCG TGCTA GAAGG
AAACA GTTAC-3" (105 nt)
Padlock S5 5-TAGCA CGGAC ATATA TGATG [16]
probe GACCG CAGTA TGAGT ATCTC CTATC

ACTAC TAAGT GGAAG AAATG TAACT
GTTTC CTTC-3’ (79 nt)
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sF probe S6  5°-Cy3-TTTTA GTATG AGTAT CTC-3” (18 This work
nt)

Note: The colored portions in S1 are respectively complementary with those labeled in S2.
The italic portion in S2 has sequences complementary to those of E. coli O157:H7 aptamer.
The underlined portions in S2 and S3 are the same sequences. The italic sequence in S4 is
E. coli O157:H7 aptamer and the colored portion are the primers whose sequences are
respectively complementary with those red and green sequences in S5. The underlined
portion in S5 has the same sequence as that in S6. S5 is used to form circular template for
SRCA which produces strands containing tandem repeated complementary sequences for
Cy3 fluorescent probe (sF probe, S6) binding and thus enhancing the fluorescence

detection.

5.2.3 Microfluidic device fabrication and surface modification

Microfluidic device fabrication and surface modification procedures were described
elsewhere [34, 38]. In brief, PDMS stamps prepared by a standard lithography method were
cut and sealed with glass slides after oxygen plasma treatment. Subsequently, PAMAM
dendrimers were conjugated to the inner surface of the PDMS microchannel via a silane
coupling process. Amino group capped oligonucleotides were immobilized to the

dendrimer PDMS with surface functional carboxyl groups via NHS/EDC chemistry.

5.2.4 Rolling circle amplification reactions

Rolling circle amplification reactions for both cRCA and sRCA were conducted in similar
fashions. Both RCA reactions start with a ligation process. To prepare ligation solution,

DNA sequences solutions (primer and padlock probe) were firstly hybridized at 37 °C for
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30 min. Subsequently, 10 x T4 reaction buffer (400 mM Tris-HCI, 100 mM MgCl,, 100
mM DTT, 5 mM ATP, pH 7.8) and 10 U of T4 DNA ligase were added to form the circular
templates for further RCA reactions at room temperature for 30 min. More specifically, in
a typical RCA reaction (based on a total volume of 100 pl), 50 ul ligation solution (cCRCA:
2 UM ligation products of primer S1 and padlock probe S2; sRCA: 200 nM ligation
products of aptamer-primer S4 and padlock probe S5), 10 ul of 10 x phi29 reaction buffer
(330 mM Tris-acetate, 100 mM Mg-acetate, 660 mM K-acetate, 1% (v/v) Tween 20 and
10 mM DTT, pH 7.9), 4 pl dNTPs and 10 U of phi29 DNA polymerase were mixed
thoroughly and allowed to react at 37 °C. To terminate the RCA, the reaction mixture was
heated at 65 °C for 10 min to inactivate both phi29 DNA polymerase and T4 DNA ligase
when reactions ended. All the DNAs were denatured by heating at 95 °C for 5 min and

quickly cooled on ice for 1 min prior to use [39, 40].

The optimized cRCA reactions were conducted in microchannels to coat the dendrimer-
PDMS surface with aptamers produced by cRCA. With catalysis of NHS and EDC, ligation
products containing primer (5’ end capped with -NH.) and padlock probe complexes were
conjugated and react with -COOH groups on dendrimer-PDMS surface which has been
immobilized on PDMS channel surface. RCA reagents as stated above were injected to
initiate the rolling circle process to produce tandem repeated aptamers (CRCA-aptamers)
at a flow rate of 0.01 mL/h at 37°C for 10 h. Solutions spiked with E. coli O157:H7
bacterial cells at different concentrations were then injected and captured by the modified
cRCA-dendrimer-PDMS microchannel. SRCA was optimized in our previous work and

conducted in the developed microchannel after the E. coli O157:H7 cells were captured
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[16]. Fluorescently labeled probes (i.e. sF probes) were introduced to hybridize with SRCA
products and gave off fluorescent signals. PBS buffer (pH 7.4) was used to wash the
channels between different injections and all the injection flow rates were 0.05 mL/h at

room temperature unless otherwise specified.

5.2.5 Characterization of RCA products

Agarose gel (2%) was used to analyze RCA products. Gel electrophoresis was conducted
in TBE buffer (44.5 mM Tris, 44.5 mM H3BOgz, and 1 mM EDTA, pH 8.5) at room
temperature for 50-90 min under 75 V. An Alphalmager (HP Imaging System, San Jose,
CA) was used for capturing gel images. RCA products were also analysed by AFM. RCA
product solution was drop-casted on a freshly cleaved mica surface (V-1 Grade, SPI
Supplies Division of Structure Probe Inc., West Chester PA) pre-treated with 5 mM NiCl;
where Ni?* was used to increase affinities between RCA products and the mica surface,
both of which are negatively charged. The air-dried mica surfaces were imaged by a
Multimode AFM with NanoScope V controller (Bruker Nano Surfaces Division, Santa
Barbara, CA) in either Bruker’s ScanAsyst or PeakForce QNM modes. Gwyddion

(http://gwyddion.net/) was used to process and analyse the obtained images.

5.2.6 Fluorescence signals collection and analysis

To investigate whether the fluorescently-labeled oligonucleotides (Cy3 labeled primer S1
and cF probes S3) successfully hybridized with the modified PDMS surfaces, the
fluorescence intensities were analyzed before and after the hybridization process.
Fluorescent images (n=20) were captured after washing the redundant fluorescent
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nucleotides and ImageJ was used to analyze the fluorescence intensities [41]. To collect
the fluorescent detection signals, sF probes (S6) were injected into the microchannel at 37
°C for 30 min after sSRCA. PBS buffer was used to wash out unbound sF probes.
Subsequently, fluorescence images of the microchannels were obtained using an inverted
Olympus fluorescence microscope (IX81, Richmond Hill, ON) equipped with a high-
resolution camera (Qlmaging, Surrey, BC). Specifically, twenty fluorescent images for
each sample from random areas were captured and analyzed by ImageJ software [41].

Dendrimer-PDMS channel without cRCA coating were used as controls.

5.3 Results and discussion

5.3.1 Surface modification of the PDMS microchannel

The fabrication of the PDMS microfluidic device was based on soft lithography and
detailed procedures were described in our previous study [38]. Subsequently, PAMAM
dendrimer G7 was successfully immobilized onto PDMS inner channel surface by a silane
coupling method (surface (i) to surface (iii), Figure 5-2A) in our previous report [34]. To
further conjugate cRCA ligation products of primers and padlock probes onto the PAMAM
dendrimer (surface (iii) to surface (iv), Figure 5-2A), the primers capped with -NH. were
hybridized and ligated with padlock probes to form circular templates prior to introducing
onto the dendrimer-COOH coated PDMS surface. To verify that the ligation products
successfully reacted with the dendrimer-PDMS surface, fluorescent dye Cy3 was used to
label the ligation products at the 5’-end of primer portion and fluorescence changes were

observed and analyzed after excess ligation products were washed by PBS buffer. In Figure
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5-2C, the fluorescence intensities of surface (iv) are significantly increased (p < 0.05) in
comparison with those of surface (iii) when the applied ligation product concentrations are
100 nM, 1 pM and 10 pM. Moreover, higher concentrations of Cy3 labeled ligation
products resulted in higher fluorescence intensities. However, the fluorescence of the
surface modified with 10 uM ligation products showed only slightly higher intensity than
that of one modified with 1 uM, suggesting that the modified surface might reach saturation.
Therefore, 1 pM-concentration was selected as optimal to use in the rest of the study unless
indicated otherwise. Non-specific binding was checked by applying different
concentrations of fluorescent ligation products onto the same surfaces without catalysis of
NHS and EDC. Results (blue bars in Figure 5-2C) showed slight non-specific binding
compared with the specific binding groups (red bars in Figure 5-2C), which is consistent
with our previous result [16]. Thus, it is confirmed that the ligation products of primers and

padlock probes were successfully immobilized onto the dendrimer-PDMS surfaces.

In the next step, the surface was further modified with cRCA products by initiating the
RCA reactions based on the ligation products immobilized-surface (iv). cRCA products
consisting of tandem repeating E. coli O157:H7 aptamers (surface (v) in Figure 5-2A) were
propagated from the dendrimer-PDMS surfaces in order to increase target cell recognition
and likelihood of capture improved in comparison with the mono-layer aptamer modified

dendrimer-PDMS surface (Figure 5-2B).
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Figure 5-2 Surface modifications of PDMS surfaces. A. schematic drawing of ¢cRCA-
aptamer modification on dendrimer coated PDMS surface: (i) original PDMS surface; (ii)
aminated PDMS surface after treatment with oxygen plasma and APTMS; (iii) PAMAM
dendrimer conjugated PDMS surface; (iv) fluorescently labeled ligation products
immobilized on the dendrimer surface; (v) in situ cRCA reaction on top of dendrimer
modified surface; B. monolayered aptamers modified on PAMAM dendrimer-conjugated
PDMS surface from our previous work; C. fluorescence signal intensities of dendrimer

conjugated PDMS surfaces before and after the immobilization of ligation products for
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further cRCA. The values of fluorescence intensities of ligation product-modified surfaces
(including non-specific binding groups) were subtracted by values from the dendrimer-

PDMS surfaces.

5.3.2 cRCA optimization and characterizations

In this study, in situ cRCA was used to produce tandem repeating E. coli 0157:H7 aptamers
(cRCA-aptamers). The process was followed by agarose gel electrophoresis and AFM. In
Figure 5-3A, the primers and padlock probes showed small molecular weight, which are
around 30 nt and 80 nt respectively. These results have slight discrepancy with their actual
lengths as shown in Table 5-1 (S1 is 36 nt and S2 is 98 nt) due to that the DNA markers
used in this agarose gel electrophoresis are double stranded DNA and the DNA sequences
for cRCA are single stranded [42]. After the hybridization and ligation between primers
and padlock probes, the resulting ligated complexes showed an evident increase in
molecular weight which was around 100 nt (bright band in Lane 3, Figure 5-3A). This
molecular weight roughly combined the molecular weight of the primer and that of the
padlock probe sequences, confirming the success of the ligation reaction. cRCA was
initiated by adding phi29 DNA polymerase and dNTPs, and products from different
reaction times ranging from 0.5 h to 20 h were collected and loaded onto the agarose gel.
As shown in Figure 5-3B, within the first two hours of cRCA reaction, there were no
significant amount of high molecular weight cRCA products detected by agarose gel.
However, the amount of cRCA products (larger than 10 kbp) gradually increased with
increasing cRCA reaction time from 2 h to 20 h. In contrast, it is noted that the SRCA

reaction proceeded at a much faster rate, since the side-by-side comparison between
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Figures 5-3B and 3C suggests that there were more SRCA products detected - indicating a
faster reaction rate for SRCA than cRCA - for a given reaction time under otherwise
identical reaction conditions. This observation is interesting as it seems to suggest that
RCA reactions do not necessarily “roll” at an approximately constant rate of 50 nt/sec, as
has been reported elsewhere [43]. While it is unclear why there was such a significant rate
difference between the two RCA reactions in this study, but the length of circular template
might play an important role [44]. It should be mentioned that although the agarose gel
electrophoresis experiments demonstrated the success of the cRCA reaction, it also
indicated that a reaction time of 10 to 20 hours would be required to sufficiently develop
the required long tandem chains to enable more effective target capturing. However, this
time requirement might not be a significant concern since it would be possible to prepare

microfluidic devices pre-modified with the cRCA products.
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Figure 5-3 RCA reactions as characterized by agarose gel electrophoresis. A. original
primers (Lane 1) and padlock probes (Lane 2) and their ligation products (Lane 3); B.
cRCA products from varied reaction times as indicated on the top of lanes. Lanes M1 and
M2 are DNA markers with the top band at 650 bp and 10 kbp, respectively; C. sRCA

products collected from different reaction times as comparisons.

cRCA products collected from varied reaction times were also characterized by AFM as
shown in Figure 5-4. For 2 h reaction time, a large percentage of products were observed
as short strands (dotted structures on AFM image). This result suggested that the rolling
circle process was initiated, and cRCA products were formed; however, the RCA reaction
is still at the preliminary stage. At 3 h of reaction, chains of cRCA products grow obviously
longer. Whereas, the small round shaped dots still account for more than 50% of all the
products. At 5 h, the quantity of longer strands increased and those round shaped dots were

decreased. At 10 h of reaction, a high density of extremely long chains of cRCA products
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were observed. When the reaction time further increased to 20 h, a good network of cRCA
products was formed. Moreover, the density of products was further increased and
aggregations of cRCA products were easily found. Overall, to produce a relatively large

amount of long strands, reaction time as long as 10 h was required.
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5.3.3 cRCA on dendrimer

The feasibility of cRCA has been confirmed and the reaction time was optimized above.
To further confirm that cRCA products can be synthesized in situ on dendrimer and
dendrimer-PDMS surfaces, cRCA ligation products were separately conjugated with
PAMAM dendrimer and dendrimer-PDMS surfaces using NHS/EDC chemistry. To
characterise the cRCA products by AFM, cRCA reactions were carried out in situ on
PAMAM dendrimers and deposited on a mica substrate, and the results are shown in Figure
5-5. In particular, an AFM image of PAMAM dendrimers deposited directly on mica is
shown in Figure 5-5A. The heights of the particulates, most likely PAMAM dendrimer
molecules under the AFM, were measured to be 1.5-4 nm (see Figure 5-5B). This measured
value is less than a theoretical PAMAM dendrimer (G7) diameter value of 8.1 nm [45],
which can be attributed to the fact that dendrimer molecules generally deform from
spherical into dome-shaped after deposited and dried on mica surfaces [46]. As expected,
when cRCA reactions were conducted on dendrimer molecules, long strands of cRCA
products were evident as shown in Figure 5-5C. Unfortunately, further attempts to image
cRCA products on dendrimers that were originally immobilized on PDMS surfaces were
unsuccessful by AFM due to excessively high noises as a result of the unevenness of the

PDMS surfaces.

To confirm that the in situ cRCA products are available to provide repeating aptamers, cF
probes were used to hybrid with the in situ cRCA reaction products on PAMAM dendrimer
modified PDMS surfaces, and the intensity of the fluorescence emitted from the surfaces

of interest were measured. As shown in Fig 5D, it is clear that the intensities of fluorescence
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emitted from the surfaces of interest increased with increasing concentrations of cF probes
and levelled off at 10 uM after which further increase in cF probe did not result in
significant increase in signal intensities. These results confirmed that the cRCA were

successfully carried out in situ on PAMAM dendrimer modified PDMS.
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Figure 5-5 AFM characterization of in situ cCRCA products on PAMAM dendrimer. A.
AFM image of PAMAM dendrimer on mica; B. height profiles of dendrimer molecules
marked in (A); C. AFM image of cRCA products in situ synthesized on dendrimer
deposited on mica; D. fluorescence intensities of in situ synthesized cRCA-dendrimer-

PDMS substrate after hybridization with cF probes (S3, Table 5-1) and the controls.
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5.3.4 Target Capturing Performance

Capture performance of the cRCA modified PDMS microchannels for target E. coli
0157:H7 cells was investigated and compared with that of SRCA modified PDMS
microchannels. As evident in Figure 5-6, both aptamer-modified microchannels captured
increasing total number of target cells as the concentrations of target cells increased. More
importantly, it should be noted that for all the target cell concentrations investigated, the
cRCA modified microchannel captured approximately 3 times more cells than the previous
monolayer aptamer modified microchannel, exhibiting more effective target cell capturing
performance. This significant performance difference is most likely explained by the
presence of repeating aptamer of the cRCA products that would likely result in more
surface area and increased binding probability for target capturing. In addition, it has been
reported that the long strands of tandem repeating aptamers produced by RCA exhibit
stronger adhesion to target cells [32], which would be significantly beneficial for target
capture efficiency in flow systems where shear forces are know to influence target
capturing [47-49]. When the injection flow rate was reduced from 0.05 mL/h to 0.01, as
shown in Figure 5-6B, the cRCA-channel performed better capture ability than monolayer

aptamer modified channel when the E. coli 0157:H7 cell concentration was 10° cells/mL.
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Figure 5-6 Capture performance of both monolayer aptamer and cRCA-aptamer modified
microchannels. A. investigations with different concentrations of E. coli O157:H7; B.
investigations under different injection flow rates. Numbers of captured cells were counted

manually under microscope. Experiments were conducted in triplicate.

5.3.5 Detections of E. coli O157:H7 using dual-RCA microchannel system

To demonstrate the performances of the dual-RCA microchannel detection system, the
dual-RCA modified system was used to detect different concentrations of target E. coli
0157:H7 cells in PBS solutions; the cRCA reaction was used to produce in situ capture
aptamers while the SRCA was employed to transduce and enhance detection signals [16,
35]. As a comparison, a monolayer aptamer detection approach was also used, in which
immobilized monolayer aptamers were used to capture the target cells and SRCA was
employed to transduce and enhance detection signals. Fluorescence signals were collected
from both sets of experiments. As shown in Figure 5-7, here are linear relationships

between fluorescence signals and E. coli 0157:H7 concentrations from 102 to 10* cells/mL.
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Relative fluorescence signals increased with the bacterial concentrations. It is clear, cRCA-
aptamers microchannels displayed higher fluorescence signals in comparison with those of
monolayer aptamer microchannels. This is because cRCA-aptamer modified microchannel
captured more target bacterial cells as shown in Figure 5-6. The slope of the cRCA-aptamer
microchannel increases dramatically compared with the monolayer aptamer group,

indicating the cRCA enhanced detection sensitivity [50, 51].
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Figure 5-7 Detections of E. coli O157:H7 at different concentrations using two different
detection systems. Mono-aptamer represents PAMAM dendrimer-coated microchannels
further modified with single-layered E. coli 0157:H7 aptamers; cRCA-aptamer represents
cRCA-produced repeated E. coli O157:H7 aptamers that were immobilized on the

PAMAM dendrimer coated microchannels.

5.3.6 Specificity test
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The detection specificity of this dual-RCA aptamer-based microchannel for E. coli
0157:H7 detection was tested by comparing signals from several non-target bacteria with
signals from target bacteria. Fluorescence signals of non-target bacteria including E. coli
K12, E. coli ER2420 and Listeria innocua were collected after SRCA, which were
compared with that of target E. coli O157:H7. As shown in Figure 5-8, the fluorescence
signals from target bacteria are significantly higher than those from non-targets when the
concentrations for all used bacteria are 10* cells/mL, which suggests the proposed dual-

RCA detection method exhibits good specificity for E. coli 0157:H7 cells.
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Figure 5-8 Specificity tests of the developed dual-RCA aptamer-based detection
microchannel for target E. coli O157:H7 by comparison to non-target bacteria at a
concentration of 10* cells/mL. Error bars represent standard deviations (n=3).

5.4 Discussion and conclusion
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In summary, two RCA reactions with different capture sequences were used in this
biosensing work. cRCA produces tandemly repeated aptamers for E. coli O157:H7, while
SRCA produces tandem repeated binding sites for complementary fluorescent probes.
cRCA was newly designed and characterized for maximum reaction time. AFM and
agarose gel electrophoresis were employed to visualize the long strands of cRCA products
formed, which were further immobilized on the inner surface of microchannels for the
enhancement of E. coli O157:H7 cell capture. Compared with a monolayer aptamer
modified channel, the cRCA immobilized channel was able to capture about 3 times more
cells when the bacterial concentrations ranged from 10% to 10* cells/mL. An established
SRCA was then introduced for signal transduction and the collected fluorescence signals
were enhanced mostly likely due to better E. coli O157:H7 cell capture. Our results show
that cRCA-aptamers increased detection signal by 3-5 folds while maintaining high
specificity for target E. coli O157:H7, in comparison with a monolayer aptamer

microchannel after SRCA signal transduction.

SRCA transduces detection reactions into signals and enhances detection signals by
producing long chains of repeated binding sites for fluorescent probes. Essentially, the
transduced signal is based on the number of captured cells. Therefore, strategies to increase
capture efficiency of the current detection system are desired. cRCA for production of
longer capturing agents (repeated aptamers) is one strategy to increase the amounts of
captured cells. Due to the linear structure of this microchannel, the flow rate used and
dimensions of the current microchannel, the flow pattern of this system is laminar flow. In

a laminar flow channel, most of target bacteria do not have the opportunity to touch the
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inner channel surface and be captured. Strategies to stir laminar flow into helically-shaped
fluidic streamlines are based on adding grooves on the inner surface of microchannels,
which will should enhance the interactions of bacterial cells and aptamer-modified channel
surface. Therefore, strategies to increase capture efficiency of the current device are an

important direction for future research.
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Chapter 6

General discussion and conclusions

6.1 Conclusions

In this thesis, dendrimer-aptamer based microfluidic platforms for E. coli O157:H7
detection with signal intensification by RCA were developed. Using a layer-by-layer
method, dendrimers and aptamers were modified on the inner surfaces of PDMS
microchannels. Aptamer-primer induced SRCA was designed and visualized using atomic
force microscopy and agarose gel electrophoresis. To enhance capture performance of the
dendrimer-aptamer modified microchannels, cRCA was designed to produce tandem
repeating cRCA-aptamers to replace the original monolayer aptamers. Results based on the

objectives of this work are summarized as follows:

e A simple dendrimer-aptamer based microfluidic platform for E. coli O157:H7
detection with signal intensification by rolling circle amplification. The recognition
between capturing aptamers and target E. coli cells were characterized. The
performance of dendrimer-aptamer modified PDMS channels for capture were tested
by injecting E. coli 0157:H7 cells of different concentrations from 102 to 10° cells/mL.
SRCA was characterized by AFM and agarose gel electrophoresis before applied in the

dendrimer-aptamer modified PDMS microchannels. SRCA enhanced detection signals
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by up to 50 times compared with no signal amplification and the limit of detection of
the system was reduced to 10? cells/mL with high detection specificity.

e A study on rolling circle amplification and its signal enhancing capability in a
dendrimer-PDMS microfluidic system. sSRCA products were characterized during
the whole reaction process, including the ligation of aptamer-primer and padlock probe.
The formation of ligation products was demonstrated visually and the rolled RCA
products were imaged. A non-inhomogeneous RCA initiation phase in early to mid
stage of the RCA reaction was observed. Results showed a linear relationship between
detection signals and E. coli O157:H7 cell concentrations after RCA signal
intensification. Our results also indicate that the SRCA is able to enhance detection
signals by up to 100-fold and that the observed signal enhancement and detection
sensitivity increase with increasing RCA reaction time.

e Developing a dual-RCA aptamer-based microfluidic platform for sensitive whole-
cell detection of E. coli O157:H7. A cRCA was developed to produce repeating
aptamer units (cCRCA-aptamers) for enhanced target capturing surface area,
theoretically increasing the likelihood of capture. In situ synthesized cRCA on
microchannels showed more than 3 times higher capture efficiency and 3-5 times more
intensive fluorescence detection signals after SRCA than those with monolayer
aptamers. Linear relationships between fluorescence signals and E. coli O157:H7
concentrations in the range of 102 to 10* cells/mL were obtained with good specificity.

6.2 General discussion and recommendations
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Conventional methodologies for food safety analysis such as chromatography,
immunoassays and PCR are reliable. However, those methods are time consuming and can
be expensive and require trained personnel. In addition, food samples contain complicated
matrices and the new detection methods are expected to monitor food safety from farm to
table. Therefore, a detection method that can integrate food sample preparation and
detection will be attractive. Microfluidic detection based on microchannels are high
throughput, and convenient to integrate with a sample preparation module of microchannel
design. Thus, microfluidic biosensing devices are potential alternatives to conventional

analytical methods, due to their features of rapid, specific and sensitive detection.

In this thesis, research efforts focused on the detection module of aptamer-based dendrimer
coated PDMS microchannels. Aptamers specific to bacterial cells can be selected by the
cell-SELEX process, which provides high affinity aptamers binding to whole cells. The
sequences of aptamers are convenient to synthesize and reproduce. Aptamers were chosen
as the recognition elements due to their stability and ease of incorporation with RCA. RCA
is versatile to produce functional sequences for complementary fluorescent probes and
even aptamers themselves. Therefore, cRCA-aptamers produced by cRCA reactions have
significantly more aptamer sequences for bacterial capture than monolayer aptamers. In
this way, the total number of captured cells are increased when compared with that of the
monolayer aptamer method, theoretically improving the detection sensitivity of the
proposed detection microfluidic device. SRCA products provide multiple binding sites for

fluorescent probes, enhancing fluorescence signals and increasing detection sensitivity.
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Several aspects should be considered to improve the current detection systems and are

worthy to be discussed.

6.2.1 RCA efficiency

Both cRCA and sRCA products are important to the detection system developed in this
work. However, RCAs with different sequences showed different reaction efficiencies. The
current SRCA reaction needs 2 h to produce sufficiently long product chains; this takes 10
h for cRCA. This time needs to be reduced. Therefore, RCA reaction parameters, such as
reaction time, temperature, dNTP, and polymerase need to be further investigated and
optimized. Besides, the sequences of padlock probes for different RCAs may influence the
reaction efficiency. It is not convenient to change the padlock probe sequence of cRCA
because it is designed to produce specific products (E. coli O157:H7 aptamer sequence)
and therefore once the desired aptamer sequence is determined, the padlock probe sequence
is pre-determined. However, the cRCA step provides surface modification of
microchannels, like the PAMAM dendrimer, which is done prior to detection, while
manufacturing the device. This extended time appears less important. The SRCA, on the
other hand, is part of the detection signal transduction and its reaction time is included in
the whole detection time. Therefore, it is necessary to optimize or find strategies to enhance
SRCA reaction speeds. Increasing reaction temperature should be the first choice. The
reported RCA reaction temperatures range from room temperature to 42 °C, while the
temperature used in this work is 37 °C. Another critical reaction temperature is the
annealing temperature for the primer hybridizing with the padlock probe, which was not

optimized in this study. Moreover, the GC content of the primer influences the annealing
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and thus affects RCA efficiency [1, 2]. Another suggestion is to change the length of the
padlock probe of SRCA or otherwise find a better design which would achieve rapid RCA
production, such as different polymerase. In addition, reducing ligation time by optimizing
ligation reaction conditions could be another strategy. For example, optimizing the ligation
concentrations, the annealing temperature, the molar ratio between primers and padlock

probes, the amount of T4 DNA ligase, or the reaction temperatures could all be investigated.

6.2.2 Characterization of RCA reaction efficiency

It is of great importance to quantify the RCA products in this study. AFM was used to
characterize the morphology of the RCA chains. However, it is difficult to measure the
length of the long chains, as the scanning size is several micrometers and the RCA chains
exhibit in a random cross-over pattern. On the other hand, gel electrophoresis was supposed
to provide the molecular size of DNA molecules, but the low mobility of RCA products
makes them trapped in the loading wells of the agarose gel. To make the RCA products
move from the loading wells for better evaluations on molecular sizes and reaction
efficiencies, | tried to digest the RCA products by a restriction enzyme (Bfal) after the
complementary probes hybridized with RCA products for providing the specific cutting
sites. Unfortunately, this method did not work well nor showed any positive results. The
RCA products were also denatured by heating at 95 °C for 5-10 min or purified by a
purification kit (Wizard® SV Gel and PCR Clean-Up System, Promega Corporation,
Canada) before loading the RCA products onto the agarose gel, but these approaches did
not solve the problem neither. My suggestion to characterize the reaction efficiency of

RCA is to measure the contour lengths of RCA chains by AFM images at the beginning
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stage when the strands are not too long and confined within a single scanning spot. The
length of the DNA strands is related to the molecular size (0.2 — 0.3 nm/nt). Therefore, the

reaction efficiency could be calculated by assuming the reaction rate is constant.

6.2.3 Capture efficiency improvement

The limits of detection of the aptamer-sRCA system and the cRCA-aptamer-sRCA (dual-
RCA) system are both 100 cells/mL. It is desirable to further decrease the LOD of the
detection systems. The limit of detection is closely related to the capture efficiency, which
is fundamental for the final detection signals. Therefore, it is crucial to improve the capture
efficiency of the current detection system. The capture efficiency of the current dual-RCA
system is below 10% when the concentration of E. coli O157:H7 is 10° cells/mL. Herein,
capture efficiency is defined as the percentage of captured target bacterial cells divided by
the total target bacterial cells being injected. The Reynold number of microfluidic systems
is very low and the flow pattern of this system is laminar flow [3]. The layered flow
behavior of laminar flow in detection channels has the advantage of easier control of fluids
and manipulation of particles. However, this layered flow creates complications for the
detection of bacteria in food samples because sample solutions flowing in the center
streamline of the microchannel have little chance to interact with channel surfaces. To
increase the likelihood of capture, the interaction and contact between sample solution and
aptamer-modified channel surface should be increased, especially for food samples with
ultra-low concentrations of bacteria. Therefore, the capture efficiency must be enhanced to
ultimately achieve reduced detection limits. In order to do these, perturbing the layered

laminar flow patterns into chaotic ones could increase the possibility of interaction between

170



bacteria in the sample solution and the aptamer-modified channel surface. Patterning ridges
(grooved floor) on the surface of microchannels has been found to be a promising strategy
to induce chaotic flow in straight channels [4]. Another strategy to improve capture
efficiency is to enhance the affinity between recognition elements and target bacterial cells.
While cRCA-aptamers produced by the cRCA reaction improved the capture efficiency of
the recognition elements, reaction conditions such as flow rate of injected reagents,
reaction buffer, concentrations of cRCA-aptamers can be further optimized. Once the
capture efficiency is increased, the detection limit should be reduced and thus improve the
detection sensitivity. Effects of flow rates of samples to be tested on capturing efficiencies
require further explorations. Besides, the capture efficiencies at static incubation conditions
between fluidic samples and the modified microchannel should be compared with those

under varied dynamic flow rates.

6.2.4 Specificity tests

The aptamer used in this work was selected from an US patent and was tested by another
group for specificities (four non-target E. coli, four Salmonella, two Shigella strains and
five other foodborne bacterial types) with a colorimetric aptamer-based biosensor and
showed an excellent specificities [5, 6]. The specificities of the aptamer-RCA system and
the dual-RCA system were tested by comparing detection signals with several strains of
non-target bacteria. It is expected to further explore the detection specificity by evaluating
a larger variety of bacteria including E. coli cells of different serotypes and broader
foodborne bacterial species that are commonly found in food samples. Besides, as non-

pathogenic bacteria are generally spread in food samples, it is also necessary to confirm
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the specificity by testing bacterial types that are non-hazardous. Moreover, these specificity
studies could be expanded by using a mixture of various bacterial types, including target
or/and not, with the aptamer-RCA and the dual-RCA detection systems. To further explore
the specificity of this E. coli O157:H7 aptamer, the binding affinity should be tested and
compared with other reported E. coli O157:H7 aptamers (Table S1) and E. coli O157:H7

antibodies.

6.2.5 Effects of food matrices and sample preparations

The complex and diverse food matrices bring challenges and difficulties for rapid and
sensitive detection methods. Therefore, it is virtually impossible to achieve a universal
method for all kinds of food samples. Besides, although the best efforts are applied to
prepare the food samples before detections, it is still unavoidable to remove all the residual
food-associated compounds [7]. Those compounds usually interfere with the recognition
elements or signal transduction process, thus affect the detection sensitivity and
quantification of the rapid detection methods. The cultural enrichment is an effective
method to transform the food matrix into purified prepared food sample for the detection
steps. This enrichment method has been well employed as a standard procedure for decades.
Whereas, the multistep enrichment procedures, consist of pre-enrichment, selective
enrichment and separation of bacterial colonies, are time consuming and impede rapid
detection methods far from giving off real-time results [7, 8]. In addition to the food debris,
there usually exist non-target or non-pathogenic microorganisms in food which also can

interfere with the detection assays [8].
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Food sample preparation and concentration methods have been developed to reduce the
interference by food debris and non-target bacteria, in this way the cultural enrichment
steps can be eliminated and thus reduce the whole detection time. Separation of samples is
to remove a selected population of particles from a complex mixture, while concentration
is to reduce sample volume while simultaneously retain the original bacterial population of
interest. The common goal is to mostly remove the complex food matrixes and keep the
bacterial cells. The most commonly used methods for food sample separation and
concentration are filtration, centrifugation, adsorption, dilution, and extraction [9-11].
There have been a few food sample separation and concentration methods, such as micro-
fabricated filters, were integrated with biosensing detection systems [12, 13]. This makes
it one step forward to achieve on-chip analysis for raw food samples, as most of pre-
treatment procedures are operated off-chip. Given that our system is based on microfluidics,
microchannel-based method is preferred to be used to separate the food sample prior to be
led to the detection channel. Spiral microchannel is chosen to separate ground food sample
due to its high efficiency. This will be beneficial to the integration of our microfluidic
detection device. Among the separation microchannels, spiral microchannel is a simple
inertial one which has been reported to possess the capability of efficient size-dependent
separation of multiple particles. Bhagat et al. used a 5-loop spiral microchannel to separate
7.32 um from 1.9 um particles [14]. Johnston et al. cleaned 93 % of 3.2 um and 87 % of
2.1 um microparticles from 1 um particles [15]. As stated, a mortar grinder can prepare
food samples into final fineness < 10 um while the bacterial size is among the range of 1-
3 um [15]. Thus, it is possible to separate bacteria and bacterial sized particles from larger

food matrix particles, and finally obtain enriched food samples with bacterial cells by spiral
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microchannels. Spiral microchannels can achieve size-dependent separation by the
advantages of laminar flow and inertial flow effects. There are several types of spiral
channels categorized by the shape of the sectional faces. Rectangular spiral microchannel
is the most popular type due to ease of fabrication and manipulation. In a rectangular spiral
microchannel, curvature-induced secondary flows develop two major counter-rotating
Dean vortices producing the Dean drag forces, which coupled with the dominant inertial
forces causing the particles immigrate and focus in a single stream and equilibrate near the
inner channel wall. Consequently, particles equilibrate at the center of the inner wall and
form a single stream of particles due to the laminar flow and can be extracted if suitable
outlets are designed [16]. As a result, particles can be separated by their size and be
collected at different outlets. This kind of inertial size-dependent separations by special
designed microchannels show convenient operation and high efficiency. In addition, the
pre-treatment methods are expected to be based on microchannels, by which they can be

coupled with the detection microchannel to obtain an integrated multi-functional device.

6.2.6 Device capability

The dendrimer coated on the PDMS microchannel provides multiple binding sites for
aptamer immobilization and reduces non-specific binding of particles. However, the
stability of the dendrimer under different flowing conditions have not been studied. The
dendrimer-PDMS surfaces should be evaluated after washing at varied flow rates for
different time and be compared with the original modified dendrimer-PDMS surface.
Similarly, the conjugated aptamers or cRCA products on dendrimer-PDMS surfaces should

also be studied for stability evaluations after washing with varied flow rates of PBS buffer
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or fluidic samples. The surfaces can be evaluated by the roughness, water contact angles,
XPS analysis, etc. Besides, the capture efficiencies should be compared between the
original modified functional microchannels and those treated with repeated fluidic washes.
The shelf life of the modified aptamer-RCA system and the dual-RCA system, under
different storage conditions, is worthy to be studied. As single stranded nucleic acids,
aptamers are chemically stable and have long shelf lives. However, the aptamers can be
degraded if nucleases contained in the tested food samples. This degradation issue may be
solved by chemical modifications of nucleic acid aptamers, such as modifications on the
sugar ring or 3’ end capping strategies [17]. Aptamers are advantageous to antibodies in
terms of “catch and release” property, which makes it possible to reuse the microfluidic
devices. The nucleic acid modifications within the microchannel can be cleaved by
nucleases [18, 19], thus the captured cells can be released, while the devices can be cleaned
for recycled uses. Temperature mediated and trypsin-induced releases of captured cells

were also reported [20-22].

6.2.7 Perspective of this detection system

According to the site of use, a detection method can be evaluated in perspectives of
sensitivity, specificity, limit of detection, speed, simplicity, potability, and cost. The
current detection methods described in this thesis are still at their infant stage, and there
are many aspects to be improved as discussed. It is potential to be regularly used in a
laboratory if raw food samples are well prepared. It is also possible to be used personally
at home or remote sites if the signal transduction module is integrated with a smartphone.

The current detection system can also be developed as a preliminary screening method for
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foodborne pathogens, as a large throughput of a liquid sample can be introduced to the

microchannel.
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Appendix A

Table S1 Summary on aptamer candidates of E. coli O157:H7

Sequence (5°-3”)

Size
(mer)

Type

Reference

ATCCG TCACA CCTGC TCTGG TGGAA TGGAC TAAGC
TAGCT AGCGT TTTAA AAGGT GGTGT TGGCT CCCGT
AT

ATCCG TCACA CCTGC TCTGC CGGAC CATCC AATAT
CAGCT GTGGT GTTGG CTCCC GTAT

ATCCG TCACA CCTGC TCTGT AAGGG GGGGG AATCG
CTTTC GTCTT AAGAT GACAT GGTGT TGGCT CCCGT
AT

ATCCG TCACA CCTGC TCTAT CCGTC ACGCC TGCTC
TATCC GTCAC ACCTG CTCTG GTGTT GGCTC CCGTA
T

ATCCG TCACA CCTGC TCTAT CAAAT GTGCA GATAT
CAAGA CGATT TGTAC AAGAT GGTGT TGGCT CCCGT
AT

ATCCG TCACA CCTGC TCTGT AGATG GCAAG GCATA
AGCGT CCGGA ACGAT AGAAT GGTGT TGGCT CCCGT
AT

ATCCG TCACA CCTGC TCTGT AGATG GCAAG GCATA
AGCGT CCGGA ACGAT AGAAT GGTGT TGGCT CCCGT
AT

ATACG GGAGC CAACA CCACC TTTTA AAACG CTAGC
TAGCT TAGTC CATTC CACCA GAGCA GGTGT GACGG
AT

ATACG GGAGC CAACA CCATG TCATC TTAAG ACGAA
AGCGA TTCCC CCCCC TTACA GAGCA GGTGT GACGG
AT

ATACG GGAGC CAACA CCACA GCTGA TATTG GATGG
TCCGG CAGAG CAGGT GTGAC GGAT

ATACG GGAGC CAACA CCAGA GCAGG TGTGA CGGAT
AGAGC AGGCG TGACG GATAG AGCAG GTGTG
ACGGA T (71)

ATACG GGAGC CAACA CCATC TTGTA CAAAT CGTCT
TGATA TCTGC ACATT TGATA GAGCA GGTGT GACGG
AT

ATACG GGAGC CAACA CCATT CTATC GTTCC GGACG
CTTAT GCCTT GCCAT CTACA GAGCA GGTGT GACGG
AT

ATACG GGAGC CAACA CCATT CTATC GTTCC GGACG
CTTAT GCCTT GCCAT CTACA GAGCA GGTGT GACGG
AT

72

59

72

71

72

72

72

72

72

59

71

72

72

72

DNA

DNA

DNA

DNA

DNA

DNA

DNA

DNA

DNA

DNA

DNA

DNA

DNA

DNA

[1]

[1]
[1]

[1]

[1]

[1]

[1]

[1]

[1]

[1]
[1]

[1]

[1]

[1]
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ATCAA ATGTG CAGAT ATCAA GACGA TTTGT ACAAG 37 DNA [2]
AT

CGTGA TGATG TTGAG TTGGG GTGAT GGGTG CATGT 117 DNA [3]
GATGA AAGGG GTTCG TGCTATGCTG TTTTG TCTAA
TAATA CTAGT CCTTG CCAAG GTTTATTCCA GTAAT
GCCAA CCAATCT

GGGAU ACCAG CUUAU UCAAU UUGAU UCCAU CcuuccC 99 RNA [4]
UGGAC UGUCG AAAAU UCAGU AUCGG GAGGU
UACGU AUUUG GUUUA UAGAU AGUAA GUGCA AUCU

GGGUC UUCCU GGACU GUCGA AAAUU CAGUA UCGGG 64 RNA [5]
AGGUU ACGUA UUUGG UUUAU AGAUA GUAA

TGAGC CCAAG CCCTG GTATG CGGAT AACGA GGTAT 80 DNA [6]
TCACG ACTGG TCGTC AGGTA TGGTT GGCAG GTCTA

CTTTG GGATC
TGGTC GTGGT GAGGT GCGTG TATGG GTGGT GGATG  45- DNA [7]
AGTGT GTGGC mer
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