MAGNETIC MICROFLUIDIC PLATFORM
FOR BACTERIA ISOLATION AND
DETECTION

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF ENGINEERING AND SCIENCE
OF BILKENT UNIVERSITY
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR
THE DEGREE OF
MASTER OF SCIENCE
IN

MECHANICAL ENGINEERING

By
Zahra Babaie
July 2023



Magnetic microfluidic platform for bacteria isolation and detection
By Zahra Babaie
July 2023

We certify that we have read this thesis and that in our opinion it is fully adequate,

in scope and in quality, as a thesis for the degree of Master of Science.

Barbaros Cetin(Advisor)

Giineg Kibar(Co-Advisor)

Yegan Erdem

Veli Cengiz Ozlap

Approved for the Graduate School of Engineering and Science:

Orhan Arikan
Director of the Graduate School

i



ABSTRACT

MAGNETIC MICROFLUIDIC PLATFORM FOR
BACTERIA ISOLATION AND DETECTION

Zahra Babaie
M.S. in Mechanical Engineering
Advisor: Barbaros Cetin
Co-Advisor: Giineg Kibar
July 2023

S. pneumoniae is widely recognized as a leading cause of respiratory infec-
tions worldwide, often resulting in high mortality rates. However, the advent of
microfluidic technologies has brought significant advancements, including the sim-
plified, sensitive, cost-effective, and rapid approach to pneumococcal bacteremia
detection. In this study, we have revised the microfluidic magnetic platform
patented by our research group to isolate the bacteria using synthesized micro-
magnetic beads bonded with aptamer. In the initial phase of the experiments,
the inlet flow rate was adjusted to match the rotational speed of the magnetic
unit to retain the micro-magnetic beads within the fabricated microfluidic chan-
nel effectively. Subsequently, a series of experiments were conducted to assess
microfluidics-based bacteria isolation at various flow rates, involving seven dif-
ferent concentrations of bacteria, and the outcomes were compared with those
obtained through batch-type isolation method. The isolation selectivity of target
bacteria from complex samples was also assessed with control bacteria at two dif-
ferent concentrations. Furthermore, the isolated micro-magnetic beads-bacteria
complexes were also transferred to interdigitated microelectrodes unit for electro-
chemical impedance spectroscopy analysis. The ultimate objective is to integrate
the isolation and detection components on the same microfluidic platform which
leads to a rapid and precise diagnosis of bacterial infections.

Keywords: Microfluidics, bacteria isolation, micro-magnetic beads.
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S. pneumoniae, diinya genelinde solunum yolu enfeksiyonlarinin énde gelen
nedenlerinden biri olarak goriilmekte ve genellikle yiiksek oliim oranlarina yol
agmaktadir. Ancak, mikroakigkan teknolojilerin ortaya gikmasiyla, pnémokok
bakteremisinin tespitine yonelik basitlegtirilmig, hassas, maliyet etkin ve hizh
bir yaklagim gibi 6nemli ilerlemeler kaydedilmistir. Bu caligmada, arastirma
grubumuz tarafindan daha once patentlenen mikroakigkan manyetik platformu
revize edilerek, sentezlenmig mikro-manyetik parcaciklar tizerine uygun aptamer-
leri yerlestirerek bakteriyi izolasyonu igin kullandildi.  Deneylerin baslangic
agamasinda, mikroakigkan kanal igerisindeki akig hiz1 yine kanallar icerisinde bu-
lunan mikro-manyetikparcaciklarin etkin bir sekilde kanal igerisinde tutulabilmesi
icin manyetik platfomun gerekli donme hiz1 ayarlandi. Daha sonra, mikroakigkan
tabanli bakteri izolasyonu yedi farkli bakteri konsantrasyonu ig¢in farkli debil-
erde yapildi ve elde edilen sonuglar geleneksel izolasyon yontemi ile kargilagtirildi.
Hedef bakterilerin karmagik numunelerden izolasyon segiciligi, iki farkl kon-
santrasyondaki kontrol bakterileriyle birlikte degerlendirildi. Ayrica, izole edilmis
mikro-manyetik parcacik-bakteri kompleksleri, elektrokimyasal empadans spek-
troskopi analizi i¢in mikroelektrot tinitesine transfer edildi. Caligmamizin nihai
amacl, izolasyon ve tespit bilegenlerini ayni mikrakigkan platformda entegre ed-

erek bakteriyel enfeksiyonlarin hizli ve kesin tanisini saglamaktir.

Anahtar sozcikler: Mikroakigkan sistemler, bakteri izolasyonu, mikro manyetik

parcaciklar.
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Chapter 1

Introduction

Streptococcus pneumoniae (S. pneumoniae) is responsible for a significant pro-
portion of community-acquired pneumonia (CAP) cases in adults, with 30 to 70
% needing hospitalization. This bacteria is a gram-positive, spherical bacterium
that is often observed in pairs [1]. This type of bacteria is considered as a signifi-
cant cause of bacteremia, meningitis, upper respiratory tract infections, and otitis
media around the world [2]. Yearly, more than 400 million infected cases with
one million deaths are reported [3]. Despite the development of a 13-valent pneu-
mococcal conjugate vaccine (PCV), some specific cases still have high morbidity
and mortality rate [4]. Currently, the diagnosis of pneumococcal bacteremia re-
lies on conventional bacterial culture with bacterial isolation from specimens and
the usual time of S. pneumoniae detection (or more general bacteria detection)
in a blood culture takes 24 to 48 h [5]. The other methods of detection are the
PCR-based nucleic acid amplification test (NAAT) and immunochromatography
assay (ICA). While these methods are rapid and accurate, NAAT is expensive
and requires specific equipment. In ICA, the chance of a misdiagnosis is high,
and it has a limited sensitivity [3]. Hence, it is crucial to create straightforward,

highly responsive, cost-effective, and rapid techniques to identify S.pneumoniae.



1.1 Background information on microfluidics

Microfluidic chips, also known as lab-on-a-chip devices, have gained popularity as
they offer an opportunity for integrated platform which can handle various labora-
tory operations such as sample preparation, reactions, separation, and detection
on a microchip [6,7]. Terry [8] first introduced the concept of a microfluidic chip
analysis in 1979 with his development of a miniature gas analysis system on a

silicon wafer utilizing photolithography and chemical etching techniques.

The most significant advantage of a microfluidic system is the flexible com-
bination of a controllable micro-environment in which the microfluidic flow can
accurately be driven and controlled in microchannels, improving detection sen-
sitivity and the efficiency of interaction [9,10]. In contrast to conventional ap-
proaches, microfluidic chips offer several benefits, including miniaturization, im-
proved throughput, rapid analysis, integration of multiple functions, and reduced
consumption [11]. In recent years, there has been a significant advancement in
the development and application of microfluidic devices in different fields such
as bioparticle manipulation [7,12-17], chemical reactors for micro/nanoparticle
synthesis [18,19] etc. The advent of microfluidic platforms has brought about a
revolution in the study of unculturable environmental species by eliminating the
necessity for pre-analysis culturing [20,21]. Microfluidic devices have proven to
be suitable for manipulating the microscale environment, making them powerful

tools for studying bacteria [22,23].

Choice of material is a crucial step in the fabrication of microchips. In order
to attain diverse functionalities, the utilization of materials possessing particular
traits such as hardness, conductivity, hydrophobicity, light transmission, corrosion
resistance, process feasibility, and biocompatibility is frequently required [24].
Microfluidic materials can be categorized into organic materials [25], polymer
materials [26], hydrogel [27], and paper [28]. The physicochemical properties of
inorganic materials impose limitations on their applications in biological research.
Consequently, polymer-based materials have predominantly been utilized in this

field due to their ease of surface modification, improved biocompatibility [29], and



the emergence of novel chip fabrication techniques. In various fields, traditional
inorganic materials have been substituted with a diverse selection of natural and
synthetic polymer materials, which encompass thermoplastic and thermosetting

polymers [30].

1.1.1 Inorganic materials

In the early stages of microfluidic chip development, silicon was commonly used
due to its exceptional surface chemical properties, which made it well-suited for
immobilizing ligands [31,32]. However, silicon’s application is limited in observa-
tion methods because of its insufficient electrical insulation, high price, and poor
transmittance [9]. Nowadays, glass and quartz have emerged as substitutes for
silicon in microfluidic chips. Glass offers several advantageous properties, such
as excellent electroosmotic behavior, transparency, biocompatibility, and ease of

processing [33].

1.1.2 Polymer materials

In the field of biological analysis, there are still numerous constraints associated
with the use of inorganic materials. Observing cells under a microscope while
keeping them alive inside silicon microchips is challenging due to silicon mate-
rials” poor transparency and permeability. On the other hand, owing to their
exceptional optical properties, chemical inertness, electrical insulation, and ther-
mal characteristics [34], polymers have become the primary materials utilized in
microfluidics for biological applications. Moreover, inexpensive organic materi-
als offer the advantage of being easily processed through various methods, and
different classes of polymers facilitate simpler surface modifications [35]. In gen-
eral, these materials can be classified into three categories: silicone elastomers,

thermosetting plastics, and thermoplastics.

Silicone elastomer materials, particularly PDMS (polydimethylsiloxane),



have emerged as the favored choice for fabricating microfluidic chips during the
last decade [36]. PDMS has been widely used for microfluidic chip fabrication
because of the possibility of rapid chip fabrication and producing transparent
chips attached to the glass. The elastomer molding technique was initially devel-
oped by Bell Laboratories in the 1970s [37]. Subsequently, it found applications
in fabricating microfluidic chips during the 1980s [38]. In the late 1990s, White-
sides et al. [39] introduced the soft lithography technique to produce microfluidic
chips. Consequently, PDMS molding and soft lithography have become widely
adopted methods for microfluidic chip fabrication. PDMS exhibits a low surface
tension, making detaching the chip injection mold from the photoresist template
easy. Additionally, PDMS has the ability to form permanent bonds with other
PDMS or glass surfaces using methods like plasma oxidation or other alterna-
tives. It possesses a significant capacity for elastic deformation [40] and can allow
gas penetration, which is advantageous for cell culture [41]. In addition, PDMS
exhibits a high level of transparency, facilitating the real-time visualization of
organisms within microfluidic chips. Consequently, due to these notable proper-
ties, it has been widely employed as the primary material for microfluidic chips
in various biological applications. Moreover, silicon elastomers exhibit deforma-
bility under external forces, allowing them to return to their original shape when
the force is removed. This unique property enables the direct integration of mi-
cropumps and microvalves into the chip design, facilitating dynamic fluid control
and manipulation within microfluidic systems [9]. Nevertheless, there are certain
limitations to the application of PDMS. Its hydrophobic surface can lead to the
undesired adsorption of biomolecules [42], and the porous structure within PDMS
can lead to water molecule evaporation and alter solution concentrations. Addi-
tionally, when constructing multilayer channels, the flexibility of the material can
result in the collapse and subsequently hinder the large-scale production, leading

to commercial setbacks [9].

Thermosetting plastics are utilized in microfluidic chip fabrication. These
materials undergo a process known as cross-linking, where the polymer chains
form a network structure that grants the bulk material heat resistance. Once

the cross-linking network is established, reshaping the material becomes difficult.



Additionally, the cross-linking network in thermosetting polymers imparts re-
markable mechanical strength, leading to increased material stiffness. Typically,
these materials exhibit stability at high temperatures and show resistance to a
wide range of solvents. Moreover, they possess the capability to transmit visible
light. With appropriate bonding methods available, it is feasible to construct
microfluidic chips entirely from thermosetting materials. An example of such a
thermosetting plastic is SU-8 photoresist, commonly employed in soft lithogra-
phy techniques, which allows for genuine 3D microfabrication through photopoly-
merization [43]. Thermosetting materials offer superior strength, enabling their
application in the creation of structures with high aspect ratios and the ability
to stand freely [44].

Thermoplastics can be reshaped at high temperatures, unlike thermoset-
ting plastics. Common thermoplastics such as polycarbonate (PC), polystyrene
(PS), polytetrafluoroethylene (PTFE), polymethyl methacrylate (PMMA), and
polyethylene terephthalate (PET) are frequently employed for observing cells in
microfluidic systems. However, there are limitations to the use of thermoplastic
materials in microfluidic chip fabrication. They are not tolerant organic sol-
vents like alkanes, and their inadequate air permeability makes them unsuitable
for long-term cell culture applications. Moreover, thermoplastics often require
complex processing, leading to rigid structures after molding and higher manu-
facturing costs [45]. As a result, thermoplastics are not widely utilized in the

fabrication of microfluidic devices [9)].

Hydrogel is created by cross-linking a hydrophilic polymer chain in a water-
based environment, resulting in a three-dimensional structure. This material
has a porous arrangement that facilitates the diffusion of biomolecules and small
molecules. As a result, hydrogels have a significant water content, which en-
hances effective mass transport, fosters better cell viability, and encourages cell
proliferation. Both natural and synthetic hydrogels have found applications as
biomaterials in microfluidic devices [9]. Synthetic polymers such as polyethylene
glycol and polylactic acid are commonly employed in microfluidic devices. On
the other hand, natural polymers like collagen, calcium alginate [46] gelatin, cel-

lulose, and chitosan have been extensively utilized as biomaterials in microfluidic
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applications. Gel materials are typically compatible with biological systems, al-
though the level of cell adhesion to various gels varies based on the origin of the
gel material. Some gels lack specific sites for cell adhesion, resulting in a relatively

weak interaction between the gel material and cells [9)].

1.1.3 Methods for capturing specific pathogenic bacteria

Various strategies have been employed to enhance the selective detection of tar-
get bacteria from complex samples. These include utilizing antibody-antigen
interactions, aptamer binding, bacteriophage biological recognition, capture us-
ing antibiotics or antimicrobial peptides, and other interactions involving tar-
get recognition. These approaches are frequently implemented in microfluidic
chips [47].

Antibody-antigen interactions are prevalent methods for capturing bacteria
from diverse, complex samples in microfluidic devices [48,49]. The antibody-
antigen sandwich approach is commonly employed in microfluidic biosensors to
capture intact bacterial cells without the need for cell lysis or enzyme release,
which is typically required in techniques like ELISA for subsequent signal ampli-
fication and transduction. Antibodies have good specificity and selectivity, but

their stability is low, and they are expensive [47].

Aptamers have gained significant popularity in recent years as a means of
recognizing and binding to analytes [50]. They are synthetic DNA or RNA probes
that are generated in vitro through a selection method known as Systematic
Evolution of Ligands by Exponential Enrichment (SELEX) [51]. Aptamers offer
several advantages, including precise synthesis, easy modification, high purity,
smaller molecular weight (approximately 12-30 kDa), and lower cost. They also
exhibit improved thermo/pH stability, making them suitable for easy storage
(50, 52].

Antimicrobial peptides (AMPs) are small peptide fragments, typically



composed of fewer than 40 amino acid residues, and are found in various organ-
isms. These peptides play a crucial role in the innate immune system, serving as
a defense mechanism to protect the host from pathogens [53]. They are cheap,
can simply be synthesized, and have high stability [54]. Moreover, the ideal AMP
molecule can be selected from existing databases since their sources contain a wide
range, unlike antibodies and aptamers. However, most current AMP-mediated
microfluidic platforms require microscopy, making them less sensitive and more

complicated to operate [55].

Bacteriophage biology recognition (Phages), also known as phages,
possess the ability to specifically target and infect bacteria by exploiting their
metabolic machinery [56]. Bacteriophages offer a promising alternative to tradi-
tional molecular probes in the development of highly specific, sensitive, stable,
rapid, selective, cost-effective, easily accessible, and reliable detection platforms
for pathogenic bacteria [47]. However, following the fixing onto a sensor’s surface,
phages dry out and loose their activity. The large size of the phages leads to the

decrement of measurement signals [55].

Antibiotics can interact with bacterial cell walls, making them viable capture
elements. For instance, vancomycin can form a robust hydrogen bond by binding
to the amine group of peptidoglycan on bacteria cell walls using its carbonyl
group. Recently, nanomaterials modified with vancomycin have been employed to
isolate and detect both gram-positive (GPB) and gram-negative (GNB) bacteria
47].

1.1.4 Detection methods for bacteria

Bacterial detection spans various domains, such as food safety, agricultural and
sideline product manufacturing, and the prevention and management of food-
borne illnesses, among other areas. As a result, it is essential to establish a
method for rapid and sensitive bacterial detection to diagnose and treat diseases
at their early stages. Conventional approaches to bacterial detection, such as plate

colony counting, multi-tube fermentations, and filter membrane techniques, are
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characterized by time-consuming processes with limited efficiency. In contrast,
microfluidic devices can integrate compatible biogeochemical units for bacteria
detection. Microfluidic bacteria detection can be generally categorized into three

groups optical, electrochemical, and biology-based [9].

1.1.4.1 Optical-based detection method

Optical microfluidic detection techniques include laser-induced fluorescence,
chemiluminescence, immunofluorescence, bioluminescence, Raman spectroscopy,
and thermal permeation microscopy. Among these techniques, fluorescence and

chemiluminescence have been widely utilized for the detection of bacteria [9)].

e Fluorescent analytical strategies have emerged as highly promising
techniques for quantitative detection in microfluidic biosensors used for bac-
terial detection. These strategies offer a comprehensive response range and
exceptional sensitivity, positioning them as ideal candidates for such appli-
cations. In biosensors, functionalized nanoparticles such as gold nanoparti-
cles (AuNPs) and graphene oxide are frequently used as acceptors and donor
fluorophores instead of traditional organic dyes. This choice is motivated by
the limitations of organic dyes, including limited absorption range, broad
emission range, and susceptibility to photobleaching. By utilizing function-
alized nanoparticles, biosensors can overcome these limitations and achieve

improved performance in terms of fluorescence detection [47].

e Chemiluminescence (CL) eliminates the need for an excitation light
source, thereby eliminating noise and background emission. In addition to
its ability to selectively target specific substances, it offers high sensitivity
for trace analysis. As a result of these benefits, microfluidic chemilumines-

cence has been employed in bacterial analysis [57].

Immunofluorescence involves the fusion of particular antigen-antibody
interactions, fluorescent tagging, and a fluorescence microscope, allowing

for the qualitative or quantitative identification of bacteria [9].



e Colorimetric detection is favorable since it provides the chance of ob-
servation by the naked eye. Transforming the bio-recognition signal into
color variations is the main challenge of this method, and two primary
tools are chromogenic substrates and enzymes [47]. TMB coloration assays,
which rely on catalysis assays [51], and immunochromatography assays us-

ing AuNPs, are commonly employed in visual detection systems [58].

e Surface-enhanced Raman spectroscopy (SERS) has become an effec-
tive method for detecting bacteria since it can obtain molecular fingerprint

information with a non-destructive and on-line qualitative nature [47].

1.1.4.2 Electrochemical method

The development of electrochemical biosensors has facilitated the detection of
pathogens in different matrices without the need for sample preparation. This
feature makes them well-suited for rapid, on-site pathogen detection [59-61].
Electrochemical chips offer a sensitive and rapid approach for bacterial detec-
tion. By applying negative pressure to pass bacterial suspensions through the
test hole, diverse pulse signals are generated as a result of variations in bacterial
sizes and surface properties. These signals are subsequently amplified, sorted,
and converted into relevant information regarding the quantity and types of bac-
teria [9].

Electrical impedance technique (EIT) identifies microbes based on their
metabolic activities. It has also been applied to microfluidics systems. The re-
quired concentration for bacterial detection decreases while the sensitivity for
the electrical impedance chip increases compared to the traditional impedance
method. Compared to other analytical technologies, impedance biosensors typi-
cally require simpler devices, allowing for easier integration with electronic read-
ing devices. Furthermore, they tend to be less susceptible to environmental im-
pacts and pollution, making them a robust choice for various applications [62].
The utilization of electrical impedance chips offers several advantages in bacte-

rial detection, including the ability to detect bacteria at lower concentrations and



enhanced sensitivity compared to traditional impedance methods. The combi-
nation of diverse electrode options and the personalized design of microfluidic
chips presents a promising research direction for the future of electric impedance
chips [9].

1.1.4.3 Biology-based detection method

The progress in biological technology has given rise to gene chips and biosensors as
novel approaches in bacterial detection. These technologies offer new approaches
for analyzing and identifying bacterial pathogens. Microfluidic gene chips have
been extensively utilized for analyzing bacteria. These chips enable the analysis

of both target proteins and nucleic acid-based biomarkers. [9].

e Polymerase chain reaction (PCR) stands as the extensively utilized
and the most dependable and precise method for nucleic acid analysis. In-
tegrating microfluidic devices with PCR offers the advantages of enhanced
throughput, minimal material consumption, and the ability to accommo-

date multiple analysis modules within a shorter timeframe [9].

e Loop-mediated isothermal amplification (LAMP) has undergone ad-
vancements and found application as a rapid, sensitive, and specific method
for bacterial detection. Compared to PCR, LAMP does not require a ther-
mal cycler and demonstrates higher tolerance towards inhibitory compo-
nents found in crude samples. So, it has successfully been applied in bac-
teria and virus detection with promising clinical applications. In addition,
the new trend of combining LAMP technology with a microfluidic chip can
provide a constant temperature for amplification in a short time and an

easy way of operation [9].

e Enzyme catalytic reaction sensors on a chip can reduce the sample
and reagent consumption within a shorter time so that they reduce the
cost of detection. These sensors employ immobilized enzymes on channel

surfaces or electrodes to convert enzymatic catalytic reactions into specific
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detectable signals. Currently, enzyme catalytic sensors find extensive ap-

plication in detecting blood sugar, urea, and cholesterol levels [9].

¢ Immunosensors rely on the specific recognition between antigens and an-
tibodies to detect bacteria. The signals generated by this interaction can
be converted into changes in resistance, current, or refractive index. These
microfluidic-based sensors are predominantly employed for the detection of

pathogens, bacteria, and viruses [9].

1.2 Literature review

Understanding the customary and recognized levels of bacteria is crucial for the
development of point-of-care diagnostic devices. However, it should be noted that

the criteria for defining toxic levels vary based on the specific type of bacteria.

The isolation of pathogens from samples has been investigated using diverse
methodologies. Microfluidic-based bacteria isolation is one of them [49, 63].
Chang et al. [64] could effectively identify viable bacteria within samples of
periprosthetic joint infection (PJI) using a microfluidics platform for the first
time. By employing a microfluidic system, they were able to differentiate the
presence of viable bacteria within a time frame of an hour, achieving a limit of
Detection (LOD) of 10* colony-forming units (CFU). Faridi et al. [65] separated E.
coli from undiluted whole blood at an efficiency of 76% using an elasto-inertial mi-
crofluidic device. In addition, there are several studies that utilized elasto-inertial

microfluidic devices to isolate different types of bacteria [66-68].

Microfluidic chips integrated with PCR [69] and LAMP [70,71] have been em-
ployed to analyze different types of bacteria. Azizi et al. [72] combined droplet-
based microfluidics and LAMP to create a highly sensitive biosensor to amplify
extracted RNA templates for the purpose of detecting Salmonella typhimurium.
Droplet microfluidics also combined with PCR to isolate various bacteria and
achieved a high throughput by processing a maximum of 80 samples per hour

within a single reactor [73]. Choo et al. [74] introduced a viscoelastic microfluidic
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system to concentrate bacterial cells continuously. They analyzed the cells using
flow cytometry and real-time LAMP (RT-LAMP) and calculated the recovery
rate of 51.6%. In the study by D’Amico et al. [75], membraneless microflu-
idic dialysis and dielectrophoresis were included within a microfluidic system to
achieve the label-free isolation and concentration of bacteria from whole blood.
The integrated system isolated approximately 79+£3% of E.coli and 78+2% of
S.aureus from whole blood. Li et al. [76] presented a study where they utilized
an acoustofluidic device to isolate E. coli from human blood samples. The device
capitalized on the disparity in size between FE. coli and blood cells, achieving a
purity level of over 96%. Dow et al. [77] developed a microfluidic chip made of
polystyrene that was created and utilized as an acoustic separator to purify bacte-
ria from whole blood. The system successfully achieved a yield of 40-60% for the
spiked bacteria while effectively depleting 85-95% of red blood cells. Electrophore-
sis [78], Isotachophoresis (ITP) [79], and Impedimetric [80] detection methods
were combined with a microfluidic system for concentrating pathogens prior to
analysis without compromising their viability. Table 1.1 provides a comprehen-
sive overview of various bacterial isolation techniques integrated with microfluidic

systems.

Wu et al. [81] simulated the motion of the magnetic bead by the Lagrangian
tracking method and calculated the separation efficiency. The findings indicated
that both L-turning/T-junction microchannels exhibited greater separation effi-
ciency than the conventional straight-microchannel separator. Beyor et al. [82]
developed the microfluidics system to isolate E. coli K12 efficiently with low
concentrations. They introduced two notable enhancements compared to previ-
ously published systems. Firstly, extending the channel length and placing the
magnets after each bifurcation provided uniform distribution of beads across all
parallel channels. Additionally, they implemented multiple flutter steps to allow
the solution to pass over the bead bed multiple times within a single pass. These
enhancements yielded substantial improvements in capture performance, achiev-
ing an impressive efficiency of 70%. In addition to examining channel geometry
and flow properties, the researchers also investigated the influence of alterations

in the magnetic field within the channel on the capture of magnetic beads. Munir
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et al. [83] performed the mathematical model to predict the transport and capture
of the magnetic nanoparticles in a microfluidic device enclosed by a permanent
magnet and investigated the effect of inlet velocities, diameter particles, and
strength of magnetic field on the trapping efficiency. Xia et al. [84] introduced a
microfluidic device incorporated with a high-gradient magnetic field concentrator
(HGMC) at one side of a microfluidic channel. By employing this microdevice,
they effectively eliminated living F. coli bacteria bound to magnetic nanopar-
ticles (MNPs) from solutions with red blood cells and reached a maximum of
about 92% separation efficiency for 1.6 pm mMBs. Weng et al. [3] developed the
magnetic microfluidic combined with the Enzyme-linked immunosorbent assays
(ELISAs) process for detection of S. pneumoniae. Microfluidic ELISAs offered the
advantage of reducing the need for manual handling and significantly decreasing
operation time. Rodoplu et al. [85] employed streptavidin-modified superpara-
magnetic microbeads to detect E. coli expressing the green fluorescent protein
(GFP). The researchers successfully determined the limit of detection and limit of
quantification values for E. coli as 2 CFU/mL and 10 CFU/mL, respectively. A
simple and straightforward approach was devised by Lee et al. [86] for the detec-
tion of pathogenic bacteria, involving the use of magnetic nanoparticle clusters
(MNCs) in conjunction with a 3D-printed helical microchannel. The concen-
tration of E. coli bacteria was assessed using a light absorption spectrometer,
revealing a limit of detection of 10 CFU/mL in buffer solution and 100 CFU/mL
in milk. In another study, Lee et al. [87] developed a novel 3D immunomagnetic
flow assay for rapid detection of pathogenic bacteria by immobilizing antibody-
functionalized magnetic nanoparticle clusters (AbMNCs) on the surfaces of 3D-
printed cylindrical microchannel. The detection sensitivity of their system sur-
passed 10 CFU/mL, and the entire assay, encompassing binding, rinsing, and
detection steps for a 10 mL sample, was completed in under 3 minutes. More
studies on the selective isolation of the bacteria with microfluidic system were
discussed in the literature [88-91]. In addition, several other methods utilized
magnetic beads [92-95] and magnetic silica nanotubes (MSNTs) [96] for bacterial

detection. The summary of the literature review is given in Table 5.1.
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Table 1.1: Various bacteria isolation literature.

Microfluidic

Authors

Bacteria type

Mechanism

Process time

Zelenin et al. [63]
Afbagi et al. [49]
Chang et al. [64]

Faridi et al. [65]
Yao et al. [66]

Condiana et al. [67]
Iyengar et al. [68]

Jiang et al. [69]

Jiang et al. [70]

Jin et al. [71]
Azizi et al. [72]

Peham et al. [73]

Yu et al. [97]
Choo et al. [74]

D’Amico et al. [75]

Li et al. [76]
Dow et al. [77]

P-Enengl et al. [7§]
Schwartz et al. [79]

Wang et al. [80]

E.coli, M.luteus
E.coli
E.coli
E.coli
Salmonella
S.pastorianus, S.cerevisiae
E.coli, S.Capitis
K.pneumoniae, S.aureus, E. coli
P.aeruginosa, E.faecalis

S.aureus, E.coli, P.aeruginosa
C. koseri, K. pneumonia

10 waterborne bacteria
Salmonella
S.aureus, E. coli, P.aeruginosa
S.aureus, E. coli
S.aureus
E. coli, S.aureus
E.coli
P.aeruginosa, S.aureus,F. coli
E. coli
E. coli
E. coli

Microfluidic-based

3DpmpFD+PCR+ Electrophoresis

Integrated microfluidic
Elasto-inertial

Viscoelastic inertial

Inertial4+ mass spectrometry

Elasto-inertial

PCR

LAMP

LAMP
Droplet+ LAMP
Droplet+ PCR
Integrated system
Viscoelastic + RT-LAMP
Dialysis+Dielectrophoresis
Acoustofluidic
Acoustophoresis
Electrophoresis
ITP+ Electrophoretic

Impedimetric

NG
50 mins
NG
NG
1h
20-90 mins

40 mins

25h

1.5h

85 mins
NG
NG
1h
NG
1h
NG
NG

<27 mins

> 1h
1h




a1

Table 1.2: Various bacteria isolation using mMBs in literature.

Microfluidic
Authors Bacteria type Mechanism Process time
Xia et al. [84] E.coli Micromagnetic NG
Weng et al. [3] S.pneumoniae MMF-ELISA 12 mins
Rodoplu et al. [85] E.coli Magnetic-assisted+Fluorescence 1h
Lee et al. [86] E.coli MNCs NG
Lee et al. [87] Salmonella AbMNCs+ ATP luminescence 3 mins
Pivetal et al. [88] E.coli, Acinetobacter probe-based cell fishing NG
Pereiro et al. [89] S.enterica, E.coli, E. cloacae Magnetic 2-8 h
Miller et al. [90] E.coli mMBs +Electroosmotic NG
Kim et al. [91] E.coli MNPs NG
Other Methods
Poncelet et al. [92] E.coli suspended MNP NG
Lee et al. [93] E.coli, V. parahemolyticus Virtual Net+ATP luminescence 15 mins
Salmonella, L. monocytogenes
Lee et al. [94] E.coli Virtual filters with MNPs < 2h
Huang et al. [95] E.coli, Salmonella capillary NG
Nguyen et al. [96] S.typhimurium MSNTs+Impedimetric 30 mins

NG —Not Given



1.3 Objectives and motivation

S.pneumoniae is a leading cause of respiratory infection with high mortality rates
around the world, particularly among susceptible populations, including children,
the elderly, and individuals with compromised immune systems. So, there is a
growing urgency to discover rapid and effective techniques for the isolation and
detection of this bacterium. Flow within microchannels allows precise control and
manipulation of fluids at a small scale which enhances detection sensitivity and
improves the efficiency of interactions within the system. In addition, the use of
micro-magnetic beads (mMBs) enables precise capturing of a particular bacterial

species and distinction among various bacterial types present in a sample.

In this study, we revised the patented magnetic platform from our research
group [98] to isolate S. pneumoniae from PBS buffer solution and blood flow
for different concentrations of bacteria. First, we synthesized the mMBs in the
lab, followed by binding them with purchased aptamers to isolate the bacteria
selectively. In the next step, electrical impedance spectroscopy (EIS) with fabri-
cated gold electrodes was utilized to detect the bacteria. The final goal of this
research is to combine two steps and produce fast, accurate biosensors to isolate

S. pneumoniae.
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1.4 Thesis outline

The theses outline is listed below:

Chapter 2 begins by describing the design of a microfluidic chip that is com-
patible with our magnetic platform. Then the fabrication steps for the microflu-
idic chip and electrodes are defined in detail. Next, the magnetic particle syn-
thesizing procedure and its characteristics are included. Finally, the method for

immobilizing the selected aptamer on synthesized mMBs is explained.

Chapter 3 deals with explaining the experimental setup and experiment pro-
cedure. The experiments are divided into two subsections. The first part focuses
on retaining the mMBs inside the spiral channel by setting the flow rate and
rotational speed of the magnetic unit. The second part demonstrates the exper-
imental procedure for bath and microfluidic isolation of bacteria using modified
mMBs followed by bacteria culturing and calculating the capture efficiency. Fur-
thermore, the development of Interdigitated microelectrodes for electrochemical

impedance spectroscopy (EIS) sensor for bacterial detection is discussed.

Chapter 4 provides the results for the first and second parts of the experi-
ments and compares the capture efficiency of the magnetic platform and batch
bacteria isolation for different concentrations of the bacteria. Moreover, bac-
teria detection by the electrochemical impedance spectroscopy (EIS) method is

discussed.

Chapter 5 concludes the thesis by summarizing previous chapters, addressing

method limitations, and suggesting improvements and future research directions.
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Chapter 2

Fabrication

2.1 Microfluidic chip design

This study utilizes a spiral microfluidic device in conjunction with a rotating mag-
netic field to isolate bacteria. The length of the microfluidic channel is determined
based on a previously proposed patent for DNA isolation [98], and the geometry
is altered to comply with the sample loading unit, what we call flexible hydraulic
reservoir (FHR) [99,100] which was patented by our research group. FHR is an
inexpensive, re-usable microfluidic component enabling zero-dead-volume sample
injection into a microfluidic chip. In Figure 2.1, the schematic representation of
the microfluidics channel employed in this research is depicted. The microflu-
idics chip is designed with two distinct inlets, denoted as ”Inlet-17 and " Inlet-2.”
Inlet-1 is designated for injecting the bacteria solution, while Inlet-2 is intended
for loading the washing buffer. The purpose of the washing buffer is to remove
bacteria that have bonded with mMBs, subsequently carrying them to the de-
tection unit for further analysis. However, in the context of our research, we
have exclusively utilized Inlet-1, since the detection unit is placed on a separate
chip. Both the bacteria solution and PBS buffer solution are loaded through this
single inlet. The microchannel itself possesses a width of 400 wm and a height of

120 um, and a volume of about 8 uL.
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Figure 2.1: Schematic drawing of the microfluidic channel.

2.2 Microfluidic chip fabrication

To fabricate the master mold, a two-step soft-lithography procedure, as shown in
Figure 2.2, is followed. First, a negative photoresist (SU-8 2005) is spin-coated
on a cleaned 4-inch silicon wafer to create a thin adhesion layer for constructing
subsequent structures. Later, the base layer is pre-baked on a hotplate before
UV exposure and then post-baked at 95°C. In order to get the channel structure,
a much thicker negative photoresist (SU-8 2050) is spin-coated on top of the
base layer to reach the desired height. The resist is heated before the exposure
for a longer time, followed by UV exposure using the chromium mask. Then,
the patterned silicon wafer is backed on the hotplate before drowning to the
SU-8 developer to remove unsolidified parts. Finally, the mold is washed with
Isopropyl Alcohol (IPA) and Deionized water (DI) and dried with Nitrogen. The
channel dimensions are confirmed by analyzing them with a laser microscope. The
detailed fabrication steps are included in Appendix A.1. The fabricated master
mold is covered with PDMS (Polydimethylsiloxane) and curing agent (Sylgard
184) with a ratio of 10:1. The mixture is left in the oven at 80°C to get cross-
linked. The solid PDMS is peeled off and punched into the inlets and outlets.
Afterward, it is bonded with clean (27 x3”) microscope slides using the plasma

cleaner.
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Figure 2.2: Fabrication steps of soft lithography to prepare the mold, PDMS
molding with glass bonding.

2.3 Electrode fabrication

The fabrication of gold-interdigitated microelectrodes involves a series of steps
utilizing photolithography and wet etching on a glass substrate. Each micro-
electrode consists of ten pairs of digit finger electrodes. These electrodes are
characterized by a finger width of 20 um, a finger length of 1.0 mm, and a thick-
ness of 80 nm. The separation between neighboring finger electrodes measures
50 pm. In order to manufacture the Interdigitated Electrode (IDE) for bacteria
detection, CAD software is employed to create a design to provide the chromium
mask, which is required during the fabrication process. The following procedures,
as shown in Figure 2.3, are employed to fabricate the electrodes. First, the clean
glass wafer is spin-coated with positive photoresist (AZ5214) and then heated in
an oven with a temperature of 120°C for 70 seconds. After that, the wafer is
transferred to be exposed to UV light with a designed mask. Subsequently, the
wafer is sunk in 4:1 water: AZ developer (400K) to remove the exposed regions.

The developed pattern is placed in the thermal evaporator for metal deposition.
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Figure 2.3: Fabrication steps for Interdigitated microelectrodes.

Initially, a very thin layer of chromium (3 nm) is deposited to increase the adhe-
sion between gold, followed by gold deposition to reach the thickness of 80 nm
under the controlled rate. In the final step, the wafer is immersed in Acetone
to eliminate the AZ and obtain the electrodes. Appendix A.2 contains detailed

electrode fabrication steps. The fabricated electrodes can be seen in Figure 2.4.

2.4 Particle synthesis for bacteria detection

Immunomagnetic bead-based separation is a widely adopted technique in mi-
crofluidic devices. This method utilizes mMBs coated with specific binding lig-
ands that selectively bind to target biomolecules, enabling isolation of the mMB-
complex within the system for further analysis [82,101,102]. The magnetic field
is employed to capture and isolate the mMBs along with the biomolecules they
have bound to. Achieving a high capture efficiency, which is the ratio of cap-

tured mMBs to the total mMBs in the system, is crucial to minimize errors
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Figure 2.4: (A) Interdigitated microelectrodes under the microscope, (B) Series
of electrodes on a glass wafer.

in microfluidic devices. The use of mMBs offers advantages such as easy isola-
tion within the system using an external magnetic field, a high surface area-to-
volume ratio allowing for ample binding sites, and customization to target differ-
ent biomolecules [103,104]. These characteristics make separation using mMBs a
highly promising option for integration into microfluidics systems. This approach
ensures reliability and versatility in its application. The aptamer is attached to
surface-modified superparamagnetic microparticles that are used for bacteria de-
tection. The superparamagnetic microparticles are synthesized step-wisely as
described in the literature [105]. Briefly, the template seed particle poly(GMA)
is synthesized wvia dispersion polymerization [106]. 3 mL of glycidyl methacry-
late (GMA) monomer, 0.45 g polyvinylpyrrolidone K30 (PVP-K30) stabilizer,
and 0.24 g 2, 2'-Azobisizobutyronitrile (AIBN) thermal initiator are dissolved in
30 mL of absolute ethanol by 5-min ultrasonication. The mixture polymerizes at
70°C overnight. The particles are then collected wvia centrifugation and washed
with ethanol and distilled water to obtain poly(GMA) particles.

The seed particles are used to fabricate superparamagnetic monodisperse poly-
meric particles, which are about 5 um in size via the multistage shape-template

polymerization technique. Poly (GMA) seed latex (1.0 mL, solid content 0.3 g)
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and 2.5 mL ethylbenzene (EB) are added into 50 ml deionized water containing
0.125 g sodium dodecyl sulfate (SDS) to prob-sonication 6min. The suspension
is magnetically stirred at room temperature overnight for the swelling process.
The monomer 1.0 g of mono-2-(methacryloyloxy) ethyl succinate (MMES), the
crosslinker 5 mL of ethylene glycerol dimethacrylate (EGDMA), and the ther-
mal initiator 0.25 g of benzoyl peroxide (BPO) are dissolved in each other. The
monomer mixture is dispersed into 50 mL deionized water containing 0.125 g
sodium dodecyl sulfate (SDS) to prob-sonication 6 min. This emulsion is added to
the swollen seed mixture and magnetically stirred at room temperature overnight
for diffusion. Then aqueous polyvinyl alcohol (PVA) solution (10 mL, 8% wt/wt)
is added to the final mixture that polymerizes at 80°C in a shaking water bath at
120 rpm for 24 h. After the polymerization, the poly(MMES-co-EGDMA) par-
ticles are collected via centrifugation and washed with ethanol, tetrahydrofuran,

and ethanol.

The polymeric particles are magnetized wvia co-precipitation of iron slats.
0.268 g of FeCly-4H50O and 0.4 g FeCly-6H50 are dissolved in 10 mL deionized
water under nitrogen atmosphere. 1 g of poly(MMES-co-EGDMA) is dispersed in
50 mL of deionized water and placed on ice-bath. The iron salt mixture is added
to the particle solution and evacuated via a vacuum pump. The brown mixture is
mechanically stirred and placed in an oil bath at 85°C. 12.5 mL of NH,OH (25%
wt/wt) is added to this mixture, whereby the color instantly changes to black.
The mixture is mechanically stirred for one hour, collected naturally, and washed

with 0.1M HCI and deionized water several times.

The magnetic-polymeric particles are used as a template to fabricate silica
particles described in the literature [107]. 0.4 g of magnetic polymeric particles
are dispersed in 50 mL isopropanol (Iso-PrOH), 5 mL distilled water, 0.25 g
tetrabutylammonium iodide(TBAI), and 0.25 mL NH,OH (25% wt/wt) in an
ultrasonic bath. This mixture is mechanically stirred for one hour. Then 1.0 mL
tetraethyl orthosilicate (TEOS) and 4 mL Iso-PrOH solution are taken in a 5 mL
syringe and added drop wise onto the mixture. The mixture is then mechanically
stirred for 24 h at 30°C and collected by a strong natural magnet to be washed
twice with Iso-PrOH and distilled water. The silica-polymer hybrid structure is
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calcined up to 450°C for 6 h with 2°C heating rate.

A bio-based green route for particle surface modification is used to obtain
functional groups on superparamagnetic monodisperse microparticles [108]. The
mimic of mussel adhesive protein dopamine is used to obtain polydopamine
(PDA) on superparamagnetic particles. Basically, 0.25 g of the magnetic par-
ticle and DOPA HCI (2 mg/mL) are dispersed in 10 mL of pH 8.5 Tris buffer.
The mixture is mechanically stirred in the dark hood for 6 h. Then the parti-
cles are collected via a strong natural magnet and washed with deionized water

several times.

2.4.1 Particle characterization

The morphological structure of the particles is characterized via scanning elec-
tron microscope (SEM, Quanta 450 SEM; Akishima, Tokyo, Japan) and Energy-
dispersive X-ray spectroscopy (EDX, Quanta 450 SEM; Akishima, Tokyo, Japan).
The chemical structure of the particles is determined using Fourier-transform in-
frared spectroscopy. The magnetic properties are analyzed by vibrating sample
magnetometer (VSM-Cryogenic Limited Model: PPM system, UK).

The particles are obtained in monodisperse around 6 pm in size as seen in
Figure 2.5A. The carbon, oxygen, and iron content on the surface of the particle
is determined wvia EDX. The organic and inorganic hybrid content is obtained
around 69.3% C, 17.4% O, 13.3% Fe as weight percentages and 81.3% C, 15.3% O,
3.3% Fe as atomic percentages. The chemical structure of the particles is analyzed
with FTIR. The FTIR spectrum shows the inorganic part Fe,O3 characteristic
peaks at 560 and 690 cm~!. The strong Si-O peak can be seen at 1010 cm™!.
The organic part of the particles can be seen with a strong peak at 1720 cm™!
as a C=0 bond and C-H stretching at 2880 and 2980 cm~!. The broad peak at
3500 cm ™! is representing O-H functional groups of PDA coating on beads. The
magnetic property of the particles is analyzed by drawing a hysteresis curve. The

curve shows that the magnetic saturation value was around 10 emu/g and had

superparamagnetic characteristics.
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Figure 2.5: The particle characterization panel (A) morphological characteristic
of the particles with EDX result, (B) chemical structure analyzed with FTIR
spectrum, (C) the hysteresis curve of the particles.

2.4.2 Aptamer binding to particles

Aptamers, which are synthetic nucleic acid molecules created through in vitro se-
lection methods, possess remarkable affinity and specificity for binding to specific
molecular targets [109]. Various techniques are employed to immobilize aptamers
onto mMBs. In this study, we utilize a specific approach that involves introducing
amine groups at one end of the aptamer. This modification enables the attach-
ment of the aptamer to carboxylated mMBs through EDC/NHS coupling. By
employing this method, we achieve highly oriented immobilization of aptamers,
as only the terminal amine group participates in the coupling process. To prepare
the aptamer bonded mMBs, 12.9 mg/uL of the mMBs is diluted in 250 uL of
PBS buffer solution. Then 100mM of NSH and EDAC are added to the solution
to produce the mMBs-protein complex overnight at room temperature. Then,
the purchased aptamers are added to the mixture and provided aptamer bonded

MBs after four hours of waiting.
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Chapter 3

Experimentation

The experimental setup comprises a syringe pump, a power supplier to set the
voltage and the rotating speed of the motor, a magnetic platform, and a micro-
scope. The experiments are conducted in two main parts. In the first part, using
the 3D printer, we design a setup to simultaneously view mMBs loaded in the
microfluidic chip under the microscope and adjust the minimum and maximum
values for the flow rate to distribute the mMBs inside the microfluidic chip, and
prevent them from being washed away. To achieve this, the experiments are con-
ducted three times, noting the flow rate corresponding to changes in voltage. A
schematic view and the setups used in these experiments are depicted in Figures
3.1A and 3.1B. To minimize the impact of vibration and observe the motion of
particles, especially when higher voltages are involved, a separate box is designed
to hold the motor casing under the microscope, as shown in Figure 3.1C. The

microfluidic chip with the loaded mMBs is depicted in Figure 3.2.

The second part of the experiments involves removing the microscope and
instead placing the chip loaded with magnetic particles on a different 3D-printed
platform. The schematic and disassembled views of the platform are presented in
Figures 3.3A and 3.3B. This modification allows for easier collection of samples
from the outlet, simplifying the overall process. Figures 3.4A and 3.4B illustrate
the setup used for bacteria isolation from phosphate-buffered saline (PBS) buffer
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Magnetic platform

Figure 3.1: (A) Schematic view of the experimental setup, (B) experimental setup
for adjusting the flow rates and voltages, (C) motor casing holder.

and blood samples.

3.1 Separation of bacteria with mMBs

Separating bacteria from complex mixtures presents a significant challenge. In
this particular context, the utilization of mMBs that have been modified with
specific ligands enables the effective isolation of the desired bacteria through the
application of powerful magnets. The utilization of mMBs-based sample pre-
treatment not only enables the isolation of target bacteria but also eliminates
the need for time-consuming procedures such as centrifugation, filtration, and

solid-phase extraction [110].
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Figure 3.3: (A) Schematic view of the experimental setup, (B) disassembled view
of the magnetic unit.

3.1.1 Batch bacterial isolation

Batch bacterial isolation with mMBs using Eppendorf tubes is a common tech-
nique used in molecular biology and microbiology labs to purify and concentrate
bacterial cells from a complex sample. For batch bacteria isolation, first, 1.5 mL
of bacterial culture is transferred to an Eppendorf tube and centrifuged in 5000 x
g for 5 minutes to pellet the bacterial cells. Next, the supernatant and resuspend
of the bacterial pellet are removed in 1.0 mL of PBS buffer solution. After that,
0.1 grams of synthesized mMBs are added to the bacterial suspension and mix
them, followed by incubation for 10-15 minutes at room temperature with gentle

shaking. Then the Eppendorf tube is placed in a magnetic rack for 1-2 minutes
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Figure 3.4: Magnetic platform for bacteria isolation: (A) PBS buffer and (B)
blood samples.

to allow the mMBs to separate the bacterial cells from the solution. The super-
natant is removed, and 1.0 mL of wash buffer is added to the Eppendorf tube
containing the bead-bound bacteria. After resuspending the mMBs, the tube
is again placed in a magnetic rack. Afterward, we remove the supernatant and
wash the mMBs with 1.0 mL of 70% ethanol. After the final wash, the Eppendorf
tube is removed from the magnetic separation rack, and an appropriate volume
of elution buffer is poured into the tube to resuspend the bead-bound bacteria.
Finally, the purified bacterial sample is transferred to a new, sterile Eppendorf

tube for further analysis.

3.1.2 Microfluidic bacterial isolation

Magnetic particles coated with specific ligands can be utilized in microfluidic
systems to capture bacteria of selective interest. These mMBs can be manip-
ulated and concentrated by applying external magnetic fields, enabling efficient
separation and isolation of the target bacteria. The experiment for microfluidic
bacteria isolation is conducted at three different inlet flow rates of 30, 45, and
60 puL/min, and the device’s voltage is set to control the rotational speed of the

magnetic platform. For microfluidic bacteria isolation, initially, we load 0.1 mg
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Figure 3.5: Bacteria culturing for colony counting: (A) before incubation and (B)
after incubation.

of aptamer-bonded mMBs inside a clean microfluidic chip using the strong mag-
net and place it on top of the rotating magnetic platform presented in Figure
3.4. Using the syringe pump, the 60 uL of bacteria is taken on the pipette’s tip.
Afterward, the 200 uL of bacteria and PBS buffer solution is injected into the
chips to eliminate the effect of the dead volume and collect the outlet into the
Eppendorf tube. Also, the mMBs are washed and collected in another Eppendorf
tube. The experiments are repeated three times for seven different concentrations
of the bacteria (from 1 x 10! to 1 x 107 CFU/mL) plus one set of only PBS buffer
to eliminate the effects of background noise or any potential interference caused
by the buffer solution itself. To analyze the specific selectivity of the aptamer,
we try experiments for controlling bacteria (S. aureus) at two different bacteria
concentrations of 1 x 10 and 1 x 10" CFU/mL three times. Moreover, the ex-
periments are repeated for bacteria inside the blood at one of the flow rates since
blood reflects the natural environment for bloodstream infections. Blood cultures
offer higher sensitivity compared to isolating bacteria in PBS alone, enabling the

detection of low levels of bacteria in the bloodstream.
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3.2 Assessment of viable bacterial colonies

Conventional plate counting is used to validate the bacterial capture efficiency
of the mMBs. To prepare culturing medium, 5 g of Agar and 6 g of brain heart
infusion are measured and solved in 200 mL of deionized (DI) water. The mixture
is autoclaved for one and a half an hour before bacteria culturing. For 1 x 10*
to 1 x 10> CFU/mL of bacteria, 100 uL. of mMBs-bacteria complexes which are
collected during washing steps after bacteria— mMBs interaction, are poured
on the culturing environment and applied to cover the surface of the medium.
However, higher bacteria concentrations are serially diluted in consecutive order
to reach 1 x 10> CFU/mL before culturing. The bacterial colony enumerations
are carried out after incubating the plates at 37°C for 18-24 hours to assess the
number of viable cells in CFU/mL. Figure 3.5 presents the plates before and after
incubation at 37°C. The efficiency of bacterial capture (1) is calculated according

to the following Equation 3.1:
n[%] = (C./C}) x 100 (3.1)

C} represents the bacteria concentration [CFU/mL] in the sample, while C, refers

to the bacteria concentration computed as captured bacteria level.

3.3 Electrochemical detection

In the past three years, interdigitated electrodes (IDEs) have emerged as the
preferred choice for bacterial sensing. The primary reason for their popularity
is their combination of desirable features, including minimal ohmic drop, rapid
reaction kinetics, a high signal-to-noise ratio, and a compact physical footprint.
These characteristics make IDEs the optimal transducers for various biosensors
based on electrochemical impedance spectroscopy (EIS). By leveraging IDEs, it
becomes possible to make sensitive measurements of alterations in electrochemical
impedance that arise from biological reactions taking place on their surface [111].

The schematic view of the experimental procedure is presented in Figure 3.6,
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Figure 3.6: Mechanism of electrochemical impedance spectroscopy (EIS) detec-
tion.

3.3.1 Immobilization of aptamer

Before modifying the microelectrode with aptamers for capturing the target bac-
teria, a series of cleaning steps are performed. Initially, the Piranha solution is
dropped on the electrodes. Afterward, the microelectrode is rinsed with deion-
ized water and dried using a nitrogen flow in order to effectively cleanse the
microelectrode. Next, we introduce a thiol group (-SH) into an aptamer and mix
the thiol-modified aptamer with the buffer solution in a microcentrifuge tube.
Then we incubate the aptamer solution with the microelectrodes chip overnight
at room temperature. After incubation, the washed microelectrodes chip is gently
rinsed with the buffer solution to remove any unbound aptamer. Then the chip
is immersed in a blocking agent solution (1% BSA in buffer) for around 1 hour at
room temperature. This prevents non-specific binding and minimizes background
signal by blocking the remaining reactive sites on the surface of the microelec-
trode. The chip is thoroughly washed with the buffer solution to remove any
excess blocking agent. S. pneumoniae solutions with varying cell concentrations
(1 x 10" to 1 x 107) are dropped on the sensor surfaces 3 times. Subsequently,
the sensors are placed in a 37°C environment until the liquid solution evaporated.
The sensors undergo a thorough washing process to eliminate any proteins and
cells that might have adhered non-specifically. They are washed with PBS con-
taining 0.05% Tween and then rinsed multiple times with deionized water. This

process is repeated for E.coli to validate the selectivity of the aptamers.
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3.3.2 EIS measurements

EIS (Electrochemical Impedance Spectroscopy) measurements are carried out us-
ing an IM-6 impedance analyzer along with the IM-6/THALES software. The
microelectrode is placed in a 4 mL solution of 0.01 M PBS with a pH of 7.4. The
solution also contains 10 mM of [Fe(CN)6]3-/4- in a 1:1 ratio. In the setup, one
of the microband array electrodes is linked to the test and sense probes, while the
other is connected to the reference and counter electrodes on the IM-6 impedance
analyzer. Throughout the tests, an open circuit condition is maintained. The fre-
quency range tested ranged from 1 Hz to 100 kHz, and the amplitude is set to
5 mV. A Bode diagram (impedance and phase vs. frequency) is generated to
record the data. The signal that denotes the immune reaction between the im-
mobilized aptamers and bacteria is determined by comparing the electron-transfer
resistance before and after cell binding. The SIM program is used to simulate
the process, automatically selecting several data points from each measured spec-
trum. These data points are then used as input to create a fitting spectrum using

an equivalent circuit.
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Chapter 4

Results and Discussion

4.1 Effect of low rate

Table 4.1 presents the findings from the initial phase of experiments, highlight-
ing a notable trend between voltage and the required inlet volumetric flow rates
for retaining 0.1 mg mMBs within the channel. As the voltage increases, there
is a corresponding increase in the necessary flow rates. For instance, at 0.6 V,
the magnetic motors initiate rotation, allowing for flow rates ranging from ap-
proximately 25 pL/min to 36 puL/min at different rotational speeds. However,
it should be noted that higher voltages, which result in higher rotational speeds,
induce vibrations in the experimental setups, making it challenging to observe
particle motion under the microscope. Therefore, the maximum voltage suitable
for capturing motion is determined to be 2.2 V. At this voltage, the flow rate can
be increased to approximately 65 pl/min, providing a higher throughput while

still maintaining visibility of particle motion.
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Table 4.1: Voltage values and corresponding min. and max. flow rates to retain
magnetic particles within the channel.

Voltage Min. flow rate Max. flow rate

V] Qumin[pL/min] Qs [uL/min]
0.6 25.7 36.0
1.0 29.3 38.0
1.4 37.7 48.0
1.7 39.3 52.3
2.2 45.0 65.7

4.2 Bacteria isolation

4.2.1 PBS samples

Figure 4.1 compares the efficiency of the developed microfluidic platform and
batch S. pneumoniae separation from the PBS buffer solution at different con-
centrations from 1 x 10! to 1 x 10" CFU/mL. Microfluidic bacteria isolation
seems to work with higher efficiency for denser bacterial suspensions in compar-
ison to bacterial isolation in the tube due to the increment of the area of the
interaction between the bacteria solution and mMBs. In addition to the ad-
vantages mentioned, microfluidic systems offer several other benefits over batch
methods. These include the potential for protocol automation, precise control
of sample volumes, flow rate regulation, and the ability to conduct experiments
under strictly reproducible conditions. The varied inlet volumetric flow outcomes
indicate that microfluidic channels exhibit superior capture efficiency compared
to batch bacteria isolation when dealing with more concentrated bacterial solu-
tions. Additionally, higher flow rates correlated with increased capture efficiency
for bacteria concentrations exceeding 1x 10*> CFU/mL. The peak efficiency, reach-
ing approximately 83%, is attained at a flow rate of 60 uL/min for a bacteria
concentration of 1 x 10* CFU/mL. When handling bacteria concentrations that
are less dense (below 1 x 10* CFU/mL), microfluidic channels with a flow rate of

30 uL/min exhibit better performance, very close to the batch isolation except

35



100

- Q=30 pL/min
- Q=45 pL/min
[ ] Q=60 pL/min
- Batch Isolation
- Control Bacteria

80 -

1x10! 1x10? 1x10° 1x10* 1x10° 1x10° 1x107

CFU/mL

60 -

40 -

Capture efficiency, (%)

20

Figure 4.1: Experimental Results for bacteria isolation from PBS buffer.

for 1 x 10" CFU/mL where microfluidic channels outperform batch isolation by
almost 2.5 times, achieving a capture efficiency of 50%. The reason is that for
low concentrations of bacteria at low flow rates, the bacteria have more time to

interact with mMBs, thereby increasing the likelihood of binding with them.

The graph also includes the results for S. aureus, which serves as a control
bacterium to demonstrate the specificity of our selected aptamers in capturing
S. pneumoniae . By comparing the capture efficiency of S. aureus to that of
S. pneumoniae, we can validate the selectivity of our devices. At two different
concentrations, namely 1 x 10* and 1 x 107, the capture efficiency of the control

bacteria, S. aureus, is observed to be approximately 6% and 3%, respectively.
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Figure 4.2: Blood bacteria isolation results.

4.2.2 Blood samples

This study conducted a series of experiments to isolate S. pneumoniae from
blood samples. The outcomes of these experiments are illustrated in Figure 4.2,
where different bacterial concentrations were tested at two flow rates of 30 and
60 pL/min, alongside batch isolation. Notably, the results for the lower flow
rate (30 uL/min) are only available for bacterial concentrations of 1 x 10* and
1 x 10° CFU/mL.The findings demonstrate that microfluidic isolation generally
outperforms batch isolation in terms of capture efficiency, particularly for denser
bacterial concentrations. At a concentration of 1x10* CFU/mL and a flow rate of
30 uL/min, the capture efficiency is nearly 15% higher than that achieved through
batch isolation, reaching a maximum capture efficiency of 80%. Moreover, it is
observed that higher flow rates result in better capture efficiency, particularly for

samples with denser bacterial populations.
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Figure 4.3: Circuit used for the calculations.

4.3 Electrochemical detection

The immunosensor operates based on the transduction principle and involves
measuring electrochemical Faradaic impedance while using [Fe(CN)g]® — /4— as
a redox probe. The process begins by immersing a bare microelectrode into an
electrolyte solution containing the redox couple. Applying a small-amplitude ac
potential (5 mV) to the electrode causes the redox couple to undergo oxidation
and reduction, resulting in the transfer of electrons between two sets of array

electrodes.

Upon immobilizing antibodies onto the electrode surface, they create a layer
that obstructs electron transfer between the electrodes, leading to an increase in
electron-transfer resistance. When bacterial cells attach to the electrode surface,
the formation of aptamer-bacteria complexes adds another barrier, impeding the
electrochemical process further. As a consequence, the redox probe’s access to
the electrode surface is restricted, resulting in a greater increase in electron-
transfer resistance. The extent of this increase is directly linked to the number
of bacterial cells captured by the immobilized aptamers. The immunosensor
system can be represented by an equivalent circuit, as shown in Figure 4.3. The
circuit can be employed to effectively simulate the electrochemical impedance
spectra data, aiding in the comprehension of the immunosensor system’s behavior.
By incorporating elements from the general electronic equivalent model of an
electrochemical cell and considering the specific features of the interdigitated

microelectrode, a suggested equivalent circuit (refer to Figure 4.3) encompasses
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Figure 4.4: Bode diagram of the electrochemical impedance spectra of the mi-
croelectrode immunosensor, along with the corresponding fitted spectra (Square
markers: measurement data, Solid line: fitting data)

crucial components essential for interpreting impedance measurements within this

system.

The equivalent circuit includes the ohmic resistance of 500 €2 for the electrolyte
between two electrodes and the double-layer capacitance of 1.00uF. Additionally,
there is the electron-transfer resistance of 500 2 and the Warburg impedance
(Yo) of 100uMhoxs'/2? surrounding each electrode. The overall current passing
through the electrode surface arises from the combination of two components:
the Faradaic current (iy) and the double-layer current (i.). A branch circuit
is utilized to represent this in the equivalent circuit, consisting of the Warburg
impedance in series with the electron-transfer resistance, both of which are con-
nected in parallel with the double-layer capacitance. The two elements, namely
the electrolyte resistance and Y, represent the characteristics of the bulk solution
and the diffusion of the redox probe, and they are not influenced by the reactions
taking place at the electrode surface. Conversely, the other two elements, capac-
itance and electron-transfer resistance, depend on the dielectric and insulating

properties at the interface between the electrode and the electrolyte [112].
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Figure 4.5: Correlation between the logarithmic value of the concentration of two
types of bacteria and the electron-transfer resistance.

The Bode diagram impedance spectra of the bare interdigitated electrode are
shown in Figure 4.4, represented by a solid line. The measurements are taken in
a PBS buffer containing 10 mM [Fe(CN)g]* — /4— (1:1). This type of Bode plot
is commonly observed in systems where polarization arises from a combination of
diffusion and kinetic processes. To confirm the validity of the proposed equiva-
lent circuit, the software automatically selects 50 data points from the measured
impedance spectrum. These points are then used as input to the equivalent cir-
cuit, resulting in a fitting impedance spectrum shown as a solid line in Figure
4.4. The close correspondence observed between the measured data and the fit-
ting spectra demonstrates that the proposed equivalent circuit provides a useful

model for understanding the behavior of the microelectrode.

A linear relationship y = 390.97x — 1193.7 (R? = 0.9777) is found between the
electron-transfer resistance and the logarithmic value of the S. pneumoniae con-
centrations, within the range of bacterial concentrations above 1 x 10* CFU/mL.
In Figure 4.5, it is demonstrated that by using the electron-transfer resistance of
the aptamer-immobilized on microelectrode as the signal threshold, the detection

limit of this immunosensor is 1 x 10* CFU/mL. The aptamer-immobilized on
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microelectrode is also tried for bacteria counting of E.coli to test the biosensors’
specific selectivity. It can be seen that by increasing the bacterial concentra-
tion for FE.coli, the electron transfer constant resistance stays constant around
400 €2, which shows that FE.coli cannot bind with the selected aptamers. The
microelectrode represents an effective method for miniaturizing biosensors. This
approach allows for the reduction of the detector device or sample volume while
preserving its selectivity and sensitivity. By leveraging the biosensors utilizing mi-
croelectrodes, integration with microfluidic or micro detectors becomes possible,

enabling their application in various biomedical and biotechnological fields.
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Chapter 5

Conclusion and Future work

In this study, we revised the patented magnetic platform from our research group
to efficiently isolate the S. pneumonia from PBS buffer solution and blood sam-
ples, followed by electrochemical detection. Firstly, the range of the inlet flow
rate is determined according to the velocity of rotating magnets to retain the
mMBs inside the spiral channel. Next, seven distinct concentrations of the bac-
teria are injected at different flow rates of 30,45, and 60 pL/min into the channel,
having 0.1 mg of the aptamer-modified mMBs, and outlet samples are collected.
With the same amount of mMBs, the experiments are repeated for batch bac-
terial isolation in an Eppendorf tube. To assess the selectivity of the aptamers,
control experiments are also conducted using two different concentrations of non-
target bacteria. In addition, the experiments are carried out to demonstrate
the capability of the system to capture bacteria from complex biological blood
samples. The plate counting method are used to evaluate the capture efficiency
of the system. Microfluidic isolation reveals increased capture efficiency when
dealing with higher concentrations of bacteria. The device exhibited an impres-
sive 83% efficiency in isolating bacteria at a concentration of 1 x 10* CFU/mL,
using 60 puL of loaded bacteria, all accomplished in about one minute. Further-
more, EIS measurements are also performed using the fabricated gold electrodes
with immobilized aptamers on the surface. After evaluating the functionality of

the system with Bode diagram, the electron transfer resistance is quantified for
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Figure 5.1: Next-generation design of an integrated device for isolation and de-
tection.

S. pneumoniae, and the limit of detection is determined to be above 10 x 10°
CFU/mL. To assess the biosensor’s selectivity, E. coli was introduced onto the

electrodes, and the results reveal no significant change in the resistance.

Table 5.1 presents a comparison of our results with those of other selected
studies regarding the isolation and detection of bacteria. Studies with processing
times exceeding one hour have been excluded. Our method represents a sig-
nificant advancement compared to previous reports. One key advantage is its
capability to process smaller sample amounts due to the compact dimensions of
our system. Using aptamer-bonded mMBs, we can efficiently isolate 60uL of the

bacteria sample within just one minute. Furthermore, our method achieves a
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notable improvement in the detection limit for S. pneumoniae compared to con-
ventional ELISA and magnetic microfluidics ELISA. Specifically, the detection
limit is enhanced to 1 x 10 CFU/mL. This improvement is of utmost impor-
tance in increasing sensitivity in bacterial detection, thereby enabling accurate

identification even at lower concentrations.

Although the isolation and detection units are fabricated and tested separately,
the integration of both units is straightforward, and actually, once the electrodes
are deposited on the substrate, the same mold used for the fabrication of the spiral
channel can also be utilized for the fabrication of the integrated device. One of
the potential limitations of this study is sample loss while loading the bacterial
sample. This can be improved by using our group’s patented FHR technology.
In light of the findings of this thesis work, a CAD design of the next-generation
integrated microfluidic platform is performed and demonstrated in Figure 5.1. For
this next-generation design, the channel dimensions may be further modified, and
the corresponding sample flow rates can be optimized to achieve better capture
efficiency. A smaller channel size is expected to enhance capture efficiency by
increasing the probability of interaction between bacteria and mMBs. However,
it also results in a reduced flow rate and a lower number of analyzed mMBs-S.

pneumonia complexes while increasing the likelihood of channel clogging.
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Table 5.1: Comparing the results for bacteria detection.

Bacteria type Process time Sample volume Strategy Detection range
Conventional ELISA* [3] S. pneumoniae 30 mins NG Antibody ~ 106 —10°
MMF-ELISA* [3] S. pneumoniae 12 mins NG Antibody ~ 10° — 107
PCR+ Electrophoresis* [49] E.coli 50 mins 2.5 mL Antibody LOC=10
MSNT+Impedimetric [96] S. typhimurium 30 mins NG Antibody 10° — 107
Magnetic-assisted+Fluorescence * [85] E.coli 1h 1 uL Antibody 5 — 5000
Virtual Net+ATP luminescence [93] E.coli 15 mins 10 mL Antibody LOC=10?
AbMNCs+ATP luminescence™® [87] Salmonella 3 mins 10 mL Antibody LOC=10
This Study S. pneumoniae ~ 1 min ~ 10 uL Aptamer ~ 10* — 107

* Microfluidic
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Appendix A

Fabrication recipe

A.1 Mold fabrication steps

This recipe enables users to produce SU-8 structures with a thickness of 120 um
on a 4-inch Silicon (100) wafer with a thickness of 0.5 mm. To modify the height
of the structures, you can spin coating speed can be changed based on data pro-
vided in the SU-8 datasheet.

Part 1 (Cleaning and Preparation)

e Wash the wafer with Acetone followed by IPA, then DI water.

e Place in oven at 120°C for 2 mins to remove residual water,
Part 2 (Base Layer: SU8-2005 (Negative photoresist))

e Dispense 4 mL of resist on a substrate.

e Set the two-step spin coating parameters at (A) a velocity of 500 rpm and

acceleration of 100 rpm/s for 7 s, followed by (B) Spinning at 2000 rpm
60



with an acceleration of 300 rpm/s for 30 s.
e Do edge bead Removal with an acetone-soaked napkin.
e Soft bake it on a hot plate at 95°C for 3 min.

e Espouse whole Wafer using Mask Aligner without mask using the listed
parameters:
Manual top side, Contact mode = Soft contact, Separation = 50 um, Mask
thickness = 2.3 mm, Sample thickness = 0.5 mm, Resist thickness = 7 um,
UV intensity = 140 mJ/cm?

e Post-exposure Bake the substrate on a hot plate at 95°C for 4 min.

Part 3 (Main Layer: SU8-2050 (Negative photoresist))

e Dispense 4 mL of resist on a substrate.

e Set the two-step spin coating parameters at (A) a velocity of 500 rpm and
acceleration of 100 rpm/s for 7 s, followed by (B) Spinning at 1200 rpm

with an acceleration of 300 rpm/s for 30 s.
e Do edge bead removal with an acetone-soaked napkin.

e Soft bake it on a hot plate at 65°C for 3 min, followed by 25 min of baking
at 95°C and 2 min at 65°C.

e Espouse whole wafer using Mask Aligner with a designed mask using the
listed parameters:
Manual top side, Contact mode = Soft contact, Separation = 200 pum,
Mask thickness = 2.3 mm, Sample thickness = 0.5 mm, Resist thickness =
150 um, UV intensity = 340 mJ/cm?

e Post-exposure bake the substrate on a hot plate at 65°C for 3 min, followed
by 10 min of baking at 95°C and 2 min at 65°C.
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Part 4 (Development)

After cooling the wafer, drown it in SU-8 developer and agitate it slowly

for 9 mi.

Wash the developed image with IPA and DI water.

Examine the wafer, and if necessary, develop it for an additional minute.

Dry with pressurized nitrogen.

A.2 Electrode fabrication steps

This recipe enables users to fabricate the electrodes with the desired thickness

(usually 80 nm to 100 nm) on a 4-inch glass wafer.

Part 1 (Cleaning and Preparation)

e Wash the wafer with Acetone followed by IPA, then DI water.

e Place in oven at 120°C for one minute to remove residual water,
Part 2 (Photolithography)

e Dispense 4 mL of resist on a substrate.

e Spin coat AZ 5214 with setting parameters at 2200 rpm and acceleration
of 100 rpm/s for 40 s .

e Bake it in the oven at 120°C for 70 seconds.

e Espouse whole Wafer using Mask Aligner with a designed mask for elec-
trodes using the listed parameters:

Manual top side, Contact mode = V+H mode (Don’t forget to increase
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the pressure and use circular plastic on the plate for vacuum), Separation:
100 wm, Substrate thickness: 0.5 mm (measure it for your wafer), Resist

thickness: 2 pum, Exposure intensity: mJ/cm?

Part 4 (Development)

e After cooling the wafer, drown it Water: 400K (4:1) for 30 s. Very slow

stirring.
e Wash the developed image with DI water for 30 s.

e Dry wafer with Ny and check the pattern under the microscope. If the

pattern is not developed yet, develop 5-10 s more.

Part 5 (Thermal Evaporation For Chromium and Gold Deposition )

e Deposit Chromium to reach the thickness of 0.03 kA® (3nm), Tooling Factor:
77, Power: 55-77 at a rate of less than 0.3 (A°/s).

e Deposit Gold to reach the thickness of 1 kA® (100 nm) Tooling Factor: 150,
Power: 150-200 at a rate of less than 0.5 (A°/s).

e Place the wafer in Acetone for 24 h or more (need to check).
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