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ABSTRACT

IMPROVING SENSITIVITY OF BIOSENSORS BY USING
MICRO/NANO MAGNETIC-PARTICLES

Currently micro/nanoparticles such as magnetic beads are not only used as labels
to acquire signals from biosensors but they are also used to enhance the signals obtained
from various biosensors. Magnetic beads or target are linked to other molecular labels
such as fluorescence and chemiluminescence labels by biomolecules such as antibody
to reach higher sensitivity and provide signal amplification for the measurement. This
dependency on biomolecular binding has several disadvantages such as molecular
binding is sensitive to environmental conditions such as pH and temperature, labels are
costly and molecular binding may require extra time.

In this thesis a time and cost efficient signal amplification method that does not
need any biomolecular coating but based on magnetic interaction of magnetic
micro/nanoparticles is developed. Magnetic particles subjected to external magnetic
field are magnetized and form a local field around them, attract each other and
accumulate along the magnetic field lines. These controlled accumulations can be used
to amplify the pixel area or the contrast of magnetic particles. Accumulation dynamics
of magnetic particles under magnetic field are studied and the application of this
method to the Escherichia coli 0157:H7 sample is demonstrated.

Lastly the integration of this signal amplification method to a flow chamber and a
complete biosensing procedure is pursued. Magnetic micro/ nano particles that are
immobilized on gold-coated surface under external magnetic field inside a flow
chamber attract the iron nanoparticles in a running fluid to form chains of
accumulations around them. The accumulations formed under magnetic field are used to

improve the Contrast to Noise Ratio (CNR) of the images thus the sensitivity.

Omary Mzava

Master’s program in Electrical and Computer Engineering Department

Supervisor: Assist. Prof. Kutay ICOZ
August 2016

Key words: magnetic micro/nanoparticle accumulation, signal amplification, flow
chamber, magnetic dipole-dipole interaction, biosensor.



OZET
MIKRO/NANO MANYETIK PARCACIKLARI
KULLANARAK BIYOSENSORLERIN HASSASIYETINI
[YILESTIRME

Halihazirda, manyetik boncuklar gibi mikro/nano pargaciklar sadece
biyosensorlerden sinyal elde etmek i¢in degil, ayn1 zamanda biyosensorlerden elde
edilen sinyalleri giiglendirmek i¢in de kullanilmaktadir. Hem algilama hem de isaret
artinmt i¢in ¢ogunlukla antikor-antijen baglanmasi gibi biyomolekiillerin etkilesimi
esasina dayali baglanmalar kullanilir. Bu biyomolekiiler baglanma olay1 bir g¢ok
dezavantaja sahiptir. Biyomolekiiler baglanma pH ve sicaklik gibi ortam sartlarina karsi
hassastir, baglanma icin kullanilan etiketler pahalidir ve molekiiler baglanma fazla
zaman alabilir.

Bu tez ¢alismasinda, manyetik mikro/nano parcaciklarin manyetik etkilesimine
dayandirilan ve hicbir biyomolekiiler kaplama gerektirmeyen kisa siirede ve diisiik
maliyetli sinyal kuvvetlendirme yontemi gelistirilmistir. Dig manyetik alana maruz
birakilan manyetik par¢aciklar manyetize olurlar ve bu pargaciklar etraflarinda bolgesel
bir manyetik alan olusturarak, birbirlerini ¢ekerler. Bu kontrol edilebilen manyetik
etkilesim ve topaklanma, optik mikroskoplar ile elde edilen goriintiilerdeki piksel
alaninin veya renk kontrastinin yogunlugundaki degisimler Ol¢iilerek analiz edilebilir.
Manyetik alan altindaki manyetik pargaciklarin topaklanma dinamikleri teorik ve
deneysel olarak irdelenmistir ve bu yontemin Escherichia Coli 0157:H7 bakterisine
baglanmis manyetik boncuklara uygulamasi gosterilmistir.

Son olarak, bu sinyal kuvvetlendirme yontemi akis kanaliyla birlestirilmis ve
model hedef protein olarak streptavidinin algilanmasi gdsterilmistir. Akis kanali
icerisindeki altin ylizey lizerine sabitlenmis mikro/nano pargaciklar, bu siv1 igerisinde
hareket eden demir parcgaciklar1 zincir seklinde toplar. Manyetik alanda olusturulan bu
topaklanmalar goriintiilerin Kontrast Giirtiltii Oranini artirmak i¢in kullanilir ve boylece

elde edilen isaret 6-8 kat artirilir.

Omary Mzava
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Tez Yéneticisi: Yrd. Dog. Dr. Kutay ICOZ
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Chapter 1

Introduction

This chapter is dedicated to provide the background information that this work is
built upon. The concept of Biosensors, its characteristics, components, and its types
together with applications will be introduced. Later on Magnetic beads as applied in the
field of biosensors will be reviewed as well. The magnetic properties of materials,
synthesis of magnetic beads, different methods that are employed in the detection of
magnetic beads together with the application of magnetic beads are briefly reviewed in
this chapter. Lastly the main problem solved in this work is introduced and other current
solution methods are discussed.

Biosensors are defined as analytical devices that incorporates biologically active
elements with a suitable physical transducer capable of producing a measurable signal
that is proportional to the concentration on the analyte of interest [1,3]. Analytes of
interest may range from small proteins to large cells. An analyte as used in this context,
is the compound whose concentration is to be determined. Research in this field dates as
far back as in 1950°s when Clark and Lyon introduced the first generation of Glucose
biosensor [4] which serves as a blue print for the widely used modern day biosensors .
Only two components are mentioned in the above definition but mainly biosensors
contain three essential components. Namely: (1) probe (detector/bio receptor), (2)

transducer and (3) signal processor Figure 1.1.

‘ KID>TX
'\ , ENZYME

5 ‘. S 13 CELL
> 5 ) 2 D AnTIBODY [ > K [ > RESULTS

& :
> KDC(DNA
DX | APTAMER
ANALYTE/TARGET BIOMOLECULAR PROBES TRANSDUCER SIGNAL PROCESSING

Figure 1.1 Hlustration of the components of biosensors

Probe contains the immobilized biomolecules that recognizes (interacts) a specific

analyte of interest. Examples of biomolecules that are used as probes include aptamers,



antibodies, extracellular matrix proteins, enzymes, DNA, cell receptors,
microorganisms etc. The Transducer however, it’s main function is to convert this
biological phenomenon of interaction between bio receptor and the analyte into a
measurable signal that is directly or inversely related to the analyte’s concentration.
The measurable signal in this case might be an electrical signal, optical signal,
magnetic, electrochemical signal etc. This transduction is not only limited to one type of
measurable signal. It might be a combination of the signals depending on the system
design [5]. The last component contains signal processing unit that might integrate the
necessary electronics and a display, to filter, amplify and perform further post
processing to display the results in a user friendly way.

Most of clinical methods that are used in diagnosis and monitoring of diseases
have proven to be costly in terms of both financially and time wisely, they also require
specialized personnel and high volume of samples [3]. Biosensors are quite promising
in this case since they require low volume of samples, they can be made with high
specificity, they have fast response, low cost, they don’t require specialized personnel
and they can also be used to measure non polar molecules which do not respond to most

measurement systems [6].

1.1 Types of Biosensors

In literature biosensors have been classified as either according to the
biomolecular probe they use or the type of signal transduction mechanism that is
employed. These categories together with their subcategories are shown in Figure

1.1.1. A brief introduction on some of them is explained below.
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Figure 1.1.1 Classification of biosensors

1.1.1 Based on Transduction Mechanism

Signal transduction forms can be grouped in three broad categories. Namely: 1)
Electrochemical detection mechanism 2) Optical detection mechanism and 3) Mass
detection mechanism. The combination of these can also be achieved thus providing a

wider range of possibilities.

Electrochemical Biosensors

The first of the devices that use this transduction method was reported in the work
[4]. Where only the detection of glucose was conducted. Following this, there have been
numerous improvements and added functionality on different biosensors that employ
this method. Authors of [7] have developed a biosensor to monitor chemotherapy drugs
and determine their damage or modification in the DNA. The working principle of
sensors that fall under this category is the bio electrochemical reaction between the
immobilized biomolecules and the target analyte will result in the production of
electrons/ions which affects the electrical properties of the medium [8][9]. This change
of the electrical properties (voltage/current) is correlated to the amount of the analyte
that is present in the sample medium. This method uses potentiometry, amperometry
and voltammetry techniques which gives further subclasses according to the signal
measured.

Amperometric Biosensors, measure the current value of current density change
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produced from an electrochemical reaction of an electrochemically active analyte at a
constant applied potential voltage [10]. They are well known for their fast
measurements, sensitivity and ability to measure analytes in opaque medium. In [11] ,
an amperometric biosensor that measures the concentrations of the combustible gases
(hydrogen, carbon monoxide and methane) in the nitrogen atmospheres. The limiting
current change was characterized at an operating temperature of 450°C. Adapting this
sensor to other gases, it can be used for environmental monitoring of different
pollutants.

Potentiometric biosensors, work under the condition of zero current flow in the
electrodes, they measure the potential (electromotive force) that is produced by the
reaction between an analyte and the electrode’s membrane or surface. The potential
generated is proportional to the logarithm of the electrochemically active analyte’s
concentration [12] and is compared to a reference potential.

The last subclass is conductometric biosensors, which measure the
conductance/resistivity property of the medium when an electrochemical reaction
occurs. This property is directly correlated to the amount of analyte present. Compared
to other electrochemical biosensors, conductometric biosensors are considered to be
more beneficial. They can be industrially produced at low cost, they can be miniaturized
and highly integrated using inexpensive thin film standard technology to mention a few
[13].

Optical Biosensors

The reaction between the analyte and the biomolecular probe on the surface of
biosensor causes the change in absorbance or florescence that results from the change of
the surfaces refractive index. Different parameters can be measured in this case, such as
phase shift, polarization, energy, decay time and amplitude. However amplitude is used
in most cases as it can easily be associated with the concentration of the analyte [14].

Also Surface Plasmon Resonance (SPR) Biosensors fall under this category.
Calorimetric Biosensors

These are the type of sensors that measure the amount of heat generated in an
enzymatic reaction. The substrate of the enzyme is the analyte itself. These types of
sensors include temperature sensors (thermistors) that convert heat into electrical signal.

4



The entire sensor is normally well insulated to ensure no heat loss is observed.

Authors of [15] have reported a calorimetric biosensor that is used to detect a
poisonous Organophosphates (OP) in foods that’s can cause serious effects to human
beings. An enzymatic reaction between OP and chicken liver esterase catalyst used as
probe generates heat that is used to determine the concentration of OP by comparing the

temperature produced and the temperature before inhibition.

Mass Detection Based Biosensors

These types of biosensors are coupled with piezoelectric crystals. The surface of a
piezoelectric material is made chemically active (functionalized) by probe molecules
(e.g antibody) and made to resonate at a specific frequency by the application of an
electrical signal. When an analyte is introduced and captured by the probe molecule
there will be a change in the resonant frequency of the piezoelectric device [16]. This
change is associated to the amount of the analyte captured. They are among the most

sensitive biosensors used today.
1.1.2 Biosensors Based on Biomolecular Probes

Enzyme Based Biosensors

The first biosensor that was introduced by Clark and Lyons [4] was comprised of
an amperometric enzyme electrode used in the detection of Glucose. Following this,
enzyme based biosensors are more popular due to their specificities. As biocatalysts,
enzymes can specifically bind to their substrate (analyte in this case) and catalyze them.
Enzyme based biosensors rely on this property of specificity of the enzyme. Enzyme
bioreceptors detects targeted analyte from a sample. This catalytic event can be
observed as a change of the medium property (e.g temperature) and correlated directly
to the amount of the analyte present.

Immunosensors

Application of antibodies based biosensors was first applied in the 1950s, thus
opening doors to immune-diagnosis [17]. The requirement of high stabilility, specificity

and versatile biosensors have led researchers to apply the natural occurring phenomena



of antibody-antigen binding in biosensors designing. Antibody binds specifically to its

antigen and this event can be transduced either optically, electrochemically etc.
DNA Based Biosensors

This type of biosensors uses the high specificity binding property of DNA where
two single stranded DNA (ssDNA) binds together to form one double strand (dsDNA).
They work on the mechanism that an immobilized base ssDNA is used to capture its
complementary target ssDNA in the sample and form a stable hydrogen bond
comprising dsDNA. The transduction of this event can lead to different signals

according to the system design.
Cell Based Biosensors

The working principle of this type of biosensor is that they rely on the ability of
living cells (used as bioreceptors) to detect biochemical effects directly and transduce
them into a measurable signal [18]. Some of the setbacks observed in this type of
biosensors are the detection limit of cell based biosensors is mainly dependent on the
medium condition that determine how long the cell can stay alive and stability of the
cell that depends on factors like sterilization, biocompatibility and lifetime. However
cell based biosensors are less sensitive and are tolerant to worse environmental

conditions than enzyme based biosensors [17].
Biomimetic Biosensors

These biosensors contain an artificially manufactured bioreceptor that mimics the
functions of natural bioreceptors. They are known as aptasensors, which use aptamers
as bioreceptors. Aptamers are single stranded nucleic acids that can be used to detect
different molecules such as proteins. These sensors’ popularity is mainly due to their

specificity, modification, immobilization versatility and structural change [17].
1.1.3 Application of Biosensors

Biosensors have widely been used in different fields. Their popularity is due to
the fact that they provide better stability, high sensitivity and applicability than common

current standards. Not only in research but currently different there are a number of
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biosensors available in the market, drugstore and different medical shopping centers.
They are widely used in medical field, Food safety and quality control (analysis),
environmental monitoring and in biodefence. In the following sections these

applications are explained and few examples are cited.
Food Analysis

Food Industry is a very important sector, requires suitable and reliable methods
for analysis. Different contaminants are bad to the human health. Biosensors have been
utilized checking and quantifying contaminants in foods [19]. However monitoring the
quality of food is an important aspect also where biosensors have been utilized.
Chemicals such sugars, amino acids, alcohols, sweeteners and others are among the
food chemicals needing to be monitored. In fermentation process also, biosensors are
applied to monitor sugars such as fructose and sucrose.

For example, there is a wide usage of antibiotics in dairy farming. The remainder
of these antibiotics in the dairy products pose a great danger to the human healths thus it
is of huge importance to monitor these levels. The authors in [20] have developed a

biosensor to detect the amount of benzylpenicillin in milk.
Medical Application

Currently the clinical standards used in diagnosis and monitoring of diseases have
proven to be laborious requiring high sample volumes, too much time, expertise and
immobility. However Biosensors possessing several features such as low cost, high
sensitivity, suitability for point of care diagnosis and other pose to be a great relief in
clinical analysis and monitoring of different diseases. According to [21] more than 422
million adults were living with diabetes. Glucose biosensors have achieved great
popularity today in the market as they form part of an essential component in managing
diabetes.

Pregnancy testing forms another application where biosensors are widely used
to detect the human chorionic gonadotrophin (hCG) hormone that is secreted during
pregnancy.

Biosensors have also been used in the detection of cancer and cardiac

biomarkers, different hormones, bacteria, virus and cancers cells as shown in [22,26].



Biodefence

The rate of terror crimes has been increasing very fast lately, it is logical to be ready
for such evil acts as biowarfare. Biosensors can be used in real time monitoring the
threats of biowarfare agents (BWA) such as bacteria, spores and viruses. Current
developments in biosensor technologies have even improved more the real time
detection and monitoring of BWA. Most sensors rely on the antibody antigen capturing
property for quantification of BWAs. For example authors in [27] and [28] have
designed biosensors for different anthrax biomarkers. Apart from different ongoing
researches there are biosensors already in the market for the detection of these

biothreats.
Environmental Monitoring

Several factors such as economic and industrial growth in the world have caused
the increase in environmental pollution. Heavy metals, synthetic chemicals and
pesticides are among the major contributors to environmental pollution. Biosensors are

utilized to detect and quantify these pollutants [29].

1.2 Magnetic Beads

Magnetic beads have proven to offer attractive possibilities in different
biomedicine applications. They possess different features that make them to stand out
among other mainstream micro/ nanoparticles. Some of those features are: 1) they can
be manufactured/synthesized at different sizes ranging from nanometer to micrometer
scale as well as being coated by different coatings e.g. polymer making them non-toxic.
Depending on where they are applied this size flexibility is an important factor. Taking
an example the size of a cell ranging from (10 nm to 100 um), magnetic beads can be
made to this size or even less, making them easy to reach or get close to the cells.
Biocompatibility is also an important feature if the beads are to be used in invivo
applications. 2) They are magnetic, meaning they can be controlled/ manipulated by an
externally applied magnetic field. This property has proven to be useful in cases that
magnetic particles are used in non-magnetic background medium e.g. in blood since the
blood is non-magnetic. In this way they can be moved and stopped, opening doors for

different biomedical applications. 3) They can be made to respond to an externally



applied varying magnetic field. Meaning energy can be transferred to the magnetic
beads opening up to much more applications [30]. 4) They can be detected by a number
of methods.

Different magnetic beads are available in the market today. While their structure
can be as complex as having a number of iron oxide particles inside a sphere polymer
coating or a sphere polymer coated with iron oxide, they can also be as simple as just a
single bead inside a coating. The preferred coatings are normally polymer matrix or
silica. These coatings can further be functionalized with different biomolecules and
used as biomolecular probes in different binding events and detection applications.
Most of the beads have iron oxide cores. Maghemite and Magnetite have been used
more since they can easily be formed. Cobalt and Manganese oxides have more
attracting magnetic properties but there are concerns about their toxicity making them
less favorable as cores [31].

Several factors are known to have an influence in the magnetic properties of the
beads. Namely; chemical composition of the beads, degree of defectiveness, size and
shape of beads to mention a few. By controlling these factors one can control the extent

of magnetization of the beads [32].
1.2.1 Magnetic Beads Synthesis, Encapsulation and Functionalization

There are a number of parameters that are of particular interest in the synthesis
and functionalization of magnetic beads. For example, their size, stability and shape.
Different methods of synthesis of the magnetic beads have been reported for different
composition of the particles [33,36]. Such as iron oxides example maghemite and
magnetite, ferromagnets such as MnFe;O,4, pure metals such as iron and cobalt etc.
Generally most of the methods for synthesis reported in literature can be classified in
about four broad groups. Namely: co-precipitation, micro emulsion, thermal
decomposition and hydrothermal synthesis [37].

Co-precipitation is the simplest and efficient method used in synthesis of iron
oxides from the iron salts where bases are added to aqueous iron solutions. This method
generally produces beads of the diameter sizes less than 50nm. The size depends on the
ratio of the iron ions concentration, the reaction temperature and pH.

Emulsion is defined as a mixture of two or more immiscible liquids. When these

liquids mix up one liquid is dispersed in another liquid. And droplets are formed which



are unstable and their size keeps on increasing with time. Microemulsion is defined as a
thermodynamically stable emulsion with features that do not vary with time. Their
features size averages less than 100nm in diameter [38]. This method has been used to
synthesize different kinds of magnetic particle like gold-coated cobalt beads, metallic
cobalt and cobalt/platinum alloys.

Thermal decomposition is defined as a chemical reaction/decomposition that is
caused by heat. Magnetic particles can be synthesized by decomposing organometallic
compounds in boiling solvents containing suitable stabilizing surfactants.

After synthesis comes an important step that is used to encapsulate these magnetic
particles to make them chemically stable, offer them protection against corrosive agents
as well as provide a platform for further functionalization of the magnetic particles for
different purposes. This covering gives the magnetic nanoparticles a core and shell
structure. Different strategies are employed in protecting and covering of magnetic
particles such as silica coating, oxidation coating, polymer coating and precious metal
coating.

Following this step is the functionalization step where the coated magnetic beads
are functionalized with different molecules such as biomolecules, catalytically binding

species or different drugs.
1.2.2 Magnetic Properties

Magnetism is a property of exerting repulsive or attractive force observed on
some materials on other materials. Magnetic field is created when there is a movement
of electrons in magnetic materials producing the field and magnetization effect within it
[39]. When a magnetic material is placed under an external magnetic field strength H
whose Sl unit is Ampere-Turns per unit meter (A/m), individual atomic moments
contributes individually to the overall response of that material in that field [39][30].
This response is termed as magnetic induction or magnetic flux density denoted by B
whose Sl units are Tesla (T) or weber/m?. The CGS units of magnetic field strength and
Magnetic induction are Oersted (Oe) and Gauss respectively.

Given in the equation below is the relationship between the applied external field
and the response of the material under consideration called the permeability of the
material (). The relationship is linear in the case where the material medium is free

space thus we have permeability of free space u,. But it is not linear in most cases
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involving other media. Since u may be varying as a function of the applied magnetic
field.
B =uH (1.2.2.1)

(1.2.2.2)
Uo =

This discrepancy in linearity due to material difference is compensated upon by

magnetization (M), which is obtained by the following equation.

m
. (1.2.2.3)
vV

Where m is the magnet moment and V is the volume of the material. Leading to
the final relationship given as;
B =pu,(H+ M) (1.2.2.1)

The above equation holds true for all media. All materials exhibit magnetism to
some point depending on their atomic structure and temperature. Some are weak while
some are strong. This phenomenon is best described by volumetric magnetic
susceptibility y, given by the following equation.

M= yH (1.2.2.2)

Magnetic susceptibility is dimensionless and it can be used to classify materials
behavior under magnetic field. The materials with small magnetic susceptibility are said
to be less magnetic and vice versa.

Some materials have ordered magnetic states even under no magnetic field. They
are classified as ferromagnets, ferrimagnets and antiferrimagnets, the susceptibility of
these materials depends not only in temperature but also in the applied magnetic field H
giving rise to a characteristic B-H curve that shows the relationship between applied
external field and the magnetization achieved. An application of external field in these
materials causes the atomic dipoles to align according to that field. Upon remove of the
field, the magnetization does not return to zero. This lagging gives the what’s called the
Hysteresis loop. Shown in the Figure 1.2.2.1 below is a B-H curve for ferromagnetic

material.
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Figure 1.2.2.1 Ferromagnetic materials’ B-H curve

Important points in the graphs are shown and defined. Magnetic saturation, this
point is the highest magnetization achieved in the material any further increase in the
field will not cause any effect. Remanence is the residual magnetism that is left behind
upon the removal of the external magnetic field. Coercivity, is the magnetic field that is
required to return the magnetization of the material to zero after saturation. This value

gives a measure of the resistance of the material to become demagnetized.
1.2.3 Classification of Magnetic Materials

Magnetic materials are classified as explained in this section. The classes are
ferromagnetic beads, antiferromagnetic beads, ferrimagnetic beads, paramagnetic beads

and superparamagnetic beads.
Ferromagnetism

This phenomenon is observed in materials that can be attracted and can be made
into magnets. Materials with this property are characterized by high magnetic
permeability, high saturation point and hysteresis. In atomic level these material possess
atomic moments that are aligned to each other in the regions called domains. In the
regions there is magnetism but at this point but if the whole material is considered, there
IS no net magnetism because the domains themselves are all randomly aligned. Upon
application of the magnetic field, the random domains align ordered and net magnetism

is experienced.
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They tend to keep their magnetization even after the removal of the external field.
At high temperatures above the Curie temperature, the magnetization of the

ferromagnetic materials disappears.

Ferrimagnetism

Materials possessing this property contain hysteresis loops which are similar to
that of the above-mentioned ferromagnets (Figure 1.2.2.1). However small but
ferromagnetic materials observe a permanent magnetic state. They have small
susceptibility mainly due to the fact that these materials have net magnetization caused

by the anti-paralleled and unequal magnetic moment of the coupled atoms in the

vhede
vhede

Figure 1.2.3.1 Magnetic moment alignment for ferrimagnetic materials

material.

Antiferromagnetism

Materials that possess this kind of property have net zero magnetization. This is
caused by the fact neighboring coupled atoms have equal in magnitude and anti-
paralleled magnetic moments. They end up cancelling each other leading to net zero

magnetization. Antiferromagnetic materials possess a very small negative susceptibility.

Figure 1.2.3.2 Magnetic moment alignment for antiferromagnetic materials
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Paramagnetism

Paramagnetic materials temporarily observe weak magnetism and posses
susceptibilities of the order of 10° to 10™. When the material is exposed to an external
magnetic field, the atomic magnetic moments partially align up in the direction of the
field and the material becomes weakly magnetized. Upon removal of the external
magnetic field the material loses it magnetization immediately. The magnitude of the
magnetic field induced is temperature dependent in paramagnetic materials. Thermal
agitation limits the randomization within the atom, which limits the magnitude of the
induced magnetic field.

Diamagnetism

This property is observed in materials that cannot be affected by magnetic field.
Their atoms contain core electron in filled shells that resist any change to align electron
spins upon application of magnetic field. The susceptibility of these materials is very
small in the range of -10° to -10°. Meaning negative magnetization is achieved when
these materials are subjected to an external magnetic field. They are repelled by

magnetic field.
Superparamagnetism

This property is observed in smaller ferromagnetic and ferromagnetic beads
[30][40]. The size can be as smaller as less than couple of tens of micrometer. They can
be thought as having one giant magnetic moment composed of magnetic moments of
atoms forming it. They are single domain magnetic beads. Their magnetic moment is
free to flip randomly depending on the temperature while their individual atomic
moments maintaining their original ordered state relative to one another. The average

time between a flip is called Neel’s relaxation time.

AE (1.2.3.1)
T = ToCXp (ICB_T)

Where 7 is the relaxation time of the net magnetization of the particle t, is the
attempt time, AE is the energy barrier to moments reversal and kzT is the thermal

energy. However the observation of superparamagnetism does not only depend on the
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temperature and the energy barrier. In order to observe superparamagnetism
measurements should be performed at a specific time called measurement time, t,,.

Superparamegnetism depends on this measurement time. Two states may be
observed from this situation. When the time between two flips is less than the
measurement time (7 < 1), a superparamagnetic state is observed. And when the time
between two flips is greater than the measurement time (t > t,,), a blocked state is
observed.

Materials with this property have anhysteretic (no hysteresis loop) but sigmoidal
M-H curve shown below [30]. When the magnetic field is removed their magnetization

falls to zero.

Figure 1.2.3.3 Superparamagnetic materials’ M-H curve

1.2.4 Detection Methods for Magnetic Labels

The application and usage of magnetic materials in our daily lives have played an
important role in developing magnetic beads detection methods for biosensors.
Explained in the section are different ways that are used to detect magnetic beads or
labels. The methods are grouped into two groups namely 1) Direct methods and 2)
Indirect methods [41].

Direct Methods

Frequency Dependent Magnetometer

These devices works on the principle that, when a plastic strip containing super
paramagnetic beads is placed inside a coil of an LC circuit, the resonant frequency of

this circuit changes. The resonant frequency decreases as an assay containing magnetic
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beads is placed between in the measuring coil. This decrease in resonant frequency is

proportional to the number of magnetic beads present in an assay.

PLASTIC STRIF

Figure 1.2.4.1 llustration of frequency dependent magnetometer

Maxwell Bridge

One of the earliest methods to detect magnetic beads was through the
measurement of magnetic permeability. In Maxwell bridge setup, the bridge is powered
by a sinusoidal power source and any voltage variation is detected between point A and
B. The inductor L4 is used as a sensor for the magnetic labels/beads.

The bridge is firstly balanced at such that:

L4 = R2R3C1 (1241)
and
R,R 1.2.4.2
R4 — 213 ( )
Ry

The inductance of the coil can be found by the following equation.

'ur‘quNz (1.2.4.3)
B l
Where R is the resistance, C is the capacitance u, is the relative permeability, u,

L

is the permeability of free space, A is the cross sectional area of the coil, | is the length
of the coil and N is the number of turns of the coil.

When a magnetic material (in this case the magnetic beads or label or a magnetic
fluid) is introduced between the coils, it changes the permeability thus changing the
inductance of the coil. This unbalances the whole bridge circuit and the change is
observed in the output voltage across A and B. This output voltage is proportional to the

number of magnetic beads.

16



Figure 1.2.4.2 Maxwell’s bridge setup

Superconducting Quantum Interface Device (SQUID)

This device forms one of the most sensitive and with high dynamic measuring
range of all the magnetic field measurement technologies. It is used to detect the
antibody coupled magnetic beads in a standard immunoassay. A sample containing the
super paramagnetic beads is magnetized and al the beads are aligned in the magnetic
field. This magnetic field is then removed; this removal leaves the magnetic beads
aligned for a short period of time before randomizing again. This short event of keeping
the magnetization is known as magnetic remanence. SQUID measures the decaying
time known as Neel’s relaxation time given in the equation below. Where 1, is the
excitation time, AE is the enrgy barrier, k is the boltzman constant and T is the
temperature. The unbound magnetic beads decay very rapidly and do not have an effect
on the measured time.

AE) (1.2.4.4)

Ty = T, €Xp (ﬁ

Giant Magnetoresistance (GMR)

Magnetoresistance (MR) is a general name given to changes in materials’
conductivity and resistivity upon application of magnetic field [42][43]. This effect is
known to depend on the strength of the magnetic field and the direction of current. The
sensitivity of the magneto resistive materials is given by the following equation:

AR R-R 1.2.45
MRratio = — = —fsat ( )
R RHsat

17



Where Rysat IS the minimum resistance in saturation field. The following are
some of the technologies that employ this property.

GMR is a quantum mechanics phenomena observed in thin film structures
consisting of alternating layers of ferromagnetic and non-magnetic layers whereby a
change in resistance is observed upon application of a magnetic field [44]. This effect
was discovered by the authors of [45][46] in 1988 independently. They observed that
this magnetoresistance change was greater than any other magnetoresistance change in
metals observed before that’s why this changes is called “Giant” magnetoresistance.
When there is no magnetic field the magnetization in the ferromagnetic layers is
antiparallel, upon application of magnetic field a parallel magnetization is obtained in
the ferromagnetic layers causing a decrease in electrical resistance in the whole multi-
layer structure. A magnetoresistance of 50% or more have been reported.

There are several types of GMR structures. The following are some of the

structures as used in the detection of magnetic beads/particles.

Coupled Multilayer

This was the pioneering structure. Composed of alternating multi layers of
ferromagnetic separated by a thin layer (about 1nm) of non-ferromagnetic layers shown
in the figure below. There can be a couple stacks of layers. It employs the main working
mechanism explained in the subsection 1.2.4.1.

Authors of [47] have created a biosensor system for capturing and detection of
micron sized super paramagnetic beads on a chip containing an array of GMR sensors.
The sensing mechanism involves ligand-receptor interaction and GMR sensing. The
sensor’s surface is patterned by a receptor molecule for certain target then a sample is
passed. After capturing the target then magnetic beads coupled with a second set of
receptor molecule allowed to attach on the sample that is immobilized on the sensor
forming a sandwich structure. The super paramagnetic beads are now on the GMR
sensor’s surface. An external magnetic field is applied to the beads causing creation of a
local field that is capable of producing a magnetoresistive change. The overall effect in

resistance change is contributed by the resistance change caused by each magnetic bead.
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Anisotropic Magnetoresistance

Anisotropic magnetoresistance effect occurs as a result of change in
magnetization moment direction with respect to the current flowing in the material.
Thus the resistivity of the material depends on the angle between the magnetic field and
the electrical current in the material. Given by the following equation:

p=py—pcosb (1.2.4.6)

The anisotropic magnetoresistance ratio is given by the following equation.

AMR (%) = % % 100 (12.4.7)
3Pt 3PL

Spin Valve

Spin valves works by using GMR magnetoresistive property although their
structure are slightly different. In it’s simple structure spin valves contain a layer of
non-magnetic material sandwiched between ferromagnets. With one of the ferromagnets
fixed (pinned) by an antiferromagnet whose purpose is to raise the coercivity and one
left unpinned. The pinned behaves as a hard layer and the other as a soft layer. The
difference in coercivity makes the polarities of the layers to respond to an applied
magnetic field differently, with the free layer changing the polarity at lower fields. Two
states can be achieved by this change in the free end’s polarity. Parallel state which is a
low resistance state and anti-parallel which is a high resistance state.

In [48], a GMR spin valve method for detecting magnetic nanoparticles (magnetic
labels) showing a potential to be used in biodetection has been reported. Authors were
able to detect magnetic nanoparticles from hundreds of them down to tens of them. The

MR ratio in this case was around 11%.

Magnetic Tunnel Junction (MTJ)

Magnetic tunnel junctions are made of a non-magnetic metal layer sandwiched
between ferromagnetic metals. The non-magnetic metal is made very thin so that
electrons can tunnel from the magnetic metal upon application of bias voltage across the
ferromagnetic layers. The tunneling current depends on the direction of the magnetic
moment in the ferromagnetic layers. This orientation can be made to vary to parallel and

anti-parallel thus producing high and low electrical resistance.
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In [49], a Mg-O based MTJ biosensor is reported for detecting DNA. Mg-O based
barriers as large as 200% MR ratios have been reported thus making them suitable for
small magnetic field detection. The sensors contain 64 elements MTJ arrays
functionalized with target DNA followed by the hybridization of the complementary
target DNA. The magnetic beads coated with the probe DNA allowed to bind to the
target forming the sandwich structure. The magnetic field responses curves were
measured and plotted before and after binding of the magnetic beads. Clear differences
were shown in the curves and signal to noise ratio analyzed. These differences
suggested that Mg-O based MTJ biosensors hold promising capability in DNA or

protein detection.

Silicon Hall Sensor

Discovered in 1879 [50] Hall effect is defined as the production of an electrical
potential difference across a current carrying conductor when a magnetic field is applied
externally perpendicular to the direction of flow of current. The potential difference
created is due to the built up of charge carriers that are pushed by the magnetic field in
the sides of the conductor. The direction of the potential difference is perpendicular to
both electric current and the magnetic field’s direction. The magnitude of this hall
voltage is given by the following equation:

_IH (1.2.4.8)

Vy = TRH

Where Vy is the hall voltage created, | is the current flowing, H is the magnetic
field strength, t is the thickness of the Hall region and Ry is the Hall coefficient.

Authors in [51] have reported a manufactured biosensor that is based in hall
effect. It was manufactured using standard complementary metal oxide semiconductor
(CMOS) manufacturing technologies. It was used to quantify magnetic beads bound to
the sensor’s surface, which gives the concentration of the analyte. Similar to ELISA the
adhering of the magnetic beads on the surface is by immunological recognition thus

requiring the beads to coated and functionalized.
Indirect Methods

Indirect detection of magnetic labels is done by exploiting the effect of the

magnetic beads on the surrounding. This effect forms an indirect way of obtaining

20



information about the sample. Discussed under this section are some of the technologies

employing indirect methods of detection.

Magnetic Relaxation Switches

Magnetic Relaxation switches work on the principle that involves the measuring
the spin-spin relaxation time by using Nuclear Magnetic Resonance (NMR) technology.
Detection of the target molecules involves measuring the relaxation times (T2) in the
solution. Coated magnetic nanoparticles gathers to form clusters upon capturing the
target molecules. This clustering causes the change in the relaxation time (T2) of the
water protons [52]. The change in T2 provides quantitative data on the concentration
and sensitivity[41]. This method however is more suited for detecting target molecules

that are much smaller than the magnetic particles.

Microcantilever Based Force Amplified (FABS) Biological Sensor

FABS uses special type of cantilever made from piezoresistive materials that
undergo a change in resistance upon application of mechanical stress. Antibodies to a
known antigen are immobilized on the cantilever surface. When a target-containing
sample allowed to flow on the cantilever’s surface sample molecules are captured by the
antibody antigen-binding event. After capturing the samples are labeled with antibody
labeled magnetic beads to form a sandwich. An external magnetic field gradient in then
applied, interacting with the magnetic beads on the cantilever’s surface and causing it to
bend due to the force experienced. This bending stress causes a change in resistance of
the piezo micro-cantilever. The instrumentation coupled with cantilever allows the

measuring of this change [53].
1.2.5 Application of Magnetic Beads

Targeted Drug Delivery

The goal of all drug delivery systems is to administer drugs specifically to
targeted entities through medium that can control the delivery of the therapy by using a
physical or chemical trigger. The extent in which this goal is achieved however is an
issue since most chemotherapy methods are non-specific. Because intravenously

administering of drugs leads to general distribution. The outcome of this is that drugs
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that are aimed for the sick cells may also attack the healthy cells. Also the effect of the
drug administered decreases even before reaching the targeted site/organ.

As a solution to this, researchers are pursuing the use of magnetic drug carries to
deliver drugs only to specific area within the human body. The magnetic targeting
method dates back to 1956 when researchers used injection method administered
maghemite particles into the lymph nodes to selective induce heating after the surgical
removed cancer (paper). The objectives of targeted therapy are as follows 1) to
enhance drug targeting specificity 2) to lower the extent of drug toxicity 3) to improve
treatment absorption rates 4) providing protection for pharmaceuticals against
biochemical degradation (v) to reduce the amount of dose administered by target
delivering.

Magnetically targeted therapy involves the attachment of the drug to a
biocompatible magnetic particle. The drug/carrier complex is then administered by
injection to the circulatory system of the patient. With the background medium being
less magnetic, when the particles have entered the blood stream an external high
gradient magnetic field is applied to move and stop the complexes to a specific site in
the body. After concentrating the drug/carrier complexes at the target, the drug can be
released by enzymatic activity or change in physiological conditions such as pH,
temperature and be taken up by the tumor cells. By localizing the drug in only the
diseased part, it is made possible to reduce the amount of dose of freely circulating
drugs with small-targeted amount thus increasing the efficiency of the drug delivery.

The principle of magnetic targeting is based on the magnetic fields applied to the
superparamagnetic particles resulting to a force that cause translational motion. The
efficiency of this method depends on several factors like magnetic properties of the
particle, the size and shape of the magnetic particles, field strength and also hydro
dynamics parameters such as blood flow rate, concentration of the ferrofluids and also
other physiological parameters such as distance of the targeted site from the magnetic
field, strength of the drug/ carrier binding. Larger particles of the order 1um have
proven to be suitable for this purpose.

Biocompatibility and biodegradability is also an important issue if this process is
to be adapted mainstream. Pure uncoated magnetic particles can not be used directly
thus researchers are working on developing coatings that possess the two properties.
The coating acts as a shield for the magnetic material and can be coated with other

biomolecules.
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Gene Delivery

This is the process of introducing a foreign DNA into a host cell for different
purposes such as gene therapy. Gene therapy however can be defined as the
introduction nucleic acids polymers to a patient’s cell as a drug to treat a disease.
Mostly DNA is used whereby a therapeutic gene is introduced and carried by a vector to
replace a mutated gene. In gene delivery using magnetic particles the viral vector
carrying the therapeutic gene is coated onto the magnetic carrier’s surface. Then holding
the carrier/vector complex at the targeted site using the external magnetic fields the
virus is in contact with the tissue for a longer time thus increasing the efficiency of gene

transfection and expression.
Hyperthermia

Hyperthermia in cancer treatment also called thermal therapy/thermotherapy is a
type of cancer treatment in which a cancerous tissue is subjected to high temperatures of
around 42-46 °C to kill the cancer cells [54]. Thermotherapy is divided into two,
regional thermotherapy where the temperature of the part of the body (or the whole
body) is raised to compliment other treatments such as chemotherapy and local
hyperthermia where high temperatures are applied to a small area of cells. The former
uses low temperatures than the latter. Since its invention numerous methods have been
employed in thermotherapy. These methods involve the use of hot water, capacitive
heating and inductive heating of malignant cells. However these methods all suffer a
problem of localization and specificity, that it is difficult to heat the cancerous
cells/tissue to the required temperatures without damaging the normal healthy
surrounding cells.

In this method magnetic nanoparticles are spread on the targeted tissue and an AC
magnetic field is applied. The AC applied should possess a strength that can cause the
heating of the magnetic nanoparticles. This heat is transferred to the tissue and if
maintained above the therapeutic limit for more than 30 minutes the cancerous tissue
will be destroyed.

This method however faces two challenges: 1) delivering the amount of magnetic
nanoparticles that can cause effective heating 2) using AC field strengths that are

clinically safe. Enough heat must be generated to obtain 42 °C for about 30 minutes.
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Calculating the heat deposition rate to achieve this is a challenging task since the
presence of blood flow and tissue perfusion causes cooling of the tissue.

Physiological response to high magnetic frequency magnetic field such as
stimulation of skeletal muscles, cardiac stimulation and non-specific inductive heating
of tissues provide a limit on the frequency and strength of the externally applied
magnetic field. The safe usable range is f=0.05-1.2MHz and H=0-15 kAm™.

The amount of magnetic nanoparticles required is dependent solely on the method
of administration. Direct injection causes more concentration of the magnetic
nanoparticles around the target tissue compared to other methods as antibody targeting.
But each method has its own advantages and disadvantages. Mostly magnetite and
maghemite particles that are smaller than 10 um are used due to their biocompatibility
and stability.

The Ferromagnetic particles possess a hysteretic property when exposed to AC
magnetic field which gives rise to magnetic heating. The heat produced per unit volume
is given by the frequency multiplied by the total area of the hysteresis loop. The formula
ignores heating due to eddy currents since the magnetic nanoparticles are too small and

the magnetic energy is too low to generate a considerable amount of eddy currents.
Magnetic Separation

Separation is a standard procedure that is used in the laboratories to ensure
availability of concentrated samples or to separate biological entities from mass of
samples or their native environment for further analysis [55].

Magnetic particles have proven to be useful in this case too. Application of
magnetic particles for separation involves two steps. (i) Targeting and labeling of the
needed biological entity using a magnetic label (tagging) (ii) separation of the labeled
entities using magnetic separation based devices.

Targeting the biological entities is done by functionalized magnetic nanoparticles.
A biocompatible polymer like dextran or Polyvinyl Alcohol first covers magnetic
nanoparticles. This has an additional advantage that it increases the colloidal stability of
the magnetic fluids. The specific binding sites on the surface of the cells are targeted
using antibodies or other biological macromolecules like folic acid or hormones.

After tagging step the whole complex is passed in a magnetic separator. Magnetic

separator provides the magnetic field gradient needed to separate the tagged entities
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from their background solution. The magnetic force described later in the following
chapter is used to immobilize the separated entities. This force has to be greater than the
hydrodynamic drag force acting on the tagged material flowing in the solution.

The separator can be designed to be as simple as just a test tube and a magnet
placed at the side or can be of a much more complicated design depending on the needs.

The magnet pulls the magnetically tagged cells/particles towards the wall and the
remaining part can be poured away or removed. This process has proven to be slow. A
different approach is employed to increase the efficiency as well as the accumulation
rate. Creation of high magnetic field gradients regions within separator. This is achieved
by placing a magnetizable matrix inside while the field is applied.. This can is much
faster than the initial method. Another method is by using specifically designed field
gradient system like quadropolar arrangement. Which creates a magnetic gradient

radially outwards from the center of the flow column.
Contrast Enhancement Agent in MRI

Magnetic resonance imaging (MRI) relies on the magnetic moments that are
produced by spinning protons. The effect is of the protons is huge in the presence of a
steady magnetic field B, since there are a lot of them in biological tissue. Hydrogen
nuclei found in waters molecules inside a human body accounts for the images that can
be taken using this method.

The basic idea is that the protons spin on their own axis and possessing a
magnetic moment M. when a uniform external field B, tuned to Lamor frequency wy is
applied the spinning of the protons aligns parallel to the uniform field. This behavior is
called Lamor Precession and is proportional to the magnetic field strength given as:

wo=Y By (1.25.1)

Where y is the gyro metric constant.

To obtain an image of the object, the object is placed inside a uniform field B, and
the hydrogen nuclei’s spin align with this external uniform field and the net magnetic
moment M in parallel to the field also.

Next a radio frequency pulse is applied which causes M to tilt away from B,.
When the radio frequency is removed the nuclei realign themselves such that M is again
parallel to B,. This process is known as relaxation. During this relaxation process nuclei

lose energy by emitting their own RF signal. This signal is called Free Induction Decay
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(FID) response signal. This response signal is picked up and measured by the inductive
coils, and further the measurement is processed to obtain a grey scale image of the
object.

The contrast/intensity of the tissue depends on the proton density and the
longitudinal relaxation time T and transverse relaxation time T,. T; measures the time
required for the displaced nuclei to return to equilibrium and T, measure the time for
the FID response signal from a given tissue type to decay.

The contrast of the image obtained from MRI is a function of response signals
from particular radio frequency pulses and depends on the factors that have been
explained above. Super paramagnetic particles can change the rate at which the protons
decay from their excited to equilibrium states. The biocompatible particles can be used
in certain tissues by targeting them and produce a local field in application of the large
external field. This results to shortening of the proton relaxation times thus changing the

contrast of the image[56].

1.3 Problem Definition

Biofunctional micro/nanoparticles have proven to be a very important component
towards attaining ultrasensitive level of detection and miniaturized assays. They can be
used as tracers or carriers to obtain amplified signals or probes [57]. Magnetic particles
as labels for signal amplification have been well explored in different works. To achieve
signal amplification magnetic particles are linked to other molecular labels such as
fluorescence labels [58], chemiluminescent labels [59] and quantum dots [60]. This
linking is done by using a secondary non-magnetic label coated with a biomolecule (e.g
antibody) binding itself to the magnetic particles or to the target molecule and provide
signal or signal amplification. The signal obtained is correlated to the amount of the
target molecules present in an assay.

The use of biomolecular binding events in assays however, has some setbacks.
Firstly, binding events are very sensitive to the environmental conditions such as pH of
the medium, temperature and ion concentrations. High care must be observed if high
binding rates are to be achieved in this case. Secondly, the labels coated with
biomolecules are expensive compared to the non-coated labels. And lastly, some of this

reactions require extra time and specific buffer solutions for detection [14].

26



In this work a, novel magnetic particle based signal amplification method is
reported. This method is not cost and time efficient, does not need temperature, pH
control or specific buffer conditions and does not need any extra biomolecule such as
fluorescent labels.

The mechanism of this method is as shown in the Figure 1.3.1 below. Primary
magnetic beads capturing target molecules (referred as base beads in this work) are
subjected under and external magnetic field. Upon magnetization of the base beads,
they create a local force field around them. Other magnetic beads (uncoated) or iron
nanoparticles are added (referred as added beads in this work). By dipole- dipole
interaction the added beads are attracted to the base beads thus forming
clusters/flocs/tails. This will be seen as an increase in area/ length of the base beads in

the 2D camera images obtained, thus providing signal amplification.
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Figure 1.3.1 Demonstration of the experimental setup and magnetic beads accumulation based

signal amplification

In this work the focus is aimed at studying the dynamics of this method for signal
amplification, combination of this method with magnetic separation and the integration
of this signal amplification method in flow chamber and surface functionalization.
Lastly a complete biosensing method involving the detection of proteins (streptavidin)

is demonstrated.
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Chapter 2

Forces on Magnetic Particles in a

Solution

The foundation of this work is mainly based on the forces that are experienced by
magnetic particles inside a fluidic system and the interaction between these magnetic
particles/ beads under these forces. A fluidic system in this case can be a drop or even a
flow chamber. Magnetic beads can be controlled or manipulated by an external
magnetic field. External magnetic fields are usually provided by electromagnets or
using commercially available permanent magnets. They can all produce different ranges
of magnetic field and forces depending on different parameters like the distance
between the magnets and the magnetic beads or by controlling the current flowing
through the coils of the electromagnets. This property is very useful in magnetic
separator devices.

The controllability of the magnetic beads in any fluid system is dependent on
several numbers of forces. Namely, magnetic force from all sources, drag force, gravity,
particle-fluid interactions, inertia, Brownian motion, buoyancy and interparticle effects.
These forces are reviewed in [61,63]. The dynamics of the magnetic beads in a

microfluidic system can be modeled by the following equation as given in [61].

N

d?x;
m; ?21 =Fp;+Fp; +Fpg;(t) + Z(Fdd,ij + Fuawij + Fsurij + Fryaij)
j:i (2'1)
Jj#i
(i=1,..,N)

Where m and x;(t) represents the mass and the position of the ith particle. The
right side of the equation presents the forces on the ith particle. F,,, ; is the force due to
an external magnetic field, F; is the drag force, Fp;(t) is the force accounting for
Brownian motion. Interparticle interactions are modeled by the summation term. Fy ;;
is the magnetic dipole-dipole force, Fyg4,,;jis the van der waals’ force, Fsy,;jis the

repulsive force due to surfactants and Fj,,4 ;; is the hydrodynamic force from interaction
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of the particles. The inertia term helps to predict the motion of the particle with high
precision at high acceleration.

The major emphasis is given in the dynamics of magnetic beads in low
concentrated and slow moving fluids only the dominant forces are discussed and a
special discussion is given on the interparticle forces (magnetic dipole-dipole forces)
since they form a very important component of this work. These forces cause the
magnetic beads to attract each other to form suprastructures in form of chains or flocs.
When dealing with diluted magnetic solutions the interparticle effects can be neglected.
Thermal kinetics (Brownian motion) are also ignored when the particle used are larger

enough. The criterion for this is given in [64].

2.1 Magnetic Force on a Magnetic Bead

In manipulation of beads it is understood that uniform field will only give the
magnetic beads a torque effect but to give a translational motion a magnetic field
gradient is required [65]. The derivation of the magnetic force acting on the magnetic
beads inside a magnetic field is shown below. The ultimate equation is given in
literature but most of them do not show the derivation or references to the derivation
making the user harder to decide how it is used in a certain experiment [66]. Magnetic
force Fy, acting on a point like magnetic dipole m is given from the derivative of the

magnetic energy [67].

1
Ho
where p,is the permeability of vacuum. Another form of the equation is given as:
1
F,=— (m-V)B (2.1.2)
Ho

This equation only holds when the magnetic moment of the particles is not
varying in time (i.e.V - m = 0) or the magnetic field is high enough to cause complete

saturation of the magnetization. For the magnetic moment m, it can be written as:

m ="V uM (2.1.3)

Where Vy, is the volume of the particle and M is the magnetization of the particle. If the
particle has a core and shell structure where the shell is polymer and diamagnetic then

the volume of the core is used in this case. M, is also given by,
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where Ay is the relative susceptibility of the particle to the medium. If the medium is

water then its given by :

AX = Xm — Xw (2.15)

Where y,,, is susceptibility of the magnetic particle and y,, is the susceptibility of water.
From Equation 1.2.2.1 the equation in Equation 2.1.1 simplifies to the final form below.
VX

F, = (B-V)B (2.1.6)
Ho

2.1.1 Accounting for Initial Magnetization

Magnetic beads are known to have complex structures depending on the

manufacturing processes and design. Some of them have single core while other have
multiple cores covered with coating of different materials such as silica and polymer.
These structural complexities make it difficult to determine the exact magnetic moment
m of the bead and its dependence on the magnetic field. However manufactures do
provide the B-H response curves that make the work a bit easy. The authors of [66]
have tried to model the motion of superparamagnetic beads in microfluidic channel
based on the given conventional magnetic force equation above. But they found that the
parameters given by the manufacturers could not match with the experimental data. To
solve this problem it was necessary to modify the force equation to also account for the
non-zero magnetization of the bead. They used magnetization and susceptibilities of the
beads as parameters that can be adjusted. And the results they came up with were the
model based on the corrected equation agreed well with the data.
The magnetization M of superparamagnetic bead varies approximately linearly with the
applied magnetic field (weak fields) shown in the equation below. Mg represents the
initial magnetization of the beads and p represents the density of the beads in SI unit.
The initial magnetization of the bead is always parallel to the field and has a value
ranging from 0 to a maximum of the remnant magnetization.

B
M= M, +?ﬁ_ (2.1.1.1)
P Ho

Ignoring the complexities of the beads’ internal structure y,, represents the
susceptibility of the bead. This value is obtained by taking the average of the slopes in
M-H curve given by the manufacturers. It is convenient to use the average value since

the magnetic beads inside the same lot can have different values of susceptibilities.
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AM (2.1.1.2)

Am = Pm
The magnetic moment m is given by the following equation:
m = pV, M (2.1.1.3)
Substituting M , we end up with the following equation:
Xm B 2.1.14
m=V(M+——) (2.1.1.4)
PVm 0 0 Lo

The above argument leads to the modification of the conventional force equation
used to calculate the magnetic force experienced by the magnetic particles inside a

magnetic field.
F, = (mn-V)B (2.1.1.5)

Leading to the final equation:

v
F, = pV..(M,-V)B +-"%X™ (B . V)B (2.1.1.6)
Ho

Comparing to the conventional force equation in this equation there is an extra
term caused by the initial magnetization. The conventional force equation in the does
not account for the initial magnetization but however small it might be, in weak
magnetic field the effect of the initial magnetization may be comparable to the effect
caused by the weak external magnet. Ignoring this may lead to the deviation of the
experimental parameters from the manufacturers’ specification.

The magnetic force is normally provided by electromagnets or permanent
magnets. Permanent magnets have an advantage of electromagnets in that they don’t
operate using a power source, they generate no heat and substantially magnetic force

can be produced from permanent magnets.

2.2 Drag Force

For spherical particles the fluidic forces is estimated by using the Stokes’ law.
The major condition is that the flow should have a low Reynolds’ number given by the
Equation 2.2.1. Where 7 is the dynamic fluid viscosity of the suspending fluid, r,is the
radius of the particle and u, being the velocity of the fluid and u,, the velocity of the

particles.
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Fp = 6mnr,(ur — up) (2.2.)

The drag force opposes the net particle motion however in the cases which
involve the movement of the magnetic beads by using magnetic force the drag force is
comprised of two distinct forces. One of the forces opposes the movement caused by

the fluid flow and the other opposes the movement caused by the magnetic forces.

2.3 Magnetic Bead-Bead Interaction

In this thesis the study of the nature of interaction between magnetic beads under
external magnetic field is of huge importance since most of the experiments conducted
in this work much depends and revolve around two relationships. 1) The relationship
between the applied external field and the magnetic beads. 2) The relationship between
magnetic beads under external applied magnetic field. Under external field the magnetic
beads interaction can be treated as dipole-dipole interaction. This assumption is valid
for the two magnetic beads with their distance of separation greater than their particle
size. When two particles are considered, the magnetization on one particle causes
magnetization on another particle. Depending on the position between the particles
attractive and repulsive forces can arise [61] as well as torque can also be experienced.
The torque will tend to be aligning the magnetic beads if they when they are not
aligned. If the beads are assumed to be dipoles then the force caused by one bead on
another bead under external magnetic field is derived below as discussed in [68] using
the vector differentiation approach.

The magnetic field generated by magnetic dipole a at the position where magnetic

dipole b is situated is given by:
B, =VxA (23.1)

Where A is the magnetic dipole potential given by:

g = PoMa XT (2.3.2)
4w rt

Substituting A and further calculating the field is obtained as:

_ B (3r(mg 1) m, (2.3.3)
ab = g rs r3

The force that is exerted by bead a on bead b is given as:
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u 3r(my-r) m,
F,, = V(Bg, -my) = ﬁv (<— _ _> . mb> (2.3.4)

By manipulating the above equation, the final that is exerted by dipole a with
magnetic moment m, on dipole b with magnetic moment my separated with a distance
vector r is given as follows.

3o 5(m,-r)(m, - T)r

T'Z
Considering two magnetic beads shown by the diagram below. The magnetic
force between two beads can be decomposed to two components named the radial and

tangential component. A general form of these forces are given in [69].

H
B =

........................................ QL,_ ‘.

Figure 2.3.1 Diagram showing the positions of the interacting magnetic beads and the magnetic

fields direction

The approximate polar equations of this force consisting of the radial force Fand
tangential force F, are given below. Where R is the distance between particle centers, a
and b are the radius of the interacting particles, B is the magnetic flux density, y, is the
permeability of free space, y is the magnetic susceptibility, and & is the angle between
the magnetic field direction and the line connecting the particles’ centers. The Figure
2.3.1 shows the relative positions of the interacting magnetic beads inside an external

field. The direction of the magnetic field is shown in arrows.

~ _ 2mx*B%a®b? (2.3.6)
Fr= T (1 + 3co0s26)
4my?B%a3p3
3[1.0R4

The direction of the dipole-dipole force field is determined by the /+3cos26 and

sin20 terms in equations 1 and 2, which coincide with the trajectories. Due to the 1/R*
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term the forces F, and Fy increase significantly as the distance between the particles
decreases. Different forms of the tangential and the radial components of force are also
given in [69].  The dipole-dipole force field is drawn and depicted below in Figure
2.3.2 for the force on the second bead when placed at any point in the field. Depending
on the position where the bead is situated the nature of the force can either be attractive
of repulsive.

The force is attractive when the particle is placed at any point along the y-axis and
repulsive when the particle is placed along the x-axis. At the position between both the
x and y-axis, both the tangential and radial forces existt and seems to drive the beads to
either the position where the attraction may occur or the position where the repulsion

may occur.
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Figure 2.3.2 Normalized dipole-dipole force field

However this interaction does not hold for all magnetic materials. For soft
magnetic materials the magnetization of one bead also affects the magnetization of the
other particle and vice versa [69]. Thus the interaction force explained does not always

account for the coupling force among soft magnetic materials.
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Chapter 3

Magnetic Platform Design

To provide an optimum required magnetic field, a magnetic platform was needed.
The main functions of this platform are two fold, 1) provide the main working area
where the magnetic beads containing glass slide will be placed 2) holding the
permanent magnets at the required positions to provide the necessary magnetic field.
Thus designing a good magnetic platform forms an important part of this work.

The magnetic platforms are made from the PMMA material. The cutting and
scanning are done using a laser cutter machine. Cutting named as vectoring and
scanning is named as rastering in the laser cutting machine software. Vectoring cuts
through the PMMA and rastering is only aimed to scan and dig the PMMA but not cut
through. It is necessary to adjust the intensity of the laser so as to have the PMMA cut
smoothly. Too much power of the laser will burn the platform and distort its clarity and
transparency while too little intensity in the laser will not cut through the PMMA.

Also the cutting and scanning speed of the laser are important parameters as less
speed will be a waste of energy and too much speed may fail to complete the cutting
process.

The main working area is the place where the glass slides with magnetic beads on
top of it could be placed on for magnetization and for viewing under the microscope.
This place is designed taking into considerations the size of the glass slides and the
position in relation to the permanent magnet.

The permanent magnets holding place is designed specifically to hold the
permanent magnets in place and to contain enough area to accommodate a number of
magnets on both sides of the working area. An adjustable number of magnets are
needed in this area so as to provide the user with an option to vary the strength of the
magnetic field that will be observed in the working area.

Other factors that has to be taken into account are that the magnetic field should
be as uniform as possible in the working area so that much of the area of any drop
containing glass chip placed on the working area will experience uniform field and a the

global maximum of the magnetic field inside the platform to be as high as possible.
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Three different designs were considered and simulated in FEMM software. One
thing they have in common is that they were all designed for conveniently being placed

under the microscope objective during the experiments.

Figure 3.1 Magnetic field distribution maps for the proposed arrangement of permanent magnets

As shown in Figure 3.1, these designs were both simulated using FEMM
software. The figures represent the magnetic field distribution in Tesla. The different
permanent magnets’ orientations were aimed at obtaining the one that will produce the
highest magnetic field at the center for magnetization of the magnetic beads. With the
separation distances the same, the vertical magnets design shown in Figure 3.2 produces
the highest magnetic field at the center compared to the designs shown in Figure 3.1.
The magnetic fields at the center for the designs in figure Figure 3.1were around 0.25 T
and 0.5 T for the Figure 3.2.

Figure 3.2 Magnetic field distribution map for the chosen permanent magnets arrangement

The vertical orientation of the magnets with opposite poles facing each other was
chosen and implemented as shown Figure 3.2 since it is much simple to implement and
produces higher magnetic field compared the others. This orientation of magnets was

used for the remainder of this work.
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Figure 3.3 Magnetic platform

The actual design of the magnetic platform was implemented on a PMMA
material as shown in the Figure 3.3 The permanent magnets dimensions being 3 mm x 3
mm, the platform has a magnets holding place of width of 3 mm and depth of 3mm as
well as a variable length for holding the magnets. This variable length allows us to stack
and adjust a number of magnets according to our choice. The working place where the
glass slides holding the magnetic beads will be placed contains the dimensions 2.5 X 16

mm, 2.5 x 28 mm and 2.5 x 36 mm.

3.1 Magnetic Field Characterisation

To understand how the magnetic field behaves in the working area it is of huge
importance to take several measurements. Varying some parameters like the length of
the working area or the number of magnets at both sides of the working area and have
the field response recorded.

Magnetic field characterization was performed both before and after executing the
designs. Before executing the designs, the simulations of these scenarios were
performed using the FEMM software. After executing the designs measurements were
performed using gauss meter. The experimental and simulations results are all explained
in the following subsections. Figure 3.1.1 shows the setup stages for all the

experimental work in this section.
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Figure 3.1.1 Complete Setup for magnetic fields characterization
3.1.1 Change in Magnetic Field with Number of Magnets

The working area was designed to have the distance between the magnets at both
sides of 15mm. Permanent magnets pairs were then added one at each sides at the same
time. Using the gauss meter’s measuring tip the field at 7.5mm from both magnets was
measured. This field is recorded using the gauss meter’s probe for different number of
magnets at exactly the same place of the working area for every increase in the magnets.
This same scenario was also simulated using the FEMM software before actual

execution of the design.
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Figure 3.1.1.1 Simulation results for the change in magnetic field against the number of magnets
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Figure 3.1.1.2 Experimental results for the change in magnetic field against the number of magnets

Shown in Figure 3.1.1.1 and Figure 3.1.1.2 are the graphs of the simulation and
experimental data respectively. The increase in number of magnets causes an increase in
the magnetic field that was measured at the center of the magnetic platform. Stacking
magnets that have the same together vertically with opposite poles facing each other at
each side of the magnet platform caused a sharp increase only up to four magnets at
each side. The relationship seen is the magnetic field at the center increased as the
number of magnets. The magnetic field observed by having four magnets at each side if
approximately four times that observed by having one individual magnet at each side in
the experimental data graph. After that the increase is very small and heading to
saturation. At this point further increase only causes a small or no increase in the

magnetic field at the center of the platform.
3.1.2 Change in Magnetic Field with the Size of the Working Area

The aim of this experiment was to determine the suitable size of the working area
as well as finding another technique to change the magnetic fields in the working area.
Basically the change of the magnetic field with the change in the distance between the
magnets is observed. Two magnets ware placed on both sides of the magnetic platform
and have the change in the field observed by varying the distance between the magnets.
The distances observed were 16 mm, 28 mm and 36 mm. These distances were dubbed
as platform 0, platform 1 and platform 2 respectively. FEMM software was used for
simulation and gauss meter’s tip was again used to obtain the measurements. The

measurements were recorded at exactly the center points of the platforms.
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Figure 3.1.2.1 and Figure 3.1.2.2 shows the simulation results from FEMM
software and experimental data obtained using a gauss meter respectively. Platform O
which has the has a shortest distance of separation between magnets provided high
magnetic field measured at the center of the platform compared to Platform 1 and
Platform 2 with the former providing more magnetic field than the later. The magnetic
field is strong when the magnets are closer together and get weaker when they are far

apart.
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Figure 3.1.2.1 Simulation results for magnetic field change against distance between the magnets
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Figure 3.1.2.2 Experimental results for magnetic field change against distance between the magnets
High values of magnetic field were obtained from the simulation software. Small
values were obtained upon taking the measurements using the gauss meter. Using the

same distance between the magnets and number of magnets, the highest magnetic field

values obtained from both simulation and gauss meter are 0.11 T and 17 mT. The
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reason for this discrepancy might be due to the faults in calculations, since FEMM
software is a free and a simple simulation tool for such problems. However regardless
of the discrepancy in the values, both simulation and measured valued showed a similar
trend. The increase in the magnetic field at the center of the platform as the distance of
separation decreases as well as upon adding the number of magnets at both sides of the
platform.

By varying both the distance of separation between the magnets and varying the
number of magnets at both sides different values of magnetic fields can be obtained.
This option proved to be useful throughout this work as some of the experiments in the
following sections required the use of different magnetic fields that could not be
provided by only changing the number of the magnets and the length of the working

area alone.
3.1.3 Change In Magnetic Field Across The Working Area

Using the gauss meter’s tip the magnetic platform was hold still in place with 2
magnets placed in the magnetic field holder. The length of the working area chosen was
16 mm. At exactly the center, the gauss meter’s probe was moved sideways across the
direction of the magnetic field keeping the same distance away from the magnets. The
measurements were taken. The measurements taken were aimed at giving an idea of the
width at which the magnetic field is uniform. This will give a good approximation on

the size of the magnetic beads containing drop.
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Figure 3.1.3.1 Experimental results showing the variation of the magnetic field across the working

area
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Figure 3.1.3.1 shows the variation of the magnetic field on the working area
across the magnetic platform plotted at an interval of 0 mm to 11 mm. Generally the
increase in magnetic field is observed as the probe of the gauss meter is moved towards
the center of the platform and a decrease was observed again as the probe is moved
away from the center at specific intervals. The global maximum is observed when the
probe is exactly at the center of the magnetic platform when the magnets at both ends
are directly facing each other. The highest magnetic fields and small changes observed
between 3.5 mm and 7 mm are due to the fact the permanent magnets' dimensions being
3 mm x 3 mm x 3mm the magnetic field lines that comes from one pole to another
opposite pole at the opposite end are concentrated in an interval of 3 mm at the center

and less packed away from this distance.

3.1.4 Change in Magnetic Field along the Working Area in the
Direction of the Magnetic Field

The change in magnetic field along the working area of the magnetic platform
designed. The length of the working area chosen was 16 mm. At one side of the
working area the gauss meter’s probe was moved along the direction of the magnetic

field across of the working area.

2004 m
150

100 o

MAGNETIC FIELD (mT)
a
L
-]

T LI L N S B S S S B S B S S

28 | LI T | 1
-1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
DISTANCE (mm)

Figure 3.1.4.1 Experimental results showing the variation of magnetic field across the working

area
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Figure 3.1.4.1 shows the change of the magnetic field in the working area along
the direction of the magnetic field. A magnetic field of nearly 200 mT was recorded at
distance zero. As the probe was moved towards the other end of the magnetic platform's
working area at specific distance intervals, the magnetic field is seen to be decreasing
and rising again as the probe gets near to the other end. A fast decrease in magnetic
field is observed from 0 mm to 2.5 mm distance. At 2.5 mm from the zero going to 12
mm the magnetic decrease and increase is very small. The magnetic field is more or less
constant at this interval. The global minimum is also observed at this interval. This
suggests if the magnetic beads are kept between these intervals, they will all be

experiencing and magnetized by more or less the same magnetic field.

3.1.5 Change in Magnetic Field along the Depth at the Center of The
Working Area

The change in magnetic field along the depth of the magnetic platform was
measured with the gauss meter’s probe at the center and the depth varied upwards from

the bottom at specific interval of 0.5 mm.
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Figure 3.1.5.1 Change in magnetic field with depth at the center

The demonstration of the change of the magnetic field with change in depth at the
center of the magnetic platform is shown in Figure 3.1.5.1.The zero depth is at the

surface of the platform means the bottom on the surface. The change magnetic fields
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plotted are values obtained as the probe was moved from the surface upwards at specific
distances up to 4.5 mm above the surface. A maximum of 15.8 mT was recorded at 0.5
mm from the surface suggesting the magnetic field lines are more concentrated at
around this region. The magnetic field decreases as the probe was moved upwards.

Magnetic fields greater than 12 mT are obtained at the depth less than 3.5 mm.

These results reported in this section provide a very crucial piece on information
on how to position the magnetic beads containing glass slides in the platform. If all the
parts of the magnet beads containing drop on top of the glass slide placed on the
platform are to experience a more or less magnetic field then they should be positioned
at the center of the magnetic platform. Also the size of the drop should be about 3 mm
diameter and about 4.5 mm in height. Taking these values into consideration a 4 uL
total volume of drop of magnetic beads as used in the following experiments fell under
these specifications. Thus it is safe to say that all the magnetic beads will experience the

same magnetic field.

3.2 Flow Chamber Design and Magnetic Field

Characterisation

A flow chamber to be use in fluid flow experiments in this was designed. It was
designed using two layers of PMMA material and glass slide as shown in Figure 3.2.1 .
This cut PMMA material were then glued together to form a complete packed flow
channel. The dimensions of the chamber were 45 mm x 4 mm x 1.5 mm. The top of the
flow chamber contain two holes which are used as inlets and outlets connected to
syringe pumps (New Era Pump system, NY). The flow chamber also contains a place
where permanent magnets that will be used to provide the required magnetic field for
amplification process will be placed.

The magnetic field of the flow chamber was also measured by using gauss meter’s
probe. Two permanent magnets were placed at each side of the magnetic beads as
shown in the picture above and the magnetic field was measured and plotted along the

direction of the flow.

44



Figure 3.2.1 Flow chamber

Figure 3.2.2 shows the graph of the measured magnetic field along the direction
of fluid flow in the flow chamber as measured by the gauss meter’s probe. Throughout
the flow chamber there seem to be a magnetic field of small magnitude. The magnetic
field increases from one end of the flow chamber towards the center and decreases
again towards the other end. The global maximum of the magnetic field is expected to
be at exactly the center of the flow chamber and the graph should have a Gaussian
profile look. The interval at which the measurements of the magnetic field were taken is
0.5 mm. For this reason, the profile is not exactly as expected but it is enough to give
the information of the nature of the magnetic field in the flow chamber. The two main
important points deducted from the graph are, at any point along the magnetic field is
never zero and the highest magnetic field is at the center of the flow chamber. The
positioning of the gold-coated glass slides inside the chamber is influenced by this
information. In all of the experiments done using this flow chamber design, the
magnetic beads containing gold-coated slides are placed at the center of the flow
channel so that the magnetic beads experience the highest magnetic field. The magnetic

field of around 8.5 mT is achieved at the center.

45



MAGNETIC FIELD (mT)

0 ¥ I & I g I T

00 05 10 15 ' 2,l0 ' 25
DISTANCE (cm)

Figure 3.2.2 Magnetic field change across the flow chamber
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Chapter 4

Accumulation Dynamics

In this chapter the mechanism, theoretical background of the magnetic beads
accumulation based signal amplification method as well as experimental results as
explained in [70] are presented. The possibility of using this method to detect important

targets such as E.coli bacteria is also shown in this chapter.

4.1 Preparations of the Magnetic Beads and Iron

Nanoparticles Solutions

For magnetic bead solution made from ferromagnetic beads or paramagnetic
beads (Spherotech) used in these experiments the same concentration of solution was
prepared. To prepare these solutions, washing is first done by taking 10 uL of 1.0% w/v
from each solution and put in a 1.5 mL capacity micro centrifuge tubes. A suitable
amount of PBS was added into the micro centrifuge tubes. Then the microcentrifuge
tube is vortexed at 1500 rpm for couple of seconds. After vortexing the tube is kept in a
magnetic separator and left to stand there until the solution is clear with the beads
accumulated in one side of the microcentrifuge tube where the magnets are situated.
This magnetic separation is a standard procedure in the laboratories today. Removal of
the PBS solution from the tube was done using a pipette. This removal leaves only the
magnetic beads in one side of the tube. This washing process was repeated twice. After
the second wash and the removal of the PBS solution only the magnetic beads remained
in the tube. 400 uL of PBS was then added into the microcentrifuge tube to make a
0.244 mg/mL magnetic bead solution (pH of 7.4).

For the case of super paramagnetic beads (Chemicell) 2 uL of 10 mg/mL were
used, the same procedure was followed in washing twice but later adding 300 pL PBS
to make a 0.067 mg/mL solution.

The working concentration of the E.coli 0157 capture beads as reported by the
manufacturer is 5 mg/mL. Enough solution of 5mg/mL concentration of these beads

was prepared by adding phosphate buffered saline.
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Iron nanoparticle solution was prepared by taking a specific amount of
concentrated iron nanoparticle solution then PBS was added to make a 0.83 mg/mL

solution.

4.2 The Impact of Magnetic Beads Size

To investigate the bead size the following experiments were performed. Custom
made glass slides were cleaned and dried. The cleaning was done using ethanol
followed by DI water. They were dried using a gentle stream of nitrogen gas. Solutions
of 0.244 mg/mL concentration containing three different sizes of ferromagnetic beads
and 0.067 mg/mL superparamagnetic beads were prepared using the method explained
in earlier section. The sizes were 2 um, 4 um and 8 um and 1 um respectively. A glass
slide was put on the working area of the magnetic platform that has two magnets on
each side creating a magnetic field of 12.56 mT at the center of the platform. Using a
2 uL pipette, a drop was of 2 um beads was put on top of the custom made glass slide.
The glass slide together with the drop of the magnetic beads (base beads) was then put
inside the working area of the magnetic platform. It’s position was adjusted to be at
exactly the center of the working area. It is left there to stand for four minutes. During
these four minutes the magnetic platform was taken under the microscope objective.
After four minutes have passed 2 uL. of 1um superpamagnetic beads (added beads) are
pipetted out and added on top of the drop that was being magnetized. Another four
minutes are allowed to pass before observing them through the microscope. Pictures
were taken for duration of three minutes.

This procedure is again done using different sizes of base beads. The added beads
in all the experiments were the same.

The images obtained from these experiments are analyzed using the Nikon NIS
software. The lengths of the added beads that form on each single magnetic bead are
measure and compared for the different size of the base beads.

From the Equations 2.3.6 and 2.3.7 shows that the magnetic dipole-dipole force
has a third order dependency on the dimensions of the beads. The Figure (4.2.1) is the
plot of the length of accumulation of the base beads against the size of the base beads. It
is seen that the length of accumulation of the added beads increases as the size of the

base beads increased.
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Figure 4.2.1 Impact of magnetic beads’ size on the accumulation length

This is an expected trend, as shown in the dipole-dipole force equations that the
dipole-dipole force increases as the size of the dipoles involved increases. The increased
force causes the base beads to attract more added beads. Magnetic beads with larger

sizes create an even larger local magnetic field and attracts more added magnetic beads.

One of the interesting observations made was that the measured length did not
match exactly the third order dependency as that which is predicted by the dipole-dipole
force equations. This is due to the fact that the dipole-dipole forces given are only the
simplified, approximate versions a bid complex equation and that the equations assume
an ideal magnetic beads. Although the magnetic dipole-dipole force is of a huge
significance in the accumulation, there are other factors that play out too. These factors
are the number of the magnetic beads in the surrounding environment, gravity force and
the inhomogeneity of the magnetic beads and the liquid. Figure 4.2.2 shows microscopy
images showing the different sizes of the base beads and the added beads. From the left

are (a) 2 micrometer base bead (b) 4 um base bead and (c) 8 um base beads.

Figure 4.2.2 Microscopy images showing base beads and added bead
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4.3 The Impact of the Angle and Distance between the

Magnetic Beads on the Magnetic Beads Interaction

To study the impact of & on dipole-dipole magnetic interaction, ferromagnetic
particle pairs having 8 um, 4 um and 2 um sizes were used. On different glass slides
pieces containing three permanent magnets at both sides, a 2 uL drop of magnetic
particles having 10 mg/ml concentrations was placed and the movements of the
particles towards each other under the external magnetic field are video recorded using
an optical microscopy system (Nikon). As the droplets of the same magnetic particles’
sizes are placed in the magnetic platform, randomly distributed magnetic particles are
magnetized and tend to move along the magnetic field. The recorded videos of each
magnetic particle size processed offline using the analyze tool (NIS Elements) of the
imaging system (Nikon) to reveal the trajectories of magnetic particle pairs. The
trajectories are normalized as the stationary particles are at the origin and the
trajectories of 21 particle pairs were investigated pair by pair approximately for 20
seconds.

Using the data from the experiment conducted in this subsection, the effect of the
distance between magnetic beads on their attraction force was also studied. To quantify
this change in distance versus the change in the acceleration of the beads was
investigated.

When a same size and randomly distributed magnetic particles containing droplet
was placed in the magnetic platform the magnetic particles were magnetized and tend to
be aligned along the direction of the magnetic field. The magnitude of the magnetic
field is a very important parameter to consider in this case. If the field is high enough to
cause translational motion of the formed flocs, the flocs will be attracted away from the
center of the drops towards the permanent magnets and accumulate at the edges of the
drops. It was observed that at 30 mT this scenario occurred. This is unwanted scenario
as the magnetic needed in these experiments should be just enough to magnetize the
magnetic beads and cause local movement by dipole-dipole interaction only. The

magnetic field observed to fit this case was 15 mT.

However as explained in chapter 2, magnetic force is not the only force acting on
the magnetic particles. There are other forces that are acting as well but they were not

quantified in this work. The recorded videos of each magnetic particle size are
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processed offline using the analyze tool (NIS Elements) of the imaging system (Nikon)
to reveal the trajectories of magnetic particle pairs. The trajectories are normalized as
the stationary particles are at the origin and the trajectories of 21 particle pairs were

investigated pair by pair approximately for 20 seconds.
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Figure 4.3.1 Normalized paths followed by the attracted magnetic particles

Figure 4.3.1 shows the paths followed by the magnetic particles that were
attracted by the stationary particles of different sizes. The stationary particles are shown
as circles of different sizes corresponding to the size of the magnetic beads used. Also
the trajectories are represented by different colors. The green represents 8 um, red
represents 4 um and blue represents 2 um particles’ pairs. From the trajectories
obtained, it was revealed that the movement of a magnetic bead upon attraction obeyed
the Equations 2.3.6 and 2.3.7. Two magnetized magnetic beads followed the direction
where 6 is approximately 0°. For some particles also the repulsion was also observed at
6 of 90° (trajectory 4 and 20). In between these angles the dipole-dipole force can either
be attractive or repulsive. Only the effect of 6 was investigated in this experiment and it
was shown that the direction of the dipole-dipole force is governed by the 1+3 cos 26

and sin 26 terms radial and tangential force equations.
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Figure 4.3.2 The change of acceleration of the attracted magnetic beads of different sizes with

distance

The figure 4.3.2 shows the change in acceleration against distance between the
particles. The acceleration values obtained here can be correlated to the dipole-dipole
force. From the Equation 2.3.6 and 2.3.7, the dipole-dipole force is shown to vary
inversely as R*. The dipole- dipole force is expected to be increasing as the distance
between the magnetic particles decreases. This is related to the acceleration that will be
achieved by the attracted magnetic bead as it gets closer to the stationary bead. The
increasing a force of attraction will cause an increase in acceleration of the attracted
magnetic bead as it gets closer to the attracted beads. The graph correctly shows this
relationship as three magnetic beads' acceleration are shown to be increasing is shown
to be increasing and shooting as the particles gets closer to the stationary particle. The

maximum acceleration is seen to be decreasing as the size of the beads gets smaller.

4.4 The Impact of Magnetic Field’s Strength

In order to investigate the effect of the strength of magnetic field on the
accumulation length of the magnetic beads the following experiments were conducted.

To study this relationship, two different types of base beads were used. Ferromagnetic
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(Spherotech) and paramagnetic (Spherotech), both of mean diameter size 4 um were
used as base beads and superparamagnetic beads (Chemicell) of mean diameter size 1
um were used as added beads. The same procedure was followed as explained in the
subsection 4.2. The same magnetic field was used at each set of experiment and their
images taken. The same set of experiments was repeated again only changing the
magnetic field. These experiments were done for a couple of different magnetic field
values and the images taken for both ferromagnetic (spherotech) and paramagnetic
beads (Spherotech).
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Figure 4.4.1 Accumulation length change against the change of magnetic field for different types of

magnetic beads

Ferromagnetic and paramagnetic beads of the same size were used as base beads
and the length of the accumulations formed by the added beads at different magnetic

field was measured and plotted in Figure 4.4.1.

Generally as the magnetic field was increased the lengths of the accumulation of
the added magnetic beads formed increased regardless of the material type of the base
beads. As shown by Equations 2.3.6 and 2.3.7 the magnetic dipole-dipole force has a
direct proportional relationship with as the square of the magnetic field. Thus the
magnetic field increase will cause the magnetic dipole-dipole force to increase. As the
dipole-dipole force increases more added beads will be attracted by the base beads

forming longer chains than with a lower magnetic field.
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However the difference observed between the lengths of the added beads formed
on the ferromagnetic beads and paramagnetic beads as the added beads is down to the
difference in susceptibilities as explained in the earlier section. Shown is Figure 4.4.2
are the microscopy images of base beads with formed tails of the added beads at

different magnetic fields for both ferromagnetic and paramagnetic base beads. From (a)-
(c) shows 4 um ferromagnetic base beads and 1 micrometer added superparamagnetic

beads, (d)-(f) shows 4 um ferromagnetic and 4 um paramagnetic base beads and 1 um

superparamagnetic added beads.
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Figure 4.4.2 Optical microscopy images showing the base beads and the added beads at different

magnetic field

4.5 The Impact of Magnetic Material Type and

Concentration

To investigate the impact of the material type and thus the impact of the magnetic
susceptibility and moment the following experiment were conducted. Ferromagnetic
beads (Spherotech) and paramagnetic beads (Spherotech) of mean diameter size 4 um
were used and a weak magnetic field of 9.5 mT generated by permanent magnets at the
center of the magnetic platform were used. Two different concentration concentrations
of ferromagnetic beads were used in this, one 0.244 mg/mL(X1) and the other 0.488
mg/mL (X2). 0.244 mg/mL (X1) of paramagnetic beads were used.
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The procedure explained here was applied for the three sets of magnetic beads
separately and their images were taken and analyzed. Using 2 uL pipette, a magnetic
beads containing drop was put on top of a custom made glass slide placed in the
working area of the magnetic platform under the microscope objective. The focus of the
microscope was adjusted to give a good view of the magnetic beads inside the drop. The
interaction and accumulation of the magnetic beads were observed. Several images
were taken at a specific interval for a total duration of six minutes. A number of images
were obtained for a single experiment and saved for later analysis. The same procedure
was done for the other two sets of magnetic beads.

The lengths of the chains formed in each type and concentration of magnetic
beads were measured and compared. The values plotted are are mean + standard error of
the mean, P<0.05 for both ferromagnetic concentrations of X1-X2 and ferromagnetic

X1- paramagnetic X1. T-test was performed.
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Figure 4.5.1 Experimental results for the change in accumulation length against time

The graph in Figure 4.5.2 shows the average accumulation length obtained at
different times. From the graphs it is observed that after 6 minutes the ferromagnetic
beads reached an average saturation length of 35 um for the X2 concentration. For the
1x concentration the average length reached is 22 um while for the paramagnetic beads

the average length reached for 1x concentration is 13 um.

The formation of longer magnetic bead chains in ferromagnetic beads containing

twice concentration X2 Figure 4.5.2 (a) compared to those of concentration X1 Figure
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4.5.2 (b) is due to the fact that increasing the magnetic beads concentration increases the
number of magnetic beads. Meaning in the same amount of volume used for the X2
concentration contains more number of magnetic beads compared to that of X1. In X2
the ferromagnetic beads are very close to each other compared to X1 ferromagnetic
concentration. As shown from the dipole-dipole interaction forces tend to vary as the
inverse of distance. Thus the force of attraction or repulsion is the highest when
magnetic beads are close to each other. High forces are experienced in X2 concentration
thus forming longer chains in a short time compared to that of X1. The longer chains
formed in X2 concentration could also produce a higher local magnetic field that can
have an effect on close single beads and attract them to form much longer chains. It was
also observed that magnetic beads were likely to be attracted by the chains of magnetic
beads already formed than to single beads.

(a) (b) (c)
g g oOx

t=360 sec 1—0-9'—" t=360 sec 0um t=360 sec 10pm

Figure 4.5.2 Microscopy images showing the accumulation of different sizes of magnetic beads at a

certain instant of time

To explain the difference between the average length chains formed by the same
concentration of paramagnetic beads and that of ferromagnetic beads, larger images of
the same sizes around the center points for both ferromagnetic and superparamagnetic
beads (Figure 4.5.2 (c)) were taken and the total number of beads were counted for
each. The average number of ferromagnetic beads was 575 and that of paramagnetic
beads was 655 for the same area size. However longer chains of magnetic beads were
observed to be formed on ferromagnetic beads compared to the paramagnetic beads
even though the number of paramagnetic beads is higher than that of ferromagnetic
beads. Ferromagnetic beads show a tendency of accumulating together to form chains

while the paramagnetic beads tend to stay alone forming short chains.

The magnetic susceptibility of ferromagnetic beads is orders of magnitude
compared to that of paramagnetic beads. Ferromagnetic beads' magnetic susceptibility
is ten times more than that of paramagnetic beads. Magnetic susceptibility measures the
degree of magnetization of a material by an external magnetic field. Magnetic field is

strengthened by the presence of a more positive of larger susceptibility material. The
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magnetic dipole dipole force varies directly as the square of the susceptibility as shown
in Equations 2.3.6 and 2.3.7. This is the reason why the response to magnetic field is
higher in ferromagnetic beads than in paramagnetic beads and the also why the longer

chains are formed by ferromagnetic beads compared to paramagnetic beads.

4.6 The Impact of pH of the Medium

In order to test the performance of magnetic accumulation in liquids with different
pH values, hydrofluoric acid and sodium hydroxide were used to prepare DI water
solutions having a pH of 2 and 14. Magnetic accumulation in these liquids was
investigated following a similar procedure as above. To investigate the impact of pH on
the magnetic accumulation, the length of ferromagnetic beads (4 um) under an applied
magnetic field of 9.5 mT was measured and the length after 4 minutes compared to
corresponding measurement value in the experiment in Subsection 3.5.4.

After the 4 minutes the lengths of the magnetic beads were measured in both the
acidic medium with pH of 2 and in basic medium of pH 4 subjected at a magnetic field
of 9.5 mT. It was found that there was no significant difference as the measured valued

were all within the standard deviation.

4.7 Iron Nanoparticles Experiments

Iron nanoparticles are cheap; they can respond to magnetic field and can be
manufactured with ease. These qualities make them a strong candidate to be used in the
place of the added magnetic beads. To demonstrate the feasibility of this statement, the
following experiment was done. The goal of the experiment was to show that
magnetized particles attract iron nanoparticles and form flocs so that the pixel area of
the floc and the bead is increased compared to the pixel area of a single bead under no
application of magnetic field.

In this experiment 0.244 mg/mL of ferromagnetic beads (Spherotech) were added
on the glass slide on top of the magnetic platform’s working area with a 12.5 mT
external magnetic field applied. The base beads area left there to stand in the magnetic
field for duration of four minutes. After four minutes 2 uL of iron nanopowder solution
(0.83 mg/mL) was added onto the magnetized base beads. After four minutes of

waiting again, images were taken and analyzed.
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Figure 4.7.1 Accumulation of iron nanoparticles on base beads

The aim of this experiment is to demonstrate the capability of using the method
developed in this work as a signal amplification method for 2D images. The main idea
is to use the magnetic field controlled flocs to increase the pixel areas of single beads.
Upon magnetization of the ferromagnetic base beads local magnetic fields are created
by these base beads. When iron nanoparticles (60nm-80nm) are added they are also
magnetized, the dipole-dipole interaction forces come into play according to Equations
2.3.6 and 2.3.7. The iron nanoparticles are attracted by the ferromagnetic beads as
shown in Figure 4.7.1 A to form flocs around the ferromagnetic beads. Only the flocs
that were formed around single beads were quantified. The Figure 4.7.1 (B) is a
microscopy image showing a single base bead under no magnetic field, Figures 4.7.1
(C)-(E) shows the accumulation of iron nanoparticle around single ferromagnetic base

beads.

The pixel area amplification of approximately two to three folds was achieved by
using this method as compared to using just the ferromagnetic beads alone. Area ratios
were calculated to obtain these numbers. The average number of the attracted iron
particles was also calculated by using area ratios. The area of one single iron
nanoparticle was calculated assuming they are ideal spheres occupying a circular area in
2D. The total area of the floc is also calculated assuming the floc is comprised of single
layer of iron nanoparticles. Taking the ratio of the total area to that of a single iron
nanoparticle, the number of the accumulated iron nanoparticles around a single
magnetic bead was found. The number averaged at approximately 7000 iron

nanoparticles.

As it has been shown in earlier sections, increasing the magnetic beads and/or the

concentration of the added beads techniques can be used to change the length of the
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formed chain of added beads around single base beads. These same techniques can also
be applied here to increase the number of the iron nanoparticles formed around the
single magnetic base beads, thus increasing the pixel area amplification. Figure 4.7.2
are optical microscope images showing an increase in iron nanoparticle flocs obtained
by the increase in magnetic field. In this experiments an average of 9000 iron

nanoparticles were attracted.
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Figure 4.7.2 Microscopy images showing the increase in iron nanoparticle accumulation by

increasing the magnetic field

4.8 Combination of Magnetic Separation of E.coli

Bacteria and Magnetic Accumulation

E. Coli 0157 is pathogenic and the presence of it in food samples has to be
monitored. Conventional immunomagnetic capturing of E. Coli from culture media was
performed according to International Organization for Standardization (ISO) E. Coli
0157 detection standard 16654:2001 and a similar procedure can be found in [71].

Briefly E. Coli samples were incubated for 6 hours at 41,5 °C for pre-enrichment.
For immunomagnetic separation 1 mL sample was mixed with 20 pL of magnetic
beads, Captivate 0157 (Lab M) coated with anti-E.coli O157 antibodies for 10 minutes.
The captured bacteria were separated using magnetic stand, washed and re-suspended in
100 pL in washing phosphate-buffered saline (PBS). Then 40 pL of the solution is
transferred to a glass microscope slide and allowed to dry in air. Next, in order to
visualize bacteria under optical microscopy and verify that anti-E Coli beads capture the
bacteria simple staining by covering the glass slide with crystal violet dye for 1 minute
was performed. The excessive dye was rinsed off with water, to complete the standard
simple staining procedure. To perform signal amplification, ferromagnetic beads (8 um)
suspended in PBS buffer were added to stained bacteria and permanent magnets were
placed on the two sides of the droplet on the glass slide. The anti E. Coli magnetic

beads were attracted to ferromagnetic beads as a result of magnetic dipole-dipole
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interaction forming an accumulation. The images were then taken and analyzed
afterwards. Magnetic separation and the illustration of the signal amplification strategy

Is shown in Figure 4.8.1.

(BUECTNE

Figure 4.8.1 lllustration of magnetic separation and magnetic accumulation-based amplification

The aim of the experiment is to show that the proposed method in this work can
be combined with immunomagnetic separation method and also to provide a proof-of-
principle of this method when applied to capture important targets. In this experiment
E.coli is our important target. The capturing was realized by using magnetic beads that
were coated with anti-E.coli 0157 antibodies. Figure 4.8.2 are microscopy images that

show the application of this method on E.coli samples.

Figure 4.8.2 Optical microscopy images showing the accumulations around E.coli sample

The E.coli samples are stained with violet and pointed by using red arrows, the
black arrow shows the ferromagnetic beads and the orange arrow shows the anti-E.coli
beads. (A) and (B) shows when the sample is naturally dried and the magnetic field is
removed. (B) shows when the sample is wet and under magnetic field, the magnetic
beads are observed to align along the magnetic field's direction. (F) Shows many
bacteria around magnetic beads indicating non- specific binding is also possible in this
demonstration. But it is important to note that the experiment is not a complete
demonstration of a sensing mechanism thus no detection limits or specificity studies
were performed. In the dry samples, after the removal of the external magnetic field the
magnetic beads did not disperse but they stayed coagulated together to form chains as

shown. This is due to the fact that some magnetic materials keep their magnetism upon
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removal of the external magnetic field. The remaining magnetism is known as residual

magnetism.

Staining proved to be very useful for easy visualization of the bacteria and n the
calculation o the signal amplification that was achieved in this experiment. Using the
imaging system the area of the E.coli bacteria was measured to be 1 um ? and that of a
single anti-E.coli magnetic bead was measured to be 2.8 um?®. The dipole-dipole force
interaction causes the attraction the magnetic beads with E.coli bacteria captured to be
attracted towards the larger magnetic beads as shown in the microscopy images. This
accumulation causes an increase in the total pixel area obtained from the area of the
magnetic beads and the bacteria compared to using just the bacteria alone. Different
flocs were selected and their areas were measured. It was found that the flocs' areas
varied from 2.8 um?to 60 um?. This corresponded to the minimum amplification of the
pixel areas of 3 folds to a maximum of 60 folds. The minimum is contributed by the
single anti-E.coli bacteria only. The maximum value is due to the anti-E.coli beads and
magnetic beads. The corresponding pixel numbers are shown in Table 4.8.2. For the

largest accumulation shown in Figure 4.8.1 A, the number of pixels obtained is 169060.

Single entity Average  number  of | Normalized amplification
pixels rate

Escherichia coli 1.911 1

Anti-E.coli bead 7.335 3.8

Uncoated magnetic bead | 81.51 42.6

Table 4.8.1 Average number of pixel of each entity
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Chapter 5

Magnetic Accumulation in A Flow
Chamber

5.1 Preparation of Streptavidin, BBSA and BSA

Solutions

Different streptavidin solutions were prepared by using a known mass of
streptavidin measured from the microbalance and adding a calculated amount of PBS to
make a needed molar concentration of streptavidin.

A fixed mass to volume concentration of 2 mg/mL was prepared using specific
mass of streptavidin and PBS. The same procedure was repeated to make 1 mg/mL of
BSA solution.

5.2 Magnetic Bead Accumulation Around Immobilized
Streptavidin Coated Beads

5.2.1 Surface Functionalization of Gold-Coated Slides

This step is aimed at making sure that the streptavidin coated magnetic beads are
immobilized on the surface of custom cut gold coated glass slides of size 8.3 x 3.8 mm.
Microcontact printing was done using PDMS stamps that contains a 20 pum of
alternating lines. The PDMS stamp was made using the procedure explained in [14].
Small pieced of the stamps of reasonable size to be used on the custom cut gold-coated
glass slides were cut.

Following this step was the printing of periodic patterns of Biotin-coupled bovine
serum albumin (B-BSA) on the gold-coated glass slide. The B-BSA printed will act as a
template for immobilizing the streptavidin coated magnetic beads by the biotin-
streptavidin interaction. The procedure followed in microcontact printing is as
explained in [72]. The PDMS stamps were washed in using ultrasonic cleaner using

70% ethanol and rinsed using 70% ethanol followed by DI water. The stamps were
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dried by using a stream of nitrogen gas. The gold-coated glass slides were also cleaned
using ethanol and DI water and dried using a stream of nitrogen gas. PDMS stamps
were inked with 2 mg/mL of BBSA (Sigma Aldrich). BBSA is left there to stand for 15
minutes before removing the excess solution using a wick of a tissue paper from the
stamp. The stamp was again dried using a gentle stream of nitrogen gas. The stamp was
brought into contact with the gold-coated glass slide and a small force was applied to
make a contact between the two surfaces. This was done for an average of 1 minutes
and the stamp was removed afterwards.

The gold-coated glass slide was rinsed gently with PBS to remove the unbound
BBSA. Following this step was the blocking of the strips that had no BBSA by using
BSA. The gold slides were covered using BSA and incubated for 2 minutes before
washing to remove the BSA in DI water. The gold chip containing the BBSA pattern
was incubated with streptavidin coated magnetic beads. After 20 minutes of waiting, the
gold-coated glass slide was cleaned and dried. The same procedures were repeated
using other concentrations of streptavidin coated magnetic beads. The concentrations
used were 0.0335 mg/mL, 0.067 mg/mL, 0.67 mg/mL and 6.7 mg/mL. Figure 5.2.1.1
(B) shows the steps followed in this experiment. Part (A) shows the flow chamber

viewing under microscope objective.
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Figure 5.2.1.1 lllustration of the steps of the experiments

The surface chemistry worked well in the experiments. Clear patterns of
streptavidin coated magnetic beads were printed on the gold-coated glass slide as seen
from the microscope. Figure 5.2.2, the streptavidin coated magnetic beads are printed in

lines as shown in the before amplification images (a)-(d).
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5.2.2 2D Signal Amplification

The gold-coated glass slides with printed streptavidin coated magnetic beads
(base beads) were then placed on the fluidic chamber for signal amplification. Two
permanent magnets were placed at both sides of the fluidic chamber. The gold-coated
glass slides were placed at exactly the center of the magnetic field where a large field
was observed for them to be magnetized. The fluidic chamber was put under the
microscope as shown in complete setup Figure 5.2.2.1.
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Figure 5.2.2.1 Complete setup of the experiment
Iron nanoparticles were used as the added beads for signal amplification. Iron

nanoparticles of concentration 0.25 mg/mL were put in a syringe. Using the inlet tube,
the syringe was connected to the fluidic chamber and placed in the microfluidic syringe
pump. The iron nanoparticles were pumped to the fluidic chamber at 100 pL /min. The
flow was stopped when the fluidic chamber was full.

The interaction of the iron nanoparticles with the printed streptavidin coated
magnetic beads was observed and images for both before and after amplification were
taken.

This procedure was repeated for the other gold coated glass slides patterned
streptavidin loaded magnetic beads at different concentrations of streptavidin.

Inside the flow chamber the magnetic beads are magnetized and when iron

nanoparticles solution is allowed to flow in, iron nanoparticles are attracted towards the
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immobilized streptavidin beads Figure 5.2.2.2 (e)-(h). The darker accumulations seen in
the after images are comprised of iron nanoparticles. They are all aligned towards the

direction of the external magnetic beads.
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Figure 5.2.2.2 Microscopy images showing the surface of stamped streptavidin coated lines at

different concentration for both before and after amplification step

An important observation was made however; during the amplification step it was
easier for the incoming iron nanoparticles to be attracted by the already immobilized
accumulations of the iron particles that to be attracted by the base streptavidin coated
beads. This shows that given a longer time and longer flow times of the iron
nanoparticles, longer chains of iron nanoparticles are likely to be formed. Thus both the
low rate and the time period at which the iron particles are allowed to flow in are very
important parameters. The total time duration the iron nanoparticles were allowed to
flow through the flow chamber was 3 minutes. The after images shown in Figure 5.2.2.2

(e)-(h) were taken after this time.

As seen from the microscopy images above that there are other unspecific binding
of the streptavidin beads. This issue can be solved by two approaches. 1) Improving the
inking of the PDMS stamp, stamping force and drying to make sure that only the
intended areas are inked, 2) Improving the washing of the gold-coated glass slides in

every step that washing is required.
5.2.3 Quantification of the amplification results.

Increase in pixels’ area and Contrast Noise Ratio (CNR) are two metrics that were

used to quantify the before and after microscopy images. Shown in the Figure 5.2.3.1
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below is the graph showing the increase in pixels against the increase in concentration

of the immobilized streptavidin magnetic beads.
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Figure 5.2.3.1 The change in number of pixels due to iron nanoparticles’ accumulation

The comparison is made for both before and after amplification. Image
thresholding and binary image conversion were two techniques used in finding the total
pixels that are occupied by the base magnetic beads before amplification and the total
pixels that were occupied by the base magnetic beads + added iron nanoparticles after
the signal amplification step. Matlab software was employed in the microscopy image

processing

From Figure 5.2.3.1, there is an increase in the pixel area that is occupied by the
base beads as the concentration of the base beads is increasing. Also an increase is seen
after amplification of the images. The increase in pixel areas shown is due to the
attracted iron nanoparticles. From the obtained number of pixels a maximum of 1.4

folds increase in pixels was recorded.

Contrast to Noise Ratio (CNR) is metric that is used to measure the image quality
based on contrast between two regions of an image in the region of interest [73]. It is

given by the formula below:
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Hobject — Hbackground (5.2.3.1)

CNR =

Ubackground

Where p,pjece 1S the mean of intensities of the the objects, upgckgrouna 1S the
mean of intensities of the back ground of the image. This value can be converted to
decibel form also but in our case it is enough to use this form of the equation. Coding
and processing was done using Matlab software.

The profiles of the RGB microscopy images shown in Figure 5.2.3.2 showed that
the highest variation in intensities values were shown by the green color pixel compared
to blue and red. The profile of the red dotted line in (A) is plotted in (B). Thus green
intensity matrix was extracted from the RGB microscopy images and further processing

was done using these green intensity values.
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Figure 5.2.3.2 The change in RGB intensity values along the red dotted line

Figure 5.2.3.3 shows the change of CNR values against the increase in the

concentration of the streptavidin coated magnetic beads. The CNR increases as the
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concentration of the base beads increases. Comparing the CNR of the before
microscopy images and after microscopy images, there is an increase observed. A

maximum of 6 folds increase is observed as compared to the CNR of the before images.
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Figure 5.2.3.3 The change in CNR against the change in concentration of magnetic beads

Even though these two metrics used here could show improvements in the
obtained images after the amplification step in the flow chamber, CNR showed a big
improvement compared to the increase in pixel area. With this in mind, CNR can be
selected as the main metric to be used to quantify and show the improvements of the

microscopy images obtained from signal amplification method presented in this work.

5.3 A Complete Biosensing and Signal Amplification

Procedure

In this work, a complete biosensing strategy was developed. This section is aimed
at amplifying 2D-signal of a targeted molecule (streptavidin) using biotin coated
magnetic beads by employing the technique of dipole-dipole interaction that has been
explained in this work. The flow of the experiments is as shown below in the Figure
5.3.1. Comprising of three steps namely as streptavidin capturing (detection) and
magnetic separation, surface functionalization and signal amplification in a flow

chamber.

68



1. STREPTAVIDIN CAPTURING AND MAGNETIC SEPARATION P -

Biotin coated magnetic beads

[L A Biotin coated magnetic bead

w4 sireptavidin molecule
)  iron nanoparticle

B |
I“.“ :‘-7/“ streptavidin loaded magnetic beads
\IJ'
2. SURFACE FUNCTIONALIZATION
T [ stamp
VAR N—— -
/ -
[Pt o "o ™) P bt
stamp 1 [ stamp |
3. SIGNAL AMPLIFICTION
Wi
i \ inlet — —outlet
inlet__ f,]outlet A [ ‘0
= i (=] = H
==
= e

Figure 5.3.1 Schematic for the flow of streptavidin detection experiments
5.3.1 Streptavidin Detection and Magnetic Separation

Streptavidin is known to have a high affinity to biotin. The streptavidin- biotin covalent
bond is one of the strongest bonds known. In this subsection streptavidin capturing by
using biotin coated magnetic beads and magnetic separation is explained.

Different concentrations of streptavidin were prepared and kept in microcentrifuge
tubes. Streptavidin was detected/captured by using biotin coated magnetic beads
(Chemicell). From a microcentrifuge tube 25 uL of 100 nM streptavidin were taken and
put to another microcentrifuge tube. In the microcentrifuge tube containing 25 pL of
streptavidin (Sigma), 35 uL of 100 mg/mL of Biotin coated beads (chemicell) were
added. The mixture was then vortexed for 40 minutes at 400 rpm. The microcentrifuge
tube was then placed in the magnetic separator and left to stand until all the beads were
attracted at one side of the tube and the solution is clear. The clear fluid was then
pipetted away and the remaining streptavidin loaded magnetic beads were washed
vigorously twice. The washing step was done as explained in [24]. The schematic for

this process is as shown in the part 1 of Figure 5.3.1.
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5.3.2 Surface Functionalization of the Gold Coated Slides and 2D
Signal Amplification

These two steps followed the same procedures that were explained in subsection
5.2.1 and 5.2.2 The only difference here is that the base beads used in the earlier
sections were comprised of only streptavidin coated magnetic beads but the ones used
here are the biotin coated magnetic beads containing streptavidin (captured target
molecule) that was captured by using the procedure explained in subsection 5.3.1
above. The rest of the procedures are as explained in section 5.2.2. The schematic of the
process is shown in Figure 5.3.1 part 2 and 3. Viewing under the microscope and
quantifying the microscopy images using the MATLAB software followed after the
microscopy images were obtained. The three procedures are repeated for different
concentrations of streptavidin. The concentrations used were 100 mM, 10 mM and 100
nM.

Figure 5.3.2.1 shows the optical microscopy images obtained before and after
amplification step. The before images shows the printed lines of immobilized
streptavidin loaded biotin magnetic beads for different concentrations of streptavidin
molecules the after images shows the immobilized biotin magnetic beads with iron

nanoparticles accumulations.
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Figure 5.3.2.1 Optical microscopy images showing before and after amplification stage in the
flow chamber

Since the gold-coated slides were functionalized with Biotin-Bovine Serum
Albumin (BBSA), the adhering of coated magnetic beads proved that our target
molecule (streptavidin) was captured. Because the captured streptavidin that is attached
to the biotin coated magnetic beads by streptavidin-biotin bond is expected to be form

bonds again with the biotin molecules that are on the gold surface from the BBSA.
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From subsection 5.3.2, it has been shown that the increase in pixel areas after
magnification matric did not show a huge improvement compared to the CNR. Figure
(5.3.2.2) shows the CNR values obtained from both before and after amplification
against the increase in concentration of streptavidin. A logarithm axis is preferred so as
to disperse the values for a clear visualization. A maximum of 8 folds increase in CNR
is recorded after the application of the magnetic bead accumulation based signal

amplification method developed in this work.
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Figure 5.3.2.2 The CNR change with concentration for before and after amplification stage
5.3.3 Specificity Test

To test the specificity of the sensing method described in the earlier section. A
control experiment was performed. In the control experiment biotin coated magnetic
beads were used but without detection of streptavidin. The beads were not incubated or
mixed with the streptavidin solution. After printing BBSA molecules on the gold coated
slide and blocking the unprinted area with BSA, biotin bead drops were added on the
gold coated glass slides and allowed to stand for the same duration of 20 minutes. After
20 minutes the slides were washed and dried before viewing them under the
microscope. The images taken were compared to the images obtained from subsection
5.3.2 of this work.
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Then the gold slides were put inside the flow chamber and the same procedure
was followed as in section 5.2.2 for amplification. The results obtained were used to test
the validity of this method developed in this work.

In Figure 5.3.2.1 (a) and (e), microscopy images containing the results of a control
experiment are shown. It is observed that even under no surface base beads, the iron
nanoparticles could still form accumulations on top on an empty gold-coated surface.
The main working principle involved in the flow chamber experiments, is that the
magnetized stamped base beads will provide a platform/template where the added iron
nanoparticles will accumulate. In a large magnetic field, the base beads on the surface
will create local field lines on the gold-coated surface causing the non-uniformity of the
magnetic field on top of the gold-coated slides. The magnetic field is slightly higher in
the regions where there are printed base beads. Thus the iron particles instead of settling
everywhere, they settle on the lines of the printed magnetic beads. As the iron
nanoparticles accumulations grow bigger, more iron nanoparticles are attracted towards
the iron nanoparticles accumulations and their lengths grow bigger in size.

This argument was proved numerically by using a simple randomity test
developed. The number pixels that are occupied by the iron particles accumulated on
the base beads was calculated by simple thresholding technique at a certain triangle
1000 pixels length and 75 pixels width of the stamp and the number of pixels occupied
by the iron nanoparticles that have settled in regions with no lines was calculated for a
rectangle of the same length and width. Then their differences were taken, and this
procedure repeated for another four pairs of rectangles. The average of the total
differences was obtained to be 69.05 pixels. During the calculation no negative

differences were obtained.

The same procedure calculation is repeated for the microscopy images without
base beads. The triangles of the same sizes are chosen as in the above cases. The
average of their differences in pixels is calculated. In this attempt the average number of
pixels obtained is 1930.65 pixels. During the calculations both negative differences and

positive differences were obtained.

These values shows that the iron nanoparticles accumulations formed in the gold-
coated slide with no base beads are random. By using this technique it is expected for
them to cancel out to give a value close to zero. The fact that no negative differences

were obtained in the iron nanoparticles accumulations on the gold-coated slide with
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base beads prove that most of the accumulations are on the stamped base beads and thus
ordered. This proves the above made explanation that the iron nanoparticles are
attracted to the stamped base beads duo to the local magnetic field induced on them.
Figure (5.3.3.1) shows the differential number of pixels occupied by the iron

nanoparticle for different concentrations of streptavidin calculated.
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Figure 5.3.3.1 Differential number of pixel of iron nanoparticles against streptavidin concentration
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Chapter 6

Conclusion

In this study, a novel cost and time efficient method for signal amplification in
biosensors by the use a controlled magnetic or iron micro/nanoparticles accumulation
under an external magnetic field has been presented. As the magnetic beads are
magnetized they form accumulations that increase in size as the magnitude of the
magnetic field or other parameters are varied. This controlled increase in size
corresponds to a controlled increase in the pixels occupied and thus pixel amplification
is achieved. The accumulation dynamics, the effect of parameters like the magnitude of
the magnetic beads, magnetic bead’s size and type of the magnetic beads have been
investigated.

The integration of this technique with immunomagnetic separation has also been
reported. E.coli 0157:H7 bacteria samples were captured by anti-E.Coli magnetic beads
and separated from their medium, then magnetic accumulation signal amplification
reported in this work was performed. The increase in the total number of pixels was
recorded from 1,911 with E.coli only to a maximum of 169,060 with E.coli, anti-E.Coli
beads and an accumulation of three magnetic beads. Instead of seeing the capture
magnetic bead and E.coli bacteria only the controlled accumulation that are attracted to
the capture beads with E.coli bacteria contributed to the increase in pixels reported.

Recently, a lot of microfluidic channel based devices that can detect several
diseases with different readout mechanisms have been developed and reported in
literature. The integration of this magnetic beads based signal amplification strategy
with a flow chamber has also been reported in this work. Signal amplification of the
streptavidin coated magnetic beads immobilized on a gold slide inside the flow chamber
by the use of iron nanoparticles was quantified. The immobilization of the magnetic
beads ensured that the iron nanoparticles area attracted only to the specified regions
containing magnetized magnetic beads. Two metrics were used to quantify the
micrscopy images obtained. With Contrast to Noise Ratio (CNR) proving an
approximate of 6 folds increase compared to a 1.4 folds increase by using the increase

in pixel areas metric for both before and after microscopy images.
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Lastly, a complete biosensing method that is comprised of the detection of
streptavidin molecules, flow chamber integration and signal amplification by the use of
iron nanoparticles is reported. A maximum of 8 folds in CNR amplification was
obtained. Using empty gold-coated slides without attached base beads a control
experiment was done. The quantification results obtained from this control experiment
proved that the alignment of the iron nanoparticles on top of the magnetic beads is not
random. The iron nanoparticles accumulations are only formed on areas with base beads
and are ordered.

With the low cost of the materials used to fabricate the magnetic platforms and
flow channels together with not requiring any biomolecular labels, the signal
amplification method developed in this work have proven to be cost effeciency. With at
most less that 10 minutes needed to achieve complete signal amplification this methods
have proven to be time efficiency too. The pH of the medium has no any effect in the
accumulations obtained, thus this method can be applied in a media of any pH value.

The use of mobile phone cameras as imaging devices for different biosensors is
reported in literature. This magnetic beads accumulation signal amplification method
reported in this work can be applied to increase the CNR values or the pixel areas of the

images obtained from these devices for better visualization.
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Appendix

Appendix A: Materials

Permanent Magnets

3mm x 3mm of size Neodymium (N42) purchased from a local hobby shop.

Poly (methyl methacrylate)/acrylic

Purchased from Mc Master Carr (EImhurst, IL)

Ferromagnetic Beads

Magnetic beads of reported mean diameter 8.74 um (5 mL), 4.21 um (5 mL) and 2 pm
(10 mL) were purchased from Spherotech (Lake Forest, IL). Their concentration was
1.0% wiv.

Superparamagnetic beads

Beads of mean diameter size 4.43 um (10 mL) of concentration 1.0% w/v were
purchased from Spherotech (Lake Forest, IL). Beads of mean diameter size 1 um and
concentration 10mg/ml were purchased from Chemicell (Berlin, Germany).

Iron Nanopowder

Iron nanopowder of particle size 60-80 nm in diameter and density 7.86 g/mL at 25 °C
was purchased from Sigma-Aldrich (St. Louis, MO).

Gram Stain

Purchased from Merck (Darmstadt, Germany) , was used to color purple the E.coli
bacteria for viewing under the microscope.

Captivate 0157 Magnetic Beads.

Beads for capturing E.Coli 0157:H7 were purchased from Lab M ( Lancashire, UK).
They are coated with high affinity, high avidity absorbed and purified polyclonal
antibodies to cell surface antigens.

Sreptavidin (Thermo Scientific )

Purchased from Thermo Fisher Scientific (Waltham, MA). In this work, streptavidin
was used in the developing of a complete sensing mechanism as a biological entity to be
captured by probe molecules (Biotin) on the magnetic beads.

Biotin Coated Beads (Chemicell)

Beads of mean diameter size 1 um and concentration 10mg/ml were purchased from
Chemicell (Berlin, Germany). These beads were used for specifically capturing

streptavidin. Since biotin are known to form a strong covalent bond with streptavidin.
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Phosphate Buffered Saline (Pbs)

Purchased from Sigma-Aldrich (St. Louis, MO), PBS was used as a dilution media due
to its isotonic property.

Glass Slides

Custom made 8mm x 8mm glass slide made by cutting the pieces from a 25 mm x 75
mm microscope glass slide using laser cutter. The custom made glass slides, served as
the basic working area where droplets of magnetic fluids could be placed and observed.
Gold Coated Microscope Slides

Purchased from Sigma-Aldrich (St. Louis, MO). Glass slides coated with 1000-
angstrom thick gold.

Biotinylated Bovine Serum Albumin (BBSA)

Purchased from Thermo Fisher Scientific (Waltham, MA). In this work BBSA was used
to functionalize gold coated glass slides.

Bovine Serum Albumin

Purchased from Sigma-Aldrich (St. Louis, MO). This was used to block part of the gold
surface that had no BBSA on it.

Polydimethylsiloxane (PDMS) Stamps.

These were used to print the patterns of BBSA on custom cut gold coated glass slides.

Hydrofouric acid acid and Sodium Hydroxide

Appendix B: Instrumentation

Optical Microscopy System (Nikon)

In this work the images and videos obtained were recorded using this microscope.
Nikon NIS Elements Software

Analyzing of the images and videos recorded was performed using this analysis tool.
Gauss Meter

Purchased from Pacific Scientific (Milwaukie, Oregon), this device is used to measure
the strength and the direction of the magnetic field.

Syringe Pump

Syringe pump was used for pumping magnetic bead solution in and out of the flow
chamber. It was purchased from New Era Pumps Inc (NY).

Finite Element Magnetics Method (FEMM V 4.2)

This is free software that is used to solve low frequency electromagnetics problems

(both linear and non linear) on axisymmetric domain and two-dimensional planes.
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