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Abstract

Toxins are biological molecules observed in water resources, harmful to animal and hu-
man life. They are produced by certain algae and can find their way to the human body
by drinking contaminated water, recreational water activities, or consuming contaminated
crops or fish. Identification of these toxins in water resources becomes an essential part
of the food industry and water quality analysis, creating an immediate need for an easy,
portable, and rapid detection. Developing biosensors using immunological principles re-
moves the need for complex and tedious analytical analysis while enabling sensitive and
specific detection of biological molecules, such as toxins. The advent of microfluidic devices
further simplifies the analysis and allows for rapid, automated, and in-field detection. The
combination of biosensors with microfluidic devices preserves the advantages but overcomes
the limitation of standard analysis methods.

The aim of this thesis is to first closely investigate the flow of the solution inside the
microfluidic channel to develop a new computational model. Design and fabrication of
microfluidic devices and implementation of immunoassay is a time-consuming process, and
optimization of every aspect of the experiment is not feasible. A valid computational model
can expedite the design and optimization process. In the next step, we showcased the use
of the optimized microfluidic design for quick, in-field monitoring of cyanotoxins in water
resources.

We present a novel bead-based competitive fluorescent assay using Quantum Dots
(QDs) as a reporter agent for multiplexed detection of two types of toxins: Okadaic Acid
(OA), a marine toxin, and Microcystin-LR (MC-LR), a freshwater toxin. To ease and
automate the detection process, a reusable microfluidic device, Toxin-Chip, was designed
and validated. It consists of (1) micromixer to mix and incubate the target toxin with
the detection reagent, (2) detection chamber to magnetically retain beads for downstream
analysis. The emitted signal from QDs captured on beads is proportional to the amount
of toxin in the solution. An image recognition program was developed to carry out the
signal read-out of microscopic images of the detection chamber. Two toxins were analyzed
on the microfluidic chip, and the device exhibited a low limit of detection (LOD). The
bead-based platform also showed remarkable chemical specificity against potential inter-
fering toxins. The device’s performance was tested and validated using natural lake water
samples from Columbia Lake of Waterloo contaminated with cyanotoxins. The Toxin-Chip
holds promise as a versatile and simple quantification tool for multiplexed field-based cyan-
otoxin detection, with the potential of extension for the simultaneous detection of more
targets.
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Chapter 1

Introduction

1.1 Immunological Detection Assay

The study of mechanisms in nature, particularly the human body, has inspired scientists
to develop methods capable of investigating a biological medium in search of particu-
lar molecules. The information obtained from this biomolecule monitoring helps identify
the targeted biological samples. This oriented and interdisciplinary study has brought
tremendous advancements in the medical, environmental, and food industries. Traditional
analytical techniques of monitoring biomolecules primarily use high-performance liquid
chromatography combined with mass spectrometry (LC-MS) and ELISA [1]. In these
methods, biological samples are collected and shipped to the centralized laboratory, where
skilled personal use expensive and complicated equipment to analyze the samples. The
results are usually reported after several days, which limits the reactive decision-making
and dramatically hinders the application of these methods for an easy, fast, and in- eld
analysis. Massive e ort and focus have been put into developing a quicker and more ac-
cessible approach for monitoring biomolecules. The principle of ELISA assay is based on
speci ¢ antigen-antibody reaction providing a simple method for screening biomolecules.
However, the ELISA methods su er from low sensitivity and lack of speci city[2] compared

to the instrumental assays[3].



1.2 ELISA

In general, di erent types of ELISA have been designed and implemented for detection of
the target of interest. Here, | will elaborate on two kinds of ELISAs, which will later be
used toward achieving my thesis's objective.

1.2.1 Sandwich ELISA

Sandwich ELISA has emerged as a robust, reliable clinical diagnostic and research tool.
In these assays, target proteins are detected based on the speci c interaction between
a target antigen and capture antibody (cAbs) and detection antibody (dAbs) where the
target antigen is \sandwiched" between cAbs and dAbs.

Due to the use of two specic antibodies in the sandwich ELISA, the risk of cross-
reactivity is reduced, eliminating the necessity for a puri cation step in the analysis. The
main disadvantage of a sandwich ELISA rise from its usage of matched pairs of capture
and detection antibodies. They bind to di erent epitopes on the antigen and can be
challenging to produce and validate to operate together. A sandwich ELISA is also more
time-consuming and expensive compared to conventional ELISA[4].

1.2.2 Competitive ELISA

The competitive ELISA technique has proven to be e ective in detecting small molecules
at low concentrations that cannot be e ectively captured through other ELISA types. In a
basic competitive immunoassay, the targets of interest are conjugated on the sensing surface
and compete with the target analyte in the solution to occupy the antibody binding sites.
The binding is transduced into a detectable signal, measured, and correlated to the target
concentration in the sample.

Competitive ELISAs can measure a more extensive range of antigens in a sample than
a sandwich ELISA. This method does not use two epitopes on the target, which makes
them more e cient in detecting small molecules that do not have multiple epitopes (for
example, toxins). However, the complicated process of competitive ELISAs does not allow
for higher speci city in the assay[4].



1.3 Bead-Based ELISA

Novel ideas have been integrated to improve the e ciency of ELISA assays. The incor-
poration of micro- or nanobeads, an alternative to a planar microarray, provides several
advantages, such as (1) reducing the sample volume, (2) decreasing the incubation time,
(3) improving the LOD, and (4) facilitating assay integration[5]. Bead-based sandwich
assays are highly specic and easily integrable with the detection method. In this type
of assays, micro- or nanosized particles are usually coated with the cAbs s and incubated
with the sample solution that contains a target of interest. Then a specic dAbs and a
reporter molecule are used to visualize the captured analytes|6].

The bead-based assays have been successfully utilized for di erent applications, such
as early detection of coronavirus disease (COVID-19)[7], the infectious disease caused by
the most recently discovered coronavirus; sepsis[8], a systemic response to infection[9];
malaria disease[10]; multiplex cytokine detection of ovarian cancer[11]; and detection of
extracellular vesicles from whole blood for early-stage cancer diagnosis[12].

1.4 Biosensors

Biosensors are integrated devices using biorecognition components (aptamer, antibody,
enzyme, etc.) and transduction elements (electrical, optical, etc.) to deliver quantitative
analytical data. The operation of biosensors can be divided into three steps: interaction
of the receptor with the sample, signal generation, and signal interpretation. The phys-
ical interaction of the target analyte with the bioreceptor is converted to a measurable
signal by the transducer. This generated signal can be of various natures such as opti-
cal (uorescence), electrochemical (redox), and electronic (resistance) and is subsequently
measured and interpreted within the biosensing system. The involvement of biological en-
tities like antibodies, DNA, proteins, and enzymes in the detection process sets biosensors
apart from other sensor types[13], and they can detect a wide range of biological targets
in environmental studies, biomedical and food industries, microbial detection, etc.

This emerging technology can facilitate the ELISA assay performance by providing a
reacting site designed to respond to a speci ¢ antigen in the medium. Biosensors o er more
accessible techniques for performing immunoassays and detecting the subsequent signal of
interaction between biological molecules bringing a signi cant advancement to the analyti-
cal process. They allow relatively rapid, simple, and low-cost analysis while preserving the
speci city of traditional analytical methods. This interdisciplinary eld involves the col-
laborative e orts of biology, chemistry, engineering, physics, chemistry, and biotechnology.

3



The design of biosensors varies in the immunoreaction type (direct, sandwich, competitive

etc.), detectable signal (optical, surface plasmon resonance, electrochemical etc.), react-
ing surface (wells, arrays, microbeads etc.), which is employed to tailor a sensor to its

designated application

1.5 Micro uidic Technology

Although biosensors o er a highly sensitive detection, they consist of multiple analytical
steps to be completed in laboratories by quali ed personnel, hindering the automated and
straightforward operation. Micro uidic technology has a very high potential to overcome
these challenges since it allows for precise control of uids, reduced consumption of ex-
pensive reagents, rapid isolation with high quality and throughput, portability, and low
cost[14, 15]. From the operational standpoint, micro uidic devices integrate all conven-
tional (mixing, washing, enrichment) analysis steps and are automated, portable, and user-
friendly[16]. Moreover, the network of miniaturized micro uidic channels o ers the bene t

of having a multiplex study where many biosensors are implemented in the device and
provide a more comprehensive analysis of the biological sample during a single run. Due
to these advantages, micro uidic techniques o er improved performance over conventional
bench-top systems and are increasingly used in biomedical analyses[17, 18].

1.5.1 Micromixers

Much e ort has been focused to overcome performance limitations in the micro uidic de-
vices, one of which is slow reagent mixing. The laminar ow regime inside micro uidic
device hinders e cient mixing and reaction of the biological elements. Micromixers are
powerful solutions toward addressing the ine cient mixing in micro uidic systems by in-
ducting chaotic ow[19]. These mixers in uence the ow inside the microchannels by
incorporation of moving parts (stirring, shaking), energy inputs (acoustic wave, dielec-
trophoresis), or channel design (twisted channels, patterned channels). A uorescence
sandwich immunobead-based assay integrated with micromixers has been recently devel-
oped for the real-time continuous detection of glucose and insulin in live animals. The
central to this technology, called real-time ELISA, is the capture of analytes on the mi-
crobeads and inside a chaotic micro uidic mixer in less than 1 minute, enabling real-time
measurement[20]. The ELISA assays have been recently combined with micromixers and
customized for various applications. However, device design and process optimization to
achieve the best performance remain a substantial technological challenge.
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1.5.2 Computational Model of Micromixer

Despite all the advancements in fabrication and designing of new and e cient micro u-

idic mixing devices, the eld lacks a comprehensive study that explains the theory and
mechanisms. Previously developed models investigated di erent aspects of binding analyte
molecules to the reactive surface in bulk medium (not micro uidic platforms). For example,

the interaction between analytes and antibodies was extensively studied on surface-based
sensors[21, 22] or bead surfaces[23]. A mathematical model was developed for modeling the
magnetic immunobead-based assay but considered only a simple situation of irreversible
heterogeneous binding[24]. Other models studied coating of magnetic particles using ran-
dom sequential adsorption theory[25], antigen capture using simple Langmuir kinetics[26],
and motion of the magnetic particles under the in uence of external magnetic elds using
computational uid dynamics[27]. More recently, a more detailed and accurate model ex-
amined the building blocks of immunoassays, including heterogeneous binding of analyte
molecules on bead or sensor surfaces, attachment of bead labels to sensor surfaces, and
generation of electrochemical current by bead labels[28]. To the best of our knowledge,
there is no model that exploits immunobead-based assays integrated with micro uidic mix-
ing. Such a model will be very bene cial as it systematically guides to design devices and
assays with the best performance.

Herein we explore the complicated bead-based immunoassay and introduce a computa-
tional model that enables the rational design and optimization of the immunobead-based
assay in a micro uidic mixing channel. We use numerical methods to examine the e ect
of the ow rates, channel geometry, bead's trajectory, and the analyte and reagent char-
acteristics on the e ciency of analyte capture on the surface of microbeads. This model
accounts for di erent bead movements inside the microchannel, intending to simulate an
active binding environment. The model is further validated experimentally where di erent
micro uidic channels are tested to capture the target analytes. Our experimental results
are shown to meet theoretical predictions.

1.6 Toxins Contamination of Water Resources

Harmful algal blooms (HABs) are environmental pollution due to the release of toxins

into water supplies. They have caused global hazards to aquatic organisms in the marine

ecosystems and posed a severe threat to human health by contaminating water resources[29,
]. The HABs are increasing in frequency, severity, and duration with anthropogenic

e ects, such as agricultural run-o , urban waste, manufacturing of detergents, and global



warming[1, 31].

1.6.1 Toxin Types and Regulations

MC-LR and OA are the two main products of HABs[32, 33]. MC-LR is the most common
and toxic freshwater toxin produced mostly by cyanobacteria algae[34], while OA is a
major marine neurotoxin produced by several species of dino agellates and has been found
in both marine sponges and shell sh[35]. Both MC-LR and OA have been found to promote
tumour growth and immunotoxic e ects[36, 37]. World Health Organization has proposed
1 g/L of MC-LR as a safety guideline for drinking water[38], and rmer limits ( 0.3
g/L) have been implemented by the U.S. Environmental Protection Agency [39]. Other
emerging toxins have yet to be identi ed in detail; nonetheless, based on the information
from di erent studies, consumption of 50ug/person of OA can cause human illnesses[40].

1.6.2 Toxin as a Target Biomolecule

Biological toxins are the subject of extensive studies in the eld of biosensors. Many
biosensors have been developed to replace the conventional analytical method of water
analysis. Their implementation is promising to meet the necessity of having a rapid, in-
led, and simple detection.

In a pioneering biosensor, MC-LR antibody immobilized on the graphene sheets and
nanoparticles conjugated with secondary antibody formed a sandwich immunoassay to
detect MC-LR[41]. In another assay, MC-LR was immobilized on the surface of graphene
Im and competed with target MC-LR in binding to monoclonal antibodies. The method
constructed a signal-o competitive assay by monitoring the electron-transfer resistance
changes of the electrodes[42]. In another biosensor, probes conjugated with QDs were
integrated into an indirect competitive immunoassay for MC-LR detection[43]. QDs s
improve the optical sensor's sensitivity toward small toxin molecules due to their unique
optical properties. They o er higher brightness, resulting in a greater signal-to-background
and their extreme photostability allows for continuous observation of biological events over
prolonged periods of time[44]. In a recent study, an innovative DNA probe was developed
by combining an MC-LR aptamer loop and a double-strand stem combined with copper
nanoclusters, producing uorescence signals[45]. Upon the addition of target MC-LR,
the aptamer prefers binding to the target, which leads to a conformational change and
guenching of the uorescence signal produced by the probe. The optical sensors are useful
in the development of a multiplex biosensor that can detect several targets at the same time.
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Nanoparticles with di erent colors have been employed for the simultaneous detection of
OA and MC-LR[46]. Upon target introduction, the quencher strands are released, causing
the uorescence signal to be emitted.

1.6.3 Micro uidic Sensors for Toxin Detection

Various groups have utilized micro uidic devices for developing toxin detection sensors.
A portable uorescence competitive immunoassay developed for simultaneous detection of
Microcystin and CYN. The system uses a microarray loaded with reagents, cartridge, and
custom software for quantifying the uorescence images[47]. In another study, a micro u-
idic device with reagent columns was developed to monitor three cyanotoxins in parallel.
In this device, the multiple steps of the bead-based competitive ELISA were controlled
by integrated valves[48]. Recently, a group combined an integrated micro uidic device
with a smartphone imaging module in which the operation steps were automated, and the
smartphone-based detection facilitated in- eld detection[49]. Similarly, four major toxins
were detected simultaneously using a micro uid chip and an image analysis program where
the sample was loaded in the center of the device connected to ve reaction wells loaded
with dried reagents[50].

The mentioned micro uidic assays are considered an advancement in the toxin detection
eld; however, they possess several limitations, including the devices are not re-usable, fully
portable, continuous, and usually require complicated process (Table 4.1).

1.7 Thesis Objectives and Overview

This thesis aims to investigate the ow dynamic and formulization of sample and reagent
mixing and reaction inside micro uidic channels to provide a strong optimization tool and
shorten the tedious process of micro uidic device optimization. We developed a computa-
tional model to address this challenge and validated its ability to simulate intricate channel
and immunoassay with experimental results.

Next, the optimized design was utilized to develop a novel biosensor for rapid detection
of biological toxins in water samples. We designed and optimized a novel immunoassay
and implemented it in an automated micro uidic device enabling fast and in- eld analysis.
We demonstrated the capability of this novel design with various experiments, including
lake water sample analysis.

The remainder of this thesis will be organized as follows:
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1.7.1 Chapter 2: Computational and Experimental Model to
Study Immunobead-Based Assays in Micro uidic Mixing
Platforms

This chapter presents an integrated three-dimensional (3D) computational and experi-
mental model that investigates the immunobead-based assays inside micro uidic mixing
devices. We studied the e ect of di usion and convection on the analyte movement inside
a simple micro uidic channel. The impact of di erent patterns of bead movements and
di erent numbers and sizes of beads were also investigated. We compared the incorpo-
ration of herringbone structures to enhance mixing, and the target analyte capture both
experimentally and theoretically. Notably, the measurements obtained from our theoret-
ical model closely matched those from experiments, suggesting that this model can be
employed prior to the experiments for optimizing device and assay design. Finally, using
a kinetic model, we investigated if the equilibrium is achieved inside our mixing device at
di erent ow rates.

1.7.2 Chapter 3: Detection of Toxins from Water Sample with an
Integrated Micro uidic Device Coupled with Image Recog-
nition Platform

In this chapter, we present a platform, called \Toxin-Chip", capable of rapid and parallel
analyses of multiple toxins in water samples. Our system combines a micro uidic chip
that integrates an optimized chaotic mixing module with the collection chambers with the
optical measurement to enable highly sensitive and speci ¢ detection of MC-LR and OA
toxins. We have developed a bead-based competitive assay and used QDs s as uorescence
tag. Compared to other methods, bead-based assay facilitates uorescence signal read-
out while increasing the sensitivity and reducing the reaction time[51]. Moreover, using
QDs s instead of organic uorophore overcomes the low signal in monitoring small toxins
present at low concentrations. Our Toxin-Chip provides a novel, rapid, scalable, and cost-
e ective approach to multiplex and sensitive monitoring of multiple toxins in environmental
samples. More importantly, Toxin-Chip can be readily modi ed for rapid detection of other
biological toxins.



Chapter 2

Computational and Experimental
Model to Study Immunobead-Based
Assays Iin Micro uidic Mixing
Platforms

2.1 Computational Model for Immunobead-Based As-
says

The analyte capture on the bead surface in a micro uidic channel involves two main phe-
nomena: bead and analyte movements and a chemical reaction. The beads and analytes
move inside the micro uidic channel, and the analytes chemically bind to the cAbs that
are coated on the bead's surface. Here, we, rst, analytically investigated the mechanisms
of these two phenomena and then derived a 3D computational model to simulate the an-
alyte capture in the immunobead-based assays inside micro uidic channels with di erent
designs.

2.1.1 Modeling the Movement of Beads and Analytes
In micro uidic mixing, a reagent solution, which consists of beads conjugated with cAbs,

and a sample solution containing target analytes are mixed as they ow inside a channel
(Figure 2.1A, left). We studied the movement of analytes and beads by determining their
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velocities in the micro uidic channel. Such information paves the way to quantify the
chemical binding in the next model. A variety of factors a ect the velocity pro les, such
as ow rate, uid viscosity, analyte di usion, and channel designs. Navier-Stokes equation
(2.1), which describes the uid ow[52], can be used to determine the analyte velocity as
they perfectly follow the carrier liquid streamline due to their in nitesimal size. In another
word, the analytes are only under in uence of the drag force.

(V:r!)uz r P+ 1 2y (2.1)

In equation 2.1!, u, P, ,and de ne velocity, pressure, density, and kinematic vis-
cosity, respectively. The beads, on the other hand, may experience other secondary forces
that cause them to move laterally in the channel or even with a dierent velocity in
the ow direction. These secondary forces could be exerted on the microbeads either
internally for example in the inertial-based micro uidics[53, 54] or externally such as in
the dielectrophoretic-based microchips[55]. Therefore, the microbeads trajectory could be
controlled independently by eliminating the drag force e ect in appropriate circumstances.

In nonuniform concentrations, analyte molecules di use and leave the uid streamlines[56].
As a result, convection and di usion are both responsible for analyte movement and disper-
sity in the micro uidic channel. Here, we have used the convectiondi usion equation (2.2)
to determine the analyte concentration pro le throughout the channel in an incompress-
ible uid. This pro le determines the quantity of analytes in the bead's vicinity, which is
required to calculate the number of captured analytes on the bead's surface.

C
%t+! ur C=Dn r 2C (2.2)

In equation 2.2,C is the analyte concentratior{, u is the analyte velocity (which here
equals ow velocity), and D, is the analyte di usion constant. The resulted concentration
and velocity pro les of analytes provide us with enough information to study them at every
given time in every location inside the micro uidic channel.

2.1.2 Modeling the Analyte Capture on Bead Surface

We implemented equation 2.3 to determine the chemical interaction between the analyte
molecules and the cAbs coated on the bead surface.

C0+ Cab<:> Cb (23)
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Figure 2.1: Overview of the model for simulation of the immunobead-based assay inside
the mixing module. (A) Left: Simulation of two ows (sample and reagent) entering and
mixing inside the microchannel. Right: Concentration of the analyte (y-axis) vs the width
of the channel (x-axis) at di erent cutlines (I, I, Ill) along the microchannel. Analytes
disperse in the channel and develop a uniform concentration pro le. (B) Left: Schematic
illustration of a bead a ecting the analytes in the capture circle. Analytes enter the capture
circle along their path, and some analytes are captured via the immobilized antibodies on
the bead. Right: Simulation results of the captured analyte on the front and back side of
the bead's surface by time. The Y-axis shows the amount of the captured analyte, and the
X-axis is the time that the bead travels inside the channel.

In this equation, Cy is the analyte concentration around the beadC,, is the available
antibody concentration on the bead surface, an€, is the concentrations of captured
analytes on the bead surface. We then used the kinetic equation (2.4) to derive the rate
of analyte capture.
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wherek,, and kq; are the association and dissociation constants of the reaction, re-
spectively, and show the antibody a nity toward the analyte. Higher ko, and lower Koy
means higher a nity and are more favorable[57]. As explained abov&,, can be derived
from equation 2.2.C,y, kon and ko are experimentally determined parameters. equation
2.4 can be then solved to calculate th€,. These four equations equip us with all infor-

mation we need for calculating the captured analyte concentration on the bead's surface
in an arbitrary microchannel geometry in di erent conditions.

kon CO Cab koff Cb (2 . 4)

2.1.3 Implementing the 3D Models in COMSOL Multiphysics

We have incorporated the above two models (movement model and capture model) and
implemented the four equations in COMSOL Multiphysics using Finite Element Modeling
to develop a 3D model, investigating the immunobead-based assays in the micro uidic
channel. This model divides the complicated channel body into small elements (the mesh).
The equilibrium equations need to be satis ed over a nite number of elements instead of
the entire channel. First, the movement model solves equations 2.1 and 2.2 in the channel
attaining the analyte velocity and concentration pro le in the channel (Figure 2.1A). As
the particle Reynolds number in our experiment and simulation conditions falls below one
(Re, = 0:1), we assumed that only viscous drag forces act on the beads, i.e., the nite
dimensions of the channels and inertial forces are ine ectual on particle trajectory and
they follow the uid streamlines. In the movement model, analyte propagation through the
channel could be considered independent of the bead presence. The beads exert in uence
on only a negligible portion of analytes in their proximity, which will be addressed and
taken into account in the capture model. Figure 2.1A, right, shows that analytes reach

a uniform pro le as they travel through the channel. Next, the generated pro les were
incorporated into the capture model to obtain the captured analytes on the bead surface
based on equations 2.3 and 2.4.

In our model, we investigated two problems: a single bead in the channel and multiple
beads in the channel. In a single bead problem, the amount of captured analytes is much
less than the available analytes in the channel. We assume that as a bead moves in the
channel, only analytes inside a nite region and at the bead's vicinity are captured. We
called this region as the capture circle. In our model, the capture circle is de ned as the
boundary where, beyond that, the analyte concentration is not a ected by the presence
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of the bead. In addition, we assumed that the analyte concentration on the boundary of
the capture circle is constant and uniform for the sake of simplicity. This assumption is
valid because the uniform analyte condition could be attained within only 12 cm (Figure
2.1A, after cutline I1l) from the inlet, while the channel length in our simulation and
experiment is 35 cm. The capture model consists of two concentric circles, the smaller one
representing the bead and the bigger circle representing the capture circle (Figure 2.1B,
left). The analytes move inside the capture circle with the ow regime derived from the
movement model and are depleted as they are captured on the antibody-conjugated bead.
However, the analytes outside of the capture circle restore the consumed analytes. This
e ect has been modeled by considering a constant concentration over time at the perimeter
of the capture circle. The concentration gradient of the analyte inside the capture circle
is calculated by solving the convection di usion equation (equation 2.2). The boundary
conditions are the inde nite analyte supplement from capture circle boundary (equation
2.5) and the capture of analytes on the bead's surface (equation2.6). Initial conditions are
also given in equation 2.7 to solve time-domain equations.

C=Cy, atR.;t O (2.5)

( oc
I;g D_m @ = kn C (Cao Co) ket Cp at Rp (2.6)
C=Cp; C,=0 att=0 (27)

In these equationsy, C, D, Re, Kon, Kot , Cph, Ry, @and Cyp, are the distance from the
bead center, the analyte concentration, the analyte di usion constant, the capture circle
radius, the association constant, the dissociation constant, the concentration of captured
analytes on the bead surface, the bead radius, and the initial antibody concentration
on the bead surface. In a more practical scenario with multiple beads, the presence of
beads cannot be neglected. This problem requires the development of a time-changing
concentration pro le based on the total captured analytes on the beads.

This study reports the concentration of captured analytes over time on the bead surface
in the micro uidic channel. At the outset, there are many antibodies available on the bead
surface and the analytes are captured at a constant rate; however, the antibodies on the
bead's surface get occupied, resulting in a drop in the capture rate until the bead becomes
totally saturated. This e ect is simulated using our model and shown in Figure 2.1B, right,
where the total captured analyte concentration is shown in blue. Interestingly, the total

13



captured analyte does not reach the saturation state. This is a result of bead movement
that causes the front side of the bead to encounter fresh analytes, while the back side
is left with not enough available analytes to recombine and the capture rate on this side
is very slow (Figure 2.1B, right-inset). The captured analyte on the front side saturates
rapidly and accordingly; we can conclude that capture mostly occurs on the front side
of the bead. In real conditions, beads rotate in a micro uidic channel and the captured
analytes are distributed on the bead's surface. This rotation is because of the variation of
shear rate distribution throughout the channel width. In the case of Newtonian uids and
for a laminar ow where the layers of the uid move in parallel with di erent velocities,

a particle rotates with a speed oft (rad/s) equal to half the vorticity, which could be
calculated using the below equation.

> (2.8)

In equation 2.8, _is the average shear rate across the particle. Therefore, rotation
of the beads must be considered in the modeling to nd the exact saturation time, but
this also impedes the model simplicity. A solution to circumvent this issue is to use the
capture rate as the measure of capture performance instead of saturation time since the
total capture rate is equal to the capture rate on the front side at the beginning of the
reaction.

2.2 Results and Discussion

2.2.1 Studying the E ect of Bead Movement

The micro uidic channel designed for the simulation experiments has a width of 30t ,

a height of 45 m , and a length of 35cm. In our model and experiments, the capture of
IgG (as an analyte) was investigated using IgG cAbs-coated beads. Table 2.1 summarizes
the parameter used in this paper.

In the rst step, we calculated the diameter of the capture circle based on the bead
diameter (d). A smaller capture circle contains less amount of analytes. Thus, the dimen-
sion of the capture circle can a ect the modeling results and a critical minimum diameter
should be considered to have comparable results. To obtain this critical diameter, we
considered a scenario where the convection is zero and the capture happens via the slow
di usion transport. The diameter of the capture circle derived in this situation can be
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Table 2.1: Parameters used in the simulation

parameters unit value

ow rate L/min 15
channel height m 45
channel width m 300
channel length cm 35
analyte concentration g/mL 1

analyte di usion constant 30 cnt=s 280107
analyte molar mass g/mol 150 10
association constant[57] 1/Ms 3.30 1¢¢
dissociation constant[57] 1/s 2.9 10 4
antibody surface density[20] mol/n 8010°6
antibody molar mass g/mol 150 10

then applied in other situations where the restoration of the analytes in the capture circle
happens faster due to convection. In a single bead problem, for a bead diameter:6f #h |,

we investigated the analyte capture using di erent capture circle diametersR. = 2d to
14d) to de ne the critical diameter. As Figure 2.2A shows that, after a certain diameter
(10d), the capture rate and surface concentration of the analytes do not change signi cantly
by increasing theR.. We considered the 10d as th&, in the next studies. Figure 2.2A
reports results in terms of the capture rate and total captured analytes. The capture rate
indicates the speed of the binding process, and the captured analyte reports the amount
of analytes that are captured on the bead at the end of the micro uidic channel. We have
calculatedR, for beads with di erent diameters (1{8 m) in a simple channel and observed
that R. is independent of d (Figure A.1). To have a universaR, for all bead diameters,
we have chosen 10d. We acknowledge that other sizes could have been chosen aRthe
but decide to keep a safety margin so that in the more complex channel geometries (such
as herringbone structures) no issues are encountered.

In practical situations, nonspeci ¢ bindings interfere with the target analyte capture.
We have simulated the e ect of nonspeci ¢ bindings by considering three parallel reactions
with di erent ko, and ket on the bead's surface (Tables A.1). The simulation results (Fig-
ure 2.2B) show that the existence of nonspeci c bindings decreases the capture e ciency
of the target analyte. Beads could be manipulated using external forces in a channel and
have a lateral movement in addition to their primary trajectory. Here, we simulated the
sinusoidal movement of a bead in a simple microchannel (Figure 2.3A-C). The bead moves
in a channel occupied with analytes, and the frequency and amplitude of its movement in-
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Figure 2.2: (A) Optimization of the capture circle diameter based on the bead diameter.
(B) E ect of nonspeci ¢ binding on the capture of the target analyte. Each column shows
the amount of the captured target analyte in the presence of a particular nonspecic
reaction. This gure reports simulation results.

dicate the position and velocity of the bead by time. The bead movement was studied in a
relative velocity of analytes to the bead and the model was trained based on the sinusoidal
movement of the bead. Figure 2.3D shows the concentration pro le around the bead. An
alternating pattern was observed in the analyte pro le, which indicates the e ect of the
sinusoidal trajectory of the bead. The analyte-free zone (blue tail of bead) shows the trace
of the bead movement in each phase of its trajectory (=0, =2, and ).

We rst investigated the e ect of change in the amplitude of bead trajectories (Figure
2.3A). We observed that by increasing the domain of bead movement, a higher capture
rate is achieved. This is due to higher bead lateral velocity, which increases the relative
analyte velocity toward the bead. Figure 2.3B investigates the increase in the frequency
of the bead movement. A higher frequency results in higher uctuations in the bead
movement and more analytes enter the capture circle, enhancing the binding opportunities
in the capture zone. A considerable change in the level of captured analytes caused by
di erent bead moving patterns (Figure 2.3A,B) was observed. It con rms that the bead
lateral movement vividly a ects the analyte capture in the immunobead-based assays in
micro uidic devices and introducing a secondary force can improve the capture[58, 59].
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Figure 2.3: Amplitude (A) and frequency (B) of the bead's sinusoidal trajectory on the
captured analyte on the bead. (C) E ect of the bead and analyte movement pattern (the
relative velocity of the bead and analyte) on the captured analyteV}, and V, denote bead
and analyte velocity, respectively. (D) Cross section of analyte concentration inside the
capture circle during bead's sinusoidal movement. The magnitude and direction of relative
velocity oscillate, which in turn shape the analyte concentration pro le. This gure reports
simulation results.

Immunobead-based assays have been optimized by employing new channel designs or
applying an external force (magnetic or dielectrophoretic forces) to manipulate the bead
movements[60]. Our model is capable of simulating various movement patterns in the
micro uidic channel. In Figure 2.3C, di erent strategies that a bead and analytes encounter
were studied: (1) the bead and analytes move with the same velocity but in the opposite
directions (Vanayte = Vbead); (2) the bead is immobilized and analytes moveVeaq = O;

(3) they move in the same direction but analytes move fasteMgnayte > Vpead), (4) bead
velocity is higher (Vanayte < Vpead); and nally (5) the bead and analytes move with the
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same velocity and direction Vanayte = Vhead): The reported results signify the e ect of
convection on the immunobead-based assays. In condition#1, the highest relative velocity
and the maximum capture e ciency are achieved. On the contrary, the relative velocity
in condition#5 is zero and the lowest amount of analytes gets captured. Condition#3 and
#4 con rm the role of relative velocity, although the bead velocity changes but the relative
velocity is the same. Thus, the capture rate and captured analytes are the same among
these two conditions.

2.2.2 Studying the E ect of Bead Diameter and Number

Next, we investigated the in uence of changes in the bead diameter and number on the
assay performance in the micro uidic channel. It was assumed that, in a multiple bead
problem, every bead has its own capture circle with no interference from other beads.
However, the diameter of the capture circle and the analyte restoration process are a ected
by the bead number and diameter. In our 3D model, the restoration process happens via
the analytes present on the boundary of the capture circle. In the single bead problem,
there is an excess of unbound analytes, and hence, the concentration on this boundary
is constant. However, in the presence of other beads, the analytes are captured all over
the channel, and the input concentration to the capture circle decreases over time. In the
multiple bead problem, the volume of the micro uidic channel Y.) is divided between the
beads to calculate theR.. If N is the number of beads present in the channel at any given
time, R. is given by equation 2.9.

'
3V

Vo= 2 =¢ 2.9

o N (2.9)

The analytes were assumed to be uniformly distributed in the channel, and the same
share of analytes was allocated to each bead. This model is di erent from the single bead
problem where all of the analytes in the channel were determined as a single bead's share.
To solve the multiple bead problem, the captured analytes were then subtracted from the
bead's share of analytes in every time step, achieving a time-changing concentration for
the available analytes on the boundary of the capture circle.

Figure 2.4 reports the number of analytes captured by di erent bead sizes with the same
surface area (a higher number of beads for smaller bead size) (Figure 2.4A,C) and di erent
bead numbers (Figure 2.4B,D). To simplify the model, the beads were assumed to move in
the center of the channel one by one. We considered a constant cAbs density on the bead's
surface; hence, a larger bead has more available capture sites and captures more analytes,
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con rming our simulation results in Figure 2.4A (black circles). The captured analytes
per bead grow quadratically as the number of antibodies on the bead is proportional to
the square of bead diameter. The xed total surface area and cAbs density lead to a
constant total number of antibodies on beads with di erent diameters. We observed that
total captured analytes (represented by the gray square) decrease by increasing the bead
diameter. As the bead size increases, more cAbs are available per bead and the analytes
in the vicinity of the beads are consumed faster and fresh analytes should be resupplied
from remote regions. Therefore, by increasing the bead diameter and in conditions that
a reaction is constrained by a transport mechanism (i.e., in the straight channels where
di usion is the dominant method), the total captured analytes are a ected by a slower
supply of uncaptured analytes. The Damkohler numberl},), which de nes the ratio of

the reaction rate to the transport mechanism, explains this observation. ThB, for the
convective mass transport mechanism (equation 2.10) reports a constant number for all
bead sizes, suggesting that the bead diameter does not a ect the convection mechanism.
However, in theD, equation for the di usion mass transport mechanism (equation 2.11),
D, increases by increasing the bead diameter (d). The largBr, shows that the situation

is di usion-limited, i.e., it takes longer for the analytes to reach the surface of the bead
and react with the antibodies, which con rms our simulation prediction.

Da=Cp Kon tresidual (2-10)

Dp= 2> o ~ (2.11)

Figure 2.4B presents the results of using di erent numbers of beads (for d = 4.5n).
At low bead numbers, enough analytes are available for each bead and the target capture
occurs in the antibody-limited regime. At the low bead number, by increasing the bead
numbers, the captured analytes per bead decrease, while the total number of captured
analytes increases. As the number of beads increases, we expect that (1) the capture circle
becomes smaller and the number of available analytes for each bead decreases and (2)
the capture regime is changed from antibody-limited to analyte-limited. As a result, the
number of analytes per bead decreases (black circles) and the number of total captured
molecules starts to saturate (not shown in the simulation).

We fabricated a microchannel using a standard micro uidic device fabrication protocol
with glass substrates and poly-dimethylsiloxane (PDMS) and performed immunobead-
based sandwich ELISA experiments to validate the modeling results. For this purpose,
a microchannel with a total length of 35 cm and a cross section of 306n O 45 m
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Figure 2.4: Simulation and experimental results of the immunobead-based assay in multiple
bead situations using di erent diameters and numbers. (A) Captured analytes vs bead
diameter for multiple beads with a xed total area. Here, the number of beads in the
channel decreases as the bead's diameter increases. (B) Change in the amount of captured
analytes vs di erent bead numbers with the same bead diameter. Here, the number of beads
increases as the total surface area of beads increases. Experimental results of immunobead-
based sandwich ELISA for IgG capture performed with (C) di erent sizes (4.5 and 8m)

and di erent numbers of the bead (bead size: 4.5m) in a microchannel (D).

was designed in a serpentine shape to t dimensions of regular glass slides (the radius of
the turns in the serpentine shape is large so the e ects of these turns can be neglected).
Immunobead-based sandwich ELISA was performed to capture IgG with a concentration
of 1 g/mL. The reagent solution consisting of microbeads functionalized with IgG cAbs
and uorescently tagged dAbs (10 g/mL) was introduced through the reagent inlet, while
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a bu er solution containing 1IgG was injected via the sample inlet. We injected these so-
lutions at a ow rate of 15 L/min and then collected the beads from the device outlet
and measured the uorescence signal using ow cytometry. Two sizes of beads (4.5 and
8 m) were chosen to investigate the e ect of bead diameter on the analyte capture in-
side the channel. Figure 2.4C reports the same trend observed in the simulation results
(Figure 2.4A). A higher number of cAbs are immobilized on the 8m bead compared to
the 4.5 m one, resulting in the capture of more analytes and thus increased uorescence
signal. However, the uorescence signal collected from the total number of beads is less,
as predicted by the modeling results. The e ect of the number of beads has also been
experimentally investigated. Three di erent bead numbers were injected into the device,
and the uorescent signals collected from one bead or the total number of beads were
measured (Figure 2.4D), con rming the simulation results reported in Figure 2.4B.

We have also studied the e ect of the bead diameter on the total/front side/back side
captured analyte rate for a single bead, assuming a constant amount of capture antibodies
(Figure A.2). In a larger bead, capture antibody molecules are dispersed over a larger
area, resulting in a greater number of analytes per capture antibody molecule. Therefore,
the capture rate increases by increasing the bead diameter while the amount of capture
antibodies is constant. In immunobead-based assays, the steric hindrance e ect is an unan-
ticipated issue. To study if our model can account for the steric hindrance e ect, we have
calculated the capture rate over time for di erent antibody concentrations on the bead's
surface. We observed that as the antibody concentration increases, the bead captures more
analytes (Figure A.3). Due to the limited number of analytes in the channel, an increment
in antibody concentration after a certain point does not change the trendline. These results
show that our nite element method model cannot account for steric hindrance.

2.2.3 Chaotic Flow Mixing vs Laminar Flow Mixing

Here, we have studied the e ect of channel geometry on the analyte capture. As was
discussed, the number of analytes captured on the beads is relatively proportional to the
number of adjacent analytes and antibody binding sites. In a chaotic ow, the analytes
move randomly, creating a higher capture chance. The laminar ow regime in the micro u-
idic channels hinders the e cient binding on the bead because the mixing is minimized.
Various groups have presented innovative designs to induce chaos in the laminar ow regime
of micro uidic channels for enhancing the analyte capture rate. These designs are called
micromixers and can be categorized into two groups of active and passive mixers[19]. Gen-
erally, active mixers use an external force to disturb the uid ow[61, 62, 63], while the
passive mixers implement alteration in the channel path including turns and obstacles to
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