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ABSTRACT

Two-Phase Microfluidic Systems for High Throughput Quantification

of Agglutination Assays

David Castro Signoret

Lab-on-Chip, the miniaturization of the chemical and analytical lab, is an endeavor

that seems to come out of science fiction yet is slowly becoming a reality. It is a multi-

disciplinary field that combines different areas of science and engineering. Within

these areas, microfluidics is a specialized field that deals with the behavior, control

and manipulation of small volumes of fluids.

Agglutination assays are rapid, single-step, low-cost immunoassays that use micro-

spheres to detect a wide variety molecules and pathogens by using a specific antigen-

antibody interaction. Agglutination assays are particularly suitable for the miniatur-

ization and automation that two-phase microfluidics can offer, a combination that

can help tackle the ever pressing need of high-throughput screening for blood banks,

epidemiology, food banks diagnosis of infectious diseases.

In this thesis, we present a two-phase microfluidic system capable of incubating

and quantifying agglutination assays. The microfluidic channel is a simple fabrication

solution, using laboratory tubing. These assays are incubated by highly efficient

passive mixing with a sample-to-answer time of 2.5 min, a 5-10 fold improvement

over traditional agglutination assays. It has a user-friendly interface that that does

not require droplet generators, in which a pipette is used to continuously insert assays

on-demand, with no down-time in between experiments at 360 assays/h.

System parameters are explored, using the streptavidin-biotin interaction as a

model assay, with a minimum detection limit of 50 ng/mL using optical image analy-

sis. We compare optical image analysis and light scattering as quantification methods,
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and demonstrate the first light scattering quantification of agglutination assays in a

two-phase flow format. The application can be potentially applied to other biomark-

ers, which we demonstrate using C-reactive protein (CRP) assays. Using our system,

we can take a commercially available CRP qualitative slide agglutination assay, and

turn it into a quantitative High Sensitivity-CRP test, with a lower detection limit of

0.5 mg/L using light scattering.

Agglutination assays are an incredibly versatile tool, capable of detecting an ever-

growing catalog of infectious diseases, proteins and metabolites. A system such as

that presented in this thesis is a step towards being able to produce high throughput

microfluidic solutions with widespread adoption.
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Chapter 1

Introduction

One of the current goals in scientific and technological advancement would seem

straight out of science-fiction: The Tricorder. The Tricorder is a fictional device

from Gene Roddenberry’s Star Trek universe, a handheld device capable of sensing,

computing and recording a wide variety of physical and medical parameters.

The first reason why I mention this ambitious goal is because it useful to us in the

real world to help conceive what kind of multi-disciplinary efforts would be required

in order to make one. It would need the combined knowledge of medicine, chemistry,

microbiology, electronics, mechanics, physics, and microfabrication. There is indeed

such a field, which emerged in the early 1990s under the names µTAS (Micro Total

Analysis Systems)[1] or Lab-on-chip [2]. These terms are often used interchangeably,

and the most prestigious yearly conference and scientific journal in the field, have

been named after them, respectively.

Just as the microchip is the miniaturization of the computer, Lab-on-chip is the

miniaturization of the chemical and analytical lab. Its aim is to produce small-

footprint devices, usually in the size of a few square centimeters, which receive as

input a patient’s sample, transducer, or chemical reagents, and produce as output a

readout, diagnostic, or a processed chemical product. As many of these elements are in

liquid form, Lab-on-chip is inexorably linked to microfluidics. This field deals with the

behavior, control and manipulation of small volumes of fluids, typically in the range of

microliters to picoliters [3]. Miniaturization comes with a range of advantages, such

as reduced reagent consumption, processing time, portability, reaction parameter
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Figure 1.1: Top: Depiction of the fictional Star Trek Medical Tricorder device,
indicating some of its imagined features. Bottom: Concept of Lab-on-chip, where a
number of chemical or biological inputs to a chip can produce a variety of chemical
or diagnostic outputs.
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control, among others [3]. Microfluidics and Lab-on-chip applications are the subject

of this thesis.

The second reason why I consider it relevant to mention the Tricorder is because

this goal is slowly becoming a reality, as pointed out in Tabeling’s Introduction to

Microfluidics [4]. In 1994 Jacob et al. [5] published an integrated chip capable

of mixing, reacting and separating enzymatic reactants. In 1998 Burns et al. [6]

published a single device that took care of the pre-processing, reaction, separation

and detection of liquid DNA samples. In 2012, the Qualcomm XPRIZE Tricorder [7]

global competition was announced, offering a multi-million prize for the team that

could produce a device capable of diagnosing a set of 12 diseases, as well as real-time

monitoring of five health vital signs. In April 2017, two international teams were

finally awarded this prize. The sci-fi medical device will indeed soon be possible.

The advantages offered by the field of microfluidics, and their integration in Lab-

on-chip devices have the potential to indeed revolutionize the areas of chemical syn-

thesis [8], drug discovery [9], study of biological samples and single cells [10], and in

vitro diagnostics [11, 12]. Of these applications, In vitro diagnostics has the largest

market segment [13], with a global value upwards of 70 billion USD [14]. Immunoas-

says make up 37% of this market, and it is therefore a particularly promising field to

combine with microfluidics.

1.1 Microfluidics, Diagnostics, and Agglutination Assays

There is currently a demand for high-throughput screening of biological samples,

particularly in areas such as blood banks, epidemiology, food-borne pathogens, and

diagnosis of infectious diseases such as HIV and hepatitis [15, 16, 17]. Aagglutination

assays, in conjunction with droplet microfluidics and their parallelization, offer a

unique opportunity of research towards meeting this demand [18, 12]. In the past

decade, there has been an increasing interest in integrating agglutination assays in



15

microfluidic devices [19, 20, 21].

Immunoassays are analytical tests capable of detecting the concentration of a

molecule of interest, referred to as the target analyte, based on an antigen-antibody

interaction. Agglutination assays, also referred to as particle-enhanced immunoas-

says, are a subset of these tests. They are a low cost, rapid method for the detection

of a variety of target analytes, that use the affinity of antigen-antibody complexes

to form aggregates of microbeads [15, 22]. Functionalized microbeads in an aqueous

suspension are mixed with the target analyte, which acts as a binder between them,

and will begin to form aggregates visible to the naked eye indicating a positive result.

These tests are typically only qualitative, performed in volumes of 0.2 mL on card-

board cards and incubated in an oscillating mixer for 15-30 minutes and inspected

visually. A semi-quantitative assay can be obtained by performing repetitions at a

series of dilutions of the analyte, and registering the minimum titer that will result

in positive agglutination [15].

These assays were first introduced in the 1950s to diagnose rheumatoid arthritis

[23], and have since been developed to detect a very wide variety of analytes and

diseases, among them bacterial [24, 25, 26, 27], viral [28, 29, 30, 31], and fungal

[32, 33], as well as proteins [34, 35, 36] and DNA [37]. They are used in a diverse

range of applications, such as veterinary[38], food safety [39, 40], rapid clinical and

field diagnosis [36]. A very important field of research has been the diagnosis of

infectious agents,particularly HIV [30], which has been one of the greatest motivators

for the development of novel immunoassays [17].

In general terms, the performance of immunoassays can be enhanced in two ar-

eas, the first is by improving the efficiency of the formation of the antigen-antibody

complex, and the second is by improving the detection of these complexes [17]. Mi-

crofluidics can offer potential advantages in both areas, as it can provide novel plat-

forms for incubation and promote the binding of the antigen-antibody, as well as
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Table 1.1: Advantages and disadvantages of analysis systems in microfluidic format,
[42].
Advantages Disadvantages

High-volume low-cost manufacture Nonrepresentative sampling
Rapid low-cost design cycles Sensitivity limitations
Low sample volume Human interface with microchips
Rapid analysis Calibration
Simultaneous multi-analyte assays Complexity of fabrication
Integration of analytical steps (LOC) Specialized training
Small footprint
Encapsulation for safe disposal
Disposable

novel assay detection and quantification methods. Additionally, microfluidics offers

the now well-known advantages of high-throughput, low reagent consumption, and

higher degrees of sample control [3]. The low consumption of reagents is particularly

relevant in the field of immunoassays, as typical components such as antibodies, as

well as fluorescent and enzymatic labels, are expensive, costing several hundreds of

dollars/mg [41]. The advantages and disadvantages of the use of microfluidics for

analysis systems is summarized in Table 1.1.

1.2 Thesis Motivation

1.2.1 Lab on a chip or chip on a lab?

Microfluidics is a growing field, that generates a considerable volume of publications

[43] and patents [44]. The introduction of the terms µTAS [1] and Lab-on-chip [2] in

the early 1990s was followed by a decade of much hype and elevated expectation. This

was a period where it was thought that “microfluidics would change the world”, and

that a killer app that would be in every house and every lab would quickly emerge [45].

Despite their many advantages, microfluidics has not yet become widely accepted and

used, which has generated much debate and discussion over the years[3, 46, 45, 11, 47].

We are currently past this point of unearned hype and the field is entering a
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Figure 1.2: Microfluidics adoption life cycle as proposed by Holger Becker. Adapted
from [45] with permission of The Royal Society of Chemistry.

more mature phase of its development. Commercial products are slowly coming into

the market, however their microfluidic aspect is not highlighed but is instead simply

treated as an enabling technology. The technology adoption life cycle proposed Rogers

[48] and Moore [49] has been adapted to the field of microfluidics by Holger Becker

[45], Fig. 1.2.

Becker places most of microfluidics still within the early creation and growth

stages, which are characterized by a period of many prototypes who fail to make the

leap to a commercial product (The “Chasm”), followed by a period where many small

actors compete, with few survivors at the end (“Tornado alley”). To avoid producing

devices that will perpetually fail to overcome this “Chasm”, it is important to focus

not only on new and exciting proofs of concept and advanced functionality, but also

in their potential future adoption [47].

The market has been estimated to have a value of 1.6 billion USD and forecast to
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Figure 1.3: Two of the most successful “Lab-on-chip” applications: The home preg-
nancy test, and the Agilent 2100 Bioanalizer.

increase to 3.6-5.7 billion USD in the near future [50]. Most of the sales have been

business to business, but not business to consumer [46]. The two most successful

lab-on-chip commercial products, shown in Fig. 1.3 are interestingly in opposite ends

of the complexity spectrum. The first is the home pregnancy test [51], a lateral flow

immunoassay capable of detecting Human chorionic gonadotropin (hCG) in urine

as a marker for pregnancy. These devices are reliable, disposable, cheap (typically

less than 10 USD), and require minimal training. The second is the Agilent 2100

Bioanalyzer [52], an automated system capable of sizing and quantifying DNA, RNA

and protein samples using a disposable microfluidic chip. This second instrument

requires a considerable investment (several thousands of USD), extensive training,

replenishment of the disposable chips, peripherals to be able to properly load the

samples, and a computer to be able to read the results.

The Bioanalizer is one of many examples of microfluidic devices that require

several macro devices, indeed almost an entire lab, to be mounted around them

to operate them. Typical examples of these macro devices are fluidic pumps, power

amplifiers, microscopes, and spectrophotometers. This problem has been summarized

by the question “Is it a lab on a chip? Or a chip in a lab?” [47]. Overcoming these

challenges may hold the key of being able to produce successful devices that fall
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somewhere in the middle of the spectrum seen in Fig. 1.3.

1.2.2 Challenges

An evaluation for point-of-care devices has been set by the World Health Organization

(WHO), summarized in the ASSURED acronym [53]:

• Affordable: Less than USD 500 per machine, less than USD 10 per test

• Sensitive, Specific: Lower limit of detection adequate to specific application

• User-friendly: 12 days of training, easy to use

• Rapid and robust: <30 minutes for diagnosis, <1.5 hours for HIV load monitor-

ing, minimal consumables (i.e. pipettes), shelf life >1 year at room temperature,

high throughput.

• Equipment-free: Compact, battery powered, on-site data analysis, easy dis-

posal, easy sample handling, no cold chain

• Deliverable: Portable, hand-held

The ASSURED criteria has been conceived with regions of scarce resources in

mind, in an effort to create diagnostic technologies for the developing world [54, 55].

This criteria can however be borrowed to equally evaluate proposed lab-on-chip and

microfluidic applications, and used as a guideline to inform areas of innovation.

User friendliness is one of the main challenges facing microfluidics when attempting

to produce successful commercial applications. The issue of the ’chip-to-world’ inter-

face, the interaction between the macro-scale operators and the micro-scale device is a

recurring theme whenever biologists and scientists from other fields consider microflu-

idics as a solution [18, 47, 44, 41, 42]. The use of syringe pumps to drive microfluidic

droplet generators is a good example of this. Droplet microfluidics promises many
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advantages [56, 12], among them the ability to use only a few hundred nanoliters of

analyte or reagents. These advantages disappear if it turns out that to achieve them,

it is required to fill a syringe with several mililiters of fluid. The low consumption of

reagents is particularly relevant in the field of immunoassays, as typical components

such as antibodies, as well as fluorescent and enzymatic labels, are expensive, costing

several hundreds of dollars/mg [41].

Another challenge with immunoassays is the fact that a significant loss of reliability

and precision can be attributed to human error [41]. Enzyme-linked immunosorbent

assays (ELISA) [57] for example has widespread adoption is considered to be the

standard of immunoasssay performance [17]. It is a complex multi-step procedure,

requiring several wash and incubation steps, and therefore require considerable train-

ing. Agglutination card tests, on the other hand are very simple and require only

optionally an oscillating mixer [15], but they are however inherently imprecise and

have little control over incubation conditions.

Immunoassays have therefore much to gain and benefit from automation as it

minimizes human error. Some of the key features that an automated immunoassay

system should have are high throughput, continuous analyte loading to provide a short

sample-to-answer time, and minimize user intervention [58]. Droplet microfluidics in

particular, when used as reactors, offers excellent control over reaction parameters

and incubation [59, 18].

If a device is meant to go beyond the one-off proof of concept, guaranteeing low

chip-to-chip variation is an important feature that is often overlooked [50]. An in-

teresting way to approach this problem is that of a “microfluidic platform”, as

proposed by Zengerle et al. [11]. This consists of the notion of conceiving and

designing microfluidic devices as common building blocks, fabricated using solid well-

established methods, each capable of performing specific tasks. The use of laboratory

tubing as microfluidics is particularly suitable for this modular approach, and has
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been demonstrated to be suitable for various applications [60]. When applicable, us-

ing commercially available laboratory tubing has significant advantages, such as truly

low-costs of fabrication, with no hidden additional infrastructure costs.

1.3 Objectives and Contributions

Taking these challenges as consideration, the contributions of this thesis are as follows:

• Demonstrate a high throughput microfluidic system capable of incubating and

quantifying agglutination assays. Incubation of the assay is carried out by

entirely passive phenomena in two-phase flow, without the need for active ele-

ments. No measurable cross-contamination between assays is observed.

• Experimental exploration of relevant variable space with some mathematical/the-

oretical framing, in order to characterize and optimize the system performance.

Repeatable results are demonstrated, showing the reliability of the system.

• A modular approach is used, with low-cost laboratory tubing used as microflu-

idic channels. This minimizes the fabrication complexity and device-to-device

variability.

• Demonstrate a simple and user-friendly pipette-to-microfluidics interface. The

microfluidic system is continuously running, and therefore the user can intro-

duce new samples at any moment, without the need of microfluidic droplet

generators or reconfiguration of the system.

• Demonstrate and compare two quantification methods: optical image process-

ing, and LED laser light scattering using low-cost photodetectors.

• Demonstrate that the advantages presented in this work can indeed be expanded

to other medically relevant agglutination assays, beyond the biotin-streptavidin
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model assay. With this system, a commercial C-Reactive Protein (CRP) quali-

tative slide agglutination kit was used to obtain quantitative measurements in

the high-sensitivity CRP (hsCRP) range.

1.4 Organization

The organization of the thesis and concepts covered are shown in Fig. 1.4. In chap-

ter 1, a brief introduction of the world of microfluidics in the context of lab-on-chip

applications is presented. The potential for this technology to improve the perfor-

mance of immunoassays, and in particular its compatibility with agglutination assays

will be the subject of this thesis. Specific challenges of this field, and how they are

approached in this work are summarized.

Chapter 2 contains a general literature review, covering the necessary background

and context of this work. A brief history of microfluidics and significant examples of

progress made by the field are presented. Two-phase droplet microfluidics, and rele-

vant fluid mechanics concepts necessary to understand the behavior of microparticles

within plugs are summarized. Immunoassays are a vast subject, and will be covered

to some depth with the objective of contextualizing and understanding agglutination

assays. These are dependent on the fabrication of monodisperse microbeads and their

functionalization, which will also be mentioned.

Chapter 3 contains original work combining the advanages of two-phase microflu-

idics with the versatility of agglutination assays. Two iterations of a microfluidic

system are presented and characterized.

Chapter 4 expands upon the system presented in chapter 3, but using instead a

quantifying method based on turbidity and nephelometry light scattering techniques.

Chapter 5 is the concluding remarks, with a summary of the results obtained, as

well as providing ideas for future research.
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Figure 1.4: Organization of the thesis, showing the various concepts covered in the
literature review and how they related to each other. Original work is covered in
Chapters 3 and 4.
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Chapter 2

Literature Review

This chapter will cover the basic theory and background regarding the topics that

encompass this thesis, as shown in Fig. 2.1. This thesis combines these subjects,

demonstrating a high throughput microfluidic platform to enhance the performance

of agglutination assays.

Immunoassays encompass a very large family of quantification techniques that use

the antibody-antigen interaction to measure the presence of a biomolecule of interest.

Basic principles, background and classification of immunoassays will be presented, in

order to better understand the context of agglutination assays.

Particle-enhanced immunoassays, also known as agglutination assays are a subset

of immunoassays, which use microparticles as both label and substrate. These assays

are very simple, rapid and low-cost solutions for the detection of a wide variety of

biomolecules. Typical tests are only qualitative or semi-quantitative, which will be

further explained in this chapter.

Finally microfluidics is the field of study and manipulation of fluids at the small

scale. The reduction in size is desirable, as the scaling factor that affects the ratio of

surface and volume phenomena enables the creation of platforms with unique control

of reaction parameters, shortened analysis time, and reduced reagent consumption.



25

Figure 2.1: Topics covered in the literature review.
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2.1 Immunoassays

Immunoassays are analytical tests capable of detecting the concentration of a molecule

of interest, referred to as the target analyte, based on an antigen-antibody interaction.

A useful metaphor to understand this process is to imagine a fishing line, in which

an antibody is used as ”bait” to capture only a particular antigen to which it has a

unique affinity, while others are ignored, Fig. 2.2. Since a matching antibody can be

chosen for a very wide variety of antigens (e.g. biomolecules, cells and viruses), and

the bond with the antigen is both strong and highly specific, immunoassays are an

incredibly versatile and powerful analytical tool.

Different configurations and schemes of this basic concept have been developed, as

well as different techniques to detect if indeed there has been a successful capture of

the analyte of interest. This section will discuss some basic concepts of immunoassays,

their variations, and in particular immunoagglutination assays.

Figure 2.2: Basic concept of an immunoassay. An antibody is permanently fixed to
a solid phase or substrate and is used to capture a specific antigen.

2.1.1 Antibodies

Antibodies, also known as immunoglobulin, account for approximately 20% of the

total amount of proteins in mammalian plasma. They are large proteins that are
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Figure 2.3: Basic structure of an antibody (human IgG), formed by two identical
heavy polypeptide chains connected to another two light polypeptide chains.

produced by the immune system to protect against viral and bacterial infections, as

well as invasion of foreign bodies. They are Y-shaped molecules, formed by a pair

of heavy polypeptide chains connected to two light polypeptide chains at a flexible

hinged region, Fig. 2.3. At the end of the chains, there are identical binding sites at

which a target molecule, referred to as an antigen, can specifically bind.

Antibodies are typically produced in the laboratory by a process referred to as

immunization, which consists of vaccinating a suitable host animal, typically mice and

sheep, with an immunogen of interest. An immunogen is a molecule, in general with

a mass > 2000 g/mol, that has the capacity of producing an immune response when

injected into a host animal. Examples of immunogens are proteins and polysaccharids,

as well as nucleic acids, lipids, and synthetic polypeptides.

The animal’s immune system will in turn produce the desired antibody, which can

then be harvested [61]. The doses with which the animals are immunized depend on
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their species and type of immunogen, but are typically 10 − 500µg per injection.

A major advancement was done by G. Köhler and C. Milstein in 1975 [62] with

the introduction of monoclonal antibodies. By combining cloned spleen cells from

an immunized mouse with immortal myeloma cells, this allowed the production of

antibodies in vitro in a reliable way. For this work they received the Nobel prize

for Physiology or Medicine, and has since allowed an explosion in the field of im-

munology, for the development of both fundamental knowledge and practical medical

applications.

Antibodies have several properties that make them especially suited for use and

give immunoassays their sensitivity, specificity, and flexibility. They can bind to a

wide variety of targets, such as biomolecules, cells and viruses. They have a very high

specificity for the antigen to which it binds, similar to a lock-and-key scheme.

Antigens bind to antibodies via a series of non-covalent, weak physical bonds

[63, 64]. This bond takes place in two stages, first a primary reaction caused by

weaker but longer range forces, followed by a secondary reaction of stronger forces

with a shorter range. These forces are as follows:

• Coulombic: This force dominates the primary reaction, and is caused by the

attraction of amino acids with opposite charges. These bonds have a range of

up to 10nm.

• Van der Waals: These forces are caused by the interaction between electron

clouds when atoms are brought in close proximity. Their long range (up to

100nm) makes them play a significant role in the primary reaction.

• Hydrogen bonds: Occur primarily during the secondary reaction because of

their short ranges, typically 0.15−0.5nm. They are caused by hydrogen bridges

being formed between hydrophillic groups.

• Hydrophobic: These forces dominate the secondary reaction, and are respon-
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sible for most of the strength of the antigen-antibody binding. They are caused

by the asociation of hydrophobic groups in order to minimize contact with water

molecules, and their range is very short.

2.1.2 The Antigen-Antibody Interaction

In simplified terms, the antigen-antibody reaction can be expressed as a reversible

molecular reaction, given by the Law of Mass Action[65] :

[Ag] + [Ab]
ka−⇀↽−
kd

[AgAb] (2.1)

Where:

[Ag] is the concentration of the antigen,

[Ab] is the concentration of the antibody,

[AgAb] is the concentration of the products, the antigen-antibody complex,

ka is the association or forward rate constant,

kd is the dissociation or reverse rate constant.

From this equation it follows that

[AgAb]

[Ag][Ab]
=
ka
kd

= Keq (2.2)

Where Keq is the equilibrium constant.

This constant, also referred to as the affinity constant (K or KA), is related

to the binding strength between the antigen and the antibody, usually expressed

in L/mol. Typical values are usually between 106 L/mol up to 1012 L/mol, however

values under 108 L/mol are usually not adequate for immunoassays [42]. The effect of

increasingKeq is shown in Fig. 2.4, and it is therefore important parameter to consider

for immunoassay design. Particularly in the case for microfluidics and miniaturized
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immunoassays, the affinity constant should be high (Keq) [66].

2.1.3 Classification

Immunoassays can be classified according to different criteria, such as type of analysis,

target analyte type, and various aspects of the assay protocol, as proposed by Christo-

pher P. Price[67]. The classification and variations of immunoassays is a vast topic

and could indeed occupy volumes on their own. These categories will therefore be

only briefly presented in this section, with the intention building up an understanding

of where agglutination assays are placed within the world of immunoassays.

2.1.4.1 Qualitative vs Quantitative

Quantitative immunoassays are those where the output is the concentration of the

target analyte, typically expressed by weight as g/mL or molar concentration. Some

are expressed in International Units, IU/mL which relate the measured level to a

standard level specific to that analyte. In qualitative immunoassays, the result is

evaluated and given a grade, such as negative/positive or reactive/nonreactive. These

results are not an absolute absence or presence of the analyte, but are instead a com-

parison if they are above or below a predetermined threshold [42]. Semi-qualitative

assays are done by repeating the test at a sequence of target analyte dilutons, and

evaluating the cutoff dilution at which the result changes from positive to negative.

Qualitative systems that give a Yes/No answer (e.g. lateral flow pregnancy tests),

although simple, must be more carefully designed since they give a direct clinical in-

terpretation/diagnosis, rather than a concentration level that requires interpretation

by a physician.
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Figure 2.4: Effect of increasing Keq on antigen-antibody percentage binding, as a
function of antigen concentration. Curves show a fixed antibody concentration of
1x10−10mol/L. Data modified from [42]
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2.1.4.2 Target Analyte Type

Immunoassays take advantage of the antigen-antibody interaction, however either of

them can be used as an analyte while the other is used to capture it. A classification of

immunoassays is therefore whether the analyte is an antigen or an antibody. Antigen

tests are also referred to as direct tests as they measure the source of an infection

directly, and antibody tests are referred to as indirect as they measure the infection

indirectly, via the patient’s immune response to the infection [22]. Examples of

antigen tests can detect a variety of proteins, steroid hormones, bacteria and viruses

[67]. Antibody tests detect antibodies against parasites, bacteria, viruses, toxins and

drugs [67], as well as auto-antibodies.

2.1.4.3 Labeled vs. Non-labeled

Labeled immunoassays rely on prior modification of the reagents or analytes, be it

to an antigen or an antibody, by binding them to a molecule that will facilitate

their detection [68]. Examples of these labels are radioactive (e.g. Iodione 125)

[69, 70], chemiluminescent (e.g. isoluminol or acridinium ester) [71], fluorescent (e.g.

fluorescein ) [72], or enzymatic (e.g. horseradish peroxidase) [57]. Different methods

for detecting each of these labels have been developed, and is indeed a vast topic [73].

Non-labeled immunoassays, on the other hand, use unmodified reagents and ana-

lytes, and are therefore an attractive alternative for immunoassay design due to their

simplicity and lower cost [74]. A variety of methods have been developed to detect

them, such as precipitation [75], immunodiffusion [76], immunoelectrophoresis [77],

and agglutination [78].

2.1.4.4 Homogeneous vs Heterogeneous

Most immunoassays are defined as heterogeneous, meaning that they require wash

steps to separate the excess unbound material, so that only the signal from succesfully
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bound analyte will be measured [42]. Despite their popularity, this feature makes

them less suitable for automation, and are characterized by longer incubation times

and higher operator training (See Table 2.1).

Homogeneous methods, on the other hand, do not require any separation and

consist of simply mixing the analyte with the immunoassay reagents. Homogeneous

immunoassays are more suitable for automation, and their lower cost, versatility, and

simplicity of operation, has made them very interesting for researchers [79]. A vari-

ety of creative strategies have been developed to detect the antigen-antibody capture

without separation, the most widespread amongst them are fluorescence polariza-

tion immunoassay (FPIA) [80], fluorescence resonance energy transfer (FRET) [81],

cloned enzyme donor immunoassay (CEDIA) [82], enzyme multiplied immunoassay

technique (EMIT) [83], and agglutination [23].

2.1.4 Rapid Immunoassay Tests

Currently, there is a concerted effort to extend immunodiagnostic capabilities to

resource-poor settings in the developing world [54, 55]. This follows the ASSURED

criteria for an ideal diagnostic test of Affordable, Sensitive, Specific, User-friendly, Ro-

bust, Equipment-free, Delivered to those in need, as stipulated by the World Health

Organization. Rapd Immunoassays are those that prioritize short sample to answer

times, moderate to low complexity, and minimal additional equipment, some exam-

ples of which are summarized in Table 2.1.

The home pregnancy test is one of the most popular examples of rapid immunoas-

says, as well as a successful lab-on-chip application. They are lateral flow immunoas-

says used in point-of-care, forensic, environmental, and food applications. They re-

ceive a urine sample and process and transport it via capillary action on an inert

test strip. If the urine contains human chorionic gonadotropin (hCG), a blue band of

antibodies labeled with blue microbeads will indicate a positive test.
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Table 2.1: Summary of rapid immunoassay techniques. Adapted by permission from Springer Nature: Springer, Advanced
techniques in diagnostic microbiology by Sheldon Campbell and Marie L Landry, Copyright 2013 [15]
Method Time to

result
Equipment Training Advantages Limitations

Immuno-
fluorescence

12 h Cytospin, centrifuge,
fume hood, fluores-
cence, microscope

Extensive Can assess sample quality;
can detect 12 infected cells;
can multiplex detection of
multiple viruses; can quanti-
tate infected cells

Need adequate target cells,
expert slide preparation,
and interpretation; subjec-
tive; performance must be
established in each laboratory

ELISA 1 h 15 min
to 2 h

Spectrophotometer,
Pipettors

Moderate Most suited to high-volume
testing; can be automated

Interference due to Hook ef-
fects, heterophile antibodies,
and nonspecific binding

Agglutination 15 min Vortex (optional),
Oscillating mixer (op-
tional)

Minimal Very rapid, simple, no wash
steps

Prozone reaaction, subjective;
may be less sensitive

Membrane and
other rapid EIA

15-30 min Pipettors or none Minimal Rapid, simple, can be used at
POC

Subjective interpretation,
lack of automation, possi-
ble errors if the reader is
color-blind; thick or mucoid
samples may not enter strip;
inaccurate timing of steps;
must be read promptly

Lateral flow
immuno-
chromatography

10-20 min None Minimal Rapid, very simple, some have
no reagent additions or wash
steps, can be used at POC

Similar to rapid EIA

Lateral flow
immuno-
fluorescence

20 min Immuno fluorescence
reader

Minimal No reagent additions; test
read objectively

Reader may have limited
throughput
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2.2 Agglutination Assays

Figure 2.5: Different examples of microbeads used in immunoassays. a) The ELISA
format. b) Particles as labels c) Particles as solid phase d) Agglutination test e)
Particles as both labels and solid phase. [84]

Agglutination assays are a subset of immunoassays, that produce an easily detectable

signal by the naked eye by producing a clumping of microparticles. In this immunoas-

say format, microparticles are both the label and the substrate, and are therefore

referred to as particle-enhanced immunoassays (Fig. 2.5). Another name that these

test receive is latex agglutination tests, as latex refers to an aqueous suspension of

polymers.

In the context of the classification scheme presented in section 2.1.3, agglutination

assays are: Non-labeled, homogeneous, rapid immunoassays, capable of detecting

both antigens and antibodies. Not using labels is highly desirable, as this reduces

the cost of reagents, and minimizes the processing that must be done to a patient’s

sample [74].

Enhancing the performance of these assays via the advantages of microfluidics is

the objective of this thesis, which will be covered in Chapter 3. This section will cover

a basic history, concept, and background on traditional agglutination assays.

The earliest examples of agglutination assays go back to the 1920s, when Meyer

[85] presented the first demonstration of hemagglutination, and later refined by Waaler
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[86] in 1940. Sheep erythrocytes (red blood cells) coated in human immunoglobulin,

would produce visible aggregation when mixed with anti-immunoglobuline antibodies

from a patient, and could therefore be used to diagnose rheumatoid arthritis.

Because of the complex nature and surface of erythrocytes, their use came with

several disadvantages [87, 88], such as inconsistent results, difficulty in storage, and

variations depending on the donor animal that produced the erythrocytes.

A major breakthrough came with the invention of the first latex agglutination

test by Singer and Plotz [23]. In their work, they replaced the erythrocytes with

polymeric microparticles for the detection of rheumatoid factor. Since then, there

has been an enormous development, as it is a technique that can be implemented for

any molecule as long as a suitable antibody can be found.

Currently, hundreds of reagents are commercially available [89], for a diverse range

of applications, such as veterinary[38], food safety [39, 40], rapid clinical and field

diagnosis [36]. An interest in particular has been infectious agents such as HIV [30],

one of the greatest motivators for the development of novel immunoassays [17]. Some

examples of these tests are shown in Table 2.6.
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Figure 2.6: Examples of agglutination tests, adapted from [90] with permission from
SAGE publications.

2.2.1 Qualitative and Semi-quantitative tests

Most of these tests are performed in the so-called card or slide tests, as shown in Fig.

2.7. A commercial kit typically consists of a functionalized microparticle suspension,

a positive reagent and a negative reagent, and cardboard cards with a background
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that will contrast with the color of the microbeads. To perform a test, a drop of

approximately 200µL of the microbead suspension is pipetted on three separate areas

on the cardboard. To each of these regions the operator must then add a drop of the

positive and negative reagents as controls, and a drop of the patient sample. The

card is then manually shaken for several minutes to allow a thorough mixing of the

fluids. In the case of a positive test, the analyte will aggregate the microparticules

and produce visible clumps, whereas a negative test will maintain an even color. The

patient’s sample is then compared, and a qualitative assessment is done to determine

the result.

Figure 2.7: Qualitative card agglutination test.

A semi-quantitative test can be performed by instead performing a series of repeat

experiments, each with dilutions of the patient’s sample (dividing the concentration

by half each iteration). The last dilution at which positive agglutination is observed



39

is reported, and referred to as the Titer, Fig. 2.8.

Figure 2.8: Semi-quantitative agglutination test.

2.3 Agglutination Assays and Microfluidics

In the past decade there has been an increasing interest in integrating agglutination

assays in microfluidic devices, a notion initially pointed out by Verpoorte [19] and

Tabeling’s group [20, 21]. The relevant work published in this topic will be covered in

the following sections, and summarized in Table 2.2. A variety of detection methods

has been demonstrated such as qualitative visual inspection [91, 92], flow cytometry

[93, 94], resistive pulse sensing [95], fluorescence [96, 92], visible light microscopy [97],

and optical image processing [98, 99, 100].

2.3.1 Agglutination in Single Phase Devices

Most of the work published in regards to microfluidics and agglutination operates in

single-phase, meaning that only the aqueous suspension of particles is flowed continu-

ously through the length of the microchannel where the assay is processed. Mixing of
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the microbead suspension with the target analyte poses a challenge, and researchers

have proposed different solutions to this problem. Han et al. [97] showed a simple

Y-junction microchannel that relies entirely in diffusional mixing by careful selection

of surfactants. Diffusional mixing can be enhanced by designing a microchannel with

winding structures, such as the work demonstrated by Choi et al. [91]. They demon-

strated an injection molded single-use polymer chip, with a serpentine laminating

micromixer used for blood typing by agglutination Fig. 2.9, 2.

Other devices propose more complex solutions that allow the performance of multi-

step assays with incubation done in a single device. In these examples the microbeads

are first introduced and immobilized at the channel walls, by using beads modified

with a temperature-sensitive polymer (Fig. 2.9, 1) [101, 102] or magnetic actuation

[103, 96]. An analyte is then flowed past the beads, which will aggregate, after which

the beads are released from the channel walls to proceed to assay quantification.

Although these methods allow for more complex multi-step protocols, the sample-to-

answer time is over 30 min for each assay and can only be performed one at a time,

resulting in lower throughput.

A third, possibly less elegant solution chosen by several researchers, is to simply

avoid doing the mixing and incubation on-chip [92, 95, 94]. These devices typically

rely on introducing previously incubated assays into the microfluidic device, which

instead specializes in either post-processing or quantification.

A wide range of quantification methods have been demostrated, the simplest being

qualitative visual inspection with the aid of a mechanical barrier to capture the par-

ticles, such as using a microfilter [93] or features or chambers designed on the device

[91, 92]. Chhina et al. [92] fabricated a disposable PDMS device with square pillars

that act as a filter to capture microbead aggregates for observation. Although the

mechanical capture of the aggregates allows the assays to be readily evaluated, they

either require thorough washing after each use, or for the device to be disposable, and
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Figure 2.9: Examples of previous work done with single-phase agglutination in mi-
crofluidics.1) Multi-step assay by thermal capturing modified microparticles, adapted
with permission from [101]. Copyright 2003 American Chemical Society. 2) Improved
diffusional mixing in an injection moulded polymer disposable chip, Adapted by per-
mission from Springer Nature: Springer, Microsystem Technologies [91], Microinjec-
tion molded disposable microfluidic lab-on-a-chip for efficient detection of aggluti-
nation, Choi, Sung Hwan et al, Copyright 2009. 3) Integrated quantification using
microresistive pulse sensor, adapted with permission from [95]. Copyright 2014 Amer-
ican Chemical Society. 4) Integrated quantification using flow cytometry, reprinted
from [94], with the permission of AIP Publishing.
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are therefore inherently single-use and low throughput.

The most common method for quantification is optical microscope image pro-

cessing, as shown in Table 2.2, typically consisting of particle counting. Much higher

sensitivities have been achieved by other groups by instead integrating a sensor within

the microfluidic chip. Han et al. [95], which use a microresistive pulse sensor to quan-

tify previously incubated agglutination assays, Fig. 2.9, 3. A similar approach was

demonstrated by Ma et al. [94] using a laser-based flow cytometer 2.9, 4. These

higher sensitivities come at the cost of prolonged measurement times (> 30min),

which dramatically reduce their throughput.

2.3.2 Mixing in Microfluidics

Although single-phase systems are simpler to design and implement, they have several

well-known issues, two of which are especially relevant for agglutination microfluidic

devices [59, 104, 105]. The first one known as Taylor dispersion, is a consequence of

the parabolic laminar flow profile typically found in microfluidic systems[106]. Since

flow rates are higher towards the center of the microchannel and slower towards the

walls, this makes solutes and particles have different residence and incubation times

inside a microchannel. Secondly, since the phase containing the assay is in direct

contact with the microchannel, particles and reagents can deposit on the channel

walls and lead to cross-contamination or fouling [107, 97].

In two-phase flow, two immiscible fluids are flowed through microchannels, where

they are forced to interact at a junction point to create discrete volumes of one phase

(the disperse phase) surrounded by the other (the continuous phase). If the disperse

phase fills the entire cross-section of the microchannel, it is called a plug, and if it

does not, then it’s called a droplet [104].

It is well documented that plugs in two-phase flow do not present Taylor disper-

sion, but they instead have an internal recirculation and produce a rapid mixing of
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Figure 2.10: a-c: Flow regimes in microfluidics, adapted from [104] - Published by
The Royal Society of Chemistry. d: Depiction of taylor dispersion, adapted from
[59] with permission of The Royal Society of Chemistry. e-f Modeling of the internal
circulation within a plug, reprinted from [108] with the permission of AIP Publishing.

reagents within [109, 110], which can be used to enhance the mixing and incubation

of an assay. A full recirculation inside the plug will occur as long as it is allowed to

travel several times its own length [111, 112]. There is an added complexity in the

case where the aqueous phase contains a suspension of particles. Depending on flow

conditions, these particles can exhibit a range of behaviors, from full recirculation

across the entire plug, to concentrating in regions at the ends of the plug [113, 108].

With a careful balance of flow parameters, particles will be carried and recirculated

efficiently by the flow patterns inside the plug [108]. Cross-contamination is also

minimized in two-phase flow[107, 56], since the aqueous phase is not directly in contact

with the microchannel walls, particularly when using hydrophobic channel materials.

Prof Basu’s work has provided excellent foundational research to characterize the

behavior of particles in different sizes within a microfluidic plug. Using the shields

parameter [114], a dimensionless number used to determine sedimentation of river

beds, it is possible to determine regimes of recirculation, shown in Fig. 2.11:
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Figure 2.11: Shields parameter and its effect on particle circulation behavior.
Reprinted from [108] with the permission of AIP Publishing.

θ =
ParticleDrag

ParticleWeight
=

τ

g(ρp − ρf )r
(2.3)

Where:

τ is the shear stress the liquid exerts on the particle,

g is the acceleration of gravity,

ρp is the particle density

ρf is the fluid density, water in this case

r is the radius of the particle.

2.3.3 Agglutination in Two Phase Devices

Despite the advantages of mixing and lower cross-contamination, there are few exam-

ples in the literature of agglutination in two-phase microfluidics, which we will briefly
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Figure 2.12: Agglutination in droplets, with enhanced mixing by using 1) winding
channels, adapted with permission from [98]. Copyright 2008 American Chemical
Society. 2) and Magnetic tweezers, adapted from [99] with permission of The Royal
Society of Chemistry.

present. An interesting approach taken by some researchers has been to immobilize

a droplet containing an assay that is floating on carrier oil, and study the incubation

dynamics [115, 116]. Rastogi et al. [115] immobilized the droplet using dielectrophore-

sis and studied the dynamics caused by induced evaporation, and Sivashankar et al.

[116] suspended the droplet at the interface of two immiscible fluids and monitor in

real-time the incubation enhanced by mechanical agitation. These approaches are

inherently low-throughput, and have high incubation times ( > 30min).

An example using two-phase agglutination in traditional microchannels is the

work of Kline et al. [98], who demonstrated agglutination assays for blood typing

and Staphylococcus aureus in 40nL plugs produced by a droplet generator. 2.12,

1. These plugs flow through a microchannel with complex winding geometries that

enhance their mixing and incubation. During operation, this system can produce

hundreds of assays per hour at varying dilutions, however each assay contains analyte

from the same source. If different sources are to be analyzed, such as the case of

a sample from a different patient, the system must be stopped, and the generator

reconfigured to be able to proceed. Teste et al. [99] demonstrated a fully automated

platform in which 100nL plugs containing a model analyte (streptavidin - biotinylated



46

phosphatase alkaline) were quantified at a rate of 300 assays per hour 2.12, 2. These

plugs are automatically generated in batches from a microtiter plate by a pipetting

robot. This system however requires the assays to be previously incubated, as well

as synchronous magnetic actuation, which increases its complexity and lowers its

throughput.
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Table 2.2: Summary of papers reviewed in this chapter.
Material Capture Assay Single-step Assay size Sample

to
answer
time

Throughput Integrated
incubation

Incubation time Integrated
detection

Detection Method Detection Limit Ref

Single phase

PDMS No 0.92 um PS, Anti-mouse IgG Yes 250 uL >10 min <6/h Yes 5 min Yes Inverted microscope image processing 1.8 ug/mL [97]
PDMS / Glass Magnetic 1 um, streptavidin bBSA No 4 uL 20 min 3/h Yes 12.5 min Yes Microscope image processing 200 pg/mL = 3 pM [103]
Capillary Filter Streptavidin-Biotin-PE No 80 uL 190 min 0.3/h Yes 180 min No Luminex 1 ng/mL [93]
PS Reservoir Blood typing Yes 30 uL 2 min Disposable Yes 2 min Yes Visual [91]
PDMS / Glass Magnetic 2.8 um streptavidin-biotin No 10 mins Yes 6 min Yes Microscope image processing 400 pg/mL = 6 pM [96]
PDMS Magnetic 0.8 um PS, streptavidin-biotinylated Protein A Yes Yes Dark field microscopy 10ˆ-14 mol/L [21]
PDMS No 2.8 um streptavidin-biotin Yes 330 uL 30 min 2/h No 30 min Yes Resistive pulse-sensor 100 pg/mL [95]
PDMS / Glass Streptavidin-Biotin Yes 200 uL 35 min <2/h No 35 min Yes Flow cytometry 1.5 pM [94]
Laser cut PET Thermal 100 nm latex, streptavidin-biotin No 500 uL >30 min <2/h Yes 27.5 min No Fluorescence spectrophotometer 2.5 uM [101]
PDMS Mechanical 6.22 um, Streptavidin, biotinylated DNA Yes 5 uL 2 min Disposable No 2 min Yes Fluorescence, visual inspection 10ˆ-10 mol/L [92]

Two phase

Teflon tubing Magnetic Streptavidin - biotinylated phosphatase alkaline Yes 100 nL 6 mn 300/h No 5 min Yes Microscope image processing 100 pM [99]
Teflon tubing Magnetic TSH No 100 nL 10 min 120 / h Yes 10 min Yes Fluorescence 40 pM [117]
Teflon tubing Magnetic Chromatin immune precipitation No 400 nL 10 min 6/h Yes 10 min No q-PCR NA [118]
PDMS No Blood typing Yes 30-40 nL Yes Yes Microscope image processing NA [98]

Silicone tubing No 2.8 um PS, Streptavidin-Biotin Yes 1.25 uL 2.5 min 360/h Yes 2.5 min Yes Image processing 2.5, 50 ng/mL Chapter 3
Silicone tubing No 1 um PS, human CRP Yes 1.25 uL 2.5 min 360/h Yes 2.5 min Yes Laser light scattering 0.5 mg/L Chapter 4
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Chapter 3

Agglutination Assays in Microchannels

Parts of this chapter were published/submitted as:

• D. Castro, R. Kodzius, and I. G. Foulds, “A simple system for in-droplet incubation and quantification of

agglutination assays”, MicroTAS, Freiburg, Germany, vol. 17, pp. 1598-1600, 2013. [100]

• Submitted: D. Castro, D. Conchouso, R. Kodzius, A. Arevalo, and I. G. Foulds, “High-Throughput Incuba-

tion and Quantification of Agglutination Assays in a Microfluidic System”, Genes, Lab on Chip special issue,

2018.

3.1 Chapter Introduction

In this chapter we will cover the development, testing and optimization of a mi-

crofluidic system capable of incubating and quantifying high-throughput on-demand

agglutination assays, with a low-cost minimalistic approach.

The microchannel is based on simple laboratory tubing that involves minimal

fabrication complexity, and provides highly efficient mixing of the assays employing

passive phenomena and flow parameters, with no active elements required. Quan-

tification of the assays is done optically with a simple camera and image processing.

Although this technique less sensitive than others such as flow cytometry [94], optical

imaging has the advantage of being easier to implement, and its wide field of view can

cover several microchannels in a single frame, which is conducive to parallelization.

These features are shared among two iterations of the system. The first is a low-

throughout start-stop system with enhanced sensitivity by fine tuning the behavior

of the aggregates within the plug via surfactants. The effect of varying microbead

and analyte concentration is studied, as well as addressing cross contamination.
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Finally we present a second iteration improving upon the first one. Cross contam-

ination was minimized, the parameter space was studied and optimized, and new dose

curves produced. The setup emphasizes on easier user interaction, with a continuous

on-demand high throughput operation.

3.2 Shared characteristics of the developed devices

The general concept of the devices developed in this chapter is shown in Fig 3.1. It

consists of three basic components:

• Agglutination assay: Functionalized microbeads, which aggregate in the pres-

ence of a target analyte.

• A microfluidic system, in which incubation and quantification of the assay take

place, with emphasis in simplicity.

• Quantification of the assay, by means of optical image processing.

These features are shared by both devices throughout the remainder of the chapter,

so they will be further explained in the following subsections.

Figure 3.1: Basic concept of the microfluidic system.
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3.2.1 Model assay

For our experiments, the model immunoagglutination assay we selected was biotin-

streptavidin, consisting of streptavidin microbeads and biotinylated bovine serum

albumin (BSA). The biotin-streptavidin interaction is used widely for its specificity

and high binding strength [119], and has been used extensively in microfluidics re-

search to model immunoagglutination assays [96, 95, 94, 103, 99].

The microbeads used were polystyrene Dynabeads M-270 (Thermo Scientific Pierce),

with a diameter of 2.8µm suspended in phosphate buffered saline (PBS), at a con-

centration of 10mg/mL, approximately 6 − 7x108beads/mL. The biotinylated BSA

(Thermo Scientific), used as the model analyte, comes in lyophilized powder form and

was restored with PBS, and both components were further diluted as required by the

experiments using the same buffer. As a negative test, we used simple BSA at similar

concentrations. Stability of the droplet as it travels through the tube is of great im-

portance, so different surfactant concentrations were explored, and will be discussed

in this chapter. In the final version, Tween 20 nonionic surfactant was added to the

microbead suspension at a concentration of 1% by weight. This concentration was

optimal to prevent the plug from breaking into smaller droplets by the shear forces of

the flow, rather than a single stable plug as it travels through the channel. Using a

nonionic surfactant additionally acts as a blocker of the hydrophobic surfaces of the

microbeads, which reduces nonspecific agglutination of the microbeads [120, 22].

One of the issues in the current state of microfluidics and its attempts to produce

successful commercial applications is the interaction between the micro-scale device

and the macro-scale operators [18] and user friendliness [47, 44]. In our setup, we have

emphasized the importance of user-friendliness, easily interfacing with a standard

laboratory pipette to introduce the assays into the microfluidic system.
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3.2.2 Simple microfluidic system

Although soft lithography of Poly dimethylsiloxane (PDMS) has become a staple ma-

terial of this field, simpler and alternative fabrication methods are worth exploring.

Low-complexity fabrication, such as the use of laboratory tubing and connectors, is

a simple and interesting approach particularly when the application requires round

cross-sections or relatively longer channels [121, 122, 123, 60, 124, 117, 100]. A wide

variety of applications have been demonstrated using laboratory tubing as microchan-

nels, such as crystallization [121, 122, 123], generation and storage of droplet libraries

[60, 124], complex multi-step assays[117], among others.

The fluid handling component consists of a length commercially available silicone

tube, with an internal diameter of 0.51 mm (Silastic). This choice was made because

it allows us to easily have a circular microfluidic channel of longer lengths (> 1m)

with minimum fabrication requirements. Conventional microfluidic devices made out

of PDMS soft lithography require the creation of a master mold, casting, baking and

bonding, and typically only produce channels with a rectangular cross-section. A

channel with a rectangular cross-section will have a higher hydraulic resistance than

one with a circular cross-section of similar dimensions, and will therefore require a

higher pressure to drive the same amount of flow [125, 126].

3.2.3 Image processing

The silicone tube selected as material for the microchannel has a high transparency

in the visible light range, making optical image processing an attractive candidate to

quantify the agglutination assays.

A Canon EOS 5D Mark II camera with a 1-5x macro lens was placed above the

microchannel, and a white LED lamp with a diffuser underneath to provide repeatable

and even lighting.

The camera records video of the passing plugs, with a resolution of 1920 x 1080
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Figure 3.2: Top: Example of automatic plug detection system. The image processing
algorithm detects changes in the field of view of a video and identifies the frame
containing a complete and centered image of a plug. A region of interest of the interior
of the plug is cropped, and the standard deviation of its grayscale values is obtained.
Bottom: Example histograms of a negative and a positive test. In a negative test, the
uniform suspension of microbeads is seen as a low contrast region with a narrow gray
scale distribution. Conversely a positive test will have dark aggregates of microbeads,
resulting in higher contrast and a wider histogram.
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pixels at a rate of 30 frames per second. This output from the camera is then processed

in MATLAB, where we implemented an algorithm that identifies plugs and measures

the degree of agglutination within them, illustrated in Fig. 3.2, top. First, to detect

the frames that contain a complete plug, each frame of the video is subtracted pixel-

wise from a reference frame of empty microchannels. The frames that produce the

highest difference values indicate a fully centered plug, whose internal area is cropped

and converted to grayscale. This cropped image contains the information of the

degree of agglutination in the assay in the form of image contrast, which can be

better visualized in the image’s histogram (Fig. 3.2, bottom). An assay with no

agglutination (low concentrations of analyte) will have an even coloring throughout

the plug, and therefore a narrow distribution seen in its histogram. An assay with

a high degree of agglutination, on the other hand, will have a wide distribution in

color, with darker areas corresponding to microbead clumps, and lighter areas where

no beads are present. The spread of this histogram can be quantified by its standard

deviation (σ), which can then be correlated with the degree of agglutination, and

therefore with the concentration of the analyte in the assay.

3.3 First iteration, low throughout

The general setup of the first iteration is shown in Fig. 3.7. It consists of a 1.5m

length of silicone tubing having an internal diameter of 0.51mm, connected on one

end to a syringe pump, and on the other end left open to allow the insertion of

agglutination assays. To perform a single experiment, 5µL of the microbead and

analyte mixture were prepared as described in the previous section, from which 2µL

were immediately transferred to a PCR tube containing mineral oil, forming a free-

floating droplet. Next, the open end of the silicone tube was inserted into the PCR

tube and the syringe pump was started to begin withdrawing at a fixed flow rate,

which pulled in the droplet containing the assay to begin incubation. The plug was
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allowed to travel the entire length of the tube, and the flow of the fluid was reversed

before reaching the syringe pump, which would push the plug out of the tube and

back into the PCR tube. Because of this bidirectional operation of the flow, we will

refer to this iteration as a start-stop system.

A camera setup and white LED lighting was placed at the mid-point of the tube,

Figure 3.3: A: Schematic of the start-stop microfluidic system. The assays are pre-
pared and pipetted in 2µL volumes into a PCR tube filled with mineral oil, forming
a free-floating droplet. This droplet is then introduced into a 0.51mm internal diam-
eter silicone tube of 1.5m length through its open end. The entire tube is filled with
mineral oil, which is connected at the opposite end to a syringe pump. A PDMS block
was cast at the midpoint of the tube to provide refractive index matching and im-
prove image quality. A camera has been positioned above the PDMS block, enabling
us to capture the passage of the assay. B: Top view of the PDMS block, illustrating a
plug traveling through the system. C: Side view of an assay, indicating recirculation
patterns and microbead aggregate behavior.
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where a PDMS block was cast to provide reffractive index matching and improve

image quality. Video of each droplet was taken in two occasions, once as it enters (at

70 cm), and once as it exits (at 210 cm) to compare the progression of the assay as it

incubates. These videos were then processed as discussed in the previous section

Incubation of the assay occurs passively as the plug travels through the length

of the microchannel. In laminar flow, drag against the walls produces a parabolic

velocity gradient across the cross-section of the microchannel, being maximum at

the center and approaching zero at the walls. In single-phase flow this can result in

Taylor dispersion [106], causing a variation of residence times of the reagents inside

a channel. In segmented flow, the parabolic flow profile from the frame of reference

of the plug produces a recirculation pattern Fig. 3.3 C. This recirculation pattern

moves forwards in the direction of the flow at the center of the channel, and reverses

direction at approximately 70% of the channel width [108]. A full recirculation inside

the plug will occur as long as it is allowed to travel several times its own length

[111, 112]. Since our plugs travel several hundred times their own length, this ensures

that this condition is met.

3.3.1 Results and discussion

The first issue that needed to be addressed was the selection of surfactants and their

effect on droplet stability [127], as shown in Fig. 3.4. By altering the surfactant

concentration (all shown as total plug concentrations by % w/w), the contact angle of

the oil and water can be adjusted, which can be noticed on the trailing edge (left side)

of the plug. Fig. 3.4 a-f show the effect of progressively increasing the concentration

of Tween 20 surfactant on the aqueous phase. With 0% the microbeads segregate to

the interface and form irregular patterns. As previously mentioned, the addition of

nonionic Tween 20 surfactant will act as a blocker of the remaining hydrophobic sites

of the microbeads’ surfaces [120, 22], making them effectively more hydrophilic. In
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the absence of this surfactant, the polystyrene beads remain hydrophobic enough to

prefer to migrate to the oil phase.

An ideal plug behavior is shown in Fig. 3.4 b-c, which was achieved at a range

between 0.05 - 0.5% Tween 20 concentration. At these concentrations, the microbeads

are very uniformly distributed in the entire plug’s volume in the case of a negative

assay, and the aggregates settle to the bottom of the plug.

At higher concentrations Fig.3.4 d-f, however, bead distribution loses uniformity.

We also experimented by adding Span 80 at 1% (w/w) concentration to the mineral

oil, Fig. 3.4 g-h. If no Tween 20 is added, the plugs to maintain their integrity at

the flow rates used, while at the same time inducing the microbeads and agglutinates

to migrate to the interface between the oil and water. If Tween 20 is added to the

aqueous phase, the plugs quickly break up into smaller droplets, as shown in Appendix

A.

The Hydrophilic-Lipophilic Balance (HLB) [128] is a number that is used to rep-

resent how hydrophilic or lipophilic a surfactant is, and can therefore be used to

determine the effect it will have in an oil-water system.

To calculate the final HLB value as a function of how much of surfactant A with

surfactant B (in percent by weight) is added, the following equation can be used [128]:

HLBFinal =
(%A×HLBA) + (%B ×HLBB)

%A+ %B
(3.1)

The combination of Span 80 at 1% (HLB of 4.3) and Tween 20 at 1% (HLB of

16.7) will produce a mixture with a final HLB of 10.5, which places it in the range

of water in oil emuslifier [128]. This explains the behavior shown in Appendix A, in

which the water plugs become an emulsion as they travel through the tube.

The behavior shown in Fig.3.4 d-f, with aggregates migrating to the interface,

offered an interesting possibility to improve the quantification of the assay, and will

be the one explored in this section. This would minimize the occlusion of beads at
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Figure 3.4: Effect of surfactant on droplet behavior. Tween 20 was added to the
aqueous phase at different concentrations, Span 80 was added to the mineral oil in
g-f.
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the center of the plug, as well as encourage microbead binding by effectively confining

them on a 2D surface.

A fixed flow rate of 150µL/min was selected, which provided sufficient mixing and

maintained droplet stability. We then proceeded to study the effect of varying concen-

trations of both the analyte and microbeads, as shown in Fig. 3.5. As concentrations

increase, we measure a higher agglutination signal until it reaches a maximum, and

then begins to decrease. This phenomenon is known as the prozone or Hooke effect

[129, 25], a false-negative that is caused by saturating the microbeads with the ana-

lyte. If all sites of two neighboring microbeads are saturated, then they will be unable

to bind to each other, effectively reducing the degree of agglutination. The prozone

effect appears at higher analyte concentrations when the microbead concentration

is increased. This is to be expected, as the higher microbead count requires more

analyte molecules in order to saturate. The minimum detection limit we found was

2.5ng/mL, a level that is relevant for a very wide variety of clinical tests [130, 131].
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Figure 3.5: Effect of increasing the microbead and analyte concentrations, at a fixed
flow rate of 150µL/min. Each point represents repetitions of five experiments, with
error bars showing the standard deviation between them. Each curve was made with
a different concentration of microbeads as shown.

3.3.1.1 Cross-contamination

A problem we encountered in our experiments was that we noticed some significant

cross-contamination, especially after performing experiments at the highest concen-

trations of analyte (e.g.100 − 1000µg/mL). A negative test run after one of these

experiments produced a significantly high false-positive response, as shown in Fig.

3.6. A sequence of minimum 6 negative tests had to be performed in between each

experiment to guarantee adequate results.

Another problem we noticed was the method we were using to introduce the assays

into the tube was too cumbersome and impractical. The droplet would sometimes

be broken into smaller droplets as it entered the tube, producing a large amount of

failed experiments that needed to be discarded.

The start-stop operation , although it effectively doubled the length of the mi-
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crochannel, significantly lowered the throughput. Only one assay could be performed

and quantified at a time, and resetting meant that an experiment could only be done

every 5 minutes.

Figure 3.6: Top: False-positive results observed after performing experiments with
high concentrations of analyte, demonstrating cross-contamination. This effect can
be reduced by performing a sequence of negative tests, which effectively act as a
washing step for the system. Bottom: The effect can be clearly seen when an clear
PBS was is flowed through the tube. Small aggregates deposited on the channel walls
are carried inside the plug.

3.4 Second Iteration, high throughput

This section covers a second iteration of the system, which addresses the problems

found during the first iteration, shown in Fig. 3.7. A 2m silicone tube filled with

light mineral oil (Sigma Aldrich) was connected to a syringe pump. The other open
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end is connected to an oil reservoir, which can hold approximately 4mL of the oil and

is replenished as the level drops. A pipette is used to insert the assays into the tube,

which will then flow through its entire length and will be discarded once they reach

the syringe pump. The syringe pump continuously draws the liquids at a fixed speed,

without requiring to start or stop with each new experiment. The tube was coiled

around a spool in turns of 30 cm to be able to store it compactly. A digital camera

with a macro lens was positioned above the spool to be able to observe the passage of

the assays at regular intervals. A PDMS block was cast around the tubes to minimize

the optical effect of the silicone tube walls by refractive index matching, effectively

creating an observation window that encompasses seven turns of the spool (Fig. 3.7,

B). A white LED lamp was placed underneath this window to provide uniform and

repeatable lighting.
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Figure 3.7: A: Schematic of the continuous high-throughput microfluidic system. The
assays are introduced in 1.25µL volumes into a 0.51mm internal diameter silicone
tube of 2m length through an open oil reservoir. The entire tube is filled with mineral
oil, which is continuously drawn from the reservoir by a syringe pump connected at
the opposite end. The tube is coiled around a spool, and 7 observation windows have
been created by casting a PDMS block which provides refractive index matching with
the material of the tube. The length of each turn in the coil is 30 cm. A camera has
been positioned above the observation windows, enabling us to capture the passage
of the assay through the tube at regular intervals. B: Top view of the PDMS block,
illustrating a plug traveling through an observation window. C: Side view of an assay,
indicating recirculation patterns and microbead aggregate behavior.

To perform a single assay, the microbeads were vortexed to ensure a uniform

suspension, and put in a sonicating bath for 3 minutes to break up any possible

nonspecific aggregates. The beads were washed 3 times by magnetically separating the

microbeads and replacing the supernatant with fresh PBS with 1% (w/w) of Tween

20. This helps minimize nonspecific aggregation, as well as removes any streptavidin

in suspension that could lower the assay’s sensitivity. A volume of 4µL of resuspended

beads was pipetted into a 0.2mL well. Next, 4µL of analyte are added into the well to

form a bead-analyte mixture, from which 1.25µL is immediately drawn and inserted

into the microfluidic system. This is done in a user-friendly way, as all that is required

is to submerge the pipette tip into the open oil reservoir (Fig. 3.7) and release the

assay droplet at the opening of the silicone tube. Since the pump is continuously
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running, the assay droplet can be easily introduced into the silicone tube at any

point, in which incubation will commence as described in the previous section. As

discussed in the previous section, the selection of surfactants is important to ensure

repeatability and eliminate cross-contamination. For these experiments, the assays

contained a total of 0.5 % (w/w) of Tween 20 nonionic surfactant.

3.4.1 Results and Discussion

We monitored the progression of the assay as it travels through the system to ensure

incubation reaches a steady state [132]. Fig. 3.8 shows an example of a single experi-

ment, using an analyte concentration of 2.5µg/mL at a speed of 175µL/min. As seen

in the photographs, the assay consists initially of a uniform suspension of microbeads

(Fig. 3.8, a), but progressively forms aggregates that are visible as areas of higher

contrast (Fig. 3.8 b-c). We plot this agglutination signal as a function of incubation

time, and can clearly see the signal increases until the sixth window (approximately

150s). At this point the agglutination begins to show saturation, indicating that

sufficient incubation has occurred and the tube is of sufficient length to complete the

assay. It can also be seen that a negative test, consisting of simple BSA, will not

show any change as the droplet travels through the windows as no agglutination is

taking place, and remains as an even dispersion of microbeads (Fig. 3.8 e).

We routinely measured negative test assays run through the system, and found

no detectable cross-contamination between consecutive assays, as shown in Fig. 3.9.

This characteristic is consistent with the literature, as some researchers [117, 118]

have shown similar plug-based assays in which microbeads are magnetically manip-

ulated and transported from one aqueous plug to another, with no signs of cross-

contamination.

An interesting phenomenon we observe, illustrated in Fig. 3.7 C, is that as the

microbeads agglutinate and form larger aggregates, they will tend to settle at the
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Figure 3.8: An example of a typical agglutination assay in this system, as the plug
travels through the entire length of the tube. Each measurement is taken at 30 cm
increments along the channel, located at the PDMS inspection point. This graph
shows the progression of the agglutination, with insets showing the frames captured
at each point. Points (a-d) show a positive agglutination test (2.5µg/mL biotinylated
BSA), point (e) shows a negative test.
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Figure 3.9: A sequence of negative tests was performed after high-concentration
(2000µg) experiments, showing no cross contamination present. The solid line shows
the negative threshold, measured by previously by performing agglutination assays
with no analyte present. Dashed lines indicate the standard deviation ranges.
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Table 3.1: Different particle settling velocities (Us) as a function of the particle di-
ameter, from Eq. 3.3. Here we consider ρp = 1.6gcm−3, ρp = 1gcm−3, and µ = 1.002
mPa s (water).
Particle diameter (µm) Us(m/s) Us(mm/day)

1 3.26 × 10−7 28.2
2.8 2.56 × 10−6 221
5 8.6 × 10−6 705
10 3.26 × 10−5 2.82x103

50 8.16 × 10−4 7.05x104

100 3.26 × 10−3 2.82x105

500 8.16 × 10−2 7.05x106

bottom of the plug. The drag force D that a spherical particle experiences in a fluid

is given by the Stoke’s law of resistance [133]:

D = πµrU (3.2)

where µ is the dynamic viscosity of the fluid, r is the radius of the particle, and

U is the relative velocity between the fluid and the particle. Equating this drag force

with the effective weight of a spherical particle 4πr3g(ρp − ρf )/3 and solving for U

gives an expression for sedimentation velocity (Us):

Us =
2

9

(ρp − ρf )r
2g

µ
(3.3)

where ρp is the density of the particle, ρf is the density of the fluid and g is the

acceleration of gravity.

With all other parameters being equal Eq. 3.3 indicates that an increase in a

particle’s radius, which is an approximation to the formation of a larger aggregate of

microbeads, will result in a considerable increase of its settling speed, Table 3.1. This

implies therefore that larger aggregates will tend to settle at the bottom half of the

plug under the influence of gravity, forming a bed of slower circulating aggregates.

This behavior mimics the effect of immobilizing the microbeads at the wall of the

channel to allow the antibody to flow over them and bind to the antigen sites, which
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Figure 3.10: Flow rate as input in the syringe pump vs. measured linear velocity of
the plugs as they travel through the tube.

other researchers have achieved actively using a temperature-sensitive polymer [101]

or magnetic actuation [103]. We achieve a similar effect in our system by entirely

passive phenomena, and have a highly efficient mixing of the beads and analyte.

As shown by La Mer et al [134, 135, 136], the of collision frequency and colli-

sion efficiency factor determine the rate of agglutination. The combined effect of

the internal circulation patterns of the plug and large particle sedimentation, which

make unbound beads and analyte flow past the larger aggregates that settle at the

underside of the plug, effectively increase the microbead collision rate and therefore

agglutination rate.

To optimize the system parameters, we first investigated the influence of the flow

rate of the carrier oil on the incubation of assays. Because of the high impedance of

the channel, increasing the flow rate indefinitely produces diminishing returns on the

actual linear speed of the plugs, and could instead begin to collapse the flexible tube

because of the vacuum created, as shown in Fig. 3.10. From this, we determined that

a reasonable range of flow rates to test would be between 50µL/min to 175µL/min.

Assays with a fixed concentration of 2.5µg/mL biotinylated BSA were performed at

that range, the results are shown n Fig. 3.11.
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Figure 3.11: Effect of increasing the flow rate of the system on the incubation of the
assay, using a fixed concentration of 2.5µg/mL biotinylated BSA. Each data point
represents the average of 15 measurements, and the error bars show the standard
deviation between them.
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Reaching equilibrium, or a steady state, is desirable as this gives the assay more

stability even when having small differences in conditions between tests [66, 137]. At

50µL/min, the mixing rate will be lowest, which results in a lower magnitude of

the measured agglutination signal, while simultaneously taking more time to reach a

steady state. Increasing flow rate progressively increases the maximum agglutination

signal, reaching a maximum at 175µL/min. We noticed that the orientation of the

microchannels (spooled 30 cm segments between each window) has an interesting

effect on the incubation of the assays. These results are included in Appendix A.

The fact that channel orientation has a noticeable effect on the incubation is partly

caused by the quick settling velocity of the large aggregates, and partly because of

inertial effects, as shown by the relatively high Reynolds number (1-10) of the system.

The Reynolds number is a dimensionless number that relates the inertial and viscous

forces, given by [138]:

Re =
Inertialforces

V iscousforces
=
ρU0L0

η
(3.4)

Where ρ is the density of the fluid, U0 is the flow velocity, L0 is the characteristic

length (channel diameter in this case), and η is the shear viscosity. As an example,

taking our system’s parameters of flow velocity of 1 cm/s and internal diameter of

0.51 mm, assuming water as the fluid (ρ = 1.0g/cm2 and η = 0.01g/cms) we obtain

a Reynolds number of 5. At these ranges, the flow is no longer purely laminar, and

we begin to see some inertial effects, such as Dean Flow [139, 140, 141], whose effects

on this system can be clearly seen in Chapter 4.

The mixing within the plugs will therefore not be merely an effect of laminar flow

and diffusion, which explains why the results seen in Fig. 3.11 are not only dependent

on channel length, but also on the flow velocity. The Peclet number, which is a

dimensionless number that relates the importance of convection to diffusion, can be

used to put this mixing into perspective by assuming it was merely diffusion-based.
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One interpretation of the Peclet number is to imagine a T-junction with channel

width w, in which two miscible fluids are flowed together at a flow velocity U0, with

a diffusion constant Dc [138]:

Pe =
Convection

Diffusion
=
U0w

Dc

(3.5)

The Peclet number will express how many channel widths (multiples of w) the

length of the channel must be to achieve full mixing of the two fluids. Channels in

the order of 100 µm in width, with fluid containing small proteins (5 nm diameter,

Dc =40µm2/s [138]) have Pe in the order of 102, which means a full mixing will be

achieved in a channel of a few cm in length.

For our system, with a flow velocity of 1 cm/s, an internal diameter of 0.51 mm,

and a diffusion constant of 0.2 µm2/s (corresponding to particle sizes of 1 µm diameter

[138]), we obtain a Pe = 2.55 × 107. Because of the low diffusion constant of large

particles, this number implies that an extremely long length of tubing would be

required (in the order of thousands of meters) to mix the assay if it were based

in diffusion alone. Our system indeed depends on circulation, inertial effects and

sedimentation to incubate the assays.

From the incubation results, we have selected 175µL/min as the optimal flow

rate for the system at which subsequent experiments will be conducted, as it can

provide adequate mixing and assay saturation in the shortest incubation time of the

different speeds tested, as well as good repeatability. In these conditions, we obtain

a sample-to-answer time of approximately 2.5min (150 s, at the sixth observation

window), with a throughput limited to the rate at which the assays can be pipetted

into the reservoir.

During our experiments, we were able to introduce assays at a rate of approx-

imately 360 assays per hour by simple manual pipetting. By tracking the order or

timing at which each assay was inserted, it became simple to match and identify their
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corresponding measurement. Although this rate constitutes a considerable improve-

ment over traditional agglutination assays, which typically take 15-30 minutes (2-4

assays per hour), it is far from the maximum that the system would be capable of

handling. To calculate the theoretical throughput limit, we measured the amount of

time required for an assay to pass by the field of view of the camera is 0.5s (15 frames)

at our selected optimal flow rate. Assuming a train of assays in which a plug’s length

is left as a separation between each assay, we could achieve a theoretical maximum

throughput of 3600 samples per hour. If instead of manual pipetting, the assay in-

troduction was done by automated pipetting or by interfacing the input of the system

with a tubing-based library of analytes [60, 124, 12], throughput numbers closer to

this maximum limit could be achieved. This number could be further increased by

parallelization [142, 143] of independent microchannels under the same camera. In

our system, we used a wide field of view to monitor the same microchannel at seven

points in regular intervals (one for each turn of the spool) however each of these

could equally be an independent microchannel with its own train of assays. With

this, the current setup could theoretically provide >25,000 samples per hour, a seven

fold increase.

After selecting the optimal flow rate (175µL/min) and incubation time (150 s,

occurring at the sixth observation window), we then proceeded to study the effect of

the concentrations of both the analyte and microbeads, as shown in Fig. 3.12. The

results are consistent with our previous results, we have an increasing agglutination

signal until the saturation Hooke effect occurs.

In these results, it is interesting to note that as microbead concentration increases,

the agglutination maginute increases, however the peak at which maximum aggluti-

nation is found occurs at higher concentrations. At low microbead concentrations, the

analyte:microbead ratio is higher, meaning there are more analyte molecules per mi-

crobead present in the assay, and therefore a saturation of the microbeads is reached
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Figure 3.12: Effect of increasing the microbead and analyte concentrations, at a fixed
flow rate of 175µL/min, incubation time of 150 s. Each point represents repetitions
of five experiments, with error bars showing the standard deviation between them.
Each curve was made with a different concentration of microbeads, from 0.5 to 5
mg/mL.

earlier.

An interesting feature of agglutination dose curves, which can also be seen in our

results, is a noticeable steep increase in magnitude when transitioning from negative

to positive agglutination. This is particularly clear in Fig 3.12 at a bead concentration

of 2.5 mg/mL (red curve) at an analyte concentration of 1 µg/mL. This right-skewed

distribution in agglutination magnitude, which has a steep increase in signal before

saturation and a slower decrease after saturation is present in experimental exam-

ples [42] as well as mathematical modeling of this phenomenon [134, 135, 136]. This

rapid change is visible also in Fig 2.4 discussed in the introduction chapter, in which
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percentage binding in immunoassays in general quickly drops off after a threshold con-

centration is reached. Our agglutination measurements, both with biotin-streptavidin

and CRP assays (see Chapter 4) are consistent with kinetic modeling available in the

literature [136].

By changing the surfactant and behavior of the particles within the droplet, we

notice a dramatic decrease in sensitivity (approximately 2 orders of magnitude), which

was lost in exchange for the elimination of cross-contamination.

The minimum concentration that we can detect is 50ng/mL, which although

lower than high sensitivity protocols such as enzyme-linked immunosorbent assay

(ELISA) [57], is a clinically relevant detection level for applications such as C-reactive

protein (CRP)[34], Staphylococcus aureus [39, 144], Immunoglobulin G (IgG)[35]

and M (IgM) [36]. As previously discussed, we have focused our system on high-

throughput, and therefore our camera setup uses a wider field of view in order to

be able to span the width of several microchannels. A natural consequence of this

lower magnification is that individual microbeads and small aggregates can not be as

clearly resolved, resulting in lower sensitivity. This detection limit could be improved

by sacrificing the capability for parallelization and using higher magnification lenses.

It could be improved upon even further by completely changing the detection method,

for example with nephelometry, turbidity, or flow cytometry.

3.5 Chapter Conclusions

In this chapter we have demonstrated a very simple and user-friendly microfluidic de-

vice capable of incubating and quantifying plug-based agglutination assays of 1.25µL

volumes, a 100x smaller consumption of reagents as compared to traditional assays. It

can continuously handle assays at both high and low-throughputs, interfacing with a

standard laboratory pipette on demand, processing > 360 assays per hour by manual

pipetting. This number could be increased to an ideal limit of 3600 assays per hour
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in a single microchannel if a different method of sample introduction were used, such

as automated pipetting or interfacing with a pre-existing droplet library. This num-

ber could be increased even further (25,000 assays per hour) by the parallelization of

several channels, which can be imaged within the same field of view of the camera.

We used the biotin-streptavidin interaction as a model analyte to characterize our

system and explored the system parameters that affect the incubation rate of the as-

say, selecting 175µL/min and of 160 cm as optimal flow rate and microchannel length

respectively. With these settings we can provide a sample-to-answer time of 2.5min,

which constitutes a 5-10x reduction of the incubation time of standard agglutination

assays. Incubation occurs efficiently within the plugs as they circulate through the

microchannel, aided by the passive internal recirculation patterns. We obtained dose

curves for increasing concentrations of analyte and microbead suspension, with a de-

tection limit of 2.5ng/mL in the first iteration, and 50 ng/mL in the second iteration

of the system. This difference in sensitivities is explained by the choice of surfactants

in the first iteration, which confines the beads to the surface of the droplet, encour-

aging microbead interaction and reducing occlusion. This comes at a disadvantage of

noticeable cross-contamination. The lower detection limit of 50 ng/mL obtained in

the second iteration, however, is adequate for many agglutination assay applications,

such as Immunoglobulin G and M, C-reactive protein, and S. aureus. This detection

limit could be further reduced and increase sensitivity by changing the quantifica-

tion method with turbidity or nephelometry, which will be explored in the following

chapter.
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Chapter 4

Quantification Using Light Scattering

4.1 Chapter introduction

In this chapter we will present further work on the system presented on Chapter

3, replacing the optical image analysis with a light scattering technique for assay

quantification.

We will Investigate light scattering, as it has a potential for lower detection limits,

as well as a more integrated solution with quicker data processing and lower cost

components. We use a simple LED laser as a light source with no additional lenses,

CCD cameras or expensive photodetectors in our setup.

In this chapter we will first introduce some light scattering theory, followed by how

these principles have been applied historically to measure agglutination assays. Next

we will present relevant work done in microfluidics, all relatively similar solutions

using exclusively single-phase flow in simple microchannels. This work constitutes,

to the best of our knowledge, the first work that uses light scattering as an analytical

method for quantifying agglutination assays in two-phase flow microfluidics, which

we will demonstrate is a good solution, offering lower cost and higher sensitivity than

bright field image processing.

We present a simple system using an LED diode and low-cost photodetectors, and

characterize the system using both biotinylated BSA and C-reactive Protein (CRP)

assays. Experiments will be performed at a variety of photodetector angles, as well

as varying different assay parameters. We will then take a commercial CRP aggluti-
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nation assay and demonstrate that using this system and quantification method, it is

possible to turn it into a high sensitivity CRP assay.

4.1.1 Introduction to Light Scattering

Light is scattered differently by particles in a suspension, depending on their diameter.

This phenomenon was first documented by Tyndall in 1854 [145], however it was first

formally expressed by Lord Rayleigh:

Iθ = I0
8Nπ4α2

R2λ4
(1 + cos2θ) (4.1)

Where:

Iθ is the intensity of the scattered light at a given angle θ

I0 is the intensity of the incident beam is the association or forward rate constant,

N is the number of molecules per unit volume,

R is the distance from the particle to the detector,

α is the polarizability of the particles:

α = r3 (np/nm)2 − 1

(np/nm)2 + 2
(4.2)

Where:

r is the radius of the spherical particle

np is the refractive index of the particle

nm is the refractive index of the medium

Rayleigh scattering assumes that each particle can be treated as a point source,

and is therefore only applicable in cases where r > 0.05λ [146]. In these cases, the

light scattered at any angle θ highly dependent on wavelength (proportional to 1/λ4),
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and is symmetrical about 90°(light is scattered at equal intensity towards and away

from the light source), Fig. 4.1.

The Rayleigh-Gans-Debye theory [147, 148] is a modification of Rayleigh theory

that applies to larger particle diameters (0.05λ < 2r < λ). It assumes a particle

can be subdivided into single Rayleigh scattering elements that can interfere with

each other. The constructive and destructive interference produces an asymmetry of

scattering intensity in the direction of incident light.

A comprehensive theory of light scattering particles of larger size (2r > λ) was

introduced by Mie [149], which assumes a particle can scatter from multiple points,

as well as taking refractive index into consideration [146]. Closed form solutions of

Mie scattering remain rare [150], however it is important to note that the scattering

is highly asymmetrical with a considerable preference to low scattering angles (Fig.

4.1). Scattering intensity is highly dependent on particle size r, and as it increases,

becomes independent of wavelength [146, 151]. This is the reason why clouds appear

white (large water particles scatter visible light wavelengths equally) whereas the sky

is blue (small air molecules scatter certain wavelengths preferentially).

4.1.2 Light Scattering to Quantify Agglutination Assays

Light scattering has been used to quantify particles and proteins in suspensions for

more than 70 years. The basic setup consists of a container with a suspension of

particles excited by a light source, and a photodetector placed at a certain angle. If

the angle is directly in the path of the incident light (0°) it is called Turbidimetry, and

if it is a different angle, it is generally referred to as Nephelometry [73]. The general

principle for measuring immunoassays is if the antigen-antibody reaction produces

aggregates larger than the other constituents of the suspension, they will produce a

change in scattered light which can therefore be detected [42].

Turbidimetry measures a decrease of intensity of the source light after it has
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Figure 4.1: Light scattering regimes from a particle as a function of angle, depending
on the particle radius (r) and wavelength of incident light (λ). Adapted from [90]
with permission from SAGE publications.
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passed through the suspension, and was first introduced by Boyden in 1947 [152]. A

greater decrease in the measured signal, typically done with a spectrophotometer [22],

indicates an increase in assay agglutination. Turbidimetry requires a higher density

of particles [146]

Nephelometry (from the Greek word nephele, cloud or mist) was introduced by

Chow in 1947 [153], measures the scattered light from the sample at higher angles

(θ > 0). As scattered light is of lower intensity, they typically require higher intensity

light sources [73] and high sensitivity photodetectors. With large particles as in the

case of agglutination assays, the scattering regime will typically be Rayleigh-Debye

or Mie, and therefore measuring at 90°will have limitations [90] because of the lower

intensity of light scattered at that angle. Nephelometry at low angles (< 45) will give

the highest signal-to-noise ratio [73]. Nephelometry favors dilute solutions in which

absorption and reflection are minimal, as it may lose sensitivity because of destructive

light scattering [146].

The optimization of angle, wavelength and particle size has been the object of

much research and debate [154, 90, 146, 73]. As Mie scattering produces significant

changes in intensity as particle size increases, it has been demonstrated that enhancing

immunoassays with microparticles provide an increased assay range by at least three

orders of magnitude [90]. The sensitivity of immunoassays is also greatly improved by

the use of microparticles, which have been shown to provide more than two orders of

magnitude improvement on their lower detection limit [155]. Light scattering regimes

of different applications, by particle size and wavelength, are shown in Table 4.1.

A flow cytometer is a related application, in which a focused stream of particles or

cells is flowed past a narrow detector, where the scattering of a single light source is

measured by photodetectors at different angles [156]. If a dye is used, a fluorescence

signal can also be measured. Flow cytometers measure particles one by one, and are

typically used to characterize cells but can also be used to quantify agglutination
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Table 4.1: Light scattering regimes of different applications, by particle size and
wavelength. Adapted from [90] with permission from SAGE publications.

Scattering species Particle size
(nm)

λ (nm) Scattering model

IgG 8 340 Rayleigh
630 Rayleigh

IgG aggregates 20-100 340 Rayleigh-Debye
630 Rayleigh

Gold sols 5-10 340 Rayleigh
630 Rayleigh

Nanoparticles 40 340 Rayleigh
630 Rayleigh

70 340 Rayleigh
630 Rayleigh-Debye

Latex particle 80-500 340 Rayleigh-Debye to Mie
aggregates 640 Rayleigh-Debye
Erythrocytes 5000 340 Mie

630 Mie
Large latex >5000 340 Mie
particle aggregates 640 Mie

assays via particle counting [146]. As flow cytometers can be tuned to detect only a

narrow range of particle diameters, large particle aggregates will be ignored, which

can be used as an indirect measurement of agglutination degree, as demonstrated by

Collet et al. [157]. A disadvantage is that flow cytometers are typically bulky and

expensive and not widely available, as well as requiring large sample volumes [156].

4.1.3 Applications Using Microfluidics

The first flow cytometer in microfluidics was demonstrated by Sobek et al. as early as

1993 [158]. It consisted of a simple flow chamber etched in silicon, integrated optical

waveguides, and an observation window that would enable a photodetector mounted

on a microscope to perform measurements.

Early work by Ramsey’s group demonstrated a microfluidic flow cytometer fab-

ricated in etched glass that could be used to quantify latex particles [159] and E.

coli cells in suspesion [160]. In this work they measure both scattered light and
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fluorescence using photomultiplier tubes (PMT) mounted on an inverted microscope.

Pamme et al. [161] were the first to demonstrate a microfluidic flow cytometer

used to quantify an agglutination assay. They measure laser light scattering mounted

on an inverted microscope, using optical fibers mounted at 15°and 45°connected to

PMTs. They demonstrate a lower detection limit of 100 ng/mL of CRP, taken over

the course of 60 seconds.

Recently, Ma et al. [94] have published sheathless flow cytometry in a simple

microchannel, using an in-house optical setup. They require a pre-incubation of their

sample, taking a total of 35 minutes to process each sample.

Several groups have demonstrated quantification of agglutination assays, in simlar

simple Y-shaped microchannels with optical fibers. Kim et al. show a lower detection

limit of 50 pg/mL of Mycoplasma pneumonia using a commercial spectrometer [162],

and 100ppb of oxytetracycline [163].

Yoon’s group have published a device using fiber optics mounted at 45°using a

portable spectrometer, for a vasculitis marker [164], bovine viral diarrhea virus [165]

and, E. coli [166].

All of these devices share similar characteristics, and therefore still much innova-

tion can be explored. Using two-phase flow would provide the advantages discussed

in previous chapters such as lower reagent consumption and low cross-contamination.

As all devices published thus far are single-phase flow, each device must be stopped

and washed before using another patient’s sample. Using two-phase flow will also sig-

nificantly reduce the interrogation time needed to evaluate the agglutination assay.

In a recent literature review, Zhu et al. [167] present an assessment of the current

analytical detection techniques for droplet microlfuidics. Within their proposed tax-

onomy, imaging-based techniques remain the most common method used, such as the

ones discussed in previous chapters. Light absorption based detection has scarcely

been published, among them a color-based quantification of a droplet chemical li-
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brary using LED light sources and photodetectors [60], and broadband absorption

spectroscopy to detect droplets of K2IrCl6 in aqueous solution [168]. We have found

no work published using light scattering to quantify microbead-based assays. As dis-

cussed in this chapter, nephelometry and turbidity have historically been used for

quantifying macroscopic particle-enhanced immunoassays, and in the following sec-

tions we will apply those principles to quantify these assays in a two-phase microfluidic

format.

4.2 System Description

The system diagram is shown in Fig. 4.2. It is a similar configuration as the one

presented in Chapter 3, however a light scattering sensor has been placed downstream

from the optical camera setup. Although for optical photography the casting of a

PDMS block allows taking clearer optical photographs, we found that it is detrimental

for the light scattering setup. Taking measurements therefore directly off the bare

microchannel is preferrable, as a PDMS block acts as a laser light diffuser. The

light scattering setup was enclosed in a dark chamber to reduce the noise floor and

minimize the effects of ambient light.

A photograph of the optical setup is shown in Fig. 4.3. We use a blue LED

laser diode (1.6 W, 450 nm), DET100A/M photodetectors (Thorlabs) as well as

various optical breadboards and optical mounts (Thorlabs). As sensitivity depends

on the intensity of the exciting light, a laser light source is ideal for this application,

particularly in the case of nephelometry [169, 22].

Alignment of the laser relative to the microchannel is critcal, as direct light from

the laser to the photodetector would saturate the signal. The LED laser was mounted

on a micrometric x-y stage, and to assist with alignment, a removable cylindrical

projection screen was mounted between the scattered light and PD1. Additional

information on this procedure is available on Appendix B, Fig. B.1.
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Figure 4.2: System diagram.

Figure 4.3: Photograph of setup.
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4.3 Experimental Results

Assays were performed using the same protocol as that described in Chapter 3. An

example of a single measurement using this setup is shown in Fig. 4.4, showing the

signal amplitude of PD1 set at 0°. The assay is a positive agglutination test with an

analyte concentration of 2.5µg/mL. The laser is pointed at a fixed position of the

microchannel, and as the plug containing the assay flows past the measurement point,

several behaviors can be observed. Both the leading and the trailing edges of the plug

produce spikes in the signal caused by the different refractive indices of the carrier

oil and aqueous buffer. These spikes can be used to detect the beginning and end

of the measurement, as the signal between these events contains the information of

the degree of agglutination of the assay. The phenomenon observed at 0 °is primarily

transmission of the light that was not absorbed by the particles and aggregates. Areas

absent of particles will produce a higher signal, whereas those with larger particles

will produce lower signals.

We first ran a preliminary experiment using assays that would produce the most

homogeneous measurements: a completely clear plug containing only PBS buffer,

and an opaque negative assay with 2.8 µm diameter microbeads at a concentration

of 2.5 mg/mL. The measurements were performed with PD1 set at 0°, and PD2 at

45°for half of the experiments, and at 90°for the other half, as shown in Fig. 4.5.

It’s interesting to note how at the different angles, the experiments have different

”polarity”. At 0°, a clear water droplet has a high value and an opaque droplet with

negative agglutination has a low value. This is due to the fact that at this angle, the

PD effectively measures transmission, and assays of higher transparency will produce

higher signal amplitudes. At 45°, both clear and opaque droplets present a drop in

signal, at different magnitudes. At 90°the opposite, both opaque and clear assays

present an increase in signal, however the assay containing the negative assay has a

higher magnitude.
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Figure 4.4: Example of single measurement. A plug flows passing by the laser beam,
with a sample output of the photodetector at 0°. At this angle, corresponding to
turbidity, high agglutination areas or clumps produce a lower intensity signal as more
light is absorbed. Conversely, sections where particles are absent will produce a higher
signal amplitude.
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Figure 4.5: Clear (PBS only) and opaque (negative assay with 2.8 µm diameter
microbeads at a concentration of 2.5 mg/mL) measurements at different angles.

These results are in good agreement with the scattering pattern expected in the

Mie regime, with high magnitudes at low angles, rapidly decreasing as measurement

angle increases. At PD1 (0°) the change in absolute voltage measured is 6 V, whereas

at PD2 (45°and 90°) it is much lower at 0.1 V.

Next we performed a series of experiments measuring at a range of scattering

angles, with PD1 set at 0°and 5°, and PD2 at 25°, 45°and 90°, summarized in Fig.

4.6. These angles correspond to turbidity (0°), low angle nephelometry (5°and 25°),

and high angle nephelometry (45°and 90°). Analyte concentrations were varyied from

0.02 − 10µg/mL, with simple non-biotinylated BSA in PBS buffer used as nega-

tive control. These concentrations we know by experience will produce a wide and

sufficient range of agglutination degrees, which will be useful to evaluate the phodo-

detectors’ response ranges.

At a biotinylated BSA concentration of 10µg/mL, a saturation of agglutination

was obtained, with most microbeads forming a single aggregate of approximately 500
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µm diameter. At 0 °this is seen as a sharp decrease in transmission at the leading

edge of the plug, with the rest of its length becoming highly transparent.

A clear trend and differentiation is noticeable in all angles except for the mea-

surements at 25°. This angle was selected to match a marked reduction in scattered

light that occurs at this point when an assay passes through the laser spot, as seen in

Fig. B.1 of the Appendix B. No differentiation between assays occurs at this angle,

as it is a ”shadow” caused exclusively by the oil-water interface, independent of the

droplet’s particle contents.

We then performed a series of repeat measurements in a wider range of analyte

concentrations, ranging from 0.02 − 2000µg/mL. As seen inf Fig. 4.6, a clear trend

and differentiation is visible between the concentrations, however the raw signal needs

to be further processed in order to extract a metric that can be related to analyte

concentration.

Different methods were attempted depending on the angle at which the scattered

light was taken. At 0°, which corresponds to turbidimetry, agglutination information

is present in the form of irregularities in the voltage signal, as gaps between clumps

present high light transmission. The method chosen for this was to take the standard

deviation of each voltage signal, which is plotted vs. analyte concentration in Fig.

4.7, top. It can be seen that even the lowest measured analyte concentration is

still well above the negative threshold, however there is a higher variability between

experiments.

At 90°, which corresponds to high angle nephelometry, the approach used was to

take a moving average of the voltage singnal, with a window smaller than the length

of the droplet. This produced a smooth curve with very low differences between

measurements, as shown in Fig. 4.7, bottom. This result is in good agreement with

the results obtained in Chapter 3 using image processing.
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Figure 4.6: Representative measurements done with streptavidin-biotinylated BSA
assays, with scattered light measured at different photodetector angles. Analyte
concentrations range from 0.02 − 10µg/mL.
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Figure 4.7: Dose curves using light scattering, as measured at 0°(top) and
90°(bottom). Points represent a repetition of 3 experiments, with error bars showing
the standard deviation between them. The solid line shows the negative threshold,
measured by performing agglutination assays with no analyte present, and dashed
lines indicate the standard deviation ranges.
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4.3.1 C-Reactive Protein

C-reactive protein (CRP) was first discovered by Tillett and Francis in 1930[170] in

the serum of patients with acute pneumonia, and in 1972 Kindmark demonstrated

it is a normal constituent of healty human serum in low concentrations (< 6mg/L)

[171]. The concentration of CRP can increase greatly (> 200mg/L) during inflamma-

tory processes and injury to body tissues, such as rheumatic fever [172], rheumatoid

arthritis [173], heart attack [174], burns [175], among others.

Measuring CRP is commonly used as an inflammation marker, and to monitor a

patient’s response to treatments and determine a the progress of a disease. It has

also been recently shown that high sensitivity measurements of CRP (hsCRP) can be

used as a predictor for cardiovascular disease risk [176, 177, 178]. Single, non-fasting

measurements of blood CRP correspond to low (< 1mg/L), moderate (1− 3mg/L),

and high (> 3mg/L) risks for future cardiovascular events [178].

The fact that the detection of CRP has two distinct medical applications de-

pending on whether a high or low sensitivity measurement is performed, makes it a

particularly suitable candidate to demonstrate the advantages of the system presented

in this thesis. In this section, we will use a qualitative, commercially available CRP

slide agglutination kit and quantify it using the light scattering system described thus

far.

An ASI CRP (Arlington Scientific) slide test kit was used, which consists of a

suspension of 1µm polystyrene particles coated with anti-human CRP suspended in

buffer. In a similar procedure as described before, the beads were washed and the

buffer replaced with 1x PBS with 0.1% Tween 20 surfactant. To perform a single

experiment, 3µ/L of the bead suspension were mixed with 3µ/L of analyte, and

inserted into the system in 1.25µ/L plugs. The kit includes positive (> 6mg/L

CRP) and negative (< 6mg/L) of human serum reactive controls with which were

used for preliminary testing. For the subsequent quantitative experiments, Human
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Figure 4.8: Comparison of the incubation of CRP and biotin-streptavidin assays at
a flow rate of 175µL/min. Each data point represents the average of 15 repetitions,
error bars represent the standard deviation among them, measured using the image
processing discussed in Chapter 3.

CRP (Biorbyt, orb81051) was used. The product comes in an original concentration

of 1000mg/L which was further diluted using 1x PBS to the required concentration.

We first conducted an incubation experiment, to verify the assay was successfully

reaching a steady state within the available time. In a similar procedure as the one

followed in Chapter 3, positive assays were flowed through the tube, and a photograph

was taken at 30 cm intervals along the length of the microchannel.

We found that unlike the biotin-streptavidin assays, the orientation of the mi-

crochannels has a distinct effect on the behavior of the CRP assays. If the 30 cm

segments between the observation windows are oriented vertically (assays travel up-

down, with and against the direction of gravity), the particles accumulate on one

side of the plug only. This behavior is undesirable, since it interferes with proper

quantification of the assay. We were able to avoid this by orienting the microchannels

horizontally (parallel to the ground), so that assays are always flowing perpenducular
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Figure 4.9: Representative positive (> 6mg/L) and negative (< 6mg/L) CRP assays,
measured using light scattering at a variety of angles.

to the direction of gravity. This side-to-side split in the flow is caused by Dean Flow

[139, 140, 141, 138], an inertial effect that occurs in circular channels with a diameter

much smaller than the a radius of curvature of the turn. Due to centrifugal forces,

fluid elements move towards the outside of the turn, producing internal secondary

flows. This split occurs with our smaller diameter CRP beads but not our larger

streptavidin beads. We believe this is is caused by inertial phenomena [179, 180], as

it has been shown that particles in a spiral microchannel can be focused as a function

of their diameter [181]. Photographs of this phenomenon are shown in the Appendix

B.

As shown in Fig. 4.8, the CRP assay reaches steady state at approximately

125 s of incubation. This is a very encouraging result, as it shows that the system is

capable of performing adequately even with immunoassays of lower binding strengths.

As discussed in Chapter 2, the biotin-streptavidin bond is the strongest known in
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biochemistry [182, 42], with an affinity constant Keq = 1015 L/mol. The CRP to

anti-CRP bond has a much lower affinity constant Keq = 1.4 × 1010 L/mol, placing

it in the middle of the range of typical immunoassays (See Chapter 2).

We then performed a preliminary set of experiments at various photodetector

angles, using the positive and negative controls that would provide the widest range of

agglutination degrees, Fig. 4.9. A clear distinction between both positive and negative

controls is measured by our system at each angle, however the highest differentiation

was obtained at 0 °and 45 °, which were selected for subsequent experiments. This

angle selection is also supported by the literature, as nephelometry at low angles

(< 45) will give the highest signal-to-noise ratio [73].

Next we performed experiments at a wide range of concentrations (0.5−100mg/L).

Representative photodetector signals of experiments the hs-CRP range (1− 5mg/L)

are shown in Fig. 4.10, however the full range is included in the Appendix B. Assays

were initally performed using the manufacturer’s suggested microbead:analyte ratio

of 1:1, as shown in Fig. 4.10 top. There is however very little distinction between

these concentrations at both 0 °and 45 °scatter angles.

The performance of immunoassays can be optimized to different analyte ranges

by altering the antigen:antibody ratio [154], which allows the assay to be performed

at equivalence, rather than in antibody excess or antigen excess. We found that

modifying the assays’ microbead:analyte ratio to 1:5, shown in Fig. 4.10 bottom,

now produces a significant difference in agglutination in the hs-CRP region. This

ratio is unsuitable for manual qualitative slide testing as the assays become overly

dilute and difficult to judge by eye, however are optimal for our setup, particularly

since nephelometry favors dilute solutions to minimize destructive light scattering

[146].

Finally the raw photodetector output was processed in order to represent it as a

meaningful degree of agglutination. In this proposed metric, briefly, the signal’s offset
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Figure 4.10: Representative photodetector signals for CRP assays at different mi-
crobead:analyte ratios. Experiments are shown in the hs-CRP region of interest
(1 − 5µg/mL).
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was removed, filtered using a moving mean filter, and selected the maximum value of

this filtered signal. The nephelometry signal (45°) produced the clearest trend, with

the lowest variation between repeated experiments, which is shown in Fig. 4.11 top.

These results show that our system is capable of quantifying a wide range of

human CRP concentrations, with the maximum sensitivity at the hs-CRP region

(1 − 5mg/L). Beyond this region, agglutination signal begins to drop because of

prozone or Hooke effect [129, 25], a false-negative that is caused by saturating the

microbeads with the analyte.

Our setup allowed us to perform simultaneous measurements of each droplet us-

ing both the image processing method described in Chapter 3 as well as the light

scattering method described in this chapter. This enables us to provide a direct com-

parison between these methods, as shown in Fig. 4.11 bottom. Light scattering has

lower variability between repetitions, and is able to distinguish concentrations as low

as 0.5mg/L above the noise floor, whereas image processing can only do so above

2mg/L, making it unsuitable for hs-CRP.

The CRP slide test kit (cat. 500100) used for our experiments is intended for

100 tests costs approximately 140 USD at the time of this writing. The manufacturer

suggests using 40µL of the supplied microbead reagent for their slide format, however

our system when using a 1:5 bead:analyte ratio, require only 1µL per assay. We

are therefore capable of doing up to 4000 tests with that kit, bringing the cost of

consumables per test down to 0.035 USD/test. A close point of comparison to our

system is the SMART 700 system (Diazyme). It is a compact desk point-of-care

system that can perform hs-CRP measurement using agglutination assays within 4

minutes. It uses standard turbidimetry quantification in standard cuvettes, provided

in their hs-CRP POC test kit (cat. DZ135B-SMA). Costing approximately 250 USD

for a kit for 40 tests, this system’s cost of consumables per test is significantly higher,

at 6.25 USD/test, making our system two orders of magnitude cheaper to run per
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test. The cost of consumables per test becomes significant particularly in the case of

high throughput, which we have shown our system is capable of handling.

Figure 4.11: Comparison of agglutination signal dose curves, as obtained by laser
scattering (top) and image processing (bottom). Each data point represents the
average of 3 repetitions, error bars represent the standard deviation among them.

4.4 Chapter Conclusions

In this chapter,we have demonstrated the first two-phase microfluidic device using

light scattering to quantify agglutination assays. Principles for light scattering, which

have been historically used to quantify macroscopic particle-enhanced immunoassays
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were applied to a two-phase microfluidic format.

We present a simple system using an LED laser diode as a light source and low-cost

photodetectors, appended to the system described in Chapter 3. Biotin-streptavidin

assays were initially used as proof of concept, as we had optimized system parameters

for them. Photodetectors placed at 0 °(turbidity) and 5-90 °(nephelometry) were

used to quantify assays at various analyte concentrations. Clear trends were found

at different angles, which once processed were in good agreement with the results

obtained with image processing.

We then investigated human CRP assays, using a commercial slide test kit. An

important result is the fact that we can incubate these assays despite the fact that

their affinity constant is significantly lower than that of biotin-streptavidin. With this

we have demonstrated that the results obtained in the work shown can be extended

to realistic agglutination assays with medical relevance.

On this chapter, we propose simple signal processing of the photodetector output.

Future work could investigate more complex algorithms, noise reduction, or combine

the information from multiple photodetectors to obtain a multi-dimensional readout.

This could potentially improve the sensitivity of the system, as it is possible that not

all of the information contained in the raw data is being utilized with our current

processing.

Using our system, we were able to take a qualitative agglutination CRP assay

and use it to obtain quantitative hs-CRP measurements, with a lower detection limit

of 0.5mg/L using laser light scattering. We show the optimal detection range can

be tailored by adjusting the microbead:analyte volume ratio used in the assays. We

compared the light scattering method with our own image processing method, and

found that nephelometry produces a better lower detection limit, has simpler pro-

cessing and therefore lower sample-to-answer time, lower equipment cost, and is more

suitable for integration.
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Requiring 1µL of functionalized microead suspension and 5µL of analyte per

assay, our cost of consumables per test is 0.035 USD/test, two orders of magnitude

lower than similar point of care desktop devices. This lower consumable cost becomes

relevant when performing a high volume of assays, which the system is capable of

handling.
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Chapter 5

Concluding Remarks

5.1 Thesis Summary and Original Work

This work exists at the intersection between immunoassays, microparticles, and mi-

crofluidics, which were introduced in Chapter 2. Immunoassays are a large family of

techniques that enable the detection of a target analyte via a specific antigen-antibody

interaction, and a general classification of immunoassays was presented. Within this

taxonomy, we describe agglutination assays as particle-enhanced, non-labeled, rapid

immunoassays, capable of detecting a wide variety of both antibodies and antigens.

Their simplicity makes them particularly compatible with the types of applications

that could be developed using droplet microfluidics as reactors to incubate the assays.

A brief introduction of mixing within a plug was given.

Next, we presented a review of previously published work on agglutination and

microfluidics, which have been mostly been done in single-phase format. Few two-

phase format examples of agglutination in microchannels has been published. We have

argued that this approach entails several disadvantages, such as cross-contamination

and need for washes between experiments, and long measurement times. Using two-

phase microfluidics solves these issues, and very little work has been done in this

area.

In Chapter 3 we demonstrated a high throughput microfluidic system capable of

incubating and quantifying agglutination assays, performing >360 assays/h, with a

potential to scale via paralelization without the need to modify the optical quantifi-
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cation setup.

Incubation of the assay was carried out by entirely passive phenomena in two-

phase flow, without the need for active elements, with an incubation time of 2.5 min,

a 5-10 times reduction compared to standard agglutination tests. No measurable

cross-contamination between assays was observed. We have shown that with a correct

selection of flow parameters and surfactants, passive mixing inside segmented plug

flow is sufficient to provide , contrary to the conclusions of other researchers [99]

System performance was characterized and optimized using the biotin-streptavidin

interaction, and defined an optimal microchannel length of 160 cm and an optimal flow

rate of 175µL/min. We obtained dose curves for increasing concentrations of analyte

and microbead suspension, with a detection limit of 50 ng/mL, which is adequate for

many agglutination assay applications, such as Immunoglobulin G and M, C-reactive

protein, and S. aureus. It is possible to obtain a lower detection limit of 2.5ng/mL

by changing the surfactants, at the cost of potential cross-contamination between

plugs. Addionally, it is possible to improve the assay sensitivity by modifying the

microbead:analyte ratio.

The device uses a modular approach, with low-cost laboratory tubing used as

microfluidic channels. This minimizes the fabrication complexity and device-to-device

variability. It uses a simple and user-friendly pipette-to-microfluidics interface. The

microfluidic system is continuously running, and therefore the user can introduce

new samples at any moment, without the need of microfluidic droplet generators or

reconfiguration of the system.

In Chapter 4, we demonstrated and compared two quantification methods: optical

image processing, and LED laser light scattering using low-cost photodetectors. An

introduction to light scattering theory and its historical use for quantification of

immunoassays and microparticles was presented. Some work in of quantification of

agglutination assays in microfluidic format has been published, however none using
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two-phase flow.

Using this light scattering detection, we first quantify protein-protein agglutina-

tion assays using biotin and streptavidin interaction. We also show that the system

can be useful with other medically relevant biomarkers with significantly lower affinity

strengths, by quantifying CRP immunoagglutination assays. We use a commercial

CRP slide agglutination test, which is intended to measure only qualitative broad in-

creases in analyte concentration as a marker for patient inflammation. CRP is present

in healthy human serum in low concentrations (< 6mg/L) and spikes significantly

(> 200mg/L) in the case of inflammation. Our system can use that same assay and

produce instead qualitative measurements with a lower detection limit of 2mg/L us-

ing image processing and 0.5mg/L using light scattering, placing it in the hs-CRP

region (1 − 3mg/L). Our cost of consumables per test is 0.035 USD/test, which is

relevant when performing a high volume of assays, which the system is capable of

handling.

User-friendly interfaces such as the one we have presented are an attempt to close

the gap between lab-on-a-chip solutions with biologists and healthcare professionals

who have no previous experience working with microfluidics. With an increase in

world population and the desire for improved healthcare, novel methods for quan-

tification and detection of diseases and various biomarkers at high throughput are

needed. Immunoagglutination assays are available for an ever growing range of ap-

plications, and those that deal with large-scale issues such as drinking water quality,

food-borne pathogens or infectious diseases such as HIV are under continuous de-

velopment. Agglutination assays are simple and reliable tests, and enhancing their

performance thanks to the advantages that microfluidics can provide is a topic that

is worth exploring. This work provides researchers with a simple and low-cost tool

that can provide low-throughput on-demand quantification of agglutination assays,

and is easily extended to high throughputs without major modifications.
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The work presented in this thesis will produce two journal publications:

• Submitted: D. Castro, D. Conchouso, R. Kodzius, A. Arevalo, and I. G. Foulds,

“High-Throughput Incubation and Quantification of Agglutination Assays in a

Microfluidic System”, Genes, Lab on Chip special issue, 2018.

• In preparation: D. Castro, D. Conchouso, A. Arevalo, J. Kosel and I. G. Foulds,

“Low Cost Two-phase Microfluidic System for Quantification of Agglutination

Assays using Light Scattering”, Lab on Chip, 2018.

And have been published in three international conferences:

• D. Castro, D. Conchouso, A. A. Arevalo, and I. G. Foulds, “A Study of the

Incubation of Microbead Agglutination Assays in a Microfluidic System,” Pre-

sented at the 11th Annual IEEE International Conference on Nano/Micro En-

gineered and Molecular Systems (IEEE-NEMS 2016), Matsushima Bay and

Sendai MEMS City, Japan, Apr. 2016.

• D. Castro, R. Kodzius, and I. G. Foulds, “A simple system for in-droplet incu-

bation and quantification of agglutination assays,” Presented at the 17th Inter-

national Conference on Miniaturized Systems for Chemistry and Life Sciences

(µTAS 2013), Freiburg, Germany, pp. 1598-1600, Jan. 2013.

• R. Kodzius, D. Castro, S. Chhina, A. M. Parameswaran, and I. G. Foulds, “DNA

and Protein Detection Based on Microbead Agglutination,” Hilton Head, Hilton

Head, USA, 2012.

5.2 Future Work

The work presented in this thesis can be extended in several directions.

Because of the capability for high-throughput automation of the system presented

in this thesis, a fully integrated system with on-chip data processing and display
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of results would bring it closer to a commercially viable prototype. Even further

automation would involve the development of a microfluidic device that will handle

the patient sample and mixing with the microbead reagent. One solution would be

via interface with a tubing-based library of analytes [60, 124, 12]. Another possibility

would be to have the reagents in reservoirs, and produce on demand droplets [183,

184, 185] which can be manipulated or merged using a variety of techniques [105].

On the application aspect, a systemic investigation of immunoassays with differ-

ent affinities and binding strengths (Keq, see Chapter 2) would be relevant to define

the range of applications that our microfluidic device can have. We have success-

fully demonstrated our device can handle a CRP assay with Keq = 1.4× 1010 L/mol,

however a range of immunoassays with Keq values between 108 L/mol and 1012 L/-

mol could be explored. The purpose is to determine the parameters at which the

shear stress exerted by the internal circulations of the plug can overcome the antigen-

antibody bond, therefore nullifying agglutination. The effect of realistic serums and

patient samples should also be investigated. We have demonstrated that we can al-

ready produce diagnostically relevant data, however it would be interesting to develop

immunoassays optimized for our laser scattering detection, by modifying microbead

materials, dimensions, and optical properties.

In our research we demonstrated an increase in sensitivity when precipitating the

agglutination assay particles to the oil-water interface, which effectively confines them

on a 2-dimensional surface and greatly increasing their interactions and visibility.

Particles must collide and come in close proximity so antigen-antibody bonds can

be made [22], and this confinement increases efficiency of mixing. This however

came at the cost of noticeable cross-contamination between consecutive assays, as a

consequence of proteins adsorbing onto the surface of the microchannel.

Fabricating a device using materials that present lower absorption and adsorption

of proteins than silicone or PDMS, such as teflon or Fluorinated ethylene propylene
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(FEP), could harness the increased sensitivity we observed in Chapter 3 with beads

segregating to the plug interface, while also avoiding cross-contamination. Another

candidate material is solid cross-linked Poly-Ethylene Glycol Diacrylate (PEGDA), a

transparent polymer that has been shown to have considerably lower absorption and

adsorption than PDMS [186].

In this vein, we have demonstrated a soft lithography fabrication process suitable

for microfluidics, using this polymer. We have also evaluated its biocompatibility,

defined as cytocompatibility and low inhibition of polymerase chain reaction (PCR)

process. This work has produced two conference publications:

• D. Castro, P. Ingram, R. Kodzius, D. Conchouso, E. Yoon, and I. G. Foulds,

“Characterization of solid UV cross-linked PEGDA for biological applications,”

Presented at the 2013 IEEE 26th International Conference on Micro Electro

Mechanical Systems (IEEE-MEMS 2013), 2013, pp. 457460, Jan. 2013.

• D. Castro, D. Conchouso, Y. Fan, and I. G. Foulds, “Surface Treatments of

Soft Molds for High Aspect Ratio Molding of Poly-PEGDA,” Presented at the

16th International Conference on Miniaturized Systems for Chemistry and Life

Sciences (µTAS 2012), Oct. 2012.

Although these preliminary results are promising, bonding of large surface areas

with this polymer remain a challenge. An alternative solution is using an ultraviolet

UV 3D printer to fabricate a device [187], or to fabricate a soluble master around

which the PEGDA chip is cast [188], and is then dissolved to produce a microchannel.
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APPENDICES

A Supplementary Information for Chapter 3

A.1 Surfactant effects

When adding Span 80 to the carrier oil, it is important to minimize the amount

of Tween 20 added to the aqueous phase, as shown in Fig. A.1. The contact angle

quickly becomes enough to produce satellite droplets, and if increased, will essentially

turn the entire plug into an emulsion.

Figure A.1: Effect of increasing Tween 20 surfactant on the aqueous phase when Span
80 is present in the carrier mineral oil. All concentrations are shown as % w/w.
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A.2 Microchannel orientation and incubation

The orientation of the microchannels has an effect on assay incubation. Chapter 3

shows the results if the microchannels are kept parallel to the ground plane, however

orienting them vertically has a marked effect on incubation. Two distinct regions are

observed above and below 150µL/min. This secondary behavior may be in part due

to inertial effects, and in part due to the effect of gravity on larger aggregates. If the

microchannels are oriented vertically, the plug travels half of the distance with the

direction of gravity, and half against. This effectively makes the larger aggregates

’sweep’ the length of the droplet. At flow rates below 150µL/min it can be seen

that the agglutination is slower to stabilize, and would require a longer microchannel

to complete. The values between 150 − 175µL/min show very similar incubation

curves, as they operate in similar circulation regimes, despite the difference in flow

rate. At the highest speed setting, however, the final agglutination signal begins to

decrease, as the higher shear forces within the plug can overcome the binding forces

of the assay and begin to separate the aggregates of beads.
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Figure A.2: Effect of increasing the flow rate of the system on the incubation of the
assay, using a fixed concentration of 2.5µg/mL biotinylated BSA, with a vertical
orientation of microchannels. Each data point represents the average of 15 measure-
ments, and the error bars show the standard deviation between them.
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A.3 Agglutination using DNA

In this appendix we present preliminary results using DNA as target analyte and

functionalization of microbeads. This was work done in collaboration with Dr. Ri-

mantas Kodzius during his stay at KAUST, who developed the DNA protocol. This

work has been published partially in the following conferences:

• R. Kodzius, D. Castro, S. Chhina, A. M. Parameswaran, and I. G. Foulds, “DNA

and Protein Detection Based on Microbead Agglutination,” Hilton Head, Hilton

Head, USA, 2012.

• D. Castro, R. Kodzius, and I. G. Foulds, “A simple system for in-droplet incu-

bation and quantification of agglutination assays,” Presented at the 17th Inter-

national Conference on Miniaturized Systems for Chemistry and Life Sciences

(µTAS 2013), Freiburg, Germany, pp. 1598-1600, Jan. 2013.

• R. Kodzius, D. Castro, and I. Foulds, “Towards a high throughput droplet-based

agglutination assay”, The 7th International Conference on Microtechnologies in

Medicine and Biology (MMB), 2013.

Dynabeads M-270 Streptavidin are uniform, superparamagnetic beads that are 2.8

µm in diameter with a streptavidin monolayer covalently coupled to the hydrophilic

bead surface (Life Technologies, Cat. No. 653.06). One-hundred microliters of the

original beads (concentration 6.5 x 108 beads/ ml) were washed three times with 600

µL 1x phosphate buffered saline (PBS) buffer (pH 7.4) containing 1% bovine serum

albumin (BSA, Sigma, Cat. No. P5493). This was done by placing the tube (Axy-

gen, Cat. No. MCT-150-L-C MAXYMum recovery) with the beads on a magnet

(MagneSphere Technology Magnetic Separation Stand, Promega, Cat. No. Z5331)

for 1 minute, following by removal of supernatant and adding fresh 1x PBS/ 1%

BSA. The 1x PBS has a phosphate buffer concentration of 0.01 M and a sodium
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chloride concentration of 0.154 M. After washing, 100 µl of the beads were sepa-

rately functionalized with oligonucleotide SRY23Bio- (5-Biotin ATAAGTATCGAC-

CTCGTCGGAAG -3) and oligonucleotide SRY24pBio (5-phosphate GCGAAGAT-

GCTGCCGAAGAATTGC Biotin -3) through the binding of biotin to streptavidin

by mixing the beads with oligos with a ratio of 2.2 x 106 oligo per bead. After vortex

mixing, the mixture was incubated for 2 hours at room temperature (23 C) with gen-

tle, continuous agitation to prevent the beads from settling. After functionalization

of streptavidin beads with oligonucleotide, the supernatant with unbound oligos was

removed using the magnetic stand. Eight-hundred microliters of 1x PBS/1% BSA

solution was added; the mixture was vortex mixed and washed using the magnetic

stand. This step was repeated, and the supernatant was removed. Finally, the mi-

crobeads were resuspended in 200 µl of 1x PBS/1% BSA. Sodium azide (NaN3) was

added to the final concentration of 0.02% to prevent bacterial growth.

DNA hybridization procedure (three component assay, (A + B + C)) Three-

component assay was performed by adding the particles and analyte simultaneously

to the tube. Aggregates will form when particles are added to a sample including

a target analyte. For example, when an A microbead, functionalized with a first

binding partner, and a C microbead, functionalized with a second binding partner,

are added to a sample simultaneously, the analyte will bind with the first binding

partner and the second binding partner. Aggregates of the target analyte and A

microbeads and/or C microbeads will be formed as this process continues, with ad-

ditional molecules of the binding partners interacting with additional molecules of

the analyte. Each of 2.8 µm Dynabeads, functionalized with oligonucleotides (sepa-

rately with SRY23Bio- and SRY24pBio), were used for the hybridization of homologue

DNA strands. The Dynabeads were mixed with final varying concentrations (0 µM

to 8.33 µM) of 3-47SRY oligonucleotide (GCAATTCTTCGGCAGCATCTTCGC-

CTTCCGACGAGGTCGATACTTAT) to the final concentration of 2.3 x 108 of each
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Figure A.3: Comparative effect of increasing analyte concentrations of biotinylated
BSA and proposed DNA protocol. Bead concentration used is 200 kbeads/mL

oligo-functionalized beads/ ml in 0.8 M NaCl/ 1% BSA. The negative control was

prepared in the same way, except that Millipore MilliQ ultrapure water of ”Type 1”

(resistivity 18.2 Mcm) was used instead of 3-47SRY oligonucleotide.
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B Supplementary Information for Chapter 4

Figure B.1: Cylindrical screen used to illustrate laser misalignment. A misaligned
beam will produce a bright spot at PD1 and saturate the signal, whereas correct
alignment produces a uniform light scattering.
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Figure B.2: Examples of effect of channel orientation on CRP assays. Assays shown
at 1:1 bead:analyte ratio, with (10mg/L) analyte concentration. Top: An unde-
sirable lateral accumulation occurs due to inertial effects when microchannels are
oriented vertically. Bottom: Uniform distribution when microchannels are oriented
horizontally.
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Figure B.3: Representative photodetector signals for CRP assays at 1:5 mi-
crobead:analyte at 0 °. Experiments are shown in a wider human CRP concentration
range tested (0.5 − 10µg/mL), expanding on those shown in Chapter 4, Fig 4.10.
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Figure B.4: Representative photodetector signals for CRP assays at 1:5 mi-
crobead:analyte at 45 °. Experiments are shown in a wider human CRP concentration
range tested (0.5 − 10µg/mL), expanding on those shown in Chapter 4, Fig 4.10.
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