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Abstract

Interest in Lab-on-a-chip and droplet-based microfluidics has grown recently because of their
promise to facilitate a broad range of scientific research and biological/chemical processes such as
cell analysis, DNA hybridization, drug screening and diagnostics. Major advantages of droplet-based
microfluidics versus traditional bioassays include its capability to provide highly monodispersed,
well-isolated environment for reactions with magnitude higher throughput (i.e. kHz) than traditional
high throughput systems, as well as its low reagent consumption and elimination of cross
contamination. Major functions required for deploying droplet microfluidics include droplet
generation, merging, sorting, splitting, trapping, sensing, heating and storing, among which sensing
and heating of individual droplets remain great challenges and demand for new technology. This
thesis focuses on developing novel microwave technology that can be integrated with droplet-based

microfluidic platforms to address these challenges.

This thesis is structured to consider both fundamentals and applications of microwave sensing and
heating of individual droplets very broadly. It starts with developing a label-free, sensitive,
inexpensive and portable microwave system that can be integrated with microfluidic platforms for
detection and content sensing of individual droplets for high-throughput applications. This is, indeed,
important since most droplet-based microfluidic studies rely on optical imaging, which usually
requires expensive and bulky systems, the use of fluorescent dyes and exhaustive post-imaging
analysis. Although electrical detection systems can be made inexpensive, label-free and portable,
most of them usually work at low frequencies, which limits their applications to fast moving droplets.
The developed microwave circuitry is inexpensive due to the use of off-the-shelf components, and is
compact and capable of detecting droplet presence at kHz rates and droplet content sensing of
biological materials such as penicillin antibiotic, fetal bovine serum solutions and variations in a drug

compound concentration (e.g., for Alzheimer’s Disease).

Subsequently, a numerical model is developed based on which parametrical analysis is performed
in order to understand better the sensing and heating performance of the integrated platform.
Specifically, the microwave resonator structure, which operates at GHz frequency affecting sensing
performance significantly, and the dielectric properties of the microfluidic chip components that

highly influence the internal electromagnetic field and energy dissipation, are studied systematically



for their effects on sensing and heating efficiency. The results provide important findings and

understanding on the integrated device operation and optimization strategies.

Next, driven by the need for on-demand, rapid mixing inside droplets in many applications such as
biochemical assays and material synthesis, a microwave-based microfluidic mixer is developed.
Rapid mixing in droplets can be achieved within each half of the droplet, but not the entire droplet.
Cross-center mixing is still dominated by diffusion. In this project, the microwave mixer, which
works essentially as a resonator, accumulates an intensive, nonuniform electromagnetic field into a
spiral capacitive gap (around 200 um) over which a microchannel is aligned. As droplets pass by the
gap region, they receive spatially non-uniform energy and thus have non-uniform temperature
distribution, which induces non-uniform Marangoni stresses on the interface and thus three-
dimensional (3D) chaotic motion inside the droplet. The 3D chaotic motion inside the droplet enables
fast mixing within the entire droplet. The mixing efficiency is evaluated by varying the applied
power, droplet length and fluid viscosity.

In spite of various existing thermometry methods for microfluidic applications, it remains
challenging to measure the temperature of individual fast moving droplets because they do not allow
sufficient exposure time demanded by both fluorescence based techniques and resistance temperature
detectors. A microwave thermometry method is thus developed here, which relies on correlating fluid
temperature with the resonance frequency and the reflection coefficient of the microwave sensor,
based on the fact that liquid permittivity is a function of temperature. It is demonstrated that the

sensor can detect the temperature of individual droplets with 1.2 <C accuracy.

At the final part of the thesis, | extend my platform technology further to applications such as
disease diagnosis and drug delivery. First, | develop a microfluidic chip for controlled synthesis of
poly (acrylamide-co-sodium acrylate) copolymer hydrogel microparticles whose structure varies with
temperature, chemical composition and pH values. This project investigates the effects of monomer
compositions and cross-linker concentrations on the swelling ratio. The results are validated through
the Fourier transform infrared spectra (FTIR), SEM and swelling test. Second, a preliminary study on
DNA hybridization detection through microwave sensors for disease diagnosis is conducted. Gold
sensors and biological protocols of DNA hybridization event are explored. The event of DNA
hybridization with the immobilized thiol-modified ss-DNA oligos and complimentary DNA (c-DNA)
are monitored. The results are promising, and suggests that microwave integrated Lab-on-a-chip

platforms can perform disease diagnosis studies.
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CHAPTER 1
INTRODUCTION

1.1 RESEARCH BACKGROUND AND MOTIVATION

The term ‘laboratory’ can be interpreted as a facility in which analysis, measurements, scientific
research or experiments are carried out in controlled conditions. The term Lab-on-a-chip (LOC),
sometimes called micro total analysis systems (LT ASs), refers to a device technology that integrates
and operates multiple laboratory functions on a single chip (see Figure 1.1[1]). More importantly,
LOC platforms scale down these functions and processes into a miniaturized format[2,3] which
provides great advantages, such as low reagent consumption, better process control, faster analysis,
reduced cost and portability. Because of its many potential benefits, investigations intersect a wide
range of interdisciplinary areas, from nanotechnology, biotechnology and biochemistry to fluid
mechanics, medicine, applied physics and material science in order to develop new platforms for

multiple processes[4-6].
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Figure 1.1. Example of components of Lab-on-a-chip platform for carrying out multiple tasks (top
image)[7]. Schematic description of miniaturization of traditional laboratory processes onto an

integrated Lab-on-a-chip device (bottom image)[1].

To perform multiple analysis tasks, LOC devices draw from various roots, such as fabrication
technologies, fluid manipulation/control, assay preparation, manipulation and processing. In general,
LOC devices rely on microfluidics (see Figure 1.1[7]) for sample transport and manipulation, which,
fundamentally, deals with the physics, behavior and manipulation of fluids at small volumes such as
nano to pico-liter. However, scaling down brings its own advantages and challenges in terms of the
characteristics of physical-system behavior at small scales. For example, micro-and nano-scale
systems provide a high surface-to-volume ratio, which helps thermal management, and on the other
side, interfacial forces become important leading capillarity, which brings challenges in surface

chemistry into fluid manipulation. Nevertheless, flow at micro-and nano-scale results in laminar flow
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nature leading poor mixing capability[8-11]. Rapid mixing of reagents such as enzymes,
biomolecules or drug components in LOC systems is essential in preparing or initiating reactions. In
the early development of microfluidics, single phase microfluidics which relies on miscible fluids to
carry and manipulate samples was primarily employed. Slow diffusive mixing and large residence
time characteristic to single-phase microfluidics have been detrimental for the quality and
performance of LOC systems. Cross contamination between different assays and Taylor dispersion
that gives rise to low resolution for protein or DNA separation[12-14] are additional challenges that
prompted a number of excellent studies towards the improvement of single phase microfluidics (see
Figure 1.2[15]).
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Figure 1.2. Comparison of single phase (A) and droplet microfluidics (B). In single-phase flow
slow mixing and high dispersion happens, whereas in droplet microfluidics, rapid mixing occurs

and droplets prevent dispersion of reagents[15].

In order to address the major limitations of single-phase microfluidics, droplet-based microfluidics
emerged as an alternative in the early 2000s [16-22]. In the last decade, droplet microfluidics has
attracted ever-increasing attention from both academia and industry because of its capability for
combinatorial high throughput screening analysis. Droplets can be formed from a continuous liquid
within a second immiscible carrier fluid at a several kHz rate meaning that ideally millions of droplets
can be analyzed in a couple of minutes[12,13,23]. Nano to picoliter-sized droplets are fully

compartmentalized by the immiscible carrier fluid which prevents cross contamination and enhance
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reaction. Almost instantaneous mixing occurs within each half of the droplets and full mixing could
be realized by pumping droplets through serpentine channels. With these advantages and potentials,
droplet microfluidics has found many applications in disease diagnosis, material synthesis and drug
discovery [2,3,24-30].

Besides droplet formation which in general is the first step, in order to realize the full potential of
droplet microfluidics based Lab-on-a-chip devices, new functions need to be added to the system.
Droplet manipulations in microfluidic chips such as splitting, coalescence, valving, pumping, and
sorting operations have been performed so far to some extent. These techniques and operations may
be sufficient to conduct a certain number of processes such as preparing biological and chemical
samples and producing some materials. However, many Lab-on-a-chip applications require more-
complex features, measurement capabilities and external disturbances/triggers in order to outperform
in addition to simple fluid manipulations[3]. For example, one of the important aspects of Lab-on-a-
chip platform technology is point-of-care (POC) diagnostics. Improved and appropriate POC
applications and diagnostics have critical roles in health care worldwide. Early and proper treatments,
safe blood analysis, fast detection of clinical symptoms and diseases are some of the objects of this
field, which requires miniaturized, portable and fast on-site sensing systems. Another side of the issue
is that while, for instance, droplet generation is relatively easy to perform at the several kHz level,
lack of ability to sense those droplet’s contents or analyze them at the same detection rates due to the
lack of proper fast-response and portable detection platforms is a challenge, and a limiting factor.
Moreover, the trend of LOC platform technology is continuously moving towards integrating
complex and sophisticated analysis with the help of new fabrication technologies. From a broader
perspective, the development of functional devices and systems for biomedical, pharmaceutical and
clinical applications has become more significant. More specifically, potential new uses of
microfluidics and LOC systems need the development of tools for studying cells and tissues,
hydrogel-based microfluidics, particle fabrication, proteomics, genomics, organic synthesis in
micro/nano-channels and efficient point-of-care devices[2,3,31-34]. Implementing challenging tasks
in these research fields first requires indispensable rapid, portable, sensitive and efficient sensing and
heating functionalities be developed or improved and added to Lab-on-a-chip platforms. The above
reasons highly suggest alternative technologies to be developed and electrical techniques for sensing
and heating have the potential to address the challenges. Among the commonly used electrical
detection methods such as resistance, impedance and microwave techniques, microwave technique

has unique advantages benefiting from its high operating frequency, but not as yet to be fully
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explored for droplet microfluidics and LOC applications. For this reason, this thesis research focuses
on developing novel microwave/droplet-microfluidics integrated heating and sensing platforms for

multi-purpose Lab-on-a-chip applications such as in the biomedical and pharmaceutical fields.

Microwave sensors/resonators have versatile features for both sensing and heating, and the
implementation of droplet microfluidics and microwave technologies is a rather new approach to
integration of both. In the scope of the thesis work, both the localized, sensitive, selective and
miniaturized heating and sensing functions of electrically small microwave resonators are used, along
with droplet microfluidics. In addition to developing label-free, high-throughput, portable
miniaturized sensing platforms, and studying the fundamental behavior and characteristics of the
integrated system for superior performance, several applications are employed practically such as
screening drug compounds for treating Alzheimer’s disease, sensing of biomaterials, synthesis of
hydrogel micro particles, preliminary detection of DNA hybridization event, developing droplet
temperature measurement thermometry for Lab-on-a-chip platforms, and investigating the mixing
phenomena inside droplets. This broad, fundamental, and application-based research have been
conducted in the thesis, which provides enabling tools and functionalities to be incorporated in new
Lab-on-a-chip platforms. It is intended to give a contribution for carrying out more complex and

sophisticated LOC analysis in the field, and advance the development of new analytical processes.

1.2 THESIS OUTLINE

Chapter 2 discusses the relevant work described in the literature to date, and presents fundamentals
related to the physical phenomena involved in this thesis. First, examples of droplet based LOC
platforms in biomedical, chemical, medicine and pharmaceutical fields are provided, which gives an
insight and inspiration to enlarging the applications and utilizing them suitably. Next, it provides the
fundamentals of two-phase flow in regards to droplet-based microfluidics, knowledge that is
important for improving and operating such systems. Later, generation and manipulation of droplets
by active and passive means, sensing, detection and heating in droplet microfluidics in general and by
means of microwaves are reviewed, and the rational need of microwaves are discussed. Lastly, the
microwave sensing and heating systems available for microfluidics are reviewed, with a brief

explanations of the physical mechanism of microwave dielectric heating and sensing.

Chapter 3 introduces the experimental facility used throughout the thesis research, with a detailed

explanation of each component. The methodology, fluids and chemicals, fabrication by means of soft-
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lithography and protocols for surface treatment of the microfluidic channels are provided as well.
Also, the steps of microwave resonator fabrications with both gold and copper electroplating in

combination with lithography techniques are demonstrated.

The research carried out for the thesis starts with Chapter 4, with a description of development of a
label-free, sensitive, inexpensive and portable microwave system that can be integrated with
microfluidic platforms for detection and content sensing of individual droplets for high-throughput
applications. For future point-of-care application purposes, cost-effective off-the-shelf components
for developing the circuitry have been chosen. The system is shown to have a detection limit of
several kilohertz (kHz). Additionally, an Alzheimer’s disease (AD) drug assay is used to demonstrate
its bioapplications where the concentrations of an inhibitor are screened through the microwave
sensing system, and droplet content sensing is performed using biomaterials.

Chapter 5 presents a parametrical analysis using numerical simulation tools in order to understand
better the performance of the integrated platform. Specifically, the microwave resonator structure and
the behavior of the dielectric properties of the microfluidic chip components on sensing and heating
efficiency are investigated. Since the sensor is operating at high frequencies, the design of the system
is very sensitive to these parameters, such that any improper design may cause sharp performance
damping than the actual capability of the device. In order to control the microwave sensing and
heating functionalities for an appropriate Lab-on-a-chip platform development, a comprehensive

study is performed in this chapter by investigating the effects of different parameters.

In Chapter 6, recognizing the challenge and difficulty of mixing in micro-and nano-scale systems, a
microwave-based microfluidic mixer is developed to allow rapid and efficient mixing within
individual droplets. Mixing in microfluidics is challenging due to its laminar flow nature and is often
dominated by molecular diffusion. In this chapter, the spiral design of the microwave resonator is
designed through numerical simulation and used as a localized and selective heater that provides
spatially non-uniform energy and thus result in non-uniform temperature distribution inside droplets.
The non-uniform temperature distribution induces non-uniform Marangoni stresses on the interface,
which results in three-dimensional chaotic motion inside the droplet and thus fast mixing. The
physical mechanism of mixing, mixing index, effect of excitation power and droplet length are

investigated.

Chapter 7 demonstrates a temperature measurement platform for single-phase and droplet based

microfluidics. In this work, a microwave thermometry method that is non-intrusive and requires
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minimal external equipment is developed which relies on the correlation of fluid temperature with the
resonance frequency and the reflection coefficient of the microwave sensor that operates at a GHz

frequency range based on the fact that the permittivity of liquids is a function of temperature.

Chapter 8 describes extended studies of the developed platform on pharmaceutical drug delivery
and biomedical disease diagnosis purposes. In this chapter synthesis of poly (acrylamide-co-sodium
acrylate) hydrogel micro particles and preliminary DNA hybridization sensing are demonstrated.

Chapter 9 compiles the results, findings, conclusions and contributions of the thesis work. In
addition, it makes recommendations for future academic studies based on the knowledge, experience
and observations gained throughout the thesis. Finally, possible future work is suggested including
application and development of advanced LOC platforms for various areas such as bioengineering,
nanotechnology, pharmacology, biomedical research, chemical synthesis and thermo-fluid mechanics

in terms of physical micro-nano scale phenomena.

Nomenclature

LOC Lab-on-a-Chip

uTAS Micro Total Analysis System
PCR Polymerase chain reaction
AD Alzheimer’s disease



Chapter 2

LITERATURE REVIEW

As pointed out above in Chapter 1, Lab-on-a-chip technology combines multiple laboratory functions
into small scale miniaturized systems that open up a novel window for developing devices and
analysis systems for a wide range of fields, with many valuable advantages. From this perspective,
droplet microfluidic systems have been receiving great attention as an enabling tool to achieve the
exciting goals of these platforms. To provide fundamental information about the research area; to
review the work done so far; and most importantly, to provide the underlying vision needed to
interpret contribution, need and novelty of the thesis research, this chapter is organized as follows.
First, droplet based systems are introduced with examples of their implementation in various
applications in bioengineering, pharmaceutical, biomedical, chemical and medical fields. These
examples have inspired researchers to expand the applications and discover new ideas to build
platforms that will contribute to society. Later, the fundamental physics of two-phase flows in droplet

microfluidics is reviewed, being crucial for understanding, operating, designing, developing,
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improving and controlling those platforms and devices. Subsequently, droplet generation and
manipulation methods in microfluidics are presented. Droplet generation is the initial step, and is well
understood so far. After generation, these droplets must then be properly transported and manipulated
inside microchannels, and of these prevalent techniques are described. However, because of ongoing
demands to solve current challenges in the field, and the need to realize new applications for carrying
out diagnosis, synthesis, screening and biochemical analysis, new functions must be added and
developed in order to realize the full potential of Lab-on-a-chip technology. Thus, corresponding to
the focus of the thesis, as emphasized previously, the rational need for integration of microwave
sensors/heaters is discussed. Thereafter, available microwave sensing and heating systems in
microfluidics are reviewed, with a brief discussion of the physical mechanism of microwave

dielectric heating and sensing. Lastly, the chapter is briefly summarized.

2.1 DROPLET MICROFLUIDICS FOR BIOMEDICAL, CHEMICAL, BIOLOGICAL AND

PHARMACEUTICAL APPLICATIONS

Droplet microfluidics show a great potential for various applications in a wide spectrum of fields.
Droplet based microfluidic platforms have been implemented in chemical reactions, imaging, drug
delivery, diagnostics, drug discovery, cell biology, molecule synthesis and many others[35]. The
fundamental feature, and the reason for droplet microfluidics being an attractive platform, is that
droplet systems demonstrate a high level integration, and have the ability to provide a low amount of
reagent use, an isolated and a well-controlled environment, short analysis times, high-throughput
screening and improved sensitivity[36]. For example, droplet microfluidics establishes a powerful
platform for drug delivery purposes since each individual droplet can be taken as a cargo or drug
delivery vehicle. Drug molecules either can be carried or transported by droplets, or the production of
new drugs can be performed inside of droplets[37-39]. Likewise, cell studies have been widely
employed in droplets. Droplets provide a sterile and an isolated environment into which cells can be
encapsulated with a robust and controlled approach. Also, the content of droplets can be adjusted
appropriately by merging or splitting droplets. In comparison with traditional cell studies, cell and
reagent consumption are decreased dramatically. Studies using yeast, human, mammalian, bacterial
cells or microorganisms like C. Elegans have been implemented through droplet
microfluidics[25,29,40-41]. In this regard, in a recent study, D. Weitz’s group [42] reported a droplet
barcoding technique for single-cell transcriptomics, which is applied to embryonic stem cells. They

developed a droplet-microfluidic approach for barcoding RNA from thousands of individual cells for
9
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Figure 2.1. Microfluidic device design (top image); (A) shows details of the design, (B) and (C)
describes encapsulation and collection modules, arrows indicate cells (red), hydrogel (blue) and
flow direction (black). Barcoding platform (bottom image); cells are encapsulated into droplets

with lysis buffer and hydrogel microspheres carry barcoded primers[42].

subsequent analysis by next-generation sequencing. Obtained single-cell data allowed to deconstruct
cell populations and infer gene expression relationships. In their study, droplet microfluidics served as
an efficient platform in order to capture and barcode cells in nanoliter volume droplets, and each
droplet hosts hydrogel photo-cleavable combinatorially barcoded primers. Then the mRNA of
thousands of mouse embryonic stem cells are sequenced. In Figure 2.1 the microfluidic device design
and barcoding of cells are described. In another study, Weitz et al. [43]demonstrated portable

microtissues in individual droplets for an “organ in a droplet” application. They used water—water—oil
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double emulsions as templates to spatially assemble hepatocytes in the core and fibroblasts in the
shell, forming a 3D liver model in a drop. Through the highly monodispersed droplets, controlled
assembly of heterotypic cells showed biocompatible 3D core—shell hydrogel scaffolds. Thousands of
monodisperse microtissues, each in an individual drop, are achievable using this microfluidics

technology, and each maintains enhanced liver-specific functions (see Figure 2.2).

Figure 2.2. Top images demonstrates the construction of the 3D scaffold in a drop consisting of
an aqueous core and a hydrogel shell. Fabrication of core—shell droplets using w/w/o double
emulsions as templates. Bottom image illustrates the spatial assembly of different cells in the 3D
core-shell scaffold. As can be seen, cells are confined in the core by the hydrogel shell (a),
fibroblasts are immobilized in the shell (b) and the assembly of the structure forms an artificial

liver in a drop (c) [43].

A modular Lab-on-a-chip system designed for cultivation of mammalian cells and delivery into
microdroplets were demonstrated by Hufnagel et al.[28]. It was shown that cells can be reproducibly
cultivated over a period of seven days and maintain their health morphology. Also, via gas permeable
perfluorocarbon oil keeps the cells alive for several days. Wang et al. [44] presented an anticancer
drug testing study with a microfluidic droplet-based method for the formation of multicellular tumor
spheroids using alginate and matrigel mixed hydrogel beads. Mixed hydrogel beads with different
volume ratios between alginate and matrigel are obtained through changing the flow rate of the two
hydrogel solutions on-chip. Meanwhile, human cervical carcinoma (HeLa) cells are encapsulated in
the mixed hydrogel beads, and it was shown that the viability of cells encapsulated in the mixed
hydrogel beads was more than 90%. These results indicate that the microfluidic device might be an
efficient tool for the preparation of multicellular tumor spheroids, which could be used in a variety of
11



cancer studies such as cell—cell interactions, oncotherapy, and high-throughput screening of

anticancer drugs.

Polymerase chain reaction and amplification of DNA has also been proven in droplet microfluidics.
Using conventional microfluidic systems for PCR offers the advantages of performance,
miniaturization and operational flexibility. However, there are still challenges like reproducibility of
amplification and the adsorption of polymerase enzymes to the channel walls. PCR in confined
droplets, on the other hand, facilitates the further reduction of reagents, and because of reduced
thermal mass, it provides more precise amplification and shorter reaction times[45]. Wang et al.[46]
designed a droplet-based micro oscillating-flow PCR chip. Three different temperature zones of
denaturation, extension and annealing temperatures were integrated with a single microchannel to
form the chip’s basic functional structure. Lien et al.[47] conducted a study with an integrated
microfluidic system performing four reverse transcription polymerase chain reaction processes
simultaneously for fast diagnosis of aqua cultural diseases. Another key field where droplet-based
microfluidic platforms can be applied is conducting enzyme assays. Enzyme kinetics, by mixing and
merging droplets of alkaline phosphatase with fluorescein diphosphate in a microfluidic device, were
carried out by Miller et al.[26]. An alternate biological application is the use of immunoassays with
droplet microfluidics. An immunoassay is a biochemical test that measures the presence or
concentration of a macromolecule in a solution through the use of an antibody[48]. A droplet based

magnetic bead immunoassay has been reported to detect insulin[49].

On another side, each compartmentalized droplet can be used as individually addressable
microreactors for chemical applications. This provides many promising applications and benefits for
chemical synthesis. For applications ranging from protein expression to organic compound synthesis,
performing reactions in the microscale reduces the cost of expensive reagents, reduces the risk of
exposure to hazardous chemicals, and also allows multiple reactions to be carried out in highly
parallelized experiments[50]. In large chemical processes, significant amounts of heat might be
released when exothermic reactions occur, which give rise to potential risks. However, scaling down
reactions into microreactors minimizes the risk. As well, reactions can be performed much faster
because of the advantages of droplets in terms of the mixing (vortex circulation inside droplet) and
heat transfer efficiency. Schachschal et al.[51] described the synthesis of poly (N-
isopropylacrylamide) microgel particles, in water/oil inverse emulsions, used as carriers for enzyme

encapsulation. The potential application of these enzymes is to be used in biotechnological
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applications, using their ability to be immobilized on polymer colloidal carriers. The polymerization
process occurred via radical initiation in aqueous droplets in the presence of the comonomer
vinylimidazole and the crosslinker N,N-methylene-bis-acrylamide at room temperature. Another
example of synthesis was reported by Chan et al.[52] for high temperature synthesis of CdSe
nanoparticles using microdroplet reactors. Millman et al.[53] synthesized a wide variety of micro-
particles, including capsules and semiconducting microbeads. In addition, droplet-based reactions can
be implemented for protein crystallization[54] (Figure 2.3).
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Figure 2.3. A droplet-based microfluidic hybrid approach to screen crystallization conditions using

the microbatch method[54].

2.2 Two-PHASE FLow PHYSICS IN DROPLET MICROFLUIDICS

As listed some examples of the droplet microfluidic applications as an enabling platform above,
applications and requirements of the device operation might be very broad. In order to design,
control, improve and manipulate droplet microfluidics properly for those analytical tasks, it is
important to understand the underlying physics of the device operation principles. In this section,

fundamental physics of two-phase flows in droplet microfluidics is reviewed for this purpose.

2.2.1 FORCES
A multiphase flow can be regarded as the flow that contains at least two different fluids, with
different chemical compositions, such as liquid/liquid or gas/liquid forms. The dynamical response of

two-phase flows is characterized by fluid properties and dimensional parameters. Fluids are
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continuum materials, and forces on fluid elements originate from fluid stresses & (forces per unit area)
applied on surfaces in addition to the body forces f applied on the bulk of the fluid elements. For a
Newtonian fluid, Navier-Stokes equation, which depicts the continuum version of F=m.a per unit
volume, is employed:

du
p(E+u.Vu)=V0'+f=—Vp+p.V2u+fy+f (D

where the left and right side of the equation demonstrate the inertial acceleration and forces,
respectively, and f denotes body forces. Also it should be noted that it is necessary to include the
interfacial effects (y) into the flow equation. On the micro and nanoscales, equation (1) reduces to the

Stokes equation since inertial force becomes smaller in comparison to viscous force,

Ju

pE:V0'+f=—Vp+uV2u+fy+f 2)

and the mass conservation equation,

dap _
ot +V(pu) =0 3)

for nearly constant fluid density gives the incompressibility condition Vu=0. In such fluidic systems,
tensor stress ¢ has both tangential and normal components. For instance, pressure (as force per unit
area) is applied normal to any surface, viscous stress (~|Vu) includes both shear and normal
components, and capillary (interfacial) stress (~y/R) is applied normal direction to the surface while

Marangoni stress (interfacial tension gradient, ~Vy) is applied tangential to the surface [10], [55].

Two-phase flows in the micro scale are governed by these bulk and surface phenomena exerted on
fluid molecules, as well as variations on fluid properties such as in density and viscosity. To
characterize the microfluidic two-phase flows, four fundamental forces (viscous, interfacial, inertial
and buoyancy) and competition among them are analyzed. The relative importance of the forces are
described by non-dimensional numbers [56]. Table 1 provides important dimensionless numbers with
the scaling factors that are used in micro and nanofluidics multiphase systems. In micro and
nanoscale flows, the flow velocities are low and the surface to volume ratio is high that it causes
inertia, buoyancy and gravitational forces to be inconsequential compared to the interfacial and
viscous forces. For this reason, Weber, Bond and Grashoff numbers are generally not considered as
important parameters to control and design the fluidic process, while Capillary becomes more

significant. To discuss these forces and non-dimensional numbers further, for instance, Bond number
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Table 2.1. Relevant dimensionless numbers in multiphase micro and nanofluidics with characteristic

length scale.
Dimensionless number | Abbreviation Description Equation Scale

Capillary number Ca Viscous/interfacial ﬂ 0

Y
Reynolds number Re Inertia/viscous pLU 1

u
Weber number We Inertia/interfacial pUZL 1

14
Bond Bo Gravitational/interfacial Apgl? 2

14

number

Grashof number Gr Buoyancy/viscous gp?BATL3 3

12

(Bo) compares the gravitational force acting on the fluid, where Ap is the fluid density difference
(kg/md), g is the gravitational acceleration (m/s?), L represents a characteristic length-scale (m) (e.g.,
the diameter of a droplet), and vy is the surface or interfacial tension of the two fluids in contact (N/m).
To analyze the relative importance of gravitational force (body force) and interfacial tension, the
value of the ratio of these two expressions allows for a judgment on whether the body force (gravity)
dominates the interfacial tension (for Bo>1) or, conversely, the gravitational force is weaker than the
interfacial force (for Bo<1). At the microscale, the Bond number is far smaller than 1. Thus, the

interfacial forces dominate the gravitational forces.

Reynolds number depicts the relative importance of inertial forces to viscous forces. Since fluid flow
inside microfluidic devices essentially operates at low Reynolds number, the viscous effects dominate
the inertial effects.

The dimensionless capillary number, Ca, plays a key role in determining droplet dynamics, and is the
most important interfacial non-dimensional number. It compares the viscous stresses with the

interfacial forces. In microfluidic systems, the capillary number can change over a wide ranges of
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values. The value of the capillary number determines the mechanism of formation of droplets and

bubbles. Generally, capillary number is calculated from the properties of the continuous phase.

Lastly, Weber (We) may be introduced, and it describes the relationship between the inertial and
interfacial tension forces of the aqueous phase. In determining droplet formation dynamics, Weber
number is usually paired with the Capillary number. We and Ca numbers demonstrate the relative
importance of inertial, viscous and interfacial tension forces. Plotting the aqueous-phase Weber
number against the oil-phase Capillary number provides a droplet formation regime map, and it
highlights the critical Weber and Capillary numbers that mark the transition from steady droplets to
jetting. At small aqueous and oil flow rates (We<<1 and Ca<<1), the aqueous fluid forms pulls apart
an aqueous neck to minimize surface energy, yielding monodisperse droplets. At larger aqueous flow
rates (We~1 or greater), inertial forces begin to dominate interfacial tension forces. At a critically
high Weber number, the aqueous neck moves downstream as a wide unstable ‘jet” of aqueous fluid
from the nozzle. A transition from dripping to jetting also occurs as oil flow rates increase (Ca~1 or
greater). At a critically large Capillary number, viscous drag forces from the outer carrier oil pull on
the aqueous flow enough to overcome interfacial tension forces, causing the inner aqueous fluid to
stretch into long, thin streams[13,20,57-58],[57].

2.2.2 SURFACE WETTING AND CONTACT ANGLE

Due to the intermolecular interactions and the force balance between adhesive and cohesive forces,
wetting describes the ability of a liquid to keep contact with a solid surface. Wetting properties of
liquids (i.e., phases; such as aqueous and oil) in two-phase microfluidic systems influence the droplet
formation process, flow conditions and the capillary effect. It is very crucial to control the surface
features and surface wetting characteristics of working fluids along with the contact angle which
shows the tendency of a drop to spread out on the wall (surface) or rolling up that is the inverse
measure of the wetting. Concave and convex interfaces can be obtained upon filling the

microchannels with hydrophilic and hydrophobic fluids, as presented in Figure 2.4.

The contact angle occurs when a liquid droplet contacts both a solid and a gas (or a second
immiscible liquid and a solid, as is the case in droplet-microfluidics). Here, the curvature originates
from the differences of interfacial tensions, and Young’s equation describes the force balance among

the phases[11]:
Osg = 05 + O1gC0S0 4
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Figure 2.4. Wettability on free surfaces (A) and channels (B) [11].

where 6 (N/m) denotes the interfacial tension between two phases, and the subscripts g, 1, s shows
gas, liquid and solid, while 0 represents contact angle. In droplet microfluidics, in order to form stable
droplets and manipulate them properly inside the microchannels, the continuous phase should wet the
walls in preference to aqueous phase. This case causes a thin film surrounding the droplet and isolates
it from the walls. On the other scenario, both the aqueous and continuous phases partially wet the
walls, and droplets can stick to the wall. This disturbs the operation of the device and the
transportation of the droplet along the channel[59-66]. In Figure 2.5 Wetting and non-wetting of
channel surfaces by aqueous droplets are shown.

2.2.3 INTERFACIAL PHENOMENA AND SURFACTANTS

Interfaces in microfluidic two-phase flows include interactions between fluid-wall and fluid-fluid[20],
and understanding the wetting properties of the fluid-wall interactions are crucial to figure out
whether ordered or disordered flow patterns occur[62]. It is usually observed that the size of droplets
and the formation frequency depend on external parameters such as flow rates of the dispersed and
continuous phases, the channel dimensions, as well as physical quantities such as the viscosities of the
dispersed and continuous phase, the interfacial tension y between both fluid phases, and the
wettability of the channel walls.

The primary modification that droplets introduce to the single phase microfluidic flows comes
through the swap-in of interfacial tension. Interfacial tension can be thought of in two complementary
ways. First, it is a force per unit length which pulls the interface with a magnitude y (N/m). Any
imbalance in the value of y will cause a flow along the interface from high to low interfacial tension
regions. This phenomenon is also known as Marangoni stress. Second, interfacial tension can be
thought of as the energy per unit area (J/m?) which tries to minimize the total surface area in order to

reduce the free energy of the interface. The minimum area for a given volume is a sphere for isolated
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Figure 2.5. Wetting and non-wetting of channel surfaces by aqueous droplets [66].

droplets and for confined channels, droplets adjust their shape to the wall while curving their
interface. This generates a pressure jump between the inside and outside of the droplet, which plays
an essential role in flow conditions[67-68]. The existence of the interface separates two immiscible
fluids such as oil and water, or a liquid and a gas, such as water and air. Interfacial effects become
dominant and significant when the length scale is reduced to micrometer scale. When two immiscible
fluids are brought into contact in the microchannel, two interfaces, between fluid-fluid and fluid-wall,
arise. The wetting properties of the fluid-wall interface are enormously important in determining
whether ordered or disordered flow droplets occur, as mentioned above. When the continuous phase
(e.g., oil, in water-in-oil droplets) completely wets the microchannels, stable droplets can be obtained.
While, if the wetting is partial, irregular or unstable, droplets are produced. In order to form water-in-
oil droplets, walls must be hydrophobic and, for oil-water droplets, hydrophilic. In other words, the
continuous phase needs to wet the walls preferentially, so that the dispersed phase is always separated
from the walls of the channels by at least a thin film of the matrix liquid [20]. PDMS is mostly used
for microfluidic chip fabrication, and is naturally hydrophobic. However, after plasma bonding, the
channel surfaces become hydrophilic. The contact angle can be adjusted by heat treatment, chemical
modification by surface treatment or adding surfactants at different concentrations[69]. For example,
heat treatment can be performed on PDMS, at over 1900C for 24 h, to change the surface from
hydrophilic to hydrophobic.

Surfactants, on the other hand, are mostly used for generating stable droplets, and to stabilize
droplets against coalescence (Figure 2.6). The value of the interfacial tension can be lowered by the
addition of surfactants. Most surfactants form a molecular solution in the liquid in which they are
dissolved, but only up to a critical concentration (termed the critical micelle concentration, or CMC).
Above this CMC they aggregate (micelles) and, below the CMC, the interfacial tension depends on
the concentration of the surfactant[23]. To work with a constant and stable surface tension value, the

CMC should be above the critical value.
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Figure 2.6. Marangoni effects in the presence of surfactant. (a) The flow pattern in the absence of

surfactant. (b) In the presence of surfactant, causing a Marangoni stress (¢) Upon collision of
droplets, the continuous phase has to be drained before droplets coalesce. (d) In the presence of
surfactants, the gradient of surface density of the surfactant generates a Marangoni stress against
coalescence[23].

2.2.4 DYNAMICS OF DROPLET MOTION AND TRANSPORT

Transport of droplets along the microchannels after they are generated is another important point to
tackle. As emphasized previously, for many Lab-on-a-chip processes droplets serve as vehicles for
drug assays, cells or reagents that are supposed to be travelled from one location to the other, for the
purpose of, for example, sensing or heating for measurements or analysis. Although different flow
characteristics may occur with different channel aspect ratios, flows at bifurcations, flows under
various capillary number conditions or under external forces, herein slug shape droplet flow in
rectangular microchannels is considered to look at the flow. Detailed information on the
hydrodynamics of those topics can be found elsewhere[17,70-78]. As droplets flow in microchannels,
a thin lubrication film of the continuous phase is collected between the channel walls and the droplet.
This can be thought of as the balance of shear stress from the channel walls against the capillary
pressure in the droplet. Due to the viscous force, the carrier (continuous phase) liquid is pulled back,
opposite to droplet direction, which deposits the thin film between the droplet and the walls. Besides,
the pressure inside the droplet is higher than the pressure in the continuous phase, which causes a

Laplace pressure jump at the interface[68]. Also, the competition of capillary pressure and viscous
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drag induces the thickness of the thin oil film. Therefore, the capillary number of the flow plays an

important role in the thickness of the film. And, the film thickness effects the velocity of the droplets.

Figure 2.7. Topology of the counter-rotating recirculation zones induced by the presence of the
interface[68].

While in single-phase microfluidic flows, the flow is constituted by a Poiseuille-like profile. In this
case, at the centerline of the channel, the velocity is maximum. However, in droplet microfluidics,
this is not the case, and it behaves differently since there is an interface, and the continuous and
disperse phase liquids cannot mix. Thus, because of relative velocity difference between the carrier
fluid, viscous drag and pressure difference, the fluid motion inside the droplet takes different forms

than that of continuous phase (see Figure 2.7).

2.3 DROPLET FORMATION AND MANIPULATION

There are many methods have been reported by researchers in literature. Droplets can be formed by
using active and passive methods. While active droplet generation may be driven by using electric
fields, thermally induced, acoustic forces or piezoelectric actuators, passive technigques include flow

focusing, T-junction or co-flowing configurations.

Droplet generation is a first step for droplet-based microfluidic systems. So as to develop
microfluidics and Lab-on-a-chip devices with droplets and realize complex applications, they must be
well-controlled and manipulated properly. As well, more importantly different functions must be
added to microfluidics. Even though several methods have been depicted, microwave technology as a
versatile technique provides challenging functionalities to LOC/microfluidics. Examples,
methodology and explanations on droplet generation and manipulation techniques are presented
below. First, active droplet generation techniques will be reviewed, then passive techniques and

manipulation approaches will be introduced in turn.
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2.3.1 ACTIVE DROPLET GENERATION

To generate a droplet from a liquid phase in an immiscible second continuous liquid phase, energy
needs to be exerted to the interface so that some of the energy is converted to surface energy. At the
liquid/liquid interface, an energy imbalance leads to instability, and causes droplet pinch-off. This
energy might come from an external source or from the hydrodynamic pressure of the flow. In the
former case, the droplet generation process that occurs due to locally added external energy is called
“active droplet formation” and, in the latter case, “passive droplet formation” occurs without external
input[79]. While active methods require additional components to be added to the system, they are
able to provide more control and flexibility. Passive methods are simpler in this manner, yet the
control of the process is complicated, and requires hydrodynamic modelling for robust droplet
breakup. Depending on the Lab-on-a-chip or microfluidics application, either of the droplet

generation techniques can be chosen.

Here, in this report, essential approaches are taken into account, and recent review articles are
referred to such as Zhu and Wang’s (2017) and Chong et al. (2016) papers, (ref. [80] and [79]
respectively) for further information.

2.3.1.1 THERMAL

The important parameter of thermally induced droplet generation is the heating source or heating
approach. For example, lasers or resistive heaters have been used for this purpose. Although it has not
been presented yet, and is not reported in this thesis, microwave resonator heaters which provide
localized and selective heating fit well for droplet generation task by thermal means, and provide
unique advantages. Preliminary results have been obtained for droplet generation through the

microwave heater used in the thesis, and the approach will be studied in detail later.

Using resistive heaters to manipulate droplet size was first introduced by Nguyen’s group[81-82].
To control both droplet size and droplet generation regimes, microheaters and temperature sensors
were employed. The heater and sensor were insulated from the fluids with a thin PDMS passivation
layer. The droplet formation process is based on the temperature dependency of fluid properties such
as interfacial tension and viscosity. They provided a correlation between normalized droplet diameter

and thermophysical fluid properties as follows[79,81],

Y* (AT) =e 0.02AT

D*(AT) o

)
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where D”, y“ and i show the diameter, interfacial tension and viscosity which are normalized values
at a reference temperature. Ismagilov[83] and Whitesides[84] provided similar dependence of size
drops that are inversely proportional to the Capillary number. Results showed that with a temperature
increase from 25 °C to 70 °C, the diameters of the droplets increased about 2 times. However, it
should be emphasized that the exponential scaling presented in that study does not describe the
complex nature of thermal control, and is specific and valid to the parameters used in the study. But,
the initial attempt of those results are valuable to propose and study the problem. Spatial temperature
distribution, surfactant concentration if used, Marangoni effect and flow rate ratios should be
considered for further analysis.

The droplet generation work was later extended to investigate the effects of nanoparticles added to the
fluid. 15 nm diameter TiO, caused an interfacial tension decrease, and experiments showed that the
size of the droplets increased about 15% in comparison to cases without nanoparticles [85-87].

In another study, Stan et al.[84] used two heat exchangers to heat an entire microfluidic chip. One
if the heat exchanges heated the upstream part (variable between 0-90 °C), and the other one heated
the downstream part to keep it at room temperature (Figure 2.8). Their method controlled the volume
and the velocity of drops generated in a flow-focusing device dynamically and independently by
simultaneously tuning the temperature of the nozzle of the device and of the flow rate of the
continuous phase. Increasing the temperature of the flow-focusing nozzle from 0 to 80 <C increased

the volume of the drops by almost 2 orders of magnitude.

On the other hand, localized heating near the droplet generation location can be a better approach
to control the temperature of the interface. Focused laser beam is a method to achieve this and Baroud
et. al [88] demonstrated a work on laser heating and droplet generation. An argon-ion laser with a
wavelength of 514 nm was focused slightly downstream of a cross junction. The disadvantage of
lasers for this type of task is that the heating is manipulated at a spot, but selective heating only for
the disperse phase which pinches off a droplet is more promising in terms of the control of
temperature at the whole surface. Likewise, Park et al.[89] used a pulse laser on a stable water—oil
interface to generate water droplets on demand with a valve. They observed that the laser beam
caused localized heating with boiling and the rapid formation of a cavitation bubble. The bubble

injects a droplet from the interface into the surrounding oil phase.
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Figure 2.8. The microfluidic device presented by Stan et al.[84] and the behaviour of independent
tuning of the drop volume and drop velocity using simultaneous variation of temperature and flow

rate.

2.3.1.2 ELECTRICAL

The combination of geometry and electrical forces is also implemented to generate droplets. For this
purpose both AC and DC control were applied. To apply an electric field, a microfluidic device is
embedded with electrodes, one or pairs of which are connected to the high voltage, and the others are
grounded. The migration and accumulation of charges at the water-oil interface can be induced by
exerted electric fields. Then the interaction between surface charges and the electric field with proper
field distribution can be used to control the droplet generation[80,90-91]. For example, the control of
droplet sizes by an AC voltage applied across microelectrodes patterned around a flow-focusing
junction was demonstrated by Tan et al.[91] (Figure 2.9). The authors concluded that the effective
voltage at the tip of the liquid to be dispersed controls the droplet formation process. Also, several
regimes of droplet generation were monitored through the electric fields, and at low voltages below

600 V, droplets were in the dripping regime. At voltages above 600 V, droplet jets were observed.

2.3.1.3 MECHANICAL ACTUATION

Droplet generation can be controlled through physical deformation of the liquid/liquid interface by
means of mechanical actuation such as hydraulic, pneumatic or piezoelectric. Hydraulic and
pneumatic controls are generally implemented by valves combined with the microfluidic chip, and
usually made of elastic materials like PDMS[79]. By applying pressure (hydraulic) or compressed air

(pneumatic), the liquid filled valve can be disturbed to cause droplet breakup. However, due to faster
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response and flexibility on control, piezoelectric actuation is more favorable than other mechanical
methods. Figure 2.10 shows a mechanical vibrator used by Zhu et al. [92]. Other examples of

mechanical actuation techniques can be found in [93-96].
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Figure 2.9. Microfluidic flow focusing device in an AC electric field (a). The electrodes are presented
in black, and the aqueous phase in blue. The blue, green and red cuts illustrate the parameters used to

derive the equivalent circuit of the system (b) [91].
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Figure 2.10. Pinch-off of droplet by mechanical perturbation presented by Zhu et al.[92].

2.3.1.1 MAGNETIC

Another approach to generate droplets by active means is the use of magnetic fields. A ferrofluid,
which is type of nanofluid containing nanometer-sized magnetic particles, can be magnetized or
demagnetized with an applied magnetic field[80]. By varying the applied magnetic field and filling

the disperse phase with ferrofluids, controlled droplet breakup can be achieved[97-98].
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2.3.2 PASSIVE DROPLET GENERATION

2.3.2.1 T-JUNCTION

T-junction design is one of the most common techniques, and droplets in microfluidic channels have
been generated mostly by this design. The first easily controlled monodisperse droplet generation in
microfluidic channel was introduced by using a T-junction channel geometry by Thorsen et al.[74] in
2001. Since then many studies were performed using T-junction geometries to achieve a better
understanding of the droplet formation mechanism and the role of several physical
parameters[22,73,99-102], as well as to develop various applications[103-106]. The size of the
droplets depends on the flow rates of the two liquids, the dimensions of the channels, the relative
viscosity between the two phases, the channel wall wettability, and surfactants and their
concentrations[12]. In T-junctions, the disperse phase and the continuous phase are injected from two
branches, and the disperse phase microchannel perpendicularly intersects the main continuous phase
channel. Droplets of disperse phase are produced as result of the shear force and interfacial tension at
the fluid-fluid interface. The break-up of disperse phase is caused by shear from the cross flow of the
immiscible continuous phase[67,103]. The general geometry of T-junction is shown in Figure 2.11
[107]. Three regimes could be identified for T-junction droplet generators. When the capillary
number is large enough, droplets are dispatched before they can block the main channel, and the
formation is entirely due to the effect of shear stress. This regime is called as dripping regime, where
the droplet pinches off when the viscous shear stress overcomes the interfacial tension. The other
regime is called squeezing regime, and it is observed when capillary number is low enough, as
described by Garstecki et al.[22]. In this regime, droplets obstruct the main channel as they are
growing, and they restrict the flow of the continuous phase. This prevents the continuous phase from
flowing through the channel, causing a dramatic increase in the dynamic pressure upstream of the
droplet and, thus, this pressure difference forces the interface to neck and pinch off as a droplet[68].
The third regime could be identified at very high flow rates of continuous and dispersed phase, and is
the so-called jetting regime. The jetting regime is characterized by the formation of long threads of
the dispersed phase before droplet break-up. Additionally, a stable co-flow regime can be achieved
with higher continuous phase flow rates, where all interfacial instabilities are deferred to downstream
(Figure 2.11)[107].
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T-junctions are widely used in droplet based microfluidics as they are easy to fabricate, easy to
operate, and allow for synchronized droplet formation. Thus, it is a good choice if the demands on the

homogeneity of the generated droplet size are not too high[67].

2.3.2.2 FLOW-FOCUSING

Droplet flow focusing geometry was first proposed by Anna et al.[108] and Dreyfus et al.[62]. As
can be seen from Figure 2.11, this design consists of three inlet channels which converge into a main
channel with a narrow orifice. The disperse phase takes place in the middle channel, and the
continuous phase flows from two opposing side channels so that it squeezes the disperse phase. Both
phases pass through the narrow orifice that is located downstream of the three channels. Later, the
stream of disperse phase becomes narrow and breaks into droplets due to the occurrence of a singular
high shear stress at the orifice. In flow focusing devices, droplet size is determined by the viscosities
of the two phases[109-110], channel geometries[111], and flow rate ratio[112-113]. In order to
improve the control over the size and size distribution of the droplets, several variations of the basic

flow focusing device geometry have been developed[114-117].

Similar to T-junction, flow focusing designs operate at different regimes depending on flow
conditions: dripping, jetting, and stable co-flow, as illustrated in Figure 2.11. In flow-focusing design,
after droplet pinch-off, the remaining interface does not recoil back, as in the T-junction design, and it
instead stays fixed in the orifice. Breakup occurs due to a combination of capillary instabilities
combined with viscous drag effects on the emerging droplet. Compared to T-junctions, flow focusing
typically offers better monodispersity and superior frequency up to about several kHz of the droplet
generation[67].

2.3.2.3 CO-FLOWING

Another method to generate monodisperse droplets by passive manner in microchannels is the co-
flowing design. In this technique, droplets are formed when the disperse phase is launched via a
needle or a capillary into the co-flowing continuous phase[118-120]. Similar to the flow focusing
device, droplets can be formed in the dripping and jetting regime. Dripping happens at lower flow
rates, while jetting occurs at higher flow rates. In Figure 2.11 co-flowing device geometry and flow

regimes are shown.
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Figure 2.11. Schematic of different flow regimes in (a) coaxial, (b) flow-focusing and (c) T-junction
microfluidic devices. Solid arrows indicate the flow direction [107].

2.3.3 DROPLET SORTING

After the review made on active and passive droplet generation approaches and techniques, it is now
useful to overview the droplet manipulation methods in microfluidics. These techniques help to
properly transport and manage droplets for different applications or reactions to be carried out in Lab-

on-a-chip platforms.

Droplet sorting, in this scope, is a fundamental function in high-throughput applications so as to
isolate specific droplets from the bulk population. Additionally, sorting facilitates an array of
functions including segregation of a heterogeneous mix of droplets, purification of synthesized
samples and enables individual control of single droplet. Droplets can be sorted passively[121-122],
or actively[123-124] based on their properties or contents. Usually, passive techniques allow for the
addressing and sorting of droplets through hydrodynamic effects[125-128], and are essentially
governed by flow field properties. On the other hand, active methods use external fields, such as

electric or magnetic fields, which can be switched on or off in order to actuate possible sorting by
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means of droplet electrorheological, magnetic or dielectric properties[129-145]. Also, temperature
gradients induced by microwave heating or laser beams, can be employed to create flows and to

control droplets via the thermocapillary effect.

Active sorting is mostly achieved by electrical based schemes, is the primary method for active
manipulation of droplets. Ahn et al.[132], demonstrated a design where electrodes are placed beneath
PDMS microfluidic channels to manipulate water droplets in hexadecane. The electric field created
between the electrodes provides the force to steer the droplets into designated downstream channels.
The position and shape of the electrodes are designed to maximize the field gradient and effectiveness
in deflecting the droplets (Figure 2.12).

Figure 2.12. Droplet sorting via electric fields. (a) Droplets flow to both directions in the absence of
electric field. (b) Droplets flow to left channel when left electrode is actuated. (c) Droplets flow

right channel when right electrode is actuated[132].

A recent modification of the dielectrophoretic method in microfluidics is optically induced
dielectrophoresis (ODEP), which is applied by coating the sides of the microfluidic device with
electrically and photo conductive materials[133-135]. In this technique, virtual electrodes, generating
the dielectrophoretic forces on dielectric droplets, are formed by optically projecting the electrode
images onto the photoconductive material, in order to generate non-uniform electric fields, which
enables to individually sort droplets. The shortcoming of this method is that it requires special device
fabrication and a laser system. It is also worthwhile to mention that there are many other strategies
that have been employed for droplet sorting. Thermocapillary effect can be used to realize from
Marangoni stress. This is based on the fact that interfacial tension is a function of temperature, and
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influencing the interfacial tension can be used to manipulate droplets[88,137]. Mechanical valves
embedded in microchannels are employed to rapidly change and stop liquid streams or to inject the
desired substances[138-140]. Generating ultrasound waves by piezoelectric transducers can direct
cells or droplets in channels by ultrasonic force fields[96,141-142]. Additionally, electrorheological
fluids can also be used for droplet sorting since the viscosity of such fluids can be changed by
applying an electric field. Electrorheological fluids can even exhibit solid-like behavior, and they can
sustain shear stress in the direction perpendicular to the applied electric field, which can be utilized to
control droplets[143-145].

2.3.4 DROPLET COALESCENCE AND SPLITTING

Individual droplets can be used as distinct microreactors for many chemical and biological
applications. For instance, screening of biomedical diagnostics, chemical synthesis, Kinetics studies,
and cell morphology, can benefit from the use of microreactors. In such applications, merging of two
droplets is important step[12]. The practical conditions for droplet merging are to first contact each
other, and secondly, to overcome the stabilizing forces caused by surface tension and lubrication. For
this task, different designs have been performed to bring droplets together[127-128,147-151]. As
well, in order to overcome the stabilizing forces, both the presence of surfactant at the interface, and
the viscosity ratio of two-phase fluids, have to be considered. The best volume and reaction control is
likely ensured by coalescing two formerly individual droplets, with a precisely adjusted volume,
containing different reactants. Essentially, four main droplet merging approaches could be identified:
droplet coalescence using liquid properties, channel geometry, thermocapillary effect, and electro-

coalescence[67]. These methods differ in experimental requirements and specific demand.

The easiest technique may be droplet merging with a properly designed channel geometry.
Nevertheless, this method is mainly used for surfactant-free droplet devices, or for liquid interfaces
which are only very weakly stabilized via surfactants. The primary task here is to decrease the
spacing between droplets and bring them into contact. Channel geometries can be properly designed
so that the fluid resistance in a channel, enlarged by a narrow section, can be used for this purposes. It
will cause stopping of the leading droplet, and it gives enough time for the subsequent droplet to
catch up and come into contact with the leading droplet[152-153]. Alternatively droplets can be
stopped and trapped by enlargement of the channel, through pillars[146-149], or colliding them in a

T-junction[148]. These examples can be seen in Figure 2.13.
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Figure 2.13. Mechanical droplet trapping and sorting (a-€)[67] (left image). Targeted electro-

coalescence of droplets in a microchannel. When a low potential pulse is applied (50-100 ms, 1-3
V dc), pairs of droplets coalesce at the gap between the electrodes(a-c)[154] (middle image).
Droplets splitting arrays for production of monodisperse emulsions at high throughput [164](right

image).

Another method for droplet coalescence is called electro-coalescence which relies on electric
fields[90,154-157]. Generating electric field in the range of 1-100kV/m induces dipoles, when
droplets are close proximity to each other, and leads to an attractive Coulomb force between them.
This will eventually lead to droplet merging. Priest et al. [154] studied the mechanism of
electrofusion, where electric fields destabilize the interface, and this can cause liquid bridge and
merging. Nevertheless, setting up a detailed model for the interactions between an electric field and
the interface is hard due to the strong feedback between them. Their approach is illustrated in Figure
2.13, where applying a short pulse of 100 ms, with 1 V dc between the electrodes, induces local
coalescence of droplet pairs arriving at the electrodes. A different strategy for droplet coalescence is
by heating (thermo-capillary effect). One method is to use a focused laser to produce localized
heating, and this heating effect changes the surface tension of two adjacent droplets leading to
fusion[158]. Another heating method was reported by Luong et al. [159], where the authors

investigated the phenomenon of thermo-coalescence of two droplets in a chamber with a microheater.
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Increasing the temperature leads to lower viscosity and surface tension, and it results in a higher
thermo-capillary force. The induced temperature field slows down droplets, and it eventually merges

them at a critical value.

On the other hand, for various microfluidic processes, it is not only aimed at coalescing droplets,
but also to split droplets into several smaller compartments for incubation or screening purposes, or to
increase the droplet production frequency. Several methods have been demonstrated to effectively
break up droplets to desired sizes (Figure 2.13). Most of the attempts have used shear force
techniques to elongate the droplet until it splits[160-166].

2.4 SENSING AND DETECTION IN DROPLET MICROFLUIDICS

Sensing and detection techniques for droplets play critical roles in the development and application
of droplet-based microfluidic systems. Many methods have been developed and used to control and
manipulate droplets, as pointed out above. It is crucial to add functionalities to microfluidics because
the early designs of the microfluidic systems were embodied mostly with monolithic miniaturized
components such as microvalves, micropumps, and micromixers. With further improvement, compact
and integrated microfluidic systems were realized, which were made up of multiple elements to
achieve specific functions. The sensing and detection of droplets is very necessary for improving
LOC systems. Since droplet-based microfluidic devices are increasingly being used to perform
complex reactions, measurements and assays for chemical and biological applications, controlled
manipulation and tracking of individual droplets is desirable. This is also required in order to realize a
fully automated and integrated on-chip droplet operation. So far, a great number of approaches have
been demonstrated in literature, ranging from capacitive measurements and temperature variations to
optical signals. Each of the described methods is based on a particular system, and has its own
advantages and drawbacks. However, the ideal technique should include features such as; easy
integration with Lab-on-a-chip systems, cost-effectiveness, fast response, scalability, no need to bulky

off-chip equipment and non-invasiveness.

In this review, first, examples of optical and electrical detection techniques for microfluidics are
introduced, and the rational need for microwave sensing in microfluidics is discussed. Later on,

available microwave detection methods in microfluidics are presented.
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2.4.1 OPTICAL

The greater part of the techniques for controlling and monitoring microfluidic operations rely on
optical measurements. And mostly, optical methods are comprised of a high-speed camera and an
optical microscope. For further detailed analysis, fluorescence microscopy with fluorescent dyes are

used to distinguish between different materials, observe sorting or track the reaction[167-169].

Physical basis for the optical sensing lies in the information provided by the light’s changes as it

travels through the sensing medium, including changes in absorption, fluorescence, luminescence,

scatter or refractive index[170] (Figure 2.14).
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Figure 2.14. Typical optical methods. (a) Fluorescence, (b) absorbance, (c) luminescence, (d)

surface plasmon resonance-based optical detection.

Microscopes are well-equipped in routine microfluidic and biological laboratories, and imaging

with a microscope is the most straightforward and convenient way for droplet analysis. In droplet-

based biological applications, it is important to quantitatively read the information of a specific
compound, and fluorescence microscopy fulfills this task. He et al.[171] described a droplet-based

method to study the enzymatic activity of a single cell. The single cell was encapsulated into a
droplet, and the enzyme activity was measured by the fluorescence intensity of the enzyme-catalyzed
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product. Roach et al.[172] investigated protein adsorption on droplet-oil interfaces with fluorescently
labeled proteins. One of the limitations of fluorescence imaging is that the CCD camera frame rate is
usually lower than the droplet frequency, and is thus limited to high-throughput screening and
sorting[21]. Additionally, an expensive fast camera is required to capture data from a single fast-
moving droplet. Alternatively, Guo et al.[173] reported an optical fiber-based detection method. Their
approach is based on detecting the fluorescence intensity using photomultiplier tubes (PMTSs). Their
detection limit was 2000 droplets per second. The fiber-based optical detection system includes two
optical fibers: an input fiber which brings the excitation light from a blue laser (488 nm) to the
detection point, and a detection fiber which collects the fluorescent emission from the excited droplets
and directs it to an off-chip PMT (Figure 2.15). Here, one intrinsic drawback of detection is the need
of fluorescent labeling, and the need of complicated laser and PMT setup.

Ch 1
i) o Buffer Input

fiber «
_ Chem?2 [ £
Oll o
o X

Detection

M*\/ fiber

e

S 02

©

&

5 01r 125 nM

2 62 nM

: 0.0 p= X ;
200 pum -0.7 0.0 0.7
: Time (s)

Figure 2.15. A fiber-based optical detection unit (a), electric signal and microscopic snapshot
(b)[173].

Raman spectroscopy is another method, and is a label-free sensing technique. In this technique, the
analyte can be recognized by the fingerprint of the Raman shift, and quantified using the
corresponding peak intensity[174-178].

2.4.2 ELECTRICAL

Droplets can also be detected by electrical methods, which are mainly based on capacitance
measurements and electrical signal information. Aqueous droplets passing over electrodes induce a

change in the measured voltage, capacitance or impedance. This enables droplet detection to be done
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using multiple electrode pairs[179-183]. Elbuken et al.[184] presented a capacitive detection device
for droplet size and speed detection. They used an interdigital capacitor with commercially available
sensors, and calculated the maximum theoretical detection throughput of the proposed system as 15
droplets/s. Ernst et al.[185] demonstrated an open-plate capacitor to droplet detection technique, and
determined the volume. Niu et al implemented capacitive method for real-time droplet detection,
control and sorting in combination with electrorheological fluids. Recently, Kemna et al. [186]
reported a microfluidic chip for fast (>100 Hz) and label-free electrical impedance-based detection of
cells in droplets. The microfluidic glass-PDMS device consisted of two main components, the droplet
generator and the impedance sensor. They tried to discriminate between viable and non-viable cells in
a buffer. Electrochemical response can also be used to detect droplets. Luo et al.[187] reported using
an electrochemical technique to measure droplet size and ion concentration based on the impedance
difference of droplets and carrier. Liu et al.[188] presented an electrochemical method for the
detection and characterization of aqueous droplets. Their method was based on the
chronoamperometric analysis of an electro-active compound in carrier phase. They indicated that
thismethodology was able to discriminate droplet formation, and the corresponding droplet size, up to
a droplet frequency of 60 Hz. Magnetic methods are also another strategy for microfluidic sensing by

using nanoparticles to interrogate droplets[189-191].

2.4.3 RATIONAL OF THE NEED FOR MICROWAVE

As can be seen from the above examples, although successful sensing aand detection approaches have
been implemented by optial or electrical means, there are challenges and disadvantages when using
these techniques. Optical methods usually require bulky and expensive components, and electrical
systems usually work at low frequencies that make high-throughput applications difficult. In this
regard, developing a miniaturized microwave sensor integrated with microfluidics is important to
achieve verstaile Lab-on-a-Chip applications, label-free and high-througput detection purposes.
Microwave sensors principally work in GHz frequency range, which increases the detection
throughput, response time and sensitivity significantly. Below, examples of microwave sensing
techniques in microfluidics are presented. Later, in the core chapters in the thesis, the newly

developed microwave sensors and applications are demonstrated in detail.
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2.5 REVIEW OF MICROWAVE SENSING AND DETECTION TECHNIQUES IN MICROFLUIDICS

2.5.1 FUNDAMENTALS OF MICROWAVE SENSOR STRUCTURES

In this section essentials of microwave sensing structures and some basic principles will be
overviewed. Microwave sensing has many advantages over other techniques in terms of low-power
requirements, scalability, non-invasiveness, no direct physical contact or use of labels on the
processed materials, electronic integration possibility, portability, versatility (e.g., multiple tasks such
as heating and sensing simultaneously) and compatibility with biological environments. First, some
microwave structures will be given, and then sensor applications in literature will be presented. To
begin with, transmission lines and planar structures are useful in terms of designing microwave
sensors. Transmission lines in microwave circuits are normally used to carry information, or energy,
from one point to the other, or for the coupling of energy. As a fact of matter, early microwave
systems mostly relied on waveguides and coaxial lines. Waveguides have the advantages of high
power handling capability and low loss, but they are bulky and expensive. On the other hand, planar
transmission lines were used much later and provided very suitable configurations for microwave
sensors and circuits, and also for easy fabrication processes. Planar transmission lines include
microstrip, stripline, coplanar, slot lines and other structures. The advantages of planar transmission
lines are their easy integration in the form of planar structure, compactness and low cost. For non-
microwave frequencies, e.g. below 1 GHz, parallel wire lines or coaxial cables can be employed.
When entering the microwave frequency region, it is no longer possible to use such structures
because of radiation losses. Coaxial structures cannot be used above a few gigahertz as it becomes a
bulky structure, and is therefore unsuitable. Hence, planar structures provide a good
alternative[192],[193].

Geometry of Special Planar Transmission Structures

There are a number of geometries which are formed on different substrates. These can be listed as;

(i)  Microstrip line

(i)  Slot line

(iii) Coplanar line or waveguide (CPW)
(iv) Coplanar strip (CPS)

(v) Inverted and suspended microstrip
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(vi) Microstrip with overlay

(vii) Finline

Transmission structures can be further categorized into (i) open, (ii) side-open or closed. The open
microwave integrated configurations are not resistant to perturbations, and the closed ones are not
affected by external fields. Generally speaking, if small size (miniaturization) is needed integrated
planar structures are useful; and for high power and Q factor, the conventional designs are better

(Figure 2.16). As well, worthy to note that newer fabrication technologies, e.g. micro and nano-
fabrication, helped the growth of integrated sensors and circuits.
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Figure 2.16. Conventional and planar transmission structures[192],[193].

Each of these planar structures have specific features; for instance, microstrip lines have a higher Q

factor compared to others, suspended microstrip lines have a lower conductivity loss, and coplanar

36



waveguides (CPW) have a higher integration and design flexibility. For microfluidics, integrated
studies frequently use coplanar strips, coplanar waveguide or microstrip designs. However, since
microstrip lines require a ground plane at the bottom, it is difficult to use this structure with
microscopes, which are generally used for the observation and control of fluid flow in microchannels.
Electric and magnetic field distributions are also demonstrated in Figure 2.17 for these
structures[194].

Microwave sensors principally operate on the electromagnetic field interactions. Properties and
information for the desired medium are extracted and analyzed with such interactions. Extracting
material or liquid parameters such as permittivity, permeability and conductivity are used for
detecting or sensing purposes. For instance, microwave sensing systems directly translate the

presence of certain analyte (e.g., biomolecules, cells and viruses) into an electronic signal.

Different microwave topologies and sensor structures have been developed for various objectives.
However, these methods have their own advantages and drawbacks. In many microwave sensing
devices, resonant structures are essential elements because they allow for the localization of high field
areas. At the resonance frequency, the electric and magnetic energy densities are enhanced
dramatically at certain locations in the resonator. They are very efficient in the frequency band for
which they were designed, since the signal-to-noise ratio in a resonator structure increases with
resonator quality factor (Q). This increase in sensitivity and field strength is accompanied by a
narrower frequency band, with the drop in amplitude depending on Q, which results from the shift in
resonant frequency with different environments. Typical microwave devices use resonant structures,
for instance, strip- and microstrip-line resonators, coaxial-cavity, and coaxial-line resonators. A
detailed description of such structures can be found in review articles[195-196]. Recently, open
planar LC resonators have been suggested for microwave sensing[197-198]. Furthermore, to achieve
a high sensitivity, a resonator sensor needs to have a sharp resonance in its frequency response, and
the electric field has to be confined to the portion of the sensor on which the sample substance is
deposited. As a consequence, the resonance feature is more preferred in the design of sensors. On the

other hand, resonators are usually regarded as detrimental in wide band applications.

The resonance approach has been widely adopted as a method for obtaining permittivity data at
microwave frequencies, especially for polar liquids. Using a resonator that can be excited in many
distinct modes opens up the possibility of resonant dielectric spectroscopy. The motivation for

employing dielectric spectroscopy is that it yields useful information for applications across a large
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range of scientific and engineering disciplines[199]. Indeed, measuring the dielectric property change
with microwave devices is of great interest in the development of microwave sensors, due to the fact
that it provides a relatively simple electronic way to gain information about the subject under
investigation without a need for labeling, chemical modification or physical intrusion. Permittivity is
a frequency dependent feature that reflects how a material interacts with an electric field. Molecules

of a liquid in an oscillating electric field polarize and align, and dissipate some power. The real
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component of permittivity indicates the polarization ability of molecules, while the imaginary
component presents information on how much power the molecules can dissipate when they align
with the polarizing electric field. At microwave frequencies, specific molecular dipolar relaxations
dominate, and ,therefore, this dielectric property can be used for identifying the chemical composition
or changes in the liquid environment[200]. The use of a resonator allows measurements at multiple
discrete frequencies throughout the permittivity spectrum. This is preferable to the continuous spectra
of equivalent broadband techniques because of increased accuracy and reduced uncertainty[200].
Several groups have demonstrated the usefulness of dielectric measurement techniques for various
applications[201-202] and development of resonant techniques at microwave frequencies[203].
Additionally, as an example of a reason why sensing with dielectric properties in the microwave
frequency regime has become very attractive, bio-molecules exhibit rather large and distinct dielectric
properties, and, in some matters, the ionic conductivity of water in most systems is greatly changed.
For instance, it has been reported that tumoral cells exhibit larger values of electrical conductivity and
permittivity than normal cells, which allows direct label- free sensing of the target molecules in their

native environment using dielectric features[204].

It is also worthy to discuss that one type of most common microwave sensors is metamaterial
structured split ring resonators, which was first introduced by Pendry et al. in 1999 [205-206]. The
artificially constructed materials based split ring resonators (SRRs) have interesting electromagnetic
properties and have received growing interest in recent years. Moreover, the resonance frequency
shift of this material is extraordinarily sensitive to the changes in the capacitance of SRR, which
makes SRR suitable for microwave sensing applications[207]. There are widely investigated studies
in literature on split-ring resonators; flexible SRR metamaterial structure[208], applications of SRR to
biomolecule sensing[209] and magnetic response of SRR[210]. Since these topics are broadly
investigated by electromagnetics community at various structural features, attention here will be

given to microfluidics related studies.

2.5.2 APPLICATIONS OF MICROWAVE SENSORS IN MICROFLUIDICS

Coplanar waveguide (CPW) based microwave sensors also have been found in a broad range

applications. The structure is composed of a coplanar transmission line and ground plane separated

with slots. The configuration provides a volumetric interaction between the fields and the medium.

For example, for microfluidic integrated designs, about half of the electrical field is located in the

fluidic channel, whereas the rest is positioned in the substrate. This design is resistant to losses and
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interferences induced from external sources[211]. A coplanar waveguide sensor was used by Grenier
et al.[212] for biological analysis. Authors evaluated the relative effective permittivity of human cells.
The working principle of the sensor is common as when the fluid (which may include biological
samples) is incorporated in the fluidic channel, the transmitted signal is modified due to the relative
permittivity of the fluid, which is strongly different from the substrate[213]. The drawback of their
system is that this method only allows for the measurement of cell-suspended solutions, and it cannot
provide proper measurements for single cells or sensing of individual droplets. Also, the structure is
not convenient to use as a resonator. In Figure 2.18, examples of coplanar waveguide sensor

configurations are provided.
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Figure 2.18. Examples of coplanar waveguide sensor configurations. (a) Schematic view of high
frequency interaction[212], (b) CPW device showing wave-guide and microfluidic sample
containment[201].

In a slightly different design, Dalmay et al.[214] investigated cell discrimination using glial cells
through impedance spectroscopy analysis at microwave frequencies. They showed a proof of concept
study through measuring sensor frequency response before and after cell deposition[215-218]. A
resonant co-planar sensor was recently presented by Mason et al.[219] in order to distinguish the
solutions with various glucose concentration levels at microwave frequencies. Even though they
incorporated a fluidic channel onto the sensor, the sensor dimensions are relatively large and not
applicable for visualization. Microwave sensor applications with coplanar waveguides can also be
found with interdigital capacitors[220], liquid concentration measurement[203] and biomolecule
detection[221-222].

Lee et al.[209,223-224] proposed a split-ring resonator at the microwave regime for DNA sensing,
i.e., DNA hybridization. In this study, authors located a single resonator at close proximity to the

microstrip line, which provides excitation with a time-varying magnetic field (Figure 2.19). Here, the
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microstrip line behaves as an open conduit for wave propagation so that the electromagnetic fields are
not entirely confined under the signal line. Mainly, the SRR structure is excited by the field
components. The resonator becomes resonant at a wavelength significantly larger than the diameter of
the rings, which reduces the requirement of half-wavelength that could be an issue if the rings were
closed. Additionally, a second split ring is placed inside the outer ring for the purpose of increasing
the capacitance in the small gap field between the rings so that the resonance frequency decreases as
well as confines more electric field in the small area. The fact that the interaction between
electromagnetic waves and resonant medium; the surface currents which is dependent on resonant
properties of the structure is triggered by the time-varying magnetic field components parallel to the
resonator axis. Magnetic fields that propagate from the current of the resonator might either enhance
or oppose the incident field, and the associated magnetic field pattern from the resonator is in a
dipolar pattern[209]. With this configuration the resonator principally behaves as a resonant LC
circuit and they estimated resonance as the following equation:
2
Wo & 1, LC

(6)

where rg is the average distance between the inner and the outer rings. As can be seen from Eq. 6, it is
obvious that the resonant frequency can be controlled by changing the inductance and/or capacitance.
This feature is very useful for various biological or chemical reactions to utilize as a biosensor
because different reactions or compositions generate different capacity and permittivity change

ranging from microwave to terahertz frequencies.

In a similar recent study, Withayachumnankul et al.[225] presented a metamaterial based single split-
ring resonator (SRR) microfluidic sensor for dielectric characterization. The SRR is made of a metal
loop with a square shape, and has a split on one side. By using a microstrip line, microwave is
launched into an end, which excites the quasi-TEM mode of wave propagation. Quasi-TEM mode is
depicted by an oscillating current on the microstrip, and by a magnetic field which is circulating
around the strip. They propose that, in the quasi-static limit, the system of an SRR and transmission
line can be modelled by fundamental circuit elements, as illustrated in Figure 2.20. The capacitance
Cs is generated by the gap, and inductance Ls by the SRR loop. The authors described the
characteristics of the structure; by omitting the effect of the mutual inductance M, they showed the

impedance of the resonator as;
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Figure 2.19. (a) The topology of SRR, (b) Cross section of microstrip transmission line with SRR

and schematic electromagnetic field distribution[209].

Z; =Rs;+ jwLg +ijS (7)

And for the capacitance affected by the dielectric material around the gap, they used an

approximation of;

Cs=0C, + 8samplecc (8)

where Co includes the capacitive effect from the dielectric substrate, channel walls, and surrounding
space, excluding the channel cavity. €sample s the complex permittivity of the sample (€sample=

€’ sampletj € sample), and the term gsampleCc describes the contribution from the loaded liquid sample with
C. for the capacitance of an empty channel. By substituting Eq. (7) into Eq. (6), the total resistance R¢

and capacitance C; of the SRR are a function of the sample permittivity,
R, = Fp (e.;ample' Eé&mple) €)]
Ce=F¢ (Séampler SSIZmele) (10)

Both R; and C; are the factors that determine the resonance characteristics, i.e., the resonance

frequency,
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Figure 2.20. (a) microstrip coupled split-ring resonator, (b) equivalent circuit model, (¢) numerically
solved loaded microstrip[225].

(11)

_1 Lg 12
Q—R—ta (12)

Thus, from Egs. 9-12, the SRR resonance is dominated by the complex permittivity of the sample. By

and Q factor,

analyzing this dependency, dielectric characteristics of the liquid sample can be extracted from the
measurable transmission resonance[225]. Authors used this methodology for binary mixtures of
ethanol and water in order to obtain complex permittivity. However, this sensor structure and their
approach are not convenient for droplet microfluidics.

On the other hand, although coaxial and cavity resonators are not as flexible and compact as other
sensors mentioned above for microfluidics, some examples can be given[199,226-228]. Rowe et
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al.[199] studied analyzing the chemical composition of single and multiphase solvent flows with a
coaxial resonator operating at microwave frequencies. The coaxial sensor was embedded in a
compression-sealed polytetrafluoroethylene microfluidic chip. Ferrier et al.[226] investigated

mechanical analysis of cells through a cavity resonator.

Even though a large amount of work has been performed for various microwave sensors, there are
few studies showing the integration of these sensors with microfluidics. As a matter of fact, most of
them require expensive and bulky off-chip components, and lack high-throughput. Additionally, for
droplet-based studies visualization and manipulation of individual droplets are key factors. In this
regard, high-throughput, portable and inexpensive microwave-microfluidics integrated devices are
highly needed.

2.6 HEATING IN MICROFLUIDICS

2.6.1 AVAILABLE HEATING METHODS AND THEIR PROS/CONS

Development of Lab-on-a-chip devices requires the integration of multiple functions within a
compact platform. As mentioned in the droplet manipulation review of this report, integrated
microfluidic devices necessitate a number of functionalities such as sensing, detection, sorting,
pumping, splitting and merging. Other functionalities also include heating and temperature control.
Indeed, the regulation of temperature is a vital factor in managing many physical, biological and
chemical applications, but it still remains a challenge for microfluidic devices. Prominent examples of
applications requiring temperature control are polymerase chain reactions (PCR)[229-231],
temperature gradient focusing for electrophoresis[232-233], digital microfluidics[234-237] control
and measurement of enzymatic activity[238-239] and mixing[240]. Most heating methods use
external bulk heating sources such as macroscopic peltier elements[241-242] Joule (resistive)
heating[243-245] lasers[246-247] and IR-mediated heating[248]. These approaches facilitate
temperature regulation and heating for the whole microfluidic chip (i.e., large area). Therefore, the
lack of localization, and the difficulty with integrating them on Lab-on-a-chip platforms, limits
potential applications of heating manipulation on a single chip. In addition, the inertial effects of
heating, as in the case of resistive or peltier heating, are not proper for droplet heating. When the
heating element is switched on or off, the system has a long response time. For example, switching
off of a resistive heater does not immediately stop heat release. Moreover, none of the mentioned
heating techniques provide selective heating.
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2.6.2 RATIONAL NEED FOR MICROWAVE HEATING

Microwave dielectric heating, on the other hand, provides many benefits and usefulness compared to
conventional techniques. Microwave dielectric heating has the ability to selectively (i.e., only the
target liquid heats up, like a droplet, and the other components do not get heated) and precisely
control the temperatures of fluid volumes up to sub-nanoliters in microfluidics, and also offers
enhanced thermocycling rates. Additionally, it offers a reduction in the reaction times because of the
inertialess nature of microwave heating[249-250]. As well, most of the methods described above
require physical contact between the heating surface and the fluid medium in order to deliver heat
energy. On the contrary, microwave heating can be designed as contactless, and can directly provide

volumetric delivery of heat.

2.7 MICROWAVE HEATING

2.7.1 PHYSICAL MECHANISM OF MICROWAVE DIELECTRIC HEATING

Microwave dielectric heating relies on the ability of a particular material to absorb energy and convert
it into heat. Microwaves are electromagnetic waves which consist of an electric and a magnetic field
component. The microwave frequency ranges from 0.3 to 300 GHz, corresponding to wavelengths of
1mm to 1m [251], and the range lies between infrared and radio frequencies. Microwaves are
electromagnetic waves consisting magnetic and electric field components (see Figure 2.21)[252].
Heating is caused by the electric component of the electromagnetic field, and it has two main
mechanisms: ionic conduction and dipolar polarization (see Figure 2.22). To be able to generate heat
when exposed to microwave irradiation; a liquid must have a dipole moment. Under microwave
frequencies, such dipoles align in the applied electric field. Since the field is oscillating with
microwave frequency, the dipole field tries to realign itself with the alternating electric field. In this
process, energy in the form of heat is lost through molecular friction and dielectric loss. Here, heat
generation is affected by the ability of liquid molecules to align themselves with the frequency of the
applied field.
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Figure 2.21. Electric and magnetic field components in microwaves[252].

If the frequency is too high, dipoles do not have enough time to realign. In contrast, if frequency is
low, they reorient too quickly, and no heating occurs. As the dipole reorients to align itself with the
electric field, the oscillating electric field forms a phase difference between the orientation of the
dipole and the field. Thus, this phase difference results in energy being lost by collisions and
molecular friction, and leads to dielectric heating. Namely, heat is generated by frictional forces
arising between the polar molecules whose rotational velocity has been increased by coupling with
the microwave irradiation. On the other hand, it should also be noted that gases cannot be heated
under microwave irradiation since the distance between the rotating molecules is too far[251,253-
254].

The second main heating mechanism is the ionic conduction mechanism (Figure 2.22). In this
scenario, the dissolved charged particles in liquid oscillate back and forth under the microwave effect.
They collide with their neighboring molecules, and heat is generated. If we compare two liquid
examples containing the same amount of tap water and distilled water at a fixed microwave power,
the tap water sample is heated more rapidly because of its ionic content. In general, the conductivity

principle has a much stronger effect than the dipolar alignment and rotation mechanisms.

The dielectric properties of a liquid determine the microwave heating characteristics. The ability of a
liquid to convert electromagnetic energy into heat, at a given frequency and temperature, is identified
by its loss tangent, tan o. Loss tangent is defined as tan 6=¢’’/e’, where is the dielectric loss indicates
the efficiency of electromagnetic energy converted into heat, and ¢’ is the dielectric constant that

shows the ability of the molecules to become polarized in the electric field. This means high tan o is
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better for fast heating and energy absorption. However, liquids with a high dielectric constant do not
automatically have a high loss tangent. For example, ethanol (¢’=24.3 at 25 °C) is heated much more
rapidly than water (¢’=80.4 at 25 °C) because it has a higher loss tangent (ethanol tan 6=0.941, water
tan 6=0.123). Also, it is important to note that the loss tangent is both a frequency and temperature
dependent feature (see Figure 2.23)[252-254].

80~

60 -

€'org’
3
T

20+

D I ] 1 : 1 1! 111 1 1 1
0.1 1 2.45 10 100

Frequency (GHz)

Figure 2.23. Dielectric properties of water as a function of frequency at 25 °C[252].
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In addition, microwave power absorbed per unit volume in a dielectric material is given by:

P = gE2 (13)

where

o =2nfee  (14)

is the dielectric conductivity of the material, fis the frequency in Hz, &, is the permittivity of free
space, €" is the imaginary part of the complex permittivity of the material, and E is the electric field

strength in V/m within the material. The €" is given by:

e = [(&5 — ex)07] /(1 + 0?7?) (15)

where 7 is the relaxation time, ® = 2xf is the angular frequency, & is the static field permittivity, and
€ IS the optical domain permittivity at frequencies much greater than the relaxation frequency
(1/7)[255].

2.7.2 MICROWAVE DIELECTRIC HEATING IN MICROFLUIDICS

Only recently, microwave energy has been applied to microfluidics systems for utilizing heating
purposes. Microwave power at several GHz is delivered to the channel by transmission lines
integrated in the microfluidics device. In most cases, a coplanar waveguide configuration is used.
Shah et al.[249] carried out a study where a microchannel fabricated in PDMS was aligned with a
thin-film microwave transmission line in a coplanar waveguide (CPW) configuration. A schematic of
the device is shown in Figure 2.24. The CPW was comprised of a 140 um wide signal conductor
separated by a 25 um gap on either side from 300 pm wide ground conductors. The CPW conductors,
1.5 cm long, were formed by thermally evaporating Cr/Au (10 nm/500 nm) on a 0.5 mm thick glass
wafer, and then using a standard lift-off metallization process. The device is characterized by the
scattering (S) parameter and the temperature. The S-parameters are the transmission and reflection
coefficients. The fluid temperature is obtained by measuring the temperature dependent fluorescence
intensity of a dilute fluorophore, Rhodamine B that is added to the fluid. They observed a 0.88
<T.mW-~! temperature rise at 12 GHz, and a 0.95 <T.mW ! temperature rise at 15 GHz. In a later
study Shah et al.[256] described the on-chip microwave generation of spatial temperature gradients
with a microstrip transmission line configuration. The transmission line was fabricated photo-

lithographically on commercially available adhesive copper tape.

48



They achieved a nonlinear sinusoidally shaped gradient along a 7 mm distance. Temperature
extremes of 31 <C and 53 <C, at the minimum and maximum of the sinusoid, were established within
1s. The sinusoid also produced a quasi-linear temperature gradient along a 2 mm distance with a
slope of 7.3 .mm™!. Kempitiya et al.[257] demonstrated a microwave heating device via a copper
transmission line in a microstrip configuration. They used a 130 um copper strip line on top of a 1
mm thick polycarbonate substrate with a 2.3 mm diameter drilled well. Their test chamber volume
corresponded to 4.1 pL. In their work, they achieved temperatures up to 72 <C with 400 mW power
applied at the input of the transmission line. The microwave power reflection coefficient and
temperature measurements were performed to characterize the power coupled to the chamber, and the
rate of change in temperature. A recent and similar manner was reported by Marchiarullo et al.[250]
for micro-chip based PCR (Figure 2.25). They controlled temperature by two ways; varying
microwave power or frequency. This was an improvement upon their previous design, where the
temperature was not sufficient for successful PCR thermal cycling. They controlled the PCR with a
temperature program of 95 <C initial denaturation for 120 s, 95 <C denature for 15 s and 68 <C anneal

for 30 s, and ended with a final extension at 72 <C for 120 s.
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Figure 2.24. a) Schematic of coplanar waveguide coupled with the microchannel structure, (b)
Typical dimensions, (c) Measured and predicted temperatures of an aqueous solution as a function
of frequency[249],[255].

Shaw et al.[258] carried out a study on a microwave heating system in combination with air
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impingement cooling for performing PCR in a microfluidic device. The heating system with air

impingement cooling provided rapid thermal cycling with heating and cooling rates of 65 <T/s.

Within the context of droplet-based microfluidics, Issadore et al.[259] described the first experiment
on microwave heating with droplets. Their design consisted of coplanar transmission lines. The metal
electrodes are directly integrated into the PDMS device using a low-melt solder fill technique, which
delivers microwave power, and the microfluidic device integrated a flow-focusing drop maker (Figure
2.26). The temperature change of the drops was measured by observing the temperature-dependent

fluorescence of cadmium selenide nanocrystals dispersed in the drops.

Authors demonstrated characteristic heating times as 15 ms to steady-state temperature changes, and
30 <C above the base temperature of the microfluidic device. As a potential application of their work,
the authors claim that, by setting the base temperature of the oil the device to 65 <C, and appropriately
setting the microwave power, a 30 <C change in temperature could cycle the temperature from 65 <C
to 95 <C, as required for PCR. However, in terms of microwave concept such parallel transmission
line designs that the method is based on propagating wave on the transmission line, are not efficient
for heating and sensing. In this scope, a newer heating sensor concept was developed by Boybay et
al.[260].
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Figure 2.25. Device schematic and side view of chip with channels and air pockets [250].
In

this approach, energy is stored into a resonator, and does not struggle with a propagating wave. Since
there is no propagating wave, all energy is confined in a tiny capacitance region. This method is more
efficient because in the Issadore et al.[259] method, depending on the transmission line length, energy

is spread out.
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Figure 2.26. Microwave heater. The dark regions are the metal lines, and the gray region in the
middle is the channel[259].

Consequently, different approaches have been attempted to perform heating tasks in microfluidics.
The conventional methods are not promising for microfluidics in terms of integration with Lab-on-a-
chip devices, portability and scalability. Particularly for droplet-based microfluidics, a higher
throughput and efficiency are necessary functions. The inertial nature of conduction based heating
methods are not compatible with droplet systems because the heating time is around 1-2s for these
techniques and, even when the power is off, energy transport does not end immediately, which is
contrary to microwave. Additionally, microwave heating requires less power consumption. On the
other hand, in the scope of droplets microfluidics, efforts on the microwave heating of microfluidics
are not suited well to droplets. This is due to the fact that droplet microfluidics would require
selective and localized heating to heat up individual droplets, and would need to also integrate with

other functionalities of Lab-on-a-chip tasks.

2.8 SUMMARY

This literature review has briefly discussed Lab-on-a-chip applications in the biomedical, chemical,
pharmaceutical and medical fields. Then the fundamentals of two-phase flows in regards to droplet
microfluidics were reviewed, followed by a discussion on droplet generation and droplet
manipulation methods through active and passive means. Later, essential principles, applications and
state-of-the-art studies of microwave sensing and heating were summarized, and the rational need for
integration of microwaves was discussed. As related discussions under various sections have
emphasized the need to develop robust, low-cost, scalable and integrated Lab-on-a-chip devices is
significant. Adding new functionalities to microfluidics is, however, challenging, especially for high-
throughput applications where doing so is more difficult. Most available methods are bulky with off-

chip equipment, operate at too low throughput, are not easy to scale down, or are too expensive and
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complicated to incorporate in Lab-on-a-chip platforms. As well, such methods are not suitable with
droplet microfluidic systems in terms of individual droplet heating and sensing, and cannot realize
multiple functions at the same time. Thus, there is a clear need for miniaturized, portable, high-
throughput and sensitive platforms for droplet based microfluidics, in particular for sensing and
heating.
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Chapter 3

METHODOLOGY, EQUIPMENT AND FABRICATION

This section explains fabrication protocols, experimental procedures and equipment used for the

projects throughout the thesis study.

3.1 EXPERIMENTAL FACILITY

Experimental facility is comprised of several equipment and systems. Generally the system is
designed as a combinations of the microfluidic chip integrated with the microwave sensor, a pressure
system, syringe pumps, a microscope, a high-speed camera, a microwave signal generator, a vector

network analyzer and the microwave custom circuitry (Figure 3.1).

Fluids are controlled using a microfluidic pressure controller system (Fluigent MFCS-8C) and/or
syringe pump (Pump33, Harvard Apparatus). Fluids are connected to the device by ETFE
(ethyltrifluoroethylene) tubing (Tefzel, Upchurch Scientific). Pressure system can control up to 8

output channels at the same time with a maximum pressure of 1bar and 0.5mbar accuracy. Water in
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oil (fluorocarbon oil FC40, Sigma Aldrich) droplets are generated using a T-junction or flow-focusing

geometry for sensing and detection experiments. Droplets are manipulated through
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pany Microwave custom

EclipseTI
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Figure 3.1 Experimental facility with components.

microfluidic channel network designs and by adjusting the pressure of the inlets. They are visualized
using an inverted epifluorescence microscope system (Eclipse Ti, Nikon). The system mainly consists
of programmable stage in 3D (X, y, z), objective nose piece, fluorescence turret and shutters. The
properties of the objectives are (NA, working distance): 10x (0.3, 16mm), 20x (0.5, 2.1mm), 40x
(0.75, 0.72mm). Filter cubes are provided for Rhodamine B (500-550nm ex, 565nm em) and
Fluorescein (495nm ex, 505nm em) dyes. Illumination is provided by a 100 W halogen lamp for
bright field applications and phase contrast and a 100W mercury halide lamp (Intensilight C-HGFIE,
Nikon) for fluorescence applications. A high speed camera (Phantom v210, Vision Research) is used
to record the microscopic images and videos. At full resolution (1280x800) the camera can take
images at 2190 fps, with a 12 bit digital image quality. By lowering the resolution, or cropping the
field of view, the camera can easily exceed 10k fps. All videos and images captured are analyzed with

the image- processing program ImageJ (National Institute of Health, MD, USA) and validated with
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the results obtained by circuitry. A data acquisition device and Labview software (National
Instruments) are used to control the system and create computer interface. Also, in order to measure
ionic conductivity, a conductivity meter kit (Thermo Scientific, Orion 5-Star) is used after calibration

of the probe with three different calibration solutions.

3.2 FLUIDS AND CHEMICALS

Generally as continuous phase FC-40 (Sigma Aldrich) oil is used, and in some occasions silicon oil
with various viscosities (5 cSt, 25 ¢St, 50 ¢St and 100 cSt), hexadecane and mineral oil are used, too.
As disperse phase ultrapure water, DI water and glycerol-water mixtures are used. However, for
biological sensing and chemical synthesis experiments, bio-reagents and chemical compositions in
aqueous droplets are used. These will be provided specifically in related chapters below. Span 80 and
custom synthesized surfactants are employed when they are desired. And, dyes are used for the
visualization purposes mixed into disperse and continuous phases when needed, such as fluorescein,
ThS, ThT, Alexa Fluor 546, methylene blue, and fluorescent beads.

3.3 SOFT LITHOGRAPHY FOR MICROFLUIDIC CHIP FABRICATION

Microchannels are fabricated from PDMS using standard soft-lithography techniques. The PDMS is
mixed in a 10:1 ratio of base to curing agent, degassed and molded against SU- 8/ silicon masters and
then cured at 95 °C for 2 h. The molds are then cut out from the masters and fluidic access holes are
made using a 500 mm biopsy punch. Both the finished microwave parts and the PDMS chip are then
treated with oxygen plasma at 29.7 W, 500 mTorr for 30 s. The plasma treatment process renders the
PDMS hydrophilic; however, for water in oil droplets, the PDMS channels should be hydrophobic to
form droplets. For this purpose, a surface treatment process is applied that the walls of the
microfluidic channels are coated with Aquapel (PPG Industries) to ensure that they are preferentially
wet by the fluorocarbon oil. A microchannel with all four walls being hydrophobic, which is
necessary for maintaining aqueous droplets in an oil-based continuous phase. A custom made
surfactant that chemical structure is PFPE-PEG-PFPE (or Krytox-Jeffamine-Krytox, where Krytox
has MW of 7500 and Jeffamine has MW of 900) is used to stabilize droplets. A descriptive process
steps of the fabrication is described in Figure 3.2[32].
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Figure 3.2 Fabrication of microfluidic networks in PDMS elastomer based on the soft-

lithographic process[32].
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3.4 SURFACE TREATMENT

Surface Treatment of PDMS/Glass Hybrid Microfluidic Chips for Biomaterial Droplet Generation

Objective

This report describes a general protocol for bonding of PDMS molds including microchannels inside

to glass substrates, and the surface treatment of the channel walls for biomaterial droplet generation.

This protocol can be implemented to generate droplets of biological content such as blood, milk, cell

culture (e.g., fetal bovine serum) solutions and other related compositions.

Fabrication of Microfluidic Chips

Using standard soft-lithographic techniques Si-wafer masters and PDMS replica molds can be

prepared. Adjustment of PDMS hardness can be employed by varying the curing agent ratio (e.g.,

10:1, 9:1, etc.), which is acceptable by the protocol. Lower ratios such as 8:1 will create a harder
PDMS while higher ratios a softer PDMS.

After mixing PDMS and curing agent will trap bubbles in the PDMS that must be removed.
About 30 min. in the vacuum oven, the bubbles must be removed, then PDMS should be
poured on Si-master and put on 95 °C hot plate for curing, i.e., at least 2 hours is
recommended depending on PDMS mold thickness.

Usually, 40 to 50 grams of total PDMS/curing agent mixture on aluminum tray used in the

lab gives between 2.5 to 5 mm thicknesses.

Cleaning

After PDMS mold is cured and cooled down, using a scalpel the mold should be cut in proper
dimensions of the substrate to be used. Oversize of PDMS on substrate may cause weak
bonding due to mechanical stresses while positioning and mounting on microscope. With the
scalpel the excess PDMS should be trimmed off and cut into the desired shapes.

Then the reservoirs must be punched with a proper biopsy punch diameter accordingly to the
tubing will be used. This step will cause tiny pieces of PDMS inside the holes.

First, use a smaller diameter of biopsy punch and check that holes are open and clean them.
Second, blow compressed nitrogen into the holes.

Third, spray isopropanol alcohol into punched holes and front and back side of PDMS
completely, then again with compressed nitrogen dry it, and place into the plasma cleaner

chamber.
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Later on, use two step cleaning with acetone and isopropanol alcohol in sequence to clean the

glass substrate and dry with nitrogen and place into the plasma chamber.

Note: the channel (design) side of PDMS must be upside when it is placed into the chamber.

Additionally, the whole PDMS mold cleaning with isopropanol is important that dust, particles or

contaminants on it might cause inefficient bonding on the plasma and makes the chamber itself dirty

over time. PDMS attracts dust and particles easily on its surface.

Bonding

Once the substrate and PDMS are cleaned and placed into the plasma chamber, close the lid.
Make sure that the two rotameter valves (oxygen and air) are closed.

Turn on the pump and evacuate the chamber. Wait until the air inside is removed (e.g., until
the gauge reaches 300mTorr).

Open the oxygen valve and release oxygen approximately 16s, then slowly close the valve to
adjust the pressure on the gauge about 500mTorr.

When the pressure is stabilized, turn on the Plasma Cleaner to HIGH, and wait 2 min.

After 2 min. turn off the plasma cleaner and the pump. And open the air valve to equalize the
pressure in the chamber.

Afterwards, quickly take the PDMS and substrate out of the chamber and put them in contact.
(Please close the chamber lid again to keep inside clean all the time).

To make the bonding strong, gently apply pressure to the hybrid glass/PDMS chip from sides
and top to insure there is not any bubbles left in between glass and PDMS, and the channels

are sealed.

Note: Once you are done using the plasma cleaner, make sure the two rotameter valves are

closed. Then close the valve of the oxygen tank. Make sure the lid of the chamber is closed, too.

In order to release the excess of oxygen inside the hose (the dark green hose), open the oxygen

rotameter valve, temporarily, and release it. And, close the valve again. The failure or forgetting

this step will cause oxygen release to the room for the next person who uses the Plasma cleaner

when he/she opens the oxygen tank valve.

Surface Treatment

Afterwards, introduce the surface treatment agent (Aquapel) into the channels. Injection is
recommended through the continuous phase inlet. This can be done with a green or blue
dispensing tips and a syringe.
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= Do this step inside the fume hood, this is important and no exceptions, due to safety. Keep
your face using the fume hood window that should be lowered down during the process.

= Count up 2 min. and later on with low pressure air, empty the channels from the chemical.

= Bake the chip for 1 min. on 95 °C.

= Then cool it down, it is recommended to come back to room temperature or at least below 30-
35 °C, which makes the process efficient.

= After that introduce the chemical into channels for another 1 min., and blow air and clean the
channels.

= Put on 95 °C hot plate for at least 30 min.

= Cool the chip down, inject oil and wait until the channels swollen well.

= You now have a complete microfluidic chip ready to generate droplets.

Note: After using the chemical (Aquapel) properly dispose the dispensing tip to the chemical waste
container. Then, fill the rest of bottle with nitrogen and tightly close since it is sensitive to air.

3.5 MICROWAVE SENSOR FABRICATION

The electrical traces for the microwave components are fabricated using a combination of
photolithography and electroplating. The positive photoresist, S1813 (Rohm-Haas), is spin coated at
1500 rpm for 60 s onto the 50 nm thick copper film (EMF Corporation) that is pre-deposited on a
glass slide and then baked at 95 °C for 120 s. The resonator design is patterned into the photoresist via
UV lithography and subsequently developed with the developer, MF-319 (Rohm- Haas) for 2 min.
The patterned slide is then immersed in an acidic copper electroplating solution (0.2 M CuS0O4, 0.1 M
H3BO03, and 0.1 M H2S04) and electroplated at 2 mA for 4 min and then 7 mA and for 20 min. as
illustrated in Figure 3.3. After electroplating, the photoresist is removed with acetone leaving an
electroplated copper film approximately 5 mm thick. Next, the original base layer of copper is
removed by etching with dilute ferric chloride (MG Chemicals). A passivation layer of a PDMS
(Sylgard 184, Dow Corning) and toluene (1:1 (w/w) PDMS/toluene) mixture was spin-coated at 4000
rpom for 60 s followed by 1hr curing at 95 °C to protect the electrical traces. A subminiature version A
(SMA) connector (Tab Contact, Johnson Components) is then soldered to the electrodes of the
microwave components to provide an external connection to the microwave circuitry. Completed

microfluidic chip with the microwave sensor is shown in Figure 3.4.
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Figure 3.3 Electroplating process and resonator (sensor) fabrication.

Figure 3.4 Completed microfluidic chip, microchannels with the microwave sensor.
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3.6 GOLD SENSOR FABRICATION FOR DNA HYBRIDIZATION

The copper electroplating protocol is slightly changed for the fabrication of gold microwave sensors.
In this case, instead of using a copper target, gold electroplating solution is used to provide the source
of the deposition material, and niobium anode is used. The solution temperature is set to 60 °C, while
a magnetic mixer is stirring the gold electroplating solution. Figure 3.5. shows a representative picture
for gold microwave sensor fabrication, and Figure 3.6 demonstrates the steps of photoresist coating,

gold and chrome etching, and the gold plating.

Figure 3.5 Representative picture of gold electroplating setup.
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Chapter 4

LABEL-FREE, HIGH-THROUGHPUT DROPLET DETECTION AND

CONTENT SENSING!

4.1 MOTIVATION

In recent years, there has been growing interest in droplet-based microfluidics because of its promise
to facilitate a broad range of scientific research and biological/chemical processes. Potential
applications can be found in many areas such as cell analysis[186,261-263] DNA hybridization[264],
detection of bioassays[265], bio-reactions[266-268] drug screening[269] and diagnostics[270-271].

Major advantages of droplet-based microfluidics versus traditional bioassays include its capability to

! The contents of this chapter have been previously published in Lab on a Chip (RSC) 15, 4008-4019 (2015),

by Yesiloz G., Boybay M.S. and Ren C.L., as “Label-free High-throughput Detection and Content Sensing of

Individual Droplets in Microfluidic Systems”. The paper was selected as back cover of the issue. G.Y.

developed the methodology, designed and executed experiments; G.Y. and M.S.B. built up the system; G.Y .,

M.S.B. and C.L.R. worked on the idea formation; G.Y., M.S.B. and C.L.R. contributed to the paper writing.
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provide highly uniformed, well-isolated environment for reactions with orders of magnitude higher
throughput (i.e. kHz). Most droplet-based microfluidic studies rely on high-speed imaging[169,272-
275] to provide details of droplet generation and transport, which usually require expensive and bulky
high-speed camera, and exhaustive post imaging analysis. In addition, in order to differentiate subtle
differences in droplet content, fluorescent imaging is often used which, however, tends to lower down
the throughput because longer residence time is needed for the droplet to stay in the field of view in
order to obtain sufficiently high fluorescent intensity. Although this can be improved by using a pulse
solid state laser that is synchronized with the camera, which further complicates the system due to the
need for precise alignment and fluorescent labelling.

In contrast, electrical techniques allow the miniaturization of multiple sensor arrays and their
integration into one single microfluidic chip with low power requirement. Of these capacitive,
electrochemical and impedance based electrical detection methods are widely available. In
electrochemical detection, the measurements are based on the interactions between analytes and
electrodes or probes that usually occur in an electrolytic cell. They are not able to distinguish analytes
that are not electroactive[170,276-277]. In addition, the detection electrodes are sensitive to variations
in temperature, ionic concentration and pH that affect the shelf life of the sensor and shift electrodes’
response requiring frequent calibration[276-279]. Conventional capacitive and impedance detection
approaches operate at low frequencies, which causes either low signal-to-noise ratio or long response
time and thus limit their applications to droplet microfluidics where droplets are generated at high
frequencies. For example, the throughput achieved by a capacitive sensor[184] for droplet detection
was up to 90 Hz with reasonable sensitivity and for an electrical impedance-based detection[280]
around 10.

Microwave technology, as a versatile non-optical method, has the potential to address the above
issues because it eliminates the need for chemical modification or physical intrusion of the sample
and operates at high frequencies (i.e. GHz). It differentiates materials based on their electrical
properties including electrical conductivity and/or dielectric constant. In a previous attempt it was
demonstrated that a microwave sensor that can be integrated with microfluidic devices to differentiate
single phase fluids in microchannels and detect the presence of droplets at a very low frequency (i.e.
up to 1.25 Hz) [260]. The low detection frequency was mainly restricted by the response time of the
vector network analyzer (VNA). In addition, the sensing of droplet content was not achieved because
insufficient sampling of droplets did not allow the accurate determination of the time for the droplet

to arrive at the capacitive gap, neither differentiation of the content changes[260]. Also, in order to
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get a reliable reading by the microwave sensor, the effect of droplet geometry on sensing performance
must be eliminated, and the sensitivity of the microwave sensor must be sufficiently high to detect
subtle variations.

In this regard, the thesis starts with designing and developing a sensitive, low-cost, portable
microwave circuitry suitable for detection of droplet presence and label-free sensing of individual
droplet content in microfluidic devices at high-throughput. More importantly, for future point-of-care
application purposes, the choices of cost-effective off-the-shelf components for developing the
circuitry is considered. The circuitry that consists of surface mount components is able to generate
microwave signal and measure the response of the sensor (reflection coefficient of the sensor) in a
very fast manner. It is validated that the system has a detection limit of several kilohertz (kHz) itself,
and in the experiments, over 3 kHz is reached. This microfluidic-microwave system might
potentially be used as a coulter counter and content analysis in many Lab-on-a-chip applications.

4.2 SYSTEM OVERVIEW

The system illustrated by the schematic description in Figure 4.1[281] (please see Figure 4.2 for the
entire experimental setup and assembled module of the microwave custom circuitry) consists of a
microfluidic chip integrated with a microwave sensor, a pumping unit which could be a pressure
controller (Fluigent MFCS-8C) or a syringe pump (Pump33, Harvard Apparatus) depending on the
particular study case, an inverted microscope (Eclipse Ti, Nikon) mounted with a high-speed camera
(Phantom v210, Vision Research) and the developed microwave custom circuitry. Fluid reservoirs are
connected to the microfluidic chip via ethyltrifluoroethylene (ETFE) tubing and connectors (Tefzel,
Upchurch Scientific). Two slightly modified configurations (simple flow focusing and double T-
junction) were used for droplet generation. For the detection of droplet presence, the simple flow
focusing geometry was used while for the sensing of droplet content, the double T-junction geometry
was used where droplets with different contents were alternatively generated by the two T-junctions.
Droplet generation and transport were manipulated through the microfluidic channel network design
by adjusting the pressures of the inlets or the pumping flow rate of the syringe pump. The high speed
camera was used to record microscopic images and videos through the image processing program
ImageJ (National Institute of Health, MD, USA) which were also used to validate the experimental
results obtained through the developed circuitry. A data acquisition device and Labview software

(National Instruments) were used to control the system and set off the computer interface.
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4.3 MATERIALS

Fluorinated oil (FC40 from Sigma-Aldrich) with a 2% custom-made surfactant are used as the
continuous phase. The surfactant has a chemical structure of PFPE-PEG-PFPE (or Krytox-Jeffamine-
Krytox, where Krytox has a molecular weight of 7500 and Jeffamine 900). D-(+)-Glucose (Sigma-
Aldrich) and potassium chloride (EMD Millipore) solutions are prepared in ultra-pure water.
Penicillin-Streptomycin-Neomycin antibiotic mixture (containing 5,000 units penicillin, 5 mg
streptomycin and 10 mg neomycin/mL), Fetal Bovine Serum (FBS; Sigma-Aldrich) and milk
(contains 2%MF) are used in the sensing of droplet content without further purification or dilution.
For Alzheimer’s disease (AD) tests tau-derived hexapeptide (AcPHF6) are obtained from Celtek
Peptides, which is used to model the tau-protein aggregation related to AD. The assay is carried out
with orange G, which is a known inhibitor to the tau-protein aggregation (Sigma-Aldrich). AcPHF6 is
prepared in ultrapure water at a concentration of 2.5mg/ml as stock solution, and diluted to a final
concentration of 0.316 mM. All other solutions are prepared in morpholinepropanesulfonic acid
(MOPS) buffer with 0.01% NaN3 and adjusted to pH 7.2, and with assay grade DMSO at 1% (v/v).

4.4 THE MICROWAVE SENSOR AND WORKING PRINCIPLE

The designed microwave sensor works essentially as a resonator. The sensor structure is made of two
concentric copper loops similar to the one presented previously[260]. Microwave signal is excited by
the outer coplanar transmission line loop, which supplies a time-varying oscillating current circulating
around the loop and a magnetic field passing through the loop. The inner loop with a small gap
constructs the resonator and the microchannel where droplets are passing through is aligned on top of
this gap. When materials with different electrical properties (permittivity, conductivity) pass by the
gap region, the capacitance of the gap changes and the resonance frequency shifts which can be used
to characterize the materials. Take water-in-oil emulsion as an example, water droplets have a much
higher dielectric constant (~80) than the carrier fluid, oil (~2-3). When a water droplet passes by the
resonator, the resonance frequency will be shifted which can be used to detect droplet’s presence.
Similarly, when droplets with different materials pass by the resonator, the magnitude of shift in the
resonance frequency can be used to characterize the droplet content. The resonance frequency shift

caused by a perturbation in the permittivity of the medium is described by[194].
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Af — [ A¢E.Eodv
f [(¢E.Eo + uH.Ho)dv

(1)

where Eo and E are the electric fields before and after the perturbation, Ho and H are the magnetic
fields before and after the perturbation, f is the resonance frequency before the perturbation, ¢ is the
permittivity of the medium and s the permeability of the medium. In this study, a spiral-shaped
capacitive region is designed for sensing purposes because it allows the system to operate at lower
frequencies compared to T-shaped designs[260], which thus allows inexpensive off-the-shelf

components to be chosen for the circuitry design.

4.5 FABRICATION

The microfluidic chip consists of two main components, a glass base with the microwave components
and a polydimethylsiloxane (PDMS) mold with the designed microchannels for droplet generation
and transport, which are fabricated separately and then bonded together. Thus, the device fabrication
consists of two stages: microchannel and microwave component fabrication. Details of the fabrication

protocols can be found in Chapter 3.

4.6 MICROWAVE CUSTOM CIRCUITRY

Vector Network Analyzers (VNAS) are widespread tools for microwave characterization due to their
accuracy and user-friendly interface. However, VNAs are expensive normally which has driven the
development of inexpensive alternatives[282],[283],[284]. Regular VNAs have limitations on the data
sampling rate and thus throughput which only allowed a very low throughput (i.e. up to 1.25 Hz for
droplet detection). Another major disadvantage of such bulky benchtop setups is their size which
makes it difficult to be widely applied for point-of-care applications. In this regard, it is necessary to
develop portable yet affordable microwave circuitries that have comparable accuracy and sensitivity
as commercially available VNAs. In this study, such a microwave circuitry for label-free detection
and content sensing of droplets in microfluidic devices is developed. Considering the microwave
structure used in detecting and sensing droplets, a microwave circuit that measures the reflection
coefficient from a one port network is designed since the change in the resonance frequency can be
monitored in the reflection coefficient. The microwave circuitry is mainly composed of three sub-

systems: i) signal generator, ii) power coupling unit, and iii) gain detector as shown in Figure 4.3.
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4.6.1 MICROWAVE SIGNAL GENERATOR

This subsystem consists of a voltage controlled oscillator (VCO) (Mini-Circuits, ROS-2350-519+), a
voltage regulator (Rohm Semiconductor, BA17805FP-E2), a data acquisition system (DAQ)
(National Instruments), an op-amp (Texas Instruments, LM358DR), and a power supply (24V
battery) that supplies voltage to the op-amp and voltage regulator. The VCO provides the required
microwave frequency by converting the input analog voltage, which consists of two components: one
voltage source provided by the 24V power supply but regulated by the voltage regulator to the
maximum of 5V and the other by the DAQ (0 - 10V) for tuning purposes. Tuning voltages are
amplified by the op-amp with a gain factor of 2. The total amplified voltage ranging between 0 to
20V controls the tuning voltage of the VCO which is measured by the DAQ and LabView program
and characterized by a spectrum analyzer (Agilent, E4440A). Serial capacitors are used in order to
reduce the parasitic effects and filter the signal for the op-amp and VCO input. The microwave signal
generator subsystem facilitates the sweeping over the desired frequency range (1.9 GHz to 2.6 GHz).
We designed the sensor operating below 3 GHz at which the corresponding microwave components
are widely available and inexpensive that allow the total cost of the electronic components below
$200. Wider frequency ranges can be achieved by adjusting the tuning voltage of the VCO.

4.6.2 POWER COUPLING

The primary function of the power coupling unit is to provide proper microwave signals to the sensor
and the gain detector which would require careful isolation of signals without sacrificing the useful
power. The high operating frequency at the GHz range brings in more challenges in the design and
fabrication of the microwave components. First, the impedance of the transmission lines in the printed
circuit board must match to the characteristic impedance of 50 Q2 because any mismatch between the
transmission line traces causes reflections and reduces the performance[282]. For this purpose, 0.79

mm thick FR-4 PCB material (¢=4.34) is used and microstrip impedances are carefully calculated

Considering the trace width, thickness and substrate height. The copper ground (at the bottom of the
PCB) and ground planes (on the top of the PCB) are connected with vias closer to 1/20th A where A is
the wavelength of the signal flowing through it to reduce noise[285]. In order to minimize parasitic
coupling to the transmission lines, separations between the ground planes and all other traces are
designed to be at least three times larger than the substrate thickness. Second, reflections between
different components must be controlled well which include the reflection from the attenuator, VCO,

and directional coupler, to the microwave sensor which is connected to the circuitry through coaxial
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Figure 4.3 Schematic description of the microwave circuitry.

cables, and that from the microwave sensor back to the VCO which have disturbing effects on robust
frequency generation. The above concerns are taken into consideration in the design of the power
coupling and isolator subsystem. Specifically, a high directivity bi- directional coupler (Mini-Circuits,
SYBD-16-272HP+) with 16 dB coupling is used to regulate microwave power to the resonator.
Additionally, a 20 dB resistive attenuator is used as an isolator network which is chosen to isolate the
reflected signal because of the mismatch of the sensor while not reducing the useful power

significantly.

4.6.3 GAIN DETECTOR
An integrated circuit (Analog Devices, AD8302) is employed in the gain detection subsystem, which
communicates with the microwave sensor and the power-coupling unit. The signal traveling from the
signal generator is coupled by the bi-directional coupler to the gain detector as a reference signal and
to the resonator, which is aligned with microchannel. Then the gain detector enables the amplitude
and phase difference between the signal reflected from the sensor and the reference signal to be
measured which is described by the reflection coefficient.

_ Reflected Voltage  (Zr — Zy)
~ Incident Voltage ~ (Zg + Z,)

(2)

where Zr is the frequency dependent input impedance of the device presented in Figure 4.1(b) that
includes the resonator and the excitation structure and Zo is the characteristic impedance of the

transmission line used for feeding the structure. The gain detector converts the microwave signals to
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DC signal, and this magnitude ratio of electronic signal is post-processed and used to relate nanoliter-
sized droplet detection and sensing of its content. For example, if different materials pass by the
sensor, the reflected signal would be different even though the incident voltage would be the same
which can be used for detection and sensing of materials. The system is able to detect ac-coupled
input signals from -60 dBm to 0 dBm. The output reflection coefficient range can be accurately
measured between -30 dB to +30 dB which is scaled to 30mV/dB. The system is also able to measure
the phase over a range of 0=-180< The minimum and maximum levels of the detection limits are
characterized by the limit that each individual log amp can detect as well as the finite directivity of
the coupler.

The LabVIEW program is used as an interface to collect and convert the measurement data, and
control the system real time. Meanwhile, a calibration algorithm is used to correlate the measured
data readings of the gain detector to the reflection coefficient of the microwave sensor which carry
the information of the physical droplet system.

4.7 EXPERIMENTAL RESULTS AND DISCUSSION

4.7.1 CHARACTERIZATION OF MICROWAVE CIRCUITRY

Prior to the droplet detection and sensing using the developed microwave circuitry, its sensitivity and
accuracy is first evaluated by comparing its measurement results with that obtained using a
commercial VNA (MS2028C, Anritsu). Table 1 below shows the comparison of the measured
resonance frequencies for FC-40 (¢=1.9), air (e=1), and water (¢=78.54) between the custom-made
circuitry and VNA. The developed microwave circuitry has very similar performance to the

commercial VNA with the maximum difference of 1.283% found for water.

Table 4.1 Comparison of the resonance frequencies between custom microwave design and the VNA.

Material (Liquid) f@$S11 min using f@S11 min using Variation Percentage
VNA (MH2z) Custom Design (%)
(MHz)
Air 2588 2580 0.309
FC-40 2582 2573 0.349
Water 2417 2386 1.283
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Then the detection and counting function of the developed circuitry was thoroughly evaluated by
measuring the reflection coefficient of the resonator for various fluids in microchannels as a function
of frequency. In order to prevent potential contamination caused by the residual of the previous
sample; the microchannels were primed with the solution to be tested for at least 15 min prior to each
test, and flushed with oil for 10 min. The tubing was cleaned twice before measurements by purging
air and then with isopropanol.

As shown in Figure 4.4, the circuitry is able to differentiate between fluids with permittivity effects
dominant (Figure 4.4a) and conductivity effects dominant (Figure 4.4b). Different concentrations of
D-(+)-Glucose and potassium chloride solutions (KCI) were prepared with ultra-pure water. The
minimum assessed concentration is 0.001 g/ml for KCI and 0.01 g/ml for glucose. The frequency step
size was 0.1 MHz in the analysis. The lower detection limit was achieved for the KCI solutions
because of the combined effects of permittivity and ionic conductivity (dominant effect). For
example, the conductivity of potassium chloride increase from 17.84 mS/cm to 60.8 mS/cm when its
concentration increases from 0.01g/ml to 0.05 g/ml, which were experimentally measured using a
conductivity meter kit (Thermo Scientific, Orion 5-Star) after calibration of the probe with three
different calibration solutions. While increasing KCI concentration causes a decrease in the resonance
frequency, increase in the glucose concentration results in higher resonance frequencies. As well,
concentration changes cause sharp decline in the reflection coefficient (S11) so that the change in
resonance frequency can be monitored in the reflection coefficient. The differentiation of fluids with
small differences in electrical properties validated the dynamic performance of the customized

microwave circuitry along with the microwave sensor integrated with the microchannels.

4.7.2 HIGH-THROUGHPUT DROPLET DETECTION

The performance of the microwave circuitry for droplet detection and counting is performed using a
flow focusing generator as shown in Figure 4.5. The channel height is 50 m and assumed to be
uniform across the entire chip. The channel width smoothly narrows down from 300 pm to 80 pm at
the intersection which is the same as that of the dispersed phase for generating droplet stably. The
wider channels were designed to lower down the hydrodynamic resistance for easy pumping while
the uniform channel widths near the generator is the most stable design for droplet generation[71].
Initially, the droplet generation and transport were visualized and characterized with the optical
microscope (Eclipse Ti, Nikon) integrated with a high speed camera which captured images at a
frame rate of 9000 fps. Figure 4.5 (a) shows the image of the generator and generated droplets which
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KCl-water (b) mixtures for testing the circuitry.
are

around 1nl considering the droplets are fully confined by the channel (50um high, 80um wide) with a
length varying from 1~3 channel widths (80um ~ 240um). Figure 4.5 (b) compares the droplet
generation frequencies measured by the optical imaging and microwave sensor. When a droplet
passes the capacitive region (gap) of the resonator, the electromagnetic field is disturbed by the
presence of the droplet and the dielectric change (from the oil phase to the aqueous droplet phase)
causes a peak in the collected signal. The perturbation in the EM field can be used to determine the
droplet generation frequency by counting the number of the perturbations over a specific time period.
As shown in Figure 4.5 (c), the signal peaks correspond to droplet presence while the valleys
correspond to the carrier fluid (oil). The resonator was operated at 2.59 GHz which was the resonance
frequency for FC40 oil, and at this frequency the signal change in reflection coefficient is used to
determine the droplet presence. It is worthy to mention that the sinusoidal look of peaks at very high
droplet formation frequencies is caused by shorter and unstable droplet spacing which are likely due

to the use of syringe pump which cause unpredictable uncertainties[71]. Due to the limitation of the
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maximum pressure that the pressure controller can provide which limits the throughput of droplet
generation, a syringe pump was used in order to evaluate the detection performance of the microwave
system. With carefully cleaning and preparation of microfluidic chips we reached as high flow rates
as 4000 pi/hr for water and 4750 pi/hr for the continuous phase (i.e. oil). Correspondingly, we were
able to generate droplets at the maximum rate of 3.33 kHz which can be detected with the microwave
system successfully. Further high frequencies can be achieved by increasing the flow rate, which
however tends to break chip made of PDMS[286].

Ideally, in order to detect a droplet, at least one signal level needs to be sampled from carrier fluid
and one from dispersed (droplet) phase. This will result to give a minimum and a maximum value,
and maximum detection limit can be estimated to be the half of the signal generation rate provided
that the data sampling rate of the system is equal or larger than signal generation rate. In our system,
since the signal generation frequency is at microwave range (i.e., GHz), which is extremely higher
than data sampling that the data sampling rate basically determines the maximum detectable limit.
However, since the droplet spacing is low in our very high droplet generation frequencies because of
the droplet generation limitations explained above, the collected data gives a sinusoidal look. For a
clearly resolved droplet detection data for very high-throughput scenarios, the droplet spacing should
be at least one droplet length or higher. Here, with a data sampling rate of 10 s and well-spaced
droplets, the theoretical droplet detection limit of the developed microwave system is 50 kHz.

Over a period of ten minutes, two million droplets were counted without missing any droplet. In
order to assess the minimum sensible dielectric variation for detectable droplets, it is important to
evaluate the resolution of the circuitry. An RMS noise level of 0.78 mV has been calculated over an
interrogation time of 20 s. With this noise level, a resolution threshold of 0.026 dB in reflection
coefficient was obtained. Since a resonant microwave sensor is designed and used in the study,
electromagnetic energy into small region is accumulated, which is extremely sensitive to small
changes. Likewise, utilizing the characteristic feature of microwaves, i.e., operation at GHz
frequencies, allows working at shorter time scales. This gives a great opportunity and advantages over

other detection techniques such as capacitive and electrochemical which operate at lower frequencies.
4.7.3 DROPLET CONTENT SENSING

4.7.3.1 DROPLET SYNCHRONIZATION AND BIOMATERIAL CONTENT SENSING

Microwave sensing of droplet content was also carried out with the spiral resonator design. The spiral

resonator was placed 8 mm away from the generator intersection. The microfluidic channel network
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Figure 4.5 (a) Image of the generator and generated droplets, (b) comparison of the droplet
generation frequencies; optical imaging vs. microwave sensor, (c) high-throughput droplet

detection.

and droplet generators are shown in Figure 4.6 (a). Fluid pumping and droplet generation were
controlled using a microfluidic pressure controller system (Fluigent MFCS-8C) which can provide
more stable droplet generation[71]. For this set of experiments, a double T-junction generator was
used to alternatively generate droplet pairs with different materials encapsulated[105] such as type A
and type B. The alternating generation works as follows. When one droplet (i.e. with content type A)

is being generated in one of the T-junctions, it obstructs the main channel as it is growing and thus
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restricts the flow of the continuous phase, which causes a dramatic increase in the pressure upstream
of the T-junction intersection. When the pressure increases to a critical value, it drives the continuous
phase to neck and then pinch off the droplet[68],[122],[287]. After pinch off the remaining interface
recoils back to the T-junction inlet. While this process is taking place, the other T-junction generator
repeats similar droplet (type B) formation process. By well-tuned applied pressures, two alternating
droplets can be formed sequentially (see video appendix-C). During the formation of droplets,
although two pairs come to close proximity, they do not coalesce or cross-contaminate at certain
operating regimes[105]. This configuration has advantages over a simple Y-channel design in terms
of operation of the two droplet generators and robustness. In addition, with this configuration there is
no need to add a dilution stream in order to increase droplet spacing.

To demonstrate the sensitivity of the sensor and its potential to be applied in the area of biosensing
with appealing features of no chemical and physical intrusion to the sample, some materials were
strategically chosen. In particular, aqueous based solutions with slight differences in their
concentration such as the potassium chloride solutions and glucose solutions used here, which result
in similar dielectric constant and/or electric conductivity values, were chosen to demonstrate the
sensitivity of the sensor. Two biochemical materials, fetal bovine serum that is a widely used serum-
supplement for in vitro cell culture of eukaryotic cells and penicillin-streptomycin-neomycin
antibiotic mixture (contain 5,000 units penicillin, 5 mg streptomycin and 10 mg neomycin/mL), that
is widely used to prevent bacterial contamination of cell cultures due to their effective combined
action against gram-positive and gram-negative bacteria, were chosen to demonstrate its potential for
biosensing. Thawing fetal bovine serum and penicillin solution started in the fridge at 8 °C, then
completed at room temperature while the bottles was swirled gently to mix the solution during the
thawing process. D-(+)-Glucose and potassium chloride solutions were prepared in ultra-distilled
water, and 2% fat content of milk was used. The reflection coefficient versus frequency

characterization is demonstrated in Figure 4.7 below.

In order to ensure that the microwave system can differentiate droplets with small difference in
dielectric properties, the experiments were carefully designed to eliminate the droplet size effect. As
can be seen in Eq. (1), the frequency shift is a function of permittivity difference and the relative size
of the droplet over the resonator. Considering that the electromagnetic field is accumulated in the
sensing region, and the droplet width and height is confined with the channel, droplet size has no

effect on the reflection coefficient as long as its length is longer than the sensor region. This
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consideration ensures that the response of the sensor to different droplets is caused by dielectric

property variation, namely by the specific droplet content.

In order to verify the sensing performance of the microwave system, ultra-pure water droplets were
generated from both T-junction generators with FC40 oil as the continuous phase. The same sized
droplets and different sized droplets were sensed with the same signal magnitude and the longer
droplets resulted in wider signals due to their longer residence time in the sensing region (see Figures
4.8-4.9). Subsequently, a set of droplet pairs of the same size were sensed which include a pair of
Fetal bovine serum and penicillin-strep.-neomycin, a pair of D-(+)-glucose(0.2g/ml) and milk(2%mf),
and a pair of potassium chloride(0.03 g/ml) and water droplets. Figure 4.6 (a) shows the coordinated
optical imaging and microwave sensing results while Figure 4.6 (b) and (c) shows the microwave

sensing results.
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Figure 4.7 S-parameter vs. frequency behaviour of biomaterials used in the droplet content

sensing experiments.
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Figure 4.8 Water-Water Droplet Pair. Alternating droplet pair generator using an opposing two T-
junction configuration. Ultra-pure water droplets were employed in both droplet generators; as
expected same peak was obtained for both water droplets (top left). Longer and shorter water droplet
pair was formed. Again, same signal amplitude was monitored that droplet length has no effect on
reflection coefficient (top right). In other words, the response of the resonator is not caused by
droplet geometry. Considering that the electromagnetic field is accumulated in the sensing region,
and the droplet width and height is confined with the channel, droplet size has no effect on the
reflection coefficient as long as its length is longer than the sensor region. These backward

experiments ensure that the sensor is sensitive to dielectric property variation only.
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Figure 4.9 Longer-Shorter Droplet Pairs. All droplet content sensing experiments were repeated
as pairs of longer and shorter droplets in order to provide backward control. There is no amplitude
change in S-parameter, and only wider signal is obtained for the longer droplet which is coherent
that droplet residence time on sensing region is longer. The content of droplets was distinguished

very sensitively: Milk-Glucose droplets (a), FBS-Penicillin droplets (b).

The reflection coefficient difference between the fetal bovine serum droplets and penicillin droplets is
-1.61 dB, which is 1.16 times lower, while -9.01 dB difference with the baseline of carrier oil FC40.
As well, the difference between glucose and milk droplets is -4.02 dB, and between KCI and water
droplets -3.45 dB. It is worthwhile that very low (-5 dBm) output excitation power was used in order
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to avoid any heating effect on droplets. These results show that our microwave module is very
sensitive to nanoliter droplet permittivity contrast and can easily distinguish various droplet contents.
Very high reproducibility is accomplished. This microwave system can also be used with other bio-
materials for content analysis or for synthesis and reaction monitoring. It should be noted that the
demonstrated throughput of sensing is not high; however, it is limited by the throughput of droplet
generation for the particular scenarios considered here rather the sensor which has been demonstrated
for high throughput sensing as shown in Figure 4.5.

4.7.3.2 ALZHEIMER'S DISEASE DRUG ASSAY AND INHIBITORS

To demonstrate that this platform has the potential to be used as a tool for pharmaceutical
applications, it is applied to perform a similar assay developed to screen inhibitors for tau-aggregation
that is linked with neurodegenerative disorders such as the Alzheimer's disease (AD)[288],[289]. The
tau-derived hexapeptide (AcPHF6) which is normally considered as a model for tau-protein
aggregation in many assays was used as the peptide and orange G which is one of the common

inhibitors used in the traditional assay was chosen for this preliminary testing.

Figure 4.10 shows that the microwave sensor is able to differentiate the droplets with and without
the mixture of peptide and inhibitor and the droplets with different concentrations of the inhibitor
(orange G), which are 0.665 mM and 0.332 mM respectively (inhibitor I and 11 respectively in the
figure). The peptide concentration was kept at 0.316 mM and all droplets contain Thioflavin S (0.05
mg ml™!), which is a fluorescent indicator dye normally used in tau-aggregation assays. Figure 4.11
demonstrates the fluorescent imaging results of the effect of inhibitor. Since different concentrations
of inhibitor reacts with the peptide at different ratios, this effects the emission of the fluorescent dye
due aggregation rate. Fluorescent observation is used herein as the validation of the drug assay is
working correctly. The samples were prepared in 4-morpholinepropanesulfonic acid (MOPS) buffer
of 20 mM with a pH of 7.2. There is only one set of droplets containing no mixture of orange G and
AcPHF6, which is used as a base similar to the negative control in the traditional assay[288]. It
should be noted that the sensing shown in Figure 4.10 only demonstrates that the developed
microwave and microfluidic platform has the potential to serve as a tool for drug discovery or
pharmaceutical applications. These results are not a quantitative measure of the effects of the inhibitor
on tau-aggregation because it is difficult to judge whether the signal difference is caused by the
concentration of the inhibitor or the degree of peptide aggregation induced by the different inhibitor
concentrations. To perform such an assay to quantitatively compare with the traditional assay would
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Figure 4.10 Demonstration of sensing of droplets involving AcPHF6 and orange G which are the
model peptide and inhibitor respectively used in traditional tau-aggregation assays that is linked to

neurodegenerative disorders such as the Alzheimer's disease.

require systematic design of the microfluidic chip and microwave sensor and require further

improvements on the sensor fabrication protocol as well to improve its sensitivity, which is beyond
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the scope of this study. However, with a calibration process of drug assays, the platform developed

herein presents promising and insightful results for Alzheimer’s disease drug screening assays.
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Figure 4.11 Fluorescent imaging of peptide aggregation at different inhibitor concentrations. Top
image shows the droplet generation and when droplet is passing over the sensor. Bottom image

demonstrates the snapshot of the real-time optical and microwave detection system together.
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4.8 CONCLUSIONS

In this chapter of the thesis, a platform is demonstrated, which consists of a custom microwave
circuitry and microwave sensor integrated with microfluidic channel networks for label-free detection
and content sensing of individual droplets. High-throughput and label-free droplet detection at kHz
range are realized as an alternative to optical methods while many other non-optical techniques
mostly fail at kHz rates. As well, without any chemical or physical intrusion individual droplet
contents have been distinguished successfully in real-time operation. Biomaterial sensing and
Alzheimer’s disease drug assay screening are also experimentally implemented to present the
capability of the platform. This system has significant advantages over optical detection systems for
droplet microfluidics in terms of its infrastructure and operation cost, ease of use and portability for
Lab-on-a-Chip applications. It also presents significant improvements compared to most electrical-
based droplet detection systems in terms of its sensitivity and throughput. Therefore, it potentially
facilitates the application of droplet microfluidics in point-of-care settings.

85



Chapter 5

COMBINATORIAL ANALYSIS OF PARAMETERS EFFECTING
MICROWAVE HEATING/SENSING PERFORMANCE ON INTEGRATED

DROPLET MICROFLUIDIC PLATFORMS?

5.1 MOTIVATION AND OBJECTIVES

Microwave heating and sensing have several advantages over traditional heating and sensing
methods. Microwave heating has the unique benefit of its selectivity since only the medium with a

high dielectric loss or, as with resonator designs, only the desired medium (e.g., liquid) heats up

2 The contents of this chapter have been incorporated within a paper, which is being prepared for submission, by
Yesiloz G., Boybay M.S. and Ren C.L. “A Parametrical Study on the Analysis of Microwave Heating/Sensing
Performance on Integrated Droplet Microfluidic Platforms”. G.Y. conducted simulations, collected and
analyzed data; the idea formation was developed by M.S.B., G.Y. and C.L.R.; G.Y., M.S.B. and C.L.R.
contribute to the paper writing.
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significantly. Microwave heating occurs in a short time scale, and it is on the order of the relaxation
time of the molecules. This implies that the heating rate is limited by the power absorption efficiency
and the excitation power source[290]. Contactless and inertialess nature of the heating are other
advantages of the microwave heating. Additionally, microwave sensing shows great benefit of high
sensitivity for fast detection, which is operating at high frequencies. Miniaturized microwave sensors
are easy to incorporate into microfluidics for a low-cost, and potentially without the need of large

equipment.

Although there are relatively few studies exist, the combination of the microwave sensor and heater
units with microfluidics have been studied, and limited number of research has been reported for
droplet based systems. However, studies for the combinatorial analysis of microwave sensing and
heating performances of the droplet based microfluidics, under different effecting parameters, need to
be investigated comprehensively, for which more research is required in this field. The materials and
the sizes of the microfluidic channel and the droplet, the microwave resonator features, and the
dielectric properties of the microfluidic chip components have influence on both heating and sensing
efficiency. Besides, absorbed power distribution in different components, passivation layer effect,
resonance frequency behavior and internal electric field inside droplet are also important parameters.
As undesirable designs may cause sharp performance damping, it is important to precisely control the
operational parameters to improve the capability of the device. Thus, a thorough understanding is
necessary to control the heating and sensing properties of the microwave resonator incorporated with
droplet microfluidics. For instance, a passivation layer is a necessary technique to isolate electrodes
and biological samples from contamination, and it has an important effect on device operation
efficiency as well. In a recent work, Samiei et al. (2017) [291] states that the use of a material with a
high dielectric constant and smaller thickness as the insulating layer could potentially decrease the
required voltage/frequency for the mixing of stationary droplets in their study. They identified that a
thorough study investigating the effects of the dielectric properties is necessary. Another example is
that precise management of heating for temperature induced cell lysing or DNA amplification which
are critically depend on accurate oversight of heating rate, which requires the knowledge of the
system’s capabilities. Furthermore, for microfluidic chip fabrication, currently polydimethylsiloxane
(PDMS) is a widely accepted material used with standard soft-lithographic techniques to make
microfluidic chips, and planar electrodes can simply be added to the device with this process.
Nevertheless, in the case of other materials to be used as microfluidic chip components with different

permittivity values, the heating and sensing response of the device will be altered[292]. Indeed, using
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a microwave low loss or high dielectric constant material will affect the selectivity of heating and the
detection limit[290]; thus the effects of the permittivity of the chip components are needed to be
analyzed. For these necessities, this chapter is dedicated to provide a comprehensive numerical
investigation on the parameters which influence the microfluidic device’s heating and sensing
performance. It should be noted that including both microwave and microfluidics parameters, this is a
complicated and a coupled multi-physics problem. Experimentation for analyzing the influencing
parameters are too expensive or impossible either due to the nature of the problem (e.g., calculation
and monitoring the E-field or absorbed power inside the droplet) or due to the limitations with the
available fabrication techniques and proper materials. Hence, this research demonstrates a guidance
and understanding in order to design droplet microfluidic and microwave integrated systems.

5.2 COMBINED MICROFLUIDIC AND MICROWAVE PLATFORM OVERVIEW

The integrated microwave and microfluidics device is subsequently composed of a microwave sensor
(resonator), which includes an excitation (outer) loop, a split ring (inner loop) and a spiral design of
capacitive discontinuity; and a microfluidic chip that the chip consists of a polymeric mold that
houses the microchannel, a glass substrate, a passivation layer between the microwave electrodes and
the substrate, and an aqueous droplet as described in Figure 5.1. For easy and compact integration
with the microfluidics, the microwave sensor is designed as a co-planar configuration, which makes
the fabrication cost-effective and enables further investigation of Lab-on-a-chip platforms through,
for example, a microscope since it does not require a ground plane of a conductor. In Figure 5.1a, the
overview of the system components are shown. In order to achieve an authentic numerical model, the
exact components of the Lab on a chip platform are incorporated in the numerical model despite the
fact that this increases the computational time-cost and effort. However, it provides more realistic
model with including the actual device components. In this perspective, the coaxial microwave
feeding and the SMA connector are placed into the solution to excite the outer loop as well as the
PDMS chip mold. In Figure 5.1b, the cross section view at yz-plane which intersects the middle half
of the droplet is shown in order to provide a closer look for identifying the places of the substrate, the
passivation layer, the droplet and the PDMS mold with the microchannel. The microwave electrodes
are placed at the interface of the passivation layer and the substrate. Droplet is placed in the
microchannel, which is separated from the substrate and electrodes with the passivation layer. In
Figure 5.1c, a closer snapshot of the droplet and the spiral capacitive region are illustrated along with
the microchannel. The microchannel is aligned with the spiral gap and the droplet is positioned on it.
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Figure 5.1 Combined microfluidic and microwave components which are modeled in numerical

simulations.

Additionally, in two-phase droplet flows in microchannels as explained in Chapter 2, due to the
interfacial tension between oil and aqueous (droplet) phase a curvature occurs at the corners of the
channel, which is called as gutter region. For this reality, the geometric model of the droplet is
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designed considering the actual shape of the droplet from the experiments using an external solid
design software (SolidWorks Inc.), and imported to the system. As can be seen from Figure 5.1d,
which shows the cross-section view of the microchannel at zx-plane that intersects the middle half of
the droplet, the droplet and the channel include the gutter region. All of the structure (platform)
components are modeled in order to have a complete physical system according to experimental

conditions.

5.3 DIMENSIONS OF THE RESONATOR STRUCTURE

Resonator dimensions and the spiral structure are shown in Figure 5.2.

100 pm

Figure 5.2 Resonator structure and dimensions.

Table 5.1. Sensor dimensions (in mm)

Fin Fout dsep Win Wout

4.25 6.1 1.7 0.15 1
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5.4 NUMERICAL MODEL AND THE PARAMETRICAL STUDY WITH ANSYS HFSS

5.4.1 PROBLEM DEFINITION

The working principle of the microwave resonator is explained in Chapter 4.4. In this section a
numerical model is set up considering the actual physical device components and operation
parameters. The full wave simulations are conducted using a commercial software, Ansys HFSS.
Microwave signal feeds the excitation (outer) loop through a coplanar transmission line which is
connected to the SMA connector and the coaxial cable as shown in Figure 5.1. The split-ring (inner)
loop with the spiral capacitive design confines the microwave energy in the gap (capacitive
discontinuity) region. A microchannel is aligned on top the spiral gap where a droplet is also
positioned. The whole device is bounded in a radiation boundary to run the simulations. In such a
structure energy dissipation occurs in three mechanisms which are conductive, dielectric and radiative
losses. Dielectric properties of the microfluidic chip components (e.g., permittivity of chip material
and substrate material), passivation layer thickness, droplet presence, microchannel geometry effects,
and mutual coupling of the resonator structure are analyzed through the resonance frequency shift and
the power absorption inside the droplet. Reflection coefficient of the sensor is evaluated for optimum
conditions. The microwave resonator structure has a versatile feature that it can work as a heater and
a sensor. In order to have an efficient heater, electric field must be accumulated inside the droplet by
means of the spiral capacitive gap, and the source power, which is set to 1W by default, must be
transferred to the droplet as far as possible. Conductive and other dielectric losses should be kept
minimum. Radiation loss is also important to be considered due to that the sensor dimensions are
close to the wavelength which is around 8-10 cm regarding the operation frequency range of the
sensor. Likewise, for a sensor with high sensitivity, a large resonance frequency shift must be

obtained in order to detect subtle changes by means of the droplet presence and the droplet content.

5.4.2 SOLUTION PROCESS
The entire electromagnetic phenomena and the solution boundary, including capacitance and
inductance effects, are described in by Maxwell’s equations. Electromagnetic phenomena express the
electric field (ﬁ) to the magnetic field H in the presence of materials described by electric permittivity
(¢), conductivity (o) and magnetic permeability (1. In differential the frequency-domain form,
Maxwell’s equations are
VE = —jwuﬁ (D
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VH = (0 + jwe)E (2)

V.eE=p 3)

V.uH =0 (4)

where p represents the density of free charges, j is the imaginary unit, and o=2=f is the angular
frequency. As Maxwell’s equations certainly show that electric and magnetic fields are coupled:
electric fields can act as sources for magnetic fields, and vice versa. This coupling is two-way, and
causes to various effects (radiation, wave propagation, phase delays, etc.)[293].

5.4.3 BOUNDARY CONDITIONS

Boundary conditions specify the field behavior at the edges of the problem region and object
interfaces. Boundaries in HFSS are used for two main reasons: i) to construct an open or a closed
electromagnetic model, ii) to simplify the electromagnetic or geometric complexity of the
electromagnetic model[293]. In a closed model energy cannot escape except through the applied port,
whereas in an open system electromagnetic energy can radiate away, which is used in this study. The
following boundary conditions are assigned in the numerical model for the microwave and

microfluidics hybrid platform in this work.

5.4.3.1 RADIATION BOUNDARY CONDITION

Radiation boundary condition represents an open and absorbing boundary which absorbs the outgoing
waves and allows waves to radiate far into space. All of the microfluidic chip and microwave sensor
components are enclosed by a radiation boundary region. As a common approach, the boundary
region should be located at least A/4 (A represents the wavelength) away in all directions from the
radiation source, which is the microwave resonator structure herein. The physical meaning of the
radiation boundary is that the boundary is not supposed to generate any unphysical reflection. Thus,
the numerical solution truncates the calculation appropriately at the radiation boundary domain for the
radiating and scattering structures from the device. In order words, the outgoing waves are not

allowed to come back to effect the solution that they are absorbed at the boundary.
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5.4.3.2 FINITE CONDUCTIVITY
Finite conductivity boundaries represent imperfect conductors. At such boundaries, the following

conditions exists:
Eign = Z(ﬁXHtan) (5)

where Eqan is the tangential component of the electric field component, Hewn is the tangential
component of the magnetic field component, Z is the surface impedance of the boundary. Also, this

[ 25 50 (mm) [ 25 50 (mm)

Radiation

25 50 (mm)

0 25 50 (mm) [

Figure 5.3. Boundary conditions.

boundary condition is valid when the skin depth of the microwave sensor electrodes are high enough
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at the operating frequency band. Surface roughness model can also be used for the conductive
electrodes, which is not considered in this study. Since electric field has tangential component at the
surface, the numerical solution in HFSS uses an approach to calculate fields at the surface, and not in
the conductor. The outer excitation loop and the inner (split-ring) loop are assigned as finite

conductivity boundary conditions in the solutions.

5.4.3.3 PERFECT E

A perfect E boundary condition represents a perfectly conducting surface in the structure. Also, any
structure that is defined as perfectly conducting material is considered as perfect E boundary. The
microwave excitation through the SMA connector and coaxial cable is assigned as perfect E boundary

condition. All of the assigned boundary conditions can be seen in Figure 5.3 below.

0 5 10 (mm)

Figure 5.4. Wave port excitation.

5.4.4 EXCITATIONS

Excitations provide the sources of electromagnetic fields into the structure, where the incident fields
have interaction with the device components. There are several types of excitations that can be
applied such as wave port, lumped port, terminal, incident wave, voltage source, current source, etc.
For the structure used here, a wave port excitation is assigned, and it represents an external surface at
which the microwave signal access into the system. Transmission lines and waveguide structures can

be implemented by wave ports. The cross section surface of the coaxial cable is assigned as the
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excitation port, and since the port size is defined by the inner and outer radius of the shield, there is

no need to define a port size. The excitation port assigned in the design is shown in Figure 5.4.

The defined wave ports calculate the characteristic impedance, complex propagation constant, and
generalized S-Parameters by solving Maxwell’s equations. The excitation field pattern that is solved
is valid only at a single frequency and if there is a frequency sweep each frequency point is calculated
for different excitation field patterns. A source power of 1W is applied in all cases in the simulations.

5.4.5 MESH GENERATION AND OPERATIONS

The geometric model is automatically divided into tetrahedral mesh elements in Ansys HFSS, and
these tetrahedral elements generate the general mesh structure. Maxwell’s Equations, which govern
the electromagnetic problem, and are valid in three-dimensional space in the problem region are
discretized with a mathematical model, then the partial differential equations are solved using the
finite element formulation. In HFSS, a mesh is discretized into small three-dimensional tetrahedral
and two-dimensional triangular elements. The reason is that a tetrahedron (a solid with four triangular
faces) forms a simplex for R3 space which means that any 3-dimensional (3D) arbitrary domain can
be decomposed into tetrahedral elements. Therefore, by stretching or pulling the tetrahedral mesh
elements, the 3D geometric model can be filled and decomposed by these meshes which enables an
advantage for mesh control. Figure 5.5 demonstrates different types of tetrahedral elements used in

meshing.

Another aspect that is worthwhile to mention is that the adaptive mesh refinement is an essential
part of the solution. Adaptive meshing technique is a specialty for this tool compared to other
electromagnetic simulators. Typically, after defining boundary conditions, excitations and materials
for example, the geometry is decomposed by adaptive meshing for sequential iterations. In this
technique, an initial mesh is generated and solved to estimate the error in the solution. Then the
higher-error regions are implemented by finer meshes, and another solution is generated and the error
is re-computed. This process continues until the convergence is obtained. Hereafter, each step of
adaptive meshing process will be called an ‘adaptive pass’. Adaptive mesh refinement ensures that
strong electromagnetic field regions have finer meshes, while the remaining areas have coarser

meshes. This is useful for efficient calculations.

An optional but important mesh refinement operation is called seeding mesh, which enables to

guide critical mesh construction on important regions that the precise calculation of electromagnetic
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field is crucial with an engineering knowledge on the problem. This operation can be done before the
adaptive passes start to solve the process which gives an initial guidance to the solver. Providing such
as engineering guidance to the solver prior to beginning the adaptive analysis can tremendously
reduce the number of passes required for the convergence, and the total number of tetrahedral mesh
elements as well. This leads to more accurate results, and it provides less computation effort. Without
the seeding mesh operation, the adaptive pass analysis still can converge and find the critical fields to
refine the mesh, however, seeding mesh helps to find the critical electromagnetic fields after the first
a couple of the passes are solved.

Figure 5.5. Different types of tetrahedral meshing elements[293].

Again, this is due to prior knowledge of the critical points and behavior of the problem field, and due
to the provided engineering guidance. For instance, the same problem may need to calculate 25
adaptive passes with a total number of 400,000 tetrahedral elements which is costly in terms of time
and computation effort. On the other hand, the same problem can be solved with only 10 adaptive
passes and around 100,000 tetrahedral meshes, with more accuracy and a shorter time, when using a
seeding mesh operation at the beginning. For the current problem in this study, since it includes
microwave sensor and microfluidic components, and especially the heating and sensing performance
is analyzed on droplets which is at nanoscale volume, also the spiral resonator design is electrically
and physically very small with strong electromagnetic field confinement, the seeding operation is
always used in this work. For example, the spiral resonant structure along with the inner ring, droplet
because it is load on capacitive gap and excitation loop, etc. are structured with seeding mesh
refinement before the adaptive analysis. The seeding mesh is done through length-based mesh
refinement. As a rule of thumb in this study, a gradual mesh size decrease of 20% of the maximum

mesh element length in three steps are implemented upon the default initial solver tetrahedral mesh
size.
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Figure 5.6 (a) Coarse and finer meshes at the outer (excitation) and inner (split) loop by adaptive

02 gmem)

meshing. (b) Initial adaptive pass at spiral region and droplet without seeding mesh operation. The
droplet and the inner split loop have coarse mesh elements. (¢) Initial adaptive pass at spiral
region and the droplet with seeding mesh operation prior to adaptive process. Initially, droplet and
spiral gap have finer elements. (d) A later adaptive pass in comparison to the mesh structure in (c)
with seeding mesh that strong electric fields are assigned even finer meshes intelligently to help
convergence and reduce the error.

In Figure 5.6a, an example of structured meshes for outer (excitation) and inner loops are depicted.

Since a weaker electric field occurs at the outer loop, the coarse meshes are structured. Also, since
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the inner split loop consists of the droplet and spiral capacitive gap, a strong electric field happens
there, and the finer meshes are structured. Additionally, a close view of the meshing at the droplet and
spiral region is shown in Figure 5.6b for regular adaptive meshing. And, in Figure 5.6¢ and Figure
5.6d, an initial and a later adaptive pass are shown with seeding mesh operation, respectively. As can
be seen from comparing Figure 5.6b and Figure 5.6¢, without a seeding mesh, as is used in Figure
5.6b, the droplet and spiral capacitive region have a very coarse mesh assigned. On the other hand, in
Figure 5.6¢, with a prior seeding mesh operation, tetrahedral meshing on the droplet and spiral gap
starts with finer elements. Furthermore, as mentioned, the solution in Figure 5.6c¢ is conducted by the
seeding mesh. With this, the error is calculated, and strong electric field regions are identified. Then,
for the next adaptive pass, these regions are intelligently assigned even finer meshes, as in Figure
5.6d.

5.4.6 ADAPTIVE SOLUTIONS, CONVERGENCE AND MESH INDEPENDENCE STUDY

Adaptive solutions are carried out with the initial mesh generated either with or without seeding for
optimal efficiency, accuracy, size and density of the tetrahedral elements. Then, the adaptive passes
are repeated and the error is calculated from one adaptive pass to the next. When the provided
convergence criterion is met, the solver stops the calculation. The flow of the adaptive solution
algorithm is demonstrated in Figure 5.7.

The convergence criterion, delta S, is the magnitude of the change of the S-parameters between two
consecutive passes. When a maximum delta S is reached, the solution has converged, and delta S
defines the relative change of consecutive iterations in terms of the magnitude of all the S-parameters
in the solution matrix. Namely, Max;[mag(S"Njj — S™1);;)], where i and j cover all matrix entries, and N
represents the pass number. Now, two ways can be used to stop the calculation. First, the maximum
delta S value can be met as the convergence criterion or, second, the number of adaptive solution
cycles can be controlled as a stopping criterion for the adaptive solutions. In the second case, even if
the convergence criteria has not been met, whenever the maximum number of adaptive passes are
completed, the analysis stops. If a large number of adaptive passes have been defined, the analysis
will continue until the convergence criteria is satisfied. However, it should be noted that each
adaptive pass is guaranteed to use a larger total number of tetrahedral elements, and this is not always
feasible due to computer capacity. In order to obtain an accurate and efficient result, in these regards,
adaptive mesh refinement, adaptive solutions/passes and convergence criteria are important

parameters. Mesh independent analysis should also be completed so as to get results which are not
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dependent on mesh. However, it has been noticed that controlling only the maximum delta S value as
a convergence criterion does not always provide accurate results, and usually the results become still
mesh dependent. The reason is that, as mentioned before, each adaptive pass is guaranteed to use a
higher number of mesh elements than the previous one. It assigns them into strong electromagnetic
field regions, but the mesh number increase rate in each adaptive pass is not controlled. Also, the
critical electric field distribution is a function of the material and geometrical properties (e.g., the

Calculation
Starts
Initial Mesh
Construction
_ Adaptive
Seedlng Mesh Refinement
Operation /Adaptive
(optional) Passes
Finite Element
Solver
No

Convergence 7

Calculation
Stops

Figure 5.7 Adaptive solution process.

permittivity of chip material, passivation layer thickness, droplet shape, etc.) and, for different cases,
the convergence criteria can be met with different meshing structures or numbers, and at different
adaptive pass cycles, which may not be consistent all the time. Consecutive adaptive passes might
cause fluctuations in the maximum delta S value that determines the convergence that use of large
number of meshes can end up with high convergence criteria (maximum delta S) that is expected to

be opposite way. Increasing the mesh number does not mean decreasing the maximum delta S.
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To solve that problem, a hybrid approach is accepted in this study. First, a very low maximum delta
S value is defined (e.g., 1x10”-5), and the adaptive solutions are controlled by the number of passes
cycles. As well, it is important to note that a maximum refinement and refinement rate per pass for
mesh structuring are adopted. For instance, a 100% refinement rate per pass, and a 10,000 maximum
refinement, controls the number of mesh increments to be 10,000 for consecutive adaptive passes.
This method satisfies consistent mesh refinement and, more importantly, the maximum delta S
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Figure 5.8. Maximum magnitude delta S versus number of adaptive passes and tetrahedral

elements.
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convergence criteria. Through this hybrid approach, accurate and efficient results are obtained for
different cases. In Figure 5.8 mesh independent results are demonstrated. As can be seen from Figure
5.8, for ASmax=0.003 (0.3% error), consistent results are achieved with mesh independent

convergence.

5.4.7 SWEEP ALGORITHM

After a converged mesh occurs, or an end to the adaptive pass solutions, the response of the system to
different frequencies can be obtained through a frequency sweep computation. Frequency sweep can
be performed by different algorithms such as fast sweep, discrete sweep and interpolating sweep. The
discrete sweep gives an accurate solution, however, it calculates a full solution to the frequency band
given at every frequency separately using the last (or converged) mesh, and that increases the solution
time and limits the number of frequency steps to scan the full desired frequency range. On the other
side, a fast sweep can be performed, which uses an Adaptive Lanczos-Pade Sweep (ALPS) based
solver that extrapolates the entire bandwidth solution from the center frequency[293]. As soon as the
center frequency is computed, and the frequency band is extrapolated, a high number of frequency

points can be assigned and calculated without a penalty.
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Figure 5.9. Fast and discrete frequency sweep solutions.

And, as a rule-of-thumb in this study, up to a 4 GHz frequency band is suggested to sweep the

frequency with high efficiency. As another alternative for frequency sweep, interpolating can be
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performed, which solves at discrete frequency points that are fit by interpolating. The solver

determines the frequency solution based on the error in the interpolation between consecutive passes.

In Figure 5.9, for a given frequency band, fast and discrete sweep algorithms are compared, and a
good solution accuracy is obtained for both types. Since a large frequency range is observed to be
calculated in a shorter time, with a large number of frequency steps, the fast sweep is used in the

simulations.

5.5 EQUIVALENT CIRCUIT MODEL

The structure can be modeled as lumped element circuitry as depicted in Figure 5.10. Z;, shows the
input impedance due to the excitation (outer loop) transmission line. Router and Louter represent the
losses of the excitation loop by means of conduction and radiation, and the inductance of the outer
loop, respectively. For the inner loop which has the split, similarly, due to current circulation, it has
inductance as represented by Lsrr. Ry @and Ry denote the conductive losses and radiated losses on the
inner loop, respectively; while Rq shows the dielectric loss caused by the droplet on top of spiral
capacitive region which has a capacitance of Csgr. If a change happens in the dielectric constant of
the fluid, this will be reflected by a change at Csrr, While a change in the imaginary part of the fluid’s
permittivity will be revealed through Rq, where the power dissipation in Rq is converted to heat.

outer outer LSRR RCu+ R

S Y

Figure 5.10. Equivalent circuit model of microwave heating/sensing structure [292].

The input impedance can be defined as [292],

w?*M?
Zy

Zin = Royter + jWLoyter + (6)

and
Ry

Z, =Ry + Ry + jwLggg + ——————
r Cu T ] SRR 1+ijSRRRd

(7)
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where M shows the mutual inductance and Z; is the impedance at the inner loop.

5.6 ANALYSIS OF PASSIVATION LAYER EFFECT

It is clear that the dielectric properties of microfluidic chip components effect the sensing and heating
performance of the system. However, the passivation layer used between the microwave transmission
lines and the droplet also has a dominant effect. The passivation layer is used in many applications of
electrode-liquid based fluidic systems in order to prevent contamination, to make all the channel walls
same material, and to prevent short circuits from occurring if capacitive electrodes are in use. The
electromagnetic interaction between the droplet and the electric field, generated by the microwave

resonator, is also a function of the distance between them. In Figure 5.11 and Figure 5.12 below, the
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Figure 5.11 Resonance frequency vs passivation layer thickness.

effect of passivation layer thickness (yp) on the resonance frequency (frs) and absorbed power inside
droplet (Pq.bs) are shown for case 1 listed in Table 5.2. Otherwise stated throughout the chapter,
channel height (Hp), channel width (Wp) and droplet length (Lp) are kept at 40m, 200m and
400pm, respectively. As passivation layer thickness increases, the absorbed power decreases
dramatically. For thicker y, the absorbed power in the droplet does not change too much. This is due
to that the droplet is far away from the capacitive region and further increase of y, has less impact.
Similarly, resonance frequency of the sensor is effected by v, significantly at lower passivation layer

thicknesses, however, it saturates and shows an asymptotic behavior at higher y,. Thus, the
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passivation layer thickness is always under investigation in this study.

Pd abs (W]

Frequency (GHz)

Figure 5.12 Effect of passivation layer on absorbed power inside droplet.

5.7 EFFECT OF LOSS TANGENT OF THE SUBSTRATE

In order to evaluate the effects of the loss tangent and permittivity of the substrate and the chip
material, combinations of the parameters listed in Table 5.2 are investigated. These parameters reflect
the materials used for a generic microfluidic system. For typical glass, polydimethylsiloxane (PDMS),
polycarbonate (PC) and polymethylmethacrylate (PMMA) that are used for microfluidic chip
fabrication permittivity falls in the range of €=2.5-5, and loss tangent has a range of tan6=0.005-0.06.
And the combinations are used for the numerical analysis of these effects on heating and sensing

efficiency.

Figure 5.13 shows the effect of loss tangent of the substrate on absorbed power in droplet for different
passivation layer thicknesses. The effect of tandsups Can be analyzed in comparison to lossless case.
The cases 1 to 5 from Table 5.2 can be observed for this analysis. Although increasing tandsuns
decreases the heat generation inside the droplet, the reduction rate is not the same for different y,
values. At y,=2 um, a 17.9% decrease in heating occurs when tandsus is 0.01 compared to lossless
condition. When tandsus IS further increased to 0.02 (which is doubled), the power absorption inside
droplet is not doubled, however, reduces 32.17% further. On the other hand, for thicker passivation

layer thicknesses, the decrease in absorbed power is almost constant. This is due to the fact that the
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droplet is far enough from the heater, which means the effect of distance is almost eliminated, and the

reduction in heat is mainly due to the increase in tandsups.
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Figure 5.13. Loss tangent of substrate versus absorbed power.

Although tandsns has an effect on the heating efficiency, it does not dramatically reduce the
efficiency. At lower yp values (e.g., yp=2) with high loss (tandsuns=0.02) still over 35% of the
excitation power can be confined inside the droplet. However, for critical heating applications and
better efficiency, low-loss substrate material should be used. Additionally, tandsus did not show any

significant impact on the resonance frequency.

Table 5.2. Various combinations of chip and substrate material dielectric properties.

Case  &subs tandsups Echip tandcnip
155 0 3 0
2|55 0.001 3 0
3155 0.005 3 0
4155 0.01 3 0
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5155 0.02 3 0
6|3 0 3 0
77 0 3 0
810 0 3 0
955 0.01 1.5 0
10 | 55 0.01 2.5 0
11 | 55 0.01 4 0
12 | 55 0.01 55 0
13 |55 0.01 8 0
14 | 5.5 0.01 10 0
15|55 0.01 15 0
16 | 5.5 0.01 20 0
17 | 5.5 0.01 25 0
18 | 55 0.01 3 0.015
19 | 55 0.01 3 0.03
20 | 55 0.01 3 0.06

5.8 EFFECT OF PERMITTIVITY OF THE SUBSTRATE

Figure 5.14 reveals that increasing €suss Causes a decline in the resonance frequency. This indicates a
link between esups and Csrr. As described in the section of the Chapter 5.5, due to the spiral gap, a
combined split-ring capacitance occurs which is a combination of the parallel capacitances of the
substrate, the chip, the passivation and the droplet (Csrr=Csubs + Cehip + Cpassv + Carop). A higher

permittivity for the substrate material allows it concentrate more electric field within it, which
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increases the capacitance component of Csuss, and the overall Csgr. According to the relation between

resonance and capacitance change as described by the following equation,

1
B 2mVLC ®)

f

the resonance frequency decreases. Furthermore, for esus=3, a resonance frequency shift of 332 MHz
occurs when v, is increased from 2 to 20, which means that the droplet is moved away from the
substrate and the resonator. However, a 148 MHz of frequency shift occurs for esuns=10 for the same
yprange. This result can be attributed to the fact that since higher permittivity of the substrate
suppresses more electric flux within the substrate, this reduces the disturbance effect of the droplet,
which causes less sensitivity (frequency shift). On the other hand, another notable result is that
absorbed power inside droplet (Pqans) appears to be unaffected by the permittivity of the substrate
material, and the only significant change of absorbed power is seen through the passivation layer

thickness (yp) variation. This is due to that permittivity of the substrate has an impact on Csgrand it
effects the resonance frequency but not the Rq.
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Figure 5.14. Effect of permittivity of substrate on resonance frequency and absorbed power inside
droplet.
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5.9 EFFECT OF PERMITTIVITY OF THE MICROFLUIDIC CHIP MATERIAL

Similar to permittivity effect of the substrate, discussed above, permittivity of the microfluidic chip
material plays a critical role in Csgr. However, the main difference in this situation is that, since the
droplet is encapsulated in the chip material, the permittivity of the chip material is expected to have
more impact on the absorbed power through the droplet and the resonance behavior. In other words,
increasing permittivity of the substrate material concentrates the E-field inside the substrate, which is

in the direction opposite to the droplet; the E-field concentration is towards the droplet location and,
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Figure 5.15. &chip Versus frequency shift.

when permittivity of the chip material increases, this provides more interaction between the droplet
and the electrical energy. Figure 5.15 demonstrates the resonance frequency shift behavior at
different &cnip Values between droplet presence and absence on the resonator for different yp. For lower
&chip values, frequency shift increases by increasing &chip, Which increases the sensitivity of the sensor.
However, after observing a maximum frequency shift around echip=5, further increases of &cnip
decreases the shift. This result is attributed to a decrease in the permittivity contrast between the
droplet and the chip material. Higher values of &cnip get closer to the droplet permittivity (€drop=81)

which decreases the contrast, in regards to equation (9) before and after disturbance in the E-field;
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fres1 = fresz _ - f(ASE).E)))dU
fresa f(SE.E))-I-M—H).H—O))dU

%)

where Eo and E are the electric fields before and after the perturbation, Ho and H are the magnetic
fields before and after the perturbation, frs1 and frs 2 is the resonance frequency before and after the

perturbation, € is the permittivity of the medium and p is the permeability of the medium.

Ultimately, when &chnip reaches the same value as the &qrop, the frequency shift is expected to be zero
since there is no disturbance happening in the E-field due to the droplet. In addition, the combined
effect of the passivation layer and ecnip IS illustrated in Figure 5.16. As expected a thicker passivation
layer increases the resonance frequency since the capacitance of the resonator decreases. At lower
&chip Values, the resonance frequency saturates at around y,=12 to 16 so that the passivation layer
thickness does not change the resonance frequency significantly. This saturation effect is seen at even
thinner y, values with increasing scnip. This observation can be accounted for the compensated
capacitance difference by Cenip. When the passivation layer thickness increases, this causes lowering
of the Csrr, yet increase in &cnip raises Csrr, and this compensates for the effect of y, at higher &chip
values. Another noticeable result is that a higher ecnip dramatically reduces the resonance frequency;
while fies is around 2.6 GHz for €chip=1.5 at yp=2, it goes down to 1.2 GHz at &chip=25, which is due to
its effect on capacitance, as explained previously.

In the meantime, the effect of €cnip ON the heating efficiency can be followed from Figure 5.17 by
comparing Cases 9-17 in Table 5.2. Figure 5.17 reveals that permittivity of the chip material has a
strong influence on the heating performance, and higher &cnip Values increases the heating. For values
of echip =5 and below, a steep fall occurs in heating as passivation layer thickness increases. At thicker
v values (yp >16) and small &cnip Values of 2.5 and less, the heating efficiency almost levels off.
However, for higher values of ecip =~5 and above, heating keeps rising up to a maximum, then
gradually decreases with increasing yp. Especially, for ;=8 and above a sharp rise in heating
performance occurs at the beginning until an optimum value, in parallel with vyp, is reached. It is rather
clear that a higher permittivity of the chip material confines more E-field and electrical energy inside
the droplet and the chip itself, instead of in the substrate, and this helps with the dissipation of the
energy within the droplet. Besides, higher ecnip Values alleviates the decay constant of evanescent
waves [292],[294],[295].
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Figure 5.16. Combined effect of passivation layer and echip On resonance frequency.
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Evanescent waves (or evanescent fields) do not propagate as an electromagnetic wave but they
oscillate and concentrate close vicinity of the surface. Evanescent waves from the surface die off
exponentially in normal circumstances. However, these results claim that increasing permittivity
values of the chip material concentrates the E-field within the chip, which extends the penetration of
evanescent fields[292]. It is also worthy to discuss the behavior of the maximum heating with
increasing vy, in detail considering evanescent fields. First, the stepped decrease in droplet heating as
the passivation layer thickness increases, is expected due to the fact that the droplet gets far away
from the microwave electrode, while the evanescent fields decreases. This phenomena is well
observed for low ecnip, @S shown in Figure 5.17. Secondly, as the droplet moves away from surface
(capacitor), the resistance on the capacitor decreases, which makes the capacitor work more ideally,
that increases the quality factor of the resonator. The opposite is also true that when droplet is closer
to the capacitor, the reflection of the sensor increases due to the decrease in the quality factor.
However, a high quality factor does not always mean a higher heating efficiency [292]. The reason
behind this is that, while the quality factor is high, the majority of the E-field may not be concentrated
inside the droplet at high y,. On the other hand, the quality factor may be low due to the droplet being

closer to the capacitor.

When it is closer to the capacitor, the droplet can absorb and accumulate more E-field inside it while
the quality factor is low, compared to a high quality factor situation. This behavior is a consequence
of the coupled relationship among the E-field, yp, and quality factor. Therefore, at higher &chip Values,
increasing v, could cause a higher power absorption by the droplet because of this coupled relation.
The relation of the reflection and vy, is shown in Figure 5.18 for high permittivity case (gcnip=20, case
16 in Table 5.2).

5.10 EFFECT OF LOSS TANGENT OF THE MICROFLUIDIC CHIP MATERIAL

The influences of loss tangent of the chip material on the heating and sensing characteristics of the
device are investigated for different passivation layer thicknesses in comparison to the lossless case.
Droplet power absorption and the resonance frequency behavior are presented in Figure 5.19 as a
function of vy, for cases 18-20, compared to case 4 in Table 5.2. PDMS is the most common material
used in microfluidic chip fabrication, and it is set at tandcnip=0.015 in this study. In order to cover
other materials to be used in chip fabrication, and analyze the effect of loss tangent, the combinations

of material properties are shown in Table 5.2.
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Figure 5.18. Reflection coefficient versus frequency behavior for different vy, at echip=20. Higher y,
increases the quality factor.
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Figure 5.19. Effect of tandchip on heating efficiency of droplet as a function of .
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As can be followed from Figure 5.19, increasing tandcnip decreases the absorbed power inside the
droplet. This is accounted for since, with increasing tandcnip, the energy dissipation ability of the chip
material increases. The portion of the excited power (feeding power to the system) is absorbed by the
chip itself, which causes a reduction in the heat dissipation within droplet. Conversely, the resonance
frequency stays the same for varying tandcnip due to that tandcnip does not have an impact on Csgr.
Instead, it has the major effect on Rq. At y,=2 um, tandenip=0.015 causes a 22% decrease in the
absorbed power, compared to the lossless case. Meanwhile, tandchip=0.03 and tandcnip=0.06 causes a
20% and 45.6% decrease in the absorbed power compared to tandcnip=0.015, respectively. For thicker
passivation layer conditions, the decrease in the heating efficiency is mainly due to vy, the effect of
tandchip becomes less important and is masked by y,. Table 5.3 lists distribution of the absorbed power
in the structure from different sources for the case 4 and cases 18-20 at y,=2. Evaluation of the
absorbed power distribution shows interesting findings on the strong coupling between the effecting
parameters. As expected increasing tandchip decreases the absorbed power through the substrate
(Psubs,abs), as well, besides Pqans. However, increasing tandcnip decreases the conductive loss on the

inner (Reond,inner) and outer (Reond,outer) 100p, While radiated power (Prag) is increased.

Table 5.3 Distribution of the absorbed power in the integrated structure.

Dielectric Conductive Radiated
Loss (W)
Pd,abs Psubs,abs Pchip,abs Rcond,inner Rcond,outer Prad
Case 4 0.4241 0.1195 0 0.2326 0.0089 0.1624
Case 18 0.3306 0.0948 0.1258 0.1817 0.0074 0.1737
Yp=2

Case 19 0.2646 0.0776 0.2040 0.1464 0.0066 0.1821
Case 20 0.1799 0.0555 0.2859 0.1008 0.0055 0.1965

These results propose that, as long as there are available fabrication techniques to make microfluidic

chips, choosing a low loss chip material is a better option for microfluidics/droplet heating purposes.

5.11 EFFecT oF WD, LD AND HD

Dielectric properties of the chip materials and their combinations have great importance on the

heating and sensing characteristics, as presented above. In addition, the disturbance and concentration
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of the E-field that is in close vicinity to the microwave resonator is also another aspect that effects the
device performance. This is caused, in droplet microfluidics/Lab-on-a-chip platforms, through the
channel geometry, droplet size, aspect ratio and the passivation layer thickness. In this study, the
droplet regime is taken as operating within the squeezing regime, where droplet fills the entire
microchannel. Thus, the droplet or channel width (Wp) and height (Hp) represent the same
geometrical parameters. Moreover, the length of the droplet (Lp) should be considered. In this regard,
the effect of channel height and width as well as droplet length are investigated on the resonance
frequency and the heating behavior.
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Figure 5.20. Effect of channel width on resonance frequency along with vp.

Figure 5.20 shows the effect of the channel width on the resonance frequency and vy,. Increasing the
channel width effects the resonance frequency significantly. For instance, the resonance frequency
shifts 318 MHz from yp,=2 to 20 at Wp=400pm, while it shifts only 64 MHz for the same vy, range and
at Wp=50pm. Although, the majority of the capacitance happens between the legs of the spiral
design, the junction region which connects the spiral design to the inner (split) inner has capacitance
as well. This is the reason that increasing Wp increases Csrg, Which reduces f. On the other hand

narrower channel width only disturbs small portion of the spiral capacitive discontinuity that causes
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less effect on Csrr, and this almost eliminates the effect of yp on f; for narrower channel width case

(e.g., Wp=50pm).
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Figure 5.21. Absorbed power within droplet versus Wp and vp.

For the heating characteristics, the effect of Wp presents an interesting behavior (see Figure 5.21). A
Wy value wider than the resonator size, demonstrates a similar impact as the higher &chip effect does,
as was analyzed above (Figure 5.17). A constant decrease is expected in the absorbed power within
the droplet as vy, increases due to that droplet moves away from the resonator. However, while this is
true up to Wp and the resonator sizes (spiral gap) are the same, for larger values of Wp, than that of
the spiral gap, as yp increases initially Pq.ans increases. Then after a maximum is reached, it starts
decreasing, but the decrease is not sharp compared to the case that Wp is smaller than the spiral gap.

This result suggests that, at relatively higher vy, values, better heating performances can be obtained.

As can be seen from Figure 5.22, droplet length has negligible influence on the absorbed power and
the resonance frequency. This result suggests that as long as Lp is larger than the size of the spiral

gap, fres and P ans keep the same sensing and heating performance. However, since the absorbed power
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is the same for different Lp, and longer droplet length means higher volume of the droplet, the
temperature of the droplets will be different.
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Figure 5.22. Effect of Lp on fres and Py aps.

Interestingly, a similar results are observed for the effect of the channel height, Hp. For a range of Hp
between 20 and 100pum, channel height has negligible impact on the absorbed power by the droplet
and the resonance frequency behavior (see Figure 5.23). However, as mentioned above, due to that
droplet volume varies with Hp, temperature of the droplets at different channel height values will be
different.
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Figure 5.25. Mutual coupling effect on quality factor and Pg.ass for a) yp=2, b) y,=4

and c) yp=8.
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Additionally, the effect of Hp on the resonance frequency shift is investigated for the presence and
absence of the droplet over the microwave resonator. This case simulates the resonator sensitivity for
a permittivity change between 81 (droplet permittivity) and 2.1 (oil permittivity). A noticeable
frequency shift is observed between different Hp values when vy, is lower than 6m. Increasing
channel height causes a larger frequency shift for this range of yp. At y,=2 and Hp=100, droplet
presence over the resonator causes a 271 MHz frequency shift (see Figure 5.24).

5.12 MUTUAL COUPLING EFFECT

Subsequently, mutual coupling effect between the excitation (outer) and split (inner) loop is analyzed
through the variation of separation distance (dsep) between the two loops. Figure 5.25 demonstrates
the effect of dsp On the quality factor of the resonator and the absorbed power through the droplet at
different y,. Results indicate that as yp increases the optimum dsep Switches to larger separation
distances. For example, at y,=2, while the quality factor is around 50 for dse,=1.7, it increases beyond
300 for dsep=0.9 at the same vyp. Likewise, the absorbed power increases by 13% with the change of
the distance from dsep=1.7 t0 dsep=0.9. For optimum heating and sensing performance, it necessary to
consider the separation distance between the loops corresponding to the passivation layer thickness
used.

5.13 CONCLUSIONS

A numeric and parametrical analysis in order to understand better the performance of the integrated
platform, the microwave resonator structure and the behavior of the dielectric properties of the
microfluidic chip components on sensing and heating efficiency are investigated. Since the sensor is
operating at high frequencies, the design of the system is very sensitive to these parameters such that
any improper design may cause sharp performance damping than the actual capability of the device.
In order to control the microwave sensing and heating functionalities for an appropriate Lab-on-a-

chip platform development, findings in this study can be used as a guidance.

Nomenclature

PDMS Polydimethylsiloxane
E Electric field
H Magnetic field
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Lo

Hp
Osep
Q

Impedance

Maximum change in consecutive S-parameter calculation
Inductance

Capacitance

Inductance on inner (split) loop

Inductance on outer (excitation) loop

Capacitance due to the spiral gap

Capacitance due to the substrate

Capacitance due to the chip mold

Capacitance due to the passivation layer

Capacitance due to the droplet

Input impedance

Impedance at the inner loop

Mutual capacitance

Resistance due to conductive losses

Resistance due to radiation

Resistance due to dielectric loss within the spiral capacitor
Frequency (GHz)

Resonance frequency (GHz)

Frequency shift (MHz)

Absorbed power through the droplet (W)

Absorbed power through the substrate (W)

Absorbed power through the chip (W)

Radiated power (W)

Conductive loss in the inner loop (W)

Conductive loss in the outer loop (W)

Microchannel and droplet width (pm)

Droplet length (jam)

Droplet and channel height (jum)

Separation distance between the inner and outer loops (jam)

Quality factor

121



Symbols

m

> g T a

Vp
Echip

Esubs
tanachip

tandsubs

permittivity

conductivity

permeability

angular frequency

wavelength

passivation layer thickness (jm)
permittivity of chip material
permittivity of substrate material

loss tangent of chip material

loss tangent of substrate material
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Chapter 6

EFFECTIVE THERMO-CAPILLARY MIXING IN DROPLET

MICROFLUIDICS INTEGRATED WITH MICROWAVE HEATER?

6.1 MOTIVATION

In many microfluidic applications rapid, on-demand mixing is crucial because of the need of
homogenization of multiple reagents in bio-chemical reactions, drug delivery and synthesis of nucleic
acids, as well as dissolving enzymes and proteins in liquids where analysis take place[296,297].

However, mixing in microfluidics is challenging due to its laminar flow nature and is often dominated

3 The contents of this chapter have been previously published in Analytical Chemistry (ACS) 89, 1978-1984
(2017), by Yesiloz G., Boybay M.S. and Ren C.L., as “Effective Thermo-Capillary Mixing in Droplet
Microfluidics Integrated with a Microwave Heater”. G.Y. launched the idea and methodology, designed and
executed experiments; G.Y. and C.L.R. worked on evaluation of the results, fostered by M.S.B.; G.Y and
C.L.R. contributed to the paper writing.
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by molecular diffusion. For this reason, many strategies have been reported[298-300] to enhance

mixing using different methods as outlined in recent review articles[301-302].

In general, microfluidic mixing mechanisms can be classified as active and passive methods, while
active techniques utilize external forces to perturb the fluid flow, passive techniques rely on particular
microchannel designs to increase con-tact time or area between different reagents[50,302]. Most
passive mixing methods employ one or a combination of several of the following techniques:
splitting-and-recombination, chaotic advection, serial and parallel lamination, serpentine channels,
injection and droplets[303-304]. Although passive methods operate without the need for additional
external components, they have limitations such as long mixing lengths (> a few centimeters) which
may result in unmixed regions and low efficiency for mixing highly viscous fluids[304-305]. In
addition, fabrication of such mixers likely experience higher risks for failure due to their complex
channel configurations. In contrast, active methods have the potential to overcome these limitations
with the cost of incorporating active control components to induce external disturbance to the flow.
Common active methods for microfluidic mixing include dielectrophoresis[306],[307], electro-
kinetics[308-310], magneto-hydrodynamics[311-314], thermal[315-316], pressure[317-318] and
acoustics[319-323]. Despite the success of various active mixing methods, there are still challenges
for achieving rapid mixing, usually limited by the actuation and response time of the system[305].
Effective mixing of highly viscous fluids often requires increasing the magnitude of the external
source and thus power consumption[305]. Integration of active control components with a single

microfluidic chip also remains a challenge as well due to relatively large system footprints.

It is well known that rapid mixing can be achieved in droplet microfluidics because of the three-
dimensional (3D) flow occurring within them. However, 3D flow only occurs within each half of the
droplet[324-326] if they are travelling through straight channels and mass transfer in the transversal
direction still relies on molecular diffusion as shown by the measured flow pattern in droplets using
PIV techniques[324]. Boybay et al. [260] attempted to employ microwave heating to mix two halves
of a droplet, one half filled with fluorescent dye and the other pure water, but failed unfortunately.
Mixing of the reagents within the entire droplet is usually realized by pumping it through serpentine
channels[327], which induces 3D flow within the entire droplet or by agitating it using active means
such as laser or acoustic wave. With the promising potential of droplet microfluidics as enabling tools
for high throughput analysis, developing methods to achieve rapid mixing within droplets without the

need for long or serpentine channels is important.
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For this reason, in this study, a microwave based thermocapillary microfluidic mixer that enables
almost instantaneous mixing, requires simple integration with microfluidic devices, and consumes
less than 0.5W of power is presented. It is demonstrated that it has excellent performance in mixing
highly viscous fluids within nanoliter-sized droplets. More importantly, this microwave mixer can
also trigger and initiate reactions at the same time of mixing using the microwave energy. To the best
of my knowledge, thermo-capillary mixing of droplets via an integrated microwave source is the first
time to be successfully achieved. This work demonstrates a very unique approach of utilizing

microwave sensor technology to facilitate in microfluidics mixing.

6.2 METHODOLOGY

6.2.1 MATERIALS AND EXPERIMENTAL METHODS

The experimental setup consists of a microfluidic chip integrated with a microwave resonator, which
is the heater as well, a microwave signal generator (HMC-T2100, Hittite), a vector network analyzer
(VNA) (MS2028C, Anritsu), a fluid pumping unit (Fluigent MFCS-8C) and an inverted microscope
(Eclipse Ti, Nikon) equipped with a CCD camera (Q-imaging). The schematic description of the
integrated mixer unit is demonstrated in Figure 6.1, where the microwave heater is a concentric ring
structure with the outer ring excited at a desired operating frequency and provided with power
through the signal generator and the inner ring resonating accordingly. The signal generator was
controlled via a computer and the VNA was used to characterize the microwave resonator. Droplets
were generated using a flow focusing generator where the continuous phase is a fluorinated oil, FC-
40 (Sigma-Aldrich) and the dispersed phase consists of an aqueous solution and the same solution
seeded with fluorescent dye that were flowing side by side before reaching the generator. The
aqueous solution was varied from pure water to a highly viscous liquid, 75% (w/w) glycerol solution,
with a viscosity of 35.5 mPas at 20 °C. A Y-channel design was used to generate the side by side
dispersed flow streams. Fluorescent dye, Thioflavin S (ThS) (Sigma-Aldrich) was used to seed one of
the flow streams and the mixing performance was evaluated using the fluorescent images obtained
through the microscope and CCD camera. The acquired images were processed using ImageJ
(National Institute of Health, MD, USA).
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PDMS

channel

Figure 6.1 Schematic description of the microfluidic mixer.

6.2.2 DEVICE FABRICATION

The mixing device consists of a PDMS mold with the designed microchannels for droplet generation
and transport and a microwave sensor; a glass base with the microwave components. On top of the
microwave sensor is a thin layer of SiO2, which was coated on the sensor using magnetron sputtering
(AJA Orion 5) techniques. This layer was designed to prevent direct contact between the working
fluids and metal-made sensor to avoid any contamination. Its thickness is around 500 nm, which is
estimated using the protocol of the sputtering system. The electrical traces for the microwave

components were fabricated using a combination of photolithography and electroplating.

Briefly, the positive photoresist, S1813 (Rohm-Haas), was spin-coated at 1500 rpm for 60 s onto a 50
nm thick copper film (EMF Corporation) that had been predeposited on a glass slide and then baked
at 95 <C for 120 s. The design was patterned into the photoresist via UV lithography and subsequently
developed with MF-319 (Rohm-Haas) for 2 min. The patterned slide is then immersed in an acidic
copper electroplating solution (0.2 M CuS04, 0.1 M H3BO3, and 0.1 M H2S04) and electroplated at
2 mA for 5 min and 4 mA for 10 min. After electroplating, the photoresist was removed with acetone
leaving an electroplated copper film approximately 2 um thick. Next, the base layer of predeposited
copper was removed by etching with dilute ferric chloride (5%) (MG Chemicals). SiO2 was deposited
on top of it. A subminiature version A (SMA) connector (Tab Contact, Johnson Components) was

then soldered to the electrodes of the microwave components to provide an external connection to the
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microwave signal generator. For the fabrication of microfluidic chips, SU-8 masters were fabricated
on silicon wafers using the same soft-lithography technique developed previously. In order to make
PDMS replica molds, PDMS prepolymer was mixed at a 10:1 ratio of base to curing agent, degassed,
and molded against the SU-8/ silicon master and then cured at 95 <C for 2 h. The molds were then
peeled off from the master, and fluidic access holes were made using a 1.5 mm biopsy punch. Both
the finished microwave components and the PDMS mold were then treated with oxygen plasma at
29.7 W, 500 mTorr for 30 s. The plasma treatment process renders PDMS hydrophilic; however, for
generating water in oil droplets stably, the PDMS channels need to be hydrophobic which was
realized by coating Aquapel (PPG Industries) onto the channel surface.

6.3 MIXING MECHANISM AND DEVICE WORKING PRINCIPLE

The working principle of the microwave-microfluidic mixing device is shown in Figure 6.1. Droplets
are transported through a straight microchannel and when there is not any disturbance, two symmetric
counter-rotating recirculation zones are formed in each half of the droplet, which creates a barrier
limiting the mixing between the two halves through diffusion. The flow topology and internal
dynamics inside droplets were studied in detail elsewhere[325],[326] using |£P1V techniques. A
complete mixing happens when these two halves are agitated in the cross-stream direction. The
essential element and main trigger of the mixing, herein, is the localized microwave heater, which

works as a microwave resonator fundamentally.

The resonator structure is made of two concentric copper loops similar to the one presented
previously[281],[328]. Microwave signal is excited via the outer coplanar transmission line loop,
which supplies a time-varying oscillating current circulating around the loop and a magnetic field
passing through the loop. The inner loop with a small gap constructs the resonator and the
microchannel where droplets are passing through is aligned on top of this gap perpendicularly.
Microwave energy is inductively coupled to the resonator by the excitation loop and there is no
physical contact between the two loops. In this microwave structure, the electric field energy is stored
within the capacitor of the resonator (the spiral region) and the magnetic field energy is stored in the
inductor of the resonator. When there is a perturbation in the permittivity of the medium, the
resonance frequency of the microwave structure shifts. For example, when a droplet with aqueous
solutions enters the resonator region, it causes a shift in the operating frequency because of its

different electrical properties from those of the continuous oil phase. This shift could be used to sense
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the droplet content and heat the droplet if power is supplied to the resonator only at the shifted
frequency associated with the droplet content. After the droplet completely leaves the resonator
region, the operating frequency shifts back to that associated with the oil and no energy is received.

Therefore, the microwave heating is self-triggered, remote and selective.

The electrical field in the resonator region is three-dimensionally nonuniform as shown in Figure
6.2[329], which is a numerical prediction using a commercial software, Ansys HFSS. It can be seen
that the spiral region has a high and intense E field and the rest of the structure holds very weak E
field, which is negligible in comparison to the spiral. This confined electric energy is transferred to
droplets with the relation be-tween the volumetric power and the electric field intensity by the
following equation

1 "
P= S WEE |E|? @)

where o is the angular frequency, €o the permittivity of free space, €" the imaginary part of the
relative permittivity and E the electric field intensity. For further analysis, the distribution of volume
loss density inside droplet and the electric field at different magnitudes can be found in Figure 6.2 and
Figure 6.3, respectively.

The nonuniform energy distribution within droplets results in nonuniform temperature distribution
which induces spatial variation in fluid properties such as density, viscosity, diffusion coefficient and
interfacial tension. The temperature-dependent fluid properties induce cross-stream flow enhancing
3D mixing within droplets. In general, when a droplet is passing through a straight channel without
any external disturbance, the mixing is governed by symmetries in the flow that brings invariant
surfaces which causes suppressed mixing[299],[330]. Grigoriev et al.[299] presented a theoretical
analysis on the existence of invariant surfaces inside droplets and reported that the presence of chaotic
advection does not guarantee a full mixing, which requires a mechanism to destroy the symmetry
(flow invariant). The microwave induced spatially non-uniform temperature distribution over the
entire droplet over-comes symmetries resulting in 3D mixing. Moreover, the motion of droplet
dynamically influence the electrical field which further enhances the chaotic motion and thus mixing
within the droplet.

The mixing mechanism is a complex phenomenon involving the understanding of nonuniform
electrical field, non-uniform energy distribution within droplets and their strong dynamic coupling,

which is beyond the scope of this study. In order to shed light on the mixing mechanism, magnitude
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analysis on the influencing parameters is performed using the Buckingham Pi
theorem[331],[332],[333], which is presented below.
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Figure 6.2 Operating mechanism of the microfluidic mixer, nonuniform electrical field and

volume loss density distribution inside droplet[329].
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Figure 6.3 Along the y-direction, which is across the droplet (channel) width, high electrical field
peaks occur at the edges of the spiral legs, which results in non-uniform heat dissipation inside the

droplet.
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6.4 BUCKINGHAM PI THEOREM FOR ANALYSIS OF COMPETING FORCES

Mixing index (MI) that indicates the mixing efficiency is influenced by both the fluid properties and

operating conditions, which can generally be described as,

MI = f(Pexc: v, Ug, i, p, @, Ddifv La, Lew, L, Ldis) (2)

where Pexc [W] denotes the microwave excitation power, y [N/m] the interfacial tension, Ug [m/s] the
droplet velocity, pi[mPa.s], p [kg/m®], and a [m?/s] the dynamic viscosity, density, and thermal
diffusivity of the droplet material respectively, Dair [m?/s] the diffusion coefficient of the fluorescent
dye, Lq [m], Lew [m] and Ly [M] the droplet length, width and height respectively, and Lgis [m] the
distance that a droplet needs to travel to achieve homogenization. In this study droplet generation was
in the squeezing regime[287] where droplets are filled almost the entire cross-section of the channel
leaving a very thin film (~ 2% of channel width) of the continuous phase between the droplets and
channel walls. Therefore, the droplet width and height are also representing channel width and height.
Detailed derivations of the dimensionless groups are presented below.

There are 12 (n=12) variables and the dimensions of each variable are defined as follows in Table 6.1:

Table 6.1. Pi theorem variables and dimensions.

MI |P o L, a Dy
MIT? | MT? L | DT | LT

LT | M7 | ME? |1 L L

Three dimensions {M,L,T} which are mass, length and time, respectively are involved in this
problem. By choosing the same number of repeating variables as the number of the dimensions such
as j=3, the parameters can be nondimensionalized which will help further understand the key
influencing parameters. In this study, p, Dair and Lcw are chosen as the repeating variables, which will

result in 9 independent IT groups, such as k=n-j=9, described as below;

I, = (l’l)a- (Ddif)b- (Lcw)c-Pexc = M°LT®
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_ Pexc: Lew

I, =
u.Daif”

for convenience,

*

1, g = (I1,).10™" =P,

— Texc

and similarly,

IT, = ()" (Dyy )b'(Lcw)C'Ud =M°LT®
[T, =U4L,,, / Dy =Pe

T, = (1)*.(Dy; ).(Ly,)°.p = MOLT®

I, = P-Dgy
7
modifying 13 as

M, =1/T1, = pg =S¢
*=dif

groups the Schmidt number. Likewise,

T, = ()" (Dyy )" (L ).y = Lo
14Dy

M, = ()" Dy )* (L) :[;L_ ~Le

where Le denotes the Lewis number. And, to produce I14 into a better established I1, Is can be

performed as[331]
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D,
I, g = (IT, /T15) =@_i= 7L
1Dy Mo

considering the Marangoni number,

Ma = _d_7/£
dT ua

where AT denotes temperature difference, and assuming the average change in interfacial tension as

(Y-y0) before and after heating, respectively

(}/_7/ )'Lcw *
| :ﬂ—°a=7

which groups non-dimensional y* as the effect of interfacial tension on mixing with the competition

of viscous forces in a similar way. In addition, other IT groups form as,

g = Eis = L*dis
11, =i= L*c
LCW

L .
I, :L_d: Ly
1, = Ml

Hence, the mixing index can be stated as a function of

MI = f(Pyy.,Y", Sc, Pe,Le, Ly, Ly, Ly;is) 3)

where, in summary,
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Herein, Pe, Sc, and Le stand for Peclet number, Schmidt number, and Lewis number, respectively.
For a given set of geometric and flow conditions, droplet size can be considered uniform. The main
focus would then be evaluating the relative importance of different driving forces for mixing.
Considering the ThS dye with a nominal radius of 0.4nm in the glycerol solution (75% w/w) with a
dynamic viscosity of 22.7 [mPas], its diffusion coefficient can be estimated as 2.27 x 10** [m?/s] at
22 °C [334], which could increase to 2.06 x 102° [m?/s] when temperature is increased to 87°C. For
the power used in this study ranging from 24 - 27dbm (0.25 to 0.50 watts), the measured temperature
change ranged from 47°C to 65 °C above room temperature (see Figure 6.4) which results in the
highest temperature of 87°C. Based on this temperature range, the Sc number which indicates the
competition between viscous and mass diffusivity ranged from 7.93x10° to 1.49x10* meaning that
viscous diffusivity is more important. Similarly, the Pe number which indicates the competition
between convection and mass diffusion ranged from 2196 to 251 suggests convection is more
dominant than mass diffusion, the Lewis number that indicates the relative importance between
thermal and mass diffusion ranged from 3805 to 358 suggesting that thermal diffusion is dominant
over mass diffusion. Comparing these three numbers, viscous diffusion is relatively more dominant
than the others. By examining the dimensionless interfacial tension which indicates the competition
between interfacial tension and viscous and thermal diffusivities, it is found that it varies from almost
zero when no heating to ~4500 with the maximum heating. It suggests that when temperature
increases, interfacial tension force is mainly dominant over all the other driving forces. The thermally
induced interfacial tension gradient results in strong Marangoni effect over the droplet interface in a
massive, 3D manner[298],[335]. As a result, 3D flow is induced within the droplet which leads to

almost instantaneous mixing as shown in Figure 6.5.
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Figure 6.4 Estimation of temperature change with respect to applied excitation power using

fluorescence thermometry technique.

6.5 EXPERIMENTAL RESULTS

To demonstrate the mixing efficiency of the microwave based microfluidic mixer, droplets with half
doped with ThS dye are generated in a straight microchannel, where the channel width and height are
fixed to be 200 um and 50 um, respectively. As illustrated in Figure 6.1, a combination of Y-channel
and flow focusing design was used to form the droplets where the two fluid inlets from the Y-channel
form the dispersed phase and a perpendicular oil stream serving as the continuous phase pinches off
droplets. In the experiments, fluids were pumped through a pressure system. In order to demonstrate
its mixing performance on regular and highly viscous aqueous solutions, both water and 75% (w/w)
glycerol solutions were used as the continuous phase. Figure 6.6 shows the mixing of droplets with
the glycerol solution when they are passing by the microwave resonator at different time lapses under
the on/off scenarios of the microwave. Cross-stream mixing between the two halves of droplets is
negligible when the microwave resonator is off while mixing is almost instantaneous when the

microwave resonator is on.
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Figure 6.5 Droplets are moving and passing over the microwave heater. Microwave heating

initiates mixing between the two halves and agitates flow pattern inside the droplet, which

helps stirring the two halves of the droplet.

As discussed by Muradoglu and Stone[297], and Wiggins and Ottino[336], the required condition to

produce chaotic advection is to have time-dependent cross-stream flow motion. As seen in Figure 6.5,

while the droplet enters the resonator region and starts receiving heating, the dye in the front region is
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pulled cross the flow stream towards the upper half of the droplet by following the resonator shape.
This stirring phenomena should occur in the height direction as well as suggested by the non-uniform
electrical field in this direction shown in Figure 6.2. It is also noted that while mixing is happening in
the front region, the back of the droplet is almost unaffected since it is not being heated yet. As
droplet keeps sweeping through the resonator region, the time-varying Marangoni effect induces 3D
motion over the entire droplets resulting in chaotic mixing. A video showing the microwave agitation
event with the comparison of the resonator being on and off can be found in video appendix-D and
V3). Quantitative analysis of mixing was also done by measuring the fluorescent intensity profiles of
the images. In Figure 6.6, the intensity profiles across the droplet width before and after mixing cases
are denoted. The image showing complete mixing is taken from the third droplet in Figure 6.5. It is
clearly seen that the fluorescent intensity is relatively homogeneous across the entire droplet width.
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Figure 6.6 Mixing in the absence and presence of microwaves.

It should be noted that rapid mixing is difficult to obtain in microfluidics, which could take a
significantly longer time than the microwave-assisted mixer presented here. For example, the mixing
time driven by pure diffusion can be estimated by tp = I?/D, where tp is the time elapsed since

diffusion starts, | the characteristic length which could be considered as the channel width in this

137



study as diffusion occurs between two halves of the droplets that are aligned side-by-side in the width
direction, and D the diffusion coefficient of the fluorescent dye, ThS. Then the time scale to reach full
mixing is estimated as 1762 s considering | = 200 um and D = 2.27 <107 m%/s, which is 3 orders of
magnitude longer than the mixing time achieved here (i.e., less than 1 s). Although mixing occurs
almost instantaneously when a droplet enters the resonator region, thorough mixing is achieved after
the droplet travels a few hundred micrometers away from the resonator, as shown in Figure 6.5. When
temperature increases which can be achieved by increasing the input power to the resonator, the
Marangoni effect is stronger which should result in faster mixing. In other words, thorough mixing
could occur within a shorter distance when the input power is higher. In order to quantitatively
investigate the effect of the input power on mixing, mixing index is calculated based on the following
equation[296]:

I®) 20, 1y

Iav

MI=1-

C)

where I; is the fluorescent intensity of each point, l., the average intensity and n the total number of
the pixels. An in-house written Matlab code was used to calculate the mixing index by scanning the
fluorescent intensity values over the entire droplet. The mesh of the droplet can be seen in Figure 6.7.

droplet
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Figure 6.7 Mixing index calculation.

in the calculation of the mixing index for a droplet, fluorescent intensity values were scanned using
the Matlab code along the droplet length for a corresponding y-pixel line and averaged to reduce a
single value. Then, a matrix of li = [liy] (1) x (y-pixels) along the droplet width is obtained and using

eg. (4) the mixing index was calculated. lav was the average of li.

138



Figure 6.8 shows the effect of the input power on the mixing index where x-axis is the distance that
the droplet travelled after completely leaving the resonator region (the edge of the resonator is marked
as x=0 in Figure 6.1), which is scaled by the droplet width. It can be seen that the mixing index
increases with the input power for the same distance that the droplet travelled. In addition, thorough
mixing represented by a mixing index of 0.97 can be achieved after the droplet travelled about two
droplet widths when the input power is as high as 27 dBm while it takes the droplet to travel more
than three droplet widths to achieve full mixing when the input power is reduced to 24 dBm. It is also
noted that when the input power is above 26 dBm, no significant benefits by further increasing the

input power.
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Figure 6.8 Effect of excitation power (dBm) and L*qis on mixing efficiency.

Considering the dominant role of Marangoni effect in microwave mixing, it is beneficial to obtain a
correlation between the mixing index and dimensionless interfacial tension, which could be used for
design guidance. Figure 6.9 shows that the mixing index increases with the dimensionless interfacial
tension which is expected as the higher influence from the interfacial tension, the faster and stronger
mixing. A qualitatively critical interfacial tension is observed, y**=3500, at which the mixing reaches

90%. We obtained an experimental correlation as below,
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MI = [1 — exp(—1.226 x 1073.y*]7:654 (5)

As mentioned earlier, most active mixing methods are based on hydrodynamic disturbance of flow
which is not very effective for mixing highly viscous fluids such as the situation considered in this
study[337],[304]. Therefore, in order to demonstrate the mixing performance of the microwave
resonator, only the images for mixing of highly viscous solution, 75% (w/w) glycerol solution, were
shown. To further examine our microwave based microfluidic mixer, mixing within larger droplets
(meaning longer droplets as they are confined by the channel width) was also studied. Figure 6.10

shows effective mixing occurring within droplets of 750 um long.
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Figure 6.9 Influence of y* on mixing index.
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Figure 6.10 Longer droplets are generated and analyzed for the mixing behavior. a)
Droplets for L*d = 3.75, MI=0.9671, and b) L*d = 2.18, MI1=0.9739 at Pexc=27 dBm.

Droplets are shown when microwave heater is off and on, respectively.

6.6 CONCLUSIONS

In this study, the concept of mixing with microwaves in microfluidic devices, the mechanism of
agitation and mixing, effects of excitation power, relative influence of different forces using Pi
theorem and droplet length were investigated. The mixing platform demonstrated here is simple to
integrate with microfluidics, easy to operate, and provides great potential for mixing in many Lab-on-
a-chip applications that requires rapid and effective mixing. This new mixer may open a new window
for mixing bio-chemical assays. The mixer can trigger and initiate reactions at the same time of
mixing phenomena happening using the microwave energy while many other mixers can do the
mixing function only. This unique approach of utilizing microwave sensor technology to facilitate in
microfluidics mixing is expected to find wide applications in the field of biochemical synthesis and

click-chemistry.
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Chapter 7

MICROWAVE TEMPERATURE MEASUREMENT IN DROPLET AND

SINGLE PHASE MICROFLUIDIC DEVICES*

7.1 MOTIVATION AND OBJECTIVES

The motivation of this study is that although there are various techniques exist for macroscale
temperature measurement, many of those are not applicable to temperature measurement in
microfluidics. In addition, the currently available techniques for microfluidic temperature
measurement still have their own disadvantages and limitations. And, on the other hand, temperature
measurement of droplets in Lab-on-a-Chip/microfluidics applications is even a harder task than that

of single phase microfluidics due to that droplets flow as segmented and isolated pieces in the channel

4 The contents of this chapter have been previously published in Lab on a Chip (RSC) 16, 2192-2197 (2016),

by Wong D., Yesiloz G., Boybay M.S. and Ren C.L., as “Microwave Temperature Measurement in

Microfluidic Devices”. This work was carried out in collaboration with David Wong, a MSc student. G.Y.,

M.S.B. and C.L.R. developed the idea; G.Y. and D.W. designed the methodology; D.W. executed experiments;

G.Y. supervised and assisted with the experiments; D.W., G.Y. and C.L.R. contributed to the paper writing.
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and usually they move fast which requires high response time for the temperature sensor to give
feedback. Another, yet the most important challenge is that, for the measurement of individual droplet
temperature, the temperature measurement tools must be selective and specific to the temperature of
the droplet only not to be effected by the other side temperature variations such as the chip material or
the substrate.

In this regard, considering the challenging task of droplet temperature measurement in
microfluidics and lack of the variety of available techniques for this task, the objective of this study is
leveraging a microwave thermometry technique to measure droplet and single phase temperature,
which is selective only to the fluid in the channel to be measured and the droplets, utilizing and

implementing the advantages of the microwave sensor used in this thesis work.

7.2 INTRODUCTION

Temperature measurement and control is a critical effort in many Lab-on-a-Chip applications that
require precise thermal management as part of device operation[328]. For instance, polymerase chain
reaction requires DNA sample mixtures to be continuously supplied at three different temperature
steps such that 95 °C for denaturing DNA molecules, 72 °C for annealing and 60 °C for extension.
The sensitive control of temperature is essential for DNA replication and long-term chip
performance[338]. In heat transfer control as in isoelectric focusing with thermally generated pH
gradients[339-340] and temperature gradient focusing[341-342] techniques are particularly important
for the analysis[338]. In chemical reactions such as the Reimer-Tiemann reaction, boiling and thermal
runaway issues can be avoided through a quick feedback control that is possible only with presence of
instantaneous temperature measurement. On other circumstances such as quantum dot synthesis,
temperature must be controlled during crystallization in order to attain the desired photoluminescence
peak and full width at half maximum[52], which also requires accurate and precise temperature
measurement for a controlled process. Hence, an immediate and reliable temperature measurement

technique is necessary for on-chip analysis and process control.

Many techniques have been reported for measuring temperature profiles in microfluidic chips[343-
347]. However, precise temperature measurement on the micro-scale is still a difficult task because of
the rapid thermal diffusion and short dissipation timescales or due to complications in micro-
fabrication or size of the probe. Of these, a common technique is the use of a resistance temperature

detector (RTD), which is a simple solution that requires minimal external equipment. The most
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important property of an RTD is its temperature coefficient of resistance (TCR) usually denoted by a.
The TCR is defined as the relative change in resistance per unit change in temperature as described in
[348],

1dR

where R is the resistance and T is the temperature. There are several methods for the measurement of
the resistance of an RTD sensing unit as illustrated in Figure 7.1.
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Figure 7.1. Several methods for measuring the resistance of an RTD sensing element. (a) The 3-
wire connection which is most widely used in commercial RTDs. (b) A 4-wire arrangement for
use with a digital multimeter or lock-in amplifier. (c) 2-wire arrangement in a classical
Wheatstone bridge, which is subject to errors due to the lead resistances. (d) An improved bridge
using the Siemens arrangement. (e) A half-bridge with two differential amplifiers[348].

RTDs are relatively easier to fabricate and suitable for steady state temperature monitoring but the
response time of RTD is slow due to the heat transfer between the sample fluid and the sensor.
Moreover, segmented droplets are often smaller than the sensor footprint required for RTD operation,

resulting in a significant error.

To measure the temperature of the microfluidic sample in situ, methods based on fluorescence
intensity ratio (FIR) are often used. The quantum yield of some fluorescent dyes such as Rhodamine
B is temperature dependent, which allows spatial temperature distribution to be measured with less
than 3.5 <C uncertainty[349],[350]. To improve accuracy, fluorescent systems with an ultralow
temperature coefficient are required[343]. In addition, this method works well with glass-based

materials but is not compatible with porous chip materials such as polydimethylsiloxane (PDMS)
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because dye particles tend to diffuse into and adsorb on channel walls, creating artificial fluorescence
intensities. Driven by the popular use of PDMS for microfluidic chip fabrication and the high spatial

resolution of temperature measurements enabled by Rhodamine B, several techniques have been
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Figure 7.2. Thin film PDMS/Rhodamine B fabrication process proposed by Samy et al.[338] to

overcome adsorption and absorption of Rhodamine B into PDMS.

developed to overcome such challenges[338],[351]. For example, Samy et al.[338] proposed a thin-
film PDMS technique to eliminate dye absorption problem. In this method, they used a PDMS thin
film which is dissolved by Rhodmaine B dye and it is sandwiched between two glass substrates (a
thin glass ~150m), then bonded to a microchannel molded in PDMS as well (see Figure 7.2). Since
the dye is sandwiched and segregated by from the fluid channel, the method prevents diffusion of the
dye, and allows whole chip temperature measurement. However, this method does not eliminate
photobleaching and due to the thin film a direct measurement of the fluid is not measured which
causes error. Also, droplet temperature measurement is not possible through this method. In a later

study, Schreiter et al.[346] demonstrated a robust thin-film thermometry technigque using N,N-bis(2,5-
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di-tertbutylphenyl)-3,4,9,10-perylenedi carboximide (BTBP) dye, as an additional improvement since
this dye-embedded thin-film does not uses a glass cover and directly bonded to microchannels
molded in PDMS. Nevertheless, BTBP thim film preparation is a long process (requires >24 hr) and
still the methods allows to measure the temperature of the thin film rather than temperature in the

channel yet provides a whole chip temperature mapping.

Other molecular probes, such as fluorescein, have no direct temperature dependence on their
fluorescence intensity but have a temperature dependent pH change which could be used to measure
temperature if a pH- temperature sensitive buffer is available for use. As a general temperature probe,
the (CdSe)ZnS quantum dot is superior since its emission and absorption spectra can be tuned during
growth, but synthesis and fabrication into a usable form such as coated beads remain costly[352]. For
instance, Issadore et al.[259] mixed carboxyl coated CdSe nanocrystals inside droplets to measure
droplet temperature in microchannels. Although quantum-dots possess photobleaching effects, the use
of quantum dots in various solvents and instability in different environments limit their use.
Additionally, they may cause toxic effects which restricts their application in biological systems[353].
The major sources of error for all FIR based methods are the non-uniform local probe concentration
and fluctuation in excitation intensity. By employing two different dyes with separate emission
spectra and two simultaneously operating cameras, temperature can be related to the ratio between the
two emission spectra, unaffected by concentration and source fluctuation[354],[355]. If picosecond
photo counting equipment is available, fluorescence lifetime (FL) can be used to measure temperature
instead. This method is not affected by concentration and excitation source and can attain 3D
temperature distribution of 1 <C accuracy[356-357].

As another approach, cholesteric liquid crystals (TLC) are used to measure temperature at 0.1 <C
accuracy at the expense of a narrow operating range[358-360]. Its high accuracy results from a drastic
hue change within a range of 1-2 <C. Despite its high accuracy, the high viscosity and large bead size
after necessary encapsulation have limited the use of TLC in microfluidic devices. Other sensing
methods exist, such as through observing Brownian motion of particles by using micro PIV.
Temperature can be correlated to 23 <C accuracy with this method[361]. Raman spectroscopy can
detect temperature based on stretching modes of a hydrogen bond but suffers from a long acquisition
time of up to 16.5 s due to Raman scattering's inherent weak intensity[362]. Temperature can also be
measured based on acoustic time of flight[363], from changes in refractive index using

interferometry[364], as well as using nuclear magnetic resonance spectroscopy[365].
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Figure 7.3. Schematic description of infrared camera temperature measurement setup[366].

Furthermore, Chandramohan et al. (2017) used a spatiotemporal infrared thermography to measure
spatially resolved interface temperatures of droplets [366]. Even though this study showed a high-
spatial resolution temperature fields and being non-invasive, also requires relatively less equipment
comparing digital holographic interferometry, the technique needs a bulky infrared camera which is
not proper for portable Lab-on-a-Chip platforms for fast temperature measurement (Figure 7.3).
Lastly, in a recent study, Senapati and Nanda (2017) demonstrated a high sensitivity ratiometric
optical temperature sensor using Eu:ZnO nanorods as the sensing material with sub bandgap
excitation[353]. However, as mentioned previously, synthesis of these materials are costly and mixing

them in biological environments for temperature measurements may not be always appropriate.

In this study, a microwave based method is proposed that can measure individual droplet
temperature with accuracy comparable to FIR methods without the need for sample preparation and
requires only a single commercially available device. As demonstrated previously, this device is also
capable of selectively heating individual droplets and content sensing in microfluidic
chips[260],[281].

7.3 THE PRINCIPLE OF THE MICROWAVE TEMPERATURE MEASUREMENT TECHNIQUE

The idea relies on that the permittivity of materials vary by temperature and frequency that can be
calibrated and using this feature temperature can be measured. The complex permittivity of the polar
liquids varies significantly with temperature due to the influence of heat on orientational

polarization[367-368].
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Figure 7.4. The complex relative permittivity of water as a function of frequency, with
variation of the temperature from 0°C to 60°C and frequencies from DC up to 50 GHz. a-
Real part, b- Imaginary part[368].

The behavior of permittivity change of water as a function of frequency at different temperatures
are presented in Figure 7.4 and Figure 7.5.
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7.4 METHODOLOGY AND EXPERIMENTAL

The microwave sensor is composed of two planar concentric ring-shaped electrodes with spiral
capacitive design as demonstrated above. Briefly, the outer ring is connected to a microwave source
via a coaxial cable; the inner ring is electromagnetically coupled to the outer ring. The inner ring has
a capacitive discontinuity that lies over the fluid channel. By detecting the change in the fluid
permittivity, its temperature can be measured. This permittivity change is represented by the sensor's
change in its resonance frequency. Based on the transmission line theory, the sensor can be treated as
a load with complex impedance and temperature can be correlated to the reflective coefficient or
single port scattering parameter (S11) of the sensor as well, which is defined as the ratio between the
incident voltage and the reflected voltage. A spectral measurement of the scattering parameter allows
the extraction of the resonance frequency and quality factor, which in this case indicates the
selectivity at which the microwaves are being absorbed by the working fluid. The resonance
frequency, quality factor, and reflection magnitude are used to establish a relationship with
temperature. The sensor is tested multiple times to demonstrate repeatability and then used to measure
droplet temperature.

The microwave sensor is fabricated from copper coated glass slides (EMF Corporation). The
details of the fabrication protocol can be found in Chapter 3. The glass slide is first patterned with an
S1813 positive photoresist (Rohm-Haas), then electroplated (0.2 M CuSO4, 0.1 M H3BO3 and 0.1 M
H2S04) and etched with ferric chloride to achieve a thickness of around 5 pum. It is then covered with
a thin layer of Sylgard 184 PDMS (Dow Corning) to isolate the electrodes from the working fluid. In
order to prevent evaporation at high temperature, experiments are run at relatively high pressures
which still result in deformation in PDMS channels and inconsistent measurements. The problem was
overcome by adding a hard PDMS layer that contains all the channels. The sandwiched PDMS chip is
fabricated using a standard soft lithography protocol. The channel design consists of a T-junction
droplet generator and serpentines to achieve a residence time beyond 80 s, such that during
calibration, the working fluid is heated to steady state temperature before reaching the microwave
sensor. The chip is assembled using plasma bonding followed by Aquapel surface treatment (PPG
Industries) in order to obtain a hydrophobic surface. A SMA connector (Cinch Connectivity Solutions

Johnson) is soldered on as the last step.

The experimental setup, shown in Figure 7.6[328], consists of a fan for enhanced cooling and a

hotplate (PH-121S, MSA Factory) for measuring and controlling the surface temperature. The

150



hotplate has been recently calibrated and rated for #0.05 <C accuracy and is mounted in an inverted
position to allow microscope observation. The chip is pressed onto the hotplate by spring clips,
separated by glass slides with a total thickness of 4.3 mm. The glass slides are necessary for electrical
insulation. Thermopaste (OT-201, Omega) is applied on all contact surfaces to reduce thermal
resistance. Throughout the experiments, Fluorinert FC-40 with a 2% custom-made surfactant
(chemical structure of PFPE-PEG-PFPE) is used as the continuous phase and ultra-pure water as the
dispersed phase. The microscope is used merely for observation and is not involved in the
measurement. For microwave measurement, a vector network analyzer (VNA) (MS2028C, Anritsu) is
used. The VNA has a frequency resolution of 0.05 MHz and a magnitude resolution of 0.07 dB.

Microwave Sensor ———————— Hotplate
SMA connector ——————— \ controller

5 5 \ \ '
Dielectric \ \ \ 1
\ \ \ \

H-pdms
Hotplate

VNA Pressure
Pump

CCD
Camera

Computer

For observation only

Figure 7.6 Schematic of the experimental setup. The microfluidic chip with an embedded
microwave sensor is attached to the hotplate. The whole unit is mounted onto the microscope for

visualization purposes[328].

7.5 RESULTS AND DISCUSSION

7.5.1 SINGLE PHASE TEMPERATURE MEASUREMENT

At first, the sensor is tested on single phase water. The continuous flow provides enough time to
sweep through a large frequency range, allowing the resonance frequency and quality factor to be
identified. Figure 7.7a demonstrates the resonance frequency response of the microwave sensor to the

different temperature increments. It can be seen that higher temperature values cause an increase in
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the resonance frequency. The inset shows the behavior of the frequency sweep and reflection (S11)
corresponding to temperatures of 22.7 <C, 38.5 <C and 56.4 <C, respectively. Over the course of three
hours, the surface temperature of the hotplate is increased in steps from room temperature to 60 C
and then decreased back to room temperature before new experiments are conducted. A fan is turned
on when necessary to enhance cooling. For each temperature set point, the frequency sweep data are
collected at 0.5 min intervals, each containing 4000 data points in S;1 measurements. The resonance
frequency for each set of measurements is identified by locating where the maximum absorption
happens. The quality factor is calculated using equation (1), where BW is the half-power fractional
bandwidth, Q is the quality factor and f denotes the resonance frequency of the microwave sensor. To
exclude the thermal transient effects of the hotplate, only the data set attained in the last 5 minutes at
each temperature step is used for further processing.

fresonance
¢= BWhaif—power M

Since the channel is separated from the hotplate surface by glass slides, a correction is added to
correlate the fluid temperature to the hotplate surface temperature. The correction function is obtained
by inserting a thermo-couple into the channel of a dummy chip with a PDMS thickness that is equal
to the actual chip used (see Figure 7.8 and 7.9). The dummy chip is mounted in the inverted hotplate
setup; the temperature difference is measured repeatedly and used to create the correction function. In
lieu of this correction method, an attempt was made to measure channel temperature directly using a
RTD sensor, but fabrication of both microwave and RTD sensors on the same chip was difficult.
Fluorescence thermometry was also performed using fluorescein with Tris-HCI buffer. The results
were later rejected since typical FIR based methods induce larger errors than that of the hotplate

correction method (see appendix A for further information).

The aforementioned single phase frequency sweep test was repeated in the following two days to
evaluate the sensor's repeatability, and a curve fit was performed using linear regression including all
three sets of data. While Figure 7.7b shows a linear relationship between the resonance frequency and
temperature that is unchanged from test to test, Figure 7.7c shows that the quality factor trend varies
day by day between tests. The relationship between resonance frequency and temperature is provided
in Table 7.1. It is observed that setup differences such as cable routing have a significant influence on
the resonance peak shape, and such an influence is quantified by the half-power bandwidth,

eventually affecting the quality factor. The contrasting behavior between the quality factor and

152



a) 2388 Selected data with Resonance Peak and Bandwidih Highlight
2 T T T H T——

~ e =
g i —554318C

2388 | — 3t NN A Sa.ilc
= Bl NN e o
g 'f;.n ..... A .'” 4[c]"
g gp ...... AR ] ’,,-"' et e
3 280 [ 2 J-- H .
o H ' .
(¥ -
- - N 38.5[¢C) .
% 0 U SO WO =S SO O B g -

2376 i I H Fald H . .
5 B v T TN 30.4 [C
% BT 23&;{;;9;; IzﬁoH;I o.\a;z:m 250 ‘ I [€] 'l-...-...\\
o “a. .

- 2o 22710 "~ 227[C)
2372 L i . P L L L L i L L 1 L L L i L L L L " 3
0 30 60 90 120 150 180
Elasped time [min]
60 165
®) e 2 . Day1 c
.............. 95% PI « Day2
—_
g0 s 0612517 150 + Day3 !
" R-S 99.7%
= R-Sq(adj) 99.7% 5
% 40 L ]
= @ 135 [ i
[«}] g
o o | |
ED t i
= 120 |
3 [
20 : ]
50 -25 00 25 50 75 100 20 30 40 50 60
Frequency Shift [MHz] Temperature [C]

Figure 7.7. a) Resonance frequency vs. time, as temperature is increased and then decreased. The
subplot shows the raw data (spectral measurement) at three temperature set points. The
resonance peak is marked with a red circle, while the half-power bandwidth is shown in green. b)
Temperature vs. resonance frequency shift calibration, all data from three separate tests are
plotted, and 95% confidence and prediction intervals are shown. ¢) Quality factor vs.
temperature, relationship varies from test to test, suggesting that quality factor is easily affected

by setup change.

frequency shift suggests that the latter is a good temperature indicator uncompromised by external

set-up changes. Based on the curve fit data, the temperature sensitivity on the resonance frequency is

0.33 MHz <. Given that the VNA is accurate up to 0.05 MHz, the temperature measurement

resolution is 0.15 <C. Prediction intervals are used to estimate that temperature measurement will

have an accuracy of 1.2 <C.
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Figure 7.8 Hotplate correction and inverted hotplate setup, currently flipped over for taking the
picture. Because of the need to account for the temperature difference between hotplate surface,
which is accurately measured to #0.05°C, and the working fluid, a thermal couple is inserted into
a dummy chip with PDMS thickness equals to that of the actual test chip, in order to measure the
channel temperature while being oriented in the inverted hotplate setup, as shown in Figure 7.6.
The resulted correction function is plotted in Figure 7.9, and is subtracted from the hotplate

surface temperature during experiment, in order to obtain the fluid temperature.
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Figure 7.9 Correction function of hotplate calibration.

7.5.2 DROPLET TEMPERATURE MEASUREMENT

Compared with the single phase flow, fast moving droplets reduce the available time interval when
the sample passes through the microwave sensor. If applied directly, the spectral approach described

above will impose a speed limit that strikes a trade-off between droplet speed and temperature
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resolution. Consequently, a single frequency temperature measurement method is proposed in this
study. For the droplet temperature measurement, the change of reflection coefficient at a fixed
frequency to calibrate its temperature dependence is utilized. This method relies on the large
difference in dielectric constant between water (80.1 at 25 <C) and oil (2.7 for silicone oil, 1.9 for FC-
40, and 2.0 for hexadecane), such that practically all microwave energy is absorbed by the aqueous
droplets instead of by the continuous oil phase. While changing droplet material or composition will
require a separate temperature calibration, the effects of different oil compositions or varying oil
temperature are negligible. Figure 7.10a shows an excerpt of the single frequency data at 2317 MHz:
the crests correspond to the continuous oil phase and the troughs correspond to water droplets at two
different temperatures. During experiments, cable routing is fixed in space to eliminate errors induced
by setup changes, and the hotplate temperature is varied between room temperature and 70 <C. Notice
that the water-to-oil volume ratio increases with temperature, which is caused by viscosity
temperature dependence, resulting in a changing capillary number which affects droplet generation.

As explained below, the increase in droplet length has no effect on temperature measurement.

A cut-off magnitude is used to discard the measurements from the continuous oil phase and isolate
the data for each droplet. For each droplet, the minimum magnitude is calculated and used as a
temperature indicator. The calibration is different at other frequencies, and the temperature
dependence increases when moving closer towards the resonance peak, as shown in Figure 7.10b. In
this test, 2317 MHz is chosen to be reasonably close to the resonance peak, resulting in a sensitivity
of 0.27 dB <!, which corresponds to a 0.26 T resolution based on the VNA's ability to resolve Si1
magnitude. Figure 7.10c shows the curve fit over 163 data points; residuals from the linear regression
suggests that a 3rd degree polynomial provides a good description of the relationship between

absorption magnitude and temperature.

Droplet temperature measurement using this method has an accuracy of .17 <C. The relationship
between S;1 magnitude at 2317 MHz and temperature is listed in Table 7.1. Varying the size of the
droplet will have no effects on temperature measurement, as long as droplet length, I, is larger than
the microwave sensor diameter lp (200 um)[281]. During experiments, it was observed that single
phase water upstream of droplet generation would evaporate, while water droplets downstream would
remain in the liquid phase at even higher temperature. This suggests a higher local pressure within the

droplet contributed by the interfacial surface tension, as described in equation (2). Since the
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Figure 7.10 a) Single frequency S;1 measurement magnitude vs. time. The pictures on the left
show the droplet crossing the sensor at room temperature and corresponds to the blue trace. The
pictures on the right show the droplet crossing the sensor at elevated temperature and corresponds
to the red trace. b) S1; magnitude vs. temperature at various frequencies, sensitivity increases as
test frequency moves towards resonance frequency. ¢) Temperature vs. Si; magnitude reduction
calibrated at 2317 MHz. A 3rd order polynomial is used for calibration fit, with 95% confidence
and prediction intervals shown.

microwave sensor is a local heating and sensing device, the Laplace pressure could be exploited to
achieve stable operation at elevated temperature.
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Table 7.1 Microwave temperature measurement method.

Methods Frequency shift (for single phase) Magnitude reduction (for droplet)
Hardware resolution 0.15 [°C] 0.26 [°C]
Sensitivity 0.33 [MHz °C™"] 0.27 [dB °C™Y]
Reference temperature 304 [°C] 25.0 [°C]
Calibration T = 2.999(F - F,) + 30.59 T=0.03076(M - M,)® - 0.2966(M — M)* + 3.259(M - M) + 25.04
Fit residuals 0.997 0.998
95% Prediction interval +1.20 [°C] +1.17 [°C]
Source of error Ambient temperature variation Sensor drift over a long period
Effects 0.099 [°C h™" ] at 50 °C 0.084 [MHz h™"] at 50 °C
0.25[°C h™*] at 50 °C

7.6 CONCLUSIONS

In conclusion, the microwave sensor is a viable temperature measuring device. It has comparable or
better accuracy than common fluorescence-based methods but does not require the use of intrusive
fluorescent dyes and can measure individual droplet temperature without exposure time limitations
imposed by optical equipment. The relationships and performance of frequency shift calibration and
magnitude reduction calibration are summarized in Table 7.1. It should be noted that the listed
accuracies and resolution values are preliminary in nature and contain many areas for improvement.
For example, the microwave sensor on the single phase chip is observed to exhibit a slight drift over
time at elevated temperature, which is quantified at 0.25 <T h™!. Such a drift is accounted for in the
calibration process and have no effect on the sensor's day to day repeatability, as demonstrated in the
three repeating tests. However, it does contribute to an error within the 3 hour calibration period. The
drift likely resulted from the continuous absorption of water into PDMS and could be eliminated by
changing the substrate material. As for the droplet calibration method, further explorations in the
sensor design can make it less susceptible to setup changes and attain potentially much higher
accuracy. Lastly, the tested temperature range is by no means the operation limit of the sensor.
Experiments are limited to temperatures above which evaporation occurs. Attempts to suppress
evaporation by applying higher pressure often lead to irreversible damage to the bonding between the
glass and PDMS. With a stronger chip, the microwave sensor will remain sensitive at much higher

temperatures.
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Chapter 8

MICROWAVE/MICROFLUIDICS INTEGRATED PLATFORMS FOR
BIOMEDICAL AND PHARMACEUTICAL APPLICATIONS

The aim of this chapter is to extend the developed and integrated platform technology to biomedical
and pharmaceutical applications such as disease diagnosis and drug delivery. The chapter includes
two sections. The first section studies polymerization in microfluidics particularly copolymer
hydrogel synthesis in droplets. The swelling capacity, and the effects of the monomer concentrations
and the initiator are examined in microreactors (droplets). The study has been carried out via UV-
polymerization, and microwave-assisted synthesis is also offered as a new controllable reaction
source due its controllable mixing, heating and temperature, as discussed previously. In the second
part, preliminary DNA hybridization sensing is attempted through the microwave sensor used in this

thesis work, with promising results.
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8.1 POLY (ACRYLAMIDE-CO-SODIUM ACRYLATE) COPOLYMER HYDROGEL PARTICLE

SYNTHESIS FOR DRUG DELIVERY AND BIOMEDICAL APPLICATIONS®

8.1.1 INTRODUCTION

Hydrogels, in a general definition, are cross-linked three-dimensional polymeric structures that can
swell and retain a significant amount of water within their structures, while they are insoluble in
water[369]. Nanogels (typically 20-250 nm) and microgels (typically 1-350 jum), as a class of
hydrogels, are cross-linked spherical hydrogels particles with excellent biocompatibility, a
microporous structure with tunable porosities and pore sizes, and dimensions spanning from human
organs, cell to viruses have been realized a viable tool for targeted drug delivery, protein release and
tissue engineering[370-376]. These intelligent materials are considered to be promising carriers for
drug delivery because of their abilities to response the environment specific changes that when the
environment factors alter the morphological structure is stimulated to give spontaneous reflex[377-
379]. For example, hydrogel particles can sustain abrupt changes in response to physical variation
such as temperature[380-383], light[384], electric[385] and magnetic fields[386], or biochemical
variation such as ionic strength[387-378] , pH[382-383] or chemical agents[389-390]. Such a
response might be as swelling, shrinking or degradation of hydrogels. To manufacture hydrogel
materials, methods and processes traditionally used are reported in a recent review study[369],
however, synthetic hydrogels, due to their higher water absorbent capacity and mechanical strength
and longer shelf-life, have found more research and industrial applicability than natural hydrogels
over the past two decades. Examples of common natural hydrogels include fibrin, agarose and
alginate, and likewise, common synthetic polymers can be formed as hydrogels include
polyacrylamide, polystyrene, poly (ethylene glycol) and poly (vinyl alcohol)[391]. However,
polyacrylamide- and acrylamide-related copolymers constitute one of the major base materials for

super absorbance hydrogels.

5 The contents of this chapter have been incorporated within a paper, which is being prepared for submission, by
Tong D.*, Yesiloz G.*, Ren C.L. and Madhuranthakam C.M.R., as “Controlled Synthesis of Poly (Acrylamide-
co-Sodium Acrylate) Copolymer Hydrogel Micro-particles in a Droplet Microfluidic Device for Enhanced
Properties”. *Authors have equal contribution. This work was conducted in collaboration with Dizhu Tong, a
MSc student, and Dr. Mouli Madhuranthakam, an assistant professor of UW’s Chemical Engineering
Department. G.Y. contributed to the system design, implementation and experimentation; G.Y. and D.T.
executed experiments and analyzed the results; C.M.R.M. and C.L.R. assisted in analyzing the results; D.T.,
G.Y., C.L.R. and C.M.R.M. contributed to the paper.
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Due to that the chemical and mechanical properties of hydrogels can be controlled and engineered
by various synthesis techniques, hydrogels are very suitable to solve problems in medicine and
biology. For instance, since many people die because of organ failure every year, hydrogels can be
employed as tissue construct. Or, in order to decrease the toxic effects of high drug doses, the drug
doses can be released in a controllable manner by means of hydrogel particles[391]. This also shows
the importance of controlled synthesis of hydrogel particles in terms of controlled porosity and cross-
linking density. In Figure 8.1.1, schematic description of drug release mechanism of hydrogel
particles are demonstrated, and potential pharmaceutical and biomedical applications of hydrogel
particles are depicted in Figure 8.1.2.
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Figure 8.1.1 Thermo-and-oxidation responsive morphology change of hydrogel particles[377]

Bulk polymerization, emulsion polymerization, solution polymerization and micro-emulsion
polymerization are some examples of conventional hydrogel synthesis methods. However, these
polymerization techniques need either complex mixing units in reactors or large amount of surfactant
and stabilizers that increase the cost. Besides, cross-linking density, molecular weight and copolymer
composition are critical parameters to be controlled which are related to reaction temperature since
most of polymerization reactions are exothermic. In this perspective, droplet microfluidics enables a
promising tool and platform technology for polymerization for better process control that increases

characteristic features of hydrogels particles. This is mainly due to that droplet microfluidics allows
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Figure 8.1.2 Preparation and potential pharmaceutical and biomedical applications of hydrogel

particles[370].

highly monodispersed nano-liter sized droplets to be generated at kHz rates in microchannel
networks[143,281,392-393], and that allows advantages for polymer synthesis in droplets such as
precise control of reaction conditions, control over size, morphology and composition as well as
advantages like fast heat dissipation because of high surface to volume ratio. Although single-phase
microfluidics can also be used for polymerization in microchannels, the main challenge is the
viscosity increase during polymerization which potentially causes to clog the microchannels. In this
case, a mixer may be required which increases the complexity[394]. Droplet based systems become

more efficient for this task.

Dang et al.[395] demonstrated a monodispersed PEG hydrogel microparticle preparation method
using a flow-focusing microfluidic device fabricated using PDMS. By adjusting continuous and
dispersed phase flow rates, they optimized the hydrogel concentration and with a UV-source the
reaction was initiated (Figure 8.1.3). In another study, Haag et al.[396] designed and developed pH-
sensitive microgels from PEG-dicyclooctyne and dendritic poly (glycerol azide) (dPG-azide) by
combining click reaction and droplet-microfluidics (see Figure 8.1.4). Precise control of microgel
degradation kinetics in a pH range of 4.5 and 7.4 was obtained. Also, NIH 3T3 cells were
encapsulated into the microgels and the cells were released on demand by decrease the pH value. It is

noteworthy to mention that the released cells showed over 94% viability.
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It should be emphasized that the development of click hydrogels, micro and nanogels is a newly
burgeoning field. Studies on biomedical and pharmaceutical applications with compatibility of
hydrogels are highly important.

Mineral oil inlet Hydrogel solution inlet

UV irradiation

Open window
Outlet

Figure 8.1.3 Schematic diagram of hydrogel droplet setup (left image). PEG hydrogel droplets
formation under different flow rates (right image, 1.2 mL/h (a) and 1.8 mL/h (b))[395].
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Figure 8.1.4 Click microgels with combination of droplet microfluidics showing encapsulation and

releasina of livina cells from microaelsl3961.

8.1.2 MICROWAVE-ASSISTED POLYMERIZATION

Another aspect of hydrogel particle synthesis method is microwave assisted polymerization. In
recent years microwave-assisted chemical reactions have been progressively popular. Up to date,

microwave energy has become an essential part in many technical applications in chemical and
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related industries, in particular in the food-processing, drying, and polymer industries, also range
from analytical chemistry (microwave digestion, ashing, extraction), to biochemistry (protein
hydrolysis, sterilization), pathology (tissue fixation), and medical treatments (diathermy)[251,397].
Even though a few research attempts were given to microwave heating to accelerate synthetically
useful chemical transformations, after 1996s the number of microwave synthesis studies
increased[398]. The origin of such attempts was the advantage of controlled microwave heating that
considerably reduce reaction times, improve product yields and increase product purities by reducing
unwanted side reactions compared to conventional synthetic methods[399-400]. Many experimental
studies on microwave-assisted organic synthesis have been conducted in domestic microwave ovens,
and they mostly do not allow the parameters to be controlled such as temperature and irradiation
mode which is critical for chemical synthesis. And, another major drawback is that using large
volumes in such systems limits the penetration depth of microwave system. The penetration depth of
microwave irradiation into absorbing materials, i.e. reaction mixtures, at the common operating
frequency of 2-3 GHz is usually on the order of a few centimeters depending on the dielectric
properties of the medium. Namely, in a large reactor (>1 liter) only a small portion of the surface may
absorb microwave power, which is not reasonable and effective. Hence, so as to overcome this
physical limitation, development of microfluidic-microwave integrated continuous reactors, where
reaction mixture passing through small microchannels is heated and penetration depth problems are
avoided is extremely in urgent need. On the other hand, while there have been many studies on
organic synthesis[251-253,401], the use of microwave irradiation for polymerization studies is still

quite undiscovered.

As an example of using a microwave oven, a droplet-based millifluidic device is designed where
aqueous droplets of monomer are used as polymerization microreactors in [402]. A tubular reactor
was fixed inside the microwave cavity of a commercial instrument, and the inner diameter of the
tubing is about a few millimeters that generate droplets of about 2 to 5 mm (Figure 8.1.5). Even
though there was an increase in the rate of production of the polymeric material, i.e. between 30 to 40
%, the system was not efficient enough to finely control the process in terms of temperature, mixing
time or heat transfer[403]. Moreover, since the tubular reactor is fixed up within the commercial
microwave oven, the whole device is like an enclosed cavity; thus there is no way to observe the

behavior of the droplet, neither to monitor the reaction in situ.
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Figure 8.1.5 Schematic description of droplets with monomers and synthesis after heating (top),
schematic of the millifluidic device(bottom)[402].

8.1.3 OBJECTIVES OF THE STUDY

There are two main objectives of this study.

(i) As discussed and introduced above, hydrogels are very useful tool for many pharmaceutical and

biomedical applications and controlled production of them utilizing droplet microfluidics and Lab-on-

a-chip technology is crucial. Thereby, the primary objective of this study is to synthesize

monodispersed poly (acrylamide-co-sodium acrylate) hydrogel micro-particles with controlled

compositions and overcome such limitations and propose a better design for polymer synthesis and

other chemical reaction application purposes.

(ii) showing the potential of the miniaturized microwave resonator/heater integrated with droplet

microfluidics device for synthesizing the hydrogel microparticles is another objective for future

studies of using this platform technology. The motivation is due to that microwave-assisted synthesis
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dramatically reduces the reaction times and increase the product yields, and also enhances product
purities by reducing unwanted side reactions. Additionally, although there are examples of organic
synthesis under microwave conditions and relatively fewer for polymer science, most of them use
commercially available microwave ovens. First of all, such approaches, obviously, are not applicable
to droplet microfluidics that droplets need to be delivered controlled energy transfer to perform
reaction properly inside the “individual droplets”. Secondly, those domestic ovens do not allow to
finely adjust the temperature which is critical for chemical synthesis. Penetration depth is another
issue of using bulky ovens since only a small portion of the reactor surface absorbs microwave
energy. Hence, the spiral design of microwave resonator used in thesis work is a good alternative to
heat up individual droplets that contain proper monomer reagents to form hydrogels both utilizing the
advantages of droplets (i.e., elimination of penetration problem since droplets are only around 50 um
height and being isolated individual reactor for composition control) and selective heating feature of

microwave resonator.

Below, free-radical polymerization, some properties of microscale hydrogels, materials and
methodology used in this work are presented followed by experimental results, discussion and

conclusions.

8.1.4 FREE-RADICAL POLYMERIZATION

Free radical polymerization is polymerization technique that a polymer structure is formed by
addition of free radical building blocks. Acrylamide hydrogel is usually synthesized by free-radical
polymerization, which typically involves four steps: initiation, propagation, chain transfer, and
termination. The first step of polymerization is the initiation that the reaction starts with the
decomposition of initiator and the initiation of monomer to form a monomer free radical. There are
different types of initiation exists such as thermal decomposition, photolysis, ionizing radiation, etc.
Once the free radical initiators are formed, monomer molecules are attracted by them to increasing
the chain length, which is the step of propagation. After polymer chains are formed, a polymer chain
may react with an initiator, which terminates that polymer chain, however, releases a new radical
initiator. Then this initiator can begin a new polymer chain which makes the chain transfer
mechanism. Chain termination happens when the reaction includes completely free of contaminants.

Figure 8.1.6 shows an example process of the mechanism for preparation of microgel particles[404].
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Figure 8.1.6 Mechanism for the preparation of microgel particles. The steps shown are initiator
decomposition (a), initiation (b), propagation (c), particle nucleation (d), particle aggregation (e)
particle growth in a poor solvent (f) and particle swelling in a good solvent (g)[404].

8.1.5 MECHANICAL PROPERTIES OF MICROSCALE HYDROGELS

8.1.5.1 CROSSLINKING, POROSITY AND SWELLING

Synthesized hydrogel particles has characteristic features such as the size of the polymer mesh, the
average molecular weight, the swelling ratio and crosslinking density. These parameters affect the
mechanical and chemical performance characteristics of hydrogel particles[391]. Figure 8.1.7
demonstrates weakly and highly cross-linked hydrogel structures and diagram of a microgel particle
in a poor and good solvent that shows how the hydrogel particle can swell.
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Highly Cross-Linked

(a) (b)

Figure 8.1.7 Highly cross-linked and weakly cross-linked hydrogels (left)[391]. Diagram
depicting a microgel particle in a poor (a) and good solvent (b), respectively (right)[404].

8.1.5.2 MECHANICAL PERFORMANCE

The adaptable mechanical properties of hydrogels make them particularly use for drug delivery
purposes and tissue engineering. As an example, mechanical forces effect cell viability, gene
expression and cell differentiation pathways. Since human tissues have highly organized structures,
synthesizing hydrogel particles with varying mechanical properties help them to be utilized better to

mimic natural structures[391].
8.1.6 METHODOLOGY AND MATERIALS

8.1.6.1 MATERIALS

Monomer acrylamide (Am) and co-monomer sodium acrylate (NaA), the photo-initiator 2,2-
Diethoxyacetophenone (DEAP), the cross-linker N,N'-Methylene-bisacrylamide (BIS) , and
surfactant sorbitan monooleate (SPAN 80) were obtained from Sigma Aldrich Canada and used as
received. The oil phase hexadecane was also purchased from the same supplier and used after

filtration.

8.1.6.2 MICROFLUIDIC DEVICE

Hydrogel micro-particles were made using a flow focusing generator which enables monodispersed

droplet generation in a microfluidic device made of PDMS shown in Figure 8.1.8. The microfluidic

167



ch
— D> ¢ ¢ ¢ ¢ ¢ 0
40 T@c

Figure 8.1.8. Schematic diagram of flow-focusing microfluidic device used to synthesize
hydrogel micro-particles. Qq represents the flow rate of dispersed phase (monomer solution) and

Q. represents the flow rate of continuous phase (oil solution).

device was fabricated using standard soft lithographic techniques that details can be found in Chapter
3. Briefly, the photoresist master was fabricated on silicon wafers using the same protocol reported in
Yesiloz et al.[281]. In order to make PDMS replica molds, PDMS pre-polymer was mixed at a 10:1
ratio of base to curing agent, degassed and molded against the SU-8/ silicon master and then cured at
95 9C for 2 h. The molds were then peeled off from the master and fluidic access holes were made
using a 1.5 mm biopsy punch. Both the finished components and the PDMS mold were then treated
with oxygen plasma at 29.7 W, 500 mTorr for 30s. The plasma treatment process renders PDMS
hydrophilic; however, for generating water in oil droplets stably, the PDMS channels need to be
hydrophobic which was realized by either changing the channel property by Aquapel injection or
keeping the finished microchips on a hotplate for 48 hours for microchannel wall surface treatment.

In the experiments, channel width and height were fixed at 200 um and 50 pum respectively.

Table 8.1.1. Monomer feeding compositions.

Monomer solution Am in feeding (%) NaA in feeding (%) Cross-linker weight

number (9)
1 100 0 0.2
2 90 10 0.1
3 90 10 0.2
4 45 55 0.1
5 45 55 0.2
6 0 100 0.2
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8.1.6.3 EXPERIMENTAL PROTOCOL

In the first approach, in this study, to synthesize copolymer hydrogel micro-particles in droplet
microfluidics photo-polymerization is used. The schematic diagram of the inverted chip
configuration, droplet generation and UV-exposure setup is shown in Figure 8.1.9. A computer
controlled pressure system (Fluigent MFCS8) is used to pump the dispersed phase fluid (monomer
solution) into the center channel and the continuous phase fluid (oil) into the two side channels. The
dispersed phase is an agueous solution containing two monomers (acrylamide and sodium acrylate), a
cross-linker (BIS), and an initiator (DEAP). The total monomer feeding concentration is fixed at
9.28M and its compositions are listed in Table 8.1.1. The oil phase is a mixture of hexadecane, the
initiator, DEAP, and a surfactant, Span 80 (100:5:2 with respect to hexadecane: DEAP: Span80 ratio).
The purpose of adding the initiator, DEAP, in the oil phase is to maintain the initiator concentration

inside the monomer droplet since DEAP is miscible with both water and hexadecane.

On-chip polymerization of droplets is ideal since no external setup is needed except a UV lamp that
needs to be aligned with a long channel where droplets are traveling through. However, partial or
complete channel blockage often occur due to the shape and viscosity change of the droplets after
polymerization. Blockage results in the change in the local resistance which slows down the coming
droplets causing multiple droplets to be polymerized together forming a large polymer slug (see
Appendix B-B1). In this on-chip method, the UV light is focused on the reaction channel. This
method suffers from two problems. First, if the UV light intensity is too high, the UV light that is
scattered horizontally through the PDMS mold due to the UV transmittance feature of PDMS initiates
the monomer solution in the feeding microchannel. This issue causes early initiation of
polymerization and results in clogging in the feeding channel. Second, if the UV intensity is relatively
at medium or lower level, then the reaction channel is required to be extended using long serpentine
design in order to increase the reaction time. However, the extension of serpentine channels can cause
large pressure drop in microchannel which makes difficult to pump highly viscous droplets after
polymerization. Besides, if the polymerization is not completed along the long serpentine channels,
then the partially reacted polymer microparticles become as gels and coalesce each other. These
merged droplets form a large and highly viscous plugs which come to a stop in the serpentine channel
due to large pressure drop (see Appendix B- Figure B1.1 and Figure B1.2). The performance is
improved by generating much smaller droplets than the channel width which, however, pushes the
droplet generation into unstable operating regimes[99],[71],[22]. Later, a semi-on-chip

polymerization approach is adopted by forming droplets containing monomer solution inside the chip
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Figure 8.1.9 Schematic diagram of inverted chip method with a flow focusing microfluidic
device. The green tubing indicates for dispersed phase (monomer solution) inlet and the blue
tubing indicates continuous phase inlets. The serpentine before the junction is for pressure

stabilization. The outlet reservoir is connected to a short tubing that transports droplets to the

reaction chamber which is exposed to UV light.

and transporting them into a capillary tubing which is aligned with the UV-source to initiate the
reaction. In this approach, the tubing is connected at the outlet of the microfluidic chip which is
needed to be bended to be aligned with UV-source. The bending of the tubing and gravitational force
on droplets cause non-uniform droplet spacing. Although larger and smaller tubing diameters than
that of droplet size are used, still the droplet spacing issue results in having long polymerized slugs
(see Appendix B-B2 for further information). Also, off-chip polymerization of droplets is attempted,
however, after reaction droplets form a thin-film of polymer (see Appendix B-B3). Therefore a
practical yet useful method is then implemented. The microfluidic chip is inverted upside down, and a
short tubing is attached to the outlet of the microfluidic chip. The tubing is a straight PTFE tubing
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Figure 8.1.10 Images show train of droplets formed with the inverted chip approach. Left image
shows droplets inside the reaction chamber and right shows inside the short capillary tubing. With
this approach a well-spaced and robust droplet transport are obtained for hydrogel micro-particle

synthesis which prevents droplet coalescence and aggregation.

(ID: 250pm) which is immersed into a 10 ml graduate cylinder that serves as reaction chamber which
is filled by hexadecane, surfactant (Span 80) and photo-initiator. Droplets are continuously pumped
from the outlet channel to the reaction chamber with this setup. When the droplet generation is
stabilized which is confirmed through an inverted microscope (Eclipse Ti, Nikon) and a high speed
camera (Phantom v210, Vision Research), the microchip is removed from the microscope and
inverted upside down. The generated monomer droplets flowing in the center of cylinder are
polymerized via exposure to UV light (ML-3500S, 50W/cm?, Spectroline). The microfluidic chip,
outlet tubing and bottom of cylinder are covered with an aluminum foil in order to avoid undesired
photo-polymerization of the droplets inside the chip and aggregation of micro-particles at the bottom

of the cylinder. A train of droplets in the outlet tubing and reaction chamber can be seen from Figure
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8.1.10. The reaction time is controlled by varying the length of graduate cylinder and inlet pressure.
The hydrogel micro-particle is washed with isopropyl alcohol three times and centrifuged at 8000
rpm for 1 minute for three times. The washed micro-particles are dried in a vacuum oven and stored

in a vacuum desiccator for further analysis.

This process can continuously produce hydrogel micro-particles without clogging issue. An
advantage of this method is that it prevents the droplet from merging inside the outlet tubing and
aggregation of micro-particles in the oil reservoir. In all other attempted methods, the outlet tubing
points upwards, and then tubing needs to be bended to collect the samples. In those cases, the velocity
of droplet changes due to the gravity. Therefore, the transport behavior of the droplets is difficult to
predict. In the inverted chip method, since there is no bending on the outlet tubing and droplets travel
downwards instead of upwards against gravity, the droplet velocity is not affected. As a result, the
risk of merging at outlet tubing is minimized, and a well-spaced and robust droplet trains are
achieved. The well-spaced droplets prevent the aggregation of micro-particles (see Figure 8.1.10).

In the second approach, preliminary hydrogel synthesis is attempted through the microwave
resonator, using the same microfluidic device. However, in the microwave case, the short tubing
connected to the outlet of the chip and the reaction chamber are not required. Instead, a small
rectangular well is cut into the PDMS mold just after the microwave resonator, and by this means the
reaction is initiated on the chip inside microchannels. The synthesized droplets leave the channel and
are collected in the well. The experimental setup is demonstrated in Figure 8.1.11. In this approach to
microwave polymerization, the photo-initiator (DEAP) is replaced with a thermal-initiator
(Ammonium persulfate). The monomer solution is placed in an ice bath so as to control the initial
temperature of the monomer solution to inhibit any potential self-reaction issues. As with the UV-
polymerization process, the system needs an external UV source, and achieving a proper reaction
with the droplets is challenging due to the aforementioned difficulties. Thus, microwave-assisted
hydrogel particle synthesis in droplet microfluidics with an integrated microwave resonator is a

promising approach, described next

8.1.6.4 CHARACTERIZATION

The size of droplets and micro-particles were observed and recorded by an inverted microscope
equipped with a CCD and a high-speed camera. The size and size distribution were measured and
processed by ImagelJ. The Fourier Transform infrared spectra (FTIR) of dried hydrogel micro-

particles is performed using potassium bromide (KBr) pellet method and recorded by Bruker (Vertex
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70) FTIR (see Figure 8.1.12).

Figure 8.1.11 Microwave-assisted polymerization setup. 1-Monomer solution (disperse phase), 2-
Oil (continuous phase), 3-Ice bath, 4-Microfluidic chip, 5-Microeave resonator, 6-Outlet,

collection well, 7-Coaxial cable, microwave power, 8-Microscope objective for visualization.

The scan range is from 400 to 4000 cm for 32 times. A background scan is run every time before a
sample scan. The degree of swelling is evaluated by a swelling test under room temperature. The
degree of crosslinking is closely related to the degree of swelling, according to the Flory-Huggins and
the equilibrium swelling theories. For the micro-particle swelling test, the dried polymer micro-
particles are added into a 96 well cell-culture plate, and the sizes of the dried polymer micro-particles
(particle diameter) are recorded using a microscope and then analyzed with ImageJ. The analyzed
dehydrated particle size is confirmed via SEM measurement as well. Then DI water at room

temperature (25<C) is added into the corresponding well. The swelling process is recorded by using a
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microscope. The diameter of the swollen particle (at maximum absorbance capacity) is used to
calculate the degree of swelling by the following equation,

V. _ D, 1
Q=7 =G €
where V and D are the volume and diameter of the swollen polymer micro-particle, respectively, V,
and D, are the volume and diameter of the dehydrated micro-particle, respectively. Bulk polymer is
synthesized in order to compare with the swelling ratio of micro-particles. The bulk polymer was

synthesized by using the same monomer solution and the same UV lamp.
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Figure 8.1.12 FTIR spectrum for the copolymer hydrogel micro-particles. From top to bottom:

Pure Polyacrylamide, 10% sodium acrylate copolymer, 55% sodium acrylate copolymer and pure
Sodium Polyacrylate.

8.1.7 RESULTS AND DISCUSSIONS

8.1.7.1 EFFECT OF MONOMER FEEDING ON CHEMICAL COMPOSITION OF MICRO-PARTICLES

The chemical composition of copolymer was measured and verified using FTIR spectrum as shown in
Figure 8.1.12.
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8.1.7.2 SWELLING RATIO
The dried polymer hydrogel microparticles with different monomer compositions are placed in the
cell-culture well plate, and their original sizes are recorded using the microscope. When DI water is
added, the micro-particles swell quickly and the swelling process is recorded by the camera attached
to the microscope. The volume increases 4 to 39 times for different monomer compositions and
different cross-linker concentrations. Figure 8.1.13 illustrates experimental results of hydrogel
microparticle swelling ratio versus time for 55% NaA and 0.1 g of cross-linker concentrations, case 4
in Table 8.2.1. As can be seen from the figure particles absorb water very quickly and around 20s the

swelling saturates.
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Figure 8.1.13. Hydrogel microparticles experimental swelling result for 55% NaA, case 4 in

Table 8.2.1.

8.1.7.3 EFFECT OF MONOMER FEEDING AND CROSS-LINKER ON SWELLING OF MICRO-
PARTICLES
After swelling, the dried micro-particles expand to almost 40 times its original size for 55% NaA
copolymer. The 10% NaA copolymer has a smaller swelling ratio (~14 times). The larger swelling
ratio is attributed to the higher ionic content in 55% NaA copolymer, which is in agreement with the

Flory-Huggins theory (see Figure 8.1.14).
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8.1.7.4 EFFECT OF CROSS-LINKER CONCENTRATION ON SWELLING OF MICRO-PARTICLES

For different monomer compositions, the effect of cross-linker concentration on the swelling of
microparticles is investigated. Two different concentrations of the crosslinker (0.1g and 0.2g) are
used in this study. The cross-linker concentration has an opposite effect on the swelling ratio. The
higher cross-linker concentration, the higher crosslinking density and the smaller number of average

molecular weight between the crosslinks; which results in less swelling.
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Figure 8.1.14 Hydrogel microparticles experimental swelling results for different monomer and
cross-linker concentrations (top). Comparison of bulk and microparticle swelling ratio (weight of
cross-linker is fixed at 0.2g) (bottom).

Compared to the bulk hydrogel, the micro-particles not only swell faster but also possess a higher
swelling ratio, especially when the ionic content is at a high level. From Figure 8.1.14, the swelling

ratio is the same for the polyacrylamide homopolymer obtained from the bulk and the microfluidic
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chip. At 10% of sodium acrylate content, the swelling ratio of the micro-particles is 47.12%, which is
higher than that of the bulk. At 55% of sodium acrylate content, the swelling ratio of the micro-
particles is 126.49%, which is higher than that of the bulk as well.

Figure 8.1.15 SEM image of dried hydrogel microparticles.

The micro-particles have a large surface-to-volume ratio compared to that of the bulk; therefore,
microparticle swell much faster than that in the bulk. During polymerization, the oil phase
instantaneously removes the heat released from droplet polymerization because the droplets are fully
encapsulated in the oil phase. Therefore, the microparticles have a more uniform crosslink in the
surface and core compared to the bulk, which allows water to penetrate to the core of micropolymer

faster than in bulk. Also, SEM images of dried hydrogel microparticles can be seen in Figure 8.1.15.

8.1.7.5 MICROWAVE-ASSISTED HYDROGEL SYNTHESIS

Droplets containing the acrylamide monomer solution listed in Table 8.1.1-casel are generated
through the same flow-focusing microfluidic design used in the photo-polymerization case. Also, the
microwave resonator is integrated in the microfluidic platform as described in previous chapters. In
this approach, since the polymerization is initiated by thermal means, the photo-initiator is removed

from the monomer solution, and ammonium persulfate is added as a thermal initiator. When droplets
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are passing over the microwave resonator, the power is turned on and the resonator heats the droplets,
which initiates the polymerization reaction and hydrogel synthesis. It should be noted that a slightly
different method is applied for the PDMS mold preparation herein. Results obtained in Chapter 5
provide a useful guideline for understanding the power absorption and heating efficiency of droplets.
As per the analysis of chip material permittivity effects on power absorption (Figure 5.17), increasing
the permittivity of the chip material increases the heating efficiency. Moreover, the optimum
passivation layer thickness increases as chip permittivity increases. Thus, the PDMS mold is initially
mixed with 3 um copper powder (5% w/w) in order to increase permittivity. Then using this mixture
the chip is fabricated with the same fabrication protocol described in Chapter 3. This approach also
allows the use of a thicker passivation layer, thereby an increasing heating efficiency. The modified
microwave-microfluidic integrated chip is shown is Figure 8.1.16.

Figure 8.1.16 Modified microwave-microfluidic integrated chip.

Figure 8.1.17 demonstrates the bright field microscope images for the microwave-assisted reaction
case. As can be seen from the figure, when microwave power is off, droplets containing the
acrylamide monomer solution pass over the resonator without being effected (top image). As
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Figure 8.1.17 Microwave-assisted acrylamide hydrogel particle synthesis. Top image shows the
microwave power off case. Then microwave heater is turned on and the initiation of the

polymerization reaction is observed.

mentioned above, just after they pass the resonator, the droplets exit the microchannel and are
collected in the well. That is, the polymerization reaction is started inside the channel, and the
reacting droplets transit from the channel into the well. This transition to the well is needed prevent
any potential clogging issues. When the microwave heater is on, as clearly observed, the reaction
starts immediately, as captured in Figure 8.1.17. For better visualization of the hydrogel particles, a
very small portion of fluorescein dye (<10uM) is added to the droplets. In Figure 8.1.18, the
synthesized acrylamide hydrogel particle is seen by fluorescent imaging, which shows gradual
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swelling of the hydrogel. These preliminary results demonstrate that thermal initiator and microwave
heater worked well to start the polymerization reaction and synthesize the hydrogel particle from

droplets.

Figure 8.1.18 Swelling of microwave-assisted hydrogel particles by fluorescent imaging. The

gradually expansion of particles are captured.

8.1.8 CONCLUSIONS

In this work, first, poly (acrylamide-co-sodium acrylate) hydrogel micro-particles were synthesized in
an inverted microfluidic chip. This simple and robust process can continuously produce
microparticles. The properties of microparticles (with various monomer compositions and cross-
linker concentrations) were analyzed, such as the volume swelling ratio, composition, and size and
size distribution. The swelling property was controlled by the ionic content and the cross-linker
concentration. The swelling index is far higher in hydrogel microparticles that in bulk hydrogel.
Second, as a preliminary work, the microwave microfluidics integrated heating platform was
employed to show the microwave thermal initiation and polymerization of droplets for synthesizing
hydrogel particles, suitable for use in drug delivery applications. The results show that microwave-
assisted polymerization in droplet-based microfluidics has great potential, although further work is

needed to enhance particle collection and test the effects of other parameters in additional cases.
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8.2 DNA HYBRIDIZATION SENSING FOR DISEASE DIAGNOSIS USING MICROWAVE BASED

SENSORS

8.2.1 INTRODUCTION AND OBJECTIVES

Rapid progress in identifying nucleic acid sequences has increased the importance of building high-
performance detection technologies and has led to early diagnosis of many inherited diseases. The
specific base sequence detection of human, viral or bacterial DNA holds crucial attention for the
detection and diagnosis of many diseases. During the last decade, various detection platforms and
their designs have been devoted to nano and micro length scale because the detection of infectious
and inherited diseases at the molecular level would enable reliable early diagnosis[405-406].
Consequently, the determination of specific DNA sequences is a main task for various research
applications and clinical analysis. Cancer, influenza, genetics, criminology, the identification of
pathogenic species in medical diagnostics, detection of contaminants in the food industry are only
some of these applications and show the great importance of detecting DNA[407-409]. Recently, the
realization of genetically determined diseases has increased because of newly developed techniques.
Currently, the detection of DNA hybridization events between two single-stranded and
complementary DNA pieces by means of different sensors predominantly establish the sensitive and

specific detection of DNA sequences.

Conventional diagnostic tools typically rely on combinations of radioactive labels to produce a signal
due to DNA hybridization, fluorescent labelling or electrophoretic separations. Fluorescent labelling
is a common technique but needs detailed sample preparation steps, and radioactive labelling requires
highly trained personnel and has safety risks[406-408]. For instance, to detect fast-spreading
infectious diseases using culture diagnostic techniques can take days to weeks. Moreover, for some
diseases, detection might be achieved only at advanced stages because insensitive devices cannot
detect the early stages[405]. Due to these time-consuming, labor-intensive and toxic effects,
traditional methods should be replaced by new label-free or other technigques. Favorable and ideal
detection methods are desired to provide compact, rapid, highly sensitive, selective and cost-effective

solutions.

Microfluidic Lab-on-a-chip (LOC) devices provide numerous advantages in clinical diagnostics,
biomedical research and environmental monitoring[410]. Such devices can sustain a controlled

environment in which biomolecule binding, mixing and signal transduction can take place, using
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fewer reagents. However, there remains a need for platforms that integrate rapid sensing and analysis

of the parallel processing of DNA hybridization events without complicated steps.

For this purpose, a microwave-based integrated LOC platform is studied preliminarily in this work. It
uses a rather new technique involving nucleic acid biosensors for DNA hybridization detection and
disease diagnosis. The microwave combined platform has strong potential for point-of-care molecular
diagnostics as pointed out in Chapter 4 of this thesis. Furthermore, the microwave gives high
possibility of multiplexing of the sensor and is a label-free approach. This section explores using the
developed microwave sensor as a preliminary application of DNA hybridization detection and a
potential biomolecular diagnostics tool. Before presenting the details of the DNA microwave
biosensing and principles, it is useful to review background information on the structure of DNA and
some of available methods.

8.2.2 THE STRUCTURE OF DNA

Deoxyribonucleic acid (DNA) is the most biologically significant target for biosensors as testing
compounds. The deformation on DNA structure and binding of different molecules can be detected,
and related signals can be obtained through electrical and optical techniques.

DNA is a molecule that carries genetic information used in the development, growth and
reproduction of all known organisms and viruses. DNA molecules consist of two strands that forms a
double helix and coils around each other. The simpler DNA strand is called the nucleotide, and each
nucleotide is constructed by one of four nucleobases, namely Adenine (A), Thymine (T), Guanine (G)
and Cytosine (C), as well as a phosphate group and a sugar called deoxyribose[411]. The nucleotides
are linked to each other by covalent bonds, and the two strands are held to each other with hydrogen
bonds, which forms the double-stranded DNA. Hydrogen bonds are theoretically ten times weaker
than covalent bonds, which enables DNA denaturation and hybridization through breaking of the
hydrogen bonds by means of external effects such as heating or chemical agents. Covalent bonds are

not effected by heat. The double-stranded DNA structure is depicted in Figure 8.2.1.

The distance between turns of the helix structure is called a pitch and it is 3.4nm long, which
consists the major and minor groove length. The two strands have opposite directions for the linking a
3’ carbon atom with a 5* carbon atom due to natural antiparallel architecture. Also, the double helical
structure of DNA is shown in Figure 8.2.2, where one pitch represents 10 nucleotides and major and

minor grooves are demonstrated.
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8.2.3 NUCLEIC AcCID HYBRIDIZATION BIOSENSORS

Determination of specific DNA sequences is important for many applications. A common and main
approach for detection of DNA sequences is the hybridization of ss-DNA fragments. The
hybridization event causes changes in some features such as surface properties, impedance etc. that
are subsequently used to analyze the molecular binding phenomena. For example, quartz crystal
microbalance (QCM)[412], fluorescent methods[413-414], surface plasmon resonance spectroscopy
(SPR)[415] and electrochemical techniques[416-417] have been mainly applied to monitor and
analyze DNA hybridization[407]. However, label-free, portable, sensitive and re-usable sensors are

always desired.

Table 8.2.1. Oligomer nomenclature, modification and sequence.

Oligo# Name Sequence Comment
1 Prob#1 5°-/5ThioMC6-D/AC GCG TCA Thiol Prob ss-DNA
GGT CAT TGA CGA ATC GAT
GAG T-3’
2 Comp#l 5’-ACT CAT CGATTC GTC AAT None Target ss-DNA
(c-DNA) GAC CTG ACG CGT-3
3 Non-Comp#1 5>-TCATCATGG GTC TAACTA None Non-
CTG GAT CTAGGT-3’ complimentary
4 Non-Comp#2 5’-ACT CAT CGATTC GTC AAT None One-point
GAC CTG ACC CGT-3 mismatch
5 Comp#1_60base 5’-ACT CAT CGATTC GTC AAT None Target ss-DNA
GAC CTG ACG CGT ACT CAT
CGATTC GTC AAT GACCTG
ACG CGT-3’

8.2.4 REAGENTS AND MATERIALS

Reagents and solvents were obtained from commercial sources and used as received without further

purification. The probe (ss-DNA) oligo, target c-DNA and all other non-complimentary DNA oligos
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were obtained from Integrated DNA Technologies (IDT) Inc with standard desalting. The prob ss-
DNA was added a functional thiol (-SH) group at the end (the 5’-end) of the oligo. Nuclease-free
water is used for all buffer solution which was also obtained from IDT. Sequences and labels of

oligonucleotides are listed in Table 8.2.1.

8.2.5 THE BIoLOGICAL PrRoTOCOL OF DNA HYBRIDIZATION

The preparation of buffer solutions, prob and target DNA oligomers and surface functionalization

protocols used in this study are described as below:

a. Preparation of ssDNA probe incubation solution in order to functionalize the gold surfaces.

The solution at the end is desired to include:
= 10mM phosphate buffer,
= 100 mM NaCl (or MgCl,) (if MgCl. used then the concentration should be lower)
= 10 M Tris(2-carboxyethyl)phosphine (TCEP),
= 1 pM probe ssSDNA

To prepare 1 UM probe ssDNA (for 100nmole oligo quantity), suspend oligos in 100 mL buffer in
total (for aliquots 100 pM in 1 mL buffer).

1. First prepare stock phosphate buffer and stock NaCl solutions.
2. The protocol below allows to design phosphate buffered system at various pH and ionic strength.
Prepare the following stock solutions:
= 1 M Potassium Phosphate Monobasic (KH2PO.)
» 1 M Potassium Phosphate Dibasic (K:HPO.)
= 5 M Sodium Chloride (NaCl)

Note: /t’s worthwhile to use Nuclease-free water (Not-DEPC treated) or Biomolecular grade water.
The water being used here should not include any irrelevant mineral ions: cations and anions, as well
should not include uncharged organic or inorganic compounds such as viruses or bacteria. Such

impurities might affect DNA hybridization.

3. Use the Henderson-Hasselbalch approximation to estimate the pH of the buffer solution.
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B [A7]
pH = pK, + log THA] €9)

where,
pKa; acid dissociation constant,
HA; molar concentration of weak acid,
A; molar concentration of the acid’s conjugate base.

pKa's of phosphoric acid are 2.15, 6.86 and 12.38. Select the pKa value that is closest to the pH of the
buffer needed. For the 7.5 pH of the buffer use 6.86.

The molarity of the buffer is the sum of the molarities of the acid and conjugate base [Acid] + [Base].

For potassium phosphate buffer system, for A" use K:HPO4 concentration, and for HA use KH2PO4

concentration:
7.5=6.86 + log(A/HA)
log(A/HA)= 0.64
A/HA=4.365
A+HA=0.05
A=0.0407 mol/L (K:HPO,)
HA=0.00932 mol/L (KHzPO,)

4. Take 40.7 ml and 9.32 ml from the each 1 M stock solutions of K;HPO, and KH,PO, respectively.
Then combine them by mixing in a 1 liter of water in total. However, before ending up to 1 liter

dilution, firstly dilute them in 0.7 liter of water.

5. Take 100 ml from 5 M stock NaCl solution and add into the solution in step 4. (Approximately,
Sodium chloride lowers the pH approximately 0.01 pH unit for each 0.01 increase in molarity).

6. Then measure the pH value for the control purposes by a pH meter. Adjust the pH as necessary
using Phosphoric acid (to make the buffer more acidic) or sodium hydroxide (to make the solution

more basic).
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7. Once the desired pH value is obtained, add water to bring the total volume of the bufferto 1 L.
This is a stock solution of 0.05 M phosphate buffer with 0.5 M NaCl. Then it can be diluted to 10 mM

phosphate buffer solution as needed.

8. For other pH values of phosphate buffer, use the table below. Dilute the portions of solutions in the

table to 1 L with water.

Table 8.2.2. pH value adjustment of phosphate buffer solutions used for DNA hybridization.

1 Liter of 0.05 M Phospate Buffer (25 °C) 1 Liter of 0.05 M Phospate Buffer/0.15 M NaCl (25 °C)

H 1 M KH:PO, (PB706) | 1 MKHPO, (P8584) 1M KH:PO, 1MKHPO, |5 M NaCl (S6546)
P {mnl) {ml) (P8706) (ml) (P8584) (ml) {ml)
6.6 32.0 18.0 26.6 234 30
6.7 29.8 20.2 23.7 26.3 30
6.8 26.5 23.5 20.9 29.1 30
6.9 24.0 26.0 18.1 31.9 30
7.0 21.1 28.9 15.6 34.4 30
7.1 18.4 31.6 13.2 36.8 30
7.2 16.8 34.2 11.1 38.9 30
7.3 13.4 36.6 9.2 40.8 30
7.4 11.2 38.8 7.6 424 30
7.5 9.4 40.6 6.3 43.7 30
7.6 7.8 42.2 5.1 449 30

9. Store buffers at room temperature.

10. Add 1 pM probe ssDNA into 10 mM phosphate buffer. (Note: The buffer volume must be 100
mL in total, for 100nmole ssSDNA oligo). The probe comes in a dried powder form in a tube. Briefly,
centrifuge the tube containing oligo in it prior to opening. This is because to help oligo to sink to
bottom of the tube to prevent loss of oligo since the tiny amount is hardly visible in the tube and may
stick to the side walls.

[A more concentrated DNA stock of 100uM in 1mL can be made as well. Note that for the UV-spec
measurement, may need to take a sample and dilute it or the detector may be saturated. Then it can

be diluted again to make the aliquots (probably not down to 1uM)].
11. Briefly, vortex the whole solution but not centrifuge.

12. Measure the exact DNA concentration by UV-spectrometer. For this the buffer solution might be
prepared as 20% less amount of water since the amount of oligo shipped cannot guarantee 100 nmole
precisely. Do the measurement step by step adding water to the solution. When 1 piM DNA
concentration obtained, then the solution is ready to prepare aliquots. A sample calculation of

concentration of DNA oligo is shown below under step 20.
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13. Put the aliquots -20°C to freeze and store them. (This requires low-binding cryogenic tubes. They

must be low-binding otherwise the DNA will stick to the walls. Also need to fix the aliquot volume).

b. Preparation of Probe Functionalization Solutions.

14. On the day of experiment, take enough amount from the aliquot, and thaw them. (An aliquot is to

be used once and then thrown away. Each new day=new aliquot is preferred for stabile results).

15. Add 10 M TCEP, and vortex briefly. TCEP reduces the thiol-group linked to oligo and activates
oligo to covalently bond to the gold surface. Let it sit for a couple of hours at room temperature to
reduce the oligo. A stock solution of TCEP is not preferred either, each day of experiment new TCEP
solution is prepared and added to fresh DNA oligo aliquot.

16. Introduce the solution slowly onto the gold surface and incubate for 1 hr.
17. Rinse with PBS.

c. Preparation of the MCH solution.

18. Prepare 1 mM of 6-mercapto-1-hexanol (MCH) in a buffer of 10 mM phosphate buffer, 100 mM
NaCl and 1.4 mM TCEP. This is made day of gold sensor fabrication. MCH is oxidized quickly when
opening the bottle, in order to minimize air exposure, fill the remainder of the bottle with nitrogen

afterwards of each usage.

19. Introduce the solution and incubate for 1 hr followed by rinsing the gold surface by PBS. Then
with DI water. Then with ethanol (100%). Then with DI water. Blow with nitrogen to dry. Store in

vacuum desiccator cabinet under vacuum.

d. Prepare DNA Hybridization solution.

20. Add 1 pM target ssDNA into 4X concentrated Saline-Sodium Citrate (SSC) buffer.

[A more concentrated DNA stock of 100uM in 1mL can be made as well. Note that for the UV-spec
measurement, may need to take a sample and dilute it or the detector may be saturated. Then it can

be diluted again to make the aliquots (probably not down to 1pM)].

As explained above the buffer solution (SSC) might be prepared as 20% less amount of water since
the amount of oligo shipped cannot guarantee 100 nmole precisely. Do the measurement step by step
adding water to the solution. When 1 M DNA concentration obtained (or the desired stock

concentration), then the solution is ready to prepare aliquots.
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The concentrations of DNA oligo and protein samples used in this work were measured by a UV-Vis
spectrophotometer (NanoDrop 2000, ThermoScientific). First, to obtain a reference measurement, the
blank scan of the SSC buffer was scanned and stored in the memory. Then when a measurement of
the sample (target or prob DNA\) is taken, the intensity of light that was transmitted through the
sample is recorded. The sample intensities along with the blank and sample intensities are used to
calculate the sample absorbance according to the following equation:

Absorbance = —log

(2)

Intensitysample]
Intensitypiank

Hence, in order to calculate the absorbance at a given wavelength, both the measured light intensities
of sample and the blank are considered. The Beer-Lambert correlation is used to calculate absorbance

with concentration:
A=¢exb=*c 3

where, A represents the absorbance in absorbance units (A), € represents the wavelength dependent
molar absorptivity (extinction) coefficient (L/mol-cm), b is the pathlength (cm) and c is the analyte
concentration (moles/L). Here, both the blank buffer and sample solution should be at the same pH
and ionic strength. For nucleic acid quantification, the Beer-Lambert equation is modified to use a
factor with units of ng-cm/microliter. The modified equation for nucleic acid calculation is shown

below:
c=(Axg)/b “)

where, ¢ is the nucleic acid concentration in ng/microliter, A is the absorbance (A), ¢ is the
wavelength-dependent extinction coefficient in ng-cm/microliter and b is the pathlength (cm). The
extinction coefficient for nucleic acids can be taken as for Double-stranded DNA: 50 ng-cm/uL, for
Single-stranded DNA: 33 ng-cm/uL and for RNA: 40 ng-cm/puL. A sample spectral measurement is
shown in Figure 8.2.3. Here, concentration is calculated based on absorbance at 260 nm with the
defined extinction coefficient, A260 - displays absorbance at 260 nm normalized to a 10 mm
pathlength, A280 - displays absorbance at 280 nm normalized to a 10 mm pathlength and 260/280 -

ratio of absorbance at 260 nm and 280 nm.
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Figure 8.2.3 Spectral absorbance measurement of DNA oligo.

Figure 8.2.4 shows the concentration calculation of DNA oligo for aliquot preparation. As mentioned
above after centrifuging the powder form of oligo in polypropylene tube, buffer solution should be
added step by step and the concentration in each step should be measured in order to obtain the
desired DNA concentration for the aliquot preparation. It was observed that there is a loss in oligo
guantity in the original tube that the expected 100 nmole oligo amount was found to be approximately
30% less. Thus, it is critical to measure each step until the desired concentration is obtained.
Additionally, oligo calculations based on number of nucleotide bases can be made for DNA melting

temperature and molecular weight determination.

21. Refer to step 12 above to make aliquots.
22. Inject onto gold surface and incubate for 20 min.

23. After incubation of target DNA, it is ready to measure the hybridization accordingly.
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Figure 8.2.4. DNA oligo concentration for aliquot preparation and serial dilutions.

8.2.6 SIMULATION

In order to characterize the resonance modes of the sensors, prior to experiments, simulations are
conducted. In this study, to increase the binding surface area on gold surface, different capacitive
designs were used, such as spiral and triangular gap configurations. In Figure 8.2.5 the frequency
versus Si11 behavior of a triangular configuration is demonstrated for loaded and unloaded cases.
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e i et e 3-7 GHz water
_____________ 1-5 GHz unloaded

e D —— 3-7 GHz unloaded
5-9 GHz water
o i e 5-9 GHz unloaded

f(GHz)

Figure 8.2.5 Frequency-Si: behavior of the gold microwave sensor.
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8.2.7 EXPERIMENTAL PROCEDURE AND MEASUREMENTS

The fluids were driven by a high precision microfluidic pressure control system (MSFC 8C, Fluigent)
and a syringe pump. Biomolecule adsorption on the gold surface was visualized using an inverted
epifluorescence microscope (Eclipse Ti, Nikon) with 4xand 20>objectives and a CCD camera, with
fluorescent imaging for validation purposes. First, gold sensors were fabricated as described in
Chapter 3 by means of electroplating and photolithography. In each step, extra care was taken to
ensure that the gold surface was very clean, which is essential for functionalization. Cleaning of the
gold surface was realized in successive steps using acetone, ethanol, and isopropanol alcohol, with the
help of a sonication bath. Then, positive photoresist removal was gradually carried out, also with the
sonic bath. Afterwards, oxygen plasma cleaning was done to remove any other contaminants
remaining on gold surface. A prob ss-DNA solution was immediately prepared according to the
previously described protocol, with the gold microwave sensor either kept in a vacuum desiccator or
nuclease-free water for protection of the surface. Then, the sensor is exposed to the DNA prob
solution and incubated at least 1 hour. When the incubation is completed, the thiol modified prob
DNA is expected to attach on gold surface, which functionalizes the surface to the target DNA. Later
on, the MCH solution is also introduced to the surface for the reason of eliminating non-specific
bonding of other molecules on gold surface. This is done by MCH coating on gold surface except the
regions where prob DNA did not bind. Another reason is that MCH solution helps ss-DNA molecules
stand up vertically. After this stage, the functionalized gold sensors are ready for exposed to the target
DNA for monitoring the hybridization event. The sensors can either be stored in the desiccator which

is UV-protected for future experiments or can be introduced by complimentary DNA.

For the experiments and microwave sensing, a vector network analyzer (VNA) is used. Thanks to a
custom program written in Phyton, the VNA is connected to a computer (Laptop) and real time
measurement with controlled frequency sweep (microwave spectra), time intervals for data recording
and reflection coefficient data recording was carried out. Before each sensor and corresponding
frequency range were used, the VNA was calibrated with maximum allowed data range which helps
to increase the data resolution. For the hybridization and BSA experiments fluidic reservoirs,
microfluidic chamber and microfluidic channels were prepared with the help of standard soft-

lithography fabrication.
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8.2.8 RESULTS AND DISCUSSIONS

Before starting the DNA hybridization experiments, initially Bovine Serum Albumin (BSA), which is
conjugated with fluorescein and it is non-specifically attracted by gold surface, was used to monitor
the surface quality and adsorption efficiency of gold microwave electrodes. This also might
potentially be used for protein binding applications[418]. Figure 8.2.6 shows the optical images of
BSA adsorption on gold with fluorescein tagged molecules. The optical fluorescent imaging herein in
this study is used whenever possible to verify and validate the results. In Figure 8.2.6, the top image
demonstrates the bare microwave sensor without any loading. As expected there is no light emission
is seen. The middle image shows the Bovine serum albumin solution (1mg/ml in phosphate buffer)
pumping into the microchannel that since BSA molecules are conjugated by fluorescein dye
molecules, the whole solution in the channel is emitting fluorescent light. Then, the solution is left for
incubation in the channel, and later BSA solution is rinsed by PBS buffer solution and the channel is
cleaned. As can be observed from the bottom image in Figure 8.2.6, only the spiral capacitive gap that
is exposed to BSA solution is emitting light. This proves that BSA molecules are attracted by gold

surface of the microwave resonator and they bind on the gold surface.

Figure 8.2.6 Bovine Serum Albumin adsorption on gold microwave sensor is visualized by
fluorescent imaging. Bare microwave sensor (top image), BSA solution is introduced (middle

image), after incubation and BSA solution is removed (bottom image).
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Next, the DNA hybridization experiments were carried out with protocol reported above. For the
hybridization event prob-solution with the sequence Prob#1 (/5ThioMC6-D/AC GCG TCA GGT
CAT TGA CGA ATC GAT GAG T) and target DNA sequence Comp#1 (ACT CAT CGATTC GTC
AAT GAC CTG ACG CGT), both 1 uM in solution were used. First, the gold sensor was cleaned
carefully that any potential contaminants on the surface were tried to remove. A fluidic reservoir is
made for introducing the hybridization and buffer solutions on the gold microwave resonator. Enough
incubation time is allowed for each step, then the solution is removed and rinsed by buffer, and the
sensor was followed by the data measurement. The schematic representation of the incubation and
measurement processes are depicted in Figure 8.2.7. In order to eliminate any drift in measurements
and make sure the system is stable, always a drift study was performed carefully that without any
loading the data recording is started and over a long time the behavior of the system was followed,

then actual measurement were done.

< 4 < incubation
— —  § 5 — A
7 Ay A~ M) 4
Bare sensor (t=initial) Bare sensor (t=1 hr) ss-DINA introduced ss-DINA dried
medasure medasure measure

a b incubation
SO

c-DINA introduced c-DNA dried
Leasure
Figure 8.2.7. Schematic description of the incubation and measurement process of DNA

hybridization event.

Resonance frequency shift versus reflection coefficient results of DNA hybridization is provided in
Figure 8.2.8. As can be seen from the figure that bare sensor initially and after 1 hr overlaps
indicating that there is not any drift in the measurement system. Binding of prob ss-DNA and the
target c-DNA on gold resonator causes a shift in resonance frequency of the sensor which used to

detect the hybridization event. The scanning range for the measurements was between 1800-2200
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MHz with 0.1 MHz resolution. As presented in Figure 8.2.9, for the immobilization of ss-DNA a
Af=1.8 MHz frequency shift was observed relative to the bare sensor, and with the injection of c-
DNA for hybridization Af=1.2 MHz shift between ss-DNA and c-DNA was obtained. Results show

that DNA hybridization event can be detected and monitored with the microwave resonator.

DNA Hybridization Sensing

Bare sensor (t=initial)
Bare sensor
——ssDNA

——— -DNA

Frequency (GHz)

Figure 8.2.8. Frequency scan vs Si: for bare gold sensor, ss-DNA and c-DNA cases.

Also, in order to verify the immobilization of prob DNA on gold sensor and the event of the
hybridization, an optical measurement was carried out corresponding to the microwave
measurements. For this purpose a DNA intercalating dye, Rose Bengal (RB), was used. Rose Bengal
does not emit light normally, however, when it is binding to DNA it starts emitting light which helps
to analyze DNA. Nevertheless, while binding of Rose Bengal to complimentary DNA emits a weak
light, the intensity of the fluorescent dye increases and getting brighter when the strands of DNA
combines and more DNA is hybridized[264],[407]. In Figure 8.2.10 binding modes of intercalating
dyes to DNA is illustrated. To validate this optical method and monitor DNA hybridization, on a
microscope slide three different solution small drops were applied and optical imaging and

fluorescent data recording were done. The first droplet contained only Rose Bengal (RB) (100 M
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Figure 8.2.9. Change in resonance frequency and reflection coefficient for sensor itself,

immobilized DNA and after hybridization.

otherwise stated) dye, the second one contained RB+ 1 juM complimentary DNA, and the third one
contained RB+ 1 pM complimentary DNA+ 1 pM prob DNA. As shown in Figure 8.2.11, the
intensity increases as more DNA hybridization occurs, then it saturates. This proves the hybridization
of DNA and the intercalation of RB. And, Figure 8.2.12 demonstrates the fluorescent images of the
DNA and RB combinations.
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Figure 8.2.10 Schematic diagram showing different binding modes of intercalating dyes to

DNA (image adapted from www.thermofisher.com/ca).
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Figure 8.2.11 Intensity variation by the interaction of the intercalating dye and DNA.

After testing RB intercalation and DNA hybridization by the optical imaging, 100 M RB was also
introduced on top the microwave resonator for which hybridization result is shown above. Since the

DNA hybridization happened as the last step on the microwave sensor, the surface of the resonator
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started emitting light in comparison to the initial condition of without RB addition (see Figure
8.2.13). This result also verifies the microwave measurement of DNA hybridization and successfully

immobilization of the DNA on microwave sensor.

|

Figure 8.2.12 Three different contents of drops on microscope slide; containing RB only, c-
DNA+RB, and c-DNA+prob-DNA+RB, respectively from top to bottom. Each drop excited by
mercury lamp and fluorescent images were acquired with TRITC filter. Color changes due to

emission at different wavelength is seen.

Figure 8.2.13 Microwave resonator after DNA hybridization without RB (left), and after the DNA

hybridization (right) it is intercalated by RB validates that ss-DNA immobilization and

hybridization event to be occurred.

198



8.2.9 CONCLUSIONS

In this work, the preliminary DNA hybridization sensing for disease diagnosis applications using
microwave based sensor is studied experimentally. The biological protocol of DNA hybridization
process was successfully developed and applied. For gold microwave resonator fabrication, a
fabrication process was also implemented to obtain clean and acceptable surface properties for Thiol-
modified DNA immobilization. DNA hybridization results showed that this microwave integrated
platform is a promising candidate for biomolecular diagnostics purposes. Additionally, the microwave
resonator has advantages such as it shows a strong potential for point-of-care and it does not need
labelling. Furthermore, the microwave sensor can also be multiplexed for reducing the cost and
provide portable and rapid biomolecular detection. It should be noted that the study demonstrated
here is a preliminary work and shows promising future for DNA sensing. More research is planned to

be conducted in this field.
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Chapter 9

CONCLUSIONS

9.1 CONTRIBUTIONS OF THE THESIS

There is an increasing interest in LOC and droplet-based microfluidics because of their promise to
facilitate a broad range of scientific research and biological/chemical processes. Potential applications
can be found in many areas such as cell analysis, DNA hybridization, detection of bioassays, bio-
reactions, drug screening and diagnostics. Major advantages of droplet-based microfluidics versus
traditional bioassays include the former’s capability to provide a highly monodispersed, well-isolated
environment for reactions with magnitude higher throughput (i.e. kHz) than traditional high
throughput systems, as well as providing low reagent consumption and eliminating cross
contamination. Among the demanded functions such as droplet generation, merging, sorting, splitting,
trapping, sensing, heating and storing, the sensing and heating of individual droplets is particularly

challenging because the droplets’ small size and high speed do not allow regular imaging techniques
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to be used or requires expensive equipment, or it does not allow commonly used heating methods
such as resistive heating to be used because individual and selective droplet heating is lacking. This
thesis addresses the above-mentioned challenges by developing microwave technology that can be
integrated with droplet microfluidics for label-free sensing and rapid heating of individual droplets,
which also opens up opportunities for unique applications such as single cell and controlled material
synthesis.

Substantial effort has been made to structure the thesis to logically reflect the needs, challenges and
applicability of the integrated LOC technology, and to suggest other potential uses for it. Thus, the
thesis touches on application-driven projects, for instance, related to the pharmacology and
biomedical fields, i.e., drug screening, drug carrier synthesis, biomaterial sensing and biomolecular
disease diagnostics. On the other hand, it also tackles the fundamentals of the research field to
improve the integrated platform. For example, the mixing phenomenon is investigated and explained
(because it is crucial and challenging task at the micro/nano scale) with the microwave initiation in
two-phase droplet flow; a portable and high-throughput microwave circuitry is developed for
potential point-of-care sensing; and the analysis is performed for the parameters effecting droplet

microfluidic and microwave integrated device performance and capabilities.

The first part of the thesis is dedicated to designing and developing a portable, high-throughput,
sensitive, label-free and inexpensive custom microwave detection circuitry that can easily be
incorporated in droplet microfluidics platforms. This system allows individual droplets to be detected
at kHz rates as well as sensing their contents. Although many optical and electrical systems are
available for sensing and detection, the key properties needed for miniaturized high-throughput
analysis are portability, speed and cost. The developed microwave circuitry addresses these three
criteria without compromising its sensing performance. The entire project included: i) the design
proposal and optimization; ii) fabrication of microfluidic chips and microwave resonators which
require soft lithography technology, traditional photolithography and electroplating techniques.
Existing fabrication protocols were improved and new techniques were developed to make the
integrated chip robust in performance; iii) building the microwave circuity which is not trivial, due to
challenges raised by high operating frequency, which requires almost perfect connecting between
different components; iv) integration of the entire system and characterization of it against droplet
detection, content sensing and drug assay. The fact that a start-up company has been established

around this system confirms the contribution towards the field.
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The later stage of the thesis investigated combinatorial parameters affecting heating and sensing
performances of the droplet microfluidics and microwave integrated system. In general, researchers in
the electromagnetics community, particularly those working on RF and microwave, study the
geometrical and dielectric properties of the materials, sensor structures and systems in a detailed and
comprehensive manner. The microfluidics community, in contrast, is more focused on fluidic and
flow manipulation tasks, as presented in Chapter 2. Integration of miniaturized microwave
sensors/heaters with droplet-based LOC systems, combinatorial analysis of the sensing and heating
performances and the behavior of the system parameters must be examined in detail in order to fully
utilize the capability of the device. Also, sensitivity of the system is a key criterion for its deployment
for different applications such as biochemical reactions or cell analysis. Because of these challenges,
the combinatorial effects, such as dielectric features of the microfluidic chip material, droplet
geometrical properties on internal electromagnetic field distribution, passivation layer and power
absorption were examined in this project. The findings, understanding and discussion of the
parameters offer a useful guide for the members of the scientific and industrial communities who
work with electrical sensor components and droplet microfluidics and pursue heating and sensing

tasks or wish to commercialize microfluidic platforms.

The thermocapillary droplet micromixer is another valuable development of this thesis. Many
available droplet mixing techniques are either slow, require long serpentine channels, or have a
mixing function only. The microwave localized heating method, on the other hand, is both novel and
efficient because it enables mixing as well as the initiation of chemical reactions the same time. It
relies on the non-uniform microwave energy deposition in the droplet that passes the sensor region to
induce non-uniform Marangoni flow and thus enhance mixing within the entire droplet. Almost
instantaneous and homogenous mixing of droplets can be achieved within milliseconds. The physical
mechanism of the thermo-capillary droplet mixing is analyzed and discussed in Chapter 6, and is a
useful contribution to the field since mixing is difficult and important in small scale systems due to

low Reynolds number flows.

Another valuable contribution is the development of microwave thermometry for droplet
temperature measurement, as it allows direct temperature measurement of droplets. Many other
techniques measure temperatures of microchannels or droplets indirectly. However, using the

dielectric-property-based measurement technique with the microwave resonator demonstrated in
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Chapter 7, sensitive and selective temperature can be measured specific to the droplet and working

fluid inside the microchannel only.

The last part of the thesis further expands on the droplet-microwave integrated device developed in
this work for biomedical and pharmaceutical Lab-on-a-chip applications. First, as a drug carrier and
releasing tool, hydrogel microparticles are synthesized. Second, for potential biomolecular disease
diagnostics, preliminary study of DNA hybridization event is carried out using the microwave
resonator. These further expansions and applications show the promising future of the integrated
system that can be utilized for many purposes.

9.2 FUTURE WORK AND RECOMMENDATIONS

The topics and projects covered in this thesis, related to microwave-droplet microfluidics integrated
LOC platforms for biomedical and pharmaceutical needs, demonstrate the system’s wide
applicability. However, as only a few studies have been done on the integration of both, the results
presented here will provide guidance for the many other avenues still waiting to be investigated and
explored. Among these possibilities, for instance, a numerical study could be carried out to analyze
the relative importance of thermophysical properties in droplet mixing. This work is suggested
because during experiments, when heating is applied, the viscosity, interfacial tension, diffusion
coefficient and density change in a coupled manner because of their temperature dependence. A
numerical approach would allow some parameters to be kept constant and others varied, enabling the
relative importance of the competitive forces to be analyzed quantitatively. Another recommendation
is that droplet generation be performed in an active manner using microwave energy. Induced energy
on the liquid/liquid interface makes an imbalance, leading to instability that causes droplet breakup.
Further study is needed on the microwave synthesis of hydrogels. Temperature sensitive hydrogels

could also be synthesized, as a means to achieve thermo-induced slow sustained drug release.
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Appendix A

Calibration with Fluorescence Thermometry and RTD

Attempts were made to measure working fluid temperature directly for calibration purposes. Figure
Al shows the intensity vs. temperature calibration obtained for a fluorescein and Tris-HCL solution.
Fluorescence properties of fluorescein are pH dependent, while pH properties of Tris-HCL are
temperature dependent, allowing temperature to be measured from its fluorescing intensities.
However, local concentration difference, lamp intensity fluctuation, and CCD camera noise resulted
in error in the range of #£3°C, which is higher than what the microwave sensor can achieve, and
therefore is not suitable for calibrating the microwave sensor. In contrast, the hotplate correction
method is much more accurate. Resistance Temperature Detector was also considered for use in
calibrating the microwave sensor in the single-phase experiment, Figure A2, but fabricating both the
RTD and microwave sensor on the same chip has proved to be problematic.

Fluorescence Calibration
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Figure Al. Fluorescence Thermometry using 100uM fluorescein and 10mM Tris-HCL buffer
adjusted to pH 7.1 at 22 °C.
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Figure A2. The RTD sensor.
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Figure A3. Picture of the temperature measurement setup and components used in detail.
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Appendix B
Poly (Acrylamide-co-Sodium Acrylate) Copolymer Hydrogel
Particle Synthesis

B1. On-chip Polymerization of Droplets

29x length

I

Figure B1.1. The serpentine channel design for increasing the reaction time.

Figure B1.1 shows the long serpentine channel configuration for increased reaction time of droplets
The residence time (UV exposure time) of a droplet inside the serpentine section is calculated based

on the flow rate and geometry.
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Figure B1.2. Polymerized droplets merge each other and come to a stop. When UV-exposure

is turned off droplets start to move again.
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B2. Semi-on-chip Polymerization of Droplets
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Figure B2.1. The experimental setup for semi-on-chip polymerization of droplets. Droplets
are generated inside microfluidic chip and transported with a capillary tubing for UV
exposure.
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Figure B2.2. Due to bending of the tubing at the outlet and gravitational force on droplets, the
spacing between droplets are non-uniform, which causes long plugs of polymerized droplets

in capillary tubing.
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B3. Off-chip Polymerization of Droplets

Figure B3. Off-chip polymerization. Droplets form a thin polymer film after reaction. Since
the spacing among droplets is small, droplets are merged and cross-linked together during

polymerization. A thin film of hydrogel was synthesized instead of individual micro-particles.
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Appendix C
Video: Droplet Pair

This appendix is a video of the generation of droplet pairs used in Chapter 4.

The file name of this video file is “Appendix C_droplet pair.avi”.

If you accessed this thesis from a source other than the University of Waterloo, you may not have

access to this file. You may access it by searching for this thesis at http://uwspace.uwaterloo.ca .
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Appendix D

Video: Microwave Thermocapillary Droplet Mixing
This appendix is videos of the microwave based thermocapillary droplet mixing used in Chapter 6.
The file name of this video file is “Appendix D_Microwave Mixing-Gly75_L1.avi”,
and

The file name of this video file is “Appendix D_Microwave Mixing-Gly75 L2.avi”,

If you accessed this thesis from a source other than the University of Waterloo, you may not have

access to this file. You may access it by searching for this thesis at http://uwspace.uwaterloo.ca .
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