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ABSTRACT

THERMAL MICROFLUIDIC DEVICES;
DESIGN, FABRICATION AND APPLICATIONS

Benyamin Davaji, B.S., M.S.

Marquette University, 2016

This thesis investigates the thermal actuation and temperature measurement
methods in microfluidic devices. We designed and fabricated microfluidic devices with
various functionalities such as: bio sensing, particle counting, microscale calorimetry, and
cellular temperature measurement. All of these functionalities use thermal measurement
methods.

When quantitative measurements are required, the label-free nature of thermal
measurement methods, along with its simple readout, make it a powerful candidate for lab
on a chip and bio sensing/detection applications. In this work, thermal measurement
methods are used to characterize bio-samples, measure concentrations, study thermal
responses, and even perform particle cytometry.

However, thermal measurement methods are known for their low speed and low
sensitivity characteristics, which are influenced by thermal properties of materials and
structural design. On the microscale, we designed and fabricated microfluidic structures
with modified thermal properties to achieve low response times and high sensitivity. To
optimize our devices, we analyzed the thermal responses of the designed structures using
a first order equivalent electrical circuit model. We then compared the results of the model
to the fabricated device responses. To increase the functionality of our device, we used a
number of temperature measurement techniques; thermal wave analysis, AC calorimetry,
time of flight measurement, and the continuous recording of differential temperature.

In this work, we fabricated an on-chip calorimeter with a 200 nL chamber volume
and measured specific heat and thermal conductivity of water and glycerol. Also, we
measured the thermal properties of the ionic liquids with the calorimeter. Moreover, we
fabricated a calorimetric microfluidic biosensor to detect and measure the glucose levels
of blood with concentrations of 0.05 to 0.3% wt/vol. We applied the same method to
measure DNA concentration in buffer solution and a protein binding reaction. Also, we
developed a method to count the number of particles passing through a micro channel while
simultaneously measuring the size deference between particles by measuring changes in
thermal conductivity. We fabricated a microfluidic platform to capture a single cell to
measure the temperature of the cell in response to an external stimulation.
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Chapter 1  Introduction

One of the most exciting parts of scientific research is extending our understanding of
nature through discovery of novel ideas and developing new technologies. Both new ideas by
theorists and novel tools by experimentalists have revolutionized the sciences. Which one drives
scientific research is the fundamental question: concepts or tools. Freeman Dyson divided
scientists based on their approach into two categories: Kuhnians and Galisonians, named after
two scientific revelation theorists, Thomas Kuhn and Peter Galison, respectively (Dyson 2012).
The Kuhnians are theorists who are looking to drive the scientific research by developing new
ideas. On the other hand, the Galisonians are experimentalist researchers with strong belief in
dominating the scientific advances by developing new tools.

Currently, it is not possible to clearly identify the contribution share of Kuhnian science
versus Galisonian science. Fortunately, science is witnessing the strong progresses in both
directions in 21* century (Dyson 2012). However, Dyson believes “new directions in science are
launched by new tools much more often than those by new concepts. The effect of a tool-driven
revolution is to discover new things that have to be explained” (Dyson 1998). This argument
highlights the importance of tool-driven research without neglecting the contributions of concept-
driven research.

This dissertation investigates thermal microfluidic technology and offers fundamental
new capabilities as a powerful tool to enhance the functionality of microfluidic devices. Thermal
microfluidic technology is the science and technology of performing thermal measurements on
extremely small quantities of liquids or suspensions, where the microfluidic devices are used to
handle and prepare the samples. This work is a tool-driven research based on the introduction,
and it lays among many others tool driven researches on “Galisonians planet”.

This chapter starts with an introduction to the thermal measurement technology and

reviews the scope of applications of thermal measurement techniques. Then, microfluidic



technology is reviewed with emphasis on advantages of applications. Identifying the limits and
potentials of thermal microfluidic devices and developing a general design approach for
overcoming these limits leads to the utilization of its potential. This is the motivation of research
presented in following section. Finally, the structure of the context of this dissertation is

explained in the last section of this chapter.

1.1 Thermal Measurement

In general, thermal measurement methods and thermal analysis are measurement
techniques for investigating the properties of samples using heat. The origin of heat as a physical
guantity is discussed in chapter 2, where the heat transfer phenomena and main heat transfer
modes are introduced.

Since heat is not a directly measurable physical quantity, the heat transfer and
temperature changes are commonly investigated instead. Various thermal measurement
techniques are developed for measuring the physical properties of materials or for investigating
the chemical reactions and physical interactions.

Thermal measurements are direct measurement techniques that produce guantitative
results and offer considerable advantages. The advantages of thermal measurements and thermal
analysis are presented later in chapter 2.

However, thermal techniques are commonly known to be slow due to the thermal
properties of measuring tools and samples. Another known issue with thermal measurement
techniques is the ambient effects, where the thermal isolations are a challenge in many
applications.

The main goal of this research is to investigate the feasibility of thermal measurement
methods for diverse measurement and detection applications in the microscale by defining design

considerations for developing measurement tools based on thermal methods.



To achieve this goal and investigate the capabilities of the thermal methods, microfluidic
devices with thermal measurement methods for four different applications are developed.
Microfluidic technology based on substantial capabilities in handling and processing samples in
small scale are used as the base for implementing thermal measurement technique.

The presented research is structured slightly different from others. Here where the
implementation of thermal measurement methods by investigating the applicability of such
techniques is the main concept. Then, in this work, the feasibility of proposed measurement
methods are studied by developing, characterizing, and evaluating the output results of four

different devices to verify the practicality of the concept of thermal measurement.

1.2 Microfluidic Technology

Microfluidic technology is the science and technology to handle, manupulate, and
process small quantities (1078 to 107 liters) of substances in the dimensions of a few hundred
nanometers to hundreds of microns (Whitesides 2006). Based on application and functionality,
microfluidic devices have been recognized with different names: Lab on a Chip (LOC),
Miniaturized Total Analysis System (UTAS), and Point of Care (POC) diagnosis devices
(Erickson & Li 2004; Sackmann et al. 2014). Typically, miniturized reaction chambers, micro
channels or a network of microchannels, micro valves, micropumps, and sample inlet and outlet
interfaces are the most common parts of microfluidic systems.

Microfluidic technology offeres many advantages, to name a few: rapid sample
processing and precise control over fluid, which implise substantially smaller required sample
and reagent. Considering these advantages, microfluidic technology at the beginning promised
considerable optimism for revolutionizing diagnostics and biological research (Sackmann et al.
2014). The microfluidic system can be combined with simple sensors and/or complex detection

systems to deliver the expected analytical functionalities (Whitesides 2006).



Microfluidic technology originated from five different fields in science and enginering:
microelectronics, molecular biology, molecular analysis, biodefense (Whitesides 2006), and fluid
mechanics. However, the microelectronic and semiconductor industries started the fabrication of
microscale devices using standard micromachining techniques (Sackmann et al. 2014). The on-
chip gas chromatography and inkjet printers are pioneer projects in the field that shaped the
roadmap of current developments in microfluidic technology (Erickson & Li 2004). Combining
integration and miniaturization from microelectronics with the groundbreaking power of
microanalytical methods in chemical analysis, microfluidic systems belong in the category of
powerful/emerging technologies. The recent developments in molecular biology, genomics, and
the research/investigations in the field of biodefense to overcome the chemical and biological
threats also contributed deeply into the field. They contribiuted not only as a consumer to use the
technology, but also by bringing the development experience back to the feild (Whitesides 2006).

The field of microfluidics offers new capabilities in handling and processing the fluid
samples, which brings unique possibilities. The main advantage of microfluidic systems is the
small quantities of the required sample and reagent. The short analysis time, low cost, high
throughput, and high sensitivity are the other advantages of microfluidic systems.

Microfluidic research became one of the very common interdisciplinary research topics
that brought people from different fields together. Industrial applications of microfluidic
technology are increasingly growing (Chin et al. 2012). The microfluidic products are not
dominating the field yet and the reasons are not clear to scientists, engineers, and developers
(Whitesides 2006). Like most scientific fields, microfluidic technology has its disadvantages and

necessary tradeoffs, however, the advantages far outweigh the disadvantages.



1.3 Motivation of Research

Microfluidic technology, as presented in the introduction section, offers fundamentally
new capabilities to handle, control, and manipulate very small quantities of samples and reagents
(Whitesides 2006). These new capabilities are broadly used for research in life science and
diagnostic technology (Temiz et al. 2015) [ref]. However, the developed detection and sensing
methods for microfluidic technology are limiting this fast growing technology. Thermal
measurement offers many advantages that make it suitable to integrate with microfluidic
technology for detection and sensing. In the rest of this section, the main advantages of thermal
microfluidic devices are discussed.

Chemical and biochemical reactions result in enthalpy change. The absorbed or released
energy causes temperature change. Measuring this temperature change is a key to understanding
the progress of chemical or biochemical reactions. This technique makes thermal measurement a
good candidate for detection of reactions and interactions. However, the applications of thermal
measurements are not limited to the study of reactions and interactions, but we can find or design
a reaction for investigating the existence and concentration of different species.

Understanding of cellular and intercellular interactions are essential for many therapeutic
and diagnostic studies. Researchers in fields like tissue engineering, regenerative medicine, drug
discovery, drug delivery, and disease detection are investigating cellular and/or intercellular
responses. The cellular and intercellular responses often investigated in a large group or a
suspension of cells. Recent reports show the independent applications and importance of studying
the cellular responses at the single cell level, the tissue level, and also at the organ level.
Regardless of the population, it is known that many intercellular processes are causing a
temperature change, such as the gene expression and cell division which are exothermic processes
(Okabe et al. 2012)(Is et al. 2012). Thermal microfluidic devices are capable of measuring this

temperature change without disturbing the cell or group of cells.



Furthermore, the temperature measurement methods in bio-detection are label-free
techniques. Label-free detection approaches avoid additional labeling steps, where it is essential
for labeled detection methods to develop or find a stable label for attaching to a biomarker or
chemical complex. The labels could be simple color dyes, complex quantum dots, gold
nanoparticles, or radioactive inks. These labels often need external excitation for detection and
imaging. The label free methods avoid these complexities. The label-free nature of thermal
measurement makes thermal measurements suitable for lab-on-a-chip (LOC) and point of care
(POC) applications.

Measuring the concentration of quantities is an important role for many diagnostic
devices. Currently, producing the quantitative measurement results is a key challenge for portable
devices, where the size of devices are limited. The majority of POC devices currently use optical
detection methods, which produce qualitative measurement data or semi-quantitative
measurement results. Using thermal detection method with known enthalpy change and reaction
kinetics in combination with precise volume control in microfluidic devices results in
guantitatively measured data. The quantitative output offered by thermal measurement methods
makes it well suited for many diagnostic applications and analytical devices.

The other application of thermal microfluidic devices is calorimetry at microscale.
Calorimetry is known as a powerful tool to investigate the state variables of materials by
controlling and measuring heat transfer. Calorimetry is used for studying chemical reactions ,
physical changes , and phase transitions in materials. The calorimetry techniques are intensively
investigated for a number of different measurements in bulk. However, microscale calorimeters
are in early stages of development. There are few early researches reported with focus on scaling
down the calorimeter system to achieve highly controlled fluid handling, low required quantities
of samples and reagents, and increasing precision. However, the complexities of thermal isolation

and sensitivity of the measurement issues have yet to be addressed.



Thermal microfluidic technology has started at the earlier stage mainly for basic
calorimetry applications. Calorimetric techniques in microscale offered new capabilities such as
using thermal conductivity measurement to count the particles or cells and perform cytometry in
microfluidic channels or measuring the thermal diffusivity for cellular viability.

The complexities associated with thermal measurement methods include the spatial and
temporal resolution of measurement and the sensitivity vary from a simple resistor technique to
atomically precise machined probes or state of the art florescent particles techniques.
Microfluidic technology enables the use of simple thermal measurements that avoid complexities
in fabrication and integration. Developing a device for a wide range of thermal measurement
applications remains a challenge. Thermal microfluidic devices are facing a trade-off between the
spatial and thermal temperature measurement resolution and the sensitivity of measurement.
Thermal microfluidic devices could be designed and fabricated considering the measurement
requirements with offering simple fabrication and measurement. Details of design and fabrication
of thermal microfluidic devices are covered in chapters 3 and 4, respectively. It is shown that
simplicity can be achieved in design and development of portable thermal microfluidic devices.

In this section, the advantages of using thermal measurement methods for detection in
microfluidic devices are presented. The major benefits of thermal microfluidic devices are the
label-free nature of detection, non-invasive temperature measurement, qualitative measurement
results, and the capability of detecting and measuring concentration of species when small
guantities of samples and reagents are available. These characteristics are the main motivation of
this research. Our approach for designing and developing the microfluidic system with mentioned
characteristics is briefly reviewed in the next section, where the in-depth investigation is left for

later chapters.



1.4 Approach

As explained in previous sections, thermal measurement characteristics as a system are a
function of thermal properties of material, physical dimension of system, temperature sensor
properties, and measurement techniques. Having multiple design variables makes the engineering
trade-off essential to design and develop an applicable device for each specific application. For a
better understanding of the thermal microfluidic device as a system, an equivalent model is used
in this work. The analogy between heat transfer parameters of a system and electrical current and
potential lead us to use a first order equivalent circuit to analyze the thermal microfluidic system.

In Chapter 2, the thermal design characteristics of the system, including thermal
resistance, thermal mass, and thermal time constant of measurement are introduced. Using the
developed equivalent circuit, design considerations to achieve applicable thermal characteristics
for thermal microfluidic devices are defined. Thermal microfluidic devices are designed and
restructured by applying the defined design consideration in material selection and structure
design.

The majority of current microfluidic devices are polymer based devices, which are
mostly developed using soft lithography techniques. However, unfavorable thermal properties
(large thermal mass) of polymer based microchannel and poor thermal conductivity of such
materials at sensor interfaces limit the measurement speed and result in relaxation of temperature
to device and ambient. In this work, a combination of silicon based materials and polymers are
used to reduce the thermal mass, increase the thermal isolation, and reduce the thermal time
constant. The possibility of using porous materials with high flexibility in thermal microfluidic
devices is also investigated. These investigations led to the design and development of the first
paper-based microfluidic sensor with calorimetric detection.

Designing a microfluidic platform with optimized thermal isolation and small mass can

be achieved by modifying and redesigning the structure of microfluidic channels and cavities.



The silicon 3D micromachining technology and thin film deposition technology allows us to
develop very thin (500 nm) suspended structures, without losing the mechanical strength of the
microchannel. The developed 3D micro-machined on chip calorimeter is published in scientific
journal paper (Davaji et al. 2014). The same micro fabrication technique is combined with soft
lithography technology and a microfluidic platform capable of measuring thermal conductivity
for micro particle detection and cytometry is introduced for the first time.

The focus in this work is to develop devices for bio sensing, lab-on-a-chip (LOC)
applications, and point of care (POC) applications. In our approach, we used resistive temperature
detector (RTD) sensors. The operation temperature range and required linearity in the range,
simplicity of the fabrication and integration of the RTD sensors were lead to this selection. The
RTD sensor has good linearity compared to thermistors and offers sensitivity compared to
thermocouples within the range. Moreover, fabrication of a RTD device at micro scale is simple
and less expensive compared to other technologies. The RTD device can also operate as a heat
source and can be actively used for thermal actuation in thermal microfluidic devices.

Thermal measurements and calorimetric technology in bulk are well stablished. Many
different measurement techniques are developed and characterized for measuring different
functionalities. In this work, we adapt AC calorimetry, thermal wave analysis (TWA) techniques
and heat penetration time measurement or time of flight (ToF) measurement techniques.
Combining these techniques, thermal microfluidic devices were developed and are able to offer
different functionalities.

Signal amplification plays an important role in biosensor devices, devices can detect
signals with smaller amplitudes than limit of detection (LoD). In our approach, we intended not to
use any external label or excitation. In this work, we take advantages of the label-free nature of

temperature measurement is preferred over using complex labels.
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1.5 Organization of the Dissertation

This dissertation is divided into five chapters, where each chapter’s materials are
organized to be self-contained and, at the same time, the flow of context is prioritized. In the first
chapter, the dissertation starts by introducing microfluidic technology and thermal measurements
by reviewing existing work and looking at the limitations and challenges. In the second chapter,
our approach and design principle to overcome the existing challenges are presented. In the next
chapter, the fabrication and characterization of the microfluidic devices with integrated thermal
measurement methods are designed. The measurement results and discussion of our work for
each device is explicitly presented in the next chapter. The final chapter reviews the ongoing and
future works along with highlighting the potential application. The organization of the context
within each chapter is presented in the next few pages.

In the first chapter, the microfluidic technology and its applications are introduced with
in-depth review of previous work. The thermal measurements and application sections are located
in the next section. The potentials when the microfluidics and thermal measurement methods are
combined and the background of existing work with emphasis on highlighting the advantages and
disadvantages are reviewed in the next sections. In the last part of the first chapter, the motivation
for this thesis and our approach to overcome the current issues and challenges, with slight touch
on details of the process, are presented.

Chapter 2 covers thermal microfluidic device design and characterization in detail. The
chapter starts by introducing the heat transfer phenomena and covers the fundamentals for three
basic heat transfer mechanisms. The thermal characteristics and properties of microfluidic devices
in the next section provide the requirements for thermal devices. The electrical analogy and first
order equivalent circuit model for analyzing the heat transfer in microfluidic devices are the final

part of this section.
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Chapter 2 continues by presenting the considerations for thermal microfluidic device
design, where a combination of material selection and micromachining techniques are used for
redesigning and optimizing the microfluidic structures. The sources of measurement noise in
thermal microfluidic devices are reviewed in the next section. This chapter ends by presenting the
thermal measurement techniques, which makes it possible to measure different observables using
the same device.

Chapter 3 provides fundamental descriptions of design and operation of fabricated
thermal microfluidic devices in this work. This chapter shows how the thermal measurement
methods are integrated with microfluidic devices to perform different functions. In this work, four
applications for thermal microfluidic devices are investigated. The investigated applications are
On-chip micro calorimeter, thermal particle detector, paper-based thermal biosensor, and
microfluidic platform for continuous monitoring of a single cell temperature response. Since
design criteria and functionality for devices in each application vary, the details are presented
independently for each applications in this chapter.

The on-chip calorimeter design and operational principle are presented in the first section
of this chapter. The next section covers the operational principle and the design of a novel device,
which uses thermal measurement for detecting particles in a microfluidic channel. In the
following section, we introduce a paper-based calorimetric biosensor. The final section of chapter
3 covers the design and operational principles of the developed microfluidic platform for
capturing a single cell for measuring cell temperature change.

Chapter 4 contains the details of device fabrication and thermal measurement
experiments for each application. This chapter also covers each application individually, where
the sections are organized in the same order as the previous chapter. The experimental section for
each application begins with device fabrication details, followed by sample preparation and

experimental setup descriptions. For each application, the measurement results are presented. At
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the end of each section, the experimental results are evaluated for each individual application in
the discussion section.

Chapter 5, the final chapter, provides a summary of presented research. The first part
contains a summary for each developed device as well as a general conclusion for thermal
microfluidic devices. The ongoing experimental work is introduced briefly in the next section.
This ongoing investigation will be published and/or transferred to junior colleagues at Nanoscale
Devices Laboratory in Marquette University. In continuation, the potential applications for
developed devices and introduced thermal microfluidic technology are discussed. This section is
organized to present the potential of thermal microfluidic technology in two categories. First
potential applications are introduced in the form of future work, which does not require
significant changes in device structure. The second category discusses the future of this
technology and aims to draw a big picture of applicable domains for thermal microfluidic

technology.
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Chapter 2 Device Design and Thermal Considerations

Fundamental understanding of the origin of heat and heat transfer phenomena is essential
for designing devices where thermal measurement methods are used for detection and
guantization. In addition to understanding the fundamentals, a model is required for thermal
analysis to implement the thermal considerations in designs. Finally, the proper knowledge on
available materials for device fabrication is vital information for designing feasible structures.

This chapter elaborates on providing the scientific background for heat transfer
phenomena in microfluidic devices, introduces a model for thermal device considerations, and
provides the material properties and fabrication process for thermal microfluidic device
fabrication.

Section 1 introduces the fundamentals of heat transfer phenomena by reviewing the basic
mechanism of heat transfer. In the second section, thermal microfluidic devices from a systematic
viewpoint is studied, where an equivalent circuit model is introduced. The thermal circuit model
is used for developing a set of design considerations, which allows performing thermal
measurements in microfluidic devices without losing information.

Finally, the last section covers the available materials for microfluidic device fabrication
with slight touch on their fabrication processes. The provided information on the materials and
characteristics assists the introduced criteria to become practical realization instead of remaining

theoretical.
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2.1 Heat Transfer Phenomena

Interactions between any system and its surroundings results in system energy change.
The law of conservation states that energy can not be created or destroyed. Therefore, these
interactions cause energy transfer through heat and work. To design thermal microfluidic devices,
understanding of heat and heat transfer modes is essential.

Thermodynamics is the science of studying energy transport dealing with the end states
of interactions. It also studies the heat transfer modes and heat transfer rates, which are very
important in designing a thermal measurement experiment. However, it does not provide
microscopic view the nature of heat transfer and time rate of these interactions.

Phonons are the vibration of the atoms or molecules in condensed matter. Igor Tamm, a
Russian physicist, suggested the concept of phonons for the first time in 1932. The microscopic
nature of these vibrational states are caused by particle interactions; interactions of phonons and
electrons in metals and phonon scattering in semiconductors and insulators. In other words, this
heat transfer requires the collision between energy carriers; electrons and phonon in metals, and
phonons in semiconductors and insulators. The detailed investigation of interactions of particles
is required for exact microscopic understanding of heat transfer. However, macroscopic heat
transfer is adequate for describing heat transfer on the macro scale.

In this section, the three main heat transfer mechanisms: conduction, convection, and
radiation, are reviewed. This section will provide the background prerequisites for an
understanding of the thermal characteristics of a system, presented in the next section, where an

equivalent circuit and electrical analogy is used to design thermal microfluidic devices.
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2.1.1 Conduction

Heat conduction is the microscopic transport of energy from higher energy particles to
lower energy particles within the substance, where the substance is not experiencing any
macroscopic flow or displacement. In other words, heat conduction is the transport of vibrational
states within the substance in absence of any mass transport neither forced by flow nor diffusive
(Incropera et al. 2006).

Conduction heat transfer is the dominant mode of heat transfer in solids. Therefore, in
thermal microfluidic devices, at the microchannel walls and through the membranes, conduction
is the main heat transfer mechanism.

A temperature gradient in the substance causes conduction, where heat flux goes from
higher to lower temperature regimes. Fourier’s law of heat conduction, proposed by French

physicist Jean-Baptiste Joseph Fourier in 1822, explains the proportional relationship of the local

heat flux density { to the negative gradient of temperature by introducing the thermal

conductivity parameter (k):

G=-kvT (2.1)
where (is local heat flux density (W/mz) , kis thermal conductivity of a substance (WA ) K)

,and T is the temperature in Kelvin.

For one dimensional heat conduction, we can simplify Equation (2.1). If we consider only

one dimensional heat transfer in the x direction, then we have:
q, =—k— (2.2)

Using Equation (2.2), the heat transfer rate in the x direction and perpendicular to the

surface area A is defined by:
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Q:égqu=4¢éI (2.3)

The one dimensional form of Fourier’s law can be extended to 3D equations in space. In
addition, considering a 3D temperature distribution is closer to the real word temperature
distribution realization. By using a 3D temperature distribution in the material, equation (2.1) can

be re-written as:

qz—kVTz—k(%Iﬂ+%§@+%;ﬂJ (2.4)
X Z

Heat flux for each direction can be written as:

oT oT oT
N I T I

Heat flux density and heat transfer rate in solid structures can be calculated for known
materials, using measured gradients of temperature and measured values of heat conductivity.
Also it is shown that the same concept can be used on 3D structures to get the heat flux density
and heat transfer rates. In the next sections, after introducing the convention and radiation heat
transfers, the concept of thermal resistance is introduced. This allows for convenient adoption of

an electrical equivalent circuit to model the heat transfer.

2.1.2 Convection

Convective heat transfer is the macroscopic transfer between a surface and a moving
fluid. It describes the flow of energy (vibrational states) from high-energy region to the low
energy within in the substance, while experiencing mass transport. The convective heat transfer
can be forced in the presence of external flow or natural convection when the flow velocity is

induced due to the temperature gradient. Commonly, in natural convective heat transfer, fluid
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velocity rises and then falls as it moves away from heat source. Both natural and forced
convection heat transfer modes are illustrated in Figure 2.1.

Understanding the modes of convective heat transfer, natural and forced, requires an
understanding of the characteristics of the working fluid. In conduction heat transfer, thermal
conductivity of a substance is used as the material property to describe the heat flux. There are
two parameters required to study convective heat transfer in a system; material properties and
flow profile. In this work, a 3D notation, U(X, Y, Z) , is used to describe the velocity profile of
fluid. Fluid velocity is unable to describe fluid characteristics, where the viscosity and
geometrical structure of the fluid plays an extensive role. Reynold’s number as a dimensionless
measure for characterizing fluids is widely used in fluid mechanics, and microfluidic is not an
exception. Reynold’s number is defined as:

Re, = (MJ 2.6)
7

where p is the density of fluid in (k%s) , U, is the maximum velocity of fluid in the D
direction in (r%) , L is the characteristic length of structure selected based on the geometry in
(m), and g is the dynamic viscosity of fluid in (k% ' s) . It is preferred to use only one

2
parameter to describe fluid material properties. Commonly, kinematic viscosity 9(m4) is used

instead of dynamic viscosity and fluid density and can be written as:

Re, =(UD : "j 2.7)

L

where the kinematic viscosity is defined as:

Y= {ﬁj 2.8)
P
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The Reynold’s number predicts the fluid characteristics, where the fluid properties
(density and viscosity), fluid velocity profile, and geometry of the fluid path are all considered.
For a flat plate, if the Reynold’s number is less than one it is considered Stokes flows or creeping
motion, where the analytical solutions for fluid velocity boundary layers are available. In Stokes
flows, the inertial forces are small compared to the viscous forces. The lubrication in mechanical
systems, flow of lava, paint flow, and swimming of microorganisms such as sperm in a fluid are

examples of creeping motion.

-
-l /\
py \/
—
External Flow No External Flow

Forced Convection Natural Convection

(a) (b)

Figure 2-1 Forced Convection and natural convection heat transfer [Public Domain Figure].

Similarly, flat plate flows with Reynold’s number greater than one and less than 2,200 are
considered laminar flows. In two dimensions, laminar flow can be described as parallel fluid
flow, where the layers are not experiencing any disruption or mixing from other layers. Both
velocity and thermal boundary layers of the flows in the laminar region can be calculated
analytically for simple structures and by computational fluid dynamics (CFD) methods for
complicated structures. Considering the small velocities in microfluidic channels, flow fields in

fabricated devices in this work are considered laminar flows.
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The region where the Reynold’s number is greater than 4,000 is considered a turbulent
flow region. Turbulent flow regimes show complete chaotic properties, where the local fluid
pressures and velocities are experiencing rapid changes in time and space. There is no solution
developed for this region and it is described as “the most important unsolved problem of classical
physics” by Nobel laureate Richard Feynman. The region between the laminar and turbulent
regions is described as the transient regime. The provided flow regimes and Reynold’s number
will be used in the rest of this work to explain the heat transfer in microfluidic devices.

The rate of convective heat transfer between a surface and a fluid can be calculated from

Newton’s law of cooling, proposed in 1701 by British physicist and mathematician, Isaac

Newton. Newton’s law of cooling introduces convective heat transfer coefficient, h, , in

(%2 K) as an equation constant to describe the convective heat transfer rate:

Q=h -A-AT (2.9)
where A is the area of the object through which heat is being transferred (mz) and AT is

the difference between surface temperature and local fluid temperature in Kelvin. Since heat

transfer is calculated over an area, it is common to use the average convective heat transfer

coefficient, h

1

over the area and rewrite equation (2.9) as:

Q=h,-A-AT (2.10)

Unlike the thermal conductivity, the convective heat transfer coefficient should be
calculated with respect to the geometry and often needs practical correction factors. The average
convective heat transfer coefficient for the total surface is estimated by calculating the local
convective heat transfer coefficient and averaging it over the surface.

In fluids, convection is not always the only heat transfer mode. Conduction can cause heat

transfer in fluids as well. Often microfluidic devices experience both conduction and convection,
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and must be analyzed as conjugate heat transfer. A dimensionless parameter, the Biot number
named after a French physicist Jean-Baptiste Biot, suggests the ratio of conduction to convection

heat transfer:
Bi= (uj (2.11)

where L is the characteristic length in (m) h and k are the heat transfer coefficient and

thermal conductivity, respectively.
A Biot number less than 0.1 indicates the dominant effect is the conduction mode; here,
the convective heat transfer is negligible. For greater Biot numbers, both modes must to be

considered for a reasonable prediction of heat transfer.

2.1.3 Thermal Radiation

Phonons, as massless particles, could be studied as electromagnetic waves radiating in the
space. Heat transfer by radiation of photons is named thermal radiation. In contrast to the other
(conduction and convective) modes of heat transfer, the thermal radiation is not due to the
thermal gradient in the matter. The thermal radiation does not require any transfer medium.

All forms of matter emit thermal radiation to space from its surface area depending on the
surface’s temperature. The Stefan-Boltzmann law explains the relationship of the radiation heat
transfer rate from the surface of a black body to space by introducing the Stefan-Boltzmann
constant, o, where the fourth power of absolute temperature is directly proportional to rate of
radiation heat transfer. The emitted thermal energy from the surface is described by Stefan-

Boltzmann law:

Q=0c-AT* (2.12)

o= 5.76><108(m2\’YK4J (2.13)
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where Q is the rate of radiated heat transfer in (W) and T is absolute temperature of the

surface.

In thermal radiation as stated, the heat transfer rate is proportional to the fourth power of
absolute temperature. Thermal radiation models are used to explain the heat loss of substances in
a vacuum and the solar radiation. It is also very important in many industrial heating, cooling, and
drying processes. However, considering the operating temperature of thermal microfluidic
devices, which are mainly designed for bio sample analysis, thermal radiation does not play a key
role in heat transfer. Considering the negligible effects of thermal emissions, conduction and
convection heat transfers are mainly used to analyze and design the thermal microfluidic devices

in this work.

2.2 Thermal System Analysis

Earlier in this chapter, heat is described as the vibrational states of particles within the
substance. Transferring these vibrational states from a high energy region to a low energy region
is heat transfer, where it causes a change in local temperature. Even though temperature change
can be measured, the direct measurement of heat is not feasible. Therefore, the measured
temperature change in the system is used to calculate the heat transfer.

Understanding the heat transfer in a system allows one to design different types of
measurements such as using a heat source and investigating the heat transfer throughout the
sample (thermal analysis) or studying generated heat within a chemical reaction, physical

interaction or biological metabolism (calorimetry). For both types of measurements, the
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measurement system parameters and characteristics must be designed to optimize the results and
identify design considerations.

This section investigates thermal microfluidic devices as a system and introduces thermal
characterization for this system. Furthermore, a model is used to identify the effect of each

parameter and system characteristics on the output response of the system.

2.2.1 Thermal Resistance

Thermal conductivity is a transport property of the material that describes the ability of
the material to transfer energy by diffusion. Thermal conductivity is a physical property that is
related to the structure of matter. In bulk form of materials, thermal conductivity is slightly
dependent on temperature. However, at micro- and nanoscale levels, the thermal conductivity is
affected by scattering. Thermal conductivity in thin films is decreased compared to materials in
bulk, where the scattering at physical boundaries results in the redirecting particle propagation
(Incropera et al. 2006).

Rearranging Fourier’s law, thermal conductivity in the x direction is defined as:

q )L

K = __[ QL 2.14

X AT [A-AT] ( )
AX )| pet

The analogy between heat transfer due to the temperature difference and electric current
flow due to the electric potential difference, suggests one can deal with Fourier’s law of heat

conduction like Ohm’s law, where Ohm’s law describes electrical resistance as:

R:(¥j (2.15)

Based on the analogy, convective thermal resistance can be described as the ratio of

temperature difference to the heat transfer rate:
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1 AT
Rcond,x - {k_xj - (Ej (216)

Using Equation (2.14), Equation (2.16) rearranged for conduction thermal resistance in

the x direction:

L
R =|— 2.17
cond , X (kx . A] ( )

the thermal resistance term has a unit of ( 4\/ ) )

Applying the same analogy to Newton's law of cooling, thermal resistance due to the

convection can be describe as:

Rconv X [Ej = ( L ] (2.18)
’ 0y hc.x A

The concept of thermal resistance is very useful for the investigation of heat transfer in

complex structures, where the total resistance of composite structures can be derived using the
series and parallel resistance relations. Considering the thermal resistance for conduction and
convection heat transfers, for convenience in calculations, defining a thermal resistance for
radiation heat transfer from a surface is proposed. The thermal resistance for thermal radiation

heat transfer is:

1
R = 2.19
rad,x (h . A] ( )

X
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2.2.2 Thermal Mass

Thermal mass is another thermal property of a structure that plays a key role in thermal
analysis. Thermal mass is the ability of a body to store thermal energy. Thermal mass of a body is

dependent on the specific heat of the material and the mass of the body, and can be written as:

Q=C, AT (2.20)
where Q is thermal energy in (J ), C,, is the thermal mass in (%) and AT is the

temperature change in Kelvin.

Specific heat of a material is a measurable physical quantity that represents the amount of
required heat to increase the temperature of a certain mass by 1 degree Kelvin. Using the
definition of specific heat, Equation (2.20) can be rearranged using the definition of thermal

mass:

C,=m-c, (2.21)
where C, is specific heat capacity in (%g ) K) . Plugging Equation (2.21) into Equation (2.20)

results in the following equation:
Q=m-c,-AT (2.22)

Specific heat is a measurable physical quantity and can be measured by calorimetry
techniques in constant pressure or constant volume. It is often used for material identification in
thermal techniques. Specific heat is a temperature dependent quantity where the internal energy
change in a substance results in a change in the specific heat. In this work, temperature
dependence of the specific heat is not considered in the thermal analysis due to the applicable
temperature change in thermal microfluidic devices, which are mostly designed for bio sample

analysis.
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2.2.3 Equivalent Circuit Model

A mathematical model, often the transfer function, is used to describe a physical system.
These models are used to predict the performance of the system and optimize the performance for
design criteria. In the thermal system design, the analogy between heat transfer and current flow
in an electrical circuit is widely used.

Each system is considered from a network of elements where each element represents a
physical property. Thermal systems are made up of two fundamental physical elements, thermal
resistance and thermal capacitance. The material, structure geometry, and sample within the
thermal system can be described by a system of thermal resistances and thermal capacitances.

Each physical system with fundamental elements needs a source to operate. In thermal
systems, there are three different types of heat sources: power source, temperature source, and
fluid flow. A power source is defined as a heat source, where the generated heat is independent of
temperature. Joule heating, generated in an ideal resistive thermal element, is an example of a
power source in thermal systems. A temperature source generates constant temperature
independent of heat flow from or to the source. A good example for temperature source is a
closed loop hotplate with a PID controller where the temperature is maintained at the set point,
within the operation range, regardless of the heat flow. Mass transfer caused by fluid flow to a
thermal system results in heat flow to or from the system. This heat flow is a result of temperature
differences between the ambient and the system, and is proportional to the mass flow rate and
specific heat of the flow.

Thermal systems consist of fundamental thermal elements and sources. Considering the
introduced analogy between heat transfer and electric current flow, systems can be modeled as an
electrical circuit. In this work, thermal microfluidic devices, as a system, are studied using the

first order equivalent circuit model, where circuit theory is used to evaluate heat transfer. Thermal
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circuit is illustrated in Figure 2.2, where the thermal system is represented by an equivalent

resistance and an equivalent capacitance.

Figure 2-2 Thermal equivalent circuit model.

The total equivalent resistance and equivalent capacitance of thermal microfluidic

systems are:

-1
1 1 1
= + + 2.23
Rth'mtal ( Rcond I:econv Rrad J ( )
Cth,total = Cstructure + Cﬂuid (224)

In the following sections and chapters, this model is used to describe and investigate the

performance of thermal microfluidic devices.

2.2.4 Thermal Time Constant

The main goal of this work is to develop thermal microfluidic devices for bio sample
analysis through the measurement of physical interactions or chemical reaction progression.
These reactions and interactions have different kinetics, so the measurements speed should be
relative (faster) in time scale compare to the speed of reaction or interaction. Measurement

requires a certain speed for thermal systems that the thermal elements individually are unable to
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provide. Precise information on response time of thermal microfluidic devices to the temperature
change is needed. This requires identifying a system parameter which describes the system
response time to the temperature change.

The first order equivalent circuit is introduced for modeling a thermal microfluidic device
in the previous section. Neglecting nonlinear effects in thermal components, a time constant is
introduced for thermal microfluidic devices. The thermal time constant physically represents the
response time of thermal microfluidic devices to the temperature change.

Time constant in a linear time invariant system is the response of a system to a step
function. In a thermal circuit, the RC time constant represents the thermal time constant
associated with the thermal microfluidic device. Using circuit theory, the thermal time constant is
defined for thermal microfluidic systems as:

r=R,-C, (2.25)
where 7 , the thermal time constant, represents the temperature measurement speed in
microfluidic device in seconds.

As explained in the equivalent circuit model, the thermal time constant of a microfluidic
system can be calculated using Equation (2.25). However, due to the assumptions in the
calculations and fabrication parameter variations, this is only an estimation of actual time
constant. Therefore, experiments are developed for measuring a thermal time constant in
microfluidic devices.

In this work, a step response test proposed by Baliga (Davaji et al. 2014) is used for
measuring the thermal time constant of fabricated devices to reduce the estimation errors. The
details of a step response test for microfluidic structures are presented in the next chapter after

introducing the structure and principle of operation.
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2.3 Thermal Microfluidic Device Design Considerations

The thermal parameters for analyzing performance of thermal microfluidic devices were
introduced in the previous section by reviewing heat transport in microfluidic systems and
introducing the equivalent circuit model. A number of design considerations must be taken into
account for achieving expected performance parameters. In this work, design considerations,
derived from thermal system analysis, are reflected in a thermal microfluidic device through
material selection and fabrication techniques. This section covers the detail of applying each of

these considerations in design.

2.4 Material Selection

From its beginning in the 1980’s, microfluidic technology experienced an explosive
growth in the 1990’s as it spread to the fields of biology, chemistry, and medical research (Ren et
al. 2013). In the past decade, microfluidic technology has been revolutionized by introducing
low-cost disposable devices. The material used for microfluidic devices is highly affected by the
progresses in fabrication technology since the beginning of the microfluidic era (Whitesides
2006). However, the functionality demanded by microfluidic devices has changed the choice of
materials in recent years. Currently, two major trends are driving the material development and
selection trends for microfluidic technology: demand for highly functional micro and nanoscale
platforms for research and the low-cost, portable analysis requirement for mass production (Ren
et al. 2013; Whitesides 2013). This section presents the material selection consideration for

thermal microfluidic devices by reviewing the previous works.
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2.4.1 Conventional Materials

Microfluidic fabrication technology in the beginning was highly impacted by remarkable
miniaturization capabilities offered by the semiconductor fabrication industry (Whitesides 2006).
The dominant materials at the early stage of the technology were silicon and glass(lliescu et al.
2012). The silicon processing technology provided the fabrication techniques for different
structures at micro and sub microscale such as microchannel, mixers, droplet generators, filters
and valves. Silicon and glass both have very good stability and non-reactivity, which make them
suitable to use with different materials.

Although silicon is a very well-known material with well-established fabrication
techniques, it lacks the optical access and suffers from high manufacturing costs. At the
beginning of microfluidic era, silicon was widely used to fabricate complex structures to process
fluids, but it was replaced with new materials very fast. Glass is a clear substrate and due to the
optical transparency and it’s non-reactive properties, it is widely used for microchannel
fabrication(Chen et al. 2007; Kotowski et al. 2013).

Glass is an amorphous material that requires highly corrosive chemicals for
micromachining, where developing an etch mask is yet a challenge for high aspect ratio etchings.
Both silicon and glass are hard substrates and provide good mechanical properties but they are
not gas permeable. Many biological experiments with living mammalian cells require gas
permeability (Whitesides 2006).

The complexity and cost of the silicon and glass fabrication processes were what
provided the momentum to search for new materials and develop new techniques to fabricate
microfluidic devices (Becker & Locascio 2002). Therefore, microfluidic devices require materials
that offer simple and low-cost fabrication process and at the same time, it is essential to have

optical access, gas permeability, and biocompatibility.
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2.4.2 Polymer-based Structures

Polymer based microfluidic devices came about several years after silicon/glass
microfluidics but rapidly became the most common in the field due to their properties and are the
most familiar ones to date (Ren et al. 2013). The polymers are transparent to light and offer gas
permeability, and in some cases good biocompatibility. The most important benefits of polymer
materials are the inexpensiveness and process simplicity. Different types of polymers are used for
fabrication of microfluidic devices: elastomers, thermosets, and thermoplastics are the common
polymers used in microfluidic device fabrication (Ren et al. 2013).

The most popular elastomer in microfluidic device fabrication is polydimethylsiloxane
(PDMS). PDMS is a nontoxic, inert, optically transparent, and electrically insulating
(nonconductive) polymer (McDonald & Whitesides 2002). The elastomeric nature of PDMS
allows remarkable flexibility, which makes it perfect for fabrication of simple pneumatic valves.
Introducing pneumatic valves brings a unique controllability opportunity for microfluidic
devices(Whitesides 2006).

The fabrication process, the most attention-grabbing side of the PDMS, features a liquid

PDMS base mixed with a crosslinking agent which can be thermally (40—70°C ) cured over a
micro fabricated mold (Ren et al. 2013; McDonald & Whitesides 2002; Stroock & Whitesides
2002). The common fabrication process for PDMS microchannel is illustrated in Figure 2.3.
Using the same techniques, a complex structure with multilayers and 3D integration can be

fabricated (Thorsen et al. 2002; Unger et al. 2000).
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Figure 2-3 Fabrication process of PDMS microchannel using simple photoresist mold.
(McDonald & Whitesides 2002)

Thermoplastics are the other group of actively used polymers to fabricate microfluidic
devices. Thermoplastics can be reshaped after curing by heating them around their glass transition
temperature. This exceptional thermoforming feature promotes their bonding and reshaping after
curing and eases industrial production (Ren et al. 2013; Roy et al. 2011). The common
thermoplastics used for microfluidic device fabrication are Polymethyl methacrylate (PMMA),
Polycarbonates (PC), Polystyrene (PS), Polyethylene Terephthalate (PET), and Polyvinylchloride
(PVC) (Ren et al. 2013). Thermoplastics have two major drawbacks compared to elastomers; the
thermoforming requires silicon or metal micro machined molds and it creates poor contacts with

the other surfaces (Becker & Locascio 2002; Ren et al. 2013).
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Thermosets are the third group of commonly used polymers for microfluidic device
fabrication. The most commonly used thermosets are SU8 and Polyimide, which are adopted
from the silicon microfabrication process. Thermosets are commonly used as a mold for
elastomer-based microfluidic device fabrications, where they serve as negative photoresist (Ren
et al. 2013) (Fiorini & Chiu 2005) (Fiorini et al. 2004). SU8 is a photo cross-linkable thermoset,
developed by Microchem, and capable of forming high aspect ratio structures from sub-micron to
few hundredths of a micron in thickness. Photo polymerization capability of thermosets allows
3D microfabrication of microfluidic devices(Sato et al. 2006). Figure 2.4 shows the fabrication

process microchannel using SU8 photoresist.
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Figure 2-4 Microstructure fabrication process using SU8 and lithography process (Fiorini et al.
2004)

Thermosets, after cross-linking, form a rigid structure which makes it impossible to

reshape it without damaging, results in the lack of flexibility limits in the applicability of
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thermosets. The other drawback of the thermosets is high cost, which limits their applications in

fabrication of microfluidic devices.

2.4.3 2D Networks as Microfluidic Substrate

Materials used for fabrication of microfluidic devices are reviewed in previous sections
by highlighting the advantages and drawbacks. However, less than a decade ago, a new type of
material was introduced to the field. In 2007, paper-based substrates were actually re-introduced
as microfluidic channels, where the first chemical analytical techniques using paper-based

substrates invented in 1943 by Martin and Synge, by developing chromatography technique.
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Chapter 3  Device Design and Principle of Operation

In this work, as described in the first chapter, we investigate the ability of thermal
measurement methods for detecting microscale quantities. This chapter will introduce methods
and designed structures for performing thermal measurements, and cover the theoretical
background. The details of fabrication and experimental setup are covered in chapter 4, where the
measurement results for each measurement technique are illustrated.

This chapter introduces device designs and covers the operational principles for
measuring physical or chemical processes using thermal microfluidic devices. The thermal
equivalent circuit introduced in the previous chapter is used to investigate the heat transfer
analysis in designed structures. Then, measurement principles for different physical and chemical
guantities using heat transfer investigations are introduced.

In this chapter, operation principles of developed microfluidic devices are covered, where
thermal measurement methods are implemented to measure physical and chemical quantities. The
first application is an on-chip micro calorimeter, where a novel structure is used for investigating
thermal properties of liquid samples. The second application is a new method for counting the
suspended particles in a suspension. The operation principle and device structure for these
applications are introduced in this chapter.

Chapter 3 continues by introducing the third application for thermal microfluidic devices,
where the abilities and potential of thermal measurement techniques for low-cost Point of Care
(POC) applications are studied. The last section introduces a microfluidic platform for measuring
a single cell’s temperature response to external stimuli. This requires high control on fluid while
the cell is precisely held in place. The principles of operation and the design for the structure of a

single cell microfluidic platform is presented in the last section.
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3.1 On-chip Micro Calorimeter

Calorimetry is a family of techniques used to measure the change of heat in a substance.
Chemical reactions, physical changes and interactions result in an energy transfer and
consequently a change in heat. The released or absorbed heat is not a directly measurable
quantity; however, investigating the heat transfer is possible though controlling and measuring
the temperature.

Through the development of heat transfer science, a number of systems have been
produced to study heat transfer for performing calorimetry research. These systems often consist
of a combination of heat sources (constant power) and/or temperature sources (constant
temperature) and temperature sensors. Antoine-Laurent de Lavoisier, a French chemist, used the
name calorimeter for the first time in 1780s. The series of experiments of Lavoisier and Pierre-
Simon Marquis de Laplace, a French mathematician, to study the heat quantities associated with
state change of water led to the discovery that water molecules are composed from two atoms,
hydrogen and oxygen. This was the beginning of thermochemistry, which is the use of
calorimetry methods in chemistry.

The origin of the current form of calorimetry was probably taken from
Thermogravimetric Analysis (TGA), introduced in 1915. Thermogravimetry is the science and
technique used to study the mass change of a sample due to a change in temperature, with respect
to time or temperature change. Calorimetry evolved into its current form with the introduction of
differential techniques, such as Differential Thermal Analysis (DTA) and Differential Scanning
Calorimetry (DSC). Differential measurement resolved the precision required for absolute
magnitude measurement. However, developing the temperature measurement techniques led to
the development of many non-differential modes of calorimetry.

Since their first introduction, calorimetry techniques have been used for dramatically

different applications, with many types of apparatus with different functionalities. Based on the
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operation of a calorimeter, six main types were developed: adiabatic calorimeter, reaction
calorimeter, bomb calorimeter, Calvet-type calorimeter, differential scanning calorimeter, and
isothermal titration calorimeter.

The adiabatic calorimeter was originally developed to measure heat capacity of materials
at low temperatures (Tan et al. 2000; Miltenburg et al. 1998). In this type of calorimeter, all of the
generated heat is used to increase the temperature of the sample while the surroundings do not
experience any heat changes (Hemminger & Hohne 1984). In other words, thermal leakage of the
sample to the substrate and surrounding is zero. However, in a practical sense, a fully adiabatic
condition is not possible and the calorimeter operates in quasi-adiabatic condition. A
mathematical correction factor is often used in this type of calorimetry, where the correction
factor is the ratio of the combined thermal mass of the sample and substrate to the thermal mass
of the substrate (Hemminger & Hohne 1984).

The second type of calorimeters are reaction calorimeters, where a chemical reaction is
investigated in an insulated environment. The high speed on-line measurement and high
temperature sensitivity are the most important characteristics of this type of calorimeters (Irving
& Wads6 1964; Marison et al. 1998). Based on the methods of measuring generated heat due to
the reaction, four types of reaction calorimeters are developed; heat flow, heat balance, power
consumption, and constant flux.

Another type of commonly used calorimeters are bomb calorimeters, which operate
similarly to reaction calorimeters. The only difference is that bomb calorimeters operate at
constant volume, which allows users to measure a combustion reaction with high pressure
(Magee et al. 1998; Bech et al. 2009). The main applications of bomb calorimetry are in liquid
and solid fuel testing (Bech et al. 2009) and the investigation of explosives (Ostmark et al. 2002).

Calvet-type calorimeters operate based on measurement of heat flux to the ambient. The
Calvet-type calorimeter is basically a three dimensional flux meter, constructed from the

distribution of temperature sensors in the chamber of the calorimeter. This type of calorimeter is
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largely used for high temperature analysis like the investigation of the thermodynamic properties
of organic materials and enthalpies of sublimation (Mraw 1984; Santos et al. 2004).

Differential Scanning Calorimeter (DSC) is one of most commonly used calorimetry
techniques. DSC consists of two identical calorimeters: a sample calorimeter and a reference
calorimeter. DSC operates by measuring heat flow into the sample and comparing it to the heat
flow to the reference. The twin design of DSC often operates in a temperature controlled
environment. DSC has two operation modes: Differential Temperature Scanning Calorimetry
(DTSC) and Differential Power Scanning Calorimetry (DPSC). The difference between these two
modes is that the nature of heat source in which DTSC operates with is controllable heat flux
while the DPSC operates by using a constant heat flux source (Hemminger & Hohne 1984).

DCS is used for measuring different quantities of samples like glass transition
temperature, i.e. melting and boiling points, crystallization time and temperature, heat of reaction,
specific heat capacity, thermal conductivity, reaction kinetics, and purity (Yinping et al. 1999;
Rupp & Birringer 1987; Nassu & Gongalves 1999; Mucha & Krélikowski 2003; Thomas 2008;
Blumm & Kaisersberger 2001; Barros et al. 2011; Schawe 1995).

Isothermal titration calorimeters are another type of calorimeter used for direct
measurement of heat change caused by molecular interaction. This technique is widely used for
interactions between proteins and small molecules such as other proteins, DNA, lipids,
carbohydrates, and interactions between enzymes and inhibitors (Pierce et al. 1999; Leavitt &
Freire 2001; Ladbury & Chowdhry 1996; Jelesarov & Bosshard 1999).

With the calorimetry techniques and applications of different types of calorimeters
introduced, the following section covers the operational principals of micro calorimeters. The
introduced thermal considerations in micro calorimeter structure fabrication is implemented and
analyzed by the developed thermal circuit.

The microfluidic device in this section along with the fabrication details and

measurement results were published in Biomicrofluidics Journal in 2014 by the author (Davaji et
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al. 2014). Also, the experimental procedure for thermal measurement using fabricated devices

was also published in the Journal of Visualized experiments (JoOVE) by our group in 2015.

3.1.1 Device Design

The idea for a micro calorimeter was introduced in the early 1900s in London, when Hill
published his micro calorimeter for the first time in 1911(Hill 1911). The development of micro
calorimeters in the next half century appeared promising when Calvet predicted the availability of
applicable micro calorimeters by the 1980s in his micro calorimetry book published in 1963 (E. et
al. 1963). The predictions on the progress were legitimate, while the final practical product was
not developed yet.

In the late 90s, microfluidic technology was seriously considered to perform highly
complicated processes. The microfluidic technology promised valuable advantages and yet
scientists and engineers were still investigating it. In the past two decades, different micro
calorimeters were developed (Lee et al. 2012; lervolino et al. 2009; Zhuravlev & Schick 2010).
However, describing them is difficult due to a variety of developed techniques and fabricated
devices (Lee et al. 2012).

Based on the structure of micro calorimeters (Figure 3.1), we can categorize them into
two groups: open-chamber and closed-chamber. Open-chamber calorimeters are often called open
micro drop calorimeters, where a small drop is placed on top of a micro machined structure. The
thermal components are integrated at the location of drop. This type of calorimetry technique is
user-friendly in terms of fluid handling, although the evaporation and precise volume control

suffer in this configuration (Zhuravlev & Schick 2010).
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Figure 3-1 Sectional view of open chamber calorimeter (a) and closed chamber calorimeter (b).

The other category, closed-chamber configuration, was able to overcome the evaporation
issue and offer precise control over volume. This type of micro calorimeters uses an integrated
microfluidic channel to interface the samples to the measurement cite. Based on the calorimetry
method, multiple input fluid paths can be used. However, fabrication of the micro calorimeter
with closed-loop configuration is extremely complicated due to the fabrication process and
multiple bonding requirements.

In some cases, soft lithography is used to convert an open-chamber calorimeter structure
to a closed-chamber micro calorimeter structure, where the sensitivity of measurements suffer
due to the large thermal mass of polymer based micro channels. In addition, this type of planar
structure has another fundamental problem. The sensor, which lies on the same plane as the heat
source, interferes with the heat flow path.

This issue adds undesired complexity, requiring extra calculations and correction factors
to obtain an accurate thermal measurement. Figure 3.2 illustrates different configurations of
closed-chamber micro calorimeters in previous works. Although the heat flow pass in our
suspended micro calorimeter chamber design is reduced by using a thin film substrate, the heat

flow between the sensor and the source still experience a uniform path.
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Figure 3-2 Closed chamber calorimeter configurations.

In this work, we design and develop a micro calorimeter with closed-chamber
configuration, where the precise control over sample volume is preserved while the device does
not suffer from evaporation. Also, for uniformity of the heat flow through the samples, thermal
elements are at two different sides of the measurement chamber. Another consideration in this
design is to avoid using a high polymer base microchannel, resulting in lower device sensitivity.
Schematic of the designed micro calorimeter is illustrated in Figure 3.3.

In micro calorimeter design, it is important to consider the off-chip bonding in fabricating

of an on-chip micro calorimeter, where it increases the complexity of fabrication processes.
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Figure 3-3 Fabricated micro calorimeter chip and close-up view of schematic of suspended thin
film chamber.

In addition, to reduce the thermal mass of the structure, which increases the speed and
sensitivity of micro calorimeters, the structure is fabricated only from a Silicon Nitride thin film.
Also, to reduce the thermal link to the substrate and increase the thermal resistance of the
chamber, the structure is suspended from substrate (handle wafer) through the implementation
tethers in our design.

The fabrication process, development, and material selection for fabricating the designed

structure is presented in chapter 4.

3.1.2 Micro Calorimeter Operation Principle

In the last two decades, micro calorimeters were fabricated for many measurement

punctualities and different applications(Lee et al. 2012). In this study, the proposed design for a
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micro calorimeter was used to measure the thermal properties of fluid samples. In this section, the
measurement methods for thermal diffusivity and specific heat of fluid samples is presented.

Commonly, in micro calorimeters, thermal diffusivity measurement is implemented by
3w (omega) measurement techniques. In 3w measurement, the phase of temperature variation is
used for measuring the thermal diffusivity. Calibration of parameters with known thermal
diffusivity (standard) are required for precise measurement.

The other thermal diffusivity measurement techniques are non-steady-state techniques,
where the transient variations of temperature are used for thermal diffusivity measurements.
Laser flash method is a commonly used transient measurement method in micro calorimeters.
Implementing the laser flash methods requires the adiabatic condition, where no thermal link to
the surrounding is present. Nevertheless, in our structure, achieving adiabatic condition is not
feasible due to the finite thermal resistance.

The transient methods for the non-adiabatic conditions are implemented by developing a
model for the heat loss due to the thermal leakage. The developed models will supply the
correction factors and make it possible to use the transient methods while having finite thermal
resistance. However, in our proposed design, due to complexity of the structure and fabrication
process variation, developing a model for heat loss is too complex.

In this work, heat penetration time measurement method for thermal diffusivity
measurement is adopted to avoid complex heat loss analysis and reduce the effects of fabrication
process variations. Heat penetration time measurement is a non-steady-state method, where the
heat penetration time is measured from one side of a sample to other (through the sample) in
order to determine thermal diffusivity. This technique is well suited for our design, where we
have a sensor and a heater fabricated on both sides of the calorimeter chamber. By applying

constant heat flux at the heater, the delay time of heat penetration through the sample is:
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where t, istime delay, L is length of the heat flow path (sample thickness), and « is thermal

diffusivity of the sample in (m?zj . The measurement result of thermal diffusivity is presented in
the next chapter after introducing the fabrication process and physical dimensions of the
fabricated micro calorimeter.

Measurement setup for thermal diffusivity measurement using heat penetration time is
illustrated in the Figure 3.f.

In the measurement setup shown in the diagram, the calorimeter is located inside thermal
insulation to reduce the ambient noise in the measurements. A source meter is used to generate a
DC pulse at the heater and at the sensor side. A current pre-amplifier is used to measure the
temperature change precisely. Both signals, the DC pulse at heater and the temperature variation
at the sensor, are recorded in real time by a computer controlled LabVIEW program. The
recorded data from the data acquisition system is processed by a Matlab code to precisely

measure the time delay by applying second derivative methods (Davaji et al. 2014).
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Figure 3-4 The experimental setup for thermal diffusivity measurement using heat penetration
time measurement concept.

As explained at the beginning of this section, the designed micro calorimeter is capable
of performing different calorimetry experiments. In the rest of this section, heat capacity
measurement operation principles in micro calorimeters is covered.

For specific heat measurement, common AC calorimetry techniques are used, where an
alternating temperature is applied to the heater, and the amplitude and phase of the temperature
variations at the sensor side are monitored. This type of AC calorimetry is called Thermal Wave
Analysis (TWA). Garden et. al. first reported the implementation of TWA for measuring the
specific heat of a sample[ref].

TWA has two conditions: homogenous temperature distribution in a sample and quasi-

adiabatic condition. The quasi-adiabatic condition is satisfied in the calorimeter by:

int —

. <%gr (3.2)
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where @ is the frequency of applied alternating power to the heater and, 7, and = are the time

int
it takes for heat to diffuse into the sample and thermal real action time of the sample to the
environment, respectively. Having this condition satisfied in the calorimeter, a measurement for
the specific heat of the sample can be determined by measuring amplitude of the AC variation of
the temperature at sensor side, caused by applied alternating excitation to the heater. The specific

heat relation in TWA is:

C.-P
c = o 'in 3.3
P 2 @-m-AT,, (33)

Where ¢, is specific heat (%g ) K) , C, is adimensionless input power correction

factor, P, is input power in (W) , @ is excitation frequency, m is the mass of the sample and

AT, is temperature variations. Figure 3.5 illustrates the measurement setup for specific heat

measurement.
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Figure 3-5 The experimental setup for specific heat measurement using Thermal Wave
Analysis (TWA) technique.
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As shown in the measurement setup diagram, a signal generator is used to generate
alternating heat flux at the heater and a lock-in amplifier is used to detect the variation of
temperature at the sensor side with high precision. The measurement result is presented in chapter

4.

3.2 Thermal Particle Detector

The first chapter explained that the capabilities of thermal measurements in small scales
for different physical and chemical quantities is the focus of this research. In the previous section,
we presented a micro calorimeter design for measuring thermal properties of liquid samples. In
this section, we introduce the implementation of thermal conductivity measurement for micro
particle detection in suspensions.

Using calorimetry, thermal conductivity can be measured. In this section, we propose to
use the thermal conductivity change when particles with different thermal conductivity are added
to the detection site.

Currently, optical methods are used for particle counting using a camera or photo
detector. The complex optics and large size of the measurement setup has resulted in particle
counting technologies being expensive. Usually this device offers another feature, cytometry,
which identifies micro particles and provides the material properties and the particle sizes.

However, thermal measurement techniques can dramatically reduce the size and
complexity of measurements. In this section, the operational principle and design of a
microfluidic platform for thermal particle detection is presented.

The microfluidic particle detection was invented and introduced for the first time at the
Nanoscale Devices Laboratory at Marquette University, in collaboration with Dr. G. Walker’s
group and North Carolina State University. The developed thermal method for micro particle

detection is patented and the results were published in 2014 (Walker et al. 2015). The
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measurement setup and experimental procedure is published in the video Journal of Visualized

Experiments (JoVE) (Davaji, B., Lee 2015).

3.2.1 Device Design

For measuring the change in the thermal conductivity in a micro calorimeter, we
proposed to use a simple thin film membrane structure with an integrated PDMS micro channel
on top. Since the change in the thermal conductivity is measured for micro particle detection,
precise measurement of absolute values of thermal conductivity is not required. The device
design is optimized to reduce unnecessary fabrication complexities, where accuracy of the
thermal mass and thermal time constant measurements are sacrificed as a result.

Figure 3.6 illustrates the proposed structure for fabricating a thermal particle detector.
The device consists of a micro machined thin film membrane with an integrated resistive thermal

element. Then, a PDMS micro channel is bonded on top of the device.
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Figure 3-6 The thermal particle detector device. (A) Shows the top view and (B) sectional view.

3.2.2 Operation Principle

When the flow is passing through the channel, thermal conductivity of fluid, thermal
resistance of structure, and the flow profile are affecting heat transfer in the channel. Having a
stable flow in the channel, the device will experience an equilibrium condition after a finite time.
In this situation, when fluid properties change, the heat transfer in the channel will be affected
due to the overall thermal conductivity change in the channel.

This change in properties of the fluid could be caused by introducing a different fluid or
having suspended particles within passing flow. The particles passing through the channel will
result in thermal conductivity change, which can be detected using a simple proposed thermal
measurement.

When a suspended particle, in this case a polymer micro sphere or a polystyrene (PS)

bead, enters the micro channel, the heat transfer equilibrium is disturbed and the thermal
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conductivity change will result in temperature change. This transient temperature change is
measurable with thin film RTD integrated on the membrane.

The changes in total thermal conductivity will be based on the combined heat
conductivity of the bead and fluid. In this research, effective medium theory (EMT) was adopted
to model and calculate an average thermal conductivity of the suspension (fluid and suspended
micro particle). The combined thermal conductivity can be written as (Vutha et al. 2014):

i [ Koz ) -k (24-2)
T R @A)k (22 4)

(3.4)

where the k_ , k, and k, are total thermal conductivities of the combined water and suspended

beads, beads, and fluid, respectively.
In the experimental setup, heat transfer disturbance and heat conductivity change in the

channel due to the presence of a suspended micro particle are shown in Figure 3.7
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Figure 3-7 Experimental setup for thermal particle detection test.
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In this device, two thin film RTD sensors are used as a heat source and as a temperature
sensor. The RTD sensor is activated by constant DC current bias. The generated heat at RTD by
Joule heating is used as a constant power source, where the variations of resistance of RTD due to
temperature change is neglected. A source/meter instrument, in 4-wire configuration,
continuously measures the RTD’s resistance. The 4-wire configuration is used to bypass the
effect of lead resistance change.

The source/meter is controlled by a LabVIEW program and constantly acquires
measurement data. The measured resistance change profile is converted to temperature by a
Matlab code.

The measurement results and discussions on device performance are presented in Chapter
4. The proposed measurement device is simple, yet effective, and requires only a resistance

measurement, while industrial techniques for particle detection are very complicated and costly.

3.3 Paper-based Calorimetric Sensor

In this section, the calorimetric detection for portable applications is presented. Thermal
detection techniques are used to detect chemicals and biochemical using paper-based devices.
The released or absorbed heat by a reaction on a paper-based channel is used to quantify the
concentration of sample. Paper-based devices are commonly used for medical diagnostic
application and few successful commercialized applications are currently available in the market.

In recent years, research in the medical devices field has substantially changed by
technology development. The medical devices are categorized based on their functionality in
three groups: diagnostic devices, therapeutic devices, and assistive devices. All medical device
fields are growing at exceedingly rapid rate in the last two decades.

Common trends are recognized in all three fields of medical devices in both medical

industry and academic research. Portability is a highly demanded feature with medical devices.
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Patient side diagnostic devices and point of care (PoC) therapeutic devices are both highly active
fields.

The portable diagnostic devices are mostly known for the portable Glucose meter
products, which play an essential and lifesaving role for diabetic patients. In addition, pregnancy
strip tests, water quality strips, portable heart rate sensors, and digital blood pressure sensors are
other types of portable diagnostic medical devices.

In the second category, portable therapeutic devices have developed dramatically in
recent years. The progress on portable insulin micro pumps and controlled drug release implants
are well known examples of portable devices.

The recent developments in portable medical device technology are mostly initiated
based on the fabrication technology developments. The complexities in some of the developed
techniques are the main reason that makes it difficult to implement them. The complexity of the
operation, required special training, stability over time, and cost of fabrication has pushed the
portable device industry toward developing simple yet effective technologies.

Paper-based devices, where the liquid sample transport on the paper substrate by
capillary action is used instead of micro channels and micro pumps, is a good example of a
portable and simple technology. PH test strips and pregnancy test strips are well known examples
of paper-based, microfluidic devices.

This section covers the details of thermal detection technology on paper-based
microfluidic devices. The thermal detection technique is proposed and used for the first time in
this work and it resulted in a US patent (Lee & Davaji 2014). The paper-based calorimetric
detection sensor idea and measurement results are published in Biosensors and Bioelectronics in
2014 (Davaji & Lee 2014). The experiment setup and measurement techniques are published in a

video journal (Davaji, B., Lee 2015).
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3.3.1 Paper-based Technology

Paper-based microfluidic technology is an unexpectedly old technology. The first paper-
based chemical analytical technique was the Nobel Prize winning idea of the chromatography
technique presented by Archer John Porter Martin and Richard Laurence Millington Synge in
1943. Subsequently, Muller introduced the first paper-based microfluidic immunoassay in 1949.
The PH test strip, a well-identified PH measurement sensor, was invented even earlier. In 1909,
Soren Peder Pauritz Sorenson, a Danish chemist, invented the paper PH test strips [ref] using the
technology developed by a French scientist, Joseph Louis Gay-Lussac, in 1800s.

More recently, Whitesides group at Harvard University re-introduced and revolutionized
the applications of paper-based technology by developing the highly sensitive paper-based
sensors with diverse functionalities in 2007. In the meantime, paper-based technology used for
developing low-cost and disposable devices has been studied extensively in the last few years.

Paper-based technology uses capillary action of fluid in fibrous substrate for fluid
transport. In fact, the capillary action driven fluid resulted in simple, inexpensive operation
technology. However, as the results of the research demonstrated, this technology can deliver
high functionality and high precision while still preserving the simplicity and cost efficiency.

The micro fabricated paper-based devices are currently used for immunoassay, bio
detection, environmental monitoring, glucose level measurement, cell culture substrate, bio fuel
cells, and many other applications (Cate et al. 2015; Ellerbee et al. 2009; Lankelma et al. 2012;
Martinez et al. 2010; Martinez, Phillips & Whitesides 2008; Martinez, Phillips, Wiley, et al.
2008; Nie et al. 2010; Zhang et al. 2015; La et al. 2015; Desmet et al. 2015).

In paper-based microfluidic devices, the most commonly used detection techniques are
colorimetric detection, electrochemical detection, fluorescence, chemiluminescence, and
electrochemiluminescence. However, the first two, colorimetric and electrochemical detection,

are widely used while the other introduced techniques have limited applications.
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The colorimetric detection works based on detection of color changes (intensity or
wavelength) due to a reaction of reagents and samples. These changes are recorded with a
camera, spectroscopy, and photodiodes or even with human eyes. This technique often generates
gualitative or semi-quantitative [results based on detection instruments. Frequently, the detection
instruments require complex optical setup or advanced signal-processing software , which limits
the applicability of these techniques for portable and disposable devices.

The other issue with colorimetric detection is developing the pigment dyes for
colorimetric detection which change color or intensity due to the reagent and sample reaction.
Furthermore, bonding synthesized dyes to the reagents results in an extra complexity, which
limits the stability of developed devices.

In the electrochemical detection technique, the conductivity change of the sample caused
by the reaction is monitored and used to quantify the reaction. The readout of this technique is an
electrical signal, which represents the electrical conductivity of the sample. Commercialized
portable glucose meters use electrochemical detection to measure the blood glucose level. The
electrochemical detection results are quantized values. Due to the simplicity of electrical
measurement, it is very good candidate for portable measurements. However, the applications of
electrochemical detection techniques are only limited to the reaction with electroactive
byproducts.

Considering potential of thermal measurement methods, we proposed to use the thermal
measurement method as a detection mechanism on paper-based devices. As the reagent and
sample reaction causes the enthalpy change, the generated temperature can be used to quantify
the progress of reaction and the concentration of substances with precise control on the volume.

In next section, the proposed device structure and integrated temperature sensor is introduced.
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3.3.2 Device Design

The proposed device for calorimetric detection on paper-based devices consists of three
main parts: temperature sensor, substrate, and paper-based microfluidic channel. This section
introduces the structure of the device and the principle of operation along with the
characterization, which are covered more extensively in the next section.

Yeager group at The University of Washington intensively investigated the capillary
action in paper fiber networks. They found that in 2D paper networks, fluid transport velocity can
be controlled by changing the geometry of paper (Fu et al. 2011). Furthermore, they illustrated
the capability of performing sophisticated chemical processes using paper-based microfluidic
devices. In addition, the chemical signal amplification by changing the design of paper-based
channel structure was investigated (Fu et al. 2010).

In general, the designed structure can be fabricated using a paper sheet with three major
techniques; printing, lithography, and cutting(Cate et al. 2015). In printing techniques,
hydrophobic polymer is printed to block the fluid flow paths in paper to construct a microchannel
on paper. The common technique in the printing approach for paper microchannel fabrication is
to use a wax printer and thermally anneal the printed wax to completely diffuse to the paper. In
the lithography technique, a photo sensitive polymer is used to block the unwanted fluid paths on
paper and only leave the channel structure by using photolithography techniques.

In both of these methods, the process channel can be exposed to undesirable
contaminations like the polymer solvents. The printed polymers diffuse into the paper fibrous
network and limit the resolution of fabrication where the thermal post processes can intensify this
polymer redistribution.

To avoid the issues with the introduced methods, we proposed to make the channel
structure using cutting techniques. The paper cutting technique offers great control on the

resolution of channel by eliminating the polymer diffusion and the fabricated paper micro



channels do not suffer from contamination. The details of fabrication of paper using a desktop
knife plotter is covered in Chapter 4.

The different designs for controlling the fluid transport velocity, reaction volume, and
signal amplifications are considered. The different of the designed and cut geometries are

demonstrated in Figure 3.8.

Figure 3-8 Knife plotter cut paper strips, ready for integrating with substrate and RTD
temperature sensor.

3.3.3 Operation Principle

In the proposed design for the calorimetric paper-based microfluidic device, a reaction
site is located on top of a temperature sensor to detect the reaction temperature. The reagent is
immobilized on the reaction site and reacts when the sample is introduced to the paper-based
microchannel. The reaction temperature is continually monitored by an integrated RTD sensor.

Figure 3.9 illustrated the designed structure.

55
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Figure 3-9 schematic of paper-based device with calorimetric detection.

The design of paper micro channels is specific to the volume of the sample and the
reagent. To avoid mechanical disturbances, the entrance tail is added to the design of
microchannel with L and F shapes. In the L shaped microchannel design, a small L-shaped tail is
used to introduce samples. In F shape microchannel design, two tails are used for introducing the
reagent and sample.

In this device, the RTD sensor is used for temperature measurements. As explained
earlier, RTD sensors are linear in the range of our measurements (0 to 150 °C) and have larger
sensitivity compared to thermocouples. The RTD is integrated into the metal substrate with the
shadow masking technique and the thermal evaporation of nickel. The integrated RTD is
illustrated in Figure 3.11. A thin (100um) layer of polyimide film is added to protect the RTD
from corrosive chemicals.

To explore the capabilities of the thermal measurement method as a functional analytical
device, three different reactions are investigated in this study. The reactions selected are among
the most commonly used reactions in analytical devices: enzyme based catalytic reaction, DNA

cleavage reaction and protein binding reaction.
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The first reaction is glucose reduction and oxidation reaction using the Glucose Oxidase
(GOD) Enzyme. The catalytic reaction of GOD enzyme with glucose converts glucose to

gluconic acid and hydrogen peroxide [ref]. The oxidation reaction of glucose results in an

enthalpy change of AH = —80(k\%n0| ) . The catalytic reaction of glucose oxidation is

exothermic (negative enthalpy change) and increases the surrounding temperature by releasing

heat:
SDGlucose +0, —2 BDGlucono + SLactone + H,0O, (3.5)

From measuring the temperature change, the concentration of the reduced glucose can be

quantified by following equation:

n,=C, (%) (3.6)

where n, is the number of moles of product, Cp is the heat capacity of system, AT isthe

measured temperature change caused by the reaction, and AH is the molar enthalpy change.
Details of GOD enzyme activation, buffer preparation, and glucose sample handling and
procedures are covered in the material section in Chapter 4, where the measurement results for
blood glucose standards are presented.

The deoxyribonucleic acid (DNA) strand cleavage for DNA concentration detection is
selected as the second case for implementation of calorimetric detection in paper-based
microfluidic device. In this work, hydrogen peroxide (reagent), a good source of hydroxyl groups,
is used to react with DNA. Intracellular iron from ferritin reacts and catalyzes the formation of
hydroxyl groups in hydrogen peroxide, these hydroxyl groups cleaves DNA and breaks the DNA
strands.

The cleavage of the strands is an exothermic reaction that releases heat to the
surroundings. Concentration of the DNA is measured by recording the temperature change using

the developed paper-based sensor. The sample and reagent preparation and experimental
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procedure for measuring the concentration of DNA by the described method is presented in
Chapter 4.

Finally, in the last experiment, the capabilities of the calorimetric detection technique in
paper-based microfluidic devices are investigated for protein binding investigation. Protein
binding investigation is an important field of biochemical research, which has many applications
in disease detection, drug discovery, drug delivery, and biomarker research. The calorimetric
microfluidic devices have3 been used for investigating protein binding in previous work.
However, here we propose to use a paper-based device, which offers a simple and inexpensive
method for portable and disposable applications. The measurement results are presented in the

next chapter.

3.4 Single Cell Temperature Measurement

Living cells are building blocks of life and fundamental understanding of their behavior
is critical to answer many biological questions. The biological function and malfunction of living
cells are the origin of the health and illness. Biological and medical researchers are actively
studying the responses of living cells to different stimuli for disease detection, drug discovery,
and drug delivery research (Davaji et al. 2015).

In this section, we propose to use a thermal measurement method to develop a
microfluidic platform for single cell behavior investigations. The presented devices, fabrication
processes, and results are presented in Transducers 2015 (Davaji et al. 2015). This section
introduces the advantage of single cell analysis, explains the disadvantages of studying cells in
population, and reviews the single cell temperature measurement techniques. Afterwards, a
microfluidic platform for capturing a single cell and measuring the temperature of a single cell is

introduced.
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3.4.1 Introduction

Historically, it is common to investigate a large population of cells together, when it was
considered acceptable to use the average data. However, it was discovered that such analysis
could result in misleading information. Recent work on gene expression, protein expression
levels, and phenotypic outputs prove that single cell responses are different from the average
response of a population, which shows the importance of single cell analytical techniques.

Single cell analysis requires developing special tools to precisely control the location of a
single cell and changing the cell culture media continuously. Many devices are designed and
developed using microfluidic technology for single cell detection and manipulation. Although
many advanced designs with complicated structures are proposed for single cell biology and
medical genomics, many of these devices are not practical. Most of these designs lack the ability
to fully control the trapped cell and/or the flow of the media without disturbing the fluid.

It is scientifically proven that many intracellular processes such as cell division,
metabolism, and gene expression result in heat exchange (Donner et al. 2012). In this work, we
propose to develop a microfluidic platform to investigate the cell responses and intracellular
processes by measuring the temperature of a single cell. The single cell calorimetry idea is a
powerful tool for single cell metabolism analysis and cancer research (Lee et al. 2012), although
the developed devices are not applicable for continuous temperature monitoring over time.

Currently, intracellular temperature mapping for single cells mostly uses indirect methods
such as florescent thermometry, i.e. by dye coated nanoparticles or fluorescent proteins (Okabe et
al. 2012; Gota et al. 2009; Donner et al. 2012; Hayashi et al. 2015). This technique requires the
manipulation of cells and complex optical excitation and measurement instruments, where using
the direct temperature measurement avoids such issues. The only reported method for direct

temperature measurement of a single cell used a tiny thermocouple tip (Wang et al. 2011), where
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the thermal contact area of the probe and the thermal mass of the probe limited the resolution of

this technique.

3.4.2 Operation Principle

The proposed device structure is adopted from a planar patch clam device using the
pressure difference. The microfluidic structure has a membrane with a tiny hole (3 — 5 um
diameter) at the center. There are two microfluidic channels at both sides of this membrane,
where the hole (capturing cite) connects these two channels. The sectional view of the membrane

with single cell capturing site is illustrated in Figure 3.10.

gy o1 Topside
Microfluidics

1w, -

3% Backside

RTD Sensor Microfluidics

Figure 3-10 Microfluidic platform for temperature measurement of a single cell.

The pressure difference in two microfluidic channels results in a drag force across the
membrane through the capturing site. The hole diameter is smaller than the cell diameter, so that

the cell does not pass through. The drag force towards the negative pressure will immobilize a
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single cell at the location of capturing site at center of membrane. The schematic of the proposed
platform is demonstrated in Figure 3.11.

Controlling the pressure ratio in two channels immobilizes the captured cell over time,
where the direction of flow and the flow rate can be adjusted. The proposed structure allows full
control over flow after capturing a cell, which makes it possible to remove the excess cells form

the channel (flushing the channel) and introduce the media to the cell.

Membrane (SixNy)

Topside PDMS
Microfluidic Channel Electrical Interface
/ for RTDs
Backside PDMS
Microfluidic Channel
Cell Trap Hole with Acrylic Holder

3-11 Figure 3-12 Sectional-view of fabricated platform shows the cell capturing and
immobilization mechanism.

At the membrane, a thin film RTD sensor is integrated to measure the temperature
change continuously. In addition, to reduce the ambient temperature noise, the temperature is
measured differentially by integrating the second RTD from the capturing site in the microfluidic
channel. Since most of the biological experiments are conducted using the inverted microscope
with high magnification lenses, the device structure is modified to be compatible with the
biological microscope. The schematic of the modified microfluidic platform is shown in Figure

3.12.
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Figure 3-13 Sectional-view of converted platform to inverted configuration.

The fabrication process and the results of cell capturing, including the capturing pressure

characteristics, are presented in chapter 4.
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Chapter 4  Results and Discussions

In this chapter, the experimental results and discussions are independently presented for
each application introduced in chapter 3. This chapter covers process development and device
fabrication process for designed microfluidic devices with thermal measurements. Then, the
experimental setup and measurement results are provided. At the end of each section,
performance of the device is evaluated and verified in a discussion part, where the potential and

capabilities of each device are highlighted.

4.1 Micro Calorimeter

The micro calorimeter device, introduced in chapter 3, consists of thermal components
(heater and sensor), suspended chamber, and microfluidic channels. Next section will provide a
detailed fabrication process for micro calorimeter device. Next section covers the characterization
of fabricated micro calorimeter device. Then, the experimental setup and material preparation are
presented with focus on electrical measurements. Finally, the measured results are analyzed and

the performance of device are evaluated in last section.

4.1.1 Fabrication

In microfluidic devices, different types of heat source such as preheat liquid circulation
[ref], Joule heating elements [ref], microwave heating sources [ref], and chemical reactions [ref]
are reported. In this work, Joule heating generated by passing current through resistive element is
used, which allows homogeneous heating over a wide temperature range of operation, precise
control over heating [ref], and simplification of fabrication process by symmetry to the

temperature sensor.
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In fabrication of this device, Resistive Temperature Detector (RTD) sensors are used.
RTD sensors offer high stability [ref], accuracy [ref] and linearity in operation range [ref], and
can be integrated simply to the micro fabricated structures. The RTD sensors are resistive
elements, commonly made with platinum, nickel, and nickel-iron alloys, where the resistance of
RTD changes with temperature. In this work, evaporated nickel thin films are used as RTD
devices.

The simplified form of Callendar-Van Dusen equation [Ref] provides the resistance

relationship with temperature change in RTDs:

R=Rg, (1+ay -AT) (4.1)
where Ry, is the resistance of RTD at room temperature, «,; is the temperature coefficient of

resistance for deposited nickel thin film, and AT is the temperature change.

SEl 5kV WD20mm SS76 500pum
Nanoscale Devices Lab. 0002 16 Oct 2015

Figure 4-1 SEM image of completed suspended chamber fabrication.



The micro calorimeter device is fabricated by bulk micromaching of silicon wafer. The
fabricated on-chip micro calorimeter device is shown in Figure 4.1. In this section, device

fabrication processes are covered in details.

The fabrication process starts with thermally growing 250nm SiO; on a four-inch single
crystal silicon wafer. Then, 0.5um low stress SiN film is deposited by Low Pressure Chemical
Vapor Deposition (LPCVD) process. The SiN layer in this device is used for fabricating

suspended chamber structure and it acts as a chemical etching mask though the process.

65
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Figure 4-2 Fabrication process of micro calorimeter.
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First, the thermal elements (resistive heater and RTD sensor) are patterned (Figure 4.2 (a))
on both sides of wafer (symmetric) using photolithography process and a double-sided contact
mask aligner. Then, the SiN and SiO; layers are etched by Reactive lon Etching (RIE) process
(Figure 4.3(a)) and Buffered Oxide Etching (BOE) process (Figure 4.3(b)), respectively. Then, the
exposed silicon in patterns are etched using isotropic wet silicon etching solution (Poly Etch) to
form a 5um undercuts. The undercut formed in this step is used in the last steps of fabrication as
thermal elements. The formed overhung structure on top of etched silicon parts, as shown in Figure

4.3(C), acts as a self-shadow masking layer in metallization step.

Nitride Etch
(RIE - Dry Etch)

Si0, Etch
(BOE Etch)

Si Etch
(Poly-Etch)

50 pm

Figure 4-3 Fabrication process of RTDs where overhang structure is used for self-shadow
masking in metallization step (nickel deposition.)
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In the next step, second layer of SiN film (0.5um) is deposited using LPCVD. The
chamber patterns are printed on top of the wafer using photolithography process and a contact
aligner. The SiN and SiO2 layers are removed using RIE and BOE, respectively to expose the
silicon. Then, the silicon is etched using anisotropic wet chemical etching (KOH) process at 60°C
for 12hrs (the process is self-terminating). The KOH etching process forms the calorimeter
chamber. The cross-sectional view of the chamber at this step is shown in Figure 4.2(b).

Then, the third layer of SiN film (LPCVD, 0.5um) is deposited on the wafer. In this step,
the microfluidic channel structures, microfluidic input and output interfaces, and chamber
isolation area are fabricated all together. The patterns of microfluidics and chamber isolation area
are printed using a lithography process on the backside of the wafer. Then, silicon at the printed
pattern is exposed using etching of SiN and SiO2 layers by RIE and BOE, respectively. The
second KOH process is used at 60°C for 12hrs to remove the silicon all the way to the other side
of the wafer. This process is self-terminating at this step.

After this step, the suspended SiN film chamber structure is formed with 200nL volume
and chamber wall thickness is 0.5um. The micro fabricated chambers are suspended using tether
structures. The cross-sectional view of the chamber at this step is shown in Figure 4.2(c).

In next step, the 40nm of nickel film is deposited separately on each side of wafer using
thermal evaporation process. The evaporated nickel formed the resistive heater and RTD
temperature sensor. The close up image of the RTD sensor and the device after metallization are
shown in Figure 4.4.

The last step in fabrication is thermally bonding thin polyimide layer (Kapton tape) to the
backside of the devices after breaking the wafer into the dies at 70°C for 2hrs on top of a hotplate.
The polyimide film will close the exposed area at microfluidic and chamber and form a sealed

structure.
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Figure 4-4 Micro Calorimeter device (a) optical image of suspended chamber with integrated
RTD, (b) schematic of RTD integration to a suspended thin film structure, (c) top-view of completed
micro calorimeter device.

4.1.2 Device Characterization

This section covers the characterization of fabricated micro calorimeter device. The
characterization has two steps; RTD sensor calibration, and DC characterization of micro

calorimeter for measuring thermal time constant of device.
The electrical resistance of fabricated thin film RTD is measured between 1-4kQ for

70-30nm thickness of deposited nickel film. In bulk, the TCR of nickel is reported 6x107°/°C .

However, in thin film metals, based on the thickness of the deposited film and grain size of the
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metal, the mean free path of electrons are changing due to the scattering [ref]. Therefore, the TCR
must be measured with lower values comparing to bulk.

In this work, a measurement setup is designed and assembled to measure the TCR of

fabricated thin film RTD. The TCR of fabricated device is 2.58x107/°C and has very high

(R2 = 0.9999) (10—5o°c)

linearity for calibrated range.

In the second step, the step response of the fabricated calorimeter is used for measuring
the thermal parameters of fabricated structure for calculating the thermal time constant of device.
The micro calorimeter chamber is filled with DI water to perform the step response test. Then, a
current pulse is applied to the heater by a source/meter (Keithley 2400) and the resistance change
in sensor is measured by another source/meter by applying constant bias current (0.1mA). Both

source/meters are computer controlled by a custom-made LabVIEW program.
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Figure 4-5 Step response test result from micro calorimeter device, where the chamber is filled
with DI water.
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From step response curve, thermal resistance and thermal mass and the time constant of

58.87( K¢ ) 6.63x107(
micro calorimeter are ( 4\/) . (A) and 1'33(8), respectively. Later in

measurement section these thermal parameters are used for characterization of liquid samples.

The step response curve of micro calorimeter is shown in Figure 4.5.

4.1.3 Experimental Results

As explained in chapter 3, developed micro calorimeter is capable of measuring thermal
diffusivity of samples and specific heat of the sample. Heat penetration time measurement and
TWA methods are used to measure thermal diffusivity and specific heat, respectively.

Thermal diffusivity of sample is quantified by measuring heat penetration time from
heater to the sensor, when the heater is pulsed with a current pulse. In Figure 4.6(a), concept of
heat penetration time measurement is illustrated. Since the measurement is time sensitive between
input pulse at heater and measured temperature profile at sensor, a MATLAB code is used to
extract the exact time (arrival time). The second derivative of the received signal is used for
determining the exact location of the arrival pulse at sensor. The arrival time measurement of heat
pulse to the sensor using second derivative method is shown in Figure 4.6 (b).

The thermal diffusivity of glycerol is measured using this technique and the measured

value

9.94x10°° (m%) is shown less than 8% error compared to the reported thermal diffusivity for

glycerol [ref].
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Figure 4-6 Penetration time measurement results and using the 2nd-derivative to measure the
exact value of arrival time.

In specific heat measurement as described in chapter 3, TWA method is used, where an
alternating heat is generated at the heater and travels through the sample. The detected temperature
at the sensor is used to calculate the specific heat of the device.

The specific heat of DI-water is measured by the TWA method and using micro calorimeter
device. The measured value is in good agreement (~5% error) with reported value (Table 4.1).
Same technique is applied to measure specific heat of ionic liquids for the first time, where the
specific heat of 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([(EMIM][Tf2N]),
1-buthyl-3-methylimidazolium hexafluorophosphate ([BMIM][PF6]), 1-hexyl-3-
methylimidazolium hexafluorophosphate ([HMIM][PF6]), and 1-methyl-3-octylimidazolium

hexafluorophosphate ([OMIM][PF6]), are measured and reported in Table 4.1.
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Table 4-1 measured specific heat values

Sample Measured Specific Heat
(/g K)
1 [EMIMI[TFZM] 2.75
2 [BMIM][PF&] 2.83
3 [HMIM][PF6] 0.86
4 [OMIM][PF&] 2.95

4.1.4 Discussion

The micro calorimeter devices with 200nL volume chambers are fabricated and used to
measure thermal diffusivity and thermal conductivity of liquid samples. The designed structure
benefits from the symmetric design of the thermal elements where the structure provides
homogenous heat transfer to reduce fringing effects.

Using thin film suspended structure leads to a reduction in thermal mass and an increase
in the sensitivity of thermal measurements; however the structure is fragile to work with high
viscosity samples. In addition, the difficulties in cleaning the chamber and microfluidics make it
almost a single use device. The other point learned from the device is, the microfluidic interfacing
and leak in the tubing need to be optimized in future work, where the first step will be moving
them apart to enhance interfacing.

The advantages and disadvantages of fabricated on-chip micro calorimeter are presented.
These characteristics define limitation for using this technology for real application mostly due to

the cost of fabrication. This device is good for measuring very rare and costly samples.
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4.2 Thermal Particle Detection Platform

The introduced microfluidic platform for thermal detection of suspended particles in
chapter 3 consists of silicon substrate with a SiN membrane, a thin film RTD, and a PDMS
microchannel. The first section provides a detailed fabrication process for silicon substrate and
PDMS microchannel. The second section covers the experimental setup are for different sizes of
suspended particles. Finally, the characteristics of output signals (resistance change) for different

particle sizes are discussed in detail in the last section.

4.2.1 Device Fabrication

The silicon device (substrate and membrane) fabrication starts with growing SiO-
(250nm) and depositing LPCVD SiN film (0.5um) on both sides of a single crystal silicon wafer.
Then, the membrane pattern is printed on the bottom of the wafer, using a photomask and optical
contact lithography technique. In next step, the SiN and SiO- layers in printed patterns are
removed by RIE and BOE etching, respectively.

In the next step, KOH process removed the silicon at patterned structure all the way to
form SiN membranes at top of the wafer. To integrate RTD sensors, a 40 nm nickel film is
deposited on top of the wafer and RTD structures are patterned on surface using the second
photomask. Using the metal etchant (HCI:HNO3:Dl, 1:5:5) the excess metal parts are removed
and RTD is formed on top of membrane. The RTD sensors on top of SiN membrane is shown in

Figure 4.8.
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®)

Figure 4-7 Fabricated device before microchannel binding, (A) the 3D view side view of
fabricated platform, (B) completed silicon-based device with integrated RTD.

The PDMS microfluidic channels are fabricated with soft lithography technigque by using
an SU8 mold. The mold is fabricated using the lithography process and negative photoresist
(SU8) is patterned and developed the mold for PDMS channels. This technique for fabricating
SU8 mold is introduced earlier in chapter 2 (Figure 2.3).

The PDMS microfluidic channels are fabricated by pouring the mixed elastomer resin
and hardener on top of the SU8 mold. Then, it is thermally cured at 70°C for 2 hrs. The cured

channels are peeled off from SU8 mold. The PDMS fabrication process is shown in Figure 2.4.
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The fabricated channels are aligned with RTD sensors under optical microscope and
bonded to the SiN surface. The completed device with bonded PDMS channel is illustrated in

Figure 4.8.

Figure 4-8 Thermal particle device platform after aligning and bonding of PDMS,
microchannel to the membrane.

For connecting microfluidic tubes to channel inlet and outlet, and connecting RTD
sensors to electrical measurement instruments, a measurement setup holder (jig) for interfacing is
developed. The custom jig acts as a device holder to support the fabricated microfluidic device
and provide electrical interfacing and improves the microfluidic connections to device. The

designed jig is fabricated by 3D printing Acrylonitrile Butadiene Styrene (ABS) thermoplastic.

4.2.2 Experimental Results

In this experiment, two different sizes of polystyrene (PS) microspheres are used. The
first is 90pum diameter PS beads and the second is 200pum dimeter PS beads. Since the PS has
higher density (1.05 g/cm?®) than water, a mixture of water and glycerol is used as a buffer. The
density of mixture is tuned to match the density of PS beads, which allows beads to stay

suspended and prevent from settling.
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Then, the 90um PS beads are introduced to the microchannel while the resistance of RTD

is continuously recoded by applying a constant DC bias current to the RTD. The resistance

increased by about 0.5Q, which is equivalent to 0.11K in temperature change. The results are

shown in Figure 4.9.
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Figure 4-9 The measured signal due to passing of a 90um PS bead.
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The same experiment is repeated for the 200um diameter PS beads. As shown in Figure

4.10, the resistance decreased when 200um beads passed the RTD in microfluidic channel. The

amplitude of peaks shows 2Q resistance change, which corresponds to 0.44K drop in

temperature.
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Figure 4-10 The measured signal due to passing of a 200um PS bead.

In this case, when the size of bead (200um) is larger compared to the channel width

(300um), the local velocity change due to the passing beads is considerable. The local velocity
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change results in increasing convective heat transfer. Since the RTD is constantly biased, the area
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over RTD is lightly experiencing higher temperature compared to other parts of microchannel.
The induced change in local fluid velocity moves liquid faster and reduces the temperature.

The experiment is repeated with four 200pum PS beads and resulted in four peaks in
detected resistance change, as shown in Figure 4.11. This result shows the capability of fabricated

microfluidic platform in detecting and counting suspended particles.
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Figure 4-11 The measured signal due to passing of series of 200um PS beads.
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4.2.3 Discussion

The results for detecting and counting micro particles suspended in water is presented in
last section. To verify that the detected effect is caused solely by thermal conductivity change at
the presence of the particle, the same experiment is repeated in buffers with different electrical
conductivities (glycerol, DI water, and PBS). As it can be seen in Figure 4.12, the results are
showing the same effects for 200um PS beads. The electrical conductivity change only affects the

base line of measured resistance.
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Figure 4-12 Thermal particle detection results in different buffers.

The presented results and analysis show the potential of the thermal measurement to
analyze the suspended particles. The results are not limited to the detection and counting

particles, and the microchannel width can be tuned to identify the size of passing particle.
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4.3 Calorimetric Paper-Based Microfluidic Sensor

The third application, paper-based bio chemical sensor with calorimetric detection
introduced in chapter 3, consists of three main elements: substrate (handle), paper-based
microfluidic channel, and integrated RTD temperature sensor. This section starts by providing the
details of paper-based channel fabrication and details of integrating thin film RTD on device
using shadow masking technique.

Next section covers the experimental setup for glucose level measurements using
developed microfluidic device. Then, DNA concentration detection and protein bonding analysis
are provided and two additional examples to verify the applicability of this concept. Finally, last
section provides a detailed dissolution on the advantages, disadvantages, and future applications

of this technology.

4.3.1 Device Fabrication

Fabrication of a paper-based microfluidic device starts with designing and cutting paper
microchannel. The geometry of the design provides a control parameter on the volumes of sample
and required concentration of reagents. The paper microchannel with designed strips are cut using
a desktop knife plotter.

In this project, a thin cover slide glass (150um) is used as a substrate for the device and
fixed on a laser cut acrylic holder. The metal RTD is patterned on top of the glass by using
shadow mask technique and metal depositing. In this device, 40 nm nickel film is deposited on
the device, where polyimide film shadow mask defines the structure of the RTD.

In next step, a protective layer is added on top of RTD to avoid chemical reaction of

sample and metal RTD interferences in the measurement. The protection layer is a 100pum



polyimide layer and 5pum acrylic adhesive layer to improve the contact of paper-based micro

channel and RTD sensor. Fabricated device is shown in Figure 4.13.
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Figure 4-13 Fabricated paper-based microfluidic device with calorimetric detection.
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Figure 4-14 Equivalent thermal resistances for modeling heat transfer in sectional view of

reaction site on paper-based microfluidic channel.
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The fabricated device is analyzed using developed thermal equivalent circuit. Figure 4.14
illustrates the thermal resistances in the cross-sectional view of reaction site, where reaction of
sample and reagents are causing a temperature change.

The thermal parameters of the system as the results of the thermal analysis are listed in
Table 4.2, where the calculated values and measured values from step response test (same as

micro calorimeter device) are compared.

Table 4-2 Thermal parameters of paper-based microfluidic device (Davaji & Lee 2014).

Symbol Parameter Unit Value

Rem Ry, of air boundary K/W 6.17 x 10°
Renz R, of paper boundary K/W 478 x 103
Rens Ry, of glass boundary K/W 4.76 x 10°
Rena Ry, of air through glass K/W 6.17 x 10°
C p.calc Calculated thermal mass J/K 1.33 x 102
Cpm Measured thermal mass JIK 1.42 x 1072
TCalc. Calculated time constant S 1.3

™ Measured time constant S 124

4.3.2 Experimental Results

In the first test as explained in chapter 3, catalytic reaction of glucose reduction and
oxidation is used to detect the concentration of glucose in standard samples. In this measurement,
the RTD temperature sensor measures the temperature continuously by a constant bias current.
The constant bias current results in a higher operating temperature compare to room temperature
due to Joule heating effect.

In the first step, activated GOD enzyme (2uL) is immobilized to the center of paper strip.

Then, the glucose standard sample (8uL) is introduced to the inlet of the paper channel. The



glucose sample will transport into the paper toward the reagent (GOD) and the reduction and
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oxidation reaction will start. The heat generated by reaction is recorded and shown in Figure 4.15.

As it can be seen from the reaction signals, due to higher operating temperature of device,

introducing samples with room temperature causes a decrease in the signal, once when the GOD

enzyme is introduced and once when the glucose sample is introduced. However, the reaction

(exothermic) peak is obvious in the close-up signal.
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The experiment is repeated for three (low, medium, and high) glucose standard
calibration sample and the measurements show the linear trend in the generated temperature. The
results of generated temperature due to the concentration of the glucose in calibration sample is
shown in Figure 4.16.

The measured results shown in Figure 4.17 are compared with the measurement results
from commercially available glucose meter. The fabricated paper-based microfluidic with
calorimetric detection has better resolution compared to the portable glucose meter. The errors in
portable glucose meter can get as high as 30% from the actual concentration of glucose in

standard sample.
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Figure 4-16 Measured temperature change caused by different concentrations of glucose sample.
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Figure 4-17 Result of glucose level measurement by a commercial glucose meter in comparison

by measurement results from developed paper-based calorimeter.

After presenting the glucose level measurement using the calorimetric paper-cased
sensor, same device is used for presenting feasibility of calorimetric detection in DNA
concentration measurement and protein binding reaction detection. The details of the selected
reaction for DNA cleavage and exothermic interactions are described elsewhere (Davaji & Lee

2014).
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The experimental results for these reactions are shown in Figure 4.18. The measured
temperatures for DNA cleavage reaction is used for quantizing the concentration of DNA and the

measured binding temperature for proteins identifies the exothermic reaction.
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Figure 4-18 Temperature measurement result by paper-based calorimeter device, (A) the results
of DNA concentration detection, (B) investigation results of exothermic protein binding reaction.
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4.3.3 Discussions

The calorimetric detection results are presented for glucose level measurement, DNA
concertation measurement, and protein binding identification using calorimetric detection method
by the fabricated paper-based sensor. The paper-based devices are promising for low-cost
portable applications due to several advantages of paper-based microfluidic compared to the
conventional microfluidic channels.

As the results show, the thermal measurement methods will enhance the capability of
paper-based devices and might broaden the applications of this device where the electrochemical
and colorimetric detection techniques are not applicable.

However, in calorimetric detection technique, finding proper reagents for the detection
reaction is critical. In selection of reagents, stability of reagents over time and room temperature,
and reactions with detectable enthalpy changes must be considered. The proper detection reaction
and reagents allow paper-based calorimetric detection to become a very good candidate to
develop portable diagnostic device for low-income countries, where the cost of medical services

are threatening many lives.

4.4  Microfluidic Platform for Temperature Measurement of a Single Cell

The microfluidic platform for single cell isolation and temperature measurement is
introduced in chapter 3, where the details of operational principles of device based on differential
pressure is presented. In this section, detailed fabrication process for silicon based microfluidic
device and PDMS micro channel are presented. Next section covers cell-capturing results, where

the temperature measurement experiments are still ongoing.
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4.4.1 Device Fabrication and Primary Results

The microfluidic platform for single cell temperature measurement has two main parts:
the silicon based micromachined device and microfluidic channel. The sectional-view of device

fabrication process is shown in Figure 4.19.

a) Si Wafer > SiN

b)

)

-~
Ni Film
d)

Figure 4-19 Fabrication process for the silicon-based substrate.

The fabrication process is very similar to that of the thermal particle detection platform
presented in section 4.2, where the only difference is an additional lithography and RIE process to
etch the cell capturing hole (Figure 4.20). The cell capturing hole is located at the center of

membrane and very close to the location of the RTD temperature sensors.
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Cell capturing
hole

Si

Membrane

Figure 4-20Figure 4.20 Fabricated device for single cell capturing and thermal measurements,
(a) completed device, (b) sectional-view of fabricated device, (c) close up image of SiN membrane and
RTDs, (d) close-up image of RTDs and cell capturing hole.

The PDMS microfluidic channel is fabricated using soft lithography technique as
explained in Section 4.2. However, the backing layer of the channel is a cover glass to reduce the
thermal mass of the thick PDMS backing layer. The reduced thermal mass is required to increase
the sensitivity of temperature measurement. The rigid glass backing layer makes it difficult to
peel off PDMS after curing from mold. Therefore, a releasing agent (Polyvinyl Alcohol) is used
to release the cured channels from mask by submerging in water.

Released channels are aligned and bonded to the fabricated silicon-based device under
the microscope and RTD contact pads are wire bonded to the holding structure. The latest

progresses on fabrication of interfaces allowed to develop a platform shown in Figure 4.21.
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Figure 4-21 Completed microfluidic platform with integrated microchannel and completed wire
bonding.

However, due to the practical difficulties in interfacing fluid and preventing leaks at the
inputs and outputs, updated system is being developed. This project is being transferred to junior
graduate student and he will carry out the rest of troubleshooting and updating process on the

interfaces.



92

The 5um glass microspheres are used as a cell to calibrate the flow rates in both channels.
The suspended beads in water and glycerol solution (balanced density) are introduced to the top
channel, when the bottom channel is filled with water. Then, the negative pressure is generated at
the capturing hole by applying negative flow rate to the bottom channel while the top channel is
experiencing constant flow rates. By varying the flow rates in both channels, the rate of success in

capturing of beads are recorded. Figure 2.22 shows the results of this calibration experiment.
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Figure 4-22 Cell capturing flow rate characterization. The 10 um polystyrene beads suspended
in buffer solution are used for characterization. The capturing region is illustrated in green.
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Chapter 5  Conclusion and Future Work

5.1 Summary

In this dissertation, capabilities of thermal measurements on microscales are investigated.
The main focus is the concept of using thermal measurement methods to detect and measure
physical quantities. Thermal design considerations for microfluidic devices are modified to
develop applicable and functional devices for thermal measurement. By implementing these
considerations, microfluidic devices are designed and fabricated for four applications: micro
calorimeter, thermal particle detection, calorimetric paper-based sensor, and a microfluidic
platform for a single cell temperature measurement.

Thermal methods are a group of measurement techniques that study substance
interactions with the ambient by investigating heat. Heat is not a measurable quantity; however,
the generated temperature change due to heat transfer is a detectable quantity. Thermal
measurement methods investigate both transient and steady state responses of a sample due to
heating (thermal analysis), or measure the rate of heat transfer caused by a chemical or physical
interaction (calorimetric techniques).

Thermal measurement techniques are applicable to vast range of measurements and offer
many advantages such as producing quantitative results, simple measurement setup due to
advancements in temperature sensor technology, and the label-free nature of such measurements.
However developing thermal measurement techniques requires special design consideration.
Therefore, in this work an equivalent circuit model is adopted to implement the thermal
considerations in device design.

In order to validate the potential of thermal measurements in microfluidic devices, four
applications are selected and a device is designed for each one. For each design, a microfluidic

device is fabricated by implementing the identified thermal considerations in each design. An on-
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chip calorimeter device is developed for thermal analysis of a liquid sample, a thermal technique
is developed to detect particles suspended in a liquid buffer, a calorimetric paper-based enzymatic
detection assay is fabricated, and a microfluidic platform for single cell capturing and temperature
measurement is fabricated.

In the first application, a thin film, suspended chamber structure with 200nL volume is
fabricated for micro calorimetry application. The RTD sensors are integrated on both sides of the
chamber by our developed self-shadow masking technique. The fabricated device has two
identical chambers that allow it to perform Differential Scanning Calorimetry (DSC). The
fabricated nickel RTD sensors are calibrated for measuring the Temperature Coefficient of
Resistance (TCR) and the micro calorimeter device is characterized for thermal parameters using
a step test.

The fabricated micro calorimeter device is used for thermal diffusivity and specific heat
measurement. To increase the speed of measurement, heat penetration time measurement is
adopted for thermal diffusivity measurement. The thermal diffusivities of water and glycerol are
measured and reported in Chapter 4. In addition, Thermal Wave Analysis (TWA) is applied to the
same device without changing the sample, and specific heats of water and glycerol are again
measured. Using the same setup, specific heat of ionic liquids are measured and reported for the
first time.

In the second application, a novel technique is developed and introduced for particle
detection using thermal measurement techniques. Detection of the change in thermal conductivity
is used to detect and identify a suspended particle in a microfluidic channel. As presented in the
results, the fabricated device is capable of detecting and counting suspended particles in a
microfluidic chamber. Furthermore, the results describe the capability of detecting the particle
properties such as size using the fabricated device. The 90um and 200um polystyrene spherical

particles are detected and counted using the fabricated thermal particle detector device.
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In the third application, thermal detection in paper-based microfluidic devices was
utilized to enhance the capabilities of paper-based devices as low-cost analytical sensors for the
first time. By introducing a micro fabricated thin film RTD temperature sensor to the paper-based
device, the temperature change associated with the reaction of sample and reagent in the paper-
based channel is measured. The detected temperature is used to quantify the concentration of
reactive substances.

The measurement results for three samples are presented in chapter 4. The catalytic
oxidation reaction of glucose in presence of a GOD enzyme shows 20 percent higher resolution
compared to the commercially available portable glucose measuring device. Furthermore, DNA
strand cleavage reaction by a hydrogen product is used for detecting salmon DNA on a paper-
based channel using the thermal detection method. Similarly, protein bonding reactions of biotin
and streptavidin are detected using the fabricated calorimetric, paper-based microfluidic device.

Finally, the last application is to develop a single cell, temperature measurement
platform. A planar, patch clamp-like structure with two microfluidic channels is fabricated for
capturing a single cell. The fabricated device is calibrated to find operational flow rates. The
calibration data provides the required flow rates for capturing and fixing the captured cell at the
microfluidic channel for measurements and releases the cell to capture another one for next
experiment. As shown in chapter 4, the device successfully captured polystyrene microspheres
and yeast cells.

Thin film metal RTD sensors are attached on platform near the capturing site to measure
the cell temperature change over time. The silicon chip fabrication and micro channel fabrication
processes are designed and developed, and the platform is fabricated in this work. The fabricated
platform is even tested successfully for capturing multiple cells. However, as an ongoing project,
efficient techniques for microfluidic interfacing are being developed for long time performance of
the system. At this stage, some fluid leaks at interface are causing pressure drop issues where our

group is actively working to overcome the problem.
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The main subject of this work is to investigate thermal measurement capabilities in
microscale devices by providing thermal consideration for device development processes. Details
of device design and process development for fabrication along with test results of fabricated
devices are presented in this work. The measurement results show the enormous capabilities of
thermal measurement methods.

A few issues still remain in the implementation of these devices which require more
research efforts. These limitations are developing and integrating the point temperature
measurements, reducing the thermal mass of structures, three dimensional temperature profile
measurements in microfluidic channels, and discovering new materials for RTD temperature
sensor fabrication.

Since the demand of biological experiments over measurement sensitivity, and precise
control and measurement are increasing, where developing the labels and tags for measurement
are getting more complicated, label free thermal measurement methods will likely get more
attention. Regenerative medicine already uses microfluidic technology for controlling culture of
cells and tissues, and is moving toward growing organs using chip technology. This technology
has potential to play a key role in future developments of regenerative medicine and three

dimensional tissue engineering.

5.2 Ongoing Research

Since these works are considered among the first to look at thermal measurement in
microfluidic device as a system concept rather than a focused application, there are many ongoing
research studies being conducted at Marquette University’s Nanoscale Devices Laboratory. The
device for measuring response of a single cell to external stimuli is the major ongoing research.
Additionally, a flowmeter development project is currently running, where thermal measurement

technology is used to measure fluid velocity for industrial and utility applications.
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Moreover, opportunities for using the thermal measurement to detect cell malfunction of
high temperature stem cells are being investigated. Design and fabrication of a new type of open
droplet micro calorimeter and measurement setup has been completed and measurements are
being performed for future publications. Finally, new materials are being investigated to optimize
the current thin film RTD temperature sensors.

During the rest of my appearance as an active research member, efforts will be directed
towards the completion of the ongoing projects. However, chances of facing new issues with
special care requirements are high. In this case, projects will be transferred to junior colleagues

for further investigations.

5.3 Future Work

The ongoing research and uncompleted work at the end of a graduate program are
commonly described as future works. However, as this work is structured differently, future work
is not limited to unfinished projects. Implementation of thermal measurements in microfluidic
devices is the expected direction of my future work.

Development of new materials for temperature sensing and new fabrication techniques
will bring an opportunity to increase the sensitivity of thermal measurement techniques and allow
the development of practical nano-calorimeter devices.

Intensity, power, and spot size controllability of optical excitation make it a great heat
source in microfluidic devices. The light triggered calorimetry techniques, such as flash
calorimetry can be miniaturized for more precise applications, where a small amount of sample is
available or in single cell investigations.

Implementing IR lasers as a heat source allows targeted power delivery based on the
absorption coefficient of a given substance. For instance, applications such as developing

materials for hyperthermia targeted heating of cancer cells in tissue. Thermal microfluidic devices
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will play a key role in measuring the delivered power to the targeted cells without affecting
surrounding tissue. Thermal microfluidic technology also has great potential to contribute to
regenerative medicine where 3D tissue culturing can benefit from having thermal stimuli and
would allow for measuring the system behavior as feedback.

Applications of thermal actuation and measurements are not limited to light sources with
larger wavelengths like RF waves, which can be used for enhancing the penetration. The recent
research on developing Super Paramagnetic Iron Oxide Magnetic Nano Particles (SPIONSs)
allows this idea to become closer to reality, though more investigation is required. Perhaps
genetic modifications to program cells to generate the SPIONs or targeted delivery of these
particles soon will allow development of a practical method for treatment of cancer using the
localized heating. The thermal microfluidic measurement device would be an essential tool to
develop such treatments.

The recent developments of thermal imaging also will bring an opportunity to take
thermal analysis in microfluidic devices to another level by direct integration of lens free optical
temperature detectors to microfluidic devices.

Combining electromagnetic heat sources and contact free temperature measurement
methods in the future might bring opportunities for 3D thermal analysis to solve complicated

problems like brain signaling in neuroscience.
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A microfabricated calorimeter (p-calorimeter) with an enclosed reaction chamber is
presented. The 3D micromachined reaction chamber is capable of analyzing liquid
samples with volume of 200 nl. The thin film low-stress silicon nitride membrane is
used to reduce thermal mass of the calorimeter and increase the sensitivity of
system. The p-calorimeter has been designed to perform DC and AC calorimetry,
thermal wave analysis, and differential scanning calorimetry. The p-calorimeter
fabricated with an integrated heater and a temperature sensor on opposite sides of
the reaction chamber allows to perform thermal diffusivity and specific heat
measurements on liquid samples with same device. Measurement results for
diffusivity and heat capacitance using time delay method and thermal wave analysis
are presented. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4875656]

I. INTRODUCTION

Microfabricated calorimeters (p-calorimeter) have been developed for “Lab-on-a-chip”,
medical and biochemical applications. The p-calorimeter serves to characterize biochemical
samples and interactions with high sensitivities while only using micro or nano-liter scale sam-
ple volumes.' The p-calorimetry has been used to investigate DNA folding-unfolding processes,
molecular recognition, isothermal titration, characterization of the thermal properties of liguid
samples (heat capacity, diffusivity, and condurtivily).: and for many other lab-on-a-chip appli-
cations.” A p-calorimeter consists of three parts: A reaction chamber, a heater, and a tempera-
ture sensor. Based on the configuration of the reaction chamber, p-calorimeters are classified
into two categories: A closed reaction chamber configuration with a fully enclosed reaction/de-
tection chamber® and an open reaction chamber configuration, in which the sample is placed on
a membrane and partially exposed to the environment.” The open reaction chamber configura-
tion, in contrast with the fact that it has an incomplex fabrication to achieve an excellent ther-
mal resistance. suffers from the evaporation of volatile liquid samples and sample handling
issues (manual spotting).® On the other hand, the closed reaction chamber configuration is more
complex and typically suffers from a large thermal mass (heat capacity) owing to the use of
bulky encapsulating materials such as Polydimethylsiloxane (PDMS) or glass covers.’ resulting
in reduced sensitivity in temperature measurement.

A typical p-calorimeter uses an electrical heater to apply heat to a sample and a tempera-
ture sensor to measure resulting temperature changes. To accurately determine the thermal
energy exchange of the reaction or interaction, the contact of the heater and the temperature
sensor o the sample has to be thermally efficient. Integration of these thermal components
using micromachined methods has advantages as they ensure intimate thermal contacts by
design. However, conventional lithography-based methods are limited for use in substantially
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planar surfaces and are particularly difficult to use over 3-dimensional structures or cut-out
surfaces.” Mostly, the heater andfor the temperature sensor are integrated on the same
membrane-based planar surface,” or the heater and the sensor are fabricated on separate sub-
strates with an off-chip bonding process to form the calorimeter chamber.'” To simplify the
integration of the heater and the temperature sensor, the 3 (or AC mode) method uses a single
metal strip as the heater and the temperature sensor. The 3w has been extensively used for ther-
mal conductivity measurements, which still requires a bulky material to encapsulate the reaction
chamber and it yields to increase the thermal mass of the system and decreases the detection
sensitivity.

In this paper. we present a p-calorimeter with suspended three-dimensional (3D) closed
reaction chambers with a heater and a temperature sensor integrated on the opposite sides of
each reaction chamber. Figure 1 shows a fabricated calorimeter with two chambers for differen-
tial calorimetric measurements. The details of cach reaction chamber are shown in the zoomed-
in schematic in Figure 1. Each reaction chamber is suspended and fully enclosed by a low-
stress silicon nitride (87,N,) membrane and a polyimide thin film forming the opposite sides of
the chamber. The thin film encapsulating structures, in contrast to other bulky closed chamber
configuration p-calorimeters, which are of the order of millimeters in thickness.”*"'? As a
result, the thermal mass of the fabricated reaction chamber is about 3 orders of magnitude
smaller compared to the conventional bulky chambers, directly resulting in a corresponding
increase in temperature detection sensitivity. In this device. the heater and the temperature sen-
sor are integrated on different sides of the reaction chamber such that the sample can be placed
between the heater and the sensor. Configuration of heater and sensor on fabricated device cre-
ates the capability of performing different calorimetric measurements such as differential scan-
ning calorimetry (DSC).” thermal wave analysis (TWA).'* 3. technique,'® and titration'®
without any change in measurement setup. In addition. the heat flux directly travels through the
sample inside the chamber and with minimal fringing effects of heat flux. This enables

Fabricated On-Chip
p-Calorimeter Device

Thin Film Suspended
p-Calorimeter Chamber

FIG. 1. A 3D micromachined on-chip calorimeter with suspended reaction chambers is shown. Each calorimeter has two
identical chambers for differential measurements, and each chamber has two microfluidic inlets and one outlet.
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excellent fit with a 1-D heat model used to extract thermal properties of the samples, as the
boundary conditions uwsed to drive the relations for thermal pmperties.” In contrast, calorime-
ters that have a heater and a temperature sensor on the same side have non-negligible fringe
effects and have to employ 3D models specific to device configuration to accurately extract
thermal properties. These also result in lower detection sensitivity since heat fluxes diffuse radi-
ally. The measurement results for thermal properties (thermal diffusivity and specific heat) of
liquid samples using fabricated p-calorimeter are demonstrated.

Il. MATERIALS AND METHODS
A. Reaction chamber design

A wide range of materials and designs have been used for the fabrication of on-chip u-cal-
orimeter chambers. The p-calorimeters with closed reaction chambers are made for the charac-
terization of liguid samples of volumes ranging from a few microliters to few nanoliters, where
evaporation of any of the sample is resulting in considerable measurement errors.” Previously
reported methods for fabricating closed reaction chambers for p-calorimeters have used soft li-
thography techniques, isotropic etching of micro cavities, ' off-chip wafer bonding pmccssesm
or made using polymer thin films.” Effective use of calorimetric techniques requires quasi adia-
batic conditions in the p-calorimeter. which requires good thermal isolation of the reaction
chamber from the ambient and substrate. Another desirable aspect of a p-calorimeter is the neg-
ligible thermal mass of the reaction chamber compared to that of the sample to enable
calibration-free characterization.'®

Aiming to reduce the thermal mass, the reaction chambers in this work have been
designed and fabricated using a Si,N, thin film and a thin polyimide film. The reaction
chamber is also fully suspended from silicon handle to minimize the thermal loss to the
substrate by thermal conduction. The reaction chamber has been 3D-micromachined using
an anisotropic wet chemical etching process. The reported fabrication method eliminates the
off-chip wafer bonding processes and keeps the device fabrication robust and simple, while
achieves the low thermal mass and high thermal insulation result in high sensitivity of
detection.

B. Device fabrication

Micromachining of 3D structures using conventional photolithographic methods and the
integration of thermal components (heater and sensor) on thin film suspended structures are yet
challenges. In this work, we used a self-shadow masking process to form the reaction chamber
using a combination of isotropic and anisotropic wet etching techniques of silicon. The main
objectives for the process design are direct integration of the thermal components to the reac-
tion chambers and wafer scale fabrication of 3D thin film chambers. Our g-calorimeter device
was fabricated on a 300 um thick silicon (100) wafer with thermally grown silicon dioxide
layers and low-stress Si, N, thin films deposited by low-pressure chemical vapor deposition
{LPCVD) at both sides of wafer. The process flow for device fabrication is outlined in Figure
2, shows the various fabrication processes in three major steps, which are described in
Subsections IT' B 1-1T B 3 in details.

1. Design and fabrication of the thermal components

In thermal microfluidics systems, different heat sources such as preheated llquid_q,lg'?'o Joule
lleatirlg,21 2 microwave lmsatlng,z6 % and chemical reactions®” have been used. Resistive heat-
ing (Joule heating) is selected as a heat source in this work to achieve homogencous heating
with a wide operational temperature range, better heat control compared to other methods® and
for ease of integration onto thin film substrates.™!

An integrated resistive temperature detector (RTD) is used for the temperature sensor in
this work. The RTD temperature sensor has a number of advantages such as .f::tal)illt}.r,g"’“y3 high
at:m.‘nrac:_t,*.32 lim:arity,32 rcpmducibility,g“ and ease of fabrication. The RTD works on the
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SiN_ Film
Xy

Si,N, Film

SiO, Film
Si Substrate

Isotropic Etch Profile
to Form Self-Shadow Mask

Bott i
S Thin Film

Suspended Chamber

FIG. 2. The process flow for 3D microfabrication of the calorimeter device. (a) Electrode patterns are printed synunetri-
cally on both sides of the wafer and isotropically etched to ferm self-shadow masks. (b) a first anisotropic wet chemical
(KOH) etching on the bottom surface of the wafer defines the reaction chambers, and (¢) second KOH etch to define sus-
pended tethers of Si, N, on the top surface.

principle that the resistance of the RTD changes in relation to the RTD temperature. Platinum,
nickel, copper, and nickel-iron are common materials used in the RTD sensors. Platinum has a
linear resistance-to-temperature response over a wide range of temperature (50 to 250°C) and
long term stability. The lincar regime of nickel is less (0-150 °Cy” but adequate for most bio-
chemical reactions. In this work. the nickel thin film is deposited using an evaporation process.
Nickel has a higher temperature cocfficient of resistance (TCR) and low cvaporation tempera-
ture is required to deposit using an cvaporation process compared to platinum.

The heater is designed with a serpentine structure to achieve a uniform planar heat source
to satisfy the constant heat flux boundary conditions, which are used to drive the heat transfer
equatien through the liquid sample in the chamber.'” The RTD sensor is also designed symmet-
rically and aligned with the heater to detect the heat at the other side of the chamber. The pro-
cess to form the heater and RTD patterns in both sides of the water is shown as the first step in
the fabrication process flow in Figure 2(a). We developed a novel metal patterning process to
place the thermal components on the reaction chamber to resolve the difficulties of lithographic
patterning over 3D structures of the microfabricated Si,N, chamber. We first print serpentine
grooves symmetrically on both sides of the wafer using a double-sided mask aligner. After pat-
terning serpentine structures, the silicon nitride and silicon dioxide layers are etched by reactive
ion etching (RIE) (Figure 3(a)) and buffered oxide etching (BOE 6:1) (Figure 3(b), respectively.
The exposed silicon is undercut using an isotropic wet silicon etch process (Poly Etch 95%,
KMG Chemicals) to form the Si.N, overhangs. The cross-sectional view of the isotropic silicon
etch is shown in Figure 3(c). The SiN, overhang is used as an integrated self-shadow mask in
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Nitride Etch
(RIE - Dry Etch)

(a)
Si0, Etch
(BOE Etch)
(b)
Si Etch
(Poly-Etch)
© 50 um

FIG. 3. The process flow for the integration of the heater and the temperature senser on the thin film chamber. (a) The
Si., film is etched by reactive ion etching, (b) the silicon dioxide is etched with BOE isotropic wet etching, and () the
poly etch is used to isotropically undercut the silicon.

a blanket metal evaporation process (last step) to isolate thermal components from the
substrate.

2. Chamber and microfiuidic channels fabrication

After the isotropic silicon ctch on the both sides of the silicon wafer, a 0.5 um thick low-
stress LPCVD Si,N, film is deposited to protect the exposed silicon. The reaction chamber and
microfluidic channels are patterned on the bottom surface (heater side} of the wafer as shown
in Figure 2(b). An anisotropic silicon wet etch (potassium hydroxide, KOH, 30% w/w) is used
to etch the silicon. After the first KOH etch process. Subsequently, another LPCVD process is
used to deposit 0.5 um thick low-stress Si,N,. The deposited Si,N, film at this step is wsed to
form side walls of the reaction chambers. To suspend and thermally isolate the reaction cham-
bers from the silicon substrate, the top surface (sensor side) of the wafer is patterned and etched
with another anisotropic KOH silicon wet chemical etching process as is shown in Figure 2(c).

The resulting suspended thin film chamber configuration allows maximum thermal insula-
tion from the surrounding environment. The thin film Si,N, walls reduce the thermal mass of
the chamber and increases the sensitivity of the sensor. The entire micromachining process is
fabricated monolithically from a silicon substrate avoiding any wafer bonding processes. The u-
calorimeter chip is designed with two identical chambers next to each other to be able to per-
form differential scanning calorimetry. Each chamber has two microfluidic inlets and one outlet,
which will be used in future work to study heat exchanges in mixing and reactions.
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3. Metallization and polyimide bonding

At the final step of the microfabrication process. the thermal components are integrated on
the device by a blanket deposition of nickel on both sides of the wafer. A 30-70 nm thick film
of nickel is thermally evaporated on each sides of the wafer to achieve the designed
heater/RTD resistance of 1-4kQ. Figure 4 shows the fabricated chamber before and after metal
deposition. After metallization for the thermal components, a 25 ym polyimide film is used to
seal the bottom of the wafer using a silicone adhesive (70 um total), forming a fully enclosed
reaction chamber, as shown in Figure 4. The total volume of the reaction chamber to contain a
liquid sample is designed to be 200 nl.

C. Device characterization
1. RTD sensor characterization

The electrical resistance value of a 30-70nm thick nickel film on the wafer is 1-4kQ,
respectively. The resistance change of a RTD is a function of temperature given by the simpli-
fied Callendar—Van Dusen equation"S

R :er“ I OG,AT), (D

where the R,,, is the RTD resistance at room temperature, &, is the TCR of the nickel RTD,
and AT is temperature change.

The TCR for the nickel RTD is measured using a HAAKE thermal bath by sweeping the
bath temperature range from 10 to 50°C. The measured resistance of the nickel film as a func-
tion of temperature shows excellent linearity (R® =0.9999) within the calibration range. From
the slope of the measured values, the measured o, of the sensor is 2.58 x 107%/°C. The o, for
bulk nickel has been reported to be 6 x 1073/7C.37 The «, is a function of the film thickness to
the mean free path of clectrans in the film®® and the scattering at the film surface and the grain

RTD

(b)

Micrfluidic Qutlets

£l
)

Microfuidic
/ Inlets

Inlets

(c)

FIG. 4. The fabricated chamber and the final device after metallization are illustrated. (a) shows the optical image of the
[abricated chamber after anisotropic wet chemical etching, (b) shows the top view of the fabricated chamber, and (¢) shows
the final calorimeter chip after metallization.
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boundaries of deposited metal™ The o, is changing based on different deposition parameters
and film thinness.

Increasing the thickness and thermal annealing of the nickel film may increase the o,.

Using a commercial RTD sensor (Pt-100) at the same time as the calibration test, the accu-
racy of the RTD over the measured temperature range was caleulated to be 2.36%. The resolu-
tion of temperature measurement with RTD is limited by the Johnson-Nyquist thermal
noise.*™*' From calculated thermal noise. 8.17 x 107°°C resolution for the temperature mea-
surement with bandwidth of 28.5 Hz for fabricated device is expected. However, the measure-
ment noise of the preamplifier and source meter far exceeds this noise floer and results in a
measurement temperature resolution of 2 x 1072 °C. An 1 mA DC is used as excitation current
of the sensor with a 4-wire measurement configuration to minimize the effects of contacts and
cnnnecting wires on temperature measurements.

2. y-calorimeter DC characterization

A first-order lumped element model is used to model the p-calorimeter and the loaded sam-
ple, as shown in Figure 5. A step function response is used to extract thermal parameters such
as the thermal resistance, the thermal mass, and the equilibrium time constant of the system. A
heat pulse is generated at the heater by applying a 1 mA current, and travels through the liquid
sample. The temperature response (step response) as well as measured DC parameters of the
calorimeter is shown in Figure 6. Two Keithley 2400 source/meters arc used as a current source
and a 4-wirc resistance measurement unit for the heater and the sensor, respectively.

The step response of the temperature change can be expressed as

AT — a1 —el ™), (2)

where AT is the temperature change, a and b are fitting parameters obtained from the measured
data, and t is time.

Sensor
Tether (4-Wire measurment) SixNy Film

(@  Liquid Sample Heater Polyimide Film

FIG. 5. (a) Shows the calorimeter reaction chamber cross sectional view and (b) shows the lumped parameter circuit model
where the Py, is the input power, the R,y is the total thermal resistance of the fabricated calorimeter, and the C, is the ther-
mal mass of the system.
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FIG. 6. Shows the DC step response of the g-calorimeter and the calculation of the DC parameters of the calorimeter from
the output data. 7', is the steady state temperature response, to the input DC step, measured at the sensor. The
R, =5887K/W is calculated from AT, over input power, thermal time constant (r = 1.33s) based on the Eq. (2) is the
time it takes the temperature rises to 0.63 Ty, and the thermal mass (C, —6.63 x 10 3 J/K) s the input power times the
inverse of the slope at t=0. '

From the step response, the thermal resistance, thermal mass, and the time constant of our
u-calorimeter are 58.87 K/W, 6.63 x 107" J/K, and 1.33s, respectively. These DC parameters
are used for the DC thermal characterization of samples such as water, glycerol, and ionic
liquids.

Ill. EXPERIMENTAL RESULTS AND DISCUSSIONS

Our pi-calorimeter is designed to integrate different calorimetry methods capabilities in a
single device using 3D micromachining of a suspended chamber on a silicon wafer. The fabri-
cated calorimeter is designed to perform DC calorimetry, AC calorimetry (transient), and TWA.
The fabricated p-calorimeter has two identical chambers with separate microfluidic channels,
one as the calorimeter chamber and other as the reference chamber, which makes it possible to
perform differential calerimetry (e.g., DSC) as well. The methods and the experimental setup to
measure different thermal properties of liquid samples are described in this section using differ-
ent calorimetric methods. The thermal properties of Deionized (DI)-water, glycerol, ionic liquid
samples are measured and compared with literature values. The measurements are all performed
in stationary condition to avoid any external flow and its impact on the measurement.

A. Thermal diffusivity measurement

The 3m methed using the phase change measurement for liquid samples has been com-
monly used for the thermal diffusivity measurement.'” However, this method requires calibra-
tion of the device with various samples of known thermal diffusivity to fit the two unknown pa-
rameters, In this paper, the non-steady-state (transient) method is used to measure the thermal
ditfusivity of liquid samples. The laser flash method developed by Parker er al™ is a com-
monly used non-steady-state method. Although this method has been used to measure the diffu-
sivity of both solid and liquid samples, the experiment requires no heat loss to surroundings
(adiabatic condition). Other researchers have further developed the method for non-adiabatic
conditions due to radiation**> and a heat pulse width effects on the measurements.”® In our
case, the heat loss mechanism is more complex than the laser flash method. To avoid the com-
plex analysis for the thermal diffusivity measurement, we adapted the heat penetration time
measurement method.!” The principle of the heat penetration time measurement is to apply a
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constant continuous heat flux to the cne side of the sample, and to measure the time delay to
reach the other side, where the sensor is located. The time delay can be expressed as'?

L2
fp= [@] 3 3

where L is the length of the sample in the direction of the heat flux and =« is the thermal
diffusivity.

The time delay for the heat to travel across the reaction chamber in this work is typically a
few hundred milliseconds. Since the time constant for our y-calorimeter is 1.33 s, the measure-
ment satisfies the requirement of quasi-adiabatic condition.

In the time delay thermal diffusivity measurement method, the p-calorimeter and microflui-
dic pumps are placed in an enclosure to reduce the ambient effects. The DC source (Keithley
source/meter) is used to apply a current pulse to the heater. At the sensor side. the other DC
source (a second Keithley source/meter) 1s used to apply constant excitation current to the RTD
sensor and measure the temperature change by monitoring the resistance change. To amplify
the signal and incrcase the detection limit and reselution, a low noise current preamplifier
(Stanford SR570) was used to amplify the current signal and convert it to a voltage signal. The
output signal is monitored and recorded by a LabView program controlling an oscilloscope
(Agilent DSOX2024A). The program ensures the synchronizatien between the input pulse to
the heater and data acquisition at the sensor side. Figure 7 shows the measurement setup for
the time delay method.

The typical time delay measurement is shown in Figure 8(a). To determine the time the
temperature changes arrives at the sensor, the maximum of the second derivative of the tempera-
ture profile is used as shown in Figure 8(b). Although the thickness of the sample is approxi-
mately the thickness of the wafer, which 1s 300 = 5 um, we used DI-water with a known diffu-
sivity47 at 25°C to calibrate the thickness of our device. The time delay, #;, can be expressed as

¢ 2
e {M} ‘ -

(22)ar

where p is a correction parameter for the chamber thickness.
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FIG. 7. The experimental setup for the time delay method to measure the thermal diffusivity of liquid samples with the on-
chip p-fabricated calorimeter.
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FIG. 8. The results of the time delay method to measure thermal diffusivity are presented. (a) The cross-sectional view
illustrating the heat flux from the heater o the sensor across the liguid sample and (b) tme-signal ol temperature recorded
at the temperature sensor aud its second derivative to calculare exact time of arrival of the heat pulses at the sensor.

With the DI-water sample, p is found to be 0.89, which means the effective distance
between the heater and sensor is 270 pm. Using this correction factor, the thermal diffusivity of
glycerol is measured (9.94 x 107° m?/s). The measured values of thermal diffusivity show good
agreement (<8% error) with values reported in literature."®

B. Specific heat measurement

TWA was first introduced hy Garden ef al.' to measure the specific heat of a material,
When an AC voltage with an angular frequency w 1s applied to a heater, the power from the
Joule heating results in 2 frequency, which can be expressed as

AR
2

P = [1 4+ cos(2m1)], (5)
where A is the amplitude of the current, R is the resistance of the heater, and @ is angular fre-
quency of the applied AC voltage to the heater.

When the alternating power is applied to the heater, the temperature of the sample is raised
and this changes the resistance of the heater, which generates the 3¢ component of temperature
at the heater. This 3w compoenent is measured in the typical single-strip heater and the senscr
configuration. In this work, the 2w component of the heat is measured at the sensor for meas-
uring the heat capacitance of the sample. The measurement setup for performing TWA using
the fabricated p-calorimeter is shown in Figure 9.

An AC source voltage 3 V,,, with frequency from 0.01 Hz to 0.1 Hz is applied to the heater
using a function generator (HP 3324A) with a frequency increment of 0.005 Hz between each
measurement. To measure the temperature change at the sensor, a DC source (0.1 mA sources
current) is used with a source/meter (Keithley 2400 source/meter). The output veltage from the
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FIG. 9. The experimental setup for thermal wave analysis to measure the specific heat of liquid samples with the p-
calorimelter.

sensor is measured using a lock-in amplifier (Stanford Research Systems SRS830). A LabView
program was used for data acquisition and to synchronize all sources and measurement units.

Two conditions have to be satisfied for TWA. First, the temperature within the sample has
to be homogenous and second, the system has to maintain the quasi-adiabatic condition.' The
quasi-adiabatic condition is satisficd if

1
Tt KX — K 1T, (6)
o

where 7, 1s diffusion time of the heat into the sample, « is excitation frequency in the heater,
and < is the thermal relaxation time of the sample to the environment,

The specific heat of a sample is determined from the frequency at which the normalized
value, - T, is maximum to satisfy the required condition (Eq. (6)), where T, is the ampli-
tude of temperature oscillation.' Figure 10 shows the normalized T, graph for different meas-
ured samples. A 1% error line is used to detect the thermal bandwidth of the system and deter-
mine the working frequency of the TWA method for each sample.

[
e
3 085 ~Water = lonic01 *]
/ —Glycerol = lonic 02
b ! ! ~-lonic 00 ~=-lonic 03
~0.05 0.06 0.07 0.08 0.09 0.1

Frequency (Hz)

FIG. 10. The normalized values of the measured T, for different samples are illustrated. The dotted line represents the 1%
error line and the selected frequency within this range that satisfies the TWA conditien.
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The specific heat, ¢, can be expressed with measured AC temperature at the sensor

Cﬂ Pin
i 2omdlye’ 2
where the €, is the input power calibration factor, £, is the input power, @ is the frequency of
input thermal wave, m is the mass of the sample, and d7¢ is the amplitude of oscillating tem-
perature. The input power calibration factor is used to reduce the measurement error by calibra-
tion of effective input power to the chamber excluding the heat loss. DI-water sample is used
to calculate the calibration factor for input power.

The specific heat of DI-water is measured (3.93 J/g K) by the described method and the
measured value is in good agreement(~5% error) with reported value." The heat capacity for
different Ionic liquids is measured for the first time. For the Ionic liquids, 1-ethyl-3-methylimi-
dazoliom  bis(trifluoromethylsulfonylimide (EMIM][Tf2ZN]), I-buthyl-3-methylimidazoliom
hexafluorophosphate  ([BMIM][PF6]),  1-hexyl-3-methylimidazolium  hexafluorophosphate
{[HMIM][PF6]), and 1-methyl-3-octylimidazolivm hexafluorophosphate ([OMIM][PF6]), the
measured specific heats are 2.75, 2.83, 0.86, 2.55 J/g K, respectively. The specific heat mea-
surement results, using the TWA method is presented to demonstrate the feasibility of perform-
ing specific heat measurement with the fabricated p-calorimeter for different liquid samples.
The measured errors in the thermal parameters are always less than 10%, and it might be
caused by two reasons: The high surface area of the chamber, which cases heat loss to the envi-
ronment and the small volume (200 nl) of samples where in all of measured parameters the
bulk samples with large volume is being used.

IV. CONCLUSION

We demonstrate a novel on-chip p-calorimeter fabricated using wafer-scale 3D microma-
chining processes to measure the thermal properties of liquid samples. Our fabrication method
of p-calorimeter allows the integration of heaters and temperature sensors on the 3-dimensional
chambers for the efficient coupling and detection of heat from the thermal elements for accurate
characterization. The reaction chambers of the p-calorimeter are fully enclosed using thin film
materials to reduce the thermal mass of the system and are suspended by narrow tethers to
increase the thermal resistance without any bonding process. The incorporation of the heater
and the sensor on opposite sides of the reaction chamber allows for the measurement of both
the thermal diffusivity and specific heat without changing or re-configuring the measurement
setup. Two methods, the time delay and thermal wave analysis, are used to determine the ther-
mal diffusivity and capacitance showing repeatable measured performance and good agreement
{within 8%) with previously reported results. The p-calorimeter can characterize liquid samples
using only a small volume of sample (200 nl) and can be used to perform various measure-
ments with the same sample and the same setup.
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Abstract We demonstrate the use of heat to count
microscopic particles. A thermal particle detector (TPD)
was fabricated by combining a 500-nm-thick silicon nitride
membrane containing a thin-film resistive temperature
detector with a silicone elastomer microchannel. Particles
with diameters of 90 and 200 pm created relative temper-
ature changes of 0.11 and —0.44 K, respectively, as they
flowed by the sensor. A first-order lumped thermal model
was developed to predict the temperature changes. Multiple
particles were counted in series to demonstrate the utility of
the TPD as a particle counter.

Keywords Microfluidics - Particle counting - Thermal

1 Introduction

Particle counters have been an active area of research in the
microfluidics community for over a decade (Zhang et al.
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2009). During this time, many particle counting strategies
have been explored, but the vast majority use either electrical
or optical methods for detection. Electrical, or coulter, par-
ticle counters are relatively inexpensive to fabricate and can
be miniaturized, but they cannot provide detailed informa-
tion about particle subpopulations and are sensitive to the
working fluids that carry the particles. For example, a con-
ventional coulter counter that measures only resistance
cannot enumerate metallic particles suspended in an insu-
lating fluid such as oil (Murali et al. 2009). Instead, changes
in capacitance must be measured. In contrast, optical coun-
ters, based on the detection of fluorescently labeled tags or
light scattering, can identify cell subpopulations and are
exquisitely fast, but they require expensive optical compo-
nents to function and are not easily miniaturized. In addition,
fluorescent flow cytometers are fundamentally limited to
measuring 6-10 colors, or parameters, because the optical
spectra of dyes begin to overlap if more colors are used
(Janes and Rommel 2011). There is a need for new particle
counting approaches that are both low cost and that can
identify subpopulations of particles in a heterogeneous
mixture.

Of all the particle counting methods explored so far,
heat remains uninvestigated. Microfabrication allows the
creation of inexpensive yet sensitive thermometers that can
detect minute changes in the thermal properties of a liquid
within a microchannel. Since particles suspended in a fluid
alter the thermal properties of that fluid, a sensitive ther-
mometer becomes a de facto particle counter. In addition to
counting, a microscale thermometer could measure the
thermal properties of cells and other particles or droplets to
identify and characterize them. For example, Yi et al
(2011) generated DI water droplets containing bovine
serum albumin (BSA) and measured the thermal conduc-
tivity of the droplets within a microchannel. However, the
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Fig. 1 a Three-dimensional
rendering of the device showing
4 bead passing over the sensor.
b Heat enters the system
through Joule heating of the
RTD and leaves through
convection and conduction
through the membrane and fluid.
¢ Cross-section of the device
showing relevant dimensions:
Ly = 300 pm, £, = 200 pm,
E=350 pum, = 0.5 pm

PHeater

(b)

Lz

Y | kwater
X

focus of their work was on characterizing the contents of
liquid droplets which occupied the entire width of the
channel, and not on counting particles.

In this paper, we demonstrate a thermal particle detector
(I'PD) that can count and quantify solid particles sus-
pended in a liquid using only heat. A lumped thermal
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model explains the observed results and predicts the effect
of particle size and thermal conductivity on the detected
temperature change. T'e demonstrate proof-of-concept, we
used a microfabricated resistance temperature detector
(RTD) within a microchannel to detect polystyrene
microspheres.
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2 Theory

The heat flux through a material is described by Fourier's
law of heat conduction: ¢ = —kOT/ Oy, where ¢ is heat
flux (W/m?), k is the thermal conductivity of the material
{(W/mK), and &7/8y is the temperature gradient (K/m}
along the y direction. For a heater producing a constant
heat flux, an increase in the thermal conductivity of the
material will decrease AT, and vice versa. Therefore,
Fourier’s law can be used to detect particles flowing in a
microchannel if they have a different thermal conductivity
than the fluid. Consider a constant heat flux from the floor
of a microchannel. Even with fluid flow, the heat flux will
eventually generate a steady-state temperature gradient
within the microchannel. If a particle with a different
thermal conductivity than the fluid passes over the heat
source, as illustrated in Fig. la, the temperature gradient
will either increase or decrease depending on the thermal
conductivity of the particle. If the heater is also used as a
thermometer, the heater temperature can be used to detect
particles. This general principle forms the basis of the TPD.

The heat flow within the TPD can be modeled using a
first-order electrical circuit analogy, as illustrated in
Fig. 1b. In the circuit, the RTD generates a small amount
of heat via Joule heating and is analogous to a current
source, and the thermal resistances within the TPD are
analogous to electrical resistances. The voltage at the node
above the current source is analogous to the temperature of
the heat source. Heat enters into the TPD through the RTD
and exits through three routes: (1) conduction through the
membrane, (2) conduction through the fluid directly above
the RTD, and (3) convection within the microchannel (van
der Wiel et al. 1993). Each of these routes has a thermal
resistance associated with it. Using the system diagram in
Fig. lc, the thermal resistances can be calculated. The
thermal resistance of the membrane is

In{rm/7 .
RMembeane = %;N‘;) (1)

where 1y, is the membrane radius (1, = /2, /%), 1 is the
heater radius (n, \/ I,“: /7). ksay is the thermal conductiv-
ity of the silicon nitride {SiN) membrane (16 W/mK), and
f is the membrane thickness (Lee et al. 2008).

The thermal resistance of the hemispherical volume of
fluid directly above the RTD can be calculated with

T;” I, ]f( a

) 2
Revia = = v @)
where r, \/IE,Q:IT is the inmer hemisphere radius, r,

/38 /2x is the radius of the outer hemisphere, and Kvyger
is the thermal conductivity of water (0.6 W/mK) (Incr-
opera and DeWitt 1996).

The thermal resistance due to convection from fluid
moving within the microchannel must also be calculated.
Determining the thermal resistance of convection first
requires calculating a convecton coefficient, h,, that rep-
resents the local environment. The coefficient A, depends
on multiple factors and can be calculated by

0.453 gy Re/ 2 Pp1/2
e “‘“—m {3)

- (2)"]

where Re is the Reynolds number, Pr is the Prandt] number,
and ¢ is the distance between the edge of the membrane and
the heater (van der Wiel et al. 1993; Incropera and DeWitt
1996). The thermal resistance can then be found by
integrating h, over the membrane length using the formula

1
I 4
b i hde W

Reopvection

To calculate the overall thermal resistance of the TPD,
all three resistances are added in parallel:

| ‘lr ! (5)

Rrtermimme

Rrom = T
R

Reumvecsion

When a bead flows past the RTD, it changes Rp,q and
Rconveetion Decause its thermal conductivity and specific heat
are different from the fluid. The thermal conductivity of the
bead, Apead, combines with the thermal conductivity of the
water, kwager, to form a composite thermal conductivity, k..
We used effective medium theory (EMT) to model the
change in average thermal conductivity caused by a bead
suspended in a volume of fluid (Karayacoubian et al. 2005).
The composite thermal conductivity, k., of the volume
directly above the RTD can be calculated with

kpeaa(l + 2¢0peaa) — kwater (2Ppeaa — 2) (6)
k“"an-.r(z 1 d’Hcm} 1 kBmul(J- - zd’ﬂmd)

where ke 15 the thermal conductivity of water, kge.q is
the thermal conductivity of the bead, and ¢y..q is the
volume fraction of the bead within the heated volume.

The composite specific heat of the fluid volume, C,,

k&' rll\-W:zlh:(

above the RTD can be calculated with
Cp,{: = Cp,Ws[ﬂ“ = f;él-}mfi) + C||,chll‘|b}-]cad (?)

where Cpwaer = 4.1841] /e K is the specific heat of water
and Cp peqq is the specific heat of the polystyrene bead.
Neither supplier of the beads could provide thermal data so
we assumed kpe.q = 0.168 W/mK and Cypes = 1.91/gK
for the model.

After k. is calculated, it replaces the ke value in
Egs. 2 and 3. The composite specific heat G, . is used to re-
calculate the Pr number, which is used in Hq. 3. A new
Rrota Is calculated with these substituted values using
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Eq. 5, which represents the new thermal resistance due to
the bead.

The temperature change caused by the passing bead is
calculated wsing an energy balance that equates the energy
entering the system from Joule heating to the heat flow out
of the system via conduction and convection. The equation
for the energy balance is (Lee et al. 2008)

AT

Tatal

= I*Z(1 + aAT) (8)

where AT is the change in temperature within the system,
Z is the clectrical RTD resistance at room temperature, [ is
the current supplied to the RTD by the multimeter, and « is
the temperature coefficient of resistance. A AT value is
calculated with and without a bead present, using the
appropriate R values as described previously. The dif-
ference between these two AT values gives the predicted
temperature change as a bead passes.

The lumped model neglects thermal capacitance effects
for simplicity. Thermal response times for the components
of the TPD are on the order of 20 ms, so it is reasonable to
assume that the system is at steady state. As discussed later,
this assumption is valid except at high flow rates.

3 Materials and methods
3.1 Device fabrication

The experimental setup is illustrated in Fig. 2. Microchannels
were made out of the elastomer polydimethylsiloxane
(PDMS) using standard micromolding procedures (Duffy
et al. 1998). Briefly, SU8-2100 photoresist was spin-coated
on a silicon wafer to a height of 250-300 pm and then soft-
baked. A high-resolution film mask was used to pattern mi-
crochannels in the SUB-2100. After a hard bake, the master
was developed to reveal a positive relief of the microchan-
nels. PDMS was mixed in a 10:1 elastomer-to-crosslinker
ratio, degassed, and poured over the master and cured at
80 °C for 2.5 h. After curing the PDMS, it was carefully
peeled from the waferand diced, and ports were cored using a
blunt 17-gauge syringe needle on one end of the micro-
channel and a 3-mm-diameter cork borer on the other end.
The larger hole was used as a reservoir for depositing sam-
ples. Tubing was inserted into the smaller hole and connected
to a syringe pump which was used to withdraw the fluid. The
PDMS was then placed on the silicon substrate containing the
RTD to form a watertight reversible seal. Typical micro-
channel dimensions were 300 pm (W) x 300 pm (H) x
8 mm (L).

The RTD was fabricated using traditional silicon
microfabrication procedures. A silicon wafer was coated
with a low-stress SIN film using low-pressure chemical
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Fig. 2 Overview of the experimental setup. Beads that flow past the
ETD cause small changes in temperature, which are recorded via a

LabView program

vapor deposition (LPCVD). The SiN was then patterned
with AZ5214 and etched by a reactive ion etch (RIE}. The
exposed backside of the silicon was etched in a 30 % KOH
bath at 60 °C. The KOH etch is an anisotropic and self-
terminating etch and resulted in a well-defined 300 }un2
SiN membrane that was 500 nm thick. A liftoff process
was then used to pattern the Ni RTD and contact pads on
the SiN membrane. The RTD and contact pads were pat-
terned using AZ5214 image reversible photoresist followed
by thermal evaporation of Ni metal film (30 nm thick) on
the SiN membrane. The RTD was completed after lifioff of
the metal in MicroChem 1,165 solvent. The resistance of
the RTD was always about 1,500 €.

3.2 Temperature measurement

The temperature of the Ni RTD was calculated using the
equation

AZ = Z,(1 + aAT) (9

where AZ is the measured change in resistance, Z, is the
resistance at room temperature, # is the temperature coef-
ficient of resistance for Ni, and AT is the change in tem-
perature. A HAAKE thermal bath was used to calibrate the
RTD and calculate «. To prevent self-heating of the RTD
during calibration, a 0.1 mA current was applied to the
RTD. Typical RTD linearity was excellent (R* = 0.9999).
However, the temperature coeflicient of resistance, o, was
consistently about 3 x 107> K~', which is lower than
values reported in the literature (6 x 107 K™Y (Lacy
2011). Because « is a function of the ratio of film thickness
to the mean free path of electrons in metals, the lower o
value is likely due to the graininess of the evaporated thin
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(30 nm) Ni film, which is comparable to the mean free path
of electrons in typical metals (Jin et al. 2008; Leonard and
Ramey 1966). Increasing the thickness of the Ni flm
should increase a.

Temperature measurements were made in the TPD by
mounting it in a custom jig that contained pogo pins to
make contact with the Ni pads on the Si substrate. The
pogo pins were then comnected to a Keithly 2400 Sour-
ceMeter, which measured the RTD resistance using a
4-point measurement. Resistance values were recorded to a
computer via GPIB and a custom LabView program. The
1 mA sourcing current from the SourceMeter through the
RTD resulted in 1.5 mW of Joule heating. The steady-state
temperature within the TPD at room temperature showed
excellent stability.

The predicted Johnson noise of the resistor was 20 pQ
for the measurement bandwidth, but the lower limit of
detection was determined by the SourceMeter which had a
resolution of 10 mQ (2 mK). Experiments showed that the
system was capable of reliably measuring changes in
resistance as low as 8 mf (1.8 mK) on a RTD with a
nominal resistance of 1,500 €.

3.3 Sample preparation

Polystyrene beads 90 pm (Polysciences) and 200 pm
{Corpuscular) in diameter were used to validate the TPD
device. Since polystyrene has a density slightly higher than
water (= 1.04 g)‘cm'j), we suspended beads in a mixture of
DI water and glycerol to match the bead density. This
mixture prevented beads from settling quickly and made it
caser to flow multiple beads into the microchannel.

4 Resulis and discussion

Figure 3 shows the predicted temperature change as a
function of bead diameter and thermal conductivity. A
bead creates a temperature difference proportional to its
diameter assuming it has a thermal conductivity different
from the carrier fluid. The white dashed lines show the
theoretical detection limit for the Keithly SourceMeter. For
a polystyrene bead, the minimum detectable diameter is
about 25 pm. Our experiments support this prediction as
we were not able to detect beads with diameters of 5, 10,
and 15 pm. A TPD with smaller membrane and micro-
channel dimensions would be able to detect these smaller
beads because the device sensitivity depends on the ratio of
the bead size to the heated fluid volume within the channel.

The thermal conductivity of the bead determines the
magnitude of the temperature change. In the device we
tested, the conductivity
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Fig. 3 Contour plot of the lumped model showing the effect of bead
diameter and thermal conductivity on the predicted temperature
difference. The model assumes a volumetric flow rate of 5 pl/min in a
channel with a cross-section of 300 um?®. The dashed lines show the
thearetical limit of detection for the device (2 mK). Black contowr
lines are drawn for each 0.1 K change

approximately (.62 W /m K. This threshold is a function of
both the thermal conductivity of water and the convective
heat transport within the device. A bead with a thermal
conductivity higher than the threshold will generate nega-
tive temperature changes regardless of its size, while a
bead with a thermal conductivity below the threshold will
generate positive temperature changes. Thermally insulat-
ing beads like polystyrene generate a positive temperature
change because they cause heat to build up near the RTD as
they flow by. In contrast, thermally conductive beads such
as those made from metal generate negative temperature
changes because they rapidly conduct heat away from the
RTD, resulting in a temperature drop.

The lumped thermal maodel predicts increases in RTD
resistance (i.e., temperature) as polystyrene beads flow at a
flow rate of 5 pl/min: 0.09 K for a 90-pm bead and 1.34 K
for a 200-um bead. Figures. 4 and 5 show representative
traces for 90- and 200-pm beads, respectively. The pre-
dicted temperature shift for the 90-pm beads agrees well
with the observed value of 0.5, or 0.11 K. Assumptions
made about model parameters can explain the minor dif-
ference. For example, neither supplier of the beads could
provide thermal conductivity data, so we used the thermal
conductivity and heat capacity of regular polystyrene. The
assumed thermal conductivity of SiN (16 W/mK), which
influences heat flow into the membrane, may also con-
tribute to the difference between model and experimental
results.

In contrast to the 90-pum bead, the 200-pm bead produces a
2 Q decrease in resistance, or an equivalent change in tem-
perature of —0.44 K. The most likely explanation for this
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Fig. 4 A representative plot showing the signal generated by a

O0-pm-diameter bead. Signals were consistently about 0.5 Q (0.11 K)
in amplitude

result is that the bead is altering the fluid velocity near the
sensor. The membrane resistance cannot decrease nor can the
resistance of the heated fluid volume directly above the
sensor. The only remaining thermal resistance that can
decrease is Regnvecrion- The model predicts that a velocity of
10 mm/s reduces the RTD temperature by 2 K compared to a
velocity of 0.01 mm/s because of the increased heat transfer
via convection. Therefore, velocity changes on the order of
1 mm/s, or less, will result in measurable decreases in RTD
temperature. The velocity field around a sphere flowing a
microchannel is known to be complex (Shardt et al. 2012).
For example, it is likely that the bead is rotating due to the
non-uniform flow field within the microchannel, which
would enhance the cooling effect by increasing the local
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Fig. 5 A representative plot showing the signal generated by a
200-pum-diameter bead. Single beads of this size consistently gener-
ated negative peaks with amplitudes of about —2 £ (=044 K)

velocity over the RTD. Thus, it is reasonable to assume that
local velocity changes caused by the bead can yield negative
temperature changes, even though the bead has a thermal
conductivity lower than water. In contrast, the 90-pm-
diameter bead is smaller and perturbs the local flow field less
than the 200-pm bead, minimizing the velocity cooling
effect, and yielding the expected increase in temperature.
Another prediction from the model is that the measured
change in temperature is not affected by the distance of the
bead from the sensor, assuming the bead is small enough to
not significantly perturb the flow field. The thermal resis-
tance of the water volume and bead are lumped together—
the precise location of the bead does not impact the con-
tribution of the bead to the overall thermal resistance. The
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net result is the same: the temperature near the current
source will increase if the thermal resistance of the fluid
volume increases. However, the distance of the bead from
the sensor will affect the thermal time constant of the
system. The further away a bead is from the RTD, the
larger the time constant is of the water between the RTD
and bead. In practice, a longer time comstant would
increase the amount of time for the system to reach steady
state, which would in turn limit how fast measurements can
be made. Thus, the further the beads are away from the
sensor, the slower the throughput. However, a key advan-
tage of the TPD is that it can be made massively parallel
because no cross talk exists between sensing channels.

As a proof-of-concept for particle counting, multiple
beads were sequentially detected in the TPD using a flow
rate of 2 pl/min. Representative results are shown in
Fig. 6. The beads all produced negative peaks of about 2
), similar to the experimental results shown in Fig. 5.
The beads are spaced about one sensor width (300 pm)
apart except for the last two, which are closer together.
The results from this recording highlight the effect
thermal capacitance has on throughput, namely that as
beads become closer together there is less time for the
system to reach steady state between beads resulting in
peaks with reduced amplitude. The last two peaks have
changes in resistance closer to 1.5 €. These results
suggest that the TPD can count beads in two different
ways. The first approach would be to simply count the
number of passing particles. In this case, the relative
amplitudes of the peaks are not important and the rate of
counting can be high. However, accurate amplitudes
might be needed to distinguish among multiple cell types
or particles made of different materials. If these accurate
measurements are needed, a second counting approach
can be used. In this approach, a slower flow rate is used
so that the system can reach steady state between peaks.
The microscale dimensions and material properties of
most particles mean that time constants are on the order
of 100 ms, so counting rates would be limited to a few
Hz per channel.

Lastly, we tested the effect of the carrier fluid on particle
detection. We detected 200-pm-diameter particles in
glycerol, de-ionized (DI) water, and phosphate buffered
saline (PBS), and the results are summarized in Fig. 7.
Glycerol is an electrical insulator and was used to confirm
that particle detection is due to thermal and not electrical
sensing. The thermal and electrical conductivities of
glycerol are lower than water which yields a higher base-
line RTD resistance. Electrically conductive PBS is often
used to suspend cells and other biological particles during
counting. As shown by the representative trace in Fig. 7, a
high salt concentration does not degrade the signal, but it
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Fig. 6 Multiple beads about 300 ym apart were detected with the
TPD. The amplitude of the last two beads is attenuated because they

are closer together than the first two

does result in a slightly lower baseline RTD resistance.
Even though saline is a good conductor of electricity, there
is a negligible electrical potential within the device since
only a single wire is used for sensing temperature. Fur-
thermore, the RTD resistivity is orders of magnitude less
than the resistivity of the fluids, so the geometric and
material properties of the RTD will be the main
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Fig. 7 Beads 200 pm in diameter were detected while suspended in
glyeerol, DI water, and PES. A slower flowrate was used for glycerol,

resulting in a broader peak as the bead fowed past the sensor

determinant of the baseline RTD resistance. The TPD
works with fluids that possess a variety of thermal and
electrical conductivities, which broadens its range of pos-
sible applications.

5 Conclusions

In summary, we have demonstrated a new device for
detecting and counting particles based on thermal mea-
surements. We have developed a first-order lumped model
to explain the measured results. The size of the particles
detected was roughly one-third of the sensor, but the
principle can be used to detect particles of other sizes. We
anticipate using this device to count other particles of
interest, most notably biological cells, where it could be
used in conjunction with, or a replacement for, flow cy-
tometers. We also envision that the TPD can be used to
thermally characterize particles as they flow by, opening up
anew dimension in the high-throughput characterization of
single cells.

@ Springer
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In this report, a paper-based micro-calorimetric biochemical detection method is presented. Calorimetric
detection of biochemical reactions is demonstrated as an extension of current colorimetric and electrochemical
detection mechanisms of paper-based biochemical analytical systems. Reaction and/or binding temperature of
glucose/glucose oxidase, DNA/hydrogen peroxide, and biotin/streptavidin, are measured by the paper-based
micro-calorimeter. Commercially available glucose calibration samples of 0.05, 015 and 03% wifvol
concentration are used for comparing the device performance with a commerdally available glucose meter
(electrochemical detection). The calorimetric glucose detection demonstrates a measurement error less than
2%, The calorimetric detection results of DNA concentrations from 0.9 to 7.3 mg/mL and temperature changes
in biotin and streptavidin reaction are presented to demonstrate the feasibility of integrating the calorimetric
detection method with paper based microfluidic devices.

& 2014 Elsevier BV. All rights reserved.

1. Introduction

The first paper-based chemical analytical technique was chromato-
graphy and was developed by Martin and Synge (Martin, 1952) in 1943.
The first immunoassay using paper as a fluidic channel was reported by
Muller (Muller and Clegg, 1949). More recently, paper-based micro-
fluidics were re-introduced by Martinez et al. (2007) for low-cost
disposable bio-chemical sensing applications. Further development
and extension of this technigue for higher accuracy and extended
functionality were demonstrated recently using microfabricated devices
(Liana et al, 2012; Martinez et al, 2008Db). Inexpensive paper-based
microfluidic systems have also been expanded to other applications
such as environmental monitoring (Liana et al, 2012;
Li et al, 2012). Paper-based microfluidic devices exploit capillary action
in porous paper to transport and manipulate liquid samples. This
extremely simple and robust liquid transport mechanism is well-
suited for the development of assays, particularly in applications where
portability andfor disposability are important. As a result, paper-based
analytical techniques are used in several commercially available pro-
ducts such as glucose-meter strips, pregnancy test strips, and pH strips.

Biochemical assays have been developed and commercialized
based on several different types of detection methods. The most
popular detection methods are colorimetric (Ellerbee et al., 2009;
Martinez et al., 2008a) and electrochemical (Nie et al, 2010;

* Corresponding author,
E-mail address: chunghoon lee@marquette.edu (CH. Lee).

http://dx.doiorg/10.1016/).bios. 2014.03.022
0956-5663/2 2014 Elsevier BV, All rights reserved.

Dungchai et al,, 2011). Colorimetric detection is based on changes
in intensity of colors due to the reaction of a reagent and a sample.
The changes in color (wavelength) and intensity can be detected
using a camera, spectroscopy, or in some applications, even by the
unaided human eye. Electrochemical detection is based on chan-
ging electroinactive substrates to electroactive products (Wang,
2008). In the electrochemical detection readout is an electrical
signal representing the change in electrical conductivity or elec-
trical potential providing a quantification of the chemical reaction.
Colorimetric detection has been widely used for inexpensive semi-
quantitative assays to indicate the presence or absence of targeted
molecules. However, precise gquantification of the chemical reac-
tion typically requires complex optical detection instrumentation
(Ellerbee et al., 2009) or image processing software (Martinez et
al., 2008a), which is not suitable for the development of inexpen-
sive portable devices. An added difficulty is the requirement to
develop dyes that change color or intensity via a reaction with the
molecule being measured. Electrochemical detection systems are
easier to miniaturize because they only need to quantify electrical
conductivity or changes in potential. However, this technique
requires reactions that produce electroactive molecules.

In this paper, a calorimetric paper-based microfluidic system
for bio-chemical sensing is presented for the first time. Since most
bio-chemical reactions or interactions are accompanied by a
change in heat, this label free calorimetric detection method
extends and enhances the capabilities of existing paper-based
microfluidic systems to include a wide range of bio-chemical
sensing and diagnostic applications.
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2. Materials and methods
2.1. Micro-calorimetric detection

Thermal detection methods have been used by others to
explore bio-chemical interactions (Allen and Lai, 1998; Abramson
and Tien, 1999; Yi et al,, 2014; Kwak et al., 2008). In this method,
the temperature changes resulting from endothermic or exother-
mic reactions are used to detect and/or quantify the concentra-
tions of targeted molecules. However, it is impractical to use a
traditional macro-scale calorimeter for disposable and inexpensive
sensing applications. A paper-based microcalorimetric device, as
shown in Fig. 1(a), offers a number of advantages: small volume of
required sample, ease of sample handling, increased sensitivity at
micro-scale, and low-cost manufacturing.

The heat generated or absorbed from a bio-chemical reaction
causes a temperature change, which depends on the concentration
of the reagent and the samples and the enthalpy of the reaction.
It can be readily shown that the sensitivity of the temperature
detection of a calorimeter is inversely proportional to its heat
capacity (Barnes et al., 1994; Lai et al., 1995).

From generated heat in reaction the temperature change can be
expressed by

AT =(1/C,)AQ (N

where T is the temperature, Q is the heat, and C, is the heat
capacity.

A paper-based microfluidic system has the inherent advantage
of a low thermal mass due to the thin and porous nature of the
paper and thin glass substrate configuration as shown in Fig. 1{a).
In order to measure the temperature changes from the reaction,
the measurement system is ideally required to be in the adiabatic
condition. The adiabatic condition ensures that all of the heat
released or absorbed from the reaction is used to affect a
temperature change, rather than lost to the surroundings before

Deposited Thin Film RTD

Paper Microfluidic

the temperature change is measured. However, with practical
calorimeters it is only possible to achieve a quasi-adiabatic condi-
tion. The amount of heat lost to the surroundings can be char-
acterized by a thermal time constant, which is a function of the
heat capacity of the calorimeter and the thermal resistance
between the calorimeter and its surroundings (i.e., its thermal
isolation). Fig. 1{b) shows a schematic cross-sectional view of the
sensor where the chemical reaction occurs in the spot indicated in
the figure, Fig. 1(b) shows the lumped equivalent circuit model
representing the thermal conductivity from the reaction area.
Using a first order approximation, the thermal time constant of
the system can be expressed as

7=RyCp 2)
where Ry, is the thermal resistance and C;, is the thermal capacity

of the system, respectively.
The Ry, can be calculated as

Ry = L/ (kA) (3)
for a material bounded surface and
Ry = 1/(4kr) ()

for an air bounded surface (Carslaw and Jaeger, 1986), where L is
the length along the heat flow direction, k is the thermal
conductivity of material, A is the area perpendicular to the heat
flow, and r is the radius of area. The total thermal resistance of our
system can be expressed as

Ry = Ry | Rea | Bena || Ry || Rens | Riens 5
where the Ry, to Ry are the thermal resistances for each of the

components indicated in Fig. 1(b).
The total heat capacity can be expressed as

Cp=Cpg+Copt (6)

where Cp, is the heat capacity of the glass substrate and Cpy is the
heat capacity of the paper and liquid. The heat capacity can be

Reaction Site

Glass
Substrate
Paper
Channel

Polymide Electrical

Device Holder

Insulation Layer

Fig. 1. (a) Overview of the paper-based device, (b) top view and cross-sectional view of the reaction site and heat transfer with the thermal resistance equivalent model,
(c) fabricated paper-based microfluidic device with calorimetric detection, (d) knife plotter cut paper strips as a reaction substrate and a microfluidic channel.
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Talle 1 porous glass and cellulose fiber networks are the most common

Thermal parameters of the device. materials due to their high surface area (Bankar et al,, 2009),
symbol Pheainites Unit Value In our design chr?matogra_xph}r filter paper (Whatman3001-

845) was used as a microfluidic channel and a reagent substrate,

L Ryy of air boundary Kfw 6.17 x 103 Laser cutting has been used to cut paper strips to make the
Rk Ry, of paper boundary KW 4780 microfluidic channel (Fu et al, 2011} but the residue of burned
Riia R, of glass boundary K/w 476 W: paper along the cutting line will remain on the paper which may
Rone Ryn of air through glass KW 617510 2 interfere with the reaction. Our paper fluidic channel was pat-
C rooke Calculated thermal mass K 133 <10 5 i S
Coung Kdancuind Pocmal s 1K 14210 2 terned and cut using a knife plotter (from Silhouette, Inc.). The
Teate Calculated time constant 5 13 patterns were designed to guide the sample flows in the paper
™ Measured time constant s 124 strip. The paper strip was affixed on top of the RTD, which

expressed as
Cp = pVicp @

where p is the mass density of the material, Vis the volume and ¢,
is the constant volume specific heat of the material.

Table 1 lists the thermal parameters of a micro-calorimeter of
typical dimensions used in this work. In this case, the micro-
calorimeter was made of a 100 um thick glass substrate and a
180 pm thick paper microfluidic channel. The reagent was immo-
hilized within a 3 « 4 mm area of the channel, called the reaction
site. It was assumed that the reaction within the reaction site is
homogeneous and that the reaction is not diffusion-limited. Thus
the reaction site in this device was considered to be isothermal.
In Table 1, Gy e is the calculated thermal mass of the system, Cp
is the measured thermal mass of device, 7oy, and Ty are the
calculated and measured time constants, respectively. The calcu-
lated heat capacity is in close agreement with the measured heat
capacity as discussed later.

The paper-based microcalorimeter presented here is bounded
by air on the top of the device, which has a high thermal
resistivity. However, convection of air can be a significant thermal
path for most thermal measurements, To suppress the convection
of air, an enclosure can be used. Radiation is also a thermal loss
pathway, but it is significant only at high temperature differences
between the system and its surroundings (Bergman et al, 2011).
Radiation losses in paper-based microfluidic systems are neglected
because most bio-chemical reactions result in lower temperature
differences than those required for significant radiation loss.

2.2, Paper-based thermal calorimeter platform

The paper-based device consisted of a microfluidic channel
made of a chromatography-grade filter paper placed directly on
top of a resistive temperature detector (RTD), as shown in Fig. 1(c).
A 100 pm thick cover glass (VWR 48393-106) was used as a
substrate for the paper and RTD. A thin layer of 5 pm acrylic film
(Nitto Denko 5600} was used for electrical isolation and also
served as the adhesion layer between the paper microfluidic
channel and the glass substrate.

2.21. Microfluidic channe! design

The mechanism of liquid transport by capillary action simplifies
microfluidic systems by eliminating the need for actuation {pumping)
and valves to control the flow. An important advantage of this
technique is bubble-free operation. Suppressing or preventing buhble
formation in microfluidic devices has long been a challenge during
sample introduction and operation (Che et al., 2007; Sung and Shuler,
2008}, but is necessary to produce reliable and repeatable results,

The material of the reaction site {paper microfluidic channel)
plays a key role in enzyme-based detection of bio-chemical
reactions. Various reaction substrates (e.g cellulose, solid glass
particles, porous glass particles, and nickel screen) have been used
for immobilizing glucose oxidase {COD} enzyme. Among these,

was integrated on the glass substrate. In order to minimize the
mechanical stress caused by introducing liquids to the RTD,
L- and F-shaped designs were used instead of a straight strips.
Examples of the paper fluidic channels cut by the knife plotter are
shown in Fig. 1(d}. The tails of the L-shape and F-shape papers
were positioned outside the RTD, where the samples were
introduced. In this paper, the L-shape design was used to obtain
a simpler geometry (increasing uniformity of enzyme distribution
on paper) for an enzyme immobilization site. In each measure-
ment, a known amount of reagent was placed at the center of the
channel. The introduced sample was transported by capillary
action towards the reagent. Once the sample came in contact with
the reagent, the reaction started.

In previous works, paper-based fluidic channels were fabri-
cated by using wax printing (Carrilho et al., 2009; Martinez et al.,
2008h} and photolithography (Martinez et al., 2007}, In this work,
a knife plotter tool was used to cut out precise paper microchan-
nels. The knife plotter method alse results in minimal chemical
contamination of the paper and requires no heat treatment, which
prevents the cellulose network from developing defects and
eliminates solvent diffusion into the paper. Paper strips defined
by the knife plotter also provide a higher integration capability for
3D microfluidics to define more complex shapes (Liu and Crooks,
2011).

2.2.2. RID design, fabrication and measurement

A resistive temperature detector (RTD) was used to detect the
temperature change in the reaction and is preferred over other
temperature sensors due to its excellent linearity, high sensitivity,
low fabrication cost, easy integration, and simple readout and
interfacing. Typically, platinum is used for commercial RTD sensors
due to its chemical inertness and linearity of resistance change
over wide temperature ranges (— 50 to 250 °C).

The thin film RTD sensor used in this work was made of nickel
due to its high thermal coefficient and excellent resistance linearity
in the range of bio-chemical reactions [ —10 to 150°C). Shadow
masking was used to pattern a 35 nm thick nickel film by thermal
evaporation. The nickel evaporation process is alse simple and
inexpensive. To increase the device sensitivity to temperature
changes from the reaction, the RTD surface area was larger than
the chemical reaction area to ensure all the heat generated or
absorbed was received by the RTD. A Keithley 2600 source/meter
with 4-point configuration was used to measure the resistance
change of the RTD caused by the temperature change from the
bio-chemical reactions. The 4-point measurement setup was used to
eliminate the effect of junction resistance and thermal fluctuations of
electrical leads on the resistance measurement of the RTD sensor.
The measurements, data acquisition and data-preprocessing were
automated and controlled by a LabView™ program.

A bias current of 1 mA was applied using the Keithley 2600
source/meter to the RTD (1.1 kf2) and the voltage drop across the
RTD was measured to monitor the resistance change of the RTD.
For the design shown in Fig. 1, the 1 mA sourcing current through
the RTD resulted in 0.11 mW of Joule heating, which elevated the



RTD temperature approximately 1-2 °C above the room tempera-
ture. The resistance value of the RTD can be wrilten as

R=Ro(1 +aAT) (8)

where Ry is the resistance of the RTD at room temperature, e is the
temperature coeflicient of resistance and AT is the temperature
change,

The thin film nickel RTD was calibrated using a thermal bath
(HAAKE) to get the thermal coefficient of resistance (TCR). The
nickel RTD showed a linear response between 10°C and 50°C
{R*=0.9999). The TCR of the nickel RTD was measured to be
0.0011/K, which was lower than values reported for bulk nickel
{614 107K (Lacy, 2011). Since & is a function of the ratio of
film thickness to the mean free path of electrons in metals {Jin
et al.,, 2008; Leonard and Ramey, 1966), the difference is likely due
to the film thickness (35 nm)} and grain size of the thermally
evaporated thin nickel film. Increasing the film thickness and a
post-annealing process would likely improve the TCR.

3. Results

In order to demonstrate that the paper-based microcalori-
metric detection method works, three applications were investi-
gated: detection of glucose, detection of DNA, and the detection of
streptavidin and biotin binding.
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3.1. Glucose detection

The concentration of glucose was measured using the heat
generated by the glucose oxidase (GOD) enzyme, which was used
to convert glucose to gluconic acid and hydrogen peroxide. Due to
its low pH sensitivity, COD from Aspergillus miger {SigmaAldrich-
G7141) was used to prepare a 1.0mg/ml reagent in a 50 mM
sodium acetate buffer. Sodium acetate buffer, as well as sodium
phosphate buffer, is commonly used to activate GOD enzymes
{Gibson et al,, 1964}, The buffer was made from anhydrous sodium
acetate (Fisher Scientific-S210-2} and diluted with acetic acid to
maintain the pH of the buffer constantly at 5.1. The activated GOD
enzyme in the buffer was used to react with different concentra-
tions of glucose, The COD enzyme catalyzes the oxidation reaction
of glucase (Bankar et al., 2009},

filal G!uwse+02[f»”ﬁD Glucono — & lactone 4+ Hy 04 )]

This reaction causes an enthalpy change of AH= — 80 k]/mol
(Scheper, 1999). Two microliters of active GOD enzyme were
placed and immobilized at the reagent introduction site of the
paper strip as shown in Fig. 1(a} and (b}. The heat generated by the
oxidation of glucose was recorded for different concentrations of
glucese samples introduced to the immobilized GOD. Measure-
ments for each concentration were repeated 10 times to calculate
the measurement error. The measurement for each sample con-
centration was a temperature-time plot which was post-processed
to extract the temperature change for each sample concentration.
Commercially available glucose solutions were used to test three
different concentrations of glucose which were representative of
low, normal and high glucese levels in the bleod (0.05, 0.12 and
0.3% wtjvol of glucose, respectively} (Bayer Contour Control Solu-
tion) (Frank et al., 2011; Kilo et al., 2005). Fig. 2 shows a typical
temperature profile from the reaction.

When the 2 pL volume of GOD enzyme was first placed at ¢y (in
Fig. 2) at the center of the paper strip, the temperature of the RTD
dropped due to the temperature difference between the RTD and GOD
enzyme and evaporative cooling of the enzyme buffer. The time
between t; and {5 shows the aforementioned temperature drop. The
temperature of the RTD and the enzyme reached a stahle temperature,

Fig. 2. Measured temperature change for reaction of glucose oxidase enzyme and
glucose sample is illustrated. (a) Measured reaction data, (b) close-up reaction data
from ¢4 1o &

which was still higher than room temperature because the RTD Joule
heating. After the temperature was stabilized, an 8 pl glucose sample
at room temperature was placed to the tail of the 1-shaped paper strip
(sample inlet shown in Fg. 1), and traveled along the strip toward the
GOD enzyme. During the time period between 5 and 5, the glucose
continued to travel along the paper strip before it reached the enzyme
site. The temperature drop during this period is again due o a
temperature difference between the RTD and the glucose, and the
evaporation of the sample. At tme t5, before the reaction, the glucose
sample reached the enzyme and the oxidation reaction of glucose
commenced. Due to the exothermic nature of the glucose oxidation
process, the temperature rises. As the reaction completed, the tem-
perature decreased, and reached equilibrium with surroundings.

The following equation is used to correlate the peak of temperature
change, AT, to the concentration of glucose (Scheper, 1999)

AT

np=C LT (10}

where AH is molar enthalpy change, n,, is moles of product, and ¢, is
the heat capacity of the system.

The hear capacity {or thermal mass} of the system is calculated
by calibrating with a low concentration of the glucose test sample.
Knowing the exact concentration of glucose, enthalpy change, and
temperature change, the thermal mass of our system can be
determined. The effect of sample evaporation is also taken into
account in the calibration,

The detected temperature for different concentrations of glu-
cose shows an upward trend with increasing concentration as
shown in Fig. 3. In order to convert the detected temperature to
concentration data using Eq. (10), two additional terms must be
considered: the reaction rate of GOD and glucose, and the ratio of
reaction area to the total RTD area. For the reaction rate of GOD
and glucose, the catalytic reaction of the enzyme can be saturated
and shows a nonlinear behavior as the concentration of the
glucose increases because the finite reaction rate is limited hy
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concentration detection limit is determined by the minimum detect-
able temperature. With our measurement setup, the Kiethley 2600
source/meter, noise in the resistance is 0.004 £ The signal-to-noise
ratio of 1:1 corresponds to 26 mK. With the signal-to-noise ratio, the
measurable minimum concentration is 1.51 pmole /mL.

3.2, DNA concentration detection

In hiological systems, intracellular iron from ferritin reacts with
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Fig. 4. The results of glucose with the paper-based calerimetric device and
commercialized glucose meter for different concentrations.

the number of available COD oxidation sites for glucose molecules
{the Michaelis-Menten model for enzyme kinetics Murugan,
2002} In this experiment the number of moles of glucose is
calculated by the concentration and the volume size of the
samples. In the 8 pL droplets of the low, normal, and high
concentrations of the glucose test sample, a total number of
1.34 % 10'6, 3.21 % 10" and 8.02 x 10'® molecules of glucose are
available to react with the GOD, respectively. The calculated
number of molecules of glucose in the sample is higher than the
number of the molecules of the GOD, which is 7.53 x 10"
maolecules in 2 pL of enzyme. Therefore, the reaction is in the
saturated region of the reaction rate. However, at high concentra-
tions the reaction rate can be modeled as linear (Pant et al,, 2008).
For the ratio of reaction area to the total RTD area, the reaction
area is designed to be 45% of the whole channel area. Therefore
only 4 pL of glucose is reacting with GOD.

Fiz. 4 shows the measured glucose concentrations of the
glucose test solution, taking the reaction rate factor and the ratio
of reaction area into account. The results are also affected by the
diffusion time of glucose into the GOD reaction site and the error
may be resolved with optimizing the paper channel design. Results
show good linearity and agreement with the solution concentra-
tions from the manufacturer in the micro-molar range of glucose
concentration. While a commercial glucose meter shows as high as
30% error in the glucose concentration measurement, the calori-
metric paper-hased microfluidic device shows less than 2% error as
shown in Fig. 4.

Enzyme-hased sensors have shown their expanding capabilities to
improve health care quality. The integration of the paper-based
technology and enzyme-based sensors may replace expensive and
time consuming portions of clinical moenitoring used by patient
bedsides and home testing (Ispas et al, 2012). From Eq. (10), the
detectable concentration is directly proportional to the temperature
change, given the device heat capacity and enthalpy. Therefore, the

hydrogen peroxide and catalyzes the formation of hydroxyl
groups, which cleaves deoxyribonucleic acid (DNA) (Arosio and
Levi, 2002). The reaction of the hydroxyl group and DNA causes
DMA strand breakage (Mello-Filho er al,, 1984}, Hydrogen peroxide
is a zood source of hydroxyl groups, and is used in this work to
react with salmon DNA in a buffer solution. The heat generated by
the reaction was detected for different concentrations of salmon
DMNA {without the use of any catalyst). Deoxyribonucleic acid
sodium salt from salmon testes (Sigma D1626) was used as the
test DNA sample. DNA samples were diluted in IDTE DNA buffer
(1xTE-pHS8) to maintain the pH, and 30% wijwt hydrogen peroxide
solution (Fisher Scientific H325) was used for DNA detection
experiments. The different concentrations of DNA reagents were
placed to the reagent site on the paper microfluidic device, and
then the hydrogen peroxide solution was introduced to the sample
inlet on the channel. The hydrogen perexide solution traveled
along the paper and the reaction started when it reached the DNA
sample location. The generated heat, proportional to the DNA
concentration, was detected by the thin flm RTD under the paper
microfluidic device. To compare the results for different concen-
trations, four different reagents with different DNA concentrations
were prepared (0.91 mgfml, 1.83 mg/ml, 3.65 mg/ml, and 7.30
mg/ml}. The generated heat by DNA experiments has the same
pattern as the glucose detection experiment. The detected tem-
perature change for different concentrations of DNA shows a rising
trend as the concentration goes up. As shown in Fig. 5, a higher
concentration caused a higher temperature change. Differential
measurement (Fig. 5(a) and (b)) was used to minimize the effect of
buffer on temperature measurement.

The main point of this experiment is to demonstrate low-cost
DNA concentration detection. The purification of DMNA after extrac-
tion is necessary for many sequencing approaches. Therefore, this
method provides a low cost and simple way to monitor the
concentration of DNA.

3.3, Protein binding detection

Protein-protein binding is used to identify or isolate different kinds
of cells with related biomarkers, as well as in disease detection by
studying the reaction of antibodies and antigens. Microfluidic devices
have been developed for the detection of the protein binding via
calorimetry {Torres et al,, 2004} Biotin and streptavidin binding was
selected to demonstrate the paper-based calorimeter device for an
enthalpy assay. The biotin was placed at the reagent introduction site
of the paper strip and the streptavidin was introduced to the sample
inlet. The streptavidin travels along the paper to the biotin while the
temperature was continuously recorded. Biotin (Sigma B4501) and
streptavidin (Sigma 54762} are both diluted in DI water to prepare
1 megiml and 0.1 mgfml solutions, respectively. Detection of protein
binding is identified by the temperature spike in the temperature—
time recording, resulting in a labelfree detection mechanism (Ray
et al., 2010).

For the binding of the proteins, the 2 pL of diluted biotin is placed
first on the strip. Again as in the glucose and DNA cases, this causes
the temperature drops due to the temperature difference and eva-
porative cooling. By introducing the 5 pl. of streptavidin to the sample
inlet, streptavidin is transported to the reagent and as soon as it gets to
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Fig. 6 Measured temperature change for hinding reaction of biotin and
streplavidin,

the biotin, a temperature change is detected. The temperature signal
has the same pattern as previous experiments, which makes it
possible o extract sample concentration by applying the same
approaches. Fig. 6 illustrates the binding detection based on the
enthalpy change with the paper-based microfluidic device, This result
shows the feasibility of the device for thermal detection of protein
binding events.

4. Discussion

The ultimate detection limit of the paper-hased calorimetric
device will be determined by the neise of the detection system.
The caleulated Johnson noise floor of the sensor RTD is 40 pfl with
a measurement bandwidth of 100 Hz. However, the lower limit of
detection was determined by the Source/Meter, which had a
resolution of 1 m£. Experiments showed that the system was
capable of reliably measuring changes in resistance as low as
4m&2 (26 mK) of 1.1 k£2. Because the temperature of the RTD is a
function of the TCR {a}, improving purity (in our evaporated nickel
film case} or using a material with higher a will directly improve
the measurement sensitivity.

The knife plotter cut paper strips used in this work can be
further optimized to effectively guide the reactants {reagent and
sample). The paper microfluidic channel desizgn with only the knife
plotter cut induces the flow of reactants when mixed, which
contributed to the measurement of errors in Fig. 3. Also, the glucose
diffusion time to reach the GOD is solely limited by the length of the
strip. Combining techniques such as wax patterning and surface
treatments along with improved cutting can significantly improve

the reactant transport stability resulting in better measurement
repeatability. In Fig, 6, the temperature profiles before and after the
reaction varied due to evaporation of liquid to surroundings. In the
ideal case, the temperature profile should follow a monotonic
decrease. The deviation prevents accurate calculation of the area
under the reaction, which may be used for calculation of total
enthalpy of the reaction. This deviation can he minimized by
optimizing the paper strips.

The calorimetric detection mechanism is a label-free method that
allows the expansion of applications of enzyme-hased sensors to a
wide range of enzymatic reactions. The application of this type of
portable device has been limited due to the complexity of detection
methods. The calorimetric method overcomes these limitations and
could result in new devices with applications in portable healthcare
diagnostics. Calorimetric DNA concentration detection is a method in
which thermal information from the reaction can be used o obtain
useful information about DNA. Calorimetric protein binding detection
using the paper-based micro-calorimetric device has the ability o
expand the applications of current disposable disease detection
devices. The calorimetric detection demonstrated in this paper can
expand the functionality of microanalytical devices by adding a
thermal detection scheme for bio-chemical materials based on the
enthalpy changes.

5. Conclusion

A framework for using calorimetric detection with paper-based
analytical devices is presented. The calorimetric detection method of
the reaction on a paper network is a novel technique that expands the
detection capabilities of paper-based sensors. The paper-based calori-
metric method is capable of detecting various enzymatic and biologi-
cal reactions with an electronic readout. Calorimetric detection for
three different bio-chemical samples is demonstrated. The results
demonstrate the feasibility of the calorimetric paper-based device to
detect various bio-chemical reactions without having any embedded
markers or complex measurements. The thennal detection paper-
based analytical device will help realize future low-cost, portable, and
non-complex point-of-care devices.
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IN-VIVO SINGLE CELL PROTEIN INTERACTION INVESTIGATION USING
MICROFLUIDIC PLATFORM
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ABSTRACT

We have developed a microfluidic platform to immobilize
single living cells at a position in a microfluidic channel for
monitoring cell responses to different stimuli over time.
While the cell is trapped, the device maintains control over
changing the channel media and flow rate. The captured cell
may be released in order to capture another cell and repeat
the experiment without disturbing the setup. We have
demonstrated the monitoring of an individual yeast cell, in
which the captured cell is exposed to a-factor ligand.

KEYWORDS
Single  cell, Microfluidic  platform, silicon
micromachining.
INTRODUCTION
Motivation

Investigating living cells, the building block of life, is
essential  to  answering fundamental questions about
biological function and malfunction (i.e., illness), and
discovering drugs to cure diseases. Many biological
investigations use large homogenous populations of cells to
study their behaviors and responses to different stimuli.
Such investigations require averaging the signals and
statistical post processing of the data. However, it is shown
that in many cases, such as gene expression, protein
expression levels, and phenotypic outputs [1-2], the
averaging of the signals from a population can be
misleading.

The individual cell can exhibit different behavior than
that of a population regardless of homogenous population
selection [1]. Therefore, single cell biology is critical to
overcome the imitations of studies that use cell populations.
One of the requirements in such studies is to change the
media in the channel without making a change in the
captured cell location. A number of microfluidic
technologies have been developed that contribute to single
cell biology and medical genomics [3-4]. Unfortunately,
most of the platforms lack full control over the trapped cell
|5] and/or the fluid inside the channel [6] without disturbing
the cell.

The microfluidic platform described in this report offers
control over a captured cell separately from the flow
direction and media change in the channel. Our device is
suitable for many biological procedures at the individual
cell level. The optical and electrical probing capabilities
offered effectively assist the monitoring of an individual
cell.

978-1-4799-8955-3/15/831.00 ©2015 IEEE

Concept

The individual cell capturing and immobilization
concept is adopted from the planar patch clamp device [7-8]
with some modifications. Figure 1 shows the silicon device
microfludic platform. A hole i1s micromachined on a thin
SiN membrane which is used to trap a single cell by
applying a pressure difference across the sides of the hole. A
thin PDMS-Glass channel 1s used for compatibility with the
short working distance of the high magnification
mimnsuupe.

Integrated thin film resistive temperature detectors
(RTDs) near the cell capturing hole on the membrane can be
used for cell temperature monitoring, flow rate measuring,
thermal and electrical excitation, and thermal particle
cytometry [9].

As shown in Figure 2, the platform utilizes two
microflmdic channels, a cell flow channel and a negative
pressure channel to capture and immobilize a single cell.
The microfluidic cell flow channel is fabricated on a 500 nm
thick low-stress SiN membrane. At the center of the SiN
membrane a trap hole {3 un x 3 pm) is etched in the middle
of the membrane, which connects the cell channel to the
negative pressure channel. The cells and media are
introduced in the microfludic cell channel while negative
pressure is applied to the negative pressure channel. This
leads to the capture of an individual cell at the hole as
illustrated in the cross-sectional view in Figure 2.

Cell capturing
hole

d)

device stlicon

Microfluidic
micromachining. a) Silicon die with 4 cell trap sites, b} Cross
sectional view of the membrane with cell trap site, ¢} Close-up
image of the SiN membrane containing integrated RTD sensors,
and d) Close-up image of cell trap site on membrane,

Figure 1 fabricated  with
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Pressure
Interface
To Drain

Cell Inlet
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Device
Immersion

0il "~ Inverted
Microscope
Objective

Figure 2. Cross-sectional view of the fabricared device with
integrated microffuidic channels at both sides of the membrane.

We  have demonstrated the ability to probe
fluorescently-tageed proteins in living yeast cells (S
cerevisiae) vsing the platform. Two-photon excitation
fluorescence microscopy is used to monitor the fluorescent
tag interaction on the IN-VIVQ single-cell.

The cell membrane is considered to be the gate to cell
signaling and, as such, it requires gate keepers, which
appear in the form of G protein coupled receptors (GPCR}
[10]. Qur platform allows the investigation of protein-
protein and protein-ligand interactions at the cell membrane.
The yeast cells were engineered to express the pheromone
receptors Stezp — a GPCR —, which were fused to the green
fluorescent protein (GFP,) [11]. The cell was imaged using
a two photon excitation microscope with high spectral
resolution described previously [12] before and after
introducing the o-factor ligand.

The conventional method requires measurements
over a population of cells and use of statistical tools to
recover the quaternary structure of the GPCR [13]. The use

.,7svszrm-g

Cell Membrane

a)

800 nm

d)

Figure 3: Concept of protein interaciion probing using the iwo
pholon excitation microscopy lechnique is illusirated. a) Yeast cell
expressing ST, with GFP2 or YFP attached. b) Fluorescent
excitation concept of GIP2 to monitor spatial distribution of the
pirotein. ¢} Concept of Forster Resonance Energy Transfer (FRET)
technique to invesligaie the interaction between proleins. dj
Tateraction of STI-GIP2 with afactor (the corresponding
ligand)
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of a single cell technique is required in order to monitor
changes in the quaternary structure or the localization of the
receptor oligomers triggered by treatment with different
ligands.

FABRICATION

In this section the fabrication and assembling processes
of the platform shown in Figure 2 are presented in three
stages: silicon device, PDMS channel, and negative pressure
channel.

Silicon Device

The fabrication process starts with depositing a 500 nm
SiN film on a 300 um single crystal silicon wafer (Figure
4(a)). The membrane and the cell trap holes (i.e. . capturing
sites) are printed on opposite sides of the wafer and
anisotropic KOH (30% w/w) etching is used to etch the
silicon and form the SiN membrane with the hole at the
center as shown in Figure 4(c).

Then, a 40 nm nickel film is deposited on the wafer
using thermal evaporation. Then the RTDs patterns and
clectrical interface contact pads are aligned and printed with
cell trap holes on the SIN membrane. The metal patterns are
etched using a solution of hydrochloric acid and nitric acid
in DI water (1:5:5). The ratio of the solution is chosen to
control the severe undercut during the metal etching.

PDMS Channel

The Polydimethylsiloxane (PDMS) channel (cell Mow
channel) is made by soft lithography. First, the silicon mold
is fabricated by KOH silicon wet etching. The PDMS is
poured over a releasing agent-coated  silicon-
micromachined mold. Then, the glass cover (100 pum) is
placed on the PDMS and pressed against the silicon mold to
make a thin microfluidic channel when cured at 70 °C for
two hours. The PDMS channel on the glass cover is
released from the mold by submerging in water for 24
hours. The water-soluble releasing agent dissolves in water,
and the PDMS channels are lifted up from the mold.

a) Si Wafer > SiN
b)
)
-
Ni Film
d)

Figure 4: Process flow of the micromachined silicon device.



The released channels are rinsed in DI water, aligned, and
bonded to the silicon device under the microscope.

Negative Pressure Channel

The acrylic microfluidic interface for inlets, outlets, and
the negative pressure channel (Figure 2) are machined using
a CO, laser printer. The silicon device and the PDMS
channel are placed on a Plexiglas (acrylic) mount and
bended using a pelyimide double-sided adhesive layer.

The fused silica capillary tubes with polyimide coating
(Polymicro Technologies) are connected to the platform
assembled with the PDMS channel (cell flow channel) and
the acrylic mount (negative pressure channel and
microfluidic interfaces). The other sides of the capillary
tubes are connected to the syringes. A customized LabView
program centrols the syringe pumps, one for cell flow and
the other for the negative pressure. All of the tubing
connections within the platform are sealed with an epoxy to
avoid any pressure leak during experiment,

EXPERIMENTAL RESULTS

Characterization

The flow rates in both channels have been characterized
for the capturing of cells. For characterization, 10 um
polystyrene microspheres (PS beads) were used to tune the
flow rates and pressure in channels for capturing the cells
The results of the flow rate characterization are shown in
Figure 5.

Capturing Experiment

As mentioned above, we used yeast cells with the yeast
pheromone receptor Ste2p fused to GFP, fluorescent
proteins. The yeast cell preparation procedure was described
in [11]. Yeast cells were separated from their growth
medium and re-suspended in 0.1 mM KCl solution. The first
step after setting up the microfluidic platform was to fill the
capillary tubes of both channels with 0.1 mM KCl buffer
solution. While filing the micro channels, they were
monitored using a low-magnification (4X) microscope
objective and transmission imaging to check for bubble
formation. Bubble-free operation is essential for these
experiments, since the capturing principle 1s based on
pressure differences in the channels, The compressibility of
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Figure 5: Cell capturing flow rate characterization. The 10 um
polvshrene beads suspended in a buffer solution are used for
characterization. The capturing region s illustrated in green.
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air bubbles would change the capturing and immobilization
characteristics of device.

After filling the channels using the syringe pumps, the
cells were introduced from a reservoir (1.5 mL tube) to the
cell flow channel by changing the flow direction. After
stabilizing the flow rate, a negative pressure was applied
using the second syringe pump to capture a single cell,
while maintaining the constant flow rate in the cell flow
channel.

After the capture of a cell, excess cells and media were
washed away from the microchannel by changing the cell
reservoir tube to the KCI buffer tube. The flow rates in both
channels were maintained during the washing process.

Using the two-photon excitation microscopy a
florescent image with 1.3-nm spectral resolution was
acquired to monitor the location of the GFP, tags and,
consequently, the location of GPCRs on the cell membrane.
Typical results of such an experiment are shown in Figure 6.

The florescent image provides the distribution of the
GFP2 tags on the cell membrane. In some cases, the cells do
exhibit florescence either due to bleaching or an error in the
preparation process. Changing the flow direction in the
negative pressure channel allows releasing the captured cell
in such cases. Repeating the capturing procedure will enable
the capture of another cell, a process that can be repeated
until the right cell is found and captured.

By changing the reservoir tube, the ligand (c-factor)
can be introduced into the microchannel. After exposing the
cell to the ligand, the microchannel was washed with KCl
buffer solution as explained above. The second florescent
image was acquired using the two photon excitation
microscopy. Comparing these images and distributions of

Figure 6: Florescent image of yeast cell exhibiting STE2p tagged
with GII2 trapped in a microfliidic channel captured with a two-
photon excitation microscope. a) A selection of three images out of
200 captured jor different wavelengths spanning the range from
430 to 650 nm, b) Fluorescent image as measured fiom the GFP2
tag emission and c) Spectrum of the trapped cell as measured over
the area circled by the orange circle in (a). Note the square shape
of the cell image, which was likely caused by optical aberrations
associated with the square shape of the trapping hole.



proteins on the cell membrane will allow us in the future to
investigate receptor-ligand interaction.

DISCUSSION

The pressure calibration of the capturing process and
the size of the cell trap holes play key roles in performance
of the microfluidic platform. By adjusting the pressures with
respect to one another, we can change the flow rate of the
top channel, which is required for introducing liquid
samples with different viscosities.

The formation of bubbles can cause failure of the cell
capturing and/or immobilization process. Air can be trapped
in the dead volumes at microfluidic adaptors or interfaces
and under the cell trap membrane chamber. The trapped air
will result in bubble formation n channels. The
compressible nature of the gas will affect the pressure in the
channel and resull 1n a significant cell capturing
inefficiency.

The size of the cell trap holes needs to be selected
appropriately. A larger hole can pass the cell though or trap
multiple cells at once. We started with a 4 pm hole and
reduced it to 3 pm to achieve higher capturing efficiency.

After capturing a cell, the protein-ligand interactions on
the cell wall are monitored by comparing the fluorescent
images within the ligand introduction period to the micro
channel and investigating the redistribution of the GPCR’s
in the presence of ligands., Using a spectral unmixing
method, we monitor the interaction and co-localization of
the receptor and its ligand.

The microfluidic platform developed is also designed to
monitor  protein-protein  interaction  while  using  the
microscope mentioned in conjunction with a short range
process of energy transfer — called Forster resonance energy
transfer, or FRET — between fluorescent tags located in the
proximity of one another (ie. less than 10 nm). This
platform can be used for drug discovery and be utilized in
the pharmaceutical industry. The integrated RTD sensors
on the SiIN membrane in the cell flow channel are also
capable of monitoring the temperature change mn the cell
during interactions. This measurement could be beneficial
for cell wviability information monitoring and also
performing calorimetric analysis on interactions.

CONCLUSION

The platform demonstrates the ability to immobilize
individual cells while having control over the flow in a
channel. The platform performs biological investigation on
the individual cell level while avoiding complications and
inaccuracies caused by using a population of cells. In our
system, flow control issues plaguing previously developed
platforms along with cell releasing difficulties are resolved.
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