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Abstract

Integrated molecular diagnostic platform
by
Byungrae Cho
Joint Doctor of Philosophy in Bioengineering with
University of California, San Francisco
University of California, Berkeley

Professor Luke P. Lee, Chair

Infectious and non-communicable diseases impose a global burden of health
on both developing and developed countries despite technological advancements in
medicine and healthcare. In this perspective, point-of-care testing (POCT) has been
paid attention as an area with enormous potential to solve this problem. Point-of-
care molecular diagnostic enables to provide diagnoses from clinical samples to
clinicians without wasting time such as sample transporting or sample preprocessing.
However, most of nucleic acid diagnostics still are performed in central health
facilities because they need top-notch equipment and well-trained personnel. To
overcome these difficulties, the emergence of microfluidics has been attracted
because of its inherent features including consuming small volume of sample and
reagent, precise controllability of laminar flow, short processing time for analysis,
and miniaturization of devices.

This dissertation is a part of effort to develop an integrated molecular
diagnostic platform for improving global health care and the quality of life. Firstly,
we developed a microfluidic device for sample preparation. The purpose of sample
preparation is to enrich target cells, remove unnecessary cells, and lyse target cells
for nucleic acid detection. The preconcentration and selective capture of cells are
demonstrated in the microfluidic device by using porous materials and antibody
without any external bulky equipment such as a centrifuge. Then, photonic PCR is
presented as a new technology of thermal cycling. When light comes to gold (Au),
Au can absorb light efficiently due to its plasmonic-assisted high optical absorption
(~ 65% at 450 nm) and quickly release the light energy as a thermal energy. Using
this simple principle, we demonstrate the target DNA amplification within 5



minutes on 30 cycles. In addition, a comprehensive heat transfer simulation of the
photonic PCR is carried out to improve the performance of the photonic PCR.
Simulation of heat transfer model demonstrates the importance of optical absorption
of Au and thermal diffusivity of materials on heating and cooling ramping rates.
Finally, the development of a new integrated molecular diagnostics is demonstrated
for bacterial detection in urine samples.
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CHAPTER 1

INTRODUCTION TO POINT-OF-CARE
MOLECULAR DIAGNOSTICS

1.1 BACKGROUND AND MOTIVATION

The considerable progress on science and technology has made a great
contribution to global human health and quality of life. The pace of biotechnology
and medical innovation for the past several decades is incredibly faster than for the
previous few hundred years!. Life expectancy, for instance, dramatically has
increased for the past century due to the conquer against many infectious and
parasitic diseases and better living standards - from less than 45 years in 1950 to
more than 74 years in 2010%. However, despite technological advancements in
medicine and healthcare, infectious and noncommunicable diseases still impose a
global burden of health on both developing and developed countries®. In case of
infectious diseases, there were estimated 1.1 million death from human
immunodeficiency virus (HIV)-related diseases, approximately 1.4 million people
died of Tuberculosis (TB), 1.3 million people of hepatitis, and 0.4 million people of
malaria in 2015. Furthermore, in 2015, about 40 million people died due to
noncommunicable diseases — cardiovascular diseases (17.7 million deaths), cancer
(8.8 million deaths), chronic respiratory disease (3.9 million deaths), and diabetes
(1.6 million deaths)*. Specifically, in high-income countries, the cause of die is
mainly chronic diseases (cardiovascular disease, chronic obstructive pulmonary
disease, cancer, diabetes or dementia). However, in low- and middle-income
countries, infectious diseases such as lower respiratory infections, diarrheal diseases,
HIV/AIDS, TB and malaria are the leading causes of death due to lack of well-
equipped central hospitals providing sensitive medical imaging (MRI and CT) and
various laboratory tests®.

To address these issues, the trend of healthcare, especially diagnostics, has
dramatically been shifting: from healthcare provider-centered to patient-centered®.
Diagnostics have played an important role in health care. Diagnostics provide
clinicians with appropriate information (such as early detection and monitoring on



progress of diseases) and allow them to make a more accurate decision on the patient.
Therefore, timely diagnosis and subsequent treatment is essential in saving lives and
cutting health costs. Over the past 50 years, laboratory testing in central hospitals
has become high-throughput, automated, and high sensitive and accurate’. However,
even now, we still have to go to hospital for any kind of diagnosis from simple
primary care to complicated medical care such as magnetic resonance imaging (MRI)
or computed tomography (CT) scanners. In this sense, diagnostic testing near the
patient, called point-of-care testing (POCT), has been paid attention with the
development of biomedical technology. POCT enables to provide diagnoses from
clinical samples to clinicians without wasting time such as sample transporting or
sample preprocessing®. In this chapter, | provide an overview of POCT, especially
molecular diagnostics, as well as a review of the literature on integrated microfluidic
molecular diagnostic system.

1.2 WHAT IS POINT-OF-CARE (POC) DIAGNOSTICS?

If your friend said that she felt a change in her body as she was pregnant,
what would you say? Most people would tell her to test with a pregnancy test. Like
a pregnancy test, when you fell any symptoms of diseases or changes in body, you
can check the results for symptoms or changes with a simple test without visiting a
hospital. That is called point-of-care testing (POCT), in-vitro diagnostics (IVD) or
point-of-care (POC) diagnostics. It was in ancient Egyptian documents that one of
the earliest records on IVD can be discovered®. In the Berlin Papyrus, there was a
description of pregnancy test. Firstly, when a woman thought she was pregnant by
herself, she urinated on wheat and barley seeds for several days. Then, if the wheat
grew, it was thought that she had a body. If the barley grew, it was thought that she
had a girl. If both didn’t grow, she didn’t bear at all. Scholars have considered this
the first pregnancy test. During the Middle Ages, people tried to diagnose different
health conditions from the color of urine. After that, it was not until 1956 that a
simple and successful rapid diagnostic testing of rheumatoid arthritis was
introduced®?.

As the interest in personal health as well as global health care has increased,
there has been an escalated attention in POCT. There have been assorted definitions
of point-of-care testing or diagnostics over the past 20 years shown in Table 1.1.
Furthermore, in terms of terminology, various words with the same meaning were
used. For example, to explain the meaning of point-of-care, authors and professional
groups has used their unique words such as bedside testing, near patient test, off-



Table 1.1 Different definitions of POCT over the past 20 years

Definition of POCT Reference
Testing at or near Fhe site of patient (S;alrle whenever the Kost, 1995
medical care is needed
“The analysis of biochemical parameters at or near the St-Louis,
patient’s bedside”!? 2000
“Testing to produce a result at the point (physical and/or
temporal dimension) at which a decision is made on the care of | Price, 2002
the patient”!3
“Integrated systems that can process clinical samples for a
number of different types of biomarkers in a variety of settings, | Soper et al.,
such as clinical laboratories, doctors’ offices and eventually, at 2006
home”**
“A diagnostic test performed near the patient without needinga | Siaetal.,
clinical lab™*® 2008
“Decentralized diagnostic analysis, which occurs directly at
O ) : : .. Luppa et
patients’ beds, in operating theatres or outpatient clinics, or at
: . 16 al., 2011
sites of accidents
“Point-of-care (POC) diagnostics, in vitro diagnostic (IVD)
. Gubala et
tests that do not involve the use of laboratory staff and al. 2012
facilities to provide the result™® "
“POC tests may have the ability to circumvent insufficiencies
- . . . . . Gaydos et
of traditional diagnostics, allowing patients to receive results Al 2014
and treatment before leaving the clinic or doctor’s office.”!® v
“Testing that is performed near or at the site of a patient with
i i . I1SO 22870,
the result leading to possible change in the care of the
: 9919 2016
patient
“A point of care (POC) test is performed at or near the site
where a patient initially encounters the health care system, has
: i . . : Kozel et al.,
a rapid turnaround time (approximately 15 min), and provides
: : : : : 2017
actionable information that can lead to a change in patient
management”?°

site testing, or decentralized testing. The lack of standardized terminology and a
diversity of opinions on definition of POCT show the relatively immature field on
both academy and industry. Especially, the mainstream of POCT is changing as the
technology has incredibly advanced. In the early period, POCT was considered as
just testing conducted near the patient. Away from central hospitals, people wanted



Table 1.2 ASSURED criteria of WHO

A = Affordable

S = Sensitive (avoid false negative results)

S = Specific (avoid false positive results)

U = User-friendly (simple to perform, uses non-invasive specimens)
R = Rapid and robust

E = Equipment-free

D = Delivered (accessible to end-users)

to get a result on their suspicious signs at home or local healthcare providers.
However, it was still necessary to go to the hospital to diagnose and treat diseases
with further detailed tests. On the other hand, recently, POCTs care point-of-care
(at the place and the time of patient care). Not only do POCTs allow clinicians to
test patients rapidly but also to make a clinical decision or change the management
of patients. In other words, it is emphasized that POCTs can lead to an expeditious
clinical decision.

What are ideally essential features of POCT? The World Health Organization
(WHO) in 2004 announced the guidelines for developing POCT devices?. The
acronym ASSURED (Table 1.2) summarized the ideal characteristics of a
diagnostic test. However, nowadays, these criteria rather imposed the restrictions of
POCT system and impeded the development of POCT field?2. As a result, many
modified criteria have been suggested®?24, For example, Pai et al. argued that
criteria for POCT should be considered not just on the features of devices but on the
diverse circumstances such as users (patients to trained people) and environments
(homes, emergency room and hospitals)?*. They categorized into five distinct
settings: homes, communities, clinics, peripheral laboratories and hospitals.
Depending on the different settings, the priority features of POCT may differ. At
home, POCT should be easy-to-use even if low sensitive or less specific. However,
in hospitals, POCT should be highly sensitive and specific in spite of not fully
automated.

Recently, new technologies for next-generation POCT were emerged. Paper-
based POCTs were emerging as a cost-effective, commercially available, and
portable format®®. Also, as the cell phone penetration has increased, cell phone-
based POCTSs were paid attention for personalized medicine, real-time monitoring
and remote health-care management?®. Especially, a high-performance camera
module of a cell phone can be used for direct quantification of parasites?’, detection
of virus?® and food allergen testing®®. Coupled with wireless communication, the



remote diagnose system will accelerate. Most recently, there has been a gigantic
interest in wearable devices. Also, integrated with cell phones, the advance of
wearable devices will make real-time monitoring possible such as multiplex sweat
monitoring®® and long-term cardiac electrophysiology?3!.

1.3 POC NUCLEIC ACID TESTING (NAT)

Nucleic acids are the intercellular biomolecules containing genetic
information through specific sequences. Thus, nucleic acids are high sensitive and
specific biomarkers for infectious and genetic diseases®?. To detect a small number
of specific segments of nucleic acids, it is necessary to generate numerous copies of
target nucleic acids. Polymerase chain reaction (PCR), a gold-standard technique of
nucleic acid amplification developed by Kary Mullis in 19832, enabled to produce
thousand millions of copies of nucleic acid in a few hours. Subsequently,
demonstration of PCR with a thermostable DNA polymerase3* opened new doors
for various applications such as DNA sequencing®, gene analysis®®, DNA
fingerprinting®” and NAT for infectious diseases.

In spite of these advances, most of NATS still are performed in central health
facilities because they need top-notch equipment and well-trained personnel®,
Specifically, there are three main steps for nucleic acid assays including sample
preparation (cell lysis to extract nucleic acids inside cells, removal of other cell
components and concentration of nucleic acids), nucleic acid amplification and
detection of amplified target nucleic acids®®. These steps involve long and
complicated processes, which hinders the growth of POC NATS.

To overcome these difficulties, the emergence of microfluidics has been
attracted because of its inherent features including consuming small volume of
sample and reagent, precise controllability of laminar flow, short processing time
for analysis, miniaturization of devices*°. As a result, coupled with microfluidics,
many POC NATSs have been developed in both industrial and academic fields.

1.4 CURRENT MICROFLUIDIC POC NAT TECHNOLOGIES

PCR is the most popular and developed nucleic acid amplification techniques
because of its simplicity. PCR consists of repeated three steps - denaturation,
annealing and extension. Each step needs a different temperature (i.e. 95°C for
denaturation, 55°C for annealing and 72°C for extension). Thus, manipulation of



heat is the most important core technology in developing a PCR system. Specifically,
to miniaturize a PCR system as a POCT, there are desired conditions such as small
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thermal mass, fast heat transfer and rapid temperature changes between PCR steps,
which is fit with intrinsic characteristics of microfluidics. In the microfluidic field,
obviously, there have been various attempts to execute on-chip PCR for
miniaturizing the PCR device. Microfluidic PCR can be classified into three types
of microfluidic designs: continuous-flow PCR, microfluidic droplet PCR, and
reaction chamber based PCR.

Continuous-flow PCR is the method that demonstrated microfluidic PCR on
a chip for the first time (Fig. 1.1 A)**. Generally, continuous-flow PCR consists of
a single microfluidic channel and three fixed temperature zones for denaturation,
annealing and extension. A microfluidic channel is located on top of three
temperature zones. The temperature of sample is close to that of each temperature
zone during sample flows through the zones repeatedly. Due to small thermal mass
of sample in microfluidic channel, rapid temperature change of sample is possible
and total PCR time can be also quite reduced. In addition, the reaction volume of
sample is also flexible depending on channel size. For these reasons, there have been
many research studies and improvements of continuous-flow PCR**-4°, Tachibana
et al. built an autonomously continuous-flow PCR platform, which a sample flew
through microchannel without any external equipment due to capillary forces (Fig.
1.1 B)*°. Recently, a real-time fluorescence-based PCR system with a continuous-
flow device was demonstrated (Fig. 1.1 C)°. However, continuous-flow PCR poses
several drawbacks: 1) Microbubble are easily produced in microchannels when the
sample is heated. 2) The flow of sample through microchannels is difficult to control.
Thus, PCR protocol is not flexible. 3) Three different temperature zones must be
constant, which needs much energy to run PCR.

Microfluidic droplet PCR uses small droplets (a few pL to nL) as individual
PCR chamber surrounded by oil. Droplets of samples are generated in
microchannels due to high shear stress when sample meets the second immiscible
liquid, oil. Then, many droplets of sample in oil experience thermocycling and the
fluorescent signals of droplets are detected. When the number of target molecules
is smaller than the number of droplets, zero or one target molecule is enclosed in a
single droplet statistically. Furthermore, each droplet is independent and isolated
reaction, which prevents cross-contamination. For these reasons, microfluidic
droplet PCR has been utilized as a PCR platform for single molecule detection in
the last 10 years. In 2007, droplet-based PCR on a chip was demonstrated for the
first time (Fig. 1.2 A)®2. In this paper, quantitative PCR (qPCR) amplification was
carried out with fluorescent detection even if the size of droplet was not uniform (10
to 20 pL). In addition, the possibility of droplet digital PCR (ddPCR) was showed.
After this feasibility, microfluidic ddPCR has been applied for pathogen



detection®°*, copy number variation®>°¢, microRNA detection for caner®’°8, next-
generation DNA sequencing®®®, and single cell gene expression®.-¢2, However,
droplets sometimes break up during thermal cycling or sample transfer due to liquid
surfaces, which is unable to obtain accurate results. In addition, it requires several
hours for analysis because of at least tens of thousands of droplets. Lastly, to
generate droplets in microchannels, more than two syringe pumps are required.
Collectively, microfluidic droplet PCR is a promising technology but is somewhat
complicated for POCT.

Reaction chamber based PCR is an appealing substitution for microfluidic
droplet PCR. Reaction chamber based PCR is similar of the conventional PCR but
the size of chambers is much smaller than that of conventional PCR, which is better
for sensitivity, specificity and quantification®®. There are mainly two types of
devices: microwell based PCR and microfluidic channel based PCR. Microwell
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based PCR are carried out in a solid chip that has dense micro-holes. After PCR,
fluorescent image of the device is used for analysis. Physically isolated microwells
between neighboring wells prevent the risk of cross-contamination, which means
the reduced possibility of false-positive results. Morrison et al. demonstrated gqPCR
of 3072 microwells (diameter: 320 um) in a microscope slide with the equivalent
accuracy and dynamic range of 384 well plate® (Fig. 1.3 A). The inner surface of
each hole was chemically treated as a hydrophilic surface and the exterior surface
of the plate was treated as a hydrophobic surface. Thus, the solution was easy to
move and stay inside the hole. This concept has been commercialized in 2013 by
Thermofisher. Other type is microfluidic channel based PCR. A device consists of
a microfluidic channel and thousands of micro-size chambers in series. Sample
solution comes in a microfluidic channel and disperses uniformly into the chambers.
Then, immiscible liquid (i.e. oil) fills in a microfluidic channel only, separating
many chambers. Men et al. demonstrated digital PCR (dPCR) in an array of 82,000
wells with a volume of 33 fL® (Fig. 1.3 B). Water layer was used for prevention of
evaporation of sample during thermocycling and compartmentation of reaction
wells, which avoids the need of oil for compartmentation. Zhu et al. showed pump-
free microchannel-based dPCR for lung cancer diagnostics®® (Fig. 1.3 C). In a
PDMS device, the gas solubility of PDMS produces a pressure difference between
the chip and its surroundings to suck test solutions into the microfluidic channels
and reaction chambers.

1.5 UNMET CHALLENGES FOR POC NAT
Integration of Sample Preparation

In the previous section, we discussed microfluidic NAT technologies which
is able to widely used for POCT currently. However, only few of commercialized
microfluidic POC NATs have been launched. One of major bottlenecks is the
integration of sample preparation into NAT. Therefore, many solutions for the
problem of sample preparation have been proposed. For example, the fully
integrated microfluidic chip reported by Liu et al. included on-chip cell preparation,
microfluidic mixers, PCR amplification and DNA microarray detection®’. However,
this platform was too complicated to be used at POC setting because of the need of
several valves and pumps. Czilwik et al. demonstrated a centrifugal platform
including sample preparation, PCR pre-amplification and nested PCR for bacterial
detection®®, Complex sample preparation steps were processed by only one
centrifugal force with different rotation speeds. Although its superior performance,
the centrifugal device has to give up its portability due to rotation system. In addition,
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the fluorescent detection, which needs bulky optical system, makes the centrifugal
system more far from portability. Cai et al. exploited dielectrophoretic forces to
capture bacteria from diluted whole blood sample and detected them inside a
chamber of microfluidic device using on-chip PCR®®. However, the flow rate of
sample had to be slow due to weak of dielectrophoresis. Also, conductive solution
was needed to generate dielectrophoretic force.

In summary, sample preparation is an integral step for sample-to-answer
POC NAT. However, sample preparation processes are different depending on the
sample type (i.e. saliva, blood, urine, and water). In the case of whole blood, red
blood cells (RBCs) should be removed because intercellular components of RBCs
deteriorate a PCR reaction. NAT for urine or water sample necessitates sample
enrichments due to low concentration of analytes. Hence, it is necessary to develop
specialized integrated POC NAT system according to a specific sample type rather
than a universal purpose system.

High Power Consumption

High power consumption on operating PCR system is another barrier to
POCT". PCR is a process in which target DNA increases exponentially while
repeating high and low temperatures (i.e. 95 °C and 60 °C) so it needs a high-power
thermal system. Peltier-based thermal systems have been widely used in
microsystem because of its controllability, rapid thermal response and simplicity’>
4 However, due to low energy efficiency, the Peltier-based thermal system requires
a lot of energy. Also, the Peltier-based system should increase not only the
temperature of the sample solution but also the microfluidic device. So, many ways
to increase only the temperature of the sample solution have been proposed. Shaw
et al. employed microwave to heat the solution with low power (~500 mW) and
demonstrated an integrated microfluidic PCR. Also, Because the feature of water
absorbing infrared light, infrared heating for PCR has been investigated. For
example, Saunders et al. demonstrated RT-gPCR of 1-um samples for 1 hour using
a 700 mW 1450 nm infrared laser diode’®. Lounsbury et al. presented an integrated
sample-to-answer microdevice using IR ramp under 45 minutes’’.

Collectively, high energy consumption is indispensable for PCR. Although
the gold-standard method of nucleic acid amplification is PCR due to the high
sensitive and reliability, it is difficult to apply to POCT applications. Conventional
thermocyclers should heat up and cool down, not only the PCR solution but also the
whole devices, which leads to bulky and complicated equipment and a long process
time. Coupled with microfluidics, POC PCR system has been improved due to small

11



thermal mass of samples. Many innovative heating methods such as IR heating,
microwave have been proposed, but most of them still required large and
complicated instruments, which is not suitable for POCT.

1.6 ORGANIZATION OF DISSERTATION

Firstly, we developed microfluidic device for sample preparation. The purpose
of sample preparation is to enrich target cells, remove unnecessary cells, and lyse
cells for nucleic acid detection. The preconcentration and selective capture of cells
are demonstrated in the microfluidic device by using porous materials and antibody
without any external bulky equipment such as a centrifuge. Then, photonic PCR is
presented as a new technology of thermal cycling. When light comes to gold (Au),
Au can absorb light efficiently due to its plasmonic-assisted high optical absorption
(~ 65% at 450 nm) and quickly release the light energy as a thermal energy. Using
this simple principle, we demonstrate the target DNA amplification within 5
minutes on 30 cycles. In addition, a comprehensive heat transfer simulation of the
photonic PCR is carried out to improve the performance of the photonic PCR.
Simulation of heat transfer model demonstrates the importance of optical absorption
of Au and thermal diffusivity of materials on heating and cooling ramping rates.
Finally, the development of a new integrated molecular diagnostics is demonstrated
for bacterial detection in urine samples.
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CHAPTER 2

SAMPLE PREPARATION FOR BACTERIAL
ANALYSIS

In this capture, we presented a microfluidic device that concentrates and
separates bacteria selectively with specific antibody in a continuous flow as shown

a Inlet Cross-section AA’

Upper channel Porous membrane

TN

Lower channel

Outlet

Isolation of bacteria

; Light

m) : Flow direction Photothermal lysis
Figure 2.1 Overview of a microfluidic device for sample preparation (a) Schematic of
the microfluidic device. It consists of top and lower channels and a porous membrane.
(b) Preconcentration and isolation of bacteria by controlling the flow direction in the
microchannel. (c) Photothermal lysis of bacteria for further analysis.
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in Fig 2.1. Theoretical models were developed to predict velocity profile associated
with the velocity through a porous wall. Then, we demonstrated a two different
lysis methods in the microfluidic device.

2.1 ANALYTICAL SOLUTION OF FLOW WITH ONE POROUS
WALL IN MICROCHANNEL FOR ENRICHMENT OF
BACTERIA ON A CHIP

In this chapter, we start by seeking a similarity solution of separable form
for the power-law fluid flow problem in a porous walled geometry as a basis for
further work in subsequent chapters. We then construct a small Reynolds number
expansion of the flow function coming from the similarity solution.

We consider two parallel plates which has one porous wall (Fig. 2.2). The
dimension of the channel is length L, width W, and height H. Fluid enters at x = 0
and either passes through the channel at x = L or the porous wall along the channel.
The list of assumptions required to obtain an analytical solution is as follows:

e Physical properties of fluid are invariable: constant p (density), v (viscosity)

ov;  0vj
+ axi)

e Newtonian, isotropic fluid: 7;; = “(ax-
]
e Incompressible fluid: L;—’t) -0

e Fully developed flow at x = 0: u = u(x) only, parabolic velocity profile.
e Laminar flow

y
U. Zh OL. X

I

P.

n’

” RARRREREE
P 74

outr

L |

Figure 2.2 Schematic of flow with a porous wall in microchannel. Pi» and Uin are the
pressure and the velocity at the inlet of the channel. Pouit and V are the pressure and the
velocity at the outlet of the porous wall, respectively.
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e Uniform porosity
e Constant suction

General governing equations are set as the following:
1. Continuity equation' D—p =0

2. Momentum equation: (L_‘; )= vp + uviu

Applying assumptions above, the equations are simplified:

ou ov

P 5=0, (2.1)
(v +vE)= -2+ (ﬁnrﬁﬁ 2.2
p ox ay) ox H 0x2 oy2 /)’ (2:2)
TR T s
P\%ox vay oy H\5x2 dy? (23)

We introduce a stream function (i) that is defined as follows:

_ _ _%
u=°,v= (2.4)

The continuity equation (2.1) is automatically satisfied with this stream function.
Also, we introduce non-dimensional variables and number,

X y u % v pVh
X =-, == u =-, v : =—, Re, = — 2.5
P h > > v P (2.5)

, Where Re, is the Reynolds number. Using dimensionless variables and the
Reynolds number, we can rewrite (2.2) and (2.3) as

ou* L ou* h oP 1 (azu* o%u* )

u” v = —— , 2.6
ox* T oy* pVZ ax + Re, \9x*2 + dy*? (2.6)
ov* av* h OP 1 [0%v* 9%p*

LT T ) e
dx* T oy* pVZay T Re, \9x*? T oy ! (2.7)
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To obtain analytical solution, we will use the similarity solution suggested by
Berman?,

Y (x5y) = x"GQy") (2.8)

The velocity components (2.4) in terms of the similarity solution (2.5)
are

*_61,11_*,* *__all'__ *
u* = ay*—xG(y ), v'= o G(y") (2.9)

Using (2.9), the momentum equations (2.6), (2.7) are reduced after the following
manipulation,

vt pan DG ) WG YNy _ R 9P | 1 (PG ), 226
x'6' N LI+ (-6 ELEY) = - Ly (R TR,
(2.10a)
* ! * 2 * * i1 * h opP 1 *x I *
X (@O =X CHIC ) = it = (6 B)),  (2.100)
LI (G )+ CHIC )+ —G" () (2.10c)
pV2 ox* Rey ' '
w it pxy 0(=G(Y")) wy 0=GCOY )Y _ h 0P 1 (9%2(-G(y") , 9%(-G(¥")
x'6' ISR+ (-6 TGEY) = - L (FEER 4+ 2CEY),
(2.11a)
N .| SO P
GOICO) = —255" 7 6O (2.11b)
h 0P % I % i 1%
~oviay — GOIGG) + =60, (2.11c)

The right side of (2.10c) is a function of x only. Therefore, by Differentiation of
(2.10c) with respect to y*, we obtain
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a h 0P 0 I % * 1"k 1 e
= (GE5) = 0= = (@O +6BIE" G + 26" (),

(2.12a)

! * 144 * ! * 144 * * 1244 * 1 rrrr *
=26'(YN)GC(Y) + GOHCTY)+ I +R_e,,G ") =0,

~ Re, (GG () — G'(yHGC" (™) + 6" (y") = 0,0r

Re, (GG " (") — (G'O)N?) + 6"y = k.

The boundary conditions are
vi=—-GUy*= -1)= -1,

uw=x¢(y*=4+1)=0, v'=-Gl*= +1) =0,

ou* "Lk _
=" =0)=0

(2.12b)
(2.12¢)

(2.12d)

(2.13)

(2.13b)

(2.13¢c)

Now, for very small Re, we try to obtain a steady solution using perturbation

expansion?,

G(y ) = Zn:OERev gn(y )’ k = Zn:OERev ke,

(2.14)

We substitute (2.14) into (2.12d) and compare the coefficients of the power series.
Because of low Re, we utilize the perturbation expansion up to the second order:

2
Re, ((go(y*) + Reyg:(y") + SRe, g2(v) + ---)(go”(y*) + Reyg,"(y") +

2 2
Revzgzn(y*)_l_ +...)_(gor(y*) + Revglr(y*)_l_ %Rev ng(y*) +) >+

nr * nr * nr * 1 2
90" (") + Reygi"(v") + Rey”g."'(v*) + .. = ko + Reyky + SRey ky + -,
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90" (y") = ko, (2.15b)

Rey( 909" () = 90" () + g1 (¥")) = Reyky, (2.15c)

* n * n * * ! ! 1 " * 1 2
Re,* (9o )g" ) + 9." g1 () = 290’91 + 592 () = S Rey, ks,

(2.15d)

Boundary conditions can be rewritten from (2.13):
go(y* =-1) = -1, (2.16a)
9 =41 =0 ,g,(y"=+1) =0, (2.16h)
gn"'(y"=0)=0. (2.16¢)

From (2.15b), we can obtain solutions up to second order with boundary conditions
(2.16):

. 1, 3, 1
o) = =y + Sy —, (2.17a)
*) 1 *7_1 x4 i x4 67 *3_i * i
9:(v") = 11207 327 +32y +1120y 2807 +32’ (2.17b)
3 57
k = —E—QRev + .- (2.18d)

Now, based on flow velocity profile, we consider mass concentration
polarization during crossflow as shown in Fig. 2.3. The higher polarized
concentration means that most of bacteria moves toward the surface of the porous
membrane. First, the governing equation of diffusion is following:

ac ac d2c d2c
ua+v5— DO(—+—). (2.19)

When the Re, is small, diffusion along with x is negligible compared with
transverse diffusion:

92C
%2 0. (2.20)
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We introduce non-dimensional variables and number:

X _Y _u e Y -
X = y = u = % —U,Pet—D0 (2.21)

, Where Pe; is the transverse Peclet number and D, is diffusivity. Using (2.21), we
simplify (2.19) into

« 0C L« 0C, _ 09%C 9%¢
The boundary conditions are
ac .
Pe,.C = 3y (@y* =—-1), (2.233)
0
¢ —0(@y =1), (2.23b)
ay

1.0
c 054 —
.8
= _
o
(o}
S
o 0.0
)]
N
©
£
S
pd

-0.5

-1.0 T

"10 08 06 04 -02 0 02 04 06 08 10
Normalized velocity

Figure 2.3 The velocity profiles with different Re,,.
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We assume
Cx*y") = AX)BYY). (2.24)
Substituting (2.9) and (2.24) into (2.22), we obtain:

Pet(x*G’(y*)B(y*)A’(x*) _ G(y*)A(X*)B’(y*)) — A(X*)B”(y*) )

*A,(x*) _ 1 * I (% L 1k

The left side of (2.25) is a function of x only and the right side of (2.25) is a function
of y only. Therefore, (2.25) should be equal to constant (a). We can rewrite (2.25)
as:

aG By = GOMB ) + 5B 0,

d
dy*

Pe:(a+1)G'(y)B(y") = = (B'(») + PeG(y)B("). (229)

Integrating (2.26) on interval [-1,1] yields:

Pe,(a+1) [  G'(y)B(y)dy* = [B'(y") + Pe,G(y)B(y")] L;.
(2.27)

Using boundary conditions of B'(y*), G(y*), and B(y™*), the right side of (2.27) is
zero. Therefore, the left side of (2.26) is zero:

(a+1) f_l1 G (y)B(y")dy* = 0. (2.28)

In (2.27), a must be -1 because G'(y*) and B(y*) are non-zero terms. Thus, in
(2.26),

B'(y*) + Pe,G(y")B(y*) = 0,

B,(y*) *\ __
s + Pe,G(y*) = 0. (2.29)
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Integrating (2.29) yields:

InB(y*) —InB(—1) = —Pe, f_yl* G(y"dy”,
B(y*) = B(~Dexp(Pe; [°, G(y*)dy"). (2:30)

Using (2.14) and (2.17), we obtain

: % « w 1 noy* . . 1, 3 ., 1 , 13
)2 Gydy” = n-o— Re, /2 g,0Mdy" = ——yt Sy sy T
Rev(...) .
(2.31)
By the way, we obtain A(x*) from (2.25) and a = —1:
Ay = -2 (2.32)
Therefore, we obtain
Cix',y") = ABO) = == exp(Per(=y™ — 2y +2y" + =+
Re,(-+))).
(2.33)
We assess the concentration at the wall (y* = —1) as follows:
. A0 13
C,(x*—-1) = — ;*) exp(gpet). (2.34)

Therefore, we normalize concentration profile using (2.33) and (2.34):

Cy) _ L ow4 03 42 1, 13
Cow(x*=1) exp(Pet( ey Ty 2y 16))' (2:35)
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As shown in Fig. 2.4, we found that concentration near the wall is higher as Pe; is
bigger.

In this chapter we have found a similarity solution for the flow of a power-
law fluid in a channel driven by fluid injection or suction through the porous channel
walls. We have then used this solution as a basis for a small Re expansion of the
solution, for linear spatial and temporal stability problems and then presented the
equivalent regularized problems for flow and stability calculations. In subsequent

chapters we restrict attention to the power-law fluid with exponent n € (0, 2).

Flowing materials modelled by power-law fluid viscosity models are more
commonly found with their power-law exponents in this range than for n > 2. We
shall further restrict attention of the fluid flow to that within a one porous walled
channel, corresponding to the problem selection parameter E = 1.

1.0
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Figure 2.4 Normalized mass concentration profile.
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2.2 FABRICATION OF MICROFLUIDIC DEVICES FOR SAMPLE
PREPARATION AND SELECTIVE BACTERIA CAPTURE

The microfluidic device for sample preparation and selective bacteria capture
consists of a top layer made by poly (dimethylsiloxane) (PDMS) bonded to a glass
substrate. The PDMS layer is fabricated using soft lithography techniques in Fig 2.5.
The fabrication process began with wafer cleaning. A wafer was ultrasonicated with
acetone for 5 minutes due to removing organic contamination. Then, a wafer was
ultrasonicated with isopropyl alcohol (IPA) for 5 minutes followed by DI water
rinsing and blowing with nitrogen gas. Rinsed wafer was placed on a hot plate at

a b Photoresist
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Figure 2.5 Fabrication of a PDMS device using photolithography. (a) Cleaning of
silicon wafer. (b) Spincoating of photoresist on a silicon wafer. (c) UV exposure on a
silicon wafer and a photomask. (d) Master mold of a PDMS layer. (e) Pouring, curing,
and peeling off a PDMS layer. (f) Bonding of the PDMS layer on a glass substrate
using oxygen plasma treatment.

27



200 °C for 15 minutes for dehydration. After dehydration, the wafer was treated
with oxygen plasma for 1 minute as an extra cleaning. Then, SU-8 3035 photoresist
(MicroChem, MA) was spread on the wafer at 500 rpm for 15 seconds and then,
spin-coated at 2000 rpm for 30 seconds to produce a 50-um layer. The wafer was
transferred to a hot plate with 95 °C for 30 minutes as a soft bake step. Soft bake
reduces the remaining solvent of photoresist, which allows to avoid mask
contamination, improve resist adhesion, prevent bubbling, and make photoresist
uniform?®. Next, the soft-baked wafer was placed below the mask and exposed to the
ultraviolet light for 15 seconds. Then, the exposed wafer transferred to a hot plate
with 95 °C for 10 minutes as a post exposure bake step in order to reduce mechanical
stress generated during soft bake and exposure steps and improve resist adhesion®,
The wafer cooled down to room temperature and was immersed in SU-8 developer
(MicroChem, MA) and gently shook for 15 minutes. After development, the wafer
was rinsed with IPA and DI water followed by drying with nitrogen gas. The
photoresist-patterned wafer was coated with (3-Mercaptopropyl) trimethoxysilane
for 3 hours in a vacuum chamber in order to prevent PDMS from adhering to the
wafer. PDMS polymer and curing agent (Sylgard 184, Dow Corning) were prepared
at 10:1 (w/w) ratio, poured on the wafer, degassed in a vacuum chamber for 2 hours,
and cured in a 65 °C oven overnight to make a PDMS fluidic layer. The PDMS layer
was carefully peeled off from the wafer and cut into each piece. Fluidic inlets and
outlets were punched through with a 0.75 mm puncher. Then, the PDMS layer and
a glass layer were treated with Oz plasma for 40 seconds, bonded to each other and
stored in a 65 °C oven for 1 hour. The microfluidic device was degassed overnight
for removing unnecessary bubble in microfluidic channels.

2.3 ENRICHMENT AND EFFICIENT SELECTIVE BACTERIAL
CAPTURE FROM WHOLE BLOOD IN A 3D
MICROCHANNEL

Enrichment of green fluorescent protein (GFP)-expressing E. coli.

In order to perform bacterial enrichment in a microfluidic device without a
centrifuge, we designed and used membrane-based preconcentration module in the
microfluidic device. In this experiment, the microfluidic device was investigated
under a fluorescent microscope to image the enrichment of GFP-expressing E. coli.
When observing under a bright-field conventional microscope, it was difficult to
distinguish between the pores of porous membranes and E. coli. The sizes of E. coli
(1-2 um in length) are larger than the pore size of porous membrane (less than 1
um). Figure 2.6 shows that sequential fluorescent images of E. coli on the porous
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membrane within 3 minutes from 1-ml of bacterial suspension in PBS. Bacterial
concentration was 10° cells/ml. Due to the size difference between E. coli and pores,
most of E. coli didn’t go through pores of the membrane even if the flow rate was
high enough. To estimate the enrichment factor, we assumed that all E. coli were
covered on the porous membrane only. The volume which all E. coli occupy was

0.0565 wl (Vg coni = %Dchamberzh, D hamper 1S the diameter of the chamber, h is

the length of E.coli.) and the sample volume was 1 ml. Therefore, the enrichment
was estimated as about 17,700.

Selective capture of Bacteria in 3D microchannel.

In the previous experiment, we were able to preconcentrate bacteria on the
porous membrane in the 3D microfluidic device. To capture specific species of
bacteria selectively, we used monoclonal antibodies (MAbs) on the surface of the
chamber. Abs-based methods of capturing and separating bacteria have been well
developed due to high specificity and sensitivity>®. However, most 2D microfluidic
device needed high bacterial concentrations because the chance for bacteria and
antibody to bind was low, which was a major limitation of antibody-mediate
methods (Fig. 2.7a). To overcome this limitation, we designed and tested a 3D
microfluidic device including porous membrane (Fig. 2.7b). As shown in Fig. 2.7b,
during incubation and preconcentration step, bacterial suspension entered in a top
layer, flew through the porous membrane, and went out to the bottom layer only.

=1 0 sec ] 30 sec
20 um

d 90 sec

Figure 2.6 Enrichment of E. coli on the porous membrane in the microfluidic device.
(a) — (f) Sequential fluorescent images of GFP-expressed E. coli every 30 seconds.
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Then, unbound bacteria were washed out through the top layer. To verify this
concept, we tested a 2D microfluidic device and a 3D microfluidic device with the
same channel design. We used monoclonal anti-E. Coli antibody (CH1810, Silver
lake research, CA). Figure 2.8 shows that the number of bacteria measured on
the surface of the porous membrane over the total injected cells in chip. Comparing
2D conventional microfluidic device, the 3D microfluidic device was able to detect
the bacteria at two order lower bacterial concentration. Then, we applied the 3D
microfluidic device for different Gram-negative bacteria, Klebsiella pneumoniae (K.
pneumoniae). We incubated polyclonal anti-K. Pneumoniae antibody (PA1-7226,
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Figure 2.7 Schematic representation of on-chip immunoassay. (a) Conventional 2D
microfluidic device for immunoassay. (b) 3D microfluidic device for this experiment.
1) Incubation and preconcentration of bacteria for binding bacteria to the surface of
porous membrane. (Only outlet of bottom layer opens.) 2) Washing of unbound bacteria
and other components. (Only outlet of top layer opens.)
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Thermo fisher scientific) on the surface of the porous membrane. As shown in
Figure 2.9, we also detected K. pneumoniae on the surface as low as 10* cells/ml.
Capture efficiency was about 10 %.
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Figure 2. The number of captured E. coli on the porous membrane in the microfluidic
device comparing between 2D and 3D microfluidic device.
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Figure 2.9 The number of captured K. pneumoniae on the porous membrane in the
microfluidic device.
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Preconcentration and selective capture of bacteria from whole blood in 3D
microchannel.

In a blood sample, there are many components such as white blood cells, red
blood cells, proteins, and platelet. Due to interfere of other components in blood, it
is difficult to detect bacteria from a blood sample. Thus the bacteria should be
selectively isolated and captured from blood®*°. In addition, in sepsis, because the
number of bacteria in a blood sample is low, preconcentration of bacteria is also an
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Figure 2.10 Isolation of bacteria from diluted whole blood (a) Procedure of sample
preparation. 1) Preconcentration and selective capture of bacteria on the antibody-
mediated porous membrane. 2) Washing of unbound bacteria and other blood
components. (b) The number of captured E.coli on the porous membrane.
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important step. Therefore, without a step of sample preparation, we demonstrated a
simple 3D microfluidic device with porous membrane to preconcentrate, isolate,
and capture bacteria from a blood sample. Figure 2.10 shows how the 3D
microfluidic device works. A blood sample comes from the inlet and the outlet of
the lower layer only closes. Thus, all of the blood sample pass though the porous
membrane. While sample flows through the membrane, bacteria are captured by
antibodies on the surface of the membrane. In this case, bacteria have more
opportunities to meet antibody than sample flows parallel to the surface of the
porous membrane. In addition, we can handle a large volume of sample and
preconcentrate bacteria on the surface. After capturing bacteria, the outlet of the
bottom layer closes and the outlet of the top layer opens. Flow direction changes
parallel to the surface of the porous membrane. Thus, unbound bacteria and blood
cells come out to the outlet of the top layer and only bacteria on the surface of the
porous membrane are captured by antibody. A total of 10* — 10" GFP-expressing E.
coli cells per ml were spiked into 1:20 diluted blood and isolated at a flow rate of
10 pl/min. Bacteria were captured on the surface as low as 10* cells/ml.

24 CHEMICAL LYSIS OF BACTERIA ON A CHIP

After capturing bacteria in the chamber of the device, chemical lysis of
bacteria was performed in Fig. 2.11a. Chemical lysis is one of the most popular
methods using lysis buffer to solubilize lipids and proteins in the membrane, which
forms pores on the membrane and eventually breaks the membrane!*3, Here, we
tested and compared two popular lysis buffers, polymyxin B and lysozyme. To
characterize chemical lysis of bacteria in the device, the porous membrane of the
3D devices was incubated with anti-E. Coli antibody for 2 hours at 37 °C. After
washing the device with PBS, GFP-expressed E. coli suspension flew into the
device as shown in Fig. 2.11b. Then, the bacterial suspension was replaced with
different concentration of polymyxin B and lysozyme!+1¢ (Fig. 2.6a). Fluorescent
images of the captured cells on the surface of the porous membrane were taken using
a stereo zoom microscope (Axio Zoom.V16, Car Zeiss Microscopy, USA). In
Figure 2.11b and c, we found that the fluorescent intensities of GFP-expressing E.
coli were decreased over time due to breaking the membrane of E. coli. Then, we
quantified the fluorescent intensities of GFP-expressing E. coli (Fig 2.11 d and e).
In polymyxin B, fluorescent intensities of GFP-expressing E. coli were reduced to
20% of the original intensities after 5 minutes. By comparison, in lysozyme, it took
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Figure 2.11 Chemical lysis of bacteria in the
illustration of the chemical lysis of bacteria. (b), (d) Representative sequential
fluorescent images of a single GEP-expressing E. coli (concentration of polymyxin B:
10 pg/ml) and the fluorescent intensity of a single E. coli over time after the introduction
of polymyxin B (n = 3). (¢), (e) Representative sequential fluorescent images of a single
GEP-expressing E. coli (contentration of lysozyme: 100 pg/ml) and the fluorescent
intensity of a single E. coli over time after the introduction of lysozyme (n = 3).
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about 20 minutes for the fluorescent intensities to decrease to 20% of the original
intensities. Thus, polymyxin B was more effective in lysing E. coli than lysozyme
in the microfluidic device. The main target of polymyxin B is lipopolysaccharide of
outer membrane of Gram-negative bacteria, whereas it may be little effective in
lysing Gram-positive bacteria’®.

2.5 ULTRAFAST PHOTOTHERMAL LYSIS OF BACTERIAON A
CHIP

Figure 2.12a shows the schematic illustration of photothermal lysis on the
device. After capturing bacteria in the chamber of the device, a blue light comes to
the gold (Au)-deposited porous membrane. The Au-deposited porous membrane
converts electromagnetic energy (light) to thermal energy (heat), which increases
the temperature of the chamber and lyses bacteria. Under plasmonic resonance,
this phenomenon is enhanced, which called a photothermal effect. Au-deposited
porous membrane absorbs electromagnetic energy efficiently in the wavelength of
400 - 500 nm (Fig. 2.12b). To verify the photothermal lysis of bacteria, we
deposited 80-nm of Au on the polycarbonate porous membrane (GE Healthcare
Bio-Sciences, USA) using an e-beam evaporator (Rocky Mountain Vacuum Tech,
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Figure 2.12 Schematic illustration of photothermal lysis of bacteria in the microfluidic
device. (a) Procedure of photothermal lysis of bacteria with a blue light (A = 447.5 nm).
Au-deposited porous membrane absorbs the light and generates heat from the absorbed
light. (b) UV-vis spectrum of an Au-deposited polycarbonate porous membrane. The
peak wavelength of the light was 447.5 nm.
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USA). After bonding the porous membrane to the device using Oz plasma, E. coli
were captured on the membrane. Then, we irradiated the Au-deposited porous
membrane using a 447.5 nm LED (Luxeon star LEDs, Canada). Then, viability
tests were performed on bacteria using a LIVE/DEAD bacterial viability kit
(Thermo fisher scientific, USA) to quantify live and dead bacteria on fluorescence
stereo zoom microscopy (Axio Zoom.V16, Car Zeiss Microscopy, USA). Firstly,
we investigated the temperature profile of the chamber with the Au-deposited
porous membrane at different input powers (Fig. 2.13b). With 0.5 W of input
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Figure 2.13 Photothermal lysis of bacteria in the microfluidic device. (a) Fluorescent
images of E. coli after the introduction of a blue light (A = 447.5 nm) for the time below
images. Green dye: all bacteria (SYTO 9 stain), Red dye: dead bacteria (propidium
iodide stain). (b)Temperature profile of photothermal lysis at different input powers of
a LED. (c) Viability of E. coli after photothermal lysis after the introduction of a light
for the time. The power of light was 0.5 W.
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power, the temperature of the chamber reached 95 °C for 35 seconds, which is
high enough to lyse intact bacteria using light and Au-deposited porous
membrane. Figure 2.13a shows the fluorescent images of bacteria stained by
SYTO9 and propidium iodide for 20 minutes after the irradiation of the LED for
the time below. SYTO 9 is a dye small enough to penetrate the cell membrane and
stain the nucleic acids of both dead and live bacteria in green, while propidium
iodide is too large to penetrate live cells. Thus, propidium iodide stains only dead
bacteria in red. Thus, all live and dead bacteria look green while photothermally
lysed one look red. Fig. 13c shows the number of dead cell following irradiation
for various lengths of time.

26 BACTERIAL LYSISWITH PULSED LIGHT

Photothermal lysis is a good candidate for lysing bacteria. However, due to
high temperature, it is not good for detecting proteins or enzymes inside cells.
Therefore, we demonstrated the bacterial lysis not increasing the entire temperature
much. Figure 2.14a and b show the time schedule to turn on and off the light and
their temperature profiles, respectively. In case of 0.6s/15s, the maximum
temperature of the chamber was below 35 °C. Also, comparing to Fig. 2.13a, the
temperature of the chamber with pulsed light was at least more than 30 °C than the
case of continuous light. Figure 2.15a shows the fluorescent images of bacteria
stained by SYTO9 and propidium iodide for 20 minutes after the irradiation of the
LED for the time schedules shown in Figure 2.14b. Even if the short time of turning
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Figure 2.14 Photothermal lysis of bacteria with pulsed light. (a) The time schedule of
turning on and off light. (b) The temperature profiles of (a).
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on, some bacteria began to be dead. In addition, in the case of 2s/15s (on/off), more
than 80 % of bacteria were dead in 3 minutes (Fig. 2.15b).

Negative control LED ON for 0.6 sec / OFF for 15 sec (10 cycles)
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Figure 2.12 Viability test of bacteria after photothermal lysis with pulsed light.
Fluorescent images of E. coli after the introduction of pulsed light (A = 447.5 nm). Green
dye: all bacteria (SYTO 9 stain), Red dye: dead bacteria (propidium iodide stain). (b)

Viability of E. coli after photothermal lysis after the introduction of a light for the time.
The power of light was 0.5 W.
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2.7 CONCLUSION

In this chapter, we demonstrated a microfluidic device for sample preparation.
Firstly, we analytically calculated the flow in microchannel with a porous wall. The
lateral velocity profile is a function of Reynolds number of the escaping flow though
the porous wall, which affects the distribution of bacteria on the porous wall. Then
we demonstrated 3D microfluidic device with porous surfaces. By controlling the
flow direction, we could preconcentrate and selectively capture bacteria on the
surface of the porous membrane. Furthermore, unbound bacteria and blood cells
were washed out as shown in Fig. 2.10. We decreased limit of detection by two
orders comparing to a 2D microfluidic device. Then, we integrated chemical lysis
and photothermal lysis with the microfluidic device. Especially, photothermal lysis
enabled us to lyse bacteria in 1 minute.
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CHAPTER 3

ULTRAFAST PHOTONIC PCR AT
POC SETTINGS

3.1 ABSTRACT

Polymerase chain reaction (PCR) is one of the most sensitive and powerful tools for
clinical laboratories, precision medicine, personalized medicine, agricultural science,
forensic science, and environmental science. Rapid and portable PCR, characterized by
low power consumption, compact size and simple operation, is ideal for timely diagnosis
at the point-of-care (POC). Although several fast/ultrafast PCR methods have been
proposed, the use of a simple and robust PCR thermal cycler remains challenging for POC
testing. Here we present an ultrafast photonic PCR method using plasmonic photothermal
light-to-heat conversion via photon-electron-phonon coupling. We demonstrate an
efficient photonic heat converter using a thin gold (Au) film due to its plasmon-assisted
high optical absorption (~65 % at 450 nm, peak wavelength of heat source LEDSs). The
plasmon-excited Au film is capable of rapidly heating the surrounding solution to over
150
°C within 3 min. Using this method, ultrafast thermal cycling (30 cycles; heating and
cooling rate of 12.79 + 0.93 °C/sec and 6.6 =+ 0.29 °C/sec, respectively) from 55 °C
(temperature of annealing) to 95 °C/sec (temperature of denaturation) is accomplished
within 5 minutes. Using photonic PCR thermal cycles, we demonstrate successful nucleic
acid amplification. Our simple, robust and low cost-approach to ultrafast PCR using an
efficient photonic-based heating procedure could be generally integrated into a variety of
devices or procedures, including on-chip thermal lysis and heating for isothermal
amplifications.

3.2 INTRODUCTION

After its initial invention in 1983 by Kary Mullis, polymerase chain reaction (PCR)
has become an essential technique in the field of clinical laboratories, agricultural science,
environmental science, and forensic science'. PCR requires thermal cycling, or repeated
temperature changes between 2 or 3 discrete temperatures to amplify specific nucleic acid
target sequences. To achieve such thermal cycling, conventional bench-top thermal cyclers
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generally use the metal heating block powered by Peltier elements. While commercial PCR
systems are improving heating and cooling rates to reduce amplification time, they are still
relatively time-consuming (typically requiring an hour or more per amplification). This can
be attributed to the larger thermal capacitance of a system that requires uniform heating
96- or 384-well plastic PCR plates and reaction volumes of several tens of microliters per
well. Since fast/ultrafast PCR is highly desirable for applications such as timely diagnosis
of infectious diseases, cardiac diseases, cancer, neurological disorder diseases, and rapid
biowarfare and pathogen identification at the point-of-care (POC) level, many academic
and industrial groups have been improving PCR systems®2, One commercial PCR system
(LightCycler® 2.0) using air heating/cooling and capillary tubes can perform 30 thermal
cycles from a minimum of 10 minutes to a maximum of 60 minutes, depending on sample
volume. However, this system is not suitable for POC testing due to high power
consumption (800 W maximum) and heavy weight (~22 kg). For POC diagnostics for
global healthcare in resource-limited environments like in developing countries, a fast PCR
system should be portable, robust, simple, and easy-to-use and characterized by low power
consumption through miniaturization and integration. To date, the microfluidic-based
fast/ultrafast PCR systems have been extensively investigated to reduce amplification time
by decreasing sample sizes as well as by increasing heat transfer rates. Resistive heating
with micro-fabricated thin film heaters is most commonly used to control temperature in
the static microfluidic-based PCR system, in which the PCR runs in the microfluidic
chamber®*, However, this method requires a complicated fabrication process to integrate
the thin film heater and resistance temperature detection sensor on chip. In the case of
continuous-flow PCR on a chip, the PCR amplification occurs when the reaction samples
pass thorough three discrete temperature zones. This method can produce faster thermal
cycling for PCR, but requires an external syringe pump for continuous-flow control and
lacks the ability to perform multiple reactions at the same time. Another approach includes
infrared (IR) mediated non-contact selective heating of water droplets (pico- or nanoliter
sample volume) for ultrafast thermal cycles using an IR laser or filament lamp, which
harnesses the strong absorbance of water at wavelengths over 1000 nm®. However, droplet
formation of the PCR mixture is a precise process prone to human error, a drawback of this
method for POC testing.

More recently, efforts have been made to utilize the advantages of plasmonic
photothermal heating of gold nanoparticles (AuNPs), using pulsed or continuous-wave
laser excitation for photothermal therapy of cancer!? and fast PCR®3, for example. But this
arrangement is not ideal for POC testing, as it requires not only expensive lasers and
detection systems, but also has a problem of controlling reliable AuNPs-based sample
preparation.

In this chapter, we present a novel ultrafast photonic PCR method which combines
the use of thin Au film as a light-to-heat converter and light-emitting diodes (LEDs) as a
heat source Using this method, ultrafast thermal cycling (30 cycles; heating and cooling
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rate of 12.79 + 0.93 °C/sec and 6.6 £ 0.29 °C/sec, respectively) from 55 °C (temperature of
annealing) to 95 °C/sec (temperature of denaturation) is accomplished within 5 minutes.
Strong light absorption of the thin Au film generates heat due to the plasmonic
photothermal light-to-heat conversion by photon- electron-phonon coupling at the thin Au
film, followed by heating of surrounding solution with a maximum temperature of over
150 °C within 3 min. Ultrafast thermal cycling (30 cycles; heating and cooling rate of 12.79
+ 0.93 °C/sec and 6.6 £ 0.29 °C/sec, respectively) from 55 °C (temperature of annealing)
to 95 °C/sec (temperature of denaturation) is accomplished within 5 minutes. Using this
technique, we successfully demonstrate the amplification of A- DNA. We propose that our
PCR system would be ideal for POC diagnostics due to its ultrafast thermal cycling
capability, multiplex PCR, low power consumption for the PCR thermal cycling (in current
set-up, up to ~3.5 W), low cost and simple configuration for system level integration.
Furthermore, our efficient photonic-based heating procedure could be generally integrated
into a variety of devices or procedures, including on-chip thermal lysis and heating for
isothermal amplifications.

3.3 PRINCIPLE OF PHOTOTHERMAL HEATING

Analytical study of the optical properties of metals

Metals have enormous densities of free electrons which do not experience resilience
from the medium when interacting with light'4. Furthermore, metals can be considered as
plasmas because they consist of equal numbers of fixed positive ions in their centers and
free electrons — An electrically neutral medium of charged particles is called a plasma.
Especially, the noble metals such as copper (Cu), silver (Ag) and gold (Au) are in 11™
group of the periodic table. The electron configuration of gold, for example, is
[Xel4f1*5d°6st. The valence electrons in half-filled 6s bands cause the characteristic
properties of gold such as electrical and thermal conductivity.

The electrons in half-filled 6s bands can be treated as plasmas and described by
Drude-Lorentz model. We begin to consider the oscillation equation of a free electron in
an external electric field e(t) = gye ¢,

d?x

i ax _ — — —iwt
my—5 +mey — = ee(t) = —eg et (3.1)
where, m, is an electron of mass, x is the displacement of the electron, y is a damping
constant. Using x = x,e~““* and equation 3.1, we obtain

X= ——— (3.2)

mo(w2+iyw)’
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The dipole moment of a single electron is defined by p = —ex and the polarization of the
628
mo(w?+iyw)
volume, N. From the definition of the electric displacement D, we can rewrite

gasisequaltoP = Np = —Nex = —N , with the number of electrons per unit

D = €,.€4¢ (3.3)

= €€+ P (3.4)
Ne?s

= €p€ — m. (3.5)

Using equation 3.3 and 3.5, we can obtain

€ (w) =€ (w) +ie,(w)=1 — Ne? L -1 - (3.6)

eomo (W2+iyw) (w2+iyw)’
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Figure 3.1 Complex dielectric constant of Au using the experimental data®’ and Drude model.
Inset figure: Schematic representation of the band structure of Au. &5 is the energy of Fermi
level and w;;, is the interband frequency of gold. Inset figure adapted from ref. 16 with
permission. Copyright (2011) American Chemical Society.
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w, = (’V‘"2 )1/2. (3.7)

€My

The Drude model explains the dielectric constants well in the near-IR region of
spectrum, but it doesn’t in near-UV and visible region due to interband transitions®>. The
interband transition energy is 2.4 eV. Thus, the dielectric constant of Au can be modified
as

(w) +1 “b b1 e +'( T )
r tb (w2+iyw) tb,1 w2+y2 b2 T G (w2+y2))!

(3.8)

where ¢;, is the interband contribution'®. Figure 3.1 shows the real and imaginary

components of the dielectric constant for bulk Au and the experimental €, is higher than
that of the Drude model above 2.4 eV (= 516 nm of light) due to the interband transition®’.
From Beer’s law, we can obtain the absorption coefficient:

a
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/ \ Elect % | |
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\ / interband i i ®®
/ excitation -0 |
Radiative decay Non-radiative decay
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e - e scattering o e - phonon scatterlng |
Non-equilibrium hot electron Hot electron distribution Thermal dissipation

Figure 3.2 Schematic process of excitation and relaxation of metals after light
absorption. (a) Illustration of radiative and non-radiative decay in metals following light
absorption. (b) Schematic representations of non-radiative decay (photothermal
process).
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o = MK 2me;
A e

(3.9)

,where A is the vacuum wavelength of the light. Thus, the absorption is mainly determined
by €, and as shown in Fig. 3.1, the absorption of Au increases over 2.4 eV because the
interband transition occurs.

Photothermal effect of Au

When metals are irradiated with a highly energetic light, light can be trapped
efficiently, called the plasmon resonances®®. Excited plasmons can decay either through
radiative or non-radiative processes'® as shown in Fig. 3.2a. Radiative decay can occur
through re-emission of photons when the energy of electrons exceeds the work function of
metals?°. Because the work function for thin Au film was about 5.3 eV2!, the probability of
radiative decay is quite low. Non-radiative decay happens by transferring the energy to hot
electrons. Transfer of the energy falls into two processes, interband excitation within the
conduction band and intraband excitation from other band to the conduction band??. Figure
3.2b shows the processes of non-radiative relaxation after generating hot electrons. The
energy of hot electrons is distributed to lower-energy electrons via electron-electron
scattering (i.e. Auger transitions) on a relaxation timescale in a range from 100 fs to 1 ps?3.
Then, these excited electrons interact with the phonons on several picosecond time scale,
described well by the two-temperature model (TTM)?*. Finally, the energy is transferred
to the environment as a heat dissipation.

3.4 SIMULATION OF OPTICAL PROPERTIES ON THIN AU FILM

We performed a set of electromagnetic simulations to theoretically characterize the
plasmonic photothermal light-to-heat conversion of our Au films. We used COMSOL
Multiphysics software for electromagnetic simulation. The detailed materials properties
and geometry for simulation are shown in Table 3.1 and Fig. 3.3. Thin Au film was placed

Density, p Heat capacity, C Thermal conductivity, k
(kg/m?) (J/kg-°C) (W/m-°C)
Gold 19,300 129 317
PMMA 1,180 1,420 0.19
Water 998 4,180 0.6

Table 3.1 Physical properties of material used in the simulation.
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on a PMMA substrate and water was on the top of Au film. Different thicknesses (10, 20,
40, 80, and 120 nm) of thin Au film were applied to the simulation to calculate the
absorption of the Au films and subsequent resistive heat generation. The plane wave with
x-polarized Electric field traveled in the positive z direction in the coordinate (Fig. 3.3).
The permittivity of Au used in this study was referred from Johnson and Christy’. The
permittivity of PMMA and water were 3 and 1.77, respectively. We calculated the
electromagnetic (EM) field and resistive heat distributions for 10 nm and 120 nm thick Au

films on a PMMA substrate. As expected from skin depth, 6§ = /Wia (w: angular

frequency, u: permeability, o: conductivity), the thickness of thin Au film determines the
amount of light to heat conversion. Upon a normal incidence of a 450 nm wavelength light
source, the 10 nm thick Au film transmitted an enormous amount of EM energy (Fig. 3.4a),
and the heat conversion energy was saturated along the film depth (Fig. 3.4c). However,
the 120 nm thick Au film absorbs most of the incident light (Fig. 3.4b) and subsequently
generates more heat in the Au film by converting light into heat (Fig. 3.4d). Dissipative

heat was obtained by using the heat source density given by q(r) = %Re[j - E], where J is

400
300 1
Water
200 1
,-.100'
= Au Id d=10~ 120 nm
£ 0
N
-100 1
-200 - PMMA
-300
-400 —m—mm—m—————————
-300 -200-100 O 100 200 300
X (nm)

Figure 3.3 Geometry for the simulation of electromagnetic field and resistive heat distribution
in the thin Au film with electromagnetic radiation. The thickness of thin Au film was varied
ranging from 10 to 120 nm.
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Figure 3.4 Simulation for the heat generation on the thin Au films following electromagnetic
radiation. (a — b) Calculated electromagnetic field distributions for the 10 nm (a) and 120 nm
(b) thickness of Au films on PMMA substrate. The wavelength of light is 450 nm with the
normal incident angle. (c — d) Corresponding resistive heat distribution for the 10 nm (c) and
120 nm (d) thick Au films on PMMA substrate..
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Figure 3.5 (a) Calculated absorption spectra of the thin Au films with different thickness. (b)
Light-to-heat conversion efficiency of the thin Au films averaged over emission wavelength
from 3 different LEDs as a function of Au films thickness.
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the current density and E is the electric field. Figure 3.5a shows that an increase in
thickness of thin Au film, ranging from 10 to 120 nm, corresponds to an increase in optical
absorption. Significant increase of optical absorption below 540 nm wavelength could be
attributed to the plasmonic electron resonance of gold?®. As a result, the averaged light-to-
heat conversion efficiency over emission wavelength from each LEDs increased with
increased Au film thickness for 3 different LEDs as shown in Fig. 3.5b. It is noteworthy
that the blue LEDs with peak emission wavelength of 450 nm showed highest light-to-heat
conversion efficiency with thin Au film.

3.5 EXPERIMENTS OF PHOTOTHERMAL HEATING ON THE AU-
COATED PMMA PCR WELLS

Fabrication and set-up of the thin Au film deposited PMMA PCR wells

Our photonic PCR thermal cycler used a LEDs as a heating source, PMMA PCR
wells deposited with thin Au film, and a lens to focus the excitation shown in Fig. 3.6. 4
mm-thick poly(methyl methacrylate) (PMMA\) sheets were cut with a laser cutting system
(Universal Laser System, Inc., USA) to make a reaction well with a 4-mm diameter. The

thin Au film
\
PMMA
Focus lens

Figure 3.6 Schematic illustration of an experimental setup for the LED-driven ultrafast
photonic PCR. Continuous-wave light from the blue LEDs is focused on the thin Au film
through the focus lens. The peak wavelength of LEDs was 450 nm.
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1.5 mm-thick bottom PMMA sheet and top reaction wells were bonded together using the
thermal bonding. Thermal bonding was performed at 84 °C with pressure of 1.0 metric ton
after UV/Ozone treatment of PMMA sheet for 10 minutes. The thin Au films of different
thicknesses were deposited by electron beam evaporation under base pressure of 2 x 107
Torr.

Experiments of photothermal heating of Au-coated PMMA

The optical absorption spectra of thin Au films with different thicknesses deposited
on PMMA substrate is shown in Fig. 3.7. Our simulation results could help us determine
when the strongest light absorption occurs, as this is critical to maximizing photothermal
heating. As the thickness of thin Au film increases, the optical absorption also increases,
showing 65 % absorption at the peak wavelength (450 nm) of excitation LEDs in the 120
nm-thick Au film. The light from the LEDs was continuous-wave and randomly polarized.
Therefore, the efficiency of light-to-heat conversion would be lower in this case than a
pulsed laser, because as electrons are excited to higher energy states, the probability of
further excitation decreases. Despite its possible lower light-to-heat conversion efficiency
than a pulsed light source, however, LEDs require minimal power consumption and are
extremely low in cost compared to laser sources, making LEDs an ideal PCR heating
source for POC testing. The maximum power consumption of an LED is around 3.5 W at
1,000 mA injection current. Figure 3.8a shows the temperature profiles of a 10 pl volume
of solution (here, glycerol was used to show maximum heating temperature) with different
thickness thin Au films at a fixed injection current of 500 mA. The maximum temperatures
are increased as the thickness of thin Au film increases from 10 nm to 120 nm due to the
increasing optical absorption. The photothermal heating of the 120 nm-thick Au film was
further characterized as a function of injection current as shown in Fig. 3.8b, because the
heating rate is determined by the amount of dissipated power (i.e., an injection current of
LEDs). Figure 3.9 summarizes the temperature of a solution after heating with different
thickness Au films and varying injection current for 3 minutes. These results clearly
indicated that the maximum temperatures are increased with an increase of Au film
thickness to 120 nm and an increase of injection current to 1,000 mA.
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Figure 3.7 Absorption (a), Reflectance (b), and Transmittance (c) spectra of thin Au films
on PMMA with different thicknesses of Au.
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Figure 3.8 (a) Temperature profiles of liquids with different thicknesses of Au film illuminated
by the blue LED at 500 mA injection current. (b) Temperature profiles of liquids on a 120 nm-
thick Au film with different injection current of LEDs at 120 nm-thick Au film. The peak
wavelength of blue LED we used was 450 nm.
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Figure 3.9 Comprehensive 2D map showing the distribution of liquid temperature with
different thickness of the thin Au film and injection current of LEDs after heating for 3 minutes.
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3.6 LED-DRIVEN PHOTONIC PCR THERMAL CYCLER AND
NUCLEIC ACID AMPLIFICATION

Preparation of the PCR reagent and DNA template

The forward (GCCTAACACATGCAAGTCGAA) and reverse (CAGGCAGTTTCCC
AGACATTAC) primers were purchased from Integrated DNA technologies. KAPA2G Fast DNA
polymerase (5 U/ul), 5% KAPA2G Buffer A and dNTP Mixture (10 x 1073 M) were purchased
from KAPA Biosystems. DNA extraction protocols were followed as instructed in the DNeasy
Blood & Tissue Kit (QIAGEN, CA, USA) after culturing E. coli at 37 °C for 16 hours. The PCR

reagents for this system comprised of 1 ul KAPA2G DNA polymerase, 4 pl 5x KAPA2G buffer

A, 1 pl dNTP mixture, ), 2 pl of ANTP mixture, 1 pl each of forward and reverse primers (final
concentration: 500 nM), 2 ul of BSA (final concentration: 3 mg/ml), and 9 pl of PCR grade water
The 20 puL of PCR mixture was placed within an Au- coated PMMA PCR wells for
photonic PCR, and then covered with 30 pL of mineral oil to prevent evaporation during
thermal cycling. After amplification, the amplification of amplicons was determined by gel
electrophoresis using E-Gel® 2 % agarose gels with SYBR Safe (Invitrogen, USA).

Ultrafast photonic PCR cycles

The LEDs (a peak wavelength of 447.5 nm, Luxeon Inc., CANADA) were used for
plasmonic photothermal heating of the thin Au film with a Keithley 2400 source meter. To
focus the light from the LEDs, the Carclo 20 mm fiber coupling optic (part number: 510356)
was employed. The temperature of a solution was monitored and recorded in real time by
the type-K insulated thermocouple purchased from OMEGA Engineering (part number,
5SC-TT-K-40-36) for thermal cycling. Temperature cycling using an LED, 80 mm cooling
fan, source meter and thermocouple was controlled through a microcontroller (Arduino
UNO, USA).

In order to determine maximum heating and cooling rates, a thermal cycle was
performed whereby the solution (here, 5 pl of PCR mixture covered with 30 pl of mineral
oil) temperature was rapidly cycled between 55 °C and 95 °C. The temperature range
mirrors the same denaturation (95 °C) and annealing (55 °C) temperatures. Fig. 4a shows
the ultrafast photonic 30 cycles within 5 minutes. Using the thermal cycling result, heating
and cooling rates were calculated by measuring the temperature difference between
successive temperature maxima and minima, then dividing by the time interval between
them. The average rates and sample standard deviations were obtained as shown in Fig. 4b.
The average heating and cooling rates obtained are 12.79 + 0.93 °C/sec and 6.6 +
0.29 °C/sec, respectively. The amplification of extracted DNA was performed to verify our
photonic PCR method. After running PCR reactions as shown in Fig. 4c, the amplicons
were visualized by E-Gel® 2 % agarose gels with SYBR Safe. Lane 1 represents the DNA
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Figure 3.10 Ultrafast thermal cycling and DNA amplification. (a) Representative temperature
profiles of 30 ultrafast photonic PCR thermal cycles from 95 °C (denaturation) to 55 °C
(annealing and extension). The 5 pL of PCR buffer was covered with 20 pL of mineral oil to
prevent evaporation during thermal cycling. (b) Heating and cooling rates obtained from the
ultrafast photonic thermal cycling. Heating and cooling rate were 12.79 + 0.93 °C/sec and 6.6
+ 0.29 °C/sec, respectively. (c) 2 % agarose gel results demonstrating the formation of product
from the photonic PCR thermal cycler in comparison with bench-top thermal cycler using
extracted DNA.
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marker, lane 2 was the PCR product from ultrafast photonic PCR with different cycle
numbers (94 for 0 sec, 62 for 0 sec), lane 3 contained positive controls produced from a
standard thermal cycle condition (94 or 1 sec, 62 for 1 sec, 60 cycles) by a bench-top
thermocycler (Bio-Rad C1000 Thermal Cycler). A single major band (100 bp) was detected
near 100 bp in photonic PCR. This indicated that the amplicon was successfully amplified
using our ultrafast photonic PCR method. The weak band intensity from the PCR product
amplified by photonic PCR could be attributed to the lower amplification efficiency
compared to a traditional bench-top thermal cycler. Currently, only thin Au film acts as a
2-dimensional photothermal heater, leading to a temperature gradient of the solution,
leading to potentially lower amplification efficiency of PCR. This limitation can be
improved by utilizing 3-dimensional substrate in the PCR chamber for uniform
photothermal heating of PCR mixture. Amplification time as well as reagent consumption
could be further reduced, simultaneously improving the efficiency of the PCR reaction by
faster molecular diffusion and uniform solution temperature.

3.7 CONCLUSION

In conclusion, we demonstrate a novel ultrafast photonic PCR through plasmonic
photothermal heating of thin Au films driven by LEDs. We designed and fabricated a thin
Au film-based light-to-heat converter to heat a PCR solution over 150 by harnessing gold
plasmon-assisted high optical absorption. We achieved ultrafast thermal cycling from 55 °C
(annealing) to 95 °C (denaturation) within 5 minutes for 30 cycles with ultrafast heating
(12.79 £ 0.93 °C/sec) and cooling (6.6 £ 0.29 °C/sec) rates. Nucleic acid amplification
using our ultrafast photonic PCR thermal cycler was successfully demonstrated. We
propose that this simple, robust and low cost photonic PCR technique, with ultrafast
thermal cycling capability, would be ideal for POC molecular diagnostics, because the
photonic PCR technique can meet the “ASSURED” criteria®®: 1. Affordable: cheaper
system with a LED and lens. 2. Smaller: compact and light PCR system without a heating
block. 3. Simple step with disposable PCR chip. 4. User-friendly interface with LED driver
and display. 5. Rapid and robust PCR without environmental stress. 6. Equipment-free:
only LED and microcontroller modules with cellphone camera. 7. Durable in harsh
environments & low power consumption. As the current set-up is based on only one PCR
well, future work should focus on integrating more wells and LED array to allow for high-
throughput and multiplexed amplification, as well as optimizing the PCR reaction chamber
for uniform heating.
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CHAPTER 4

ANALYSIS OF HEAT TRANSFER IN
PHOTONIC PCR

4.1 INTRODUCTION

A comprehensive heat transfer simulation of the photonic PCR was carried out to
improve the performance of the photonic PCR. Control of temperature is one of important
issues for PCR. In PCR, repeating the three discrete steps — DNA denaturation, annealing
of primer and polymerase extension — results in exponential amplification of a target DNAL
PCR generally took 1-2 hours for amplification but there has been an extensive interested
in research on rapid PCR?®. In the early stage of researches, not biochemistry but
instrumentation was considered a limitation of rapid PCR®. With emerging microfluidics,
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Figure 4.1 Geometry for the simulation of heat transfer in photonic PCR. (a) Schematic of
the phonic PCR configuration (not scaled). (b) Schematic of physical model of photonic PCR.
bry = 3000 pm, by =200 um, by, = 0.08 um, bgy =80 um, and bg = 6000 pm.
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however, precise manipulation of sub-nanoliter fluidic volume can reduce the reaction
volume of PCR, which enables to reduce the total time of PCR reaction’~%°, For example,
1-ul sample was amplified on 35 cycles in 30 seconds®. However, to amplify 1-pl sample,
two different 4.26-liters of hot water (95.5 °C and 75 °C) were used for temperature control
and a stepper motor was required for moving samples, which is not efficient method for
scalability and Point-of-Care settings. Thus, the challenging of rapid PCR is not only to
simply accomplish rapid thermocycling, but also to consider simple configuration of
instrumentation, physical extensibility for diverse applications. In this meaning, photonic
PCR opened up new possibilities for rapid PCR. However, as thermal cycle increases,
heating and cooling rates get slow. Thus, comprehensive understanding of the heat
transport mechanisms in the photonic PCR is critical for optimization. The photonic PCR
requires a light source, an optical heat converter, precise temperature control, and cooling
materials. Therefore, one of the most crucial modeling parameters investigated in this
chapter is the temperature of fluid with time when heat flux is generated from the thin metal
film. In addition, the dissipation of heat is evaluated when the light is turned off. Unlike
mass transport analysis, the simulation of heat transfer in microfluidics involves some
challenges* 4. Due to thermal diffusion, the modeling domain should be extended from
the region of interest such as the fluidic domain to the materials surrounded the area of
interest. Consequently, a comprehensive, thermal computational model of the photonic
PCR was carried out.

Density, p Heat capacity, C Ther_m_al _The_rr_nal
(kg/m?) (1/kg - °C) conductlvlty, k dlfoSI\élty, o
(W/m - °C) (mm?* /s)
AAO 2840 867 1.3 0.528
Air 1.205 1005 0.0257 21.2
Aluminum 2700 896 167 69.0
Gold 19300 129 317 127
Qil 800 1670 0.1 0.0749
PMMA 1180 1420 0.19 0.113
Polycarbonate 1200 1215 0.21 0.144
Water 998 4180 0.6 0.143

Table 4.1 Thermal properties of materials.
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42 THERMAL MODELING OF PHOTONIC PCR

The configuration of photonic PCR was illustrated in Fig. 4.1. In summary, the
chamber of photonic PCR was made by top material and Au was deposited on the
supporting material. For efficient heat exchange, the back material was placed below
supporting material for thermal isolation (when heating) and cooling material (when
cooling). A thin Au film below fluidic layer (PCR reagents) generated heat energy (q"’)
when the light came to Au. Then, heat energy was transmitted to from Au to fluidic layer
and supporting material. The governing equations are as follows:

piCio + PGV - VT = V- (k; - VT) (4.1)

where p is the density of material, C the heat capacity, T is the temperature, k is the thermal
conductivity, V the velocity vector, and subscript i describes the specific materials. The
thermal properties of the materials can be found in Table 4.1. Due to no flow in fluidic
domain, the equation 4.1 can be simply written as:

1 0T
~o= VT 42)

, Where «a is the thermal diffusivity.

43 EVALUATION OF EFFECTS OF OPTICAL ABSORPTION OF
PHOTONIC PCR

We investigated the effect of optical absorption of Au on thermal cycle of photonic
PCR. When light comes from the bottom of the photonic PCR, light is absorbed by Au at
the interface between Au and supporting materials. Thus, the absorption is related to the
thickness of gold and the supporting materials®®. The energy absorbed by Au a function of
the Poynting vector and can be calculated by

1 r
Paps = S WE |E|? (4.2)

, Where w is the frequency of the incident electromagnetic wave, ¢" is the imaginary
dielectric function, and |E|? is the magnitude of the electromagnetic field®. We simulated
the 2D heat transfer model of the photonic PCR with the representative three cases: 25, 50,
and 100 % absorption of Au. Top material, supportive material, and back material were
taken as PMMA, AAO, and oil, respectively.
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As seen in Fig. 4.2, the cycling time reduced as the absorption of Au increased. First
of all, with higher absorption of Au, Au generated more heat energy, which decreased the
heating thermal cycling time. That is, the heating ramping rate increased as the absorption
of Au increased as shown in Fig. 4.3a and Fig 4.4. Interestingly, the cooling ramping rate
also increased as the absorption of Au increased even though the all materials in system
were unchanged in Fig. 4.3b. This is related the spatial temperature distribution of the
photonic PCR. As the absorption of Au increased, the time required for the heating thermal
cycle decreased. As a result, the total energy transferred from the PCR chamber to the back
material decreased. Thus, the temperature gradient around the PCR chamber became
steeper as the absorption of Au increased as shown in Fig 4.5.

100

= 25% absorption

100 0 10 20 30 40 50 60

= 50% absorption
20 T ) I I I 1

0 10 20 30 40 50 60

= 100% absorption
20 1 1 1 1 1 1

0 10 20 30 40 50 60
t (sec)

Figure 4.2 Calculated temperature profiles with different absorption (25 %, 50 %, and 100 %)
of Au from 95 °C (denaturation) and 65 °C (annealing / extension) in 1 minute.
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Figure 4.3 The heating ramping rate (a) and the cooling ramping rate (b) of the photonic PCR
with different absorption of Au
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Figure 4.4 Temperature distribution of the photonic PCR in the third heating thermal cycle
with different absorptions of Au — 25 % (a), 50% (b), and 100 % (c) when the center of the

chamber (r=0 pum, z= 100 um) was 95 °C (first column), 80 °C (second column), and 65 °C
(third column).
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Figure 4.5 Temperature distribution of the photonic PCR in the third heating thermal cycle
with different absorptions of Au — 25 % (a), 50% (b), and 100 % (c) when the center of the

chamber (r=0 pm, z =100 um) was 95 °C (first column), 80 °C (second column), and 65 °C
(third column).
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44 EVALUATION OF THERMAL EFFECTS OF BACK MATERIALS

For rapid thermal cycling, the photonic PCR device design needs to be optimized
to minimize the time required for the heating and cooling step in thermal cycling. Firstly,
we investigated the influence of back materials for optimization. Top material was taken
as PMMA. Figure 4.6 shows the temperature profiles of photonic PCR device with
different back materials for 1 minute. The time of air required for the 1% cycle was the
shortest among the four different materials. However, as thermal cycles progress, the
thermal cycle of oil got faster than those of other materials due to faster cooling ramping
rate of oil. As shown in Figure 4.4a and b, the heating ramping rates of air, oil and
polycarbonate (PC) were 20 °C /s, 15 °C /s and 12.5 °C /s, respectively. The cooling
ramping rate of air, oil, and PC were 0.70 °C /s, 1.81 °C /s, and 1.80 °C /s, respectively.
In this simulation, the denaturation and annealing /extension temperature was set as 95
and 65 °C, respectively. Figure 4.7 shows the time required for heating and
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Figure 4.6 Calculated temperature profiles with different back materials of Au from 95 °C
(denaturation) and 65 °C (annealing / extension) in 1 minute.
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Figure 4.10 Temperature distribution of the photonic PCR in the third cooling thermal cycle
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cooling of the first 4 cycles of photonic PCR device with back materials. At the first
heating cycle, it took only 4 s (air), 6.1 s (oil) and 7.5 s (PC). The difference of heating
cycle time of air and polycarbonate was 3.5 s. At the fourth heating cycle, the heat
cycling time was 1.5 s (air), 2.0 s (oil) and 2.6 s (PC). The difference of heating cycling
time between air and oil was only 0.5 s. However, at the fourth cooling cycle, the cooling
times were 42.6 s (air), 16.5 s (oil) and 16.7 s (PC) and the difference of cooling cycle
times between air and oil was 26.1 s. Also, the larger the number of thermal cycles, the
larger the different cooling cycle time between air and oil. Therefore, the cooling cycles
become more important that the heating cycles for optimizing the photonic PCR and the
thermal conduction cooling of back materials such as oil or PC was more effective than
the thermal convection (air). Figure 4.8a and b show the heat flux generated by Au layer
with different back materials on heating cycles. When light comes to Au, Au absorbs
light and converts light to heat. Heat generated by Au can be transmitted to either PCR
chamber or back material. As shown in Fig. 4.8a, heat flux from Au to PCR chamber
with air was highest among three materials. However, on the next two heating thermal
cycles, heat energy transferred from Au to PCR chamber was almost the same among
three materials, which is the reason why the heating ramping rates were almost the same.
Figure 4.8b shows the heat flux from Au to back materials, which means the heat loss of
the photonic PCR on heating thermal cycle. Heat loss of air was smallest among three
materials. Figure 4.8c and d show the heat flux on cooling thermal cycles. As shown in
Figure 4.8, top materials became ineffective for cooling. Thus, the heat flux from the
PCR chamber to back materials was a major source of cooling (Fig. 4.8d). Figure 4.9 and
4.10 demonstrate the temperature distribution of the photonic PCR at the third thermal

. .. or . .
cycle. Because the govern equation is Frie aiVZT and the heat flux is a function of
oT : : :
vl the temporal temperature change, that is the thermal cycle, is related to the spatial
temperature distribution. As shown in Fig 4.9 and 4.10, the average temperature of PC
was higher than that of oil due to higher heat flux from Au to the back material. Also, the
heat flux from PCR chamber to top materials was exponentially decreased (Fig 4.8)
because the temperature around the PCR chamber became almost same over time.

45 EVALUATION OF THERMAL EFFECTS OF TOP MATERIALS

The effect of the top materials is presented in Fig. 4.12. On heating thermal cycle,
the ramping rate of air is the fastest among three materials because of low heat loss at the
top of the PCR chamber. In addition, the heating cycles between PC and oil were not a
huge different due to similar temperature gradients in Fig 4.13. The thickness of top
materials also affected the temperature gradient. Comparing to the temperature distribution
of back materials, the temperature gradients of the top materials were gentle. The thickness
of the top material was not so long that the top materials increased internal energy instead
of dissipation toward air. Heat flux from the top materials to air On the other hand, the
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cooling ramping rate of oil became shortest among three materials as the number of thermal
cycle increased as shown in Fig 4.12b. However, comparing to Fig. 4.3c, the difference of
cooling rates between air (convection) and other materials (conduction) was smaller

because the temperature gradients were similar each other in Fig 4.14 (Q « VZT).
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Figure 4.11 Calculated thermal cycling with different top materials from 95 °C (denaturation)
and 65 °C (annealing / extension) in 1 minute.
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Figure 4.13 Temperature distribution of the photonic PCR in the third heating thermal cycle
with different top materials, air (a), oil (b), and PC (c) when the center of the chamber (r =0
um, z =100 um) was 95 °C (first column), 80 °C (second column), and 65 °C (third column).
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Figure 4.14 Temperature distribution of the photonic PCR in the third cooling thermal cycle
with different top materials, air (a), oil (b), and PC (c) when the center of the chamber (r = 0
um, z = 100 um) was 95 °C (first column), 80 °C (second column), and 65 °C (third column).
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4.6

CONCLUSION

We demonstrated a comprehensive, thermal computational model of the photonic

PCR with aluminum anodized oxide (AAO) to improve the performance of the photonic
PCR. The absorption of Au is one of critical factors to decrease total thermal cycling time.
For the heating ramping rate, the higher absorption of Au generates more heat energy.
Furthermore, the short heating time makes the steep temperature gradients in the system,
which affects the cooling ramping rate. This is because the heat dissipation is related to the
temperature gradient. Thermal diffusivity of materials also affects the thermal cycles. The
lower thermal diffusivity, the higher temperature gradient as shown in Fig. 4.5 or Fig. 4.10.
This comprehensive simulation results will pave a way to design the photonic PCR device.
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CHAPTER5

INTEGRATED MOLECULAR
DIAGNOSTIC SYSTEM

5.1 ABSTRACT

Rapid, precise identification of pathogens in urine samples is important for the
clinical management of community-acquired urinary tract infections (UTIs) or sexually
transmitted diseases (STDs). However, a conventional culture-based diagnostic method is
time-consuming, pushing physicians to use antibiotics without adequate clinical data. Here,
we present a rapid and simplified molecular diagnostic system to identify pathogens in 15
minutes. Our integrated molecular diagnostic system includes bacterial enrichment, cell
lysing step, and PCR in a single platform. We achieve a 40,000-fold bacterial enrichment
on the Au-coated porous membrane from 1 ml sample in 2 minutes without any external
force. We accomplish a photothermal lysis of concentrated bacteria within 1 minute using
ultrafast light-to-heat conversion of nanoplasmonic optical antenna. Finally, we
demonstrate the end-point detection of up to 10° CFU ml? of Escherichia Coli in 10
minutes. This integrated molecular diagnostic system will provide rapid pathogenic
detection in both developing and developed countries.

5.2 INTRODUCTION

Infectious diseases are one of the leading causes of death worldwide®. Despite
advances in medical technology, infectious diseases continue to contribute significantly to
the global disease burden. Growing drug and antibiotic resistance is compounding the
problem, which has become a major public health concern?. Among infectious diseases,
community-acquired urinary tract infections (UTIs) are one of the most common types of
infections®*. According to a 2006 survey, the U.S. alone accounted for 1.7 million
emergency room visits, 11 million physician visits, and half a million hospitalizations due
to UTIs, causing 3.5 billion dollars of health care costs®. Furthermore, one-third of women
suffered UTI before the age of 24 and an estimated half of the female population will
experience UTlIs during their life®. Clinical management of community-acquired UTIs,
therefore, requires a diagnostic test that can be performed rapidly and simply in an
outpatient setting.
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Currently, the standard method for identifying most bacterial pathogens is a culture-
based method, which has a long turn-around time because it requires overnight culturing
and bacterial isolation”® (Fig. 5.1a). Therefore, in patients suspected to have community-
acquired bacterial infections such as UTI or STI, clinicians are forced to make initial

treatment decisions empirically®. Antibiotics are prescribed before any pathogen is
identified, which results in the overuse of antibiotics followed by an increase in antibiotic-
resistant pathogens.

Fast and precise diagnoses from clinical samples provide clinicians with the
information to make rapid and appropriate medical decisions and also to prevent the
overuse of antibiotics and the selection of drug resistance. From this point of view, Point-
of-Care (POC) tests have shown significant potential in both the developing and developed
countries. The easy-to-use, rapid, and precise POC devices provide the necessary
diagnostic tools in low-resource settings where general laboratory infrastructures are
unavailable!® as well as in developed country settings where personalized healthcare can
be established to reduce costs (i.e. at-home diagnostics)'*. In addition, POC tests can
reduce unnecessary burden on hospital laboratories 2.

Many novel approaches have emerged for the rapid detection of bacteria recently.
Using time-resolved luminescence signal, Escherichia coli (E. coli)-specific
bacteriophages can detect E. coli with concentrations as low as 102 — 10* cells/ml within
25 minutes®. Matrix-assisted laser desorption ionization-time of flight mass spectrometry
(MALDI-TOF MS) has been suggested to identify pathogens!*. This method demonstrated
94.6% success rate in a high bacterial concentration. Raman spectrometry can also be
employed in a centrifugal microfluidic platform®®. They handle large volumes of sample
(5-10 mL) and require short detection time (1.5 min) to achieve reliable detection. However,
these methods require complicated sample preparation and necessitate the use of bulky
instruments, like centrifuges, or microscopes, which are not ideal for a POC setting. Lateral
flow assay is a good test for POC but this method also requires centrifuging to achieve
reproducible results®. Thus, an effective, rapid, and precise POC system for diagnosing
UTI is yet to be developed.

Recently, polymerase chain reaction (PCR) have shown great potential to quickly
identify bacterial pathogens with high sensitivity and specificity!’. In particular, PCR
facilitates a decreased turn-around time and may also enable clinicians to make the
appropriate treatment decision. However, PCR requires labor-intensive complicated
protocols as well as well-trained personnel to run the test. PCR combining microfluidic
technologies have opened up possibilities of molecular diagnostics available for POC
testing (POCT) and towards improving the speed and performance of microfluidic-based
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Figure 5.1 Integrated molecular diagnostic platform for rapid bacterial detection. (a)
Comparison of a conventional culture-based method and the integrated molecular diagnostic
platform (iMDx) for bacterial detection. (b) Workflow of iMDx. 1 ml of patient’s urine is
loaded into the diagnostic platform followed by loading of PCR reagents and SYBR green.
After on-chip PCR amplification, resulting fluorescence of the sample is measured.
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PCR methods*®-22, However, several important issues still need to be addressed. First,
highly efficient and high-throughput sample preparation methods need to be integrated on-
chip. For example, the concentration of bacteria in the early stages of a UTI is usually lower
than 10* CFU/ml. Some current devices depend on other sample preparation equipment or
reagents such as a centrifuge or a chemical lysis kit. In addition, microfluidic devices
generally handle less than 10 ul of samples or isolated pathogen suspensions, which means
that the bacterial preconcentration step is necessary. Therefore, the integration of on-chip,
simple, effective and high-throughput sample preparation methods is a key component of
a device-based system. Second, most devices require bulky instruments such as lasers,
syringe pumps, and AC signal generators. This bulky equipment increases the complexity
and cost, which is not ideal for POC settings.

Here, we present an integrated molecular diagnostic system to identify pathogens in
15 minutes (Fig. 5.1 and 5.2). For a sample preparation, we physically capture bacteria on
a porous membrane from the sample (1 ml) within 2 minutes using capillary force of an
absorbent pad behind the membrane and gravitational force of the sample itself. The
photothermal effect of the Au-coated porous membrane enables the thermal lysis of cells
as well as a photonic PCR-based nucleic acid amplification to identify E. coli. We expect
that this molecular diagnostic system will provide a solution for the rapid diagnosis of
pathogen infection and contribute to POC diagnostics in both developing and developed
countries.

5.3 METHODS

Materials and Reagents

All chemicals purchased from commercial sources were used as received unless
otherwise indicated. Phosphate buffered saline (PBS) 10x solution was purchased from
Corning (Manassas, VA). LB broth was purchased from EMD Millipore (Billerica, MA).
Agar, bovine serum albumin (BSA), and nuclease-free water were purchased from Fisher
Scientific (Pittsburgh, PA). All primers were ordered from Integrated DNA Technologies
(Coralvilla, TA). PrimeSTAR GXL DNA Polymerase (1.25 U/ul), 5X PrimeSTAR GXL
Buffer (5mM Mg?* at 5X) and dNTP mixture (2.5mM each) were purchased from Takara
Bio USA, Inc (Mountain view, CA). SsoFast™ EvaGreen® Supermix (2X) was purchased
from BIO-RAD Laboratories (Hercules, CA). Simulated urine consisted of 8.2 g of NaCl,
0.64 g of CaCly, 1.14 g of MgSOs, 20 g of urea, and 33 ounces of distilled water?3,

Design and fabrication of photonic PCR membrane

The device, with dimensions 18 mm x 62 mm x 6.5 mm, was designed as a
disposable platform (Fig. 1b, 1c and Schematic 1). The polycarbonate sheets for the top
and bottom layers of the device and the polymethylmethacrylate (PMMA) sheets for the
middle layer of the device were cut using a laser cutting system (VersaLASER VL-200,
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Universal Laser System, Inc., Scottsdale, AZ, USA). The chip was cleaned with 30%
ethanol, washed with deionized water, and dried with nitrogen gas. The top, middle, and
bottom layers were bonded with 80-pum-thick double-sided tape (ARcare® 90445,
Adhesives Research, Inc., Glen Rock, PA, USA). Polycarbonate porous membranes
(Cyclopore 1 um pore size, GE Healthcare Bio-Sciences, PA, USA) were loaded in an
electron beam evaporator to deposit Au. Polycarbonate membrane were deposited with 5
nm of titanium, followed by an 80-nm deposition of Au under a base pressure of 8 x 10~/
Torr. Then, 6-mm circular pieces of Au-coated membrane were prepared with a punch
(Biopsy Punch 6.0, Health link, FL, USA). One circular piece of Au-coated membrane was
bonded to the device with 80-um-thick double-sided tape.

LED-based miniaturized thermal cycler development

Two LEDs (Luxeon Rebel, Lumileds, CA, USA, royal blue with a peak wavelength
of 447.5 nm, maximum optical power of 890 mW) were used, one for the measurement of
the temperature and the other for PCR detection of E. coli plasmonic photothermal heating
of the thin Au film. Power for LEDs was supplied from a constant current LED driver
(2008B PowerPuck 1000 mA, LuxDrive, VT, USA). To focus the light from the LEDs, a
Carclo 20 mm fiber coupling optic (part number: 10356, CarcloOptics, PA, USA) was
employed. The temperature of the solution was monitored and recorded in real time by a
type-K insulated theromocouple purchased from OMEGA Engineering (part number, 55C-
TT-K-40-36) for thermal cycling. Temperature cycling using an LED, source meter, and
thermocouple was controlled through an Arduino.

Bacteria growth

The original Escherichia coli (E. coli) K12 W3110 strain was kindly provided by
Professor Lee Riley from the University of California, Berkeley. GFP-expressing
recombinant E. coli was also used for the imaging of bacteria captured on the porous
membrane of devices. E. coli suspended in DI water was used for evaluating the capture
efficiency. E. coli was grown in Luria—Bertani (LB) broth and plated on LB agar plates
during the log phase growth. Microbial cells were prepared by inoculating 5 mL of LB
with a single colony and allowing it to grow overnight at 37 °C. The cells were centrifuged
at 8000 rpm for 5 min and suspended in DI water.

Preparation of PCR reagents, DNA for PCR amplification

The primers for PCR were designed to produce short amplicons ranging from 100
to 200 bp that would be suitable for rapid PCR. The forward
(GCCTAACACATGCAAGTCGAA) and reverse (CAGGCAGTTTCCCAGACATTAC)
primers were purchased from Integrated DNA technologies. The PCR reagents for this
system comprised of 2 pl of PrimeSTAR GXL DNA Polymerase (1.25 U/ul), 4 ul of 5X
PrimeSTAR GXL Buffer (5mM Mg?* at 5X), 2 ul of dNTP mixture, 1 pl each of forward
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and reverse primers (final concentration: 500 nM), 2 ul of BSA (final concentration: 3
mg/ml), 4 pl of glycerol (final concentration: 10%), and 4 pl of PCR grade water. BSA was
used to prevent the adsorption of Taq polymerase and the reagents. A CFX96 real-time
thermocycler (Bio-rad, Hercules, CA, USA) was used as the reference. The crude extract
as a template from bacteria was used for species identification. DNA was extracted with
the QlAamp DNA blood mini kit (Qiagen). The assay was performed according to the
manufacturer’s instructions. DNA was quantified using a Nanodrop 2000 (ThermoScitific,
USA). Thermal cycle conditions consisted of denaturation at 95°C and annealing and
extension at 62°C with a two-step amplification procedure for 40 cycles.

5.4 DESIGN OF INTEGRATED MOLECULAR DIAGNOSTIC
PLATFORM

We report a rapid molecular diagnostic system that can capture and detect Gram-
negative bacteria (GNB) from a large volume of urine sample including sample enrichment,
photothermal lysis, and photonic PCR in a single platform. First, we designed, fabricated,
and characterized the integrated platform to preconcentrate GNBs from an urine sample (1
ml) as shown in Fig. 5.1 and 5.2. Our molecular diagnostic system is mainly made by
PMMA and double-sided tapes for manufacturing (Schematic 1). The chip consists of
PMMA top and bottom layers, a dead-end PCR reaction chamber, an Au-coated
polycarbonate membrane with 1-um diameter of pores, and a sliding bar attached with an
absorbent pad. Our platform consists of sample preparation chamber, Au-coated
membrane for on-site photothermal lysis, on-chip PCR chamber, and absorbent pad. In Fig.
5.2a, a urine sample containing GNBs is loaded in the sample inlet, from which it moves
to on-site detection chamber, which includes the track-etched polycarbonate membrane
filter to physically capture GNBs. Behind the membrane filters, we connected an absorbent
pad as a capillary force generator and waste reservoir. The capillary force of the absorbent
pad and gravitational force of a sample by vertical sample chamber allow the sample to
flow into the device by itself. Finally, GNBs could concentrated on the surface of porous
membrane filter because the size of bacteria is smaller than that of the pore size. The high-
density of pores in the polycarbonate membrane prevent the sample from flowing toward
the lower layer of the device because of the high fluidic resistance. However, an absorbent
pad provides sufficient capillary force to enable the fluid to flow. After manually removing
the absorbent pad, it is difficult to reinstate flow on the surface of membrane. Therefore,
we are able to attain concentrated bacterial isolates from a large volume of urine sample
and our device does not require any external equipment (i.e. centrifugation, syringe pump)
for sample enrichment, suitable for POCT applications.
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5.5 PRECONCENTRATION OF PATHOGENS

To physically capture and concentrate E. coli, we embedded a porous membrane
into the device (Fig. 5.3). Before on-site bacterial capturing, we investigated the flow rate-
related parameters such as a pore-size and no. of stacked absorbent pads for efficient
bacterial capturing. First, to validate the feasibility to facilitate the outflow of sample
solution using an absorbent pad, a computational simulation was carried out using
COMSOL Multiphysics. As illustrated in Fig. 5.4a, the forces that contribute to this system,
such as the gravitational force (Fg), and surface tension (Fr) between the sample solution
and the device wall were considered. The numerical simulations show that the sample
solution with the absorbent pad can completely flow out within approximately 1 min, while

Absorbent pad

Figure 5.3 Schematic illustration of pathogen concentration on the membrane.
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a lot of solution still remained in the chamber without the absorbent pad in the same time
(Fig. 5.4b). Fig. 5.4c and 5.4d show the quantitative result about the time that the sample
solution is completely flowed out. As shown in Fig. 5.4c and 5.4d, the chamber without
the absorbent pad spent the approximately 10 min to completely flow out the sample
solution. On the other hand, the time of complete spill of solution was considerably reduced
in 1 min when the chamber had the absorbent pads that can provide the outflow of over 15
ul/s. Then, we experimentally investigated flow rate through the membranes in the devices
with and without absorbent pad (Fig. 5.5a). As shown in Fig. 5.4c and 5.5a, good agreement
between experimental and simulated results was obtained. It took 190, 110, and 90 seconds
on average for a 1 ml bacterial suspension to pass through the 0.4, 1.0 and 2.0 um pore
membranes, respectively (Fig. 5.5a, inset). Then, we examined the relationship between
the number of pads and the flow rate. We attached the stacked absorbent pad (n =1, 2, 3)

Inlet : 1 With Pad mm Water mm Air
S ]
. N W Ar :
[ 1
I
| |
I
Water : 2 Without Pad
YA : —
Outlet !
sy I
—J :
Suction !
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Figure 5.4 Fluid dynamic simulation of outflow though absorbent pad. (a) Three-dimensional
geometry of pathogen concentration chamber with the forces acting on the system depicted:
gravitational force (Fs) and surface tensions (Fst) between the sample solution and the device
wall. (b) Fluid dynamic simulation results of sample solution without and with absorbent pad.
(c) and (d) Rates of outflow of sample solution with different absorption rates.
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Figure 5.5 Characterization of flow rate and capture efficiency. (a) The volume of sample
passing through the membrane inside the chamber over time (rate of sample flow) with and
without pad. Inset: The volume of sample passing through the membrane inside the chamber
over time different pore sizes of porous membrane with pad. (b) The volume of sample passing
through the membrane inside the chamber over time with different numbers of pads stacked.

(c) The capture efficiency of E. coli with different pore sizes.
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behind the porous membrane (pore size: 1 pm). Then, a 1-ml of sample was introduced
through the sample inlet. In Fig. 5.5b, flow rate increased linearly as the number of pads
increased. However, the flow rate (14.6 ul/sec for n =3 and 15.6 pl/sec for n =4) is not
significantly different between n =3 and n = 4. For a 1-ml sample, three pads in series were
optimal for this platform.

To ensure the rapid and efficient capture of E. coli, we tested the porous membranes
with different pore sizes on the devices under the optimized pre-concentration conditions.
A 1 ml of 10° CFU/mI E. coli suspension was passed through the devices to quantify the
number of bacteria captured on the membrane of the devices. Then, the bacteria were
collected and quantified at the inlet and outlet of the device using the plate count method.
The capture was quantified per area of the chip using the following equation,

Total number of injected cells— The number of cells that passed through devices (1)
Total number of injected cells

Catpure efficiency (n) =

In Fig. 5.5¢, 2.0-um-pore membranes successfully captured only 17.5% of total
bacteria. Most of the bacteria passed through the membrane of the device because the pore
size of the membrane was larger than the average bacteria size. In 0.4 and 1.0 um-pore
membranes, over 90 % of bacteria were captured. Considering the capture efficiency and
flow rate, we decided to select the 1.0 um-pore membrane for bacterial preconcentration.
Next, we analyzed the capture efficiency at various bacterial concentrations to evaluate the
clinical applicability. As expected, the time needed to finish concentrating the pathogens
increases as a function of the bacterial concentration. Fig. 5.6a shows the flow rate of
samples passing through the membranes at different bacterial concentrations. For bacterial
concentrations of 10! to 10° CFU/mL, the sample volume increased linearly over time,
meaning that the flow rate was constant. This means that the bacteria hardly affected the
flow rate. However, the flow rate of the sample decreased after 150 seconds at 10° CFU/m.
This might be attributed to the bacteria captured on the membrane. A 1-ml bacterial
suspension was collected after passing through the membranes of the device for
quantification of capture efficiency. It was found that the capture efficiencies were more
than 95% for bacterial concentrations from 10* to 10° CFU/ml (Fig. 5.6b). As shown in Fig.
5.7, E. coli were 1.8 £ 0.5 um in length and 0.9 = 0.3 um in diameter.

We evaluated the porous membrane-based bacteria enrichment. From 1-ml of
bacterial suspension at an initial concentration of 10* CFU/ml, all bacteria were trapped on
the membrane. The final volume was calculated at a 0.025 pl assuming that the height was
2 um. The enriched bacterial concentration was therefore calculated to be approximately
4x10% CFU/mI. This indicates that a 40,000-fold concentration enhancement can be
achieved within 2 minutes (max. flow rate, Qmax = 584 ul /min) with more than 90 %
capture efficiency.
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Figure 5.6 Characterization of flow rate and capture efficiency with different bacterial
concentration. (a) The volume of sample passing through the membrane inside the chamber over
time (rate of sample flow) with different bacterial concentrations. (b) The capture efficiency of
E. coli with different bacterial concentrations.

5.6 RAPID PHOTOTHERMAL LYSIS OF PATHOGENIC BACTERIA
FOR NUCLEIC ACID EXTRACTION

After pathogenic bacterial capture and preconcentration from the sample, cell lysis
is necessary to release the nucleic acids into solution for further analysis®*. After
enrichment, we performed LED-driven photothermal lysis of E. coli in the same chamber
(Fig. 5.8). We exploited Au-coated porous membranes not only as a bacterial concentrator,
but also as a photothermal actuator. To analyze the temperature distribution of the chamber
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with different heights, numerical simulations were performed using a commercial software
(COMSOL Multiphysics). Figures 5.9a shows the temperature distribution of a chamber
with a height of 300 um when the temperature of the Au film reaches at 95°C. Even if the
temperature is not uniform in the entire area of the detection chamber, the temperature was
over 90 °C near the surface of the Au-coated membrane, where most of bacteria were
captured. Thus, most of bacteria were photothermally lysed efficiently. Next, we
characterized the light-to-heat conversion of the thin Au film. In Figure 5.9b, we plotted
the time required to raise the temperature from 25°C (ambient temperature) to 55, 65, 75,
85, and 95°C with different optical powers from an LED. To analyze the results,
conservation of energy was applied and the governing equation is expressed as follows:

oT
me Ey Qabs — Qext (2)

, Where m and C, are the mass and the specific heat of components in the system, T is the
temperature, t is the time, Qs IS the energy of the Au film absorbed by the LED light,
Qaps = (1 — 10742)n (where [ is the incident optical power from an LED, A4, is the
absorbance of the Au film, and 7 is the efficiency of light-to-thermal energy conversion),
and Q.,; 1s the energy dissipated by the environment, Q.,; = hS(T — T;mp) (Where his a
heat transfer coefficient, S is the cross-sectional area perpendicular to conduction, and
T,mp 1S an ambient temperature). Equation 2 can be simplified using @ =T — Ty,

Figure 5.7 The SEM images of E. coli on the membrane (pore size: 1 um). Scale bar is 1 um.
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de
prl al + b6 (3)

_1n—A
710 D% and b = 25~ The solution of Eq. (3) is expressed as 6 = a—l(l —
mcy mCp b
e Pt). Therefore, Eq. (3) can be reformed to % = %(1 — e~ b8, The dashed lines in Fig.
5.9b are our model fitted to the data. Using the fitting equation, a and b are determined to
be 8.716 and 0.03438 on average, respectively. Then, we investigated the efficiency of cell
lysis on the Au-coated membranes with different optical powers of an LED. Figure 5.9¢c
shows the measured temperature profiles of a cell suspension inside the chamber. The
temperature inside the chamber could rise from 25°C (ambient temperature) to 95°C in
only 15 seconds with an optical power of 0.75 W. Then, we examined the number of cells

, Where a =

Figure 5.8 Schematic illustration of photothermal lysis of bacteria on the membrane.
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lysed quantitatively. After irradiation with an LED (Fig. 5.9c), E. coli were stained with a
fluorescent indicator for lysis efficiency quantification (Fig. 5.9d). As shown in Fig. 5.9d,
only 17.5 % of E. coli were dead at an optical power of 0.149 W after irradiation for 2
minutes whereas 99.1 % of E. coli were dead after only 0.5 minutes of irradiation at 0.75
W. This demonstrates that cell viability can be significantly reduced with blue light
exposure for only 0.5 minutes.

a b
Detection chamber 80 F = 25 °C to 95 °C
06 25 °C to 85 °C
_ﬂ | 90 °C 60 | == 25 °C to 75 °C

== 25°Cto 65°C
m= 25 °C to 55 °C

40 1 == 0.15W == 060W 20 4
0.30 W == 0.75W
20 ‘ -— ‘0.45 W ' 0.
0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 2.0
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Figure 5.9 Characterization of photothermal lysis with the Au-coated membrane. (a) The
calculated temperature distribution of the chamber and its surroundings when the temperature
of the surface of Au-coated membrane reaches 95°C. (b) Relationship between optical power
from an LED and the time required to raise the temperature inside the chamber. (c) The
temperature profiles inside the chamber with different optical powers after turning on the LED.
(d) Viability of E. coli after photothermal lysis over time.
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5.7 ULTRAFAST LED-BASED QPCR FOR IDENTIFICATION OF
E. COLI

Figure 5.10 illustrates the procedure of on-chip PCR. After enrichment of bacteria,
PCR reagents are introduced into the device. Then, the back of the membrane is blocked
with PCR sealing tape to prevent evaporation. Instead of using a laser, we resonate the
frequency of plasmonic excitation of Au with a light emitting diode (LED) to reduce power
consumption and cost for the photothermal lysis unit. Lastly, concentrated bacteria were
photothermally lysed at 98°C for 3 minutes inside the chamber containing PCR reagents.
Then, as shown in Fig. 5.11a, PCR thermocycles conducted at 98°C and 62°C for
denaturation and annealing/extension over 40 cycles, respectively. We increased the lysis
time up to 3 minutes to completely lyse the bacteria as well as to achieve initial denaturation
of DNA. Due to the fast ramping rate of the LED-driven heating and dissipation during
this initial stage, some overshoot and undershoot of the temperature occurred. We
evaluated the temperature accuracy for photonic PCR that the denaturation temperatures
were maintained in the range of 98 to 100.75, and the annealing/extension temperatures
were 60 °C during thermocycles. The total PCR run time required was only 10 minutes for
40 cycles.

Next, we tested PCR amplification of whole bacteria with different bacterial
concentrations. After whole processing such as bacteria capturing, photothermal lysis,
PCR amplification of E. coli suspension, the identification of the amplified product was
performed by gel electrophoresis as shown in Fig. 5.11b. We successfully detected bacteria
with PCR on this system at concentrations as low as 103 CFU/ml. Compared to the results
from a bench-top thermocycler (lane 8), the gel intensity of the specific band (Lane 1) from

Enriched Sample PCR reagents

—— Denaturation

t —

Remove

SN—
> > > <40 cycles >
\ \

Annealing & Extension

5 3
Primer Primer
Jw 5

Polymerase

Absorbent pad

PCR sealing tape

Figure 5.10 Schematics of steps for PCR: 1. Add sample. Bacteria are captured and
concentrated on the membrane. 2. Remove absorbent pad and add PCR reagents. 3. Seal the
back of the membrane using a PCR sealing tape. 4. Thermocycling by turning on and off a
LED.
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Figure 5.11 Characterization of performance of thermocycler in this platform. (a) The
representative temperature profile for PCR. For the first 4 minutes, the temperature of PCR
chamber in the platform is maintained at 98 + 3 °C for complete bacterial lysis and initial
denaturation of DNA. After 4 minutes, the thermal cycles were run: 95 + 1.25°C for
denaturation and 62 £ 0.25°C for annealing and extension. (b) Verification of PCR products of
the platform by gel electrophoresis. Lane 1, 106 CFU/ml; Lane 2, 105 CFU/ml; Lane 3, 104
CFU/ml; Lane 4, 103 CFU/ml; Lane 5, 102 CFU/ml; Lane 6, 101 CFU/ml; Lane 7, 100
CFU/ml; Lane 8, Bench-top amplification (106 CFU/mI); Lane 9, negative control.
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this system was lower, which might result from the lower amplification efficiency, which
in turn was a result of the two-step (denaturation and annealing/extension) fast
thermocycling. Then, we added 5 pl of 100x SYBR green dye in the device and took
fluorescent images of the detection chamber after 0 to 40 cycles. The representative
fluorescent images and their intensities are shown in Fig. 5.12. We will integrate a
fluorescent detection module to detect the amplified product to complete this molecular
diagnostic system for its ultimate application in POC settings.

5.8 CONCLUSION

We have demonstrated a rapid molecular diagnostic system that takes less than 15
minutes from sample to answer. Our integrated molecular diagnostic system allows
autonomous sample enrichment (2 min), on-site photothermal lysing and initial
denaturation (3 min), and NA amplification 10 min) in a single platform. The Au-coated
porous membrane played two critical roles: a concentrator of pathogen on the membrane,
and a photothermal converter. From a relatively large volume of urine sample (1 ml), a
40,000-fold increase in bacterial concentration was achieved within 2 minutes with >90 %
capture efficiency. Using ultrafast and highly efficient light-to-heat conversion of Au,
bacteria on the membranes were photothermally lysed in 1 minute. By turning on and off
a LED, photonic PCR was performed on the membrane to detect pathogens. To validate
this system, the detection of E. coli at 10> CFU/ml was demonstrated. This simple and
integrated system will be a good candidate for POC diagnostics. Future work will focus on
the integration of fluorescent detection modules, i.e. smartphone detection, into this system.
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Figure 5.12 Florescent images (left images) and fluorescent intensity (right figure) of the
detection chambers after PCR amplification from 0 cycle to 40 cycles after adding SYBR
green dye. Bacterial concentration was 104 CFU/ml.
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CHAPTER 6

CONCLUSIONS

6.1 CONCLUSION

This dissertation describes an effort to develop the noble microfluidic-based
components for molecular diagnostic platform at point-of-care (POC) setting. In Chapter
1, a review of the current state of point-of-care microfluidic molecular diagnostic is
summarized. Even though the advancement of microfluidic molecular diagnostic
techniques have been achieved, only few of commercialized microfluidic POC molecular
diagnostics platforms have been launched. That is mainly because of complicated sample
preparation, high power consumption, and expensive reagents. Hence, this dissertation
focused on the development of components to solve these problems. In Chapter 2, a
microfluidic device with porous materials for sample preparation was extensively studied.
First of all, theoretical analysis of flow with a porous wall in a microchannel provided the
distribution of bacteria with flow velocity profiles. Using porous materials and a 3D
microfluidic device, bacteria could be enriched and selectively captured on the antibody-
mediated porous materials from whole blood. In addition, chemical or photothermal
method enabled to lyse bacteria on a chip for further analysis. In Chapter 3, a new
thermocycling method, called “photonic PCR”, was introduced. Gold (Au) absorbs a blue
light efficiently and converts light energy into heat energy rapidly. Using this principle, we
developed a simple thermocycler including only thin Au film, plastic, and a single LED.
Furthermore, in Chapter 4, comprehensive theoretical analysis of heat transfer model in the
photonic PCR. Generally, in photonic PCR, the total time of thermal cycles mainly depends
on cooling cycles. Absorption of Au affects not only the heating ramping rate but also the
cooling ramping rate of photonic PCR system. Furthermore, the lower thermal diffusivity
of materials in the system, the steeper the temperature gradient at the interface between the
PCR chamber and its surroundings, which increases the cooling ramping rate of the system.
Finally, in Chapter 5, the integrated molecular diagnostic platform was developed for
uropathogenic diagnostics. Absorbent pad unnecessitated the external equipment for
generating flow in microchannel. Total analytic time was only 15 minutes from a sample
to its result with 10° CFU/mI detection limit. Multiplex analysis and portable fluorescent
detection system should be developed in the future.

In summary, my research during PhD program allowed me to study on a variety of
topics towards the development of microfluidic POC platforms. | believe that POC
diagnostic platforms open a new chapter of personalized health care and revolutionize
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global health. I am thankful to my advisor, lab members and collaborators for supporting
my research and intend to continue a multi-disciplinary research for global health.
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