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Abstract

Infectious diseases and cancer have been two main causes of global death and disability,
leading to a significant impact on public health and economies globally. Early diagnosis of these
diseases can improve prevention, treatment, and prognosis in clinical practice. However, current
laboratory diagnostic approaches require expensive and bulky equipment, well-trained personnel,
and time-consuming processes, which puts a great challenge to conventional methods to address,
especially in resource-limited settings. Microfluidic lab-on-a-chip presents a unique opportunity
for various biomedical applications due to multiple advantages such as low reagent consumption,
integration, miniaturization, portability, and automation. Since different microfluidic platform
substrates have their advantages and limitations, hybrid devices can draw more benefits from
various substrates. Herein, we developed multiple low-cost paper/polymer hybrid microfluidic
biochips integrated with isothermal amplification methods for high-sensitivity diagnosis of
infectious diseases and cancer.

At first, we developed a paper/polydimethylsiloxane (PDMS) hybrid microfluidic platform
integrated with loop-mediated isothermal amplification (LAMP) for a rapid, sensitive, and specific
diagnosis of the main tuberculosis-causing bacteria, Mycobacterium tuberculosis (M.tb). A
battery-powered heater and a DarkBox were devised for heating and visualization steps for low-
resource settings, respectively. Results could be observed by the naked eye or imaged by a
smartphone camera under a portable blue light pen within 30 minutes. The limits of detection
(LODs) of 5 and 15 DNA copies per LAMP zone for M.tb were achieved using two LAMP primer
sets for ESAT-6 and 16s-rRNA genes of M.th, respectively. This low-cost hybrid microfluidic
device provides a simple and highly sensitive method for rapid point-of-care diagnosis of

tuberculosis (TB) in low-resource settings.
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Based on the aforementioned singleplexed pathogen detection, by performing multiple
singleplexed LAMP reactions in multiple different compartments in parallel, we developed
another low-cost paper/PDMS hybrid microfluidic biochip combined with LAMP for highly
sensitive and specific instrument-free multiplexed detection of the three different types of
Bordetella species, B. pertussis, B. holmesii, and B. parapertussis. Results were observable by the
naked eye or imaged by a smartphone camera under the portable blue light pen in the DarkBox
within 45 minutes. The LODs of 5, 10, and 15 DNA copies per LAMP zone were achieved for B.
pertussis, B. holmesii, and B. parapertussis, respectively. In addition to purified DNA,
microorganisms of these three types of Bordetella species were directly and simultaneously
detected from nasopharyngeal samples by applying our optimized bacterial lysis protocol without
any laborious sample preparation procedures.

In addition to infectious diseases, we also developed low-cost paper/polymer hybrid
microfluidic devices to detect miRNAs as cancer biomarkers. A paper/polymethyl methacrylate
(PMMA) hybrid microfluidic biochip integrated with padlock probe-based exponential rolling
circle amplification (P-eRCA) was developed for quantitative point-of-care (POC) detection of
miRNA-21, miRNA-155, and miRNA-141. The battery-powered heater was used for the heating
steps of the P-eRCA reaction on the chip. Results were visualized under the portable blue light pen
in the DarkBox and imaged by a smartphone camera. The images were analyzed using the NIH
Imagel software for quantitative analysis of miRNAs. It was found that the LODs were a few
miRNA copies per P-eRCA zone for each miRNA target. In addition, the microfluidic platform
was successfully applied to detect miRNAs in human serum and breast cancer cell samples.

At last, to enhance the efficiency of detection of miRNAs as cancer biomarkers, we

developed an origami paper/polymer microfluidic device integrated with P-eRCA for sensitive and
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specific multiplexed POC detection of miRNAs, including miRNA-21, miRNA-155, and miRNA-
141. These three types of miRNA could be simultaneously detected in a single device. The limits
of detection of 6, 5, and 8 miRNA copies per P-eRCA zone for miRNA-21, miRNA-155, and
miRNA-141 were achieved, respectively. Moreover, three different miRNAs were simultaneously
quantified in human serum and breast cancer cell samples using the origami hybrid microfluidic
biochip.

These low-cost and highly sensitive microfluidic biochips have tremendous potential for
POC diagnosis of various infectious diseases and cancer, especially in low-resource settings such

as physicians’ offices and developing nations.
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Chapter 1: Introduction



1.1 INFECTIOUS DISEASE DIAGNOSIS

Pathogenic microorganisms, including bacteria, viruses, parasites, and fungi, cause
infectious diseases that can be spread from one individual to another. Various types of infectious
diseases have been found in human history, from tuberculosis, whooping cough (pertussis), human
immunodeficiency virus/acquired immune deficiency syndrome (HIV/AIDS), Ebola hemorrhagic
fever, severe acute respiratory syndrome (SARS), to the most recent coronavirus disease 2019
(COVID-19).!2 When encountering these diseases and even outbreaks, significant challenges are
encountered with the devastating loss of human lives, high economic costs, and political
disturbances. Although most infectious diseases only last a short time, they can be pretty severe
and even fatal, resulting in a leading cause of global morbidity and mortality.> Despite the
improved healthcare infrastructure and preventive measures (like vaccines), infectious diseases
remain an ever-present and serious public health threat in daily life.*

Tuberculosis, as one of the deadliest “big 3” infectious diseases (including HIV and
malaria),® is caused by the bacillus Mycobacterium tuberculosis (M.tb), resulting in around 1.5
million deaths annually.® In 2019, TB was reported to be the leading cause of a single infectious
agent, ranking above HIV/AIDS.® In the United States, TB cases were reported in all states, and a
total of around 9,100 cases of TB were recorded in 2017, with a national incidence rate of 2.8 cases
per 100,000 persons.” TB typically affects lungs, known as pulmonary TB, while TB bacteria could
also attack other sites, such as the pleura, genitourinary tract, spine, and brain, causing
extrapulmonary TB.2 There are two types of illness, latent TB and active TB, while a person with
the former one has no symptoms, and the TB bacteria cannot spread. However, the TB bacteria
carried by the latent TB patients can be activated, spread, and cause disease due to the patients’

sickness (e.g., diabetes), stress, aging, smoking, alcohol consumption, etc.



Pertussis, also known as whooping cough, is another highly contagious disease caused by
Bordetella pertussis (B. pertussis). This respiratory infection affects people of any age and is
potentially life-threatening to young children. Despite the high vaccination coverage in many
countries for more than 50 years, vaccine-preventable pertussis remains endemic worldwide.® In
developing countries, pertussis has been considered a serious health concern. According to a report
from the WHO, there were about 151,074 pertussis cases worldwide in 2018, most of these
pertussis cases occurring in developing nations.*® However, a publication modeling the pertussis
cases estimated that about 24.1 million pertussis cases and 160,700 deaths occurred in children
younger than five years globally in 2014.1* Most of these cases happened in developing countries.*?
Pertussis is also a common disease in the United States with frequent outbreaks. For example, in
the most recent peak year of 2012, 48,277 cases were reported, which was the highest level since
1956.13 Pertussis is commonly under-diagnosed due to mild or subclinical infections in most cases.
The common symptoms of pertussis are a runny nose, mild cough, nasal congestion, and low-
grade fever. Other Bordetellae species such as Bordetella parapertussis (B. parapertussis),'*
Bordetella holmesii (B. holmesii), and other respiratory infections may cause similar symptoms
and are frequently misidentified as being B. pertussis.’® Late-stage pertussis might present some
symptoms such as whoop-like cough. Because of the different treatments for each type, identifying
the exact Bordetellae species causing the respiratory disease is vital.

1.1.1 Current technologies for infectious diseases diagnosis

A simple, low-cost, rapid, and highly sensitive approach for immediate infectious disease
diagnosis is in great need because of the high fatality, high mortality, and the high number of
infections in rural, high-poverty areas. WHO has provided the guidelines for a successful
diagnostic technology in the developing world as ASSURED, which means affordable, sensitive,

specific, user-friendly, robust and rapid, equipment-free, and deliverable.'®
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The current diagnostic methods for infectious diseases, including TB and pertussis, are
bacterial culture, gram staining, enzyme-linked immunosorbent assay (ELISA), and nucleic acid
amplification-based methods such as quantitative real-time polymerase chain reaction (qPCR).
However, those common infectious disease diagnostic procedures have their limitations and
cannot satisty the guidelines and requirements provided by WHO. Multiple variables, including
lack of effective test systems and personnel expertise, delay in specimen collection and
transportation to the laboratory, and costly instrumentation, may affect laboratory diagnosis of
infectious diseases.!”

Microbiological culture is a well-established approach to growing microbial organisms by
using predetermined media in a laboratory setting under appropriate conditions.'® Microbiological
culture is commonly used as a powerful method to identify a variety of infectious diseases,
including TB and pertussis, based on the specific characteristics of the culturing microbial
organisms. However, the limitations of microbiological culture are obvious. Microbiological
culture needs a long time to achieve the identification results, usually up to days or even weeks for
the identification.!®?° In addition, the detection sensitivity of microbiological culture is low,
especially for patients who have received antibiotic pre-treatment.?! For example, the sensitivity
of a microbiological culture assay for M.¢b infected patients was as low as 46.2% (18 out of 39
patients).?> According to a study, the sensitivity of a microbiological culture assay for pertussis
diagnosis was only 58% (288 out of 496 patients).*

Gram stain is a staining approach applied to differentiate bacterial species. The bacterial
species can be differentiated into gram-positive and gram-negative groups based on the properties
of the cell walls. The gram-positive bacteria are stained violet from the primary stain, while the

gram-negative bacteria are stained pink from the counterstain after washing.?* Gram stain is mainly



used as a preliminary identification of bacterial species that cause infectious diseases. Usually,
gram stain cannot be solely used and should be employed by combining other diagnostic tools
such as traditional microbiological culture and molecular techniques. Although gram stain may aid
in providing a fast identification in laboratory settings, its sensitivity is low. Gram stain even has
a lower detection rate for patients previously treated with antimicrobial therapy. In addition, well-
trained personnel must perform gram stains since sometimes poor staining occurs.?

ELISA, one of the most widely used diagnostic tools for infectious disease, is based on
binding antibodies and antigens.? ELISA can detect the etiologic agents of diseases directly from
clinical samples, which is helpful for rapidly detecting uncultivable or fastidious microorganisms.
Several publications reported ELISA assay for tuberculous diagnosis. For example, Peter et al.
applied ELISA for TB diagnosis using urine samples in TB and HIV co-infection patients.?” A low
sensitivity of 56% and a low specificity of 48% were achieved. In addition, Kashyap et el.
employed an indirect ELISA assay for TB diagnosis using serum samples from 185 active TB
patients.?® By using monoclonal antibody for the antigen 85 complex, a sensitivity of 82% and a
specificity of 86% were achieved. Zhang et al. reported ELISA against antigens Rv3425 for
detection of TB with a sensitivity of 31% and a specificity of 100%.> However, the achieved
specificity was high, the sensitivity was low.

ELISA applying IgM and IgG antibodies targeting B. pertussis are also available for
pertussis diagnosis, but the sensitivity and specificity are low.*® The IgA and IgG antibody
responses are also associated with infections caused by other Bordetella species, making the
ELISA assay for pertussis not specific. Another challenge for ELISA-based pertussis diagnosis is

collecting the acute-phase samples, whose antibody titers must be =2-fold higher than those in

the convalescent phase samples.!” It is challenging to apply ELISA for accurate detection of



specific pathogens such as B. pertussis. In addition, ELISA usually needs a complicated
immobilization process, multiple washing steps, and long-time incubation and blocking.
Traditional ELISA assays also rely on bulky instruments such as microplate readers.
1.1.2 Nucleic acid-based diagnostic methods of infectious diseases

Based on a DNA polymerase activity for primer-directed target amplification, polymerase
chain reaction (PCR) is the most widely adopted nucleic acid amplification method with great
clinical application. PCR typically consists of 20-40 cycles, with each cycle usually composed of
3 discrete steps. First, in a denaturation step (94-96 °C), DNA melts, yielding single-stranded DNA
(ssDNA) molecules. Subsequently, in an annealing step (50-65°C), the polymerase attaches to a
single strand and begins DNA formation. Finally, in an elongation or extension step (72 °C), DNA
polymerase synthesizes a new DNA strand that is complementary to the single-strand template.>!
Quantitative PCR (qPCR) is a molecular technique used to monitor and quantify the PCR
amplification of the target DNA by using either sequence-specific or non-sequence-specific
fluorescent dyes. qPCR has been employed for infectious disease diagnosis without the antibiotic
pretreatment impact.*>* There are many reports on highly sensitive and specific gPCR-based
singleplexed or multiplexed infectious diseases diagnoses, including TB and pertussis.**” The
whole qPCR assays could be completed within 1.5 hours.

qPCR needs laborious and time-consuming sample preparation processes such as DNA
purification and specialized instruments in a well-equipment laboratory such as qPCR instruments
(~$60000), centrifuges, fluorescent microscopes, etc., limiting the broad application of qPCR,
especially in low-resource settings.*® In addition, qPCR-based pertussis diagnosis usually targets
the IS481 sequence of B. pertussis, which could achieve the LOD as low as a single organism per
reaction.>” However, the IS481 sequence also exists in the B. holmesii genome, making the 1S481—

based qPCR for pertussis diagnosis not specific.*’
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1.2 CANCER DIAGNOSIS

Cancer is another primary human disease that contains many genetic disorders, including
lung, colon, breast, liver, and prostate cancers. Cancer is usually caused by gene mutations and
leads to abnormal cell growth. Cancer is among the leading causes of death across the world, which
is responsible for an estimated 9.6 million (1 in 6) deaths in 2018, according to the WHO; the
world has seen cancer surpass other diseases (e.g., heart disease) as the No. 1 killer in some middle-
and high-income countries according to a recent study.*' Fortunately, cancer mortality can be
reduced with the early diagnosis and timely treatment, where standard diagnostic tests have been
applied, such as laboratory tests (e.g., blood, urine, etc.), biopsy, imaging techniques, and ELISA.
Most countries with top incidence rates and highest mortality and morbidity are developing
nations. The higher mortality in developing countries is due to late diagnosis, barriers to diagnosis,
and medical care.**** Therefore, a low-cost and straightforward point-of-care diagnosis method
for cancer is in need.

1.2.1 Current technologies for cancer diagnosis

Cancer biomarkers are used as diagnostic indicators for assessing the risk or the presence
of cancer. They can measure and evaluate normal biological processes or pharmacologic responses
to a therapeutic intervention. It can include mRNA expression profiles, circulating DNA and tumor
cells, proteins, proteomic patterns, lipids, metabolites, imaging methods, or electrical signals.
These signals/biomarkers may be obtained from urine, blood, and tissues.**

Biopsy is a procedure to remove a piece of sample or tissue from any suspected part of the
body to analyze in a laboratory for diagnosing cancer. A biopsy is usually performed if there are
any signs or symptoms of cancer or if the doctor notices an area of concern after an X-ray or other
scanning tests. Recent discoveries in genetics and molecular biology have revolutionized our

understanding of cancer initiation and progression. Likewise, the knowledge that “genetic changes
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drive cancer progression” has provided a variety of molecular markers for the early detection of
cancer.* Newer technologies have transformed the field of molecular diagnosis for cancer.

ELISA has been widely used for the detection of cancer biomarkers. Carcinoembryonic
antigen (CEA) is an important tumor marker responsible for the clinical diagnosis of over 95% of
all colon tumors, 50% of breast tumors, as well as tumors of the lung, pancreas, ovaries, and others
of epithelial tissue origin, especially of the gastrointestinal tract, and is widely measured using
ELISA.% Likewise, the prostate-specific antigen (PSA) level in the serum measured using ELISA
and digital rectal examination (DRE) are the recommended methods for screening prostate
cancer.” Even though most ELISAs performed in 96-well plates are well suited for high
throughput assays, they take several hours to complete because of the long incubation and blocking
time.*® Similarly, other critical issues include consuming a large volume of precious samples and
reagents and dependence on laboratory settings making conventional ELISA unsuitable for POC
detection. In addition, highly complicated and specialized instruments must be utilized to automate
assays in a high throughput format, like robotic pipettors, plate washers, and optical detectors.
Furthermore, most detection methods require bulky and expensive equipment, limiting their
application in POC detection and developing countries.
1.2.2 Nucleic acid-based diagnostic methods of cancer

MicroRNAs (miRNAs) are short, endogenous, noncoding RNA of about 18-24
nucleotides that play essential roles in normal and pathologic processes. They regulate gene
activity and act to promote or repress cell proliferation, migration, and apoptosis.*® Recent studies
have found that some miRNAs have altered expression in cancer cells; aberrant expression of
miRNAs is associated with cancer initiation, tumor stage, and tumor response to treatments.*
mMiRNAs are remarkably stable in blood, serum, and plasma, making them promising biomarkers

for cancer detection and diagnosis.>*? So effective detection of miRNAs is crucial to better
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understand their roles in cancer cells and further validate their function in biomedical research and
clinical diagnosis. However, it is difficult to analyze the miRNAs because of their unique
characteristics, including small size, sequence homology among family members, and low
abundance in total RNA samples.>® Hence, strategies for specific, sensitive, and quantitative
detection of miRNAs are urgently needed. Currently, there are various methods for the detection
of miRNAs, including Northern blot,>* Microarray technology,>® and RT-qgPCR.*®

Northern blotting is the standard and most widely used method for detecting miRNAs. It
can be used not only for detecting mature miRNAs but also for their precursors. Although it does
not need specialized equipment, it lacks sensitivity and is time-consuming.>’ The microarray is
another widely used method for rapid and high throughput detection of miRNAs.>®>° Although the
microarray can analyze thousands of samples a day, the cost is very high.®® This method also faces
many challenges: too short miRNAs and low copy number miRNA cannot be detected, and the
specificity of analyzing the miRNA with similar sequences is not so good.

Real-time qPCR has become a routine and reliable technique for detecting miRNA
expression because of its broad dynamic range, high sensitivity, and high sequence specificity.®!
Real-time qPCR can be considered as a single gold standard method among miRNA detection
techniques. Target miRNA was first transferred into cDNA by reverse transcription in such
approaches. Afterward, PCR was performed to achieve real-time fluorescence detection. PCR
remains the most widely adopted nucleic acid amplification method with clinical, biological,
agricultural, environmental, and forensic analysis applications, which qPCR has been widely
employed for the detection of miRNAs as cancer biomarkers.52-

For instance, expression levels of miRNA-21 and miRNA-146a as potential biomarkers

were investigated using gPCR in plasma of breast cancer patients and healthy individuals.®® The



results showed that the levels of miRNA-21 and miRNA-146a were significantly higher in plasma
samples of breast cancer patients when compared to those of healthy controls. Moreover, Chen et
al. determined circulating miRNA-10b and miRNA-373 in plasma samples by qPCR assay in 35
breast ductal carcinoma patients with lymph node metastasis (N patients), 25 ductal carcinoma
patients without lymph node metastasis (No patients).®’ It was observed that the level of miRNA-
10b in the 35 N patients was 4.44-fold increased, and miRNA-373 was increased 4.38-fold
compared to the 25 Ny patients.

qPCR requires a laborious and time-consuming sample preparation process such as DNA
purification and specialized instruments in a well-equipped laboratory such as qPCR, centrifuges,
fluorescent microscopes, and so on, limiting the broad application of qPCR in low-resource
settings.
1.3 ISOTHERMAL AMPLIFICATION METHODS FOR THE DETECTION OF NUCLEIC ACIDS

Biomolecular detection for diseases diagnosis tools needs to fulfill specific requirements
in terms of sensitivity, selectivity, and high throughput for broader applicability and decreasing
the cost of the assay. Nucleic acid amplification is a crucial step in DNA and RNA detection
assays. It contributes to improving the assay sensitivity by enabling the detection of a limited
number of target molecules. Although PCR is the most widely used tool for nucleic acid
amplification to detect and identify infectious diseases and cancer, it requires a thermocycling
machine to amplify the target. Novel developments in molecular biology of DNA synthesis in vivo
demonstrate the possibility of amplifying DNA in isothermal conditions without the need of a
thermocycling apparatus. DNA polymerase replicates DNA with the aid of various accessory
proteins. The recent identification of these proteins has enabled the development of new in vitro

isothermal nucleic acid amplification methods, mimicking these in vivo mechanisms. There are
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several isothermal nucleic acid amplification methods, such as loop-mediated isothermal
amplification and rolling circle amplification.
1.3.1 Loop-mediated isothermal amplification

As a promising isothermal nucleic acid amplification method, LAMP has been developed
to amplify the target nucleic acid at a constant temperature of 60-65 °C. The high strand
displacement activity from a DNA polymerase (e.g., Bacillus stearothermophilus, Bst) and
identification of 6-8 distinct regions from 4-6 different primers in LAMP results in high
specificity.®®* LAMP has been reported with higher specificity and sensitivity and less inhibition
effect in clinical samples such as blood than qPCR.”*7! For the first time, Notomi et al. described
LAMP in 2000, utilizing two sets of specially designed primers, termed inner and outer primers,
and a DNA polymerase with strand displacement activity.”?

As shown in Figure 1.1, the LAMP reaction is initiated by a forward inner primer (FIP)
containing sequences of the sense strand of the target DNA, which hybridizes to F2c in the target
and initiates a complementary strand synthesis. Then, the outer primer F3 hybridizes to the F3c
portion in the target sequence, leading to the displacement of the synthesized strand released as a
single-stranded DNA with a loop-out structure at one end. The FIP-linked complementary strand
acts as the template for a new DNA synthesis primed by backward inner (BIP) and outer (B3)
primers that hybridize to the other end of the target, leading to the production of a dumb-bell form
DNA, which produces a stem-loop DNA structure because of self-primed DNA synthesis.

The subsequent cycles, comprising elongation and recycling steps, lead to final products
constituted by a mixture of stem-loop DNAs having various stem lengths and cauliflower-like
structures with multiple loops formed after the annealing between alternately inverted repeats of
the target sequence in the same strand. It is to underline that only inner primers are used for strand

displacement DNA synthesis during cycling reactions, while all four primers are used during the
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initial steps of the LAMP reaction. The initial use of four primers enabling the recognition of six

distinct sequences, followed by using two primers, ensures the high selectivity for target

amplification.
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Figure 1.1: Schematic representation of the LAMP process. (Source: Adapted with permission
from Notomi et al., 2000. Copyright @ 2000 Oxford University Press.”?)
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LAMP recognizes the target sequence and generates a large amount of amplified product
within one hour. It has been widely applied to detect pathogens such as M.th,”* B. pertussis,’
HIV,”, and COVID-19.7 Kim et al. developed a LAMP assay for the differential detection of
M.tb and non-tuberculosis mycobacterium (NTM) and investigated the assay using clinical
samples.”® The results showed that 121 of 123 NTM samples were identified as NTM, and 72/72
M.tb were determined as M.tb by the LAMP assay. False-negative reactions were seen only in two
NTM positive samples. All 138 negative samples were identified as negative for M.tb and NTM.
The analytical sensitivity of the LAMP assay was 100% (72/72) for M.tb and 98.4% (121/123) for
NTM. The specificity of the assay was 100% (138/138) for all. In addition, the LAMP assay was
employed to study 213 nasopharyngeal samples collected from children with clinical suspicion of
pertussis.”” It was observed that the sensitivity and specificity of the LAMP-based diagnostic
method for pertussis are 96.55% and 99.46%, respectively.

LAMP method does not require thermocycling since the amplification is performed at a
constant temperature between 60 and 65 °C. Another significant advantage of the LAMP method
is its simplicity in detecting the amplification reaction. Pyrophosphate byproducts are produced
during the reaction. These byproducts form a white precipitate that increases the turbidity of the
solution. The detection of amplification products can be obtained using various techniques,

"8 turbidimetric,” and electrochemical® methods, or by visually

including electrophoretic,
evaluating the solution color change resulting from calcein®' or SYBR green®?.
1.3.2 Rolling circle amplification

Rolling circle amplification (RCA) is an efficient and straightforward isothermal

enzymatic process that utilizes unique DNA and RNA polymerases to generate long single-

stranded DNA (ssDNA) and RNA.% In RCA, the polymerase continuously adds nucleotides to a
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primer annealed to a circular template resulting in long ssDNA with tens to hundreds of tandem
repeats. Unlike PCR which requires a thermal cycler and thermostable DNA polymerases, RCA
can be conducted at a constant temperature (room temperature to 37 °C) in a solution, on a solid
support, or in a complex biological environment. The ability of RCA to grow a long DNA chain
on a solid support or inside a cell from one molecular binding event enables the detection of targets
at a single molecule level 34*°

RCA has become increasingly popular in miRNA detection due to its simplicity,
specificity, and high sensitivity.®*® In most cases, miRNA works as a ligation template, and the
padlock probe will respectively hybridize with the target miRNA, which will be ligated by T4
RNA ligase, forming a circular ssDNA. Then it is followed by extension around the circle with an

external primer or miRNA itself as a primer,-*!

ultimately displacing the conjoined miRNA and
continuing to produce long cascaded nucleic acid products.>’ After RCA-based miRNA detection
was first reported,®® several strategies were developed to improve the specificity and sensitivity of
this method. Recently, a primer generation-rolling circle amplification (PG-RCA) has been
reported.”® PG-RCA is a process including a cascade reaction of linear rolling circle
amplification and nicking reactions. In contrast with conventional linear rolling circle
amplification, the amplification was in an exponential mode. The remarkable sensitivity may offer
an excellent possibility for low-abundance miRNA detection. But due to the high sequence
homology among miRNA family members and small size, there is still a great challenge for
specific detection of miRNA, especially for the discrimination of single-nucleotide difference
within the same and short lengths.

Padlock probe-based exponential rolling circle amplification (P-eRCA) assay is recently

developed for highly specific and ultrasensitive miRNA detection.’**® Padlock probes are
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oligonucleotides with two lateral sequences complementary to two target sequences connected by
a linker sequence. When the padlock probe hybridizes the target sequences, it circularizes. Specific
ligation and circulation of padlock probe with the miRNA as a target is achieved under isothermal
conditions. The ligation reaction and the target-dependent circularization of the padlock probe can
effectively improve the specificity of the miRNA assay.

The strategy for miRNA detection based on P-eRCA is shown in Figure 1.2. The padlock
probe comprises a hybridization sequence to miRNA (black) and a nicking site for nicking

endonuclease (red). The 5’ - and 3’ -termini of the padlock probe are designed to complement

the miRNA target. The padlock probe can be ligated specifically and circularized with the miRNA
as a template in the presence of T4 RNA ligate 2. Once miRNA and the padlock probe form a
complex, Phi29 DNA polymerase synthesizes a long-concatenated sequence copy of the padlock
probe through linear rolling circle amplification (LRCA). Next, multiple padlock probes can be
hybridized to numerous sites of the LRCA DNA product, and nicking endonuclease recognizes
the sites and cleaves sequences of double-strand formation. Therefore, multiple short DNA
products are produced as new triggers to initiate multiple reaction cycles until some of the reaction
components, most likely dNTP substrates, are depleted. Hence, LRCA and cleavage can be
repeated continuously in cycles, conventional LRCA is converted to an exponential amplification,

and a highly sensitive assay for miRNA can be achieved.”
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Figure 1.2: Scheme for miRNA Detection with the Padlock Probe-Based Exponential Rolling
Circle Amplification (P-eRCA) Reaction. (Source: Adapted with permission from
Liu et al., 2013. Copyright @ 2013 American Chemical Society.”*)

1.4 MICROFLUIDIC LAB-ON-A-CHIP TECHNOLOGY

In recent years, the fast-growing microfluidic lab-on-a-chip (LOC) technology has
provided versatile platforms for chemical and biological analyses in various research fields.
Miniaturized devices have been fabricated in the last few decades using different microfluidic
technologies, from traditional molding to modern three-dimensional (3D) printing.’ Microfluidics
devices possess remarkable features for simple, low-cost, and rapid disease diagnosis. These
include low volumes of reagent consumption, fast analysis, high portability, integrated processing,
and analysis of complex biological fluids with high sensitivity for health care applications.”®*’
Many microfluidic devices have been developed for different biomedical applications.!?-1% These
devices enable on-chip POC diagnosis and real-time monitoring of diseases using a small volume

of body fluids. These microfluidic devices may act as a bridge to improve the global health care
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system with high efficiency and sensitivity, especially for remote areas with low-resource settings,
such as the underdeveloped and developing countries, in-home health care settings, and in
emergencies. Because of all these significant features, numerous microfluidic devices have been

104-107

developed for disease diagnosis, which includes multiple types of infectious diseases and

cancer,!%%-111

In addition to microfabrication techniques, the evolution of microfluidics also relies on the
materials of choice.!!? Inorganic materials such as silicon and glass were widely applied to
fabricate the first generations of microfluidic LOC devices. However, due to high material cost,
lack of rapid prototyping, stringent requirements for cleanroom facility, low biocompatibility, and
difficulty in optical detection, silicon-based microfluidic platforms are not well suited to POC
applications in low-resource settings, such as developing nations. Polymers like polymethyl
methacrylate (PMMA) and polydimethylsiloxane (PDMS) were quickly adopted for the
production of microfluidic devices because these polymers were relatively inexpensive and
suitable for rapid prototyping.!!3!'* However, polymer-based microfluidic devices usually require
additional and complicated steps for the functionalization of the substrate surface to immobilize
biomolecules.'!?
1.4.1 Paper-based microfluidic devices

Paper is an inexpensive and abundant cellulose fiber web with three-dimensional (3D)
microstructures and a high surface-to-volume ratio property. The biodegradable cellulose paper
can transport fluids via the capillary effect without external pneumatic pumps or electric power,
making paper an ideal substrate for a disposable equipment-free testing solution. Paper has been
used for analytical and clinical chemistry since the early twentieth century.!'!® The low-cost, easy-
to-use paper-based testing strips for testing pH, pregnancy, and diabetes have been commercially

available for decades. Since the Whitesides group introduced integrated paper-based microfluidic
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devices!!¢ to offer low-cost and easy-to-use lab-on-a-chip (LOC) platforms, the paper has become

H7-18 such as immune-chromatographic

one of the most prevalent substrates for low-cost bioassays
strips (ICS) for quantitative or semi-quantitative assays.'"”

Various types of papers are suitable as building materials for paper-based microfluidic
platforms, for example, nitrocellulose (NC) and cellulose paper/membrane. The selection of an
appropriate paper type depends on the fabrication technologies and the field of its applications.
Cellulose paper is widely used owing to its low cost, fast liquid penetration, and naturally
hydrophilic properties. Whatman filter paper is the most popular among various types of cellulose
papers,'?° with well-categorized flow rate and particle retention. For example, as standard grade
filter paper, Whatman filter No. 1 (pore size 11 pum) allows medium flow rates, and particle
retention is widely adopted because of its compatibility with many patterning techniques.!?!-122
Whatman No. 4 filter paper with a larger pore size (2025 pm) is ideal for the fabrication technique
of etching printing, which requires a solvent to swell the cellulose fibers and restrict the pore
size.!?’ Because of the high porosity of paper, electrodes can be screen printed manually on paper
for electrochemical detections.!!” Chemically surface-modified cellulose paper blended with an
inorganic filler (e.g., polyester) is commercially feasible as an ion-exchange substrate. It is
nondegradable with a smoother surface, suited to surface chemical modification.!!'” The
hydrophobic NC membrane is another type of paper substrate.!'® 123 With a smooth surface and
uniform pore size (0.45 um), it enables more reproducible and stable liquid flows.'?*

Paper-based microfluidic platforms rely on the capillary action to circulate fluids. Paper
becomes a platform where sample preparation, purification, and multiple bioreactions can occur

simultaneously without cross-contamination when patterned with microstructures. There are three

major patterning principles of microstructures on paper-based microfluidic platforms: physical
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blocking of pores in a paper, physical deposition of reagents on a paper surface, and chemical

122 and plotting!% are the principal techniques

modification of the paper surface. Photolithography
for physically blocking pores in a paper, in which paper is treated with a photoresist (e.g., SU-8)
and PDMS to define patterns. Methods of physical deposition of reagents on paper surfaces include
inkjet etching'?, wax printing'?’, screen printing'?®, flexography printing'?’, etc. Plasma

treatment'>?

and inkjet printing!? are the main techniques for chemical modification of the paper
surface.

Different materials have their advantages and limitations. Despite its significant
advantages, the paper also has its limits. For instance, generally, paper is not transparent, although
there are efforts to develop an optically transparent paper.'3!"*2 Paper substrates lack the high
performance in flow control demonstrated by polymer substrates such as PDMS.

1.4.2 Paper/polymer hybrid microfluidic devices

Different materials have their advantages and limitations. To draw benefits from multiple
microfluidic device substrates, our group reported first paper/polymer hybrid microfluidic
devices.!¥13 Hybrid devices can take advantage of various substrates while eliminating some
limitations of certain substrates. For example, the paper/PDMS hybrid microfluidic devices have
been fabricated and used in several applications by Li and coworkers.!**!37 The hybrid device
consisted of two PDMS layers on a glass slide, with a porous paper stick inside each detection
well. In this paper/PDMS hybrid microfluidic system, the paper substrate sufficiently facilitated
biosensor materials immobilization while avoiding multiple surface modifications and
immobilization on a PDMS-based substrate. The fabrication procedures of the paper/polymer

hybrid microfluidic devices mainly were based on the combination of conventional fabrication

methods using individual chip substrate, and PDMS fabrication methods in previous studies.'*
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As a transparent and rigid material, PMMA is another polymeric material that enables rapid
reagent delivery to different regions, but complicated surface modification procedures are often
required to immobilize biomolecules. Paper-based devices can promptly immobilize biomolecules
but cannot offer high performance in long-distance flow control. Therefore, the paper/PMMA
hybrid devices attract growing interest, as they can use the advantages of both substrates. The Li
group reported paper/PMMA hybrid microfluidic chips for infectious disease diagnosis.!** The
microfluidic system consisted of three layers of PMMA films. The top PMMA layer, which was
the fluid delivery layer for all the assay reagents, also covered the microwells in the assay plate
(the middle PMMA layer). The purpose of the bottom PMMA layer was for waste fluid collection.
In each microwell of the middle layer, a piece of chromatography paper was placed inside to serve
as a 3D microenvironment and space for immunoassays such as ELISA. For assembling the device,
different PMMA layers were stuck together at 115°C—120°C for 35 min, then cooled down to room
temperature.

Furthermore, the Li group reported another paper/PMMA hybrid CD-like microfluidic
SpinChip consisting of two PMMA plates screw-tightened in the center (Figure 1.3).!3* Generally,
the bottom PMMA layer, which was fabricated with laser ablation, contained the LAMP
microzones, while the top PMMA layer, which was fabricated with laser ablation as well, included
the detection microzones. Chromatographic paper disks were cut and tightly placed inside each
detection microzone, serving as a 3D storage substrate. Finally, two PMMA plates were tightened
together with a screw in the center of both plates. This design allowed the rotation of one layer
over the other by loosening the screw. Following this procedure, multiple DNA targets could be
isothermally amplified via multiplexed LAMP (mLAMP) in one microwell and quantitatively

measured by the integrated DNA-functionalized GO nanosensors. Cy3-labeled DNA capture
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probes were preloaded on the GO-functionalized paper disk, in which the fluorescence was
quenched initially. The LAMP mix was introduced by aligning the inlet in the top plate with the
mLAMP microwell in the bottom plate, enabling the SpinChip in the open mode (Figure 1.3d).
After the reagent introduction, the bottom layer was rotated, and the SpinChip was thus sealed,
allowing mLAMP reaction at 63°C for 45 minutes. The reaction was terminated afterward, and the
LAMP product was denatured thermally. The SpinChip was turned over and spun to let the
mLAMP microzone pass by different detection zones with paper disks inside to deliver amplicons
to different nanosensor zones. Using this device, two bacterial pathogens, N. meningitidis and S.
pneumoniae were identified and quantified, with the LODs of 6 copies and 12 copies per assay,
respectively. The DNA amplification and the quantitative multiplex detection were achieved
without using any valves or pumps, providing enormous potential for a simple, low-cost, and high-

throughput analysis.
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Figure 1.3: Schematic of the paper/PMMA hybrid microfluidic SpinChip for mLAMP detection.
(a) 3D schematic of the exploded view of the SpinChip. (b) Detection principle
based on the interaction among the GO, ssDNA probes, and target LAMP products.
(¢) A photograph of the assembled paper/PMMA hybrid microfluidic SpinChip.
(d)Working principle of the SpinChip during the mLAMP detection. (Source:
Adapted with permission from Duo ef al., 2018. Copyright (@ 2018 The Royal
Society of Chemistry.!*%)
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1.4.3 Integration of isothermal amplification methods on microfluidic devices

The integration of nucleic acid detection assays in microfluidic devices is a promising
approach for developing convenient, cheap, and efficient diagnostic tools for clinical, food safety,
and environmental monitoring applications. Such tools are expected to operate at the point of care
and in resource-limited settings. Using microfluidic devices to miniaturize amplification protocols
reduces the required sample volume and the analysis times and offers new possibilities for process
automation and integration in one single device. The most miniaturized systems for nucleic acid
analysis exploit the PCR amplification method, which needs repeated cycles of three or two
temperature-dependent steps during the amplification of the nucleic acid target sequence. In
contrast, low-temperature isothermal amplification methods do not need thermal cycling, thus
requiring simpler microfluidic device features.

LAMP on microfluidic devices

As an emerging isothermal amplification technique, LAMP allows nucleic acid
amplification under isothermal conditions, eliminating the complicated and costly
microfabrication of heating elements on a microfluidic chip.!*® Recently, various LAMP-based
microfluidic devices have been developed for rapid pathogen detection.!31¥> LAMP on those
microfluidic devices has been demonstrated as a simple screening assay for POC diagnosis of
infectious diseases, coupled with different detection methods such as electrochemical,'*?
colorimetric,'* and fluorescent'** detections.

Electrochemical methods can identify and quantify the bacteria in LAMP products on
microfluidic devices. Luo et al. integrated LAMP on a laser-etched indium tin oxide (ITO)
electrode-based microfluidic chip for real-time quantitative differentiation of M.tb, Haemophilus
influenza (HIN), and Klebsiella pneumonia (KPN). '*? The results indicated that the ability of the

assay to analyze multiple genes qualitatively and quantitatively was highly specific, operationally
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simple, and cost/time effective. It demonstrated high sensitivity with detection limits of 28, 17,
and 16 copies uL~! for M.th, HIN, and KPN, respectively. The whole differentiation could be
finished in a short time of 45 min. However, a particular and bulky instrument is required for
electrochemical detection in a laboratory setting.

Colorimetric assays recently attracted attention for easy and quick detection of on-chip
LAMP products. Seo and coworkers developed a centrifugal microfluidic device that enables
multiplex foodborne pathogen identification by LAMP and colorimetric technique using
Eriochrome Black T (EBT).'* To perform the genetic analysis of 25 pathogen samples in a high-
throughput manner, five identical structures were fabricated in the centrifugal microfluidic system.
The whole process was completed in 1 hour. Since the proposed microsystem did not require any
bulky and expensive instrumentation for end-point detection, the microdevice can be adequate for
POC testing with high simplicity and speed. But the sensitivity of the colorimetric detection is not
high. The LOD of E. coli O157:H7 on the proposed microdevice was 380 copies.

Measuring the fluorescence signals produced via fluorescent dyes is another method to
detect on-chip LAMP products. Ahmad et al. reported a charge-coupled device (CCD)-based
fluorescence imaging system for rapidly detecting waterborne pathogens by performing LAMP on
a microfluidic device.!* By using a highly fluorescent DNA binding dye (SYTO-82), this
microfluidic LAMP assay allowed the analysis of a low sample volume of 2 pL in less than 20
min with the LOD of a single DNA copy. However, the CCD-based fluorescence imaging system
is bulky, making the detection must be performed only in a laboratory setting.

RCA on microfluidic devices
Low-temperature requirements (room temperature to 37 °C) make RCA attractive for

integration in microfluidic-based point-of-care devices. But RCA-based microfluidic platforms are

24



rare on which the whole amplification reaction and detection assays were integrated. Annealing
and ligation reactions are essential before RCA amplification and make integrating the entire RCA
reaction process on the chip complicated. The presented on-chip RCA assays need programmable
microvalves and pumps for precise nanoliter-scale flow controlling that limit their application in a
low-resource setting as a POC assay.

A few microfluidic chips integrated with RCA have been reported to detect miRNAs as
cancer biomarkers. Cao et al. developed an integrated microfluidic exponential rolling circle
amplification (MERCA) platform to detect microRNAs directly in minimally processed
samples.!* The MERCA system integrated and streamlined solid-phase miRNA isolation,
miRNA-adapter ligation, and a dual-phase eRCA assay in one analytical workflow. By marrying
the advantages of microfluidics in leveraging bioassay performance with the high sensitivity of
eRCA, the presented method afforded a limit of detection (LOD) at <10 zeptomole levels, with
the ability to discriminate single-nucleotide difference. The high sensitivity of the technique
enables direct detection of low-level exosomal miRNAs in as few as 2 x 10° exosomes. In addition,
Treerattrakoon ef al. developed a simple multiplex miRNA detection platform based on RCA and
the fluorescence quenching property of reduced graphene oxide.'*® Two fluorescence-labeled
ssDNA tags were used to detect miR-29a and miR-144, which are highly expressed in the blood
circulation of some patients with cancer. The multiplex miRNA detection platform exhibited high
sensitivity and selectivity, with a limit of detection of 0.05 pmol. The platform could detect target
miRNAs from the total miRNA population extracted from human serum or a cancer cell line.
However, these presented microfluidic devices needed a pump (e.g., syringe and piezoelectric
diaphragm pumps) to control flow of the reagents to the reaction zones that restrict their application

for POC disease diagnosis.
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Despite the attractiveness of these on-chip LAMP and RCA systems for rapid disease
diagnosis, some limitations restrict their applications in low-resource settings.!** 144146 Some
microfluidic devices still require complicated fabrication procedures because of the microvalves
and patterned electrodes involved,'*, which increase the device cost. Moreover, most systems still

142 and spectrophotometers'#*) and other

rely on expensive and bulky detectors (e.g., potentiostats,
supporting equipment (e.g., pumps'*146) that are not commonly available in resource-poor
settings.
1.5 RESEARCH OBJECTIVES

This research aims to provide low-cost paper/polymer hybrid microfluidic devices for rapid
and sensitive diagnosis of infectious disease and cancer in low-resource settings.

Using microfluidic lab-on-a-chip technology and isothermal amplification methods,
including LAMP and P-eRCA, we have developed four low-cost paper/polymer hybrid

microfluidic biochips integrated with LAMP and P-eRCA for pathogens and miRNAs detection.

The dissertation structure has been organized into four research projects in Figure 1.4.
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Figure 1.4: The organizational structure of this dissertation.

Chapter 2 summarizes major experimental sections in this dissertation.

Chapter 3 introduces a paper/PDMS hybrid microfluidic biochip to detect a main
tuberculosis-causing bacterium, M.tb. Based on the generated fluorescence signal under a portable
blue light pen in a DarkBox, the naked eye could easily observe the results without using any
specialized laboratory instrument. Paper inside the hybrid microfluidic biochip served as a 3D
substrate to store and preserve the DNA primers. The LODs of 5 and 15 DNA copies per LAMP
zone for M.thb were achieved within 30 minutes using ESAT-6 and 16s-rRNA primer sets,
respectively. Moreover, the hybrid device presented a high efficiency in detecting M.#h in human

serum samples.
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In some cases, multiple pathogens could coexist, and identifying the exact pathogen is vital
because the treatment and antibiotics differ. But multiplexed pathogen detection is challenging for
the traditional tube-based LAMP method. Therefore, by performing parallel LAMP reactions in
independent compartments, Chapter 4 introduces another low-cost paper/PDMS hybrid
microfluidic biochip for instrument-free multiplexed respiratory diseases diagnosis. In this work,
simultaneous detection of B. pertussis, B. holmesii, and B. parapertussis, three common Bordetella
species that cause pertussis-like illnesses, was successfully demonstrated. LODs of a few copies
of initial template DNA per LAMP zone for each Bordetella species were achieved. By applying
a bacterial lysis protocol without using any laborious sample preparation procedures or centrifuges,
the direct detection of the three types of Bordetella species was successfully and simultaneously
achieved from nasopharyngeal samples.

Besides infectious diseases, we also developed low-cost paper/polymer hybrid microfluidic
devices for POC detection of miRNAs as cancer biomarkers, introduced in Chapter 5. P-eRCA
was integrated on a paper/PMMA hybrid microfluidic biochip and successfully used for a
sensitive, specific, and quantitative detection of miRNA-21, miRNA-155, and miRNA-141 as
some non-invasive cancer biomarkers. It was found that the LODs were less than 10 miRNA copies
per P-eRCA zone for each miRNA target. Moreover, the microfluidic biochip was successfully
employed to detect the three different miRNAs in human serum and cancer cell samples.

Multiplexed miRNAs detection can provide rich biomarker information and reduce the cost
of the miRNAs detection assay. Therefore, in chapter 6, we introduce an origami paper/polymer
hybrid microfluidic platform integrated with P-eRCA for multiplexed POC detection of miRNAs,
including miRNA-21, miRNA-155, and miRNA-141. The limits of detection of 6, 5, and 8 miRNA

copies per P-eRCA zone for miRNA-21, miRNA-155, and miRNA-141 were achieved,
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respectively. The three different miRNAs were quantified simultaneously and successfully from
human serum and breast cancer cell samples using the origami microfluidic device.

Chapter 7 presents concluding remarks and future directions of the research work.

In summary, the low-cost paper/polymer hybrid microfluidic platforms that we developed
have great potential for POC diagnosis of infectious diseases and cancer, especially in low-
resource settings such as small clinics and developing countries where financial and medical

resources are minimal.
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Chapter 2: Experimental Sections

This chapter introduces major experimental sections in the research projects.

Materials and reagents are summarized in this chapter.

Bacterial and cells culture and DNA and miRNA preparation procedures are explained.
Fabrication of paper/polymer hybrid microfluidic microplates is described in this chapter.

The instrumentation and data analysis are demonstrated in this chapter.
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2.1 MATERIALS AND REAGENTS

LAMP DNA amplification kit was purchased from New England Biolab (Ipswich, MA).
All the LAMP primers were produced by Integrated DNA Technologies, Coralville, IA. RCA
reagents including Phi29 DNA polymerase, T4 DNA ligase, Nb.BbvClI nicking endonuclease and
deoxynucleotide solution mixture (dNTPs) were purchased from New England Biolabs (Ipswich,
MA). The fluorescence detection reagents, calcein and SYBR Green I, were purchased from Eiken
Co. Ltd. (Tokyo, Japan) and Sigma-Aldrich (St. Louis, MO), respectively. DNA and miRNA
isolation Kits were purchased from Qiagen (Valencia, CA) and Thermo Fisher Scientific
(Waltham, MA), respectively.

The liquid PDMS base and the curing agent (Sylgard 184) were obtained from Dow
Corning (Midland, MI). PMMA was purchased from McMaster-Carr (Los Angeles, CA);
Whatman #1 chromatography paper and Epoxy glue were purchased from Sigma (St. Louis, MO)
and ITW Devon (Danvers, MA), respectively.

All other chemicals were purchased from Sigma (St. Louis, MO) and used without further
purification. Unless otherwise noted, all solutions were prepared with ultrapure Milli-Q water
(18.2 MQ cm) from a Millipore Milli-Q system (Bedford, MA).

2.2 BACTERIAL CULTURE AND TEMPLATE DNA PREPARATION
2.2.1 Bacterial culture

Bacterial cultures were performed by inoculating agar plates and incubating in fresh air or
in the presence of 5% CO; for 24 to 72 h depending on the microorganism. A bead, containing
bacterial cells, was obtained from a microbank (frozen stock) by using a sterile loop. The bacteria
bead was gently spread to create 1%, 2", and 3" streaks over different sections of the agar plate, as

shown in Figure 2.1 to dilute the inoculum and obtain well isolated colonies. The fresh bacteria
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plates were incubated under different conditions (e.g., temperature, humidity and CO>) depending

on the target bacteria.

Figure 2.1: Schematic of streaking for a single colony in bacterial culture to obtain isolated
colonies.

B. pertussis (ATCC 9797) was purchased from American Type Culture Collection (ATCC,
Rockville, MD), and B. holmesii and B. parapertussis were clinical isolates obtained from the
Wisconsin Department of Health Services. B. pertussis was grown on Bordet-Gengou agar (BD,
Sparks, MD, USA) supplemented with 10% casamino acid (Fisher Scientific, USA). B. holmesii
and B. parapertussis were grown in 5% sheep blood agar (BD, Sparks, MD, USA). All
microorganisms were incubated at 35 °C for 3-4 days in an aerobic environment with sufficient
humidity.

2.2.2 Template DNA preparation

The Qiagen DNA Mini kit (Catalog No. 51304, Valencia, CA, USA) was used to extract
and purify genomic DNAs from B. pertussis, B. holmesii, and B. parapertussis microorganisms.
For each microorganism, bacterial colonies were transferred into a centrifuge tube containing 5 mL
of sterile saline, and the turbidity was adjusted to 0.5 McFarland standard (ProLab Diagnostics,

Round Rock, TX, USA) to achieve a cell density of about 1.5 x 108, Then, the microorganism
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tubes were centrifuged at 7500 rpm (5000 xg) for 10 min. After discarding the supernatant,
bacterial cell pellets were collected to proceed with the solid-phase extraction of DNA based on
the Qiagen protocol.
2.3 CANCER CELL CULTURE AND MICRORNA ISOLATION
2.3.1 Cancer cell culture

MCF-7 (ATCC Cat No. HTB-22) cell line was purchased from the American Type Culture
Collection and maintained in a DMEM medium containing 10% fetal bovine serum (Invitrogen,
Burlington, Canada). The cell line was cultured under a humidified atmosphere of 5% CO; at 37
°C.
2.3.2 miRNA isolation

The mirVana™ miRNA Isolation Kit was used to extract and purify miRNAs from MCF-
7 cells following the manufacturer’s protocol. Briefly, the cells were detached from the wells by
trypsinization and washed in cold PBS (phosphate buffer saline—1X, pH 7.4, without calcium
chloride and magnesium chloride). Cells were lysed by adding 500 pl of lysis/binding solution,
followed by vortexing. 50 pl of miRNA homogenate additive was then added, mixed by vortexing,
and cells were incubated on ice for 10 minutes. The RNA was extracted by adding 500 ul of acid-
phenol: chloroform, vortexing for 60 seconds, and centrifuging for 5 minutes at 10,000 xg to
separate the aqueous and organic phases. The upper (aqueous) phase (400 pl) was transferred to
another 2 ml micro-centrifuge tube, and 500 pl of 100% ethanol at room temperature was added
to precipitate the RNA. The total RNA was then filtered onto a filter cartridge by centrifugation,
followed by multiple washes using Wash solutions 1 and 2/3. Finally, the total RNA was eluted

with 50 pl of pre-heated (95°C) nuclease-free water. All the steps were performed on ice.
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2.4 FABRICATION OF PAPER/POLYMER HYBRID MICROFLUIDIC BIOCHIPS
2.4.1 Paper/PDMS hybrid microfluidic biochips

To produce PDMS films, the standard soft lithography procedures were followed.**" At
first, the liquid PDMS base and the curing agent were mixed at a weight ratio of 10:1. Then the
PDMS precursor mixture was poured into a petri dish, degassed in a vacuum desiccator for around
30 min, and incubated in an oven at 90 °C for 3 h.

A laser cutter (Epilog Zing 16, Golden, CO) was used to create microchannels on surface
of the PDMS films. Inlet reservoirs, outlet reservoirs, and LAMP zones on PDMS films were
excised using biopsy punches. A chromatography paper disk cut by a laser cutter (Epilog Zing 16,
Golden, CO) was placed inside each LAMP zone as a 3D storage substrate for specific LAMP
primers. PDMS films and the glass slide were exposed to oxidizing air Plasma Cleaner (Ithaca,
NY) for 30 s to sandwich and bond to each other irreversibly. Thus, the assembled paper/PDMS
hybrid microfluidic biochips became ready for use.

2.4.2 Paper/PMMA hybrid microfluidic biochip

The LAMP zone, detection wells, inlet, and paper disks were cut by a laser cutter (Epilog
Zing 16, Golden, CO) within minutes on the PMMA sheets. Pieces of chromatography paper were
also cut using a laser cutter (Epilog Zing 16, Golden, CO) and were manually placed inside each
reaction well as a 3D surface for eRCA. Different PMMA layers were overlapped together as in
the design to assemble the hybrid device. The layers were then clamped and kept in an oven at 120
°C for 30 minutes. The chip could be used once it cooled down to room temperature.

2.4.3 Origami paper/polymer hybrid microfluidic biochip
The paper layer of the origami paper/polymer device was designed using Adobe Illustrator

CSS5 and printed on chromatography paper using a wax printer (Xerox ColorQube 8570 color
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printer). The wax-patterned paper sheet was baked in an oven at 120 °C for 120 s to let the wax
melt and penetrate through the paper, creating a hydrophobic blockade throughout the paper,
forming a barrier.

The bottom PMMA layer, the double-sided carpet tape, the tape liner, and the plastic film
were cut and patterned to the desired shapes using the laser cutter (Epilog Zing 16, Golden, CO).
To fabricate the top PDMS lid, a mixture of the liquid PDMS base and the curing agent at a weight
ratio of 8:1 was prepared and incubated at 50 °C for 30 min. The obtained PDMS films were then
cut and served as the top lid.

The double-sided carpet tape was used for the origami hybrid platform assembly to attach
the plastic film and the PMMA layer to the top and bottom of the assay part of the paper layer,
respectively. Then the PDMS lid was reversibly attached to the top plastic film layer to seal the
assay part of the paper layer. Both sides of the paper reservoir arms were sealed with the double-
sided carpet tapes and covered using the tape liners.

2.5 INSTRUMENTATION AND DATA ANALYSIS
2.5.1 Portable battery-powered heater

The conventional amplification techniques are often limited for low-resource settings due
to the requirement of bulky heating instruments such as thermal cyclers or water baths and external
AC power. To support on-chip amplification reactions, the Li group developed a cost-effective,
portable, and fully battery-powered heater (Figure 2.2).® The total material cost of this
inexpensive heater was about $60. This heater weighs only 45 g with small dimensions of 15 cm
in length, 8 cm in width, and 10 cm in depth. More importantly, the heater was fully battery-

powered without relying on external electricity. Those characteristics make the inexpensive,
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portable, and fully battery-powered heater suitable for POC detection in poor areas with no stable

electricity.

temperature
control

power switch

chip loading
zone

heating film

Figure 2.2: 3D schematic of the portable fully battery-powered heater. (Source: Adapted with
permission from Duo et al., 2019. Copyright @ 2018 The Elsevier.*®)

2.5.2 Imaging using smartphone in DarkBox and gray value analysis

The images of the on-chip LAMP and RCA results need to be captured in a dark room,
limiting the application of the on-chip approaches for diseases diagnosis in the field. To overcome
this limitation, we devised a DarkBox using some pieces of a cardboard box and a black trash bag
(Figure 2.3). The total cost of the designed DarkBox was less than 10 cents. The blue light pen
was embedded on the top of the DarkBox, and to remove the light of the excitation source while
capturing the image of the chip, a piece of laser protection goggles (190-490 nm) was used as a
filter. After loading the chip inside the DarkBox, the extra piece of the trash bag acts as a curtain
and is closed to cover the inlet of the Darkbox. Then a smartphone is used to take the photo of the
chip. Then, the images were processed with the NIH software ImageJ to obtain the corresponding
mean gray value (MGV) of each reaction well to measure the brightness of the LAMP zones and

for further analysis. The MGV is the sum of the gray values of all the pixels in the selected area
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divided by the number of pixels. It is calculated by converting each pixel to grayscale using the

formula gray = 0.299 red + 0.587 green + 0.114 blue.*?

_—— Bluelight pen -

Filter

Inlet

- Curtain

Figure 2.3: Illustration and a photograph of the DarkBox.
2.5.3 DNA quantitation by Nanodrop
The concentrations of the nucleic acid samples were determined via a NanoDrop
spectrophotometer (Sigma-Aldrich, St. Louis, MO). The template genomic DNA copy numbers
were calculated based on the commonly accepted assumption that one mole of a base pair (bp)
weighs 650 g (assuming the average weight of a bp is 650 Daltons).**” Therefore, the copy numbers
of the template DNA = (amount x 6.022 x 10%%) / (length x 650) = (g x number/mol) / (bp x g/mol

of bp).
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Chapter 3: A paper/PDMS hybrid biochip for tuberculosis diagnosis

This chapter introduces a paper/PDMS hybrid microfluidic biochip to diagnose a main
tuberculosis-causing bacterium, Mycobacterium tuberculosis.

Paper in this hybrid biochip serves as a 3D substrate for the storage of LAMP primers.
A rapid and sensitive qualitative detection result can be visualized by the naked eye
without using any specialized instrument.

The tuberculosis diagnosis on a low-cost microfluidic biochip was achieved for POC

testing in low-resource settings.
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3.1 INTRODUCTION

Airborne Mycobacterium tuberculosis is the major agent for tuberculosis infection, which
has become one of the major global health problems in recent years, as described in Section 1.1.147-
148 According to the World Health Organization (WHO), in 2020, there were 9.87 million TB cases
and almost 1.28 million deaths worldwide. Approximately 90 percent of deaths occurred in
developing countries. *® Prevention and control of TB are difficult because it is transported through
the air. Therefore, it can spread rapidly and widely, especially in highly populated areas.**® That’s
why TB is a serious threat to public health, and early diagnosis of TB disease is vital not only to
control TB spread among various populations but also to immediately treat the infected patients.t°%
152 The End TB Strategy of WHO remains a serious challenge because late diagnosis and
misdiagnosis of TB lead to a worldwide continuing TB epidemic.'*” 1 TB is curable and
preventable if timely diagnosed and treated. Therefore, a simple, fast, highly sensitive, and
effective diagnostic method is necessary for the accurate and early diagnosis of TB.

The traditional diagnosis methods of TB include sputum smear microscopy (SSM), culture
of M.tb bacteria, tuberculin skin test (TST), and interferon-gamma (IFNy) release assays
(IGRAS).15% 15 As described in Section 1.1.1, low specificity, low sensitivity, and unavailability
in developing countries are the main limitations of these routine diagnosis methods. In addition,
these methods are not capable of monitoring patient compliance to the 6 to 9 months long
therapy.*®% 1% The quantitative polymerase chain reaction (qPCR) based method recommended by
WHO could significantly improve the detection efficiency of M.th, but this method needs trained
personnel, equipment and is expensive.'#® 1% |_oop-mediated isothermal amplification (LAMP) is
a relatively new molecular technique applying for DNA amplification with high sensitivity,

efficiency, and rapidity under isothermal condition.*? 33 134135 There are several reports on
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developing the LAMP amplification method to detect M.tb.”® 137-15° However, like PCR-based
technique, expensive equipment and laborious procedure are needed for LAMP limiting its
application in resource-limited settings.™*” Despite these considerable improvements in disease
diagnostics for the last few decades, an effective POC TB diagnostic test is not available yet.

As mentioned in Section 1.4, because of several advantages such as low sample
consumption, miniaturization, integration, and portability, microfluidic lab-on-a-chip (LOC)
technology presents a great capability for highly efficient human health diagnostics.%%-1% |LOC
technology offers a unique opportunity for the POC diagnosis of a broad range of diseases in
resource-limited settings. Fabrication methods of microfluidic platforms, their cost, and assay
procedure on the chip are significantly affected by the substrates of the chip, including glass,'"
polymethyl methacrylate (PMMA),*% 166 polydimethylsiloxane (PDMS),*"* and paper.t¢” 172
These materials used to fabricate the microfluidic device have their advantages and limitations.
For example, although PDMS-based microfluidic devices have a broad biomedical application due
to their moderate cost and transparency for optical detection, they need complicated surface
modification for biosensor immobilization on the device.®” As discussed in Section 1.4.1, paper-
based microfluidic platforms are easy to fabricate, and they do not need surface treatment to
immobilize biosensors, but they do not present a high performance in flow control found in PDMS-
based chips.2%® That’s why the Li group have previously fabricated several paper/polymer hybrid
microfluidic devices for biomedical application to cover the limitation of each substrate using the
advantages of the other substrate (see Section 1.4.2).136. 161, 164-165

Microfluidic platforms combined with the LAMP amplification method have recently
attracted lots of attention, as discussed in Section 1.4.3.1%17 Integration of LOC technology with

LAMP can take advantage of the LAMP detection system and facilitate the POC diagnosis of

40



diseases in low-resource settings. LAMP procedure, unlike PCR, does not require a heater and
temperature sensor microfabrication on the device.!®® Herein, a simple and cost-effective
paper/PDMS hybrid microfluidic platform integrated with LAMP reaction was developed for the
quick, sensitive, and specific POC detection of the main TB-causing bacterium, Mycobacterium
tuberculosis. A battery-powered heater and a DarkBox were fabricated for heating and
visualization steps, respectively. The paper applied in the device presents a 3D environment for
the storage of LAMP reagents and DNA primers of ESAT-6 and 16s-rRNA genes of M.th. The
detection of M.tb is highly sensitive, with limits of detection (LODs) of 5 and 15 DNA copies per
LAMP zone for M.tb by using ESAT-6 and 16s-rRNA primers, respectively. The hybrid device
was successfully applied to detect M.tb in the human serum sample. The results are observable by
the naked eye and can be imaged by a smartphone camera under a portable blue light pen within
30 minutes without using any expensive and bulky instruments. These features offer the hybrid
microfluidic biochip as a quick point-of-care approach for TB diagnosis, especially for developing
nations.
3.2 EXPERIMENTAL SECTION
3.2.1 Chemicals and materials

The LAMP primers for the target ESAT-6 and 16s-rRNA genes sequences from
Mycobacterium tuberculosis are shown in Table 3.1. The genomic nucleic acid species were kindly
provided by Prof. Jianjun Sun’s lab (UTEP), including Mycobacterium tuberculosis (M.tb),
Mycobacterium smegmatis (M. smegmatis), Mycobacterium marinum (M. marinum), and
M.tb(AEsxAB) (the M.tb strain with deletion of EsxB:EsxA operon, denoted as TB Knockout

herein).
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Table 3.1: LAMP primer sequences for ESAT-6 and 16s-rRNA regions of M.tb

LAMP primer sequences for ESAT-6 gene of M.th

Primer Sequences (5°-3”) No. of bases

FIP CGCTGCGAGCTTGGTCATGTCACGTCCATTCATTCC 36

BIP TAGCGGTTCGGAGGCGTACGTTGTTCAGCTCGGTAG 36

F3 CAAGCGCAATCCAGGG 16

B3 GCTTCGCTGATCGTCC 16

FL CTGCTTCCCCTCGTCAAG 18

BL AAATGGGACGCCACGG 16
LAMP primer sequences for 16s-rRNA gene of M.tb

Primer Sequences (5°-3) No. of bases

FIP CACCCACGTGTTACTCATGCAAGTCGAACGGAAAGGTCT 39

BIP TCGGGATAAGCCTGGACCACAAGACATGCATCCCGT 36

F3 CTGGCTCAGGACGAACG 17

B3 GCTCATCCCACACCGC 16

FL GTTCGCCACTCGAGTATCTCCG 22

BL GAAACTGGGTCTAATACCGG 20

All the other chemicals and materials are listed in Section 2.1.

3.2.2 Microfluidic device layout and fabrication

Figure 3.1 shows the design of the hybrid microfluidic platform. The microfluidic device
consists of three layers, two PDMS layers and a glass layer. The top layer is a PDMS layer used
for covering the LAMP reaction wells, consisting of 4 inlet reservoirs (diameter 1.0 mm, depth
1.5 mm), 8 outlet reservoirs (diameter 1.0 mm, depth 1.5 mm), and microchannels (width 100 um,
depth 100 um). The middle layer is another PDMS layer used for reagent delivery and on-chip
LAMP reactions and includes 4 inlet reservoirs (diameter 1.0 mm, depth 1.5 mm), 8 LAMP zones
(diameter 2.0 mm, depth 1.5 mm), and microchannels. A glass slide (75 mm x 25 mm) is used as
the bottom layer for structural support. A Whatman No. 1 chromatography paper disk with a
diameter of 2.0 mm was cut by a laser cutter (Epilog Zing 16, Golden, CO) and was placed inside
each LAMP zone as a 3D storage substrate for LAMP primers specific to ESAT-6 and 16s-rRNA

genes of M.tb,12 38 135,137
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Fabrication of the microfluidic biochip was described in Section 2.4.1. After device
assembly, the specific primers for ESAT-6 and 16s-rRNA genes of M.tb were pre-loaded on paper
disks inside the LAMP zones. The primer mixture contained 1.6 uM each of the inner primer
(FIP/BIP), 0.2 uM each of the outer primer (F3/B3), and 0.4 uM each of the loop primer (LF/LB).
Different LAMP zones were used for negative control (NC) and M.tb detection. The omission of

template DNA was adopted as the NC.

Outlet

Top PDMS Layer /L Channel
\> il < b
\V
Paper

~

Middle PDMS Layer Channel
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\:a\\\é LAMP Zones

=

Glass Slide

Figure 3.1: The layout of the paper/PDMS hybrid microfluidic device. (a) Illustration of the
different layers of the hybrid microfluidic chip. The chip includes one top PDMS
layer, one middle PDMS layer, and one bottom glass layer. A chromatography
paper disk is situated inside each LAMP zone to preload LAMP primers. (b)
Photographs of the hybrid microfluidic device for TB diagnosis taken from
different angels.
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3.2.3 On-chip LAMP procedures

As shown in Figure 3.2, the LAMP reaction mixture with or without a sample was prepared
by following the manufacturer’s protocol and introduced from each inlet to their corresponding
reaction zones using a pipette for sample test and negative control (NC). Afterward, the inlet and
outlets were sealed with Epoxy glue to prevent evaporation during on-chip LAMP reactions. After
that, the biochip was heated using a 3D-printed in-house-developed portable battery-powered
heater®® devised by our laboratory at 65 °C for 30 min for LAMP reactions and followed by
increasing the temperature to 80 °C for 5 min for the termination of on-chip LAMP reactions.

After LAMP reactions, a portable blue light pen was applied to shine LAMP products inside
a DarkBox designed and fabricated in our lab, as discussed in Section 2.5.2. The generated
fluorescence was imaged by a smartphone camera. Then, the images were processed with the NIH
software ImageJ to obtain the corresponding MGV of each reaction well for measurement of the

brightness of the LAMP zones and further analysis, as described in Section 2.5.2.
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Figure 3.2: Schematic of the smartphone-based TB diagnosis system for POC detection of M.tb.
Green spots indicate positive detection results.

3.3 RESULTS AND DISCUSSION
3.3.1 On-chip LAMP detection of M.tb using purified DNA

At first, the feasibility of the paper/PDMS hybrid microfluidic device was evaluated for M.tb
detection by using purified bacterial DNA. The LAMP primers specific to ESAT-6 and 16s-rRNA
regions of M.tb were separately pre-loaded in the corresponding LAMP zones with
chromatography paper substrates inside. Due to the high surface-to-volume ratio of paper, it is an
ideal 3D porous substrate for the storage of DNA primers. After LAMP reactions, the results could
be easily observed by the naked eye. The on-chip LAMP products were imaged by a smartphone
camera based on the restored fluorescence of calcein in the LAMP zones by applying the portable

blue light pen to shine LAMP products in the DarkBox. This endpoint visualization step is easy
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and does not require any special expensive and bulky equipment, offering POC detection of M.tb
in the field and low-resource settings.

The fluorescence images captured by a smartphone camera (Figures 3.3a, b) show that the
M.tb DNA samples exhibited bright green fluorescence using ESAt-6 and 16s-rRNA LAMP
primers, while the NCs showed a weak background. The images were processed using the software
ImageJ to obtain the MGVs for further analysis. As shown in Figures 3.3c, d, about a 5-fold
difference between the M.tb and the NCs was observed using ESAT-6 and 16s-rRNA primers. In
addition, as shown in Figures 3.3e, M.tb was successfully detected when both ESAT-6 and 16s-
rRNA primers were simultaneously pre-loaded into the separate reaction wells on a single device.
Strong fluorescence was observed in LAMP zones for M.tb using both ESAT-6 and 16s-rRNA

primers simultaneously, but not for NC (Figure 3.3f).
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Figure 3.3: On-chip LAMP detection of extracted M.tb DNA by a smartphone camera under the
portable blue light pen in the DarkBox using ESAT-6 (a) and 16s-rRNA (b) regions
primers. MGVs of the LAMP products using ESAT-6 (c) and 16s-rRNA (d) regions

primers measured by Imagel. (e) Detection of extracted M.tb DNA using both
ESAT-6 and 16s-rRNA regions primers simultaneously on a single chip. (f) MGVs
of the LAMP products using both ESAT-6 and 16s-rRNA regions primers
simultaneously on a single chip. The extracted DNA template used was 5 x 10°
copies per LAMP zone. The error bars represent standard deviations (n=6).
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3.3.2 Specificity test

To evaluate the specificity of the proposed microfluidic biochip for TB diagnosis, we used
both ESAT-6 and 16s-rRNA genes primers of M.tb to simultaneously test M.tb with TB knockout
DNA (with the deletion of EsxB:EsxA from M.tb), M. smegmatis (a nonpathogenic
mycobacterium that has been widely used as an alternative for M.tb due to the fast growth and the
requirement of low biosafety level facility),'”® and M. marinum (a pathogenic nontuberculous
mycobacterium).}’” To investigate the M.th detection specificity with the other three pathogens
simultaneously, the design of the microfluidic device was modified, as shown in Figure 3.4a. Two
reaction wells, an inlet, and two outlets were added to the biochip. DNA samples of these four
bacteria were separately introduced into different LAMP zones preloaded with M.tb LAMP
primers (ESAT-6 and 16s-rRNA) for on-chip LAMP reactions. The concentrations of M.
smegmatis, M. marinum, and TB knockout DNA samples were 10-fold higher than the
concentration of M.tb DNA sample. As indicated by fluorescence images captured by a
smartphone camera (Figures 3.4b, c) and their MGVs (Figures 3.4d, e), it was found only the
LAMP zones with M.tb DNA samples exhibited strong fluorescence, while non-specific DNA
samples showed weak signals almost like NC. Although the M. marinum DNA sample had a higher
fluorescence intensity, which was mainly due to a high percent identity (over 80%) in the genomes
between M.tb and M. marinum,*’®-17® the fluorescence intensity of the M.tb LAMP products was
about 3-fold higher than that of the M. marinum. These results confirmed that the proposed device

could obtain high specificity for TB diagnosis without using any expensive laboratory instruments.
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Figure 3.4: Specificity study among M.tb, M. smegmatis, M. marinum, and TB knockout. (a)
Photograph of the modified design of the microfluidic device for the specificity test;
new units were added for NC as indicated in the dashed box. Fluorescence images
of on-chip LAMP products using a smartphone camera to test specificity among
M.tb, M. smegmatis, M. marinum, and TB knockout using ESAT-6 primers (b) and
16s-rRNA primers (¢). MGVs of the specificity testing results by simultaneously
identifying M.tb from M. smegmatis, M. marinum, and TB knockout using ESAT-6
primers (d) and 16s-rRNA primers (e). All LAMP zones were preloaded with M.tb
LAMP primers (ESAT-6 and 16s-rRNA). Different DNA samples of M.tb (5 x 10°
copies per LAMP zone), M. smegmatis (5 x 10° copies per LAMP zone), M.
marinum (5 x 10° copies per LAMP zone), and TB knockout (5 x 10° copies per
LAMP zone), as well as the NC (without template DNA), were individually
introduced into their corresponding LAMP zones. The error bars represent standard
deviations (n=6).
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3.3.3 Limit of detection

The sensitivity of the proposed microfluidic platform was investigated by testing different
concentrations of M.tb DNA samples. The initial copy numbers of DNA template loaded were 15,
5, and 1 per well. As shown in Figure 3.5a, b, strong fluorescence of the LAMP products was
observed even when the initial DNA template was as low as 5 and 15 copies per reaction well
using ESAT-6 and 16s-rRNA primers, respectively. However, when the initial DNA template was
less than 5 copies for the ESAT-6 primers and 15 copies for the 16s-rRNA primers, the
fluorescence of the LAMP products was as dim as the NC. The image was further processed using
ImageJ software to obtain the MGVs. As shown by the dashed line in Figure 3.5¢c, d, the MGVs
of the LAMP products from 5 copies and 15 copies of the initial DNA template were much higher
than the cutoff MGVs using ESAT-6 and 16s-rRNA primers, respectively. The cutoff MGVs were
calculated based on 3-fold standard deviations of the MGVs of the NCs plus the MGVs of the
NCs. Therefore, it was concluded that the LODs of the proposed on-chip LAMP method for
detection of M.tb were as low as 5 and 15 DNA copies per detection well using ESAT-6 and 16s-

rRNA primers, respectively.
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Figure 3.5: Sensitivity investigation. Fluorescence images of LAMP products of M.tb template
DNA ranging from 15, 5 copies, and 1 copy per well, as well as the NC, captured
with a smartphone camera and using ESAT-6 (a) and 16s-rRNA (b) primers.
Corresponding MGVs of LAMP products using ESAT-6 (c) and 16s-rRNA (d)
primers measured by ImagelJ. The dash lines were the cutoff MGVs for the M.tb 's
LOD. The error bars represent standard deviations from six replicates.

3.3.4 On-chip detection of M.th in human serum samples

To further evaluate the performance of the proposed hybrid microfluidic chip in complex
media, the device was used to detect M.tb DNA spiked in human serum samples. Three different
concentrations of M.tb DNA, 5000, 500, and 50 copies, were directly spiked to 50% normal human
serum samples, and the biochip was applied for detection of M.th. As shown in Figure 3.6, the
microfluidic platform successfully detected these three different concentrations of M.tb in the

human serum samples using both ESAT-6 and 16s-rRNA LAMP primers. These results
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demonstrated the excellent performance of the proposed microfluidic approach for the detection

of M.tb without relying on any equipment, even in a complex matrix.
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Figure 3.6: Detection of M.tb bacteria DNA spiked in human serum samples. Fluorescence
images of LAMP products of M.tb DNA spiked in human serum samples ranging
from 5000 (a), 500 (b), and 50 (c) copies per well captured by a smartphone camera
using ESAT-6 and 16s-rRNA primers. MGVs measured by ImageJ for detection of
M.tb DNA spiked in human serum samples ranging from 5000 (d), 500 (e), and 50
(F) copies per well captured by a smartphone camera using ESAT-6 and 16s-rRNA
primers. The error bars represent standard deviations from six replicates.
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3.4 SUMMARY

A low-cost hybrid microfluidic device was developed for quick POC diagnosis of TB, with
high sensitivity and specificity. The 3D-printed battery-powered heater and the DarkBox
significantly improved the portability and the field detection capability of the hybrid microfluidic
platform for the POC detection of M.tb. This hybrid microfluidic biochip combines the advantages
of high performance in liquid control from PDMS and high porosity from paper for storage of the
LAMP primers. LAMP primers of ESAT-6 and 16s-rRNA genes of M.tb were used for the
detection of M.tb, and both primer sets demonstrated high specificity and sensitivity; however, a
lower LOD was achieved by using ESAT-6 primers.

This microfluidic approach for TB diagnosis has the following features. (1) It is low-cost.
The cost of the ready-to-use paper/PDMS hybrid microfluidic device was 30 cents, the DarkBox
cost was less than 10 cents, the portable heater cost about $60, and the cost per assay was around
3 dollars. (2) It is fast. The whole assay needed about 30 minutes. (3) It is highly sensitive and
specific. The LOD was found as low as 5 and 15 DNA copies per LAMP zone using ESAT-6 and
16s-rRNA primers, respectively. Specific identification for M.tb among other similar pathogens
has been achieved. (4) M.tb spiked human serum samples were tested, and the biochip could
successfully detect 3 different concentrations of M.tb without any inhibitory problems from the
complex matrix. All these significant features make this microfluidic method suitable for POC
detection of M.th, which has the potential of application for accurate and early TB diagnosis in
low-resource settings, especially in developing countries. Moreover, by designing and changing
different primers specific to other pathogens, the microfluidic biochip can have broad applications

in POC testing of a variety of other pathogens.
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Chapter 4: Multiplexed diagnosis of respiratory infectious diseases on a POC paper/PDMS

hybrid biochip

® A low-cost paper/PDMS hybrid microfluidic biochip integrated with parallel LAMP
reactions has been developed for instrument-free multiplexed respiratory diseases
detection.

® This work provides a microfluidic approach for simultaneous detection of three

Bordetella species, B. pertussis, B. holmesii, and B. parapertussis.

54



4.1 INTRODUCTION

Respiratory infectious diseases have been a great danger for children, adults, and elders for
years.'® Based on the World Health Organization (WHO), respiratory infection diseases are the
fifth leading cause of death worldwide, and approximately 1 billion people suffer from acute or
chronic respiratory conditions.8! As mentioned in Section 1.1, pertussis, also named whooping
cough, is a highly contagious respiratory infectious disease led by a gram-negative bacterium, B.
pertussis.*®? There are more than 50 million cases of pertussis and 400,000 deaths worldwide each
year, mostly among infants and young children.’3® Most deaths caused by pertussis are from
developing countries, with most cases in children aged less than 5 months.'8 Despite high vaccine
coverage, pertussis has re-emerged in many countries. For instance, pertussis caused two large
epidemics in Australia since 2007.18 In addition to B. pertussis, there are other members of the
Bordetella genus associated with respiratory infectious disease in humans: B. holmesii and B.
parapertussis.'® These Bordetella species can cause respiratory infectious illness with nonspecific
symptoms as well as symptoms like those caused by B. pertussis.’®” So, the distinguishing of
Bordetella species from each other is essential in the respiratory infectious diseases diagnosis for
having an effective and accurate treatment.

As mentioned in Section 1.1.1, the conventional pertussis diagnostic methods contain
bacterial culture, serology using enzyme-linked immunosorbent assay (ELISA), and real-time
polymerase chain reaction (PCR).*> %8 Bacterial culture takes 7 to 10 days for the bacteria to grow;
therefore, the diagnosis results are not usually available even until the patient has already recovered
from the disease.!8 ELISA has low specificity because of cross-reactivity with other pathogens,
and in addition, it needs about 1 month based on the reaction with sera, acute- and convalescent-

phase sera.’®” 188 pPCR-based diagnosis methods have high sensitivity and specificity but need
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expensive instrumentation and trained personnel.*?> Moreover, the 1S481 sequence targeted in most
PCR-based assays for B. pertussis detection also exists in B. holmesii genomes, making it
challenging to differentiate B. pertussis from B. holmesii;®® therefore, the PCR-based methods are
not suitable for species-specific detection of pertussis. Recently, a new DNA amplification
technique, loop-mediated isothermal amplification (LAMP), has attracted attentions for pathogen
detection.'®192 |t can amplify the target DNA at a constant temperature (60—65 °C) within 1 hr
with high sensitivity, efficiency, and rapidity.'*® Using 6 different primers recognizing 8 regions
on the target DNA in the LAMP amplification method results in a high specificity.5® %1% Hence,
LAMP presents a high potential for species-specific diagnosis of different diseases. There have
been several reports on rapid diagnosis of Bordetella species (e.g., B. pertussis, B. holmesii, and
B. parapertussis) by using the LAMP technique.'8:1%-197 However, none of these LAMP methods
achieved multiplexed Bordetella species detection and they usually require expensive and bulky
equipment such as thermocyclers for amplification,*> 3 limiting LAMP application for point-of-
care (POC) species-specific pertussis diagnostics in resource-limited settings.

The microfluidic lab-on-a-chip (LOC) technology, also called “micro total analysis systems”
(LTAS), presents a great capability for various biomedical applications and the development of
POC testing devices to improve global health (see Section 1.4).%% 160-163, 198-199 | o\ sample
consumption, miniaturization, integration, and portability make the LOC technology a suitable
method for the POC diagnosis of a broad range of diseases in resource-limited settings, as well as
for multiplexed detection.'®* 168-169. 172, 200-201 Racently, hybrid microfluidic chips received
increasing attention for biomedical applications to draw advantages of the different substrates in a
single microfluidic device.165166. 202204 Ag djiscussed in Section 1.4.2, our previous studies

demonstrated the feasibility of the hybrid microfluidic platform-based LAMP method for the
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singleplexed and multiplexed detection of Neisseria meningitidis (N.
meningitidis), Streptococcus pneumoniae (S. pneumoniae) and Haemophilus influenzae type b
(Hib), and B. pertussis.’> 38 1313, 137 yplike PCR, LAMP doesn’t require
complex microfabrication of heaters and temperature sensors on a microfluidic platform, making
it more appropriate for POC analysis on a chip. To our best knowledge, no microfluidic
devices have been reported for multiplexed POC diagnosis of pertussis-like illnesses.

Compared to multiple times repeated singleplexed detection of different pathogens, richer
information, higher throughput, more convenience, less sample consumption, and less detrimental
effects on patients during sampling can be achieved using the multiplexed assays.*****® Herein,
we took advantage of the ease of multiple-compartment fabrication in a microfluidic device for
parallel LAMP reactions to develop a paper/PDMS hybrid microfluidic platform for multiplexed
instrument-free POC LAMP detection of pertussis and pertussis-like disease-causing
pathogens, B. pertussis, B. holmesii, and B. parapertussis. The microfluidic biochip was composed
of both the paper substrate for storage of DNA primers and the transparent PDMS substrate for
robust liquid manipulation. Instrument-free POC detection of B. pertussis, B. holmesii, and B.
parapertussis directly from nasopharyngeal samples using an optimized centrifuge-free lysis
approach was performed. The detection results were observable to the naked eye or imaged by a
smartphone camera within 45 min under a blue light pen in our devised DarkBox, without using
laborious sample preparation procedures and any specialized instruments during the entire assay.
High specificity and sensitivity of the proposed device were demonstrated in the simultaneous
diagnosis of three different respiratory infectious diseases with limits of detection (LODs) as low
as 5, 10, and 15 DNA copies per LAMP zone for B. pertussis, B. holmesii, and B. parapertussis,

respectively. Thus, the proposed hybrid microfluidic biochip offers a great potential for rapid and
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accurate multiplexed POC diagnosis of pertussis and pertussis-like illnesses in resource-limited
settings such as in the field.
4.2 EXPERIMENTAL SECTION
4.2.1 Chemicals and Materials

LAMP DNA amplification kit and calcein (fluorescence detection reagent) were obtained
from Eiken Co. Ltd., Japan. The LAMP primers (Integrated DNA Technologies, Coralville, 1A)
for the target DNA sequences of the B. pertussis PT promoter gene, B. holmesii recA gene, and B.
parapertussis IS 1001 gene are shown in Table 4.1.

Table 4.1: LAMP primer sequences for B. pertussis, B. holmesii, and B. parapertussis
LAMP primer sequences for PT promoter gene of B. pertussis

i > A No. of
Primer Sequences (5°-3°) bases
FIP TTGGATTGCAGTAGCGGGATGTGCATGCGTGCAGATTCGTC 41
BIP CGCAAAGTCGCGCGATGGTAACGGATCACACCATGGCA 38
F3 CCGCATACGTGTTGGCA 17
B3 TGCGTTTTGATGGTGCCT 18
FL ACGGAAGAATCGAGGGTTTTGTAC 24
BL GTCACCGTCCGGACCGTG 18

LAMP primer sequences for recA gene of B. holmesii
Primer Sequences (5°-3) No. of bases
FIP CAGCGAACCGGTGGAAACGAATGCGCTACGGCGACAATG 41
BIP ATTGGGCGTGGGTGGTCTGCGTGTCAGCGTGGTCTTGC 38
F3 GCTCTCCCAGATCGAAAAGC 17
B3 TCGGCGATGACCTGCA 18
BL GTCGTAGAAATCTACGGCCCCG 18
LAMP primer sequences for IS 1001 gene of B. paraperussis
Primer Sequences (5°-3) No. of bases
FIP GGATGCCGTGCAGATAGCCTTTGCCGAGCAAAGCGGAAT 39
BIP CAGATGCCGACATCCCCTGAACGCCGCTTGATGACCTT 38
F3 GAACCACTGGTACGAGCAG 19
B3 GGCACGGATTTTGAGGAAGA 20
FL AGCGCTGAGCGAAGGT 16
BL CACCAGCATTGTCGAGGGC 19
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All the other chemicals and materials are listed in Section 2.1.
4.2.2 Microorganism culture and DNA preparation

The bacterial culture and DNA preparation protocols for B. pertussis, B. holmesii, and B.
parapertussis are described in Section 2.2.'2 The calculation of determining the copy numbers of
the B. pertussis, B. holmesii, and B. parapertussis template DNA is demonstrated in Section 2.5.3.
4.2.3 Microfluidic device layout and fabrication

Figure 4.1 demonstrates the design of the hybrid microfluidic device. The microfluidic

platform includes three layers, two PDMS layers and a glass layer. The top layer is a PDMS layer
containing 2 inlet reservoirs (diameter 1.0 mm, depth 1.5mm), 9 outlet reservoirs (diameter
1.0 mm, depth 1.5 mm), and microchannels (width 100 pm, depth 100 pum). The middle PDMS
layer is used for reagent delivery and on-chip LAMP reactions and includes 2 inlet reservoirs
(diameter 1.0 mm, depth 1.5mm), 9 LAMP zones (diameter 2.0 mm, depth 1.5 mm), and
microchannels. A glass slide (75 mm x 25 mm) is used as the bottom layer for structural support.
A Whatman # 1 chromatography paper disk (diameter of 2.0 mm) was cut by a laser cutter (Epilog
Zing 16, Golden, CO) and was situated inside each LAMP zone as a 3D storage substrate for

LAMP primers specific to B. pertussis, B. holmesii, and B. parapertussis.
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Figure 4.1: (a) The schematic illustration of the paper/PDMS hybrid microfluidic biochip. The
device includes one top PDMS layer, one middle PDMS layer, and one bottom
glass layer. A chromatography paper disk is placed inside each LAMP zone to
preload LAMP primers. (b) A photograph of the hybrid microfluidic device for

multiplexed diagnosis of respiratory infectious diseases.

Fabrication of the microfluidic biochip was described in Section 2.4.1. After device
assembly, the specific primers for B. pertussis, B. holmesii, and B. parapertussis were pre-loaded
on paper disks inside the LAMP zones from outlets. In this study, two different types of negative
controls were used, the LAMP reagents mixture without primers or no primer control (NPC) and

the LAMP reagents mixture without template DNA or no target control (NTC).

4.2.4 On-chip LAMP procedure

The LAMP reaction mixtures with or without Bordetella species DNA samples were
prepared based on the manufacturer’s protocol. As shown in Figure 4.2, the LAMP mixtures were
introduced from the common inlet to the reaction zones of the device using a pipette for sample
test and negative control (NC). After injection of LAMP mixtures, Epoxy glue was applied to seal
the inlet and outlets to prevent evaporation during on-chip LAMP reactions. A 3D-printed in-
house-developed portable battery-powered heater®® designed and fabricated by our laboratory was

used to heat the device for LAMP reaction (see Section 2.5.1). The device was heated at 65 °C for
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45 min and followed by increasing the temperature to 80 °C for 5 min to terminate the on-chip
LAMP reactions.

After LAMP reactions, as discussed in Section 2.5.2, a portable blue light pen was used to
visualize LAMP products inside a DarkBox devised in our laboratory. The generated fluorescence
was observable by the naked eye or imaged by a smartphone camera. Then, the images were
analyzed using the ImageJ software to measure the corresponding MGV of each reaction well to

obtain the brightness of the LAMP zones, as described in section 2.5.2.

Temperature control

Power switch

\ . P Chip loaded on the
= heating zone
N 7":-‘;

Il. Heating at 65 °C using the portable heater

I. Injection of the sample

Blue light pen

Smartphone
Filter

Chip loaded inside
the DarkBox

Closing the
curtain

IV. Gray value analysis

11l. Capturing an image

Figure 4.2: Schematic of the smartphone-based instrument-free respiratory infectious diseases
diagnosis system for multiplexed POC detection of B. pertussis, B. holmesii, and B.
parapertussis. Green spots indicate positive detection results.

4.2.5 Multiplexed direct detection of Bordetella species in nasopharyngeal samples
Following the previously reported optimized lysis procedure,®® multiplexed direct
detection of B. pertussis, B. holmesii, and B. parapertussis from nasopharyngeal swab was
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performed. The nasopharyngeal samples were collected from healthy individuals using a
nasopharyngeal swab. The nasopharyngeal swabs were rinsed in 1 mL sterile saline buffer. B.
pertussis, B. parapertussis, and B. holmesii bacteria were spiked into the nasopharyngeal samples.
The bacterial density was ~ 1.5 x 108 CFU/mL by adjusting to McFarland Standard 0.5 (Key
Scientific Products, TX). 3 pL of the nasopharyngeal sample was mixed with a 3 pL lysis buffer
(50 mM Tris buffer at pH 7.5, 4 M urea, and 0.1% Triton) and incubated at room temperature for
10 min. Then, 1 pL of the lysate was directly used for the subsequent on-chip LAMP reactions for
multiplexed detection of Bordetella species from nasopharyngeal samples.
4.3 RESULTS AND DISCUSSION
4.3.1 Singleplexed pathogen detection by using purified DNA

The feasibility of the on-chip LAMP detection of each pathogen was separately tested using
the template DNA extracted from bacterial culture. The LAMP primers specific to B. pertussis, B.
holmesii, and B. parapertussis were separately pre-loaded in the corresponding LAMP zones with
paper substrates inside. Paper is a highly porous material with 3D structures and a high surface-
to-volume ratio which make paper capable of protecting DNA in harsh conditions.3 37 That’s
why, to draw more benefits from paper and PDMS substrates, a paper disk in each of the LAMP
zones was placed forming a paper/PDMS hybrid microfluidic platform. After heating the device
using the portable heater, the instrument-free determination of the respiratory diseases could be
easily achieved by the naked eye or imaged using a smartphone camera based on the restored
fluorescence of calcein from the LAMP zones under a portable blue light pen in the DarkBox. The
detection principle is based on the fluorescence recovery of pre-quenched calcein.'? 3 This
visualization step does not need any specialized laboratory equipment, leveraging instrument-free

POC detection of respiratory infectious diseases in resource-limited settings.
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Figure 4.3a showed an image captured by a smartphone camera to detect B. pertussis by
using purified DNA under a blue light pen in the DarkBox. Only the LAMP zones for B. pertussis
detection were lit up with bright green fluorescence but not for NPC and NTC LAMP zones.
Similarly, the on-chip LAMP pathogen detection of B. holmesii and B. parapertussis was
performed by using a smartphone camera. As shown in Figures 4.3b and ¢, LAMP zones for B.
holmesii and B. parapertussis detection exhibited strong fluorescence, while very weak
fluorescence was exhibited in LAMP zones for NPC and NTC. The images were processed using
ImageJ to measure the MGVs for further analysis. As shown in Figures 4.3d, e, and f, NPCs
showed weak signals almost like NTC, and strong fluorescence was observed in LAMP zones for
B. pertussis, B. holmesii, and B. parapertussis, which were about 8, 10, and 6-fold higher than that

of the negative controls, respectively.
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Figure 4.3: On-chip LAMP singleplexed detection of B. pertussis (a), B. holmesii (b), and B.
parapertussis (c) using purified DNA by a smartphone camera under the portable
blue light pen in the DarkBox. MGVs of the LAMP products of singleplexed
detection of B. pertussis (d), B. holmesii (e), and B. parapertussis (f) using purified
DNA measured by ImageJ. The extracted DNA templates used were 5x10°, 10x10°
and 15x10° copies per LAMP zone for B. pertussis, B. holmesii, and B.
parapertussis, respectively. The error bars represent standard deviations from six
replicates.
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4.3.2 Multiplexed Bordetella species detection by using purified DNA

The identification of the exact Bordetella species causing respiratory infectious disease is
vital because treatment and antibiotics differ for each species. Multiplexed pathogen detection
provides a more efficient way for quick diagnostics from the real world through a single assay,
preventing inconvenience and delays from multiple repeated singleplexed assays. Therefore, upon
the success of the singleplexed detection of the three Bordetella species separately, the feasibility
of the proposed microfluidic device was investigated for multiplexed detection of three Bordetella
species, B. pertussis, B. holmesii, and B. parapertussis, using purified DNA. Different primers
targeting different Bordetella species were pre-loaded in different LAMP zones in a ready-to-use
platform. For the NTC, the primers of B. pertussis were preloaded. During the multiplexed assay,
a LAMP mixture including template DNAs from all the three Bordetella species was injected from
the common inlet to the LAMP reaction wells. As shown in Figure 4.4a, endpoint visualization
results could be observed from the green fluorescence of the LAMP zones under the blue light pen
in the DarkBox. All the LAMP zones targeting these three Bordetella species (i.e., B. pertussis, B.
holmesii, and B. parapertussis) were lit up with strong fluorescence but not for NPCs and NTC
LAMP zones. Their MGVs were obtained by the ImageJ software (Figure 4.4b), quantitatively
indicating the brightness difference between Bordetella species detection zones and NPCs and
NTC zones. Fluorescence intensities of the LAMP products from the three Bordetella species were
about eight times higher than that of the negative controls. Furthermore, the results demonstrated

that the fluorescence intensity of NPCs and NTC zones were the same.
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Figure 4.4: On-chip LAMP multiplexed pathogen detection of B. pertussis, B. holmesii, and B.
parapertussis using purified DNA by a smartphone camera under the portable blue
light pen in the DarkBox (a). (b) MGVs of the LAMP products measured by
ImagelJ. The extracted DNA templates used were 5x10°, 10x10% and 15x10° copies
per LAMP zone for B. pertussis, B. holmesii, and B. parapertussis, respectively.
The error bars represent standard deviations (n=6).

4.3.3 Specificity test

To study the specificity of the microfluidic device for pertussis-like respiratory infectious
diseases diagnosis, the cross-reactions among the three Bordetella species DNA with their
corresponding and non-corresponding LAMP primers were evaluated. Specific LAMP primers for
B. pertussis, B. holmesii, and B. parapertussis were pre-loaded to the corresponding LAMP
reaction wells. For the NTC, the primers of B. pertussis were preloaded. DNA samples of B.
pertussis, B. holmesii, and B. parapertussis were introduced separately to the three different
microfluidic biochips. It can be seen from Figures 4.5a, b, and c¢ that only LAMP zones with
corresponding primers and DNA samples showed bright green fluorescence. For instance, for the
device with the B. pertussis DNA sample, only the LAMP zones with pre-loaded B. pertussis
LAMP primers produced bright fluorescence, the intensity of which was about seven times higher
than that of the NPCs and NTC (Figures 4.5d). Other LAMP zones were as dim as the NPCs and

NTC. Similar phenomena were observed with B. holmesii and B. parapertussis, indicating the high
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specificity of the approach for multiplexed pertussis-like respiratory infectious diseases diagnosis.
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Figure 4.5: Specificity investigation among B. pertussis, B. holmesii, and B. parapertussis with
corresponding and non-corresponding LAMP primers by a smartphone camera (a-c)
and MGVs (d). The RSDs for B. pertussis, B. holmesii, and B. parapertussis are
5.1%, 4.2% and 5.9% (n=6). The extracted DNA templates used were 5x108,
10x10% and 15x10° copies per LAMP zone for B. pertussis, B. holmesii, and B.
parapertussis, respectively.

4.3.4 Limit of detection
The LOD for each pathogen was investigated by preparing a serial of 10-fold diluted
template DNA samples. As shown in Figures 4.6a, b, and c, strong fluorescence was generated in

the LAMP products when the initial template DNAs were equal to or greater than 5, 10, and 15

67



copies per LAMP zone for B. pertussis, B. holmesii, and B. parapertussis, respectively. Based on
the MGVs of the NPCs plus its 3-fold standard deviations, the gray values of the cutoff lines for
B. pertussis, B. holmesii, and B. parapertussis were calculated to be 14.9, 13.8, and 17.9,
respectively, as shown by the cutoff lines in Figures 4.6d, e, and f. It indicated that no noticeable
fluorescence was generated when the template DNA was lower than 5 copies B. pertussis, 10
copies B. holmesii, and 15 copies B. parapertussis. Therefore, it was concluded that the LODs of
B. pertussis, B. holmesii, and B. parapertussis were 5 copies, 10 copies, and 15 copies per LAMP
zone, respectively. The achieved results indicated the high detection sensitivity of the proposed
microfluidic approach for instrument-free multiplexed pertussis-like respiratory infectious

diseases diagnosis.
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Figure 4.6: LOD determination. Images of LAMP products of 0.5-50 copies of B. pertussis (a),
1-100 copies of B. holmesii (b), and 1.5-150 copies of B. parapertussis (c) template
DNA, as well as the NPC, captured with a smartphone camera. (d-f) Corresponding
MGVs of LAMP products measured by ImagelJ. The dash lines were the cutoff
MGVs for the LODs of B. pertussis, B. holmesii, and B. parapertussis. The error
bars represent standard deviations (n=6).

69



4.3.5 Multiplexed instrument-free and direct detection of Bordetella species in
nasopharyngeal samples

Different complicated sample preparation processes such as DNA extraction and purification
before the determination are usually needed to test real biological samples. To avoid complex and
time-consuming sample preparation steps, we used a simple centrifuge-free lysis approach, which
was already developed and optimized in our lab,*® for the multiplexed direct detection of B.
pertussis, B. holmesii, and B. parapertussis bacteria in nasopharyngeal samples. The
nasopharyngeal swabs specimens were collected from healthy volunteers, and B. pertussis, B.
holmesii, and B. parapertussis bacteria were added to prepare nasopharyngeal samples for the
bacterial lysis process. After incubation, the lysate (nasopharyngeal sample/lysis buffer mixture)
was introduced from the common inlet to the LAMP zones. Furthermore, to have positive control
on the chip, the design of the microfluidic device was modified, as shown in Figure 4.7a. Two
reaction wells, two inlets, and two outlets were added to the biochip. A positive control template
DNA sample and its primer mix (PM) were provided by the Loopamp DNA amplification kit

obtained from Eiken Co. Ltd., Japan.

As shown in Figure 4.7b, strong fluorescence could be produced from the positive control,
B. pertussis, B. holmesii, and B. parapertussis in the nasopharyngeal sample, which were much
higher than that of the NPCs and NTC. Their MGVs are shown in Figure 4.7c, indicating their
difference quantitatively. The successful direct detection of B. pertussis, B. holmesii, and B.
parapertussis in the nasopharyngeal sample demonstrated that the optimized lysis approach was
very efficient and compatible with on-chip LAMP reactions in which the complex matrix did not
cause any inhibitory problems. Therefore, the instrument-free multiplexed pertussis-like

respiratory infectious diagnosis directly from nasopharyngeal samples was readily achieved
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without relying on any special equipment (e.g., centrifuge) or any complicated and time-

consuming sample preparation steps (i.e., DNA extraction and purification).
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Figure 4.7: Multiplexed direct detection of Bordetella species in nasopharyngeal samples. (a) A
photograph of the modified design of the microfluidic device for the detection of
Bordetella species in nasopharyngeal samples; new units were added for the
positive control as indicated in the dashed box. (b) Fluorescence image of
multiplexed detection of microorganisms of B. pertussis, B. holmesii, and B.
parapertussis spiked in nasopharyngeal samples by a smartphone camera. (c)
MGVs of different LAMP zones measured by ImageJ from a photograph taken by a
smartphone camera. The error bars represent standard deviations from six
replicates.

4.4 SUMMARY

A low-cost paper/polymer hybrid microfluidic device was developed for multiplexed
instrument-free detection of three Bordetella species causing pertussis-like respiratory infectious
diseases. Microorganisms in nasopharyngeal samples were directly analyzed using simple
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centrifuge-free lysis, thus avoiding complicated sample preparation procedures in conventional
pathogen methods. After heating the device in a portable battery-powered heater, the results were
visually detected by the naked eye within 45 minutes based on the recovered fluorescence under
the portable blue light pen in the DarkBox, without relying on any specialized equipment. The 3D-
printed battery-powered heater, the DarkBox, and the optimized centrifuge-free sample lysis
process significantly enhanced the portability and the field detection capacity of the hybrid
microfluidic device for the POC diagnosis of respiratory infectious diseases. The LOD of the
proposed approach for B. pertussis, B. holmesii, and B. parapertussis were 5 copies, 10 copies,
and 15 copies per LAMP zone, respectively. The paper/PDMS hybrid microfluidic biochip drew
the advantages of different low-cost substrates, such as high liquid manipulation performance and
transparency from PDMS and 3D porous structures for storage of DNA primers from
chromatography paper. These significant characteristics make the microfluidic biochip suitable for
POC detection of multiplexed respiratory infectious diseases, especially in low-resource settings.
Furthermore, the hybrid microfluidic device should have wide applications in instrument-free
multiplexed diagnosis of other infectious diseases by applying other DNA primers targeting

different pathogens.
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Chapter 5: A low-cost paper/PMMA hybrid microfluidic device for detection of miRNAs as

cancer biomarkers

® This chapter introduces a paper/PMMA hybrid microfluidic biochip to detect miRNA-
21, miRNA-155, and miRNA-141 as cancer biomarkers.

® A sensitive and specific quantitative detection result can be visualized by the naked
eye without using any specialized instrument.

® The miRNAs detection on a low-cost hybrid microfluidic biochip was achieved for

POC testing in low-resource settings.
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5.1 INTRODUCTION

Cancer results from the disruption of normal cell signaling pathways leading to the
production of cancer cells. Cancer is one of the leading causes of disease-related death worldwide,
accounting for approximately 10 million deaths in 2020.2°-2°7 An increasing cancer incidence was
predicted in the following decades, with more than 20 million new cancer cases annually by
2025.2%8 As described in Section 2.1, an early-stage cancer diagnosis can remarkably reduce cancer
death rates. A great majority of localized cancer can be treated in early-stage, but it will be out of
control after metastasis begins.?? That’s why, to reduce mortality caused by cancer, a highly
sensitive method is needed to diagnose cancer as early as possible. In addition, prognosis
monitoring is essential in evaluating cancer therapy efficiency and guiding treatment decisions.
Therefore, a diagnostic technique that can quickly, precisely, and accurately determine the changes
in cancer biomarkers in biological samples can significantly facilitate the cancer diagnosis,
therapy, and prognosis.?!%-!!

miRNAs are a class of small non-coding RNAs (18-25 nucleotides in length) that play
relevant roles in numerous biological processes and are commonly considered as important
diagnostic and prognostic cancer biomarkers.?!>2!* Altered expression levels of miRNAs have
been associated with cancer type, tumor stage, and response to treatments.’!*?!¢ Due to the
increasing interest in miRNAs as biomarkers in cancer diagnostics, the development of analytical
methods for rapid and sensitive detection of miRNAs in cells, tissues, and body fluids (e.g., serum
and plasma) samples are in great demand. However, miRNAs detection is highly challenging
because of their small sizes, low abundance, and high sequence homology among members of the
same family. Conventional assay methods for miRNAs detection include northern blot,2!"-2!8

219-220

microarray-based hybridization, , and reverse transcription-polymerase chain reaction (RT-
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PCR).??!"222 As mentioned in Section 1.2.1, although northern blot and microarray methods are
used as the standard methods for miRNAs determination, they have low sensitivity and generally
need several steps, causing laborious and time-consuming procedures that are not suitable for
routine miRNAs analysis.?!® RT-PCR can sensitively and accurately detect miRNAs, but it has
disadvantages such as being expensive and time-consuming and requiring complicated operation
and skilled operators.??>?2* RCA is an isothermal amplification method that has recently become
popular for miRNAs detection with unique advantages such as simplicity, specificity, and
sensitivity.?>>-?*” There are several reports on the development of the RCA amplification technique
for the detection of miRNAs.?%-232 After RCA-based miRNAs detection was reported for the first

time, 86

several strategies were developed to improve the specificity and sensitivity of this
technique, such as exponential RCA (eRCA) based on the padlock probes designed with nicking
sites.®* But laborious procedures and bulky equipment are required for eRCA limiting its
application as a POC method in low resource settings. That is why a simple POC technique for
miRNAs detection is still in great demand.

As discussed in Section 1.4, microfluidic technology can be an attractive choice for POC
diagnosis of a wide range of diseases in low resource settings due to low sample consumption,
miniaturization, integration, and portability.3® 9. 163, 168-169, 19 The nroperties of microfluidic
devices depend on the substrates used to fabricate the devices.'?* Each microfluidic substrate has
its advantages and drawbacks. For example, Poly(methyl methacrylate) (PMMA) is among the
most commonly used polymer substrates in microfluidic platforms because of its low
manufacturing cost and ease of use and fabrication.*** Moreover, PMMA is transparent, rigid, and

can rapidly transfer reagents. The main limitation of PMMA is the requirement of time-consuming

and complicated surface modification for the immobilization of sensors and biomolecules.'®
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Paper-based microfluidic biochips do not need complex fabrication and surface treatment to
immobilize biosensors, but they do not present the transparency and the high performance in flow
control found in polymer-based platforms. 3% 137 19 As described in Section 1.4.2, hybrid
microfluidic platforms have been recently developed to enable the integration of different
functionalities, taking advantage of different materials and excluding some limitations of certain
materials.’®® That’s why the Li group have developed several paper/polymer hybrid microfluidic
biochips for biomedical application to overcome the drawbacks of each substrate using the
advantages of another substrate, 2 38 134-135, 137, 161

As discussed in Section 1.4.3, even though low-temperature requirements, high sensitivity,
and high specificity make exponential RCA attractive as an isothermal amplification method for
integration on microfluidic-based POC devices, microfluidic devices integrated with full eRCA
assay workflow, including annealing, ligation, and amplification reactions on the chip for POC
diseases diagnosis are rare.?*® They are mostly needed to use a syringe pump or fabricate pumps
and pneumatically addressable RCA assay wells to control the flow of the reagents for annealing,
ligation, and then amplification reactions on the chip.}*> 2%* These make the fabrication and
operation of the devices complicated for POC diseases diagnosis in low-resource settings. Herein,
we developed a low-cost and simple paper/PMMA hybrid microfluidic biochip integrated with
padlock probe-based exponential RCA (P-eRCA) for sensitive, specific, and quantitative POC
detection of miRNAs as cancer biomarkers. A potable battery-powered heater and an almost zero-
cost DarkBox were used to heat the chip and visualize the P-eRCA reaction products, respectively.
The results could be observed by the naked eye or imaged by a smartphone camera under a portable
blue LED light pen to quantitatively analysis using the ImageJ software without using any

expensive and bulky instruments. High specificity and sensitivity of the proposed microfluidic
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biochip were presented in the detection of mMiRNA-21, miRNA-155, and miRNA-141 with limits
of detection (LODs) as low as 6, 5, and 8 miRNA copies per RCA zone, respectively. Moreover,
the hybrid device was successfully applied for the quantitative detection of miRNA-21, miRNA-
155, and miRNA-141 in the human serum samples and breast cancer cells. These features offer
the hybrid microfluidic platform as a simple, sensitive, and quantitative point-of-care approach for
miRNAs detection, especially in resource-limited settings.
5.2 EXPERIMENTAL SECTION
5.2.1 Chemicals and materials

The sequences of the Padlock probes and miRNAs are listed in Table 5.1.

Table 5.1: Sequences of padlock probes and miRNAs

Name Sequences (5°-3")
oadlock brope-21 CTGATAAGCTACCTCAGCAAAGCGATCTATAATCCCTACAC
P CACCTCAGCTCAACATCAGT

GATTAGCATTAACCTCAGCAAAGCGATCTATAATCCCTACA
CCACCTCAGCACCCCTATCAC

AGACAGTGTTACCTCAGCAAAGCGATCTATAATCCCTACAC

Padlock probe-155

Padlock probe-141

CACCTCAGCCCATCTTTACC
miRNA-21 UAGCUUAUCAGACUGAUGUUGA
miRNA-155 UUAAUGCUAAUCGUGAUAGGGGU
mMiRNA-141 UAACACUGUCUGGUAAAGAUGG

All the other chemicals and materials are listed in Section 2.1.

5.2.2 Microfluidic device layout and fabrication

Figure 5.1 shows the design and layout of the paper/PMMA hybrid microfluidic platform.
The microfluidic device consists of three layers, two PMMA layers and an insulating tape layer.
The top PMMA layer is mainly used for covering the P-eRCA reaction wells, consisting of 1 inlet

reservoir (diameter 0.7 mm, depth 2.0 mm) for injection of the sample to the reaction wells, 8 inlets
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of the reagent reservoirs (diameter 0.7 mm, depth 2.0 mm) to load the ligation and amplification
reagents to the reservoirs of group #1 and #2, 4 outlet reservoirs (diameter 0.5 mm, depth 2.0 mm)
for the reaction wells, and 8 phase-exchange channels to keep the pressure balance while
connecting the reservoir to the reaction wells (width 0.8 mm, depth 0.5 mm). The middle layer is
another PMMA layer used for reagent delivery and on-chip P-eRCA reactions and includes 4
reservoirs #1 for ligation reagents (diameter 4.0 mm, the top half depth 1.5 mm, the bottom half
depth 1.0 mm), 4 reservoirs #2 for amplification reagents (diameter 4.0 mm, right half depth
1.5 mm, left half depth 1.0 mm), 4 RCA zones (diameter 3.5 mm, depth 1.5 mm), 4 channels to
deliver the ligation reagents from reservoirs #1 to the reaction wells, 4 channels to deliver the
amplification reagents from reservoirs #2 to the reaction wells, and microchannels to deliver the
sample from the inlet to the reaction wells. Each reagents reservoir (#1 and #2) has two parts; the
bottom/left half is shallower than the top/right half to act as a barrier and keep the reagents inside
the top/right half to avoid leaking the reagents during the assay. In addition, the channels
connecting reservoirs #2 to the reaction wells are shallower than the left half of the reservoirs #2
to act as a second barrier to avoid leaking the amplification reagents from the reservoirs #2 to the
reaction wells during the assay and the first shaking step. The fluorinated oil was used to make the
middle layer hydrophobic. The middle PMMA layer was filled for 30 minutes using the fluorinated
oil, which was evaporated in the air later. An insulating tape is used as the bottom layer to protect
the ligation and amplification reagents in the reservoirs from evaporation during the heating steps.
4 holes adjusted on the bottom of the reaction wells were excised using biopsy punches. In this
way, just the reaction wells were heated during the heating steps in the portable heater; however,
the rest of the device was protected from heating. Therefore, the reagents in the reservoirs were

prevented from evaporating. A Whatman No. 1 chromatography paper disk with a diameter of
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3.5mm was cut by a laser cutter (Epilog Zing 16, Golden, CO) and was placed inside each P-

eRCA zone.

Inlet of reservoir
Top PMMA layer )

Outlet by / ~ Phase-exchange channel

Inlet of injection

Reservoir #1 (Ligation reagents)

Middle PMMA layer
~ ____—Channels

Reservoir #2 (Amplification reagents)

Microchannel

Reaction well ~ /

Bottom insulating tape layer

Figure 5.1: The layout of the paper/PMMA hybrid microfluidic device. (a) Illustration of the
different layers of the hybrid microfluidic chip. The chip includes one top PMMA
layer, one middle PMMA layer, and one insulating tape layer. A chromatography
paper disk is situated inside each P-eRCA zone to pre-load padlock probes. (b) A

photograph of the hybrid microfluidic device for miRNAs detection.
Fabrication of the microfluidic biochip was described in Section 2.4.2. After device
assembly, the specific padlock probes for miRNA-21, miRNA-155, and miRNA-141 were pre-
loaded on paper disks inside the P-eRCA zones. The ligation and amplification reagents mixtures
were pre-loaded to reservoirs #1 and #2, respectively. Thus, the hybrid microfluidic device became
ready to use.
5.2.3 On-chip P-eRCA procedure
As shown in Figure 5.2a, the sample was introduced from the inlet to the reaction zones of

the device using a pipette for sample test and negative control (NC). The inlet and outlets were
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sealed with a piece of tape afterward to prevent evaporation during on-chip reactions. After that,
the biochip was heated using the portable heater at 65 °C for 3 min. Then the chip was cooled
slowly to room temperature over a 10 min period and shacked, as shown in Figure 5.2b, to deliver
the ligation reagents mixture from the reservoirs #1 to the reaction wells. After delivery of the
ligation reagents to the reaction zones, the device was heated at 30 °C for 2 hr. The chip was
shacked after the ligation reaction, as shown in Figure 5.2c, to deliver the amplification reagents
mixture from the reservoirs #2 to the P-eRCA reaction wells. Afterward, the chip was heated at 30
°C for 3 hr. After P-eRCA reactions, a portable blue light pen was used to shine P-eRCA products
inside the DarkBox designed and fabricated in our lab. The generated fluorescence could be
observed by the naked eye or imaged by a smartphone camera. Then, the images were processed
with the NIH software ImageJ to obtain the corresponding MGV of each reaction well to measure
the brightness of the P-eRCA zones and for further analysis, as described in Section 2.5.2. Figures
5.2 (d-f) illustrate the reagent delivery test using food dyes, followed by the same reagent delivery

procedure mentioned above.
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Figure 5.2: (A) Schematic illustration of the assay procedure using the P-eRCA-based
PMMA/paper microfluidic device. (B) Reagent delivery test of the device; (d) After
sample injection, (e) After shaking step #1 to deliver the ligation reagents, (f) After

shaking step #2 to deliver the amplification reagents.

In this study, two different negative controls, the omission of padlock probe (NC1) and
omission of miRNAs (NC2), were tested, and consistent results were demonstrated as shown in
the traditional tube-based P-eRCA detection method (Figure 5.3). So, we used the omission of the

padlock probe as the NC for the subsequent tests.
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miRNA-21

Figure 5.3: The off-chip detection of P-eRCA products from miRNA-21 and NCs under a
portable blue light. Neither the NC tube showed notable fluorescence. miRNA-21:
P-eRCA product from miRNA-21 sample (6 x 10* copies); NC1: omission of
padlock probe; NC2: omission of miRNA-21.

5.2.4 Cell culture and miRNAs isolation
The MCF-7 cell culture and miRNAs isolation protocols for miRNA-21, miRNA-155, and

miRNA-141 are described in Section 2.3.
5.3 RESULTS AND DISCUSSION
5.3.1 Optimization of P-eRCA

The P-eRCA-based microfluidic device integrates a multi-step workflow for miRNA
detection that is affected by many parameters. To facilitate our device development, on-chip P-
eRCA was first investigated to optimize effective reaction parameters, including the padlock
probe, T4 DNA ligase, dNTPs, Phi29 DNA polymerase, and reaction times, using miRNA-21 as
the model target. The padlock probe concentration affects the efficiency of binding with the target
and thus was evaluated across a range of 1 to 20 uM. As shown in Figure 5.4a, the assay signal
increases along with the concentration of the padlock probe and saturates at 10 uM, which was
then used in the subsequent experiments. The effect of T4 DNA ligase was also assessed, and an
optimal concentration of 25 U T4 DNA ligase was identified to maximize the efficiency of
enzymatic ligation (Figure 5.4b). To investigate the influence of dNTPs concentration, 1-10 mM
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dNTPs were used. As shown in Figure 5.4c, as the concentration of dNTPs increased, the MGV
increased gradually until 7.5 mM dNTPs was used. The concentration of Phi29 DNA polymerase
is another factor that affects the amplification reaction. When different concentrations of Phi29
DNA polymerase were used, the MGVs were analyzed, and the data are shown in Figure 5.4d. The
produced MGV increased with increasing concentration of Phi29 DNA polymerase until the
concentration reached 3 U. The changes of MGV with the time of ligation and amplification were
also investigated (Figure 5.4e); 2 and 3 h were selected as the optimal ligation and amplification
time for miRNA detection. In addition, SYGR Green | was added for visualization of the P-eRCA
products after the reaction and compared with the P-eRCA results in the presence of SYGR Green
I, which did not show inhibitory effects on the P-eRCA reaction (Figure 5.4f). Performing on-chip
P-eRCA in the presence of SYBR Green | negates extra steps of reagent mixing for on-chip

visualization, which simplifies the microfluidic biochip design and operation.

w. @ w D W C
70 70 70
60 60 60
50 50 50
8 a0 B a0 3 a0
2 = 2
30 30 30
20 20 20
10 10 10
0 o [}
1 5 10 15 20 10 25 50 75 1 25 5 75 10
Concentration of padlock probe (uM) Concnetration of T4 DNA ligase (U) Concentration of dNTPs (mM)
80 Time of ligation reaction: m1h m2h 80 1
70 20 70 4 1
60 70 I 60
50 60 L 50 4
> 50 I >
© 40 -
z ] a0 I 1 © 40
30 H I =
30 30 4
20 20
10 10 207
0 0 10 4
1 2 3 4 5 2h 3h 4h 0
Conc ion of Phi29 DNA pol ) Time of amplification reaction In P-eRCA After P-eRCA

Figure 5.4: Optimization of (a) concentration of padlock probe, (b) concentration of T4 DNA
ligase, (c) concentration of dNTPs, (d) concentration of Phi29 DNA polymerase,
and (e) time of ligation and amplification reaction. (f) The effect of the SYBR
Green | on the assay response. The error bars represent standard deviations from six
replicates.
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5.3.2 On-chip P-eRCA detection of miRNAs

The feasibility of the on-chip P-eRCA detection of each miRNA was separately evaluated.
The padlock specific to miRNA-21, miRNA-155, and miRNA-141 were separately pre-loaded in
the corresponding P-eRCA zones with paper substrates inside. After the reaction, the
determination of the miRNAs could be easily achieved by the naked eye or imaged using a
smartphone camera under a portable blue light pen in the DarkBox. This visualization step does
not need any specialized laboratory equipment, leveraging POC detection of miRNAs in low-
resource settings.

Figure 5.5a showed an image captured by a smartphone camera to detect miRNA-21 under
a blue light pen in the DarkBox. Only the P-eRCA zones for miRNA-21 detection were lit up with
bright fluorescence but not for NC zones. Similarly, the on-chip P-eRCA detection of miRNA-155
and miRNA-141 were performed by using a smartphone camera. As shown in Figures 5.5b and c,
P-eRCA zones for miRNA-155 and miRNA-141 detection exhibited strong fluorescence, while
very weak fluorescence was exhibited in P-eRCA zones for NC. The images were processed using
ImagelJ to measure the MGVs for further analysis. As shown in Figures 5.5d, e, and f, NCs showed
weak signals, and strong fluorescence was observed in P-eRCA zones for miRNA21, miRNA-155,
and miRNA-141, which were about 7, 8, and 10-fold higher than that of the negative controls,

respectively.
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miRNA-155

miRNA-21

miRNA-141

e
d # miRNA-21 NC B miRNA-155 NC

= miRNA-141 NC

Figure 5.5: On-chip P-eRCA detection of miRNA-21 (a), miRNA-155 (b), and miRNA-141 (c)
imaged by a smartphone camera under the portable blue light pen in the DarkBox.
MGV:s of the on-chip P-eRCA detection of miRNA-21 (d), miRNA-155 (e), and
miRNA-141 (f) measured by ImageJ. The concentration of miRNAs used were
6x10% 5x10% and 8x10* copies per P-eRCA zone for miRNA-21, miRNA-155, and
miRNA-141, respectively. The error bars represent standard deviations from six
replicates.

5.3.3 Specificity test
To study the specificity of the microfluidic device for miRNAs detection, the cross-reactions
among the three miRNAs with their corresponding and non-corresponding padlock probes were

evaluated. Specific padlock probes for miRNA-21, miRNA-155, and miRNA-141 were pre-loaded
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to the corresponding P-eRCA reaction wells. miRNAs were separately introduced to the different
microfluidic biochips. The results showed that only P-eRCA zones with corresponding padlocks
and miRNA samples showed bright fluorescence (Figures 5.6a-I). For instance, as shown in Fig.
6A, for the device with the miRNA-21 sample, only the P-eRCA zones pre-loaded with the
miRNA-21 padlock probe produced bright fluorescence, the intensity of which was about 7 times
higher than that of the NC (Figure 5.6m). Other P-eRCA zones were as dim as the NC. Similar
phenomena were observed with miRNA-155 and miRNA-141, indicating the high specificity of

the approach for miRNAs detection.
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Sample: miRNA-155 miRNA-155 miRNA-155
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Padlock probe: MiRNA-141 miRNA-155 miRNA-141
Sample: miRNA-155 miRNA-155 miRNA-155
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Figure 5.6: Specificity investigation among miRNA-21, miRNA-155, and miRNA-141. (a-d)

Images of on-chip P-eRCA products to identify miRNA-21 from miRNA-155 and
miRNA-141 with its corresponding and non-corresponding padlock probes by a
smartphone camera. (e-h) Images of on-chip P-eRCA products to identify miRNA-
155 from miRNA-21 and miRNA-141 with its corresponding and non-
corresponding padlock probes by a smartphone camera. (i-1) Images of on-chip P-
eRCA products to identify miRNA-141 from miRNA-21 and miRNA-155 with its
corresponding and non-corresponding padlock probes by a smartphone camera. (m)
MGVs of the specificity testing results among miRNA-21, miRNA-155, and
mMiRNA-141 with their corresponding and non-corresponding padlock probes. The
RSDs for miRNA-21, miRNA-155, and miRNA-141 are 6.8%, 7.2% and 5.4%
(n=6). The concentration of MiIRNA-21, miRNA-155, and miRNA-141 were 6x10%,
5x10% and 8x10* copies per P-eRCA zone, respectively.
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5.3.4 Calibration curve and limit of detection

Our on-chip P-eRCA can achieve qualitative and quantitative detection of miRNAs. By
testing a serial of 10-fold diluted miRNAs samples, we investigated the detection sensitivity and
LODs of our approach for the detection of miRNA-21, miRNA-155, and miRNA-141. The MGVs
corresponding to various copy numbers of miRNAs were recorded from different P-eRCA zones
to generate calibration curves, as shown in Figure 5.7(a-c). There was a linear relationship between
the MGVs and the logarithm of initial copy numbers of the miRNAs in the range of 6-6x10° copies,
5-5x10° copies, and 8-8x10° copies per reaction zone for miRNA-21, miRNA-155, and miRNA-
141, respectively. Moreover, the LOD for each miRNA was investigated. As shown in Figure
5.7(d-i), strong fluorescence was generated in the P-eRCA products when the concentrations of
miRNAs were equal to 6, 5, and 8 copies per P-eRCA zone for miRNA-21, miRNA-155, and
miRNA-141, respectively. Based on the MGVs of the NCs plus its 3-fold standard deviations, the
gray values of the cutoff lines for miRNA-21, miRNA-155, and miRNA-141 were calculated to
be 9.5, 8.2, and 8.4, respectively, as shown by the cutoff lines in Figure 5.7(j). It indicated that no
noticeable fluorescence was generated when the miRNA was lower than 6 copies miRNA-21, 5
copies miRNA-155, and 8 copies miRNA-141. Therefore, it was concluded that the LODs of
miRNA-21, miRNA-155, and miRNA-141 were 6 copies, 5 copies, and 8 copies per P-eRCA zone,
respectively. The results indicated the high detection sensitivity of the proposed hybrid

microfluidic approach for POC detection of miRNAs.

88



Gray Value

Calibration curve miRNA-155

Calibration curve miRNA-21 b %
80 y=11.6291og (x) + 13.404
y=11.020log (x) + 13.741 P R2=0.988 S
S .
R?=0.992 * 70 4 [
e 60
; I
+ E 50 A
t 3 40 - ; i
s [C]
? 30 4
20 4 }
10 4
™ T T T T n 0 r T T T T )
10 100 1000 10000 100000 1000000 1 10 100 1000 10000 100000 1000000
Initial copies of miRNA-21 Initial copies of miRNA-155
C Calibration curve miRNA-141
90 4
80 y=9.812log (x) + 18.938 i
70 | R?=0.986
3
g 601 i
550 4 ]
%40 1 i
© 30 4 x
20 A 1
10 4
0 T T T T T N
1 10 100 1000 10000 100000 1000000

Initial Copies of miRNA-141

miRNA-21 (6 copies)

miRNA-155 (5 copies)

miRNA-141 (8 copies)

89

miRNA-21 (0.6 copies)

miRNA-155 (0.5 copies)

miRNA-141 (0.8 copies)



35 -

8 copies

30 A

25 A

6 copies 5 copies

20 A

MGV

15

10 1

NC

miRNA-21 miRNA-155 miRNA-141

Figure 5.7: (a-c) Calibration curves of MGVs vs. the logarithm of initial copies of miRNAs. (d-i)
Images of P-eRCA products of 0.6 and 6 copies of miRNA-21, 0.5 and 5 copies of
miRNA-155, and 0.8 and 8 copies of miRNA-141, as well as the NC, captured with
a smartphone camera. (j) MGVs of P-eRCA products measured by ImageJ. The
dash lines were the cutoff MGVs for the LODs of miRNA-21, miRNA-155, and
miRNA-141. Error bars represent standard deviations (n = 6).

5.3.5 On-chip detection of miRNAs in human serum and cancer cell samples

To validate the performance of the proposed hybrid microfluidic chip in complex media, the
device was used to detect miRNA-21, miRNA-155, and miRNA-141 spiked in human serum
samples. Three different concentrations of miRNA-21, miRNA-155, and miRNA-141 were
directly spiked to 50% normal human serum samples, and the biochip was applied to detect the
miRNAs. As shown in Figure 5.8, the microfluidic platform was successfully used to detect the
three different concentrations of miRNAs in the human serum samples. As listed in Table 5.2, all
the recovery values from different miRNAs were determined at a satisfactory level between

95.66%-99.12%. And all the relative standard deviations were less than 10%.
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miRNA-21 (6000 copies) miRNA-21 (600 copies)

miRNA-21 (60 copies)

miRNA-155 (5000 copies) miRNA-155 (500 copies)

miRNA-155 (50 copies)

miRNA-141 (8000 copies) miRNA-141 (800 copies)

miRNA-141 (80 copies)

Figure 5.8: Detection of miRNAs spiked in human serum samples. Fluorescence images of P-
eRCA products of miRNA-21 (a-c), miRNA-155 (d-f), and miRNA-141 (g-i)
spiked in human serum samples ranging 60-600, 50-500, and 80-800 copies per
well captured by a smartphone camera, respectively.
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Table 5.2: Detection of mMiRNA-21, miRNA-155, and miRNA-141 spiked in human serum

samples
Sample concer:::tl‘{aljiﬁ: :([:)(])l;lirelsg/well) conc::?lltliiﬁ)srﬂz:)(;)citg;we]l) Recovery (%) RSD (%)
6 % 103 5.92x 10° 98.83 6.8
miRNA-21 (n=6) 6 x 102 5.81x 102 96.83 7.8
6 x 101 5.75x 10! 95.66 8.1
5x103 4.92x 10° 98.40 6.4
miRNA-155 (n=6) 5x10? 4.86x 102 97.20 8.2
5x10! 4.81x 10! 96.40 7.5
8 x 10° 7.93x 102 99.12 6.3
miRNA-141 (n=6) 8 x 102 7.83x 102 97.87 6.7
8 x 10! 7.78x 10! 97.25 8.2

In addition, the proposed microfluidic device was applied to quantify the amount of miRNA-
21, miRNA-155, and miRNA-141 in the total RNA sample extracted from MCF-7 cells (Figure
5.9). The total RNA was extracted from 3x10* cells and then diluted 1000-fold before injection
into the hybrid microfluidic device. The concentrations of miRNA-21, miRNA-155, and miRNA-
141 were calculated from the abovementioned calibration curves as 8609 + 575, 3160 + 248, and
954 + 82 copies per cell, respectively. These results are consistent with the other reported work.2%:
235239 The achieved data demonstrated that the proposed microfluidic approach could detect

miRNAs at a 30 cells level.
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miRNA-21 miRNA-155

miRNA-141

Figure 5.9: Detection of miRNAs in MCF-7 cell samples. Fluorescence images of P-eRCA
products of miRNA-21 (a), miRNA-155 (b), and miRNA-141 (c) in MCF-7 cell
samples captured by a smartphone camera. The total RNA was extracted from
3x10* cells and then diluted 1000-fold before injection into the hybrid microfluidic
device.

These results demonstrated the excellent performance of the proposed microfluidic
approach for detecting miRNA-21, miRNA-155, and miRNA-141 without relying on any

equipment, even in a complex matrix.

5.3 SUMMARY

In summary, an integrated microfluidic padlock probe-based exponential rolling circle
amplification biochip was developed for isothermal detection of miRNAs with high sensitivity and
specificity. The P-eRCA-based paper/PMMA hybrid microfluidic device integrates a multi-step
miRNA assay, including annealing, ligation, and P-eRCA reactions, in one analytical workflow.
The P-eRCA-based hybrid microfluidic system demonstrated quantitative miRNA detection with
a remarkably low LOD of 5-8 copies per reaction well and superior specificity. Moreover, we
successfully demonstrated the applications of the P-eRCA-based chip to accurate and quantitative
miRNA detection from spiked human serum and breast cancer cell samples without the need for
any bulky and expensive equipment. The portable battery-powered heater and the DarkBox

significantly improved the portability and the field detection capability of the low-cost hybrid
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microfluidic platform for the POC detection of miRNAs. Overall, these studies suggest the
potential of our method to facilitate sensitive, specific, and quantitative POC miRNA analysis,
which is crucial to the development of miRNA-based biomarkers, especially in low-resource
settings. Moreover, the microfluidic biochip can have broad applications in the POC detection of
various miRNAs as cancer biomarkers by designing and changing different padlock probes

specific to other miRNAs.
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Chapter 6: An origami paper/polymer hybrid microfluidic device for multiplexed detection

of miRNAs as cancer biomarkers

® This chapter introduces an origami paper/polymer hybrid microfluidic biochip
integrated with parallel P-eRCA reactions for multiplexed detection of miRNA-21,
miRNA-155, and miRNA-141 as cancer biomarkers.

® A sensitive and specific quantitative detection result is achieved under a portable blue
light pen without using specialized instruments.

® The multiplexed detection of miRNAs on a low-cost origami hybrid microfluidic

device was achieved for POC testing in resource-limited settings.
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6.1 INTRODUCTION

An early and precise diagnosis of cancer is crucial for achieving maximum efficiency of
treatment.?*” Numerous approaches have been developed for the detection of a single cancer
biomarker, as mentioned in Section 2.1.24!** However, the detection of a single cancer biomarker
may affect the accuracy and reliability of the diagnosis method because most cancers have more
than one biomarker associated with their incidence.?** Thus, multiplexed detection of tumor
biomarkers with high sensitivity and specificity has been given great demand as a practical

approach for the early clinical diagnosis of cancer.?>-246

miRNAs are a class of short non-coding
RNA molecules that recently emerged as potential cancer biomarkers.>*’ It has been shown that
the abnormal expression of miRNAs is related to the occurrence of cancer and tumors.?*® Recent
studies have also demonstrated that the progression of one cancer is typically accompanied by
simultaneous changes in the expression levels of multiple miRNAs.?*2° That’s why the
multiplexed detection of miRNAs is essential for biomedical research and clinical cancer
diagnosis.

As described in Section 1.2.1, northern blot and microarrays are the commonly used method
for the detection of miRNAs, but they have low sensitivity. Only 0.01% of total RNA mass is
miRNAs,?! and the concentrations of miRNAs are in the sub-picomolar range in blood plasma.?>*
233 So, suitable miRNA detection methods require to present very high sensitivity. The nucleic acid
amplification techniques can detect very low concentration targets in most cases. Reverse
transcription-polymerase chain reaction (RT-PCR) can detect miRNAs with high sensitivity and
accuracy, but it requires skilled personnel and sophisticated and expensive instrumentation.?>322*

Recently, a new amplification technique, rolling circle amplification (RCA), has increased

attentions for miRNAs detection, as discussed in Section 1.3.2.225-2?7 |t is able to amplify the target
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miRNA at a constant low temperature (~30 °C) with high sensitivity, efficiency, and specificity.
The sensitivity and specificity of RCA-based detection are enhanced by using new strategies such
as padlock probe-based exponential RCA (P-eRCA).** There are several reports on the
development of the RCA amplification method for the detection of miRNAS; however, reported
microfluidic devices integrated with RCA for multiplexed detection of miRNAs are rare. 228232
25425 Traditional tube-based RCA requires laborious procedures and bulky equipment, limiting
RCA application as a POC method in resource-limited settings. Therefore, a simple approach for

POC multiplexed detection of miRNAs is still essential.

Microfluidic technology has been widely applied as analysis platforms because of the need
for convenient POC techniques.t®9-161.164 A5 mentioned in Section 1.4, most microfluidic analytical
devices are fabricated using glass,}”® polydimethylsiloxane (PDMS),!"* and polymethyl
methacrylate (PMMA).161 166 However, these devices usually require complicated fabrication
processes and external pumping forces for liquid transportation, which largely limit their
applications.'®® Thus, microfluidic paper-based analytical devices fabricated on paper have
attracted considerable attention as alternative platforms for detection.!®® They are attractive
because of advantages, such as the relatively low cost and the transportation of samples and
reagents without the need for external equipment.t3 137 1% |n addition, paper folding (origami)
presented a great potential for integration of multi-steps workflow on a single device.?>¢2% One of
the main limitations of the RCA method causing complicated integration of its full assay on a
microfluidic device is that RCA needs a multi-steps workflow including annealing, ligation, and
amplification reactions. Thus, origami paper-based analytical devices can be an attractive choice

for integration with full multi-steps RCA assay to be used as a POC ready-to-use device. However,
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because the paper is not a rigid substrate, repeated washing can lead to some problem for paper-

based devices.

Recently, hybrid microfluidic platforms received increasing attention for biomedical
applications to take advantage of the different substrates in a single microfluidic device, as
described in Section 1.4.2.165-166. 202204 oy previous studies demonstrated the feasibility of the
hybrid microfluidic platform method for the singleplexed and multiplexed detection of several
pathogens and diseases biomarkers.'? 38 134135 137 Herein, we report a low-cost origami
paper/polymer hybrid microfluidic biochip integrated with full P-eRCA workflow for sensitive,
specific, and quantitative multiplexed detection of miRNAs as cancer biomarkers. The detection
results were observable to the naked eye or imaged by a smartphone camera under a blue light pen
in our devised DarkBox, without using any specialized instrument during the entire assay. High
specificity and sensitivity of the proposed device were demonstrated in the simultaneous detection
of three different miRNAs with limits of detection (LODs) as low as 6, 5, and 8 miRNA copies
per P-eRCA zone for miRNA-21, miRNA-155, and miRNA-144, respectively. In addition, the
origami hybrid device was successfully used for the quantitative detection of miRNA-21, miRNA-
155, and miRNA-141 in the human serum and cancer cell samples. Thus, the proposed origami
paper/polymer hybrid microfluidic platform presents a high potential for sensitive and accurate
multiplexed POC detection of miRNAs in low-resource settings such as in the field.

6.2 EXPERIMENTAL SECTION
6.2.1 Chemicals and materials
The sequences of the Padlock probes and miRNAs are listed in Table 5.1. All the other chemicals

and materials are listed in Section 2.1.
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6.2.2 Microfluidic device layout and fabrication

Figure 6.1 illustrates the design and layout of the origami paper/polymer hybrid microfluidic
device. The microfluidic platform consists of two paper arms and a central reaction part. The
central reaction part includes 6 layers: bottom PMMA layer, bottom double-side carpet tape layer,
paper layer containing 8 reaction wells (diameter 2 mm) and channels (width 1 mm), top double-
side carpet tape layer, plastic film layer, and PDMS lid. Each paper arm consists of two parts; the
first part includes channels (width 1 mm), and the second part contains 8 reservoirs (diameter 2
mm). The reservoir part of the paper arms consists of 5 layers, the bottom tape liner layer, the
bottom double-side carpet tape layer, the paper layer, the top double-side carpet tape layer, and the

top tape liner layer.
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Figure 6.1: The layout of the origami paper/polymer hybrid microfluidic device. (a) Illustration
of the different layers of the origami hybrid microfluidic chip. (b) A photograph of
the hybrid microfluidic device for multiplexed detection of miRNAs.

Fabrication of the microfluidic biochip was described in Section 2.4.2. After device
assembly, the specific padlock probes for miRNA-21, miRNA-155, and miRNA-141 were pre-
loaded on reaction wells. The ligation and amplification reagents mixtures were pre-loaded to
reservoirs #1 and #2, respectively. Thus, the origami hybrid microfluidic device became ready to
use.

6.2.3 On-chip P-eRCA procedure
As shown in Figure 6.2a, the sample was introduced to the reaction zones of the device using

a pipette for sample test and negative control (NC). In this study, NC is an omission of the padlock
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probe. A drop of glue was used to block the connection between each reaction well. The reaction
wells were sealed with the PDMS lid to prevent evaporation during on-chip reactions (Figure
6.2b). After that, the biochip was heated using the portable heater at 65 °C for 3 min. Then, the
chip was cooled slowly to room temperature for 10 min. After removing the tape liner layers from
the paper arm #1, as shown in Figure 6.2c, the paper arm #1 is folded on the central reaction part,
and using 15 pL DI water, the ligation reagents were washed and delivered to the reaction wells
(Figure 6.2d). After delivery of the ligation reagents to the reaction zones, the device was sealed
using the PDMS lid and heated at 30 °C for 2 h (Figure 6.2e). After the ligation reaction, the tape
liner layers were removed from the paper arm #2, and the paper arm #2 was folded on the central
reaction part (Figure 6.2f), and the amplification reagents were washed and delivered to the P-
eRCA reaction wells using 15 uL DI water (Figure 6.2g). Afterward, the paper arms were removed,
and the chip was heated at 30 °C for 3 h after sealing with the PDMS lid. After P-eRCA reactions,
a portable blue light pen was used to shine P-eRCA products inside our devised DarkBox. The
generated fluorescence could be observed by the naked eye or imaged by a smartphone camera.
Then, the images were processed with the NIH software ImageJ to measure the corresponding
MGV of each reaction well to analyze the brightness of the P-eRCA zones, as described in Section
2.5.2. Figure 6.2 (i-K) illustrates the reagent delivery test using food dyes, followed by the same

procedure mentioned above.
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Figure 6.2: Schematic illustration of the assay procedure using P-eRCA-based origami
paper/polymer microfluidic device (a-h). Reagent delivery test of the device (i-k);
(1) After sample injection, (j) After folding paper arm #1 and delivering the ligation
reagents to the reaction wells, (f) After folding paper arm #2 and delivering the
amplification reagents to the reaction wells.

6.2.4 Cell culture and miRNAs isolation
The MCF-7 cell culture and miRNAs isolation protocols for miRNA-21, miRNA-155, and

miRNA-141 are described in Section 2.3.
6.3 RESULTS AND DISCUSSION
6.3.1 Optimization of P-eRCA

The origami hybrid microfluidic device was integrated into a multi-step workflow P-eRCA
reaction affected by many variables. To facilitate the origami device development, on-chip P-
eRCA was first evaluated to optimize effective reaction variables, including the padlock probe, T4
DNA ligase, dNTPs, Phi29 DNA polymerase, and reaction times, using miRNA-21 as the model

target. The effect of padlock probe concentration was investigated across a range of 1 to 20 uM,
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and an optimal concentration of 10 uM padlock probe was identified to maximize the achieved
MGV (Figure 6.3a). The T4 DNA ligase concentration affects the efficiency of ligation reaction
and thus was evaluated in a range of 10 to 100 U. As shown in Figure 6.3b, the assay signal
increases along with the concentration of the T4 DNA ligase and saturates at 50 U, which was then
used in the future experiments. The concentration of dNTPs is another factor that affects the
amplification reaction. When different concentrations of dNTPs (1-10 mM) were used, the MGVs
were analyzed, and the data are shown in Figure 6.3c. The produced MGV increased with the
increasing concentration of dNTPs until the concentration reached 7.5 mM. To investigate the
influence of Phi29 DNA polymerase concentration, 1-5 U Phi29 DNA polymerase was used. As
shown in Figure 6.3d, as the concentration of Phi29 DNA polymerase increased, the MGV
increased gradually until 4 U Phi29 DNA polymerase was used. The changes of MGV with the
time of ligation and amplification were also investigated (Figure 6.3¢e); 2 and 2 h were selected as
the optimal ligation and amplification times for miRNA detection. The volume of deionized (DI)
water for washing the reagents from the reservoirs to the reaction wells were optimized and 15 pL
was used for the subsequent experiments (Figure 6.3f). Moreover, the MGV of the P-eRCA
products in the presence of SYGR Green | was compared with the results of the P-eRCA reaction
when the SYGR Green | was added for visualization after the reaction. The results did not show
any inhibitory effect on the P-eRCA reaction (Figure 6.3g). Performing on-chip P-eRCA in the
presence of SYBR Green | presents fewer steps of reagent mixing for on-chip visualization, which
simplifies the microfluidic biochip design and operation. We further tested the reagent loss due to
evaporation from the device during the ligation and amplification process at 30 °C for 2 h by
weighing the mass changes using an analytical balance. Figure 6.3h shows negligible reagent

evaporation loss from the device at 30 °C for 2 h.
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Figure 6.3: Optimization of (a) concentration of padlock probe, (b) concentration of T4 DNA
ligase, (c) concentration of dNTPs, (d) concentration of Phi29 DNA polymerase,
and (e) time of ligation and amplification reaction (f) volume of DI water for
washing the reagents from the reservoirs to the reaction wells. (g) The effect of the
SYBR Green | on the assay response. (h) Testing reagent loss due to evaporation
after 2 hours of heating at 30 °C. The error bars represent standard deviations from

six replicates.

6.3.2 On-chip singleplexed P-eRCA-based detection of miRNAs

The feasibility of the on-chip P-eRCA detection of each miRNA was separately investigated

using the origami paper/polymer hybrid microfluidic device. The padlock probes specific to

MIiRNA-21, miRNA-155, and miRNA-141 were separately pre-loaded in the corresponding P-

eRCA zones on the origami device. After completing the on-chip assay, the P-eRCA products

could be easily observed by the naked eye or imaged using a smartphone camera under a portable

blue light pen in the DarkBox. This visualization approach does not require any bulky and

expensive laboratory equipment, presenting a potential for POC detection of miRNAs in low-
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resource settings.

Figure 6.4a demonstrated an image captured by a smartphone camera to detect miRNA-21
under a blue light pen in the DarkBox. Only the P-eRCA zones for miRNA-21 detection were lit
up with bright fluorescence but not for NC zones. Similarly, the on-chip P-eRCA results of
miRNA-155 and miRNA-141 detection were images using a smartphone camera. As shown in
Figs. 4b and c, strong fluorescence was observed in P-eRCA zones for miRNA-155 and miRNA-
141 detection, while P-eRCA zones for NC exhibited very weak fluorescence. The images were
processed using the NIH ImageJ software to obtain the MGVs for further analysis. As shown in
Figures 6.4d, e, and f, NCs showed weak signals, and strong fluorescence was exhibited in P-
eRCA zones for miRNA21, miRNA-155, and miRNA-141, which were about 8, 6, and 10-fold

higher than that of the negative controls, respectively.
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Figure 6.4: On-chip P-eRCA detection of miRNA-21 (a), miRNA-155 (b), and miRNA-141 (c)
imaged using the origami hybrid device and imaged by a smartphone camera under
the portable blue light pen in the DarkBox. MGVs of the on-chip P-eRCA detection

of MiIRNA-21 (d), miRNA-155 (e), and miRNA-141 (f) obtained by ImagelJ. The
miRNAs used were 6x10% 5x10% and 8x10* copies per P-eRCA zone for miRNA-
21, miRNA-155, and miRNA-141, respectively. The error bars represent standard
deviations from six replicates.
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6.3.3 Multiplexed miRNAs detection

Multiplexed miRNAs detection provides a more efficient procedure for accurate cancer
diagnostics from a single assay, preventing inconvenience and delays from multiple repeated
singleplexed assays. Thus, upon the success of the singleplexed detection of the three miRNAS
separately, the feasibility of the proposed origami hybrid microfluidic device was evaluated for
multiplexed detection of three miRNAs, miRNA-21, miRNA-155, and miRNA-141. Different
padlock probes targeting the different miRNASs were pre-loaded in the different P-eRCA zones in
a ready-to-use platform. A sample including all the three miRNAs was injected into the P-eRCA
reaction wells during the multiplexed assay. As shown in Figure 6.5a, endpoint visualization
results could be observed from the fluorescence of the P-eRCA zones under the blue light pen in
the DarkBox. All the P-eRCA zones targeting these three miRNASs (i.e., miRNA-21, miRNA-155,
and miRNA-141) were lit up with strong fluorescence, but not for NC zones. Their MGVs were
obtained by the ImagelJ software (Figure 6.5b), quantitatively indicating the brightness difference
between miRNAS detection zones and NC zones. Fluorescence intensities of the P-eRCA products

from the three miRNAs were about seven times higher than that of the negative controls.
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Figure 6.5: On-chip P-eRCA multiplexed detection of miRNA-21, miRNA-155, and miRNA-
141 imaged by a smartphone camera under the portable blue light pen in the
DarkBox (a). (b) MGVs of the P-eRCA products measured by ImageJ. The
miRNAs used were 6x10%, 5x10* and 8x10* copies per P-eRCA zone for miRNA-
21, miRNA-155, and miRNA-141, respectively. The error bars represent standard
deviations from six replicates.

6.3.4 Specificity test

To study the specificity of the origami hybrid microfluidic device for miRNAs detection, the
cross-reactions among the three miRNAs with their corresponding and non-corresponding padlock
probes were investigated. Specific padlock probes for miRNA-21, miRNA-155, and miRNA-141
were pre-loaded to the corresponding P-eRCA reaction wells. miRNA samples were separately
introduced to the three different microfluidic biochips. It can be seen from Figures 6.6a, b, and ¢
that only P-eRCA zones with corresponding padlock probes and miRNA samples showed bright
fluorescence. For instance, for the device with the miRNA-21 sample, only the P-eRCA zones
with pre-loaded miRNA-21 padlock probe produced bright fluorescence, the intensity of which
was about eight times higher than that of the NC (Figure 6.6d). Other P-ERCA zones were as dim
as the NC. Similar phenomena were observed with miRNA-155 and miRNA-141, indicating the

high specificity of the proposed device for multiplexed detection of miRNAs.
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Figure 6.6: Specificity investigation among miRNA-21, miRNA-155, and miRNA-141 (a-c). (d)
MGVs of the specificity testing results among miRNA-21, miRNA-155, and
miRNA-141 with their corresponding and non-corresponding padlock probes. The
RSDs for miRNA-21, miRNA-155, and miRNA-141 are 8.1%, 6.9% and 7.8%
(n=6). The concentration of MiIRNA-21, miRNA-155, and miRNA-141 were 6x10%,
5x10% and 8x10* copies per P-eRCA zone, respectively.

6.3.5 Calibration curve and limit of detection

Qualitative and quantitative multiplexed detection of miRNAs were achieved using the
proposed on-chip P-eRCA approach. By testing a serial of 10-fold diluted miRNAs samples, the
detection sensitivity and LODs of the origami device were investigated for the multiplexed
detection of mMiRNA-21, miRNA-155, and miRNA-141. The MGVs corresponding to various copy

numbers of mMiIRNAs were measured from the different P-eRCA zones to generate calibration

109



curves. As shown in Figure 6.7(a-c), a linear relationship between the MGVs and the logarithm of
initial copy numbers of the miRNAs was obtained in the range of 6-6x10° copies, 5-5%10° copies,
and 8-8x10° copies per reaction zone with the R? value of 0.9886, 0.9859, and 0.9905 for miRNA-
21, miRNA-155, and miRNA-141, respectively. Moreover, the sensitivity of the origami hybrid
microfluidic platform was investigated for multiplexed detection of miRNAs. As shown in Figure
6.7(d), the P-eRCA products generated fluorescence under the blue light pen when the
concentrations of miRNAs were as low as 6, 5, and 8 copies per P-eRCA zone for miRNA-21,
miRNA-155, and miRNA-141, respectively. As shown by the dashed line in Figure 6.7e, the
MGV:s of the P-eRC products from 6, 5, and 8 copies of miRNA-21, miRNA-155, and miRNA-
141 were much higher than the cutoff MGVs, respectively. The cutoff MGVs were calculated
based on 3-fold standard deviations of the MGVs of the NCs above the MGVs of the NCs.
Therefore, it was concluded that the LODs of miRNA-21, miRNA-155, and miRNA-141 were 6
copies, 5 copies, and 8 copies per P-eRCA zone, respectively. The results indicated the high
detection sensitivity of the proposed hybrid microfluidic device for multiplexed detection of

mMiRNAs.
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Figure 6.7: Calibration curves of MGVs vs. the logarithm of initial copies of mMiRNA21 (a),
miRNA-155 (b), and miRNA-141 (c). (d) Image of P-eRCA products of 6 copies of
miRNA-21, 5 copies of miRNA-155, 8 copies of miRNA-141, and the NC,
captured by a smartphone camera. () MGVs of P-eRCA products measured by
ImagelJ. The dash lines were the cutoff MGVs for the LODs of miRNA-21,
miRNA-155, and miRNA-141. Error bars represent standard deviations (n = 6).

6.3.6 On-chip multiplexed detection of miRNAs in human serum and cancer cell samples
To validate our proposed origami paper/polymer hybrid microfluidic biochip for multiplexed
detection of miRNAs in complex media, the device was applied to simultaneously detect miRNA-
21, miRNA-155, and miRNA-141 spiked in human serum samples. Three different concentrations
of miRNA-21, miRNA-155, and miRNA-141 were directly spiked to 50% normal human serum
samples, and the biochip was used to detect the miRNAs. As shown in Figure 6.8, the microfluidic
device successfully detected the three different concentrations of miRNASs in the human serum
samples. As listed in Table 6.1, all the recovery values from the different miRNAS were determined
at a satisfactory level between 97.20% and 98.87%. All the relative standard deviations were

between 6.2% and 8.6%.
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Figure 6.8: Multiplexed detection of miRNAs spiked in human serum samples. Fluorescence
images of P-eRCA products of miRNA-21 (a), miRNA-155 (b), and miRNA-141
(c) spiked in human serum samples ranging 60-600, 50-500, and 80-800 copies per
well captured by a smartphone camera, respectively.

Table 6.1: Multiplexed detection of miRNA-21, miRNA-155, and miRNA-141 spiked in human

serum samples

Sample concelrl::lf‘{aljizzli :E(l)l;ligsg/well) concz?llﬁé;illzi:)ﬁte?:well) Recovery (%) RSD (%)
6 x 103 5.91x10° 98.50 8.4
miRNA-21 (n=6) 6 % 102 5.86x 102 97.66 7.8
6 %101 5.89x 10! 98.16 7.4
5x103 4.86x 10° 97.20 7.3
miRNA-155 (n=6) 5x10? 4.91x 102 98.20 6.2
5x101 4.89x 101 97.80 7.1
8§x103 7.87x 103 98.25 6.8
miRNA-141 (n=6) 8x10? 7.82x 102 97.75 8.6
8 x 10! 7.91x 101 98.87 6.9

In addition, the origami hybrid microfluidic biochip was applied for multiplexed quantitative
detection of miRNA-21, miRNA-155, and miRNA-141 in the total RNA sample extracted from
MCEF-7 cells (Figure 6.9). The total RNA was extracted from 3x10* cells and then diluted 1000-
fold before injection into the chip. The concentrations of miRNA-21, miRNA-155, and miRNA-
141 were calculated from the abovementioned calibration curves as 9968 + 618, 2945 + 163, and

1089 + 104 copies per cell, respectively. These results are consistent with the other reported
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work.2%: 235239 The achieved data demonstrated that the proposed microfluidic approach could

detect miRNAs at a 30 cells level.
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Figure 6.9: Multiplexed detection of miRNAs in MCF-7 cell samples. Fluorescence images of P-
eRCA products of miRNA-21, miRNA-155, and miRNA-141 in MCF-7 cell
samples captured by a smartphone camera. The total RNA was extracted from
3x10* cells and then diluted 1000-fold before injection into the hybrid microfluidic
device.

Based on the achieved results, the proposed origami paper/polymer hybrid microfluidic
device presented an excellent performance for multiplexed and quantitative detection of miRNA-
21, miRNA-155, and miRNA-141, even in a complex matrix.

6.3 SUMMARY

A low-cost origami paper/polymer hybrid microfluidic device integrated with padlock
probe-based exponential rolling circle amplification was reported for multiplexed quantitative
detection of miRNAs as potential cancer biomarkers. The folding property of paper substrate
allowed integration of multi-step workflow of P-eRCA reaction on a single device. The proposed
microfluidic device does not need any special equipment to deliver the different groups of the
reagents to the reaction wells. A portable battery-powered heater was used to heat the device, and
the results were visually detected by the naked eye under a portable blue light pen in an almost

zero-cost DarkBox, without relying on any specialized equipment. The battery-powered heater and
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DarkBox significantly enhanced the portability, and the field detection capacity of the hybrid
microfluidic device for the POC multiplexed detection of miRNAs. The LOD of the proposed
approach for miRNA-21, miRNA-155, and miRNA-141 were 6 copies, 5 copies, and 8 copies per
reaction zone, respectively. Moreover, the origami hybris device was successfully applied for
multiplexed quantitative detection of miRNAs in human serum and cancer cell samples. All these
significant characteristics make the origami hybrid microfluidic biochip appropriate for sensitive,
specific, and quantitative detection of multiplexed miRNAs as cancer biomarkers, especially in
low-resource settings. Besides, by using other padlock probes specific to different miRNAs, the
proposed origami hybrid microfluidic biochip can be broadly applied for multiplexed detection of

other miRNAs.
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Chapter 7: Conclusions and Future work

® This chapter provides the conclusions and perspectives of the research work in this

dissertation.
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7.1 CONCLUSIONS

Four paper/polymer hybrid microfluidic devices have been developed for pathogens and
miRNAs detection. These devices provide low-cost POC testing platforms for pathogens and
miRNAs. In this dissertation, rapid diagnosis of tuberculosis, multiplexed diagnosis of pertussis-
like diseases, singleplexed and multiplexed quantitative detection of miRNAs as cancer
biomarkers have been successfully demonstrated using the proposed hybrid microfluidic biochips.
In conclusion:

1. These paper/polymer hybrid microfluidic biochips are low-cost.

2. Different substrates have different advantages and limitations. These hybrid biochips
can draw more benefits from both the paper and polymer substrates and avoid their limitations.
Low performance of flow control and the need for surface treatment are the limitations of paper
and polymer substrates, respectively. The presented hybrid paper/polymer microfluidic device
could overcome these limitations.

3. Rapid and sensitive detection of M.#b on a paper/PDMS hybrid microfluidic biochip was
easily achieved by the naked eye without using any specialized equipment.

5. Based on singleplexed pathogen detection, instrument-free multiplexed respiratory
diseases diagnosis on another paper/PDMS hybrid microfluidic biochip was achieved.
Simultaneous detection of the three Bordetella species, B. pertussis, B. holmesii, and B.
parapertussis, was successfully demonstrated. Pathogenic microorganisms could be directly
detected from nasopharyngeal samples without any laborious sample preparation, such as DNA

extraction using a centrifuge-free lysis process.
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4. A sensitive detection of three miRNAs, including miRNA-21, miRNA-155, and
miRNA-144, on a paper/PMMA hybrid microfluidic platform was achieved. A naked eye could
observe the results under a blue light pen in a designed DarkBox.

6. The quantitative multiplexed detection of miRNAs on an origami paper/polymer hybrid
microfluidic biochip was achieved. Paper arms in this origami hybrid system facilitated the
separate delivery of different groups of the reagents to the reaction zones for annealing and ligation
reactions before P-eRCA amplification reaction without needing any specialized instruments such
as a pump.

7. The paper/polymer hybrid microfluidic platforms demonstrate great potential
applications for POC pathogens and miRNAs detection in resource-limited settings, especially in
developing nations.

7.2 FUTURE WORK
7.2.1 Validation tests of clinical samples

The validation of the reliability of the proposed paper/polymer hybrid biochips for M.tb
and miRNAs detection was performed by spiking the pure DNA and miRNA in human serum
samples, respectively. The hybrid devices need to be further validated by testing clinical samples
collected from patients. The data obtained from the microfluidic devices need to be compared
statistically with the standard method, such as PCR, to see if the result matches the performance
of the established techniques. Moreover, sensitivity, specificity, false positive, and false negative
values are needed to be calculated with clinical samples.

7.2.2 On-chip cell lysis
To detect miRNAs in cancer cells, cells were lysed using a commercially available miRNA

isolation kit, and the lysate was injected into the hybrid biochips. But the on-chip lysis of cancer
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cells followed by detection of miRNAs within the single biochip would be ideal. Some simple
instrument-free cancer cell lysis approaches for the extraction of miRNAs were presented that can
be integrated on a chip, but they were optimized to isolate limited types of miRNAs.!* 2% They
need to be optimized to isolate various miRNAs from cancer cells and integrated into the chips for
direct detection of miRNAs from cancer cell samples.
7.2.3 Field validation

The primary aim of this kind of microfluidic biochips is to have a broad application in POC
settings. Therefore, instead of conducting these assays in a clean and well-equipped laboratory
setting, field validation of pathogens and miRNAs detection methods at a physician’s offices, a
school/college health center, or other resource-limited settings are needed in the future. In this
way, the utility of the paper/polymer hybrid microfluidic platforms for the diagnosis of infectious
diseases and cancer can be validated. For the application of the devices for disease diagnosis in
the field, storage of the biochips is a big challenge. LAMP and RCA are enzymatic reactions, so
the reaction reagents must keep at a low temperature.
7.2.4 Broad application of the hybrid devices

This dissertation demonstrates the application of multiple paper/polymer hybrid
microfluidic biochips to diagnose infectious diseases and cancer. By changing the primers in
LAMP-based devices and padlocks in RCA-based devices, other pathogens and miRNAs could be
tested using the microfluidic devices for POC diagnosis of infectious diseases and cancer,
respectively.
7.2.5 Mobile application for data analysis

The image analysis for different projects in this dissertation was accomplished using

desktop-based Imagel software after taking photos using a smartphone camera. Although various
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kinds of application, including an application based upon ImageJ, is available for data analysis,
these applications are not user-friendly for our devices. It is difficult to measure so many reaction
wells using the current cell phone-based applications. In the future, it is better to develop an
application that can easily take a photo or upload the existing photo of our device and analyze the
result in a user-friendly way. It would be ideal if the application could recognize the pattern of the

device and measure the value of all the reaction wells at a time.
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