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ABSTRACT

Nucleic acid testing (NAT), a molecular diagnostic technique that involves nucleic acid
extraction, amplification and detection, conventionally relies on well-established
laboratories, high-end instrumentation and highly trained operators, limiting its use in
resource-poor settings, where most diseases exist. With advances in point-of-care
testing (POCT), lateral flow assays (LFA) have been explored for nucleic acid detection.
However, as biological samples are generally complex and contain low amounts of
target nucleic acids, a substantial off-chip extraction and amplification process (e.g.,
tube-based extraction and polymerase chain reaction (PCR)) is normally required prior
to lateral flow detection. Additionally, the applications of LFA have been currently
limited by their low sensitivity and poor functionality. Herein, it was demonstrated for
the first time a novel fully integrated paper-based sample-to-answer biosensor
incorporating nucleic acid extraction, amplification and sensitive lateral flow detection.
The optimum concentration of reagent and environmental conditions (i.e., temperature
and relative humidity) for LFA were determined. Paper-based LAMP was integrated
into LFA, coupled with a handheld battery-powered heating device for nucleic acid
amplification in POC settings, which showed a comparable result to that of
conventional tube-based platform. A fully integrated paper-based sample-to-answer
biosensor was then developed, which could successfully detect Escherichia coli in
spiked drinking water, milk, blood, and spinach with a detection limit of as low as 10-
1000 CFU/mL, and Hepatitis B virus (HBV) in clinical blood sample, highlighting its
potential use in medical diagnostics, food safety analyses and environmental monitoring.
The sensitivity of biosensor was further enhanced by incorporating a piece of paper-
based shunt and a polydimethylsiloxane (PDMS) barrier into the strip to achieve

optimum fluidic delays for LFA signal enhancement, resulting in 10-fold signal

il



enhancement over unmodified LFA. This strategy could successfully detect HBV with
concentrations of as low as ~10° IU/mL in clinical blood samples, which was
comparable to that of conventional detection strategy and even more sensitive than the
existing biosensors, demonstrating its ability to detect acute HBV infections. The
phenomena of fluidic delay were also evaluated by mathematical simulation, through
which the fluid movement throughout the shunt and the tortuosity effects in the
presence of PDMS barrier were revealed, which significantly affect the detection
sensitivity. The proposed fully integrated biosensor offers great potential for highly

sensitive detection of various targets for wide applications in the near future.
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ABSTRAK

Ujian asid nukleik ialah satu teknik diagnotik molekul yang melibatkan pengekstrakan,
amplifikasi dan pengesanan asid nukleik yang secara konvensionalnya bergantung
kepada makmal yang mantap, peralatan yang mewah dan pekerja yang terlatih. Oleh itu,
ini mengehadkan penggunaannya di kawasan yang mempunyai sumber yang amat
terhad, di mana terwujudnya pelbagai penyakit. Dengan kemajuan dalam ujian point-of-
care (POCT), lateral flow assays (LFAs) telah dieksploitasikan untuk ujian asid nukleik.
Akan tetapi, disebabkan kekompleksan sampel biologi dan kepekatan asid nukleik
sasaran yang rendah, proses pengekstrakan dan amplifikasi secara off chip (e.g.,
pengekstrakan dengan menggunakan tiub dan amplifikasi melalui polymerase chain
reaction (PCR)) amat diperlukan sebelum asid nukleik sasaran dapat dikesan dengan
ujian LFA. Tambahan pula, aplikasi LFAs telah dihadkan oleh sensitivitinya yang
rendah dan fungsinya yang terhad. Walaupun integrasi pengekstrakan DNA dan
amplifikasi DNA ke dalam paper-based biosensor telah dilaporkan sebelum ini, tetapi
pergabungan LFA dengan semua langkah ujian asid nukleik di dalam satu peranti belum
dilaporkan. Dalam kajian ini, novel fully integrated paper-based sample-to-answer
biosensor yang menggabungkan pengekstrakan, amplifikasi dan pengesanan asid
nukleik dengan LFA telah berjaya dihasilkan. Kepekatan optimum reagen dan faktor
persekitaran (i.e., suhu dan kelembapan relatif) untuk LFA telah dikenalpasti. Paper-
based LAMP dan LFA telah digabungkan dengan alat pemanas mudah alih yang
berbateri untuk proses amplifikasi asid nukleik di POC settings bagi pengesanan DNA,
di mana hasilnya adalah setanding dengan strategi konvensional. Selepas itu, Fully
integrated sample-to-answer biosensor telah dihasilkan, di mana ia dapat mengesan
Escherichia coli dalam air, susu, darah dan bayam dengan had pengesanan sebanyak 10-

1000 CFU/mL, dan virus Hepatitis B (HBV) dalam sampel darah klinikal, maka



menunjukkan potensi penggunaannya dalam bidang diagnosis perubatan, analisis
keselamatan makanan dan pemantauan alam sekitar. Sensitiviti biosensor telah
dipertingkatkan =~ dengan = menggunakan  cara  pergabungan  shunt  dan
polydimethylsiloxane (PDMS) barrier dengan LFA untuk mencapai kadar pengaliran
yang optimum untuk peningkatan isyarat LFA. Dengan pengubahsuaian ini, isyarat LFA
dapat dipertingkatkan sebanyak 10 kali ganda berbanding dengan LFA yang tidak
diubahsuai. Cara ini telah berjaya mengesan HBV dengan kepekatan sebanyak ~10°
IU/mL seperti yang dikesan dengan menggunakan cara konvensional dan lebih sensitif
daripada biosensor lain, maka ini menunjukkan keupayaannya untuk mengesan
jangkitan HBV akut. Fenomena pengurangan kadar pengaliran juga telah dinilai dengan
simulasi matematik dengan pemerhatian pergerakan cecair melalui shunt dan kesan
tortuosity dengan kehadiran PDMS barrier, di mana fenomena ini dikenalpasti dapat
menyebabkan peningkatan sensitiviti pengesanan. Integrated biosensor ini berpotensi

untuk mengesan pelbagai analit bagi pelbagai aplikasi pada masa hadapan.
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CHAPTER 1: INTRODUCTION

1.1 Background

Today, molecular diagnostics is essential for widespread applications, including in
medical diagnostics (e.g., human immunodeficiency virus (HIV), dengue,
cardiovascular diseases, and stroke), food safety analysis and environmental monitoring.
A key aspect of much molecular diagnostics is the use of nucleic acid testing (NAT),
which consists of three main steps: nucleic acid extraction, amplification and detection
(Liu et al., 2014; Toumazou et al., 2013; Venkatesan & Bashir, 2011; Wanunu et al.,
2010). This presents a substantially higher specificity and sensitivity than antigen (Ag)-
antibody (Ab)-based assays (Craw & Balachandran, 2012; Peeling & McNerney, 2014;
Yu et al.,, 2012b). Conventional NAT involves high-end instrumentation, labour-
intensive procedures, and is time-consuming (e.g., involving phenol-chloroform
extraction, polymerase chain reaction (PCR) or electrophoresis), which means that its
application is limited in resource-poor point-of-care (POC) settings (Martinez et al.,
2010; Wang et al., 2012). With increasing spread of infections with no specific
medication for treatment (e.g., dengue infections, E. coli O157:H7 infection), rapid
diagnosis is imperative to prevent a life-threatening complication (Blazkova et al.,
2009). Therefore, there is an urgent need to develop a portable, fast and accurate NAT
diagnostic tool, which can be readily implemented in disease-endemic, low resource

settings to overcome the shortcomings of conventional NAT (Niemz et al., 2011).

With advances in microfluidic technologies, integrated chip-based biosensors
have emerged with great potential to address the limitations of conventional equipment
for POC NAT. These microfluidic devices can process a small volume of liquid,

significantly reducing the consumption of samples and reagents, and thus the cost.



However, most chip-based devices are made of glass (Kumbhat et al., 2010b; Ngo et al.,
2014), silicon (Huang et al., 2013) or polymer (e.g., polydimethylsiloxane (PDMS))
(Lien et al., 2006) with integrated functional units (e.g., pumps and valves) (Hawkins &
Weigl, 2010) which require complicated fabrication processes, hence reducing their

suitability for POC testing.

Recently, paper has been unitized as a feasible and high potential platform for
NAT, gaining increasing interest as a platform in the diagnostic field, especially for
low-resource settings due to its simplicity, cost-efficiency, biodegradability, and
biocompatibility (Hu et al., 2014). It is predominantly composed of cellulose fibers
with a porous structure, allowing fluids to wick through via capillary force (Chen et al.,
2015). The utilization of paper to fabricate paper-based biosensors, particularly lateral
flow assays (LFAs), has currently attracted significant interest. As compared to chip-
based biosensors, paper-based biosensors are simple, portable, cost-effective and user
friendly, offering a promising choice for NAT at the POC (Blacksell et al., 2007).
Recent studies have focused on the use of nucleic acid-based LFA for accurate POC
diagnostics (Blazkova et al., 2009; Hu et al., 2013; Wang et al., 2013a). However, the
main limitations of nucleic acid-based LFA are difficulties in quantification, low

sensitivity and poor functionality.

Several approaches have been investigated to address these limitations. To
achieve quantification, researchers have developed a variety of handheld or
smartphone-based readers to quantify LFA results (Mudanyali et al., 2012; Xu et al.).
As for the analytical sensitivity improvement, even though there have been several
attempts to develop multiple techniques for sensitivity improvement (e.g., through

probe-based signal enhancement (Hu et al., 2013), enzyme-based signal enhancement



(He et al., 2011), thermal contrast (Qin et al., 2012), or fluidic control (Parolo et al.,
2013; Rivas et al., 2014), most of them involve high cost equipment, complex
modifications and multistep operations. Therefore, a simple and low cost method is

essential for LFA sensitivity enhancement.

In fact, the main challenge in developing an ideal nucleic acid-based LFA is to
produce a nucleic acid-based LFA with integrated nucleic acid extraction and
amplification. Recent studies have reported the use of commercial Fast Technology
Analysis (FTA) card to perform nucleic acid extraction (Lange et al., 2014; Liang et al.,
2014), the use of glass fiber for nucleic acid amplification (De Paula & Fonseca, 2004),
and the use of LFAs or paper-based microfluidic devices (He et al., 2010; Hu et al.,
2013) for amplicon detection. However, the paper-based extraction, amplification and
LFA were separately performed, which entails multiple processing steps, limiting their
usability in POC settings. The integration of the three key steps of NAT into integrated

paper-based biosensors may pave the way for rapid POC testing.

This study aims to significantly improve the analytical sensitivity and
functionality of LFAs, to yield a fully integrated paper-based sample-to-answer
diagnostic platform for cost-effective, sensitive, specific, user-friendly and rapid target
detection. The pathogenic agents such as dengue virus, hepatitis B virus (HBV) and
Escherichia coli, which commonly lead to severe clinical outcomes, are selected as
model analytes in the study. The fully integrated paper-based sample-to-answer
biosensor can be widely used to accurately detect a broad range of nucleic acid in

resource-poor settings.



1.2  Aim and objectives

The aim of this study is to develop a fully integrated paper-based sample-to-answer

biosensor for POC NAT. The specific objectives include:

1. To optimize the concentration of reagent (i.e., gold nanoparticle-detector probe
(AuNP-DP), saline sodium citrate (SSC) buffer and streptavidin) and
environmental factors (i.e., temperature and relative humidity (RH)) in LFA.

ii. To improve the functionality of LFA by integrating paper-based nucleic acid
extraction and amplification into the test strip, creating a fully integrated paper-
based biosensor.

iil. To enhance the sensitivity of LFA by incorporating simple fluidic control
method into the test strip.

1v. To evaluate the potential of a fully integrated biosensor for sensitive clinical

sample testing.

1.3  Research question
How to improve the performance of existing LFA in terms of detection sensitivity and

functionality for rapid POC NAT in resource-poor settings?



14 Thesis outline
The thesis is written in the article style format, which consists of seven chapters briefly

described in the following:

Chapter 1 provides an overview of the research background, the aim and objectives of

the study, the research questions addressed and the content of each chapter.

Chapter 2 presents a critical review relevant to the study. The current global health
status, the conventional diagnostic method and the development of POC biosensors are
discussed. In view of the escalating demand for the low cost diagnostic devices, the
advantages of developing paper-based biosensors, particularly LFA are highlighted
especially in nucleic acid detection. The advances in development of nucleic acid-based
LFA, particularly in sensitivity enhancement and functionality improvement are also
comprehensively discussed. This chapter contains selected text reprinted in part with
permission from one of my review articles: Choi, J. R., Tang, R., Wang, S., Wan Abas,
W. A. B., Pingguan-Murphy, B*. & Xu F.* (2015). Paper-based Sample-to-Answer
Molecular Diagnostic Platform for Point-of-Care Diagnostics. Biosensors and

Bioelectronics, 74, 427-439. Copyright (2016) Elsevier.

Chapter 3 presents the evaluation of the optimum reagent and environmental conditions
for the commonly used nucleic-acid based LFA. This chapter contains selected text
reprinted in part with permission from one of my research articles: Choi, J. R., Hu, J.,
Feng, S., Wan Abas, W. A. B., Pingguan-Murphy, B.* & Xu, F.* (2016). Sensitive
Biomolecule Detection in Lateral Flow Assay with A Portable Temperature-Humidity

Control Device. Biosensors and Bioelectronics, 79, 98-107. Copyright (2016) Elsevier.



Chapter 4 presents the study of integrating paper-based amplification into LFA to
create an integrated LAMP-LFA biosensor. This chapter contains selected text
reprinted in part with permission from one of my research articles: Choi, J. R., Hu, J.,
Gong, Y., Feng, S., Wan Abas, W. A. B., Pingguan-Murphy*, B. & Xu, F* (2016). An
Integrated Lateral Flow Assay for Effective DNA Amplification and Detection at the
Point of Care. Analyst, doi: 10.1039/C5AN02532]J. Copyright (2016) Royal Society of

Chemistry.

Chapter 5 presents the study of integrating paper-based extraction and amplification
into LFA to create a fully integrated paper-based sample-to-answer biosensor for
potential use in biological testing. This chapter contains selected text reprinted in part
with permission from one of my research articles: Choi, J. R., Hu, J., Tang, R., Gong,
Y., Feng, S., Ren, H.,... Xu, F.*(2016). An Integrated Paper-based Sample-to-Answer
Biosensor for Nucleic Acid Testing at the Point of Care. Lab on a Chip, 16, 611-621.

Copyright (2016) Royal Society of Chemistry.

Chapter 6 presents the approach of incorporating simple fluidic control method into a
fully integrated paper-based sample-to-answer biosensor for sensitivity enhancement
with clinical sample testing. This chapter contains selected text reprinted in part with
permission from one of my research articles: Choi, J. R., Liu, Z., Hu, J., Tang, R., Gong,
Y., Feng, S., . .. Xu, F*.(2016). Polydimethylsiloxane-Paper Hybrid Lateral Flow
Assay for Highly Sensitive Point-of-Care Nucleic Acid Testing. Analytical Chemistry,

doi: 10.1021/acs.analchem.6b00195. Copyright (2016) American Chemical Society.

Chapter 7 includes the conclusion drawn from the findings of the thesis, the existing

challenges, and suggestions for possible future work.



CHAPTER 2: LITERATURE REVIEW

2.1 Global health

Worldwide, infectious diseases impose a great health burden. Pathogenic infections
commonly arise as a result of disease transmission among humans. Where diseases are
able to spread over long distances, there is the potential for them to become pandemics.
Unlike the onset of non-infectious types of disease (e.g., some chronic diseases), the
onset of an infectious illness can be abrupt and unmistakable. Annually, approximately
4.3 million die from acute respiratory infections, 1.8 million from AIDS, 0.8 million
people from malaria, 0.1 million people from Hepatitis B and 0.05 million from dengue
infection (Pyrek, 2014). Sexually transmitted infections and tropical parasitic infections
are responsible for hundreds or thousands of deaths and an enormous burden of
morbidity (Ortayli et al., 2014; Pyrek, 2014). In resource limited settings, particularly in
underdeveloped and developed countries, lack access to medical diagnostics due to the
limited infrastructure, trained personnel and healthcare management have become the
major challenges. The diagnostic facilities in these areas are very frequently ineffective
and out of date. Therefore, more than 95% of these deaths occur in underdeveloped and
developing countries, including Southeast Asia, the Western Pacific, and South America

(Bhatt et al., 2013; Fauci & Morens, 2012).

Food safety issues have also attracted public concern in recent years. Foodborne
illnesses are the direct consequence of ingesting food that contains toxic or infectious
agents. In the United States, there are an estimated 7.6 million illnesses contracted, over
325,000 hospitalizations and 5,000 deaths (Nyachuba, 2010; Scallan et al., 2011a;
Scallan et al., 2011b) attributed to foodborne diseases each year with an annual

economic cost of US$10-83 billion (Scharff, 2012). In 2010, Escherichia coli (E. coli)



O157:H7 and Salmonella spp. caused about 1.4 million incidents of foodborne illness in
the US alone. In the developing countries, especially in China and Brazil, the incidence
of food poisoning has increased over the past few years mainly due to the presence of
illegal additives or bacterial pathogens in food (e.g., melamine in milk powder,
clenbuterol in pork, Sudan dyes in duck eggs and plasticizer in beverages) (Gomes et al.,

2013; Liu et al., 2013).

In addition, water safety represents another public health concern. Waterborne
diseases due to contaminated water remain a major issue, and cause diarrheal diseases.
Today, about 600 million people have no access to the safe drinking water. Drinking
water contaminated with industrial sources (e.g., lead and mercury), human and animal
faeces and chemicals from agriculture have affected approximately 40% of the global
population, especially in rural areas (Nations, 2015; WHO/UNICEF, 2015). Ingestion of
water that is contaminated with human or animal faeces can cause pathogenic
infections, including bacteria, viruses and protozoa infections. To date, more than 250
infectious diseases are known to be caused by food- and water-borne pathogens,
including pathogenic bacteria, viruses, fungi, parasites, marine phytoplankton, and
cyanobacteria. ~ Salmonella  typhimurium, Staphylococcus aureus, Legionella
pneumophila, and E. coli O157:H7, together making up the major class of pathogenic

bacteria that causes large-scale outbreaks of infection worldwide (Park et al., 2010).

Currently, in the absence of suitable vaccine and therapies for most diseases,
early and rapid detection of the harmful target analytes is essential (Peeling et al., 2010).
Development of a rapid, affordable, portable and simple diagnostic technology that can

improve healthcare, environmental safety and food quality, especially in developing or



underdeveloped countries plays a significant role in controlling and monitoring diseases

to achieve the goal of “touching life, impacting society”.

2.2 Conventional diagnostic assays

Current laboratory tests such as culture, enzyme-linked immunosorbent assay (ELISA),
and quantitative polymerase chain reaction (qPCR) are commonly used for medical
diagnostics, food safety analyses and environmental monitoring (Peeling et al., 2010)
(Fig. 2.1). Culture or target isolation represents the gold standard for most diagnosis.
For instance, the detection of foodborne pathogens (e.g., E. coli, Shigella and
Salmonella) normally involves bacteria culture on an agar plate (Venkatesan & Bashir,
2011). This diagnostic procedure is expensive, time-consuming (i.e., several days to a

week), requires expertise and necessitates a high-level biosafety laboratory (Peeling et

al., 2010).
A
Bacteria or *'/ \\
viral culture \ /
Days to 1110000 1:100000
weeks

Colony counting

Serum titre of antibodies

ELISA
~ 6 hours
Sample .
Microplate reader r===am=oe
Time (weeks)
L e Graph plotting
C ‘ + ’ 4 = > 1000
| L
RT-QPCR ‘ W — g o
~ 4 hours g § o | [/
r—w = ] [/ / /
10 /
v 5 10 15 207 25 30 35 40 45
PCR machine Cycle

Graph plotting

Figure 2.1: Conventional diagnostic assays. Laboratory tests include (A) Culturing, (B)
ELISA and qPCR, which are generally time-consuming and expensive.



Serological tests such as ELISA have been widely used for diagnosis of
infectious diseases (Guzman et al., 2007). This assay uses the basic immunological
concept of an antigen binding to its specific antibody, which allows detection of very
small quantities of antigens such as proteins, peptides, hormones, or antibodies in a
fluid sample. The enzyme-labeled antigens and antibodies are normally used to detect
the biological molecules. The most commonly used enzymes are alkaline phosphatase
and glucose oxidase. The antigen is allowed to bind to a specific antibody, which is
itself subsequently detected by a secondary, enzyme-coupled antibody. A chromogenic
substrate for the enzyme yields a visible color change or generates fluorescence,
indicating the presence of the antigen (Perumal & Hashim, 2014). Quantitative or
qualitative measures can be assessed based on such a colorimetric reading. An external
reader is normally required for an assay read out. To date, ELISA represents the gold
standard for diagnosis of various infections (e.g., dengue infections). However, in
dengue infections, the persistence of specific Ab for a specific period of time may
complicate the diagnosis of the disease. A false-positive result may occur from other
infections because of cross-reaction when using antibody-based ELISA (Hunsperger et
al., 2009). Additionally, ELISA is unable to distinguish between infection by different

viral serotypes.

Currently, qPCR, represents the most common NAT used to detect target DNA,
especially in viruses. This assay is able to identify a particular viral serotype and allows
quantification of viral titre, making it more sensitive and specific than other diagnostics
assays. In addition to singleplex assays, multiplex assays have now been developed to
detect all viral serotypes in a single sample (Chien et al., 2006; Johnson et al., 2005;
Kong et al., 2006). However, this assay is expensive, dependent on high-end equipment

and labor-intensive (Peeling et al., 2010).
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Whilst these laboratory tests have been introduced to provide early diagnosis of
various diseases, access to these tests is limited in underdeveloped and developing
countries. Therefore, there is still an unmet need to develop simple, portable and low-

cost biosensors to detect early infections in resource-limited settings.

2.3 Point-of-care biosensors

Biosensors are currently available at the POC for various applications (Blacksell et al.,
2007). Biosensors can serve as substitutes for conventional laboratory-based assays,
especially in resource-limited settings, due to their simplicity, portability and cost-
effectiveness (Kahn & Plaxco, 2010; Lowe, 2007). The difference between the
laboratory-based assays and biosensor-based assay are summarized in Table 2.1.
Biosensors have significantly reduced sample and reagent consumption, the complexity
of the operational steps and the entire assay cost and time, without compromising
sensitivity and specificity. These rapid and cost-effective diagnostic assays are
particularly important for disease management, surveillance, epidemiologic
investigation and supportive treatment (Guzman & Kouri, 2004). There are two main

types of biosensors - chip-based and paper-based biosensors.

Table 2.1: Comparison between laboratory-based and biosensor-based assay

Laboratory-based assay Biosensor-based assay
Well-established Yes No
laboratory required
Special equipment Yes No
required
Skilled worker Yes No
required
Assay time Long (days to week) Short (< 30 min)
Assay cost High cost ($ 15-20 per assay)  Low cost ($ 1-3 per assay)
(Hue et al., 2011; Pok et al.,, (Blacksell et al., 2011; Fry
References 2010; Waggoner et al., 2013) et al.,, 2011; Pan-ngum et

al., 2013)
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2.3.1 Chip-based biosensors

In recent years, sensitive and specific chip-based biosensors have been used in many
applications in which disease-specific biomarkers such as Ag, Ab and nucleic acid are
detected (Fang et al., 2010; Kumbhat et al., 2010a). Nowadays, a variety of chip-based
biosensors are commercially available for diagnosis of various diseases (Fig. 2.2). Thus
far, chip-based biosensors are mainly classified as optical, electrochemical or

piezoelectric detection based on their signal transduction mechanism (Teles, 2011).
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Figure 2.2: Chip-based biosensors. (A) Daktari devices for CD4 counting, (B) Abbott
iSTAT device for detection of blood chemistries and cardiac markers, (C)
Abaxis microfluidic compact disc to detect renal diseases and (D) Gyrolab
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from (Hu et al., 2016).
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Optical detection techniques, the most commonly used methods have been
introduced for rapid diagnosis of diseases, with the detection of optical signal, directly
proportional to the analyte concentration. For instance, using virus-bound magnetic
beads, a microfluidic system has been developed to simultaneously detect
Immunoglobulin G (IgG) and Immunoglobulin M (IgM) in dengue viral infections,
generating an optically detectable fluorescent signal (Lee et al., 2009). Unfortunately,

they suffer from poor long-term stability due to the leaching of immobilized indicators
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and low assay sensitivity, especially when coupled with radioimmunoassays (Perumal
& Hashim, 2014). Electrochemical-based biosensors have also been used for detection
of infectious diseases. These biosensors allow the amplification of the biochemical
signal into a detectable electrical signal (Lau et al., 2015). For example, an
electrochemical biosensor has been introduced to detect Mycobacterium tuberculosis
DNA based on a gold nanotube array electrode platform (Teles & Fonseca, 2008).
These biosensors have attracted broad interest due to their rapidity and high selectivity.
However, their sensitivity has yet to be improved, and they are limited in the adhesion
of the material to the patterned electrodes (Teles & Fonseca, 2008). In addition to these
optical and electrochemical-based biosensors, the development of piezoelectric-based
biosensors has also received a great deal of attention. These biosensors detect the
frequency shift of different concentrations of analyte, following the attachment of the
analyte to the immobilized sensing material. For instance, a piezoelectric transducer has
been developed with two different immobilized monoclonal Abs to detect both non-
structural 1(NS1) protein and glycoprotein-E in dengue infections (Wu et al., 2005).
The piezoelectric method is simple and sensitive. However, this technique is susceptible
to the effect of environmental interferences, thus limiting its applications outside the

laboratory (Teles, 2011).

Taken together, even though chip-based biosensors are simpler, cheaper and
faster than conventional laboratory techniques, they still require a complicated
fabrication process and an expensive signal detector (Teles, 2011), which are not
compatible with point-of-care testing (POCT) in developing countries. Therefore,
existing chip-based biosensors have to be further simplified to improve their

applicability in primary healthcare settings.
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2.3.2 Paper-based biosensors

Paper has gained increasing interest as a platform in the diagnostic field (Webster et al.,
2009). Nowadays, paper-based assays have become an alternative to conventional
laboratory-based and chip-based assays. The comparison between chip-based and paper-
based biosensors is summarized in Table 2.2. In general, paper is a thin sheet of
material normally made up of raw sources including cotton (filter paper and
chromatography papers), wood (printing paper), jute, flax and so forth. As a high
amount of lignin, which consists of chromophores, is present in wood, paper made of a
high percentage of cotton is more desirable in diagnostic applications. The grade of
paper is normally selected based on the application of the assay. Commercially
available paper grades usually differ in various characteristics such as pore size,
porosity, and absorbence capacity and flow rate. Both filter paper and chromatography

paper are normally made of high-quality cotton linters with about 98% cellulose content.

In the field of paper-based microfluidics, two main kinds of material have been
widely utilized in fabrication of paper-based biosensors: cellulose (including
chromatography papers and filter papers, which represent the main substrates of
dipsticks and microfluidic paper-based analytical devices (WPADs)) and nitrocellulose
(the key component of a lateral flow strip). Cellulose is composed of an abundance of
glucose units, which is fibrous, biodegradable, hydrophilic and insoluble in water.
Nitrocellulose, another main component of a lateral flow strip is produced by nitration
of cellulose, which strengthens the porous properties of cellulose. These paper
substrates have been widely explored to develop paper-based biosensors (e.g., dipsticks,

lateral flow strips and pPADs).
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Table 2.2: Comparison between chip-based and paper-based biosensors

Chip-based biosensors

Paper-based biosensors

Components

Fabrication
technique

Driving force

Result analysis

Advantages

Limitations

Polymer (polydimethysiloxane
(PDMS) or Poly(methyl
methacrylate)(PMMA), glass,
silicon

Photolithography, wet
chemical etching or high
precision laser cutting
technique

Pump

Reader

Normally are fully enclosed
which reduces the risk of
contamination

Risk of gas bubbles formation,
potential adsorption of the
reagent to the chip surface

Paper and membrane

Hydrophilic-hydrophobic
patterning, paper stacking and
folding

Capillary force
Visual detection

Low cost, simple fabrication
process, allows reagent storage

Improvement needed in tems
of sensitivity, quantification
and functionality

Paper-based biosensors have been unitized as a feasible and high potential
platform for POC testing, especially for use in low-resource settings due to their
simplicity, cost-efficiency, biodegradability, and biocompatibility (Hu et al., 2014).
They are predominantly composed of cellulose fibers with a porous structure, allowing
fluids to wick through via capillary force (Chen et al., 2015), eliminating the need for an
external pumping force normally required in chip-based biosensors. Paper can be
readily manufactured on a large scale via standardized coating or inkjet printing
techniques. The desired biomolecules can be incorporated into paper substrates (Zhao &
van der Berg, 2008). Additionally, the white colour of paper is particularly suited for
implementing colorimetric tests with visually detectable colorimetric changes. As
compared to chip-based assays, the ability to use naked eye detection with a paper-
based assay has simplified the assay readout, and eradicated the need for external
readers. The strong correlation between the colour intensity and the concentration of

analyte allows semi-quantitative or even quantitative measurements to take place in a
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simple manner (Zimmermann et al., 2007). There are three main types of paper-based
biosensors - dipsticks, lateral flow strips and pPADs (Fig. 2.3). A comparison of these

biosensors is presented in Table 2.3.
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Figure 2.3: Paper-based biosensors. There are three main types of paper-based
biosensors — (A-B) pH and urine dipsticks, (C) lateral flow strips and
(D-E) uPADs. Adapted from (Hu et al., 2014).
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Table 2.3: A summary of dipstick, lateral flow test strip and pPAD

Platform Fabrication method Reaction Example

Dipstick Soaking Chemical reaction pH test strip
(acid-alkali reaction)  Urine test strip

Lateral flow  Dispensing, drying, Biological reaction Pregnancy  test
test strip assembling, cutting (antigen-antibody strip, nucleic
reaction, nucleic acid acid-based  test
hybridization) strip
uPAD Hydrophilic- Biological reaction ELISA test paper
hydrophobic patterning, Liver function
stacking layers of test paper
patterned paper

The first dipstick was proposed in the 1950s. Dipsticks, such as urine test strip
or pH test strip, involves a simple manufacturing and operation process (Dossi et al.,
2013; Luong et al., 2008). In general, pH test strips are manufactured by soaking a piece
of filter paper into a mixture of acid—alkali indicators at certain concentration ratios.
After drying, the paper is then impregnated with detection reagent. When the strip is
immersed into a sample, the analyte (H") reacts with the detection reagent, resulting in
colour formation. The pH value of the solution can be determined and the H'
concentration can be semi-quantified based on the manufacturer’s colour scale. These
test strips have been widely used in medical diagnostics for monitoring diet intake by
determining the pH level in saliva or urine. Similarly, urine test strips have been
developed to detect various analytes in urine, including protein, glucose, ketone,
haemoglobin, bilirubin, urobilinogen, acetone, nitrite and leokocyte to indicate
pathological changes (Luong et al., 2008). For instance, nephritic or diabetic diseases
can be detected via determining the level of the main urinary metabolic products (e.g.,

protein and glucose) from patients using a standard urine test strip.
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In the 1980s, lateral flow tests were developed particularly the human pregnancy
test, derived from the development of the human chrorionic gonadotropin (hCG) beta-
subunit radioimmunoassay, which has been widely available in the market. Since then,
commercial rapid lateral flow tests were expanded beyond clinical diagnostics to
environmental monitoring, food safety, veterinary, biodefense and drug abuse
applications. Currently, multiplexing of rapid tests is becoming common. There exist
some lateral-flow tests, which separate each single lateral flow test strip into multiple
channels, enabling the detection of more than one target simultaneously. Details of the
most commonly used lateral flow assay are briefly discussed in the following section

(Section 2.4).

More recently, development in this field has been extended towards the pPADs.
uPADs were pioneered by Whitesides’s group in 2007 (Wang et al., 2013b). Both two-
dimensional (2D) and three-dimensional (3D) pPADs were developed by patterning
paper with a variety of assay designs (Park et al., 2011). 2D pPADs are made by
patterning hydrophobic boundaries to form microchannels on paper (Han et al., 2014).
Recent advances in fabrication of paper, including cutting, photolithography, plotting,
injet etching, plasma etching and wax printing, make it possible to create channels and
barriers in paper (Zhang et al., 2006). The capturing molecules required for biochemical
reactions can be immobilized on paper with different patterns by hand dispensing or
inkjet printing (Zhang et al., 2006). Functional chemical or biological molecules can be
immobilized on paper by physical absorption, chemical coupling and carrier-mediated
(e.g., gold nanoparticles) deposition. 3D puPADs are normally formed by stacking layers
of patterned paper in such a way that channels in adjacent layers of paper connect to
each other. Compared with 2D uPADs, 3D uPADs offer several advantages due to their

ability to incorporate a complex network of channels, hence providing multiple
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functionalities. Among the various main forms of paper-based biosensors (i.e., dipstick
assays, LFAs and paper-based microfluidics devices), LFAs represent the most widely

used paper-based biosensors in the diagnostic field to date.

24 Lateral flow assay (LFA)

Today, LFAs have received significant interest for detection of various target analytes
(Dineva et al., 2005; Mao et al., 2009; Zhu et al., 2011). A variety of lateral flow strips
are commercially available for rapid testing of diseases, such as Human
Immunodeficiency Virus (HIV), Hepatitis C Virus (HCV), dengue, malaria and

chikungunya (Wang et al., 2010).

Lateral flow test strips are typically composed of a sample pad, a conjugate pad,
a reaction membrane, an absorbent pad and a backing pad. Table 2.4 summarizes all the
components of a typical lateral flow strip. The sample pad is usually pretreated with a
buffer (e.g., to adjust pH) to treat the raw sample and modulate the chemical variability
in the sample, to improve the performance of the assay. The conjugate pad is normally
overlapped with the sample pad, and carries the conjugated particles (normally the gold
nanoparticles (AuNPs)), that would be coupled with the target analyte before wicking
through the reaction membrane. The reaction membrane (normally nitrocellulose
membrane) is an essential material in LFAs as it provides a platform for reaction and
allows the forming of visible bands at the control and/or test zone. Capturing molecules,
e.g., antibodies or DNA, can be deposited on the nitrocellulose membranes to form test
and control zones by electrostatic interaction, hydrogen bonds and/or hydrophobic
forces. The absorbent pad provides a driving force based on capillary effect once the

fluid reaches it, and serves as a sink for waste or excessive sample absorption, whereas
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the backing pad provides a certain mechanical support to the device (Tamama et al.,

2011).

Table 2.4: Components of a lateral flow strip

Component Material

Function

Sample pad 100%  cotton linter,
rayon, glass fiber, and
filtration materials

Conjugate pad Glass fibers, polyesters,

and rayon
Reaction Nitrocellulose, nylon and
membrane polyvinylidene fluoride

Absorbent pad  100% cotton linter, high-
density cellulose

Backing pad Vinyl (polyvinyl chloride
or PVC), polystyrene and
polyester

Modulate any chemical variability in
the sample, treat the crude sample and
release the assay adjusted sample

Couple the analyte in the sample with
the conjugate and release the sample

Provides a platform for target
detection and form visible bands at the
control and/or test zone

Serve as a sink for waste or excessive
sample and provides a driving force
based on capillary effect once the fluid
reach it

Provides a mechanical support to all
the components of the strip

Most LFAs involve in diverse detection approaches including optical (e.g,

colorimetry, fluorescence and chemiluminescence) and electrochemical detection (Cate

et al., 2014; Martinez, 2011). The optical signal detection method is commonly used in

LFAs, which can be classified as colorimetric, fluorescence or chemiluminescence

detection. Colorimetric signal detection is particularly attractive due to its facilitation of

simple naked eye detection without the need for an external reader. Today, colorimetric-

based lateral flow strips (Fig. 2.4) have been widely used in colorimetric detection of

target proteins (Ag or Ab) or nucleic acids using the gold nanoparticle as an indicator

(Blacksell et al., 2007).
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Gold nanoparticles have been frequently used in paper strips due to their
monodispersity properties, ease of preparation of the desired particle size, and ability to
present a stable optical signal (Li et al., 2012). Stability of gold nanoparticles can be
achieved by tagging them with biomolecules (e.g., Ab or Ag or nucleic acid), which can
then be specifically bound to the target analyte. These biomolecules are attached to the
gold nanoparticle by non-covalent interactions, namely hydrophobic interaction and van
der Waals forces (Eichmann & Bevan, 2010). Nanoparticles eventually create a visually

detectable colour intensity based on the amount of analyte (Dungchai et al., 2010).

2.4.1 Antigen or antibody detection

Protein-based LFAs (i.e. immunochromatographic techniques based on Ag-Ab
interactions) are available in the market to detect the target Ag or Ab for diagnosis of
several diseases (Fig. 2.5) (Yetisen et al., 2013). There are two formats of LFAs based
on the principle of Ag-Ab interactions, first, the sandwich format and second, the
competitive format. In the more commonly used sandwich format, the presence of
analyte (e.g., Ab or Ag) leads to the formation of an analyte-gold conjugate, which
migrates along the paper strip via capillary force and forms a visible red-purple band at
the test zone after binding to the corresponding capturing molecule. The analyte-free
gold conjugates can be captured by another capturing molecule at the control zone,
creating another visible red band. The control band must appear to confirm the validity
of the assay. Thus, the appearance of red band in both control and test regions indicates
a positive result whereas the appearance of red band only in the control region shows a
negative result. For example, a rapid immunochromatographic test strip based on the
sandwich format has been developed for detecting dengue virus Ab (Cuzzubbo et al.,
2001). The target Ab reacts with the colloidal gold-NS1 to form a complex, which

diffuses across the nitrocellulose membrane to bind to the highly specific anti-IgG
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and/or anti-IgM at the test zone. The unreacted gold-NS1 complex further reacts with
the IgG or IgM and forms a visible control zone. A positive IgM and a negative IgG
indicates a primary infection, whereas a positive IgG with negative IgM shows a
secondary infection. A negative result is indicated by no visible line formation in both

test zones (Cuzzubbo et al., 2001).
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Figure 2.5: The commercial lateral flow test strips. The example of commercially
available test strips include (A) DetermineTM HIV 1/2 Ag/Ab Combo
for HIV diagnosis, (B) DetermineTM TB LAM Ag test for tuberculosis
diagnosis, (C) QuickVue Influenza A + B test for the detection of
influenza and (D) Clearview Malaria P.f. Test to detect Malaria. Adapted
from (Yetisen et al., 2013).

In the competitive format, the conjugated particles (e.g., gold-labeled Ab) are
able to bind to the capturing molecules deposited at both test and control zones. The
analyte competes for the binding sites of the capturing molecules deposited on both test
and control zones. In contrast to the outcome of the sandwich format, a positive result is
indicated by red colour formation in the control zone whereas a negative result is
indicated by red colour formation in both control and test zones. In general, sandwich
format assays are utilized for an analyte with multiple Ag epitopes, while competitive
format assays are designed to detect an analyte with a single Ag epitope (Posthuma-

Trumpie et al., 2009).
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2.4.2 Nucleic acid detection

As compared to antigen or antibody detection, NAT is more suitable to detect the
presence of the target at an early stage of infection (Wang et al., 2014), displaying a
higher sensitivity and specificity for the diagnosis of infectious diseases than Ag-Ab
interactions (Wang et al., 2014; Yu et al., 2012a). Commonly, a NAT assay involves
nucleic acid hybridization or streptavidin-biotin interaction. In the detection method
involving nucleic acid hybridization, two types of oligonucleotide probes, i.e., detector
probe and capture probe are typically used. Detector and capture probes are both
complementary with the target nucleic acid sequence, while the detector probe is used to
combine with a tag (e.g., AuNPs) to make the reaction visible or measurable. In fact,
detection of single-stranded amplicons normally involves nucleic acid hybridization at
the test zone. For instance, as NASBA produces single-stranded RNA, the amplicons
can hybridize with the control probe. The target RNA would bind to the AuNP labeled
detector probe (AuNP-DP) to form complexes, which in turn bind to the control probe

at the test zone to produce an observable signal (Rohrman et al., 2012).

In another case, detection of double-stranded amplicons (e.g., PCR, RPA or
LAMP products) (De Paula & Fonseca, 2004; Kersting et al., 2014; Kim et al., 2014),
which cannot hybridize with the single-stranded probe, normally involve streptavidin-
biotin interaction at the test zone. Streptavidin-coated commercial lateral flow strip are
available which are able to detect biotinylated double-stranded amplicons (Rigano et al.,
2014; Siah & McKenna, 2013; Song et al., 2013b; Thongkao et al., 2013). As most
amplicons are double-stranded, denaturation at high temperature (95°C) is required to
separate double-stranded DNAs into single strands, allowing the single-stranded DNA
to bind with the complementary DNA probe. For example, LAMP product could be

detected via a streptavidin-biotin interaction. At the initial stage of LAMP product
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detection, biotinylated LAMP amplicons produced from biotinylated primers are
denatured. These single-stranded biotinylated amplicons are then allowed to bind to the
fluorescein isothiocyanate (FITC)-labeled DNA probe, which in turn forms complexes
with the gold-labeled anti-FITC antibodies and further interacts with streptavidin at the
test zone, producing a red signal observable by the naked eye (Kersting et al., 2014).
The excess products in turn bind to a protein (i.e., FITC) to give a red signal at the

control zone for assay validation (Khunthong et al., 2013).

2.5 Advances in development of nucleic acid-based LFA

As mentioned above, numerous studies have demonstrated nucleic acid-based LFA.
However, the existing LFAs suffer from poor quantification, low sensitivity and limited
functionality. Quantification of LFAs has been currently achieved by the development
of handheld or smartphone-based readers (LaBarre et al., 2011; Wu et al., 2014).
However, the simple sensitivity enhancement method and functionality improvement (in
particular, the integration of extraction and amplification into LFA) have not yet been
demonstrated. Therefore, these limitations have to be addressed to create an ideal

nucleic acid-based LFA for a wide range of applications.

2.5.1 Sensitivity enhancement in LFA

As these LFAs usually suffer from low sensitivity, which fails to meet the detection
sensitivity requirement for clinical applications, there have been several attempts to
develop new techniques for enhancing sensitivity. Common signal enhancement
techniques include probe-based signal enhancement (Hu et al., 2013), enzyme-based
signal enhancement technique (He et al., 2011), thermal contrast (Qin et al., 2012), or
fluidic control techniques (Parolo et al., 2013; Rivas et al., 2014) (Fig. 2.6). It has been

reported that the sensitivity of LFA could be enhanced by using particles such as
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liposomes (Connelly et al., 2008; Kumanan et al., 2009) or the aggregation of AuNP
aggregates to achieve an almost 3-fold signal amplification (Hu et al., 2013). Besides
that, the potential of enzymatic amplification has been demonstrated for signal
enhancement. For instance, horseradish peroxidase (HRP) has been used to catalyze
luminol in the presence of hydrogen peroxide (H>O,), and generate a chemiluminescent

signal with improved sensitivity (Kim et al., 2010).
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Figure 2.6: Sensitivity improvement in LFA. (A) probe-based signal enhancement, (B)
enzyme-based signal enhancement technique, (C) thermal contrast and (D)
fluidic control technique. Adapted from (Tamama et al., 2011).

In addition, a hairpin oligonucleotide-AuNP has been proven to be successful in
enhancing the sensitivity of single-nucleotide polymorphism detection. The unique
recognition characteristic of HO to specific DNA and single-base mismatched DNA
lowers the detection limit (He et al., 2010). An ultrasensitive nucleic acid-based LFA
has been further developed using HRP-AuNP dual labels. In the presence of H,O,, the

enzymatic reaction between HRP and 3-amino-9-ethyl-carbazole produces insoluble red
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products, which are deposited on the AuNP. This technique enables the detection of as
low as 0.01pM without using instrumentation, showing a great promise for POC

diagnosis (He et al., 2011).

Additionally, several fluidic control techniques have also been reported to
improve the sensitivity of LFA, including paper architecture modifications to increase
the amount of collected sample being collected (Parolo et al., 2013) and the use of wax-
printed pillars as delay hydrophobic barriers to slightly reduce flow rate and allow the
sufficient mixing of biomolecules and gold nanoparticle-detector probe prior to the

detection (Rivas et al., 2014).

2.5.2 Multi-functionalization in LFA

As mentioned earlier, NAT, which generally consists of three key steps, i.e., nucleic
acid extraction, amplification and detection, currently involves labour-intensive, high-
cost, and time-consuming processes, significantly limiting its applications in diagnostics
at the POC (Martinez et al., 2010; Wang et al., 2012). Therefore, the main approach for
multi-functionalization is to integrate paper-based nucleic acid extraction and

amplification into LFA.

2.5.2.1 Paper as a platform for nucleic acid extraction

In a molecular assay, the nucleic acid extraction step plays a significant role in isolating
DNA or RNA from a complicated biological sample (e.g., blood sample) (Niemz et al.,
2011). This process is important to eradicate undesirable substances, which may
interfere with the subsequent amplification process (e.g., haem from red blood cells).

Without sample preparation, LFAs are unable to detect the nucleic acid in raw
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biological samples. Therefore, integrating paper-based extraction into LFA is in highly

desirable for POC testing.

A variety of commercial paper-based extraction devices are currently used in
sample collection and nucleic acid extraction. Guthrie card or dried blood spot (DBS)
filter paper, consisting of 903 filter paper, made of > 90% cellulose, has been used for
blood collection from a pricked finger for subsequent analysis (de Vries et al., 2012). As
an alternative, 903 protein saver card or Whatman™ 903 filter paper has been
introduced for sample collection and nucleic acid extraction (Kudo et al., 2004). These
cards have no stabilizing properties, thus requiring a low temperature (-80 to -20C) for
storage. To improve the extraction efficiency and facilitate high throughput, FTA cards
(FTA classic and elute cards) have been introduced. Unlike the 903 protein saver card,
FTA cards (Lange et al., 2014; Liang et al., 2014) are chemically-treated for DNA
storage and extraction. The FTA classic card, in particular, has been commonly used for
routine production of nucleic acid samples from a broad range of biological specimens,
such as whole blood, plant cells, tissue culture cells and microorganisms (Fig. 2.7A).
FTA classic card consists of filter matrices impregnated with a patented chemical
formula that lyses cell membranes and denatures proteins (Aye et al., 2011). It
immobilizes the DNA to produce a web-like structure around the filter matrices and
protects the DNA from oxidation, nucleases, UV radiation damage or microbial
contamination (Beckett et al., 2008). The cellular debris, inhibitors and stabilizing
chemicals can be readily washed off with washing buffer (Goldsborough & Fox, 2006).
The DNA can be stored in the form of dried whole blood spots for at least 7.5 years at
room temperature, and the extracted DNA can remain stable in the card, circumventing
the need for centrifugation and refrigeration equipment (Pezzoli et al., 2007). A study

has demonstrated the use of the FTA Classic Card in a microcapillary for sample-to-
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answer NAT (Christopher et al., 2005) (Fig. 2.7B). Recently, another type of FTA card
for DNA extraction purposes, namely FTA Elute Cards, has been made commercially
available. Instead of keeping the DNA attached to the paper matrix for analysis, these
cards release the DNA upon the addition of sterile water, hence making the extraction
much easier (de Vargas Wolfgramm et al., 2009). However, punching these commercial
extraction devices into a tube with a single punch for downstream analysis (e.g., PCR)
could easily lead to cross-contamination between blood spots, and the manual process

fails to meet the needs of large-scale samplings.
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With advances in fabrication technologies for paper, such as printing (Rosenfeld
& Bercovici, 2014; Yang et al., 2012), stacking (Liu & Crooks, 2011), and folding (Luo
et al., 2014; Martinez et al., 2008), several studies have demonstrated the fabrication of
simpler and lower-cost paper-based microfluidic devices for the storage and extraction
of nucleic acid (McFall et al., 2015; Shu et al., 2003). For instance, paper-based
microfluidic origami consisting of a stack of polymer sheets and papers has been
fabricated by a simple paper-folding technique in fewer than 30 mins (Shu et al., 2003)
(Fig. 2.7C). In addition, an easy-to-use paper microfluidic chip has been developed to
extract the DNA via cellulose from a real sample in conjunction with direct detection of

nucleic acid by a smartphone (Fronczek et al., 2014) (Fig. 2.7D).

Further, fusion 5, a single layer matrix membrane, has been used in a DNA
extraction technique, termed filtration isolation of nucleic acid (FINA) (McFall et al.,
2015) (Fig. 2.7E). This technique has been introduced for DNA extraction at the POC,
and takes fewer than 2 mins. Additionally, another study has also demonstrated the use
of fusion 5 membrane for DNA extraction in a microfluidic device that consists of
PMMA and PDMS (Gan et al., 2014) (Fig. 2.7F). As compared to the commercial
QIAamp® DNA Micro kits, this device has been proven to yield a high volume of DNA
from a variety of raw samples in 8 mins, including whole blood, dried blood stains from
both FTA cards and Whatman 903 filter paper, buccal swabs, cigarette butts and saliva
(Gan et al., 2014). In another study, a model consisting of a piece of 3MM filter paper
and a pipette tip has been used for DNA extraction (Linnes et al., 2014). This model
was fabricated by cutting and folding the paper, followed by the insertion of the paper
into the pipette tip (Fig. 2.7G). In short, the use of paper as a platform for nucleic acid

extraction can fulfill the criteria of being low-cost, automated, rapid, portable, user-
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friendly, having the capability to process a broad range of raw samples, and being

flexible enough to be integrated into a sample-to-answer analytical system.

2.5.2.2 Paper as a platform for nucleic acid amplification

In the absence of an amplification step, the extracted nucleic acid is usually
undetectable by existing technologies due to the low concentration of target nucleic acid
in the body (Wang et al., 2014). Therefore, nucleic acid amplification is mandatory in
NAT (Niemz et al., 2011). Apart from the various cost-effective paper-based sample
preparation techniques, a low-cost nucleic acid amplification technique is also required

for downstream nucleic acid detection at POC.

Various isothermal nucleic acid amplification techniques have been developed,
such as loop-mediated isothermal amplification (LAMP), nucleic acid sequence-based
amplification (NASBA), strand displacement amplification (SDA), helicase-dependent
amplification (HDA), recombinase polymerase amplification (RPA) and simple
amplification based assay (SAMBA) (de Paz et al., 2014). Since only a fixed
temperature is required in an isothermal amplification process, the assay cost can be

significantly reduced.

A study has reported the use of glass fiber as a platform for nucleic acid
amplification (De Paula & Fonseca, 2004) (Fig. 2.8A). This study integrates the RPA
technique with a paper-based device, coupled with reagent storage and mixing both in
the device. Another study has demonstrated a paper-based amplification technique by
HDA (Linnes et al., 2014) (Fig. 2.8B). Isothermal amplification was performed in the
cellulose chromatography paper supported by a pipette tip, which was sealed with

waterproof adhesive tape. Taken together, the introduction of a paper-based
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amplification device would accelerate progress towards an ideal molecular diagnostic

device for low-resource settings (Pai et al., 2012).
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Figure 2.8: Paper-based as a platform for nucleic acid amplification. Paper as a
platform for (A) RPA and (B) HDA. Adapted from (Webster et al., 2009).
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2.6 A fully integrated sample-to-answer LFA

Although each step of paper-based NAT has been briefly discussed earlier, a key
challenge for the development of an ideal POC nucleic acid detection technique is
integrating all these steps into a single diagnostic biosensor. The advantages of
developing a fully integrated paper-based system for NAT include cost reduction
(Carrilho et al., 2009), simplification of device fabrication and operation process,
increased portability of the device, simplicity of data read out, and suitability for POC
applications. In fact, even though the integration of DNA extraction and amplification
into a paper-based biosensor has been reported, a combination of LFA with the

aforementioned steps for simple colorimetric readout has not yet been demonstrated.

Without nucleic acid extraction and amplification, a LFA is unable to detect
DNA from raw blood samples, making them impractical in resource-limited settings.
Therefore, the integration of the three main NAT steps into a single paper-based
biosensor is suggested, termed a “sample-to-answer” biosensor for POC settings. The
need for no more than a single drop of blood obtained by a finger prick for analysis
would bring this simple molecular diagnostic technology to the next level. Owing to the
excellent capability of the paper-based platform when used with advanced paper-based
fabrication and modification technologies, it is anticipated that in the near future, more
paper-based sample-to-answer molecular diagnostic biosensors will be developed to
overcome the financial barriers and improve public health in the underdeveloped and

developing countries.
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CHAPTER 3: OPTIMUM BIOMOLECULE REACTION IN LATERAL FLOW

ASSAY UNDER OPTIMUM ENVIRONMENTAL CONDITIONS

3.1 Introduction

NAT has found widespread applications in medical diagnosis, food safety analyses and
environmental monitoring. Conventional NAT (e.g., PCR, qPCR or electrophoresis) is
normally performed in well-established laboratories with high-end facilities [2]. To
eliminate the need for expensive equipment and well-trained personnel, a robust device
is required to bring accurate diagnostic assays to the POC. Today, the use of a paper-
based platform represents a promise of a simple, portable, cost-effective, and user-
friendly POC diagnostic tool, which holds a great potential as an alternative to the
conventional laboratory techniques (Choi et al., 2015b; Chun, 2014; Dungchai et al.,
2010). Nucleic acid-based assays, in particular, have been studied extensively in paper-
based diagnostics (Liu et al., 2014; Toumazou et al., 2013; Venkatesan & Bashir, 2011;
Wanunu et al., 2010), presenting a substantially higher specificity and sensitivity than
Ag-Ab-based assays (Craw & Balachandran, 2012; Peeling & McNerney, 2014; Yu et
al., 2012b). Recent studies have focused on the use of nucleic acid-based LFA for
accurate POC diagnostics (Blazkova et al., 2009; Hu et al., 2013; Wang et al., 2013a).
These assays normally involve hybridization of a single stranded-target analyte (RNA
or DNA) with a complementary probe to form a double-stranded nucleic acid, or
binding between streptavidin and biotinylated target DNA to form streptavidin-

biotinylated target DNA complex at the test zone and produce a colorimetric signal.

Accumulating evidence has shown that environmental factors (e.g., temperature

and RH) may have a significant influence on biomolecule reactions (Barry & DeMille,

2012; Chun, 2014; De Roy et al., 2013; Wu et al., 2014), which have been overlooked
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in most LFA studies. Further, RH may also influence the assay readout by affecting the
fluid wicking rate in the paper, which may in turn affect the sensitivity of several paper-
based assays (Giokas et al., 2014; Lutz et al., 2013; Renault et al., 2013; Rivas et al.,
2014). As LFAs are intended for field application, they may be affected by user’s
environmental conditions (e.g., extremely hot or cold, and dry or wet environments)
more than in a typical controlled laboratory. Therefore, besides optimizing the
concentration of reagent required in LFA, investigating the optimum environmental
conditions is also important to ensure optimum biomolecule reactions in LFA. Several
studies have investigated the stability of LFA in different environmental conditions
(Chien et al., 2006; Johnson et al., 2005). However, the optimum environmental

requirement in nucleic acid-based LFA has not yet been explored.

The present study reports the use of a portable temperature-humidity control
device to provide an optimum environmental requirement for LFAs, followed by target
quantification. As most amplicons are double-stranded and are biotinylated, the proof-
of-principle investigation of environmental temperature and RH on streptavidin and
biotinylated target interaction on the test strip was conducted, using dengue viral DNA
and HBV DNA as model analytes. Given that precise temperature and humidity control
is technically challenging outside the laboratory, a portable temperature-humidity
control device was developed to maintain both environmental factors to achieve
optimum streptavidin-biotin interactions and optimum LFA performance in the POC
setting. In the future the device could be upgraded to facilitate rapid onsite NAT, from

sample pretreatment to detection, especially in resource-poor settings.
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3.2 Materials and methods

3.2.1 Preparation and characterization of gold nanoparticles (AuNP) and AuNP-
DP (detector probes) conjugates

AuNP with diameter of 13 = 3 nm were prepared according to the previously published
protocol (Hu et al., 2013). Briefly, in a 250 mL round-bottom flask, 4.5 mL of 1% tri-
sodium citrate and 1.2 mL of 0.825% chloroauric acid was added to 100 mL-boiled
ultrapure water. The solution turned from yellow to purple and finally turned wine-red
in 2 min. The solution was used to prepare AuNP-DP conjugates. Both AuNP and
AuNP-DP conjugates were characterized by UV/Vis spectrophotometry and

transmission electron microscopy (TEM) (TEM, JEM-2100F).

About 100 pM of thiolated oligonucleotide (DP) was used to conjugate with
AuNPs, with the ratio of the volume of gold nanoparticle to oligonucleotide 160:1. The
24.1 nmol oligonucleotide was activated before the conjugation, by mixing with 39 pL.
of 500 mM acetate buffer (pH 4.76), 8 pL of 10 nM tris(2-carboxyethyl)phosphine
(TCEP) and 194 pL of distilled water to achieve a final concentration of 100 pM. After
24 hr, 1% sodium dodecyl sulfate (SDS) and 2M NaCl were added to the solution to
reach a final concentration of 0.01% SDS and 0.16M NaCl, respectively. Following the
centrifugation at 10000 rpm, the pellet was suspended in 1 mL eluent buffer, consisting
of 5% BSA, 0.25% Tween 20, 10% sucrose and 20 nM Nas;PO4 The AuNP-DP with the
concentration of 3 nM were characterized by observation of colour changes,
determination of the absorbance value in ultraviolet-visible (UV/Vis) spectrophotometry

and aggregates formation in TEM.
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3.2.2 Fabrication of lateral flow test strips

The process of lateral flow test strip fabrication is depicted in Fig 3.1. Briefly, a lateral
flow test strip is made up of a nitrocellulose membrane (30 cm x 2.0 cm x 0.01 cm)
(HFB 18002, Millipore, USA), a sample pad (30 cm x 1.2 cm x 0.05 cm) (H-8, Jiening,
China), a conjugate pad (30 cm x 1.0 cm x 0.05 cm) (Pall 8964, Saint Germain-en-Laye,
France) and an absorbent pad (30 cm x 2.5 cm x 0.1 cm) (H-1, Jiening, China),
mounted on a PVC backing pad (30 cm % 6.0 cm x 0.02 cm) (J-B6, Jiening, China). All
the components were first assembled to produce a large piece of test strip. By using
Matrix™ 2360 Programmable Shear, the assembled pads were then cut into a large
number of strips with 6 cm length and 0.25 cm width. About 0.5 pL of 100 uM control
probe was then dispensed onto the control zone. As for the test zone, about 0.5 pL of 2
mg/ml streptavidin was dispensed onto it. After adding 10 pL of AuNP-DNA

conjugates to each test strip, they were dried at 37 °C for 2 hr prior to the assay.
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Figure 3.1:  Fabrication of lateral flow strip. All the components of test strip were
assembled, including the absorbent pad, sample pad, conjugate pad,
backing pad and nitrocellulose membrane. A large piece of test strip was
then produced, and was cut into smaller pieces using a programmable
shear. The reagents, including gold nanoparticle-detector probe,
streptavidin and control probe were dispensed onto the strip. The strips
were then dried at 37 °C for 2 hr prior to the assay.
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3.2.3 Assay optimization

As DNA is normally the final analyte in NAT, synthetic Dengue viral DNAs were used
as model analytes for proof-of-principle investigation of the effects of environmental
condition on LFA. All sequences used in the study were obtained from Sangon
Biotechnology Co., Ltd. (Shanghai, China) (Table 3.1). The highly conserved regions
of the dengue virus genome were selected as detector probe (Stubbs et al., 2011).
Various concentration of streptavidin (0.5, 1, 2, 4, 6 and 8 mg/mL), AuNP-DP (3 nM , 6
nM and 9 nM) and SSC buffer (2%, 4%, 6x and 8%) were prepared to study their effects
on the test strip at ambient condition (25°C, 60 % RH). At the end of each assay, images
of all the test zones were captured with a smartphone, and the colour intensities were
converted to optical density (OD) using the software of Image Pro Plus (IPP). The OD
presented in the graph represents the difference between the OD of a certain target

concentration and OD of negative control (without target).

Table 3.1: DNA sequences used in the study

Name Sequence (5’-3°)

DENYV detector probe 5’-tagaggttagaggaga-(CH,)e-SH-3’
DENV control probe 5’-tctectctaaccteta/Biotin-3’

DENYV target DNA 5’-tctectctaacctcta-3’

HBV detector probe 5’-atgaatctggecacctgggt -(CHy)e-SH-3°
HBV control probe 5’-acccaggtggccagattcat/Biotin-3’
HBYV target DNA 5’-acccaggtggccagattcat -3’
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3.2.4 LFA at various temperature and relative humidity

To study the effect of RH on the LFA, the assay was performed at 30, 40, 50, 60, 70, 80
and 90% RH at 25 °C. With the optimum RH, the assay was performed at different
temperatures, 10, 20, 25, 30, 40, 50, 55, 60, 65 and 70 °C. All data was collected in 10
min per condition. The SSC buffer used in this study was diluted from the commercial
SSC buffer 20x (Sigma-Aldrich). The desired concentration of target DNA was
prepared by dilution with SSC buffer. Subsequently, 50 puL of target DNA solution was
added onto the sample pad. The test strip was then tested and the colour formation in the

test zone was observed.

3.2.5 Statistical analysis

Statistical analysis was performed using One-Way ANOVA with Tukey post-hoc test to
compare the data among different groups in optimization assays and temperature and
humidity assays. Data were expressed as mean + standard error of the mean of three

independent experiments (n=3). p<0.05 was reported as statistically significant.

3.3  Results

3.3.1 Characterization of AuNP and AuNP-DP

The AuNP-DP with the concentration of 3 nM were characterized by visible colour
changes from wine red to dark red, a slight shift of the absorbance values (6 nm) in
UV/Vis spectrophotometry and AuNP-DP aggregates formation in TEM as compared to

AuNP, with the particle size of 13 nm (Fig. 3.2).
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Figure 3.2: Characterization of AuNP and AuNP-DP. AuNP-DP was characterized by
(A) the change of colour from wine red to dark red, (B) a slight shift of the
absorbance values (6 nm) in ultraviolet-visible spectrophotometry, and (C)
AuNP-DP aggregates formation in transmission electron microscopy, as
compared to AuNP. (D) The size of most AuNP was shown to be 13 nm.
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3.3.2 Assay optimization

Dengue DNA was used as a target analyte in optimization assay. To determine the
optimum concentration of the streptavidin at the test zone for optimum amplicon
detection, the assay was performed using different concentration of streptavidin (0.5, 1,
2, 4, 6 and 8 mg/mL). It was found that the concentration of 2 mg/mL produced a
significantly higher optical density of the test zone over the concentration of 0.5 and 1
mg/mL of streptavidin (p<0.05) and showed no significant difference from 4, 6 and 8
mg/mL. Therefore, the concentration of 2 mg/mL was selected for the subsequent assay

(Fig. 3.3).
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Figure 3.3: Optimization of streptavidin concentration at the test zone. 2 mg/mL was
the optimum concentration based on the higher optical densities of test
zone (* p<0.05 relative to 2 mg/ml).

To determine the optimum concentration of AuNP-DP in amplicon detection,
the assay was performed using 1 nM, 3 nM, 6 nM and 9 nM of AuNP-DP. It was found
that the optical density of the test zone in LFA was significantly increased with increase
in the concentration of AuNP-DP (p<0.05). 3 nM of AuNP-DP produced less
background signal than 6 nM and 9 nM, as indicated by the significant lower optical

density of background as compared to that of 6 nM and 9 nM of AuNP-DP (Fig. 3.4).

The 3 nM concentration also showed a significantly higher optical density of test zone
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as compared to 1 nM and showed no significant difference with 1 nM in terms of
background signal. Therefore, 3 nM was selected as the optimum concentration of

AuNP-DP for the subsequent assays.
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Figure 3.4: Optimization of AuNP-DP concentration. 3 nM of AuNP-DP was chosen
due to the clearly visible test zone (A), high optical density of test zone (B)
and less background signal produced (C) (# p<0.05 relative to 3 nM, *
p<0.05 relative to 6 nM, T p<0.05 relative to 9 nM).

To determine the optimum concentration of SSC buffer, which promotes
biomolecule reaction, the assay was performed using 2x, 4x, 6x and 8x SSC buffer. It
was found that higher concentrations of SSC buffer significantly increased the optical
density of the test zone in LFA (p<0.05). However, 2% and 4x of SSC buffer showed a
significantly lower background signal compared to that of 6x and 8x. Therefore, 4x of
SSC buffer was selected for subsequent assays, which produced a clearly visible test

zone and a low background signal, compared to the other concentrations tested (Fig.

3.5).
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Figure 3.5: Optimization of SSC buffer concentration. 4x SSC buffer was selected
based on the more clearly visible test zone (A), high optical density of test
zone (B) and lower background signal (C) as compared to other
concentrations tested (* p<0.05 relative to 4%, t p<0.05 relative to 6x, #
p<0.05 relative to 8x).

3.3.3 Effect of environmental temperature and relative humidity on LFA

To achieve an optimum streptavidin-biotin interaction on the test strip, two main

environmental factors (i.e., temperature and RH) in the assay were manipulated with the

optimum concentration of streptavidin (2 mg/ml), AuNP-DP (3 nM) and SSC buffer

(4x). The test strip was initially tested over a range of 30%-90% RH. RH represents the

ratio of the partial pressure of water vapor to its saturation vapor pressure at particular

temperature. It was found that at low humidity, particularly at 30% RH, the fluid was
unable to completely diffuse across the nitrocellulose membrane, whereas RH >50%
enables the fluid to completely diffuse across the nitrocellulose membrane (Fig. 3.6). To

prove the ability of paper-based assays to support the theory of streptavidin-biotin

interaction, with the average optimum RH (80%), using dengue DNA as a target analyte,
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the test strip was tested over a range of environmental temperatures (10, 20, 25, 30, 40,
50, 55, 60, 65, 70, 80 and 90 °C). It was observed that among all temperatures, 25-30 °C

produced the optimum signal (p<0.05).
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Figure 3.6: Temperature and humidity effects on nucleic acid-based LFA. (A)
Humidity affects the fluid flow in LFA. It was found that at low humidity
(30% RH), the fluid was unable to completely diffuse across the
nitrocellulose membrane, whereas the RH > 50% enabled the complete
fluid diffusion across the nitrocellulose membrane. (B & C) 25-30 °C

produced the optimum signal of nucleic acid-based LFA (* p<0.05
relative to 25 °C).
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To rapidly and accurately detect the target analytes by LFA at optimum
conditions (25 °C, >50% RH) in the remote settings, a small and portable temperature-
humidity control device was developed, coupled with a smartphone signal detection, to
substitute the large and complex commercial temperature-humidity control device (Fig.
3.7). To verify the effect of temperature and humidity on nucleic acid hybridization in
LFA, the test strip was further tested with another model analyte, HBV DNA using the
portable device. Similar to dengue DNA detection, a temperature of 25-30 °C showed
the greatest streptavidin-biotin interaction, as indicated by the highest colour intensity of
test zone and the highest optical density value (p<0.05) among all the temperatures

tested (Fig. 3.7).
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schematic diagram of experimental procedure. (C) Temperature of 25-
30 °C showed the greatest signal of nucleic acid-based LFA in HBV DNA
detection (* p<0.05 relative to 25 °C).
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3.4 Discussion

In optimization of reagent concentration, the data suggests that 2 mg/ml streptavidin at
the test zone, 3 nM AuNP-DP and 4x SSC buffer concentration allow optimum
biomolecule reaction in LFA. As LFAs are intended for field application, investigating
an optimum environmental condition is very important to lead to the development of a
closed system in the future to provide the optimum temperature and RH for optimum
biomolecule reactions in LFA even under the extreme environmental conditions. The
data showed that low environmental RH (30-40%) led to the water loss from the test
strip via evaporation, which ultimately reduced the wicking rate of the fluid. The
phenomenon can be explained by the equation, (M., = (1- RH) x Py, % (0.089 + 0.0782
V.) /v), where Mg, Py, V, and y are the evaporation rate, the water saturated pressure,
the air flow rate and the latent heat of vaporization of water, respectively. Theoretically,
in a closed system, with a fixed temperature, the air flow rate is assumed to be zero,
whereas the water saturated pressure and the latent heat of vaporization of water remain
constant (Tang et al., 2016). In this case, the evaporation rate is directly proportional to
the (1-RH). This equation supports the experimental data, indicating that the higher the
RH, the lower the evaporation rate. The reduction of fluid wicking rate resulted in the
accumulation of free AuNP-DP and AuNP-DP-target DNA along the nitrocellulose
membrane. On the contrary, RH beyond 50% reduced the water evaporation. As a result,
the fluid was able to completely diffuse across the nitrocellulose membrane and yielded

the desired signal.

In evaluating the temperature effect on LFA, with the average optimum RH
(70 %), the optimum signal was observed at 25-30 °C, which strongly suggests that the
proof-of-principle of the streptavidin-biotin interaction (most stable at 25-30 °C) (Qu et

al., 2013) can be successfully achieved by using a test strip, with dependence on
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temperature and RH. Given that precise temperature and humidity control is technically
challenging outside the laboratory, a portable temperature-humidity control device was
developed to achieve optimum LFA performance in a POC setting. Generally, the
device consists of a testing compartment, an integrated battery, an integrated
temperature controller, a sponge and a charger. This closed device is internally made of
a good thermal conductor, aluminium alloy, with external insulation wall, with a glass
window on top for visual signal detection or photo capture by a smartphone for analysis.
A range of temperatures (25-100 °C) can be achieved with an accuracy of +0.1 °C by
direct current produced by a battery power source integrated into the device, to maintain
the optimum performance of this portable device. The test strip is placed right below the
glass, supported by an aluminium-supporting frame at the middle layer of the
compartment, whereas the bottom layer of the compartment consists of a damp sponge,
which sustains the humidity of the compartment. In addition, temperature and humidity
sensors are installed in the internal part of the device, with a thermo-hygrometer placed
at the exterior part to ensure the maintenance of temperature and RH over 30 min.
Briefly, water is injected into the sponge to achieve the desired RH of the compartment
at the desired temperature. Following the addition of sample, the testing compartment is
closed for LFA. In line with the data produced by the temperature-humidity control
chamber, this simple and portable device allows sensitive target detection under

optimum environmental conditions.

3.5  Conclusion

In short, with the simple temperature-humidity control device, It was proven that
temperatures of 25-30 °C, with a humidity > 40% give an optimum signal for amplicon
detection in LFA. This compact, portable and cost-effective temperature-humidity

control model, coupled with the test strip, offers rapid, specific and sensitive diagnosis
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of infectious diseases in POC settings. It was expected that this study will raise concerns
about the significance of the impact of environmental monitoring on biomolecule
reactions in LFA, which could maximize the usage of paper-based material in
biomedical areas. The outcome of this study could also lead to the development of a
closed system, which provides an optimum temperature and RH for optimum LFA,
coupled with an integrated paper-based sample-to-answer biosensor for sensitive target

detection in the near future.

50



CHAPTER 4: AN INTEGRATED PAPER-BASED BIOSENSOR FOR
EFFECTIVE DNA AMPLIFICATION AND LATERAL FLOW DETECTION AT

THE POINT OF CARE

4.1 Introduction

NAT plays an essential role in many applications due to its relatively higher sensitivity
and specificity than antigen or antibody detection (Akhtar et al., 2011; Katsanis &
Katsanis, 2013; Krebs et al., 2014). However, the amount of target nucleic acid in a raw
sample is usually too low to be directly detected, hence requiring an amplification
process. Conventionally, nucleic acid amplification and detection (e.g., PCR and
electrophoresis) are separately performed, which are costly, labour-intensive, time-
consuming and large equipment dependent, reducing their suitability for point-of-care

(POC) applications (Martinez et al., 2010; Wang et al., 2012; Wang et al., 2010).

Nowadays, there exist a numbers of nucleic acid-based diagnostic equipment
available in the market with the ability of performing isothermal amplification (e.g.,
LAMP and RPA)(Crannell et al., 2014; Francois et al., 2011) or/and amplicon detection.
For instance, isothermal amplification with real time detection has been implemented in
several systems such as SAMBA system by Diagnostics for the Real World (UK),
Loopamp realtime turbidimeter (LA-200) by Eiken (Japan), Twista portable realtime
florometer by TwistDX (UK) and bioluminescent assays in real-time (BART)
instrument by Lumora (UK). Even though these instruments are simpler, more portable
and enable more rapid detection as compared to that of conventional benchtop NAT
equipment, most of them involve fluorescent detection, which requires implementation
of UV light source, thus adding the entire cost. To this end, simpler colorimetric

detection has been exemplified in the BeSt Cassette by BioHelix (USA) and XCP
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nucleic acid detection device by Ustar Biotech (China). However, the amplification
process requires an electric-heated thermostatic water bath or block heaters (Kaewphinit
et al., 2013; Rigano et al., 2014), and is separately performed from detection, which
entails multiple processing steps, hence restricting their use at the POC. Similar
drawbacks have also been shown in several studies, which perform tube-based
isothermal amplification, followed by colorimetric (Lau et al., 2015; Nie et al., 2014),
fluorescent (Kao et al., 2005; Schilling et al., 2004) or chemiluminescent detection
(Kumbhat et al., 2010a; Teles, 2011), either in real-time (Kao et al., 2005; Schilling et
al., 2004) or endpoint detection (Conceicao et al., 2010; Lau et al., 2015; Nie et al.,
2014; Teles, 2011). Therefore, the integration of both nucleic acid amplification and
detection into a simpler and more cost-effective platform is in high demand, especially

in resource-limited settings.

Paper has gained increasing interest as a promising platform for POCT due to its
simplicity, cost-efficiency, biodegradability, and biocompatibility (Choi et al., 2015a;
Hu et al., 2014). The porous structure of paper enables fluids to wick through via
capillary action (Chen et al., 2015; Choi et al., 2015b), offering advantages such as
sequential delivery of reagent (Fridley et al., 2012; Fu et al., 2010), sample mixing, and
multiple-step processing (Lutz et al., 2011), which could potentially simplify the
existing nucleic acid amplification technique. This emerging technique offers great
potential to meet the Affordable, Sensitive, Specific, User-friendly, Rapid and Robust,
Equipment-free, and Deliverable to end-users (ASSURED) criteria outlined by the
World Health Organization (WHO) (Wu et al., 2005). In recent years, many studies
have demonstrated LFA for amplicon detection due to its simple colorimetric readout,
but a complex benchtop nucleic acid amplification process is still required prior to the

detection, leading to an increased overall assay cost and time (Choi, 2015; Kaewphinit
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et al., 2013; Rigano et al., 2014; Rigano et al., 2010). To address these limitations,
paper-based isothermal amplification techniques have been introduced. Recent studies
have demonstrated the use of paper as a platform for RPA (De Paula & Fonseca, 2004)
and HDA (Linnes et al., 2014), followed by LFA for the detection of HIV and
Chlamydia trachomatis, respectively. However, the paper-based amplification and LFA
were still separately performed, which entails multiple processing steps, hence
increasing the risk of reagent loss and even cross-contaminations. To date, a great
challenge remains in integrating paper-based amplification platform into simple
colorimetric LFA, which could tremendously simplify the operation steps. The
challenge would be the requirement for on-chip fluidic control from nucleic acid
amplification zone to lateral flow strip, with optimum temperature required for each
step in a robust and portable manner. Developing an integrated LFA without relying on
a large equipment (e.g., thermal cycler, electric heater, incubator or water bath) for
amplification, and an extra UV source for assay readout is of great importance for onsite
NAT. However, in fact, no study has attempted to combine paper-based nucleic acid
amplification and detection in an integrated lateral flow strip. In addition, a handheld
battery-powered heater to be used for nucleic acid amplification is imperative to be
coupled with the integrated LFA, which, however, has not yet been introduced for use
in resource-poor endemic areas. Therefore, there is a strong demand to develop a new

colorimetric integrated LFA that can achieve on-site naked-eye detection.

In this study, considering the simplicity of the biosensor in conjunction with the
high efficiency of nucleic acid amplification, an integrated paper-based biosensor
incorporating paper-based LAMP and LFA was developed. LAMP, a well-known novel
nucleic acid amplification technique with high sensitivity and specificity under

isothermal conditions is performed to produce a large number of amplicons, followed
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by signal detection by LFA and quantification using a smartphone. The paper-based
LAMP and lateral flow strip were initially separated by hydrophobic PVC layers,
creating the “valves” to control the fluid flow from amplification zone to the test strip.
The integrated paper-based biosensor was coupled with a handheld battery-powered
heating device to enable target detection in remote settings without the need for an
external electrical power supply. Recently, as dengue infections have become a serious
healthcare concern worldwide, including underdeveloped and developing countries,
there is an urgent need to develop simple, rapid and robust diagnostic tools for dengue
detection in resource-poor settings. Therefore, dengue viral DNA was used as a model
analyte in this study. The sensitivity of integrated paper-based amplification-to-
detection biosensor was compared with the unintegrated platform (paper-based LAMP,
followed by LFA). The performance of the integrated paper-based platform was
evaluated by comparing it with the conventional tube-based platform. The biosensor
permits the potential use of other isothermal amplification techniques, through adjusting
the temperature. A simple paper-based sample preparation technique could be integrated
into this integrated paper-based LAMP-LFA platform to create a fully integrated paper-
based sample-to-answer biosensor, which is feasible for detection of a variety of target

analytes in POC settings in the near future.

4.2 Materials and methods

4.2.1 Fabrication of an integrated paper-based LAMP-LFA biosensor

An integrated paper-based LAMP-LFA biosensor was specially developed for cost-
effective nucleic acid amplification and lateral flow detection at the POC (Fig. 4.1). The
two-layer integrated biosensor was fabricated through the combination of the lateral
flow strip (first layer) and the LAMP strip (second layer) with the fabrication process

depicted in Fig. 4.2. The lateral flow strip was fabricated using the methods as
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described in section 3.2.2. Briefly, the LAMP strip is composed of a piece of glass fiber
pad (1 cm x 0.25 cm) protected by an adhesive tape and an adhesive PVC backing pad.
The protective films at two ends of the backing pad were first removed to expose the
adhesive surface. The glass fiber pad was then mounted onto one end of the backing pad,
to create a glass fiber pad-backing pad LAMP strip, while another end of the backing
pad was attached to the lateral flow layer. A piece of 3.5 cm X 2 cm disposable adhesive
tape was folded in half, creating a small pocket that acts as a reaction chamber, into
which the glass fiber pad of the LAMP strip is inserted. Both LAMP strip and lateral
flow strip were combined together to create an integrated LAMP-LFA biosensor. The

entire fabrication process required less than 1 min.

(A) (B)

Glass fiber for amplification

Disposable tape Lateral flow strip e —

Figure 4.1: An integrated paper-based LAMP-LFA biosensor. (A) The schematic of
integrated biosensor and (B) its image (Scale bar, 1 cm).
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Figure 4.2: Fabrication of paper-based LAMP-LFA biosensor. The paper-based LAMP-
LFA biosensor was fabricated by combining both lateral flow layer and
LAMP layer. An adhesive tape was used to create a small pocket that acts as
a LAMP reaction chamber.
4.2.2 LAMP optimization for the integrated paper-based LAMP-LFA biosensor
In NAT, detection of RNA viruses (e.g., Dengue viruses) normally involves the process
of RNA extraction, reverse-transcription and amplification and finally target DNA
detection (Dauner et al., 2015; Teoh et al., 2015). In this study, synthetic Dengue viral
DNAs were used as model analytes for proof-of-principle investigation of the potential
of the prototype integrated LFA to perform both isothermal amplification and detection
using the handheld battery-powered heating device. The oligonucleotide primers used in
this study was DEN-1 Western Pacific (U88535) serotype specific primers which was
synthesized based on the sequences reported in the literature (Umut, 2013) with
specially designed control and detector probes (Table 4.1). Briefly, the conserved

regions were identified using DNASIS software (Hitachi, Japan) and all the primers

were designed using primer design software (Net Laboratory, Japan).
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Table 4.1: DNA sequences used in this study

Name Sequence (5’-3°)

DENV detector probe  5’-tagaggttagaggaga-(CH,)s-SH-3’

DENV control probe 5’-tctectetaaccteta/Biotin-3’

DENV F3 5’-gaggctgcaaaccatggaa-3’

DENV B3 5’-cagcaggatctetggtetet-3°

DENYV FIP 5’-Biotin/gctgcgttgtgtcttgggaggttttctgtacgcatggggtage-3°

DENV BIP 5’-cccaacaccaggggaagctgtttttttgtigttgtgcgggge-3°

DENV FLP 5’-ctcctetaaccactagtc-3’

DENV BLP 5’-accctggtggtaagga-3’
5’-gaggctgcaaaccatggaagcetgtacgcatggggtagcagactagtggttaga

DENV target DNA for ggagacccctcccaagacacaacgeageageggggeccaacaccaggggaag

LAMP ctgtaccctggtggtaaggactagaggttagaggagaccccccgeacaacaacaa

acagcatattgacgctgggagagaccagagatcctgetg-3’

LAMP was performed in a total of 25 pL reaction mixture using a Loopamp

DNA amplification kit (Eiken Chemical Co., Ltd., Japan) containing reaction mix

(consisting of 40 mM Tris-HCI, 20 mM KCl, 16 mM MgSO04, 20 mM (NH4)2S04, 0.2 %

Tween 20, 1.6 M Betaine, 2.8 mM each of dNTPs), Bst DNA, 40 pmol each of primers

FIP and BIP, 5 pmol each of outer primers F3 and B3, 20 pmol each of loop primers F

(FLP) and B (FBP) and the specific amounts of target DNA (Table 4.2). In order to

investigate the effectiveness of paper-based LAMP over a range of temperature, LAMP

was performed in an unintegrated paper (glass fiber pad) being placed in the tube at a

range of temperature (58, 60, 63, 65, and 68 °C) for 1 hr using a thermal cycler (Veriti,

Applied Biosystem, Foster City, USA) and the data were compared with the control

group (tube-based LAMP). With the optimum 63 °C, a serial concentration of DNA

template (3 x 10'%, 3 x 10%, 3 x 10°, 3 x 10* and 3 x 10” copies) were tested at a range of

incubation times (15, 30, 45, 60 and 90 min).
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Table 4.2: Components of LAMP used per reaction

Component Volume (pL)
Target DNA Upto 10.2
2 x Reaction Mix 12.5
Primer: FIP 0.4 (40 pmol)
BIP 0.4 (40 pmol)
FLP 0.2 (20 pmol)
BLP 0.2 (20 pmol)
F3 0.05 (5 pmol)
B3 0.05 (5 pmol)
Bst DNA Polymerase 1
Distilled water (DW) Top up to a final reaction volume of 25
Total 25

4.2.3 Endpoint target detection

Following the LAMP, the amplicon was collected through the centrifugation of the tube
containing the glass fiber pad. The amplicon was then detected by gel electophoresis
with 3 puL of the LAMP products being subjected to 1.5% agarose gel electrophoresis.
Fluorescent staining was also performed with SYBR green I stain (Invitrogen, USA).
The products were detected visually by a colour change from original orange to
yellowish-green following the addition of 2 pLL 1000-fold diluted SYBR Green I dye to
the tube to obtain the final concentration of about 1x. The concentration of amplicon
was further confirmed by measuring the absorbance value at 260 nm (OD 260) with the
nanodrop ND-2000 (Thermo Scientific). As for the LFA, a denaturation step was
required prior to the LFA by heating the amplicon in the tube at 95 °C with the optimum
denaturation period of 0.5 min using a water bath. LFA was then performed using the
96 well plate with the addition of 50 pL SSC buffer. The images of all test strips were

then captured and analyzed using a smartphone.
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4.2.4 Nucleic acid amplification and detection using the integrated biosensor with
the aid of a handheld battery-powered heating device

The integrated paper-based LAMP-LFA biosensor consists of a glass fiber pad for
LAMP, a glass fiber pad for LFA, a nitrocellulose membrane, an absorbent pad and two
PVC backing pads. A handheld battery-powered device was specially designed (Jingie,
China) for performing nucleic acid amplification and detection in an integrated paper-
based LAMP-LFA biosensor (Fig. 4.3). The entire process is briefly discussed in the
discussion section. The battery-powered heating device is summarized in Table 4.3.
Briefly, the glass fiber pads for LAMP and LFA were initially disconnected. The
handheld device was pre-setted with the temperature of 63 °C for amplification and
95 °C for amplicon denaturation. The mixture of sample and LAMP reagents was first
pipetted onto the glass fiber pad for LAMP protected by a disposable tape, followed by
the amplification process at 63 °C at a range of incubation time (15, 30, 45, 60 and 90
min) in the closed heating compartment of the device. The entire process is briefly

discussed in the discussion section.
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Figure 4.3: Paper-based amplification and detection using the integrated biosensor. A
handheld battery-powered heating device was used for paper-based
amplification and detection of nucleic acid, coupled with smartphone
signal detection in resource-poor POC settings.

Table 4.3: Specifications of the handheld battery-powered heating device

Specifications

Size of the device (L xW xH) 7 cm x12 cm x11 cm
Weight of the device 500 g

Temperature range RT +5-100 °C
Temperature accuracy +0.1 °C

Power supply 220V + 10% 50 Hz
Maximum voltage 50 W

Material of heating compartment aluminum alloy
Material of non-heating polyformaldehyde
compartment

Battery life-span 10 hr
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Following the 95 °C denaturation step for an optimum 0.5 min (30 sec), both
glass fiber pads were then connected through the removal of the protective film of the
PVC backing pad. The integrated biosensor was moved into the non-heating
compartment comprised of a disposable microcentrifuge tube to perform LFA following
the addition of 50 pLL SSC buffer into the tube. To determine the detection limit of the
assay, a sensitivity assay was performed with a serial dilution of amplicon (3 x 10, 3 x
10% 3 x 10° 3 x 10*, 3 x 10> and 3 x 10* copies) using the integrated paper-based
biosensor. The data was compared with that using the tube-based LAMP, followed by
LFA. The colour intensities of test zones were observed and their optical densities were

determined.

4.2.5 Statistical analysis

Statistical analysis was performed using One-Way ANOVA with Tukey post-hoc test to
compare the data among different groups. Data were expressed as mean + standard error
of the mean of three independent experiments (n=3). p<0.05 was reported as statistically

significant.
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4.3  Results

4.3.1 Integration of paper-based amplification into LFA to create an integrated
paper-based LAMP-LFA biosensor

An integrated paper-based LAMP-LFA biosensor was developed for cost-effective
nucleic acid amplification and lateral flow detection at the POC. The two-layer
integrated biosensor was fabricated through the combination of the lateral flow strip
(first layer) and the LAMP strip (second layer). A handheld battery-powered device was
used for performing nucleic acid amplification and detection in an integrated paper-
based LAMP-LFA biosensor. To investigate the potential risk of sample evaporation in
the integrated biosensor, the mass of the biosensor was recorded before and after
heating at 63 °C. By using a tape as a protector, the absence of sample evaporation was
observed, as indicated by no significance difference in the mass of the biosensor before

and after the amplification (Fig 4.4).

0.2+

0.1+

mass of biosensor (g)

0.0 -
before amplification after amplification

Figure 4.4: Evaluation of the risk of sample evaporation. There was no significant
difference between the mass of biosensor before and after LAMP at 63 °C,
indicating no risk of sample evaporation.

62



4.3.2 LAMP optimization

To optimize the LAMP reaction temperature, using Dengue DNA as a target analyte,
the amplification process was performed at a range of temperature (58, 60, 63, 65 and
68 °C) for 60 min, followed by 95 °C denaturation for 5 min in conventional tube-based
and paper-based platform, a glass fiber pad using the handheld heating device. Similar
to the tube-based LAMP, the optimum temperature for paper-based LAMP was 63 °C,
as indicated by more clearly visible bands shown in electrophoresis, a denser yellowish-
green colour produced in SYBR Green I staining and a higher absorbance value

obtained at 260 nm (OD 260) (Fig. 4.5).
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Figure 4.5: Optimization of LAMP temperature. The temperature of 63 °C, as the
middle point, was the optimum LAMP temperature based on the visible
bands in electrophoresis for both tube-based and paper-based platform (A),
the comparable positive result shown (yellowish-green) after SYBR Green
I staining (B) and absorbance value at 260 nm (* p<0.05) (C) (N =
negative control, M= 100 — 2000 bp marker).
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To evaluate the optimum denaturation time for optimum target amplification and
detection, LAMP was performed in the tube at the optimum 63 °C, followed by
denaturation at 95 °C for 0, 0.25, 0.5, 1, 3 and 5 min and LFA. The data showed that 0.5
min was the optimum denaturation period as it produced a significantly higher OD of
test zone as compared to 0.25 min and showed no significant difference from 1 - 5 min

of denaturation (Fig. 4.6).
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Figure 4.6: Optimization of denaturation period. Denaturation time of 0.5 min was
selected as it produced a significantly higher optical density (OD) of test
zone as compared to 0.25 min (*p<0.05).

To demonstrate the ability of paper-based platform to effectively support the
amplification, at the optimum temperature of 63 °C and denaturation period of 0.5 min,
LAMP incubation time was optimized. LAMP was performed in the glass fiber pad (i.e.,
“unintegrated” paper-based LAMP) with a serial concentration of DNA template (3 X
10", 3 x 10%, 3 x 10° 3 x 10*, 3 x 10° and 3 x 10*copies) over a range of incubation
time (15, 30, 45, 60 and 90 min) using the handheld heating device. The result of
agarose gel electrophoresis shows that the longer the incubation time, the higher the
amount of amplicons produced. The brightness of the bands appears to be proportional
to the amount of DNA template used, as indicated by the detection limit of as low as 3 x
10° copies achieved at the incubation time of at least 60 min. This data was further

supported by SYBR Green I staining (Fig. 4.7).
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Figure 4.7: Unintegrated Paper-based LAMP and LFA. With the optimum LAMP
temperature (63 °C), LAMP performed with a serial concentration of DNA
template in the paper-based platform at different incubation time. The data
of gel electrophoresis showed a directly proportional relationship between
the brightness of the bands and the concentration of DNA template for
LAMP (A). The positive result was further supported by the yellowish-
green colour solution observed after the SYBR Green I staining (B), LFA
(C & D) and absorbance value at 260 nm (E) (1= 3 x 10'’ copies, 2= 3 x
10® copies, 3= 3 x 10° copies, 4= 3 x 10 copies, 5= 3 x 10*copies, N =
negative control, M= 100 — 2000 bp marker).

In line with the results of electrophoresis and fluorescent staining, LFA showed
a significantly higher optical density in the sample with a higher quantity of DNA
template and a longer incubation time. A detection limit in LFA could be achieved of as
low as 3 x 10° copies at the optimum incubation time of 60 min. The amplification
efficiency was further confirmed by the measurement of absorbance value (OD260) of

amplicon. Collectively, 60 min was indicated as the optimum incubation time to achieve

the lowest detection limit of the assay (Fig. 4.7).
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4.3.3 Target DNA detection using the integrated LAMP-LFA biosensor

To investigate the potential of this simple and portable testing device to facilitate the
integrated paper-based LAMP-LFA biosensor in remote settings, integrated test assays
were performed using the handheld device. Interestingly, the optimum amplification
period of 60 min was found to be capable of successfully achieving a detection limit of
as low as 3 x 10’ copies for dengue viral DNA (Fig. 4.8), which was more sensitive
than that of unintegrated paper-based LAMP and LFA (3 x 10° copies). There was no
significant difference between the detection limit of tube-based LAMP-LFA and

integrated paper-based LAMP-LFA (Fig. 4.8).

Tube-based LAMP-LFA Integrated paper-based LAMP-LFA
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Figure 4.8: An integrated paper-based LAMP-LFA biosensor coupled with a handheld
battery-powered heating device for target detection. The integrated paper-
based biosensor could achieve the detection limit of as low as 3 x 10’
copies at the optimum 60 min incubation time, which was comparable with
that of tube-based LAMP-LFA in an unintegrated format.
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4.4  Discussion

With the optimum reagent concentration and environmental factors obtained from the
previous study (Choi, 2015), the functionality of the assay was improved by integrating
paper-based nucleic acid amplification into LFA. In fact, in NAT, RNA viruses such as
Dengue Virus (Vickers, 2001), Human Immunodeficiency Virus (HIV) (Ellis, 2004;
Moher et al., 2001; Vickers et al., 2004) and Hepatitis C Virus (HCV) (Cribbie &
Jamieson, 2000; Vickers et al., 2004) normally require reverse transcription and
amplification prior to target detection. However, DNAs have been commonly used for
evaluation of the performance of prototypes for various medical diagnostics (De Paula
& Fonseca, 2004; Razali & Wah, 2011; Vickers, 2005). In this study, the proof-of-
principle investigation of the potential of the prototype integrated LFA was conducted
with both amplification and detection using the handheld battery-powered heating
device. Synthetic Dengue viral DNAs were used as model analyte and it was suggested

that this technique can be broadly applied to other target DNA/RNA.

Briefly, following the amplification process, a denaturation step is required to
separate the double-stranded DNAs into single stranded DNA at denaturation
temperature of 95 °C at an optimum period of 0.5 min (Fig. 4.9). The single-stranded
target would then bind to the single-stranded DP coupled with AuNP (AuNP-DP). After
diffusing across the nitrocellulose membrane, the biotinylated amplicons would be
captured by the streptavidin at the test zone to produce a red signal, with an optimum
streptavidin concentration of 2 mg/mL. The remaining AuNP-DP would then hybridize
with the control probe to form a red signal. In line with the results of electrophoresis
and fluorescent staining, LFA showed a significantly higher optical density in the
sample with a higher quantity of DNA template and a longer incubation time. A

detection limit in LFA could be achieved of as low as 3 x 10° copies at the optimum
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incubation time of 60 min. The amplification efficiency was further confirmed by the
measurement of absorbance value (OD260) of amplicon. Collectively, 60 min was

indicated as the optimum incubation time to achieve the lowest detection limit of the

assay.
Separation of
double strand into
single strands Gold
nanoparticle-
detector probe Control probe
Biotinylated Biotin
amplicon produced 95 C Nitrocellulose N
by 65°C DNA DNA membrane Streptavidin
amplification denaturation -
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pad pad zone zone pad
| E—
Sample flow @ Lateral flow detection

Figure 4.9: A schematic of lateral flow-based endpoint detection. Following the
amplification process, 95 °C DNA denaturation is performed to separate
the double-stranded DNAs into single strands. The single-stranded DNA
would then bind to the single-stranded gold-nanoparticle-detector probe.
After diffusing across the nitrocellulose membrane, the biotinylated
amplicon is captured by the streptavidin at the test zone, and the remaining
AuNP-DP is hybridized with the control probe to produce a red signal.

To simplify the processing step and achieve maximum sensitivity of the assay,
integrating paper-based LAMP into LFA is proposed, in order to create an integrated
paper-based LAMP-to-LFA biosensor for optimum amplicon detection. In fact, using
unintegrated paper-based LAMP and LFA initially, it was found that there was a loss of
more than half amount of solution from the original volume of 25 pL, with the average
solution volume of 9.67 + 0.33 pL left in the tube throughout the process. This might be
due to the need for an additional step of centrifugation for amplicon collection between
the process of paper-based LAMP and LFA, which could be successfully solved using

the integrated biosensor. The challenge of combining paper-based LAMP and LFA
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would be the requirement for on-chip fluidic control from LAMP zone and lateral flow
strip with different temperature and time required for each zone. The challenge was
addressed by creating the “valves” made by hydrophobic polyvinyl chloride (PVC) to
control the fluid flow from one zone to another through connecting the PVC layers. The
top PVC layer supports the lateral flow strip, which consists of a glass fiber pad, a
nitrocellulose membrane and an absorbent pad. The bottom layer comprised of glass
fiber pad, which acts as a platform for LAMP. A piece of disposable adhesive tape was
folded into half, creating a small pocket to cover the amplification zone (glass fiber pad)
to prevent from sample evaporation and contamination. There was also no risk of
contamination throughout the process, as evidenced by the negative result shown by all

the negative controls.

As high temperature is normally required for nucleic acid amplification, utilizing
a handheld battery-powered heating device is essential to be coupled with the integrated
paper-based biosensor for target detection in resource-limited settings where electricity
may not be available (LaBarre et al., 2011). Therefore, a handheld battery-powered
heating device was used for nucleic acid amplification and detection in an integrated
paper-based biosensor. This handheld heating device consists of a closed heating
compartment for amplification, a non-heating testing compartment for target analyte
detection, an integrated battery, an integrated temperature controller and a charger. The
heating compartment is made internally of aluminium alloy with external insulation
wall, whereas the testing compartment is made of chemical-resistant polyformaldehyde,
which could fit well with various sizes of disposable microcentrifuge tube for target
analyte detection. A battery is integrated into the heating device with a programmable
temperature controller for temperature control with a range of room temperature +5 °C
to 100 °C, with the resolution of £0.1 °C. The temperature sensor is installed in the

internal part of the device, with the temperature displayed at the exterior part to ensure
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the maintenance of the optimum temperature for the process. The heating process is
required only for amplification, therefore the device could be turned off for LFA for
power saving. Both nucleic acid amplification and detection could also be

simultaneously performed with this handheld heating device.

To investigate the potential of this simple and portable testing device to facilitate
the integrated paper-based amplification-to-detection biosensor in remote settings, test
assays were performed using this device. Following the amplification at 63 °C and
denaturation at 95 °C in the closed heating compartment, both amplification zone and
lateral flow strip were then connected. LFA was then performed in the non-heating
compartment, followed by signal detection by a smartphone. Interestingly, the optimum
amplification period of 60 min was found to be capable of successfully achieving a
detection limit of as low as 3 x 10° copies for dengue viral DNA, which was more
sensitive than that of unintegrated paper-based LAMP and LFA (3 x 10° copies) due to
the ability to retain the optimum amount of amplicons for detection in the integrated
biosensor. There was no significant difference between the detection limit of tube-based
LAMP-LFA and integrated paper-based LAMP-LFA, highlighting its potential use for
sensitive target detection in the near future. The sensitivity of the integrated biosensor
was comparable or even higher than that of the existing studies (Khunthong et al., 2013;
Song et al., 2014). Even though some studies have reported more sensitive target
detection (~100 copies) (Lourens et al., 2014; Umut, 2013), the amplification and
detection were separately performed. Besides that, different targets and probes may
yield different detection sensitivity. Therefore, it was successfully shown that the simple
and cost-effective integrated paper-based biosensor offers a great potential to substitute

the conventional tube-based assay for POC use.
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4.5  Conclusion

In short, an integrated paper-based biosensor was developed to perform both nucleic
acid amplification and detection with the aid of a handheld battery-powered heating
device, which promises sensitive and specific target detection. The capabilities of
producing colorimetric signal detectable by the naked eyes, eliminating the requirement
for UV source for assay readout. The utilization of a handheld heating device eradicates
the need for high-end equipment commonly used for amplification such as thermal
cycler, electrical heater or water bath, suggesting its potential use in POC settings.
Given that this handheld device is regulated by a programmable temperature controller
with the temperature ranging from 25 to 100 °C, it is suggested that other amplification
techniques could also be applied. The technique described here could also be used to
detect a variety of target nucleic acid. It was suggested that in the future, the integration
of a simple paper-based extraction method into this biosensor could facilitate sample-in-

answer-out NAT in remote settings.
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CHAPTER 5: A FULLY INTEGRATED PAPER-BASED SAMPLE-TO-
ANSWER BIOSENSOR FOR NUCLEIC ACID EXTRACTION,
AMPLIFICATION AND LATERAL FLOW DETECTION AT THE

POINT OF CARE

5.1 Introduction

NAT, a molecular diagnostic technique that involves nucleic acid extraction,
amplification and detection, conventionally relies on well-established laboratories, high-
end instrumentation and highly trained operators, limiting its use in resource-poor
settings (Martinez et al., 2010; Wang et al., 2012; Wang et al., 2010). With increasing
incidence of infectious diseases and food and water contamination, particularly in
developing and underdeveloped countries with poor infrastructure (Feasey et al., 2012;
Oberholster et al., 2012), there is an urgent need to develop simple, inexpensive,
portable and rapid molecular diagnostic tools, which can be readily implemented in
remote settings (Choi et al., 2015a). Recent advances in POCT, especially LFAs, make
it possible to achieve simple and cost-effective NAT at the POC (Choi, 2015; Tamama
et al., 2011; Yoshida et al., 2009). LFAs are able to produce results in a simple way
(visible colour formation) in less than 30 min. However, as biological samples (e.g.,
blood, urine, saliva) are generally complex and contain low amounts of target nucleic
acids, a substantial off-chip extraction and amplification process (e.g., tube-based
extraction and PCR) is normally required prior to lateral flow detection (Kaewphinit et
al., 2013; Rigano et al., 2014; Rigano et al., 2010). Recently, paper-based extraction and
amplification has been introduced for detection of various diseases (e.g., HIV (De Paula
& Fonseca, 2004), Chlamydia trachomatis (Linnes et al., 2014) and Influenza A
(Rodriguez et al., 2015)). However, these essential steps have been separately

performed from LFAs, which entail multiple processing steps, hence increasing the risk
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of reagent loss and cross-contamination. Therefore, it is of great importance to integrate
nucleic acid extraction, amplification and lateral flow detection in an integrated paper-

based biosensor for use in remote settings.

Although there has been a growing interest in developing low-cost integrated
sample-to-answer biosensors for POC applications (Choi et al., 2015b), there are only a
few studies which report on this. For instance, Whitesides’ group has developed an
integrated “paper machine” by incorporating sample preparation, nucleic acid
amplification and signal detection (Nguyen et al., 2012). However, an electrically-
powered heater and an external UV source were used for amplification and fluorescence
signal detection, respectively. To date, a great challenge remains in integrating LFA into
one single biosensor, which could tremendously simplify the final read out. The
challenge would be the requirement for on-chip fluidic control from nucleic acid
extraction zone to amplification zone and lateral flow strip, with optimum temperature
required for each NAT step in a robust and portable manner. In fact, even though the
integration of DNA extraction and amplification into a paper-based biosensor has been
reported, a combination of LFA with the aforementioned steps for simple colorimetric
readout has not yet been demonstrated. In addition, a handheld battery-powered heater
to be used for nucleic acid amplification is imperative to be coupled with the integrated
biosensor, which, however, has not yet been introduced for use in low-resource endemic
areas. Therefore, there is a strong demand for a new colorimetric integrated paper-based

molecular biosensor that can achieve rapid on-site naked-eye detection.

In the present study, a prototype paper-based biosensor was developed, where

FTA card and glass fiber were integrated into a lateral flow strip for nucleic acid

extraction and amplification, followed by naked eye detection and quantification using a
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smartphone. All paper matrices were initially separated by hydrophobic PVC layers,
creating the “valves” to control the fluid flow from nucleic acid extraction zone to
amplification zone and lateral flow strip. The integrated biosensor was coupled with a
handheld battery-powered heating device to support highly sensitive and specific LAMP,
eliminating the need for an electrically-powered heater or thermal cycler. The
Escherichia coli (E. coli) as target analyte, was spiked into the drinking water, milk,
blood, and spinach to demonstrate its ability in medical diagnostics, environmental
monitoring and food safety. The biosensor permits the potential use of other
amplification techniques (e.g., SDA or RPA) in remote settings, through adjusting the
temperature of the handheld device. This integrated biosensor could be broadly applied
to other target analytes at the POC, holding great potential for a wide range of

applications.

5.2 Materials and methods

5.2.1 Bacteria culture

E. coli ATCC 25922 was used as a model organism in this study. Initially, the bacteria
was streaked onto Luria-Bertani (LB) agar containing 100 mg/mL of ampicillin and
incubated at 37 °C for 16 hours to allow bacteria growth. An isolated E. coli colony was
picked and cultured in 10 mL of LB medium at 37 °C for 16 hr with agitation at 150
rpm. The E. coli culture was used as a standard stock for all experiments. The turbidity
of bacteria suspension was measured at a wavelength of 600 nm (OD 600). The bacteria
stock was then diluted from 1- to 10-fold in phosphate buffered saline (PBS) and spread
on LB-ampicillin plates (Fig 5.1). The single colonies were then counted after overnight
incubation at 37 °C. Bacteria concentrations were determined by plate colony counting.

The concentration that produces 30-300 colonies was determined which was then used
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to calculate colony forming units per mL (CFU/mL), and confirmed with OD 600 (Liu

et al., 2014).

Bacteria
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Figure 5.1: Bacteria culturing for bacteria concentration determination. The bacteria
stock was diluted from 1- to 10-fold in PBS. Each concentration of bacteria
was then spread on the LB-ampicillin plates for bacteria culturing.

5.2.2 Fabrication of a fully integrated paper-based sample-to-answer biosensor

The integrated paper-based biosensor consists of 4 layers (Fig 5.2). The top PVC layer
is the lateral flow layer supported by a PVC backing pad (6 cm x 0.25 cm) (J-B6,
Jiening, China), which consists of a glass fiber (1 cm X 0.25 cm) (Pall 8964, Saint
Germain-en-Laye, France), nitrocellulose membrane (1.9 cm % 0.25 cm) (HFB 18002,
Millipore, USA), and an absorbent pad (2.5 x 0.25 cm) (H-1, Jiening, China). The
second layer is comprised of glass fiber for highly specific and sensitive nucleic acid
amplification technique (i.e., LAMP). The third layer consists of a FTA card (Whatman,
UK), with a diameter of 0.25 cm, for sample addition and nucleic acid extraction. The
bottom layer is comprised of an absorbent pad. The waste produced from the washing

step was absorbed by the absorbent pad, which was then being removed. The fabrication
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process was similar to that of integrated paper-based LAMP-LFA biosensor previously

described in Fig 4.3 with the addition of two layers (i.e., the third and the bottom layer).

(A) (B)

2) Glass fiber for
DNA amplification 1) lateral flow strip

3) FTA card for DNA
extraction

4) Cellulote

for waste
absorption

Figure 5.2: Development of a fully integrated paper-based sample-to-answer biosensor.
(A) The biosensor consists of four PVC layers. The first layer is a lateral
flow layer for LFA, the second layer consists of glass fiber for DNA
amplification, the third layer consists of a FTA card for DNA extraction,
whereas the bottom layer consists of cellulose for waste absorption after the
process of sample purification and washing. (B) The image of biosensor
(Scale bar, 1 cm).

By using Matrix "™ 2360 Programmable Shear (Kinematic Automation Inc., CA,

USA), the assembled pads were cut into small strips with 2.5 mm width. All materials

were assembled to create an integrated paper-based sample-to-answer biosensor. A

piece of 3.5 cm X 2 cm adhesive tape was folded in half, creating a small pocket to

cover the amplification zone (glass fiber and FTA card) to avoid evaporation. About 0.5

uL of 2 mg/mL streptavidin (Promega, USA) and 0.5 pL of 100 uM control probe were

dispensed onto the nitrocellulose membrane to create test zone and control zone,

respectively on the lateral flow strip.
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5.2.3 Optimization of FTA card paper-based extraction for the fully integrated

biosensor

The whole operation process is shown in Fig 5.3, which will be discussed in details in

the discussion Section 5.4.

Sample addition Sample purification & washing ~ Removal of the bottom layer

Covering up the AANiGE5E Combination of

amplific'ation region by LAMP reagent 2nd and 3rd layer
using a tape

Heating at 65 °C for ~ Heating at 95 °C for DNA Combination with the  Lateral flow assay
LAMP denaturation Ist layer

Figure 5.3: Paper-based sample-to-answer process. Following the sample addition,
purification and washing were performed. The bottom layer was then
removed, followed by the combination of the second and third layer.
LAMP reagent was added, and the process of amplification and
denaturation were performed. The first layer was then combined with the
second and third layer for LFA.
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In optimization of the extraction process, the biological sample was first pipetted
onto the FTA card and kept at room temperature for nucleic acid extraction. To achieve
rapid nucleic acid extraction for POCT, a range of drying period (i.e., the cell lysis
period) for FTA card were tested, e.g., 5, 10, 15, 30, 45 and 60 min. qPCR (Table 5.1 &
Table 5.2) was performed, followed by LFA to determine the extraction efficiency. The

sequence used in qPCR will be stated in Section 5.2.4.

Table 5.1: Components of qPCR used per reaction

Component Volume (pL)

DNA template Uptol

Forward primer (E. coli B3) 1(0.2 uM)

Reverse primer (E. coli F3) 1(0.2 uM)

2 x Reaction Mix 10

Nuclease-free water Top up to a final reaction volume of 20
Total 20

Table 5.2: Thermal cycling profile for gPCR

Process Cycle Temperature and
duration per cycle

Pre-denaturation 1 95 °C for 10 min
Denaturation 40 95 °C for 10 sec
Annealing 40 55 °C for 20 sec
Extension 40 72 °C for 15 sec

Following drying of the FTA card, a FTA purification reagent (Whatman, UK)
and Tris-EDTA (TE) buffer (Sigma-Aldrich) were used to fully wash away the
polymerase inhibitors prior to amplification. To determine the volume of FTA
purification reagent and TE buffer used and number of washes required, both factors
were optimized. Following the optimum 15 min of drying for FTA card, the biosensor
was tested with various volumes of FTA purification reagent and TE buffer (e.g., 20 pL.
and 40 pL, 40 puL and 80 pL, and 80 puL and 160 pL respectively). The necessity of one,

two or three washes was tested to fully remove the polymerase inhibitors.
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5.2.4 Optimization of paper-based LAMP temperature and incubation time for
the fully integrated biosensor

The sequences used were obtained from Sangon Biotechnology Co., Ltd. (Shanghai,
China) (Table 5.3). Briefly, following nucleic acid extraction, the second and third
layers of PVC were combined, followed by the addition of amplification reagents onto
the tape-covered glass fiber for amplification. The biosensor was then moved into the
covered heating compartment of the handheld heating device for amplification process.
To investigate the paper-based LAMP temperature, the amplification was performed
with a range of temperatures (58, 60, 63, 65 and 68 °C) for 60 min, followed by
detection by electrophoresis and SYBR Green I staining. The LAMP products were

observed under visible light and UV light.

Table 5.3: DNA sequences used in the study

Name Sequence (5’-3°)

E.coli detector probe 5’-caaagggagaagggcatgg -(CH»)s-SH-3’

E.coli control probe 5’-ccatgcccttctecctttg/Biotin-3’

E.coli F3 5’-gccatctectgatgacge -3’

E.coli B3 5’-atttaccgcagccagacg -3’

E.coli FIP 5’-Biotin/cattttgcagctgtacgctcgeageccatcatgaatgttget -3°
E.coli BIP 5’-ctggggcgaggtcgtggtaticcgacaaacaccacgaatt -3’

E.coli FLP 5’-taacaacctgtcatcgac -3’

E.coli BLP 5’-atcaatctcgatatccatgaaggtg -3’
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5.2.5 LFA in the fully integrated biosensor
Following the amplification, DNA denaturation was performed at 95 °C for 30 s,

followed by LFA based on the method as described in Section 4.2.4.

5.2.6 Various biological sample testing

The bacteria were first diluted in PBS for optimization of paper-based extraction and
LAMP. To further show the potential of the biosensor to be applied in medical
diagnostic, environmental monitoring and food safety, the bacteria was spiked into
drinking water, milk, blood, and spinach samples with the final concentrations ranging
from 1 to 10° CFU/mL. Discarded whole blood was used in this study. Bottled water,
milk (containing 3% energy, 5% protein, 6% fat, 2% carbohydrate, 3% sodium and 13%
calcium) and spinach samples were obtained from a local grocery store. Spinach leaves
were washed and then spiked with E. coli before mixing with 100 mL of ultrapure water
in a blender. The mixture was then filtered using a 70 uM-cell strainer to remove the
residues of the leaves before testing. The mixture of each biological sample and E. coli
were vortexed for 30 sec prior to NAT. All the samples were then tested using the

integrated biosensor. A schematic of whole process is shown in Fig. 5.4.
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Figure 5.4: A schematic of biological sample testing using a fully integrated paper-
based sample-to-answer biosensor coupled with a heating device. (A) A
schematic of the experimental procedure. (B) Images of the biosensor
during the steps of (i) extraction, (ii) amplification and (iii) lateral flow
detection. (C) An image of a handheld battery-powered heating device.

5.2.7 Statistical analysis

Statistical analysis was performed using One-Way ANOVA with Tukey post-hoc test to

compare the data among different groups. Data were expressed as mean + standard error

of the mean of three independent experiments (n=3). p<0.05 was reported as statistically

significant.
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5.3  Results

5.3.1 Determination of bacteria concentration

To determine the bacteria concentration for paper-based NAT, the bacteria stock was
then diluted from 1- to 10-fold in PBS and spread on LB-ampicillin plates, followed by
plate colony counting after incubation. It was found that 10-fold bacteria dilution
produced an average of 178 + 11.27 colonies (1.8 x 10" CFU/mL) from the readings of
bacteria culturing (n=3), with the average absorbance value of ~1.27 + 0.017 at 600 nm

(OD 600) (Fig. 5.5). This concentration was selected as a reference as it falls within the

range of 30-300 colonies (Liu et al., 2014).

102 107

uncountable

. / .

107 10 10° 10
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Figure 5.5: Determination of bacteria concentration. From 1- to 10-fold bacteria
dilution, it was found that the concentration of 10-fold dilution produced
an average of 178 £ 11.27 colonies (1.8 x 10"* CFU/mL) from the colony
counting (n=3).
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5.3.2 Optimization of FTA card paper-based extraction

To achieve rapid nucleic acid extraction for POCT, the effect of FTA card drying period
(5, 10, 15, 30, 45 and 60 min) was tested, i.e., the cell lysis period, on the biosensor.
The extraction efficiency was determined by qPCR and LFAs. The data from PCR
showed that a minimum of 15 min was able to achieve a lower cycle threshold (CT)
values, which indicates a lower number of cycles required for the fluorescent signal to
reach the threshold level (Fig. 5.5). To further confirm the result, LFAs were performed.
Likewise, it was found that 15 min FTA card drying produced a significantly (p<0.05)

higher optical density of the test zone as compared to that of 5 and 10 min (Fig. 5.6).
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Figure 5.6: Optimization of paper-based DNA extraction. A duration of 15 min was
selected as the optimum FTA card drying period based on the lower CT
value in qPCR (* p<0.05) (A) and higher optical density in LFA (* p<0.05)
(B) as compared to the shorter drying period. (C) A volume of 40 pL of
FTA purification reagent and 80 pL of TE buffer was selected as optimum
wash volume due to the significant higher optical density of test zone as
compared to that of lower volume (t p<0.05 relative to 40:80, # p<0.05
relative to 80:100). (D) One wash was able to provide significant higher
optical density than that of without wash (* p<0.05 relative to 1 wash, T
p<0.05 relative to 2 washes, # p<0.05 relative to 3 washes).

85



To make the integrated biosensor simpler and easier to use, a low volume of
buffer with a reduced number of washes is essential. Therefore, both factors were
optimized in the extraction process (Fig. 5.6). In reagent volume optimization, a larger
volume of TE buffer was used to wash away the excess FTA purification reagent that
might affect the amplification (Connelly et al., 2015). The FTA purification reagent and
TE buffer volumes tested were 20 uL. and 40 pL, 40 pL and 80 pL, and 80 pL and 160
uL respectively for a total of two washes, where the volumes were about 10 times lower
than that stated in the conventional protocol. It was found that 40 pulL of FTA
purification reagent and 80 uL. of TE buffer produced a significantly (p<0.05) higher
optical density of test zone as compared to that of 20 pL purification reagent and 40 uL

buffer.

With the optimum volume of 40 pL of FTA purification reagent and 80 pL of
TE buffer, the number of washes required to completely wash away the polymerase
inhibitors from the FTA cards were investigated. It was found that there was no
significant difference (p>0.05) in optical density of the test zones between one and two
washes. However, three washes significantly (p<0.05) reduced the signal of the assay

(Fig. 5.6).

5.3.3 Optimization of paper-based amplification

To optimize the LAMP incubation time in the present study, LAMP was performed in
the integrated biosensor at an optimum temperature of 65 °C and a range of incubation
times (15, 30, 45 and 60 min) with a serial concentration of E. coli (1, 10, 10%, 10°, 10*
and 10° CFU/mL), Figure 5.7. It was found that the longer the incubation time, the
lower the detection limit of the assay. The detection limit of 45 min and 60 min

incubation time (10 CFU/mL) were lower than that with 15 and 30 min (10* CFU/mL
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and 10° CFU/mL, respectively) of amplification. Similar result was obtained through the
observable red signal in the test zone (Fig. 5.7) and optical density from grey scale

analysis of the test zone (Fig. 5.7).

30 min
1102 103 10¢ 10°
60 min
0.25- | EEEE 15 min [ 30 min @@ 45 min @@ 60 min |
0.20
]
=
@ 0.154
c
(]
o
8 0.10
o
O 0.05 -
0.00 . i-
0 1 10 102 103 104 10°

Bacteria concentration (CFU/ml)

Figure 5.7: Optimization of paper-based LAMP. The detection limit of 45 and 60 min
incubation time were lower as compared to 15 and 30 min of amplification.
A minimum of 45 min incubation time was able to achieve a detection
limit of as low as 10 CFU /mL of bacteria as indicated by the red signal
shown at the test zone (A) and optical density obtained through gray scale
analysis of the test zone (B).
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5.3.4 E. coli spiked sample testing

To demonstrate the potential use of the biosensor for various applications, the biosensor
was tested with E. coli-spiked whole blood samples, drinking water, milk and spinach
with a range of bacteria concentrations (1, 10, 102, 103, 10* and 10° CFU /mL). It was
successfully proven that the integrated biosensor could effectively detect real sample
from drinking water, milk, blood, and spinach in a simple manner, with the detection
limit of 10, 10, 100, 1000 CFU/mL, respectively, demonstrating its ability in medical

diagnostics, environmental monitoring and food safety analyses (Fig. 5.8).
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Figure 5.8: Biological sample testing. The integrated E.coli biosensor could effectively
detect real sample from drinking water (A), milk (B), spinach (C) and whole
blood (D) with the detection limit of 10, 10, 1000, 100 CFU/mL,
respectively, showing its great potential for future food and water safety
analyses and medical diagnostics.
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5.4  Discussion

To achieve complete NAT in POC settings, a prototype fully integrated paper-based
biosensor was further developed, where FTA card and glass fiber were integrated into a
lateral flow strip for nucleic acid extraction and amplification, followed by naked eye
detection and quantification using a smartphone. All paper matrices were initially
separated by hydrophobic PVC layers, creating the “valves” to control the fluid flow
from nucleic acid extraction zone to amplification zone and lateral flow strip. The fully
integrated biosensor was also coupled with a handheld battery-powered heating device

to support highly sensitive and specific LAMP.

FTA cards are impregnated with a patented chemical formulation for DNA
storage, lysis and extraction. As they have been extensively used for DNA collection
and storage, it was suggested that besides enabling immediate sample processing, the
biosensor also allows sample storage in remote settings prior to analysis, which are
greatly useful when further laboratory tests are required to confirm the diagnosis,
especially for diagnosis of chronic diseases (e.g., cancer). As compared to other
available paper-based biosensors (Linnes et al., 2014; Rodriguez et al., 2015), which do
not allow sample storage, the prototype allows sample storage at ambient temperature
by protecting DNA from degradation for downstream analysis (Beckett et al., 2008),
making them a very attractive tool for both onsite sample collection and storage (Lange

et al., 2014; Liang et al., 2014), and immediate analysis.

Following the addition of the sample onto the FTA card, the card was allowed to
dry and the impregnated chemicals lysed cells at room temperature. As these chemicals
may interfere with the downstream analysis, washing steps are required for chemical

removal. The bottom layer responsible for waste absorption was removed, and the
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second and third PVC layers were combined, followed by the addition of amplification
reagents onto the tape-covered glass fiber for amplification. The tape-covered zone was
then moved into the covered heating compartment of the handheld device for
amplification. Following the amplification, denaturation was performed to separate the
double-stranded DNAs into single strands to be hybridized with AuNP-DP. The second
and third layers were then combined with the top lateral flow layer, and were moved
into the non-heating compartment containing the disposable microcentrifuge tube for
LFA. At the end of each assay, the result could be detected by the naked eye or/and
quantified by using a smartphone. The simple integrated paper-based biosensor coupled

with this handheld device enables a rapid and accurate detection of targets at the POC.

To demonstrate the potential use of the biosensor for applications such as
medical diagnostics, environmental monitoring and food safety analysis, the biosensor
was tested with E. coli-spiked whole blood samples, drinking water, milk and spinach
with a range of bacteria concentrations (1, 10, 10%, 10°, 10* and 10° CFU /mL) at the
optimum temperature (65 °C) and incubation time (45 min). In detection of E. coli in
drinking water, the biosensor achieved a detection limit of as low as 10 CFU/mL, which
is similar to that in PBS solution. The data prove that the biosensor can sensitively
detect target analytes in contaminated water, which is comparable to the existing paper-
based assays (10-10° CFU/mL) (Hu et al., 2013; Morales-Narvaez et al., 2015; Rosland
et al., 2009; Wu et al., 2015), offering great potential in applications of environmental

and water safety analyses.
To evaluate the potential use of the biosensor in food safety analysis, it was
tested with E. coli-spiked milk and spinach sample. Similar to the data of PBS and

drinking water, the assay achieved the detection limit of 10 CFU /mL of bacteria in a
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milk sample. Even though milk components (e.g., Ca>") have been reported to inhibit
the amplification process by reducing the exposure of DNA to the polymerase (Durel et
al., 2015), the result did not show such a negative impact, which further proved the
successful removal of the amplification-inhibitory components through the purification
and washing process. In detection of E. coli-spiked spinach sample, it was found that
the detection limit was 10° CFU/mL, which was higher as compared to other samples.
This might be due to the requirement for pre-processing steps (e.g., filtration) to remove
the residue of spinach leaves prior to the detection, resulting in the loss of bacteria. The
ability to detect 10 and 10> CFU/mL of E.coli in milk and spinach samples respectively
was comparable or even more sensitive than the other existing paper-based assays
(~10°-10° CFU/mL) (Hossain et al., 2012; Song et al., 2016), Considering the simplicity
and accuracy of the assay, the all-in-one prototype offers great potential for food and

water safety analyses.

On the other hand, sepsis is known as the current leading cause of death (Laakso
& Miki, 2013). The blood culture method represents the gold standard for
determination of sepsis, which is however time-consuming (2-5 days) and highly
dependent on skilled operators, thus less suitable for POC applications. Rapid molecular
diagnosis is critical for early patient management to reduce the risk of disease
transmission. To investigate the potential use of the integrated biosensor in medical
diagnosis (especially in sepsis diagnosis), it was tested with E. coli-spiked human whole
blood sample. It was found that the detection limit was 100 CFU/mL, which was higher
as compared to PBS, drinking water and milk sample. This might be due to the presence
of a significant amount of white blood cells, which would also be lysed by the FTA card,
hence reducing the space available for binding and lysing of bacterial cells. However,

with the ability of sensitively detecting E. coli in whole blood with comparable or even
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lower detection limit than conventional assays (10-500 CFU/mL) (Laakso & Miki,
2013), the biosensor holds great potential to complement conventional culture-based

techniques to achieve rapid, sensitive and specific clinical diagnosis.

Unlike the previously reported equipment-dependent paper-based assays
(Connelly et al., 2015; De Paula & Fonseca, 2004; Linnes et al., 2014; Rodriguez et al.,
2015), the proposed fully integrated biosensor does not rely on large equipment (e.g.,
thermal cycler, electric heater, incubator or water bath) for the amplification process,
which demonstrates its potential use in remote settings. Most importantly, by using the
prototype, the colorimetric signal can be easily detected by the naked eye without the
need for an extra device (e.g., UV lamp), which is deliverable to the end-users,
highlighting its advantages over the existing fluorescent detection paper-based

biosensors (Connelly et al., 2015; Dos Santos et al., 2010; Song et al., 2013a).

In addition, by performing the LAMP, the prototype permits highly sensitive and
specific target detection as compared to other amplification techniques (Fernandez-Soto
et al., 2014; Minnucci et al., 2012). The high sensitivity of the proposed biosensor is
demonstrated by its ability to achieve the detection limit of as low as 10 CFU/mL in E.
coli detection, which is comparable or even more sensitive than the recently reported
nucleic acid-based LFAs (~10*-10* CFU/mL) (P6hlmann et al., 2014; Terao et al.,
2015). Even though a few studies have reported the ability of ultrasensitive detection of
E. coli in LFAs (~5-10 CFU/mL), sophisticated off-chip extraction and amplification is
required prior to lateral flow detection, hence restricting their use for POC testing (Wu
et al., 2015). The current prototype could be used to detect various target nucleic acids,

holding great potential for various POC applications in the near future.
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5.5  Conclusion

In short, an integrated paper-based biosensor was proposed, which could perform
simple nucleic acid extraction, amplification and detection in about 1 hr. The proposed
prototype produces a simple colorimetric signal detectable by the naked eyes,
eradicating the need for an extra UV source for assay readout. A handheld heating
device is coupled with this biosensor, which eliminates the requirement for large
heating systems (e.g., thermal cycler, electric heater, incubator or water bath), making it
more suitable for use in remote settings. Even though the integrated biosensor has
ability to detect spiked E.coli, evaluation of its ability to detect clinical blood sample is
essential for future clinical assessment. Furthermore, the concentration of target analyte
in clinical blood sample is normally low, necessitating the sensitivity enhancement of
LFA. Therefore, further test should include incorporating simple sensitivity

enhancement method into LFA for highly sensitive clinical sample testing.
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CHAPTER 6: POLYDIMETHYLSILOXANE-PAPER HYBRID LATERAL
FLOW ASSAY FOR HIGHLY SENSITIVE SAMPLE-TO-ANSWER

NUCLEIC ACID TESTING

6.1 Introduction

In recent studies, AuNP-based LFAs have been demonstrated as a potential diagnostic
tool for NAT with simple visual detection, which offers great capability of rapid
diagnosis at the POC (Yoshida et al., 2009). However, the poor sensitivity of AuNP-
based LFAs limits its widespread application (Choi et al., 2016a). To this end,
significant efforts have been made to improve their sensitivity using various approaches
such as enzyme-based signal enhancement (He et al., 2011), probe-based signal
enhancement (Hu et al., 2013), sample concentration (Chiu et al., 2014; Moghadam et
al., 2015) and thermal contrast (Qin et al., 2012). However, these techniques require
either special design of DNA sequences (Hu et al., 2013), external electrical power
sources (Moghadam et al., 2015; Qin et al., 2012), or multiple operation steps (Chiu et
al., 2014; Houseley & Tollervey, 2009), limiting their use for POC testing. In contrast,
fluidic control in LFA could significantly improve the sensitivity of the assay with
simple strip fabrication and operation steps, which have currently attracted significant

research interest (Parolo et al., 2013; Rivas et al., 2014).

Several studies have reported various methods of controlling fluid flow and
reagent transport in LFA by creating wax barriers (Rivas et al., 2014; Tai et al., 2005) or
alteration of the geometry of the paper network (Parolo et al., 2013). Despite their
potential of improving the analytical sensitivity of an assay through fluidic delays, most
of these methods are less suitable to be integrated into LFAs with sample-in-answer-out

capabilities (i.e., integrated extraction, amplification and colorimetric detection) due to
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several reasons. Importantly, to develop a miniaturized sample-to-answer lateral flow
strip for rapid NAT which involves the aforementioned three main steps, a heat-
dependent amplification process is normally required prior to detection. In this context,
a wax barrier on the strip may melt during the heating process (Xu et al., 2014), hence
affecting the fluidic control strategy. On the other hand, increasing the fluidic path
length or width or sample pad modification as suggested by the existing study (Parolo et
al., 2013) makes the total size of the strip larger, and consumes a higher volume of
reagent and sample, which undermines the unique advantages of POC use. In addition,
the irregular size of such a biosensor makes the manufacturing process more
complicated. Therefore, to meet the increasing need for portable, rapid, robust,
inexpensive, easily performable and importantly, highly sensitive NAT for POC testing,
integrating a simple fluidic control strategy into a sample-to-answer biosensor without

involving incompatible chemical is highly desirable.

In the present study, a novel strategy of incorporating a paper-based shunt and a
PDMS barrier into the strip was demonstrated. PDMS was selected, because it is
inexpensive, inert, non-toxic and (unlike wax suggested by the existing studies (Rivas et
al., 2014; Tai et al., 2005)) heat-resistant (Choi et al., 2012), complementing the heating
process normally required for sample-to-answer NAT. The shunt or PDMS barrier alone
were integrated into the lateral flow strip for signal enhancement. Since creating a
PDMS barrier alone would not sufficiently enhance the signal and implementing a
larger shunt alone would be sample-consuming, both an optimum size of shunt and an
optimum amount of PDMS droplets were further combined with LFA to achieve an
optimum fluidic delay for analytical sensitivity enhancement without consuming a large
volume of sample. The phenomena of fluidic delays were further evaluated by

mathematical simulation. The developed LFA would offer great promise to sensitively
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detect various targets for a wide range of applications including biomedical diagnosis,

food safety control and environmental monitoring.

6.2 Materials and methods

6.2.1 Preparation of lateral flow strip implemented with shunt, PDMS droplets
and the combination of both

All DNA sequences used in the study were obtained from the Sangon Biotechnology
Co., Ltd. (Shanghai, China) (Table 6.1). To demonstrate the potential of implementing
a shunt into LFA for fluidic delay to enhance the assay sensitivity, test strips with
different lengths of shunt (0.5, 0.75, 1, 1.25 and 1.5cm) were prepared (Fig. 6.1A). The
width of shunt was maintained the same as that of the test strip to keep the fabrication
process simple. The shunt was placed between the conjugate pad (glass fiber) and the
nitrocellulose membrane, with a 0.5 cm % 0.25 cm overlapping region between the two
conjugate pads, and also between the conjugate pad and the shunt. The surface area of
the overlapping region between the conjugate pad and the nitrocellulose membrane was
0.1 cm % 0.25 cm in unmodified lateral flow strip, which was similar to that between the

nitrocellulose membrane and the absorbent pad of all test strips.

Table 6.1: DNA sequences used in the study

Name Sequence (5’-3”)

HBYV detector probe 5’- atgaatctggccacctgggt -(CH,)e-SH-3’

HBV control probe 5’- acccaggtggccagattcat/Biotin-3’

HBV F3 5’- cttctgtggagttactctctt-3°

HBV B3 5’- getgactactaattccetgg-3’

HBYV FIP 5’-Biotin/ctcccgatacagagcagaggtttgccttctgacttetttee-3°
HBV BIP 5’- ttgttcacctcaccatacageatgggtcttccaaattacttcc-3’
HBV FLP 5’- ggtgtcgaggagatctcgaata-3’

HBV BLP 5’- attctgtgttggggtgagtt-3°

HBV target DNA 5’- acccaggtggccagattcat -3’
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Figure 6.1: A schematic of modified lateral flow strip. Lateral flow strip with (A) a

glass fiber shunt, (B) a PDMS barrier or (C) combination of both for
detection sensitivity enhancement.
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To evaluate the possibility of incorporating PDMS droplets into LFA for
sensitivity improvement, different number of PDMS droplets (one, two, three, four and
five droplets) was added onto the nitrocellulose membrane (Fig. 6.1B). The volume of
each PDMS droplet was 0.1 uL. and the distance between each droplet was maintained
at 2 mm. Following the dispension of the droplets onto the nitrocellulose membrane, the
test strips were dried in an oven at 37 °C for about 1 hour. Thereafter, to further
improve the sensitivity of LFA with optimum fluidic control, both shunt and PDMS
droplets were incorporated into the lateral flow strip (Fig. 6.1C). The optimum length of
shunt was combined with 1, 2 or a maximum of 3 droplets of PDMS to achieve
optimum sensitivity of the assay. LFA was performed based on the method described in

Section 3.2.4.

6.2.2 Mathematical simulation

To mathematically simulate the phenomena of liquid flow in LFA, a 3D physical model
for a steady-state flow in a fluid-saturated strip (as heterogeneous porous medium) was
presented in this study. The flow can be described by the Brinkman equation for the

porous regions, in which the viscosity effect is taken into consideration:
U 277
Vp=—EV+,ueV 14 (6.1)

where 7, p, 1, u, and K are fluid velocity, pressure, fluid viscosity, effective

viscosity for Brinkman term and permeability of porous medium, respectively. The fluid

viscosity () is approximate to that of the water at 20 °C. The effective viscosity ( z, )

is assumed to correspond to the fluid viscosity () in thin porous layers (Liu et al.,

2007). The permeability K for different type of porous materials was evaluated by the

selected empirical equations. For random overlapping fiber porous materials, such as
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the glass fiber and the absorbent pad in LFA, the empirical equation of the permeability

K 1is given as follows (Liu et al., 2015):

1[8(1—\/1—8)2
K=r’ T3 (6.2)
24(1-¢)

where ¢ is material porosity and » is average fiber radius in fiber porous material. As
for the granular porous material, in this case, nitrocellulose membrane, permeability K
was obtained through Kozeny-Carman equation (Brooks & Purcell, 1952):

d*e’

K=e—""—5
180(1-¢)

(6.3)

where d is average pore diameter. The porosity ¢ was obtained by empirical method
through measuring the volume of liquid absorbed by the materials (Zaytseva et al.,
2004). Both the average fiber radius » and average pore diameter d were obtained
from the scanning electron microscopy (SEM) figures of the material.

The boundary conditions are summarized as follows: The inlet velocity of LFA
was calculated with the known sample volume (100 pL), the inlet cross-section and the
period required for fluid absorption. The pressure at the outlet is equal to the
atmospheric pressure. All other bounding walls are under non-slip conditions. The
mathematical simulation was done using the Brinkman equation module of Comsol

Multiphysics 5.0 software.

6.2.3 Clinical sample testing

To prove the potential of integrating the optimum fluidic control strategy into the
prototype fully integrated paper-based sample-to-answer biosensor previously describe
in Section 5.2.2 for sensitive sample-to-answer target detection, the prototype was
tested with HBV blood clinical sample according to the published protocol (Zaytseva et

al., 2005). The fabrication and operation processes were previously described in Section
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5.2.2 and Section 5.2.3, respectively. With prior informed written consent, the human
blood samples from 16 HBV patients were obtained from the First Affiliated Hospital of
Xi’an Jiaotong University. The study was approved by the Institute Research Ethics
Committee of The First Affiliated Hospital. The positive blood samples were confirmed
by conventional DNA analysis, involving tube-based extraction using Purelink Genomic
DNA Mini Kits (Invitrogen), followed by quantitative-real time PCR (qPCR) (Table
6.2). Tube-based LAMP and electrophoresis were also performed according to the
manufacturer’s instruction. To further confirm the specificity of the assay using the
prototype, two clinically confirmed HCV-positive samples, two Cytomegalovirus-
positive samples and three blood samples from healthy donors were also tested with the

modified sample-to-answer biosensor.

Table 6.2: HBV-positive clinical samples confirmed by gPCR

Sample Concentration (IU/mL)

3.18 x 10°
7.33 x 10°
1.96 x 10°
1.34 x 10°
3.07 x 10°
1.56 x 10?
2.72 x 10*
1.92 x 107
2.92 x 10*
5.35x 10°
3.42 x 10°
2.04 x 10°
2.64 x 10°
7.07 x 10°
2.72 x 10*
1.59 x 10?

c o B 5 — et s h O OO0 O

6.2.4 Statistical analysis
One-Way ANOVA with a Tukey post-hoc test was used to compare the data among
different groups in all assays. Data were expressed as mean =+ standard error of the mean

of three independent experiments (n=3). p<0.05 was reported as statistically significant.
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6.3  Results

6.3.1 Sensitivity enhancement by incorporating a glass fiber shunt

In fact, the flow rate in paper is significantly dependent on the physical characteristics
of paper (e.g., pore size). Therefore, selection of an appropriate material for shunt is
essential for effective fluidic control. For this, different type of pads including cellulose
(GF-08), glass fiber Fusion 5 (Whatman, Inc., Florham Park, NJ) and borosilicate glass
fiber (Pall 8964) were compared in terms of the final analytical sensitivity. It was found
that Fusion 5 with an average pore size of 10 um showed a significantly lower
analytical sensitivity with a higher sample wicking rate, as indicated by 6.5 + 0.18 min
required to reach the test zone as compared to that of cellulose (10.5 + 0.2 min) and
glass fiber Pall 8964 (8.4 + 0.1 min), resulting in a shorter interaction time between the

target and AuNP-DP and hence lowering the assay sensitivity (Fig. 6.2).
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Figure 6.2:  Selection of an appropriate shunt material. (A-B) Glass fiber Pall 8964
showed a significant higher optical density of the test zone (0.225 + 0.01)
with (C) desirable sample wicking duration required to reach the test
zone as compared to that of Fusion 5 and Cellulose.

Cellulose with a smaller pore size (0.5 pum) showed a significant fluidic delay as
compared to fusion 5 and glass fiber Pall 8964. This significant fluidic delay might
cause a failure of the considerable amount of AuNP-DP-target to completely wick
through the nitrocellulose membrane, resulting in the presence of the residual AuNP-DP
or AuNP-DP-target (in red) on the glass fiber. The low amount of AuNP-DP captured
by the streptavidin at the test zone results in a significantly lower signal produced in
LFA. Unlike cellulose, the glass fiber Pall 8964 with confined pore size (~ 8 pm)
enables all fluid to wick through the shunt and nitrocellulose membrane for target

capturing. By reducing the fluid wicking rate, the glass fiber Pall 8964 allows the

AuNP-DP and target to have sufficient reaction time before being captured by the
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streptavidin, hence resulting in a significantly higher (p<0.05) optical density of the test
zone (0.263 + 0.009) as compared to that of fusion 5 (0.171 £ 0.01) and cellulose (0.225

+ 0.01). Therefore, glass fiber Pall 8964 was selected as a material of choice for shunt.

To induce a desirable time delay, which is the duration required for the fluid
front to reach the test zone as compared to the unmodified LFA and enhance the
sensitivity of LFA, different lengths of shunts (0.5, 0.75, 1, 1.25, 1.5 cm) with the same
width to that of lateral flow strip (0.25 cm) were compared. The surface area of
overlapping region between the sample pad and conjugate pad, and that between the
conjugate pad and the shunt were remained the same (0.5 cm x 0.25 cm). The width of

shunt was maintained the same as that of the strip to keep the fabrication process simple.

It was found that the sensitivity of the assay increased with increasing length of
shunt as indicated by a more clearly visible test zone, a higher optical density of test
zone and a significantly lower (p<0.05) detection limit of LFA. For instance, the
detection limit for 1 cm-length shunt was 10 pM target DNA, which represents about 5-

fold signal enhancement over unmodified LFA (50 pM) (Fig. 6.3).
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Figure 6.3:  Sensitivity enhancement of LFA by implementation of glass fiber shunt.
The shunt with the length of 1 cm achieved the highest sensitivity with a
detection limit of as low as 10 pM, representing 5-fold signal
enhancement over unmodified LFA as indicated by the observable colour
intensity of the test zone (A) and optical density of the test zone after
analysis (B).

This is basically due to a more desirable time delay produced by the shunts with

1 cm length, as evidenced by 156 + 3.36 sec fluidic delays produced from the shunt

region to the test zone as compared to that of the unmodified strip, resulting in an

increased interaction rate between the AuNP-DP and target DNA (Fig. 6.4).
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Figure 6.4:  Fluidic delay in LFA with different length of shunt. The desirable fluidic
delay (156.3 + 3.36 sec) achieved by using 1 cm-length shunt allows
optimum interaction of biomolecules, which leads to a significant
enhancement in sensitivity of LFA.
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Theoretically, in the presence of shunt, a significant amount of the fluid from the
nitrocellulose membrane is diverted into the shunt, resulting in a reduced flow rate in
the nitrocellulose membrane. In the absence of the shunt, the distance moved by the
fluid front (L) is described by Washburn’s equation (Toley et al., 2013), where L is
directly proportional to the square root of time (t *). It was noted that after reaching the
shunt, the absorption of fluid by the shunt reduces the fluid front in the nitrocellulose

membrane, as indicated by an increased t”* (F ig. 6.4).

However, as previously mentioned, shunts with a length longer than 1 cm (1.25
cm and 1.5 cm) showed a lower optical density of test zone, and a lower analytical
sensitivity (40 and 50 pM, respectively) (Fig. 6.3). This might be due to the higher
water absorption capacity (54 pL/cm?), which results in a failure of the fluid to
completely wick through the strip. As a result, a significant amount of AuNP-DP and
AuNP-DP-target remain along the glass fiber and nitrocellulose membrane, leading to a
significant background signal as compared to the unmodified LFA and shorter-shunt

LFA (<1 cm shunt length).

The phenomena of a shunt-induced reduction of fluid velocity were also
evaluated using mathematical simulations. For each group, the average velocity at the
test zone was calculated. The velocities were calculated to be 0.354, 0.289, 0.272, 0.247,
0.218 and 0.208 mm/s for unmodified, the shunt with a length of 0.5, 0.75, 1.0, 1.25 and

1.5 cm, respectively (Fig. 6.5).
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Figure 6.5: The average velocity at the test zone with different length of shunt. The
longer the length of the shunt, the lower the average velocity at the test
zone.

As shown in Fig. 6.6A, the red lines in the shunt indicate the movement of fluid
throughout the shunt. This further supports the experimental data, which reveals that the
longer the shunt, the larger the space for biomolecule reaction. Additionally, the longer

shunt promotes the flow resistance, which results in the reduction of fluid velocity (Fig.

6.6B) and thus affects the detection sensitivity.
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Figure 6.6: Flow velocity simulation of the test strip with a shunt. The flow velocity
was mathematically simulated, indicating that the longer the shunt, the
slower the wicking rate of fluid (A-B).

6.3.2 Sensitivity enhancement by creating PDMS barrier

As 5-fold signal enhancement induced by the glass-fiber shunt might not be sufficient
for most medical diagnostic, it was suggested that adding a hydrophobic barrier (i.e.,
PDMS barrier) for further sensitivity enhancement. To prove the potential of the PDMS
barrier to control the fluid flow in LFA, the LFA was performed by creating a different

number of PDMS droplets on the strip without implementing the shunt.
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In fact, applying the PDMS onto the nitrocellulose membrane allows the
penetration of PDMS into the membrane and creates the hydrophobic zone. To confirm
if the PDMS truly acts as a barrier across the nitrocellulose membrane, characterization
was performed. SEM reveals the penetration of PDMS droplets into the nitrocellulose

membrane, which creates a barrier to obstruct the fluid flow (Fig. 6.7).

Unmodified nitrocellulose membrane PDMS-treated nitrocellulose membrane

Figure 6.7: Characterization of PDMS-paper hybrid LFA using SEM. The SEM
images of unmodified nitrocellulose membrane and PDMS treated
nitrocellulose membrane (Scale bars, 50 pm), where the modified showed
the penetration of PDMS into the nitrocellulose membrane, creating a
barrier in lateral flow strip.

To determine the effect of the number of PDMS droplets on the sensitivity of

LFA, one, two, three, four or five drops of PDMS with the volume of 0.1 pL

respectively were dropped onto the nitrocellulose membrane of different group. Five

drops of PDMS is maximal due to the limited space available on the nitrocellulose
membrane. It was found that increasing PDMS droplets slightly increases the sensitivity
of LFA, as indicated by the detection limit of as low as 40, 40, 30, 30 and 20 pM target

achieved by one, two, three, four and five PDMS droplets, respectively (Fig. 6.8).

About 2.5-fold signal enhancement was observed in the strip with 5 PDMS droplets

over unmodified LFA.
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Sensitivity enhancement of LFA by creating PDMS barrier. The higher
the number of PDMS droplets, the lower the detection limit achieved as
indicated by the detection limit of as low as 20 pM achieved with 5
PDMS droplets, through the observation of colour intensity of the test
zone (A) and optical density of the test zone after analysis (B).

It was suggested that the sensitivity enhancement might also be associated with

the increased biomolecule interaction rate as induced by the fluidic delays, as indicated

by the more significant time delay produced by a higher number of PDMS droplets. The

time delays were determined by the duration of fluid flow from the region of the first

PDMS droplet (from the bottom of the strip) to the test zone, showing 97.2 + 0.4 sec

delay produced with 5 PDMS droplets over 6.84 + 4.7 sec, 25.8 + 3.8 sec, 43.8 £ 2.36

sec, 97.2 £+ 8.58 sec produced with one, two, three and four droplets, respectively (Fig.

6.9).
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droplets, resulting in a significant improvement in sensitivity of LFA.
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The phenomena of PDMS-induced reduction of fluid velocity were also

evaluated using mathematical simulations (Fig. 6.10).

No. of PDMS droplet: mm/s

Figure 6.10: Flow velocity simulation of the test strip with PDMS barrier. The flow
velocity was mathematically simulated, indicating that the higher the
number of PDMS droplets, the lower the wicking rate of fluid.

The velocities at the test zone were calculated to be 0.354, 0.352, 0.325, 0.296,

0.289 and 0.279 mm/s for unmodified, I PDMS droplet, 2 PDMS droplets, 3 PDMS

droplets, 4 PDMS droplets and 5 PDMS droplets, respectively (Fig 6.11), indicating

that the higher the number of PDMS droplet, the lower the flow velocity, which is in

accordance with the experimental data.
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Figure 6.11: The average velocity at the test zone with different number of PDMS
droplets. The higher the number of PDMS droplets, the lower the average
velocity at the test zone.

It was observed that the PDMS barrier obstructs the fluid flow leading to the
different flow magnitude and direction, as indicated by the red arrows shown in Figure
6.10. The present results suggest that the higher the number of PDMS droplets, the
longer the nitrocellulose membrane involved in tortuosity. This effect promotes fluid

mixing, which could enhance the biomolecule interaction and hence improve the

sensitivity of LFA.

6.3.3 Sensitivity enhancement by a combination of glass fiber shunt and PDMS
barrier

To demonstrate the potential of combining both shunt and PDMS barrier in LFA for
enhancing sensitivity with optimum fluidic control, the number of PDMS droplets
required to be combined with the optimum Icm-length of shunt that would not
significantly consuming large volume of reagent or sample was determined. One, two or
a maximum of three PDMS droplets (due to the limited space available to create PDMS

barrier in the presence of shunt) were dropped onto the lateral flow strip. It was found
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that the detection limits of LFAs were 10 pM, 5 pM and 5 pM target with one, two and

three PDMS droplets, respectively (Fig. 6.12).
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Sensitivity enhancement of LFA by incorporating both shunt and
PDMS barrier. The optimum of two PDMS droplets in combination
with a piece of lcm x 2.5 cm shunt achieved a higher sensitivity as
indicated by the detection limit as low as 5 pM, representing 10-fold
signal enhancement over unmodified LFA, as indicated by the
observable colour intensity of the test zone (A) and optical density of
the test zone after analysis (B).
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A shunt and two PDMS droplets could achieve a 10-fold signal enhancement
over unmodified LFA, which is again associated with the optimum biomolecule
interactions as previously discussed. In contrast, three drops of PDMS creates fluidic
delays of 255.8 £ 6.5 sec (Fig. 6.13), where there is no significant difference from two

drops of PDMS in terms of time delay, thus producing the same detection limit of 5 pM.
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Figure 6.13:  Fluidic delay in LFA coupled with a shunt and PDMS droplets. The
optimum fluidic delay achieved by the combination of one shunt and
two PDMS droplets.
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The phenomena of fluid velocity control by these techniques were also further

confirmed using mathematical simulations (Fig. 6.14).
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Figure 6.14: Flow velocity simulation of the test strip coupled with a shunt and PDMS
barrier. The flow velocity was mathematically simulated, indicating that
with a lcm-length shunt, the higher the number of PDMS droplets, the
lower the wicking rate of fluid.

The velocities at the test zone were 0.354, 0.242, 0.228 and 0.221 mm/s for

unmodified, combination of shunt with 1 PDMS droplet, combination of shunt with 2

PDMS droplets and combination of shunt with 3 PDMS droplets, respectively (Fig.

6.15).

116



o
»
J

—_
s 2
£ € 0.3
8 E |
[}
> S 0.2
SN
AT
g 3
0.1+
Q
< =
=)
- |
(3]
0.0+ - . .
unmodified shunt + shunt + shunt +
1 PDMS 2 PDMS 3 PDMS
droplet droplets droplets

Figure 6.15: The average velocity at the test zone of lateral flow strip coupled with a
shunt and PDMS droplets. The combination of both shunt and PDMS
droplets decreases the average velocity at the test zone.

This indicates that with a fixed length of shunt (1 cm), the higher the number of

PDMS droplets, the lower the fluid velocity, which supports the experimental data. In

addition, consistent with the data in Fig. 6.14, a higher number of PDMS droplets leads

to a longer nitrocellulose membrane involved in tortuosity, resulting in a higher

biomolecule reaction rates and thus a higher signal intensity of the test zone.

6.3.4 Integration of sensitivity enhancement techniques into sample-to-answer
biosensor with clinical sample testing

As there is an urgent need for the development of a sample-to-answer biosensor for
sensitive medical diagnosis in resource-poor settings, the potential of integrating the
optimum fluidic control strategy into the prototype fully integrated paper-based sample-

to-answer biosensor was evaluated (Fig. 6.16).
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Figure 6.16: A schematic diagram of integrating both sensitivity enhancement
techniques into an integrated paper-based biosensor for clinical sample
testing. (A) Schematic of a modified paper-based sample-to-answer
biosensor for DNA extraction, amplification and sensitive lateral flow
detection and (B) its image (Scale bar, 1 cm).

To prove the potential use of this modified LFA for sensitive clinical diagnosis,
Hepatitis B Virus was selected as model analyte in clinical assessment. About 16 HBV-
positive clinical samples, which were confirmed by gold standard qPCR (Table 6.2),
were initially tested with conventional benchtop DNA analysis, involving tube-based
DNA extraction, tube-based LAMP and electrophoresis. In accordance with the result of
gold standard qPCR, electrophoresis showed clearly visible band with high viral DNA
concentration (10" to 10® IU/mL) and light colour of bands with low viral DNA

concentration (10* to 10* IU/mL) (Fig. 6.17A).
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Figure 6.17:  Integration of both sensitivity enhancement techniques into a paper-

based sample-to-answer biosensor for clinical sample testing. In
accordance with the result of gold standard qPCR, 16 HBV positive
samples (Sample a-p) showed clearly visible bands in electrophoresis
(A) (N = negative control, M= 100-2000 bp marker). By integrating the
fluidic control techniques into the prototype paper-based sample-to-
answer biosensor, it was found that at high target concentration, a
higher intensity of red signal was observed at the test zone in modified
LFA as compared to that of unmodified LFA, whereas at low target
concentration, the red signal can still be observed in modified LFA but
are absent in unmodified LFA (B), which are corresponding to the
optical densities obtained through grey scale analysis (C).
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To demonstrate the potential of the sample-to-answer biosensor to sensitively
detect HBV, fluidic control techniques were incorporated into the prototype.
Interestingly, it was found that testing with the patient blood with high concentration of
HBYV results in a higher optical density of test zone using the modified sample-to-
answer biosensor whereas a lower intensity of test zone was observed in the unmodified
sample-to-answer biosensor. On the other hand, in the presence of low HBV
concentration in blood, modified sample-to-answer biosensor (with modified LFA)
showed a lower intensity of test zone whereas unmodified LFA showed no signal at the

test zone (Fig. 6.17B-C).

Additionally, the good specificity of the modified sample-to-answer biosensor
was also evidenced by the only positive result shown in HBV-positive clinical samples,
whereas other samples such as Hepatitis C virus (HCV 1 & 2), cytomegalovirus (CMV
1 & 2) and samples from healthy donors (Healthy 1, 2 & 3) showed negative results

(Fig. 6.18).
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Figure 6.18: Specificity assay using the modified integrated paper-based sample-to-
answer biosensor. Good specificity was demonstrated by the only
positive result shown in HBV sample (Sample a) whereas the two HCV
samples (HCV 1 and 2), two cytomegalovirus sample (CMV 1 and 2) and
three blood samples from healthy donors (Healthy 1, 2 and 3) showed
negative result.

6.4  Discussion

To date, the poor sensitivity of LFA has limited its widespread applications. Therefore,
in this study, a novel strategy of integrating a simple fluidic control strategy into LFA
was proposed, by delaying the fluid flow. Generally, there are two ways of reducing the
reagent transport rate in LFA without modification of strip size. The first way is
incorporating an additional porous medium (e.g., cellulose) to absorb the fluid and thus
reduce its flow rate in the paper (Toley et al., 2013), while the other way 1is creating
hydrophobic barriers (e.g., wax barrier) to obstruct the regular flow in the paper (Rivas
et al., 2014). In LFAs, it was proposed that both ways enable analytical sensitivity
enhancement by increasing the binding and reaction rates of biomolecules before being

captured by the capturing molecules (in this case, streptavidin).

In fact, various kinds of nitrocellulose membranes with different lengths and

capillary flow rates are available in the market, which may contribute to the assay
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sensitivity. The nitrocellulose membrane used in this study (2.0 cm length with a flow
rate of 180 sec/4 cm) is commonly used in research institutes and industries, which has
been utilized in the previous studies (Bind et al., 2014; Choi, 2015; Choi et al., 2016b;
Tang et al., 2016). In the present study, to evaluate the effect produced by the shunt and
PDMS barrier, the nitrocellulose membrane with an even lower capillary flow rate was
not used. The length of the membrane was not modified as increasing the length may
cause more sample or reagent consumption, whereas reducing the length may result in
poor sensitivity due to the lower biomolecule interaction rate and shorter time for the

biomolecules to reach the test zone (Rivas et al., 2014).

In an effort towards miniaturization of the biosensor with a simple fabrication
process, which is compatible with POC applications, the size of the conventional strip is
maintained (~ 6 cm % 2.5 cm), including the size and shape of sample and conjugate
pads. Additionally, the unmodified conjugate pad could fix the AuNP-DP deposition
site, thus producing a consistent result. Therefore, a piece of shunt and PDMS barrier
were added into LFA without modifying the shape and size of the pad. The number of
shunt was not manipulated, to avoid the potential risk of creating gaps between the
adjacent layers, which would inconsistently affect the fluid flow. Also, the shunt
thickness was not modified, as the glass fiber used in the study is commercially

available with limited choice of thickness.

As 5-fold signal enhancement induced by the glass-fiber shunt might not be
sufficient for most medical diagnostic, it was suggested to further improve the analytical
sensitivity by creating an additional hydrophobic barrier. As discussed earlier,
increasing the length of shunt showed potential risk of sample loss due to the increased

absorbent capacity of shunt, resulting in a low sensitivity of LFA. Therefore, it was
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suggested that adding a hydrophobic barrier for further sensitivity enhancement would
be a better choice, which acts as an obstacle to delay the sample flow without
consuming a large volume of sample. To prove the potential of the PDMS barrier to
control the fluid flow in LFA, the LFA was performed by creating a different number of

PDMS droplets on the strip without implementing the shunt.

As our group currently focuses on developing handheld apparatus to facilitate
both fabrication and operation of the biosensor in remote settings, PDMS dropping was
performed, which could be potentially achieved by using a portable apparatus instead of
microstructures patterning, which normally requires the bench-top equipment like high-
end inkjet printers and electrically-powered heaters. In the present study, a handheld
pipette is used to dispense the PDMS onto the nitrocellulose membrane, followed by
drying using the prototype handheld battery-powered heating device. A portable PDMS
printing device was currently developed to achieve accurate, precise and highly
reproducible modified lateral flow strips. The entire fabrication and operation process is

simple and rapid, which is readily performable in remote settings.

In short, the rate of the fluid flow through the lateral flow strip is altered by
incorporation of the shunt and the PDMS barrier. In the presence of shunt with the
optimum length of 1 cm, a significant amount of the sample from the nitrocellulose
membrane is diverted into the shunt, causing a fluidic delay in the nitrocellulose
membrane. The shunt acts as a reaction space for AuNP-DP and target DNA, hence
increasing their interaction rate. The process results in more formation of AuNP-DP-
target complexes, which eventually bind to the streptavidin at the test zone and produce
a high intensity of test zone, thus enhancing the analytical sensitivity of the assay. In

addition to the shunt, incorporating the optimum two droplets of PDMS induces the
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tortuosity effects, which obstructs the fluid flow and leads to the different flow
magnitude and direction. This effect promotes fluid mixing, which could enhance the
AuNP-DP and target DNA interaction, thus further enhancing the sensitivity of LFA.
The optimum fluidic delay (223.1 + 2.36 sec) was achieved in the presence of paper-
based shunt and two PDMS droplets, achieving optimum biomolecule interactions and
hence enhancing the detection sensitivity. The fluidic control strategy allows highly
sensitive target detection, achieving a 10-fold signal enhancement over conventional

unmodified LFA.

As there is an urgent need to develop a highly sensitive sample-to-answer
biosensor for medical diagnosis in resource-poor settings, the potential of integrating the
optimum fluidic control strategy into the prototype sample-to-answer biosensor was
evaluated, using Hepatitis B Virus (HBV) as a target analyte. Generally, in acute HBV
infections, the concentration of HBV could be as low as 10* to 10* TU/mL (Nie et al.,
2010; Rehermann & Nascimbeni, 2005). Using the modified sample-to-answer
biosensor, the prototype was able to detect the clinical samples with HBV
concentrations of as low as ~10° IU/mL, highlighting its potential application in rapid

and early detection of HBV infection.

The proposed modified LFA offers several advantages over the existing fluidic
control methods. Unlike the LFAs with implemented temperature-sensitive wax-barriers,
incorporating heat-resistant PDMS barrier enables all types of temperature-dependent
amplification in NAT. In contrast to the LFA with architecture modifications, the
proposed LFA allows easier manufacturing process and reduces the volume of sample
and reagent required. Collectively, the modified prototype enables low cost, portable

and rapid sample in-to-answer out detection of target analyte with comparable
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performance to the conventional laboratory-based DNA analysis. The current prototype
could be broadly applied to other target analytes, offering great potential for a wide

range of applications.

6.5  Conclusion

In this study, a novel strategy of integrating a simple fluidic control strategy into LFA
was proposed. The strategy involves incorporating a piece of paper-based shunt and a
polydimethylsiloxane (PDMS) barrier to the strip to achieve optimum fluidic delays for
LFA signal enhancement. With an optimum size of shunt and number of PDMS
droplets, the fluidic transport can be greatly controlled in LFA without consuming a
large volume of sample. The phenomena of fluidic delay, which contributes to the
sensitivity enhancement, were evaluated by the mathematical simulation, through which
the fluid movement throughout the shunt and the tortuosity effects in the presence of
PDMS were revealed. This fluidic control strategy allows highly sensitive medical
diagnosis, resulting in 10-fold signal enhancement over conventional unmodified LFA.
Additionally, integrating this strategy into the prototype sample-to-answer biosensor
enables highly sensitive detection of HBV (~10* IU/mL), which is comparable to the
conventional laboratory-based assays. The proposed modified sample-to-answer
biosensor shows great promise to sensitively detect various target analytes for a broad

range of applications in the near future.

Future work should focus on evaluation of different parameters of shunt,
including the different shunt number (with different pattern of stacking) and shunt
thickness (synthetic shunts with different thicknesses) to be compared with that of shunt
length for LFA sensitivity improvement. Future work should also include the

development of a portable PDMS printing device to achieve accurate, precise and
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highly reproducible lateral flow strips, allowing rapid strip fabrication and sensitive

target detection in remote settings.
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CHAPTER 7: CONCLUSIONS AND FUTURE PERSPECTIVES

7.1  Conclusions

In the present study, a novel fully integrated paper-based biosensor incorporating
nucleic acid extraction, amplification and lateral flow detection was demonstrated for
the first time. Firstly, the concentration of reagent and environmental factors was
optimized. It was found that the optimum reagent concentrations are 2 mg/ml, 3 nM and
4 x for streptavidin, AuNP-DP and SSC buffer, respectively. It was also successfully
proven that temperatures of 25-30 °C and a relative humidity beyond 50% give an

optimum signal for biotinylated DNA detection in LFA.

Subsequently, an integrated LAMP-LFA biosensor was developed with the aid
of a handheld battery-powered heating device for effective amplification and detection
of targets in resource-poor settings. With optimum reagent concentration and
environmental factors, target DENV DNA amplification and detection were performed
using an integrated paper-based platform, achieving a detection limit of as low as 3 x
10° copies, which is comparable to that of conventional tube-based LAMP-LFA in an

unintegrated format.

Paper-based extraction was further integrated into the biosensor to create a four-
layer fully integrated paper-based sample-to-answer biosensor, which produces a simple
colorimetric signal detectable by the naked eyes, eradicating the need for an extra UV
source for assay readout. The integrated biosensor is coupled with the handheld heating
device, which eradicates the need for the high-end equipment commonly used for
amplification such as a thermal cycler, an electrical heater or a water bath. The

biosensor can successfully detect E. coli in spiked drinking water, milk, blood, and
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spinach with a detection limit of as low as 10-1000 CFU/mL, and HBV in clinical blood
samples with detection limit of ~10* IU/mL, highlighting its potential use in medical

diagnostics, food safety analyses and environmental monitoring.

The sensitivity of the integrated biosensor was enhanced by incorporating a
piece of paper-based shunt and a PDMS barrier to the lateral flow strip to achieve
optimum fluidic delays for LFA signal enhancement, resulting in 10-fold signal
enhancement over unmodified LFA. This strategy enables highly sensitive detection of
HBYV in clinical sample, achieving a detection limit of as low as ~10” IU/mL, which is
comparable to the conventional laboratory-based assays. The phenomena of fluidic
delay was also evaluated by mathematical simulation, through which the fluid
movement throughout the shunt and the tortuosity effects in the presence of PDMS
barrier were revealed, factors which significantly enhance the sensitivity of the assay.
The proposed modified fully integrated biosensor shows great promise in the sensitive

detection of various target analytes for a broad range of applications in the near future.

7.2 Future perspectives

A number of limitations should be addressed for potential real world applications. To
eliminate the requirement for laboratory unit (e.g., refrigerator) for reagent storage and
multiple processing steps (e.g., pipetting) which increases the risk of contamination,
future work should include on-chip reagent storage (e.g., hydrogel as a fluid reservoir
(Niedl & Beta, 2015) or on-chip dry reagent storage (Shu et al., 2003)) for simple
device operation. The capability for reagent storage allows the activation of the
biosensor upon the addition of buffer, making the biosensor more user-friendly. In
addition, the ability of the biosensor to store the reagent at room temperature

circumvents the need for laboratory storage facilities.
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Additionally, to address the tedious operation steps, incorporating paper-based
valve technology into the paper-based biosensor (Gerbers et al., 2014) is also essential
to enable automated sequential fluid delivery without intermittent technical disruptions.
Besides that, a low cost and disposable chemical heater (Buser et al., 2016; Lillis et al.,
2014) could be used for coupling with the biosensor to substitute the battery-powered

heater to provide heat for specific isothermal amplifications of NAT in remote settings.

In addition, as multiplex detection represents another major demand for
integrated paper-based assays, future work should also include developing an integrated
biosensor with an ability to detect multiple targets simultaneously in a single assay,
which would immensely improve its usability. To realize the quantitative analysis of
LFAs, the utilization of a handheld solar-powered reader or a readily available
smartphone-based reader is also important to allow accurate quantification of the assay,
which is particularly useful in resource-limited settings (Song et al., 2012). The result
can be analyzed by end-users for quick decision-making or transferred to an off-site

laboratory to be analyzed by trained personnel.

To achieve contamination-free and sensitive fully integrated NAT, future work
should focus on developing a portable closed system with precise control of optimum
temperature and relative humidity, for the entire sample-in-answer-out process in POC
settings, coupled with a smartphone for data analysis (Ge et al., 2013; Zaki & Shanbag,
2010). An automated system starting from nucleic acid extraction, and proceeding
through amplification to result analysis with minimal intermittent technical disruptions,
is of paramount importance for NAT in resource-poor settings, and meets the
ASSURED criteria outlined by the WHO, that is, to be affordable, sensitive, specific,

user-friendly, rapid and robust, equipment-free, and deliverable to end users for target
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detection. In the future there will be more studies focusing on paper-based sample-to-

answer biosensors dedicated to a wide range of applications.
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