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CHAPTER |
INTRODUCTION

1.1 Introduction

Hepatitis C virus (HCV) is a kind of blood-borne virus that its infections
can induce various liver diseases such as cirrhosis, hepatic fibrosis, liver failure
and hepatocellular carcinoma [1]. According to World Health Organization
(WHO) report, it is shown that at least 185 million people all over the world
succumbed from hepatitis C viral infection, and approximately 350,000 patients
died each year from chronic HCV-related illnesses [2]. HCV infection can be
treated; however, infected individuals do not become aware of the noticeable
symptoms until their hepatic cells have been severely destroyed. Although it
is a serious global public health issue, no effective vaccination and therapy
against HCV are recently available [3]. The HCV monitoring in clinical samples,
blood and its product, is operated to identify active infections; moreover, it can
be utilized for determining treatment duration and response of the patient’s
body to antiviral drugs [4]. Consequently, it is urgent to develop reliable, rapid

and simple screening assays for the determination of HCV.

Enzyme-linked immunosorbent assays (ELISA) are employed as
standard screening techniques for HCV identification by detecting HCV-specific
total antibodies (Anti-HCV). Nevertheless, these indirect serological methods
are incapable of discrimination between active and resolved infections [5].
Furthermore, HCV antibodies can only be observed in the serum samples after
the infection for a while (approximately 45-68 days) [6]. Thereby, these
methods could not be used for early stage detection. Through the years, many
direct assays have been developed for HCV diagnosis. These methods rely on
the quantification of hepatitis C viral components, namely HCV Core antigen
and HCV RNA. HCV Core antigen can be detected in the antibody window period
and its levels are used to categorize active from resolved HCV infection [7].

Although HCV Core antigen detection could be a promising screening test, its



sensitivity is not high enough to overcome molecular HCV assays [8]. In terms
of molecular-based methods, HCV RNA serves as a significant marker in early
HCV infection within 1-3 weeks after exposure. Also, these assays provide a
considerable sensitivity with a lower limit of detection <50 IU/mL [9]. Real-time
reverse transcription-polymerase chain reaction (known as real-time RT-PCR) is
the well-known molecular assay of reference for the determination of HCV RNA
levels according to European and American guidelines [10]. The assay generates
double-stranded DNA that complementary to HCV RNA in reverse-transcription
(RT) processes. After that, millions of HCV DNA copies were created via PCR
operation. The amount of HCV DNA can be quantified in real-time by
fluorescence chemistry for each of the DNA amplification cycles. Even though
these quantitative PCR exhibit acceptable results in comparison with other
nucleic acid amplification technologies, there are some drawbacks since they
rely on sophisticated instruments, expensive reagents, large sample volumes
as well as the requirement of trained operators. Moreover, reading and
interpretation procedures are complicated and therefore time-consuming [11].
These limitations make previous HCV diagnosis unattainable for point-of-need
purposes, especially in developing areas. Thus, the establishment of a rapid,
easily manipulated and cost-effective strategy for the early-stage detection of

HCV is in high demand.

Over the past decades, several analytical methods have been reported
for the detection of HCV DNA, for example, electrochemical detection [12-15],
optical  enzyme-linked  oligosorbent  assay  (ELOSA)  [16]  and
electrochemiluminescence [17]. However, most of these methods have their
own disadvantages, for instance, cumbersome apparatus, complicated
procedure, portable incapability, long time interval analysis and large sample
amounts requirement. To solve these problems, the detection assay should be
able to provide simple, portable, time-saving and miniature sensing platforms
which is still challenging. Fluorescence detection has been accepted as an

impressive analytical technique by reason of its high sensitivity and selectivity,



simple operation, fast-response and can be directly recognized by naked-eyes
under the UV control system [18]. To the best of our knowledge, there is only
one piece of scientific publication that presented the HCV DNA quantitation
using fluorescence-based detection [19]. This system based on fluorescence
resonance energy transfer (FRET) system of labeled DNA probes and exhibited
a very low background signal as well as high sensitivity with the detection limit
in the range of nanomolar. However, it requires a large amount of sample and
chemical reagent. Hence, the development of fluorescence-based detection to
overcome the abovementioned drawbacks is crucial and attractive to obtain a
new sensor that acts as an alternative approach for screening of HCV DNA in

clinical settings.

Nowadays, paper-based analytical devices (PADs) have obtained
considerable interest to serve as an efficient sensing platform to use in low and
middle-income countries. PADs exhibit a multitude of advantages, such as being
biocompatible, disposable, portable, low-priced, small-sized, lightweight and
easy-to-handle. Additionally, fluorescence detection can be manipulated as
the detection method that can be employed with PADs to improve the
sensitivity and selectivity in such devices [20-24]. Accordingly, the coalescence
of PADs and fluorescence-based detection is a well-suited sensor for the
practical determination of numerous biomarkers regarding a clinical diagnosis

for point-of-care (POC) applications in developing regions.

In terms of specific DNA detection, a selective recognizing receptor is
an essential factor that influences the validation of the detection method.
Peptide nucleic acids (PNA) recently received significant attention to utilizing as
a probe for DNA sequence analysis. This noticeable molecule is an uncharged
DNA-analog model comprised of a synthetic peptide-mimic backbone. The
hybridization between PNA probe and target oligonucleotide presented an
extremely strong affinity and distinguished selectivity compared to original DNA
probes [25]. The DNA-binding process exclusively follows the expected

Watson-Crick rule [26]. Moreover, the neutral backbone exhibited excellent



durability of DNA-PNA hybrids over a broad range of ionic strengths [27]. The
synthetic structure of PNA also provides outstanding stability against protease
and nuclease in biological specimens [28]. Lately, Vilaivan group [29] has
demonstrated a unique design of a rigid PNA molecule. The pyrrolidinyl PNA
class consists of a D-prolyl-2-aminocyclopentanecarboxylic acid backbone
(known as acpcPNA). This acpcPNA system shows superior probe/target
recognition in terms of desirable binding affinity and sequence specificity over
the conventional PNA. Besides, the acpcPNA probe can be covalently tethered
onto a modified cellulose-filter paper and operated as an effective device for
in vitro detection of the target DNA of interest [30-32]. Given the
aforementioned benefits, PADs that merged with the acpcPNA-based sensor

provide the prospects of POC DNA diagnosis.

In order to develop the new approach for screening HCV DNA in
biological media, the novel POC platform is created by using acpcPNA
chemically immobilized on PADs combined with fluorescent and visual
detection. This research could serve as an alternative and simple-to-fabricate
tool for the rapid screening of HCV DNA in clinical diagnosis. The improvement
of this work over the previous publications is a new sensing strategy composed
of portable size, rapid detection, small sample volume requirement, long-term
storage, uncomplicated fabrication and straightforward operation. In addition,
the proposed platform can achieve the objective of real sample measurement

effectively.



1.2 Objectives of the research
The objectives of this research are separated into two parts as follows:

1) To develop a novel paper-based biosensor using a specific acpcPNA
probe for screening of hepatitis C virus DNA.

2) To apply the proposed sensor for clinical sample analysis.

1.3 Scope of the research

The novel sensing platform for screening of hepatitis C virus DNA using
selective acpcPNA probe covalently immobilized on cellulose substrate
coupled with fluorescent and visual detection was first established. In the
interest of developing a strategy for the detection of HCV DNA, the various
procedures were performed. Firstly, the behavior of ssDNA-binding fluorescent
dye related to the hybridization between acpcPNA and target oligonucleotide
was examined using fluorescence spectroscopy. For verification of the probe
existence on cellulose devices after immobilization steps, the Fourier transform
infrared spectroscopy (FT-IR) and X-ray photoelectron spectroscopy (XPS) were
operated to investigate the characteristic functional groups of the paper-based
biosensor. The effect of the total length of incubated DNA on the signal
intensity was also evaluated by fluorescence-based detection on the paper-
based biosensor. To obtain the high sensitivity of HCV DNA measurement, all
experimental conditions on paper-based devices consisted of the amount of
acpcPNA, concentration and volume of fluorescent dye were optimized. In
addition, the essay time such as hybridization time and incubation time were
also considered to reach optimal conditions. For analytical performance, the
different amounts of HCV DNA were analyzed to identify the linear dynamic
range versus the green fluorescent signal. Moreover, the detection limit was
also calculated. To evaluate the sequence specificity of acpcPNA probe, the
green signal response of single-base-mismatch, two-base-mismatch and non-
complementary oligonucleotides were examined and compared to

complementary HCV DNA. Furthermore, the shelf-life time of acpcPNA-



immobilized paper-based sensor was also studied to assess the long-term
stability. Finally, the proposed sensor was utilized to detect target DNA in PCR
products for confirmation of applicability for screening of HCV DNA in real

samples.



CHAPTER I
THEORY AND LITERATURE REVIEW

21 Hepatitis C virus and its life cycle

Hepatitis C is a severe liver disease resulting from infection with the
hepatitis C virus (HCV), which is a small, enveloped, single-stranded and
hepatotropic RNA virus belonging to the genus Hepacivirus, a member of the
family Flaviviridae. This spherical viral particle, of which dimensions range
around 30-60 nm, is composed of an RNA genome with approximately 9,500
nucleotides in length. The positive-sense HCV RNA can be translated into a great
number of viral polyproteins comprising about 3,000 amino acids in the host
cell. [33, 34]. The viral genome is constituted by a translational open reading
frame (ORF) that responsible for encoding four-type structural (Core, p7,
glycoproteins E1 and E2) and six non-structural (NS2, NS3, NSda, NSdb, NS5a,
NS5b-RNA polymerase) viral proteins. The region of ORF and information
regarding HCV proteins is shown in Figure 2.1. The genomic feature of HCV
displays significant variability by a reason of imperfect proofreading activity in
viral RNA polymerase. This genetic variability allows classification into seven
main HCV genotypes, identified by 1-7. Each of HCV genotype contains
multiple subtypes, designated by small letters of English alphabets (13, 1b, and
so on) [35]. Among various HCV genotypes, subtypes 1a and 1b become more
prevalent worldwide and represent 60% of all cases. Due to a highly genotypic
distribution, there is no curative vaccination accessible for against HCV presently
[36]. Common groups at risk of infection include people who make contact
with infected blood and its product, injection procedures without adequate
sterilization, haemodialysis, sexual relationship with HCV-infected person and
mother-to-child transmission. HCV infection can generate acute hepatitis C
within six months of acquiring infection. Subsequently, 50-80% of acute HCV
patients progress to chronic liver disease. Infected patients have a high

possibility of chronic inflammatory disease, which might proceed to liver



fibrosis, cirrhosis, hepatocellular carcinoma (HCC) and even death [2].
Therefore, effective diagnosis and rapid screening of HCV infection are deeply
critical processes to prevent the propagation of HCV-associated liver disease

and also decrease the rate of viral transmission.

Core protein (nucleocapsid)

Envelope glycoprotein-1
HVR-1

5’ UTR

Envelope glycoprotein-2
HVR-2

Virporin

Zn-dependent proteinase
ORF

Zn-dependent proteinase, serine,
protease, helicase

NS3 cofactor

ER-derived membranous web formation

Unknown function:
component of replicase?

3’UTR

RNA dependent RNA polymerase

Figure 2.1  HCV genome and information in relation to viral polyproteins.

For the life cycle of HCV in liver cell, as illustrated in Figure 2.2 [3],
beginning at viral attachment process that associates with apolipoproteins on
the hepatitis C viral surface and the two types of structural protein
(glycoproteins E1 and E2). Glycosaminoglycans and the low-density lipoprotein
receptor (LDLR) appear to be related to the low-affinity of host cell binding
initially. After that, HCV glycoproteins communicate with CD81 protein and
scavenger receptor class B member 1 (SRB1), while claudin 1 and occludin are
needed for cell entrance [37]. This HCV-receptor complex serves as an
intermediate in uptake and determines species specificity. Subsequent to
attachment, the HCV molecule accesses into the host cell via clathrin-mediated

endocytosis, accompanied by merging between the viral vesicle and host



cytoplasmic membrane, which results in the penetration of the viral
nucleocapsid into the cytoplasm. Uncoating of the HCV nucleocapsid can
release the positive-sense of viral genome into the cytoplasmic matrix. This
genomic RNA acts as messenger RNA (mRNA) to synthesize the various types of
HCV polyprotein. The translational ORF region is encoded at the membrane of
endoplasmic reticulum (ER), followed by the production of the four structural
and the six non-structural viral proteins. Two common cellular peptidases of
the host, such as signalase and signal peptide peptidase are essential with a
role in the protein processing of HCV structural elements. In case of non-
structural protein, peptidolysis during protein maturation is required at least a
couple of viral enzymes (NS2 and NS3/4a). Then, the replication process is
induced by the catalytic ability of NS5b protein and NS3 helicase, whereas NS4b
is utilized as an integral membrane protein that plays an important factor in
the formation of replication complex (also known as membranous web) that
facilitates and insulates HCV replication. The positive-sense RNA employs as a
template stand to generate an intermediate of negative polarity. Hereafter,
negative-sense genomes become templates for the establishment of abundant
positive-stranded genomes. These numerous positive-strands are subsequently
exploited for the polyprotein synthesis, the reproduction of intermediates of
replication and packaging into new virus particles [38]. MicroRNA-122 (miR-122)
is a liver-specific microRNA for effective HCV replication and RNA stabilization.
Finally, the viral assembly step is triggered by the cooperation of the genomic
RNA, core and NSb5a proteins in cytoplasmic membrane-enclosed vesicles. At
the end-stage of viral particle formation, HCV lipoviroparticles are completely
formed and released to the outside via a very-low-density lipoproteins (VLDL)

production pathway [39].
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Figure 2.2  Schematic illustration of the intracellular life cycle of HCV [3].

2.2 Detection methods for HCV diagnosis

The traditional method for HCV identification for clinical purposes is
demonstrated through the detection of three major types of analytes, namely
HCV-specific antibodies (Anti-HCV), HCV Core antigen and RNA viral component.
Throughout the last decade, both direct and indirect techniques have been

developed to improve the sensitivity and specificity of these critical biomarker

assays.

2.2.1 Anti-HCV assay

Since 1989, when the cloning of HCV genome was successfully
generated by Choo et al. [40]. HCV infection has been primarily diagnosed using
Enzyme-linked immunosorbent assays (ELISA). These immunologic methods
relied on the observation of HCV-specific total antibodies (IgM and 1gG) against
multiple HCV antigens (Core, NS3, NS4 and NS5 viral proteins) in plasma or
serum specimens. Currently, Anti-HCV assays can be fully automated and

extensively applied in accredited laboratories [41]. Briefly, recombinant HCV



11

antigens are coated on microwells or other solid supports, for example,
magnetic and paramagnetic particles. Then, controls and samples are
incubated into the antigen-immobilized solid phases, followed by a washing
step. The conjugate antibody, also known as mouse anti-human IgG labeled
with horseradish peroxidase (HRP), is added to the microwells. After removing
the unbound materials, a reagent solution containing a luminogenic substrate
and electron transfer agent are dropped into the assay solution. The HRP in the
bound conjugates will induce the oxidation of the substrate leading to the
generating light from the chemiluminescent phenomenon as shown in Figure
2.3 [42]. Finally, the light signals are recorded by an automated optical system
and normalized as relative light units (signal/cut-off ratio). For interpretation,
patient’s samples with a relative light unit of >1.00 are considered positive
results. In addition, diverse POC technologies have been evolved to test for
HCV antibodies outside of clinic settings [43]. Although these assays are simple,
rapid, cost-effective and non-instrumented approaches for Anti-HCV detection,
results from such methods should be interpreted carefully by trained
personnel. The only commercial platform presently approved by the U.S. Food
and Drug Administration (FDA) is the OraQuick HCV Rapid Antibody Test
(OraSure technologies) [44]. This test is based on an indirect lateral flow
immunoassay using three-types of HCV synthetic peptides, such as NS3, NS4
and Core proteins are tethered on the surface of nitrocellulose substrate. The
reddish-purple line is directly visualized by protein-labeled gold nanoparticles

in the existence of HCV antibodies.

Anti-HCV immunoassays are employed as indirect serological
methods for effective screening of HCV exposure. However, Anti-HCV assays
have several drawbacks [45], including: (1) the inability to distinguish active from
resolved HCV infections; (2) the prolonged duration of the window period,
approximately 45-68 days after acquiring infection [6]; (3) the occurrence of
false-positive results from the non-specific adsorption of multiple circulating

immunoglobulins that require additional confirmatory tests; and (4) the high
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likelihood of false-negative results in immuno-suppressed patients after
implantation with the human immunodeficiency virus (HIV) or those who are

undergoing haemodialysis owing to detectable antibodies inadequacy.
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Figure 2.3  Chemiluminescence ELISA of the detection of HCV-specific
antibody [42].

2.2.2 HCV Core antigen detection

The HCV Core antigen is a kind of HCV structural component
that expressed on the nucleocapsid protein. This epitope also serves as a viral
delegate of HCV replication. The HCV Core antigen levels can be observed and
quantified in the blood of HCV-infected people, and its amounts are closely
correlated with those of HCV RNA [46, 47]. One picogram of this antigenic
determinant is equivalent to approximately 8,000 U of HCV RNA [48]. The direct
HCV diagnosis for detecting the Core antigen exhibits reasonable cost over HCV
RNA assays and can be efficiently applied in resource-constrained settings.
Consequently, they could be employed as an alternative way in the prognosis

of HCV infection and treatment monitoring for five significant reasons: (1) the
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ability to discriminate between active and resolved infections; (2) the HCV
identification in the antibody window period [7, 49]; (3) the practical
performance for the diagnosis in hemodialysis patients at great risk for HCV
infection [50]; (4) the determination of the Core antigen could be utilized to
control the antiviral response in chronically HCV-infected individuals [51]; and
(5) The complicated and multiple of detection steps can be fully automated
in the form of commercial assay (Abbott Architect HCV Ag testing). This sensitive
technology for the quantitation of HCV Core antigen based on
chemiluminescent microparticle immunoassay rely on specific interaction
between the Core antigens and murine anti-HCV Core monoclonal antibodies
that are coated onto paramagnetic particles. The acridinium-labeled anti-HCV
conjugates act as secondary antibodies and light-generating sources in the assay
solution. The chemiluminescent response is triggered by alkaline hydrogen
peroxide and measured as relative light units (RTUs). This approach provides
the detection limit of 0.06 pg/mL for the recombinant Core antigen of the HCV
genotype 2a [7]. However, this analytical method is not sensitive enough to
replace the RNA viral load assay according to the current clinical practice

guidelines [8].

2.2.3 Molecular-based HCV assay

The molecular virological techniques for the HCV RNA
identification make a significant contribution to several clinical needs. The
highly sensitive molecular-based methods with a limit of detection < 50 IU/mL
are exploited in both acute and chronic HCV diagnosis because HCV RNA can
be observed in the serum before the appearance of HCV specific antibodies
(within 1-3 weeks after infection) [9]. In addition, molecular assays are required
to confirm the HCV infection in seronegative patients who are non-reactive with
Anti-HCV [52]. Furthermore, HCV RNA testing is useful to guide and monitor the

antiviral capability of medical treatment.

The standard molecular-based system for the quantification of

HCV RNA is a real-time reverse transcription-polymerase chain reaction
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(abbreviated to real-time RT-PCR) as reported by European and American
guidelines [10]. This viral RNA test incorporates with viral genome extraction,
complementary DNA (cDNA) production, PCR amplification and real-time
detection of target DNA sequences, respectively. As mentioned earlier, the HCV
genome is a single-stranded RNA. For that reason, reverse transcription is always
a prerequisite for the quantitative PCR technology, which demands a DNA
template. The highly conserved primer of 5’ untranslated region (UTR) acts as
the HCV RNA template for the production of a single-stranded cDNA by reverse
transcriptase [53]. After that, multiples of double-stranded DNA copies are
synthesized by DNA polymerase in PCR amplification. Due to detection and
amplification of PCR amplicons have to be done simultaneously, a fluorescent
probe (oligonucleotide labeled with a quencher and reporter molecule)
attaches to target cDNA between the two PCR primers and is released by DNA
polymerase during the production of cDNA. When the probe is degraded, it
induces the discrimination of fluorescent reporter and quenching molecules,
which results in the fluorescence emission from the reporter. The amount of
PCR product is proportional to the amplification plot between the relative
fluorescence unit (y-axis) and cycle number (x-axis). Quantification in absolute
values is achieved by the correlation of amplification kinetics between target
and internal control [54]. Although real-time RT-PCR presents a desirable
sensitivity with broad dynamic range for the determination of HCV RNA in
clinical samples, it has some limitations, for instance, long-time analysis,
sophisticated technical equipment, high-cost reagents, dedicated laboratory
areas, large sample volumes and requirement of skilled personnel for operation

and result interpretation [11].
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2.3 Paper-based analytical devices

To date, paper-based analytical devices (PADs) have received significant
attention since their initial development by the Whiteside’s group in 2007 [55].
PADs generally contain the defined pattern of the hydrophilic and hydrophobic
regions on the paper substrate using various fabrication techniques, including
wax printing, inkjet printing, flexographic printing, plasma etching, laser
treatment, photolithography and chemical vapor-phase deposition [56].
Compared to conventional platforms using glass and polydimethylsiloxane
(PDMS) materials, PADs have a multitude of benefits, such as lower cost, strong
capillary force, excellent biological compatibility, portable, easy-to-manipulate,
straight-forward fabrication process, and can be miniaturized. Various types of
paper-based materials can be used as a PADs substrate, e.g., cellulose
chromatographic paper, graphite paper, and glass fiber paper [57-59]. Among
these materials, the cellulose-based paper has gained considerable interest
because of its cost-effectiveness. Additionally, it can be functionalized for
applying in the immobilization of various probes [60]. There are seven common
analytical methods that can be utilized in combination with PADs for sensitivity
enhancement [61], namely colorimetry, fluorescence, chemiluminescence,
electrochemiluminescence, electrochemistry, photoelectrochemistry,
nanoparticle detection and surface-enhanced Raman spectroscopy. As a result,
PADs have been widely used for applications in the pharmaceutical analysis,
environmental monitoring, clinical diagnosis, food manufacture and chemical
industry fields [62-66]. Given the advantages mentioned above, this sensing
platform provides high-performance in term of diagnostic tool for point-of-care
purposes in the low and middle-income regions where they face the challenges

of constrained resources and the rising number of patient visits.
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2.4 Fluorescence-based detection

Fluorescence is another kind of luminescence phenomenon in which
the molecular absorption of electromagnetic energy induces the rapid emission
in the form of photons with a longer wavelength. The production of
fluorescence in a generic molecule can be illustrated in the Perrin—Jablonski
diagram as presented in Figure 2.4 [67]. The unique molecules (fluorochrome)
is originally stable at the lowest (ground) electronic state (S,). After absorbing a
photon with a certain energy, the fluorochrome is excited to the given
vibrational level of the first (S;) or second excited state (S,). The excited
molecule has a short lifetime (typically 1-10 nanoseconds) and will easily come
back to the ground state by releasing the surplus energy along the way as
fluorescent radiation and non-radiative relaxation. Due to the energy lost
through various processes, such as collisional quenching, internal conversion
and intersystem crossing, the energy of an emitted photon is decreased which
results in a longer wavelength than the excitation photon. The inequality of
wavelength between fluorescence emission and excitation source is called
Stokes’ shift. This characteristic shift manages to isolate fluorescence from
excitation photons which leads to a low background signal in fluorescence-

based detection.

Presently, many sensing platforms of fluorescent detection coupled
with PADs have been exploited to detect abundant pathogenic bacteria and
disease biomarkers [20-24]. Emitting fluorescence is an important aspect to the
development of PADs, whether detecting the mere presence/absence of target
species or quantifying the amounts of analytes. The fluorescent biosensor
exhibits a high sensitivity and selectivity resulting from characteristic Stokes’
shift and spectral bandwidth. Moreover, the paper—based fluorogenic devices
require a simple operation process and little amount of sample and reagent
[68]. Additionally, the smartphone camera can be employed as a detector to
take the digital image of fluorescent platform under illumination of UV light.

The pixels of a spectral image are subsequently converted into their RGB value
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or the other mode of color intensity for determining fluorescence intensity.
Accordingly, the smartphone-based detection integrated with fluorogenic PADs
leads to the evolution of promising strategies for point-of-care applications
offering the benefits of portability, simplicity, user-friendly design and rapid data
transmission [69-73]. For example, Rong et al. [73] presented the combination
of fluorescent lateral flow immunoassay (LFIA) and smartphone-based
platform for the highly sensitive determination of Zika virus nonstructural
protein 1 (ZIKV NS1) as depicted in Figure 2.5. This assay utilized quantum dot
microspheres as fluorescent probes to obtain bright red color under UV
radiation. The proposed florescent LFIA provided the rapid and inexpensive

determination of ZIKV NS1 with a detection limit of 0.15 ng/mL in human serum

samples.
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transition related to the generation of fluorescence [67].
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novel smartphone-based fluorescent LFIA platform [73].

2.5 Peptide nucleic acid

Peptide nucleic acids (PNA) are the most intriguing class of synthetic
oligonucleotide-analog models which are constructed from entirely replacing
the sugar-phosphate structure in natural nucleic acids with an uncharged
pseudopeptide backbone. In 1991, Nielsen et al. [74] initiated the primitive PNA
molecule which possessed an N-2-aminoethylgycine scaffold (designated as
aegPNA). This distinct DNA-mimics exhibit the highly specific affinity between
two complementary nucleobases (AT, C-G) via the predictable Watson-Crick
base-pairing. In particular, aegPNA presents an even stronger affinity and better
identification between complementary and mismatched sequence targets than
natural DNA probes [25, 26]. The electrostatically neutral peptide-mimic
structure of PNA is responsible for desirable advantages not recognized in other
systems of nucleic acid mimics with negatively charged phosphate backbones.
These include the unusually outstanding stability over ionic strength variations
of the solvents [27] as well as the relative insensitivity of DNA-PNA or RNA-PNA
hybrids toward enzymatic degradation in biological environment [28]. However,
the uncharged nature of aegPNA causes some inherent weaknesses, including
a relatively low solubility in aqueous media, the non-specific binding on

hydrophobic surfaces and the tendency to form self-aggregation [75, 76].
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The backbone modification of original PNA leads to the establishment
of new PNAs having improved various properties and functionalities (Figure 2.6)
[29]. In 2004, Pokorski et al. [77] incorporated the (S,5)-trans-cyclopentane
diamine units into the N-2-aminoethylgycine backbone as a result of the
improvement of thermal stability and sequence specificity to complementary
DNA. On the contrary, Govindaraju et al. [78] designed cis-
aminocyclohexylglycyl PNA by the stereospecific imposition of aegPNA with the
1,2-cis-cyclohexyl moieties. This preorganized PNA showed selective binding
with RNA over DNA targets. Moreover, structural preorganization arising from a
substitution of L-serine at 7y-position (C¥) in Nielsen’s PNA considerably
increases its binding affinity [79]. Additionally, the water solubility of PNA can
be enhanced by attachment C¥ with a hydrophilic (R)-diethylene glycol unit
[80]. Several functional moieties can also be placed at ¥ side chain to facilitate
cell permeability, such as a sguanidinium group, ethyleneamine,

ethyleneguanidine, azidomethylene and azidobutylene [81-83].
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Figure 2.6  Examples of preorganized constrained aegPNA systems [29].
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On account of well-defined stereochemistries of proline derivative, the
modern design of PNAs have extensively utilized the pyrrolidine ring as a
constraint backbone. In 1996, Lowe et al. [84] firstly proposed a solid phase
method for pyrrolidine-containing PNA synthesis. This configurationally
constrained PNA composes of nucleobase-modified prolines in a dipeptide
backbone. After that, Vilaivan group [29] introduced a new family of
conformationally pyrrolidinyl PNA having a D-prolyl-2-
aminocyclopentanecarboxylic acid (acpc) backbone (Figure 2.7). The duplex
formation between acpcPNA and complementary DNA dictated favorable
affinity and remarkable mismatch discrimination over the well-established PNA.
It also hybridizes to RNA with a high specific sequence in spite of lower affinity
than target DNA. Additional characteristics include the preference for forming
only antiparallel hybrids with DNA and a low propensity for self-pairing.
Furthermore, acpcPNA can directly bind to double stranded DNA via a double
duplex invasion or triplex formation without sequence-related limitations.
These properties of acpcPNA make its potential as a promising probe for

targeting structured nucleic acid targets.
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Throughout the last two decades, abundant acpc-based detection
platforms have been developed for specific DNA sequencing. For instance,
Ananthanawat et al. [85] synthesized the thiolated-modified acpcPNA that was
used as a DNA probe on gold-coated piezoelectric quartz crystal. DNA
hybridization on the probe-immobilized platform was determined by quartz
crystal microbalance (QCM) with a detection limit of 5 uM. Then, the same
group suggested the label-free method to improve the detection efficiency of
their previous research. This method provided the lowest concentration of

target DNA at 0.2 uM using surface plasmon resonance (SPR) technique [86].

In 2012, Thipmanee et al. [87] reported the non-labeling approach for
DNA sequencing using capacitance detection of acpcPNA-immobilized gold
electrode. The immobilization process of C-terminal lysine-modified acpcPNA
relied on alkanethiol self-assembled monolayers (SAMs). The modified
acpcPNA electrode gave a relatively low detection limit in the range of

picomolar.

Afterward, Jampasa et al. [88] proposed a selective biosensor for the
quantification of human papillomavirus (HPV) DNA type 16. This sensor utilized
the voltammetric response of anthraquinone-labeled acpcPNA probe that
immobilized on a screen-printed carbon electrode. The electrochemical DNA

sensor exhibited a desirable sensitivity with LOD as low as 4x107 M.

In 2015, Jirakittiwut et al. [30] demonstrated a cellulose-based model
(Figure 2.8) for the investigation of target oligonucleotides by using specific
properties of acpcPNA that was covalently immobilized onto partially oxidized
cellulose paper combined with the visual detection of cationic dye (Azure A)
staining via photography. This useful model offers numerous advantages,
including straightforward signal-reading, ease-of-use, portable, sample-saving
and low-cost. At the optimal condition, the lowest concentration of
complementary DNA that produced distinguishable color intensity from the

background was found to be 200x10? M.
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Figure 2.8 The fabrication of the paper-based sensor by immobilizing
acpcPNA onto filter paper and the detection of target DNA by

cationic dye stanning [30].

In 2017, Teengam et al. [89] introduced a multiplex paper-based sensor
for colorimetric detection of three different kind of oligonucleotides, including
HPV type 16, Mycobacterium tuberculosis (MTB) and Middle East respiratory
syndrome coronavirus (MERS-CoV). The proposed assay depended on the
aggregation and deaggregation of citrate anion-stabilized silver nanoparticle
(AgNPs) induced by acpcPNA probes on a cellulose-based substrate. In this
sensing platform, a single positively-charged moiety was incorporated at C-
terminus of acpcPNA and caused aggregation of AgNPs in the absence of DNA
targets. In the occurrence of complementary DNA, the hybridization between
acpcPNA probes and anionic DNA strands generated deaggregation of AgNPs
resulting in the detectable color change. The colorimetric PAD enabled a
detection limit of 1.03, 1.27 and 1.53x10° M for DNA detection of HPV type 16,
MTB and MER-CoV, respectively.

Thereafter, Jampasa et al. [90] developed a signal-on electrochemical
platform for the simultaneous determination of HPV DNA type 16 (SiHa) and 18
(HeLa). A new DNA sensor design based on a sandwich-hybridization among two
types of acpcPNA probes and target sequence. The unlabeled-acpcPNA that

bounded on a screen-printed carbon electrode employed as a capture probe,
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whereas an acpcPNA probe labeled with an anthraquinone moiety used as a
signaling element for electrochemical measurement. The detection limits were
found to be 150 (HPV type 16) and 153x10° M (HPV type 18). Moreover, this
proposed sensor was successfully applied to identify the two high-risk HPV DNA

sequences in a PCR product from positive human cancer lines.

Next, Teengam’s group [31] illustrated a novel paper-based
electrochemical sensor for label-free detection of MTB. The unlabeled-
acpcPNA probes were directly tethered onto the aldehyde-modified cellulose
paper providing the regeneration by PAD replacement. The synthetic
oligonucleotides of MTB can be quantified by measuring charge transfer
resistance of ferri/ferrocyanide redox couple using electrochemical impedance

spectroscopy (EIS), and limit of detection was found to be 1.24x10° M.

Lately, Srisomwat et al [32] designed a pop-up origami-based
electrochemical sensor for label-free hepatitis B virus (HBV) DNA detection. The
modified acpcPNA with a lysine moiety at the C-terminus was chemically
immobilized onto the cellulose substrate and used as a probe to hybridize with
target HBV DNA. In the presence of HBV DNA, the decrease of the
electrochemical response of [Fe(CN)s>/* was observed by differential pulse
voltammetry. The novel pop-up DNA device demonstrated noticeable
performance for sensitive HBV DNA detection with the detection limit at a low
picomolar level. Besides, the proposed 3D sensor can be identified HBV DNA
level in the range of 10°-10* copies/uL in DNA extracted from plasmid

constructs.

According to these applications, specific acpcPNA probes serve as the
key aspect to improve the performance of plentiful DNA detection methods.
Various analytical approaches can be combined with acpcPNA to obtain
acceptable sensitivity. Additionally, acpcPNA-based biosensor integrated with
PADs has the potential to be a preferred platform for detecting and screening

in infectious diagnostics.
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2.6 ssDNA-binding fluorescent dye

As the majority of natural biomolecules cannot provide the
fluorescence response, the observation of non-fluorescent substances using a
fluorescence-based assay can be achieved with the aid of fluorescence probes,
such as fluorescent dyes, quantum dots, carbon dots, upconversion
nanoparticles and metal nanoclusters [69]. In these classes of fluorescent
materials, fluorescent dyes have been frequently utilized as signaling agents in
the paper-based sensor because of its small size, easy surface modifications,

good biocompatibility and high fluorescence intensity [91, 92].

Numerous commercial fluorescent dyes have been developed for
various biochemical assays especially the quantification of single-stranded DNA
(ssDNA) [93], for example, Quant-T™ Oligreen, QuantiFluor® ssDNA and
Qubit® ssDNA dyes. These ssDNA-binding fluorescent dyes can be used with a
common spectrofluorometer or may be scaled up for measurement in a
microplate reader at the suitable excitation and emission wavelengths. The
typical binding of fluorescent dye with ssDNA is invoked by electrostatic
interaction between the cationic moiety of dye and negatively-charged of
phosphate backbone. Also, the dye stacking between two adjacent bases on
the oligonucleotide strand could be another factor associated with the binding
interaction [94]. The fluorescent-based detection using commercial ssDNA-
binding dye exhibits rapid detection at the low amount of ssDNA in purified
samples with a widely detectable range as shown in Figure 2.9 [93]. Moreover,
the common contaminants that are found in nucleic acid preparation, including
salts, ethanol, chloroform, urea, detergents, protein and agarose are well

tolerated in the assay solution [95].
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Figure 2.9  Detectable ranges of commercial ssDNA-binding fluorescent dyes

[93].

2.7 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FT-IR) is a powerful method for
chemical characterization and structure elucidation in many kinds of samples,
including organic powders, polymers, biological materials, free-flowing aqueous
solutions, viscous liquids and gases [96]. In FT-IR analysis, Infrared radiation
travels through a sample and can be partially absorbed at specific frequencies
by molecular vibration of the sample’s constituents. The FT-IR interferometer
with a moving mirror obtains the IR spectrum by Fourier transformation of the
infrared interferogram. The resulting spectrum commonly presents in a plot of
IR transmittance (or absorbance) on the vertical axis versus frequency in a unit
of cm™ (known as wavenumber) on the horizontal axis. In the IR region with
higher wavenumber than 1500 cm™, various characteristic bands can be
observed to identify chemical composition and bonding arrangement as shown

in Figure 2.10.
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Figure 2.10 Simplified chart of IR stretching frequencies regarding functional

groups.

Recently, the novel spectrometer with attenuated total reflection (ATR)
mode is constructed for revolutionized FT-IR measurement. For this approach,
a single crystal with a high refractive index, e.g., diamond, zinc selenide or
germanium is used as a special probe to contact the sample. A beam of IR
radiation penetrate the ATR crystal and totally reflects within the inner surface
of the ATR probe, resulting in an evanescent wave that passes through the
sample surface with a few micrometers penetration depth (d,) as depicted in
Figure 2.11 [97]. Then, the transmitted beam is recorded when it exits the
crystal probe for FT-IR analysis. The increased signal-to-noise ratio of ATR-FT-IR
offers better sensitivity than the conventional FT-IR method. Thus, FT-IR
analysis with ATR accessory has significantly recognized as a practical tool for
the characterization of paper-based substrates and other solid platforms [98,

99] with the simplicity of sample preparation.

Evanescent Wave
Bulk Sample
/ ATR Crystal
N /
t
Refracted i Incoming
IR Beam ! IR Beam

Figure 2.11 Evanescent wave as a result of attenuated total reflection [97].
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2.8 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS), also used as an alternate word
for electron spectroscopy for chemical analysis (ESCA), is another type of the
non-destructive methods for surface characterization of solid material. XPS
obtain much useful information associated with surface chemistry, including
the chemical constitution, empirical formula, chemical state and electronic
state of the elements within the surface of defined material. For XPS
measurement, X-ray radiation with a constant energy (hv) in an ultrahigh
vacuum system (generally better than 107 pascal) is irradiated to the sample
for producing photoelectrons as displayed in Figure 2.12. The photoelectrons
are ejected from the top layer approximately 1-10 nm of the material surface
with characteristic kinetic energy (KE) depending upon the incident energy of X-
ray photon and the binding energy (BE) of the inner electron to the atom’s
nucleus. The BE values can be calculated from the XPS instrument by the
simple equation; BE = hv — KE. By capturing and analyzing the KE of the emitted
electrons, it can demonstrate XPS spectrum that exhibits the relationship
between the signal intensity (y-axis) connected to the amount of measured
photoelectron and the BE in a unit of electron volt (x-axis). The peaks or bands
which appear at different positions in XPS spectrum involve the kinds of
element and orbital from which the photoelectron is generated, and they also
connect to the chemical environment of the atom from which the electron is
ejected. Apart from qualitative identification of elements, XPS can achieve
semi-quantitative analysis in the form of the relative amount of the
constituents in the surface region. Additionally, XPS analysis shows the high
performance to detect light elements, such as carbon, nitrogen and oxygen
which cannot be observed in the spectrum of X-ray fluorescence spectroscopy
(XRF) that has been regularly used for elemental identification in scanning
electron microscopy (SEM) [100]. Consequently, XPS could be employed as the

adventurous tool for surface-sensitive detection which allows probing the
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element composition and chemical state of paper-based biosensor and other

biomolecule-modified substrates.

Ejected K electron
(KE)

Valence Band /////X//////7////7//7/

Incident
X-ray
(hv)

Figure 2.12 The photoemission process of K (1s) photoelectron related to XPS
analysis. The circles represent electrons and the bars stand for

energy level within the material being measured.

2.9 Literature review

The diagnostic strategy for HCV DNA identification has been extensively
established and applied to the clinical setting. By focusing on the strategy for
point-of-need applications, various research groups have proposed a number
of alternative approaches to investigate HCV DNA particularly electrochemical

detection. The details of each work are explained below.

Liu et al. [12] presented an electrochemical molecular assay for both
qualitative and quantitative measurements of HCV DNA. They utilized the
thiolated-modified oligonucleotides labeled with thionine as DNA probes which
were immobilized on the surface of a gold electrode via Au-S bonding. After
hybridization with complementary DNA, BamHI endonuclease was added into
the assay solution for inducing the site-specific cleavage of DNA hybrid. The
voltammetric signal of thionine decreased with the increasing concentration of

HCV DNA after enzymatic digestion. The obtained results indicated that the
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proposed method can be applied to quantify HCV DNA (21-base sequences
were produced by RT-PCR) in serum samples and the limit of detection was

found to be 0.02 uM.

In 2011, the previous model of DNA-BamHI endonuclease was
developed to improve the detection limit for the determination of HCV DNA.
The synthetic thiol-capped DNA probe assembled on the p-aminobenzoic acid
(ABA)-modified glassy carbon (GC) electrode through forming a carbon-nitrogen
linkage between the carboxylic group of ABA and the amine moiety at the 3’-
terminus of DNA probe. This assay reported the use of specific cleavage by
BamHI nuclease incorporated with gold enhancement to improve the sensitivity
of HCV DNA quantification. On the basis of detection (Figure 2.13) [13], the
variation of electrochemical response of thionine that attached to the 5’-
terminus of the specific probe was measured by differential pulse voltammetry
for both before and after the enzymatic digestion of duplex target. The
developed system showed the outstanding sensitivity for selective
identification of HCV DNA genotype 1b (244 mer) with a detection limit as low

as 3.1x107%? M in the clinical environment.
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Figure 2.13 The basis of detection procedures in the developed
electrochemical assay for the selective determination of HCV

DNA [13].
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Donmez et al. [14] established a cost-effective and disposable
biosensor for the label-free detection of HCV DNA genotype la for the first
time. The nucleic acid biosensor was prepared by utilizing the
electropolymerization of poly(L-glutamic acid) on pencil graphite electrode
(PGE), followed by covalent immobilization with inosine-substituted 20-mer
probes. In their approach, the peak current from the oxidation of guanine was
measured by square wave voltammetry to examine the hybridization event of
the probe with the complementary target DNA onto the PGE-modified
biosensor. Under the optimal condition, a detectable range from 50x10° M to

1.0x10 M with a desirable detection limit of 40.6x10” M was achieved.

Singhal et al. [15] fabricated a novel impedimetric DNA-based platform
for the non-labeling quantitation of HCV genotype 1 in human serum.
Unlabeled-ssDNA probes were physically anchored on a fluorine-doped tin
oxide (SnO,/F) electrode which was earlier incubated with methylene blue (MB)
doped silica nanoparticles (SiNPs). The MB in the immunosensor served as an
electrochemical indicator while SiNPs were used to facilitate signal
amplification. Upon incubation with target DNA, the change in charge transfer
resistance (AR.) of modified electrode related to the logarithmic concentration
of target HCV DNA was obtained by electrochemical impedance spectroscopy.
The renewable impedimetric biosensor enabled an excellent linear relationship
in the range of 10°-10° copies/mL, and the limit of detection was 90 copies/mL

in patient serum samples.

Lereau et al. [16] prepared the state-of-the-art polythiolated
oligonucleotides for application in rapid HCV genotyping. The polythiolated
probes were employed as recognition elements that were compatible with the
electrochemical biosensor and optical enzyme-linked oligosorbent assay
(ELOSA). Innovative polythiolated probes were tethered with good strength to
use as specific DNA probes on both gold electrodes and on maleimide-
activated microplates (MAM). In the electrochemical assay, multiple

electroactive ferrocene moieties were capped at the 3’-terminus of
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polythiolated probes. Differential pulse voltamsmetry was operated for real-
time electrochemical detection of HCV amplicons with a detection limit as low
as 10x10™° M. In addition, the high throughput assay by ELOSA test enabled a
detection limit of 10x10° M to be reached with remarkable sensitivity and

selectivity for HCV diagnosis in human plasma.

As reported by these literature surveys, while electrochemical
detection merged with various biosensor obtain extremely high sensitivity with
a noticeable detection limit for specific HCV DNA monitoring, this approach still
has obvious limitations, including the complicated-steps of electrode
preparation and requirement of the elaborate instrument and infrastructure.

Hence it is not convenient to utilize as POCT system for clinical HCV diagnosis.

To overcome the drawbacks of the aforementioned techniques,
fluorescence-based detection is a promising way to develop the easy-to-handle
and sensitive DNA sensor for selective determination of HCV DNA. From the
literature survey, there is only one publication reported by Zeng et al. [19] that
suggests the utilize of the fluorescent sensor for HCV quantification. In their
work, a triple-helix DNA structure of a nucleic acid fluorescence resonance
energy transfer (naFRET) system which composed of one-donor (FAM-labelled
hairpin structure) and multiple-acceptors (BHQ-1-labelled ssDNA strands)
assembly was designed (Figure 2.14). The demonstrated fluorescent probe
exhibits the high fluorescent intensity with low background signal for the
investigation of HCV DNA in real serum samples. At optimized condition, the
limit of detection was determined to be 24.6x10° M. However, this naFRET
system still require a large volume of sample and high-cost reagent to obtain

the sufficient fluorescent signal from spectrofluorometer.
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e BHQ1 o FAM

Figure 2.14 Schematic illustration of HCV DNA detection by naFRET probe
[19].

To solve the mentioned problem of conventional fluorescence
technique, the miniaturization of fluorescent detection in the form of
fluorogenic PADs is an interesting strategy for the observation of HCV DNA in
the constrained resources. Additionally, this small system can be combined
with smartphone-based detection to serve as an economical, portable and
rapid diagnostic tool in developing countries. From the literature review, there
are some research groups which suggested the fluorogenic PADs for the

evaluation of target DNA as shown below

Noor et al. [70] exhibited solid-phase assay of DNA hybridization on
paper-based substrate using a FRET mechanism combined with camera-based
ratiometric transduction. The conjugates of quantum dots and specific
oligonucleotide probes were chemically tethered on the surface of imidazole-
modified paper. Hybridization between the immobilized probe and the Cy3-
labeled oligonucleotide target provided the significant change of fluorescent
signal in digital images as shown in Figure 2.15. This assay afforded a detection

limit of 300x10"> mole without any amplification steps.
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Figure 2.15 Overview of the solid-phase assay for DNA detection using
immobilized quantum dots as donors in FRET (left). Pseudocolor
epifluorescence images generated using the multiple imaging

channel (right) [70].

Yang et al. [71] designed paper-origami DNA microfluidics integrated with
Loop mediated isothermal amplification (LAMP) for the multiplex diagnosis of
three pathogens (Leptospira, Brucella and BoHV-1) that cause bovine
reproductive diseases. In the presence of the target genomic DNA, the positive
result was detected as a green fluorescent response using either naked-eyes
detection or smartphone-based detection combined with hand-held UV
flashlight (365 nm). The LOD for Leptospira, Brucella and BoHV-1 in semen
samples were evaluated to be 50 organisms, 50 colony forming units (CFU) and

1 TCIDso, respectively.

Based on the above literature reviews, there is no report for the
utilization of fluorogenic PADs as the detection method to observe HCV DNA in
clinical sample. To address the challenge, the ease-of-use, rapid-response and
cost-effective DNA sensor using acpcPNA as a recognition probe onto
functionalized-cellulose material combined with fluorescence-based detection
was developed. Moreover, this recent work also concentrates on the use of a
smartphone camera to develop the point-of-care system for screening of HCV

DNA.



CHAPTER IlI
EXPERIMENT

This chapter provides the detail of chemicals and reagents used in this
work as well as the preparation of all working solutions. The sensor fabrication,
detection methodology, instrument operation and sample preparation for real

sample analysis are also described.

3.1 Instrument and apparatus

The instrument including detection device which used in all

experiments are listed in Table 3.1.

Table 3.1 List of instruments and apparatus.

Instruments and apparatus Suppliers

Analytical balance, ME204 Mettler Toledo, Switzerland
Autopipette Eppendorf, Germany
Centrifuge tubes Plusmed, Thailand
Fluorescence spectrophotometer, Cary Agilent, United states

Eclipse

Fluorescent camera for smartphone EOSCE, Thailand

FT-IR spectrophotometer, Nicolet iS50 Thermo Fisher Scientific, USA
Hot air oven Memmert, USA

Hotplate stirrer, C MAG HS 7 IKA, Germany
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Instruments and apparatus

Suppliers

iPhone SE, 32 GB

Matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF)

mass spectrometer, Microflex series
Microcentrifuge tubes

Micro fluorescence cuvette (700 L),

CV10Q700FS
Millipore Milli-Q water system

Reverse-phase (C-18) high performance
liquid chromatography (HPLC), Water
Delta 600 pump system equipped with
Water 996 photodiode array detector

Ultrasonic sonicator, IL 60061
Universal pipette tips
Volumetric flask and other glassware

Vortex mixer

Wax printer, ColorQube 8570

X-ray photoelectron spectrometer, Axis

ultra DLD

Apple, USA

Bruker Daltonik GmbH, Germany

Axygen scientific, USA

Thorlabs, United states

Merck Millipore, USA

GenTech Scientific, USA

Elma, German

Plusmed, Thailand

SCHOTT, Germany

Scientific industries, United

states

Fuji Xerox, Japan

Kratos, Unites states
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3.2 Chemicals and reagents

All analytical grade chemicals and reagents utilized in this research were
handled without further purification. The list of chemicals and reagents are
shown in Table 3.2. The sequences of synthetic oligonucleotides used
throughout the experiment are listed in Table 3.3. The HCV DNA sequences

were designed according to the previous report [16].

Table 3.2 List of chemicals and reagents.

Chemicals and regents

Suppliers

Acetonitrile (ACN)

acpcPNA probe

Ethanol (Absolute for analysis)
Lithium chloride (LiCl)
N,N-dimethylformamide (DMF)

Phosphate buffered saline (PBS) tablet
pH 7.4

Sodium cyanoborohydride (NaBH;CN)
Sodium periodate (NalO,)

ssDNA-binding fluorescent dye,
QuantiFluor® ssDNA System

Synthetic oligonucleotides
Tween-20, Polysorbate 20

Whatman chromatography paper No. 1

Merck, Germany

Vilaivan’s group, Thailand

Merck, Germany

Wako Pure Chemicals, Japan

Merck, Germany

Sigma-Aldrich, USA

Acros Organics, USA

CARLO ERBA Reagents, Italy

Promega Corporation, USA

Pacific Science, Thailand

Glentham Life Sciences, USA

Sigma-Aldrich, USA
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Table 3.3 List of synthetic oligonucleotides.

Synthetic oligonucleotide Sequences (5'—3’)

Complementary HCV DNA GCTCCGGGACTGCACCATGCTCGTG

(25 nucleotides)

Complementary HCV DNA GCTCCGEGGACTGCACCATGECTCETGETGETGGE
(35 nucleotides) CGACG

Complementary HCV DNA GCTCCGGGACTGCACCATGECTCETGETGETGGE
(45 nucleotides) CGACGACTTAGTCGT

Complementary HCV DNA GCTCCGGGACTGCACCATGCTCETGETGETGGE
(55 nucleotides) CGACGACTTAGTCGTTATCTGTGAA
Non-complementary DNA ATGTTAAACTGATCTCATGCTCGTGTGTGGC
(45 nucleotides) GACGACTTAGTCGT
Single-base-mismatch GCTCCGGCACTGCACCATGECTCETGETGTGEG
(45 nucleotides) CGACGACTTAGTCGT

Two-base-mismatch GCTCTGGGACTCCACCATGCTCETGETGETGEGEL
(45 nucleotides) GACGACTTAGTCGT

- Underline letters represent the expected binding region of synthetic

nucleotides with acpcPNA probe.

- Red letters represent base mismatch in complementary HCV DNA (45

nucleotides).
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3.3 Chemicals and reagents preparation

3.3.1 Synthesis and purification of acpcPNA probe

The conformationally constrained acpcPNA used in this research
was designed for specific binding with HCV DNA [16]. The acpcPNA probe with
a sequence of GTGCAGTCCCGGAGC (written in the N —> C direction) was
obtained from Ms. Chotima Vilaivan, Organic Synthesis Research Unit. Briefly,
the PNA was synthesized on a Tentagel S RAM resin by standard Fmoc solid-
phase peptide synthesis according to the previous work [101]. At the N-terminus
of acpcPNA, the amino group was end-capped by acetylation. Whereas, L-
lysinamide residual was also incorporated at the C-terminus to serve as a
solubility enhancer and a handle for subsequent immobilization onto the
aldehyde-modified cellulose paper via the amino group on the lysine side
chain. MALDI-TOF Mass analysis using a Microflex MALDI-TOF mass
spectrometer was performed to monitor the progress of the reaction. After
completion of the reaction, the nucleobase protecting groups were removed
from the acpcPNA molecules via the treatment with 1:1 (v/v) aqueous
ammonia: dioxane in a sealed tube at 60°C overnight. The acpcPNA was
obtained after cleavage from the resin by treatment with trifluoroacetic acid
(TFA), followed by purification using reverse-phase HPLC (C18-AR column, 0.1%
(v/v) TFA in water-methanol gradient). The purity of the synthesized acpcPNA
was evaluated to be >90% by reverse-phase HPLC analysis. The identity of
acpcPNA was verified by MALDI-TOF MS, which showed a characteristic peak at

m/z 5268.4 corresponding to the quasi-molecular ion as expected.



39

3.3.2 Preparation of 0.01 M phosphate buffer saline pH 7.4

The 400 mL of 0.01 M phosphate buffer saline (PBS) pH 7.4 was
prepared in ultra-purified water (18.2 MQ.cm™ at 25°C) obtained from a
Millipore Milli-Q water system. Two commercial PBS tablets were added into
400 mL Milli-Q water and the mixture was sonicated at room temperature until
the PBS tablets dissolved completely. The volume was adjusted so that the
final solution composed of 0.01 M PBS (pH 7.4 at 25°C), 0.137 M NaCl and
0.0027 M KCL.

3.3.3 Preparation of stock and working solutions of

oligonucleotides

All stock and working solutions of synthetic oligonucleotides
were prepared in 0.01 M PBS pH 7.4 and kept at 4°C prior to use. The
concentration of each stock solution should be measured by UV-visible
spectroscopy at 260 nm. The working solutions were prepared by diluting the
stock solution with 0.01 M PBS solution to various concentrations at 50, 35, 20,

10, 5and 2.5 pM in 200 pL centrifuge tubes.

3.3.4 Preparation of acpcPNA working solution

The concentration of acpcPNA stock solutions in the level of uM
was determined spectrophotometrically from the calculated molar extinction
coefficients (145,200 L/mol.cm) at 260 nm. The acpcPNA working solutions
were prepared by diluting stock solution to 75, 62.5, 50, 37.5 and 25 uM with
DMF containing NaBH;CN (1 mg/mL) for using as a solvent in 200 pL centrifuge
tubes. Both stock and working solution were kept frozen (-20°C) for long-term

storage until use.

3.3.5 Preparation of ssDNA-binding fluorescent dye working
solutions
The QuantiFluor® dye was stored in the dark at =30°C to —10°C

to maintain the fluorescent properties. Since the manufacturer did not provide
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the exact concentration, the stock fluorescent dye is defined as 100% v/v.
Before dilution, the frozen QuantiFluor® dye was thawed at room temperature
and protected from light. The working solution of the ssDNA-binding dye was
prepared by diluting the stock solution to 5, 2.5, 1 and 0.5% v/v in 1 mL
centrifuge tube with 0.01 M PBS (pH 7.4). These working solutions were
protected from light by covering with foil or placing in the dark and were stable

for 2-3 hours at 25°C.

3.3.6 Preparation of 2.10 M LiCl in 0.04 M of NalO,4

The mixture solution of 2.10 M LiCl and 0.04 M NalO, was
prepared by weighing 0.0856 ¢ of NalO; (Mw = 213.89 ¢/mol) and 0.8902 ¢ of
LiCl (Mw = 42.39 ¢/mol) into a 10 mL of centrifuge tube, then dissolving in Milli-
Q water and adjusting the volume to 10 mL. This prepared solution was utilized

for surface modification of cellulose-based filter paper.

3.3.7 Preparation of 0.01 M phosphate buffer saline containing
0.001% v/v Tween-20 (PBST)

The 100 mL of PBST solution was prepared to use as a washing
solution for removing non-hybridized oligonucleotides from the proposed
paper-based biosensor. A PBST solution was prepared by pipetting 0.1 mL of
Tween-20 and diluting with 0.01 M PBS solution to final volume of 100 mL.

3.3.8 Preparation of working solutions for studying behavior of

ssDNA-binding fluorescent dye

To study the behavior of ssDNA-binding fluorescent dye in the
assay solution, 0.3 uM of acpcPNA, 0.3 pM of complementary HCV DNA (55
bases) and the mixture of equal concentration of acpcPNA and target
oligonucleotide (55 bases) mixture were separately prepared in 1 mL centrifuge
tube using 0.5% v/v QuantiFluor® dye as a solvent. All prepared solutions were

stored in the dark at 4°C prior to fluorescence measurement.
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3.4 Fabrication of paper-based biosensor

A wax-printing method was employed for the fabrication of the paper-
based biosensor in this work. First, the designed pattern of the proposed sensor
was created through a graphic program (Adobe Illustrator) and subsequently
printed onto the Whatman grade 1 chromatographic paper (Ad sheet) using a
commercial wax printer. The patterned paper was then melted on a hotplate
at 175°C for 50 seconds allowing the wax colors penetrated the paper. The area
covered with the blue wax is a hydrophobic region that prevented the liquid
leaking from the side of the paper. Whereas, the area without wax is hydrophilic
which was utilized as a detection region as shown in Figure 3.1. Finally, the

obtained paper-based device was attached below with transparent tape.

I 1cm |

Q)

@
@
P

Figure 3.1  The design of paper-based sensor in top view (left) and side view

1cm

(right) that composed of hydrophilic region (1), hydrophobic
region (2) and transparent tape (3).

3.5 acpcPNA probe Immobilization

The overall immobilization procedures of the acpcPNA probe onto the
cellulose-based platform with uncomplicated modification steps [31] are
summarized in Figure 3.2. First, 2 uL of a LiCl (2.10 M) in 0.04 M of NalOg4 was
added onto the hydrophilic region of the prepared paper-based device,
followed by incubation at room temperature for 15 minutes in the absence of
lisht. The aldehyde moieties were generated on the surface of the cellulose
substrate by selective oxidation of the hydroxy-functional groups. Thereafter,

the aldehyde-modified paper was rinsed two times with ultrapure water to get
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rid of the inorganic salts and allowed to dry at ambient temperature. The
acpcPNA immobilization was then performed by dropping 2 pL of the acpcPNA
working solution onto the aldehyde-modified area. Subsequently, the modified
paper was incubated in a humid chamber overnight. Next, the acpcPNA-
immobilized sensor was washed with acetonitrile solution (50% v/v in Milli-Q
water) for 30 minutes and then left to dry in the open air at ambient condition.

Finally, the paper-based biosensor was kept at 4°C until use.

2.10 M LiCI acpcPNA probe
OH  in0.04 M NalO, H /o working solution
é 15 minute é Overnight
Cellulose paper Aldehyde-modified paper acpcPNA-immobilized paper

Figure 3.2 The procedure to produce acpcPNA-immobilized paper-based

sensor.

3.6 FT-IR characterization

The surface of the Whatman cellulose sheet, aldehyde-modified paper
and acpcPNA-immobilized paper-based sensor were characterized using FT-IR
optical spectrophotometer (Nicolet iS50) with OMNIC software in the spectral
range from 4000 to 500 cm™ at ambient condition. Each infrared spectrum was
achieved in transmission mode by an average of the 32 number of scans with
a resolution of 4 cm™. All the solid platforms were allowed to dry in a hot air
oven at 50°C for 2 hours before collecting FT-IR data with a diamond ATR
crystal. To prevent contamination, the ATR probe was exhaustively cleaned

with ethanol before and after the FT-IR measurement.
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3.7 XPS characterization

The high-resolution XPS spectra of three elements, including carbon,
oxygen and nitrogen that existed onto the acpcPNA-immobilized paper surface
were obtained by a Kratos X-ray photospectrometer equipped with a mono
aluminium anode and delay-line detector (DLD). In XPS approach, a
monochromatic K-alpha X-ray (1486.6 electron volts) was generated by
applying a 150 watt of electrical power to the anode material. Charge
neutralization (current 1.8 amperes, balance 2.6 volts and bias 1.3 volts) was
utilized to stabilize the electrical charge on the surface of an insulating paper.
Each XPS spectrum of the defined elements was an average of three sweeps
and performed curve-fitting using a Vision 2 processing software. For sample
preparation, the paper-based sensor was removed the residual moisture in a
hot air oven at 100°C for a minute and then kept in a petri dish which was

cleaned with ethanol prior to the XPS analysis.

3.8 Fluorescence-based detection for studying behavior of ssDNA-

binding fluorescent dye

The characteristic feature of ssDNA-binding fluorescent dye was studied
in the solution phase using a fluorescence spectrophotometer. The assay
solutions were firstly mixed by a vortex mixer to ensure the homogeneity. After
that, the prepared solution was added into the micro fluorescence cuvette and
the fluorescence spectra were measured immediately. All emission spectra in
the range of 500-800 nm were obtained by setting the excitation wavelength,
excitation slit and emission slit at 492, 5 and 5 nm, respectively. The

fluorescence background was recorded using 0.01 M PBS (pH 7.4) solution.
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3.9 Hybridization with the target oligonucleotides

For the hybridization experiment, 2 pL aliquot of the target
oligonucleotide (synthetic sequence or denature PCR product) was dropped
onto the acpcPNA-immobilized paper-based sensor. The hybridization was
allowed to proceed at room temperature. After 15 minutes, the non-hybridized
or non-specifically adsorbed oligonucleotide was subsequently removed from
the detection region by washing with 20 pyL of PBST and PBS solution,
respectively. Each washing step was performed at ambient condition for 3

minutes.

3.10 Fluorescence-based detection on paper-based biosensor

The detection zone of the oligonucleotide-bounded paper-based
sensor was prepared by dropping 20 uL of fluorescent dye working solution
(2% v/v), followed by incubation for 5 minutes in a dark box at room
temperature. Next, the sensor was photographed under black light (340 nm) to
obtain a fluorescent image using iPhone SE coupled with fluorescent camera
gadget (Figure 3.3). The green fluorescent response in the form of mean color
intensity (green channel) was digitally obtained by the ColorMeter RGB
Colorimeter application on the iOS system as illustrated in Figure 3.4. The
oligonucleotide-free sensor was performed in the same condition and its color

intensity was defined as a background signal.

3.11 Influence of the total length of HCV DNA on the signal response

Effect of the total length of incubated oliconucleotides on the
fluorescent signal was evaluated by measuring the mean color intensity of the
acpcPNA-immobilized sensors according to the above-mentioned procedure.
The paper-based device was incubated with four target sequences having a
different total length, including 25, 35, 45 and 55 nucleotides. All experiments
were performed using 50 uM of complementary oligonucleotide and 1% v/v of

ssDNA-binding fluorescent dye (10 pL) as the assay condition.



45

&)

5 |8

4
4) 55
)]

Figure 3.3  Schematic of fluorescent camera for smartphone consisting of (1)
4 pieces of 340 nm light source, (2) 500 nm long-pass filter with
anti-reflection filter, (3) body part for covering the paper-based
sensor and preventing the interference of external light, (4) USB-

C charging port, (5) switch and (6) smartphone case attachment.
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Figure 3.4 The mean color intensity obtained from ColorMeter RGB
Colorimeter application (version 1.95, developed by White
Marten).
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3.12 Optimization of the experimental conditions

All optimization experiments, the fluorescence response in the term of
mean color intensity (green value, Gynayte) Was obtained and subtracted with
the background intensity (G- Each detection was performed for three times
repeatedly. After that, the Alg (Garaiyte — Goari) @nd studied parameters were

plotted to obtain the best condition.

3.12.1 Concentration of acpcPNA probe

Because the quantity of acpcPNA probe is directly related to the
amount of hybridized target on the detection zone of paper-based sensor, it is
necessary to optimize the probe concentration in the immobilization process.
Therefore, the range of 25 to 75 uM of acpcPNA working solution was
investigated. In this study, a synthetic HCV DNA (55 nucleotides) was employed
as the target sequence. The 10 pL of ssDNA-binding fluorescent dye (1% v/v)

was also used in the fluorescence-based detection step.

3.12.2 Hybridization time

The time required for completion of the binding between the
immobilized-acpcPNA probe (50 uM) and target oligonucleotide (50 uM) was
studied by varying the hybridization time between 5 and 30 minutes. To
measure the mean color intensity, the working solution of 1% v/v fluorescent

dye with a volume of 10 pL was used in this assay.

3.12.3 Incubation time

The incubation time of ssDNA-binding fluorescent dye onto the
paper-based sensor was optimized next. The incubation time in the dark
condition from 0 to 30 minutes was examined using 50 UM of both target
oligonucleotide and acpcPNA probe. The same condition of fluorescence-
based measurement as the assay of hybridization time was applied in this

study.
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3.12.4 Concentration of ssDNA-binding fluorescent dye

The mean color intensity in the green channel related to the
total amount of ssDNA-binding fluorescent dye. Therefore, the investigation of
the dye concentration was optimized by varying in the range of 0.5 to 5% v/v.
Each fluorescent dye solution was prepared in a final volume of 20 pL onto
the paper-based device. Signal intensities were quantified using 50 uM of

incubated HCV DNA onto the probe-immobilized paper (50 uM).

3.12.5 Volume of ssDNA-binding fluorescent dye

The volume of the fluorescent dye is another factor that control
the total amount of fluorescent dye and also associated with the fluorescence
response. Hence, the color intensity of oligonucleotide-bounded paper was
detected using 2% v/v of ssDNA-binding fluorescent dye with different total
volumes, including 5, 10, 20 and 30 pL. The incubated amount of target DNA
and acpcPNA probe were equal to those used in the optimization of dye

concentration.

3.13  Analytical performance

Under optimized conditions, the analytical performance of the
developed paper-based DNA sensor relying on label-free assay for detecting
HCV DNA (55 nucleotides oligomer) was determined. The various
concentrations of target sequences in the range of 2.5 to 50 uM were incubated
onto the prepared sensor. Each concentration was examined in triplicate. The
average Alg were plotted as a function of the amount of incubated
oligonucleotide (pmol) to obtain a calibration curve. The detection limit,
defined as the smallest amount of test HCV DNA that can generate the
significant difference of the intensity of analyte (Gynayte) from the background
(Gpuank), as statically calculated by the Student's t-test in spreadsheet software
(Microsoft Excel) after variance testing by F-test. A t-test at the 95% confidence

level was selected in this calculation.
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3.14  Specificity study

The specificity of the acpcPNA was evaluated by comparing the
numerical signal intensities obtained from the fluorescent image between
complementary HCV DNA (45 nucleotides oligomer), single-base-mismatch,
two-base-mismatch and non-complementary sequence. Each synthetic

oligonucleotide used in this evaluation had a working concentration of 50 uM.

3.15 Stability evaluation

To achieve the shelf-life of the developed paper-based DNA sensor, the
prepared sensor was kept under a dry condition at 4°C and ambient
temperature (25°C) prior to measuring the fluorescent response every other
day after hybridization with 50 uM target sequence (45 nucleobases). The signal
intensity obtained from the sensing-device after storage was normalized with

the freshly prepared sensor on the first day.

3.16 Sample preparation

The extracted HCV oligonucleotides from clinical samples were
obtained from the Center of Excellence in Hepatitis and Liver Cancer,
Department of Biochemistry, Faculty of Medicine, Chulalongkorn University
(Thailand). The complementary HCV DNA was generated by reverse
transcription-polymerase chain reaction (RT-PCR). The obtained PCR amplicons
were stored at -8°C for further analysis. Prior to the data collection from the
PCR-amplified samples, the PCR-amplified dsDNA were denatured to generated
ssDNA targets. The denaturation was done by heating the sample in a PCR tube

at 100°C for 10 minutes, followed by instant freezing in an ice bath.



CHAPTER IV
RESULTS AND DISCUSSION

This chapter explains the results and discussion of acpcPNA-
immobilized paper-based sensor characterization, fluorescence behavior of
ssDNA-binding dye, sensing principle, influence of the total length of target
oligonucleotide and optimization of experimental conditions. In addition, the
analytical performances, specificity study, stability evaluation and real sample

analysis using this proposed sensor are also described.

4.1 Characterization of the acpcPNA-immobilized paper-based sensor

Due to the beneficial features of the acpcPNA system including
outstanding affinity with DNA target and extraordinary selectivity, the acpcPNA
molecule is a promising recognition element that has been extensively applied
in various sensing platforms. This study is one of the efforts to utilize acpcPNA
as a specific probe to construct a paper-based analytical device for screening
of HCV DNA. In this work, the tethering process of the lysine-modified acpcPNA
on the cellulose substrate using inexpensive reagents and uncomplicated
procedures was adopted from a previous report [31]. In order to confirm the
success of acpcPNA immobilization, the fabricated acpcPNA-immobilized paper
was characterized by infrared spectroscopy (FT-IR with ATR accessory) and

elemental analysis (XPS), respectively.

The obtained FT-IR spectra of three kinds of substrate, namely
Whatman cellulose-based paper, aldehyde-modified cellulose and acpcPNA-
immobilized sensor are shown in Figure 4.1. The C=0 stretching at around 1730
cm’ [98] in the infrared spectrum of the aldehyde-modified paper was clearly
different from the unmodified cellulose paper. The presence of carbonyl
absorption originates from the periodate oxidation of 1,2-glycol side-chain of
the glucose residual on the cellulose. This reaction arises from the Malaprade

mechanism [99], contributing to the generation of two aldehyde groups per
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glucopyranose unit. After the periodate-oxidized cellulose was incubated with
the acpcPNA solution, there was no carbonyl signal (1730 cm™) left in the FT-
IR spectrum. This signal disappearance was consistent with the reaction
between the aldehyde groups on the modified-cellulose and the amine groups
of lysine-terminated acpcPNA. Additionally, a newly peak near 1640 cm'
related to the stretching vibration of N-C=O [102] was observed. This

characteristic band can be assigned to the peptide-like backbone of the

acpcPNA probe.

(A)

(B)
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Figure 4.1  ATR-FT-IR spectra of (A) Whatman cellulose sheet, (B) aldehyde-

modiified paper and (C) acpcPNA-immobilized sensor.

To verify the existence of the acpcPNA probe, an XPS analysis was
performed to observe the elemental composition on the surface of the
prepared sensor. As illustrated in Figure 4.2, the high-resolution C 1s spectrum
of acpcPNA-based PAD was deconvolved to reveal three peaks at 284.60,
286.14 and 288.37 eV corresponding to C-C (sp”), C-O and C=0, respectively
[103]. Two components of the O 1s peak at 532.06 and 533.05 eV was attributed
to C=0 and N-O-C [104]. In addition, one peak of N 1s signal was presented at
399.40 eV [105], which denoted the appearance of tertiary nitrogen N-(C);
moiety in the structure of immobilized-acpcPNA probe. These results clearly
confirm that the acpcPNA probe was successfully immobilized on the surface

of the periodate-oxidized cellulose.
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Figure 4.2 High resolution XPS spectra of (A) C 1s, (B) O 1s and (C) N 1s on the surface of acpcPNA-immobilized paper-based device.
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4.2 Fluorescent behavior of ssDNA-binding fluorescent dye

The fluorescence spectra of the ssDNA-binding dye in 0.01 M PBS (curve
A) and the dye mixtures with the acpcPNA probe and the target ssDNA were
displayed in Figure . It can be found that the control with the addition of only
acpcPNA probe exhibited a negligible fluorescent signal at around 520 nm
(curve B) indicating the ineffective binding between the fluorescent dye and
the neutral backbone of the acpcPNA probe. In contrast, the target (HCV) ssDNA
in the presence of the dye showed an extremely large enhancement (ca. 450-
fold) in fluorescent response (curve C) compared with the control solution
(curve A). The mixture provided an outstanding emission peak centered at 525
nm when the excitation wavelength was operated at 492 nm. The sensitive
fluorescence emission should occur according to the electrostatic binding
between the anionic phosphate backbone of ssDNA and the cationic dye.
Moreover, the fluorescent intensity at the defined peak of this mixture slightly
declined upon hybridization with acpcPNA probe (curve D); about a 7%
decrease in the presence of an equivalent acpcPNA. This could be attributed
to the formation of the PNA:DNA duplex, resulting in the less accessible sites
for fluorescent dye binding. The obtained photographs of these solutions under
UV irradiation are shown in the inset of Figure 4.3. As seen, the mixture of
ssDNA-binding dye and ssDNA target presents a bright green color that
confirmed the strong fluorescent feature of the assay solution. These results
indicated that the ssDNA-binding fluorescent dye could be served as a suitable
signaling element for the fluorescence-based detection of ssDNA and its binding
behavior significantly related to the electrostatic attraction of the dye and

target ssDNA as depicted in Figure 4.4.
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Figure 4.3  Fluorescence spectra of ssDNA-binding dye solution (0.5% v/v)

with the addition of acpcPNA probe and target ssDNA (55

oligomers). All concentration of acocPNA and ssDNA are 0.3 uM.

The inset is the photographs of the assay solutions under UV light

(365 nm).
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Figure 4.4 The proposed schematic representation of ssDNA-binding dye

behavior.
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4.3 Sensing principle

The concept for the detection of HCV DNA using the acpcPNA-
immobilized PAD was demonstrated in Figure 4.5. In the absence of target
sequence (Figure 4.5A), the acpcPNA-immobilized sensor was non-fluorescence
due to the lack of binding event between the ssDNA specific dye and the
acpcPNA probe. On the contrary, when the complementary HCV DNA was
added (Figure 4.5B), the fluorescent dye would bind to the remaining region of
the ssDNA target that was not involved in the specific hybridization with the
probe. As a result, a bright-green color of fluorescent response was visually
observed on the detection zone of the sensor under UV irradiation (340 nm)
generated from a handheld camera gadget. The fluorescent color change can
be quantified by detecting the mean intensity of green color (G,nayte) and
subtracted by the intensity of the blank acpcPNA-immobilized paper (Gpanw-
The different color (Alg) value can be utilized as the numerical signal intensity

in the further experiment.

(A) In the absence of target sequence
- .

.
ssDNA Image
specific dye % # processing
o
. Ghlank

(B) In the presence of target sequence

©
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HCV DNA o specific dye ©  processing

. Ganalyte

©eB66 00606

(N)-GTG CAG TCC CGG AGC-(C) OO 0O O O 56CTCCEGEACTG CACY

Figure 4.5 The detection concept of acpcPNA-immobilized PAD in the

absence (A) and presence (B) of target sequence.
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4.4 Influence of the total length of HCV DNA

In this work, fluorescence response of the sensing platform is expected
to increase with the increasing of the length of the oligonucleotide target. Thus,
the influence of the total length of synthetic HCV DNA on a fluorescent signal
was evaluated to prove this hypothesis as shown in Figure 4.6. It can be
observed that the Al value of this system tends to enhance with the increscent
length of target oligonucleotide. This phenomenon is due to the expansion in
the hanging tail of ssDNA target which leading to higher accessible sites for
binding interaction with the fluorescent dye. The fluorescent images of this
assay were shown in Figure 4.7. The result pointed out that the total length of
target nucleotide was a key factor to achieve the signal amplification in this
detection method. In our case, the longest DNA strand (55 nucleotides) was
chosen as the target sequence in both experimental optimization and

analytical performance study because it provided the highest signal intensity.
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Figure 4.6 Influence of the total length of HCV DNA on the signal intensity.
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Figure 4.7  Fluorescent images of 50 uM of HCV DNA at different total lengths
(25-55 nucleotides).

4.5 Optimization of experimental conditions

To achieve the high sensitivity for HCV DNA measurement using the
propose sensor, variation of experimental parameters, including acpcPNA probe
concentration, hybridization time and incubation time were investigated. The
concentration and volume of fluorescent dye were also examined. All
optimization experiments were carried out by observation of the sensor with
50 puM complementary HCV DNA (55 nucleotides) using the fluorescence-based

measurement combined with a smartphone application.

4.5.1 Effect of acpcPNA concentration

The optimization of acpcPNA probe concentration in the
immobilization process was investigated by varying the concentration of the
probe in the range of 25 to 75 uM. As displayed in Figure 4.8, the results
revealed that the fluorescent change gradually amplified with an increase of
probe concentration from 25 to 50 yM and subsequently remained constant.
All photographs of the detection zone were also demonstrated in Figure 4.9.
Accordingly, the concentration acpcPNA probe at 50 pM was chosen for further
studies because it was the minimum concentration that provided the maximum

signal.
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Figure 4.8  Effect of acpcPNA concentration on the fluorescence response of

50 UM of HCV DNA.
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Figure 4.9  Fluorescent images of target HCV DNA (50 uM) at different probe
concentrations (25-75 uM).

4.5.2 Effect of hybridization time

Next, the effect of DNA hybridization time on the signal intensity
was considered over the time range from 5 to 30 minutes. As shown in Figure
4.10, the numerical intensity slightly increased with the lengthening of time
after the addition of the target DNA within 10 minutes, and sharply reached the
maximum value at 15 minutes. Then, a signal plateau was observed upon
increasing the hybridization time that could be explained by the saturation of
the immobilized acpcPNA probe by the DNA target. These results were
supported by the obtained photographs (Figure 4.11). Considering the
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hybridization efficiency, this method requires only 15 minutes to use as the

optimal time for the hybridization process.
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Figure 4.10 Effect of hybridization time on the fluorescence response of 50
uM of HCV DNA.

Hybridization time (minutes)

Figure 4.11 Fluorescent images of target HCV DNA (50 uM) at different

hybridization times (5-30 minutes).
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453 Effect of incubation time

The influence of incubation time between fluorescent dye and
target oligonucleotide that bound onto the acpcPNA-immobilized sensor was
examined next. As illustrated in Figure 4.12, the immediate measurement after
dropping the dye onto the paper-based sensor resulted in imperfect interaction
between the dye and the bound target. The obtained signal reached its highest
intensity after the incubation for 5 minutes. Then, the signal intensity declined
instantly when the incubation was longer than 10 minutes. This is due to the
increase of incubation time would reduce the light performance of the dye.
From the product description, the active-time of dye working solution is limited
and directly associates with the exposure of light. In addition, the decrease of
intensity could be influenced by the photo-bleaching effect caused by
undesirable interaction between the dye and surrounding molecules [68]. The
change of fluorescent color was obviously observed as presented in Figure 4.13.
Therefore, the incubation time of 5 minutes was selected as an optimal

condition for subsequent experiments.
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Figure 4.12 Effect of hybridization time on the fluorescence response of 50
LM of HCV DNA.
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Incubation time (minutes)
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Figure 4.13 Fluorescent images of target HCV DNA (50 uM) at different

incubation times (0-30 minutes).

4.5.4 Effect of fluorescent dye concentration

Fluorescent dye concentration is another important parameter
that influences the sensitivity of this proposed platform since the fluorescent
intensity directly depends on the amount of fluorophore molecule used in the
solid sensing-device. The range of dye concentration between 0.5 to 5% v/v
was studied. As shown in Figure 4.14, the outstanding enhancement of Al value
was observed with the raising of dye concentration and reached a plateau at
2% v/v of fluorescent dye. While the absolute intensity of the obtained
photograph was slightly higher at the dye concentration of 5% v/v. At the same
time, its blank system also exhibited the highest intensity among other
concentrations as illustrated in Figure 4.15. As a result, in the Alg value in this
case was close to the case that using the 2% dye (v/v). These results indicated
that the probe could interact with the fluorescent dye at high concentration.
Hence, 2% v/v of ssDNA-binding dye was utilized as the appropriate

concentration for the next optimization.
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Figure 4.14 Effect of fluorescent dye concentration on the fluorescence

response of 50 uM of HCV DNA.
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Figure 4.15 Fluorescent images of blank and target HCV DNA (50 uM) at

Blank Target

different fluorescent dye concentration (0.5-5% v/V).
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4.5.5 Effect of fluorescent dye volume

Finally, the volume of fluorescent dye was optimized over the
range of 5 to 30 pL using the previous optimal condition. As presented in Figure
4.16, the trend line showed that the green fluorescent signal continuously
increased from the volume of 5 to 20 pL and the intensity was constant after
20 pL. AU fluorescent images were also shown in Figure 4.17. This could be
described that the increase in dye volume might increase the amount of the
fluorophore molecule. Thus, the volume of 20 pL was selected for the

fluorescence-based detection.
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Figure 4.16 Effect of fluorescent dye volume on the fluorescence response of

50 uM of HCV DNA.
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Figure 4.17 Fluorescent images of target HCV DNA (50 uM) at different

fluorescent dye volume (5-30 uL).
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4.6 Analytical performance

The analytical performance of the acpcPNA-immobilized paper-based
DNA sensor for the fluorescence measurement of HCV DNA was assessed under
the optimized conditions. To evaluate the dynamic range of this proposed
method, the incubated amount of HCV DNA (pmol) as a function of the color
change in the green channel (Alg) of the digital images (Figure 4.18) was
examined. As clearly seen in Figure 4.19, the Al values increase with the
increscent amount of test DNA. A good linear relationship between the Alg
value and the amount of target oligonucleotide in the range of 5-100 pmol
was observed. The linear regression of this relationship was y = 0.6348x +

5.6227: R? = 0.9956.

Amount of incubated HCV DNA (pmol)

0 20 40 70 100

Figure 4.18 The enhancement of green colors onto the proposed DNA sensor

for various amounts of incubated HCV DNA (pmol).
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Figure 4.19 The calibration plot of Al; value against the amount of incubated

HCV DNA.
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Thereafter, the detection limit of the HCV DNA amount was determined
by observing the lowest amount of target DNA that exhibited distinguishable
green value compared to the background. In this study, ten pieces of both the
paper-based DNA sensor having HCV DNA (5 pmol) and the blank were detected
and statically evaluated by F-test and Student’s t-test, respectively. The result
of variance analysis (F-test) is displayed in Table 4.1. The variance between the
target-incubated paper and the blank was not significant difference since the
calculated F value (1.433) was less than the F critical (3.179) at a significant
level (denoted as a) of 0.05. Then, this couple of data groups was analyzed by
a t-test that assuming equal variances. As presented in Table 4.2, the resulting
value of t stat was equal to 14.146 and higher than the critical value (1.734)
given in the t-table (& = 0.05). This data indicated that the mean of the green
value obtained from the test sensor and the blank was statistic inequality.
Consequently, the detection limit for this sensing platform was found to be 5
pmol. These results showed a promising performance of the proposed
acpcPNA-based sensor for screening of HCV DNA in clinical samples as a point-
of-need approach. In addition, it should be noticed that, in the sensing of real
DNAsamples, the detection limit should be further enhanced when the length
of the target sequence was extended. That is highly possible to apply in the
real sample analysis because the DNA target is regularly hundreds of nucleotide

length.
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Table 4.1 F-test for the determination of detection limit.
Parameters Test sensor (5 pmol) Blank
Mean 84.9 77.4
Variance 1.66 1.16
Observations (N) 10 10
Degree of freedom (N-1) 9 9
F value 1.433
F critical one-tail 3.179

Table 4.2  t-test for the determination of detection limit.

Test sensor (5 pmol) Blank
Mean 84.9 774

Variance 1.66 1.16
Observations (N) 10 10
Degree of freedom (Nios-2) 18
Pooled variance 1.406
t value 14.146

t critical one-tail

1.734
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4.7 Specificity study

In case of detecting HCV DNA in the real sample of PCR-amplified
products, the specificity of the proposed DNA sensor is unavoidable for the
reason that the fluorescent dye binds to ssDNA target without the selectivity
of nucleobase sequence. Thus, the dye can interact with non-complementary
oligonucleotide and provide fluorescent emission as in the case of a
complementary target. The use of immobilized PNA probe to capture the
specific DNA target should solve this problem provided that the specificity of
the PNA probe-DNA target is sufficiently high. To determine the specificity of
this system, the Alg value obtained from the paper-based sensor after
hybridization with the fully complementary HCV DNA (45 nucleotides) was
compared to the single-base mismatch (mis-1), two-base mismatch (mis-2) and
non-complementary (nc) DNA targets as shown in Figure 4.20. All digital images
obtained from this experiment were also displayed in Figure 4.21. In the
presence of complementary HCV DNA, the Alg value enhanced remarkably;
whereas the Alg values were negligible for the mis-1, mis-2 and ncDNA targets.
These results suggested that the mismatched and non-complementary
oligonucleotides should not significantly affect the fluorescence measurement
in this method. Hence, the proposed strategy exhibited the expected specificity
for HCV DNA detection, which confirms the high-performance of acpcPNA

probes.
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Figure 4.20 Al; values obtained from the paper-based sensor after
hybridization of target, mis-1, mis-2 and ncDNA, respectively. All
concentration of test DNA are 50 uM.
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Figure 4.21 The digital images of paper-based sensor in specificity test.

4.8 Stability evaluation

To evaluate the stability of the proposed system, the prepared
acpcPNA-immobilized paper-based sensor was kept at room temperature (25°C)
and 4°Cin a dry chamber for 1, 3,5, 7,9 and 11 days, and subsequent measuring
the Alg value following hybridization with 50 uM of target DNA (45 nucleotides).
The obtained signal was normalized with the initial intensity. As illustrated in
Figure 4.22, the relative change of green fluorescent color remained over 95%
after storage for 5 days (kept at 25°C) and 9 days (kept at 4°C). These steady
responses suggest that the proposed DNA sensor affords satisfactory stability

for long-term storage.
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4.9 Real sample analysis

To test the feasibility of the proposed sensor for the analysis of real
samples, the developed DNA sensor was evaluated in the HCV DNA detection
of PCR-amplified products from HCV patients with known HCV RNA
concentration as listed in Table 4.3. As mentioned in the sensing principle, this
sensing-device relied on the detection of ssDNA. In addition, the probe must
bind to a single stranded region in the target DNA. Therefore, the duplex DNA
in the PCR-amplified real DNA sample should be denatured prior to the
hybridization and signal collection. It was found that the average Alg was
increased in a concentration-dependent manner in the presence of positive
samples at different levels of viral load (Figure 4.23). For the negative control
(SiHA), the obtained intensity was insignificantly increased compared to the
blank system. The results validated the target hybridization with the acpcPNA
probe in the proposed system. In addition, it was observed that the signal

intensity enhances with the addition of the amount of PCR sample (C132) as



69

displayed in Figure 4.24. From these results, it obviously shows that this
fluorescent label-free paper-based biosensor could be applicable for the

screening of HCV DNA in amplified products from real clinical samples.

Table 4.3 The concentration of HCV-RNA and viral load in test samples.

Code HCV-RNA (IU/mL) Viral load Log (loglU/mL)
C118 431,130 5.63
C132 1,215,642 6.08
C264 960,316 5.98
C342 3,431,992 6.54
12
I
10 4 [ l
.| J |
)
& 6
o
<
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O %
Negative C118 C132 C264 C342

Figure 4.23 The Al; values for the detection of real HCV DNA in PCR-amplified

samples (n=3).
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CHAPTER V
CONCLUSIONS AND FUTURE PERSPECTIVE

5.1 Conclusion

In this research, a novel strategy for the fluorescence-based detection
of HCV DNA has successfully established using acpcPNA probes integrated with
a paper-based sensing device. The developed platform offers a simple-to-use,
rapid measurement, long-term storage, disposability, portability and low
sample volume requirement. Moreover, this proposed method exhibits
straightforward probe fabrication without the use of costly chemical reagents
and complicated steps. The immobilization of the acpcPNA probe onto the
surface of PAD was confirmed by surface characterization techniques, namely
FT-IR with ATR mode and XPS analysis. The change of green fluorescent color
correlates with the amount of the HCV target DNA, which could be observed
by naked-eyes and smartphone-based measurements. Under the optimal
conditions, the acpcPNA-based device can be utilized to directly observe the
HCV oligonucleotide (55 nucleotides) in the dynamic range from 5 to 100
pmol/spot. The detection limit was found to be 5 pmol/spot, as verified by the
Student’s t-test. The linear relationship equation is y = 0.6348x + 5.6227; R? is
equal to 0.9956. Furthermore, the prepared biosensor provides an acceptable
specificity to detect complementary HCV targets over the mismatched and
non-complementary oligonucleotides. Additionally, the relative fluorescent
response remains constant after storage for 5 days (at ambient temperature)
and 9 days (at 4°C) under a dry environment. Finally, this approach was
satisfactorily applied for detecting HCV DNA from PCR-amplified products.
Accordingly, this proposed DNA sensor combined with the smartphone-based
measurement can be employed as a potential alternative and easy-to-handle

tool for the point-of-care screening of HCV DNA in the clinical diagnosis.
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5.2 Future perspective

Due to genetic variability of HCV which can divide into seven main
genotypes and multiple subtypes [34]. Thus, this device can be developed for
HCV genotyping in biomedical purposes using the specific acpcPNA probes that
are designed to be complementary with the defined HCV targets. The pattern
of the paper-based DNA sensor can be also designed for simultaneous
detection providing the improvement of high-throughput screening.
Nevertheless, the level of HCV DNA in clinical samples is available at a low
concentration. Therefore, the superior performance technique that provided
higher sensitivity is demanded to continuously evolve. To improve the
analytical performance, one should increase the fluorescent response by using
the novel dyes or other signaling agents that exhibited better fluorescence
change. Additionally, the adjustment of the optical path in the smartphone
gadgets to obtain a low background intensity will be beneficial for the signal

amplification.
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BLAST Results

Job title: Nucleotide Sequence (15 letters) 5'-GCTCCGGGACTGCAC-3’

RID 4S3KS0AD01R (Expires on 01-27 14:38 pm)

Query ID Icl|Query_210159 Database Name nr
Description None Description Nucleotide collection (nt)
Molecule type nucleic acid Program BLASTN 2.8.1+

Query Length 15

Hepacivirus C isolate IBTO.IR.DONOR188 non-structural protein 5b (NS5b) gene, partial cds

Sequence ID: MG704793.1 Length: 280 Number of Matches: 1
Range 1: 231 to 245

Score Expect Identities Gaps Strand Frame
30.2 bits(15) 304() 15/15(100%) 0/15(0%) Plus/Plus
Features:

oo 2 CRLINIT -

Hepacivirus C isolate IBTO.IR.DONOR231 non-structural protein 5b (NS5b) gene, partial cds

Sequence ID: MG704785.1 Length: 318 Number of Matches: 1
Range 1: 231 to 245

Score Expect Identities Gaps Strand Frame
30.2 bits(15) 304() 16/15(100%) 0/15(0%) Plus/Plus
Features:

Query 1 GCTECGIiACT

oo 291 LU es

Hepacivirus C isolate IBTO.IR.DONORG61 non-structural protein 5b (NS5b) gene, partial cds

Sequence ID: MG704790.1 Length: 390 Number of Matches: 1
Range 1: 267 to 281

Score Expect Identities Gaps Strand Frame
30.2 bits(15) 304() 15/15(100%) 0/15(0%) Plus/Plus

Features:

Query GCTCCGGGACTGCAC

nger 267 SLPLLLARL

Hepacivirus C isolate IBTO.IR.DONOR15 non-structural protein 5b (NS5b) gene, partial cds

Sequence ID: MG704787.1 Length: 384 Number of Matches: 1
Range 1: 270 to 284

Score Expect Identities Gaps Strand Frame
30.2 bits(15) 304() 156/15(100%) 0/15(0%) Plus/Plus

Features:

Que GCTCCGGGACTGCAC

oger 270 LPCLELCHAG 2

Hepacivirus C isolate IBTO.IR.DONOR226 non-structural protein 5b (NS5b) gene, partial cds

Sequence ID: MG704784.1 Length: 318 Number of Matches: 1
Range 1: 231 to 245

Score Expect Identities Gaps Strand Frame
30.2 bits(15) 304() 156/15(100%) 0/15(0%) Plus/Plus
Features:

Qu GCTCCGGGACTGCAC

Soier 231 UL

Figure A1  Nucleotide sequences report from NCBI BLAST database.
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GTGCAGTCCCGGAGC_Lys(Mtt)_3-2019\Ac_GTGCAGTCCCGGAGC_Lys(Mtt)_pure_050419\1SLin

Intens. [a.u.]
N
(4]
o
o
|

Sequence (N=C): Ac-GTGCAGTCCCGGAGC-LysNH,

=]
i Length: 15 bases g
b [+ ]
(o]
2000 Calculated molar extinction coefficient at 260 nm: 145,200 L.mol™.cm™ o
. m/z (MALDI-TOF): calcd. 5266.6 found 5268.4
1 Quantity supplied: 160 uM, 100 uL
aoo” Storage: 4 °C (stable for up to several months) or -20 °C for long-term storage.
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Figure A2 MALDI-TOF mass spectrum and the specific information of HCV acpcPNA probe
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Table A1  Chemical compounds that interfere with the ssDNA-binding

fluorescent dye (QuantiFluor® ssDNA Systemn) [93].

Concentration shown  Change in
Compounds
to affect the dye' fluorescence signal

Agarose 0.08% 44% decrease
Ammonium acetate 20 mM 8% decrease
Bovine serum albumin (BSA) 1% 17% decrease
Chloroform 0.4% 22% increase
Ethanol 10% 24% decrease
leG 0.5% 15% decrease
Sodium chloride 20 mM 14% decrease
Magnesium chloride 2 mM 25% decrease
Zinc chloride 1 mM 1% increase
dsDNA 10 ng 9% increase
RNA 60 ng 11% increase
dNTPs 0.5 mM 8% decrease
rNTPs 0.5 mM 7% decrease
Urea 3M 13% decrease
Phenol 0.2% 9% decrease
Polyethylene glycol 10% 3% increase
Sodium acetate 15 mM 6% decrease
Sodium dodecy! sulfate (SDS) 0.02% 17% decrease
Triton® X-100 0.2% 17% decrease

' Compounds were tested at the indicated concentration with an initial dye dilution of

1:200 and a final concentration of 990 ng/mL ssDNA standard in a 200 pL assay.
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Figure A3  The calibration plots of the proposed DNA sensor in multiple

color channels.

Table A2  The regression analysis of the calibration plots in Figure A3.

Color channel

Linear regression equation

Correlation coefficient

Red (R)
Green (G)
Blue (B)
Cyan (Q)
Magenta (M)
Yellow (Y)

Black (K)

y = 0.3259x + 4.8148
y = 0.6348x + 5.6227

y = 0.2682x + 2.1037

y = -0.0419x + 1.0681

y = 0.0037x + 2.5140

y = 0.2472x + 2.3377

0.9697

0.9956

0.9624

0.3076

0.0026

0.9951




Table A3

T-distribution table (one tail).
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Degree of freedom

Significant level, a

(df) 0.1 0.05 0.01

1 3078 6.314 31.821
2 1.886 2.920 6.965
3 1.638 2353 4.541
4 1.533 2.132 3.747
5 1.476 2.015 3,365
6 1.440 1.943 3.143
7 1.415 1.895 2.998
8 1.397 1.860 2.896
9 1.383 1.833 2.821
10 1.372 1.812 2.764
11 1.363 1.796 2.718
12 1.356 1.782 2.681
13 1.350 1.771 2.650
14 1.345 1.761 2.624
15 1.341 1.753 2.602
16 1.337 1.746 2.583
17 1.333 1.740 2.567
18 1.330 1.734 2.552
19 1.328 1.729 2.539
20 1.325 1.725 2.528
oo 1.282 1.645 2326




o
(@)Y
Table A4 F distribution table (one tail) at significant level of 0.05.
df;=1 2 3 4 5 6 7 8 9 10 oo

df,=1 [161.448 199.500 215.707 224.583 230.162 233.986 236.768 238.883 240.543 241.882 254.314

2 18.513 19.000 19.164 19.247 19.296 19.330 19.353 19.371 19.385 19.396  19.496

3 10.128 9.552 9.277 9.117 9.014 8.941 8.887 8.845 8.812 8.786 8.526

4 7.709 6.944 6.591 6.388 6.256 6.163 6.094 6.041 5.999 5.964 5.628

5 6.608 5.786 5.410 5.192 5.050 4.950 4.876 4.818 a.772 4.735 4.365

6 5.987 5.143 a.757 4.534 4.387 4.284 4.207 4.147 4.099 4.060 3.669

7 5591 a4.737 4.347 4.120 3972 3.866 3.787 3.726 3.677 3.636 3.230

8 5318 4.459 4.066 3.838 3.688 3.581 3.500 3.438 3.388 3.347 2.928

9 5.117 4.256 3.862 3.633 3.482 3.374 3.293 3.230 3.179 3.137 2.707

10 4.965 4.103 3.708 3.478 3.326 3.217 3.136 3.072 3.020 2978 2.538

o 3.842 2.996 2.605 2.372 2.214 2.099 2.010 1.938 1.880 1.831 1.000
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