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Abstract

The current investigation focuses on the development of chemical and aptamer
recognition systems to detect histidine rich protein-II (HRP-II) with an aim of developing
efficient diagnostic systems for malaria caused by P.falciparum. Based on our
investigation we put forwarded three independent proof of concepts which will be further
discussed below : (A) development of an indicator displacement based optical detection
of malaria for application in point-of-care settings, (B) quantitative detection of histidine-
rich proteins using silver nanoparticle-based sensitive competitive binding assay
following spectroscopic approach and lastly (C) development of a specific aptamer
against HRP-II and an electrochemical impedance spectroscopy based aptasensor for
malaria using HRP-II as target biomarker. The biomarker HRP-II required for the
experiments was sub-cloned, expressed, purified and finally characterized to validate the
natural integrity of the protein. The novel ssDNA aptamer against HRP-II namely B4
was generated following a systematic molecular approach starting from SELEX
(Systemic evolution of ligands by exponential enrichment), cloning and screening of the
enriched candidates and then finally, validated the specificity by analysing the binding

affinity using ITC.

(A) Development of an indicator displacement based optical detection of malaria for
application in point-of-care settings.

This approach is based on competitive displacement of murexide dye from its complex

with Ni 2* by HRP-II present in serum samples. The binding constant (Kq) discerned for

the dye and HRP-II to Ni** were 1.4 x10° M and 6.8 x 10° M}, respectively. The

progress of the reaction could be monitored from the change of color from orange (~A4s>
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nm) to pink (~Asis nm) With the concomitant increase in HRP-II concentration in the
mixture. A linear response (R? = 0.995) curve was generated by plotting the ratio of
absorbance (Asis /Mg2) against the HRP-II concentrations. The method offered to detect
HRP-II as low as 1 pM without any interference from some common salts and the major
protein, HSA, present in the blood serum. The detection method was reproduced in a
microfluidic paper based analytical device (WPAD), fabricated by printing hydrophobic
alkyl ketene dimer on a chromatographic paper to create hydrophilic microchannels, test
zone, and sample application zone. The device offers to use a maximum sample volume
of 20 £ 0.06 pL and detects HRP-II within 5 min with LOD of 30 + 9.6 nM in a dynamic
range of 10 to 100 nM.

(B) Quantitative detection of HisRPs using silver nanoparticle-based sensitive
competitive binding assay following spectroscopic approach.

In the second approach we developed a simple competitive binding assay using
glutathione self-assembled silver nanoparticles (GS-AgNPS) as colorimetric probe. The
divalent nickel ion (Ni**) can electrostatically form complex with both the carboxyl-
functionalized GS-AgNPs and contiguous histidine moieties (2 > n) of HisRPs. However,
under competing environment Ni** binds preferentially to the HisRPs leaving behind the
colloidal GS-AgNPs in solution, which exhibits SPR band at A390 nm. Whereas, in absence
of HisRPs, Ni2* binds to the GS-AgNPs causing their aggregation that generates an SPR
band at 2450 nm. The method was validated by two poly-His tagged proteins: lactate
dehydrogenase and glutamate dehydrogenase and HRP-II. The respective LOD discerned
for the proteins were 3.5 nM, 5.4 nM and 30 nM (R? = ~0.995). The method also offered
to detect HRP-II in yes/no format following visual colorimetric signal and detect HRP-

IT in blood serum within 30 min at a low background noise (~4.4 %).
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(C) Development of specific aptamer against HRP-II and an electrochemical impedance
spectroscopy based aptasensor for malaria using HRP-II as target biomarker.

In this 3 approach we report a novel ssDNA aptamer of 90 mer sequence developed by
SELEX process against HRP-II. High stability of the secondary structure of the isolated
aptamer was discerned from its free energy of folding of — 20.40 kcal.mole™!. The binding
constant (Kq) of the aptamer with HRP-II analysed by isothermal titration calorimetry
was ~ 1.32 puM. Circular dichroism studies indicated B form of the aptamer DNA. The
aptamer was chemically immobilized on a gold electrode surface through a self-
assembled monolayer of dithio-bis(succinimidyl) propionate (DSP) to produce the
aptasensor. The step wise modification of the layers over the gold electrode during
fabrication of the aptasensor was confirmed by cyclic voltammetry. The aptasensor was
then challenged with different concentration of HRP-II and analysed the interaction
signals through electrochemical impedance spectroscopy. The impedance signal behaved
reciprocally with the increasing concentrations of the target in the sample from which a
dynamic range of 1 pM - 500 pM (R? = 0.99) and LOD of ~3.15 pM were discerned. The
applicability of the developed aptasensor to detect HRP-II in mimicked real sample was
also validated.

Finally, we critically evaluated our works and forwarded our views on the future scopes

of translating these proofs of concept to commercially viable products.
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Spectra were recorded in 50 mM HEPES buffer, pH 7.4.
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Figure 5.6: Isothermal binding curve for 20 uM B4 titrated into (A) 4 uM HRP-II (B)
buffer only and (C) 4 uM HSA. All the experiments were performed in 50 mM HEPES
buffer pH 7.4. Raw heat of binding curve is shown in the top part and fitted binding
isotherm curve is shown in the bottom part of the graphs.

Figure 5.7: Schematic representation on the fabrication of the aptasensor and its

application for the detection of HRP-II.

Figure 5.8: (A) CV spectra of gold electrodes at different fabrication steps (B) Potential
and current profiles discerned from the CV spectra of the gold electrodes at different

fabrication steps.

Figure 5.9: (A) Nyquist plots on the response of Au/DSP/B4 electrode towards HRP-II
concentrations. Equivalent Circuit diagram is shown in the inset. (B) Response curve of
A Revs increasing HRP-II concentration. Each data point is an average of at least three

individual experiments. Error bars indicate the SD.

Figure 5.10: The performance of the developed aptasensor when challenged with bare

serum and HRP-II spiked serum.
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Introduction

Malaria is a life-threatening disease occurring mostly in the tropical regions of
developing and underdeveloped countries. There were 91 countries and areas including
the risk regions of sub-Saharan Africa, South-East Asia, Eastern Mediterranean, Western
Pacific, and the Americas had malaria transmission in 2016 (WHO report, 2017). Malaria
is caused by the protozoan parasites of the genus Plasmodium that are transmitted to
people through the bites of infected female Anopheles mosquitoes. Five different
Plasmodium species are known to affect humans namely P.falciparum, P.vivax,
P.malariae, P.ovale, P.knowlesi. Infection caused by P.falciparum species is the most
dreaded one and it is responsible for most malaria-related deaths globally. Even though
there has been a continuous effort to eradicate malaria from the world for the last several
decades, it still remains a threat to the masses particularly, to the malaria endemic
countries. One of the major issues that stands as hurdle in effective malaria management
is the emergence of drug resistant P. falciparum strain. The drug-resistant strain emerged
for the first time in Southeast Asia, Oceania, and South America between late 1950s and
early 1960 and since then it has been spreading in other risk regions of the globe. There

has also been a growing concern on the asymptomatic malaria, which occurrs due to
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partial immunity against the parasite. It is generally referred to infection with low
malarial parasitaemia density that does not show any acute symptoms (Lindblade et al.,
2013). Such low parasitaemia cases can be detected mostly by highly sensitive molecular
biology techniques such as, PCR. Asymptomatic malaria do not pose immediate threat
to the patients as compared to severe malaria however, if ignored it can contribute to
inflammatory responses, anaemia, cognitive impairment and delayed physical
development (Chen et al, 2016). Moreover, the group of people with these
asymptomatic infections in endemic areas contribute to the human infectious reservoir.
Efforts to develop malaria vaccines have been made by many organizations. One such
vaccine termed RTS was developed during the year 2015 by PATH Malaria Vaccine
Initiative (MVI) and GlaxoSmithKline (GSK) with support from the Bill and Melinda
Gates Foundation. However, the vaccine showed poor results as the efficacy of the
vaccine declined rapidly over time and hence needs to be improved for complete
protection against malaria. Till then we need to have constant surveillance of malaria
transmission by early diagnosis and treatment. This brings us back to the discussion of
urgent requirement for an efficient and sensitive detection system which can also help
malaria management to limit the recurrence of the drug resistance malaria by detecting
the parasite at an early stage and at low parasite density. Several analytical techniques
for malaria diagnosis are known, which will be elaborated under chapter 1. However,
these techniques are associated with certain limitations such as requirement of skilled
personnel and expensive equipment facility. Hence, deployment of these techniques in
point of care (POC) settings is difficult. Currently, lateral flow based Rapid diagnostic
tests (RDT)s are widely used in resource limiting situations and POC settings. Since most
of the RDTs are antibody based, they are non-reusable, sensitive to high temperature and

humidity, give highly variable results including batch to batch variations and most
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importantly are unable to quantify infection. Various antibody based electrochemical
immunosensors have also been developed. Nonetheless, stability and cost of these
sensors are affected due to the inclusion of antibodies as recognition element. Many other
malaria detection methods that rely on the chemical recognition principle though reported
these techniques are in a preliminary stage of development and awaiting thorough
validation for practical applications. Thus, in spite of the vast array of tests reported so
far for POC settings, we are still in a hunt for a test that is quantitative, specific, sensitive,
affordable and most importantly stable in harsh conditions for its successful use in

malaria endemic countries with poor economic status.

Considering the above facts and gaps in the field of malaria diagnosis we focussed on
developing non-antibody based malaria recognition systems that are stable, quantitative,
sensitive and specific in nature. For this study we find that histidine rich protein II (HRP-
II) is a suitable biomarker since it is a unique protein (37% histidine and 40% alanine)
and is secreted specifically by P.falciparum. It is a stable, low molecular (~30 kDa)
weight protein which is secreted in abundance during parasite growth and development.
Due to its many attributes it is considered as an apt biomarker for P.falciparum malaria
diagnosis. Initially, we concentrated on chemical detection systems exploring Nickel-
histidine interactions as viable recognition option in optical platforms since the target
biomarker constitutes high level of His residues. We also developed a new generation
biorecognition molecule i.e aptamers against HRP-II by the SELEX (Systematic
evolution of ligands by exponential enrichment) method. Aptamers are mostly single
stranded DNA or RNA sequences that can bind to their target efficiently as antibodies.
Moreover aptamers are thermally stable, cost effective due to availability of rapid mass
scale synthesis protocol and can be easily modified as per the need. Further, we tried to

incorporate low cost platforms such as, paper based microfluidics and screen printed
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electrodes as the sensing platform to make our systems portable and low cost. The

specific objectives of the work are.

O Expression, purification and characterization of HRP-II.
0 Development of stable chemical recognition systems for optical detection of
HRP-II

O Development of aptamer based recognition system

This thesis has been subdivided into 5 chapters as briefly described below. At the end
of the chapters, a section describing the overall conclusion from the experimental
works including a critical evaluation on the work and its future scope has been

included.

Chapter 1: Literature review.

The objective of this chapter is to report the recent progress and status of malaria
detection methods, with special emphasis on P.falciparum HRP-II targeted detection.
This chapter reviews in detailed about the most reliable malaria biomarkers, its
advantages and discusses the reasons of choosing HRP-II over other biomarker. Various
conventional malaria detection methods are mentioned and compared to the more recent
detection platforms to identify the important gaps to be bridged for developing efficient

products of practical use.

Chapter 2: Expression, purification and characterization of Plasmodium falciparum

Histidine Rich Protein II.

As a starting step towards the objective of developing malaria sensors, this chapter
outlines the sub-cloning, expression and purification of the target protein in pure form

following molecular techniques. The integrity of the purified protein was confirmed by
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MALDI and CD analysis. Further characterization of protein was performed by Zeta

potential and heme titration studies.

Chapter 3: Development of an indicator displacement based detection of malaria

targeting HRP-II as biomarker for application in point-of-care settings.

This chapter describes a simple colorimetric method free from any labile biorecognition
element to quantitatively detect specific malarial biomarker HRP-II in solution as well
as on a paper based platform. The method involves the displacement of murexide dye
from its coordinating Ni*‘complex by the target HRP-II protein through competitive
binding events and then quantifying the target by measuring the colour intensity in a shift
in the wavelength. A detail characterization of performance parameters, interference
studies and its applicability in real serum were studied. This system was further upgraded
into microfluidic paper based platform for cost effective, stable and easy detection

followed by detailed characterization and studies on its performance.

Chapter 4: Quantitative detection of histidine-rich proteins using silver

nanoparticle-based sensitive competitive binding assay.

This chapter discusses the method of synthesis of glutathione coated silver nanoparticles
(GS-AgNPs), its characterization and application for quantitative detection of HRP-II
following a principle of competitive binding assay. We also performed a detailed
comparison of performance parameters with other histidine rich proteins such as poly his
tagged proteins. Application of the method for real serum samples and interference

studies were also studied and discussed.
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Chapter 5: Development of electrochemical impedance spectroscopy based aptasensor for

malaria using HRP-II as target biomarker.

The content in this chapter describes the development of specific DNA aptamers against HRP-
IT by the process of SELEX. The primary and secondary structures of the evolved aptamer
candidates were determined. The specificity of the aptamer was investigated by using
techniques such as, CD and ITC. The selected aptamer was further used to fabricate
electrochemical aptasensor to detect HRP-II. The performance parameters of the modified

electrode were examined.

Conclusion and future directions of research.

This section summarizes the work to reach a logical conclusion. Along with the concluding
statements a critical evaluation on the works embodied in this thesis has been included in this
section. Additionally, the scope of augmenting the work for translating the proposed proof of

concepts to technologically viable products has been discussed at the end.
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Chapter 1

Review of literature
1.1 Overview

In the year 2015, World Health Organization (WHO) reported a staggering number of
around 212 million cases of malaria out of which 429,000 deaths occurred worldwide.
The African region was affected the most with 92 % deaths occurring due to malaria
(WHO Report, 2016). The remaining 8 % deaths were detected in South East Asian
countries and Mediterranean region. India is highly affected by malaria as statistics say
that 75 % of all malaria cases in South-East Asia are from India. Out of all the malaria
cases reported in the country, around 80 % is confined to the areas where population
resides - in hilly, hard-to-reach or inaccessible regions. Malaria in India is particularly
deep-rooted in low-income rural areas of eastern and north-eastern states, but also occurs
in the central and more arid western parts of the country (National framework for malaria
elimination Report 2016). Since the year 2010 the malaria incidence rates though fell by
21% globally, it still poses a great threat as it affects the developing nations

socioeconomically.
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Malaria is caused by parasites that are transmitted to people through the bites of infected
female anopheles mosquitoes. With proper intervention this disease can be totally
preventable and curable however when left untreated it can lead to several complications
and can be a life-threatening disease. The causative agent of malaria is a protozoan
parasite of the genus Plasmodium. There are around 5 species, P. falciparum, P. vivax,
P. malariae, P. ovale, and P. knowlesi that can infect humans. After the bite the infective
plasmodial stage enters liver parenchimal cells or hepatocytes aproximately in 45
minutes of the bite. Inside the hepatocytes, each sporozoite begins a phase of asexual
reproduction resulting in the formation of a schizont, which contains thousands of
merozoites. The hepatic schizogony is asymptomatic in nature, as only a few number of
liver cells are infected (Bartoloni and Zammarchi, 2012). The hepatic phase of parasite
development (hepatic schizogony) lasts on an average between 5.5 (P. falciparum) and
15 days (P. malariae). In case of P. vivax and P. ovale infections, a proportion of parasites
may remain dormant in hepatocytes as hypnozoites for several months or up to five years
which can later lead to malaria recurrence. With the rupture of mature schizonts large
number of merozoites are released into the bloodstream that invade red cells rapidly to
start a process of asexual multiplication (erythrocytic schizogony). Within the red blood
cell, merozoites develop to trophozoites and schizonts as can be observed in different
stages of infection (figure 1.1). At the time of schizont rupture, the release of malaria
parasites and erythrocytic material into the circulation induce the pathophysiology
process of malaria and the onset of symptoms that includes episodes of high fever which
is followed by chills and rigors repeatedly in every 48 h in case of falciparum, ovale or
vivax, every 72 h in malariae, and 24 h in knowlesi infections
(https://www.cdc.gov/malaria/about /disease.html). The activation of the cytokine

cascade is responsible for many of the symptoms and signs of malaria.
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Figure 1.1: Life cycle of malaria parasite (https://www.malariagen.net/about/what-is

malaria)

P. falciparum is known to be the deadliest species responsible for the highest mortality
caused by malaria. Two main reasons that makes this species so dangerous: 1) it
replicates very fast and fever occurs within few days of the infection after which clinical
deterioration takes place in 3-7 days (Trampuz et al., 2003), ii) Secondly, the parasite
causes the Red Blood Cells (RBCs) to change shape and adhere to the endothelial lining
of blood microvessels as well get sequestered into various organs thereby avoiding
clearance by the spleen. This phenomenon is known as cytoadherence and is mediated
by the members of the highly variable protein family known as P. falciparum erythrocyte
membrane protein 1 (PfEMP1). The sequesteration of the infected RBCs lead to blocking

9
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of the blood vessels causing tissue hypoxia and when it occurs in the brain, the outcome
is known as cerebral malaria, which is associated with most cases of severe malaria. All
these information bring us to a point that there is an extreme urgency to detect malaria
caused by P.falciparum. For specific and sensitive detection of malaria caused by
P.falciparum we need to have an extensive knowledge about the biomarkers released that
are characteristic to this plasmodium species. Malaria is detected by thin and thick smear
microscopy, quantitative buffy coat (QBC), polymerase chain reaction (PCR), rapid
diagnostic tests (RDTs) and other non-conventional methods which however, suffer from
many limitations. In the following sections we shall discuss elaborately about the

different biomarkers of P.falciparum and the detection methods developed till now.
1.2 Biomarkers of P.falciparum

Biomarkers are cellular, biochemical or molecular alterations that are measurable in
biological samples which indicate any biological, pathogenic, or therapeutic responses
(Hulka, 1991) and therefore are helpful for diagnosis as well as prognosis in many
diseases. A good biomarker should have the following characteristics: (i) Suitable to
diagnose a disease; (ii) identify patients at risk; (iii) stratify patients depending on disease
severity; (iv) provide prognosis; (v) provide guidance in treatment; and, (vi) identify the
risk for long-term complications (Stauga et al., 2013). P.falciparum synthesizes a panel
of biomolecules such as, Lactate dehydrogenase, Hemozoin, Aldolase, Glutamate
dehydrogenase and HRP-II which are considered as antigenic biomarkers. We also have
host biomarkers that are released in response to the infection and considered as
biomarkers against malaria in several cases. However these are not as specific as the

antigenic biomarkers but they are still important to estimate severity of malaria.
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1.2.1 Serological Biomarkers

Cerebral malaria (CM) is a life-threatening complication of malaria and is defined as an
unarousable coma with a P. falciparum infection in the absence of other causes of
encephalopathy. It is fatal within 24-72 h if left untreated (Lucchi et al., 2011). The
advantage of an early immunologically relevant serological biomarker for cerebral
malaria CM would be helpful to distinguish febrile patients into groups: those who are
likely to develop CM and those who are likely to develop severe malaria (SM) or mild
malaria (MM). Although no clear biomarkers have yet been identified for CM, studies
show a conspicuous relationship between host proteins such as, chemokine interferon
inducible protein (CXCL10 and CXCL4) and severity of CM (Armah et al., 2007;
Olszewski and Llinds, 2011). It was observed that patients with CM have significantly
elevated levels of CXCL-10 and CXCL-4. Several other serological biomarkers for CM
have also been identified. For example, CM neuropathy can be identified by observing
elevated levels of soluble tumor necrosis factor receptor (STNF-R) and soluble Fas ligand
(sFas), (Armah et al., 2007). Cerebrospinal fluid (CSF) and serum levels of twelve
cytokines and chemokines were monitored and it was found that elevated levels of
interleukin 8 (IL-8), interleukin 1 receptor antagonist (IL-1ra), and TNFa were present
in children infected with CM as compared to healthy controls (John et al., 2008). The
levels of endothelial regulators such as, angiopoietin I (ANG I) and ANG II are also
affected during CM. It was found that ANG II and ratio of ANG II: ANG I could be used
to accurately distinguish between CM and MM patients (Lovegrove et al., 2009; Conroy
et al., 2009). Potency of a neuroprotective factor, erythropoietin (EPO), was assessed to
predict the risk of developing neurological sequelae after recovery to CM (Casals-
Pascual et al., 2008). Complement system components like Clq, C3, C4, and C5a are

affected in malaria patients. Depressed levels of C3 were found in severe and

11
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uncomplicated malaria as compared to 23 healthy controls (Wenish et al, 1997;
Olszewski and Llinds, 2011). Microparticles (MPs), also known as microvesicles, are
fragments of plasma membrane shed by various cell types under physiological stress
conditions (Freyssinet, 2003) and have also been linked with pathophysiology related to
malaria (Haest, 1982). There is a dramatic difference in the plasma levels of MP of
endothelial origin among Malawian children suffering from CM, severe malarial
anaemia, and uncomplicated malaria caused by P. falciparum (Conners et al., 2004).
Mfonkeu and their group (Mfonkeu et al., 2010) demonstrated by using fluorescence
activated cell sorting (FACS) that MP of platelet origin may be a relevant marker in the
routine follow up since the levels of MP dramatically increased during CM and decreased

when the patient was cured.

Immunofluorescence antibody testing (IFA) is commonly used to detect any serological
biomarkers but they are difficult to use reliably in diagnosing malaria. For instance,
CXCR3 and its ligands have been implicated in case of several neurological diseases like
West Nile virus (Klein ef al., 2005; Zhang et al., 2008), Toxoplasma gondii (Olszewski
and Llinas, 2011), and HIV infections (Sui et al., 2004). However, detection of these
markers holds great significance to detect CM, once malaria diagnosis is confirmed by

using an antigenic biomarker.

1.2.2 Antigenic malaria biomarkers

1.2.2.1 Lactate Dehydrogenase: During the intraerythrocytic stages, the parasite
principally relies on anaerobic respiration for ATP generation from glucose, and the
NAD" is regenerated by conversion of pyruvate to lactate while the mitochondria
contribute minimally to the ATP pool (Fry et al., 1990). Due to the dependence on the

glycolytic cycle for energy generation, enzymes such as lactate dehydrogenase (LDH),
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involved in this pathway are overexpressed (Roth, 1990). It has been found that P.
falciparum LDH (PfLDH) RNA expression level gradually increases, with the peak
expression being at 24 to 30 h in the intraerythrocytic cycle and declines to zero in the
schizont stage. P/LDH is a tetramer where each monomer consists of two domains, the
larger domain comprises the Rossmann fold that binds the cofactor NADH while the
catalytic residues are located in the other domain. Protozoal LDHs display some major
structural and kinetic differences compared to their mammalian counterparts that may be
exploited to develop selective drugs and detection systems for malaria. Structurally the
parasite enzyme differs in having a five-residue insertion “DKEWN” (D-Aspartic acid,
E-Glutamic acid, K-Lysin, W-Tryptophan, and N-Asparagine) which was used as a
common diagnostic epitope by Hurdayal and his group (Hurdayal er al., 2010) to
selectively detect parasite LDH from human LDH isoforms. Kinetically, the parasite
enzyme differs by not being inhibited by excess of the substrate pyruvate, a feature not
shared by mammalian enzymes (Sessions et al., 1997). Another kinetic difference is the
ability of the parasite LDH to efficiently use the synthetic cofactor APAD* (3-
acetylpyridine adenine dinucleotide) (Dunn et al., 1996; Chaikuad et al., 2005). The
findings underline the fact that there are structural differences between the two enzymes

that may be exploited for selective detection of pLDH for malaria diagnosis.

1.2.2.2 Glutamate dehydrogenases: Glutamate dehydrogenases (GDHs) are ubiquitous
enzymes that occupy an important branch point between carbon and nitrogen
metabolism. The enzyme is implemented in the reversible interconversion of NADP
linked oxidative deamination of L-glutamate to alpha ketoglutaric acid and ammonia. P.
falciparum GDH (PfGDH) is a NADP-dependent GDH which is a homohexamer with a
subunit of Mw 49,500 and has three isozymes. It expressed episomally in P. falciparum

and localizes exclusively to the parasite’s cytosol (Storm et al., 1997). It has been
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postulated to play a role in the parasite’s redox metabolism (Roth, 1990). GDHs possess
a unique N terminal residue extension not found in the mature human enzyme and are
present throughout the intraerythrocytic cycle of the parasite. Furthermore, GDHs are
absent in the host RBC making them a potent biomarker (Wagner et al., 1998). PAGDH
was used to detect the presence of P. falciparum using western blotting as well
(Rodriguez-Acosta et al., 1998). Monoclonal antibodies in combination with colloidal
gold were used in an immunochromatographic assay for diagnosis of P. falciparum. This
assay showed a sensitivity and specificity of 86.6 % and 96.4 %, respectively (Li et al.,
2005). These characteristics of PAGDH make it an ideal candidate for the diagnosis of

malaria with high sensitivity and specificity

1.2.2.3 Hemozoin: Hemozoin is an insoluble microcrystalline product formed from the
digestion of blood by Plasmodium spp. and few other species of blood-feeding parasites
(Oliveira et al., 1999; Chen et al., 2001; Pisciotta et al., 2005). Originally, Giovanni
Maria Lancisi (1717) had observed that internal organs of malaria victims are
decolorized; the biochemical reason of it was, however, not known. Later on the cause
was attributed to hemozoin. Hemozoin plays a role as visible marker in identifying
malarial parasites and hence, it is popularly termed as malaria pigment. The parasites
infect the RBCs and digest hemoglobin resulting in release of amino acids and toxic-free
heme (ferriprotoporphyrin IX) which is polymerized to hemozoin. The crystal structure
of hemozoin consists of an unusual polymer of hemes linked between the central ferric
ion of one heme and a carboxylate side-group oxygen of another heme (Slater et al.,
1991). Later on its crystal structure was confirmed to be similar to synthetic f-hematin
using X-ray diffraction powder pattern (Pagola et al., 2000). Though there has been
extensive study on the structure and characterization of hemozoin crystals, the process of

its nucleation is not yet clearly known. There are reports about initiation of hemozoin
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formation occuring autocatalytically, while other reports suggest that it requires external
aids (Adams et al., 1996). However, there are other mechanisms that support the view
that it is promoted by polar membrane lipids (Bendrat et al., 1995) and neutral lipid
bodies (Fitch et al., 1999; Jackson et al., 2004; Pisciotta et al., 2007). Since it is a survival
tactic of the parasite from the heme toxicity, it has been targeted for malaria drug study

for many years (Solomonov et al., 2007).

1.2.2.4 Aldolase: The Aldolase enzyme holds a key role in the glycolytic pathway of the
parasite as its function is to catalyse fructose- 1,6-bisphosphate into glyceraldehyde-3-
phosphate and dihydroxyacetone phosphate (Srivastava et al., 1990). The enzyme is
homotetrameric protein with each subunit of approximately 40 kDa (Dobeli ez al., 1990).
The enzyme has high degree of sequence diversity from the host and thus has the
potential as a drug target. There have been studies on inhibition of recombinant P.
falciparum aldolase by several candidates like rabbit antibodies, a 19- residue synthetic
peptide, and phosphorothioate and antisense oligodeoxynucleotides (Dobeli et al., 1990;
Shear et al., 1999). Many reports have shown poor sensitivity of aldolase RDTs which
encouraged studying more its genetic diversity. Lee et al. (2006a) studied the diversity
in P. falciparum and P. vivax aldolase and showed that the aldolase gene was highly
conserved, indicating that antigenic diversity is not a cause of variable RDT sensitivity,
and the reason for the poor performance of aldolase based RDT tests thus remains to be

investigated.

1.2.2.5 Histidine-Rich Protein (HRP)-II: Histidine rich proteins were detected when
numerous cytoplasmic granules were isolated and studied for the first time in the avian
malarial parasite P. lophure. The proteins showed an unusual amino acid composition
with 73 % histidine, 7.5 % proline, 7 % alanine, 6 % glutamic acid, and 2.1 % aspartic
acid that gave its name and raised interest in the structure of the protein and its function
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(Kilejian, 1974). P. falciparum is known to synthesize unique set of soluble HRPs during
the asexual erythrocytic development which are denoted as HRPs I, 11, and Il in the order
of their discovery (Howard et al., 1986). HRP-I protein, also known as knob-associated
protein (KAHRP-I), is found in Knob+ strain which means phenotypically it expresses
knob-like protrusion on the cell surface and is suggested to help in the cytoadherence of
infected erythrocytes to the venular endothelium (Pologe ef al., 1987) which partially
contributes to the high parasitemia and hypoxia associated with P. falciparum as shown
in figure 1.2. HRP-II, which is exclusive to P. falciparum, is found in both Knob+ and
Knob- strains and is reported to have many functions such as, cytoadherence by forming
knob like protrusions as HRP-I as well as heme binding and heme detoxification by
forming hemozoin (Leech et al., 1984; Lynn et al., 1999). Lastly, HRP-III, also known
as small histidine-alanine-rich protein (SAHRP), is a smaller protein which is not found
as abundant as the other two proteins. It shares high homology with HRP-II (Wellems
and Howard et al., 1986). Due to its homology, varying degrees of cross-reactivity
between HRP-II and HRP-III have been reported for HRP-II MAbs: 2G12, MAbS87, and
1D6 (Rock et al., 1987). However, there are reports of HRP-III sequence of FC27 strain,
a Plasmodium 1isolate FCQ27/PNG from Papua New Guinea, shown to have
polymorphisms in the gene’s repeats (Stahl et al., 1985). Out of the three proteins HRP-
IT is the most widely studied biomarker of choice since it is expressed on the membrane

surface and is found in abundance than the other two proteins.
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Figure 1.2: Electron micrograph of detergent-insoluble residues of infected RBC
showing electron dense cups (D) that act as focal points for knob like protrusions by

HRPs (Leech et al, 1984).

The genomic sequence of HRP-II contains a hydrophobic signal peptide, an intervening
intron and an extensive region of tandem repeats that encodes a 35 kDa polypeptide
consisting mostly of histidine, alanine, and aspartic acid. There are 18 tripeptides (Ala-
His-His), 3 pentapeptides (Ala-His-His-Ala-Ala), and 33 hexapeptides (Ala-His-His-
Ala-Ala-Asp. There is about 85-90 % homology between the tandem repeat domains and
the regions flanking the repeats of HRP-II and HRP-III genes which imply that both have
originated in the duplication of an ancestral sequence. Both HRPs-II and -III share many
similarities, but it is still unclear how these genes function and why HRP-II is released in

large quantities than HRP-III.

Studies were performed to observe HRP-II synthesis and location during the parasite’s
intracellular growth. IgM mouse monoclonal antibody (mAb 87) specific to HRP-II was
used to study the molecular form of the protein in the infected RBCs by immune-
precipitation and immunoblotting. To find the subcellular location of the protein,

immunofluorescence and cryothin-section immunoelectron microscopy were performed
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where the location of bound mAb 87 was identified by conjugated colloidal gold particles
that were observed as clusters within the cytoplasm of the intracellular malaria parasite,
within the cytoplasm of the host cell, and periphery of the infected RBC. The authors
reported that HRP-II synthesis begins with immature parasites and continued throughout
the trophozoite stage as a water soluble extracellular protein which is exported through
the erythrocyte cytoplasm, surface membrane to accumulate in the extracellular culture
supernatant at the end. They further confirmed that HRP-II is released from RBCs
containing growing parasites as they recovered the protein from 2 and 8 h culture
supernatants (Howard er al., 1986). HRP-II is found in other places too such as
cerebrospinal fluid and urine of infected patients (Parra et al., 1991; Valle et al., 1991)
as well as food vacuole (Desakorn et al., 2005) and digestive vacuole (Sullivan et al.,
1996) of the infected RBCs (Rock ef al., 1987). In short, HRP-II is found everywhere
and released in abundance which is the reason for its importance as a biomarker of

malaria.

The actual function of the HRP-II is not yet adequately known but many reports have
demonstrated that its main function is heme binding that may link its role in the heme
detoxification in malaria parasites. Spectroscopic studies showed that a single HRP-II
molecule can bind to multiple 15-18 heme molecules (Choi et al., 1999; Sullivan et al.,
1996; Schneider and Marletta, 2005; Pandey et al,, 2001). The Kq values for heme
binding were calculated to be 0.34 uM and 0.94 uM. Further, it was confirmed that the
heme-HRP-II complex binds in low spin, six coordinated, and bis-imidazole fashion. The
crystal structure of HRP-II is not determined yet but the CD spectrum of HRP-II in
aqueous medium indicates the secondary structure as random coil. However, the
spectrum changes dramatically from random coil to 31o-helix conformation as soon as

heme molecules are titrated in the solution. It is interesting to note that the 3i0-helix
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conformation is commonly observed in proteins as short sequences of three to four
residues, mostly associated with N- or C-termini of a-helices (Barlow and Thornton.,
1988; Karpen et al., 1992). Nonetheless, the length of 3o-helix is found to be unusually
long in case of HRP-II. Hence, based on these studies authors predicted three model
structures of HRP-II as 310-helix and a-helices which are shown in the figure 1.3. Another
interesting observation was that at saturating heme concentration, HRP-II was found to
form dimers which are attributed to the structural changes that takes place upon heme
binding and brings two HRP-II monomers within close proximity thus facilitating

disulphide bond formation.

Figure 1.3: Predicted models of HRP-II repeats as 310- and a-helices. (A) Two repeats
of HHAHHAADA modeled as a 31o-helix. (B) Three repeats of HHAADA modeled as a
310-helix. (C) Two repeats of HHAHHAADA modeled as o-helix. For all models,
histidine is in black (H), alanine is in dark gray (A), and aspartate is in light gray (D).

(Adapted from Schneider and Marletta, 2005).

A popular belief is that HRP-II helps in the initiation of hemozoin formation as it binds
firmly to heme molecule in aqueous environment. It was proved by in vitro heme
polymerization assay performed at the optimum pH 4.0 with native and recombinant
HRP-II that promoted the formation of hemozoin. Polymerization increased with time,
protein concentration, and initial concentration of heme (Sullivan et al., 1996). A study
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conducted on biomineralized dendrimeric templates that mimicked HRP-II tandem
repeats showed potential of heme binding to metal moieties and initiated hemozoin
formation (Ziegler et al., 1999). Due to its alleged association in the formation of
hemozoin, HRP-II was also projected as a model candidate for vaccine development
against malaria (Kilejian, 1974). The formation of hemozoin is, however, a complex

phenomenon and needs further investigation to be understood adequately.

Few other theories suggested the function of HRP-II which are as follows. Apart from
heme HRP-II binds to metal moieties which was later utilized to extract and purify the
protein by metal affinity chromatography. There were also reports on binding with
Artemisinin, an antimalarial drug with much higher affinity (Accardo et al., 2007). HRP-
IT interacts with negative groups on actin and phosphatidylinositol 4,5-biphosphate
(PIP2) of host cells suggesting it acts as a buffering protein that helps the parasite to
stabilize the changes of the cytoskeleton induced by other released parasitic proteins
(Benedetti et al., 2003). Another function of HRP-II is the neutralization of bacterial
toxin LPS (Bosshart and Heinzelmann 2003). The observed LPS-neutralizing effect of
HRPs has probably resulted from the electrostatic interactions between histidines and the
negatively charged phosphate groups of LPS. HRP-II is also considered as a virulence
factor that contributes to cerebral malaria by compromising the integrity of the blood-
brain barrier as it activates the endothelial cell inflammasome, resulting in decreased
integrity of tight junctions and increased endothelial barrier permeability (Pal er al.,

2016).

Hence to conclude from the above findings, HRP-II is an attractive target for malaria
diagnosis as well as an anti-malarial drug design target because of these attributes (i) It
is produced in large quantities, (ii) it is released extracellularly, (iii) present in other
sources apart from blood, (iv) binds to heme and other metal ions (v) its tandem repeats

20
TH-1826_126106001



Review of literature

were targeted to develop antibodies and at last but not the least (vi) it is unique protein
synthesized only by P.falciparum. Due to these attractive features, it was the first antigen

exploited to develop a rapid diagnostic test for malaria detection.
1.3 Diagnosis of Malaria

1.3.1 Conventional Techniques.

Microscopy for malaria diagnosis has been used since 1904 (Fleischer, 2004). It is time
consuming, labour intensive and requires expert skills. To enhance the sensitivity of
microscopic detection, fluorescent microscopy using fluorophores such as, acridine
orange (AO) and benzothiocarboxypurine has been frequently used in quantitative buffy

13

coat technique. Although microscopy was considered as “gold standard” for malaria
diagnosis, recent reports suggest otherwise. The Bayesian latent class models were used
to estimate sensitivities and specificities of various diagnostic tests and revealed that
microscopy is a poor reference test (Goncalves et al., 2012). Apart from microscopy,
nucleic acid techniques such as PCR, nested PCR (Lee et al., 2012; Morassin et al., 2002)
and LAMP (Loop-mediated Isothermal Amplification) have also been used for malaria
detection. LAMP can be conducted under isothermal conditions and does not need
expensive thermocyclers (Lee et al., 2012). However, this method may pose danger of
cross-contamination during addition of dye for visualization of results. Also this method

is not suitable for target DNA greater than 500 bp, as this causes a hindrance to strand

displacement (Lau et al., 2011)

Flow cytometry (FCM) and automated blood cell counting techniques can be used to
detect hemozoin or Plasmodium dsDNA in infected erythrocytes; however, the use of
Plasmodium dsDNA as a marker in flow cytometry can result in false positives because

pathological conditions are characterized by an efflux of normoblasts and erythroblasts
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in blood (Malleret et al., 2011). Hemozoin strongly absorbs UV light resulting in
vaporization of individual heme molecules. LDMS (Laser Desorption Mass
Spectrometry) only detects small molecules (<1.5 kDa) and favours phospholipids and
porphyrins; hence, it is ideally suited for heme detection; however, the detection is only
semi-quantitative and cannot differentiate between species (Feldman, 2006). A unified
sandwich ELISA (Enzyme-Linked Immunosorbent Assay) targeting PfLDH and HRP-II
was reported that allowed concurrent measurement of the biomolecules (Martin et al.,
2009). ELISA is an efficient method to detect malaria in a short time frame. Despite the
advantages such as, high sensitivity, the application of ELISA remains restricted to
research settings and blood bank screening where large number of samples have to be
screened every day, since there are no commercial species-specific ELISA tests kits for
all species (Noedl et al., 2006). T of these conventional methods have been summarised

in Table 1.1.

Table 1.1: Comparison on critical performance parameters among different

conventional techniques. Part of the table adapted with permission from Tangpukdee et

al.,(2009).
Types of test Principle of Instrument Sensitivity Detection Response
the method used and specificity limit * time (min)
Peripheral Morphological ~ Optical Depends on the 50-100 30-60
blood smears changes in the =~ microscope instrument
(PBS) stages of quality and the
parasite by skill of the
thick and thin handler

blood smears

(continued)
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Quantitative Blood staining  Epi-fluorescent  Non-specific: >5 <15
buffy coat by acridine microscope AO stains
(QBO) orange (AO) DNA from all
cell types.
High variation
in sensitivity at
lower
parasitaemia
RDTs Detection Disposable Moderate at 50-100 10-15
based on dipsticks Higher
antigen- parasitaemia
antibody (>100
interactions parasite.pl-)
and enzyme
assay
PCR Specific Thermocycler ~ High >1 45-360
amplification depending on
of the methods
malaria DNA
Serological Detection of Microplate Relatively high Not 30-60
tests malaria antigen reader (for mentioned
or anti-parasite  ELISA)
antibodies in
blood
LAMP Detection of Turbidity High >5 <6
turbidity after meter
amplifying
DNA
sequences
(continued)
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Microarrays

Flow

cytometry

Automated
blood cell

counters

Mass

spectrometry

Hybrization of

DNA and

quantification
by fluorescent

based detection

Detection of

hemozoin

Detection of
hemozoin in
activated
monocyte
Identification

of heme

DNA chip

Flow

cytometer

Hematology

analyzers

Laser
desorption

mass

spectrometry

High

Variable
sensitivity,

high specificity

Variable

sensitivity and

specificity

Undetermined

Not <60

mentioned

Poor <1
correlation

with

parasitaemia

5-20 <1

100 for <1

whole blood

1.3.2 Rapid Detection Approaches

Rapid Diagnostic Tests (RDTs) are quick and portable immunochromatographic

dipsticks whose sensitivity generally reaches > 95% (Bjorkman and Martensson, 2010).

They rely on capture of parasite antigen from peripheral blood using monoclonal

antibodies conjugated to either a liposome containing selenium dye or gold particles. A

second monoclonal antibody applied to a strip of nitrocellulose acts as the immobile

phase. The antigen-antibody complex in the mobile phase migrates along the strip and is

captured by the monoclonal antibody of the immobile phase, thus producing a visible

coloured line (Moody, 2002). The dipsticks can be divided into two classes based on their

target antigenic biomarkers, namely, HRP-II (only for P. falciparum) and pLDH. Most
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commercial RDTs that detect P. falciparum target HRP-II and few others target pLDH.
To enhance the efficiency of malaria detection, RDTs targeting many biomarkers at the
same time were prepared (Tjitra et al., 1999; Eisen and Saul, 2000). In many ways ICTs
(Immunochromatography test) appear ideal: they are rapid (< 30mins) and can be easily
used by healthcare workers or semiskilled volunteers and results are usually obtained in
5 to 15 minutes (Wongsrichanalai et al., 2001). However variations in RDT performance
have been seen with season, year, age of patient, and presence or absence of fever during
consultation (Abeku et al., 2008). The most common cause of poor performance of RDTs
on the tropics is exposure to high temperature/humidity (Jorgensen et al., 2006). The loss
in activity is attributed to damage to monoclonal antibodies or the nitrocellulose
membrane. This was further confirmed by Chiodini who tested five RDTs from the same
lot but stored at different temperatures of 35 °C, 45 °C, and 60 °C (Chiodini et al., 2007).
Although dipsticks are widely used, they have certain limitations such as poor species
and stage differentiation and quantification, false positive results due to persistent HRP-
IT antigenemia (Mayxay et al., 2001, Kyabayinze et al., 2008) and rheumatoid factors in
some patients (Laferi et al., 1997; Igbal et al., 2000), and false negative results due to
excess antigen in case of high parasitaemia (Jelinek et al., 1999) or HRP-II gene deletion
(Palmer et al.,1998; Igbal et al., 2004; Lee et al., 2006b). The sensitivity of Parascreen
(Zephyr Biomedical Systems) was found low for P. falciparum infections. This RDT was
not acceptable for malaria diagnosis under the field conditions in the Peruvian Amazon
due to HRP-II and HRP-III gene deletions in the malaria parasite genome (Gamboa et
al., 2010; Maltha et al., 2012; Bendezu et al., 2010). However reports suggest otherwise
in case of south east Asian countries such as, India where HRP-II and HRP-III deletion
phenomenon is found very low (Bharti er al., 2016). Plasma HRP-II has prognostic

significance and provides a tool to assess the risk of “true” severe malaria as compared
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to other severe illnesses in parasitaemic African children (Hendriksen et al., 2012). This
justifies the development of plasma HRP-II concentration as a method for assessing
severe falciparum malaria in African children. Several reviews outline various RDTs
(Baker et al., 2005) and their evaluation reports (Wongsrichanalai et al., 2001). In spite
of over 100 such reports their comparative assessment is, however, difficult due to
difference in population sizes, their clinical and epidemiological characteristics, different
trial guidelines, and so forth (Wongsrichanalai et al., 2007). A comparison of sensitivity
and specificity of few of the field evaluations done during the last decade is shown in
Table 1.2. It can be observed from the table that the sensitivity and selectivity of RDTs
significantly vary over different studies and thus there is a need for more sensitive,
selective, and reliable methods for rapid detection of malaria. One such effort was made
by Peng et al. (2012) by developing the Wondfo rapid diagnostic test which is a nanogold
based immunochromatography assay that uses monoclonal antibodies. It is a more rapid
and sensitive parasite detection method and results showed very good concordance with
microscopy examination with a sensitivity and specificity of 95.49 % and 99.53 %,

respectively.

Table 1.2: Comparison on the performance factors of different dipstick RDTs as

evaluated in some prominent reports.

Dipstick Standard Population Sensitivity Selectivity Reference
(%) (%)
Carestart AccessBio, GTTS* South-western ~ 95.6 91.5 Fogg et al.,
(Princeton, NJ, USA) Uganda 2008
(continued)
26

TH-1826_126106001



Review of literature

Vistapan Mitra, GTTS* South-western  91.9 89.6 Fogg et al.,
(New Delhi, India) Uganda 2008
Parabank GTTS* South-western ~ 84.7 94.3 Fogg et al.,
Orchid/Zephyr, Uganda 2008
(Goa, India)
Paracheck pf, GTTS* South-western 94 87.3 Fogg et al.,
Orchid/Zephyr, Uganda 2008
(Goa, India)
Optimal-IT, GTS Gabon 94 97 Mawili-
DiaMed, Children Mboumba et
(Cressier, under 11 years al., 2010
Switzerland)
Acon, GTS Gabon 94 90 Mawili-
Acon Labs, Children Mboumba et
(San Diego, CA) under 11 years al., 2010
PALUTOP+4 GTTS*and Madagascar 95.4 97.1 Rakotonirin
ALL.DIAG, PCR aetal.,
(Strasbourg, France) 2008
Optimal-IT, GTTS*and Madagascar 75.8 99.0 Rakotonirin
DiaMed, PCR aetal.,
(Cressier, 2008
Switzerland)
ParaHIT Pf Test, GTTS*and Tanzania 69.2 100 Nicastri et
Span Diagnostic Ltd., ¥ PCR al., 2009
(Surat, India)
Malaria Pf™, GTTS* Uganda 98 72 Kyabayinze
ICT Diagnostics, et al., 2008
(South Africa)

(continued)
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Paracheck Pf, Orchid  GTTS* Kenya 91.7 96.7 de Oliveira
Biomedical Systems, et al., 2009
(Goa, India)
Malar-Check_Pf test, = GTS** Brazil 97.4 88.5 Avila et al.,
Cumberland 2002
Diagnostics, (USA)
Makromed Dipstick PCR Cananda 97.0 96.0 Richardson
Assay, et al., 2002
Makro medical,
(South Africa)
ParaSight®-F, Thin blood  France 94 99 Uguen et al.,
Becton Dickinson, smears and 1995
(USA) QBC
ParaSight®-F, Microscopy  Iquitos, 95 86 Forney et
Becton Dickinson, Peru,and al., 2001
(USA) Maesod,
Thailand
Paracheck Pf, Microscopy India 93 84 Singh et al.,
Orchid Biomedical 2005
Systems,
(Goa, India)
ParaHIT-Pf, GTS** Tanzania 90.7 73.5 McMorrow
Span Diagnostics, etal., 2010
(Surat, India)
ParaHIT-Pf, Microscopy India 87.5 97 Singh et al.,
Span Diagnostics, 2005
(Surat, India)
GTTS*-Giemsa thick and thin smear, GTS**-Giemsa thick smear
28
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1.3.3. Advanced Techniques and Platforms

A biosensor is a self-contained integrated device that is capable of providing specific
quantitative or semi-quantitative analytical information using a biological recognition
element that is retained in direct spatial contact with a transduction element. The
biorecognition elements commonly reported for developing biosensors are enzyme,
antibody, aptamer, DNA, and cells. The transduction principles widely used to develop
biosensors are electrochemistry, piezoelectricity, and optical behaviours. Biosensor
research holds promise for developing stable portable devices for rapid, sensitive,
selective, reproducible, and economical detection of many analytes of clinical
importance. It has the advantage of being used by semiskilled operators in point of care
testing and by patients themselves. However, research on biosensors for detecting
malaria is in nascent stage as evident from the limited number of the publications in this
area. The biorecognition systems reported so far for developing malaria biosensors using

HRP-II as a target are mostly confined to antibody which will be discussed shortly.

Most popular platform developed for malaria biosensors are electrochemical
immunosensors which are based on antibodies raised against HRP-II and pLDH. The
principle on which electrochemical immunosensors are constructed is the specificity of
the molecular recognition of antigens by antibodies to form a stable complex which gives
response as a signal change of either current (Amperometric), voltage (potentiometric)
resistance or impedance (conductimetric and impedance spectroscopy). Electrochemical
immunosensors serve some great advantages such as easy miniaturization, fast response
time, low detection limits, easy surface modification and can be used to study vast array

of analytes.
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Another popular platform which was employed to detect malaria using antibodies are
optical and colorimetric based systems. The optical and colorimetric based systems
reported till date are based on ELISA and lateral flow immunoassays respectively.
ELISA based detection sensitivity is high and comparable to electrochemical
immunosensors whereas colorimetric immunoassays suffer from lower sensitivity due to
coffee ring effect which can lead to non-homogenous colour development (Kakoti et al.,
2015). However, colorimetric methods considered better from the point of care (POC)
viewpoint as they provide equipment-free readout with naked eye detection which is
useful in resource-limited settings. The introduction of microfluidic channels on
cellulose-based materials such as chromatography paper and filter paper have emerged
into attractive platforms for developing colorimetric tests (Martinez et al., 2010). Also
known as Microfluidic paper based analytical device (WPAD) , these have garnered
extreme popularity in the recent years as they qualify ASSURED (accurate, sensitive,
specific, user-friendly, rapid, and robust, equipment free, and deliverable to end users)
criteria prescribed by WHO (Peeling et al ., 2006). Table 1.3 enlists the major HRP-II
based immunosensors reported till date. Antibody based immunosensors suffer from
severe disadvantages such as high cost production, poor reusability and the most
importantly instability at higher temperatures. Keeping in mind that malaria is a tropical
disease, availability of stable detection platforms that can withstand humidity and high
temperatures, with no significant loss of functionality, is imperative. Due to this reason,
the research on malaria detection systems is growingly shifting focus towards
development platforms that use DNA or other chemical recognition elements that can

eliminate these issues (Chakma et al., 2016).
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Table 1.3: Comparison on the performance factors of different HRP-II and LDH based

electrochemical (yellow) and Optical/Colorimetric (green) immunosensors.

Assay name Sensor platform Biomarker = Range Detection limit  References
Amperometric MWCNTs and Au HRP-II - 8 ng.ml! Sharma, et
immunosensor nanoparticles al 2008

mdified SPE
Amperometric Gold nanoparticles ~ HRP-II - Sharma, et
immunosensor /alumina sol-gel al 2010

modified SPE
Piezoelectric Quartz crystal HRP-II 15-60 12 ng.ml™! Sharma, et
sensor ng.ml! al 2011
Magneto Graphite-Epoxy HRP-II - 0.36 ng.ml"! Castilho, et
immunosensor Composite al 2011

Magneto Electrodes
Electrochemical  Polydimethylsiloxn = HRP-II - 16 ng.ml™! Lillehoj, et
phone based e microfluidic chips al 2013
immunosensors
Carbon Carbon nanofiber HRP-II 0.01-10 0.025 ng.ml"! Gikunoo,
Nanofibers forest grown on ng.ml’! et al 2014
immunosensors glass microballons
Self-assembled Mercaptopropylpho  HRP-II 10 6.8 ag.ml’! Brince , et
nanofiber sphonic acid ag.ml!-10 al 2016
immunosensor Functionalized ug.ml!

copper doped zinc

oxide nanofibers

(continued)
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Enzyme-free MB, hydrazine and  HRP-II 1 pgml!- 2.2 pg.ml! Dutta, et al
electrochemical platinum 100ng.ml™! 2017
immunosensor nanoparticles (Pt
NPs) on Low
electrocatalytic ITO
modified glass
electrodes
Enzyme-free Electrochemical- 10 fg.ml't 10 fg.ml’! Dutta, et al
electrochemical chemical-chemical -100 2017
immunosensor (ECC) redox ng.mL"!
cycling signal
amplification on
(ITO) modified
glass electrodes;
Electrochemical = Gold nanoparticles =~ HRP-II - 36 pg.ml’! Hemben, et
immunosensors modified gold SPE al 2017
Electrochemical PvLDH aptamer PALDH - 120.1 M Lee et al.,
aptasensor functionalized gold 2012a
electrode
Magneto-ELISA = Magnetic HRP-II 0.35-7.81 0.35 and 1.31 Castilho, et
nanoparticles/ 1.31-62.5 ng.ml! for al 2011
Magnetic beads ng.ml™! Magnetic
nanoparticles/
beads
respectively
(continued)
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Fluorescent HRP-II - 25 parasites.ul!  Kang, et al
nanoparticle 2015

labelled immune-

chromatographic
strips
Cellulose paper HRP-II - 0.32,0.15,6.9, Lathwal, et
Functionalized by 6.2 nM for al 2016
enzyme/metal/poly paper
mer conjugated Functionalized
antibody by enzyme /
metal/ polymer
respectively
Antibody HRP-II 10-1000 2.05+0.003 pM  Gibson, et
conjugated TCPP pM al 2016
NPs in sandwich
Assay
Antibody HRP-II 1 pg.ml*! Rogier, et
functionalized al 2017
polystyrene beads
in ELISA format
Coumarin derived PvLDH 0.1 ng Song et al.,
dendrimer 2012
(continued)

33
TH-1826_126106001



Review of literature

Colorimetric

aptasensor

Colorimetric

aptasensor

Fluorescence-
linked
immunosorbent

assay

Colorimetric

aptasensor

Magnetic beads
and coloured dye
based enzyme

assay

Fluorescence

aptasensor

Gold nanoparticle-

Aptamer-Salt

AuNP-Aptamer-
Cationic polymer

PDDA?2 and PAH3

Coumarin-derived

dendrimer

AuNP-Aptamer-

Cationic surfactant

Magnetic

microparticle

FAM4-aptamer-

MoS; nanosheets

PfLDH 57 pg.ul!
PvLDH 8.7 pM and 8.3
pM for PDDA2
and PAH3,
respectively
PvLDH 0.01ng.ml™!
PvLDH 1.25 pM
PfLDH 2parasites.ml!
PfLDH 550 pM

Cheung et

al., 2013

Jeon et al.,

2013

Yeo et al.,

2014.

Lee et al.,

2014

Markwalter

et al., 2016

Geldert et

al., 2016

1.3.4 Potential non- antibody based bio-recognition molecules

The bio-recognition systems reported so far for developing malaria biosensors are mostly

confined to antibody based detection that can detect HRP-II and pLDH. Nucleic acid

aptamers, a group of oligonucleotide ligands comprising of single stranded DNA or RNA

sequences with abilities to bind to vast targets with great specificity and affinity often
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rivalling those of antibodies have gained a lot of attention (Yang et al., 1998; Stoltenburg
et al., 2012; Marangoni et al., 2015; Radom et al., 2013). The word “aptamer” was
derived from the Latin words “aptus” meaning “to fit”, and Greek “meros” meaning
“region” . They are generated by an in vitro selection process called SELEX (systematic
evolution of ligands by exponential enrichment) which involves the screening of large
combinatorial libraries (10'2-10"'> molecules) of oligonucleotides by an iterative process
of in vitro selection and amplification as shown in fig 1.4 (Cho et al., 2009). The screened
aptamers have the ability to fold into distinct three-dimensional (3D) structures and bind
to their targets in a manner similar to antigen-antibody interactions. Aptamer-target
recognition is dominated by intermolecular interactions such as, aromatic rings, m-m
stacking, van der Waals and electrostatic interactions between charged groups and
hydrogen bonding. The dissociation constants are usually comparable or even smaller
than that of antibodies which usually lie in the pico- to nano-molar range (Kimoto et al.,
2013; Kraemer et al, 2011; Parekh et al., 2013). Aptamers offer several advantages over
the conventional antibodies. They are known to discriminate targets even on the basis of
subtle structural differences (Xiong et al., 2014; Cho et al., 2009; Ng et al., 2006). For
example, the theophylline binding aptamer shows a 10,000 fold higher affinity for its
ligand than caffeine, which differs from theophylline by only a single methyl group at
nitrogen atom N7. They are nonimmunogenic and nontoxic (Ireson et al., 2006), can be
absorbed and penetrated more efficiently through tissues, exhibit fast renal filtration and
short circulating halftime (Martinez et al., 2014; Melancon et al., 2014). Moreover
Aptamers addresses the practical issues of its commercial viability with promising
characteristics like thermal stability, low cost production, rapid mass scale synthesis and

chemical modification capability (Sun et al., 2015; Potyrailo et al., 2015). Due to these

35
TH-1826_126106001



Review of literature

advantages aptamers are great candidates that can replace thermally unstable and

expensive antibodies.

Besides aptamers scientists have reported other chemical based alternatives for detecting
HRP-II such as, using Ni(I)NTA (Nickel-nitrilotriacetic acid) chelation chemistry. It is
a well-known fact that Ni(I[)NTA chelation has high affinity towards histidine and have
been used to probe poly-histidine tagged proteins by using conjugated gold nanoparticles.
The Ni(I)NTA conjugated particles utilizes 1:1 association between the target and the
surface ligand. However, targets containing multiple binding sites are expected to bind
and localize multiple nanoparticles thereby inducing visibly detectable plasmon shifts.
X
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Figure 1.4: Schematic showing in vitro selection by SELEX. (Adapted from Wu, et al

2016)

Based on this Ni(II)NTA functionalized gold, silver and magnetic nanoparticles have

been frequently used to detect HRP-II (Swatrz et al 2011). The platforms using this
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principle so far are optical based and have been designed to work in a low research
settings. The same authors improved the assay sensitivity and platform stability by using
negatively charged Peg4-thiol as spacer ligand to obtain low nanomolar limits of HRP-
IT concentration and maintain excellent stability at 37 °C when stored for four weeks
(Gulka et al 2015). Another detection system was inspired by the coffee ring
phenomenon using Ni(IDnitrilotriacetic acid (NTA) gold plated polystyrene
microspheres (AuPS) and Ni(II)NTA-functionalized glass. HRP-II was reacted with
Ni(II)NTA-functionalized particles and dropped on a Ni(I[)NTA-functionalized glass
surface and then allowed to dry (Gulka, et al 2014). As the drop of the reaction mix
evaporates due to radial diffusion of the particle—protein conjugates, rings of aggregated
Ni(I)NTA AuPSs becomes visible which gets prominent with higher concentration of
analyte as shown in fig 1.5. Metal-based phosphorescent probes such as the
cyclometalated Ir(IIT) complexes were synthesized that can selectively bind to histidine
moiety of HRP-II to give stabile and efficient emission (Davis, et al. 2015). However,

the aforementioned systems suffered from sensitivity and specificity issues.

: 10 pM 100 pM 1nM 10 nM 100 nM \

Figure 1.5: Ni(I)NTA AuPS ring assay for detection of HRP-II. (A) The top image

shows the drop before washing, while the bottom image shows the drop after washing in

the presence of the HRP-II biomarker. The ring retains its structure due to the presence
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of the analyte which is sandwiched between the Ni(I[)NTA-functionalized glass and
Ni(IDNTA AuPS. (B) Images on the progression of the ring formation due to logarithmic

titration of HRP-II. (Gulka, et al 2014).
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Expression, purification and characterization of Plasmodium falciparum

HRP-II

2.1 Overview

The malarial parasite, P. falciparum synthesizes a unique set of soluble histidine rich
proteins during the asexual erythrocytic development which are denoted as HRP 1, II,
and III in order of their discovery. Out of the three, HRP-II is the most widely studied
protein and has been established as a promising malaria biomarker. It is a small 30 kDa
protein which consists of many tandem repeats of -Ala-His-His-Ala-Ala-Asp-. It is
exclusive to P.falciparum and is reported to have many functions such as, heme binding
and heme detoxification by forming hemozoin. Spectroscopic studies showed that a
single HRP-II molecule may bind to multiple heme molecules (Choi et al., 1999). Due to
its unusual amount of histidine residues it also has the property to bind to Ni** ions
strongly. HRP-II is ubiquitously found in large quantities everywhere in the bodily fluid
of the infected patients. It is present in the serum of plasma, cerebrospinal fluid and urine
of infected patients as well as in food vacuole, digestive vacuole (Jain et al., 2014) and

membrane surface of the infected RBCs. The CD spectrum of HRP-II in aqueous medium
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was indicative of random coil and the spectrum changes dramatically from random coil
to 3io-helix conformation as soon as heme molecules are titrated in the solution

(Schneider and Marletta, 2005).

Our aim is to develop an efficient malaria detection system that can detect specifically
HRP-II, the biomarker for the most dreaded malaria parasite, P. falciparum. To fulfil the
aim we prepared the pure recombinant HRP-II using the clone of hrp-II following its
transformation into BL21 (DE3) cells. This chapter describes transformation, expression
and purification steps of HRP-II protein as well characterization of the expressed

recombinant protein.
2.2 Experimental Approaches

2.2.1 Materials

Recombinant expression vector MRA-67, which is PET 3D vector containing hrp-11 (834
bp) insert (Sullivan, D.J et al., 1996), was obtained from BEI Resources (Biodefense
and Emerging Infections Research Resources Repository, USA). The BioMix™ Red

PCR kit was purchased from Bioline (UK). Ncol Restriction enzyme and Quick
ligationTM kit were obtained from NEB (UK). GEL extraction kit was obtained from

Sigma Aldrich (USA). All other chemicals were of analytical or molecular biology grade

and their sources have been cited in the methodology, wherever necessary.
2.2.2 Bacterial cell culture

The E.coli bacteria strain was cultured and maintained in the Luria Bertani broth
(Himedia, India). The culture was grown in the presence of ampicillin at 37 °C for
overnight in a shaker incubator at 180 rpm. The E.coli strains and composition of the
culture media used in this work have been mentioned in table Al, and A2, respectively
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in the appendix. Glycerol stocks of E.coli cultures were maintained at -80 °C for further

use.
2.2.3 Quantification of DNA

The concentration and purity of DNA samples were estimated spectrophotometrically.
Samples were diluted in nuclease free water at a ratio of DNA: water of 1:1000 and the
ratio of optical density (O.D) at 260 nm t0 A280 nm Were calculated. A value of this ratio
ranging from 1.8 to 2.0 indicates pure DNA. An O.D value of one at Ao nm Was
considered to represent a concentration of 50 pg.ml! or 33 pg.ml’!, respectively for
double stranded DNA and single stranded DNA (Barbas III et al., 2001). The DNA

concentration was calculated using the equation:
DNA concentration (pg.ml™") = O.Dago X dilution factor X 50 or 33
2.2.4 Plasmid isolation

The plasmid DNA isolation was carried out by alkaline lysis method (Green and
Sambrook, 2012). All the composition of reagents used in this process are listed in table
A3 in the appendix. A single E.coli colony carrying the recombinant plasmid was
selected and inoculated in a 5 ml LB broth where 5 ul of 100 mg.ml™!' of ampicillin was
added. The culture was incubated in an incubator shaker overnight at 37 °C under
constant shaking at 180 rpm. Next day the culture was pelleted at 12,000 x g for one min
at 4 °C and the pellet obtained was resuspended in 100 pl of ice-cold solution I. Cell lysis
was performed by addition of 200 pl of freshly prepared solution II. The cell suspension
was inverted gently 5-6 times, followed by an incubation on ice for 3-5 min. Precipitation
of bacterial genomic DNA and bacterial cell debris was performed by adding 150 pl of
ice cold solution III and incubation on ice for 5 min followed by centrifugation at 12,000

x g for 10 min at 4 °C. The supernatant was transferred to a fresh tube and an equal
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volume of Tris saturated (pH 8.0) phenol: chloroform: iso-amyl alcohol (25:24:1 v/v)
(Sigma Aldrich, USA) was added. The organic and aqueous phases were separated by
centrifugation at 12,000 x g for 10 min at 4 °C. The aqueous phase was collected by
aspiration into a fresh tube and 2 volumes 100 % ethanol was added to precipitate the
plasmid DNA by incubating at - 20 °C overnight. The next day precipitated plasmid DNA
was collected by centrifugation at 12,000 x g for 10 min at 4 °C. The supernatant was
removed gently and the DNA pellet was washed with 70 % ethanol. The precipitated
plasmid DNA was incubated at 25 °C (room temperature, RT) for 10 min, and then
pelleted by centrifugation at 12,000 x g for 15 min, at 4 °C. The supernatant was gently
aspirated, and the tube was allowed to dry in an inverted position on a paper towel. After
a second wash with 70 % ethanol, the plasmid DNA pellet was air dried and dissolved in

suitable volume of nuclease free water.
2.2.5 Agarose gel electrophoresis

Agarose gel (0.8 - 2 % w/v) was prepared in 50 ml volume of 1X TAE buffer (appendix
table A3) with the addition of 0.5 pg.ml™! of ethidium bromide. The DNA samples were
prepared by adding 0.20 volume of 6 X gel loading buffer and then MQ water (resistivity
>18 MQ.cm) was added to make up the volume. Electrophoresis was carried out in 1X
TAE at 75 V until the desired resolution was achieved. A wide range DNA marker
(DirectLoadTM) was run along with DNA samples, wherever necessary. The DNA
fragments were visualized on a UV-Trans-illuminator and then imaged using a gel

documentation system (ChemiDoc XRS+ Imaging System, BIO RAD)
2.2.6 Gel elution of DNA

The enzyme digested plasmids and inserts were eluted out of agarose gels using

GenEluteTM Gel Extraction kit (Sigma Aldrich, USA) following the manufacturer’s
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protocol. After running the agarose gel with the sample DNA, the gel was visualised
under a UV trans-illuminator. The DNA band of interest was excised using a sterile
scalpel precisely. The piece of agarose gel was weighed and then dissolved completely
by adding 300 pl of gel solubilization solution for every 100 mg of gel, heated at 50 - 60
°C for 10 min and mixed with intermittent vortexing. At first, the binding column was
prepared by placing in a 2 ml collection tube and washing with 500 pl of column
preparation solution followed by centrifugation at 12,000 x g, for 1 min. The solubilized
gel was mixed with equal volume of 100 % isopropanol. The solution was then loaded
on to the prepared binding column and subjected to 12,000 x g, for 1 min. The flow
through was disposed and the column was washed with 700 pl of wash solution which
was provided in the kit. It was again subjected to 12,000 x g, for I min. To remove the
residual ethanol another centrifugation step was performed. DNA was eluted by adding
a suitable volume of pre heated (65 °C) nuclease free water and incubating at RT for 2

min followed by centrifugation at 12,000 x g, for 1 min, in a fresh sterile collection tube.

2.2.7 Digestion of DNA by Restriction enzyme

MRA-67 was subjected to single digestion using Nco I restriction endonuclease obtained

from NEB, UK. The typical composition of a digestion mixture was as follows:

Components of digestion mixture Amount
10 x Buffer 4 or
10 x Buffer 3 2.5 ul
Ncol Restriction endonuclease (20 units.ul™!) 1wl
DNA template 8 ul (~1 png)
Nuclease free water to make final volume to 25 pl
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Digestion mixture was incubated at 37 °C and digestion was carried out for 6 h,
according to the manufacturer’s instructions. Digested products were resolved on 0.8 %

agarose gel for analysis.

2.2.8 Preparation of competent cells

Competent E.coli DH50/BL21 (DE3) cells were prepared as described by Chung et al.
(1989). A single colony of E.coli was inoculated aseptically in 5 ml of LB media as a
primary culture and allowed to incubate overnight at 37 °C under constant shaking at 180
rpm. Around 1 % primary culture was charged aseptically to obtain secondary culture in
a 25 ml LB broth and grown till early exponential phase until the optical density (O.D)
at Ae60 nm reads 0.4 - 0.5. The culture was then pelleted at 3000 x g for 10 min at 4 °C.
The media supernatant was discarded and the bacterial pellet was resuspended aseptically
in 2.5 ml of sterile ice-cold transformation and storage solution (TSS solution) (Table
A3, appendix). The competent cells were frozen and stored in aliquots immediately at -

80 °C until further use.

2.2.9 Transformation of competent E.coli cells

Competent E. coli cells were transformed with the expression vector by adding 10 pl of
pure plasmid (MRAG67) to a 100 pl volume of competent cells, and gently mixed by a
pipette. The cell mixture were then incubated for 30 min. It was then subjected to a heat
shock of 90 s by incubating it in a water bath which was maintained at 42 °C. Around
800 pl of pre-warmed LB broth was added to the mixture and was incubated at 37 °C for
I h, in a shaker incubator maintained at 180 rpm. The cells were pelleted by
centrifugation at 3000 x g for 10 min at 4 °C and the pellet was resuspended in100 pl of
fresh LB media. The resuspended cells were mixed gently and then plated on LB agar

plates containing appropriate concentration of antibiotic corresponding to the antibiotic
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resistance gene present in the recombinant plasmid. Transformed colonies were selected

following an overnight incubation at 37 °C, and further screened by restriction digestion.

2.2.10 Sequencing of cloned insert
Sequencing was performed at a DBT-supported DNA sequencing facility at Delhi
University, south campus, India, using 96 capillary high throughput sequencer, ABI 3730

XL following Sanger sequencing protocol.
2.2.11 Expression of HRP-II

An E.coli BL21 (DE3) colony carrying the recombinant vector MRAG67 (pET 3d_hrp-
II), was grown in 5 ml of sterile LB broth containing ampicillin (100 mg.1"!) at 37 °C
overnight, in a shaking incubator at 180 rpm. The primary culture was sub cultured in
300 ml of LB broth with the same concentration of antibiotic till the O.D. at As660 nm
reached 0.5-0.6. Protein expression was induced by adding isopropyl p-D
thiogalactopyranoside (IPTG) at a concentration of 0.5 mM IPTG, at 28 °C for 12 hiin a
shaker incubator maintained at 180 rpm. Cells were pelleted at 8000 x g and resuspended
in 20 mM Tris, pH 8 containing 0.5 M NaCl. The cells were then subjected to sonication
using an ultrasonic processor (Hielscher) at 25 % amplitude with 0.5 cycle at 4 °C till the
lysate appeared clearer. The sonicated sample was subjected to 12,000 x g for 25 min at

4 °C. The supernatant was collected and stored at 4 °C for further downstream processes.
2.2.12 Purification of HRP-1I

Purification of HRP-II was performed using Ni affinity chromatography using Ni NTA

HisTrap™ column (GE Healthcare) as reported (Sullivan et al., 1996) . The column was
briefly washed with 10 volumes of MQ water to remove alcohol which was used for
storage. Then it was equilibrated with 10 column volumes of equilibration buffer (20 mM

Tris, 0.5 M NaCl pH 8). The supernatant after sonication of the recombinant clones was
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passed through the pre-equilibrated column at a rate of 0.5 ml.min!. The column was
then washed with 20 column volumes of washing buffer (20 mM Tris, 0.5 M NaCl pH
8). A step gradient of 50 and 100 mM imidazole was used to remove unbound proteins.
The target protein was then eluted using 350 mM imidazole at a rate of 2 ml.min"!. The
residual imidazole was removed from the purified protein by dialysis against an
appropriate buffer as required. The purified proteins were quantified using the Biuret
assay. The composition of solutions used for protein purification have been listed in table

A3, appendix.

2.2.13 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS PAGE) of

protein

The proteins purified through Ni affinity chromatography were analyzed on SDS PAGE
following the protocol of Laemmli, (1970). An appropriate amount of purified
recombinant proteins and unpurified crude cell lysate was mixed with 4 x SDS-PAGE
gel loading buffer with reducing agent (2-mercaptoethanol) and heated in a boiling water
bath for 5 min to denature the proteins. Pre stained protein marker for SDS PAGE were
obtained from New England Biolabs (USA) and processed according to manufacturer’s
instruction. Electrophoresis was carried out on a discontinuous buffer system with a 5 %
stacking on top of a 12 % separating gel, with a thickness of 0.75 mm at a constant voltage
of 120 V in a MiniVE vertical electrophoresis unit (GE Healthcare). Visualization of
resolved protein bands on the gel was carried out using “Blue silver staining” protocol of
Candiano et al., (2004), where colloidal Coomassie G-250 (Sigma Aldrich, USA) (Table

A3, appendix) was the staining dye.
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2.2.14 Quantification of protein

To quantitate the recombinant protein, biuret protein assay was performed
spectrophotometrically at Asso nm and compared against a BSA standard. The biuret test
was used for detecting the presence of peptide bonds. Copper (II) ion forms violet-
coloured coordination complexes in an alkaline solution with the peptide bonds of the

proteins. The composition of the biuret reagent is mentioned in table A3.
2.2.15 Circular Dichroism study

Circular dichroism (CD) spectra of purified HRP-II (~ 0.3 mg.ml!) were recorded using
a spectropolarimeter (J-8135, Jasco, Japan.) after calibrating the instrument with (+)-10-
camphorsulfonic acid for optical rotation. The spectra were recorded from A190 nm to A240
am, using a 1 mm path length suprasil quartz cuvette at a scan rate of 100 nm.min’!,
interval of 0.5 nm, time constant of 1 s, and taking an accumulation of 4 scans. The
spectrum was corrected for baseline and smoothed by Savitsky—Golay filter using Jasco
spectral analysis software. The secondary structure analysis was performed using the

Jasco SSE-protein secondary structure estimation program supplied with the instrument.
2.2.16 Matrix- assisted laser desorption ionization- mass spectroscopy

Intact mass analysis of HRP-II was determined by performing matrix- assisted laser
desorption ionization-Mass Spectrometry (MALDI-MS) (4800 plus MALDI TOF/TOF
Analyzer, AB SCIEX, USA). Sinapinic acid was used as the matrix for MALDI and the

spectra were collected in a positive mode and averaged for 100 shots.
2.2.17 Determination of isoelectric point (pl)

The isoelectric point (p/) of HRP-II was determined by using Zetasizer Nano Instrument

system (Malvern Instruments Limited, UK). Around 0.5 mg.ml!' of the protein was
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incubated in 20 mM of different buffers of pH ranging from 4-10 with increment of 1 for
at least half an hour prior to analysis in the instrument. All solutions were filtered through
0.22-micron syringe filter. The samples were injected into a specially designed folded
capillary cell with gold plated copper electrode (Malvern Instruments Limited, UK). Data
were acquired at 20 °C, repeated 20 times and averaged. The viscosity was set to 1 cP at
a scattering angle of 90° and resulting autocorrelation function was analyzed by the
integrated control software to obtain the p/ value.

2.2.18 Heme binding studies

A stock of 1 mM heme solution was prepared by dissolving an appropriate amount of
hemin chloride in 100 mM NaOH. The number of heme-binding sites was determined by

using an established method (Choi et al., 1999; Schneider and Marletta, 2005). The heme
solution was titrated, in 1 M increment to a 0.2 yM HRP-II protein solution in 100 mM

HEPES (pH 7.0). The experiments were performed at RT and absorption spectra were
recorded after each addition. The spectra had a maximum at 416 nm. The heme binding

curve was constructed by plotting AA4ienm versus the heme equivalents.

2.3 Results and discussion

2.3.1 Transformation, expression and purification of HRP-II

The strategy used for transformation and expression of the HRP-II protein is depicted in
figure 2.1. The vector provided was 0.05 pg.ul' in RNase free water at — 20 °C.
Transformation of hrp-II gene into DH5a and BL21 (DE3) cells was performed by
adding 0.2 pg of expression vector to the respective competent cells which was

proceeded by heat shock method. The transformed cells were selected on the basis of

ampicillin resistance and confirmed through restriction enzyme digestion by using Ncol.
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The release of an insert of ~834 bp by the digestion confirmed successful transformation
of hrp-1I (Figure 2.2). DNA sequencing of the insert in the selected clone was performed
by using forward T7 promoter primer (universal). The sequence obtained was compared
with the complete coding sequence of HRP-II (GenBank: U69551.1) through pairwise
sequence alignment. It showed 99 % sequence similarity with an Expect (E) value of 0.0
which is a significant result. Subsequently, transformed BL21-DE3 cells with the HRP-
IT expression vector were induced with optimized IPTG concentration (0.5 mM) for 4, 6,
8 and 12 h at 28 °C and then protein expression profile was studied in the soluble
cytoplasmic fractions (Figure 2.3 A). Since the recombinant HRP-II protein has a large
number of histidine residues, which allow the protein to be purified by Ni-NTA columns.
For a single round of protein purification, 300 ml recombinant culture was lysed and the
protein was purified using Ni affinity chromatography (HisTrap-5ml by GE healthcare).
The fractions containing the protein were pooled and dialyzed against appropriate buffer.
Protein purification was confirmed by SDS-PAGE gel and concentration of the purified
protein was determined to be 0.6 mg.ml! by using biuret assay. Purified protein band
was observed at ~ 55 kDa even though the weight of single monomer of HRP-II is ~30
kDa (Figure 2.3 B). The anomalous movement of protein has been reported by Schneider
et al (Schneider and Marletta, 2005). The reason is attributed to the high histidine residues

which interfere in the SDS loading on the protein (Rath et al., 2009).

2.3.2 Characterization of HRP-1I

As mentioned earlier the unique nature of HRP-II leads to the anomalous migration in
SDS-PAGE. Therefore, to confirm the molecular weight of the protein intact mass
analysis by mass spectrometry was performed. The mass spectra (Figure 2.4 A) showed
one single peak at 29.4 kDa confirming successful expression and purification of HRP-
II. The structural integrity of HRP-II was also validated by CD studies (Figure 2.4 B) and
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found to be in agreement with previous reports (Schneider and Marletta, 2005). We
analysed secondary structure of the protein using yang’s database which showed a
predominant negative ellipticity at ~200 nm confirming that the protein belongs to mostly
random coiled protein. Zeta potential studies of HRP-II at various pH revealed a p/ of ~
6.5 (Figure 2.4 C). The result was in agreement to the p/ calculated by computing p//Mw

tool available on ExPASy server (https://web.expasy.org/protparam/).

2.3.3 Heme binding study

The electronic absorption spectrum of the HRP-II-heme complex gives a peak at ~ 416
nm. We performed spectrophotometric heme titration experiments to determine the
number of heme-binding sites on HRP-II. Absorption spectra were recorded at varying
heme concentrations and heme-binding curve was generated by plotting change in
absorbance at 416 nm (AA4i6) against heme equivalents as shown in Figure 2.5. The
linear portion of the binding curve represents complete binding of added heme, whereas
the curved portion indicates the presence of unbound heme. The intersection of the initial
slope of the binding curve and complete binding of heme leads us to the saturation point
of the heme-binding sites. We find 18 heme molecules bind per HRP-II molecule which

is in agreement with the previous reports (Schneider and Marletta, 2005).

2.4 Conclusion

As a starting step towards the objective of developing malaria sensor, the target HRP-II
protein was prepared in pure form following standard molecular techniques. Briefly, the
expression vector MRA67 was successfully transformed into BL21 (DE3) cells. The
recombinant protein was purified by Ni-NTA affinity chromatography. The purity of the
protein was confirmed by SDS PAGE and quantified by biuret assay. Further

characterization of the protein was done using CD, MALDI-M and Zeta potential studies.
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Heme binding studies were performed and confirmed that ~18 molecules of heme can

bind to a molecule of HRP-II.

Figures

Ncol
hrp Il
pET 3d =+ Sy,
~4640bp ~ 834bp

MRA 67
expression vector

#

Transformed
E.coliBL21(DE3)

Figure 2.1: Schematic representation on the cloning strategy for hrp-II used in the

present work.
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Figure 2.2: Restriction enzyme digestion of the expression vector MRA 67. Lane L1:
DNA marker, lane L2: pET 3d plasmid containing hrp-II gene and lane L3: digested

plasmid releasing the insert.
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Figure 2.3: SDS PAGE (12 % gel) analysis of (A) Expressed recombinant HRP-II
protein and expression was performed at an IPTG concentration of 0.5 mM and incubated
at 28 °C for different time period. Lane L1: protein molecular marker, lane L2: BL21
(DE3) uninduced, lane L3: supernatant fraction of uninduced clone and lanes L4, L5, L6
and L7: supernatant fraction of clone induced at 0, 4, 8 and 12 h, respectively. (B)
Purified recombinant HRP-II. Lane L1: protein molecular marker, lane L2: crude cell

lysate and lane L3: purified protein.
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Chapter 3

Indicator displacement based assay to detect HRP-II in point-of-

care settings

3.1 Overview

Accurate and timely diagnosis of malaria in malaria endemic countries is important for
its effective remedial treatment which demands an affordable, stable, simple, sensitive,
and fast malaria diagnostic tool or technique. Presently, rapid diagnostic tests (RDT),
which are based on antibody as recognition element, have been widely used in these
malaria prevalent regions owing to their many positive qualities such as, simple to
operate, fast, and inexpensive.(Maltha er al., 2013). However, there are reports indicating
several issues on these antibody based RDTs such as, cross reactivity with autoantibodies
(Lee et al., 2014), low stability in hot and humid climate which leads to test failures
(Albertini et al., 2012; Chiodini et al., 2007; Murray et al., 2008), false negative results
during severe malaria due to Prozone effect (Gillet et al., 2009; Luchavez et al., 2011;
Lynn et al., 1999), and are non-quantitative in nature. Efforts have been made to

overcome these problems by replacing antibody with other recognition elements
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targeting HRP-II. Histidine targeted spectrophotometric sensor using Ni(II) NTA (nickel
nitrilotriacetic acid)-functionalized Au and Ag nanoparticles has been reported (Swartz
et al., 2011; Swartz et al., 2011). Later on following the same principle, a detection
system for low resource setting was developed where Ni-NTA functionalized glass slides
and magnetic nanoparticles were used. Following addition of the HRP-II protein a visible
coffee ring like structure was developed (Gulka et al., 2014). Later on, Ni-NTA gold
nanoparticles with different spacer molecules to enhance the sensitivity of HRP-II
detection were studied (Gulka et al., 2015). An iridium (IIT) complex, (Minami et al.,
2014; Nguyen and Anslyn, 2006) luminescent probe which selectively binds to the
histidine residues of HRP-II and gives a phosphorescent signal was also proposed (Davis
et al., 2015). The sensitivity and specificity of these methods, however, needs to be
adequately addressed to realize their practical applicability. Additionally, these detection
systems are complex and expensive due to their use of nanomaterials that require
functionalization and coating for stabilization. All the aforementioned alternative

methods are in conceptual stage and are yet to be validated for practical utility.

Here, we developed a sensitive, simple, and stable method for quantification of HRP-II
using indicator displacement assay (IDA). The assay is expected to offer many
advantages over the conventional assays as the IDA does not require the indicator to be
covalently attached to the receptor, it works well in aqueous and organic medium as well,
and can easily be tailored to different receptors and ligands (Minami et al., 2014; Nguyen
and Anslyn, 2006). A commonly available complexometric indicator dye murexide, also
known as ammonium purpurate, has been used in this assay. The dye has high affinity
toward nickel ions and gives an orange color upon binding to the ions. It is a hydrophilic
tridentate ligand which binds to Ni** with three coordination bonds as shown in figure

3.1. Earlier this dye was used for spectrophotometric detection of free histidine in urine
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samples (Sun et al., 2012). Based on this concept of binding affinity of the dye for both
histidine and Ni** we formulated this IDA assay. HRP-II competes with the dye due to
its large number of histidine moieties, displacing Ni** from the murexide-Ni**complex
thus regenerating the original color of the dye as shown in figure 3.2. To make this
sensing method economical and viable for low resource settings we replicated the
detection in a microfluidic paper based analytical device (WPAD), which complies with
the ASSURED (accurate, sensitive, specific, user-friendly, rapid, and robust, equipment
free, and deliverable to end users) criteria prescribed by WHO (Peeling and Mabey,
2010). The microfluidic channels on the paper surface were created by forming
hydrophobic barriers in a very hassle free and cost-effective manner (Kakoti et al., 2015;
Martinez et al., 2010). The performance of the developed pPAD was evaluated for
detection of HRP-II. A detailed account on the experiment, results and conclusion are

described in this chapter.
3.2 Experimental approaches

3.2.1 Chemicals and Reagents

Murexide, nickel (II) sulphate heptahydrate, and HEPES were obtained from HIMEDIA.
Whatman filter paper grade 1 (7 mm x 10 mm) and human serum albumin (HSA) were
purchased from Sigma. Recombinant HRP-II was expressed in the laboratory. Alkyl
ketene dimer 1840 (AKD) purchased from Flourish Paper and Chemicals Limited
(Mumbai, India). All the other reagents used were of analytical grade. All solutions were
prepared in ultrapure water with resistivity >18 MQ.cm. The experiments were

performed at 25 °C (room temperature; RT) unless stated specifically.
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3.2.2 Spectrophotometric Studies

The IDA reactions were performed in 20 mM HEPES buffer at pH 7.4. The reaction
mixtures were allowed to incubate at RT for 10 min, absorbance was taken at Asisnm and
A4g2 nm 1n a flat bottom 96 well microtiter plate in a microtiter plate reader (TECAN M200
Pro, Switzerland). Spectral characterization was performed by UV-Vis
spectrophotometer (Cary 200 Bio, Agilent). Graphs were plotted using Sigma Plot
software, and the data points plotted in the graph were the mean of three measurements,

while the error bars represent the relative standard deviation.

3.2.3 Preparation of real serum

Real serum samples were collected from healthy volunteers following an established
protocol and ethical guidelines. In an anticoagulant free collection tube, 12 mL of blood
was collected and allowed to settle for 15-30 min to clot. The samples were then
centrifuged at 2000 g for 10 min in a refrigerated tube to remove the clot. The supernatant

collected was designated as serum and was used for experiments.

3.2.4 Fabrication of pPAD

uPAD was developed on Whatman filter paper 1. The design patterns were created by
using Adobe illustrator CS6. The pattern consisted of a circular sample zone of 8 mm
(diameter) and 6 test zones of 4 mm (diameter) for enabling the repeat of six
measurements. The sample zone and the test zones were connected by channels which
had dimensions of 2 mm (width) X 4 mm (length) and a thickness of 180 pum. The AKD
printing was done in a HP deskjet-100 printer. The cartridge of the printer was modified
by replacing the hydrophobic foam with hydrophilic chromatography paper and
absorbent cotton. The ink cartridge was filled with 0.5 % (w/v) AKD solution in n-

heptane. After the printing, the paper was heated on a hot plate at 100 °C for 10 min and
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then allowed to cure for few hours before use. The AKD printed paper was characterized
by scanning electron microscopy (SEM) (LEO 1430 VP, ZEISS, Germany). The samples
were gold coated for 120 s at 5 mA and were mounted on the sample holder using carbon
tape. The samples were examined under low beam energies (5—8 kV EHT) at RT. Atomic
force microscopy (AFM) using an ambient air scanning probe microscope (Agilent
Technologies, 5500) was also used to check the topography and roughness of the paper
substrate before and after the printing. The images were taken with tapping mode using

PicosScan 5 software.
3.2.5 Detection of HRP-II on uPAD.

The samples migrated to the test zone were allowed to react with the reagents at ambient
conditions. After the reaction the paper platforms were allowed to dry for 15 min. The
images of the color developed on the paper platform following the sample applications
were acquired by using the HP scanner. The images taken by HP Laser jet pro M1132
MFP were transferred to a computer, converting them to a CMYK mode to quantify the
response using Adobe Photoshop (CS6). The magenta filter was considered to determine
the pixel intensities (Martinez et al., 2008). The mean pixel intensity corresponding to
the analyte concentration was calculated by the histogram feature. All data points
presented here are the mean intensities of six measurements against each concentration

using independent devices, while the error bars represent the relative standard deviation.
3.3 Results and Discussion

3.3.1 Spectrophotometric detection of HRP-II

Free murexide solution exhibited an intense peak at ~Asisam. The peak shifted to ~A4g20m
when Ni?* solution was added to it (Figure 3.4 A). For optimization of the reaction, 50
uM of murexide was titrated with increasing concentrations of Ni?* The saturation was
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reached at ~50 uM of Ni** (Figure 3.4 B), indicating 1:1 stoichiometry of the reaction.
From the plot, the binding constant (Ka) of 1.4 x 10° M~! was discerned for the dye from
the equation Y = BnaxX/Ka + X, where Biax is the maximum available concentration of
receptors, X is concentration of ligand, and Y is concentration of receptor. The ratio
metric (As15 nm/A482 nm) response was considered to improve the reliability of the assay
(Sun et al., 2012). When an equimolar (50 uM) mixture of murexide and Ni>* were
titrated with HRP-II, the orange color (~A4s2nm) of the solution gradually changes to pink
(~As15nm) with the corresponding increase in protein concentration (bottom panel in
Figure 3.5). Using the said concentrations of dye and Ni** a dynamic detection range of
I nM - 3 puM and a limit of detection (LOD) of 53 + 7.1 nM for HRP-II (R? = 0.995)
were discerned using LOD = 3 x Sy/b, where Sy is the standard deviation (SD) of y-
intercept, and b is the slope of the linear curve. The method could detect as low as 1 pM
of HRP-II in the solution. The Kq value calculated for HRP-II-Ni** was 6.8 x 10~ M~!.
This higher Kq value of HRP-II than the murexide dye for Ni?* validates the ability of
HRP-II to displace Ni** easily from the dye complex. Notably, the high affinity binding
of Ni** to His amino acid is commonly exploited to purify His-tag proteins and HRP-II
through the column chromatographic technique. However, this displacement based
reaction is not known to utilize for detection of HRP-II and other proteins. The method
offers a fast, sensitive, and label free detection of HRP-II. Moreover, the analysis does
not involve any expensive reagents, hence it has great potential to use in a resource

limiting platform.
3.3.2 Effect of pH on spectrophotometric detection of HRP-II

The effect of pH on the displacement reaction was investigated (Figure 3.6 A). The
response was conspicuous in alkaline conditions and drastically increased with

increasing the pH value from 7 to 9 (inset in Figure 3.6 A). At lower pH (< 6.5)
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conditions, both the dye (pKi = 9.2 and pK> = 10.5) and HRP-II protein (pI ~ 6.5) exist
in protonated forms, hence are not amenable to bind to Ni*** A previous study on the
binding of Ni (II) ions to hexa-histidine as a model system of His-tagged proteins
indicated that deprotonation takes place with increasing pH value in the alkaline side.
The octahedral 2N Ni (His6) H species releases a H* from an imidazole group resulting
in the formation of square planar 3N Ni(His6) that upon aggregation produces the 4N
Ni(His6)n stabilized by hydrogen bonds (Valenti et al., 2006). It is assumed that HRP-II
also functions in a similar manner due to which it binds with Ni** strongly and quickly
at higher pH conditions. The limit of detection (LOD) calculated from the response
curves (Figure 3.6 B) for pH 7, 8, and 9 were 330.26 nM, 41.67 nM, and 7.62 nM,
respectively, using LOD = 3 x Sy/b, where Sy is the SD of y-intercept, and b is the slope
of the linear curve. The results clearly demonstrated that higher alkaline pH is conducive
to yield higher sensitivity for the detection, which offers an opportunity to enhance the

sensitivity of the assay on demand.
3.3.3 Interference studies and analysis in serum sample

The specificity of the assay was also investigated by challenging the reaction with a major
serum protein, HSA that accounts for ~55 % (~0.6 — 0.7 mM) of the blood proteins. The
response for the concentration of 1 uM HSA was negligible (~0.7 £ 0.005 %) as can be
seen from surface (Figure 3.7A). The effect of some common serum metal ions, namely,
Na*, K*, Mg?*, Ca**, and Fe?* on the assay was investigated. An equal concentration of
the ion and Ni%* (50 uM) were added to the reaction mixture and absorbance was recorded
by adding 1 uM of HRP-II to each of the reactions. Selectivity coefficient (SC) for each
of the potential interfering agents was calculated using the formula, SC = Ac+i/Ac where
Acsiand A are the response for Ni?* in the presence and absence of each interfering
agents, respectively. The results indicate that response of the reaction did not get affected
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by the presence of these ions as the SC of ~1 was obtained for each of the cases (figure
3.7 B). To understand any interference by other unknown potential interfering agents
present in human serum, the assay was performed in serum samples spiked with different
concentrations of HRP-II. The SC calculated for serum sample in the presence of 1 uM
HRP-II was ~1.09 which is a maximum of 15.4 + 0.012 % increase in response as
compared to the control experiments (without serum) indicating minor interference from

the blood serum.

Notably, the endogenous interference originates from the substances found naturally in
the patient sample, such as blood serum is known (Dimeski, 2008) To avoid such
interference, adequate dilution of the serum samples is commonly performed for clinical

samples (Fakanya and Tothill, 2014; Toedter et al., 2008).

3.3.4 Characterization of fabricated microfluidic platform

A pPAD with test zone and sample zone was fabricated as shown in the schematic figure
3.8. The capacities of the test and sample zones were 1 pl and 20 pl, respectively. As
evident from the SEM images (Figure 3.9 B, C), the non-printed hydrophilic part of the
paper surface retained the fibrous and porous structure, whereas in the printed
hydrophobic part the porosity was substantially reduced. AFM images of the AKD
printed surface (Figure 3.9 F) showed a rough surface with an uneven morphology
whereas the unmodified appeared to be smoother with periodic ridges which were formed
by the printer head while printing. The root-mean-square (RMS) roughness factors for
the nonprinted and printed regions were 44.6 = 1.35 nm and 20 £ 0.22 nm, respectively.
The surface height of the nonprinted and AKD printed (Figure 3.9 E,G) regions were 25
+ 0.81 nm and 120 + 6.23 nm, respectively, indicating an increase in paper height after

the printing.
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3.3.5 Detection of HRP-II in uPAD platform

The reagents, murexide and Ni** (each of 1 ul from 1 mM stocks) (Ni**-murexide: 1:1)
was deposited on the test zone and then dried at RT to make the pPAD ready for the test.
The sample containing HRP-II, when applied to the sample zone, travelled through the
microchannels to the test zone where it reacted with the reagents and then produced a
color image. Application of the uPAD limited the sample volume to 20 £ 06 pl. The mean
pixels of the images were calculated and plotted against applied HRP-II concentrations
(Figure 3.10). A dynamic detection range of 10 — 100 nM and LOD of 30 + 9.6 nM were
discerned from the linear regression equation (Figure 3.10, inset). The method presented
here with non-biological recognition system targeting HRP-II has some clear advantages
in addition to the other general positive traits mentioned elsewhere over the antibody
based detection methods. There have been cases where patients with complicated malaria
failed to show positive results in RDTs. The LOD value offered by the sensor indicating
that the developed pPAD is applicable to both uncomplicated and complicated malaria.
The concentration of HRP-II in cases of complicated malaria may be as high as ~80 nM
(Rubach et al., 2012). The false negative results due to Prozone effect at high
concentration of HRP-II,(Luchavez et al., 2011; Santos et al., 2015) and cross
contamination with other antibodies (Lee et al., 2014; Meatherall ez al., 2014) as reported
for antibody based lateral flow methods may be avoided. Therefore, there is a great scope
of using the present detection system as an additional test along with the current RDTs
to eliminate false negative results in the case of patients with high parasitaemia and auto

immune diseases.
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3.4 Conclusion

A simple spectroscopic method free from any labile bio-recognition element to
quantitatively detect specific malarial biomarker HRP-II directly in the serum sample is
reported here for the first time. The method involves the displacement of a dye
(murexide) from its coordinating Ni**complex by the target HRP-II protein through
competitive binding events and then quantifying the target by measuring the color
intensity in a shifted wavelength occurring concurrently with the progress of the
displacement reaction. The method offers a scope to enhance the detection sensitivity on
demand such as, for early detection of malaria by simply increasing the pH of the reaction
mixture from physiological state up to ~9. The detection method is cost-effective as it
does not involve any expensive biological recognition compound and is sensitive with
are reasonably wide dynamic detection range. The assay has been reproduced in a uPAD
and thereby made the detection system more cost-effective due to the requirement of only

fewer amounts of reagents and free from any external equipment.

Each paper platform cost was ~0.07 U.S. dollars that includes the cost of the reagents.
Additionally, the reagents did not produce any interfering color on the paper platform
and thus made the pixel image free from any background noise. The developed pPAD
sensor has application potential in resource-limited situations following its coupling with
a simple device of common use, such as a mobile phone with a camera, to quickly capture
and process the pixel image for generating specific information on the status and

progression of malaria in the patients.
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Figures
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Figure 3.1: (A) Chemical structure of murexide (B) Murexide powder in its free solid
state (Image obtained from Wikipedia and https://www.alibaba.com/product-

detail/Murexide-C8H8N60O6-CAS-3051-09-0_60562555406.html, respectively).
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Figure 3.2: Graphical representation of indicator based assay using murexide dye and

Ni2*ions to optically detect HRP-II in solution and paper based platform.
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Figure 3.3: The reaction of alkyl and alkenyl ketene dimers with cellulose. Adapted

From Li et al., (2009).
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Figure 3.4: (A) Change of UV—-Vis spectra of murexide dye upon addition of increasing

concentration of Ni** and (B) absorbance ratio of Asisusz for the reaction of murexide

dye with the increasing concentration of Ni** in 20 mM HEPES buffer pH 7.4.
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Figure 3.5: Plot of absorbance ratio of Asjsus for a fixed amount of murexide-Ni** (1:1)
against increasing concentration of HRP-II in 20 mM HEPES buffer pH 7.4. The linear
region of the data (shown in the inset of part A) was fit to a linear equation. The cluster
of data in the picomolar range was expanded (shown in the inset of part B) for clarity.

Panel below (C) the graph is a real representative image of HRP-II detection in solution.
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Figure 3.8: Schematic showing the fabrication of paper based platform for detection of

HRP-II
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Figure 3.9: (A) Image of the paper platform showing the dimensions of six test zones
connected to a central sample zone. For visibility of the channels and zones, blue ink was
applied. SEM images of (B) nonprinted and (C) AKD printed on Whatman filter paper
1. AFM of (D) 2-D image and (E) height profile of selected region of nonprinted paper
surface. AFM of (F) 2-D image and (G) height profile of the AKD printed part of the

paper platform.
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Figure 3.10: Top panel shows representative real images of HRP-II detection on pPAD.
The graph showing optical response in pixel intensity against concentrations of HRP-II
in uPAD with the linear region of the data (shown in inset) fitted to linear equation (Y=
mx + ¢, where m is the slope, c is the intercept on the y axis). Each datum is the mean of

six assays and the error bars represent the relative standard deviations.
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Chapter 4

Quantitative detection of histidine-rich proteins using silver

nanoparticle-based sensitive competitive binding assay

4.1 Overview

Noble metal nanoparticles have been growingly used to detect of a wide range of analytes
via colorimetric approach as they possess unique tuneable optical properties conferred
by their shape and size dependant localized surface plasmon resonance (LSPR)
phenomena. They are easy to synthesize, use and functionalize according to the target
analyte of interest (Chinnadayyala et al., 2015; Oh et al., 2015; Jain et al., 2016). Silver
nanoparticles (AgNPs) are growingly used in colorimetric assays owing to their higher
surface enhanced Raman spectroscopic (SERS) efficiency and comparatively low cost of
production. The sharp and intense resonance peaks of the AgNPs are considered as
attractive traits for their efficient sensor applications (Lee and El-Sayed, 2006). These
AgNPs exhibit characteristic LSPR band in a wide spectral range (A350-soonm) (Willets and
Duyne 2006). LSPR occurs when light interacts with the nanoparticles that lead to a

plasmon oscillation around the nanoparticles. It is sensitive to changes of local dielectric
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environment caused by the changes of surface or size of the metal nanoparticles. With
these foundations, AgNps have been exploited to monitor bimolecular interactions for

diverse applications (Ravindran et al., 2013; Tnag and Li 2017).

AgNPs can be easily functionalized by using thiolated compounds that stabilize the
nanoparticles. There are three common strategies that are used to functionalize
nanoparticles: 1) preparing the nanoparticles directly in the presence of o-functionalized
thiols, 2) exchanging an existing ligand for a w-functionalized thiol, and 3) modifying
the original thiol covalently by an interfacial reaction (Love et al., 2005). In this chapter
we functionalized AgNPs by glutathione (GSH) using the first strategy. GSH is a short
oligopeptide (y-Glu-Cys-Gly) that contains a —SH group that can be easily adsorbed onto
the surface of metal nanoparticles. It is quite sturdy and can tolerate the reductive
conditions that are used to prepare nanoparticles which also help to stabilize and protect
the nanoparticles. The GSH functionalized nanoparticles have been used to detect many

metal ions. (Lim et al., 2008; Kiatkumjom et al., 2014; Yu et al., 2016)

There is an enormous importance of quantitative detection of histidine rich proteins
(HisRPs) not only for detection of HRP-II in malarial diagnostic applications, but also in
generic molecular biological works (Chakma et al., 2016; Swartz et al., 2011). The
methods and techniques developed so far for the detection of the HisRPs have utilized
mostly antibodies as biorecognition elements (Darain et al., 2004; Wasowicz et al., 2008;
Wasowicz et al., 2010). These antibody based methods are however, complex, time
consuming and expensive and in many cases are encountered with variable results, as
described in the previous chapters. We propose here a chemical approach exploiting the
sensitive optical property of the functionalized metal nanoparticles for quantitative
detection of the target. Our main motivation to consider these plasmonic nanoparticles
as signal transduction platform is to improve further the sensitivity and dynamic detection
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range for the target biomarker than the work described in the previous chapter. Notably,
the sensitivity has been considered as one of the major performance factors of the
detection systems in the context of current global malaria management programmes
owing to its tremendous importance in detecting asymptomatic malaria infections
(Bousema et al., 2014). The high surface to volume ratio of the nanoparticles is known
to increase the surface area for reactions leading to enhance detection range (Biener et
al., 2009). We exploited GS-AgNPs as a colorimetric probe to develop a simple
competitive reaction-based assay to detect HisRPs using two types of histidine rich
proteins as targets- one with poly-his tagged proteins, while the second one HRP-II that
contains naturally abundant histidine residues and is specifically secreted by Plasmodium
falciparum. The method involves preferential binding of nickel ions with the target
protein through coordination complex that causes blue-shift of the SPR band of GS-
AgNPs-Ni?* complex as a consequence of its disaggregation as shown in figure 4.1. Till
now report on quantitative detection of HisRPs using non biological recognition elements
is not available in open literature. A detailed account on the method has been described

in this chapter.
4.2 Materials and Methods

4.2.1 Materials and reagents

HEPES (CsHi3N204S), Glutathione (C10H17N306S), Tris buffer (C4Hi1NO3), Imidazole
(C3H4N>), Ampicillin (C16H19N304S), IPTG(C9oH1305S), L-Histidine were procured from
Himedia (India). Silver nitrate (AgNO3) (> 99.9 % pure) and Sodium borohydride
(NaBHa4) were purchased from SRL (India) and Spectrochem (India), respectively. Poly-
his tagged P. falciparum - lactate dehydrogenase (PfLDH) and glutamate dehydrogenase
(PfGDH) protein were cloned and expressed following standard or partially modified
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molecular protocol. P. falciparum HRP-1I was expressed without the poly-his-tag as
described in chapter 2. The recombinant proteins were purified using Ni** affinity
chromatography and then dialyzed in appropriate buffers as described in chapter 2. All
the other reagents used were of analytical grade. Real serum was collected from healthy
volunteers following an established protocol and ethical guidelines of II'T Guwahati. All

the solutions were prepared in MQ water with resistivity > 18 MQ.cm.
4.2.2 Preparation of glutathione stabilized silver nanoparticle (GS-AgNPs)

Silver nanoparticles (AgNPs) were synthesised by NaBH4 (3 mM) based reduction of
AgNO3 (0.2 M) (Li et al., 2009). The pale yellow silver colloidal solution so formed was
stirred for five minutes at RT and then added glutathione to it to a final concentration of
ImM that turned the colour of the solution from pale to dark yellow. To ensure complete
assembly of GSH on the AgNPs, the dark yellow solution was incubated for 2 h at RT

with constant stirring. The prepared GS-AgNPs could be used for a week.
4.2.3 Spectroscopic analysis

The UV-Vis absorption spectra were taken in a flat bottom 96 microtiter plate reader
(TECAN M200 Pro, Switzerland). To perform the colorimetric detection, protein
samples (PfGDH, P/LDH, HRP-II, HSA and free histidine) in increasing amount ranging
from 10 pM to 2 uM were added to an optimized Ni?* solution of 100 uM in 20 mM
HEPES buffer pH 7.4. The solution was incubated for 15 min to ensure proper binding
of Ni** to the samples. A total of 150 ul of 0.2 M GS-AgNPs was then added to the
solution and incubated for 10 min. Absorbance was taken at a wavelength of A3gonm and
A4s0nm. All the experiments were performed in triplicates and graphs were plotted in sigma

plot.
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FTIR spectra of the sample were recorded at a resolution of 4 cm!in aqueous medium
using IR grade KBr. A pellet of finely grinded KBr was prepared to which one pl of the

sample was added and allowed to dry at RT prior taking the spectra.
4.3 Results and Discussion

4.3.1. Synthesis and characterization of GS-AgNPs

AgNPs were synthesized by following a simple method involving reduction of silver
nitrate with sodium borohydride. The synthesised AgNPs were then coated with
glutathione to produce stable GS-AgNPs (Figure 4.2 A). The formation of AgNPs and
GS-AgNPs was confirmed by UV-Vis spectroscopy (Figure 4.2 B). AgNPs exhibited
strong surface plasmon resonance (SPR) band at 2390 nm. When GSH was coated on the
AgNPs, the band was marginally shifted to A400 nm due to change in refractive index of
the surrounding medium that changes the plasma oscillation frequency around the
nanoparticles (Ameer et al., 2016). The average size of the GS-AgNPs was ~5 nm as
discerned from the histogram distributions derived from the TEM image (Figure 4.2 C).
The binding of GSH to the AgNPs was further confirmed from the IR spectra (Figure 4.2
D). The spectra of pure GSH and GS-AgNPs were compared to confirm that GSH was
attached to AgNPs successfully. As observed from the spectrum, the peak at 2526 cm!
corresponding to -SH bond disappeared when GSH was self-assembled on AgNPs
indicating the formation of thiol bond between the cysteine group of GSH and AgNPs.
The minor but clear peaks at 1761 cm™! and 1530 cm'corresponding to C=O stretching
and N-H bending vibration observed in pure GSH were disappeared following incubation
with AgNPs. The probable reason has been attributed to the electrostatic interactions
between these two interacting entities that arrest the vibrational freedom of these

functional moieties.
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Moreover, the peak intensities in the range of 1630 cm™ to 1000 cm™ for the AgNPs were
substantially decreased following the glutathione coating due to decrease in the dipole

moment of the bonds after binding to AgNPs.
4.3.2 Detection of HisRPs following competitive binding assay

The principle we propose here for the detection of HisRPs has been portrayed in the
figure 4.3 A. GS-AgNPs were aggregated in the presence of Ni>* ions as evident from
the TEM image (Figure 4.3 2A inset b). With the addition of HisRPs to the system, as
exemplified here with HRP-II, the aggregation process was hindered as evident from the
TEM image (Figure 4.3 A inset a). The HisRP mediated disaggregation process could
also be monitored visually from the corresponding reversal of the solution color from
orange to pale yellow. A blue-shift of ~60 nm of the SPR peak of the Ni** conjugated
GS-AgNPs upon addition of HRP-II with corresponding changes in absorption maxima

from A450 nm t0 A390 nm is evident (Figure 4.3 B).

The glutathione peptide has -COOH, -NH> and —SH functional groups. The -SH bond
participates in the thiol binding with the AgNPs as confirmed and discussed above. The
remaining -COOH and NHo> groups are likely to participate in the complex formation
with Ni**ions. Zeta-potential studies revealed that the surface charge potentials of
AgNPs, GS-AgNPs and Ni** ions treated GS-AgNPs were -24.4 + 478 mV, -34.9 + 6.6
mV and -28.2 +£ 5.1 mV, respectively. The magnitude of —ve charge on the bare AgNP
was increased further by ~ 43 % when it was coated with GSH at physiological pH 7.4.
The Ni** ions when introduced, form complex with —-COOH groups leading to the
decrease in the surface charge of GS-AgNPs by neutralizing the —ve charge through
electrostatic binding. This coordination complex of GSH and Ni** ions can be

hypothesized to be tetra or penta-coordinated, interacting with oxygen atoms of the
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carboxylic group (Liu et al., 2014). We suggest that the intermolecular co-ordination
complex initiated by the electrostatic binding of the Ni** ions with the glutathione
carboxylic groups on the surface of the GS-AgNPs moiety promotes rapid aggregation

of the nanoparticles.

The optimum concentration of Ni** ions involved in the binding of GS-AgNPs (150 ul)
was ~100 uM (Figure 4.4). Since there was a peak shift from ~A390 nm t0 ~A450 nm With the

increasing concentration of Ni%*, a plot of absorbance ratio of A390 nm to A4sonm versus Ni**
concentration was considered for a reliable detection of the Ni**concentration. The
binding affinity (Kq) of the interaction of Ni** with the GS-AgNPs and HisRP (HRP-II)
was calculated using the equation: f = Bmax*abs(x)/ (K4 + abs(x)), where, f and Bimax were
specific binding and maximum number of binding sites, respectively. The Kq values for
the interaction of Ni** with GS-AgNPs was calculated to be ~ 1.36 X 10 M. The K4 for
interaction of Ni** with histidine tag was calculated to be10® M at neutral pH using SPR
method (Neiba et al., 1997). The introduction of HisRPs leads to disaggregation of the
Ni2* induced aggregated GS-AgNPs due to competitive binding of Ni** to HisRP as
supported by the lower K4 value of Ni** for HisRP. This shift of SPR band leads to change

in colour from orange (A450 nm) to yellow (A390 nm).

The extent of disaggregation of the Ni** conjugated GS-AgNPs was examined in the
presence of different HisRPs (Figure 4.5). The response was strongly positive with all
the high histidine containing proteins whereas, for free histidine and HSA, the level of
aggregations was negligible (Figure 4.5 C).The dynamic detection range for different
targets were in the trend of HRP-II > P/LDH > PfGDH (Table 4.1). The LOD was
calculated from the slope using the relation, LOD = 3 *Sy/b, where Sy is the standard
deviation (SD) of y-intercept, and b is the slope of the linear curve. Among all the test

proteins, PfGDH exhibited the lowest LOD value (Table 4. 1).
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The binding affinity of poly-histidine molecules to nickel containing matrices increases
with increasing the number of His residues and the highest binding was observed with 6
X His tag (Knecht et al., 2009). Ni2* coordinates to the carboxyl group, the imidazole
and the amino nitrogen atoms to histidine in an octahedral coordination. However, in the
case of multiple His residue (n > 2) systems, histidines coordinates to the metal ions in a
square planar geometry which is stabilized by inter/ intramolecular hydrogen bonds
(Valenti et al., 2006). Coming back to our target proteins P/LDH and PfGDH, both are
multimeric proteins with four and six monomers, respectively, whereas, HRP-II is
monomeric in nature. PAGDH showed higher signal (high slope, low LOD) since it
contains more 6 X His tag per molecule of the protein, and hence binds to more Ni**with
high affinity by the phenomenon explained earlier in comparison to P/LDH and HRP-II.
The HRP-II protein, which is a random coiled structure, on the other hand comprises of
only two contiguous His residues spreading across 18 tripeptides (Ala-His-His), 3
pentapeptides (Ala-His-His-Ala-Ala), and 33 hexapeptides (Ala-His-His-Ala-Ala-Asp)
(Jain et al., 2014). Hence, due to lack of n > 2 multiple his residue systems in HRP-II the
coordination complex of the nickel ions may not attained strongly favourable square
planner geometry for better binding of the ions with the His and allied ligands in the
protein matrix resulting in achieving slow binding with high LOD. The high dynamic

range achieved with HRP-II is a manifestation of the involvement of high protein to
nickel (which is fixed here as 100 pM) ratio in the binding. The important parameters for

PfGDH, PfLDH, HRP-II, are summarized in the table 4.1.The proposed method was put
into test using PfGDH as the sample protein with the standardized parameters mentioned
above to see whether it could detect histidine rich target proteins quantitatively in
presence of other non-specific proteins (Albumin and Myoglobin). A known amount of

PfGDH (0.133 pg) and it’s mixture with other proteins (total 0.8 pug) were taken
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following Bradford assay and then the concentration of PfGDH in these samples were
measured by the competitive binding assay. The percentage (%) recovery was calculated
using the relation: (Observed concentration/True concentration) * 100. A recovery of
0.137 pg with 103 * 1.7 % recovery for PAGDH could be achieved.We therefore, propose
that this simple method has the potential to selectively and quantitatively detect
recombinant His-tagged proteins in a mixture of proteins in aqueous sample. A Lysine-
functionalized silver nanoparticles based colorimetric method for visual detection and
separation of histidine and histidine-tagged proteins has been developed, which is

however non-quantitative in nature. (Bae ef al., 2010).

Table 4.1: Response characteristics of different histidine rich and control proteins in the

GS-AgNPs based competitive binding assay. X represents other amino acids.

HisRPs Type of His Size(kDa) No. of amino pI LOD Dynamic range
sequence acids (nM) (nM)

HRP-II -XHHX- 30 309 6.43 30.0 0.10-800

PfLDH -HHHHHH- 136 316 712 54 5.00-50

PfGDH -HHHHHH- 318 470 748 3.5 0.25-25

4.3.3 Detection of malaria by measuring HRP-1I

A diagnostic application of the developed method was explored using HRP-II as target
biomarker for detection of malaria. As documented above, the detection system conferred
a dynamic detection range of 0.10 - 800 nM and LOD of 30 +5.6 nM for HRP-II (R? =
0.995). Additionally, the detection could be performed visually in a yes/no format
following colorimetric signal. The developed method has also potential to detect cerebral

malaria as the LOD offered by the method meets the sensitivity needed for diagnosis the
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disease (Rubach et al., 2012). The developed assay could also discriminate the target
HRP-II from the major blood protein HSA without any significant interference. There
were minor signals observed for both HSA and histidine at their high concentrations (>

1 uM) which is however, negligible in comparison to the signal obtained for the HRP-II.

The competitive binding assay was then performed in blood serum by spiking it with two
different concentrations of HRP-II (Figure 4.6 A). The HRP-II spiked serum was
incubated with 100 uM of Ni** for 15 min at RT. Following which 150 ul of GS-AgNPs
was added and then reading was taken after 10 min. A background noise of nearly 4.4 %
was generated, though a clear response signal corroborating to the corresponding
concentration of HRP-II could be identified. This minor background noise signal from
the blood serum may be subtracted from the data set to clean the signal at the time data
processing. The effect of different major salt species present in the blood serum on the
detection system was also examined by calculating the percentage change in signal as
compared to the blank (Figure 4.6 B). Selectivity coefficient (SC) for each of the potential
interfering agents was calculated using the formula, SC = Ac;i/Ac, where Aciqand Ac are
the response for HRP-II in the presence and absence of each interfering agents,
respectively. There were marginal interferences of 10 %, 11 % and 7 % from the
corresponding factors Mg?* Ca?*and Zn?* observed which were attributed due to their

divalent nature competing with the Nickel 1ons.

The influence of sample pH on the analytical performance of the competitive binding
assay for the target HRP-II was investigated (Figure 4.6 C). A pH range of 5 - 9 was
considered to cover away the severe aberration of blood pH values which occurred under
some pathological conditions. The aggregation of GS-AgNPs in presence of Ni**
increased with increasing pH value of the sample. Notably, with the increase in sample

alkalinity de-protonation of the carboxylic groups (pKi = 2.12 and pK> = 3.59) from the
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GSH moiety also surges that enhances the binding affinity between GS-AgNPs and
Ni**and linked aggregation process. In the presence of HRP-II and PfGDH the SPR
signal intensity were significantly changed above the neutral pH value of the samples.
When these HisRPs were introduced, Ni** binds effectively to the proteins (pIs in Table
4.1) due to increase negative charge on these proteins that leads to increased dis-
aggregation of the nanoparticles. An effective pH range of 7 - 8 as evident from the plots
(Figure 4.6 C) has been suggested to perform the assay as the range covers the

physiological pH value for wide applications.
4.4. Conclusion

The competitive binding assay developed through this investigation using GS-AgNPS as
colorimetric probe has been validated with two types of histidine rich proteins: one with
poly-histidine tag, which is commonly co-expressed with the target proteins in molecular
biological works for the convenience of isolating the expressed proteins, and the other is
HRP-II with naturally abundant histidine residues in the peptide back-bone. In regards to
the detection of poly-his tag proteins, the presented method obviates the need of
preliminary concentration (e.g. using NTA magnetic beads) and separation steps (such
as, gel-electrophoresis) that are commonly practised in most of the reported methods.
The information on the quantitative assay of other naturally abundant HisRPs is limited
and discussed in literature mostly in the context of detection of the malarial biomarker
HRP-II, the level of which in the blood serum is significantly high under the pathological
conditions which can reach upto 100 ug.ml™! (Pal ef al., 2016). The method we present
here though reacts with all the HRP with contiguous minimum two His residues in the
sequences, the potential applications of the method explored through this investigation
are not hampered. Since, for both the types of HisRP cases pure or highly copious targets

are involved. The competitive binding assay developed through this investigation has
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been successfully used to detect HisRPs at nano molar level in aqueous samples.
Additionally, the diagnostic potential of the developed assay for HRP-II has been
confirmed in blood serum. The sensitivity of the method appears to be governed by the
density and type of sequence of the histidine residues in the protein as evident from the
present case. Additionally, the size of the nanoparticles needs to be properly standardized
for each study due to the obvious reason of influence of the nanoparticle size on the SPR
bands. The assay offers a sensitive (nanomolar level) and inexpensive detection of
histidine rich proteins within a reasonable time frame (~30 min) without entailing any

labile bio recognition system, such as antibody and protein-based enzymes.
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Figure 4.1: Simplified representation of the competitive binding assay format for

detection of HisRPs using GS-AgNPs and Ni** ions
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Figure 4.2: (A) Schematic showing synthesis of GS-AgNPs (B) UV-Vis spectra of
AgNPs and GSH coated AgNPs. (C) Histogram showing the GS-AgNPs size distribution
derived from TEM image (Inset) using Image J software. The TEM was operated at

accelerating voltage of 200 kV (D) FTIR Spectra of GSH and GS-AgNPs.
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Figure 4.3: (A) Detection scheme of HisRPs following competitive binding assay. Inset

(a) TEM image of disaggregation of nickel conjugated GS-AgNPs in the presence of
HisRPs (in this case HRP-II) and (b) aggregation of GS-AgNPs in presence of only
Ni%*ions. (B) UV-Vis spectra of GS-AgNPs under different conditions as shown in the

inset legend.
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Figure 4.4: Optical response of GS-AgNPs (150 ul) versus concentration of Ni** ions.
Each datum point is an average of at least three independent experiments, error bars
represent the SD. Experiment was performed in 20 mM HEPES pH 7.4, at RT for 15

mins.
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Figure 4.6: (A) Optical response for HRP-II in the presence of (A) blood serum (diluted 2X)
(B) salts and (C) different pH conditions. For studies with salts, a total 100 uM of each salt
solution was incubated with 100 uM Ni?* and 0.5 uM HRP-II and then incubated for 15 mins

before taking the absorbance. Different pH solutions were prepared in 20 mM HEPES buffers

containing 100 uM of Ni** and 0.5 uM of the HisRPs (HRP-II or PfGDH).
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Chapter 5

Development of electrochemical impedance spectroscopy based

malaria aptasensor using HRP-II as target biomarker.

5.1 Overview

There has been a continuous strive to develop effective bio-recognition systems for
malaria that surmount the drawbacks of the prevailing antibody-based sensors for
detection of the parasites as mentioned in earlier chapters. The antibody based malaria
detection systems are though empowered by the state-of-art antibody production
strategies and high selectivity, the labile nature of these protein-based recognition
elements stands as hurdle while their applications in point of care (POC) diagnosis is
sought in countries, which are saddled with hot and humid climates with low resource
settings. Notably, malaria is a tropical disease occurring largely in hot and humid climate,
which is congenial for the growth and reproduction of the parasite vector,
Anopheles mosquito. The widely used antibody based rapid malaria detection systems

also suffer from cross reactivity with auto-antibodies, false negative results due to
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prozone effect, batch to batch variations, and are non-quantitative in nature as discussed

in the previous chapters (Kasetsirikul et al., 2016).

General interest on nucleic acid based aptamers as biorecognition elements for biosensors
and bio-detection applications is sharply growing owing to their certain clear advantages
identified over the antibodies among which high thermal stability, low cost of production
and capability to synthesize in large scales may be reckoned first. Nucleic acid aptamers
are short single stranded oligonucleotides (DNA or RNA) which can bind to their targets
with specificity and affinity. They are screened through an in-vitro selection process
known as SELEX (systematic evolution of ligands by exponential enrichment) from a
huge random library (10'2-10'5 sequences). The selected aptamers fold in to three
dimensional shapes and bind to their targets via a combination of hydrogen bonding, n-
© stacking, van der Waals forces, and electrostatic interactions (Kakoti et al., 2017). Till
now, there has been no report on fabrication of bio-detection systems for malaria using
aptamers as bio-recognition element against the HRP-II biomarker. Here we describe the
selection of an ssSDNA aptamer against HRP-II following the SELEX process. The
selected aptamer was characterized for its structure, as well as assessed its specificity and
binding affinity towards the target HRP-II. The developed aptamer was then immobilized
on a gold electrode surface following a rationally designed chemical approach and
subsequently used the fabricated aptamer electrode to detect HRP-II in blood serum
sample following electrochemical impedance spectroscopy (EIS). EIS method is a very
sensitive technique which is quantitative in nature and has the ability to separate the
surface binding events from the solution resistance. This method was chosen for the
experiments because it is less destructive to biomolecules bound to the electrode surface
(Benividi et al., 2015). A detailed account of the encouraging performance of the

aptasensor has been described in this chapter.
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5.2 Experimental approaches

5.2.1 Materials

DNA oligonucleotides, primers and ssDNA library were synthesized from IDT, USA.
The selected aptamers were ordered from Bioserve Biotechnologies, India Pvt. Ltd. for
the work. Polyvinylidene fluoride (PVDF) membrane (Hybond P) was obtained from
Amersham, UK. SYBR Gold (10,000 X) nucleic acid stain was obtained from Invitrogen
(USA), restriction endonucleases, and streptavidin coated magnetic beads were procured
from New England Biolabs (USA), pGEMT easy TA cloning kit was obtained from
Promega (USA) and DSP (dithiobis(succinimidyl propionate)) also known as Lomant’s
reagent was procured from ThermoFisher Scientific. All other chemicals were of

analytical grade.
5.2.2 Construction of ssDNA library

A 90 bp long ssDNA library was constructed such that a stretch of 40 randomized

nucleotides was flanked by constant primer binding sites on both sides as follows.

5’-CACCTAATACGACTCACTATAGCGGATCCGA-N40-
CTGGCTCGAACAAGCTTGC-3’

The primer sequences used for PCR amplification of the library are listed in table A4.
5.2.3 Immobilization of protein on the PVDF membrane

Protein was immobilized on a piece of PVDF membrane (0.5 cm x 0.5 cm) and placed in
a 2 ml Eppendorf tube. The membrane was first activated by immersing in methanol for
10 min followed by equilibration in binding buffer for 20 min. A total of 1 ml (1 mg.ml
1) target protein (HRP-II) in binding buffer was added to the tube followed by gentle

agitation on a rocking platform for one h. The membrane was then washed twice and
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stored in binding buffer at 4 °C. The amount of protein immobilized on the membrane
was quantified by differential method using Biuret assay, where amount of protein in the
eluate was subtracted from the original protein solution.

To check the binding of protein on the membrane, AFM on an ambient air scanning probe
microscope (Agilent Technologies 5500, USA) was performed using a silicon nitride
probe. Images were recorded in a non-contact mode using Picoscan 5 software. The
change in morphology of the PVDF membrane with subsequent protein immobilization
was studied by using WSxM data acquisition and processing software.

5.2.4 SELEX study

SELEX was performed to produce specific ssDNA aptamers against HRP-II from a
random oligonucleotide library of 90 nucleotides sequence (5’-CAC CTA ATA CGA
CTC ACT ATA GCG GA-N40- GCA AGC TTG TTC GAG CCA G-3’) of which 40
mer sequence (N40) confers the variation. A total 2.5 nmole of ssDNA pool was
reconstituted in binding buffer (Table A3) and was denatured by heating at 90 °C for 10
mins, followed by incubation at 4 °C for 10 min then cooled to 25 °C (room temperature,
RT) before binding. The ssDNA pool was incubated with HRP-II immobilized PVDF
membrane at RT for an hr, on a rocking platform to allow binding. After incubation, the
unbound ssDNA oligonucleotides were removed and stored through washing and
spinning whereas the bound oligonucleotides to HRP-II were eluted in 200 pul PCR grade
water by heating the membrane at 90 °C for 5 min. Bound ssDNAs were amplified using
BioMix Red DNA polymerase (Bioline) following the amplification protocol : initial
denaturation at 95 °C for 10 min, followed by 18 cycles of 95 °C for 15 5,68 °C for 15 s,
72 °C for 3 s and final extension at 72 °C for 3 s. To separate ssDNA from the amplified
dsDNA, streptavidin coated magnetic beads were used. The PCR product was incubated

with 30 pl of the beads in a coupling buffer at RT for one hour. The beads were washed
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with coupling buffer and ssDNA strands were separated from biotinylated strands using
100 pl of 100 mM NaOH by denaturation. The pH of the solution was then adjusted to
7.5 with addition of dihydrogen phosphate (NaH2POy). The separated ssDNA strands
were used for the next round of SELEX as the next set of library. A total of 11 SELEX
cycles were carried out, out of which one was counter SELEX against PVDF membrane
and 10 were positive SELEX against HRP-II. Buffer compositions are mentioned in table

A3.
5.2.5 Cloning and sequencing of the enriched aptamers

At the end of the 10% positive SELEX cycle, the PCR product was cloned into pGEMT
easy vector and transformed into competent E. coli DH5a cells. The positive clones
carrying the aptamer inserts were selected on the basis of blue-white screening, and PCR.
The recombinant plasmids from positive clones were sequenced by Bioserve
Biotechnologies, India Pvt. Ltd and the aptamer sequences were aligned using Clustal

X2 programme, for comparison.
5.2.6 Circular dichroism (CD) studies

To study the structural integrity and effect of binding of protein to the aptamer, CD
studies were performed in Jasco J-815 spectropolarimeter. A total of 5 uM aptamer was
heated for 10 mins at 90 °C, cooled to RT, followed by addition of 1uM of the individual
proteins. The mixture was incubated for 1 h at RT followed by recording of the CD
spectra at 25 °C using far UV scans in continuous mode, collecting measurements every
1 nm between 200 - 340 nm. Spectra were collected with an average of 3 accumulations,
scan rate of 100 nm.min"!, band width of Inm and response of 2 s. Buffer contributions

were subtracted from spectra and smoothed by Savitsky-Golay algorithm.
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5.2.7 Isothermal Titration Calorimetry (ITC).

To determine thermodynamic parameters, ITC experiments were performed on a GE
Healthcare UK, ITC 200 microcalorimeter. 20 uM of aptamer and 4 uM of target (HRP-
IT) and control (HSA) protein solutions in 50 mM HEPES buffer, pH 7.4, were prepared
to be used as ligand, and macromolecule, respectively. The protein and aptamer solutions
were dialyzed in the same buffer to avoid any heat generation due to mismatch of buffer
solutions. It was then filtered and spun for 20 min at 12000 rpm before their use in the
ITC. Following the first injection of 0.4 pl aptamer solution, subsequent injections of 2
ul each were administered by the ITC syringe to the reaction cell in 20 titrations, at 150
s intervals, at 25 °C and a stirring speed of 150 rpm. Control experiment without HRP-II
was performed to correct for heat of dilution using only buffer in the sample column.

Analysis of ITC data was performed by Origin v 7.0 (Origin Lab, USA).

5.2.8 Fabrication of aptasensor

A gold disk electrode of 0.5 cm diameter was cleaned thoroughly by chemical,
mechanical and electrochemical methods before fabrication of the aptasensor. It was
dipped in freshly prepared piranha solution for 30 sec to remove any organic matter then
it was mechanically polished using alumina powder and ultrasonicated for 5 min each in
MQ water and ethanol to remove alumina particles. It was then electrochemically cleaned
by performing 30 cycles of CV in 0.5 M H>SO4. The gold electrode was then dipped in
DSP (dithiobis (succinimidyl propionate)) also known as Lomant’s reagent
(ThermoFisher Scientific) to form SAM layers of activated COO™ groups for 1 h at RT.

The Au/DSP modified electrode was then consecutively washed with acetone,
isopropanol and MQ to remove unreacted DSP molecules. 1 yM of B4 amine

functionalized aptamer was heated at 90°C and cooled in ice for 10 mins each after which
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it was introduced to the Au/DSP modified gold electrode for 12 h. After aptamer binding
the Au/DSP/B4 modified electrode was incubated with 1 % ethanolamine to block any
unreacted COO™ groups for 15 mins at RT. The Au/DSP/B4 modified electrode was
washed thoroughly to remove excess ethanolamine and then it was ready for use for

following experiments.
5.2.9 Electrochemical analysis

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS)
measurements were performed on Zahner Zennium electrochemical workstation
(Zahner-elektrik, Germany) in the potentiostat mode and a three-electrode configuration.
Ag/AgCl (3 M NaCl), platinum wire (Pt) and Au/DSP/B4 modified electrode were used
as reference, auxiliary and working electrodes, respectively. All the measurements were
taken in the electrolyte solution containing 5 mM K3Fe(CN)s/KsFe(CN)s (1:1) and 0.1
M KCl in PBS. The EIS measurements were performed within 100 kHz to 100 mHz and
the amplitude of the alternate voltage was 10 mV. All the experiments were performed
at RT in a dust free condition. The current study with human samples was approved by
the Institute Human Ethics Committee (IHEC) of the Indian Institute of Technology

Guwahati, India.
5.3 Results and discussion

5.3.1 Selection of aptamers

A single stranded DNA library (~10'2-10"%) conferred by a 40 mer long random sequence
flanked by constant primer binding regions for amplification, was used as a starting pool
for SELEX (Figure 5.1). As a target binding support, PVDF membrane was used to
immobilize HRP-II to perform the SELEX. The PVDF membrane is known to
immobilize proteins by various combination of hydrophobic and dipole interactions
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(Matsudaira 1987). Also, proteins interact with the membrane by electrostatic
interactions in a non-uniform fashion (Ahmad et al., 2016) thus increasing the possibility
of a wider array of ‘‘aptatopes’’ in the cycles as compared to using chemical linkers for
binding the protein to the membrane surface. AFM study revealed that the bare PVDF
membrane was uneven with average roughness factor of 0.0918. The surface morphology
of the membrane was shifted to more coarse state following its interactions with the
protein and ssDNA with average roughness factor of 0.1244 and 0.1449, respectively.
The thickness of the membrane was increased from ~250 nm for the bare membrane to
~400-500 nm for the protein immobilized one, and finally it was reached to ~500-600
nm upon topping the immobilized proteins with the aptamers (Figure 5.2). Counter
selection steps against uncoated PVDF membrane were included to eliminate the
enrichment of non-specific aptamer candidates against HRP-II. The evolved pool of
aptamers generated following each positive cycle was analysed by gel electrophoresis. A
gradual enrichment of aptamer candidates occurring at each subsequent cycle was
observed (Figure 5.3 A). A total of 33 positive clones selected from the blue white
screening were then further screened by using PCR as shown in figure 5.4 to a total of
23 recombinant clones that carried the enriched aptamer inserts. The recombinant clones
were picked up and cultured to acquire plasmids containing aptamer amplicons for
sequencing. The sequencing results showed that out of 23 colonies only 18 colonies
contained the amplicon whereas, the remaining five colonies did not carry the amplicon
(Figure 5.3 B). The correct sequences were then analysed by Clustal X2 and revealed
that two sequences (Table 5.1) were enriched at levels more than the other 16 sequences.
Analysis of the alignment results did not display any strong conserved regions across

these sequences.
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Table 5.1: Sequence profile of the aptamer candidates enriched by SELEX.

Serial Sequence (5’-3’) Assigned

no. Aptamer
name

1 CACCTAATACGACTCACTATAGCGGATCCGAATCAGC B3

AGAAACAAGAATCGACTGTCTTCTCGATAGGGGGCTG

GCTCGAACAAGCTTGC

2 CACCTAATACGACTCACTATAGCGGATCCGAACGGCA B4

ATTAGCCCCCTTTCCTCCTGGCCTCGGTCGGCGGCTGG

CTCGAACAAGCTTGC

5.3.2 Study of aptamer-protein interactions

The secondary structure prediction of the four aptamers was carried out using the Mfold
web server (Zuker 2003). The free energy folding for B3 and B4 were found to be - 8.34
and - 20.40 kcal.mole™!, respectively indicating higher stability of the secondary structure
of B4. The ionic conditions were chosen as 50 mM NaCl and 2.5 mM MgCl, and
temperature was fixed at 25 °C. To further study the aptamers and their conformations
after binding to HRP-II, CD analyses were performed. The CD spectra of the two selected
aptamers displayed a negative band at 245 nm and a positive band at around 260 - 280
nm, which is the characteristic of the B-form of DNA due to multiplicity of w-m*
transitions (Figure 5.5A for B4) (Kypret al., 2009). When the aptamers were allowed to
bind to HRP-II, the ellipticity of only B4 was significantly perturbed as evident from the
increase its peak intensity at ~ 275 nm. The peak intensity was increased with the

increasing concentration of HRP-II and eventually the intensity was stabilized as evident

95
TH-1826_126106001



Development of electrochemical impedance
spectroscopy based malaria aptasensor using HRP-II as target biomarker

from figure 5.5 B (un-normalized). The intensity of the positive CD band of B-DNA at
275 nm increased as a consequence of natural modification of DNA (Chang et al., 2012).
Unlike B4, no stark changes of CD spectral pattern of B3 were observed when it was

treated with HRP-II.

The binding affinity of the aptamers were further analysed by ITC where aptamers were
titrated to the protein in the same buffer. The aptamer, B4 generated a rational response
to the target (Figure 5.6 A), whereas, the B3 candidate did not produce any tangible
response (Data not shown). The isothermal binding curve for B4 was fitted well into the
three sites sequential binding model with good statistics for parameters as shown in
Figure. 5.6 A (inset). Sequential binding sites in general is a model for n ligand binding
sites and can correspond to sites that might be identical or non-identical, independent or
cooperative. As suggested for unstructured proteins (Majava et al., 2008), HRP-II has
been assumed to follow similar positive cooperative binding model. The initial binding
enthalpy for K1 is not high but changes the structure of the protein and makes a second
high-affinity specific binding event (K2). The third binding enthalpy is quite low which
could be due to electrostatic interactions between the protein and aptamer. Therefore we
consider the lowest Kq (~ 1.32 uM) as the binding constant of the aptamers (Table 5.2).
The ITC data for non-specific proteins and buffer gave no significant enthalpy change
suggesting the aptamer B4 is highly specific to HRP-II (Figure. 5.6 B, C). Based on the
CD and ITC results generated for the aptamers candidates, B4 was carried forward for

biosensing applications described in the next sections.
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Table 5.2: Kinetic parameters obtained from ITC

Name Association constants (M)  Ka (M)

Ki 3.00 X 10° 3.33X10°
K2 7.52X 10° 1.32X 10
K3 2.75 X 10° 3.6 X10°

5.3.3 Fabrication and characterisation of electrochemical aptasensor

A cleaned gold electrode was dipped into DSP solution and activated by sodium
borohydride to form a self-assembled monolayer (SAM) of DSP on the gold electrode
surface through thiol bonds. The activated COO™ groups of SAM DSP were then
conjugated to the aptamer B4 through its functionalized amine groups as shown in figure
5.7. To examine the formation of SAM layers and B4 binding, CV was performed at 100
mV.S! by tracking the charge transfer of KsFe(CN)¢/K4Fe(CN)s system (Figure 5.8 A).
The redox peak currents for both oxidation and reduction reactions were decreased with
increasing molecular layers over the electrode surface in the order Au < Au/DSP <
Au/DSP/B4 owing to the parallel growth of the charge transfer resistance caused by the
increasing layers on the electrode surface. There is also corresponding shift of the
cathodic peak potentials towards the lower potential direction indicating that the redox
species is getting harder to reduce as the layers grown (Figure 5.8 B). The reason could
be attributed to the interference of charge transfer on the electrode surface caused by the

negatively charged functional groups of DSP and ssDNA aptamer.
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5.3.4 Response characteristics of the aptasensor

Impedimetric method was adopted for the detection of HRP-II using the aptamers
modified electrode as it is one of the best sensitive techniques for studying the adsorption
processes on the electrode surface. It helps to monitor charge transfer resistance which
critically depends on the composition of the electrode surface. The electrochemical
response against HRP-II was carried out by incubating increasing amount of HRP-II in
50 mM HEPES buffer pH 7.4. The impedance was decreased with increasing the target
concentration in the electrolyte as visible from the Nyquist plots (Figure 5.9 A). A
significant decrease in the impedance signal was observed between 0.5 pM to 1 nM of
HRP-II. The obtained Nyquist plots were fitted to Randles—Ershler type equivalent
circuit, (Figure 5.9 A, inset), where R is the solution resistance, Q1 is the constant phase
element (CPE) which is a non-ideal capacitance to reflect the double layer capacitance
and Q2 is the Warburg impedance. The results of the fitting when plotted generated a
response curve (Figure 5.9 B). The linear region of the response curve was translated to
a standard calibration curve with a high correlation co-efficient (R> = 0.99). The
measurement offered a dynamic range of 1 pM-500 pM. An LOD of ~3.15 pM was
calculated by using the relation, 3 x Sy/b, where Sy is the standard deviation (SD) of y-
intercept, and b is the slope of the linear curve. With the discerned LOD the developed
aptasensor could thus be applied to detect the target HRP-II in the infected malaria
patients with high sensitivity. It is known that aptamers specifically binds to its target
following conformation change guided by its energetically favourable folding process
(Kimoto et al., 2013) The folding of B4 on HRP-II protein during their specific
interactions likely to lower the exposed negative charge of the aptamer layers that
facilitates the charge transfer on the electrode and thus, reduced the Rcr values (Elshafey

et al.,2015). The ARcr values were calculated by RcT of blank - ReT of sample and then plotted
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against logio concentration of HRP-II as shown in figure 5.9 B. The applicability of the
aptasensor to detect HRP-II in mimicked real sample was explored by spiking 500 pM
HRP-II in 200 X diluted serum. The serum was obtained from a healthy volunteer and
diluted accordingly. The AR (%) was calculated by the following equation ARct (%) =
(Ret®iank)- Retsampley Retiank)) *¥100. For bare serum and HRP-II spiked serum sample
the corresponding signal change ware 2.3 % and 26 %. The results indicated that the
developed aptasensor is highly sensitive as it could detect the target even after 200-fold
dilution of the serum sample (Figure 5.10).

There has been no report on the use of aptamer as biorecognition element to fabricate
malaria biosensor for detection of HRP-II. A plethora of HRP-II based sensors is
available, which however, rely mostly on antibody (Sharma et al., 2008; Sharma et al.,
2011; Castilho et al.,2011; Brince et al., 2016; Dutta et al.,2017 a; Dutta et al., 2017 b)
and chemical techniques (Chakma et al., 2016) as the sensing systems. Our underlying
motivation for substituting antibody with other recognition elements in the sensor
platforms for malaria detection has already been explained elsewhere. An optical sensor
developed by us for detecting HRP-II following a chemical principle was an impressive
feat from the point of sensitivity (Gulka er al., 2015). However, when the diagnosis
warrants high specificity and sensitivity of the sensors for the cases like, asymptotic
malaria, the biological recognition elements are widely recognized as superior
candidates. The aptamers imbibe the properties of the biological nucleic acids due to their
common building blocks (nucleotides). Moreover, on demand, these recognition

elements can be further chemically modified to enhance their specificity (Ni et al., 2017)
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5.4 Conclusions

A specific ssDNA aptamer against HRP-II could be generated following a systematic
molecular approach starting from SELEX, cloning and screening of the enriched
candidates and then finally, validated the specificity by analysing the binding affinity.
The aptamer was immobilized on a gold electrode surface following a rational chemical
approach to maintain its natural flexibility for unrestricted binding to the target. A
comprehensive scheme on the fabrication of the aptasensor is shown in figure 5.7. The
developed aptasensor was found to be suitable for an impedimetric measurement of
signal generated from its binding with the target HRP-II protein as no additional label is
essential for this highly sensitive technique. The Faradic impedance technique we used
here could detect HRP-II down to a picomolar level which can detect asymptomatic
malaria patients. In case of asymptomatic malaria patients plasma HRP-II concentrations
ranged between 0.2 and 121 ng.mL' (Manning et al., 2017). The specificity of the
developed aptasensor towards HRP-II in the presence of blood serum was also validated.
This highly sensitive aptamer based electrochemical sensor thus has the potential to be
developed as a viable product for specific diagnosis of malaria caused by P. falciparum

at the pathophysiological concentration of HRP-II.
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Figure. 5.1: Schematic representation of the SELEX process
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Figure 5.2: AFM topography and height profile of (A) bare PVDF membrane; (B) HRP-

II immobilized on PVDF membrane; (C) after interaction with aptamer library with HRP-

II treated PVDF membrane
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B31 : —-————CGATGTCTTGRGGAGCGAAAGTATCTATTCCT CCTC-—— : 40
B33 : ————- GCACGATTCGRCGCATGT TCACGGCCCTCCAT CCe—-—- 0
Bl : GAGAAGCCATTICTCRGAGACTTGTITTGCCT( CT@-—————- : 40
B19 : AATAAGCCATTTICTCEGACACTTGTTTGCCTCCTETCCTR-—-——-—- : 40
B6 : ———TAGCTCCGACTTRATATCCTGCTTTCTTAACCAC -————: 40
B4 1 ————— ACGGCAATTAGCCCCCTTTCCTCCTGGCCCGE CGG—-- : 40
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B25 1 ——————- TGTCACACHCGTCCCCCTTCCCTTCCACCATAN GTACC—- : 40
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Figure 5.3: (A) PCR amplification of enriched aptamer population at the end of each
positive cycle. L1: DNA marker, L2-L11: Amplified population after cycles 1-10,
respectively, observed on a 2 % agarose gel. (B) Multiple sequence alignment of the
random regions of selected candidates after SELEX process. Green and yellow coloured

regions represent 70 % and 50 % sequence similarity, respectively
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Figure 5.4: Screening of 33 white colonies by PCR. Lane 1: DNA marker; Lane 2:
negative control, representing the amplification product from a blue colony. Other lanes

are labelled as name of the colony screened, with positive colonies written in red.
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Figure 5.5: (A) CD spectra of B4 aptamer with (inset) secondary structure of B4

predicted by Mfold (B) CD Spectra of B4 with different concentrations of HRP-II.

Spectra were recorded in 50 mM HEPES buffer, pH 7.4.
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Figure 5.6: Isothermal binding curve for 20 uM B4 titrated into (A) 4 uM HRP-II (B)
buffer only and (C) 4 uM HSA. All the experiments were performed in 50 mM HEPES
buffer pH 7.4. Raw heat of binding curve is shown in the top part and fitted binding

isotherm curve is shown in the bottom part of the graphs.
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Figure 5.7: Schematic representation on the fabrication of the aptasensor and its

application for the detection of HRP-II.
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Figure 5.9: (A) Nyquist plots on the response of Au/DSP/B4 electrode towards
HRP-II concentrations. Equivalent Circuit diagram is shown in the inset. (B)
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Conclusion and future directions of research

The major goal defined for the present work was to develop an efficient malaria detection
system using P.falciparum HRP-1I as the target biomarker. Our main concern was to explore a
non-labile probe as an alternative to commonly used antibody for malaria detection system
Therefore we looked into different non-labile probes that have not been reported so far. To
achieve this goal we first expressed and purified the target protein (HRP-II) in our laboratory
settings using molecular biology techniques and performed relevant experiments to confirm its
purity and structural integrity. After successfully preparing the target protein, three independent
proof-of-concepts for detecting HRP-II were successively explored: (i) Development of an
indicator displacement based detection of malaria targeting HRP-II as biomarker for application
in point-of-care settings, (ii) Quantitative detection of histidine-rich proteins using silver
nanoparticle-based sensitive competitive binding assay at last (iii) Development of

electrochemical impedance spectroscopy based aptasensor for malaria using HRP-II as target.

At first a colorimetric dye based assay which can detect HRP-II in solution as well as on a paper
platform was interested. The murexide dye, which has the ability to form complexes with metal
ions, was used for the assay (Sun et al., 2012). The assay which was based on competitive

displacement of Ni>* dye from the murexide-Ni** complex could detect HRP-II in a very broad
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dynamic range. This offered an advantage of detecting malaria at high parasitaemia and to avoid
false positive results due to prozone effect. The experiments were performed with increasing
concentration of HRP-II and discerned the binding constants from the data. The specificity of
the detection system was found to be high when compared to the analysis results of the non-
specific target HSA, which is abundantly present in the blood serum. Additionally, the
interference studies of the serum were performed by spiking the target protein in serum obtained
from healthy volunteers. The results validated the potential of the method to be used for real
blood serum samples. Further we upgraded the same detection system to a cheap paper based
platform. The platform was prepared by modifying the ink cartridge to print hydrophobic
microfluidic channels on chromatography paper using a deskjet printer. The paper platform so
prepared was designed to be portable, cheap and amenable to perform multiple experiments
simultaneously. Interestingly the sensitivity of the system was enhanced in the paper based
format. Moreover, the detection sensitivity of the system could be enhanced to ascertain on
demand such as, for early detection of malaria by simply increasing the pH of the reaction
mixture from physiological state up to ~9 for low parasitaemia detection. Hence, this method
would be suitable to reduce false negative results due to prozone effect at high concentration of
HRP-II and cross contamination with other antibodies. Thus, there is a great scope of using the
present detection system as an additional test along with the current RDTs to eliminate false
negative results in the case of patients with high parasitaemia and patients suffering from auto

immune diseases.

In the second proof of concept we used GS-AgNPS as a colorimetric probe to detect HisRPs by
competitive binding event. Nanomaterials were used to enhance the sensitivity of detection
systems. GS-AgNPs gives very sharp SPR signal to any event of aggregation caused by the
target molecules. The GS-AgNPs competes with HisRPs to bind to Ni>* and causes change in

signal with aggregation as it binds to more Ni**. As the concentration of HisRPs increases the
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extent of GS-AgNPs decreases which can be tracked spectrophotometrically. We validated this
system with various proteins that had varying amount of histidine residues in different
sequence. Additionally, the method was tested on HRP-II and showed sensitivity to as low as
~10 pM. The method also offerd to detect HRP-II in yes/no format following visual colorimetric
signal and detects HRP-II in blood serum within 30 min at a low background noise (~4.4 %) to
detect malaria. This method was successful in enhancing the sensitivity of HRP-II detection
from the previous method due to the use of nanomaterials. Another great potential of this system
found was its ability to quantitatively detect histidine tagged recombinant proteins in the

laboratory

Though the aforementioned methods were fairly specific there was still scope for improvement
since the systems were developed on the basis of histidine binding hence, there can be non-
specific interactions from unknown proteins which have similar composition of histidine
residues as in HRP-II. Therefore we moved forward to develop an aptasensor for which a novel
aptamer was selected by the method of SELEX. Aptamers were generated against HRP-II,
followed by TA cloning, blue white screening and sequencing. Finally a specific aptamer was
identified based on computational and CD studies. The binding constant of B4 was calculated
from ITC experiments. After successful screening of the aptamer B4 which is specific against
HRP-II an aptasensor for an electrochemical impedance spectroscopy was constructed. The
aptamer was immobilized on a gold electrode surface following a rational chemical approach
to maintain its natural flexibility for unrestricted binding with the target and for reproducible
fabrications of the aptasensor. The developed aptasensor was found to be suitable for an
impedimetric measurement of signal generated from its binding with the target HRP-II protein
and could detect the target protein down to a picomolar level. The specificity of the developed

aptasensor towards HRP-II in the presence of blood serum was also validated.
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Finally, we attempted to evaluate the different sensor platforms developed in this work by

comparing the performance factors as shown in table C1.

Table C.1: Comparison of the performance of the developed analytical/biosensing

methods mentioned in this thesis

Name of the Detection Detection Sensitivity Specificity Dynamic  Response Preparation
method probe platform range time time

IDA in Murexide 96 well 53 nM Moderate 1 pM- 10 mins 30 mins
solution dye plate 3uM

Nanoparticles GS- 96 well 30 nM Moderate 10 pM-1.2 15 mins 5h

based AgNPs plate uM

competitive

assay

Impedimetric B4 Gold 3.15 pM High 1-500 pM 10 mins 24 h
Aptasensor Aptamer  electrode

As seen from the table C.1 the sensitivity achieved in terms of LOD by the optical
methods namely IDA method and GS-AgNPs based competitive assay were in the
clinically relevant range. However, the impedimetric aptasensor showed the lowest LOD
which can be used for detecting malaria even in asymptomatic patients. The response
time required for all the methods developed were comparably fast and could be used for
POC settings. The impedimetric aptasensor had the highest preparation time because it
required a lot of time in preparing the modified electrode which is one of its limitation.
Though the selectivity and specificity of the optical methods were demonstrated over
control proteins, there is a possibility that it can react with proteins that have high and
contiguous His residues in the sequences thus making it less attractive. However the
optical methods are very cheap, especially the paper based microfluidic method, which
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can cost ~0.07 U.S. dollars including the cost of the reagents. The paper based platforms

can be further improved by incorporating aptamer and dye to enhance its specificity.

The investigations in this thesis, entails a detailed study on the development of various detection
methods for malaria biomarker HRP-II without the use of antibody. By doing so we were
successful to improve the stability and reduce the cost as compared to RDTs. This study gives
an idea on how different detection probes can be used as an alternative to antibodies to develop
potential biosensors using different low cost platforms which can be used in low resource

settings.

Future direction of research

The work presented over here enlists few potential biosensors/ methods as alternative
detection strategies for malaria diagnosis. However, these strategies needs to be explored
further to convert them into viable diagnostic products of commercial importance. Therefore,
we need to address few critical points that can be further explored to project our study into
commercial sensors. (i) In case of the paper based colorimetric platform some studies regarding
covalent binding of dye to paper substrate should be done to reduce coffee ring effect and
increase the sensitivity of the system. Also detailed study to digitalize the optical response in
pixel intensity by simple device such as a phone and software may be done to increase its
potential in a commercial settings. (ii) Secondly studies on enhancing the stability of GS-
AgNPs which were employed for the corresponding colorimetric detection of malaria need to
perform. Further this developed method should be translated into a low cost biocompatible
sensor surface such as, paper and PDMS complying the ASSURED (Affordable, Sensitive,
Specific, User-friendly, Rapid, Equipment free, Deliverable) mandate of WHO for expediency
in the low income countries. (iii) Lastly we need to understand the exact mechanism of
interaction between the aptamer and randomly coiled protein HRP-II. Till now no data on x-
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ray crystal structure of HRP-II has been elucidated. There is a scope to solve the crystal structure
of aptamer- protein complex to understand its exact mechanism of interaction. Furthermore, the
stability studies of the aptamer following modifications with a suitable by various signal
molecules by conserving its binding affinity is another area of focus to develop a low cost

simple sensor device for detection of malaria.
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Appendix

Table A1: List of bacterial strains

Strain Description

Escherichia coli DH5a F’$80dlacZAM15 A (lacZY A-argF) U169 endAl

(Novagen) recAl hsdR17 (rk'mk™) deoR thi-1 phoA supE44 A~
gyrA96 relAl

Escherichia coli BL21 F ompT hsdSB (rB"mB-) gal dcm (DE3). Derivation of

(DE3) (Novagen) B834. (Parental strain: B834; Resistance: none)

Table A2: Culture medium for bacteria

Medium Composition Composition
Luria Bertani broth (LB) (1 L) Casein enzymic hydrolysate 10 g, Yeast
extract 5 g, NaCl 10 g, pH 7.5 + 0.2

Casein enzymic hydrolysate 10 g, Casein enzymic hydrolysate 10 g, Yeast
Yeast extract 5 g, NaCl 10 g, Agar 15 g, pH 7.5 +
0.2

Table A3: Buffers and solutions

Solutions for plasmid isolation

Solution I 50 mM glucose, 25 mM Tris-ClI buffer, 10 mM EDTA, pH
8.0
Solution II 0.2 N NaOH, 1 % SDS
Solution III 5 M potassium acetate, pH adjusted to 4.8 with acetic acid
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TH-1826_126106001



Buffer for agarose gel electrophoresis

TAE buffer (50X) 1L 242 g Tris base, 57.1 ml glacial acetic acid, 100 ml 0.5 M
EDTA (pH 8), adjust final volume to 1L with water

Solution for competent cell preparation

Transformation and 10 % (w/v) polyethylene glycol, 5 % (v/v) dimethyl
storage solution (TSS) sulfoxide and 50 mM MgCl; in LB broth, pH 6.5

Buffers for protein purification

Lysis/Equilibration 20 mM Tris buffer, 500 mM NaCl pH 8
buffer
Washing buffer 20 mM Tris buffer, 500 mM NaCl, supplemented

with varying concentration of imidazole (50
mM, and 100 mM), pH 8

Elution buffer 20 mM sodium phosphate buffer, 500 mM NaCl, 350
mM imidazole

Buffers/solutions for SDS-PAGE

30 % acrylamide-bisacrylamide 29.2 g acrylamide, 0.8 g bisacrylamide
gel solution (100 ml)

Tris-HCI, pH 6.8, 0.5 M (100 6.06 g Tris base, pH adjusted to 6.8 with 2 N HCl
ml)

Tris-HCI, pH 8.8, 1.5 M (100 18.18 g of Tris base, pH adjusted to 8.8 with 2 N
ml) HCl

Gel running buffer (10X) 30.0 g of Tris base, 144.0 g of glycine, and 10.0 g
of SDS in 1000 ml of water.

SDS gel loading buffer (2X) 100 mM Tris/HCI (pH 6.8), 4 % (w/v) SDS,
0.2% (w/v) bromophenol blue dye, 20 % (v/v)
glycerol, 200 mM DTT or B-mercaptoethanol

Staining solution (blue silver 10 ml ortho phosphoric acid, 10 g w/v ammonium
staining) (100 ml) sulfate, 0.12 g w/v
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Composition of Biuret solution

Biuret solution 1.50 g of cupric sulfate pentahydrate (CuSO4.5H>0)
with 6.0 g sodium potassium tartrate tetrahydrate
(NaKC4H4064.H20) in 500 ml of H>O.
Add 300 ml 10 % (w/v) NaOH and make the volume
to 1 litre with water

Solutions for SELEX
. 50 mM sodium phosphate buffer, pH 7.4, 50 mM
Binding buffer NaCl, 5 mM KCI, 2.5 mM MgCl,
20 mM Tris HCI, pH 7.5, 0.5 M NaCl, 1 mM
Coupling buffer EDTA
TBE buffer (5X) 54 g of Tris base, 27.5 g of boric acid, 20 mL of

0.5 M EDTA (pH 8.0)

S ml of 30 % acrylamide-bisacrylamide solution
(75:1), 3 ml, TBE buffer (5X), 105 ul 10 % APS,
10 ul TEMED, 6.8 ml water

10 % acrylamide bisacrylamide
Gel solution (75:1), 15 ml

Table A4: List of primers

Name Sequence (5°-37)

F1 CACCTAATACGACTCACTATAGCGGA
R1 GCAAGCTTGTTCGAGCCAG

R1-biotin biotin-GCAAGCTTGTTCGAGCCAG
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