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Abstract

The current investigation focuses on the development of DNA based biorecognition
elements for the detection of Plasmodium falciparum lactate dehydrogenase (PfLDH) or its
corresponding native gene segment with an am of developing novel malaria diagnostic
systems endowed with stable and sensitive performance. Four independent approaches were
embarked upon namely, (A) Development of aptamer based colorimetric detection for
PfLDH, (B) Development of aptasensor for electrochemical detection of PFLDH, (C) DNA
templated silver nanoclusters for fluorescence based detection of PFLDH and (D) High
resolution melting of metallized DNA duplexes for species differentiation of Plasmodium
parasite. Initially we concentrated on devel oping an aptamer as a biorecognition el ement to
execute the approaches (A), and (B). A novel ssDNA aptamer (P38), with a 40 mer random
region flanked by primer binding sites on both sides, targeting PFLDH was developed
through systematic evolution of ligands by exponential enrichment (SELEX), incorporating
counter SELEX against human lactate dehydrogenase A and B (hLDH A and B) to render
the required specificity to the aptamer. The 2D structure of P38 discerned from the Mfold
webserver showed that the aptamer possess three stem loops with a AG of -9.18 kcal.mole’
1 EMSA and ITC studies confirmed the specific interaction of P38 with PfLDH. From the
EM SA studies the dissociation constant (Kq) for the interaction was discerned as 0.35 + 0.02

UM,
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(A) Development of aptamer based colorimetric detection for PfLDH

P38 was exploited for the quantitative detection of PFLDH using salt or cationic surfactant
mediated aggregation of AuNPs (of size 16 + 3.5 nm) as an optical probe. Briefly, the
aptamer bindsto PFLDH in amalaria positive sample leaving behind the colloidal AUNPsin
the solution, which are then rapidly aggregated by the salt or cationic surfactant, changing
the solution to a blue color. The change in color was linearly correlated with the
concentration of PFLDH producing a dynamic range for quantitative detection of the
biomarker in samples. Among the three different cationic surfactants, characterized by
different hydrocarbon tail groups, benzalkonium chloride (BCK) was found to be the most
efficient one, with alimit of detection of 281 + 11 pM. This BCK-based approach with the
novel highly selective aptamer provided simple and sensitive detection of PfLDH in the

clinically relevant range.

(B) Development of aptasensor for electrochemical detection of PfLDH

In the second approach the P38 aptamer was immobilized over glassy carbon electrode
(GCE) using graphene oxide (GO) as an immobilization matrix, and the modified electrode
was investigated for detection of PFLDH. The GO was synthesized from powdered pencil
graphite and characterized by XRD based on the increased interlayer distance between
graphitic layers from 0.345 nm for graphite to 0.829 nm for GO. The immobilization of P38
on GO was confirmed by Ip/lc intensity ratio in Raman spectra where, the ratio were 0.67,
0.915, and 1.35 for graphite, GO and P38-GO, respectively. The formation of the P38 layer
over GO-GCE was evident from an increase in the surface height in AFM analysis of the

electrode from ~3.5 nm for GO-GCE to ~27 nm for P38-GO-GCE. The developed
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aptasensor when challenged with the target, a detection of aslow as 0.5 fM of PFLDH was
demonstrated. The specificity of the aptasensor was confirmed through a voltametric
measurement at 0.65 V of the reduced cofactor generated from the PFLDH catalysis. Studies
on interference from some common proteins, storage stability, repeatability and analysis of

real samples demonstrated the practical application potential of the aptasensor.
(C) DNA templated silver nanoclusters for fluorescence based detection of PfLDH

Thethird approach for detection of PFLDH exploited a fluorescence platform where a set of
90 mer long ssDNA candidates, with different degrees of cytosine (C-levels) (% and
clusters) was analyzed for their function as suitable silver nanocluster (AgNC) nucleation
scaffolds. The sequence P4 with the highest C-level (42.2 %) emerged as the only candidate
supporting the nucleation process as evident from its intense fluorescence peak at Asso NM.
Shorter DNA subsets derived from P4 with only stable hairpin structures could support the
AgNC formation. The secondary hairpin structures were confirmed by PAGE, and CD
studies. The number of base pairs in the stem region also contributed to the stability of the
hairpins. A shorter 29 mer sequence (Sub 3) (AG = -1.3 kcal.mole) with 3 bp in the stem
of a7 mer loop conferred highly stable AgQNC. NAD™ strongly quenched the fluorescence of
Sub 3-AgNC in a concentration dependent manner, and the binding constant and number of
binding sites for NAD* were 0.201 L.mole* and 3.6, respectively. Time resolved
photoluminescence (TRPL) studies revealed that the quenching involves a combined static
and dynamic interaction process. A dynamic NAD™ detection range of 50-500 uM with a
limit of detection (LOD) of 22.3 yM was discerned. The NAD* mediated quenching of

AgNC was not interfered by NADH, NADP*, monovalent and divalent ions, or serum
iii
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samples. The method was also used to follow acohol dehydrogenase and lactate
dehydrogenase catalyzed physiological reactions in a turn-on and turn-off assay,
respectively. The turn-off assay was applied for detection of PFLDH, achieving a LOD of
1.32 + 0.03 nM. The proposed method with sSDNA-AgNC could therefore be extended to
monitor other NAD*/NADH based enzyme catalyzed reactions in a turn-on / turn-off

approach.

(D) HRM of metallized-DNA duplexes for species differentiation of Plasmodium parasite

In order to carry out differentiation among Plasmodium speciesthe metal mediated structural
change in DNA was exploited to amplify HRM signals leading to differentiation of target
DNAs in an orthologous gene (pldh) corresponding to four Plasmodium species. Conserved
26 mer ssDNAs from the Idh gene of four Plasmodium species were employed as targets. A
capture probe (CP) that is fully complementary to the P. falciparum target (FT) and has two
base mismatches each, with the targets of P. vivax (VT), P. malariae, (MT), and P. ovale
(OT) was considered. The DNA duplexes were treated with metal ions for structura
perturbation and then analyzed by HRM. Distinct resolution of melting fluorescence signal
in otherwise identical HRM profiles for each of the DNA duplexes was achieved by using
Ca'? or Mg ions, where, Ca*? conferred higher resolution. The increase in resolution for
CP-FT vs. CP-OT, CP-FT vs. CP-VT, CP-FT vs. CP-MT, CP-VT vs. CP-OT, and CP-MT
vs. CP-OT with Ca-DNA as compared to control were 67.3, 20.4, 22.0, 10.9, 8.3 fold,
respectively. The signal resolution was highest at pH 8. The method could detect 0.25
pmoles.ul™? of the target DNA. CD analysis confirmed that Ca™? and Mg*2 ions perturb the
structure of DNA. This perturbation helped to improve HRM signal resolution among DNA
targets corresponding to the orthologous pldh gene of the four Plasmodium species. This

iv
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novel approach has great application potential not only for Plasmodium species specific

diagnosis but also for differentiation of other DNAs with minor sequence variation.
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structures. Hydrogen bonds are shown as dashed lines, and the conserved
bound water molecule is shown as ared sphere (Chaikuad et al., 2005).

Scheme of cloning strategy followed for pfldh, hidh A, and hidh.

PCR amplification of (A) pfldh (C) hidh B observed in 0.8 % agarose
gel. L1: Widerange DNA marker, L2: amplified product. (B) Restriction
digestion of pMCSG7_hLDH-A with Bglll and Xhol. L1: Wide range
DNA marker, L2: Restriction digestion product release of insert.

Restriction enzyme digestion of recombinant vector pET 28a carrying
the gene inserts (A) pfldh, and (B) hidh B. Lane L1: DNA marker, L2-

L4: released insert and linearized plasmid for three positive clones.

SDS PAGE (12 % gel) analysis on the expression profile of (A) PfLDH,
(B) hLDH A, and (C) hLDH B. (A) and (C) wereinduced at 28 °C, 500
MM PTG concentration for 4, 8 and 12 h, (B) was induced at 20 °C, 100
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molecular weight marker, L2: BL21 (DE3) induced, L3: clone
uninduced, L4: clone induced for 4 h, L5: clone induced for 8 h, L6:
clone induced for 12 h.

(i) SDS PAGE of purified recombinant proteins (A) PfLDH, (B) hLDH
A, (C) hLDH B. L1: molecular weight marker, L2: crude cell lysate, L3,
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hLDH A, (C) hLDH B, L1: Molecular weight marker, L2: blot of
purified protein.
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(A) Zeta potential of PFLDH at varying pH; (B) CD spectra of PfLDH.

(A) Schematic of the SELEX process; (B) 2D structure of P38 derived
from Mfold and its sequence are shown as the final output of the
selection process. The sequence of P38 shows a central 40-nucleotide
variable region (black), flanked by constant primer-binding regions
(blue).

AFM topography and height profile of (A) bare PVDF membrane; (B)
PfLDH immobilized on PVDF membrane; (C) after interaction of
aptamer library with (B).

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 a2 % agarose gel.

Screening of 52 white colonies by PCR. M: DNA marker; Control:
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 bold.

Multiple sequence alignment of the random regions of P4, P6, P8, P9,
P29, P34, P38, P44, and P45. Green and yellow coloured regions
represent 80 % and 60 % sequence similarity, respectively.

EMSA gels used for estimating Kq for (A) P38, (B) P9, and (C) P8.
PfLDH concentration ranged as 0.2 uM, 0.35 uM, 0.7 uM, 1.4 uM, 2
UM, 2.5 uM, 3 uM, 3.5 uM, 4 uM, 4.5 uM, 5 uM, 6 uM, 8 uM, 10 pM.
M: the free aptamer (90 mer) was used in each gel as the molecular
weight marker. (D) EM SA of control protein hLDH B with P9 (L1), P38
(L2), and P45 (L3). The concentration of hLDH B was 3 uM in each

case.
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Isothermal titration calorimetry analysis for binding of P38 aptamer to
PfLDH protein. (A) Raw heat of binding obtained on titration of P38 to
PFLDH. (B) Fitted binding isotherm of P38 binding to PFLDH. The
titration revealed a dissociation constant of 0.243 uM which was similar
to that obtained by EMSA (0.35 uM).

Docking results of P38 with PfLDH as predicted by PatchDock server.
P38 is represented in yellow, while the four chains of PfLDH are
numbered A, B, C, and D, and represented in shades of purple.

Simplified representation of the assay based on (A) NaCl and (B)
cationic surfactant assisted aggregation of AuNPs for detection of
PfLDH, (C) TEM image of citrate stabilized AUNPs revealed an average
diameter of 16 + 3.5 nm, (D) chemical structure of cationic surfactants
used in the study.

(A) Effect of NaCl concentration on the aggregation of free AUNPs.
Inset: aggregation of P38 modified AuNPs with 75 mM, and 100 mM
NaCl. After adsorption of P38 on nanoparticles, their aggregation by
NaCl was comparably reduced. (B) NaCl assisted AuNP aggregation
assay response to the increasing concentration of PILDH. The linear
segment of the response is shown in inset (i). Inset (i) Image of the
change in colour of the assay with 0, 1 pM, 10 pM, 100 pM, 900 pM, 1
nM, 10 nM, 100 nM, 1 uM, 3 uM, 5 uM, and 7 uM of PfLDH.

(A) Effect of BCK, CTAB and DDAB on the aggregation of 2 nM citrate
stabilized AuNPs. (B) Optimization of P38 aptamer concentration to
obtain minimum background AuNP aggregation for 3 uM BCK, 4.5 uM
CTAB, and 1.5 uM DDAB.

(A) Response of BCK, CTAB, DDAB assisted AuNP aggregation, for
detection of PFLDH using P38 aptamer as detection probe. (B) Image
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shows the change in colour of the assay mixture, using BCK as the
aggregating agent.

(A) Response of the AUNP based optical assay for 1 nM each of, PFLDH,
HSA, and HRP 1. Background values have been subtracted for ease of
comparison, (B) Real sample analysis using extract from 107, 10° and
10* RBCs spiked with 400 pM PfLDH, (C) Analysis of real samples
from patient A, and B, at two different dilution for each, (D) Stability of
unmodified AUNP, and P38-AuNP, over a period of one week.

Microscope image of (A) Untreated RBCs, (B) RBCs treated with 2X
lysis buffer, (C) RBCs treated with 5X lysis buffer.

(A) Scheme for stepwise electrode fabrication of P38-GO-GCE. (B)
Scheme for dua electrochemical detection of PFLDH using modified
electrode P38-GO-GCE.

(A) XRD of powdered graphite and graphene oxide. (B) Raman spectra
of graphite, GO and P38-GO.

Electrochemical characterization of stepwise electrode fabrication using
(A) DPV and (B) EIS.

Topography including height profiles studies of GO-GCE (A) and P38-
GO-GCE (B) using AFM.

(A) Nyquist plots on the response of P38-GO-GCE towards increasing
PfLDH concentration from 0.1 fM, to 10 fM. (B) Response curve of Rct
vsincreasing PFLDH concentration. Each data point is an average of at
least three individual experiments. Error bars indicate the SD. (C)
Oxidation of NADH on P38-GO-GCE, in the absence and presence of
lactate. (&) GO-GCE in buffer E, (b) P38-GO-GCE in buffer E, (c) P38-
GO-GCE response in presence of 0.4 mM NADH in buffer E. (D) DPV
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curent response of PfLDH-P38-GO-GCE against various
concentrations of lactate at 10 mM NAD™.

(A) DPV current response of the aptasensor at 0.65 V to different control
proteins each at 100 nM. (B) EIS responses of the aptasensor to the
extract of lysed RBC (10° cells) (+) and lysed RBC (10° cells) containing
5fM PfLDH (0). (C) The performance of the devel oped aptasensor when
challenged with P. vivax infected samples from two patients and an
uninfected sample from a healthy volunteer (as negative control), at two
dilutions for both patients. (D) Storage stability of the developed
electrode as a function of time. Data points represent an average of two

independent experiments.

Sequence of nine sSDNA used for templating AgNCs. All sequences are
flanked by two constant regions (31 mer and 19 mer) with a random

region (40 mer) between them.

(A) Number of C residuesin ssDNA sequences considered for the study.
(B) Emission spectra of P4-AgNC when the nanoclusters were excited
at Asgonm. Inset shows an image of P4-AgNCs under (i) white light, and

(if) UV trans-illuminator.

Secondary structures of all unsuccessful scaffolds used for templating
NCs.

(A) Sequences of subsets of P4 used to study their ability to template
AgNC. Tandem C repeats in P4, have been highlighted in purple. (B)
Secondary structures of P4 and its subsets.

(A) Native PAGE of L1: Sub 2, L2: Sub 3, and L3: Sub 4. (B) Denaturing
PAGE of L1: Sub 2, L2: Sub 3, L3: Sub 4.
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(A) UV-Vis gpectra for AQNC templated on P4, Sub 1-Sub 4. (B)
Changes in the fluorescence emission spectra of P4-AgNC, Sub 3-
AgNC, and Sub 4-AgNC with time.

(A) Preparation of P4, Sub 3, and Sub 4 templated AgNC in MQ water
in the presence of DNA denaturants. (B) Effect of various buffers (15
mM) on the fluorescence of Sub 3-AgNC. Bars from left to right
represent AgNC prepared in buffers: HEPES (pH 4, pH 5); Sodium
phosphate buffer (pH 6, pH 7, pH 8); Tris (pH 9, pH 10); MOPS (pH
7.5); Acetate (pH 4.5); Borate (pH 8.5). For both (A), and (B) the
numbers on the top of the bars indicate the fractional residual

fluorescence w.r.t AGQNC prepared in MQ.

CD profile of ssDNA nucleotides P4 (A), Sub 3 (B), and Sub 4 (C) in
the presence of 8 M urea. (D) Table shows the average shift in peak

position at A2gonm, 0N adding 8 M urea.
TEM image for Sub 3-AgNC.

(A) Fluorescence emission spectra of Sub 3-AgNC in the presence of

different concentrations of NAD™ in uM (a) 0, (b) 15 (c) 30 (d) 40 (e)

50, (f) 60, (g) 80, (h) 90, (i) 100, (j) 200, (k) 300 (1) 500, (m) 800. (B)
Plot of log (Fo - F)/F against log [NAD™]. Each point is an average of at

least three independent experiments, error bars represent the SD.

(A) Stern-Volmer plot of Sub 3-AgNC. Inset shows the linear plot with
corresponding R? value. Each point is an average of at |least three repeat
experiments. Error bars indicate the SD. (B) TRPL profile of Sub 3-
AgNC in the (i) absence, and presence of (ii) 15 uM (iii) 100 yM NAD",
(iv) fluorescence lifetimes (1) and x2 value of fitting for (i), (ii), and (ii)
have been listed.
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Relative fluorescence (Fo/F) of Sub 3-AgNC in the presence of (A) 5
mM of various cofactors, (B) Stern-Volmer plot of Fo/F vs [NAD], in
the presence of human serum. (C) 8 mM of various monovaent salts, or
1 mM of various divalent salts, both in the presence or absence of 1 mM
NAD". In al cases, data points are average of at least three repeat

experiments, error bars reflect the SD.

AgNC-NAD interaction based (A) turn-on assay using ADH, and (B)
turn-off fluorescence assay using PfLDH.

Response curve for PFLDH detection by NAD* mediated quenching of
Sub 3-AgNC.

(A) Multiple sequence alignment of the conserved region of Plasmodium
falciparum LDH (PfLDH), Plasmodium vivax LDH (PvLDH),
Plasmodium malariae LDH (PmLDH) and Plasmodium ovale LDH
(PoLDH) and theequivalent regionin hLDH A, and hLDH B. (B) Probes
used in the study, with their notations. The target probes were derived
from the conserved region of LDH proteins of Plasmodium. Mismatched
basesin VT, MT, and OT have been underlined.

Schemefor the strategy used to enhance HRM signal resolution between
Plasmodium species.

(Ai-Aiv) Normalized melt curves for dsDNA complexes, CP-
FT/VT/MT/OT; Derivative curves for dsDNA complexes, CP-
FT/VTIMT/OT, in the range (Bi-Biv) 30 °C-50 °C and (Ci-Civ) 50 °C-
80 °C, for (Ai-Ci) un-metallized, (Aii-Cii) Ca-metallized, (Aiii-Ciii)
Mg-metallized, (Aiv-Civ) Ni-metallized complexes. In adl (B), and (C),
an average of at least three or more curves has been shown for each

speciesfor clarity.

Melting curve of CP-NC, in comparison to CP-FT. At least four or more
control (CP-NC) were included in each HRM run as a negative control.
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CP-FT consistently resulted in no absolute fluorescence and hence no

melting curve as shown here.

(A) Difference in Tm2 between various DNA duplexes, for un-
metallized, Ca-metallized, and Mg-metallized DNA. (B) Effect of pH on
Tm2 of various DNA duplexes, for Ca-metallized DNA.

(Ai-Aiv) Normalized fluorescence curves. (Bi-Biv) Derivative melt
curves for Ca-metallized DNA duplexes CP-FT, CP-VT, CP-MT, CP-
OT, and CP-NC at (i) pH 7, (ii) pH 8, (iii) pH 8.5, and (iv) pH 10.

CD spectraof un-metallized (black), Ca-metallized (red), Mg-metallized
(green), Co-metallized (yellow) DNA duplexes, where (A) CP-FT, (B)
CP-VT, (C) CP-MT, (D) CP-OT.

(A) CD spectra of un-metalized (black), Ca-metallized (red), Mg-
metallized (green), Co-metallized (yellow) DNA duplex CP-NC. CD
bands exhibit the characteristic peaks for B-form of DNA, however low
amplitude of peaks as compared to that shown in figure 7.7, are aresult
of poor base stacking in case of CP-NC; (B) CD spectra of CP-FT and
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the claim that Caions improve HRM resolution.
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Introduction

Maaria is a life threatening disease occurring mainly in the tropical regions of
devel oping and under devel oped countries. Most of these affected countries have alow gross
national income (GNI) per capita and cannot adequately afford widespread application of
malaria surveillance and control programs. In such countries, due to limited access to
diagnostic centers, patients often resort to self-treatment of suspected malaria cases.
Indiscriminate use of oral artemisinin based monotherapies has been identified as one of the
factors that leads to drug resistance, which is a serious problem in malaria management. For
example, a sulfadoxine-pyrimethamine combination, which is an effective treatment against
multi drug resistant (MDR) malaria, has now been rendered useless in south-east Asiaby its
overuse and misuse (Choi et al., 2007). According to WHO, accurate and point of care (PoC)
diagnosis of malaria are prerequisite in malaria management as these reduce evolution of
multi drug resistant malaria caused by indiscriminate and overuse of drugs (Choi et al.,
2007), lessen mismanagement of non-malaria fevers (Chanda et al., 2009), offer improved
care of parasite positive patients and raise public trust in the efficacy of artemisinin-based

combination therapy (ACT).

Most symptomatic malaria infections are preceded and followed by a PCR positive
phase which is submicroscopic. Thelength of this submicroscopic period varies with the age
of the patients. The sexual gametocytes responsible for disease transmission can also exist

at submicroscopic levels. The group of people with these submicroscopic infectionsin
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endemic areas are contributors to the human infectious reservoir. In order to make malaria
control and elimination programs more effective further effort needs to be made towards
diagnosing these submicroscopic infections. Sensitive malaria detection techniques can not
only reduce the presumptive treatment associated with antimalarial drug resistance but aso

facilitate the treatment of submicroscopic infections that have so far been widely ignored.

In order to develop an efficient test for diagnosis of malaria, a profound
understanding on various malariarelated biomarkersis prerequisite. Among the biomarkers
identified till date, Plasmodium species lactate dehydrogenase (LDH) has emerged as a
highly promising target. It is the last enzyme in the glycolytic cycle of the parasite and is
involved in the reduction of pyruvate to lactate thus regenerating the NAD™ cofactor. During
the intra-erythrocytic stages, the parasite principally relies on anaerobic respiration for ATP
generation from glucose, leading to an over expression of enzymesinvolved in the glycolytic
pathway (Roth, 1990). Parasite LDH differs structurally and kinetically from its human
counterparts. Structurally it has been shown to exhibit unique epitopes present on the surface
of the enzyme (Hurdayal et al., 2010). Kinetically it differsin the lack of substrate inhibition
(Brown et al., 2004) and higher affinity towards a cofactor analogue APAD* (3-Acetyl
pyridine adenine dinucleotide) (Chaikuad et al., 2005). These differences make this parasite

enzyme unique and easier to target using diagnostic methods.

At present, several analytical techniques exist for malaria diagnosis. However, these
techniques are associated with certain limitations. Conventional malaria diagnosis

techniques, like microscopy, ELISA and flow cytometry require skilled personnel and
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expensive equipment facility, and thus these are difficult to use in PoC settings. The recent
PoC malaria diagnostics largely belong to antibody based rapid diagnostic tests (RDTS).
While these portable RDTs have greatly benefitted malaria control and surveillance
programs, they are still plagued with issues related to high cost, poor stability in tropical
climates, being non-quantitative and incapable of differentiating different Plasmodium
species. These RDTSs are susceptible to malfunction at high temperature and humidity due
to the use of protein based antibody, which is a labile bio recognition element (Chiodini et
al., 2007). Hence, the current interest in malaria diagnosis focuses on the development of
robust recognition materials that are stable in hot and humid climate due to obvious reason

of the malaria prevalence in these climatic conditions.

DNA based probes have received wide interest for different diagnostics applications
due to various positive traits such as, thermal stability, easy chemical synthesis and
modification, and fairly low costs of production. DNA possesses its own set of intelligent
material properties that could be selectively garnered to design viable bio recognition
elements for specific sensor applications. The properties of DNA like, hybridization
specificity, self-assembly, conductivity, and ease of functionalization add edgeto itssaid bio
recognition capabilities to develop tailored applications. This study aims to exploit the
inherent property of DNA, and the intrinsic properties of advance nanomaterials for
developing stable, sensitive, and specific sensing systems for Plasmodium species detection

and differentiation. The following objectives are thus defined for this study:
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Objectives of the study

1. Preparation of biomarker and control proteins. cloning, expression, purification,
and characterization of Plasmodium falciparum, and human | actate dehydrogenases

2. Preparation of DNA based biorecognition elements: devel opment of sensitive and
specific aptamer, and DNA based probes to target PFLDH

3. Application of developed biorecognition elements to detect the biomarker on

optical and electrochemical platforms

This thesis has been subdivided into V11 chapters as briefly described below. At the end of
the chapters, a section describing the overall conclusion from the thesis and a critical

evaluation on the work with the scope for future work has been included.

Chapter |: Literaturereview

The objective of this chapter is to report the recent progress and status of malaria detection
methods, with special emphasis on Plasmodium fal ciparum lactate dehydrogenase (PfLDH)
targeted detection. The chapter discussesin detail, the most reliable malaria biomarkers and
advantages of using PfLDH as the biomarker of choice. The performance of conventional
mal aria detection methodsis pointwise compared to the more recent detection platforms and
effort has been made to identify the important gaps to be bridged for developing viable

products in the future.
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Chapter 11: Cloning, expression, and purification of Plasmodium falciparum and

human lactate dehydrogenases

This chapter outlines the work done towards cloning, and purification of recombinant
proteins PFLDH, and its human counterparts hLDH A, and hLDH B. The cloned ORFswere
confirmed by sequencing studies. Integrity of purified proteins was validated by western

blot, and kinetic studies.

Chapter 111: Development of aptamer specific for PfLDH and its characterization

In this chapter, development of specific DNA aptamers against PFLDH was accomplished
by the process of SELEX, including counter-SELEX against hLDH A, and hLDH B. The
primary and secondary structures of the evolved aptamer candidates were determined. The
selected candidates were further investigated to explore their specificity using different tools

and techniques such as, EMSA, ITC and docking studies.

Chapter 1V: Development of aptamer based colorimetric detection of PfLDH

This chapter entails the development of a colorimetric assay using citrate stabilized gold
nanoparticles modified with PFLDH specific DNA aptamer as the sensing element. Salt, and
cationic surfactant based assay systems were individually developed and compared for their

performance for the detection of PfLDH.

Chapter V: Development of aptasensor for electrochemical detection of PfLDH

The content in this chapter describes the fabrication of graphene oxide-DNA aptamer (GO-

DNA) modified electrode and its application for the electrochemical detection of PfLDH.

5
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Detailed chemical, morphological, and el ectrochemical characterizations of synthesized GO,
GO-DNA, and GO-DNA modified electrode were accomplished by XRD, Raman
spectroscopy, AFM, and voltammetry studies. The performance parameters for the modified

electrode were estimated.

Chapter VI: DNA templated silver nanoclusters for fluorescence based detection of

PfLDH

This chapter describes the optimization of fluorescent silver nanocluster preparation on a
ssDNA template. Stability studies were conducted at various pH, temperature, in the
presence of denaturants, with time, leading to the selection of a stable, highly fluorescent
nanocluster. This was applied to the enzymatic detection of PfFLDH using the NAD™
mediated quenching of the nanocluster. Performance parameters of the assay were also

estimated.

Chapter VII: High resolution melting of metallized-DNA duplexes for species

differentiation of Plasmodium parasite

This chapter discusses the development of a high resolution melting assay for species
differentiation of Plasmodium parasite, by exploiting a conserved 26 mer sequence in the
LDH gene of the parasite. Improvement in resolution of otherwise identical HRM profiles

across the four major Plasmodium species was achieved |eading to species differentiation.
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Conclusion and futuredirections of research

This section summarizes the work to reach alogical 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 trandating the proposed

proof of concept to technologically viable products has been discussed at the end.
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Chapter I

Review of Literature

TheWorld Health Organi zation (WHO) estimated ~ 214 million new cases and 438,000
malaria related deaths in the year 2015. Approximately, 80 % of these cases were
concentrated in just 15 countries, especialy in the African continent (World Malaria Report,
2015). Malaria in humans is transmitted by the bite of more than thirty species of female
anophel es mosquitoes. The causative agent is a protozoan parasite of the genus Plasmodium.
Five species, P. falciparum, P. vivax, P. malariae, P. ovale, and P. knowles are known to
infect humans. Characteristic symptoms of the disease include episodes of high fever
followed by chills and rigors which are repeated every 48 h in falciparum, ovale or vivax,
every 72 hin malariae, and 24 hin knowlesi infections. P. vivax hypnozoites can lie dormant
in the liver and may cause recurrence of the disease (Centers for disease control and
prevention, 2016). The bite of an infected femae anopheles mosquito injects parasite
sporozoites into the blood stream. Sporozoites invade the liver hepatocytes and proliferate
into merozoites. Sporozoites divide profusely, where one P. fal ciparum sporozoite devel ops
into 40,000 merozoites per liver cell within a period of six days. Sporozoites may
differentiate into hypnozoites in vivax, and ovale infections, which can lie dormant in the
liver and later enter the life cycle as merozoites. Drugs targeting hypnozoites are fairly rare,
with only onedrug family capabl e of killing them namely 8-aminoquinolines. Unfortunately,

the drugs from thisfamily are toxic to populations with glucose-6-phosphate dehydrogenase
8
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(G6PD) deficiency, which ironically also happens to be a common deficiency in malaria
proneregions. Asaresult, thereis agreat need of new non-toxic therapeutic approaches that
target this stage of the parasite life cycle, to eliminate the recurrence of P. vivax and P. ovale

infections.

At the beginning of the intraerythrocytic state, merozoites invade erythrocytes. The
remodeled red blood cells (RBCs) start expressing PFEMP1 (Plasmodium falciparum
erythrocyte membrane protein 1) on the erythrocyte membrane within 12 h of invasion, thus
preventing the clearance of infected RBCs (IRBCs) by the spleen. The sequestration of
infected RBCs eventually injures endothelial cells (ECs) and disrupts blood flow, causing
tissue hypoxia and lactic acidosis. These mechanisms contribute to organ-specific
syndromes such as, cerebral malaria and placental malaria when sequestration occursin the
brain, and placenta, respectively. Maaria related anemiais a consequence of hemolysis of
infected and uninfected RBCs, often accompanied by impaired erythropoiesis. iRBCs when
lysed, release merozoites causing fever and rigors in the infected person. The released
merozoites now have a divided fate; while most invade fresh RBCs and circulate as ring-
stage parasites, some develop into male and female gametocytes and are taken up by

mosquitoes during a blood meal (Miller et al., 2013).
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Figure 1.1: Life cycles of the malaria parasite (adapted with permission from Klein, 2013).
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merozoites released
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6. Transmission to mosquito
(ingests gametocytes via bite)

1.1 Biomarkersfor malaria

Biomarkers are cellular, biochemical or molecular alterations measurable in
biological samples which indicate any biological, pathogenic and therapeutic responses
(Hulka, 1991). There has been no established classification system to categorize biomarkers
till date. However, Frank and Hargreaves bring clarity to the subject by classifying theminto

three types; Type 0, Type 1 and Type 2 (Frank and Hargreaves, 2003). Type O biomarkers
10
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are measures of the natural history of disease and correlate with clinical outcomes. Type 1
biomarkers usually determine the biological effect of a therapeutic intervention. Type 2
biomarkers are the equivalent of ‘surrogacy’ markers where a surrogate point has been
defined as a biomarker intended to substitute for a clinical end point, the latter being a
characteristic or variable that reflects how a patient fedls, functions or survives. Biomarkers
are useful for disease management, formulating strategies before the onset of disease, and
for diagnosisin case of asymptomatic infections. For instance, in malariaendemic areaslike
Africa, where transmission is high, many P. falciparum infected individuals exhibit
asymptomatic malaria (Dal-Bianco et al., 2007). The prevaence of these asymptomatic
infections can be as high as 52 %. Detection of such asymptomatic infections can be
accomplished by targeting antigenic biomarkers. Potential antigenic biomarkers for malaria
have been summarized in table 1.1, and discussed in brief here. Thelist of antigenic malaria
biomarkers is populated by some unique parasitic proteins like lactate dehydrogenase,
histidinerich protein 11, glutamate dehydrogenase, aldolase, and also an insoluble crystalline

iron compound, hemozoin.
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Table 1.1: Brief description of potential antigenic malaria biomarkers.

Q 2:;21?:; C::trzirzal L ocalization Salient features References
pLDH? Homotetrame Inside Presence of five amino acid Brownetal.,
-ric protein infected residue insertion (DKEWN) in 2004;
with each RBCs active site loop. Dunn et al.,
monomer of Ability to actively utilize 1996;
34 kDa synthetic cofactor APAD*. Shoemark et
Reduced pyruvate substrate al., 2007
inhibition.
HRP 112 A 35kDa Secreted in Unique tandem repeats (Ala-His-  Wellems and
protein serum of His-Ala-Ala-Asp). Howard, 1986;
infected 310-helix conformation when Schneider and
patient bound to heme. Marletta, 2005
Secreted in abundance in serum,
CSF® and urine of infected
patients.
Hemozoin  B-hematin Inside Consists of Fe (111) PPIX centro-  Pagola et al.,
digestive symmetric dimmers linked by 2000;
vacuole of hydrogen bonds. Solomonov et
parasite Accumulatesin the digestive al., 2007
vacuole of parasite and appears as
cluster as observed under electron
microscope.
Aldolase Homo Inside High sequence diversity from Débeli et al.,
tetrameric infected host and has potential as adrug 1990;
protein with  RBCs target. Tjitraet al.,
each subunit Used for following response to 1999;
of 40 kDa therapy asit is detected only at Eisen and Saul,
high parasetemia 2000
Continued...
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pGDH* Homohexam Insideinfected Plays a role in parasite’s redox Wagner et al.,
-eric protein, RBCs metabolism 1998;
with each Not found in host RBC makingit  Roth, 1990
monomer of a potent biomarker
49.5 kDa

IParasite lactate dehydrogenase, “Histidine rich protein |1, 3Cerebrospinal fluid, “Parasite glutamate dehydrogenase

1.1.1 Antigenic malaria biomarkers

P. falciparum synthesizes a unique set of soluble HRPs during the asexual
erythrocytic development denoted as HRP I, |1, and 111 in order of their discovery (Howard
et al., 1986). HRP Il is exclusive to P. falciparum and is found in both Knob* as well as
Knob™ strains. This protein is reported to function in the detoxification of heme by forming
hemozoin (Leech et al., 1984; Lynn et al., 1999). HRP |1 has also been projected as a model
vaccine against malaria (Kilgian, 1978). HRP Il is transported from the parasite, through
the host cell cytoplasm, to the culture supernatant in vitro (Howard et al., 1986) which also
accounts for its presence in the serum of plasma, cerebrospinal fluid and urine of infected
patients (Parra et al., 1991; Vale et al., 1991). It is aso present in the food vacuole
(Desakorn et al., 2005), the digestive vacuole (Sullivan et al., 1996) and the membrane
surface of infected RBCs (Rock et al., 1987). In short, HRP |1 is secreted in abundance in
the fluids of maaria patients which is also a reason for its importance as an antigen

biomarker of malaria.

Various antibody based immunosensors targeting HRP Il were formulated and

studied on electrochemical and piezoelectric platforms. Antibodies functionalized with
13

TH-1607_11610604



Review of Literature

advanced nanomaterialslike, multiwall carbon nanotubes (MWCNTS) and Au nanoparticles
(Sharma et al., 2008), magnetic micro and nanoparticles (de Souza Castilho et al., 2011),
self-assembled monolayers (SAMSs) of thioctic acid and 1-dodecanethiol (Sharma et al.,
2011a) have been used and shown to perform comparably to commercial dipstick based tests.
Although HRP |1 based tests are promising, they suffer from their own set of disadvantages
like, false positive results due to persistent HRP Il antigenemia (Mayxay et al., 2001,
Kyabayinze et al., 2008) thus preventing follow up response to therapy, and false negative
results due to excess antigen in case of high parasitemia (Jelinek et al., 1999) or HRP Il gene

deletion (Palmer et al., 1998; Igbal et al., 2004; Lee et al., 2006a).

Hemozoin is an insoluble microcrystalline product formed from the digestion of
blood by Plasmodium species and few other species of blood-feeding parasites (Oliveira et
al., 1999; Chen et al., 2001; Pisciotta et al., 2005). Hemozoin plays arole as visible marker
in identifying malarial parasites and hence, it is popularly termed as malaria pigment. The
parasitesinfect the RBCs and digest hemoglobin resulting in release of amino acids and toxic
free heme (ferriprotoporphyrin 1X) 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).
Hemozoin has been used as a biomarker for detecting malaria microscopicaly. In fact, the
characteristic morphology of the crystals can also be considered to distinguish different
species of parasites (Noland et al., 2003). With renewed interest in malaria diagnosis
exploiting hemozoin, several novel methods have been added to the portfolio recently
(Pirnstill and Cote, 2015; Garrett et al., 2015; Lukianova-Hleb et al., 2014; Rebelo et al.,
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2013, Newman et al., 2008; Newman €t al., 2010). Magneto-optical technology, and dark
field microscopy are two commonly used techniques to detect the maaria pigment.
Laboratory and field evaluations of these methods bring to light some limitations associated
with malaria detection using hemozoin. One crucial limitation isthat hemozoin in ring-stage
parasites younger than six hoursis often overlooked and hence hemozoinisapoor biomarker
for field samples primarily composed of young ring-stage parasites because the crystal is not
present in detectable quantities (Delahunt et al., 2014). As a direct consequence of this
limitation, hemozoin based tests often fair badly when compared to RDTs (rapid diagnostic

tests) or PCR based malaria detection (Mens et al ., 2010)

Aldolase is a key enzyme in the glycolytic pathway of the parasite. It catalyzes the
cleavage of fructose-1,6-bisphosphate into glyceral dehyde-3-phosphate and dihydroacetone
phosphate (Srivastava et al., 1990). The enzyme is a homotetrameric protein with each
subunit of approximately 40 kDa (Dobeli et al., 1990). Many reports have shown poor
sengitivities of aldolase RDTs which encouraged studying more on its genetic diversity. Lee
et al. studied thediversity in P. falciparumand P. vivax al dol ase and showed that the al dolase
gene was highly conserved, indicating that antigenic diversity is not acause of variable RDT
sensitivity (Lee et al., 2006b), and the reason for the poor performance of aldolase based

RDT tests thus remains to be investigated.

Glutamate dehydrogenases (GDHs) are ubiquitous enzymes that occupy an
important branch point between carbon and nitrogen metabolism. They are generally

involved in ammonium assimilation (NADP dependant GDHSs) or glutamate catabolism
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(NAD dependant GDHs). P. falciparum expresses three GDH isozymes. PfGDHL1 is a
NADP dependent glutamate dehydrogenase, which is a homo hexamer with a subunit of
49,500 Da (Wagner et al., 1998). It has been postulated to play arolein the parasite’s redox
metabolism (Roth, 1990). GDHs possess aunique N terminal residue extension not found in
the mature human enzyme and are present throughout the intraerythrocytic cycle of the
parasite. Furthermore, GDHSs are absent in the host RBC making them a potent biomarker
(Wagner et al., 1998). PFGDH1 was used to detect the presence of P. falciparum using
western blotting (Rodriguez-Acosta et al., 1998). Monoclonal antibodies in combination
with colloidal gold were used in an immuno-chromatographic assay for diagnosis of P.
falciparum. This assay showed a sensitivity and specificity of 86.6 % and 96.4 9%,
respectively (Li et al., 2005). Although both aldolase, and GDH are promising antigenic

targets, their efficacy to act as reliable malaria biomarkers needs to be further established.

1.1.2 Par asite lactate dehydr ogenase

RBC is a non-proliferating cell with a modest requirement of glucose (~5 pumole
glucose. 24 h per 10° RBCs). However, Plasmodium is a voracious scavenger of blood
glucosethat increasesthe RBC glucose consumption up to 100 fold. In case of P. falciparum,
about 60-70 % of the glucose is converted to lactic acid and excreted; however this
percentage varies amongst different Plasmodium species and in vitro culture conditions
(Jensen et al., 1983). During the intra erythrocytic 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 contributes minimally to the ATP
pool (Fry et al., 1990). Thisreaction is catalysed by lactate dehydrogenase (LDH), the final
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enzyme of the glycolytic pathway in Plasmodium. The absence of Fo aand b subunits of the
mitochondrial Fo-F1 ATP synthase further implies the absence of the role of mitochondria
for energy generation. However, since parts of the genome sequence are still not known, and
the genome being A+T rich that causes difficulty in identifying enzymes, the lack of role of
mitochondria for energy generation cannot be ascertained (Olszewski and Llinas, 2011).
Nevertheless, due to the parasite’s dependence on the glycolytic cycle for energy generation,
enzymes involved in this pathway are over expressed (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 intra erythrocytic cycle. This expression declines to
zero in the schizont stage. A similar profile which dlightly lags behind the RNA expression
was observed for the enzyme activity as well (Pfaller et al., 1982). With the help of
microarray technology using P. falciparum transcription it was demonstrated that all
glycolytic enzymes are up regulated at the early trophozoite stage during the asexual cycle,
coinciding with the time of maximum metabolic activity by the parasite (Bozdech et al.,
2003).

The parasite LDH (pLDH) is a tetramer, where each monomer consists of two
domains (figure 1.2). The larger domain comprises the Rossman fold that binds the cofactor
NADH, while the catalytic residues (His 195, Asp 168, Arg 171) are located in the other
(smaller) domain. These residues are conserved across al Plasmodium species except P.
knowlesi, which lacks His 195. The active site of the enzyme is located between these two
domains. Each monomer of the pLDH protein binds to one NADH molecule, and each of

the four cofactors occupies identical positions in each monomer (Brown et al., 2004).
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Protozoal LDHSs display some magjor structural and kinetic differences from their
mammalian counterparts that may be exploited to develop selective drugs and detection
systems for malaria. PvLDH (Plasmodium vivax LDH) and PfLDH share 26 % and 29 %
sequence identity respectively, with human LDH A (hLDH A). Structuraly the parasite
enzymes differ in having afive residue insertion in their active site loop which closes down
over the active site during catalysis (Brown et al., 2004) and aso causes a displacement of
~1 A of the nicotinamide moiety of the NADH cofactor (Dunn et al., 1996; Winter et al.,
2003). This insertion “DKEWN” (D-Aspartic acid, E-Glutamic acid, K-Lysine, W-
Tryptophan and N-Aspargine) was used as a common diagnostic epitope by Hurdayal et al.
to selectively detect pLDH from human LDH isoforms (Hurdayal et al., 2010). The five
amino acid insertion initially observed for P. falciparum was later discovered in al five
Plasmodium species and in the LDH | and Il of T.gondii (Yang and Parmley, 1995, 1997).
However, this feature was absent in few other apicomplexan parasites like Cryptosporidium
parvum, which causes cryptosporidiosis, a parasitic infection of the mammalian intestinal
tract.

Kinetically, the parasite enzyme differs from its mammalian counterparts in lacking
substrate inhibition in the presence of excess pyruvate (Sessions et al., 1997). In hLDH
enzymes, substrate inhibition occurs because of the slow release of the reduced cofactor
from the active site due to the formation of a covaent adduct with pyruvate. Reduced
substrate inhibition in pLDH is attributed to a single amino acid substitution in the enzyme
(Ser163Leu). This single amino acid mutation has also been exploited as a general method

to reduce substrate inhibition in other L-lactate dehydrogenase enzymes (Hewitt et al.,
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1999). Ser 163 (in hLDH) interacts with the amine group of NADH via hydrogen bond. This
residue is mutated to Leu 163 in al pLDH, which removes substrate inhibition. However,
the mechanism for the lower substrate inhibition has also been stated to be the weaker
binding of pyruvate to enzyme-cofactor complex rather than slower release of NAD*

(Gomez et dl., 1997, Brown et al., 2004).

Figure 1.2: Crysta structure of Plasmodium vivax |lactate dehydrogenase complexed to
APADH, adapted from PDB file 2AA3, solved to a resolution of 2.05 A. The structure
shows the presence of four (A1-A4) identical monomer chains (coloured differently for
clarity). One molecule of APADH (illustrated as blue spheres) binds to each monomer

chain, in the Rossman fold (Chaikuad et al., 2005).
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Another kinetic differenceis the ability of the pLDH to efficiently use the synthetic
cofactor APAD™ (3-Acetylpyridine adenine dinucleotide) (Dunn et al., 1996, Chaikuad et
al., 2005). APAD" is a synthetic NAD™ analogue which has a methyl group replacing the
nicotinamide amide nitrogen (Figure 1.3 A). The structural basis of this preference may be
the presence of a number of substitutions in the cofactor-binding groove of pLDHSs that
distinguish them from human LDHs. When the active site residues of PvLDH are overlaid
with those of hLDH A, it becomes clear that the cofactor is displaced within the binding
pocket, relative to its placement in human LDH enzymes (Figure 1.4). This displacement is
observed in the nicotinamide moiety, which is shifted by about 1 A relativeto its positionin
the hLDH A structure. A similar displacement was also seen for the PFLDH enzyme. In
PfLDH-APADH complexes, there is a displacement (0.45 A) of both the acetyl-pyridine
ring of APADH and of the imidazole ring of His 195 in the APADH structure when
compared to the NADH structure. Similarly for PvLDH-APADH complexes, there is a
displacement of 0.3 A of both the acetyl-pyridine ring of APADH and the imidazole ring of
His 195 when compared to the NADH structure (Figure 1.3 B, C). Kinetically, increase in
entropy on APAD" binding leading to a change in the rate of active site movement, or a
higher oxidation potential of APAD™ than NAD™ leading to faster hydride transfer to
APAD?, are ascribed as few of the reasons for this cofactor preference by pLDHs (Chaikuad
et al., 2005).

Another striking difference of pLDH from other dehydrogenases is its substrate
specificity due to long substrate specificity loop. The enzyme efficiency decreases with the

increase in number of methylene groups in the substrate, as seen when pyruvate is replaced
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with o-ketobutyrate as a substrate. Also the enzyme does not show an activity with
phenylpyruvate (Shoemark et al., 2007), a behaviour that distinguishes the enzyme from the
LDH of T. gondii. Although LDH from P. falciparum and T. gondii have very similar
structures, the latter has an additional loop insertion of two residues and several changesin
its active site that renders it this contrast property (Kavanagh et al., 2004, Dando et al.,
2001). A characteristic feature of thisfamily of enzymesisthat the value of K for substrates
is pH dependent, as the substrate pyruvate binds only when the active site histidine isin the
protonated state (Baldwin, 2000).

pLDH is an attractive target for anti-malarial drug design because of its three
important attributes: (1) It controls the production of ATP in the parasite, (2) It has unique
amino acids at the active site compared to its counter partsfrom other species, (3) Theprotein
data bank (PDB) contains many x-ray cryatallographic structures of pLDH complexed with
various compounds which provide idea targets for modelling of inhibitors. From the
inhibition studies of various compounds including gossypol and its derivatives against the
parasite enzyme pLDH (Royer et al., 1986; Deck et al., 1998; Cameron et al., 2004; Conners
et al., 2005; Menting et al., 1997; Read et al., 1999) it has been revealed that these
compounds specifically target pLDH and not hLDH. These findings underline the fact that
there are vast structural and kinetic differences between the two enzymes that may be

exploited for selective detection of pLDH for malaria diagnosis.
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Figure 1.3: Placement of APADH and NADH in Plasmodium LDH enzymes. (A) Scheme
of the chemical composition of the nicotinamide ring of NADH and the equivalent acetyl -
pyridine ring in APADH. The nicotinamide amine group is replaced by an acetyl group in
APADH. (B) Overlay of PfLDH-APADH (off-white) and PfLDH-NADH (orange)
structures. (C) Overlay of PvLDH-APADH (blue) and PvLDH-NADH (yellow) structures

(Chaikuad et al., 2005).
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Figure 1.4 Cofactor placement in Plasmodium and human LDH enzymes. (A) Overlay of
NADH from PvLDH-NADH (blue) and PFLDH-NADH (yellow) complexes with cataytic
residues shown. Residue 54 is an isoleucine in PvLDH and avalinein PfLDH. (B) Overlay
of NADH from PvLDH-NADH (blue) and hLDH A-NADH (green) complexes with
catalytic residues shown. (C) Detail of binding interactions between the nicotinamide group,
position 163, and surrounding residues. Left panel (green) shows the arrangement for human
(and al non-apicomplexan) LDHSs; right panel (gold) shows the same region from
Plasmodium LDH structures. Hydrogen bonds are shown as dashed lines, and the conserved

bound water molecule is shown as ared sphere (Chaikuad et al., 2005).
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1.1.3 Serological markers

Cerebral malaria (CM) isalife threatening complication of malariaand is defined as
an unarousable coma with a P. falciparum infection in the absence of other causes of
encephalopathy. If left untreated, it is fatal within 24-72 h (Lucchi et al., 2011). The
advantage of an early immunologically relevant serological biomarker for CM would be to
stratify febrile patients into groups: those likely to develop CM and those likely to develop
severe malaria (SM) or mild malaria (MM). Although no clear biomarkers have yet been
identified for CM, several tentative biomarkes for CM have been investigated. Serum levels
of chemokine interferon inducible protein (CXCL10 and CXCL4) (Armah et al., 2007,
Olszewski and Llinas, 2011), soluble tumor necrosis factor receptor (STNF-R), soluble Fas
ligand (sFas) (Armah et al., 2007), interleukin-8 (IL-8), interleukin 1 receptor antagonist
(IL-1ra), TNFa, (John et al., 2008), endothelial regulators like angipoietin- (ANG 1), and
ANG Il (Lovegrove et al., 2009; Conroy et al., 2009), a neuroprotective factor,
erythropoietin (EPO) (Casals-Pascual et al., 2008), soluble adhesion molecules like
intracellular adhesion molecule-1 (ICAM-I), vascular cell adhesion molecule-I (VCAM-I)
(Jakobsen et al., 1994), Complement system components like C3 (Wenisch et al., 1997) are
also affected during CM. Microparticles (MPs) are fragments of plasma membrane shed by
various cell types under physiological stress conditions and have also been linked with
pathophysiology (Freyssinet, 2003). MPs have been reported in the serum of patients
suffering from malaria and diabetes (Haest, 1982; Frasch, et al., 2004), systemic lupus
erythematosus (Bernal-Mizrachi et al., 2003), acute coronary syndromes (Andree and
Nemerson, 1995) and in conditions of severe trauma (Jacoby et al., 2001). There is a
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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 (Combes et al., 2004).

The serological biomarkers however, are difficult to use reliably in diagnosing
malaria. For instance CXCR3 and its ligands have been implicated in case of severad
neurological diseases like, west nile virus (Klein et al., 2005; Zhang et al., 2008),
Toxoplasma gondii (Olszewski and Llinds, 2011) and HIV infections (Sui et al., 2004).
Serological biomarkers may be used to indicate CM only after the malaria diagnosis is
confirmed using an antigenic biomarker. Antigenic markers detect malaria by a more direct
and reliable approach. On thorough investigation of the available literature on antigenic
markers, pLDH emerges as the most established malaria marker for accurate, and sensitive
detection of the disease. Our efforts are hence aimed towards detection of this potential

malaria marker.

1.2 Detection of malaria
1.2.1 Microscopy and conventional analytical techniques

Microscopy for malaria diagnosis has been used since the year 1904 when Gustav
Giemsa introduced a mixture of methylene blue and eosin to stain the parasite (Fleischer,
2004). This method is however time consuming, labour intensive and requires expert skills.
To enhance the sensitivity of microscopic detection, fluorescent microscopy using
fluorophores such as, acridine orange and benzothiocarboxypurine have frequently been

used in addition to quantiative buffy coat technique. Although microscopy was considered
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as “gold standard” for malaria diagnosis, recent reports suggest otherwise. 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). Other
limitations include the requirement of skilled personnel, low sensitivity (100 to 200
parasites.ul of blood), poor species identification especialy of P. knowles due to its
similaritieswith P. falciparumin the early ring form stage and P. malariaein the later stages.
Therefore, microscopy should be used in combination with other aternative methods (e.g.
PCR, and RDTSs) to improve the sensitivity of detection (Chuaet al., 2015).

Nucleic acid techniques such as PCR (Oddoux et al., 2011; Lee et al., 2002), nested
PCR (Lee et al., 2012a; 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., 2012a). qRT-
PCR assay using dsDNA intercalating dye are cheaper compared to using fluorescent
probes. However, intercalating dyes usually also bind to non-specific dsSDNA sequences
leading to an increase in false positives. Also this method is not suitable to target DNA
greater than 500 bp, as this causes a hindrance to strand displacement (Lau et al., 2011). A
relatively new analytical method known as High Resolution Melting (HRM) has been
garnering increased interest, and is now often used in combination with gPCR to identify
variations in nucleic acid sequences, and improve the accuracy of PCR based assays. This
post-PCR method generates melting (dissociation) curves of DNA duplexes using improved

dsDNA-binding dyes on a specialized instrument with extremely precise temperature ramp
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control and advanced data capture capabilities. Using this methodology, minor differences
in otherwise unresolvable DNA targets can be explored (Erdi et al., 2008).

Flow cytommetry (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
pathologica conditions are characterized by an efflux of normoblasts and erythroblasts in
blood (Malleret et al., 2011). LDMS (laser desorption mass spectrometry) detects small
molecules (<1.5 kDa) like, phosphoalipids and porphyrins, henceit isideally suited for heme
detection. Hemozoin strongly absorbs UV light resulting in vaporization of individual heme
molecules which can then be detected by LDMS. However, this detection is only semi
quantitative and cannot differentiate between species (Feldman, 2006).

A unified sandwich ELISA (enzyme linked immunosorbent assay) targeting PFLDH
and HRP |1 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 (Noedl et al., 2006). Conventional methods for malaria detection have

been summarized in Table 1.2.
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Table 1.2: Comparison on critical performance parameters among different conventional

techniques (yellow and green), including lab based (yellow) and advanced techniques (blue)

for malaria detection. Part of the table adapted with permission from Tangpukdee et al.,

20009.
Principle of the I nstrument == iEUL7 Detection RESIENES
Types of test and s time
method used o limit .
specificity (min)
Depends on
Morphological changesin the
Peripheral blood  the stages of parasite by Optical instrument 50-100 30-60
smears (PBS) thick and thin blood microscope quality and
smears the skill of
the handler
Non
specific: AO
stains DNA
from all cell
Quantitative Blood staining by acridine  Epi-fluorescent g 5 <15
buffy coat (QBC) orange (AO) microscope High
variationin
sensitivity at
lower
parasitemia
Detection based on m;)r(]j:rrate g
RDTs antigey- artibody Clapoaiog parasitemia  50-100 10-15
interactions and enzyme dipsticks (>100
=Y parasite.ul?)
45-360
Specific amplification of : depending
PCR malaria DNA Thermocycler High >1 on the
methods
Detection of malaria Microplate Relativel
Serological tests ~ antigen or anti-parasite reader (for hiah y Not mentioned  30-60
antibodiesin blood ELISA) 9
Detection of turbidity after
LAMP amplifying DNA Turbidity meter  High >5 <60
sequences
Continued...
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Microarrays

Flow cytometry

Automated blood
cell counters

Mass
spectrometry

Electrochemical
aptasensor (Lee et
al., 2012b)

Colorimetric
aptasensor

(Cheung et al.,
2013)

(Jeon et al., 2013)

(Leeetal., 2014)

Fluorescence
aptasensor
(Geldert et al.,
2016)

Hybrization of DNA and
quantification by
fluorescent based
detection

Detection of hemozoin

Detection of hemozoinin
activated monocyte

Identification of heme

Aptamer specific to
PvLDH immobilized on
gold electrode

AUNP-Aptamer-Salt

AUNP-Aptamer-Cationic
polymer

AUNP-Aptamer-Cationic
surfactant

FAM*-aptamer-M oS,
nanosheets

DNA chip

Flow cytometer

Hematology
analyzers

Laser desorption
mass spectrometry

Electrochemical
impedance
spectroscopy

Spectrophotometer

Spectrophotometer

Spectrophotometer

High

Variable
sensitivity,
high
specificity
Variable
sensitivity and
specificity

Undetermined

High
sensitivity

High

High

High

Spectrofluorometer  High

Not
mentioned

Poor
correlation
with
parasitema

5-20

100 for
whole blood

108.5fM for
PvLDH and
120.1 fM for
PfLDH

57 pg.uL?
for PFLDH

For PvLDH:
8.7 pM and
8.3pM
using
polymers
PDDA?,
PAHS3
respectively

1.25 pM for
PvLDH

550 pM for
PfLDH

<60

<1

<1

<1

Not
mentioned

10

*Unit in parasite.pl %, unless otherwise mentioned. 'Gold nanoparticle, ?Poly (diallyldimethylammonium chloride),
3Poly (alylamine hydrochloride), “Carboxyfluorescein
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1.2.2 Rapid diagnostic test (RDT)

RDTs are quick and portable immuno-chromatographic dipsticks whose sensitivity
generally reaches >95 % at P. falciparum density of 1000-2000 parasites.ul™ (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 avisible
coloured line (Moody, 2002).

Dipsticks can be divided into two classes based on their target antigenic biomarkers
namely: HRP 11 (only for P. falciparum) and pLDH. Most commercial RDTs that detect P.
falciparumtarget HRP 11 and few otherstarget pLDH. To enhance the efficiency of malaria
detection, RDTs targeting many biomarkers at the same time were prepared. The combined
immuno-chromatographic malaria dipstick targets HRP 11 and aldolase for the diagnosis of
P. falciparum and P. vivax (Tjitra et al., 1999; Eisen and Saul, 2000). The authors suggest
using aldolase based RDT for monitoring response to therapy asit is sensitive only at higher
parasitemia in sample. Another combined dipstick CareStart™ (Access Bio, Princeton,
USA) MaariaHRP Il /pLDH Combo Test performed well for detection of P. falciparum
(based on HRP I1) and pan LDH for non-falciparum infections, but sensitivitiesfor P. ovale
and P. malariae were poor (Maltha et al., 2010).

Dipstick operation is varied and may include dipping anitrocellulose test strip into a

blood specimen, placing a blood drop directly on the test strip, or onto a sample pad
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impregnated with labelled monoclonal antibody (mAD). Results are usually obtained in 5-
15 min (Chansuda, 2001). In many ways dipsticks appear ideal: they are rapid (<30 min)
and can be easily used by healthcare workers or semi-skilled volunteers.

Variations in RDT performance have been seen with season, year, age of patient,
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). Thelossin activity isattributed to damage to monoclonal antibodies
or the nitrocellulose membrane. This was further confirmed in another report (Chiodini et
al., 2007) wherefive RDTs from the same lot were stored at different temperatures of 35 °C,
45 °C and 60 °C. Although dipsticks are widely used they have certain limitations such as,
poor species and stage differentiation and quantification, false positives results due to
persistent HRP Il antigenemia (Mayxay et al., 2001, Kyabayinze et al., 2008) and
rheumatoid factors in some patients (Laferi et al., 1997; Igbal et al., 2000), false negative
results due to excess antigen in case of high parasitemia (Jelinek et al., 1999) or HRP Il gene
deletion (Pamer et al., 1998; Igba et al., 2004; Lee et al., 2006a). The sensitivity of
Parascreen™ (Zephyr Biomedical Systems) was found low for P. falciparum infections.
ThisRDT was not acceptable for malariadiagnosis under the field conditionsin the Peruvian
Amazon dueto HRP Il and HRP |11 gene deletionsin the malaria parasite genome (Gamboa
et al., 2010; Maltha et al., 2012; Bendezu et al., 2010). Since HRP |l persists after parasite
clearance, the presence or absence of pLDH appears to be a more reliable diagnostic target,
asitisproduced by live parasites (Palmer et al., 1998; Makler et al., 1998; Piper et al., 1999).

HRP |11 antigenemiais suspected to be aresult of gametocytemia (Tjitra et al., 2001).
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Genetic polymorphism may lead to false negative results as was observed when a
country wise assessment of polymorphism was carried out for HRP 11, pLDH and aldolase
genes in Madagascar. Higher levels of polymorphism was observed for HRP Il and HRP 111
genes predicting that about 9 % of Malagasy isolates could not be detected at parasite
densities < 250 parasites.ul™ (Mariette et al., 2008). This genetic variation was seen both
within and among different countries. Logistic regression anaysis predicted that due to this
variation only 84 % of the P. falciaprum infections in the Asia-Pacific region are likely to
be detected at densities < 250 parasites.ul™. HRP |11 is also suspected to play arole in the
performance of HRP |1 based tests (Baker et al., 2005). However, a study on the assessment
of plasma concentration, and hence the disease severity has indicated that sequence
polymorphism is not a significant cause of variation in HRP Il concentration in plasma
samples from African children (Ramutton et al., 2012). In African children it is a major
challenge to distinguish severe falciparum malaria from other severe febrile illnesses with
P. falciparum infection. Plasma HRP |1 has prognostic significance and provides atool to
assess the risk of ““true’’ severe malaria as compared to other severeillnessesin parasitemic
African children (Hendriksen et al., 2012). Thisjustifies the development of plasmaHRP |1
concentration as a method for assessing severe falciparum malaria of African children.

Severa reviews outline various RDTs (Murray and Bennett, 2008) and their
evaluation reports (Chansuda, 2001). In spite of over 100 such reports their comparative
assessment is, however difficult due to difference in population sizes, their clinica and
epidemiological characteristics, different trial guidelines etc. (Wongsrichanalai et al., 2007).

A comparison of sensitivity and specificity of few prominent field evaluations has however
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been attempted and is shown in table 1.3. 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 of
more sensitive, selective and reliable method for rapid detection of malaria. One such effort
was made by Peng et al. by developing the Wondfo rapid diagnostic test which is a nano-
gold based immuno-chromatography 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 (Peng et al., 2012).
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Table 1.3: Comparison on the performance factors of different dipstick RDTs as evaluated

in some prominent reports.

Dipstick Standard  Population Sensitivity  Specificity  Reference
(%) (%)
Carestart AccessBio, 95.6 91.5
(Princeton, NJ, USA)
Vistapan Mitra,
(New Delhi, India) 91.9 89.6
Parabank Southwestern
Orchid/Zephyr, (Goa, GTTS Uganda Fogg et al., 2008
j 84.7 94.3
India)
Paracheck pf,
Orchid/Zephyr, 94 87.3
(Goa, India)
Optimal-IT, DiaMed, Gabon 94 97
(Cressier, Switzerland) . Mawili-
GTS™ Children Mboumbaet al.,
Acon, Acon Labs, (San under 11 2010
Diego, CA) years 94 90
PALUTOP+4
ALL.DIAG, 95.4 97.1
(Strasbourg, France) GTTS and Rakotonirina et
PCR Madagascar al., 2008
Optimal-IT, DiaMed,
(Cressier, Switzerland) 25 9.0
ParaHI T f GT;gRand Nicastri et al
Test, Span Diagnostic Tanzania 69.2 100 2009 N
Ltd., (Surat, India)
Malaria Pf™, ICT Kyabayinze et
Diagnostics, (South GTTS Uganda 98 72
) al., 2008
Africa)
Continued...
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Paracheck
Pf, Orchid -
Biomedical GTTS Kenya 917 96.7 deaIOh\;eo(r)g o
Systems, (Goa, K
India)
Malar-Check_Pf
test, Cumberland :
Diagnostics, (USA) GTS" Brazil 97.4 88.5 pvlasal.
Makromed
Dipstick Assay, Richardson et
Makro medical, PCR Cananda 97.0 96.0 al., 2002
(South Africa)
ParaSight®-F ;
] Thin blood
Becton Dickinson, smearsed Uguen etal.,
(USA) OBC malaia RREAEE 94 2 1095
test
ParaSight®-F, Iquitos, Peru,
Becton Dickinson, Microscopy and Maesod, 95 86 Fornzegoit al,
(USA) Thailand
Paracheck Pf,
Orchid Biomedical : . Singh et al.,
Systems, (Goa, Microscopy India 93 84 2005
India)
ParaHIT-f, Span
Diagnostics, GTS™ Tanzania 90.7 735 M (;IM ozrg(iv(\)/ o
(Surat, India) N
ParaHIT-f , Span .
Diagnostics, Microscopy India 87.5 97 S nglag; al,
(Surat, India)

* Giemsathick smear

** Giemsathick and thin smear

1.2.3 Advanced techniques: pL DH based biosensors

A biosensor is aself-contained integrated device that is capabl e of providing specific

guantitative or semi-quantitative analytical information using a biological recognition

element that is retained in direct spatial contact with a transduction element (Schmidt and
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Schaechter, 2011). The bio recognition 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
spectroscopy. Biosensor research holds promise for developing stable portable devices for
rapid, sensitive, selective, reproducible and economical detection of many anaytes of
clinical importance. It has the advantage of being used by semi-skilled operatorsin point of
care (PoC) testing and by patientsthemselves. However, research on biosensorsfor detecting
malariais in nascent stage as evident from the limited number of publications on the area.
The bio recognition systems reported so far for developing malaria biosensors are mostly
confined to aptamer and antibody.

Nucleic acid aptamers are single stranded DNA, RNA, modified RNA or DNA that
can uniquely bind to aligand with high affinity and specificity. Unique aptamer candidates
are generally picked up from 10'2-10'° combinatorial oligonucleotide libraries over multiple
rounds of in vitro selection, the process commonly known as SELEX (Cho et al., 2009).
Aptamers offer several advantages over the conventional antibodies. For instance, SELEX
allows greater control over aptamer binding conditions, robustness of phosphodiester
backbone renders them more stability as compared to protein based antibody, they can be
easily amplified using PCR and are highly specific (McKeague and DeRosa, 2012). Due to
these advantages, aptamers have gradualy replaced antibodies as the bio recognition
element. The biomarkers against which aptamer or antibody have been raised to develop

malaria biosensors are mostly limited to pLDH and HRP II. The promising maaria
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biosensors targeting the antigenic biomarker pLDH, reported so far are briefly described
below.

An immunocapture spectrophotometric diagnostic assay based on PfLDH, which

showed a detection limit of 50 parasites.ul™ and sensitivity of 88 % was developed by Piper
et al. (Piper et al., 1999). This assay could be further re-created to develop an advanced
biosensor with enhanced selectivity. Since it incorporates the functiona activity of PFLDH
in asecondary enzymatic reaction for generating the signal, this assay considerably reduces
the number of false positive signal, which may occur on non-specific binding of serum
proteins to antibodies. pLDH specific aptamer-gold nanoparticle based detection of the
target using cationic polymer/salt/cationic surfactant mediated aggregation and
concentration dependent reporting of pLDH was achieved by two separate groups (Lee et
al., 2014; Jeon et al., 2013; Cheung et al., 2013). These colorimetric advanced assay
platforms are summarized in table 1.2. Besides colorimetric platforms, afluorescent PFLDH
sensor using FAM | abelled aptamer on M oS, nanosheets has also been developed achieving
adetection limit of 550 pM (Geldert et al., 2016).
An electrochemical aptasensor targeting pLDH with a detection limit of 108.5fM and 120.1
fM for PvLDH, and PfLDH, respectively has been reported (Lee et al., 2012b).
Electrochemica impedance spectroscopy is a desirable detection platform because of its
sensitivity (Ohnoaet al., 2013) and |label-free attributes (Min et al., 2008).

Recently, there has been a great push towards development of PoC sensors for
malaria diagnosis with emphasis on pLDH. A colorimetric pLDH enzyme assay, coupled

with aptamer based capture of enzyme and colour development using nitrotetrazolium dye
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was further developed into a paper based syringe test and a magnetic bead based well test.
Both the tests could detect PFLDH at a lowest concentration of ng.ml™* (Dirkzwager et al.,
2016; Dirkzwager et al., 2015). In another innovative report, twelve aptamers that recognize
PFLDH were integrated into a rectangular DNA origami. The captured PfLDH was shown
to retain enzymatic activity and protein-aptamer binding was observed dynamically using
high-speed AFM (Godonoga et al., 2016).

The malarial biosensor research, as evident from the above references is more
inclined towards colorimetric sensors. The reason may be attributed to some advantages of
this biosensing platform such as, better scope of converting them to portable devices, cheaper
infrastructure requirements, and small sample volume needed for the analysis. From the
sensitivity point of view, few nanomaterial based sensorsfor pLDH showed |owest detection
limits in the picomolar range, which is a significant improvement over the conventional
malaria detection methods (Table 1.2). Notably, a higher sensitivity is an important
requirement especialy for diagnosis of asymptomatic submicroscopic infections.
Additionally, the selectivity to clearly differentiate different Plasmodium speciesis aso a
highly desirable performance factor for the malarial diagnostics. While, PoC based sensors
are cheaper and portable, the sensitivity and selectivity functions so far served by them are
not adequate for detection of submicroscopic infections and differentiation of Plasmodium

Species.
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1.2.4 Potential advanced materialsfor developing malaria diagnostics

Nanoscience has emerged as a dominating subject with great application potential in
the bioanalytical fields. Different nanomaterials like, nanoparticles, nanoclusters, and
guantum dots, with diverse physical, chemical, and electronic properties have been well
described in the current literature. Over the years, various strategies for surface
functionalization of nanomaterials are evolved for subsequent formulation of biomolecule-
nanomateria hybrid systemswith potential bioanalytical applications. These hybrid systems
acquire selectivity function and desirable physical or chemical properties from the
corresponding biorecognition element and nanomaterials (Guo and Dong 2009). An elegant
example on this strategy is the coupling of antibody with magnetic micro or nanoparticle to
enhance the performance of antibody based ELISA system. The magnetic micro particles
enable pre concentration and separation of the targets and improve the signal to noise ratios
(Markwalter, 2016b). Nanoscale materials like, carbon and zinc oxide nanofibers with good
electrochemical properties have been used to functionalize antibodies for developing highly
sensitive electrochemical malaria sensors (Paul et al., 2016; Gikunoo et al., 2014). Apart
from the nanoparticles, few chemical fluorophores have also been used to enhance the signa
in ELISA based platforms for detection of malaria (Yeo et al., 2014; Guirgis et al., 2012).
Advanced materias that have successfully been applied for developing antibody based

malaria detection platforms are summarized in table 1.4.
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Table 1.4: Advanced materials for malaria detection using antibody as the biorecognition

element.
: : : Detection
Advanced material Biomarker Signal Limit Reference
Coumarin derived dendrimer PfLDH Fluorescence 0.01ng.mit Yeoetal.,
2014.
AUNP conjugated antibody and PfHsp70! Fluorescence 2.4 ug.mlt Guirgiset al.,
Cy3 labelled recombinant 2012
antigen
Magnetic beads and coloured PfLDH Spectrophotometric 211 Markwalter et
dye based enzyme assay parasites.ml? al., 2016a
Magnetic microparticle and pLDH and Spectrophotometric 2 parasitesml*  Markwalter et
enzyme assay based reporter HRPII al., 2016b
system
Magnetic micro and HRP 11 Electrochemical 0.36 ng.mi* de Souza
nanoparticles Castilho et
al., 2011
SAM of thioctic acid and 1- HRP 11 Piezoelectric 12 ng.mlt Sharmaet al.,
dodecanethiol 2011a
4-mercaptobenzoicacid(4- HRP 11 SPR? 5.6 pg Sikarwar et
MBA) modified gold SPR chip al., 2014
Copper doped zinc oxide HRP 11 Electrochemical 6 attogram.milt Paul et al.,
nanofibers 2016
Coumarin derived dendrimer PvLDH Fluorescence 0.1 ng Song et al.,
2012
Carbon nanofiber HRP 11 Spectrophotometric 0.025 ng.ml* Gikunoo et
and al.,, 2014

electrochemical

Plasmodium falciparum heat shock protein 70, 2Surface plasmon resonance

Since malariais atropical 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 devel opment platforms that use DNA or other chemical recognition
elements (Chakma et al., 2016). Intelligent material properties of DNA render this
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biomolecule immense potential as a biorecognition element. Besides its capability of
evolution to detect a target with high specificity as seen with aptamers, DNA aso exhibits
several other interesting properties which can be exploited for construction of advanced
sensors. DNA hybridization is specific between complementary sequences and has been
exploited for detection of SNPs in the human genome (Guo et al., 2002). Indirectly this
property has been applied for the construction of molecular beacons and DNAzymes which
find application in clinical diagnosis and therapeutics (Tyagi and Kramer 2012; Fokina et
al., 2015). DNA origami is another interesting property of DNA where the oligonucleotides
are assembled into a nanoscale shape triggered by certain externa stimuli. This property of
DNA has been exploited to develop low cost miniaturized detection devices (Hernandez-
Ainsaand Keyser, 2014; Keyser, 2016; Kuzuya et al., 2014; Rothemund, 2006). DNA also
acts as amolecular wire when coupled with suitable redox mediators, and thus finds use in
the development of nanoscale electronic devices (Wohlgamuth et al., 2013). Finally, DNA
can be functionalized with novel nanomaterials with ease, which transform it into a hybrid
sensing elements that exhibits a change in response (optical, fluorescence or

electrochemical) in the presence of target.
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Table 1.5: Advanced materials for malaria detection using DNA (aptamer or probe) as

biorecognition element.

: : : Detection
Advanced material Biomarker Signal Limit Reference
80 parasites.pl
Cationic polymers PDDA and . for PDDA and Jeon et al.,
PAH with AUNP pLDH Spectrophotometric 2’ - aites it 2013
for PAH
1.25 pM
Cationic surfactant CTAB* with . for PvLDH and Leeetal.,
AUNP prPH Spectrophotometric ) g/ v for 2014
PfLDH
Magnetic bead with SERS? core  P. falciparum Ngo et
shell nanorattle gene Art-R SERS R ermole al.,2016
Silver nanoshell coated QD? 18 srRNA Fluorometric - Chezrz)%al "
. . Dirkzwager
4 1
NTB* dye PfLDH Spectrophotometric 4.9 ng.ml etal. 2015
AuNP MSP® 10 Spectrophotometric 12 parasites.pl™ Aln o
al., 2016
AUNP 18srRNA Spectrophotometric - Ve gzaglest al,
FAM -aptamer, M oS, nanosheets PfLDH Fluorometric 500 pM (;lel d;r)’;gt

ICetyl trimethyl ammonium bromide, ?Surface enhanced raman spectroscopy, °Quantum dot, “Nitro

tetrazolium blue, SMerozoite surface protein

Table 1.5 lists the advanced materials that have been used to functionalize DNA

(aptamers and probes) for devel opment of malaria sensors. Among these, the most prominent

material is AUNP. The conductivity, colorimetric attributes, and amenable functionalization

of AuNP with biomolecules, hold great promise for biological and clinical applications

(Xiao et al., 2003). AuNPs functionalized with oligonucleotides find application in

diagnosis, therapy (Stoevaet al., 2006) and materials design (Lee et al., 2007). Colorimetric

sensors using AuNPs offer high specificity and sensitivity, especialy when coupled to
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recognition elements like DNA probes, and aptamers. Their easy preparation, simple
operation, and detection of colorimetric signal with the naked eye are also highly desirable
attributes for developing portable PoC devices (Zhao et al., 2008). The colour and
absorbance properties on a AUNP suspension is greatly affected by their size and inter
particle distance (Wang et al., 2006). While dispersed, AuNPs are red in colour and are
transformed to their purple-blue form when they are aggregated. The AuNP based
colorimetric sensors are devised to introduce this change in colour when a target of interest
in presented. The stability of unmodified AuNPs is improved by the physically adsorbed
oligonucleotides at high salt conditions, while their aggregation is triggered by desorption
of the adsorbed oligonucleotide, in the presence of a suitable target.

Recently, M0oS, nanosheets were used as FAM-aptamer matrix for developing
fluorescence based sensor for PfLDH. These are two-dimensional atomically thin
nanomaterials with high surface area, unprecedented physicochemica properties, ease of
large-scale production and dispersion in agueous solutions. Similar to MoS, sheets is
graphene, a one-atom thick layer of sp? bonded carbon atoms that has elicited remarkable
attention due its excellent physical characteristics like, superior chemical stability, large
surface-to-volume ratio, and good electronic, mechanical, and thermal stabilities (Zhang et
al., 2016). The large surface area helps to interface with high density of anayte molecules
and its high electrical conductivity enables the evolution of direct electron transfer based
sensing strategies that forgo the use of mediators (Tiwari et al., 2015). Surface conditions
greatly influence the conduction of electrons and holes in the single atom thick layer of

graphene. Thus, changes in the surface conditions due to interactions with proteins or DNA
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hybridization can be electrically detected (Wu et al., 2011). These unique and desirable
properties of graphene based materials have been exploited in the fabrication of LEDS,
sensors, flexible screens, and energy storage devices like supercapacitors (Jiang et al ., 2016).
Graphene oxide, a water soluble derivative of graphene, is known for its dispersibility and
facile surface chemistry (Peng et al., 2015). Amenable to functionalization, GO/reduced-GO
have been used to develop a variety of nanocomposites which find application in diverse

sensing platforms (Lin et al., 2011; Wang et al., 20143).

Au-Ag core-shell structures forming SERS nanorattles, and silver shell coated QDs
for detection of P. falciparum have been reported (Ngo et al., 2016; Chen et al., 2013). Both
these methods were shown to have remarkable sensitivity. Silver based nanomaterials like
silver nanoclusters (AgNCs) can easily be grown on DNA templates, forming hybrid sensing
materials that form a link between small molecules (e.g., organometallic compounds) and
bulk crystals (diameter typicaly >2 nm) owing to their unique size-dependent optical,
electronic, magnetic, and catalytic properties (Yang et al., 2013). Photoluminescence
properties of AgNPsresult from the interaction of light through electronic transition between
discrete energy levels which are a direct consequence of the small size of these
nanomaterials. DNA stabilized AgNCs exhibit remarkable spectral and photophysical
properties, complementarily offering the opportunity of tunability through modification of
DNA base sequence or length (Han and Wang, 2011). As compared to semiconductor
guantum dots or dye molecule, the nanoclusters show low toxicity, good biocompatibility,
and are hence more environment friendly (Lesniak et al., 2005; Richards et al., 2008).
Although DNA stabilized AgNCs have not yet been used for malaria detection platforms,
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silver nanorods, and silver nanoparticles have found application in the detection of iRBCs,

and hemozoin crystals (Chen et al., 2016a, 2016b).

Table 1.6: Advanced materials for malaria detection without a specific biorecognition

element.
Advanced , : Detection
) Biomarker Signal o Reference
material Limit
HRP I Colorimetric 7.40M G|U|2k§1f3t
Peg 4-Ni-NTA AuNP al
Micromagnetic
i Hemozoin resonance 10 parasites.ul Pengetal.,
2014
relaxometry
Murexide dye and . Chakma et
Ni(I1) ions HRP 11 Spectrophotometric 30 nM al., 2016
Ni-NTA gold plated . Gulkaet al.,
polystyrene particles HRP 1| Spectrophotometric 10 pM 2014
) . 1.5 x 10".ml* Chenetal.,
Silver nanorod array iRBC SERS iRBC 20162
Transdermal excitation Lukianova-
of hemozoin forming Hemozoin Acougtic detection - Hleb et al.,
vapor nanobubbles 2014
32.6 nM
Ni-NTA! Ag and . ; Swartz et al.
HRP I Spectrophotometric  with AuNPsand :
AuNPs 27.4 nM with 2011
AgNPs
Silver nanoparticle Hemozoin SERS 2.5 parasites.ul! Chenetal.,
2016b
Gold coated butterfly \o76in - sERS 0.0005% iRBC ~ caretetal,
wings 2015
Silver-lron oxide core : . 1 Yuen and
shell magnetic particles Hemozoin SERS 30 parasitesl Liu, 2012

INitrilotriacetic acid
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Table 1.6 summarizes various malaria detection methods where the advanced material itself
has been tailored to act as a biorecognition materia by exploiting the unique properties of

the biomarkers.
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Chapter I1

Cloning, Expression, and Purification of Plasmodium falciparum

and Human Lactate Dehydrogenases

2.1 Overview

Plasmodium falciparum lactate dehydrogenase (PfLDH) is the last enzyme of the
glycolytic pathway of the parasite. The enzyme in the native state catal yzes the reduction of
pyruvate to lactate with concomitant oxidation of its cofactor NADH to NAD™. It is a
tetrameric protein with a molecular weight of 136 kDa (Brown et al., 2004). PfLDH has
been established as a promising malaria biomarker due to its several distinct propertiesfrom
the human counterpart. Firstly, this glycolytic enzyme is over expressed in the parasite
cellular system during the anaerobic intra erythrocytic stages of the organism for generating
ATP. Secondly, it possesses noticeable structural differences from its human counterparts.
The most prominent difference isthe presence of an additional sequence of five amino acids
“DKEWN” in its active site loop (Brown et al., 2004). Thirdly, it exhibitskinetic differences
from the human LDH enzymesin not undergoing substrate inhibition (Sessions et al., 1997),
and exhibiting higher affinity towards a synthetic cofactor APAD™, than the natural cofactor
NAD* (Dunn et al., 1996, Chaikuad et al., 2005).

As a part of the work, this thesis aims to develop nucleic acid aptamer against the
target PFLDH for which a recombinant His-tagged PfLDH was considered. To render high
specificity to the evolved aptamer during its enrichment through the SELEX process,
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recombinant His-tagged hLDH A and B proteins were introduced in the counter-SELEX
cycles as negative controls.

The LDH enzyme in humans exists in five electrophoretically distinct isozymic
forms, numbered as 1-5 depending on their tissue specificity (Handa, 1967). Thelocalization
of these enzymesis. LDH 1 and 2 in cardiac muscles, erythrocytes, and kidney; LDH 3 in
lung, and pancreas; LDH 4, and LDH 5in liver, skeletal muscle, skin. Each of these LDH is
atetramer, composed of varying proportions of A and B subunits, where LDH 1 consists of
four B subunits (B4), LDH 5 consists of four A subunits (A4), while the others are
heterotetramers (Vesell, 1965). In this study, His-tagged hLDH A (i.e. LDH 5), and His
tagged-hLDH B (i.e. LDH 1) were used as control proteins. Henceforth, we will bereferring
to His-tagged-PfLDH, His-tagged hLDH A, and His-tagged hLDH B, as PILDH, hLDH A,
and hLDH B, respectively for brevity of expression. In this chapter we discuss the cloning,
purification, and characterization of the target protein PFLDH, and the control proteins

hLDH A, and hLDH B.

2.2 Experimental approaches
2.2.1 Materials

Dried blood spots on filter paper, carrying the P. falciparum strain 3D7, were kindly
provided by Dr. P. K. Mohapatra, from the Regional medical research center, ICMR,
Dibrugarh, India. Recombinant vectors pMCSG7_hldh A, and pDNR dual_hldh B, carrying
the hidh A, and hldh B gene respectively, were obtained from DNASU plasmid repository

(USA). Primers were synthesized by IDT (USA). BioMix™ Red PCR kit was purchased
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from Bioline (UK). Quick ligation™ kit was procured from New England Biolabs (NEB)
(UK). Gel extraction kit was obtained from SigmaAldrich (USA). All other chemicalswere
of analytical or molecular biology grade and their sources have been cited in the

methodology, wherever necessary.
2.2.2 Bacterial cdll culture

E.coli strains were cultivated in Luria Bertani broth (Himedia, India) with the
addition of suitable antibiotics when required, at 37 °C, 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 A1, and A2, respectively 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. Sampleswere diluted in nuclease free water at aratio of DNA: water
of 1:1000 and the ratio of optical density (O.D) at A2eonm t0 A2g0 nm Were calculated. A value
of this ratio ranging from 1.8 to 2.0 indicates pure DNA. An O.D value of 1 at A2s0 nm Was
considered to represent a concentration of 50 pg.ml or 33 pug.mi, respectively for double
stranded DNA and single stranded DNA (Barbas Il et al., 2001). The DNA concentration

was cal cul ated using the equation:

DNA concentration (ug.mi™) = O.D2so X dilution factor X 50 or 33
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2.2.4 Quantification of protein

Spectrophotometric determination of protein concentration was carried out using the
method of Bradford (Bradford, 1976) at Asgs nm Using Coomassie Brilliant Blue (CBB) G-

250 as a colorimetric dye, and BSA as a standard.

2.2.5 Isolation of genomic DNA

P. falciparum genomic DNA was isolated from dried blood spots on filter paper,
following the protocol of Bereczky et al. (2005). In brief, 4-5 blood spot punches were taken
together in a1.5-ml Eppendorf tube and soaked in 10 mM Tris, 0.1 mM EDTA, pH 8 buffer
for 5-10 min. The tubes were then incubated at 50 °C for 15 min, and the spot punches were
gently crushed using a sterile micro tip. The tubes were further heated at 90 °C for 15 min.
Following abrief spin, the supernatant containing the eluted DNA was collected and stored
at 4 °C for further use.

2.2.6 Isolation of plasmid DNA

Plasmid DNA was isolated following the akaline lysis method (Green and
Sambrook, 2012). Table A3 in the appendix section, lists the composition of the solutions
used in this process. A recombinant E.coli colony was grownin 5 ml LB broth supplemented
with appropriate antibiotic, overnight at 37 °C, with a stirring speed of 180 rpm. The grown
culture was pelleted at 12,000 x g for 1 min at 4 °C and the culture pellet was resuspended
in 100 pl of ice-cold solution 1. The lysis of cell suspension was carried out by adding 200
ul of freshly prepared solution 11 and gently inverting the tube 4-5 times. The tube was then

incubated on ice for 3-5 min. Differential precipitation of bacterial genomic DNA and
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bacterial cell debris was performed by adding 150 pl of ice cold solution 111 and incubation
onicefor 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 volume of Tris saturated (pH 8.0) phenol:
chloroform: iso-amyl acohol (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
agueous phase was aspirated out to a fresh tube and 2 volumes 100 % ethanol was added to
precipitate the plasmid DNA by incubating at -20 °C overnight. After incubation the nucleic
acid was precipitated by centrifugation at 12,000 x g for 10 min a 4 °C. The supernatant
was removed gently and the DNA pellet was washed with 70 % ethanol. The precipitated
plasmid DNA was incubated at 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.
2.2.7 Agarose gel electrophoresis

Agarose gel (0.8-2 % wi/v) preparation was carried out in suitable volume of 1X TAE
buffer (appendix table A3) with the addition of 0.5 pg.ml™ of ethidium bromide. To prepare
DNA samples, 0.20 volume of 6X gel loading buffer was added to them. Electrophoresis
was carried out in 1X TAE at 75 V until the desired resolution was achieved. A wide range
DNA marker (DirectLoad™) 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)
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2.2.8 Gd dlution of DNA

PCR amplified products, digested plasmids and inserts were eluted out of agarose
gels using GenElute™ Gel Extraction kit (Sigma Aldrich, USA) following the
manufacturer’s protocol. Agarose gel carrying the DNA band of interest was excised using
a sterile scalpel. The gel was completely dissolved by adding 300 ul of gel solubilization
solution for every 100 mg of gel, at 50-60 °C for 10 min, with intermittent vortexing. A
binding column was prepared by placing in a2 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 discarded. The column was washed with 700 ul of wash solution, and again
subjected to 12,000 x g, for 1 min. Another centrifugation step was performed to remove the
residua ethanol. Elution of DNA was carried out in suitable volume of pre heated (65 °C)
nuclease free water, by incubation at RT for 2 min followed by centrifugation at 12,000 x g,

for 1 min, in afresh sterile collection tube.
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2.2.9 Polymerase chain reaction

PCR was carried out using BioMix™ Red PCR kit. The composition of the reaction

mixture was as follows:

Component of reaction mixture Amount added

2 x BioMix Red 125l

Forward primer 1 pl

Reverse primer 1 pl

DNA template 25-30 ng

Nuclease free water To achieve afina volume of 25 pl

A typical thermal cycling involved the following protocol :

Step |: initial denaturation 95 °C, for 5 min, Step I1: 30 cyclesof 94 °C, for 1 min, 64 °C
or 64.4 °C, for 45 sec, 72 °C, for 1 min, Step I11: final extension at 72 °C, for 10 min. The

sequence of primers used are listed in table A5 in the appendix.
2.2.10 Digestion of DNA by restriction enzyme

Plasmids or PCR amplified DNA fragments were subjected to double digestion using
restriction endonucleases obtained from NEB, UK. The typical composition of a digestion

mixture was as follows:
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Components of digestion mixture Amount

10 x Buffer 4 or

10 x Buffer 3

Restriction endonuclease (20 units.ul™) 1 pl
Restriction endonuclease (20 units.pl™) 1l
DNA template ~1 ug

Nuclease free water To makefinal volumeto 50 pl

Restriction endonuclease sets used varied with the gene being cloned. Double digestion
using BamHI/Xhol in buffer 4 was carried out for pfldh, Bglll/Xhol in buffer 3 was carried
out for hidh A, and EcoRI/Xhol in buffer 4 was used for hldh B. Digestion was carried out
for 6 h, according to the manufacturer’s instructions. Digested products were resolved on

0.8 % agarose gel for analysis.
2.2.11 Ligation of digested DNA fragments

After restriction digestion of vector and insert, their digested productswere gel eluted
using the GenElute Gel Extraction kit. Ligation of eluted products was achieved by using T4
DNA ligase. Theligation reaction was carried at RT (25 °C) for 5 min, incubated on ice and
then used for transformation of competent E.coli cells. The composition of the reaction

mixtureis as follows:
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Component of ligation reaction Amount
Insert DNA (~1 kb) 37.5ng (0.06 pmole)
Linearized Plasmid DNA, 5.4 kb
70.2 ng (0.02 pmole)
(PET 28a, Novagen)
2 x Quick ligation buffer 125l
T4 DNA ligase 1l
Nuclease free water To make final volumeto 25 pl

2.2.12 Preparation of competent cells

Preparation of competent E.coli DH5a0/BL21 (DE3) cells was carried out as
described by Chung et al. (1989). A colony of E.coli was cultured in 5 ml of LB media
overnight at 37 °C under constant stirring a 180 rpm. 1 % of this primary culture was
inoculated in 25 ml of LB broth and grown until an optical density (O.D) vaue of 0.4-0.5
was achieved at Aesonm. 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 in 2.5 ml of sterile
ice-cold transformation and storage solution (TSS solution) (Table A3, appendix). Aliquots

of thus prepared competent cells were frozen and stored at -80 °C until further use.

2.2.13 Transfor mation of competent E. coli cells

For transformation of competent E. coli cells, 10 pl of ligation mixture was added to

a 100 ul volume of competent cells, and gently mixed by a pipette, followed by incubation
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of the mixture on ice for 30 min. The mixture was then subjected to a heat shock of 90 s by
incubating it in awater bath maintained at 42 °C, followed by incubation on ice. 800 ul of
pre-warmed LB broth was added to the mixture, and it was incubated at 37 °C, for 1 h, in a
shaker incubator maintained at 180 rpm. The cells were pelleted by centrifugation at 3000 x
gfor 10 minat 4 °C and the pellet was resuspended in 100 pl of fresh LB broth. Resuspended
cells were plated on LB agar plates containing the appropriate concentration of antibiotic
corresponding to the antibiotic resistance gene present in the recombinant plasmid.
Transformed col onies were selected following an overnight incubation at 37 °C, and further

screened by restriction digestion.

2.2.14 Sequencing of cloned inserts

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.

2.2.15 Cloning of pfldh, hidh A, and hidh B

The pfldh ORF was PCR amplified from P. falciparum genomic DNA, isolated as
described elsewhere. The amplified ORF was ligated to BamHI/Xhol digested pET28a
vector. The ORF for hidhB (clone ID HCD00000408) was PCR amplified and sub-cloned
into EcoRI/Xhol digested pET28a vector. Recombinant vector pET 28a carrying ORFs for
pfldh or hidhB, and recombinant pM CSG7 carrying hldhA were used to transform competent
E. coli DH5a cells. Transformed cells were selected on antibiotic containing LB agar plate,

after 16 h of incubation at 37 °C. The recombinant cloneswere further screened by restriction
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digestion of their respective recombinant plasmids. The positive clones were stored at -80
°C as glycerol stocks. One of the selected clones for each gene was confirmed through
sequencing and the recombinant plasmids were further transformed to E.coli BL21 (DE3)

for protein expression.

2.2.16 Expression of His-tagged PFLDH, hLDH A, and hLDH B in E. coli BL21 (DE3)

cells

A colony of E.coli BL21 (DE3) carrying the recombinant vector pET 28a_pfldh, or
pPET 28a hldh B, or pMCSG7_hldh A, was grown in 5 ml of sterile LB broth containing
appropriate antibiotic (50 mg.L™* or 100 mg.L™?) 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 Asso nm reached 0.5-0.6. Protein expression was
induced with isopropyl B-D thiogalactopyranoside (IPTG) added at a concentration of 0.5
mM IPTG, at 28 °C in case of hLDH B, and PFLDH and 0.25 mM at 20 °C in case of hLDH
A, for 12 hiin a shaker incubator maintained at 180 rpm. Cells were pelleted at 8000 x g and
resuspended in 20 mM PBS, pH 8. 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 minat 4 °C. The

supernatant was collected and stored at 4 °C for further use.

2.2.17 Purification of Histagged PfLDH, hLDH A, and hLDH B
The proteins were purified using Ni affinity chromatography. For this, Ni NTA

HisTrap™ column (GE Hedthcare) was equilibrated with 10 column volumes of
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equilibration buffer (20 mM PBS, pH 8). The supernatant after sonication of recombinant
clones was passed through the pre-equilibrated column at arate of 0.5 ml.mint. The column
was then washed with 20 column volumes of washing buffer (20 mM PBS, pH 8) using a
step gradient of 30, 50 and 60 mM imidazol e to remove unbound proteins. Thetarget protein
was then eluted using 350 mM imidazole at arate of 2 ml.mint. The residual imidazole was
removed from the purified protein by dialysis against an appropriate buffer as required. The
purified proteins were quantified using the Bradford assay. The composition of solutions
used for protein purification have been listed in table A3, appendix.
2.2.18 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) of
proteins

The proteins purified through Ni affinity chromatography were analyzed on SDS
PAGE following the protocol of Laemmli, (1970). Appropriate amount of purified
recombinant proteins or 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 a5 % stacking on top
of a 12 % separating gel, with a thickness of 0.75 mm at a constant voltage of 120V 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.

58

TH-1607_11610604



Cloning, Expression, and Purification of Plasmodium falciparum and Human Lactate Dehydrogenases

2.2.19 Western blotting

The recombinant protein expression in the bacteria system was confirmed by
western blot analysis. Following SDS PAGE of the protein, the bands were transferred to a
PVDF membrane at a fixed voltage of 25V, 300 mA for 3-4 h a 4 °C in Blot module (GE
Healthcare). Successful protein transfer was confirmed by Ponceau S staining (Sigma
Aldrich, USA), which was later removed by rinsing in a washing buffer (PBS, pH 7.4 with
0.1 % Tween 20 (PBS-T)) for 10 min. To prevent non-specific adsorption of primary
antibody to membrane, blocking of membrane was performed in a blocking buffer
supplemented with 5 % BSA, overnight. A washing protocol consisting of three cycles of
washing, 10 min each, in excess PBS-T followed the blocking step. The membrane thus
prepared was incubated with monoclonal anti-His antibody as the primary antibody (Sigma
Aldrich, USA) using an optimized concentration in PBS containing 1 % BSA for 2 hat RT
(Table A4, appendix). The membrane was then washed three times for 10 min each in PBS-
T, and incubated in an optimized concentration of anti-mouse IgG (Fab specific)-peroxidase
antibody (Sigma Aldrich, USA) as the secondary antibody appropriately diluted in PBS (1
% BSA) for 1 h at RT (Table A4, appendix). This was followed by washing the membrane
thrice in excess PBS-T, 10 min each. The membrane was then developed with peroxidase
substrate 3, 3’-Diaminobenzidine (DAB) tetrahydrochloridehydrate (Amresco, USA) at a
concentration of 0.4 mg.mitin 10 ml of PBS with the addition of 10 ul 30 % hydrogen
peroxide (Sigma Aldrich, USA) followed by imaging with a gel documentation system
(ChemiDoc XRS+ Imaging System, BIO RAD). Details of the solutiong/buffers used are

givenin table A3, appendix.
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2.2.20 Circular dichroism study

Circular dichroism (CD) spectra were recorded using a spectropolarimeter (J-815,
Jasco, Japan.) after calibrating the instrument with (+)-10-camphorsulfonic acid for optical
rotation. The spectrawere recorded from A19o nm t0 A240nm, using a 1 mm path length suprasil
quartz cuvette at a scan rate of 50 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.
2.2.21 Sedimentation velocity study

Sedimentation velocity experiments were carried out on an analytical ultracentrifuge
(Beckman XL-A/XL-I) instrument, using an An-50 Ti rotor, and 12-mm double sector
charcoal epon centre piece with quartz windows. In atypical experiment, 120 absorbance
profiles were recorded at 1,42,2499 x g and 20 °C. The scan profiles were analyzed using
the program SEDFIT (Schuck, 2000). The partia specific volume of PFLDH and the buffer
density and viscosity were calculated using Sednterp (Laue et al., 1992).
2.2.22 Enzymekinetic studies

The enzyme activity of recombinant proteins was assayed using a continuous
spectrophotometric rate determination method involving the measurement of cofactor
generation (NADH or APADH) accompanying the oxidation of lactate as the substrate. The
reaction mixture consisted of 20 nM recombinant enzyme, lactate 50 mM, NAD* 0.1-10
mM, or APAD* 0.01-1 mM, in afina volume of 1 ml 100 mM Tris-Cl pH 9.2. For analysis,
al the components except lactate were added to a quartz cuvette. After addition of lactate

initial rate measurementsin arange of concentrations of the cofactors NAD*or APAD" were
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monitored, by following change in absorbance at Az40nm (extinction coefficient, € = 6.2 mM-
Lemt) for NAD*, or at Assznm (€ = 8.2 mMt.cm?t) for APAD*. Initial rate of reaction was
studied using a double beam spectrophotometer (CARY 100 bio, Varian USA). The
Michaelis-menten constant, Km and turnover number, kex value for the enzyme catalysis
were discerned from Lineweaver—Burk plots.
2.2.23 Zeta potential studies

Zeta potential of purified PFLDH was determined in appropriate 20 mM buffer
solutions ranging in pH from 4 to10 on the Zetasizer Nano series (Malvern Instruments
Limited, UK) using the capillary cell with gold plated beryllium/copper electrode (Mavern
Instruments Limited, UK). A plot of zeta potential versus pH gradient was then constructed.
The pH value corresponding to zero zeta potential was identified as the isoel ectric point (pl)

of the protein.

2.3 Results and discussion
2.3.1 Cloning and purification of PILDH, hLDH A, and hLDH B

P. falciparum genomic DNA isolated from parasite infected blood spots dried on
filter paper served as the source for the pfldh ORF, while the clones for hidh A, and hLDH
B were obtained from DNASU plasmid repository. Our cloning strategy is depicted in
(Figure 2.1). Genomic DNA template (10 pl) of P. falciparumisolated from blood spots, in
a 25 ul PCR reaction resulted in an amplification at ~951 bp, the size of pfldh gene (Figure
2.2). The PCR amplification of hidh B using pDNR dual_hldh B as atemplate was similarly

done successfully, obtaining an amplified band at ~1005 bp, the size of the hidh B gene
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(Figure 2.2). In order to confirm the presence of hldh A ORF in the recombinant expression
vector pMCSG7_hldh A, arestriction digestion using Bgl 11/Xho | was performed, which
resulted in the release of an insert at ~999 bp, the size corresponding to hidh A gene (Figure
2.2). Following the PCR amplification (for pfldh and hidh B) and confirmation (for hidh A)
of ORFs of the target genes, they were cloned into suitable expression vectors and the
recombinant vectors thus generated were used to transform competent E.coli DH5a cells.
Confirmation of the positive clones was done by restriction digestion of recombinant
plasmids isolated from single colonies (Figure 2.3). Subsequently, DNA sequencing of the
insert in the selected clone was performed and the translated sequence result was compared
with the respective Uniprot entries of the three proteins (Q76NM3, PO0338 and P07195)
yielding a similarity of 99-100 %. The recombinant plasmids carrying these confirmed
inserts were then transformed into competent BL21 (DE3) cells, and proceeded with protein
expression. The protein expression profilesfor the three proteins were studied in the soluble
supernatant fractions of the lysed recombinant BL21 cells (Figure 2.4). The His-tagged
PfLDH and hLDH B proteins were purified from the soluble fractions of the induced cell
lysates using nickel affinity chromatography. The hLDHA was expressed predominantly as
an insoluble protein; however, decreasing the cell growth temperature and inducing the cells
at alower IPTG concentration of 0.25 mM yielded a small fraction of the protein in the
soluble cell lysate. In each case, the crude cell lysate and the purified eluate were analyzed
using SDS PAGE (Figure 2.5). A typica purification experiment using 100 ml bacterial
culture led to approximately 1.4, 0.4 and 2.9 mg of PfLDH, hLDH A and hLDH B,

respectively, as estimated from the Bradford assay. The purified proteins were further
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successfully confirmed by western blotting using anti-His monoclonal antibody and anti-
mouse 1gG (Fab specific)-peroxidase antibody as the primary and secondary antibodies
respectively (Figure 2.5).
2.3.2 Characterization of PfLDH

The PFLDH protein was cloned as amonomer, which assembled into ahomotetramer
in solution. To check the integrity of the tetrameric enzyme, sedimentation velocity studies
were carried out. The sample (0.6 mg.ml* PFLDH) was found to be primarily homogeneous
with the mgor fraction corresponding to the homotetramer (136 kDa) (Figure 2.6). The
minor heterogeneity resulted from fractions that roughly correspond to the monomeric (34
kDa), dimeric (68 kDa) and octameric (272 kDa) forms of the enzyme. The concentration
dependence of the sedimentation coefficient of PFLDH (Figure 2.7) is expressed in terms of
k, which is defined by the relation Sxow = S°20w - k€, where ¢ is the concentration in mg.ml
1 and S°20,w is the limiting sedimentation concentration obtained upon extrapol ation to zero.
The value of k discerned from the relation was 2.02. The concentration dependence of the
sedimentation coefficient arises from the increased viscosity of the solution at higher
concentrations, and from the fact that sedimenting solute particles must displace solvent
backwards as they sediment (Tanford, 1961). This concentration dependence for LDH
enzymes has also been reported from other vertebrates (Pesce et al., 1967; Sabato and
Kaplan 1964); however, in the present case of PfLDH, the dependence was more
pronounced. Structural integrity of PFLDH was also validated by CD studies (Figure 2.8).

Zetapotential studies of PFLDH at various pH revealed apl of ~ 5.5 (Figure 2.8). The result
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distantly corroborated with the pl value of 6.5 reported for PFLDH from P. falciparum D6
strain (Brown et al., 2004).
2.3.3 Determination of kinetic parametersof PflLDH, hLDH A, and hLDH B
Functional integrity of the three proteins were validated by determining their kinetic
parameters. Activity studies were carried out with a fixed concentration of lactate and
varying concentrations of the cofactors NAD™, or APAD". The kinetic parameters estimated
for the three enzymes are listed in table 2.1. The result shows that PFLDH had much higher
affinity for the synthetic cofactor APAD* than NAD™. Thisisahallmark of the native PfLDH
enzyme (Chaikuad et al., 2005). Hence, the recombinant PFLDH cloned by us was active

and structurally well folded.

Table 2.1: Kinetic parameters of PfLDH, hLDH A, and hLDH B, for cofactors NAD", and
APAD".

List of cofactors Enzyme Km(UM) Kecat (Min?) Keat/Km(min-t.M-1)

PfLDH 800 9.3x10° 1.16x10%°

NAD* hLDHA 696 1.5x10° 2.18x10°
hLDHB 1000 5x107 5x10°

PfLDH 333 1.55x10’ 4.6x10%°

APAD* hLDHA 635 1.3x10° 2.08x10°
hLDHB 66.67  3.3x10° 5x10%°
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2.4 Conclusion

As a starting step towards the objective of developing specific aptamers against the
malaria biomarker PfLDH, the target protein along with all the control proteins were
prepared in pure form following molecular techniques. Briefly, P. falciparum genomic DNA
was isolated from dried blood spots followed by amplification of pfldn ORF. Recombinant
clones of hidh A and hidh B were obtained from DNASU plasmid repository. pfldh, hidh A,
and hldh B, in suitable expression vectors were used to transform competent BL21 (DE3)
cells, and the successful transformants were selected by restriction enzyme digestion.
Expression of recombinant proteins in soluble form was achieved by IPTG induction. The
His-tagged recombinant proteinswere purified using Ni affinity chromatography and further
confirmed by western blotting. PFLDH cloned directly from P. falciparum genomic DNA
was characterized using CD, analytical ultracentrifugation, and zeta potential studies. The
population of purified PFLDH was primarily homogeneous with the maor fraction
corresponding to the tetrameric form of the protein. Kinetic studies on PfLDH, hLDH A,
and hLDH B proved the functional integrity of the three enzymes. PFLDH was shown to
have higher affinity for the synthetic cofactor APAD™ than NAD", a feature also known to

be shared by the native PfLDH.
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Figures
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Figure 2.1: Scheme of cloning strategy followed for pfldh, hidh A, and hidh B.
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Figure 2.2: PCR amplification of (A) pfldh (C) hldh B observed in 0.8 % agarose gel. L1:
Wide range DNA marker, L2: amplified product. (B) Restriction digestion of
pMCSG7_hLDH-A with Bglll and Xhol. L1: Wide range DNA marker, L2: Restriction

digestion product release of insert.

e~ 536 b
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Figure 2.3: Restriction enzyme digestion of recombinant vector pET 28a carrying the gene
inserts (A) pfldh, and (B) hidh B. Lane L1: DNA marker, L2-L4: released insert and
linearized plasmid for three positive clones.
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Tagged hLDH A
~36 kDa
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Figure 2.4: SDS PAGE (12 % gel) analysis on the expression profile of (A) PfLDH, (B)
hLDH A, and (C) hLDH B. (A) and (C) wereinduced at 28 °C, 500 uM IPTG concentration
for 4, 8 and 12 h, (B) was induced at 20 °C, 100 uM IPTG concentration for 4, 8 and 12 h.
In each case Lane L1: protein molecular weight marker, L2: BL21 (DE3) induced, L3: clone
uninduced, L4: cloneinduced for 4 h, L5: cloneinduced for 8 h, L6: clone induced for 12 h.
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Figure 2.5: (i) SDS PAGE of purified recombinant proteins (A) PILDH, (B) hLDH A, (C)
hLDH B. L1: molecular weight marker, L2: crude cell lysate, L3, purified protein; (ii)
Western blot of purified protein (A) PILDH, (B) hLDH A, (C) hLDH B, L1: Molecular

weight marker, L2: blot of purified protein.
69

TH-1607_11610604



Cloning, Expression, and Purification of Plasmodium falciparum and Human Lactate Dehydrogenases

c(S)

30 kDa

64 kDa

138 kDa

283 kDa

4

6 8 10
Sed Coefficient (S)

6.7

6.8

6.9

Figure 2.6: Distribution plot of PFLDH (0.6 mg.ml™) in 100 mM PBS, pH 7.5, 20 °C with
residual bitmap images and residuals. The time-invariant noise (Ti) and radially invariant

noise (Ri) of the fit were eliminated using SEDFIT for obtaining the best RMSD value.
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Figure 2.7: Syow values as afunction of PFLDH concentration.

TH-1607_11610604

70



Cloning, Expression, and Purification of Plasmodium falciparum and Human Lactate Dehydrogenases

20 -

10 -

Zela Paotential (mV)

-10 -

Ellipticity (mdeg)

b b b b o e o

™

190

200

210

220

Wavelength

230 240

Figure 2.8: (A) Zetapotential of PFLDH at varying pH; (B) CD spectra of PFLDH.
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Chapter I11

Development of Aptamer Specific for PfLDH and its

Characterization

3.1 Overview

The word “aptamer” was derived from the Latin words “aptus” meaning “to fit”, and
Greek “meros” meaning “region”. Aptamers were first developed independently by
Ellington and Szostak, Tuerk and Gold, and Robertson and Joyce, in the year 1990, and have
been the subject of much diagnostic, and therapeutic research interest since then. Nucleic
acid aptamers are short single stranded oligonucleotides (DNA, RNA, or modified RNA,
DNA) which bind to a target with great specificity and affinity often surpassing that of
antibodies. They are screened from a random library of 10*2-10"° sequences through an in
vitro selection process known as systematic evolution of ligands by exponential enrichment
(SELEX) (Cho et al., 2009). The thus developed aptamers possess the ability to fold in to
three dimensional shapes and bind to their targets via a combination of hydrogen bonding,
m-m system stacking, van der Waals forces, and electrostatic interactions (Kakoti and
Goswami, 2016). Aptamers boast of several advantages over antibodies as biorecognition
elements - high thermal stability, low cost of production, non-immunogenicity, nontoxicity,
lower batch to batch variability, and rapid large scale synthesis to name a few. Aptamers

have thus evolved as an attractive tool in the fabrication of diagnostic devices.
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In the past, detection of PfLDH was mainly attempted by antibody based
immunoassay (Piper et al., 1999) and western blot (Hurdayal et al., 2010). To circumvent
the disadvantages of antibodies such as high cost, thermal instability, and batch to batch
variations, aptamers against PFLDH were developed independently by two groups (Lee et
al., 2012b; Cheung et al., 2013). However, the specificity of the aptamer candidate
developed by Lee et al. needs to be properly validated as it was selected without rational
design omitting counter-SELEX against human LDH enzymes. Besides, in vitro selectionin
both the cases was attempted by using expensive Ni-NTA magnetic beads as the matrix for
immobilization of the target.

This chapter describes the selection of sSDNA aptamers against PILDH following
the SELEX process. The PfLDH protein purified in Chapter | was used as the target for
SELEX whereashLDH A, and hLDH B served as control proteins for counter-SELEX. We
used PVDF membrane as an immobilization matrix for the target and control proteins.
Following the process we isolated one candidate which was then characterized for its
specificity, and affinity of binding to the target. A detailed account of the work is included

in this chapter.

3.2 Experimental approaches
3.2.1 Materials

DNA oligonucleotides (primers, ssDNA library) were synthesized from IDT, USA.
The aptamers generated through the work were synthesized by Bioserve Biotechnologies,

India Pvt. Ltd. PVDF membrane (Hybond P) was obtained from Amersham, UK. SYBR
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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), pGEM-T easy TA cloning kit was obtained from Promega (USA). All other
chemicals were of analytical grade.
3.2.2 Construction of the ssDNA library

The construction of the ssDNA library was such that a stretch of 40 randomized
nucleotides was flanked by constant primer binding sites on both sides.
5'-CACCTAATACGACT CACTATAGCGGATCCGA- Nao- CTGECTCGAACAAGCTTGC-3!
The primer sequences used for PCR amplification of the library are listed in table A5,
appendix.
3.2.3 In vitro selection of ssSDNA aptamers

PVDF membrane was cut to 0.5 cm x 0.5 cm and taken in a 2 ml Eppendorf tube.
The membrane was immersed in methanol for 10 min followed by equilibration in binding
buffer for 20 min. A total of 1 ml (1 mg.mi™) target protein (PfLDH) in binding buffer was
added to the tube followed by gentle agitation on arocking platform for 1 h. The membrane
was then washed twice and stored in binding buffer at 4 °C. The amount of protein
immobilized on the membrane was quantified using Bradford assay, by subtracting the
amount of proteinin the eluate from the original protein solution. The change in morphology
of the PVDF membrane with subsequent protein immobilization was studied using atomic
force microscopy (AFM) on an ambient air scanning probe microscope (Agilent
Technologies 5500, USA) and a silicon nitride probe. Images were recorded with non-

contact mode using Picoscan 5 software.
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Before use, the library was denatured at 90 °C for 3 min, followed by incubation at
4 °C for 5 min. The ssDNA library (2.5 nmol) was suspended in 1 ml of the binding buffer,
and then incubated with PFLDH immobilized onto PVDF membrane at RT for 1 h, on a
rocking platform. The tube was spun down and the supernatant was stored as unbound
library. Elution of bound candidates was performed in 200 pl PCR grade water by heating
the membrane at 90 °C for 5 min and crushing with a sterile microtip. 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 s,
68 °C, for 15 s, 72 °C, for 3 s; and final extension at 72 °C for 3 s. To separate sSsSDNA from
amplified dsDNA, the PCR product was incubated with 30 pl of streptavidin-coated
magnetic beadsin acoupling buffer at RT for 1 h. The beadswere then washed with coupling
buffer, and sSDNA strands were separated from biotinylated strands using 100 pl of 100 mM
NaOH. The separated ssDNA strands were used for the next round of SELEX after
neutralizing their pH with sodium dihydrogen phosphate (NaH2PO.).

The counter SELEX against hLDH A and hLDH B was carried out after cycle 4 and
8, respectively. The counter proteins were immobilized on PVDF in amanner similar to that
for PILDH and alowed to interact with the aptamer population. Counter SELEX against
bare PV DF membrane was carried out twice, once at the very beginning and the second one
after cycle 6. After every counter SELEX cycle, the unbound aptamer population was
collected for the next cycle of operation. Details of buffers/solutions used have been listed

in table A3, appendix.
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3.2.4 Cloning of enriched aptamer population

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 aptamer inserts were selected on the basis of Blue/White screening, and PCR. The
recombinant plasmids from positive clones were sequences, and the aptamer sequences were
aligned using Clustal X2, for comparison.

3.2.5 Electrophor etic mobility shift assay (EM SA)

10 % polyacrylamide gel with a cross linker ratio of 75:1 was prepared and pre-run
in TBE buffer for 45minat 120 V. PfLDH at various concentrations (0.2—-12 uM) was mixed
with 25 nM of selected aptamer candidate in 20 ul binding buffer and incubated for 1 h at
RT. The mixture was loaded onto the pre-run gel, and separation was carried out for 2 h, at
RT and 120 V. The gel was stained using SY BR gold dye. EMSA gel bands were quantified
using Image] software, and the data were fit to the equation of rectangular hyperbola in
SigmaPlot 13.0 to estimate the dissociation constant (Kq). The 2D structure of selected
aptamer was determined using Mfold web server (Zuker, 2003).

3.2.6 Isothermal titration calorimetry

The ITC experiments were performed on a GE Healthcare UK, MICROCAL iTC
200 microcalorimeter. 20 uM of aptamer and 2 uM of PfLDH protein solutions in 50 mM
HEPES buffer, pH 7.4, were prepared to be used as ligand, and macromol ecul e, respectively.
The protein, and aptamer solution were degassed for 10 min before their use in the ITC
experiment. Following the first injection of 0.4 ul aptamer solution, subsequent injections

of 1.2 ul each were administered by the ITC syringe to the reaction cell in 20 titrations, at

76

TH-1607_11610604



Development of Aptamer Specific for PFLDH and its Characterization

150 s intervals, at 25 °C, and a stirring speed of 450 rpm. Control experiment without
aptamer was performed to correct for heat of dilution. Analysis of ITC data was performed
by Originv 7.0 (OriginLab, USA).
3.2.7 Prediction of aptamer-proten interactions

The 3D structure of the aptamer was predicted using the RNA Composer web server
(http://rnacomposer.cs.put.poznan.pl/) (Popenda et al., 2012), for which the Mfold dot-
bracket notation was provided as an input. The sequence of the sSDNA aptamer was first
converted to its corresponding RNA sequence. Docking studies involving PFLDH (PDB 1D
4B7U) and aptamer were caried out on the PatchDock web server.
(http://bioinfo3d.cs.tau.ac.il/PatchDock/) (Duhovny et al., 2002; Schneidman-Duhovny et
al., 2005) and analyzed using PyMOL. Chemical interactions at the protein-aptamer
interface were studied using the PLIP (protein-ligand interaction profiler) web server

(https://projects.biotec.tu-dresden.de/plip-web/plip/index) (Saentin et al., 2015).

3.3 Results and discussion
3.3.1 Selection of aptamers

To select DNA aptamers specific for PILDH, a single stranded DNA library which
theoretically contained 102 10% different sequences with a 40-nucleotide random region,
flanked by constant primer binding regions for amplification, was used as a starting pool.
The SELEX methodology followed for devel oping the aptamer is schematically represented
in figure 3.1 A. PVDF membrane served as the protein immobilization support during the

course of SELEX. The protein molecules bind to the PV DF membrane via a combination of
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hydrophobic and dipole interactions (Matsudaira, 1987) and are oriented in a non-uniform
fashion on the membrane surface. This exposes a more stochastic and wider array of
‘“‘aptatopes’” in each cycle compared to the scenario of using a linker for the binding of
protein to the membrane surface. The change in membrane morphology was investigated by
AFM and reveded that the bare PVDF membrane, a comparatively smooth surface, was
transformed into a rougher and non-uniform one after protein binding. The thickness of the
membrane was increased from ~250 nm for the bare membrane to ~350-400 nm for the
protein immobilized one, and finally the thickness reached to ~750-800 nm upon aptamer
immobilization (Figure 3.2). Counter selection steps against uncoated PV DF membrane, and
membrane coated with hLDH A, and hLDH B were included to eliminate non-specific
aptamer candidates against PfLDH.

The evolved pool of aptamers generated at the end of each positive cycle when
analyzed by gel electrophoresis, a gradual enrichment of aptamer candidates occurring at
each subsequent cycle wasrevealed (Figure 3.3). A total of 52 positive clones selected from
the blue white screening were then further screened by using PCR (Figure 3.4) to afinal total
of 23 recombinant clones carrying the enriched aptamer inserts. The plasmidsfrom overnight
cultures of these clones were then isolated, and the corresponding aptamer amplicons were
sequenced. Analysis of the sequenced candidates by Clustal X2 revealed that 9 sequences
were enriched at levels more than the others. The sequences of these candidates are listed in
table 3.1. Analysis of alignment results did not display any strong conserved regions across

these sequences (Figure 3.5).
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Table 3.1: Sequence profile of the enriched aptamer candidates.

Serial - Assigned
No. SIS (56 Aptamer name

CACCTAATACGACTCACTATAGCGGAT CCGACCACGCCCAACTCCC
CTCCGCATCCGT GTCATCCACCATCCTGGECTCGAACAAGCTTGC

CACCTAATACGACT CACTATAGCGGAT CCGAAAAGT GAAGGGGEGAC
TGACGGECGEEEEEEECGACGACGEECCT GACTCGAACAAGCTTGC

CACCTAATACGACT CACTATAGCGGAT CCGAACAAGCGAAGEEECC
GGACGCGEEECEEEECGT CGACCGT CCTGECTCGAACAAGCTTGC

CACCTAATACGACT CACTATAGCGGATCCGATTACCCACCCGACTC
CCCTAGCATTCTCCATCCAACCGGECCTGECTCGAACAAGCTTGC

CACCTAATACGACT CACTATAGCGGATCCGACTGACACTGGTAATT
GAAGACGCCTGACATGAATACATGECTGECTCGAACAACGCTTGC

CACCTAATACGACT CACTATAGCGGATCCGAATCCATTCTTCGTAG
TTATAGACAACGECAAGCACGGTACCTGECTCGAACAAGCTTGC

CACCTAATACGACTCACTATAGCGGATCCGACAATAATACACTTTG
CTCCCCTGIGECTTTTCGCACT CGCCTGGECTCGAACAAGCTTGC

CACCTAATACGACT CACTATAGCGGATCCGACAGT CCTCTCACCAT
TCTTCTACATGTACTTTTCGGCCTCCTGECTCGAACAAGCTTGC
CACCTAATACGACT CACTATAGCGGAT CCGACAGT CCTCTCACCAT

o TCTTCTACATGTAATCTTCCGCGT CCTGECTCGAACAAGCTTGC PAS

3.3.2 Affinity and specificity of aptamer-protein interactions

To study aptamer-protein interactions for the 9 enriched aptamer candidates, EM SA
was conducted with complexes of a fixed concentration of the aptamer with increasing
concentrations of PfLDH as target protein. From the EMSA gel the fluorescent signal in
each DNA band was estimated using ImageJ, and a plot of protein concentration vs. fraction

of (bound aptamer/total aptamer) was generated. From the plot, the dissociation constant
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(Kd) was approximated by fitting the datato the model of rectangular hyperbolain SigmaPl ot
11.0 (Heffler et al., 2012). The K4 values thus obtained for each of the studied aptamers have

been listed in table 3.2

Table 3.2: Dissociation constant of the tested aptamers derived from the band intensity in
EMSA gel.

Aptamer Candidate Kda (UM)

P38 0.35+0.02
PO 0.73+0.05
P45 0.89+0.14

P8, P6, P29, P34, P44, P4 N.E.*

3Not estimated

Based on these observations, three candidateswith higher affinity for PFLDH namely
P38 (0.35 + 0.02 uM), P9 (0.73 + 0.05 pM), and P45 (0.89 + 0.14 uM) with Kq valuesin the
parentheses, were identified. Whilefor the rest of the studied candidates, the signal of bound
aptamer-PfLDH failed to achieve saturation, and was not suitable for determination of Kg.
The probabl e reason for this has been attributed to weaker binding force of these candidates
to the target, which was disrupted by the applied electrical force during the course of
electrophoresis. Figure 3.6 A, B, and C, showsthe EM SA profile of two high affinity binders
P38 and P9, and alow affinity binder P8 to PFLDH. From visual comparison it was evident
that P38 had higher affinity than P9, for PFLDH, while P8 had significantly lower affinity

for PFLDH, in comparison to P38, and P9.
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The specificity of three potential aptamers P38, P9, and P45 was again examined in
EMSA using hLDH B asthe control protein. All the studied candidates did not bind to hLDH
B (Figure 3.6 D). Notably, thehLDH B proteinisthe major human LDH in host erythrocytes,
which house the Plasmodium parasite (Vesell, 1965), and hence the negative response of the
aptamersto hLDH B isapositive trait for the study. Since P38 showed the lowest K4 it was
considered for further studies. The 2D structure of P38 (Figure 3.1 B) had a AG of -9.18
kcal.mole! and contained three major stem loop regionsthat arise from acentral bigger loop.
Alignment of P38 sequence with previously selected aptamers for Plasmodium species
lactate dehydrogenase (Cheung et al., 2013, Lee et al., 2012b) yielded no significant
similarity.

3.3.3 Interaction of P38 with PfLDH

Caorimetric titration of P38 to PfLDH resulted in a rectangular hyperbola that
yielded a dissociation constant of 0.243 + 0.3 uM (Figure 3.7). This value is in close
agreement with the Kq determined by EMSA study. The contribution towards free energy
from enthalpy (AH) was -3.39 x 10’ cal.mole™, while that from entropy (TAS) was -2.85 x
10° cal.mole?, therefore the reaction was spontaneous and enthalpically driven.

The binding site of P38 to PFLDH as predicted by the PatchDock web server is
represented in figure 3.8. Here, we observe that the aptamer primarily interacts with two
chains of the tetrameric protein. Interacting residues at the aptamer protein interface were
also predicted by the PLIP server. Results of this prediction are shownintable 3.3. The PLIP

output pointsto only two chainsi.e. C, and D being involved in hydrophobic interaction, and
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salt bridges with the aptamer. Besides this several hydrogen bonds with residues in C, and

D chains were also predicted.

Table 3.3: Prediction of interacting residues at the aptamer-protein interface.

I nteracting amino acid

Interacting base of the

| e (.)f (position/chain/name of aptamer (base type and
nteraction : ; L
amino acid) position)
Hydrophobic 197C(Asn) A2
interactions 236D (Ala) C15
60C (His) T44
195D (His) C15
198D (Lys) A34
Salt bridges
198D (Lys) A33
314D (Lys) C32
314D (Lys) A33
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3.4 Conclusion

A specific ssDNA aptamer P38 against PfLDH was devel oped following the SELEX
process. Counter SELEX against bare PVDF membrane, and the human proteins hLDH A,
and hLDH B were carried out to exclude the candidates that bind non-specifically to these
controls. Notably, incorporation of the counter screening in the SELEX process against
potential interfering agents may be considered as an important step towards rational design
of devel oping selective aptamers. The affinity of the aptamer towards PfLDH was confirmed
by EMSA and ITC studies. The binding constants were determined independently following
these studies (EMSA, ITC) and found agreeable value. The aptamer P38 developed by us
against PFLDH is significantly different from the other reports with no common discernible
motifs. The present methodology employed PV DF membrane as an immobilization support.
Thisfurther ssimplified the SELEX process and a so contributed towards the economy of the

method.
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Figure 3.1: (A) Schematic of the SELEX process; (B) 2D structure of P38 derived from
Mfold and its sequence are shown as the final output of the selection process. The sequence
of P38 shows a central 40-nucleotide variable region (black), flanked by constant primer-
binding regions (blue).
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Figure 3.2: AFM topography and height profile of (A) bare PV DF membrane; (B) PfLDH

immobilized on PVDF membrane; (C) after interaction of aptamer library with (B).
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Figure 3.3: 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 a2 % agarose gel.
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Figure 3.4: Screening of 52 white colonies by PCR. M: DNA marker; Control: 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 bold.
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Figure 3.5: Multiple sequence alignment of the random regions of P4, P6, P8, P9, P29, P34,

P38, P44, and P45. Green and yellow coloured regions represent 80 % and 60 % sequence

similarity, respectively.
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Figure 3.6: EMSA gels used for estimating Kq for (A) P38, (B) P9, and (C) P8. PILDH
concentration ranged as 0.2 uM, 0.35 uM, 0.7 uM, 1.4 uM, 2 uM, 2.5 uM, 3 uM, 3.5 uM,
4 uM, 4.5 uM, 5 uM, 6 uM, 8 uM, 10 uM. M: the free aptamer (90 mer) was used in each
gel as the molecular weight marker. (D) EMSA of control protein hLDH B with P9 (L1),
P38 (L2), and P45 (L3). The concentration of hLDH B was 3 UM in each case.
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Figure 3.7: Isothermal titration calorimetry analysis for binding of P38 aptamer to PILDH
protein. (A) Raw heat of binding obtained on titration of P38 to PFLDH. (B) Fitted binding
isotherm of P38 binding to PFLDH. The titration revealed a dissociation constant of 0.243
MM which was similar to that obtained by EMSA (0.35 uM).

Figure 3.8: Docking results of P38 with PFLDH as predicted by PatchDock server. P38 is
represented in yellow, while the four chains of PFLDH are numbered A, B, C, and D, and
represented in shades of purple.
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Chapter IV

Development of Aptamer Based Colorimetric Detection of

PfLDH

4.1 Overview

Precise diagnosis of malariain a PoC setup is a prerequisite in malaria management
asit helpsto prevent evolution of multidrug-resistant malaria caused by indiscriminate and
overuse of drugs (Choi et al., 2007) and lessens mismanagement of non-malaria fevers
(Chanda et al., 2009). Malaria is commonly diagnosed using conventional techniques like
microscopy, ELISA, PCR, and latera flow based rapid diagnostic tests (RDTs). The
conventional techniques require skilled personnel and are difficult to incorporate into point
of care systems. Whereas, the RDTs though have the advantage of being portable, they often
suffer from poor performance due to denaturation of the antibodies, which are used as
biorecognition element, under high temperature and humid climate as discussed previously
(Chiodini et al., 2007). As an alternative to antibody, aptamers have emerged as robust and
reliable biorecognition elements for various analytical applications. We propose here to
explore the aptamer that has been developed by us through the SELEX process as a
biorecognition element against PFLDH, amalarial biomarker, in an optical platform. In order
to generate profuse optical signal for sensitive detection of the biomarker in serum sample
we focused our attention on gold nanoparticles (AuNPs) as optical probe to work in

conjunction with the aptamer. Notably, AuNPs exhibit size and aggregation dependent
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colour change due to their plasmonic electronic behaviors. This optical property of the
AUNPs can be exploited in hybrid elements by conjugating them with various biorecognition
elements to develop optical sensing systems. The colorimetric assays using AuNPs
conjugated aptamers have been reported for many targets, including PFLDH (Cheung et al.,
2013). In these assays, the AUNPs are stabilized by the adsorbed aptamers primarily at high
salt concentration. When sample containing the targets are added to the solution of high salt
concentration the AuNPs get aggregated leading to a colour change in the solution, the
intensity of which can thus be correlated with the concentration of the target in the samples.
However, the high assembly time of the above assay coupled with relatively poor detection
limits obtained by using salts prompted the use of alternative aggregating agents like,
polyelectrolytes (Xia et al., 2010), cationic surfactants (Wu et al., 2012a), and cationic

polymers (Wu et al., 2012b) for developing AUNP based optical detection assays.

This chapter describes our work towards the development of an AuNP based
aggregation assay for the detection of PFLDH. The PFLDH specific P38 aptamer devel oped
by us was used for the surface modification of citrate stabilized AUNPs. This hybrid probe
was tested initially with NaCl solution followed by some cationic surfactant solutions to
evaluate the assay performance of these ionic compounds. Previous studies on AuUNP based
detection of PFLDH utilized covalent attachment of aptamer to AUNPs (Cheung et al., 2013).
We proposed to revise the conjugation procedure, where instead of using the covalent
conjugation a physical interaction between P38 and AuNPs was exploited for the
stabilization. Thus, this revised protocol aso curtailed additional chemica steps on

preparing the conjugate probe. A detailed account on the performance of the P38-AuNP
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based detection of PFLDH following the aforesaid revised approaches has been presented in

this chapter.

4.2 Experimental approaches

The current study was approved and ethically cleared by the Institute Human Ethics
Committee (IHEC) of the Indian Institute of Technology Guwahati, India.
4.2.1 Materials

P38 ssDNA aptamer developed by us was synthesized by Bioserve Biotechnologies
India, pvt Itd. Gold (111) chloride solution (~30 wt % in dilute HCI), was obtained from
SigmaAldrich (USA). All other chemicals were of analytical grade.
4.2.2 Synthesis and char acterization of AUNPs

AuNPs were synthesized by the citrate reduction of HAuUCls via the Turkevich
method (Turkevich et al., 1951). The concentration of the AUNPs was estimated using
UV/Vis spectrophotometer (Cary 100 Bio, Varian) taking extinction coefficient 2.43 9 108
M.cm? at Aszo nm (Kim et al., 2010). The size of the AuNPs was determined using
Transmission electron microscopy (TEM) at an accel erating voltage of 200 kV (JEOL JEM,
2100).
4.2.3 AuNP aggregation based colorimetric assay

For salt based aggregation assay, 1.6 ul P38 from a stock of 25 uM was mixed with
80 ul AuNPs from a stock of 5 nM, and the volume was made up to175 pl using 20 mM
HEPES buffer, pH 7.4. This mixture was incubated at RT for 45 min. 10 ul of PILDH at
various dilutionsin 20 mM HEPES buffer, pH 7.4, was added to the mixture and allowed to
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incubate for 1 h, followed by the addition of 20 ul of NaCl (1 M). The colour change was
monitored using UV/Vis spectrophotometer (Cary 100 Bio, Varian) taking absorbance at
A650 nm @nd As2o nm.

For cationic surfactant based aggregation studies, 6 or 10 ul P38 (from stock of 1
HMM) was mixed with 10 pl PFLDH at various dilutions and allowed to incubate for 1 h at RT
in afinal volume of 90 pl. 30 ul of cationic surfactant benzalkonium chloride (BCK) (20
UM), cetyltrimethylammonium bromide (CTAB) (30 uM) or didodecyl dimethyl ammonium
bromide (DDAB) (10 uM) was then added, and incubated for 20 min at RT, followed by the
addition of 80 pl of AuNPs (5 nM). The colour change was monitored at Aeso nm and As2o nm.
4.2.4 Real sample analysis

To check the assay performance in real samples, blood was drawn from a healthy
donor. 50 pl of blood (containing approximately 225 x 10° RBCs) was subjected to 600 x g
for 10 min to precipitate RBCs. The supernatant was discarded, and the pellet was
resuspended in 50 ul of 5X RBC lysis buffer (155 mM NH4Cl, 12 mM NaHCOs3, 0.1 mM
EDTA) and incubated for 15 min. The lysed RBC sample was subjected to 840 x g for 5
min, and the supernatant was collected. This extract was diluted with 20 mM HEPES pH
7.4, and spiked with recombinant PFLDH protein to mimic real sample, while unspiked RBC
lysate served as negative control.

Real sample from two malaria positive patients (denoted as A, and B for ease) was
graciously provided by Dr. Archana Jain, Toshi Pathology, Allahabad, India. The presence
of Plasmodium vivax parasitemiain the two patients was confirmed by microscopy. 10-fold
and 20-fold dilutions of each of the patient samples were tested using the developed assay,
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while blood sample obtained from a healthy volunteer served as a negative control. For
analysis of real samplesin a commercial RDT, 5 pl of patient whole blood spotted in the
sample zone was alowed to flow over by 100 ul of buffer supplied along with the RDT to

the test zone. The color developed in the test zone was monitored visualy.

4.3 Results and discussion
4.3.1 Salt-mediated detection of PfLDH

For linking oligonucleotide probes to the AuUNP surface, a single-step adsorption is
advantageous over covalent attachment. Covalent attachment of probes to AuUNPs requires
additional probe modification steps and may affect the biorecognition ability of the probe.
Unlike dsDNA which has arigid double helix structure, sSDNA is flexible, and is able to
partially uncoil and allow its bases to interact with the AUNPs viavan der Waalsforces. The
adsorption of DNA on the surface of AUNPs stabilizes them, preventing their aggregationin
the presence of salt (Li and Rothberg, 2004). The displacement of ssDNA aptamer from the
surface of AuNP in the presence of target molecule leading to AUNP aggregation in the
presence of salt, can be implemented in developing a colorimetric assay (Kim et al., 2010).
In this study, the affinity of 90 mer long P38 aptamer for PFLDH was exploited to develop a
colorimetric assay based on the above principle (Figure 4.1 A). Citrate-stabilized AUNP
solution when incubated with single-stranded aptamer, the aptamer was adsorbed on the
surface of the nanoparticles viavan der Waals forces. When the target PfFLDH is presented,
aptamer-protein complex is formed, leaving the AUNPs free to aggregate in the presence of
sdt. In the absence of the target, P38 remained adsorbed on AuNPs, not allowing NaCl to
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screen the repul sion between nanoparticles. Scouting for the NaCl concentration (from 25 to
200 mM) that causes aggregation of AUNPs (2 nM), showed that the aggregation gradually
increased with the increasing amount of salt and reached a saturation around 100 mM NaCl
(Figure4.2 A). To prevent the AUNP aggregation in the presence of aptamer, 200 nM of P38
was incubated with 2 nM AuNPs followed by addition of NaCl (75 or 100 mM) (Figure 4.2
A inset). In both cases, aggregation was prevented to a certain degree. Therefore, 100 mM
NaCl, and 200 nM P38 were chosen as the optimal salt and aptamer concentrations for
further experiments.

PfLDH at various concentrations was allowed to incubate with P38-coated AuNPs,
followed by addition of NaCl. The aggregation of AuNPs increased with the increasing
concentration of PFLDH as evident from the colour change from red to blue. However at
PfLDH concentrations higher than 1 nM, the AUNPs were disaggregated as evident from the
colour gradually reverting back to red. Therefore, the graph (Figure 4.2 B) could be divided
into two zones: (i) the ascending curve, starting from O pM to 1 nM of PfLDH. Here, the
aggregation of AuNPs increased with increasing the target concentration. (ii) the descending
curvewhich starts as PFLDH concentrations become higher than 1 nM. The linear part of the
curve yielded a detection limit (LOD) of 402 + 40 pM, calculated using the formula LOD =
(3.3x S.D. of Blank)/Slope of thelinear part. The disaggregation of AUNPs at higher protein
concentrations is puzzling, and could be attributed to the increased repulsive force between
high negative charges on the PFLDH target protein (zeta potential ~-12 mV) at pH 7.4 and

citrate-capped AUNPs (zeta potential ~ -25 mV) that stabilize the AuNPs in solution.

95

TH-1607_11610604



Devel opment of Aptamer Based Colorimetric Detection of PfLDH

However, crowding effect of the protein at high concentration cannot be ruled out for such
disaggregation effect.
4.3.2 Cationic surfactant-mediated detection of PfLDH

Disaggregation of AuNPs at high protein concentration resulting in a narrow linear
range in the salt-based assay prompted us to explore cationic surfactant-mediated AuNP
aggregation for PFLDH detection. A surfactant is abulky molecule, typical Mw ranges from
300 to 400, which consists of two moieties. (i) one or more hydrophobic alkyl chains and
(if) an ionic or highly polar hydrophilic group. The positively charged group of cationic
surfactants usually contains a quaternary ammonium, although analogues containing
sulphur, phosphorus or arsenic exist as well (Cross and Singer, 1994). Due to the versatility
of quaternary ammonium surfactants ““quats’’ to retain their positive charge at any pH, they
have been used for the synthesis and control of nanomaterials (Smith and Korgel, 2008;
Moon et al., 2009). CTAB has been shown to interact with single and doubl e stranded DNA
to form cubic and hexagonal nanostructures, respectively (Liu and Abbott, 2010). CTAB has
also been used to develop an AuNP based colorimetric assay for small molecules (He et al.,
2013), ions (Wu et al., 2012a) and proteins (Lee et al., 2014). For the present work, we
studied three different surfactants: (i) alkyl dimethylbenzyl ammonium chloride, commonly
known as benzalkonium chloride (BCK) which contained an aromatic group and a long
(C12) akyl chain; (ii) hexadecyl(cetyl) trimethyl ammonium bromide (CTAB), which
contained asingle long (C16) alkyl chain; and (iii) didodecyl dimethyl ammonium bromide
(DDAB) which contained two long (C12) akyl chains. We compared their aggregation
efficiency for naked AuNPs and their detection efficacies using PFLDH as the target and
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aptamer P38 as the biorecognition molecule. To our knowledge, the aggregation potentials
of BCK and DDAB have not been investigated before, using a protein as target molecule.
Figure 4.1 B, D showsthe principle for cationic surfactant based detection assay for PFLDH
using the aptamer P38, and the chemical structure of the three surfactants used in the study.
In the presence of PFLDH, P38 formsacomplex with it, and the aptamer is hence unavailable
for binding when a cationic surfactant is present. With addition of AUNPs, the free cationic
surfactant causes their aggregation, leading to a blue colour. In the absence of atarget, the
aptamer is free to assemble with cationic surfactant, and the AUNPs remain unaggregated
due to unavailability of free positive charge in the system. Multiple, long alkyl chains on the
quaternary ammonium of the surfactant enables better aggregation of AUNPs.

Among the three surfactants studied, DDAB with two long akyl chains caused
complete aggregation of the free AUNPs at a much lower concentration of 1.5 uM, followed
by BCK and CTAB at 3 uM, and 4.5 pM, respectively (Figure 4.3 A). Although BCK has
an akyl chainwith four carbonsfewer than CTAB, the presence of an aromatic ring probably
givesit asignificant advantage in aggregating AuNPs. In order to obtain appropriate signa
respective to the surfactant concentration used in each assay, the P38 concentration was
optimized. 30 nM P38 was sufficient to achieve minimum background in the absence of
PfLDH, when BCK (3 uM) or CTAB (4.5 puM) was used. However, 50 nM P38 was used to
mitigate the aggregation caused by 1.5 uM DDAB (Figure 4.3 B). Hence, DDAB has been
identified as a stronger and more potent aggregating agent than BCK and CTAB.

The abilities of BCK, CTAB and DDAB to detect various concentrations of PfLDH
in the assay format were investigated. The disaggregation of AUNPs using any of these three
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surfactants at high concentration of PFLDH was not as pronounced as the case when NaCl
was used. However, the lesser disaggregation islikely to generate awider dynamic detection
range, and is thus considered a suitable property for analytical perspective. For NaCl, BCK,
CTAB and DDAB, the minimum concentrations of PFLDH beyond which disaggregation
startswere 1, 5, 5, 10 nM, respectively. Although DDAB has a better aggregation efficacy
for AUNPs and tolerates higher concentration of PFLDH without allowing disaggregation,
BCK showed better sensitivity with an LOD of 281 + 11 pM which is far higher than the
corresponding CTAB and DDAB based detections (Figure 4.4). Thus, from the above
results, the order of detection sensitivity was BCK>NaCl followed by CTAB and DDAB,
both of which did not produce any significant response for PFLDH concentrations up to 1
nM (Figure 4.4). It is expected that BCK will also maintain its higher sensitivity with other
DNA aptamers with similar chain length as well, since the charge of such aptamers may not
significantly vary. In a previous study, CTAB has been reported to have a better sensitivity
than NaCl for an arsenic aptamer (Wu et al., 2012a). Thus, the sensitivity of an assay may
be dependent on the type of target analyte.

The detection limits obtained by us (38 pg.ul™ with BCK and 55 pg.ul™ with NaCl)
with P38 are superior to a similar assay developed by Cheung et al. (2013) for PFLDH. A
number of variations have been included in the present detection protocol. Unlike covalently
conjugating the PfLDH aptamer with AuNPs, P38 was physically adsorbed on the
nanoparticles, and thereby, we omitted additional steps of preparing the detection probe.
Additionally, insight obtained from comparison of salt and cationic surfactants based
aggregation methods led to significant improvements in the detection limit and range.
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Conversely, the sensitivity reported previously (Lee et al., 2014) using different aptamers
was found to be better than the one obtained by us. However, the sensitivity reported by us
isin theclinically relevant picomolar range (Martin et al, 2009) for the reliable detection of
malaria.
4.3.3 Interference studies

Specificity of the assay for PFLDH was investigated by measuring the assay response
to competitive and relevant non-specific targets like HSA, a predominant protein in blood
and another malarial biomarker, histidine-rich protein 11 (HRP I1). The results showed very
good selectivity to PFLDH as compared to the non-specific targets (Figure 4.5 A). The
margina interference from HSA protein could be nullified by subtracting the background
noise data equivalent for a healthy individual.
4.3.4 Practicability of the assay

To demonstrate applicability of the method, the assay performance was validated in
real samples using (i) PFLDH spiked RBS lysate, and (ii) rea patient sample from two
malaria patients. Lysis of RBCs in 50 ul blood was optimized in 2X and 5X RBC lysis
buffer. Thorough RBC lysis was observed in 5X buffer, yielding a clear red supernatant.
While contrary to previous reports (Lee et al., 2012b), lysis observed in case of 2X buffer
was incompl ete (Figure 4.6). Hence supernatant from RBC lysisusing 5X buffer was spiked
with 400 pM PfLDH to mimic the real sample, and the assay response was recorded for
different background RBC concentrations (Figure 4.5 B). In each case, a control with the
same volume of extract without PFLDH was added. A higher response in the presence of
PfLDH spiked sample indicated the potency of the assay for rea samples. Response of the
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assay to 10-fold and 20-fold diluted blood samples from P. vivax infected patients revealed
that the assay was able to positively detect malariain both patients A, and B, compared to
the negative control (Figure 4.5 C). Although the aptamer P38 was selected using PFLDH as
atarget, its positive response to PvLDH (present in patient blood) can be easily explained.
A BLASTP search reveals a 99 % percent sequence similarity between PfLDH and PvLDH.
Considering this high similarity percentage the cross reactivity of the aptamer to other
Plasmodium species LDH is expected. In the past, similar observations were made by Lee
et al. (2012b), where a PvLDH specific aptamer, gave excellent response to PfLDH.

The same samples were then tested with a commercia antibody based LDH pan malaria
RDT. To validate the proper functioning of the RDT, the appearance of the positive control
lineinthe RDT kit was checked. The RDT was not successful in detecting the parasitemia
in both the infected samples. However, the RDT could detect the parasitemia in the sample
of patient B when the dilution of the sample was restricted to 10 folds. Result implies that
the developed assay could surpass the performance of the commercial malariaRDT in case
of lower parasitemia samples.

The storage stability of the components of the assay was monitored over a period of
one week, where the unmodified AuNPs, and P38 adsorbed AuNPs were stored at RT, in
dark, and their efficiency in the assay was tested intermittently over a period of time. While
unmodified AuNPs showed a drastic reduction in assay response after one day due to
possible aggregation of AuUNPs, the storage stability of P38 modified AUNP was relatively

better (Figure 4.5 D).
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4.4 Conclusion

An aptamer (P38) based colorimetric method using surfactant mediated aggregation
of citrate stabilized AuNPs to detect the target was developed. The aromatic cationic
surfactant BCK, was identified as the most efficient agent for highly sensitive detection of
PFLDH. BCK gave better sensitivity than the well-known salt based or cationic surfactant
CTAB based aggregation method. This is the first report on the use of BCK in an AuNP
colorimetric assay. The sensitivity reported by usisin theclinically relevant range, and thus,
the reported method using benzalkonium chloride as aggregating agent has potential to be

developed as a sensitive and selective method for detecting malariain clinical sample.
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Figure 4.6: Microscope image of (A) Untreated RBCs, (B) RBCs treated with 2X lysis
buffer, (C) RBCs treated with 5X lysis buffer.
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Chapter V

Development of Aptasensor for Electrochemical Detection of
PfLDH

5.1 Overview

Speedy diagnosis of suspected cases is considered as one of the key activities in
malaria management that warrants a highly sensitive, rapid, portable, stable and low cost
mal aria detection system to use in malariaendemic resource limited |ocations. Such asystem
will be useful to detect low parasitemia in asymptomatic individuals, who are vast
contributors to the human infectious reservoir (Hopkins et al., 2013). Conventional
techniques like microscopy, and the more recent, RDTS, cannot detect such widely reported
low-density Plasmodium infections of submicroscopic levels (Okell et al., 2009; Bousema
et al., 2014). This chapter describes a DNA aptamer based highly sensitive detection test for
malaria using PFLDH as a target biomarker in an electrochemical transducer based dua
detection platform. The aptamers against PFLDH which have been developed so far are
mostly explored to detect malariain optical transduction platforms (Jeon et al., 2013; Lee et
al., 2014; Cheung et al., 2013; Dirkzwager et al., 2015). We propose to utilize an
electrochemical platform to enhance the signal of interaction between the aptamer devel oped
by usand PfLDH, for sensitive detection of malaria. Notably, the electrochemical transducer
based platforms offer label free detection, and are widely known for their very high

sensitivity, selectivity, scope for miniaturization, and low cost (Ohnoaet al., 2013; Min et

107

TH-1607_11610604



Development of Aptasensor for Electrochemical Detection of PILDH

al., 2008), which thus, have potentia to address the current need of malaria management

including monitoring submicroscopic infections.

To develop the electrochemical transducer platform, we proposed to fabricate an
aptamer-el ectrode by immobilizing the aptamer physically on graphene oxide (GO). Unlike
chemical immobilization, this physical mode of contact between the aptamer and GO is an
inexpensive, simple and gentle process supporting the structural and functional integrity of
the native DNA aptamer. In this physical process of immobilization the oligonucleotide
aptamers are known to adsorb on the graphene derived nanomaterials by a combination of
n—7t stacking, hydrophobic interaction, hydrogen bonding, and van der Waals forces (Liu et
al., 2013a). GO, which isahydrophilic derivative of graphene, isknown for its dispersibility
in agueous medium, and facile surface chemistry (Peng et al., 2015; Chen et al., 2012).
Amenable to functionalization, the GO/DNA conjugate based sensors have gained vast
popularity due to their ease of design, admirable signal to noise ratio and high sensitivity

(Linetal., 2011; Wang et al., 20144).

The aptamer based detection of PILDH on the electrode surface was then probed
impedimetrically, using aredox probe and voltammetrically by monitoring the accumul ation
of the reduced cofactor generated from the PfFLDH catal ysed reactions. This double detection
approach adapted here helped to confirm the existence of the biomarker. While the
impedimetric measurement detected the PfLDH to a femtomolar level, the complementary
enzyme activity linked voltammetric detection ascertained the specificity of the developed

aptasensor.
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5.2 Experimental approaches
5.2.1 Apparatusand reagents

Electrochemica measurements were performed on an Autolab PGSTAT 1212 (Eco
Chemie, Netherlands). A three-electrode system with platinum rod as counter electrode,
Ag/AQCI (saturated KCI) as reference electrode, and GCE or modified GCE as the working
electrode, was used in all the measurements. Electrochemical responses were measured in
50 mM PBS, pH 8, 0.1 M KCI (Buffer E) as the electrolyte. Differential pulse voltammetry
(DPV) measurements were carried out at potentials ranging from 0.0 V to 0.4 V (during
electrode characterization) and 0.5 t0 0.8 V (for enzyme assay), with a step potential 0.05V,
modulation amplitude 0.025 V, equilibration time 5 s, modulation time 0.05 s and interva
time 0.5 s. Electrochemical impedance spectroscopy (EIS) experiments were performed in
a background of 2.5 mM [Fe (CN)s ]2 over the frequency range of 0.05 Hz to 10 kHz. All
the measurements were carried out at RT. Atomic force microscopy (AFM) was performed
on an ambient air scanning probe microscope (Agilent Technologies 5500, USA). Images
were recorded with tapping mode using Picoscan 5 software. X-ray diffraction (XRD)
patterns were recorded on a Bruker D2 Phaser diffractometer (USA) using Cu Ka irradiation
operated at 30 kV and 10 mA. Raman spectra were recorded on a Horiba Jobin Vyon,
LabRam HR (Japan). All chemicals used were of analytical grade and were used without
further purification. Ultrapure water (18.2 MQ) from a MiliQ filtration (USA) was used

throughout this work.
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5.2.2 Preparation of graphene oxide (GO)

Graphite from pencil lead grounded in to a fine powder was used to synthesize GO
by modified Hummers method (Cote et al., 2009). Briefly, 23 ml of H.SO4 from a stock of
12.1 M was added to a mixture of 0.5 g of powered graphite and 0.5 g of NaNO3 and the
mixture was stirred in an ice bath for 15 min. 3 g of KMnO4 was slowly added and continued
stirring for 15 min. The mixture was then transferred to a water bath (35 + 5 °C) and stirred
for 1 h. 40 ml H>O was then added to the reaction and stirred for 30 min at 90 °C. Finally,
100 ml of H20 was added followed by slow addition of 3 ml H20 (30 %), which changed
the solution color from light brown to yellow. The solution was filtered and washed with
100 ml H20, to obtain afiltered cake. The cake further underwent 3-5 cycles of washing and

centrifugation. Thefinal solution was exfoliated in abath sonicator to obtain the desired GO.
5.2.3 Fabrication of P38-GO-GCE electrode

Strategy followed for stepwise fabrication of the electrode is shown in Figure 5.1 A.
Briefly, a glassy carbon electrode (GCE) of diameter 0.5 cm, was cleaned by polishing it
with 0.3 um alumina slurry and washing it ultrasonically in ethanol and water separately for
10 min each. 20 pl of GO solution (2 mg.mlt) was spotted on the cleaned GCE, dried in
vacuum and incubated for 2 h. The modified electrode (GO-GCE) was carefully washed to
remove any unbound GO. The PfLDH specific aptamer (P38) was used as a biorecognition
element for el ectrode fabrication. Before use, the aptamer was denatured at 90 °C for 3 min,
followed by incubation at 4 °C for 5 min. The GO-GCE €l ectrode was then incubated in 50

MM P38 (2 ul) in50 mM PBS, containing 7 mM (5.8 pl) MgCl2 for 6 h. The aptamer spotting
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was then repeated once again, followed by drying in vacuum for 16 h to make the aptamer-

electrode (P38-GO-GCE) ready for use.
5.2.4 Real sample analysis

All experiments on blood samples were approved and ethically cleared by the
Institute Human Ethics Committee of Indian Institute of Technology Guwahati, India. To
prepare a sample that mimics real sample, 50 pl of blood (~225 X 10° RBCs) was subjected
to 600 x g for 10 min. The pelleted RBC was suspended in 50 pl of 5X RBC lysis buffer
(155 mM NH4CI, 12 mM NaHCOs3, 0.1 mM EDTA) and incubated for 15 min. The lysed
RBC sample was subjected to 840 x g for 5min. A suitable volume of the lysed RBC extract
was diluted with Buffer E, to obtain a final background of 10° RBCs. The extract was then
spiked with PFLDH to afinal concentration of 5 fM. To test the efficiency of the aptasensor
to probe the biomarker directly in the real sample, 0.5 pl whole blood isolated from malaria
infected patient was diluted with 9.5 pl of Buffer E. The diluted sample was spotted on P38-

GO-GCE electrode, incubated for 10 min, and then subjected to EIS measurement.

5.3 Resultsand discussion
5.3.1 Fabrication and characterization of aptamer -electrode (P38-GO-GCE)

GO was synthesized by oxidative exfoliation of low cost pencil graphite powder. The
oxidative reaction yielded GO as evident from the formation of an intense peak at 10.7° and

disappearance of the diffraction peak of the pure graphite powder at 26.5° inthe XRD spectra
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(Figure 5.2 A). A small portion of graphite oxide was also formed during the reaction as
manifested by a broad peak at 21°. GO is an electronically hybrid material, composed of
conducting T states from sp? bonded carbons and a carrier transport gap between the o-states
of its sp® bonded carbons. The ratio of sp? and sp® fractions can be tailored and the
conductivity of GO can thus be controlled to transform it from a semi-conductor to a
graphene like semi-metal (Loh et al., 2010). Theinterlayer spacing (d) between the graphitic
layers can be calculated using the Bragg’s law: A = 2d sin6, where, A is the wavelength of
the X-ray beam used (0.154 nm) and 6 is the diffraction angle. The interlayer distance
increased from 0.345 nm for graphiteto 0.829 nm for GO. Theincreasein interlayer distance
suggests inclusion of oxygen containing functional groups in the oxidation process

(Krishnamoorthy et al., 2013; Abdolhosseinzadeh et al., 2015).

For graphite and derived materials, typically three bands can be seen in the Raman
spectra: the G band, which originates from a conventional first order Raman scattering, and
the D and 2D bands that originate from a second-order double resonant process between
non-equivalent K points in the Brillouin zone of graphene (Frank et al., 2011). While the
Raman G and 2D bands vary as a function of doping, the D band usually suggests the
presence of defects such as bond-angle or length disorder, vacancies, etc. (Liu et al., 2013b).
The Raman spectrum of graphite powder (Figure 5.2 B) shows in-phase vibration of the
graphite lattice (Hassan et al., 2009) with the appearance of ahigh intensity band at 1571.13
cm? (G band) and two low intensity bands at 1324.6 cm™ (D band) and 2671.4 cm* (2D
band). On oxidation of graphiteto GO, the intensity of the D band increases and the G band

is blue shifted to 1599.7 cm™. This blue shift has been attributed to the increase in the sp®
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content due to the formation of covalent bonds during the oxidation of graphite (Ferrari and

Robertson, 2000).

We used GO to physically capture P38 on the el ectrode surface. On binding to P38,
the D and G bands appear at 1358.8 cm™* and 1599.2 cm?, respectively and a small 2D band
appears at 2703 cmt. Theincreasein D band frequency and appearance of asmall 2D band
is due to the p-doping of graphene sheets by DNA (Liu et al., 2013b). The Ip/lg intensity
ratio is a measure of disorder in graphene and was estimated to be 0.67, 0.915, and 1.35 for
graphite, GO and P38-GO, respectively. The high Ip/lc on oxidative exfoliation of graphite
powder to GO suggests that the prepared GO had defects, which istypical for such a process
(Liu et al., 2011). On P38 adsorption to GO, the disorder further increased leading to an
increase in Ip/le. This demonstrated the successful adsorption of P38 on GO sheets. Single
stranded DNA has been shown to bind to GO via hydrophobic interactions and - i stacking.
The aromatic and hydrophobic rings of ssDNA can bind to GO once the negative charges
between the two molecules are screened by electrolytes (Wu et al., 2011). In our study we
used an ionic buffer with divalent Mg ions to screen the repulsive forces between the

polyanionic DNA and negative functiona groups on GO.

For electrochemical characterization of P38-GO-GCE, DPV was carried out in 50
mM PBS, pH 8, 0.1 M KCl with 25 mM [Fe(CN)s ]2 to investigate the changes in
electrochemical behavior during stepwise fabrication of the electrode. A defined [Fe(CN)s
] redox peak at 0.2 V was observed for the bare GCE (Figure 5.3 A). On immobilization of
GO on the electrode, there was a dramatic decrease in the peak current at 0.2 V as compared

to the bare GCE. Thisis attributed to the slow electron transfer kinetics due to the negative
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charge imparted by the GO to the electrode surface that prevents easy access of [Fe(CN)e |
3 to the electrode. The immobilization of P38 decreases the current value at 0.2 V further
due to obvious reason of incremental negative charges caused by the DNA -aptamer on the
electrode surface. A new peak at ~0.3 V appears, due to possibleinteraction of P38 with GO,

which however, needs further investigation to clearly elucidate its formation.

The interfacial properties of the electrode at each step of electrode assembly were
also studied by EIS (Figure 5.3 B). The obtained spectra were represented in the form of
Nyquist plots, where the arc radius of the semicircle part corresponds to the magnitude of
the charge transfer resistance (Rct) while the straight tail corresponds to the magnitude of
the Warburg impedance. The bare GCE showed a very low Rct. An increase in Rct was
observed on treatment of the electrode surface with GO. This suggests that the negatively
charged GO repels the [F&(CN)s ] ions and limits the charge transfer at the electrode
surface. When P38 was immobilized on GO-GCE, a significant increase in Rct occurred,
which confirmed the successful immobilization of the aptamer. The DNA phosphate
backbone being highly negatively charged, further prevented the communication of

[Fe&(CN)6 ]2 ions with the electrode leading to a notable increase in the Rct.

Topography studies of GO, and P38-GO were carried out using AFM. Drop coated
GO showed bright colored stacks of GO islands that appear to have a sheet like morphology
in the image (Figure 5.4 A). Height profiling ascertains a uniform thickness of 3-3.5 nm
across the GO idands. This height profile corresponds to the presence of few layered GO,
which results from self-assembly and aggregation of GO monolayers during the spotting and

drying process (Krishnamoorthy et al., 2013). P38 application on GO in a layer-by-layer
114

TH-1607_11610604



Development of Aptasensor for Electrochemical Detection of PILDH

fashion leadsto significant increase in the thickness of the GO islandsto ~ 25 nm suggesting

the attachment of DNA to GO (Figure 5.4 B).
5.3.2 Response characteristics of P38-GO-GCE towards PfLDH

A dua electrochemical detection approach was adopted for detection of PfLDH
using the modified electrode. This has been schematically depicted in Figure 5.1 B. The
increasein Rct with increasing PFLDH concentration implies (Figure 5.5 A) that PFLDH was
effectively captured on the aptamer electrode surface. The obtained Nyquist plots have been
fitted to Randles-Ershler type equivaent circuit, (Figure 5.5 A inset), where Rs is the
solution resistance, Zw is the Warburg impedance and CPE is the constant phase element.
The results of the fitting when plotted generated response data (Figure 5.5 B) a non-linear
trend was observed, from which the PFLDH concentration as low as 0.5 fM was discerned.
Increase in PFLDH concentration in the sample leads to increase the magnitude of Rct as a
consequence of decrease in the redox peak current for the reporter [Fe(CN)s ], thus

impelling the detection towards a “switch off”” approach.

To ensure the specificity of the constructed aptamer-electrode, DPV measurement
for the reduced cofactor (NADH) generated from the PfLDH catal ysed reaction wasincluded
concurrently with the above impedimetry based detection. The NAD/NADH redox couple
is an attractive probe to monitor the LDH activity. To achieve this, NADH oxidation peak
was characterized at the modified electrode surface (Figure 5.5 C). The activity of PFLDH
at the aptamer-electrode surface was electrochemically monitored with increasing lactate

concentrations in Buffer E and 10 mM NAD*. NADH generated from the PfLDH catalyzed
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oxidation of lactate, was oxidized at 0.65 V, producing a current response with increasing
lactate concentration (Figure 5.5 D). For most electrochemical sensors, the oxidation of
NADH is usually achieved at a high over potential (~ 0.75 V) leading to a loss of the sensor’s
functionality. However, the el ectrode modification with GO reduced this over potential to a
suitable measurable range. The role of reduced-GO to decrease the oxidation potentia of
NADH on GCE has been reported (Tang et al., 2009). Using this strategy, the presence of

PfLDH on P38-GO-GCE electrode surface could be probed through a “switch on” approach.

The high specificity of P38 towards PfLDH has been previously confirmed by
electrophoretic mobility shift assay (EMSA). In the present work, the aptasensor was
challenged with HSA, which is the major protein present in blood serum, and two other
common proteins, BSA and lysozyme. As expected, no current response in DPV was

observed with all these proteins (Figure 5.6 A).
5.3.3 Practicability of the sensor

Initially, the applicability of the aptasensor to detect recombinant PfLDH in
mimicked real sample was explored. The extract from lysed RBCs was spiked with 5 fM
recombinant PFLDH to mimic real sample. The sensor could detect PFLDH in a background
of 10° RBCs as demonstrated by EIS spectra (Figure 5.6 B). This concentration of the
biomarker is known to fall within the clinically relevant range for malaria detection (Martin
et al., 2009). The aptasensor was al so tested directly in the 10-fold, and 20-fold diluted whole

blood samples collected from two P. vivax infected persons (patient A and B) and from a
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healthy volunteer as a negative control. In al the three cases the aptasensor had conferred

appropriate results. (Fig 5.6 C).

The aptasensor retained 62 % of its functionality even after storing it for a month at
RT (25 °C -30 °C) with a relative humidity in the range of 70-90 % (Figure 5.6 D). The
stability of the aptasensor could be attributed to the robustness of the DNA-based bio-
recognition element, the aptamer. The reproducibility of the fabricated el ectrode was studied
by exposing five different electrodes prepared in the same way to 0.5 fM PfLDH under
similar conditions. The results revealed a high reproducibility of the fabrication procedure
with arelative standard deviation (RSD) of 8.4 %. The non-covalent bonding involved in
the immobilization maintains the native conformation of the aptamer and prevents any loss

of functionality.

5.4 Conclusion

We report here a DNA aptasensor for unprecedented highly sensitive detection of
malaria using PFLDH as the target biomarker in an electrochemical transducer based dual
detection platform using impedimmetry and voltammetry techniques. Low cost GO prepared
from powdered pencil graphite was effectively used as a conductive support to physically
immobilize PFLDH specific aptamer, P38. With the help of a redox probe the presence of
PfLDH in human serum sample was impedimetrically detected down to afemtomolar level.
The specificity of the biorecognition system on the el ectrode was confirmed voltametrically
by measuring the NADH formed as aresult of enzymatic activity of PFLDH captured by the

GO immobilized P38 aptamer. Interference studies with the relevant control proteins
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demonstrated specificity of the sensor towards PfLDH. The devel oped aptasensor could also
detect the biomarker in the real samples obtained for two P. vivax infected patients. This
highly sensitive aptamer based el ectrochemical sensor thus has the potential to be devel oped

asaviable product for detecting low parasitemia samples in yes/no format.
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Figure5.1: (A) Scheme for stepwise electrode fabrication of P38-GO-GCE. (B) Scheme for
dual electrochemical detection of PFLDH using modified electrode P38-GO-GCE.
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Figure 5.2: (A) XRD of powdered graphite and graphene oxide. (B) Raman spectra of
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Figure 5.3: Electrochemical characterization of stepwise electrode fabrication using (A)
DPV and (B) EIS.
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Figure 5.4: Topography including height profiles studies of GO-GCE (A) and P38-GO-GCE

(B) using AFM.
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Figure 5.5: (A) Nyquist plots on the response of P38-GO-GCE towards increasing PfLDH
concentration from 0.1 fM, to 10 fM. (B) Response curve of Rct vs increasing PfLDH
concentration. Each data point is an average of at least three individual experiments. Error
barsindicate the SD. (C) Oxidation of NADH on P38-GO-GCE, in the absence and presence
of lactate. (a) GO-GCE in buffer E, (b) P38-GO-GCE in buffer E, (c) P38-GO-GCE response
in presence of 0.4 mM NADH in buffer E. (D) DPV current response of PfLDH-P38-GO-
GCE against various concentrations of lactate at 10 mM NAD™.
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an uninfected sample from a healthy volunteer (as negative control), at two dilutionsfor both

patients. (D) Storage stability of the developed electrode as a function of time. Data points

represent an average of two independent experiments.
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Chapter VI

DNA Templated Silver Nanoclusters for Fluorescence

Based Detection of PFLDH

6.1 Overview

Silver nanocluster (AgNC) is anovel class of fluorophore widely recognized for its
remarkable photophysical properties, biocompatibility, and application potential for
detection of avariety of targets including metal ions (Adhikari and Banerjee, 2010), proteins
(Sharma et al., 2011b), DNA (Petty et al., 2012) etc. A suitable scaffold is essential for the
stability of AgNC in solution, which prompted the use of polymers, dendrimers, and
biologically relevant supports like peptides, nucleic acids, and so on, to template AgNC (Li
et al., 2013). DNA templated AgNC offers the advantage of tunability, due to the strong
dependence of optical properties on DNA sequence. *H NMR studies show that Ag* ions
have significantly more affinity for cytosine through C-Ag-C coordination, in comparison
to other bases (Petty et al., 2004). Few other bases have also been found to modulate the
properties of AgNC (Yeh et al., 2010, 2012). Despite the ability of regulative optical
properties based on sequence changes in the DNA template, an understanding on the
structural basis for NC formation isincomplete. Studies on pH dependence of fluorescence
and structural studies from size exclusion chromatography on two short cytosine-rich
sequences revealed that multidentate coordination within DNA structures determines the

favorability for the formation of fluorescent silver clusters (Senguptaet al., 2009).
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Intensive knowledge on the DNA dependent structural basis for AQNC nucleation
and growth is fundamental for controllable synthesis of AgNC with desired photophysical
properties. To focus beyond the primary base sequence-nanocluster interactions, we aim to
explore the template structural dependence on the formation of AQNC. DNA hairpins,
capable of assembling in complex patterns of resolution below 10 nm, have been proven to
act as good AgNC scaffolds (Gwinn et al., 2008). Hairpins with poly C loops, a special class
of DNA secondary structures, were recently used to spatially arrange AQNCs on DNA
nanotubes (O’ Neill et al., 2012). So far AQNC DNA templ ates have been restricted to shorter
length nucleotides, with most reports concentrating on 12-30 mer sequences (Yuan et al.,
2014) and adequate information on the feature of sSSDNA hairpin structures conducive for

AgNC formation is unavailable.

In this chapter, aset of long sSDNA (90 mer) candidates with varying cytosine levels
was examined as AgNC nucleation scaffolds. Four subsets of a positive candidate (P4) were
selected by a combinatorial arrangement of tandem C repeats, and tested again as AgNC
nucleation scaffolds. Results provide some critical insights on the size of the hairpin loop
and the nature of the stem length on the formation and stabilization of the NCs. A smaller
sequence, Sub 3, was finally identified as scaffold for strong fluorescent AQNC with much
higher photo stability. The highly stable Sub 3-AgNC was applied to detect NAD*
concentration in solution. The NAD" dependent quenching of Sub 3-AgNC was then
exploited for devel opment of aturn-off fluorescence assay for PFLDH. So far, afluorescence
based platform for detection of PFLDH has not been developed. Besides the inherent
advantages of AgNCs in improving the performance of the sensor, the exploitation of

125

TH-1607_11610604



DNA Templated Slver Nanoclusters for Fluorescence Based Detection of PfLDH

enzyme activity in the sensing mechanism provided a specificity screen to the detection

system. A detailed account on the findingsisincluded here.

6.2 Experimental approaches
6.2.1 Chemicals

DNA probes were commercialy synthesized by Bioserve, India and obtained in a
desalted lyophilized condition. DNA probes longer than 30 mer were HPLC purified. All
DNA probes were reconstituted in autoclaved MQ water (18.2 MQ). Before using in
experiments, all DNA probes were heated at 90 °C for 5 min, followed by cooling inice for
2-3 min. AgNOz (99.9 %) and 3-morpholinopropane 1-sulfonic acid (MOPS) were
purchased from SRL, India. NaBH4 (98 %), boric acid, HEPES, NaH2POs, NaoHPO4, NaCl,
acetic acid, sodium acetate, NADH, NAD™ and Tris were purchased from Himedia, India.
Alcohol dehydrogenase (ADH) (cat no A7011) was obtained from Sigma. All reagents used
were of analytical grade.

6.2.2 Preparation of AgQNC

Atota 6 pl of AgNOz3 (1.5 mM) was added to 15 pl of DNA probe (100 uM) and the
volume was made up to 100 ul with Milli-Q (MQ) water. The mixture was stored in dark for
15 min after which 6 pl of NaBH4 (1.5 mM) was added to it. The AQNCs were formed after
1.5-2 h a RT, in dark. The morphologica characterization of AQNC was performed by
Transmission Electron Microscopy (TEM) at an accel erating voltage of 200 kV (JEOL JEM,

2100).

126

TH-1607_11610604



DNA Templated Slver Nanoclusters for Fluorescence Based Detection of PfLDH

6.2.3 Fluorescence, UV-visible, and circular dichroism (CD) spectroscopy

Fluorescence measurements were performed on a Tecan infinite M200 PRO, using
black, flat, clear bottom fluorescence microplates (Thermo Fisher scientific) by diluting 5 pl
of AgNC, in 95 ul of MQ water. Absorbance was measured on a UV/Vis spectrophotometer
(Cary 100 Bio, Varian) between Az nm t0 Asoo nm uUSing a quartz cuvette. For the
measurements, 100 pl of AGQNC were diluted with 900 pul of MQ water. The CD spectrawere
recorded on a Jasco J-815 spectropolarimeter calibrated with (+)-10- camphorsulfonic acid
for optical rotation. The spectra were measured from Azso nm t0 A1go nm, USiNg @ 1 mm path
length suprasil quartz cuvette at a scan rate of 50 nm.min, interval of 0.5 nm, time constant
of 1 s, and taking an accumulation of 3 scans. For CD studies 10 pul of (100 uM) DNA probe
was mixed with 2.7 M ureaand the volume was made up to 200 pl using MQ water, obtaining
aDNA: urea molar ration of 1.9. The mixture was stored for 20 min at RT before carrying
out the CD experiment. For each probe analysis, a control experiment, with no added urea

was aso performed.
6.2.4 DNA PAGE

Native and denaturing gel electrophoresis were performed on 20 % polyacrylamide
gelsinaminiVE vertical electrophoresis system (Amersham) using TBE buffer (54 g of Tris
base 27.5 g of boric acid, 20 ml of 0.5 M EDTA (pH 8.0)). For denaturing conditions the gel
was run in the presence of 7 M urea, at RT. Native gel was run in acold cabinet maintained
at 4 °C. Both gelswererun a 120V, for 4 h, at RT. The gels were stained with SYBR gold

dye (Invitrogen).
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6.2.5 Effect of pH, temperature, denaturants, and time

The formation of the NCs was studied in buffersranging in pH from 4 to 10. AgNC
formation was carried out in 15 mM buffer solution for 2 h, at RT in the dark, followed by
fluorescence measurement. To study the effect of temperature on AgNC formation, DNA
probes were mixed with AQNOs and NaBH3 at the required concentrations and the mixture
was incubated at RT, 70 °C, and 90 °C water bath for 2 h, in the dark, followed by

fluorescence measurements.

The interference in AGQNC formation in the presence of DNA denaturants was studied. For
this, AgNC nucleation was carried out in the presence of various denaturants followed by
fluorescence measurement.

6.2.6 I nteraction studies between AgNC and NAD*

In order to study the interaction of Sub 3-AgNC with NAD™ a series of solutions
containing a fixed volume of AgNC (5 pl) with increasing concentrations of NAD* (0-800

WUM) was prepared. The binding process is described by the following equilibrium:

AgNC +n (NADY) > [AgNC-(NAD"),] (1)

According to this equation, the AgNC binds with n equivalents of NAD™ to form an AgNC-
NAD* complex. The fluorescence intensity at Asso nm Was used to calculate the binding
constants (Ka) and number of binding sites (n) by using the Scatchard equation (Liang et al .,

2008; Min et al., 2004).

log [(Fo-F)/ F] =log Ka+ nlog NAD" 2
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In this equation, Fo is the initial fluorescence intensity prior to addition of NAD?,
and F is the fluorescence intensity at a specific NAD™ concentration. By titration of NAD*
and plotting log (Fo - F)/F against log [NAD™], alinear curve was obtained with a slope of
n. The y-intercept is equal to log Ka and provides the value of Ka (Kang et al., 2004; Min et
al., 2004).

Both static and dynamic quenching processes are described by the Stern-Volmer equation:
Fo/F=1+kqio [Q] =1+ Kp [Q]  (3)

Where Fo and F are the fluorescence intensities of the fluorophore in the absence and
presence of quencher, [Q] is the concentration of the quencher, Kp is the Stern-Volmer
constant, Kq IS the bimolecular rate constant, and to is the lifetime of the fluorophore in the
absence of gquencher

Time resolved photoluminescence (TRPL) studies of the fluorescent AQNC and their
complex with NAD™ were carried out on a picosecond time-resolved cum steady state
luminescence spectrometer (Edinburgh Instruments, UK, Model FSP920) using an LED
source, at an excitation of Aseg nmand emission of Aeso nm.

6.2.7 Interference studies

Specificity of AGQNC for NAD* was assessed by monitoring the quenching of Sub 3-
AgNC by various homologues of NAD™, namely NADP*, NADH and a synthetic cofactor
APAD™. For this, 5 pl of Sub 3-AgNC was incubated with 5 pl of a particular cofactor of
100 mM stock concentration, in a fina volume of 100 pl, followed by fluorescence

measurement. Interference to NAD™ detection by Sub 3-AgNC was assessed by carrying out
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the experiments in a background of monovalent or divalent salts. The effect of saltson plain
Sub 3-AgNC was monitored by mixing 5 pl of Sub 3-AgNC with 8 pl of (100 mM)
monovalent salts, or 10 pl of (10 mM) divalent salts, in afina volume of 100 pl. To validate
the efficiency of NAD™ mediated quenching of AgNC in the presence of salts, 1 pl of (100
mM) NAD* was mixed with 5 pl of AgNC in the presence of 8 MM monovalent salt or 1
mM divalent salt, followed by fluorescence measurement. The applicability of the AQNC to
measure NAD™ in serum samples was also investigated. Fresh human blood was collected
from healthy human volunteer and centrifuged at 900 x g for 10 min to precipitate the RBCs.
100 pl of supernatant (serum) was collected, mixed with MQ to a final volume of 1 ml and
stored at 4 °C for further use. To carry out the assay, we mixed 5 yl of AQNC, with 5 pl of
serum and varying NAD™ concentrations, in afinal volume of 100 pl, followed by monitoring
the fluorescence emission.
6.2.8 Turn-on, and tur n-off fluor escence assay

For the AQNC-NAD" interaction based turn-on assay using ADH, 5 pl (1 mg.ml™)
ADH was mixed with 5 pl (100 mM) NAD*, 5 pl (100 %) ethanol, 5 pl (20 mM Tris-Cl, pH
8.8), 75 ul of MQ water, and allowed the enzyme catalysis for 5 min, followed by addition
of 5 ul of AgNC. To carry out the turn-off fluorescence assay using PfLDH, 3.2 pl of (31
puM) PFLDH was mixed with 5 pl (20 mM, pH 6) HEPES buffer, 10 yl (100 mM) NADH,
30 pl (100 mM) sodium pyruvate, and 46.8 pl MQ water, and alowed the enzyme catalysis
for 5 min, followed by addition of 5 pul of AgNC. In each case a control experiment with no

enzyme was also performed.
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6.3 Results and discussion
6.3.1 Studies on the formation of AQNC in ssDNA scaffolds

Nine different sSDNA candidates with a common template consisting of a 40 mer
random region flanked by two constant regions of 31 mer and 19 mer were considered
(Figure 6.1). The candidates were selected based on different distribution of the nitrogenous
base C in terms of % and different cluster numbers (Figure 6.2 A) with C-poor constant
regions and C-rich random regions. The constant flanking regions were included so that a
suitable scaffold could be later amplified by PCR. The sequences were tested and found that
P4 was the only sequence capable of producing AgNC. Excitation of P4 templated AgNC at
Asso nm Yielded an intense fluorescence emission, peaked around Asso nm (Figure 6.2 B). Since
only one out of nine oligonucleotide candidates assisted in AgNC formation, the contribution
of constant C-poor regions in AQNC formation may be considered minor or void. P9 was
though almost as C rich as P4 with only one C and two CC clusters less than P4 (Figure 6.2
A), it did not produce any detectabl e fluorescence. The free energy values of folding for P4,
and P9, obtained from the Mfold web server (Zuker, 2003) were -7.93 kcal.mole* and -4.33
kcal.mole™, respectively indicating higher stability of the secondary structure of P4 than P9.

The Mfold secondary structures of unsuccessful scaffolds are shown in figure 6.3.

To understand the structural aspect of AgNC formation, four subset sequences (Subl-
Sub4) from P4 were strategically selected to include various combinations of tandem C
repeats and maintain astem loop structure in each except in Sub 1 (Figure 6.4). All clustered
C repeats except one in P4 were present in the four subsets. The Sub 1 (11 mer), whichisin

the form C3X4C4 and smallest, had no predicted secondary structure. Sub 2 (12 mer), Sub 3
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(29 mer) and Sub 4 (45 mer) all had stem loop structures with free energy of folding -0.89

kcal.mole, -1.3 kcal.mole™, -2.29 kcal.mole?, respectively.

In order to assess the predicted secondary structure, Sub 2, Sub 3 and Sub 4 were
anayzed under gel electrophoresis. As DNA assumes a more compact secondary structure,
its mobility in gel electrophoresisisincreased (Fan et al., 2006). On native polyacrylamide
gel electrophoresis, amarked presence of secondary structural componentsin Sub 3 and Sub
4 populations became evident from the formation of multiple bands of faster mobility in
addition to the primary DNA band (Figure 6.5 A). In the case of Sub 2, which is a
comparatively smaller DNA fragment with only two base pairs in the stem region of the
predicted hairpin, aminor forward band albeit |ess clear, appeared along with the main band.
To confirm that the observed bands were indeed a result of DNA folding into secondary
structure and not impurities, we analyzed the same DNA fragments in denaturing gel
electrophoresis (Figure 6.5 B). The disappearance of faster moving bands other than the
primary bandsindicated that Sub 2, 3 and 4 popul ations contained secondary structures. The
subsets were used as templates for AgQNC preparation and examined under UV trans-
illuminator. As expected, Sub 1 and Sub 2 did not yield any fluorescence, probably due to
lack of, or presence of very weak secondary structures as mentioned above. Conversealy, Sub
3 and Sub 4 produced bright red fluorescence. UV-Vis spectra of the AQNC templated on
P4, Sub 3 and Sub 4 candidates (Figure 6.6 A) generated a broad peak centered on Asgs-585 nm
with corresponding peaks at Asgz nm, As7anm, and Asg7nm, respectively. The order of peak
intensity was Sub 3> P4> Sub 4. A second broad peak was observed around As3o-440 nm Where
corresponding peaks for P4, Sub 1, Sub 2, Sub 3 and Sub 4 were at A43snm, A441 nm, A435 nm,
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M43z nm, and Aass nm. The order of peak intensity for the peak centered on A43o-440 nm Was Sub
2>Sub 4> Sub 1>P4> Sub 3. Excitation at Ao nm, did not yield fluorescent signal from any
of the studied subsets, while excitation at Asgo nm Yyielded high and moderate intensity
fluorescent peaks for Sub 3 and Sub 4, respectively. We thus conclude that the peak around
A430-440 nm and Ases.sesnm belonged to silver nanoparticles and nanoclusters, respectively.
Interestingly, in the case of Sub 3 and P4, where the most fluorescent NCs were formed, a
low absorbance exhibited at A0 nm indicating the formation of fewer amounts of
nanoparticles. On the contrary, Sub 1 and Sub 2, which did not form fluorescent NCs, gave
high absorbance at A0 nm, and hence assisted in forming maximum nanoparticles. The
formation of nanoparticles and nanoclusters may thus be mutually exclusive to one another

to agreater extent.

The changes in fluorescence were examined continuously for P4, Sub 3 and Sub 4
templated NCs over a period of 20 h (Figure 6.6 B). We observed from the intensity that P4
and Sub 3 resulted in highly fluorescent NCs, while Sub 4-AgNCs were the |east fluorescent
out of the three. A steady rise in fluorescence intensity was observed in all the three casesin
thefirst three hours, after which agradua fall in the intensity occurred. The fluorescence of
P4-AgNC and Sub 4-AgNC consistently decreased with time at the rate of 1395 a.u.h'* and
574 a.u.h’l, respectively, while the decrease in Sub 3-AgNC was more gradual (279.6 a.u.h’
1y for the first five hours of waning stage and eventually Sub 3-AgNC was maintained at a
higher fluorescence intensity than P4-AgNC. Sub-4 eventualy lost almost its entire
fluorescence intensity after 14 h of incubation. Thus, Sub 3 formed higher and more stable
fluorescent NCs than Sub 4, even though the latter was more C rich. This challenges our
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belief that C rich templates are the only important factor in seeding AgNC. Sub 3-AgNC was
also more stable than P4-AgNC. It is likely that most of the structural scaffolds in P4 that

host the seeding of NCsfailed to stabilize them.

Each of the DNA denaturants, namely urea (8 M), formamide (50 %), and DM SO
(50 %) was added independently to the reaction mixture while preparing AQNC (Figure 6.7
A). Both P4-AgNC and Sub 4-AgNC were less affected by urea, compared to Sub 3-AgNC,
which was drastically affected by urea, retaining only 23 % of the original fluorescence.
Formamide and DM SO were also effective in disruption of AQNC preparation, with effect
seen across al the three studied sequences. While P4-AgNC and Sub 3-AgNC both retained
60-70 % of their fluorescence in the presence of either formamide or DM SO, Sub 4-AgNC
showed a significant decrease in fluorescence in both cases (fluorescence decreased to 24 %
and 38 % with formamide and DM SO). In conclusion, all the three DNA denaturants tested,
had disrupted the seeding of AgNC to various degrees. Perturbations in AgNC preparation
in the presence of denaturants arise due to the breakage of DNA secondary structure by the
denaturants (Wang et al., 2014b; Japrung et al., 2010).

The effect of urea on the secondary structure of the evolved candidates was studied
using CD spectroscopy. P4, Sub 3 and Sub 4, all gave a positive CD peak at A2gonm. The
peaks shifted to lower wavelengths by 2-5 nm on adding urea (Figure 6.8). We observed that
with increase in structural complexity of the ssDNA candidates, the shift was more
prominent. This was further confirmed by studying Sub 1 and Sub 2 in the absence and

presence of urea. Both these candidates showed negligible shift (< 1.5 nm) in CD peak at
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A2g0 nm. Thus the fluorescence and CD studies together indicated that P4, Sub 3 and Sub 4,

exhibit strong secondary structure offering scaffold for the formation of AgNC.

P4, Sub 3, and Sub 4 were anayzed using the oligoanalyzer tool in IDT (Integrated
DNA technologies) and the highest melting temperature of their predicted hairpins were
found to be 43.8 °C, 34.8 °C, 38.3 °C, respectively. To further emphasize the importance of
structure, we carried out AgNC preparation at temperatures of 70 °C, and 90 °C. The
temperatures of 70 °C, and 90 °C were chosen because these were high enough to disrupt all
hairpins and self-dimers that might be present in solutions of P4, Sub 3, and Sub 4. All the

studied sequences failed to form AgNC at both 70 °C, and 90 °C.

Theeffect of arange of bufferson the preparation of Sub-3-AgNC was aso examined
(Figure 6.7 B). Sodium phosphate buffer and MOPS were found to be conducive for AgQNC
formation. A fractional fluorescence of 1.3, 1.1 and 0.98 corresponding pH values of 6, 7
and 7.5 was observed. A loss of more than 50 % fluorescence intensity was observed as the
pH value decreased to more acidic (< 5) or increased to more basic (> 8) values. The
destruction of hairpin secondary structure at such extreme pH valuesis the likely reason for

the reduction of fluorescence intensity.

The overal findings of the above investigation prompted us to conclude that C-rich
ssDNA candidates though support the NC formation, the hairpin structure in the candidate
isaso equaly important for this effect. Additionally, the stability and size of the hairpin are
also important parametersto confer astable NC. The number of base pairsin the stem region
correlates to the stability of the hairpin structures. Sub3 with a hairpin constituting of a 7

mer ring and a 3 bp stem supported the most stable NCs, whereas, Sub 4 with aring size
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bigger than 7 mer did not yield stable NCs even though it had a stable 3 bp stem and was
more C rich than Sub 3. Theloop in Sub 2, though built with 6 mers, was less stable to host
NCs as the stem was constituted of only 2 bp. The analogy is applicable to explain the poor
performance of P9 as compared to P4. P9 (40 % C) has both 6 and 7 mer rings but with 2
bp stems hence was not suitable to yield NCs. P4 has alarge number of loops comprising a
smaller loop of 7-mer with 3-bp stem and produced highly fluorescent NCs which however
rapidly declined probably, due to transformation of the NCs formed in the other hairpins of
bigger sizes to nanoparticles as evident from its high intensity peak for nanoparticles at Azo-

440nm (Figure 6.6 A).
6.3.2 Detection of NAD* using AgNC formed in ssDNA scaffold

As Sub 3 produced the most stable NCs it was chosen for further studies. The TEM
image of Sub 3-AgNCs reveals a size ~3.5-4 nm (Figure 6.9). Fluorescence emission
response of Sub 3-AgNC in the presence of different concentrations of NAD™* was studied
by exciting the AQNC at Asgonm and monitoring the fluorescence emission from Aeoo nm tO Asoo
nm. The fluorescence emission of AQNC decreased gradually with increasing concentration
of NAD* (Figure 6.10 A). On the assumption that the fluorescence quenching was mainly
static, we calculated the binding sites n and the binding constant K, using equation (2). The
plot of log (Fo - F)/F against log [NAD"] yields alinear curve with n as the slope and log K a
asthe y-intercept (Figure 6.10 B). From the plot, Ka and n were calculated as 0.201 L.mole
1 and 3.6, respectively.

The fluorescence quenching of Sub 3-AgNC when incubated with NAD* could be

used to follow the change in concentration of NAD™. Figure 6.11 A shows the Stern-Volmer
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plot for NAD* mediated quenching of Sub 3-AgNC. The linear plot of Fo/F as a function of
[NAD™] according to the equation (3) isgivenintheinset of figure 6.11 A. The plot exhibited
adynamic range of 50-500 uM (R? =0.977) for NAD". A Stern-Volmer constant Kp of 1.207
x 10° M1 was obtained from the linear regression of the plot. A detection limit (LOD) of
22.3 uM was obtained using the relation: LOD = 3* Sy/b, where Sy isthe SD of y-intercept,
and b isthe slope of the linear curve. However, at higher concentrations of NAD™, we found
that the curve bends upward, instead of following alinear relationship. A possible reason for
such a deviation from the Stern-Volmer equation is that the quenching progresses with a
combination of static and dynamic processes (Wel et al., 2015). Therefore, we used an
exponential equation Fo/F = AeBINAPD + C, where A, B and C are constants, for fitting the
data. The data could be fitted to the equation Fo/F = 23.12 exp (0.0025[NAD]) - 24.17
perfectly obtaining acorrelation coefficient of R>=0.987. The value of Stern-Volmer constant
from the exponential fitting could be obtained by the product of the constantsA and B (Liu
et al., 2010) and was calculated to be 0.578 x 10°.M. To gain further insight into the
guenching mechanism TRPL studieswere carried out. Figure 6.11 B showsthe TRPL profile
of Sub 3-AgNC in the absence and in the presence of 15 pM and 100 yM NAD®. The
fluorescence lifetime of AgQNC gradually decreased as the concentration of NAD* was
increased indicating a dynamic quenching process.

To test the specificity of this method, we monitored the fluorescence intensity of
Sub 3-AgNC in the presence of other cofactors like NADP", NADH and the synthetic
cofactor APAD™ (Figure 6.12 A). Both NADP" and NADH were ineffective in quenching
the fluorescence of AgNC, while APAD* was effective in quenching the fluorescence of
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AgNC. Notably, APAD" isaspecific cofactor for PFLDH and has been used to detect PfFLDH
in malaria diagnostic assay (Markwalter et al., 2016a). The APAD* led quenching of AgNC
thus has promising implications for developing malaria diagnosis. Not only Sub 3-AgNC,
but aso P4-AgNC, and Sub 4-AgNC showed the same profile of quenching with al the

tested cofactors (data not shown).

Real samples often contain several ionsthat may bind to free AQNC or interfere with
NAD" interaction with AGQNC. To validate the applicability of our detection method for real
samples, we monitored the fluorescence emission of AgNC in the presence of various
monovalent and divalent salts. None of the tested salts showed affinity for the AgNC.
Moreover, the AgNC also responded to NAD* mediated quenching in a background of
monovalent or divalent salts, which confirms that none of the studied salts interfered with
the interaction of NAD™ with AgNC (Figure 6.12 C). The AgNC was then used to detect
NAD™ in human serum samples. A suitable volume of human serum was spiked with various
concentrations of NAD™ and the decrease in the fluorescence emission was monitored. A
plot of the relative fluorescence Fo/F vs [NAD?] in the presence of diluted human serum was
linear in the [NAD"] range of 0.5-500 mM (R?= 0.9914), and yielded a detection limit of
0.36 mM NAD" (Figure 6.12 B). These results show that the AgNC has great potential for

NAD" detection in real samples.
6.3.3 Monitoring NAD* dependent enzyme assays

Finaly, the AQNC-NAD" interaction was exploited to monitor the enzyme catalysis

of two different dehydrogenase models, ADH and PfLDH, where NAD™ is consumed and
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formed, respectively in their physiological enzymatic reactions the scheme of which are

shown below:
Ethanol + NAD"-> Acetaldehyde + NADH + H* (4)
Pyruvate + NADH + H*=> Lactate + NAD* (5)

The fluorescence signals for the reactions (Figure 6.13) responded reciprocally. For
the ADH catalyzed reaction where NAD™ is consumed the signal is eminent, and thus, “ON”
due to lack of NAD" triggered quenching in the process (Figure 6.13A). Whereas, for
PfLDH, the catalysis of which produces NAD™, the signal is diminished, and thus “OFF”
due to NAD™ triggered quenching in the process (Figure 6.13 B). Notably, ADH and PfLDH
are widely used enzymes for acohol (Lee and Tsai, 2009) and malaria detection (Jain et al .,
2014), respectively. The proposed method with ssDNA scaffolded AgNC could therefore be
used for quantitative detection of NAD*/NADH based enzyme catal yzed reactionsin aturn-

on / turn-off assay approach as demonstrated here for ADH and PfLDH catalyzed systems.

Response of the assay to increasing concentrations of PFLDH was also studied.
Figure 6.14 shows the Stern-Volmer plot for NAD™ mediated AgNC fluorescence quenching
with increasing PFLDH concentrations. From the linear part of the curve a LOD of 1.32 +
0.03 nM could be estimated.

6.3.4 Practicability of the assay

The developed assay was applied to detect real samples from two P. vivax infected

patients, A, and B, at two dilutionsi.e. 10-fold, and 20-fold. Sample obtained from a healthy

volunteer was used as negative control. The assay could not significantly differentiate
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between the control and real samplefor patient A, at both the studied dilutions, whileit could
positively differentiate between control and real samplein case of patient B at the lower (10-
fold) dilution only. This might be due to (i) lower sensitivity of the assay in the nanomolar
range for PFLDH detection, (ii) interference from avariety of proteins and small molecules
in the blood. The efficiency of Sub 3-AgNCs to detect PFLDH was also investigated with
time. With decreasing stability of AgNCs over time, their efficiency for PFLDH detection

also suffered, decreasing by 50 % by the first 10 h of formation.
6.4 Conclusion

This investigation has demonstrated that in addition to the well acclaimed
requirement of C-rich regions in the DNA sequence, the presence of suitable hairpin
structureis essential to confer stable fluorescent AQNC. The study also signifiesthetentative
size of the ring and length of the stem on the formation and stabilization of AgNC in the
ssDNA scaffolds and hence, it may be considered as a guideline in selecting ssDNA
candidatesfor developing AgNC. Further, the devel oped AgNC in one of the suitable sSDNA
scaffolds has been exploited to detect NAD™ quantitatively in solution with high sensitivity
and specificity and the practical applicability of the method was demonstrated in human
serum. The detection limit reported here can satisfy the NAD™ detection requirements of
clinical samples. This fluorescence quenching based method was applied to monitoring
NAD*/NADH based enzyme catalyzed reactions in a turn-on / turn-off assay approach as
demonstrated here for ADH and PfLDH catalyzed systems. PILDH was quantitatively

detected using this approach.
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Constant region |

31 bases

Figures

Variable region

40 bases

Constant region |l
19 bases

P4 CACCTAATACGACTCACTATAGCGGATCCGACCACGCCCAACTCCCCTCCGCATCCGTGTCATCCACCATCCTGGCTCGAACAAGCTTGC

P6 CACCTRATACGACTCACTATAGCGGATCCGAARAGTGAAGGGGGACTGACGGCGGGEGGGCEACGACGGGCCTGGCTCGAACARAGCTTGC

P8 CACCTAATACGACTCACTATAGCGGATCCGAACAAGCGAAGGGGCCGGACGCGEGGCGEEECETCGACCGTCCTGGCTCGAACAAGCTTGC

P9 CACCTAATACGACTCACTATAGCGGATCCGATTACCCACCCGACTCCCCTAGCATTCTCCATCCARCCGGCCTGGCTCGAACAAGCTTGE

P29 CACCTAATACGACTCACTATAGCGGATCCGACTGACACTGGTAATTGAAGACGGCTGACATGAATACATGGCTGGCTCGARCAAGCTTGC

P34 CACCTAATACGACTCACTATAGCGGATCCGAATCCATTCTTCGTAGTTATAGACAACGGCAAGCACGGTACCTGGCTCGAACAAGCTTGC

P38 CACCTAATACGACTCACTATAGCGGATCCGACAATAATACACTTTGCTCCCCTGTGGCTTTTCGCACTCGCCTGGCTCGAACAAGCTTGE

P44 CACCTAATACGACTCACTATAGCGGATCCGACAGTCCTCTCACCATTCTTCTACATGTACTTTTCGGCCTCCTGGCTCGAACAAGCTTGC

P45 CACCTAATACGACTCACTATAGCGGATCCGACAGTCCTCTCACCATTCTTCTACATGTAATCTTCCGCGTCCTGGCTCGAACAAGCTTGC

Figure 6.1: Sequence of nine ssSDNA used for templating AgNCs. All sequences are flanked

by two constant regions (31 mer and 19 mer) with arandom region (40 mer) between them.
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Figure 6.2: (A) Number of C residues in sSDNA sequences considered for the study. (B)

Emission spectra of P4-AgNC when the nanoclusters were excited at Asgonm. Inset shows an

image of P4-AgNCs under (i) white light, and (ii) UV trans-illuminator.
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Figure 6.3: Secondary structures of al unsuccessful scaffolds used for templating NCs.
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Figure 6.4: (A) Sequences of subsets of P4 used to study their ability to template AgNC.
Tandem C repeats in P4, have been highlighted in purple. (B) Secondary structures of P4
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Figure 6.5: (A) Native PAGE of L1: Sub 2, L2: Sub 3, and L3: Sub 4. (B) Denaturing PAGE

of L1: Sub 2, L2: Sub 3, L3: Sub 4.
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Figure 6.6: (A) UV-Visspectrafor AGQNC templated on P4, Sub 1-Sub 4. (B) Changesin the
fluorescence emission spectra of P4-AgNC, Sub 3-AgNC, and Sub 4-AgNC with time.
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Figure 6.7: (A) Preparation of P4, Sub 3, and Sub 4 templated AgNC in MQ water in the
presence of DNA denaturants. (B) Effect of various buffers (15 mM) on the fluorescence of
Sub 3-AgNC. Barsfrom left to right represent AgNC prepared in buffers: HEPES (pH 4, pH
5); Sodium phosphate buffer (pH 6, pH 7, pH 8); Tris (pH 9, pH 10); MOPS (pH 7.5); Acetate
(pH 4.5); Borate (pH 8.5). For both (A), and (B) the numbers on the top of the bars indicate
the fractional residual fluorescence w.r.t AQNC prepared in MQ.
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Figure 6.10: (A) Fluorescence emission spectra of Sub 3-AgNC in the presence of different
concentrationsof NAD*inuM (@) 0, (b) 15 (c) 30 (d) 40 (e) 50, (f) 60, (g) 80, (h) 90, (i) 100,
(j) 200, (k) 300 (1) 500, (m) 800. (B) Plot of log (Fo - F)/F against log [NAD™]. Each point is
an average of at least three independent experiments, error bars represent the SD.
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Figure 6.11: (A) Stern-Volmer plot of Sub 3-AgNC. Inset shows the linear plot with
corresponding R? value. Each point is an average of at |least three repeat experiments. Error
bars indicate the SD. (B) TRPL profile of Sub 3-AgNC in the (i) absence, and presence of
(ii) 15 M (iii) 100 uM NAD*, (iv) fluorescence lifetimes (1) and x? value of fitting for (i),
(i), and (ii) have been listed.
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Figure 6.12: Relative fluorescence (Fo/F) of Sub 3-AgNC in the presence of (A) 5 mM of
various cofactors, (B) Stern-Volmer plot of Fo/F vs[NAD™], in the presence of human serum.
(C) 8mM of various monovalent salts, or 1 mM of various divalent salts, both in the presence
or absence of 1 mM NAD™. In al cases, data points are average of at least three repeat

experiments, error bars reflect the SD.
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Figure 6.14: Response curve for PFLDH detection by NAD* mediated quenching of Sub 3-
AgNC.
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Chapter VII

High Resolution Melting Studies on Metallized DNA
Duplexes for Species Differentiation of Plasmodium

Parasite

7.1 Overview

Simple and accurate detection of single nucleotide polymorphisms (SNPs) has
enormous application potential in developing diagnostics (Frazer et al., 2009; Kim et al.,
2014). The application of routine PCR and sequencing strategies conventionally used for
SNP detection are often restricted by their complexity, high cost, and infrastructure
requirements (Maurer, 2011). The maor hurdle for other direct hybridization based
detection of SNPs is the insignificant effect of single nucleotide change on perturbing the
overall stability of thedouble stranded DNA. Besides, severa experimental parameters, such
as, temperature, ionic strength, oligonucleotide concentration, also have impact on the
hybridization process and thus these parameters need to be stringently controlled for
achieving limited variability and reproducible efficiency in the results (Knez et al., 2014).
DNA melting studies advance the SNP detection problem in a more holistic way, and are
considered as a better aternative than the direct hybridization or protein mediated detection
platforms (Knez et al., 2014). Recently, the high resolution melting (HRM) technique has
been acclaimed as an attractive approach in laboratory practice. The application potential of

the technique in resource limiting environment is revealed from the progress like,
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incorporation of microfluidics to HRM and development of a PoC HRM device where the
application of expensive thermocyclers has been circumvented (Crews et al., 2009).
However, an adequate success through HRM technique is yet to be achieved in cases where
resolution among multiple similar DNAswith varying SNP positionsis warranted. To create
discrimination among this homogeneous pool of DNAs with meager differences,
introduction of additional effectors to the HRM analysis may be suggested that in
conjunction with the temperature effect are likely to amplify the discrimination signals

among the DNA candidates leading to improved resol ution.

The Plasmodium parasite LDH enzyme (pLDH) has been identified as a promising
mal aria biomarker with the potential for sensitive detection of the disease (Jain et al., 2014).
The parasite enzyme differs from its human counterparts in several structural and kinetic
aspects making it a viable biomarker. One such difference is the presence of a conserved
five amino acid residue insertion ‘DKEWN’ immediately in front of the catalytic residue
R109 (Figure 7.1 A) (Brown et al., 2004). However, this amino acid stretch is conserved
across all the species of Plasmodium parasite and hence, is not suitable to utilize directly in
analytical platforms to distinguish different species of the parasite. This pan-LDH epitope
along with another species specific LDH epitope has been used to generate anti-peptide
antibodies for malaria diagnosis (Hyrdayal et al., 2010). However, the current interest in
malaria diagnosis focuses on the development of methods which are free from labile bio
recognition elements such as, antibody and enzyme. Notably, there has been a drive to

explore robust biorecognition elements for malariadetection that are stable in hot and humid
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climate due to obvious reason of the malaria prevalence in these climatic conditions
(Chakma et al., 2016). Although the amino acid stretch of pLDH described above is
conserved, there are minor differences in the nucleotide sequence corresponding to this
region in the native genes across the four major malaria species. This chapter describes our
work to incorporate differences in the otherwise identical HRM profiles of the four DNA
candidates in hybridized forms with a common complementary capture probe, by using
metal ions as resolution probes. Notably, many metal ions are known to interact with DNA
through the base ring nitrogen atoms, the negatively charged phosphate groups, ribose
hydroxyls, and the exocyclic base keto groups. There are also reports on the effect of metal
ions on the structura properties of DNA (Aich et al., 1999; Anastassopoulou 2003).
Recently, specific DNA structures have been engineered by introducing metal ion mediated
structural changes in the DNA helix (Ono et al., 2011; Bin and Kraatz, 2009). However,
metal mediated structural changes in DNA duplexes have not been exploited yet in DNA
melting based anal ytical investigations. Our results obtained with alkaline earth metals (Ca*?
and Mg*?) demonstrated remarkable improvement in resol ution among the HRM profiles of
the DNA sequences corresponding to this highly conserved region from the LDH genes of
the four Plasmodium species, and thereby offer the possibility of species specific

differentiation of the parasite.

152

TH-1607_11610604



High Resolution Melting Sudies on Metallized DNA Duplexes for Species Differentiation of
Plasmodium Parasite

7.2 Experimental approaches

7.2.1 Chemicals and reagents

Magnesium chloride anhydrous (MgCl2), mercury (1) chloride (HgCl2), nickel (I1)
chloride hexahydrate (NiCl2.6H20), cobalt chloride hexahydrate (CoCl2.6H20), Tris (tris-
(hydroxymethyl)-aminomethane), di-sodium hydrogen phosphate (Na:HPO4), sodium di-
hydrogen phosphate (NaH2POs), were obtained from Himedia, India. Calcium chloride
(CaCl) was obtained from Merck, Germany. Manganese chloride (MnCl,) was obtained
from SRL, India. SYBR green | (10,000X) wasfrom Invitrogen (U.S.A). All chemicalswere
of analytical grade and were used as received without further purification. HPLC purified,
desalted lyophilized DNA probes were obtained from Bioserve Biotechnologies India Pvt.
Ltd. and reconstituted to obtain a stock concentration of 100 uM. Prior to their use, the
probes were heated at 90 °C for 5 min, followed by cooling inice for 2-3 min. The sequences
of al the probes along with their notations are illustrated in Figure 7.1 B. Deionized water

(18.2 MQ) from Milli-Q water system, Millipore, was used throughout the experiments.

7.2.2 Assay design

A scheme showing the strategy used for the work is depicted in Figure 7.2. Briefly,
5 ul (1 uM stock) of CP was mixed with 5 pl (1 uM stock) of complementary DNA probe
(FT/VT/MT/OTI/NC), 6 ul Tris-Cl (50 mM, pH 8.8), and 2 ul water. Since M-DNA has been
previously used to denote transition metal ion-DNA complexes (Aich et al., 1999), and we

explore here both transition metal as well as alkaline earth metal DNA interactions, the

153

TH-1607_11610604



High Resolution Melting Sudies on Metallized DNA Duplexes for Species Differentiation of
Plasmodium Parasite

generic notation “metallized DNA” has been used throughout the chapter, to denote DNA-
metal ion complex, irrespective of the group of metal ions being used. To prepare metallized
DNA, 5 ul (1 uM stock) of CP was mixed with 5 pl (1 uM stock) of complementary DNA
probe (FT/VT/MT/OT/NC), 6 ul Tris-Cl (50 mM, pH 8.8) and 2 ul (4 mM stock) metal salt
solution (MgCl2/ HgCl2/ NiCl2.6H20/ CoCl2.6H20/ CaClo/ MnCly). In each case, the mixture
was heated at 90 °C for 5 min, and cooled on ice for 2-3 min, followed by incubation for 20
h at room temperature (RT). Before carrying out HRM analysis, 2 pl of (10X) SYBR green

| was added to the mixture, making the final volume to 20 pl.

To study the effect of pH on the formation of metalized DNA, we performed the
hybridization and metallization step in a range of pH buffers. Here Tris-Cl, pH 8.8 was
replaced by various buffers namely, 50 mM PBS pH 7, 50 mM Tris-Cl pH 8, 8.5, and 10.

All other conditions were maintained similar to the previous experiment.

7.2.3 High resolution melting (HRM)

HRM experiments were performed on a Rotor Gene Q instrument (Qiagen,
Germany). The assay mixture was melted by increasing the temperature from 25 °C to 80
°C, with an increment of 0.1 °C, a delay of 2 s per increment, and 90 s of pre-melt
conditioning before initiating the first step. Data were recorded using the HRM channel.
Data analysis to obtain normalized melt curve and derivative melt curve [(dF/dT) vs T] was
performed using the commercial Rotor Gene Q series software after defining the range of
the target melt region. For each analysis at least three or more samples were run and the

standard deviation of Tm was discerned to indicate the reproducibility of the assay.
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7.2.4 Circular dichroism (CD) spectroscopy

The CD spectra were recorded on a Jasco J-815 spectropolarimeter calibrated with
(+)-10- camphorsulfonic acid for optical rotation. The spectra were measured from Azso nm
to A190nm, USiNg @ 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 3 scans. For CD
studies 7.5 pl (100 uM) of CP was mixed with 7.5 pl (100 uM) of complementary DNA
probe (FT/VT/MT/OT/NC) in 45 pl of Tris, 50 mM, pH 8.8, and the volume was made up
to 150 ul using Milli-Q water. For studying the effect of metal ionson DNA, 20 ul of metal
salt solution (60 mM) was added to the above mixture, maintaining identical DNA : metal
ion molar ratio as used in HRM studies. In each case, the mixture was heated at 90 °C for 5
min, and cooled on ice for 2-3 min, followed by incubation for 20 h at RT before carrying
out the CD experiment. For each analysis, a baseline experiment, without addition of DNA

was also performed.

7.3 Results
7.3.1 Design of DNA probes

A conserved sequence of eight amino acid residues (PGKSDKEW) in pLDH which
is absent in the human LDH (hLDH) was identified to consider the corresponding native
DNA sequences as targets for the study. A capture DNA probe (CP) was synthesized which

is fully complementary to the Plasmodium falciparum target (FT) and had two base
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mismatches each, with the target DNAs of P. vivax (VT), P. malariae, (MT), and P. ovale
(OT) (Figure 7.1B). The polymorphisms across the species compared to P. falciparum were
(T>Cand A>G), (C>T,A>G),and (A>T, G>A),inVT, MT, and OT, respectively. A
non-complementary probe (NC) that voids base pairing with CP was also included as a

negative control.

7.3.2HRM analysis of un-metallized DNA

The HRM profilesfor the four DNA duplexes (CP-FT, CP-VT, CP-MT, CP-OT) are
shown in figure 7.3 Ai. Since theintrinsic fluorescence intensity slightly varied from sample
to sample, the results were plotted as normalized melt curves barring the melting profile of
CP-NC that did not exhibit significant fluorescence intensity due to lack of stable duplex
structure (Figure 7.4). Two melting transition ranges extending from 30 °C to 50 °C (MeT1)
and 50 °C to 75 °C (MeT2) were observed for all the four duplexes. CP-FT could be easily
distinguished from the rest of the duplexes based on the unique shape of its curve in the
MeT2 region. However, the melt profiles of the remaining three duplexes were overlapped,
and could not be differentiated from each other on casual observation of the curves. For a
thorough examination of the results, derivative curves (dF/dT vs T) from the normalized
melt data were generated for the MeT 1 and MeT2 transitions (Figure 7.3 Bi, Ci). MeT1 was
characterized by amore prominent peak along with a subdued shoulder peak, in al duplexes.
The T (melting temperature) was identified from the temperature maxima of the principal
peak in MeT and will referred to as, Tmi and Tmz for the corresponding MeT1 and MeT2
regions. This assignment of Tm iS considered as per the general convention being followed
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in HRM based analysis. The Tm1 values of the four duplexes were fairly close (Table 7.1)
(Figure 7.3 Bi). Ascompared to Tmz values, there was a minor improvement in the resol ution
among the Tm2 peaks (Figure 7.3 Ci) which however, was not enough to distinguish the
individual species(Table 7.2, Figure 7.5 A). Nevertheless, if uniqueness of any region of the
derivative melt curvesis considered, then CP-FT could be differentiated from other duplexes

by the appearance of a secondary peak in the region of MeT2 transition.
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Table 7.1: T values for un-metallized, Mg-metallized, Ca-metallized, Ni-metallized (each
at pH 8.8), and Ca-metallized (at pH 7, 8, 8.5, 10) DNA in the melting transitions MeT 1 (35-
50) °C and MeT2 (50-80) °C, for the dsDNA complexes, CP-FT/VT/MT/OT. The melting

temperature values showing S.D. >1 were considered unreliable and have been written in

red.
Tm (°C)
M etallization Temperature
pH CP-FT CP-VT CP-MT CP-OT
state range
MeT1 37.2+0.36 374+0.14 37.13+0.38 374+0.14
Un-metallized 8.8
MeT2 51.85+0.21 52.25+0.40 5225+031 52.01+0.18
MeT1 37.28+0.25 37.2+0.38 37.03+0.43 37.2+0.29
M g-metallized 8.8
MeT2 65.82 + 0.16 56.96 + 0.26 57.04+0.16 55.36 +0.37
MeT1 40.61 + 0.58 41.40 + 0.36 40.34+0.12 40.34+0.24
8.8
MeT2 64.14+0.18 55.99 + 0.90 5536 +0.26 53.37+0.16
7 MeT2 51.61 + 0.16 51.85+0.20 53.89+1.88 51.98+0.17
Ca-metallized
8 MeT2 65.56 + 0.30 57.86+ 0.91 56.90+0.37 52.23+0.16
85 MeT2 64.49 + 0.23 55.68 + 0.21 55.68 +0.45 52.49+0.23
10 MeT2 63.61 + 0.27 54,99 + 0.34 55.34+054 53.73+0.81
MeT1 43.93+5.16 47.56 + 0.34 43.90+5.1 47.25+0.30
Ni-metallized 8.8
MeT2 57.72+ 151 51.40+0.14 52.18+1.48 51.65+0.37
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Table 7.2: Resolution in Tm2 between HRM profiles of duplex pairs at un-metallized and
various ion metallized DNA and three different alkaline pH values.

Tmz difference (°C)

Difference Un- Mg-
) . Ca-metallized

between metallized ~ metallized

HRM pH 8.8 pH 8 pH 85 pH 10

profile pH 8.8 pH 8.8
(CP-FT)-

016+028 1046+0.40 10.77+024 1333+0.34 12+033 9.88+0.85

(CP-OT)
(CP-FT)-

(CP-VT) 0.4+0.45 8.86 +0.31 8.15+0.92 77+096 881+031 8.62+043

(CP-FT)-
(CP-MT)  04+037 878+023 878+032 866+048 881+051 8.27+0.60

(CP-VT)-
(CP-MT) NA 008+031 063+094 0.96+0.98 NA*  0.35+0.64

(CP-VT)-
(CP-OT)  0.24+044  16+045  262+091 563+092 3.19+031 1.26+0.88

(CP-MT)-

0.24 +0.36 1.68 + 0.40 199+0.31 467+040 319+039 1.61+0.97
(CP-OT)

* Difference was zero
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7.3.3HRM analysis of metallized DNA

The HRM resolution abilities of a range of divalent metals, comprising of alkaline
earth and transition metals namely, Ca?, Mg*?, Hg*?, Ni*?, Co*?, and Mn*?, were assessed.
All the transition metal ions except Ni*?2, were found to be unsuitable as all the DNA
duplexes gave no absolute fluorescence at the start of the melting experiment, generating no
melting curve. The resolution ability of Ni*? though detected (Figure 7.3 Aiv-Civ), its
performance however, was poor as compared to Ca*? and Mg™. Besides, the HRM profiles
of Ni-metallized duplexes severely lacked in reproducibility, especially for the melting
profiles of CP-FT, and CP-MT. Tm1 and T2 peak values for Ni-duplexes were derived from
the curves (Table 7.1). Tm1 values for CP-FT and CP-MT were highly variable, with the
primary and shoulder peaks constantly exchanging positions across all the repeated
experiments; whereas, Tm2 values though gave better separation between the species as

compared to un-metalized DNA, had high standard deviations.

The HRM normalized curves of DNA duplexes for al the Plasmodium species for
Ca and Mg-metallized DNA are illustrated in Figure 7.3 Aii and 7.3 Aiii, respectively.
Similar to un-metallized duplexes, two melting transitions, MeT1 and MeT 2, were observed
with greater resolution achieved between curves in the MeT2 region. Among al the tested
metal ions, both these alkaline earth metals conferred better resolution amongst the curves
as compared to un-metalized DNA. For a quantitative assessment of the resolution, the
derivative melt curves were further analyzed. In the MeT1 region, both Ca-metallized
(Figure 7.3 Bii) and Mg-metallized (Figure 7.3 Biii) duplexes produced primary peaks, along
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with a shoulder peak of lower intensity, similar in profile to un-metallized DNA. The Tm1
peak values were fairly close to each other (Table 7.1), and thus could not be used for
distinction between the duplexes. In the MeT 2 region of the Ca-metallized DNA (Figure 7.3
Cii) asingle peak was observed in each case of CP-VT, CP-MT, and CP-OT, whileaprimary
peak along with a shoulder peak was observed in case of CP-FT. For the Mg-metallized
profilesin MeT2 (Figure 7.3 Ciii), all the species produced a primary and a shoulder peak.
In case of both the alkaline earth metals, the primary peak of CP-FT not only increased in
intensity but also shifted its position from ~51 °C to ~65 °C achieving a higher resolution
(Table 7.2). Thus, a greater HRM resolution among the species duplexes was observed by
using the alkaline earth metals (Table 7.2, Table 7.3, Figure 7.5 A). An impressive increase
in resolution between vivax-ovale, and malariae-ovale species of 10.9 and 8.3 fold
respectively, was obtained for the Ca-metallized duplexes. From figure 7.5 A, Tables 7.3,
and 7.2 it is evident that resolution between Ca-metallized duplexes was marginally better
than the Mg-metallized duplexes, especially for differentiating vivax-ovale, and malariae-

ovale.
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Table 7.3: Increase in resolution between HRM profiles of various duplexes for Ca, and
Mg-metallized DNA from the un-metalized DNAS.

Compared duplex pairs

Fold increasein resolution

Ca-metallized Mg-metallized

(CP-FT) vs.(CP-OT)
(CP-FT) vs. (CP-VT)
(CP-FT) vs. (CP-MT)
(CP-VT) vs. (CP-OT)

(CP-MT) vs. (CP-OT)

67.3

204

22.0

10.9

8.3

65.4

22.2

22.0

6.7

7.0

7.3.4 Effect of pH on theresolution of melting temperatures

Since nucleic acid-metal ion interactions are often charge based, the effect of pH on

the resolution of the melt curves using Ca-metallized DNA (Figure 7.6 Ai-Aiv) was studied.

The derivative curves from the MeT1 and MeT?2 transitions were analyzed for various pH

values, and observed no distinction in MeT1 range. The Tm2 peak values for al the duplexes

were clustered together at pH 7 (Fig 7.5 B, and Figure 7.6 Bi). The resolutions among Tm2

peak values for al the duplexes except between CP-VT and CP-MT, were increased with

the increasing pH (Figure 7.5 B) and gradually declined beyond pH 8.5 (Table 7.2).
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Therefore, we conclude that pH 8-8.5 is the best range for better resolution among the

duplexes.
7.3.5 Interaction of metal ionswith DNA duplexes: structural studies

All the DNA duplexes exhibited positive long wavelength band between A260-280 nm,
and anegative band at around A2ss nmin CD spectra (Figure 7.7) which are the characteristic
of the B-form of DNA (Chang et al., 2012). The CD spectra of the DNA duplexes aso
exhibited additional positive peaks at ~A200nm and ~A220 nm due to high (A+T) content of > 50
% in all the target probes (Table 7.4). These characteristic CD peaks for (A+T) rich
nucleotides have been previously reported from a study on synthetic nucleotides
poly[d(A).polyd(T)] and poly[d(AT)] (Kypr et al., 2009). The (A+T) rich nucleotides are
also known to exhibit an increase in amplitude and cause red shift of the positive CD band
at ~A2s0nmWith increase in temperature (Kypr et al ., 2009). In the present case, on interaction
of the DNA duplexes with the akaline earth metals (Ca™ or Mg™?), a decrease in pesk
intensity at ~A2e0 nm Was observed (Figure 7.7). This signifies the influence of these metals
ions on the secondary structure of the DNA. Contrary to the above findings, a featureless
CD profile was obtained when Co*? was used with the duplexes indicating significant loss
of the secondary structure due to destabilization effects of transition metal ions on the DNA
duplex (Anastassopoulou, 2003; Oliveira and Oliveira-Brett, 2010; Duguid et al., 1993).
With the addition of Ca*? ions, an increase in peak intensity at Azo0 nm Was observed. The %
increase in intensity was lowest in case of CP-FT (26.3 %) (Figure 7.7 A), while it was quite
high for CP-VT, CP-MT, CP-OT where the corresponding % increase in intensity were
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109.3, 118.2, and 73.2 (Figure 7.7 B, C, D). The metal ionsthus, interact differently with the
fully hybridized DNA, and DNA with mismatches, leading to enhanced resolution of the

melting curves.

Table 7.4: Percent (A+T) content in sSDNA probes used in the study.

ssDNA probe % (A+T)* Poly (dA) Poly (dT)

FT (15/26)58  3A X 2 -
VT (13/26) 50 3A -
MT (15/26) 58 3A -
oT (16/26) 62 5A and 3A -
NC (14/26) 54 - AT

* Ratio of (A+T) to (A+T) + (G+C) are shown in parentheses

7.4 Discussion

Mainly, two types of interactions exist between DNA and metal ions (1) ligand
mediated interactions via, H-bond, m—m interactions, and other weak interactions, (2) direct
metal bonding between the filled orbital of a nucleobase and an empty orbital of the metal
ion (Shamsi and Kraatz, 2013). Metal ions, particularly alkaline earth metals, stabilize the
DNA helix primarily by neutralizing the repulsive forces between the negatively charged
phosphate groups (Anastassopoulou, 2003; Oliveira and Oliveira-Brett, 2010). Divalent
metal ions are effective at much lower concentrations than monovalent metal ions. However,

transition metal cations have been found to disorder the B-DNA backbone as these may
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interact with N7 of purines or the N3 of pyrimidines, decreasing the duplex stability with a
reduction in base pairing and base stacking (Duguid et al., 1993). Overall, the question of
DNA-metal complex stability isanswered by the relative affinity of metal ionsfor phosphate
groups over nucleobases. The preference of metal ions for the phosphate backbone over
nucleobases decreases in the order of Mg*™? > Co*? = Ni*2> Mn*2> Zn*? > Cd*2 > Cu*?
(Eichhorn and Shin, 1968). In the present case, the metal-DNA interaction has been explored
in HRM analysiswhere SY BR Green | (SG) has been used as reporter molecule. SG contains
phenyl-quinilinium and benzo-thiazole aromatic ring systems, along with dimethyl amino
propyl and propyl elongated chains. The aromatic rings of SG intercalate between basesin
a confined manner via van der Waals interactions. Additionaly, the positively charged
thiazole groups of SG are involved in electrostatic interaction with the negatively charged
phosphate backbone of DNA. Owing to this electrostatic interaction, the stability of the SG-
DNA complex is strongly influenced by the ionic strength / pH of the solution (Dragan et
al., 2012). It has been reported that both Na“ and Mg*? ions acted as quenchers to SG
fluorescence, where the effect of Mg*? was more pronounced than Na* (Zipper et al., 2004).
Essentidly, this quenching is aresult of neutralization of DNA negative charges by positive
metal ions, thus affecting the electrostatic attraction of SG to DNA.. In our experiments, three
forces are expected to interplay (1) metal ion-phosphate interaction, (2) metal ion-
nucleobase interaction, (3) metal ion quenching of SG-DNA complex fluorescence. A
culmination of these three forces resultsin the resolution of Tm between the duplexes. While
(1) isastabilizing force and resultsin an increase in Tm, (2) and (3) result in a decrease in
Tm (Table 7.1). All the three metal ions increased both the Tm1 and Tm2 peak values in the
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order of Mg*? = Ca"2 > Ni*2. The destabilization effect of Ni*?is due to its high preference
towards nucleobase interactions, whereas, the lack of fluorescence with Hg*?, Co*?, or Mn*?
(data not shown) is because their destabilization effects on the DNAs surpassed their
stabilizing forces. The Tm values of the DNA complexes with Ca*?, and Mg*? differ due to
different modes of their binding with DNA caused by the marginaly different electro
positivity of the metals. Electrophoresis and FTIR studies revealed some crucia differences
between Ca-DNA and Mg-DNA complexes: (i) a stronger affinity of Ca-phosphate binding
(direct interaction) compared to Mg-phosphate binding (indirect through water) , (ii)
stronger M g-base binding (direct binding) as compared to Ca-base binding (weaker, indirect
through water), (iii) chelate formation with N7 of guanine and closest phosphate group seen
in case of Ca-DNA, and not for Mg-DNA (Ahmad et al., 2003). Many of these findingswere
also supported by crystal structure data (Chiu and Dickerson, 2000; Minasov et al., 1999).
In fact the spectral profile of the Ca™ chelate formation with N7 of guanine and closest
phosphate, is quite similar to Cr*3-DNA interactions (Ahmad et al., 2003; Arakawa et al.,
2000, 2001). Ca also has a strong helix stabilizing effect, which is absent with transition
metal ions, and often wins over Mg*? for affinity to DNA. These unique binding
characteristics enable the Ca-DNA duplexes to give better resolution than Mg*? ions and

other metal ions studied here.

The mismatch stability series starting with the most stable mismatch is G-T > G-G
=A-G>G-A=T-G>A-A>T-T>A-C>T-C>C-C>C-A >C-T (Keand Wartell, 1993).

While several reports exist that differ slightly in their stability series (Aboul-elaet al., 1985;
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Gaffney and Jones, 1989) the differences are fairly minor and can be attributed to the
difference in starting material chosen for investigation. In our work, the mismatches that
exist in various DNA hybridsare, CP-VT (A-C, T-G); CP-MT (G-T, T-G); CP-OT (T-T, C-
A). According to the mismatch stability series, the order of stability of the duplexes should
hence be CP-MT > CP-VT > CP-OT. This could also be confirmed from our results. For all
metallized DNA experiments, Tm2 values for CP-OT, were always lower than CP-VT/MT,
due to the presence of a highly unstable C-A mismatch in CP-OT. For most experiments
however, the Tmz values of CP-VT and CP-MT were ailmost comparable, (except in the case
of Mg*2, where Tmz for CP-MT > CP-VT). Although CP-VT and CP-MT differed in their
first mismatch, the second mismatch wasidentical in both duplexes. Besides, destabilization
arising out of mismatches often depends on other factors like, nearest neighbor base pairs
(Ke and Wartell, 1993). This combined with the location of the mismatches in CP-VT and

CP-MT, probably prevents their resolution.

The pKa value for the phosphodiester backbone ranges from 1 to 3 and it is thus
highly negatively charged at physiological pH (Brown et al., 2013). The interaction of metal
ion with the phosphodiester backbone is more favourable at higher pH vaues, when the
backbone is more negative. Additionaly the interaction with nucleobases is also preferred
at higher pH vaues (= 8) (Wood et al., 2002). We demonstrate that pH 7 is less suitable for
the required resolution between the duplexes (Figure 7.5 B). On increasing the pH to 8, a
higher resolution could be achieved. Thisfollows directly from the above stated principles.

However, as we increased the pH value further, the resolution was sightly decreased. This
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could be attributed to the alkaline denaturation of DNA at higher pH values, which is perhaps
aided by the prolonged treatment of DNA duplexes at higher pH (20 h) and also due to the

presence of base mismatchesin the DNA hybrids.

Unlabeled probes are often used in HRM analysis to obtain better resolution from
otherwise uninformative melt curves (Erali et al., 2008). However, the HRM assays aso
have certain limitations such as, their inability to revea all the sequence variantsin atarget
(Tong and Giffard, 2012) with usual problems arising in the case of homozygous variants
(Wittwer, 2009). Hence, HRM has been coupled with specia PCR based technique, qRT-
PCR-HRM, for species differentiation of malaria where however, multiple steps of mRNA
isolation and reverse transcription of a conserved region of the 18S rRNA of Plasmodium
are involved (Chua et al., 2015). The HRM method we report here does not involve
cumbersome steps of molecular protocols. The mere effect of the metal ions could enhance
the desired signal resolution in the HRM for differentiation of the target alleles. The highly
sensitive detection (0.25 pmoles.ul™ of target DNA) capability offered by the method has
greatly emphasized its application potential for non-invasive detection of malariain clinical
samples. Notably, for non-invasive detection, parasite DNA samples primarily collected
from extraneous body fluids like saliva, urine etc. are estimated in qPCR and this method of
malaria detection has been shown to have a positive correlation with microscopy based

detection of malaria parasite (Nwakanma et al., 2009; Sutherland and Hallett, 2009).
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7.5 Conclusion

Uniquely selected 26 mer long native DNA target stretches from the gene of each
of the four magjor Plasmodium species that translate to a conserved sequence of the malarial
biomarker pLDH and absent in the hLDH homologues were employed in HRM analysis
using a common capture probe. The capture probe was fully complementary to the P.
falciparum target and had two base mismatches each, with the target DNAs of P. vivax, P.
malariae, and P. ovale. Distinct resolution of fluorescence signal in otherwise identical
HRM profiles for each of the four DNA duplexes was achieved by using Ca™ or Mg™ as
resolution probe. The other selected metals from the transition metal group could not furnish
the signal resolution to differentiate the target DNA duplexes. Ca-DNA duplexes gave better
resolution than Mg-DNA duplexes. Remarkabl e resol ution achieved with these metal s could
easily distinguish four out of five duplexes as compared to un-metallized DNA. The
structural studies on DNA-metal interactions confirmed that Ca*? and Mg metal ions
interact differently among the duplexes with different nucleotide mismatches leading to
enhanced fluorescence signal resolution among the targets in the HRM profile. This novel
approach with metal mediated resolution of HRM fluorescence signals has great promise for
species specific distinction of Plasmodium species, in non-invasively obtained patient

samples.
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A

Figures

hLDHA VIITAGARQQEGES
hLDHB VVVTAGV RQ QEG E S
PfLDH VIVTAGFTKA?’GKS DKEWN RDD LLPLNNKIMIE
PvLDH V]VTAGFTKAFGKS DKEWN RDD L L PLNNKIMIE
PmLDH VI VT AGF TK VPG KS DKEWN RDD LLPLNNKIMIE
PoLDH VI VTAGFTKA?G KS DKEWN RDD L LPLNNKIMIE

B

Notation Sequence (5°-3%) V
FT [CCAGGAAAGAGTGACAAAGAATGGAA
VT |CCAGGAAAGAGCGACAAGGAATGGAA
MT CCAGGAAAGAGTGATAAGGAATGGAA
OT |CCTGGAAAAAGTGACAAAGAATGGAA
NC AGCTTCTCGAGCTACAGGTCTTTTAG
CP  TTCCATTCTTTGTCACTCTTTCCTGG

RLNLVQRNVNIFKF
RLNLVQRNVNVFKF

Significance GenBank Ref
P falciparum target AF251291]
P, vivax target EU262983
P. malariae target AY 486059
P. ovale target AY 486058

Non-complementary -
Capture probe

Figure 7.1: (A) Multiple sequence alignment of the conserved region of Plasmodium
falciparum LDH (PfLDH), Plasmodium vivax LDH (PvLDH), Plasmodium malariae LDH
(PmLDH) and Plasmodium ovale LDH (PoLDH) and the equivaent regionin hLDH A, and
hLDH B. (B) Probes used in the study, with their notations. The target probes were derived
from the conserved region of LDH proteins of Plasmodium. Mismatched basesin VT, MT,

and OT have been underlined.
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Figure 7.2: Scheme for the strategy used to enhance HRM signal resolution between
Plasmodium species.

171

TH-1607_11610604



High Resolution Melting Studies on Metallized DNA Duplexes for Species Differentiation of

Plasmodium Parasite

120

60

Norm. Fluorescence (a.u.)

100

80

40

20

CP-FT

20

0.30

0.25 -

0.20 -
EO 16 4
B

0.10 1

0.05 4

0.00

Bi

30

T T

40 50

Temperature (°C)

010 4 .=

dF/dT

0.05

0.00 -

-0.05

50

TH-1607_11610604

55

60 65

70

Temperature (°C)

80

dE/dT Norm. Fluorescence (a.u.)

dF/dT

120

100 -

80 4

60 4

40 A

20 4

CP-FT

20

0.16
0.14
0.12
0.10
0.08
0.068

0.04

0.02
0.00

30 40 50 60 70 80

Temperature (°C)

35 40 50

0.18
0.16
0.14
0.12 A

!
0.10 +

0.08 1
0.06
0.04 4
0.02 4
0.00

-0.02

5

0 55 60 70

Temperature (OC)

Continued...

172



High Resolution Melting Studies on Metallized DNA Duplexes for Species Differentiation of
Plasmodium Parasite

A ii Aiv
120 120
—~100 ~100
=3 =
< 0 2 80
S 504 — 80 4
3 8
5 &
g 60 - 8 601
¢ o
S 40 S 40
(e T
£ 20 £ 20 -
& 5]
Z o -
20 30 40 50 60 70 80 20 30 40 50 60 70 80
B S Temperature (°C) . Temperature (°C)
111
0.25 0.18 Biv
0.16
020 0.14 -
0.12 1
5 015
% 5 0.10
0.10 + S 008 -
0.06 -
0.05 - 004 =75
0.02 -
0.00 i 0.00
30 35 40 45 50
Temperature (°C)
0.16 Ciii 0.25
0.14 -
0.20 4
0.12 -
0.10 1 0.15 |
0.08 -
= -
- ) 1 -
2 006 < 0.10 1 .
© 0041
o 0.05 1e
i 0.00 |
-0.02 -
-0.04 - - . . -0.05 v r v r v
50 55 60 65 70 75 80 50 55 60 65 70 75 80
Temperature (°C) Temperature (°C)

Figure 7.3: (Ai-Aiv) Normalized melt curves for dSDNA complexes, CP-FT/VT/MT/OT,
Derivative curves for dsDNA complexes, CP-FT/VT/MT/OT, in the range (Bi-Biv) 30 °C-
50 °C and (Ci-Civ) 50 °C-80 °C, for (Ai-Ci) un-metallized, (Aii-Cii) Ca-metallized, (Aiii-
Ciii) Mg-metallized, (Aiv-Civ) Ni-metallized complexes. In al (B), and (C), an average of
at least three or more curves has been shown for each speciesfor clarity.
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Figure 7.6: (Ai-Aiv) Normalized fluorescence curves. (Bi-Biv) Derivative melt curves for
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Figure 7.8: (A) CD spectra of un-metalized (black), Ca-metallized (red), Mg-metallized
(green), Co-metallized (yellow) DNA duplex CP-NC. CD bands exhibit the characteristic
peaks for B-form of DNA, however low amplitude of peaks as compared to that shown in
figure 7.7, are aresult of poor base stacking in case of CP-NC; (B) CD spectraof CP-FT and
Cametallized CP-FT, in both water and Tris buffer. Minor changes in peak position and
amplitude is attributed to the change in pH conditions. A similar profile of peak shift was
observed for both mediums i.e. water and Tris buffer, negating the effect of buffer and

further strengthening the claim that Caionsimprove HRM resolution.
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The major goal defined for the present work was to develop DNA based detection
systems against the potent malarial biomarker PILDH. The reason for our inclination
towards this nucleic acid based recognition system has aready been elaborated elsewhere.
To achieve this goal, the functionally active biomarker protein PFLDH along with the
relevant control proteins from the human host namely, hLDH A, and hLDH B were prepared
with adequate purity from the native gene or corresponding clones following the protocols
of molecular biology. The structural and functional integrities of the expressed proteins were
ascertained by analyzing their secondary structure, sedimentation coefficient and enzyme
kinetic profiles. Four independent proof-of-concepts using DNA based recognition system
were considered namely, (A) Development of aptamer based colorimetric detection for
PfLDH, (B) Development of aptasensor for electrochemical detection of PILDH, (C) DNA
templated silver nanoclusters for fluorescence based detection of PFLDH and (D) High
resolution melting of metallized DNA duplexes for species differentiation of Plasmodium
parasite.

We initially focused on aptamer as biorecognition molecule and successfully
developed a specific sSDNA aptamer (termed as P38) against the target PFLDH following
the SELEX technique. The aptamer was extensively characterized for its sequence,
secondary structure, PFLDH binding constant etc. and confirmed its novelty on al the
characteristics. The aptamer as per the proof of concept (A) was utilized and validated its

efficiency to detect PFLDH in a colorimetric assay using salt or cationic surfactant mediated
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aggregation of AuNPs. In brief, the aptamer binds to PFLDH in a malaria positive sample
leaving behind the colloidal AuNPs, which are then instantaneously aggregated by the salt
or cationic surfactants present in the solution transforming the solution to a blue color. The
change in color was linearly correlated with the concentration of PfLDH producing a
dynamic range for quantitative detection of the biomarker in samples. The format we
adopted for the colorimetric assay though based on a previous report, two novel
contributions made by us have enriched the method to a new level. The first oneis the use
of rationally designed new aptamer that we developed by introducing counter SELEX for all
the control proteins thus authenticating the specificity of the aptamer for the target, and the
second one is the substitution of the salt or other previously used cationic surfactants by
benzalkonium chloride (BCK) as novel AuNPs aggregating agent. BCK gave better
sensitivity and greater dynamic range than the previously reported salt or cationic surfactants
as aggregating agents. The sensitivity reported by usisin the clinically relevant range and
thus the method has the potential to be developed as an assay of practical essence for
detection of malariain clinical |aboratories.

The aptamer P38 so developed was aso explored in an electrochemical transducer
platform as per the proof of concept (B) with an aim to develop highly sensitive sensor for
detection of submicroscopic infections. For this, low cost graphene oxide (GO) was prepared
from powdered pencil graphite and immobilized physically over glassy carbon electrode
(GCE) dong with the aptamer to finally construct the aptasensor. The DNA-aptasensor
exhibited unprecedented high sensitivity towards PfLDH in a dual detection platform using

impedimetry aswell as voltammetry techniques. With the help of aredox probe the presence
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of PFLDH in human serum sample was impedimetrically detected down to a femtomolar
level. The specificity of the biorecognition system on the electrode was confirmed
voltammetrically by measuring the NADH formed as a result of the enzymatic activity of
PfLDH captured by the GO- immobilized P38 aptamer. Interference studies with therelevant
control proteins demonstrated the specificity of the fabricated aptasensor towards PfLDH.
Besides, the devel oped aptasensor was successfully tested in real samplesreceived from two
P. vivax infected patients. We project this highly sensitive electrochemical aptasensor
formulation as a viable concept for developing a PoC diagnostic device to detect low
parasitemia samplesin yes/no format.

In our third approach (C), DNA-templated fluorescent silver nanocluster (AgNC)
based reporting system was developed for indirect detection of PILDH enzyme. The
cofactor, NAD™ strongly quenched the fluorescence of DNA-templated AgNCs and the
phenomenon was exploited to detect NAD*/NADH based PfLDH catalyzed reaction in a
turn-off approach. The detection limit obtained here can satisfy the NAD™ detection
requirements for clinical samples. The practical applicability of the method was aso
validated in real samples. The applicability of the method was also extrapolated to a widely
used industrial enzyme, alcohol dehydrogenase through which we suggest its application
potential to monitor different NAD*/NADH based dehydrogenase systems. An in-depth
investigation performed by us on different sSDNAs for their AGQNC scaffolding efficiency
revealed that the seeding of AgNC is strongly dependent on structure and sequence of the
DNA. Thiswas confirmed from the results generated from comprehensive stability studies

of the AgNCs in the presence of DNA denaturants, and different pH and temperature
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conditions. This investigation has confirmed that in addition to the requirement of C-rich
regions in the sequence, the presence of suitable hairpin structure is essential in the DNA to
host the seeding of stable fluorescent AGQNC. The study also advances our understanding on
the tentative ring size and the hairpin stem length of the DNA necessary for the formation
and stabilization of AgNC and hence, these criteriamay be considered as ageneral guideline
in selecting ssDNA candidates for developing fluorescent AgNC.

In our final work as per (D), an effort has been made to develop amethod for species
specific differentiation of Plasmodium parasites. The conventional biomarker, PFLDH is not
suitable to be used directly for the differentiation due to lack of distinct structural and
functional features among the orthologous LDH proteins from different Plasmodium
species. However, the amino acid stretch DKEWN, which is conserved across the four
Plasmodium species but absent in the corresponding human counterpart, exhibits minor
differencesin the nucleotide sequences corresponding to this region in the orthol ogous genes
acrossthe four major malariaspecies. Here, we sel ected 26-mer long native sSDNA stretches
from the gene of each of the four major Plasmodium species as targets, and employed them
in HRM analysis using a common capture probe. The capture probe was fully
complementary to the P. falciparum target and had two base mismatches each, with the
target DNAsof P. vivax, P. malariae, and P. ovale. Distinct resol ution of fluorescence signal
in otherwise identical HRM profiles for each of the four DNA duplexes could be achieved
by using Ca*? or Mg as resolution probe. The other selected divalent metals from the
transition metal group however, faled to foster the HRM signa resolution. Ca-DNA

duplexes gave better resolution than Mg-DNA duplexes. Remarkable HRM resolution
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achieved with these alkaline earth metals could easily distinguish four out of the five
duplexes. The structural studies on DNA-metal interactions confirmed that Ca™ and Mg*?
metal ions interact differently among the duplexes with different nucleotide mismatches
leading to enhanced fluorescence signal resolution among the targets in the HRM profile.
This novel approach with metal mediated resolution of HRM fluorescence signals has great

potential for species specific distinction of Plasmodium parasites.

Finally, we attempted to evaluate our works by comparing few critical performance
factors with prominent DNA based PfLDH detection systems reported so far as shown in
table C.1. The HRM based detection adopted by us, though was not prepared to target the
PfLDH biomarker has been included in the table to compare the response, and preparation
time needed for the assay. The HRM based assay could detect as low 0.25 pmole.ul™ of
target DNA. The LODs achieved through the (A) colorimetric assay using AuNP-P38 and
(B) electrochemical aptasensor using P38-GO-GCE are comparable to those of several
prominent sensors/assays and arein clinically relevant range. The response time required for
the three methods (A-C) arein the lowest edgein a scale of the previously reported methods.
Among the four methods developed by us, the HRM assay required highest response time
because of involving prolonged programming based operation of the system. In terms of
stability, the electrochemical platform was found to be quite stable, while the stability
information was unavailable for many reported works for comparison. So far, none of the
reported PfLDH detection methods were successful for species differentiation. In our work,
differentiation among Plasmodium species using orthologous pldh segments as targets was

accomplished for thefirst time with the help of HRM technique. Notably, targeting genomic
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DNA for species differentiation has potential for non-invasive detection of malaria in

samples obtained from saliva or urine of patients.

Table C.1:

Comparison of

the performance parameters for

the developed

anal yti cal/biosensing methods devel oped here (green) with some prominent reports on DNA
based PfLDH detection methods (yellow).

e Response  Preparation g qpijit Species
Method Sensitivity " ime Time The  differe
(LOD) L . (T, N
(min) (h) ntiation
(A) Colorimetric
assay using 281 + 11 pM 2 1.3 7 days No
AuNP-P38
(B) Electrochemical
aptasensor using P38- 0.5 fMP 2 30 13 NoO
' months
GO-GCE
(C) Fluorescence
based assay using 192 2 008 2 2 10h No
n
ssDNA-AgNCs
(D) HRM assay using 0.25
. f
Ca-DNA duplexes pmoles.ultc 30 22 N-A. ves
AUNP- aptamer
based colorimetric
10.3 pM 2 0.67 N.A.f No
assay
(Jeon et al., 2013)
DNA origami
assembly (Godonoga 500 nM 60 1.25 N.Af No
et al, 2016)
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Aptamer based PoC
device 5
(Dirkzwager et al., 37pM 50 7 months No
2016)
Colorimetric NTB
1 for 96-well
a3y based assay
5 )
(Ditkzwager et al., 36 pM 40 3forbead 1O No
2015) based assay
AUNP- aptamer
based colorimetric
2.94 pM 5 0.67 N.Af No
assay
(Leeet al, 2014)
Electrochemical
aptasensor 1pM 2 16 N.Af No
(Leeet al., 2012b)
Fluorescence sensor
on MoS; sheets 550 pM 10 N.A. N.A. No
(Geldert et al., 2016)
AUNP- aptamer
based colorimetric
419 pM* 2 48.5 N.A.f No
assay

(Cheung et al., 2013)

* Approximate values. 2 Ty, refersto the time at which ~ 50 % of the initial response decreased.?Aslow asthis
value of PFLDH could be detected. °Aslow asthisvalue of a conserved region in the pldh gene was detectable.
9No significant decrease in stability observed within this period. Unit changed for better comparison.'Not
available/reported.
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Scope for futurework

The works presented in this thesis offer many new detection strategies for malaria
diagnosis. However, to materialize these concepts for viable diagnostic products of
commercia importance several gaps need to be bridged in these works among which we feel
the following points are critical to be addressed first. () The exact mechanism of interaction
between the aptamer and the PFLDH protein that sets the foundation for this evolved DNA
based biorecognition element to grant specificity needs to be elucidated. Analysis through
advance techniques like, X-ray crystalography and NMR spectroscopy may provide the
information to decipher the mode of interaction between these two complementary entities.
This binding information will eventually help to design rationally a chemical approach for
stable immobilization of the aptamer over GO/electrode, which in turn will award an
operationally stable electrochemical aptasensor. (b) The stabilities of AUNP, and AgNC
employed for the corresponding colorimetric and fluorescence based detection of malaria
need to be improved to surpass the existing stabilities of the optical probes cited in the table
C1. (c) Weenvision that our aptamer-AuNP based PfLDH detection approach will beabig
step forward if the concept could be implemented in a lab-on-chip platform with optical
mode of detection. To achieve this, the concept needs to be trandated to a suitable solid
sensor platform using low cost biocompatible material 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. (d) Finaly, the

method for HRM based species specific differentiation of Plasmodium parasite using
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Conclusion and future directions of research

metallized DNA needs to be evaluated with different real samples to perform the clinical

validation following standard protocols.
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Appendix

Table Al: List of bacterial strains

Strain Description

Escherichia coli DH5a  F’¢p80dlacZAM15 A (lacZYA-argF) U169 endAl recAl
(Novagen) hsdR17 (rk-mk*) deoR thi-1 phoA supE44 A" gyrA96 relAl

Escherichiacoli BL21 F ompT hsdSB (rB- mB-) gal dcm (DES3). Derivation of B834.
(DE3) (Novagen) (Parental strain: B834; Resistance: none)

Table A2: Culture medium for bacteria

Medium Composition

_ | Caseln enzymic hydrolysate 10 g, Y east
Luria Bertani broth (LB) (1 L)
extract 59, NaCl 10g, pH 7.5+ 0.2

Caseln enzymic hydrolysate 10 g, Y east

Luria Bertani agar (LB) (1 L)
extract 5g, NaCl 10 g, Agar 159, pH 7.5+ 0.2
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Appendix

Table A3: Buffers and solutions

Solutionsfor plasmid isolation

Solution | 50 mM glucose, 25 mM Tris-Cl buffer, 10 mM EDTA, pH 8.0
Solution 11 0.2N NaOH, 1% SDS
Solution 111 5 M potassium acetate, pH adjusted to 4.8 with acetic acid

Buffer for agarose gel electrophoresis

242 g Tris base, 57.1 ml glacial acetic acid,
100 ml 0.5 M EDTA (pH 8), adjust fina
volumeto 1L with water

TAE buffer (50X) 1L

Solution for competent cell preparation

Transformation and storage 10 % (w/v) polyethylene glycoal, 5 % (v/v) dimethyl
solution (TSS) sulfoxide and 50 mM MgClzin LB broth, pH 6.5

Buffersfor protein purification

Lysis/Equilibration 20 mM sodium phosphate buffer, 300 mM NaCl, pH 8
buffer
Washing buffer 20 mM sodium phosphate buffer, 300 mM NaCl,

supplemented with varying concentration of imidazole (30
mM, 50 mM, or 60 mM), pH 8
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Elution buffer 20 mM sodium phosphate buffer, 300 mM NaCl, 350 mM

imidazole, pH 8

Buffer s/solutionsfor SDS-PAGE

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

Tris-HCI, pH 6.8, 0.5 M (100 ml) 6.06 g Tris base, pH adjusted to 6.8 with2 N HCI

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

Gel running buffer (10X) 30.0 g of Trisbase, 144.0 g of glycine, and 10.0 g

of SDSin 1000 ml of water.

SDS gel loading buffer (2X) 100 mM Trig/HCI (pH 6.8), 4 % (w/v) SDS,
0.2% (w/v) bromophenol blue dye, 20 % (v/v)
glycerol, 200 mM DTT or [3-mercaptoethanol

Staining solution (blue silver staining) 10 ml ortho phosphoric acid, 10 g w/v ammonium
sulfate, 0.12 g w/v CBB G250, 20 ml methanol
and 70 ml water

(100 ml)
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Bufferg/solutionsfor western blotting

Phosphate buffer saline (PBS) 11.5 g di-sodium hydrogen orthophosphate,
2.96 g sodium dihydrogen orthophosphate,

5.84 g sodium chloride, pH 7.4

Phosphate buffer saline with Tween 20  PBS containing 0.1 % Tween 20

(PBST)
Transfer buffer 25 mM Tris base, 39 mM glycine, 20 % (v/v)
Methanol
Ponceau solution (Sigma) 0.1 % PonceauSin 5 % acetic acid
Blocking buffer 5% BSA in PBST
Solutionsfor SELEX

Binding buffer 50 mM sodium phosphate buffer, pH 7.4, 50 mM NaCl, 5 mM
KCl, 2.5 mM MgCl2

Coupling buffer 20 mM TrisHCI, pH 7.5,0.5M NaCl, 1 mM EDTA

TBE buffer (5X) 54 g of Trisbase, 27.5 g of boric acid, 20 mL of 0.5 M EDTA
(pH 8.0)

10 % acrylamide- 5 ml of 30 % acrylamide-bisacrylamide solution (75:1), 3 ml

bisacrylamide gel TBE buffer (5X), 105 pl 10 % APS, 10 ul TEMED, 6.8 ml
solution (75:1), 15ml  water
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Table A4: List of antibodies

Working  Working

Antibody Source condition dilution S
Anti-poly-histidine As primary
Mouse/monoclonal  RT/2 h 1:2000 _
antibody antibody
Anti-mouse 1gG
- As secondary
(Fab specific)- Goat/monoclona RT/1h 1:5000 _
antibody
peroxidase antibody
Table AS: List of primers
Primersfor cloning
Name Sequence (5'-3")
PfLDH Forward BamHI-ATGGCACCAAAAGCAAAAATCG

Reverse Xhol-TTAAGCTAATGCCTTCATTCTC
hLDH B Forward EcoRI-ATGGCAACT CTTAAGGAAAAACT

Reverse Xhol-CTACAGGTCTTTTAGGTCCTTCT
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Primersfor SELEX

Name Sequence (5'-3")

F1 CACCTAATACGACTCACTATAGCGEA
R1 GCAAGCTTGT TCGAGCCAG

R1-biotin biotin-GCAAGCT TGT TCGAGCCAG

Table A6: List of antibiotics

Stock concentration - -
Name Solvent Work_llng concentration
mg.ml- pg.ml
Ampicillin 100 water 100
Kanamycin 100 water 50
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