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Abstract

This paper describes the development of an affinity sensor for the detection of Plasmodium
falciparum parasite Lactate dehydrogenase (pLDH) as one of the biomarkers used for malaria
detection. The gold sensor was functionalised with anti-pLDH after cleaning the electrode
surface to remove impurities (120 °C, 1 hour). The sensor was then treated to block unreacted
groups on the surface and minimise matrix interference, before applying it in a sandwich
assay to detect pLDH in buffer samples using dose concentration assay. The sensor was
optimised to achieve the best detection sensitivity before using it for pLDH detection in
serum samples. The developed sensor achieved a limit of detection (LOD) of 1.80 ng mL™
and 0.70 ng mL™ for the detection of pLDH in buffer and in serum samples respectively. The
sensor sensitivity was enhanced further with the use of AuNP conjugated to the detection

anti-pLDH-enzyme, achieving an LOD of 19 pg mL™ in buffer and 23 pg mL™ in serum
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samples. The performance of the sensor was compared to commercially available
Plasmodium immunochromatographic (ICT) malaria kits. The developed sensor was able to
detect pLDH in the Dd2"® culture medium supernatant at 0.002 % parasitaemia without the
use of AuNP signal enhancement when compared to the OptiMAL-IT ICT kit (detect pLDH)
and the BinaxNOW ICT kit (detection of both pLDH and PfHRP 2) samples. Therefore, the
sensor developed in this work is highly sensitive and can be used for pLDH detection for on-
site diagnosis of malaria. A cheap and simple device as developed in this work is required to

tackle malaria detection.

Keywords: Malaria; pLDH; Plasmodium falciparum; parasites; biosensor, biomarker, AuNP.

1. Introduction

Malaria is an acute febrile illness and a life-threatening disease caused by Plasmodium
falciparum that is transmitted to people through the bite of an infected female Anopheles
mosquito. According to estimates released by the World Health Organisation [1], there were
~ 198 million cases of malaria in 2013 with ~ 584,000 deaths globally. While in 2017, a new
report [2] gave an estimate of ~ 445,000 deaths for 2016, compared to ~ 446,000 deaths for
2015. However, malaria mortality rates have fallen by 47% globally since the year 2000, and
54% in the African region, due to human intervention and efforts to eradicate the vector [3].
In 2015, global malaria burden was high in Sub-Saharan Africa (89% malaria cases and 91%

of malaria deaths). Of the deaths caused by malaria, under-fives made up 65% of deaths [4].



It is further stated that in 2015, 97 countries had on-going malaria transmission and an
estimated 3.2 billion people (nearly half the world’s population) were at risk of contracting
malaria. In 2016, most cases were reported in the African regions (90%), followed by South-
East Asia (7%) and the Eastern Mediterranean region (2%), while the rate of incidence of
malaria is estimated to have decreased by 18% globally, from 76 to 63 cases per 1000
population at risk, between 2010 and 2016 [2]. Despite these efforts, malaria continues to be
a global problem [5] and imported malaria cases are a potential threat [6]. Plasmodium
falciparum is the most prevalent malaria parasite in sub-Saharan Africa, accounting for 99%
of estimated malaria cases in 2016 [2]. The African region also accounted for 91% of all
malaria deaths in 2016, followed by the South-East Asia Region (6%) [2]. However,
between 2015 and 2016, mortality rates stalled in the regions of South-East Asia, the Western

Pacific and Africa, and increased in the Eastern Mediterranean and the Americas.

Malaria can be both cured and prevented by the use of appropriate measures. Prompt
diagnosis and treatment is by far the most effective means of preventing mild cases of
malaria from developing into severe disease and death [2]. The gold standard for malaria
detection is light microscopic identification of the malaria parasite on a fixed, stained thin
film of patient whole blood. Microscopic detection of malaria was first performed by
Alphonse Laveran who identified Plasmodium sp. as the pathogen for malaria around 1800
[7]. Since then, a range of malaria detection methods have been developed and the most
commonly used include: quantitative buffy coat method [8], immunochromatographic tests
[9], indirect fluorescent test and Enzyme linked immunosorbent assays [10-11], molecular
methods of polymerase chain reaction [12-13], and DNA microarray [14]. Many other
methods have also been developed such as; laser desorption mass spectrometry [15], flow
cytometry [16], Raman spectroscopy [17-19], magnetic resonance imaging [20-21], and Near
infrared imaging for triaging and prognostication in cerebral malaria [22-27]. These methods
can be costly, mostly laboratory based and require skilled users. Hence, the requirement for

easy to use sensors able to detect the disease in field settings with high sensitivity.

Biosensors have shown great potential for the detection of various malaria biomarkers
showing various levels of sensitivity using different transducer platforms and detection of
different biomarkers [28-29]. The advent of nanoscience and nanotechnology has led to the
development of various nanomaterials which explore the inherent advantages of nano regime
which have been applied in biosensor developments for malaria [30-31]. Plasmodium

falciparum histidine-rich protein 2 (PfHRP 2), is a biomarker specific for the detection of
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Plasmodium falciparum, while parasite lactate dehydrogenase (pLDH), and parasite aldolase
are biomarkers common to all Plasmodium species [32]. pLDH is produced in high levels
during the intraerythrocytic stage of the Plasmodium parasite life cycle [33] with levels in
blood reported ~ 4.9 ng mL™ [34-35]. Parasite LDH gene is known to possess global genetic
variations [36]. To date, only a few examples of biosensor for the detection of parasite
lactate dehydrogenase have been developed. Lee et al. [37] developed an electrochemical
impedance spectroscopy (EIS) sensor based on ssDNA aptamer which showed specificity
toward pLDH with detection limit reported around 1 pM. Markwalter et al. [38], reported the
use of magnetic bead-based colorimetric enzyme assay for Plasmodium falciparum lactate
dehydrogenase detection (PfLDH) in which the biomarker is extracted from parasitized
whole blood and achieved an LOD of 21.1 + 0.4 parasites/ml. The same group [39], also
reported an LOD of 2.6 £ 1.5 pM for pLDH detection using the same assay when two
biomarkers were detected at the same time including PfHRP2. From our previous studies, an
immunosensor was developed for the detection PfHRP 2 which demonstrated a LOD of 2.14

ng-mL"" in buffer samples and 2.95 ng:-mL™" in 100% spiked serum samples [40].

Encouraged by our previous results, we set out to develop, a pan malaria amperometric
immunosensor for the detection of the malaria biomarker, parasite lactate dehydrogenase
(pLDH). A gold sensor was functionalised with anti pLDH and demonstrated low limit of
detections (LOD) towards pLDH in serum samples. When the sensor was used in
combination with gold nanoparticles for signal amplification, pg ml™ detection limits were
obtained in spiked serum samples. The developed sensor demonstrated superior performance
when compared to OptiMAL-IT ICT kit (detect pLDH) and the BinaxNOW ICT commercial
kits for the detection of pLDH in the Dd2"“ culture medium supernatant at 0.002 %
parasitaemia. With a global focus on malaria elimination, the proposed sensor will provide a
sensitive, low cost, easy to use detection platform suitable for use in the developing world at
the point of care. To the best of our knowledge, this is the first reported immunosensor
which utilizes colloidal gold nanoparticles for signal amplification of a amperometric
immunosensor for the detection of pLDH, although a recent report on an
immunochromatographic assay used in conjunction with colloidal gold for the detection of

Plasmodium falciparum malaria showed 86.6% sensitivity and 96.4% specificity [41].
2. Materials and methods

2.1 Materials



Phosphate buffered saline tablets (PBS, pH 7.4), PBST (0.05 v/v Tween-20, phosphate citrate
buffer tablets, sodium hydroxide, potassium chloride (KCI), sodium carbonate, sodium
bicarbonate, 3,3°5,5 -tetramethyl benzidine hydrochloride hydrate (TMB) (powder), colloidal
gold, hydrogen peroxide, 95% ethanol, potassium ferricyanide [KsFe(CN)e] and human
serum (P2918) were purchased from Sigma Aldrich (Dorset, UK). Milk concentrate blocking
solution was purchased from KPL (USA). Commercial AuNPs (40 nm) were purchased from
BBI. All chemicals and solvents were analytical or HPLC grade and were used without
further purification. For the development of pLDH immunosensor, HUCAL monoclonal
capture antibody (Plasmodium falciparum HCA 158), and detection antibody (horse radish
peroxidase-conjugated Plasmodium falciparum HCA 157 P) were purchased from
AbDSerotec, now Bio-Rad, (Kidlington, UK) while recombinant P. falciparum pLDH (CSB-
EP632935PLS) was purchased from 2B Scientific (Oxford, UK). Roswell Park Memorial
Institute (RPMI) 1640 culture medium; Lot no. RNBF4698, HEPES buffer, glucose solution,
NaOH, glutamine solution, 1000x hypoxanthine solution, pooled human serum, Albumax-II,
BSD medium and gentamycin sulphate solution were obtained from Sigma (Dorset, UK).
Giemsa stain (20 %), 100% methanol, 70% alcohol, 5% sorbitol, passive lysis buffer,
luciferase substrate (luciferin) and pH test Strips Lot 010B164786, were purchased form
Sigma (St. Louis, USA). OptiMAL-IT malaria kit (containing dipstick, buffer ampoule,
reaction / wash wells, with Pasteur pipette) and positive control were purchased from Bio-
Rad (Oxford, UK). BinaxNOW Malaria test kit (lateral flow device and wash buffer) was
purchased form Alere (Bedford, UK).

2.2 Apparatus

Electrochemical measurements were made using a computer-controlled four channel Autolab
electrochemical analyser multipotentiostat (Metrohm, The Netherlands). Gold based screen-
printed electrodes comprising of a gold working electrode (0.226 cm? planar area) as the
anode, carbon counter to balance three electrode system and Ag/AgCl reference electrode
were used for all electrochemical measurements and were supplied by DuPont Microcircuit
Materials (JD 2b, DuPont Microcircuit Materials, Bristol, UK). Electrodes were printed onto
125 pum thick polyethylene tetraphthalate (PET) sheets. Suspended particles in Giemsa stain
solution were removed using 0.45 nm syringe-driven filter unit, Millipore (Dublin, Ireland).
GloMax luminometer, Promega (Madison, USA) and autoclave from Priorclave (London,

UK) were used in cell culture and luciferase assay. Light microscope, immersion oil and



microscope slides purchased from Olympus (Essex, UK). A stainless steel hand counter
(available at miniscience.com) were used in calculating percentage parasitaemia.
Experiments were conducted in NuAire DH Autoflow, microbial safety cabinet (ON,
Canada).

2.3 Capture and detection antibody optimization

Capture antibody optimization was carried out using HUCAL parasite L-LDH, a ubiquitous
enzyme detectable in serum during active infection. To control cost of HUCAL reagents,
assay optimization procedures and blocking reagents were adopted from the previous work
on PfHRP 2 immunosensor [40]. Prior to the immobilization of antibodies, the sensors were
cured at 120°C for 30 minutes. The electrodes were then washed twice in 1000 uL of DI
water and dried in gentle nitrogen stream. The working gold electrode was coated with 20
UL pLDH capture antibody (HCA 158) at concentrations of 2.5 pg mL ™, 5.0 pg mL™ 10 pg
mL™ and 20 pg mL™ using sodium carbonate-bicarbonate buffer (1 M, pH 9.6). After the
incubation step (overnight at 4 °C), the electrode was washed two times using 1000 pL PBST
(phosphate buffered saline with 0.05 % Tween - 20) and twice with 1000 uL de -ionised
water then dried in gentle nitrogen stream. The sensor surface was then treated with a 100 uL
blocking buffer solution containing milk protein concentrate (KPL Inc., Gaithersburg, USA)
diluted 1:10 milk concentrate / PBS buffer (0.01 M, pH 7.4.) to block the surface and reduce
non-specific binding (1 hour at 37°C). After repeating the wash step, 20 pL of 30 ug mL™ of
recombinant L-LDH antigen prepared in 1: 10 milk PBS then was pipetted on the working
electrode and incubated for 1 hour at 37°C. Wash step was repeated to remove unbound
material with 1000 uL PBST (0.05 v/v) followed by 1000 pL de-ionized water (18.2 mQ).
The purified detection antibody HCA 157 P was diluted to a working strength of 30 ug mL™
in 1:40 milk concentrate / PBST (0.05 v/v). A 20 pL volume was applied to the working
electrode and incubated for 1 hour at 37°C. The sensor surface was then washed with buffer
before the addition of 100 uL of the TMB / H,O; freshly prepared solution.

For optimization of detection antibody, the above procedure was repeated using the best
concentration of capture antibody immobilised on the sensor surface. A 20 pL volume of
parasite L-LDH capture antibody (10 pg mL™) in sodium carbonate-bicarbonate buffer (1 M,
pH 9.6) was immobilized on the WE overnight at 4°C. The sensor was then blocked and
washed before the addition of pLDH analyte following the above procedure. The purified
detection antibody (HCA 157 P) which is attached to the enzyme HRP was diluted to
working strengths of 10, 20 and 30 pg mL™ in PBST. A 20 uL volume was dropped on the
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working electrode and incubated for 1 hour at 37°C. Chronoamperometry detection was then
conducted by adding 100 puL of 4 mM TMB and 0.06% H>0O, in 50 mM phosphate citrate
buffer, 0.1 M KCI (pH 5.0) onto the electrode and measuring the current at -0.2 V.

2.4 pLDH detection in buffer and serum samples

To determine the limit of detection of the sensor for recombinant P. falciparum parasite L-
LDH, 20 pL of 10 pg mL™ parasite L-LDH capture antibody (HCA 158) in sodium
carbonate-bicarbonate buffer (0.1 M, pH 9.6) was immobilized on the working electrode and
incubated overnight at 4°C. After incubation, washing, and blocking steps, recombinant L-
LDH (CSB-EP632935PLYS) antigen was serially diluted in 1:10 milk / PBS (0.01 M, pH 7.2)
from 0.1, 1, 10, 100, 1000, 10,000 and 100,000 ng mL™. A 20 pL volume was dropped on
the working electrode and incubated at 37°C for 1 hour. The wash step was repeated and the
detection antibody (HCA 157 P) was diluted to a working strength of 10 ug mL™ in 1: 40
milk concentrate / PBS 0.01 M). Chronoamperometry detection was performed in the same
manner as described for the recombinant protein standard in buffer. Lowest detection of
antigen (LOD) was calculated as (3 x SD of the blank measurement) + (average blank
measurement) and interpolated using GraphPad prism (version 5).

To assess the electrochemical response in serum samples, the assay was conducted as
described above using 100% commercial Human serum (P2918) from Sigma (Dorset, UK). A
serial dilution of L-LDH recombinant protein from 0.1, 1, 10, 100, 1000, 10,000 and 100,000
ng mL™ was prepared in the serum samples and used on the sensor. All experiments were
performed in triplicate.

Amplification using Gold Nanoparticle assays were conducted after attaching the detection
antibody-HRP to the particles. Gold nanoparticles (40 nm) were conjugated to the detection
antibody (HCA 157 P) - HRP according to the modified method of Salam and Tothill [42].

2.5 Culture of malaria parasites Dd2'"°

The media preparation and in-vitro culture of P. falciparum cells was conducted in a level 3
laboratory. For over 40 years, Roswell park memorial institute (RPMI) 1640 medium has
been commonly used for in-vitro parasite culture preparation using a well-established
protocol [43]. A transgenic Plasmodium falciparum clone expressing luciferase under the
control of Pfpcna flanking sequences [44] Dd2 ¢ \was cultured in RPMI medium. A 500 mL

volume of RPMI 1640 medium was taken in a tissue culture bottle and supplemented with 1



M HEPES buffer (pH 7.4, 18.75 mL), 45% glucose solution (2 mL), 1 M NaOH (2.5 mL),
200 mM glutamine solution (5 mL), 1000x hypoxanthine solution (0.1 M solution in
NaOH); (500 pL), pooled human serum (20 mL) 5% Albumax-1l (20 mL) BSD (125 pL),
10 mg mL™ gentamycin sulphate solution (1.25 mL) and 8% v/v human serum ) at the
desired haematocrit in an atmosphere of 1% Oxygen / 3% CO,/ N3 ; in a modified method
according to Hasenkamp et al., [45]. RPMI medium prepared in tissue culture flasks, using
0.5%, 1%, 2% and 4% early trophozoites and 0.5%, 1%, 2% and 4% mixed stage cultures in
a second group. Both groups had culture media (plain and containing uninfected RBC) as
control. Following inoculation, the samples were incubated at 37°C for 48 hrs.

The supernatant was obtained from the tissue culture flask collected in falcon tubes. The
tubes were spun at 3,500 rpm for 5 minutes at room temperature (18-25°C). The supernatant
now devoid of plasmodial cells (6% parasitaemia) was separated from the pellet and stored in
aliquots of 1 mL at -20°C to be used for subsequent immunoassay tests and the biosensor

development.

2.6 Blood film preparation

After a 48 hr incubation period, plasmodium parasite went through asexual developmental
stages [46]. To observe the parasites by microscopy, the culture was removed from
incubation at 37°C between 26-38 hours to target the trophozoites [47]. A drop (~20 pL) of
the sediment containing cultured parasites was transferred to a clean, dry microscope slide.
The film was made by spreading the drop on the slide. The film was gently blow dried.
The film was fixed for 1 minute using methanol and washed in tap water. Giemsa stain
(20%) was filtered using syringe-attached microfilter (0.45 nm) to remove particles. The
filtered stain was applied to cover the dry film and allowed to stain for 10 minutes. The slide
was then washed in tap water and gently blow dried. The dried film was then immersed in
oil and observed using a microscope. The estimation of percentage parasitaemia was
determined from counting infected red blood cells (parasitized cells). The percentage

parasitaemia was then estimated by the following equation [48]:

Average 10 parasitized

% parasitaemia = 100

.y .y X
Average 3 parasitized + non parasitized



Where the average of 10 counted fields of parasitized cells is divided by the average of 3
counted fields of the total visible cells i.e. parasitized and non- parasitized cells. When not in
use, the samples were stored at -20°C. To determine viability of the culture P. falciparum
(Dd2"° cells), luciferase assay was conducted on the cultured Dd2"° cells, following culture

of the parasites, at 0 h and again at 48 hr [47].

2.7 Sorbitol lysis to obtain developmental stage parasites

Developmental stages were separated using staging. Briefly, samples were synchronised
(lysis of non-target developmental stages) at 0 h and again at 48 hr incubations at 37°C.
Parasite stages were then separated by adding 5% sorbitol (five times the pellet) to each pellet
and incubated at 37°C for five minutes. The pellet was then centrifuged at 1,800 rpm for 5
minutes. Following incubation, the supernatant was removed and the pellet re-suspended in
RPMI 1640 culture medium and then transferred to a sterile tissue culture flask. The medium
was gassed in 1% Oxygen / 3% (CO,/ N) and incubated for 48 hrs at 37°C to obtain a pure
culture of P. falciparum trophozoites.

2.8 Comparison of the Developed Sensor against Commercial kits

The developed sensor was compared against both the OptiMAL-IT and BinaxNOW

commercial malaria kits by determination of recombinant LDH in 100% commercial serum.

The pOptiMAL-IT assay was performed according to the manufacturer’s instructions.
Briefly, 1 drop (20 pL) from the provided buffer ampoule was added to the conjugate well
already coated with pLDH antibody, and 4 drops (80 pL) were added to the wash well then
allowed to stand for one minute. A concentration of 100 pg mL™ and 0.8 mg mL™ (20 pL)
recombinant pLDH in 100% serum was drawn up using the pipette. The entire volume was
added to the conjugate well. The wells were allowed to stand for 10 minutes so the sample /
conjugate mixture was completely soaked up. The dipstick was transferred to the wash well
and allowed to stand for 10 minutes so that the reaction was completely cleared of unreacted
serum leaving the control band clearly visible. The reaction was read immediately after

following the manufacturer’s instructions.

To test Dd2"“culture medium supernatant on the OptiMAL-IT, the same process was
conducted on the dipstick assay using 20 uL of 3-fold serially diluted culture medium

supernatant.



2.9 pLDH detection using culture medium supernatant on the biosensor

The immunosensor for detection of pLDH was applied here using a 20 puL volume of 6%
parasitaemia Dd2"® culture medium supernatant. The culture medium supernatant was
aspirated from the tissue culture flasks and the sample containing soluble Plasmodium
falciparum biomarkers PfHRP 2 and pLDH was then serially diluted 3-fold and used in the
electrochemical sensor to detect pLDH.

2.10 BinaxNOW Malaria lateral flow assay

BinaxNOW Malaria is an in-vitro immunochromatographic assay using monoclonal antibody
(MoADb) for the quantitative detection of Plasmodium antigens circulating in human venous
and capillary ethylenediaminetetraacetic acid (EDTA) whole blood of individuals with signs
and symptoms of malaria infection. The kit for pLDH and PfHRP 2 malaria detection allows
for the differentiation of P. falciparum from other less virulent species. The kit was
investigated for sensitivity of the test on culture medium supernatant, according to
manufacturer’s instructions. The same samples used for the OptiMAL-IT assay and the
biosensor were defrosted (from -20°C to room temperature, 18-25°C). A volume of 15 pL of
the asynchronous and synchronous culture medium supernatant (0%, 0.5% and 4%) were
applied to the bottom half of the purple reaction pad together with a blank in triplicate. Two
(2) free-falling drops (~40 pL) of Reagent A were added vertically to the white pad below the
purple pad. The sample ran until it almost touched the absorbent pad at the top of the strip.
Just before the sample reached the base of the white absorbent pad, four (4) free-falling drops
of Reagent A were applied to the pad. When the sample just reached the base of the
absorbent pad, the adhesive strip was removed then the device was closed. From closing, the

reaction was timed for 15 minutes. The result was read through the viewing window.

3. Results and discussions

3.1 Antibody optimization

Capture antibody optimization was conducted using a sandwich assay on the SPGE is shown
in Figure 1A. Recombinant protein L-Lactate dehydrogenase (CSB-EP632935PLS) and
detection antibody conjugated to horse radish peroxidase (HCA 157 P) concentrations were
kept constant at 30 pg mL™ while concentration of capture antibody (HCA 158) was varied as
2.5 pg mL™, 5 pg mL™, 10 pg mL™ and 20 ug mL™. Signal is average of three sensors per

concentration (embedded graph). Capture antibody optimization shows an increase in signal
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until saturation at 10 pg mL™. This implies that 10 pg mL™ is the optimal concentration for

the assay.

To determine the most suitable detection antibody- horse radish peroxidase concentration for
the sensor, sandwich procedure was conducted as above. Signal obtained from
electrochemical detection of pLDH using capture antibody 10 pg mL™. Detection antibody
concentrations of 10, 20, and 30 pg mL™ were tested. Signal saturation was found at 10 pg

mL™" antibody concentration. The profile of amperometric signal is shown in Figure 1B.

3.2 pLDH detection using the optimised sensor

The developed immunosesor with the optimised capture (10 ug mL™) and detection (10 pg
mL™) antibodies was used to quantify pLDH and conduct an analyte dose response assay.
Standard curve was obtained by testing the immunosensor response to pLDH at different
concentrations (0.1 ng mL™ to 100 pg ml™) in buffer samples. Serum samples spiked with
pLDH were prepared at the same final concentrations as described for buffer samples.
Capture and detection antibody concentrations kept constant at 10 pg mL™ for all
measurements. Blank reading was subtracted from the signal and data plotted against pLDH
concentration.  All measurements were performed in triplicate. The developed assay
displayed a limit of detection (LOD) of 1.80 ng mL™ and 0.70 ng mL™ for pLHD in buffer
and spiked serum samples respectively as shown in Figure 2A-B. Although the serum
sample showed a slightly lower detection limit, the difference in detection limits may be due
to a better blocking of the electrode surface with serum proteins with this patch of sensors
taking into consideration some systematic errors in the analysis, suggesting the effect of the

matrix on the sensor measurement may be minimal.
3.3 AuNP signal assay amplification

The detection antibody (HCA 157 P) and horse radish peroxidase were conjugated to
commercial available AuNPs (40 nm) which was used for all subsequent pLDH
measurements of pLDH in buffer and pLDH spiked serum samples. The final AuNP
amplified immunoassay, showed an increased sensitivity, demonstrating an LOD of 0.019 ng
mL™ and 0.023 ng mL™ in buffer and pLDH spiked serum samples respectively. These
results demonstrate the excellent sensitivity and reproducibility and robustness of the

developed sensor. As reported, blood levels of pLDH of ~4.9 ng mL™ have been reported in
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the literature suggesting that our developed sensor is more than capable of detecting pLDH in
real clinical blood samples [49, 34-35].

3.4 Estimation of percentage parasitaemia and cells viability

The percentage parasitaemia was estimated after thin film identification of parasites in
infected red blood cells by microscopy slide evaluation (Figure 4 A). Parasitaemia due to
malaria infection has been reported to have a threshold of 2,500 parasites per microliter [50].
The number of visible parasites should be reported especially where the infection is due to P.
falciparum. Giemsa dye commonly used for routine examination of stained blood films for
malaria diagnosis [7, 51]. Levels of parasitaemia are not necessarily correlative with the
progression of the disease, particularly when the parasite is able to adhere to blood vessel

walls.

Luciferase assays were conducted to determine the viability of the Dd2"“° culture by
measuring luciferase expression in cultured samples. Both groups of synchronized
(synchronized samples contained parasites at same developmental stages) and asynchronized
(asynchronized samples contained all stages of parasite development) trophozoite samples
with parasitaemia ranging from 0.5 - 4% showed growth when compared to the control. The
control contained no parasites. Two controls were used namely: RPMI medium only (M)
and RPMI + uninfected red blood cells (RBC); (Figure 4 B). Since the transgenic strain,
Dd2"° expresses luciferase in the trophozoite stage, all the samples showed luminescence
response. Luciferase assays have been used widely in high throughput screening for drug
candidates [45] and to observe cell growth. With culture medium supernatant of known

parasitaemia, the samples were then tested using the immunochromatographic tests.
3.7 LDH detection using immunochromatographic tests kit

The test was carried out to examine pure recombinant pLDH antigen (10 pg mL™ and 0.8 mg
mL™) in 100% serum samples first on the OptiMAL-IT LFD kit. The results showed negative
readings at both concentrations while the internal control (Positive pLDH control from the
kit) confirmed the test validity and gave positive readings. These results confirmed the kit
manufacturer’s assertion that the test kit is only valid when live parasites are present in the
sample. A comparison was then made with the P. falciparum culture medium supernatant to
assess the validity of the results. The culture medium supernatant was diluted 3-fold in blank

RPMI 1640 medium from 6% parasitaemia sample and tested until no band was seen on the
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LFD. The culture medium supernatant showed a progressively lighter band with serial
dilution of the sample as shown in (Figure 5A). A band was seen at 2% parasitaemia, but no
band in dilution number two was visible (0.007%). According to OptiMAL-IT Kit
manufacturer, the kit can detect parasitaemia levels of 0.001-0.002 % (50-100 parasites per
uL of blood). The variation in sensitivity may be affected by dilution used as opposed to the
direct supernatant obtained from a culture of specified parasitaemia. Also, it is not clear if

the values are for staged parasites.

BinaxNow Malaria kit is sensitive to both histidine rich protein 2 and lactate dehydrogenase
malaria biomarkers, so it combines both markers detection for the diagnosis of malaria. This
kit was therefore used in this work to test the P. falciparum culture medium supernatant used
for the OptiMAL-IT kit. The results (Figure 5B), showed that synchronized and
asynchronized samples of 4% parasitaemia showed positive PfHRP 2 / LDH. While at 0.5%
parasitaemia, both synchronized and asynchronized samples gave negative readings in the
culture medium supernatant. Lateral flow devices are sensitive to small volumes of malaria
antigens in blood samples. The sensitivity of these devices relies on the species and number,
the viability and difference in amount of parasite antigen as well as the condition (storage
<30°C) of the device and the efficacy of the method [52]. Previous work has been reported
on the use of monoclonal antibodies in conjunction with colloidal gold in an
immunochromatographic assay for Plasmodium falciparum malaria detection showing 86.6%
sensitivity and 96.4% specificity [53]. Immunochromatographic tests may be used to
complement microscopy in developing countries at the point-of-care [54-56].

The samples tested on the test kits were also tested for comparative sensitivity using the
developed immunosensor for Pan-malaria amperometric detection. The biosensor developed
in this work successfully detected pan malaria antigen pLDH in the sample of Dd2" culture
medium supernatant. Amperometric signal using culture medium supernatant shows similar
results to the signals obtained in pLDH detection (Figure 6). Results of culture supernatant
test using the immunosensor show signals were detected in samples with low paraeitemia
(0.002%). The range of amperometric signal reflects the change in the analyte concentration.
Smallest signal is at -0.11 pA, which was obtained after subtracting the difference of the
background of blank RPMI 1640 culture medium. The results in Figure 6 imply that the
immunosensor can be used for the detection of malaria infected blood samples through the
detection of parasite lactate dehydrogenase (pLDH), an enzyme common to all malaria

parasites with high sensitivity.
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4. Conclusion

An immunosensor for the detection of pan malaria antigen parasite L-Lactate dehydrogenase
was successfully developed and compared to commercial malaria kit OptiMAL —IT and
BinaxNow Malaria kit. The sensor showed high sensitivity and reproducibility, cost effective
point-of-care immunoassay which can performed in < 2 hours. The developed sensor has the
potential to compete against microscopy as the gold standard in malaria diagnostics. Sample
Matrix effects were found not to be significant in the assay, a good indication that the limit of
detection within real clinical samples will be within the range detectable. The sensor could
potentially be used with a mobile networked device and hence, evaluation and impact
assessments can be conducted in a point-of-care manner. The sensor was compared to
commercially available malaria assays using Plasmodium falciparum culture medium
supernatant. The immunoassay was able to detect the antigen in samples of buffer,
commercial serum and culture medium supernatant below the detection limit of both the
OptiMAL-IT and BinaxNow Malaria kits. Future experiments will be performed on clinically

relevant blood samples.
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Scheme

Scheme 1: Parasite LDH transmission via an infected female Anopheles mosquito into blood
stream as a parasite metabolite which is detectable in active infections.

Figures

Figure 1: Chronoamperometric measurements for antibodies optimisation using a sandwich
assay; (A) capture antibody optimization (30 ug mL™ detection antibody-HRP and 30 pg mL"
! recombinant pLDH), (B) detection antibody-HRP optimization (10 pg mL™ capture
antibody and 30 pg mL™ recombinant pLDH); (n=3).

Figure 2: Linear regression analysis of chronoamperometric responses for the detection of
(A) pLDH (0.1-100,000 ng mL™) in 10 mM, PBS pH 7.4 buffer (y = -0.1269x - 0.1499, R? =
0.9916) and (B) pLDH (0.1-100,000 ng mL™) spiked in 100% serum samples (y = -0.1205x
- 0.1518, R?=0.9851). All measurements were conducted at -0.2 V (n=3).

Figure 3: Linear regression analysis of the chronoamperometric response of (A) pLDH (0.1-
100,000 ng mL™) in 10 mM, PBS pH 7.4 buffer (y = -0.0461x - 0.277, R*= 0.975) and (B)
pLDH (0.1-100,000 ng mL™) spiked in 100% serum (y = -0.0217x - 0.0725, R?* = 0.9805)
using the developed sensor with AuNP-anti-pLDH-HRP at -0.2V (n=3).

Figure 4: (A) Plasmodium falciparum trophozoite in red blood cells, following Giemsa
staining of the thin film slide (~20 uL) and visualisation (microscopy, 100x objective lens),
(B) Relative light unit for luciferase expression in Plasmodium falciparum Dd2"cell culture,
viability test assayed at 0 and 48 hrs growth. Both control samples are constant against 0.5%,
1%, 2% and 4% parasitaemia. Controls for the experiment comprised neat culture medium
RPMI 1640 (M) and neat medium + uninfected red blood cells (RBC); (n=3).

Figure 5: (A) OptiMAL-IT LFD assay for parasite pLDH detection using 3-fold dilution of
Dd2" culture medium supernatant. (B), BinaxNOW LFD Malaria assay for PfHRP 2 and
pLDH detection (n=3).
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Figure 6: Amperometric signal for pLDH detection in Dd2" culture medium supernatant
(A) using the developed immunosensor using 10 pg mL™ capture antibody attached on the
sensor and 10 pg mL™ detection antibody-HRP for analyte sensing without the use of gold
nanoparticle signal enhancement. The 6% parasitaemia was diluted in blank RPMI 1640
culture medium supernatant. Data plotted after subtracting the zero value of background
signal (B). Red lines show least measurement obtained at lowest parasitaemia (n=3).
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Highlights

First reported amperometric immunosensor for the detection of parasite lactate dehydrogenase
(pLDH) which utilizes colloidal gold nanoparticles for signal amplification.

Low pg ml™ detection limits obtained in spiked serum samples.

The immunosensor demonstrated superior performance when compared to OptiMAL-IT ICT kit
(detect pLDH) and the BinaxNOW ICT commercial Kits

28





