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 ABSTRACT 

Malaria is a disease of global importance caused by an Apicomplexan 

Plasmodium parasite and transmitted by adult female Anopheles mosquitoes.  

Malaria affects approximately 50% of the world’s population causing millions of 

deaths every year.  Mostly affected are pregnant women and children under 5 

years of age.   Morbidity and mortality rates are on the decline in some areas.   

Despite control efforts the disease continues to affect productivity.    Productivity 

can be increased by early detection.   Methods for malaria detection include 

blood film microscopy, immunochromatographic, serological and molecular 

tests.   Blood film microscopy shows the highest sensitivity and specificity when 

used by trained personnel with reliable instruments.   It is however time-

consuming and cannot be applied as a point-of-care diagnostic method.  

Two electrochemical immunosensors for malaria biomarkers Plasmodium 

falciparum histidine rich protein 2 (PfHRP 2) and parasite L-Lactate 

dehydrogenase (LDH) were developed in this work for the detection and 

quantification of Plasmodium species.   The methods were based on screen-

printed gold electrodes (SPGEs) with on board carbon counter and silver /silver 

chloride (Ag / AgCl) pseudo-reference electrode.   The first stage of the work 

involved comparison by characterization of the bare SPGEs using potassium 

ferricyanide.  Electrochemical techniques were used to compare  bare and  self-

assembled monolayers of mercaptoundecanoic acid (MUA) and 3,3´-

dithiodipropionic acid (DTDPA) against  bare SPGE. The optimal sensor was 

then used for antibody attachment.  

For the second stage of the work, adsorption was investigated for capture 

antibody immobilization on the SPGE.  HuCAL monoclonal antibodies against 

PfHRP 2 conjugated to the electroactive enzyme horseradish peroxidase (HRP) 

were then applied for signal generation.     Electrochemical measurements were 

conducted using 3,3´ 5,5´-tetramethylbenzidine dihydrochloride and hydrogen 

peroxide (TMB / H2O2) as the mediator / substrate system at potential of -0.2 V.  

The sensors utilized sandwich enzyme-linked immunosorbent assay (ELISA) 

format with HuCAL monoclonal antibodies against Plasmodium immobilized on 
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the gold working electrode.   The developed biosensor was capable of detecting 

sub-microscopic Plasmodium infection with a linear range from 1 to 100 ng mL-1 

and a limit of detection (LOD) as low as 2.14 ng mL-1 and 2.95 ng mL -1 for 

PfHRP 2 in buffer and serum assays respectively.  When compared with AuNP 

enhanced assays, the LOD was 36 pg mL-1 and 40 pg mL-1.   

Another biomarker Plasmodium falciparum parasite Lactate dehydrogenase 

(LDH) was also investigated and another sensor developed using a sandwich 

assay similar to the PfHRP 2 sensor, but incorporating different antibodies 

against LDH.    LOD 1.80 ng mL-1 and 0.70 ng mL-1 for LDH was obtained in 

buffer and serum assays.   When compared with AuNP enhanced assays, the 

LOD was 19 pg mL-1 and 23 pg mL-1 respectively.  

As part of the work, culture medium supernatant containing PfHRP 2 and LDH 

was used to compare the immunosensor sensitivity for the pan-malaria antigen 

LDH.  Sensitivity of the immunosensor was compared against commercially 

available Plasmodium immunochromatographic (ICT) kits: OptiMAL-IT and 

BinaxNOW Malaria kits. The optimized immuno-electrochemical biosensor 

detected the antigen at 0.002 % parasitaemia whereas the OptiMAL-IT ICT was 

only able to detect the LDH antigen when concentrations were of 2% 

parasitaemia.  BinaxNOW ICT detected both the LDH and PfHRP 2 antigens in 

concentrations of 4% parasitaemia and showed negative reading at 0.5% 

parasitaemia in both synchronized and asynchronized samples.  

This study has developed two highly sensitive, portable and low cost malaria 

immunosensors for the first time on JD SPGEs.   LDH immunosensor detects all 

Plasmodium species while PfHRP 2 immunosensor is specific for the detection 

of Plasmodium falciparum biomarker.   Both immunosensors detect quantifiable, 

sub-microscopic levels of the biomarkers with sensitivities higher than the ICT 

tests.   The immunosensors are therefore recommended for field trial. 

Keywords: Malaria, Diagnosis, PfHRP 2, LDH, immunosensor. 
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1 INTRODUCTION AND LITERATURE REVIEW 

1.1 INTRODUCTION 

Malaria is an acute febrile illness caused by an ancient parasite Plasmodium 

falciparum.    The Greek physician, Hippocrates once wrote on the coming into 

being of certain diseases and some of the terms used to describe malaria were 

then coined from his writings.  ‘Bad air’ was from the early association of the 

disease with marshy areas (Cox, 2010).  The origin of the parasite however 

remained a mystery (Baron et al., 2011).   Towards the end of the 19th century, 

it was found that mosquitoes transmit the malaria parasite (CDC, 2012).   

 

Malaria infection distinguished itself from other illnesses by showing periodic 

fevers and response to quinine treatment (CDC, 2012).   In areas where the 

disease was common, people built houses on higher ground in order to escape 

the marshy air and avoid morbidity and mortality.  They also tried to avoid being 

bitten by mosquitoes.   With the aetiology of malaria given to bad air or bad 

spirits, people armed themselves with charms and amulets with inscriptions to 

ward off the disease. 

 

1.2 MALARIA INCIDENCE 

Malaria generally occurs in tropical and subtropical areas, where the vector can 

live and multiply.   The Anopheles mosquito requires temperatures above 20°C 

(68°F) for its development.    The mosquito does not thrive in non-endemic 

areas though the pathogen may be dispersed by infected travelers and vectors 

aboard aircraft.    Malaria contracted in an endemic area, detected in a region 

non endemic for the disease after symptoms emerge is known as imported 

malaria (Ziegler et al., 1999).     Imported malaria has been responsible for 918 

cases and six deaths between 2001 and 2011 (Ziegler et al., 1999).  Imported 

malaria transmission has reached alarming levels in some countries.  In the era 

of malaria eradication, imported malaria cases are a potential threat to countries 

attempting elimination or working to prevent resurgence (Castellanos et al., 

2015).    
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In the 1900s, Dichlorodiphenyltrichloroethane (DDT) was used to target the 

vector (Robertson, 2015), however, persistence in the ecosystem led to its 

discontinued use.    Malaria still challenges the health sector.   An estimate in 

2010 indicated the deadliest countries per population were Burkina Faso, 

Mozambique and Mali (Murray et al., 2012).    Geographic incidence of malaria 

may be altered by climate change, so regions clearly marked may show 

variation on other maps.    Rise in temperature encourages increase in monthly 

potential transmission window (Sainz-Elipe et al., 2010; Caminade et al., 2014; 

Yu et al., 2015).   

There are limits to the usefulness of modeling changes in future malaria 

distribution owing to anthropogenic climate change (Rogers and Randolph, 

2000).  This is because population and vector movement, technological 

development, vector and disease control, urbanization, and land use are not 

included (Tatem et al., 2008).   Indeed, all future projections of malaria in a 

warmer world need to be put in the context of the observed global decline in the 

disease over the 20th century, mainly due to human intervention (Gething et al., 

2010).   Global mortalitiy is on the decline with highest mortality in the tropics 

(WHO, 2014).    Despite the efforts to reduce the high mortality rates, malaria 

continues to be a global problem (Jain et al., 2014).    

The disease has been found in various animal species.  Plasmodium 

cephalophi is responsible for antelope malaria (Bruce et al., 1913).  

Plasmodium cyclopsi infects bats (Landau and Chabaud, 1978).    Anolis lizards 

of the eastern Caribbean Islands, two cryptic species of which have been 

identified, are affected by Plasmodium mexicanum (Schall and Staats, 1997). 

Plasmodium relictum is the parasite responsible for malaria in more than 419 

avian species (Atkinson, 2008), while old world monkeys: Baboons and 

Macaques, and humans are affected by Plasmodium knowlesi (Singh and 

Daneshvar, 2013; Yakob et al., 2017).   

https://en.wikipedia.org/wiki/Mozambique
https://en.wikipedia.org/wiki/Mali
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With so many species of Plasmodium, the genus of malaria parasites thrives 

and the malaria elimination programme has produced a successful outcome in 

parts of the world (Figure 1.1). 

 

 

 

 

 

Figure 1-1: Countries by stage of malaria elimination (WHO, 2014). The boundaries 
and names shown and the destinations on this map do not imply the expression of any 
opinion whatsoever on the part of the World Health Organisation concerning the legal 
estate of any country, territory, city or area of its authorities, or concerning the 
delimitation of its frontiers or boundaries.   Dotted and dashed lines on the maps 
represent approximate border use for which there may not yet be full agreement.   
Trends in global malaria incidence may show variation in regional and distribution 
factors in relation to intervention. 

 

During the late 19th and early 20th centuries malaria was a major factor in the 

slow economic development of the American southern states (Humphreys, 

2001; Worrall et al., 2005).    Between 2000 and 2010 the incidence of malaria 

had fallen by 17% globally and by 33% in the African regions (WHO, 2011).  

There were 655,000 reported malaria deaths in 2010, of which 86% were of 

children under 5 years of age.     In 2010, most of the malaria deaths occurred 

in Africa which had 91% of the global burden (WHO, 2011).    It is estimated 

Pre-elimination 

Malaria free 
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Elimination 

Prevention of re-introduction 
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that 50 million cases of malaria infection will emerge by 2100 (Odolini et al., 

2012). 

 

Malaria is not age-dependent or health status-related (Atoba and Adeyinka, 

2013).    In a study carried out on disabled members of the society, 41.3%  of 

the population were found to suffer from malaria infection (Atoba and Adeyinka, 

2013).    According to estimates released in December 2014, there were about 

198 million cases of malaria in 2013 (with an uncertainty range of 124 million to 

283 million) and an estimated 584,000 deaths (with an uncertainty range of 

367,000 to 755,000).   In 2014, 13 countries reported zero cases and 6 

countries reported <10 cases.  Fastest decrease was seen in Eastern and 

Central Asia.   With the effect of increasing global warmth, autochthonous 

malaria may occur.    Malaria mortality rates have fallen by 47% globally since 

the year 2000, and 54% in the World Health Organization African Region 

(WHO, 2015).    

 

In 2015, global malaria burden was high in sub-Saharan Africa (89% malaria 

cases and 91% of malaria deaths).   Malaria is implicated in 60% of deaths 

worldwide and 65% of deaths in under-fives (WHO, 2015).    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 malaria.  

According to the malaria fact sheet (WHO, 2015), there has been a 37% 

decrease in malaria incidence globally since the year 2000, when the 

Millennium Development Goals (MDG) and projections had been made.    

Insufficient data in sub-Saharan Africa, however, still poses a challenge (Figure 

1.2). 
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Figure 1-2: Projected changes in malaria incidence (WHO, 2015).  The boundaries 
and names shown and the destinations on this map do not imply the expression of any 
opinion whatsoever on the part of the World Health Organisation concerning the legal 
estate of any country, territory, city or area of its authorities, or concerning the 
delimitation of its frontiers or boundaries.   Dotted and dashed lines on the maps 
represent approximate border use for which there may not yet be full agreement.   
Trends in global malaria incidence may show variation in regional and distribution 
factors in relation to intervention.  

 

 

The idea of malaria elimination was abandoned in the early 1970s however, 

interest in malaria eradication re-emerged as a long-term goal (WHO, 2011). 

Large-scale use of WHO-recommended strategies, currently available tools, 

strong national commitment, and coordinated efforts with partners were 

employed.    In addition, modern control measures have been adopted such as 

vector control through insecticide spraying, use of bed nets, systematic early 

detection and treatment of cases (WHO, 2015).    So far, seven countries have 

been certified by the WHO Director-General as having eliminated malaria:  

Cases reduced to zero since 2000 

On track for >75% decrease in incidence 2000-2015 Insufficient data to assess trends 

Not applicable Less than 50% change in incidence projected, 2000-2015 

Increase in incidence, 2000-2015 

Non-endemic or no on-going malaria transmission On track for 50%-75% decrease in case incidence 2000-2015 

Malaria incidence rates, by country 2000-2015 
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United Arab Emirates (2007), Morocco (2010), Turkmenistan (2010), Armenia 

(2011), Maldives (2015), Sri Lanka (2016) and Kyrgyzstan (2016). This 

approach will enable more countries, particularly those where malaria 

transmission is low and unstable, to progress towards malaria elimination 

(WHO, 2015). 

 

 Malaria transmission 

The name "mosquito" (formed by mosca and diminutive ito) is Spanish for "little 

fly".   Females of most species are ectoparasites listed among arthropod 

phylum; class Insecta; Dipteran order, Nematecera sub-order; Culicomorpha 

infraorder; superfamily Culicoidea and family Culicidae.     Malaria is transmitted 

by the nocturnal Anopheles female mosquito; a small flying insect weighing 

about 2.5 mg and which looks like a midge (Brown, 1993).     Climatic conditions 

and survival of mosquitoes: rainfall pattern, temperature and humidity can affect 

mosquito behaviour (Noppadon et al., 2009).   A blood-feeding mosquito is 

shown in Figure 1.3. 

 

 

 

Figure 1-3:  A. gambiae (Centres for Disease Control and Prevention, 1994).   

The family Culicidae is divided into Anophelinae and Culicinae subfamilies.   

Some species of Culicidae help stabilize the ecosystem.  These harmless 

https://en.wikipedia.org/wiki/Diminutive
https://en.wikipedia.org/wiki/Spanish_language
https://en.wikipedia.org/wiki/Ectoparasite
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mosquito species feed on plant juices.    Some species however feed on blood 

of animals, including humans causing an irritating bump.   

The infected malaria mosquito is the most common disease vector and 

transmits the organism when it feeds.   The population at risk of infection has 

gone from being children and pregnant women (Ter Kuile et al., 2004) to male 

adults whose work exposes them to mosquitoes.     

Pregnant women with low immunity are also affected as malaria causes high 

rates of miscarriage (up to 60% in P. falciparum infection) and maternal death 

rates of 10-50% in pregnant women in areas of high transmission (Ter Kuile et 

al., 2004; WHO, 2011).    Mosquitoes can become agents for emerging zoonotic 

diseases when their habitats are disturbed by sudden deforestation (Wilcox and 

Ellis, 2006).  In stable transmission areas, semi-immune HIV-infected pregnant 

women are also at risk of passing HIV infection to their newborns (WHO, 2011).   

In addition, international travelers from non-endemic areas and their children 

living in non-endemic areas, returning to their home countries are similarly at 

risk because of waning or absent immunity (WHO, 2011).   With or without 

active immunity, the presence of the malaria mosquito is a major concern from 

dominant vectors spread across regions (Figure 1.4). 
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Figure 1-4:  Dominant malaria vectors (Sinka et al., 2012).  Malaria mosquitoes 
dominant in Africa are A. arabiensis, A.fenestus and A. gambiae.  In the Americas 
there are nine dominant species: A. albimanus, A. albitarsis, A.aquasalis, A. darlingi, A. 
freeborni, A. marajoara, A. nuneztovari, A. pseudopunctipennis and A. 
quadrimaculatus.  In South East Asia and the Pacific there are 13 known species: A. 
koliensis, A. dirus, A. minimus, A. lesteri, A. sinensis, A. balabacensis, A. farauti, A. 
punctulatus, A. barbirostris, A. flavirostris, A. macularus and A. sundaicus.     In India / 
Western Asia there are 3 dominant malaria vectors:  Anopheles culicifacies, A. 
stephensi and A. fluviatilis.   

 

Anopheles gambiae is the best known vector of malaria infection in humans 

(Baker et al., 2011). The female adult mosquito mates once in her life.  The 

eggs are laid in stagnant water collected in old tyres, boots, tin cans, tyre tracks, 

puddles, rice fields, hoof prints, ponds, storage containers or gutters (Figure 

1.5).  

 

 

3 species

9 species

13 species

3 species

Africa America  SE Asia India/W Asia
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Figure 1-5: Vector life cycle (American Mosquito Control Association, 2014). 

 

To enable the development of her eggs, the mosquito obtains a rich protein 

source from a blood meal she obtains by piercing the skin of the host and lays 

approximately 100 eggs every 7 days.   The eggs hatch within 12-14 days and 

the larvae emerge (AMCA, 2014).   The larvae feed on organic material in the 

environment by creating a feeding current with their brush-like appendages. 

Mosquito larvae obtain oxygen via breathing tubes and develop into pupae 

within 10 days.   The pupa is not a known voracious feeder but develops into a 

young adult mosquito which emerges from the pupa case after about 7 days for 

first blood meal and to begin the cycle of disease transmission.    In many 

places, transmission is seasonal, with the peak during or just after the rainy 

season.   Abdul-Ghani, 2014 reports that data on gametocytes and resistant 

genotypes of malaria parasite, detected by molecular techniques may be used 

to calculate the risk of resistant genotype transmission.     

Vector disease transmission is aided by behaviour of the agent in search of 

food and breeding sites (Cotter et al., 2013; AMCA, 2014).   Absence of suitable 

breeding sites interrupts developmental cycles and prevents malaria 
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transmission.  Nearly 30 of approximately 3,500 malaria vectors transmit the 

disease.   The long lifespan and strong human-biting habit of the dominant 

African vector is the main reason why nearly 90% of the world's malaria cases 

are in Africa (WHO, 2015).   In addition, different vectors can be associated with 

different parasite strains (Basilico et al., 2015; Kang et al., 2015).     

Malaria epidemics can occur when climate and other conditions favour 

transmission where people have little or no immunity (WHO, 2015).  Partial 

immunity is developed over years of exposure and reduces the risk of severe 

disease.  Human immunity is important, especially among adults in moderate or 

intense transmission conditions.  In areas with less transmission and low 

immunity, all age groups are at risk of disease from the bite of a parasitized 

mosquito (WHO, 2015).   

 The malaria parasite 

Plasmodium falciparum is of Protozoan kingdom, phylum Apicomplexa.  It is 

animal-like and believed to have originated from the western ape (Liu et al., 

2010). Plasmodium falciparum causes the most fatal of malaria infections 

(Baker et al., 2011).  Apicomplexans comprise a diverse phylum with over 5,000 

species.  Seven genera affect man: Cryptosporidium, Isospora, Cyclospora, 

Toxoplasma, Sacrocystis, Babesia and Plasmodium (Wallach et al., 2012).   

The species do not possess locomotory organelles and exhibit a gliding motility 

though many species have flagellated gametes (Figure 1.6).  
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Figure 1-6: Apicomplexan parasite (Slapeta and Morin-Adeline, 2011). 

 

The polar ring at the cell’s anterior gives rise to the microtubules running the 

length of the cell and form part of the inner membrane complex. The cell 

membrane comprises 3 layers impervious to biological and chemical 

substances. The plasma membrane surrounds the cell and cytosome 

interrupting the membrane’s continuity. This structure is similar to the 

attachment point of cilia and flagella in other protists.   

 

Molecular studies of the evolution of these parasites demonstrate that these 

parasites do not originate from a single parent (Krief et al., 2010). Group name 

was derived from the characteristic ‘apical complex; the group was formerly 

called sporozoans, however, some do not sporolate and the names are 

interchangeable.   Anterior of the parasite are secretory structures, flask-shaped 

rhoptries, small, oval micronemes and dense granules scattered in the 

cytoplasm or concentrated at the apex.   Rhoptries are connected to the anterior 

end by channels while micronemes are located near the polar ring and aid 

contraction of the cell.  Organelles located at one end of the parasite visible 
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under the electron microscope facilitate host cell invasion and parasite 

development in the vector.   

 Parasite development within the human body 

The complex nature of the malaria parasite development involves development 

of sporozoites (Gr. Sporos for seeds) and merozoites (Gr. Meros meaning 

piece), trophozoites (Gr. Trophes food), and gametocytes (reproductive cells). 

Sporozoites invade hepatocytes about 45 minutes after a bite (Figure 1.7). 

 

 

 

Figure 1-7: Plasmodium life cycle (University of California, 2013). 

 

Reticulocyte-binding homologues are responsible for supporting red blood cell 

invasion.   They act as binding agents enabling specific receptors adhere to the 

red blood cell (Arevalo-Herrera et al., 2012).  Specific areas that mediate PfRH5 

RBC specific interactions have been highlighted in the sequence of proteins. 

The trypsin-treated sensitive receptor prevents invasion by merozoites by up to 

80% (Arevalo-Herrere et al., 2012). Developmental stages have different 

morphology and physiology; proteins and metabolic pathways enabling the 

parasite to resist the host immune system.  Development continues within the 
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liver cells, which burst to release the merozoites.   Some merozoites re-invade 

the liver cells while others develop into schizonts and then gametocytes.    The 

cells are carried in the circulatory system until taken up during a mosquito blood 

meal. 

 Plasmodium species variants 

P. vivax species comprise two sub-types based on their amino acid constitution. 

They were identified in local Chinese populations, parts of South America like 

Brazil and Mexico, Peru, and in Papua New Guinea (Rich et al., 2009).   Both P. 

ovale species are sympatric in Africa and Asia (Rich et al., 2009).  Plasmodium 

ovale and Plasmodium vivax . variants are shown in Table 1.1. 

 

Table 1-1: Plasmodium sp. variants (adopted from Kim et al., 2010). 

Plasmodium ovale References 

P.ovale walliker  

(variant type) 

P. ovale curtisi 

(classic type) 
(Sutherland et al., 
2010) 

Plasmodium vivax  

VK210 dominant 
form 

VK247 variant 
form 

(Kim et al., 2010;  
Kim, 2012) 

 

 

  Signs and symptoms of malaria 

 

In general, the signs of malaria infection can be seen in the host within 15 days 

after a bite from an infected mosquito (Lalloo et al., 2007).   Malaria infection 

shows itself with an elevated body temperature, headache, sweats, chills and 

nausea, vomiting, muscle pain, dizziness, diarrhoea, generally feeling unwell 

and fatigue, dry cough and spleen enlargement.  These symptoms are often 

mild and may not immediately be associated with malaria in non-endemic 

areas.  Incubation period varies, depending on host immunity and parasite 

species.  Clinical rhythmicity reflects in periodic fevers and chills recurring at 

approximately 48-hour intervals in tertian malaria (P. vivax or P. ovale) and 72-

hours in quartan malaria (P. malariae).   The 48-hour cycles in tertian malaria 
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may be modified in malignant tertian or falciparum malaria.   Fever is associated 

with release of merozoites from red blood cells (RBCs) during erythrocytic 

schizogony, though the controlling mechanism for synchronous release is 

unknown (Lalloo et al., 2007).   If the symptoms suggest malaria infection it is 

recommended to perform a confirmatory assessment (Moody, 2002; Lalloo et 

al., 2007).  

Malaria can result in miscarriage and low birth weight, especially during first and 

second pregnancies.    An estimated 200,000 infants die annually as a result of 

malaria infection during pregnancy (WHO, 2011; Singh et al., 2014).  

Glutathione peroxidase (GPx) is a catalyst and an indicator of platelet oxidative 

stress in P. vivax malaria and may be associated with the processes of malaria-

induced thrombocytopenia, in which there is an abnormal number of 

thrombocytes or platelets (Joshi et al., 2014). Where severe thrombocytopenia 

occurs, attention should be drawn to the likelihood of an existing malaria 

infection (Joshi et al., 2014). Plasmodium falciparum parasite infections 

progress quickly and complications like renal failure and loss of consciousness 

can occur in severe cases. 

 Cerebral malaria (CM) 

Cerebral malaria condition sometimes occurs in severe malaria attack when 

sequestered red blood cells breach blood–brain barrier (Renia et al., 2012).    

Mortality can be as high as 30% (Jain et al., 2014).   Severity of CM cases are 

assessed using the Glasgow Coma Scale, a neurological assessment to 

monitor patient response in incidents of head injury or if patient is in intensive 

care.  On a scale of zero to 15, a score of 3 is significant of deep 

unconsciousness.   Convulsions are not uncommon and where treatment is 

inadequate, patients may develop organ failure. 

1.3 TREATMENT OF MALARIA  

Malaria treatment depends on complication and if the patient is an expectant 

mother or young child (Lalloo et al., 2007).  Lack of prompt or inadequate 

treatment and drug abuse have led to many malaria deaths.  To reduce the 

https://en.wikipedia.org/wiki/Blood%E2%80%93brain_barrier
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danger of misdiagnosis, it is recommended that before transfusing blood,  donor 

blood be  tested for Plasmodium parasites (Alii et al., 2010).   

 

Chloroquine (4-Aminoquinolone) was the most widely used drug in most malaria 

endemic areas until the malaria parasite developed resistance to the drug orally 

(Lalloo et al., 2007).   Mefloquine (Quinoline-methanols) may be combined with 

other anti malarials like primaquine. Mefloquine is known to affect the 

movement of haemoglobin and other products from the host cell to the food 

vacuole of the parasite and disrupts intraerythrocytic schizogonic stages, 

destroying hypnozoites in combination with primaquine absorbing rapidly when 

administered orally (Lalloo et al., 2007).   

   

Halofantrine (Phenathrene-methanol) disrupts red blood cell schizogony in 

Plasmodium falciparum infection.  It may be used to treat acute, uncomplicated,   

multi-resistant P. falciparum infection.   Halofantrine may also be used in cases 

that are unresponsive to preventive chemotherapy, and where medical 

assistance is not immediately accessible (WHO, 2006).    

 

Pyrimethamine (2, 4, diaminopyrimidine) hampers production and use of folate 

and inhibits the dihydrofolate reductase needed to produce tetrahydrofolate, a 

precursor in the parasite DNA synthesis (Figueiredo et al., 2008).    They act on 

the red blood cell stages of Plasmodium falciparum parasites, not affecting 

sporozoites or hypnozoites. Resistant malaria forms can be treated with 

Sulphadoxine sometimes used as a malaria preventive drug in P. falciparum or 

P.vivax infections.   

 

Sulphadoxine-pyrimethamine may cause serious skin reactions and blood 

dyscrasias, altering the blood components abnormally and so is no longer in 

use.   Antibiotics like tetracycline and doxycycline are sometimes used to treat 

malaria when combined with pyrimethamine or quinine. The relationship 

between Chloroquine and Sulphadoxine-Pyrimethamine dosing is common 

(Figueiredo et al., 2008).   
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Artemisinin is the current drug of choice in Plasmodium falciparum infection.    It 

is derived from the aromatic plant Artemisia annua commonly called, sweet 

Annie, annual wormwood, Ging hao (Chinese) which stands for blue-green 

Artemisia.     It is an annual herb about 2 meters tall, used in Chinese traditional 

medicine and cosmetic industry.  Artemisinin derivatives show quicker response 

to malaria infection than current drugs (White, 1997).  Artemisinin low 

bioavailability prompted the production of its derivatives like Artesunate, 

Artemether, Artemether/Lumefantrine (Coartem), Dihydroartemisinin, Artelinic 

acid and Artemotil to enhance its efficacy. Malaria due to P. vivax  and P. 

falciparum are now being treated worldwide with drugs containing artemisinin 

derivatives also called artemisinin-combination therapies (ACTs) as resistance 

to artemisinin was recorded in Southeast Asia, Cambodia in 2008 (Dondorp et 

al., 2009).    Parasite resistance to artemisinin oral therapy is increasing rapidly 

and was reported in Thailand in 2012 (Abdin et al., 2003; Phyo et al., 2012).  

Imported malaria is also implicated in drug-resistant malaria species like P. 

falciparum and P. vivax (Nomura et al., 2001). Plasmodium falciparum multidrug 

resistance (Pfmdr1-N86Y) and Plasmodium falciparum chloroquine resistance 

transporter (Pfcrt-K76T) have also been studied as being responsible for drug 

resistance (Shrivastava et al., 2014). 

 

 Prevention of malaria 

Malaria can be prevented using physical, biological and chemical methods. 

Prophylactic drugs interrupt the parasite life cycle.  Travellers are administered 

antimalarial drugs like Paludrine prior to arrival in a malaria endemic area.  To 

avoid mosquito bites, people wear light coloured clothing as blood sucking 

mosquitoes are attracted to dark colours.   General body covering may not be 

practicable, however, in the approximate 37ºC room temperature warmth of a 

typical tropical evening when certain kairomones emitted by humans enables 

the vector locate  the host. . Mosquito-repellent plants may also be used 

(Karunamoorthi et al., 2009).  A major factor in malaria control lies in the 

behaviour of individuals.   Mosquito repellent lotions may be applied, while the 
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use of insecticide-treated bed nets is encouraged (Figure 1.8).   It is reported 

that 31% of households do not make use of the long-lasting insecticide treated 

bed nets (LLNTs) for the intended purpose of the malaria intervention 

programme (Araya et al., 2015).   

 

 

Figure 1-8: Bed nets protect many from malaria (CDC, 2014). 

 

While focusing on the mosquito and the interruption of its life cycle, introduction 

of ornamental fish like Guppies in ponds is a natural way of reducing the spread 

of malaria while providing a protein source for the fish.    Likely breeding sites: 

empty containers and old tyres should however be cleared.     In the process of 

vaccine development, there are currently no licensed, long-lasting vaccines 

against malaria or any other human parasite.   One research vaccine against P. 

falciparum, known as RTS, S/AS01, is most advanced and is said to afford 

protection for a period of 12 months in early childhood (WHO, 2015). This 

vaccine has been evaluated in a large clinical trial in 7 countries in Africa and 

has been submitted to the European Medicines Agency under article 58 for 

regulatory review (Baker et al., 2011; WHO, 2015).  A WHO recommendation 

for use will depend on the final results from the large clinical trial and a positive 

regulatory review (WHO, 2015).  Malaria control challenges include 
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investigation of a suitable biomarker. Current malaria detetction methods are 

discussed in section 1.5. 

1.4 MALARIA BIOMARKERS 

Biomarkers are indicators of changes in cellular, biochemical, or molecular 

systems that can be determined in samples in response to a disease-causing 

organism or to a treatment (Murhandarwati et al., 2010). Biomarkers have 

gained recognition over the last 10 years due to their possible use as drug 

targets, also in the development of malaria detection techniques (Richards et 

al., 2013).  In regions of high incidence, it has been observed that a lot of 

Plasmodium falciparum sufferers show malaria infection without indication of 

obvious symptoms. These cases have recorded a level as high as 53% 

(Richards et al., 2013).  Biomarkers have also been used to evaluate 

therapeutic measures. The reaction may be chemical, disease-causing or 

biological (Richards et al., 2013). 

Resistance to Artemisinin in the Menkong district, South East Asia has led 

scientists to believe that there are genetic biomarkers for malaria drug 

resistance.   The genetic markers are responsible for the resistance of the 

World Health Organisation’s recommended frontline treatment for malaria, 

artemisinin and artemisinin derivatives (Takala-Harrison, et al., 2013).    Four 

Single Nucleotide Polymorphisms (SNPs) on chromosomes 10 (one), 13 (two), 

and 14 (one) were significantly associated with delayed parasite clearance.   

The two SNPs on chromosome 13 are in a region of the genome that appears 

to be under strong recent positive selection in Cambodia.    Mutations found in 

the propeller region of the Kelch protein serve as molecular markers for 

artemisinin resistance (Ariey et al., 2013).   
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In addition to genetic biomarker resistance, more common are the protein 

biomarkers used in disease detection assays.  There is no clear grouping for 

biomarkers however there are types of biomarker, according to their role (Jain 

et al., 2014).   Type 0 biomarkers show the origin of a condition and indicate the 

relationship between the condition and the clinical result.  Type 1 biomarkers 

usually show the natural result of a drug regime, and Type 2 biomarkers are like 

alternative markers and indicate the clinical point at which the patient shows 

some response to the treatment. The biomarkers that can predict the 

development and outcome of severe malaria may be clinically utilized for 

prognosis, diagnosis and disease management.  There are molecules and 

functional entities which differ from the host counterpart as well as from those of 

other disease-causing organisms.  Listed among the malaria biomarkers for 

disease detection are Parasite lactate dehydrogenase (pLDH), glutamate 

dehydrogenase (GDH), aldolase, hemozoin crystals and Plasmodium 

falciparum histidine rich protein 2 (PfHRP 2) (Leke et al., 1999; Jain, 2014)  

listed in Table 1.2.   

Table 1-2: Malaria protein biomarkers. 

Biomarker Blood level References 

pLDH 4.9 ng mL-1  (Dzakah et al., 2014, 
Dirkzwager et al., 2015)  

PfHRP 2 9.45 ng mL-1 (Ho Mei-Fong et al., 2014; 
Dzakah et al., 2014; 
Abdallah et al., 2015)  

Aldolase - (Wanidworanun et al., 
1999) 

Glutamate 
dehydrogenase 

- (Werner et al., 2005)  

Hemozoin - (Noland et al., 2003; 
Wilson et al., 2011)  

   

 

Molecular sizes of some malaria proteins are shown in Figure 1.9. 
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Figure 1-9: Molecular sizes of some malaria proteins (Akinyi et al., 2015). 

Due to the highly polymorphic nature of PfHRP 2 (Lynn et al., 1999; Desakorn 

et al., 2005; Verma et al., 2015) further research has studied cross-reactivity, 

presenting as false positive and false negative results in the field. 

 

 Parasite lactate dehydrogenase (pLDH) 

Lactate dehydrogenase (LDH) is a biomarker found in the final stage of 

glycolysis in cells, muscles and tissues of organisms (Vander et al., 1981).  

Malaria parasite LDH is shown in Figure 1.10 (Read et al., 1999).  
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Figure 1-10: Plasmodium falciparum parasite LDH (Read et al., 1999). 

 

Plasmodium falciparum produces pLDH in large amounts during 

intraerythrocytic stages; the parasite depends on anaerobic respiration for the 

formation of ATP from glucose, and the NAD+ is produced by conversion of 

pyruvate to lactate while the mitochondria add to the ATP pool (Frank and 

Hargreaves, 2003).  P. falciparum LDH RNA expression level increases, with 

the highest point at 24 to 30 hours in the intraerythrocytic cycle. This expression 

is reduced to zero level in the schizont stage (Frank and Hargreaves, 2003).  

 

Parasite LDH is a favourable candidate for antimalarial drug development as it 

possesses suitable characteristics.  It regulates the production of Plasmodium 

ATP, possesses important amino acids at the active site as opposed to related 

organisms, and the Protein Data Bank (PDB) has several X-ray crystallographic 

features of pLDH complexed with compounds that are focal points in the 

designing of inhibitors.   Studies reveal that gossypol and its derivatives working 

against the parasite enzyme pLDH concentrates on pLDH and not human LDH 

(Read et al., 1999). 

  P. falciparum histidine rich proteins (PfHRP) 1, 2 and 3  

Histidine is a basic amino acid found in many species and plays a variety of 

roles (Ge et al., 2006).    Plasmodium falciparum produces a peculiar collection 



 

24 

of water soluble histidine rich proteins during the asexual red blood cell 

development.   They are referred to as histidine rich proteins 1, 2, and 3 in the 

order of their discovery (Ge et al., 2006).   HRP 2 comprises 34% histidine and 

37% alanine, both of which are essential amino acids.  

Histidine rich protein I (HRP 1) is also called Knob-Associated Histidine Rich 

Protein (KAHRP-1) is found in Knob+ strains showing knob-like projections on 

the surface of the cell.   HRP 1 assists cytoadherence of infected red blood cells 

to the venular endothelium and plays a partial role in the high parasitemia and 

hypoxia associated with P. falciparum (Zhao and Waite, 2006). 

Histidine rich protein 2 (HRP 2) is particular to Plasmodium falciparum and is 

found in both Knob+ and Knob- strains.  HRP 2 is said to play several roles such 

as heme binding and heme detoxification by forming hemozoin (Karpen et al., 

1992; Sullivan et al., 1996; Tjitra et al., 2001; Pandey et al., 2001; Ajumobi et 

al., 2015). HRP 2 also functions in the neutralization of bacterial toxin, 

Lipopolysaccharide (Ziegler et al., 1999; Accardo et al., 2007).  This neutralizing 

ability of histidine rich protein 2 is said to have occurred in electrostatic 

interactions between histidines and the negatively charged phosphate groups of 

Lipopolysaccharide. It has been nominated as a model vaccine candidate 

against malaria. HRP 2 antigen is known to have multiple binding epitopes due 

to its repeat structure, unlike pLDH that has one antibody binding site (Gatton et 

al., 2015).   

 

HRP 3 is also called Small Histidine-Alanine-Rich Protein (SHARP) is less 

available than the other two histidine rich proteins and is smallest.   

 Hemozoin 

Hemozoin is a non-soluble, microcrystalline substance produced during the 

digestion of blood by Plasmodium sp. as well as other blood parasites.   In the 

eighteenth century, it was shown that internal organs of malaria victims were an 

unusual colour (Pagola et al., 2000). Hemozoin structure is shown in Figure 

1.11. 
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Figure 1-11 Hemozoin crystal (Pisciota and Sullivan, 2002). 

Haemoglobin digestion releases amino acids and free, toxic haem, known as 

ferriprotoporphyrin IX which is polymerized to hemozoin.   Despite systematic 

research on the nature and properties of the hemozoin crystal (Noland et al., 

2003; Wilson et al., 2011), the nucleation process is as yet unknown.  There are 

reports about initiation of hemozoin formation occurring auto-catalytically. 

Hemozoin is a primary candidate in research towards the development of a 

malaria drug (Delahunt et al., 2014). Hemozoin crystals are however not 

suitable as a biomarker in field samples that may contain ring stage parasites 

less than 6 hours old (Delahunt et al., 2014).  
 

 Aldolase 

Plasmodium falciparum aldolase is a protein found mainly in the parasite 

cytoplasm as a potent and soluble component and is also reported to be related 

to the membrane fraction as an insoluble form (Knapp et al., 1990).    Aldolase 

plays a prominent role in the parasite glycolytic pathway and is found in the 

host circulatory system during infection (Wanidworanun et al., 1999).   The 

enzyme is a homotetrameric protein.(Fitch et al., 1999).   Aldolase has been 

http://www.hindawi.com/journals/bmri/2014/852645/#B77
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recommended as a rapid test for monitoring response to therapy as it is 

sensitive only at high parasitaemia in sample (Maltha et al., 2010).  

  

Aldolase has 61-68% sequence similarity to known eukaryotic aldolases 

(Dzakah et al., 2014).  The aldolase genomic sequence comprises two exons 

separated by one intron. Research on the crystal structure of Plasmodium 

parasite aldolase has been studied at a resolution of 3 A° to determine the 

inhibitors that may be related to its structure (Dzakah et al., 2014).  The enzyme 

sequence varies greatly from the host and may be used as a focal point for drug 

treatment.  It was however reported that one aldolase gene occurs in P. 

berghei, P. vinckei, P. chabaudi, P. yoelii and P. vivax.   

 

  Glutamate dehydrogenase (GDH) 

Glutamate dehydrogenases form a significant point of change in carbon and 

nitrogen metabolism. They are mostly related to ammonium assimilation 

(NADP-dependent GDHs) or glutamate catabolism (NAD-dependent GDHs). 

Plasmodium falciparum shows three GDH isozymes.    GDH is not found in host 

red blood cell (Henze et al., 1998).    PfGDH 1 is an NADP-dependent GDH, a 

homohexamer involved in the redox metabolism of the parasite (Frank and 

Hargreaves, 2003). Glutamate dehydrogenases show a unique N terminal 

residue extension that is absent in the mature human enzyme and noticeable 

during the red blood cell cycle (Werner et al., 2005). 

 Serological markers for cerebral malaria (CM) 

There is noticeable variation in exosomes plasma levels of endothelial origin 

among Malawian children suffering from cerebral malaria (CM), severe malarial 

anaemia, and uncomplicated malaria caused by Plasmodium falciparum 

(Frasch et al., 2004).   It had been reported that as yet there are no distinct 

biomarkers for CM, though research shows a significant association between 

chemokine interferon inducible proteins (CXCL10 and CXCL4) and the severity 

of CM; patients with CM have significantly higher levels of CXCL10 and CXCL4 

(Werner, et al., 2005).  

https://en.wikipedia.org/wiki/Eukaryote
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Micro particles are observed in the serum of malaria and diabetes patients 

(Jacobsen et al., 1994; Kassa et al., 2011), systemic lupus erythematosus 

(Wenish et al., 1997) acute coronary syndromes, and in severe trauma 

(Freyssinet, 2003).     Exosomes, also called micro vesicles, are sections of 

plasma membrane shed by different types of cell under physiological stress.   

They have also been associated with pathophysiology (Casals-Pascualetal et 

al., 2008).   

Fluorescence Activated Cell Sorting (FACS) micro particles from platelets may 

be a distinct marker in the routine follow-up since the levels of micro protein 

significantly increase during CM but reduce as soon as the patient is free of the 

disease.  The serological biomarkers, however, are difficult to use reliably in 

diagnosing malaria in support of the malaria elimination goal in endemic areas 

(Cook et al., 2010, Mfonkeu et al., 2010).     

 

1.5 DETECTION OF MALARIA 

Malaria detection techniques vary from the gold standard microscopic 

examination of stained thick and thin blood smears, fluorescent microscopic 

techniques, serological tests using indirect antibody fluorescent test, 

immunochromatographic test, a range of spectroscopic methods, molecular and 

biosensing assays.  

 Peripheral blood smear (Malaria detection gold standard) 

The gold standard detection of malaria is carried out by light microscopic 

identification of the malaria parasite on a fixed, stained thin film of patient whole 

blood sample. Microscopic detection of malaria was first performed by Alphonse 

Laveran who identified Plasmodium sp. as the pathogen for malaria in around 

1800 (Fleischer, 2004). The detection method adopted by Laveran was 

conducted directly on the blood of patients.   Later, Dimitri Romanowsky tinted 

the organelles and cellular matrix of the organism in diseased red blood cells 

(Fleischer, 2004).   For this to be possible, blue dye had to have ‘matured’ or 

have ‘become ‘stale’, changing its physical and chemical appearance.  A repeat 
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experiment was not attainable owing to the change that took place in the 

methylene blue dye.  Several preparations and solution testing had to be 

performed for staining to be carried out satisfactorily.   Giemsa’s work described 

the new dye as azure B (trimethylthionine).  The results were reproducible and 

sold as Giemsa solution for Romanowsky stain.  Giemsa solution is still used 

today in the routine examination of stained blood films for malaria diagnosis 

(Fleischer, 2004).  Thick and thin blood films prepared from peripheral blood of 

patients aid in identification and speciation of parasite by stage (Coatney et al., 

1971).   Thin film preparation with Giemsa stain sometimes reveals Laveran’s 

‘bib’ (Figure 1.12).     

  

Figure 1-12: P. falciparum blood stages in thin blood smear (Coatney et al., 1971). 

Laveran’s bib is known as the outline of the red blood cell and is not always visible in 

thin film preparations viewed under high magnification (100x objective) with oil 

immersion.     
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The high resolution of the image is achieved by viewing the image through a 

suitable objective lens.  The lens is adjusted to make contact with the 

immersion oil applied to the film, thus eliminating the refractive index of air and 

glass as light passes through the lens.   The light ray would normally bend as it 

traverses between media in dry mounts.  The oil serves to direct the rays of light 

through the objective lens onto the sample.   

 

Peripheral blood smear of patient samples is a reliable method for use by 

trained persons who have sound equipment to make accurate parasite 

identification (Bailey et al., 2013).   This assay is known as the gold standard 

method for malaria diagnosis despite problems with its field accuracy, 

unacceptably high false-positive rates, and errors in species identification, 

leading to misdiagnosis, and its operator-dependence (Kifude et al., 2008; 

Herrera et al., 2014). Structural changes may take place in samples stored in 

Ethylenediaminetetracetic acid.     

 Quantitative buffy coat method (QBC) 

Quantitative buffy coat method is a quick method of detecting malaria infection. 

It is easy to use and more sensitive than the thick smear technique.   QBC test 

was made usable by Becton and Dickenson Inc. for detecting malaria in 50-65 

microliters of peripheral blood (Adeoye and Nga, 2007).   Two fluorochromes 

have frequently been used to stain the parasitized cells: acridine orange (AO) 

and benzene thiocarboxypurine (BCP).    Parasite DNA takes up the stain within 

the tube (Figure 1.13).  
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Figure 1-13: Quantitative buffy coat malaria detection (Kakkilaya, 2011).  Quantitative 

buffy coat column (a) trophozoites of P. falciparum stained with AO (b) and BCP (c) in 

the QBC fluorescence method.   

 

After the sample is introduced in the haematocrit tube a float is inserted and 

tube with contents centrifuged for 5 minutes at 12,000 rpm to obtain infected 

RBCs (iRBCs) in anticipated region of the QBC tube, below the (white blood 

cells) WBCs (Moody, 2002).   The float occupies about 90% of the space in the 

tube so that cell layers are held down and made thicker.  The parasites from the 

erythrocyte / leukocyte interface are examined under the standard white light of 

a microscope fitted with a UV microscope adapter.   The tube is turned under 

the microscope to expose the parasites to the light.  The parasites fluoresce as 

bright green or yellow dots in the midst of the uninfected RBCs.   
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 Immunochromatographic tests (ICTs) 

Immunochromatographic assays are devices made in dipstick or lateral flow 

designs that detect malaria antigens in small quantities of blood (2-50 

microliters) (Kakkilaya, 2011).    Such devices are fashioned to be amenable for 

field testing (Figure 1.14).  

 

       

 

 

 

 

 

 

 

 

Figure 1-14: Schematic of lateral flow device (adopted from Innovabiosciences, 2017).  

The sample pad absorbs the applied sample which progresses to the conjugate pad.  

Conjugated pad carries immobilized antibody labelled with enzyme, gold nanoparticles 

or fluorescent dye.  Primary antibody is immobilized on the test line.  An antibody 

against the conjugate antibody is immobilized on the control line.   The wick absorbs 

excess moisture at the end of the flow.  

 

The surface of reaction is the zone where the antibody and antigen 

immobilization takes place in an embossed micro well and a detection zone. .   

The assay makes use of monoclonal antibodies labelled with a dye, fixed on the 

distal part of a strip for reaction with the parasite antigen.  While running the 

test, blood and buffer is mixed with conjugated antibody and transported along 

the lines of localized antibody.  Parasite antigen is attached which interacts with 

labelled antibody.   

These devices are used in the diagnosis of malaria with highly specific results.  

The sensitivity of these devices relies on the species and number, viability and 

Platform 

 

Sample pad 

Conjugate pad Test line 

Control line 
Wick 

Nitrocellulose membrane 
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difference in concentration of parasite antigen as well as the condition (storage 

≤30ºC) (Kakkilaya, 2011).  It also requires a skilled person to interpret the test 

results.  Dipsticks are the simplest form.  The nitrocellulose membrane provides 

a suitable medium for particle migration from one end of the strip to the other.   

As sample is applied, the antibody labelled with the conjugate immobilized on 

the conjugate pad interacts with the analyte in the sample and forms a complex.   

As migration continues, the complex reaches the test line where the primary 

antibody raised against the analyte interact with the sample / antibody / 

conjugate complex.   As a result the analyte is sandwiched between the primary 

and conjugated antibodies.  Intensity of the colour signal on the test line 

indicates the presence of the analyte while the control line with antibodies 

immobilized which are raised against conjugate antibody shows a colour signal 

to indicate that the strip is working normally.  Cassettes and cards may also be 

used which tend to be more expensive. 

Immunochromatographic devices have been used with varying measures of 

success.  False negative results may be due to a number of factors including 

Lot no., product type, and storage temperature and testing conditions (Mubi, 

2011).   Many ICTs have been developed to detect Plasmodium falciparum 

HRP 2 and parasite lactate dehydrogenase or aldolase from all Plasmodium sp.   

Most of these ICTs have shown low sensitivity for the diagnosis of P. vivax and 

do not differentially detect P. vivax and P. falciparum or mixed infections.  

Others detect only Plasmodium falciparum through targeting the histidine-rich 

protein 2 (Bell et al., 2006) or all Plasmodium proteins such as lactate 

dehydrogenase (Iqbal et al., 2001).  Some immunochromatographic malaria 

tests are listed in Table 1.3. 

 

 

 

 

http://www.sciencedirect.com/science/article/pii/S073497501630009X#bb0050
http://www.sciencedirect.com/science/article/pii/S073497501630009X#bb0405
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Table 1-3: Immunochromatographic tests 

Test  Company Biomarker References 

OptiMAL -IT (DiaMed, Cressier, 

Switzerland) 

pLDH (Gilad, 2008; Kang et al., 2015) 

Vistapan (Mitra, New Delhi, 

India) 

pLDH (Fogg et al., 2008) 

ParaHIT f  (Span Diagnostics) HRP 2 (Guthmann, 2002) 

Malar-Check Cumberland 

diagnostics ltd) 

HRP 2 (Avila et al., 2002) 

Makromed Dipstick (Makro 

Medical Pty. Ltd., 

Johannesburg, 

Republic of South 

Africa) 

HRP 2 (Richardson et al., 2002; Singer et al., 

2004) 

ParaSight-F (Becton Dickinson, 

USA 

HRP 2 (Shiff, 1993; Forney et al., 2001) 

Paracheck Pf (Orchid Biomedical 

Systems, Goa, India 

HRP 2  (Fogg et al., 2008; Guthmann, 2002) 

BinaxNOW Alere, UK HRP 2 / pLDH (DiMaio et al., 2012; Foster, 2014) 

Carestart (Access Bio, 

Princeton, NJ, USA 

HRP 2 / pLDH (Maltha et al., 2011; Fogg et al., 2008) 

 

These tests have been used successfully in conjunction with blood film 

microscopy to confirm diagnosis of malaria.   Less accuracy may be observed, 

however in samples stored to wait for a competent person, handling a large 

number of samples or when the samples have to be transported for long 

distances due to the lack of adequate infrastructure (Maltha et al., 2010).   

Some malaria affected populations may be found in the interior of regions with 

difficult terrain.     

The sensitivity and specificity of the CareStart Malaria test is comparable to the 

thick blood smear in diagnosis of malaria (Hailu and Kebede, 2014).   It is 

therefore preferable to use the Pf / Pv Combo Test instead of microscopy in 

areas where microscopic diagnosis is limited.  PfHRP 2 tests may show P. 

falciparum sensitivity ˃ 90% in clinical cases (Forney et al., 2003).    Some tests 

involve the use of serum-suspended parasite metabolites.   
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 Serological tests 

Serological malaria tests are blood tests that detect specific malaria antibodies 

produced by the immune system (Corran et al., 2007).   In the past 50 years, 

serological tests have been used to detect antibodies against malaria parasites 

(Moody, 2002).  The serological test detects the antibody at some time in the 

preceding months up to a period of a few years assessing the infection status of 

a person who presents with malaria-related symptoms and whose blood is 

negative for malaria parasite. It may also be used for a patient who has 

previously undergone treatment and whose parasite load is uncertain (Corran et 

al., 2007).    

These methods have their specific use as they are limited to the measurement 

of past exposure to the disease or to recognize disease biomarkers. The 

methods most commonly mentioned in literature to measure malarial antibody 

titres are Indirect Fluorescence Antibody Test (IFAT) and the Enzyme Linked 

Immunosorbent Assay (ELISA) (Forney et al., 2003; Bell et al., 2006; Merwyn, 

2011; Thongdee et al., 2014). 

IFAT can be used to obtain information concerning the patient’s history of 

malaria infection.   These factors would immediately pose a serious challenge in 

low resource settings, many of which are the areas in need of malaria 

intervention (Merwyn, 2011; Thongdee et al., 2014).   

ELISA on the other hand has shown higher sensitivity than the IFAT 

Plasmodium falciparum malaria detection (84% and 70.5% respectively).   Both 

methods may be used for malaria detection in areas where the facilities are 

readily available.  In rural sites, ELISA test has proven expensive in that it 

requires the use of expensive microtiter plates, is time-consuming, requires a 

steady supply of electricity to read the absorbance on the elaborate plate reader 

which is not easy to transport and which requires sufficient training to operate 

and interpret results (Thongdee et al., 2014).   

http://www.sciencedirect.com/science/article/pii/S073497501630009X#bb0050
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 Molecular tests 

PCR (Polymerase chain reaction) and Loop Mediated Isothermal Amplification 

(LAMP) have shown great sensitivity and specificity, but require significant 

infrastructure and training, and are more expensive than the blood smear 

method (Demirev et al., 2002; Scholl et al., 2004; Maiera, 2011).  LAMP focuses 

on carrying out molecular diagnostic procedure in field situations without the aid 

of highly specialized instruments (Notomi et al., 2000).  The method involves 

the use of the enzyme DNA polymerase and has been applied successfully as a 

diagnostic tool for several diseases and is said to be a technique that can 

identify a sample with low copy number.    

 

The primer-based interfaced enzyme propelled DNA amplification of selected 

genomic sequences is widely used for research and routine diagnosis of many 

diseases like hepatitis, cancer, leukemia and malaria.  Due to its reliability, PCR 

is used as a major laboratory technique in studies involving DNA cloning, 

diseases of heredity, forensic studies, phylogeny, gene functional analysis, DNA 

sequencing, paternity testing,  genetic fingerprinting and disease diagnosis.     

The PCR process amplifies the subject DNA using a heat stable enzyme known 

as the Taq polymerase to speed up the reaction to produce millions of copies of 

the template (McKeague and DeRosa, 2012; Baltzell et al., 2013; Iglesias, et 

al., 2014). PCR test involving DNA migration during agarose gel electrophoresis 

(Figure 1.15).  
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Figure 1-15: Diagnosis of malaria suspected blood samples (Ittarat et al., 2013). 

Diagnosis of malaria suspected blood samples (n=30) by the agarose gel 

electrophoresis.    M is the ladder on the far left and right.   Samples in lane 6, 9 and 20 

were reported as negative by microscopic examination but showed a malaria positive 

DNA band at 120 bp (Ittarat et al., 2013). 

 

Nucleic acid technology is not restricted to polymerase chain reaction and loop 

mediated isothermal amplification.  DNA microarray may be used to determine 

the level of expression of a vast number of genes, the genetic constitution of 

several portions of the genome, for RNA analysis and for determining nucleic 

acid make up (Grubaugh et al., 2013).   DNA microarray can be referred to as a 

DNA chip or DNA biochip and is a selection of sections of microscopic DNA 

adhered to a sturdy platform (Rathod et al., 2002).  The method was first used 

in parasitological studies in which pre-synthesized DNA and DNA fragments 

comprise high density alignment of nucleic acids with high sensitivity.  Though 

molecular methods are able to detect about 5 parasites per microliter of sample, 

molecular tests have their limitation in application in resource-sparse field 

conditions (Wang et al., 2015).   
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 Coffee stain malaria detection 

Coffee ring procedure for malaria detection is based on the principle of particle 

migration.   A ring of coffee will evaporate so that the dissolved particles migrate 

to the periphery of the stain (University of California, 2010).  This is an antibody-

free format which relies on the outward flow of the liquid (Figure 1.16).  

 

 

Figure 1-16:  Coffee ring malaria detection (University of California, 2010). 

 

Magnetic particles (250 nm in diameter) and non-magnetic particles (1 µm 

diameter) surface-modified with Ni Nitrilotriacetic acid [Ni (II) NTA], were shown 

to bind a poly-L-histidine target, a mimic of the malaria biomarker, PfHRP 2 

causing the formation of a sandwich.  Non-reactive control particles (1 µm 

diameter) in solution were transported outward.   Thus, the mimicked biomarker 

was detected.   The assay however shows high background caused by non- 

target molecule (Gulka, 2015). 

 

 Laser desorption mass spectroscopy (LDMS) 

Over the last few years, 'soft' ionization methods have extended the range of 

applications of mass spectrometry to biochemical, medical and environmental 

sciences (Karas and Bahir, 1986).  Laser desorption is one of these techniques 

foridentification and characterization of proteins (Mainini et al., 2013).  Detection 
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is of particles of varying size occurs after the particles pass through an electron 

beam.   The accelerated particles are then deflected according to size or ionic 

potential in fluids (Figure 1.17). 

 

 

Figure 1-17: Schematic - Laser Desorption Mass Spectrometry (scienceaid.co.uk). 

 

The LDMS hemozoin detection of P. yoelii infections at the middle and lowest 

dose of infected erythrocytes by as much as four days earlier than light 

microscopy (>0.1% parasitaemia threshold) demonstrates that LDMS can be 

used as a rapid screening tool to detect malaria infections in this mouse model.  

Laser desorption mass spectroscopy detection of haem in clinical Plasmodium 

falciparum samples is further evidence of the presence of sub-microscopic 

hemozoin in ring-stage parasites.   These correspond to an average of 0.1, 0.3, 

0.4-0.5 femtomoles per parasite, which suggests that LDMS, with sub-

femtomole sensitivity for haem, can detect hemozoin from a single individual 

infected erythrocyte (Slomianny, 1990).  Even though hemozoin is not visible 

under light microscopy in ring-stage parasites, electron micrographs depict 

recognizable haem crystals during this stage (Slomianny, 1990). 

 

In a study conducted in pregnant women whose blood films test negative with 

microscopy, LDMS showed a sensitivity of 52% and a specificity of 92% 

compared with PCR.  Malaria pigment (hemozoin) detection by LDMS was 

recently shown to be a sensitive (<10 parasites per μL) technique for detecting 
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Plasmodium falciparum parasites cultured in human blood.   LDMS technique is 

however not recommended as a malaria detection tool in mixed malaria 

infections, as the hemozoin available in the  ring-stage parasites is less than in 

older, more mature-stage parasites (Scholl et al., 2004; Ter Kuile et al., 2004).   

LMDS is neither effective in parasite differentiation, and so it is to be supported 

by microscopy or ICTs for species recognition.   LDMS is however useful for 

separating sample components according to mass and ionic potential (Scholl et 

al., 2004).   

 Flow Cytometry (FCM) 

Flow cytometry is a simple, robust, and efficient method for the detection of 

physical and chemical properties in a fluid with labelled particles.   As the fluid 

passes through one or more laser beams, thousands of particles are identified 

per second.    FCM is based on immunochemistry and has found many uses in 

chemistry and parasitology for the analysis of blood infection by malaria 

parasites. Analysis of blood-stage development and determination of 

susceptibility to drugs by flow cytometry are reproducible and rapid.  In the 

detection of blood-stage parasites, FCM appears to be sensitive and 

reproducible (Janse and Vianen, 1994).   

Binding of human antibodies to the surface of erythrocytes infected with strains 

of Plasmodium falciparum can also be measured (Staalsoe et al., 1999). DNA-

specific dyes are especially useful because the parasites multiply inside the red 

blood cell (RBC) population of the blood cells.   As RBCs do not contain DNA, 

DNA-specific fluorescence from infected RBC can only be due to fluorescence 

of dyes bound to parasite DNA.  Consequently, infected cells can be 

discriminated from non-infected cells based on their fluorescence intensity. In 

addition, because parasites multiply within the RBC by several mitotic divisions, 

the fluorescence intensity of stained parasites increases during development of 

the parasites. This can be analyzed by flow cytometry and used to determine 

the developmental stage of the parasite.   The total DNA content of a parasite is 

100-200 times less than that of nucleated blood cells.  Therefore, the nucleated 
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blood cells can easily be distinguished from parasites on the basis of the 

difference in fluorescence intensity. 

Hemozoin was used as the marker for detection in several studies from Africa 

and Asia.   The amount of pigment found, particularly in neutrophils of malarious 

children, was a sensitive marker of progression toward the prognosis of severe 

malaria in children (Metzger et al., 1995; Phu et al., 1995; Amodu et al., 1988).    

Hemozoin within phagocytotes can be detected by depolarization of laser light, 

as cells pass through a flow-cytometer channel.   

Flow cytometry method may provide a sensitivity of 49-98% of the studiesd 

population and a specificity of 82-97%, for malarial diagnosis (Grobusch et al., 

2003; Padial et al., 2005) and is potentially useful for diagnosing clinically 

unsuspected malaria. The disadvantages are its labour intensiveness, the need 

for trained technicians, costly diagnostic equipment, and that false-positives 

may occur with other bacterial or viral infections. 

 

 Surface Enhanced Raman Spectroscopy (SERS)  

Raman spectroscopic methods are known to have a range of applications. 

Raman spectroscopy (RS) observes vibrational, rotational, and other low-

frequency modes in a system, to provide a fingerprint by which molecules can 

be identified (Gardiner, 1989).  Raman spectroscopy (RRS) on the other hand 

has been applied to monitor the effects of chloroquine (CQ) treatment on 

cultures of Plasmodium falciparum trophozoites (Webster et al., 2008). RRS 

has been reported to amplify the Raman signal of hemozoin in malaria parasite-

infected blood cells by the close Raman shift matching between the laser 

source and electronic transition of hemozoin (Frosch et al., 2007; Wood et al,. 

2009; Park et al., 2010; Mauritz et al., 2010).   

Raman spectrometry and Surface enhanced Raman spectrometry (SERS) have 

long been attempted for malaria detection.  SERS effect has also been shown 

on a silver tip to enhance the Raman spectrum of hemozoin in infected cells via 

the augmented electromagnetic coupling between hematin and gold or silver 
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nanoparticles (Wood et al., 2011; Yeun and Liu, 2012; Hobro et al., 2013; 

Garrett et al., 2015).   SERS is a highly sensitive optical spectroscopic detection 

technique based on the Raman signal enhancement from metallic (usually silver 

or gold) nano-structured substrates.     

RS has been used to detect malaria in works focused on plasma detection 

(Hobro et al., 2013) while for SERS, the strategy is dominated by hemozoin 

detection (Wood et al., 2011; Yuen and Liu, 2012; Garret et al., 2015).  RS 

techniques (with a sensitivity of 30 parasites /µL) can be used in conjunction 

with confirmatory microscopy for parasite identification.  

 

 Resonance imaging 

Resonance imaging is one of the many medical techniques available for the 

visualization of parts of the body through the use of magnetic, radio and 

ultrasound waves: computer axial tomography, magnetic resonance imaging, 

near infra-red imaging, and nuclear resonance imaging.   Resonance imaging is 

a welcome addition to the array of malaria detection methods. This 

development helps prevent misdiagnosis of cerebral malaria (CM), which often 

leads to treatment delay and mortality.  Misdiagnosis of CM has been 

associated with 15-30% malaria deaths (Marsh and Snow, 1999).  In mouse 

models, experimental cerebral malaria (ECM), optical imaging has been used to 

study the pathophysiology by infection with transgenic P. berghei expressing 

luciferase (Franke-Favard et al., 2005; Ploemen et al., 2009; Baptista et al., 

2010).   More recently, optical imaging methodologies have been developed for 

simple, safe and sensitive diagnosis and monitoring of tumors and other 

diseases (James and Gambhir, 2012; Mann et al., 2015) as well as intravital 

microscopy (Frevert et al., 2005; Baere et al., 2007; Cabrales et al., 2010; Pai et 

al., 2014; Nacer et al., 2014).    

  

Malarial retinopathy consists of a set of retinal abnormalities, unique to severe 

malaria and common in children with cerebral malaria.  Various conventional 

imaging methodologies, including magnetic resonance imaging have been 
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suggested in the observation of the retinal fundus for the diagnosis of cerebral 

malaria (Sugiyama et al., 2001; Patankar et al., 2002; Beare et al., 2007; 

Looareesuwan et al., 2009; Potchen et al., 2012; Zhao et al, 2015).  Malarial 

retinopathy may be used for both prognostication, and triaging for optimum 

utilization of intensive care facilities (Joshi et al., 2016; Portnoy et al., 2016).     

Near infrared (NIR) imaging and liposomes containing non-covalently bound 

indocyanine green (ICG), has been investigated as a tool for diagnosis and 

monitoring of cerebral therapy, looking at the optical fundus which may appear  

blanched.   NIR is characterized by relatively deep tissue penetration and high 

signal to noise ratio, due to the low auto fluorescence and absorbance in its 

wavelength range (Franke-Favard et al., 2005; Frevert et al., 2005; Baer et al., 

2007; Ploemen et al., 2009; Baptista et al., 2010; Cabrales et al., 2010; Luo et 

al., 2011; James and Gambhir, 2012; Nacer et al., 2014; Pai et al., 2014;  Mann 

et al., 2015; Zhao et al., 2015).    

ICG, on the other hand, a water soluble tricarbocyanine dye is the only US Food 

and Drug Administration (FDA) and European Medicines Agency-approved NIR 

molecule (Nguyen and Tsien, 2013).  ICG is widely used for determination of 

cardiac output, hepatic function and liver blood flow, inspection of retinal and 

choroidal vessels (Dzurinko et al., 2004) and diagnosis of burn depth. These 

methods were only partially discriminative, and just a few MRI and PET units 

(expensive and technically complicated) are available in malaria endemic areas.  

Along with the available malaria detection methods are the more recent 

biosensor methods, bringing to bear on the focus of this research, to develop 

immunosensors for the highly sensitive and low cost detection of malaria. 

1.6 BIOSENSORS 

A biosensor is defined as a bio-analytical device incorporating a molecular 

recognition entity associated with or integrated with a physicochemical 

transducer (Tothill, 2009) (Figure 1.18). 
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Figure 1-18: Schematic of a biosensor (Uludag, 2011). 

According to Mistry et al., 2014, the development of the biosensor was first 

reported in the early 1960s by Clark Leland of Rochester, New York, who is 

known as the father of biosensors.   He worked to develop the glucose sensor.    

The glucose enzyme electrode based on detection of hydrogen peroxide was 

tested.  Later in 1973, the re-launch of the first commercial biosensor, YSI 

analyser was conducted in which a glucose sensor was used to measure 

glucose concentration in solution.   Blood sugar levels of diabetes patients could 

be determined using these sensors.  

There is a large market for biosensors of optical and chemical basis, a large 

proportion of which are screening devices (Eggins, 1996).  Today’s biosensor 

market is dominated by glucose biosensors; mass-produced enzyme electrodes 

for rapid self-diagnosis (Newman and Setford, 2006; Monosik et al., 2012).    

The devices are designed according to specification; some analytical devices 

are made up of more than one biosensor.   Less frequently used biosensors are 

magnetic and thermometric biosensors.   

 

Choice of the mediator was based on the fast enzymatic and reversible 

reaction.  The mediator also possesses low O2 potential for regeneration and 

does not rely on pH.   It would also be stable at either end of the redox event. 
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The devices made from electrical and chemical components are generally of 

low cost, easily transported and geared towards utilization in a vast array of 

medical, pharmaceutical, environmental and food processing industries (Eggins, 

1996).   They can be adapted for use in low resource settings and may be used 

by trained non-specialists in de-centralized locations for screening samples for 

target analyte (Figure 1.19). 

 

 

Figure 1-19: Construction of biosensor assays (Tothill, 2009). 

 

 Biosensing receptors 

Selection of the biosensing receptor is the main step in biosensor construction, 

followed by the transducer and finally fixing of the biological component to the 

transducer.   The choice of bio-recognition component should be made such as 

to accommodate the recognition process that occurs between the recognition 

layer and the molecule under investigation (Aizawa et al., 1976).  The affinity 

and avidity of the specific bonds maintain integrity of the sensor and affect 
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sensor sensitivity.  Immobilization of the antibody on the transducer uses a well-

known technique, enzyme immunoassay (EIA) (Aizawa et al., 1976) in a variety 

of formats.    Enzyme immunoassay is discussed in greater detail in Chapter 3. 

The immunoassays are regularly accompanied by labels to signal the 

occurrence of a chemical reaction.  There is an extremely weak variation in 

potential from the antigen-antibody reaction (Yamamoto et al., 1978).  The 

response of the transducer can be improved by provoking a chemical reaction.  

This involves the labelling to the biomolecule with an enzyme that is robust 

enough to withstand the redox processes of electrochemical detection; and 

which catalyzes the production of electrochemical species involved in the 

reaction.  The specificity of the biosensor is then determined by the antibody 

and its sensitivity determined by the enzyme performing the chemical 

amplification (Yamamoto et al., 1978).    

 

Finally, chemoreceptors in the form of cellular membranes can be excited by 

chemical stimuli which induce a conformational change in the chemoreceptors. 

These changes, and the functional modifications that result, are reversible and 

provide an interesting model for construction of biosensors (Thompson et al, 

1986).   Neuro-receptors can also be used in the detection of drugs, toxins and 

certain other substances (Wingard, 1987).  This may involve one of a number of 

processes, such as bio catalysis, immunological coupling or chemoreception 

(Canh, 1993).   

 

Enzymes are the most commonly used reagents, but many other biologicals 

and bio-mimics like antibodies, whole cells (including microbial, plant, and 

animal cells), subcellular organelles, tissue slices, lectins, and numerous 

synthetic molecules with affinity or catalytic properties similar to biologicals, 

extending to those obtained through parallel synthesis and imprinted polymers 

are used.  

 

Examples of bio catalysis bio receptors are enzymes, microorganisms, tissues 

and organelles, animal and plant tissue and organelles such as lysosomes and 
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chloroplasts.  In contrast to bio catalysis, immunological coupling does not 

involve liberation of reaction products or consumption of substrate.  The working 

capacity of a biosensor with an enzyme as its recognition element relies on the 

method of its addition, hydrogen ion concentration, heat requirement and the 

process of its being fixed to the prepared substrate (Abdul Kadir and Tothill, 

2010). This knowledge has proven useful in the development of immunosensors 

to evaluate the progress of disease conditions, for bacteria and virus assays or 

substance recognition (Sharma et al., 2008, Abdul Kadir and Tothill, 2010).      

Each detection biomolecule is to be immobilized on the sensor surface for 

specific detection of analyte; the analyte will likely be in suitable medium with 

required pH for the specific assay. The biomolecules will be applied to the 

sensor surface by one of the 5 common immobilization methods: covalent, 

membrane entrapment, encapsulation (in which In this method a porous 

encapsulation matrix (e.g. lipid bilayers) is formed around the biological material 

and helps in binding it to the sensor),  adsorption or cross-linking. In most 

cases, adsorption is used when the loss of material to the modified sensor 

surface affects sensitivity and detection limit of the sensor.  Apart from enzymes 

and antibodies, more sensitive single-stranded DNA can be used to develop 

immnosensors (Stadtherr et al., 2005).  

Aptamers, artificial ligands based on nucleic acids are the same as monoclonal 

antibodies by virtue of property (specific interaction for specific binding), while 

withstanding deformation.   To this end, those functional groups that are more 

suitable in sensing are used (Stadtherr et al., 2005). Various materials like 

carbon paste, pyrolytic graphite, glassy carbon, carbon fibre and carbon 

nanotubes have been used to immobilize the DNA of organisms. For 

standardized DNA base sequence, the complementary sequence can be 

produced then marked so as to visualize it.   The compound hybridizes with 

respect to the strand under investigation while both strands are uncoiled.  The 

marked strand is introduced then annealing takes place (Vo-Dinh and Cullum, 

2000).  Nucleic acid-based biosensors have an attraction between 
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complementary regions of aligned nucleotide sequences (Borgmann et al., 

2011).      

 Transducers 

A transducer is the device that converts recognition signal events into electrical 

(often digital) signals-and can be electrochemical (amperometry, potentiometry, 

conductimetry / impedimetry), optical (colorimetric, fluorescence, luminescence, 

interferometry), calorimetric (thermistor), mass change (piezoelectric/acoustic 

wave) or magnetic in nature (Tothill and Turner, 2003).  The information relayed 

to the transducer is generated from the interaction biomolecular moiety, giving 

the signal that the reaction has taken place. The choice of transducer is 

informed according to the reaction type, and the substances liberated or 

consumed during the reaction.   The choice of transducer also depends on the 

intended application of the biosensor (Canh, 1993).   Common transducer types 

include optical, piezoelectric and electrochemical platforms.  

 Optical biosensors 

Optical biosensors use the light in different configurations of the principal format 

to detect an analyte when surface polaritons are excited. Several optical 

sensors exist including resonant mirror, resonant waveguide grating and dual 

polarization interferometry sensors. Of the optical biosensors, surface plasmon 

resonance (SPR) is the most common.   SPR is an optical based, label-free 

detection method utilizing a form of total internal reflection.  Normally, when 

total internal reflection occurs, light traveling through an optically dense medium 

at an angle of incidence greater than the critical angle, is totally reflected when 

it reaches an interface with an optically less dense medium.   Although the light 

is totally reflected, a component of the light, the evanescent wave, will penetrate 

the less dense medium by a distance approximately one wavelength of the 

incident light.  If the light is monochromatic and p-polarized, and the interface 

between the two different media is coated with a thin metal film, the evanescent 

wave will, under certain conditions interact with the free oscillating electrons of 

the metal film.  
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 When surface plasmon resonance occurs, light energy is lost to the metal film 

and the reflected light intensity is decreased.  When all else is kept constant, 

the angle of the resonance phenomenon is dependent on the refractive index of 

the media close to the metal surface.   Changes in this refractive index can then 

be characterized by monitoring the resonance angle over time.  

In practice an SPR sensor is usually a gold coated glass slide.  In biosensor 

applications, the binding of molecules to the sensor surface, or to molecules 

attached to the surface, changes the local refractive index and these changes 

are monitored over time.   By measuring these changes in refractive index, 

information such as binding specificity, concentration of target molecules, 

kinetic rates, and affinity constants for molecular interactions can be 

determined.  

Surface plasmon resonance was described by Otto (Otto, 1968) and made 

commercial by Biacore in the nineties (Daghestani and Day, 2010; Situ et al., 

2010).  The commercially available optical biosensors include surface plasmon 

resonance, resonant mirror, resonant waveguide grating, and dual polarization 

interferometric biosensors (Daghestani and Day, 2010). SPR was soon 

recognized for its versatility in a vast array of applications in research for 

analyte detection (Tothill, 2001; Pattnaik, 2005; Aubailly et al., 2011; Tothill, 

2011; Suenaga, 2012). Optical biosensors offer real-time monitoring of 

interacting molecules and reduced interference of the label with analyte on 

simple user interface and significant limits of biomarker detection (Gulka et al., 

2014).   The prism configuration of an optical biosensor is shown (Figure 1.20).   

 

http://www.sciencedirect.com/science/article/pii/S0039914015301120#bib8
http://www.sciencedirect.com/science/article/pii/S0039914015301120#bib8
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Figure 1-20: Label – free SPR detection (Sierra sensors, 2014). 

 

SPR chips work using a sensor chip which is gold-coated and connected to the 

optical system of the SPR machine and the reverse side related to the 

microfluidic system. The angle of incidence is altered to conform to the 

evanescent wave propagation rate of the surface plasmon polaritons.   

The Surface Plasmon Wave (SPW) or Surface Plasmon Polariton (SPP) is an 

electromagnetic wave directed along the region between a dielectric and a 

metal.   The propagation constant of a SPW,  𝛽 can be expressed as:  

 

𝛽 =
𝜔

𝑐    
     √∈𝑀 𝜖𝐷/ ∈𝑀+ 𝜖𝐷  

 

( 1-1) 

 

Where  𝜔 is the angular frequency, c is the speed of light in a vacuum, ∈ is the 

speed of light in a vacuum, 𝜖𝐷and ∈𝑀 are dielectric functions of the dielectric 

metal. 
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SPR is used for malaria detection of merozoite surface protein-1 (Helg et al., 

2003).   It was further reported that competitive assays, like inhibition ELISA 

and SPR , which require only small amounts of reactant, are suitable alternative 

methods for the determination of relative binding avidities. 

. In SPR the interaction of a biomolecule immobilized on the SPR chip surface 

with its counterpart in solution is monitored without any labelling of the 

biomolecules by using the interfacial refractive index changes associated with 

the affinity binding interactions (Myszka, 1999).  A sigmoid binding curve can be 

viewed as a hybrid curve reflecting a transition from a low affinity state to a high 

affinity state (Nelson and Cox, 2005). 

Measurements are taken as the refractive index changes when the analyte 

flows over the sensor surface. (Sikarwar et al., 2014).   Variants to be 

determined include protein binding, association / dissociation kinetics and 

affinity constants (Sikarwar et al., 2014). 

Plasmodium falciparum monoclonal antibody (MoabPf) and Plasmodium 

falciparum polyclonal antibody (PoabPf) of rHRP-II Ag were characterized in a 

label free and real time manner using a SPR gold chip.   

The MoabPf may also find application in the effective and timely screening of 

malaria affected patients in pathology laboratories equipped with SPR system 

(Sikawar et al., 2014).  SPR technology in malaria detection requires skilled 

handling for effective use.   Though some work has been carried out on malaria 

SPR immunosensors, the assay is not immediately adaptable to field conditions 

with low resource. There still exists the need for quick and user friendly 

instruments that can be transported easily and which are adaptable to field 

conditions (Lee et al., 2012; Jain et al., 2014).  Other optical instruments for 

detection of biomolecules rely on changes in absorbance of a fluorescent 

molecule.   

 Mass sensitive biosensors 

Piezoelectric devices have also been developed to measure changes on a 

sensor surface when an antibody interacts with a target in the sample (Luxton 
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and Kiely, 2009).  The first conclusive demonstration of the piezoelectric effect 

was done by the Curies in the nineteenth century, showing a potential 

difference generated across two surfaces of a quartz crystal when pressure was 

applied (Tombelli, 2012).  If the correct frequency is chosen for the electric field, 

the quartz crystal will oscillate at its resonant frequency.  Resonant frequency 

depends on several factors including the angle at which the quartz crystal is cut.   

Piezoelectric quartz crystals have been used as microbalances since the 

pioneering work of G. Sauerbrey (Pang et al., 2006). The term Quartz Crystal 

Microbalance (QCM) was coined in the twentieth century. The Sauerbrey 

equation is used in the calculation of change in mass and is given by the 

equation: 

 

Δf = 
−2𝑓𝑜2

𝐴√(𝑝𝑞𝜇𝑞)
Δm  

(1-2) 

 

Where Δf is the change in frequency, fo is the frequency of oscillation and 𝛥𝑚 is 

the alteration in mass.   Shear modulus is given by µq and pq is the density of 

the quartz crystal.   This relationship works in air but not in liquid. QCM has 

been used in the differential diagnosis of malaria (Ittarat et al., 2013) with the 

identification of two classes of bio-recognition processes: bio-affinity recognition 

and bio-metabolic recognition.  A frequency shift  at 10 ng mL-1 was detected of 

the 10 μL volume of sample. QCM detection of P. vivax and P. falciparum in 

blood is consistent with microscopy and immunochromatographic tests for 27 

out of 30 samples (Ittarat et al., 2013).   Differential diagnosis of P. falciparum 

from P. vivax is achieved with high accuracy and sensitivity, and is cost-

effective.  No cross-reaction with human DNA was reported (Ittarat et al., 2013).   

As regards measurements in the presence of liquids, the directed relationship 

between mass and frequency shifts-microbalance interpretation as described by 

the Sauerbrey equation (Sauerbrey, 1959), is not always valid and the observed 

response is often significantly higher than theoretically expected. 
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The piezoelectric immunosensor is d is capable of detecting antigens in the 

picogram range with the potential to detect antigens in the fluids (Ittarat et al., 

2013).  The sensor surface may be bare or modified by a self-assembled layer; 

the enzyme or antigen thus immobilized on the self-assembled monolayer. The 

use of magnetic materials underneath the gold coating enhances detection.  

The sensor chip ensemble must be cleaned using an acid (to achieve 

successful layering for improved sensitivity) (Ittarat et al., 2013  

The QCM surface was constructed using a specific avidin–biotin interaction to 

immobilize the malaria oligonucleotide probe on quartz-silver electrode. 

Hybridization was assessed from shifts of the quartz oscillation frequencies due 

to surface mass changes.  The malaria QCM potency in differential diagnosis of 

P. falciparum and P. vivax was evaluated and firstly reported (Ittarat et al., 

2013). 

The target fragments of either P. falciparum or P. vivax were amplified using 

three designed primers under optimized PCR condition.  Then the amplified 

product was hybridized with the immobilized biotinylated probe and the quartz 

frequency shifts were measured.    It was found that the new malaria QCM was 

sensitive, specific and stable after keeping at room temperature up to 2 months 

(Ittarat et al., 2013).   

Clinical application was also evaluated and found that the malaria QCM could 

differentially identify P. falciparum and P. vivax.   Using silver fabricated QCM is 

10 times cheaper than the conventional gold fabricated QCM however; the 

silver fabricated QCM could not be reused nor re-probed (Chomean et al., 

2010). It is possible to develop the malaria QCM whose sensor has two 

functioning sites, as a promising point-of-care testing method in malaria 

diagnosis (Ittarat et al., 2013). Some QCM biosensors are protable. . 

 Electrochemical biosensors 

Electrochemical biosensors are used in point-of-care devices since they are 

portable, simple, easy to use, cost effective and in most cases disposable 

(Tothill, 2009).   The electrochemical instruments used with the biosensors have 

http://www.sciencedirect.com/science/article/pii/S0009898113000259#bb0050
http://www.sciencedirect.com/science/article/pii/S0009898113000259#bb0050
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been miniaturized to small pocket size devices which make them applicable for 

home use or the doctor's surgery. 

Electrochemical detection has been used to develop malaria biosensors, based 

on biological catalysis that produces or uses up electrons (Ronkainen et al., 

2010; Sharma, 2010).  The analyte under investigation takes part in the reaction 

that occurs on the surface of the working electrode.   Such changes can be 

attributed to ionic strength, pH and redox reactions. The rate of flow of electrons 

is proportional to the concentration of the analyte at a fixed potential (Ronkainen 

et al., 2010). 

Electrochemical techniques are suitable for coloured or turbid sample analysis 

which may produce false results in optical assays (Sharma et al., 2008). This 

technique is complementary to optical detection methods such as fluorescence, 

the most sensitive of the optical techniques.  Since many analytes of interest 

are not strongly fluorescent and tagging a molecule with a fluorescent label is 

often labour-intensive, electrochemical transduction can be very useful.  By 

combining the sensitivity of electrochemical measurements with the selectivity 

provided by bio-receptors, detection limits comparable to fluorescence 

biosensors are often achievable (Sharma et al., 2008). Electrochemical 

detection of protein markers is more widely used for cancer analysis (Tothill, 

2009). Electrochemical biosensors can be grouped as amperometric, 

impedimetric or potentiometric with biomolecules attached to the sensor (Figure 

1.21). 

 

Figure 1-21: Schematic of an electrochemical immunosensor (Binder, 2014). 
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The capture antibody against the antigen is immobilized on the surface of the 

working electrode. The antigen to be detected interacts with the capture 

antibody while the detection antibody conjugated to the electroactive enzyme in 

turn interacts with the antigen.  This is a common format in electrochemical 

assay. 

During the development of biosensors it was determined that there are three 

known generations of biosensor, based on their construction (Eggins, 1996).  

The first generation of biosensors are the oxygen electrode-based sensors 

which use molecular oxygen as the oxidizing agent.  The second generation 

biosensors are mediator-based sensors, used to replace oxygen with other 

oxidizing agents to remove electrons in a reversible reaction.  Third generation 

biosensors are directly coupled enzyme-electrodes (Eggins, 1996).   The agents 

used for this purpose were called mediators. One such mediator 

hexacyanoferrate (III), [Fe (CN) 6]3- was known formerly as ferricyanide.   

 

  

1.6.5.1 Amperometric biosensors 

Amperometric biosensors are often made by screen-printing the electrode 

pattern on a plastic substrate coated with a conduction polymer then attaching a 

biomolecule (Ronkainen et al., 2010).     

In the early 80s, a group of scientists based at Cranfield and Oxford Universities 

(UK), realized that employing Redox couples, known as mediators, can 

eliminate many problems associated with electron transfer of the enzymes.  

This turned out to be in retrospect, a fore-runner of a glucose sensor (Cass et 

al., 1984).   Mediators work as an electron shuttle between the redox centre of 

the enzyme and the electrode.     

A typical screen-printed electrode consists of a chemically stable substrate on 

which is a printed  working electrode (WE), reference electrode, (RE) and 

counter electrode (CE).  The working electrode is the main electrode which 
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provides a platform for the analyte.  The WE surface is incubated with the 

reagent by drop-wise addition of a pre-determined volume dissolved in a 

suitable buffer.   Incubation time may vary depending on the assay.  

 The bio-material is then treated according to the assay format then the 

electrodes are scanned on application of a potential, via the leads.  The loss 

and gain of electrons that occurs when the antigen and antibody interact is 

converted into a measureable signal at the solid liquid interphase.  

Amperometric transducers rely on the nature and behaviour of the components 

such as conductivity and ionic affinity for the molecules in solution, and 

measure changes in current, while potentiometric biosensor measure voltage 

change and conductimetric biosensor quantify resistance.     

Screen-printing is a very economically efficient method for the mass production 

and fabrication of microelectrode arrays. Though highly sensitive, the SPE 

surface on continued use will become fouled by products from redox processes 

and become less sensitive.    Surface regeneration of an electrode coated with 

an antibody interferes with the complex and may damage the electrode surface. 

In addition, electrode surface regeneration may not also be practicable in time 

constrained formats.   

Another challenge in the use of SPEs is their lack of reproducibility even though 

they bear the same Lot no.   Recently, however, SPEs have been reported with 

appreciable reproducibility (Metters et al., 2012).   

Surface modification, inter-electrode distance, ink composition, curing 

temperature, pre-treatment procedures and surface roughness must be taken 

into consideration (Pernia et al., 2009).    All these factors dramatically enhance 

the voltammetric performance of these electrodes. 

With particular reference to electrochemical transducers there is a range of 

electrodes available for a selection of reactions: some electrodes are pH 

sensitive, some are sensitive to anionic or cationic interaction while others are 

sensitive to the detection of gases. 
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Modifications can also be made by metal or metal oxide nanoparticles (gold 

nanoparticles).  Carbon nanotubes may also be used as well as graphene 

diazonium chemistry modifications.   Self-Assembled Monolayers (SAMs) form 

an integral part of investigating bio-molecular attachment on the surface of 

biosensors.  Working electrode modification methods include polymerization 

using Polyaniline (PANI), in which the biomolecule becomes attached to the 

electrode surface via the polymer chains, producing an electrical charge thereby 

enhancing the surface structure and conductivity of the electrode.  

The high performance SAM on a gold surface is reliant upon chip cleanliness, 

among other factors.   The sulfhydryl group of the alkane is held onto the gold 

surface by a gold–sulphur bond.    The oxidation achieved by the S-H bond and 

reduction by hydrogen removal transposes the alkyl chains of the thiol groups.  

A systematically arranged single layer forms via the Van der Waal’s interaction 

between the chains.  Orientation of samples on the surface of the sensor is as a 

result of the angle formed by the thiol groups.  

Sol-gel based biosensors are relatively porous and chemically inert.  They are 

simple to prepare, sensitive and biologically stable. Sharma et al., 2010 

detected Plasmodium falciparum histidine rich protein 2 antibody using alumina 

sol-gel modified SPEs. The bare and modified electrodes were coated with 5 µL 

of PfHRP2 protein dissolved in 0.1 M tris buffer.  The developed immunosensor 

took less time to conduct the test than the conventional dot ELISA Sharma et 

al., (2010).  

The most commonly utilized screen-printed electrodes (SPEs) are constructed 

of graphite and carbon black particles (Metters et al., 2011).   The amperometric 

immunosensors enable the detection of analytes at levels previously not 

achievable by high powered liquid chromatography.  The detection of 

Plasmodium species by antigenic methods are as species specific as blood film 

microscopy (Azikiwe et al., 2012).   Examples of biosensors for malaria 

detection are listed in Table 1.4. 
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Table 1-4: Biosensors for malaria detection. 

Analyte Assay principle Range Detection limit References 

PfHRP 2 Photometric detection by 

laser light-scattering 

immunoassay 

- 84 % sensitive 

compared to 

microscopy 

(Mya et al., 

2003) 

Pf MSP SPR - 3×105/M (c=1) 

lower; 3×108/M 

(c=1000) 

(Helg et al., 

2003) 

PfHRP 2 SPR - 5.6 pg  mL-1 (Sikawar et 

al., 2014) 

P. falciparum 

DNA 

QCM - 16 µg mL-1 (Ittarat et al., 

2013)   

 ELECTROCHEMICAL    

PfHRP 2 Carbon SPE modified with 

MWCN and Au/MWCN 

- 8 ng mL-1 Sharma, et 

al., 2008 

PfHRP 2 Carbon SPE modified with 

AuNPs/Al2O3sol–gel 

- - Sharma et 

al., 2010 

PfHRP 2 Graphite–epoxy composite 

magneto electrodes  

- 0.36 ng mL-1 (de Sousa et 

al., 2011) 

PfHRP 2 Polydimethylsiloxane 

microfluidic chips 

- 16 ng mL-1 (Lillehoj et 

al., 2013) 

PfHRP 2 Carbon nanofiber forest 

grown on glass microballons 

0.01-10 

ng mL-1 

0.025 ng mL-1 Gikunoo et 

al., 2014) 

PfHRP 2 Mercaptopropylphosphonic 

acid functionalized copper 

doped zinc oxide nanofibers  

10 ag mL-

1 -10µg 

mL-1 

6.8 ag mL-1 (Brince et 

al., 2016) 

PfHRP 2 Low electrocatalytic indium 

tin oxide (ITO) on glass 

electrodes; APTES-

glutaraldehyde modified 

1pg  mL-1 

-100 ng 

mL-1 

2.2 pg mL-1 (Dutta et al., 

2017) 

Recombinat 

PvLDH and 

PfLDH 

Aptasensor 

Colourimetric spectroscopy - 1.25 and 2.94 

pM respectively 

(Lee et al., 

2012) 

Circumsporoz

oite protein 

(CSP) 

Carbon SPE modified with 

EDC NHS, and layered with 

CNTs. 

10-15 M ~6- 50 ng / mL (Cardoso et 

al., 2017) 

Of all the malaria detection methods, biosensors are the ones yet to be made 

commercial.   Malaria detection methods and sensitivity are listed in Table 1.5.  
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Table 1-5: Some malaria detection methods. 

Method Detection limit 

(parasites / µL) 

Limitations References 

Peripheral blood smear 

(PBS) 

5-10 Need skilled 

personnel and sound 

equipment 

(Kakkilaya, 2011) 

Quantitative buffy coat 

(QBC) 

≤15 Requires adequate 

training  

(Adeoye and Nga, 

2007) 

Immunochromatographic  

tests (ICTs) 

50-100 False positves may 

occur with  poor 

storage  

(Hawkes, 2014) 

Molecular tests ≥1 Expensive reagents (Baltxell, 2013) 

Serological tests 30-60 Detection of 

persistent biomarkers 

(Cook et al., 2010; 

Mfonkeu et al., 

2010; Merwyn, 

2011) 

Flow cytometry  

(FCM) 

1 Labour intensive,  

costly 

(Staalsoe et al., 

1991) 

Spectrophotometry ≤1 Heamozoin detection  (Slomianny, 1990; 

Yeun and Liu, 2012) 

Biosensors 0.36 – 12 (ng mL-1) Most are expensive, 

not field applicable 

(Sharma, 2008; 

Sikawar et al., 2014) 

A similar three- electrode system has been used for malaria detection in this 

study, being the first use of DuPont SPGE in malaria detection to the best of my 

knowledge. 

From the reviewed articles there is still the need to construct a combo of malaria 

sensitive test which is portable, cheap, time-saving and adaptable for field use 

on smart devices via suitable software to promote real time disease monitoring, 

presentation, evaluation and impact assessment. 

1.7 Aims and objectives 

Malaria antibodies are widely used in point-of-care diagnosis of malaria. 

However due to the limited sensitivity of some of the malaria detection methods, 

the need still remains for early detection of the disease in expectant mothers 

and children under the age of five.  Advances in biosensor technology have 

provided simple, rapid and accurate testing systems to support existing 

technology in health care provision.  
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The aim of this study was to develop a test for malaria pathogen using a bio-

sensing platform able to test for two malaria biomarkers, P. falciparum histidine 

rich protein 2 and parasite Lactate dehydrogenase.  The two biomarkers were 

selected as the PfHRP 2 is detected in species that causes the most lethal 

malaria cases while LDH is Pan-malaria and can be found in active infection 

cases.  Furthermore, sensor surface chemistries were investigated. In the 

study, JD sensors provided by DuPont (Bristol, UK) were used along with an 

Autolab potentiostat (Metrhom, UK) for in vitro malaria detection in comparison 

with two commercial malaria test kits. 

 

Project objectives: 

1.  Screen-printed electrode studies. 

a. Characterization of JD 1 JD 2a and JD 2b in potassium ferricyanide. 

b. Characterization of mediator / substrate. 

c. Determination of optimal potential. 

d. SEM and AFM of JD 2b bare sensor surface. 

e. Characterization of SAM-modified electrode surface with ferricyanide. 

 

2.  Electrochemical immunosensor development for PfHRP 2 detection. 

a. Develop direct ELISA assay. 

b. Develop sandwich ELISA assay.  

c. Capture antibody optimization on JD 2b. 

d. Detection antibody optimization on JD 2b. 

e. SEM of assayed JD 2b. 

f. DLS and TEM to determine AuNP particle size.  

g. AuNP conjugation to detection antibody. 

h. PfHRP 2 standard curve in buffer sample. 

i. PfHRP 2 standard curve in AuNP buffer sample 

j. PfHRP 2 standard curve in serum sample.  

k. PfHRP 2 standard curve in AuNP serum sample. 
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3.  Electrochemical immunosensor development for LDH detection. 

a. Capture antibody optimization on JD 2b. 

b. Detection antibody optimization on JD 2b. 

c. LDH standard curve in buffer sample. 

d. LDH standard curve in AuNP buffer sample. 

e. LDH standard curve in serum sample. 

f. LDH standard curve in AuNP serum sample.  

 

4.  Sample analysis using commercial malaria kits. 

a. Preparation of culture medium. 

b. Culture of Plasmodium falciparum Dd2luc clone. 

c. Culture medium supernatant. 

d. Preparation of malaria thin film. 

e. Estimation of percentage parasitaemia. 

f. Sorbitol Lysis for staging parasites.  

g. Luciferase assay for viability curve. 

h. LDH detection using OptiMAL-IT Malaria kit. 

i. PfHRP 2 and LDH detection using BinaxNOW Malaria kit. 

j. Immunosensor assay using culture medium supernatant compare to 

OptiMAL-IT. 

 

The following flow chart shows the connection between the contributing parts of 

the research (Figure 1.22). 
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Figure 1-22: The flow chart shows relationship between the chapters during progress of this research to develop immunosensors for 

malaria detection. 

• Development of direct ELISA 

• Development of sandwich ELISA 

• Capture Ab optimization on sensor 

• Detection Ab optimization on sensor 

• PfHRP 2 standard curve in buffer sample 

• AuNP conjugation to detection Ab 

• PfHRP 2 standard curve in AuNP buffer sample 

• PfHRP 2 standard curve in serum 

• PfHRP 2 standard curve in AuNP serum  

• Preparation of culture medium 

• Culture of Dd2 luc 

• Culture medium supernatant 

• Preparation of thin film 

• Estimation of percentage parasitaemia 

• Sorbitol Lysis 

• Luciferous assay 

• LDH detection on OptiMAL-IT 

• PfHRP 2 / LDH detection using BinaxNow 

• Culture medium on developed LDH immunosensor 
 

• Charachterization of DuPont SPE 

• Charachterization of  mediator / substrate  

• Determination of optimal potential 

• Charachterization of modified electrode 

• Capture Ab optimization on the sensor 

• Detection Ab optimization on sensor 

• LDH standard curve in buffer sample 

• LDHstandard curve in AuNP buffer 

• LDH standard curve in serum 

• LDH standard curve in AuNP serum 

 

CHAPTER 3 
Electrochemical immunosensor development for PfHRP 2 

CHAPTER 6 
Final conclusions and future work 

CHAPTER 5 
Sample analysis using commercial kits 

CHAPTER 4 
Electrochemical immunosensor development for LDH  

 

 CHAPTER 2 
Screen-printed electrode charachterization 

 

 CHAPTER 1 
Introduction and literature review 

 

ELISA format 

 

ELISA format 
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CHAPTER TWO 

 

CHARACTERIZATION OF THE SCREEN-PRINTED 

ELECTRODES 

 





 

65 

2 SCREEN-PRINTED ELECTRODE STUDIES 

2.1 INTRODUCTION 

Characterization of SPEs aids reproducibility of assay results and is the general 

method for assessing the working electrode active surface area and structure 

(Arya et al., 2007).  Screen-printed electrode material may be of carbon, 

modified graphite or gold.   Each of these materials has inherent characteristics, 

applicability and limitations.   Electrode material is, therefore, responsible for its 

performance when a potential is applied and so the SPE is assessed (Arya et 

al., 2007).   For the purpose of this work, potassium ferricyanide [K3Fe (CN) 
6] 

was chosen as mediator to characterize the sensors. The redox reaction 

produces a cyclic voltammogram from software of Autolab potentiostat from 

which active surface area is calculated as a percentage.  CV shape and size 

indicate scan rate and electromotive force sufficient to produce species 

consumption, and on the reverse sweep, re-oxidation of the mediator as the 

voltage passes the plateau (Davies and Higson, 2013).   The shape is also an 

indication of shift of cathodic and anodic peak, descriptive of reversibility.  

Optical surface characterization on the other hand reveals topography and 

elemental composition imaged by high power microscopy. Composition of 

electrode can affect performance at solid–liquid interphase during 

electrochemical reaction. According to the method of Binder, 2014, 

determination of working electrode suitable potential is achieved at uniform 

current measured against varied voltage in work conducted on DuPont JD 1 

SPGEs.    For the purpose of this research JD 2a and JD 2b of similar construct 

and varied batch and carbon inks are compared to JD 1 SPGE.  This chapter 

describes DuPont JD SPGEs suitability for use in development of a malaria 

immunosensor.  
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2.2 MATERIALS 

 General chemicals and instrumentation 

Potassium chloride and 3, 3´ 5, 5´ tetramethyl benzidine hydrochloride (TMB), 

hydrogen peroxide 30 % (w/w), potassium ferricyanide [K3Fe (CN) 6], phosphate 

citrate buffer tablets and plastic petri dishes were purchased from Sigma Aldrich 

(Dorset, UK).  The vortex mixer model Genie 2 G-560E was purchased from 

Scientific Industries (Bohemia, USA) and electric pan balance (Mettler Toledo, 

UK).  

Characterization of the surface of the electrodes was done using the 

Environmental Scanning Electron Microscope (Phillips, UK) and the Atomic 

Force Microscope (Digital Instruments, California). Curing of electrodes at 

120ºC was carried out in Carbolite oven, model PN 120 (200) (Hope, UK) while 

incubation at 37°C was carried out in a column oven (Shimadzu Corporation, 

Japan). 

Electrochemical procedures were conducted using a computer controlled four 

channel Autolab electrochemical analyser multipotentiostat (Metrohm, 

Netherlands).  The procedure allows the simultaneous detection of four 

sensors.   Data capture was through the supplied GPES version 4.9 007 

software installed onto a PC.  Sensor edge connectors were from PalmSens 

(Provided by Alvatek, Gloucestershire, UK).  Chronoamperometry on multi-

mode GPES was selected from the menu and parameters set for the 

appropriate measurement.   

Faraday cage was employed to reduce interference and Microsoft Excel was 

used to plot the curves.  Photos were taken using Samsung Galaxy Note 3 SN–

900. 

 Screen-printed electrodes 

Three batches of JD SPGEs (designed by Cranfield University and produced by 

DuPont (Bristol, UK) were used in the study.  The SPGEs comprise a gold 

working electrode (0.226 cm2 planar area) as the anode, carbon counter to 
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balance three electrode system and Ag/AgCl reference electrode against which 

the current generated on the working electrode is is compared .    Electrodes 

were printed onto 125 μm thick polyethylene tetraphthalate (PET) sheets 

(Figure 2.1).  

 

 

 

Figure 2-1: DuPont JD 2b SPGE is of similar construct to other batches.    The JD 1 
base carbon print (BQ 221) had been IR dried, the subsequent inks had been box-oven 
dried at 140°C for 30 minutes      

 

The materials used in constructing the SPGEs are listed in Table 2.1.    

Table 2-1: Batches of electrochemical screen-printed electrodes. 

Batch  Carbon 

material 

Gold Ag/AgCl Encapsulation Year produced  

JD 1  BQ 221 BQ 

331 

5880 5036 2010 

JD 2a    BQ 226 BQ 

331 

5880 5036 2013 

JD 2b BQ 226 BQ 

331 

5880 5036 2015-2016 

 

All batches of electrode were characterized connected to edge connector 

(Dropsens, Spain) (Figure 2.2). 

Counter electrode 

Working electrode 

Reference electrode 

Leads 

Encapsulant (PET) 



 

68 

 

Figure 2-2: Electrochemical set-up with single channel Dropsens (Spain) edge 
connectors (a) SPE preparation (b) Faraday cage (c) to reduce interference and 
multichannel measurements using banana connectors (Palmsens, Netherlands) (d). 

 

2.3 METHODS 

 Characterization measurements and data analysis 

 

Cyclic voltammetry (CV) and chronoamperometry by GPES 4.9 007 were used 

to assess performance of JD 1, JD 2a and JD 2b SPGEs using potassium 

ferricyanide [K4Fe (CN) 6] (Figure 2.3). 
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Figure 2-3: Cyclic voltammogram redox curve during oxidation and reduction of 
electroactive species (adopted from Higson, 2003). 

 

The potential is first swept from approximately -0.4 to +0.3 V versus Ag/AgCl. 

No current is observed between approximately -0.4 and -0.2 V in the absence of 

any electrochemical reaction occurring within this region (region A).   At around   

-0.2 V, a cathodic current commences due to the oxidation of [Fe (CN) 6]3- to [Fe 

(CN) 6]4- (point B).   The current increases as and the potential is increased due 

to the increased electron transfer rate (region C). [Fe (CN) 6]3- is being 

consumed and its surface concentration decreases, causing a diffusion gradient 

between the surface of the electrode and bulk solution.  When the surface 

concentration of [Fe(CN)6]
3- approaches zero, the cathodic current peaks EPA 

(point D) and then falls as the diffusion gradient extends further into the solution  

(region E ).   

The rate of mass transport to the working electrode now becomes rate limiting 

and the current now approaches a new equilibrium plateau until the direction of 

the potential sweep is reversed (point F).  A reduction current is observed 

(region G), until the potential at which the peak cathodic current was observed 

is once more passed (point H).   At this point the current momentarily passed 
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through zero.  [Fe (CN)6
4-] begins to reduce (region I), and an ( anodic) current 

is seen, which again rises until in a similar manner the surface concentration of 

[Fe (CN) 6]4- approaches zero; a peak current EPC is again observed (point J).  

The current once again decreases as the original potential is once more 

approached (region K).  

Three electrode batches (Table 2.1) were investigated in this study using cyclic 

voltammetry and the electroactive mediator potassium ferricyanide [K3Fe (CN) 6] 

(Table 2.2).  

 

Table 2-2: Scan parameters for potassium ferricyanide for SPGE characterization. 

 

Step potential 0.01 V 

First vertex potential 0.3 V 

Second vertex potential -0.4 V 

Scan rate 10 mV s-1,  20 mV s-1,  50 mV  s-1, 
70 mV s-1 and 100 mV s-1 

No. of scans 3 

 

 

Volumes of 100 µL of potassium ferricyanide (0.1, 0.5 and 1 mM) were applied 

to cover all three electrodes.    SPGEs were then scanned between 10 mV s-1 

and 100 mV s-1. Step potential, first and second vertex potential remained 

constant. The average of three scans was used to determine WE surface 

activity using Randles Sevcik equation (Gosser, 1993; Bard and Faulkner, 

2001). 

 

Ip = 2.69. 105 A C √n3 D V (2-1) 

 

where Ip is average of cathodic and anodic peaks followed by Randles Sevcik 

constant; A is the active surface area, bulk concentration C (mol / mL) of 

potassium ferricyanide is calculated at 1 mM, number of electrons n involved in 
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the redox reaction is 1; coefficient D of K3Fe (CN) 6 is 7.6 x 10 -6 cm 2 s-1 (Morrin 

et al., 2007).   The scan rate varies, where V was varied from 10 mV s-1 to 100 

mV s-1 (n = 3).     Active surface area was calculated for JD 2b at 20 mV s-1.    

From equation 2.1: 

 

 

Percentage activity of WE was obtained using: 

 

                                         Aactive % = 
𝐴active

𝐴𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐
. 100 

 

 (2-2) 
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According to Binder (2014), Ageometric is obtained from diameter of working 

electrode as 5 mm , including rectangular gold surface below the main 

electrode, with length ‘a’ of 3 mm and width ‘w’ of 1 mm; geometric area is 

calculated at 0.226 cm2. 

Aactive %= 0.1555

0.226
. 100 

 

                                             Aactive % = 0.68% 

Above is the percentage WE surface area at 1 mM potassium ferricyanide and 

20 mV s-1 scan rate. Randles Sevcik equation governs quasi-reversible 

electrochemical processes (Kadara et al., 2009) and was again used for the 

calculation of active WE surface area (Aactive) at various scan rates on the 

SPGEs.  Following electroactive surface area calculation, chronoamperometric 

determination for mediator / substrate complex, TMB/ H2O2 was conducted in 

order to confirm the results.  

 Preparation of working buffer 

To prepare working buffer, 0.05 M phosphate citrate buffer (pH 5.0) was added 

to 0.1 M KCl in a 1:1 ratio.  The working buffer was used in preparation of 

substrate. 

 Preparation of H2O2 (substrate) 

To prepare the substrate solution, the working buffer (section 2.3.2) was then 

used to dilute a 30 % (v/v) hydrogen peroxide solution in a ratio of 1:10, 

resulting in a 3 % (v/v) hydrogen peroxide working buffer mix.  The solution was 

prepared just before taking the readings, and placed in the dark. 

  TMB (mediator) solution preparation 

TMB (3, 3´ 5, 5´-Tetramethyl benzidine hydrochloride) was taken to be the 

mediator for this study.   To prepare the solution, TMB (0.001g) was dissolved 

in 150 µL of de-ionized water (18.2 mΩ) in a 1.5 mL tube to give a final 



 

73 

concentration of 0.6 M.  The solution was prepared just before taking the 

readings, and placed in the dark.   

 Preparation of TMB / H2O2 (mediator / substrate) stock 

The preparation of the TMB/H2O2 (mediator/substrate) was conducted when it 

was time to take the readings when assay had been completed on the SPGE.  

H2O2 and TMB (prepared in sections 2.3.3 and 2.3.4) were added to the working 

buffer in 1.5 mL tubes.   To produce 0.5 mL of the final substrate, 10 μL of the 3 

% (w/w) hydrogen peroxide stock as well as 10 μL of the TMB-water stock was 

diluted in 480 μL of working buffer.   This resulted in a final concentration of 4 

mM TMB and 0.06 % H2O2 in phosphate citrate-KCl buffer.  To minimize the 

variations in the sensor signal due to poor reagent quality, a fresh TMB / H2O2 

mediator / substrate complex was mixed for every sensor batch or after 30 

minutes of use.    

 Characterization of mediator / substrate system 

The TMB / H2O2 system used is based on JD 1 SPGEs (Binder, 2014) however 

to assess its effect on JD 2b SPGE, investigation was conducted on electrode 

cured at 120°C for 30 minutes then rinsed twice in 1000 μL de-ionised water 

(18.2 mΩ) to remove impurities and dried in gentle nitrogen stream.    The TMB 

/ H2O2 system for signal generation was characterized using cyclic voltammetry 

with a bandwidth ranging from -0.3 to 0.8 V at ambient temperature.   Reagents 

were prepared in 0.05 M phosphate citrate buffer and 1 M KCl working buffer. 

The working volume comprised 10 µL of TMB solution (0.6 M) and 10 µL 1:10 

(30%) hydrogen peroxide diluted in 480 µL of working buffer (1:1 KCl and 0.05 

M phosphate citrate buffer, pH 5). 

 

 Chronoamperometric analysis to determine assay potential 

TMB was adopted as the suitable mediator in horse radish peroxidase 

conjugated affinity assay.  Sensors were first heated at 120 ºC for 30 minutes 

then rinsed with 1000 µL distilled water (18.2 Ω) to remove impurities and dried 

in gentle nitrogen stream.    For this study, H2O2 (adopted as the substrate).    A 



 

74 

solution of TMB / H2O2 (0.001g TMB in 150 µL de-ionized water, 18.2 mΩ) with 

1: 10 H2O2 in phosphate citrate buffer (0.05 M, pH 5) was added to 10 µL 

monoclonal antibody, horse radish peroxidase conjugated.  

The measurement was normalized by first obtaining baseline current of the 

TMB / H2O2 system at each potential then injecting monoclonal antibody-HRP 

conjugated (10 µg mL-1) at 100 s at ambient temperature between 18 ºC and 25 

ºC.   Results were calculated from 10 measurements before and after enzyme 

addition.   Blank response was subtracted from the measurement to obtain the 

signal for the optimal current for the system.   The optimal working potential was 

selected as the highest signal.  Data was then copied to Microsoft Excel for 

presentation and compared with JD 1 from a previous study. 

 Characterization of the bare electrode surface 

To characterize the gold working electrode, scanning electron microscopy was 

used to obtain a visual image of the gold working surface.   Prior to scanning 

sample preparation was conducted.  The electrodes were thus heated, washed 

and dried as in section 2.3.7.   The nitrogen dried screen-printed electrode was 

attached along the underside with adhesive tape to the platform.   The vacuum 

having been created, an image was scanned via the introduction of a high 

power beam onto the sample.  The image was captured from the excited 

particles from the working electrode.  Images were captured at low and high 

magnification (Figure 2.4).   
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Figure 2-4: Scanning electron microscope (A) was used to generate an image of the 
gold working electrode surface, when an electron beam was incident on the mounted 
SPGE (B).  An adhesive was used to stabilize the SPGE. 

 

In order to determine elemental composition of the working electrode, the 

process was repeated using a fresh screen-printed electrode.  The image 

scanned by the projection of an electron beam which interacts with the sample 

can be used to form a visual image showing lithographic pattern on the working 

electrode surface at 50x magnification.  

During characterization, surface roughness, modification, inter-electrode 

distance, ink composition, curing temperature and pre-treatment procedures 

must be taken into consideration (Pernia et al., 2009).   

 

Printing quality has improved in 2015 - 2016 batch of JD 2b.   High surface area 

from the three dimensional ink granules has a direct association with the 

amount to bio-material in the stationary phase on the working electrode and is 

reported to have an improved performance (Noh and Tothill, 2009).   

A 

B 
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 Characterization of modified electrode surface 

The redox behaviour of a reversible couple was used to assess the density and 

sensitivity of the monolayer (Bain et al., 1989).  The formation of thiol monolayer 

on the gold surface was characterized using cyclic voltammetry analysis using 5 

mM potassium ferricyanide solution in 0.1 M KCl.   Surface modification of the 

SPGE was carried out (Salam and Tothill, 2009; Hayashi, et al., 2009).   

Prior to characterization electrodes were cured in the oven at 120°C for 30 

minutes and then dried with nitrogen stream.  Following a method used by 

Salam and Tothill (2009), each electrode was then immersed in 5 mL of 11-

mercaptoundecanoic acid, and 3, 3´ dithiodipropionic acid (2 mM) overnight in 

the dark.    The electrodes were washed in 1000 μL of 95 % ethanol (twice) and 

then twice in 1000 μL of deionized water (18.2 mΩ).   The electrodes were then 

dried in gentle nitrogen stream and scanned at 50 mV s-1 using potassium 

ferricyanide (1 mM).   Average of two sensors was used in the calculation of the 

active surface area percent. The results were compared with bare SPGE 

characterization at 50 mV s-1. 

2.4 RESULTS AND DISCUSSION 

 CV analysis of JD 1 SPGE against potassium ferricyanide 

Cyclic voltammetric analysis was used to characterize the working electrode 

surface using an electroactive marker, potassium ferricyanide.  Electroactive 

markers can also evaluate sensor reproducibility. The electrochemical 

behaviour of potassium ferricyanide was tested at different scan rates such as 

10 mV s-1, 20 mV s-1, 50 mV s-1, 70 mV s-1 and 100 mV s-1.  During a 

voltammetric scan, the potential applied to the working electrode becomes 

sufficiently positive and causes anodic current observed at that point.   This will 

increase rapidly until the oxidized species falls to zero.  Three batches of 

DuPont SPGE: JD 1, JD 2a and JD 2b electrodes were investigated (section 

2.2.2; Table 2.1).  Electrode suitability hinged on reversibility of reaction using 

potassium ferricyanide in potassium chloride as mediating electrolyte. 



 

77 

Characterization was therefore conducted on JD 1 with potassium ferricyanide 

concentrations 0.1 mM (Figure 2.5). 

 

 

Figure 2-5: Cyclic voltamogram with 0.1 mM potassium ferricyanide on JD 1 at scan 
rates of 10, 20, 50, 70 and 100 mV s-1 using 100 μL 0.1 mM potassium ferricyanide 
solution for the characterization of JD 1 SPGE.   The graph represents the average of 
two scans per three sensors.  

 

During reduction of the electrode immersed in solution, the potential is switched 

to negative values and the accumulated oxidized species on the electrode 

surface are reduced.  Higher cathodic and anodic peak separation was 

observed at lower scan rate (Bard & Faulkner, 2012).  

Cathodic and anodic peak current was employed to calculate active surface 

area of the working electrode.  Randles-Sevcik equation averages the peak 

values while potential change ΔE is the difference is potential which determines 

reversibility of the reaction.   A anodic and cathodic peak separation, ΔE of 

0.059 V indicates that the electrochemical reaction is quasi–reversible (Table 

2.3).  
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Table 2-3: Characterization of JD 1 SPGE using potassium ferricyanide (0.1 mM). 

 10 mV s-1 20 mV s-1 50 mV s-1 70 mV s-1 100 mV s-1 

IPA (µA)a 
1.16 ± 0.02 2.94± 0.03  

 

3.79± 0.00 

 

5.16± 0.02 

 

6.59± 0.11 

 

EPA (V)b 0.00± 0.01 

 

0.03± 0.01 0.04± 0.01 

 

0.06± 0.00 

 

0.07± 0.00 

 

IPC (µA)a -1.71± 0.003 -2.2± 0.01 -3.73± 0.02 -4.78± 0.03 -5.93± 0.06 

EPC (V]b
 -0.022± 0.004 -0.0 

37± 0.01 

-0.052± 
0.00 

-0.05± 0.00 -0.06± 0.00 

ΔE [V)c 0.024 0.0.067 0.92 0.11 0.13 

IPA/ IPCd -0.68 -0131 -1.01 -1.07 -1.11 

 Aactive (cm 2) 0.02 0.02 0.02 0.03 0.03 

Aactive 
e (%) 75 86 102 111 132 

a IpC/A=Cathodic / anodic peak current 
b EP C/A = Potential applied at the cathodic / anodic peak 
c Peak distance ΔE = EPA – EPC 
d Ratio between the cathodic and anodic peak current 
e Ratio between the active area calculated by the Randles – Sevcik equation and the geometric surface. 

 

 

From Table 2.3 the IP C/A = Cathodic / anodic peak current, EP C/A = Potential 

applied at the cathodic / anodic peak, Peak distance ΔE = EPA – EPC; Ratio 

between the cathodic and anodic peak current e; Ratio between the active area 

calculated by the Randles–Sevcik equation and the geometric surface were 

calculated.   These results show average of two scans vary with concentration 

and scan rate, in agreement with previous work (Binder, 2014) who used 50 

mM potassium ferricyanide at a scan rate of 20 mV s-1 and -0.4 V to 3.0 V band 

width. 

 As shown in Figure 2.5, gold working electrode performs well with peak to peak 

separation (ΔEp = EPA –EPC) at 20 mV s-1 was found to be 100 mV, which 

indicates that the electrochemical reaction is quasi-reversible.   The oxidation / 

reduction peaks showed variation when the lower scan rates are used.  The 

ideal ΔE value for a perfectly reversible redox reaction of potassium ferricyanide 

is 56 to 59 mV and the ratio between the cathodic and anodic peak is 1 (Mueller 

and Adams, 1961; Arya et al; 2007).  In practice however, the difference is 
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typically 100 mV and higher (Arya, 2007).   It is reported that the redox reaction 

is less reversible with a higher concentration of potassium ferricyanide (Binder, 

2014).  

 JD 1 SPGE was then investigated using 0.5 mM and then 1 mM potassium 

ferricyanide.   Cyclic voltammetry has been described as the most versatile of 

electroanalytical techniques for the study of electroactive species and is often 

the first experiment performed in the study of a compound, biological material, 

or an electrode surface (Kissinger and Heineman, 1983).  

The oxidation reaction was repeated to calculate active surface area of the 

working electrode.   In order to achieve this investigation was then conducted by 

scanning JD 1 SPGE using 0.5 mM concentration of potassium ferricyanide 

(Figure 2.6).  

 

Figure 2-6: Cyclic voltammogram JD 1 with potassium ferricynide 0.5 mM at scan 
rates of 10, 20, 50, 70 and 100 mV s-1 using 100 μL 0.5 mM potassium ferricyanide 
solution for the characterization of JD  1 SPGE.   The graph represents the average of 
two scans per three sensors.  

 

From Figure 2.6 there is a peak shift and the change in potential (ΔEp) shows 

the reaction is quasi-reversible. 
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Cyclic voltammetry consists of cycling the potential of an electrode in unstirred 

solution, measuring the resulting current.  The potential of the working electrode 

is controlled against a reference electrode. The controlling potential applied 

between the electrodes is regarded as the excitation signal which sweeps the 

potential of the electrode between two values.  One of the electrodes probes the 

solution, while the other serves as a reference.  The reference electrode has a 

constant and reproducible potential which is independent of its environment.   

The potential of the probe electrode is the potential at the interface of the solid 

and liquid phases.   From Figure 2.6 values were used to generate the table 

and performance of the electrode using 0.5 mM potassium ferricyanide was 

determined (Table 2.4). 

Table 2-4: Characterization of JD 1 SPGE using potassium ferricyanide (0.5 mM). 

 10 mV s-1 20 mV s-1 50 mV s-1 70 mV s-1 100 mV s-1 

IPA (µA)a 5.53± 0.01 6.87± 0.19 12.0± 0.28 16.8± 0.23 18.5± 2.63 

EPA (V)b 0.025± 0.001 -0.1± 0.07 -0.010 ± 
0.01 

-0.00 ± 0.00    0.04± 0.03 

IPC (µA) a -7.32± 0.03 -9.55±13.62 14.7± 20.12 -18.6± 0.04 -20.6± 2.79 

EPC (V) b
 -0.62±  5.65 -0.2±  0.25 -0.15 ± 0.01 -0.12± 0.00 -0.12± 0.01 

ΔE  (V)c  -0.595 .1 1.65  0.12 0.16 

IPA/ IPCd  -0.76 -0.72 0.85 -0.90 -0.89 

 Aactive (cm 2)  0.09 0.08 0.81  0.09 0.05 

Aactive (%)e  77 69 60.2  79.6 47 

a IpC/A=Cathodic / anodic peak current 
b EP C/A = Potential applied at the cathodic / anodic peak 
c Peak distance ΔE = EPA – EPC 
d Ratio between the cathodic and anodic peak current 
e Ratio between the active area calculated by the Randles – Sevcik equation and the geometric surface. 

 

 

As expected, calculation of active surface area equilibrium of the redox reaction 

must be achieved (Tables 2.3 and 2.4) when the rates of oxidation and 

reduction are equal, and the composition of the solution surrounding the 

electrode is constant.  The equilibrium potential is given by Nernst Law: 
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𝐸 = 𝐸0 +  
𝑅𝑇

𝑛𝐹
𝑙𝑛

[𝑜𝑥]

[𝑟𝑒𝑑]
 

 (2-3) 

 

Where E0 is the equilibrium potential, R the perfect gas constant, T temperature 

constant, F faraday constant where [ox] and [red] represent concentrations of 

oxidized and reduced forms.  This law is only valid for very dilute solutions 

(Canh, 1991).  In the one electrode reaction, ferricyanide is reduced and re-

oxidized: 

 

Fe III (CN)6  
3-  +  e-   ⇌ Fe II (CN)6  4-  Redox equation  (2-4) 

 

In the one electrode reaction, ferricyanide oxidation produces a shift of cathodic 

and anodic peaks at different scan rates.    According to the results in Table 2.3 

and 2.4, ΔE is similar at 20 mV s-1.   In order to make further investigate the JD 

1 electrodes produced in 2010, a concentration of 1 mM was used to 

characterize the electrode surface (Figure 2.7). 

 

 

Figure 2-7: Cyclic voltammogram with 1 mM potassium ferricynide on JD 1 at scan 
rates of 10, 20, 50, 70 and 100 mV s-1 using 100 μL 1 mM potassium ferricyanide 
solution for the characterization of JD 1 SPGE.  The graph represents the average of 
two scans per three sensors. 
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As with in Figures 2.5 and 2.6, results show a quasi-reversible curve at scan 

rate 20 mV s-1 with 1 mM potassium ferricyanide scanned from -0.4 to 3 V.  

From the results of the peak search the performance of the electrode was 

calculated (Table 2.5). 

 

Table 2-5: Characterization of JD 1 SPGE using potassium ferricyanide (1 mM).  

 10 mV s-1 20 mV s-1 50 mV s-1 70 mV s-1 100 mV s-1 

IPA (µA)a 13.30± 0.14 19.88± 0.18 32.1± 0.01                                           38.14± 0.00            48.00± 0.00 

EPA (V)b 0.064± 0.00 0.09± 0.01 0.13± 0.00 0.15± 0.22 0.16± 0.00 

IPC(µA) a -12.3± 0.11 -18.4± 1.48 -28.3± 0.03 -33.3 ±66.6 -39.5±0.31 

EPC (V) b -0.08± 0.00 -0.08± 0.11 -0.10± 0.00 -0.21 ±0.11 -0.21 ±0.02  

ΔE (V)c 0.14  0.17 0.23 0.36 0.37 

 

IPA/ IPCd -1.08 -1.14 -1.13 -1.15 -1.21 

 Aactive (cm 2) 0.17 0.18 0.18 0.18 0.11 

Aactive (%)e 76.3 78.9 80.1 80.5 46.7 

a IpC/A=Cathodic / anodic peak current 
b EP C/A = Potential applied at the cathodic / anodic peak 
c Peak distance ΔE = EPA – EPC 
d Ratio between the cathodic and anodic peak current 
e Ratio between the active area calculated by the Randles – Sevcik equation and the geometric surface. 
. 

 

JD 1 electrodes showed overall good performance and quasi-reversibility when 

the distance between the cathodic and anodic peaks was measured. 

According to experimental conditions, diffusion, convection and migration 

transport processes are found to be significant (Fisher, 1996).  Diffusion 

electron transfer occurs across solid / liquid interphase in unstirred media used 

in characterization of SPGE batches.    A JD 1 electrode was used to show the 

direction of species oxidation and reduction when the potential difference was 

applied (Figure 2.8).  
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Figure 2-8: Generalized peak measurements for JD 1 SPGE (1 mM) with indicated 
parameters for the calculation of active surface area. 

 

Cyclic voltammogram for the JD1 (2010) gold screen-printed electrode using a 

1 mM potassium ferricyanide solution in 1 M KCl at a scan rate of 20 mV s-1 

(Binder, 2014).   The peak establishes at the point of species consumption, 

affected by rate of electron transfer controlled through relatively small 

increments in potential.    IP C/A = Cathodic / anodic peak current; EP C/A = Peak 

current at the cathode / anode; ΔE = EPA - EPC produced values approximate to 

the ideal for a reversible reaction (0.059 V).   The reactions from JD 1 

characterization using concentrations of potassium ferricyanide all showed 

stability of the batch since production date of 2010.  The results also suggest 

the suitability of JD 1 for use in developing an affinity sensor. 

 

 

  CV analysis of JD 2a SPGE against potassium ferricyanide 

Having investigated the performance of JD 1 SPGEs, a batch produced in 2013 

(JD 2a) were characterized using 0.1, 0.5 and 1 mM concentrations of 
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potassium ferricyanide in order to establish similarities or differences in the 

quality and performance of the electrodes.  

JD 2a batch construct differed from JD 1 in the carbon counter electrode ink 

print quality (section 2.2.2; Table 2.1).  The results show a quasi-reversible 

curve with clear peak separation at varied scan rates ranging from 10 to 100 

mV s-1 (Figure 2.9). 

 

Figure 2-9: Cyclic voltammogram with 0.1 mM potassium ferricyanide on JD 2a at 
scan rates of 10, 20, 50, 70 and 100 mV s-1 using 100 μL 0.1 mM potassium 
ferricyanide solution for the characterization of JD 2a SPGE.   The graph represents 
the average of two scans per three sensors.  

Following a peak search, the values obtained from the cyclic voltammogram 

were used to calculate the difference in peak height and the activity of the 

working electrode.  The results also shed light on the effect of counter electrode 

print quality on general performance of the JD SPGE (Table 2.6). 
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Table 2-6: Characterization of JD 2a SPGE using potassium ferricyanide (0.1 mM). 

 10 mV s-1 20 mV s-1 50 mV s-1 70 mV s-1 100 mV s-1 

IPA (µA)a 1.138± 0.00 1.444± 0.07 3.211± 0.00 5.280± 0.32  6.857±0.00 

EPA (V)b -0.-17± 0.00 -0.042± 0.00 -0.04± 0.07 -0.024± 0.04 0.032± 0.01 

IPC (µA) a -1.43± 0.6 -1.88± 0.00 -3.210± 0.00 -3.985± 0.1 —
5.733±0.00  

EPC (V) b -0.057± 0.1 -0.143± 0.00 -0.092± 0.00 -0.024± 0.01 -0.072± 
0.02 

ΔE (V)c  0.041 0.10 0.052  -0.04  -0.023 

IPA/ IPCd 0.0118 -0.77 -1.00 1-1.32 -1.195 

Aactive (cm 2) 0.17 0.15 0.173 0.23 0.27 

Aactive (%)e 77           67.54 77  103  118.7 

a IpC/A=Cathodic / anodic peak current 
b EP C/A = Potential applied at the cathodic / anodic peak 
c Peak distance ΔE = EPA – EPC 
d Ratio between the cathodic and anodic peak current 
e Ratio between the active area calculated by the Randles – Sevcik equation and the geometric surface. 

 

Results from Table 2.6 show the IP C/A = Cathodic / anodic peak current, EP C/A = 

Potential applied at the cathodic / anodic peak, Peak distance ΔE = EPA – EPC; 

Ratio between the cathodic and anodic peak current e; Randles–Sevcik 

equation was used to calculate percentage activity of the gold working 

electrode.  These results show average of two scans.  The rate of electron 

transfer can be seen to vary according to scan rate.  The JD 2a batch shows 

similarity to the earlier JD 1 batch in the quasi-reversibility at 0.1 mM (Figure 

2.10).  
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Figure 2-10: Cyclic voltammogram with 0.5 mM potassium ferricyanide on JD 2a at 
scan rates of 10, 20, 50, 70 and 100 mV s-1 using 100 μL 0.5 mM potassium 
ferricyanide solution for the characterization of JD 2a SPGE.   The graph represents 
the average of two scans per three sensors.  

 

Concentration using DuPont sensor type JD 2a SPGE scanned at 10, 20, 50, 

70 and 100 mV s-1.  With increase in potassium ferricynide concentration, JD 2a 

showed slight variation in cathodic peak.  

Investigation of the JD 2a electrode at 0.5 mM concentration of potassium 

ferricyanide gave produced the results from which the active surface area of the 

electrode was calculated (Table 2.7). 
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Table 2-7: Characterization of JD 2a SPGE using potassium ferricyanide (0.5 mM). 

 10 mV s-1 20 mV s-1 50 mV s-1 70 mV s-1 100 mV s-1 

IPA (µA)a  4.53±0 .39 7.50± 0 .09 12.1± 0.01 15.09± 0.20 18.41± 0.22 

EPA (V)b -0.04± 0.01 -0.01± 0.01 0.02± 0.00 0.02± 0.00 0.03± 0.00 

IPC (µA) a -6.65± 0.07 -9.25± 0.02 -15.89± 11.2 -17.04± 0.12 -20.40± 0.12 

EPC (V) b  -0.13± 0.00 -0.11± 0.00 -0.12± 0.00 -0.12± 0.00 -0.15± 0.17 

ΔE (V)c 0.09 0.11 0.13 0.14 0.12 

IPA/ IPC
d -0.68 -0.81 -0.78 -0.89 -0.90 

 Aactive  (cm 2) 0.07 0.08 0.08 0.08 0.08 

Aactive (% )e
 64.6 70.6 70.8 71.6 73.4 

 

a IpC/A=Cathodic / anodic peak current 
b EP C/A = Potential applied at the cathodic / anodic peak 
c Peak distance ΔE = EPA – EPC 
d Ratio between the cathodic and anodic peak current 
e Ratio between the active area calculated by the Randles – Sevcik equation and the geometric surface. 
. 

Results from Table 2.7 show the IP C/A = Cathodic / anodic peak current, EP C/A = 

Potential applied at the cathodic / anodic peak, Peak distance ΔE = EPA – EPC; 

Ratio between the cathodic and anodic peak current e; Randles–Sevcik 

equation was used to calculate percentage activity of the gold working 

electrode.  These results show average of two scans.  The rate of electron 

transfer can be seen to vary according to scan rate.   The JD 2a batch shows 

similarity to the earlier JD 1 batch in the quasi-reversibility at 0.5 mM.  

To make a comparison between the results, a concentration of 1 mM potassium 

ferricyanide was used to characterize JD 2a.  Results show little variation 

compared with 0.1 and 0.5 mM using JD 2a at scan rates of 10, 20, 50, 70 and 

100 mV s-1.  The standard deviation shows limit of error between average two 

scans (Figure 2.11). 
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Figure 2-11: Cyclic voltammogram with 1 mM potassium ferricyanide on JD 2a at scan 
rates of 10, 20, 50, 70 and 100 mV s-1 using 100 μL 1 mM potassium ferricyanide 
solution for the characterization of JD 2a SPGE.  The graph represents the average of 
two scans per three sensors.  

Scan rates of 10, 20, 50, 70 and 100 mV s-1 using 1 mM potassium ferricyanide.  

Graph was plotted with average measurement of two scans per three sensors 

(Table 2.8). 
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Table 2-8: Characterization of JD 2a SPGE using potassium ferricyanide (1 mM). 

 10 mV s-1 20 mV s-1 50 mV s-1 70 mV s-1 100 mV s-1 

IPA (µA)a  9.09± 0.51 14.41± 0.32 26.09± 3.96 27.27± 0 .30 32.29±  0.43 

EPA (V)b -0.04± 0.01 0.00± 0.001   0.02± 0.00    0.03± 0.01 0.03± 0.01 

IPC(µA) a -12.7± 0.37 -17.4± 0.01 -28.94± 38.2± 
38.2 

-31.71± 0.12 -37.7± 0.24 

EPC (V) b -0.16± 0.001 -0.13± 0.01 -0.15± 0.00 -0.16±   0.001 -0.17± 0.00 

ΔE (V)c  0.12 0.13 0.17 0.19 0.2 

IPA/ IPCd  -0.72 -0.83 1.09 0.86 -0.85 

Aactive (cm 2)   0.13 0.15 0.15 0.15 0.15 

Aactive (%)e  57.1 66.8 66.81 66.37 65.9 

a IpC/A=Cathodic / anodic peak current 
b EP C/A = Potential applied at the cathodic / anodic peak 
c Peak distance ΔE = EPA – EPC 
d Ratio between the cathodic and anodic peak current 
e Ratio between the active area calculated by the Randles – Sevcik equation and the geometric surface. 

 

To visually assess peak shift between JD 1 and JD 2a SPGE during 

characterization with potassium ferricyanide (1 mM) at 20 mV s-1 CV overlay.  

Aactive % was compared at 0.1, 0.5 and 1 mM (Figure 2.12).  
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Figure 2-12: Cyclic voltammograms of JD 1 and JD 2a overlay (A); potassium 
ferricyanide concentrations JD 1 (B) and JD 2a (C) SPGEs.  Percentage active area 
taken between 10 - 100 mV s-1 (n =5).    Higher signal in JD 1 while 20 mV s-1 is the 
best scan rate.  
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 CV analysis of JD 2b SPGE against potassium ferricyanide  

JD 2b, produced in 2015 (Table 2.1) was characterized with 1 mM potassium 

ferricyanide.    The electrode had the same configuration and material as JD 2a; 

however the assessment was carried out in order to confirm the relative 

performance of the JD electrodes as the last batch of electrodes received from 

DuPont (Figure 2.13). 

 

 

Figure 2-13: Cyclic voltammogram with 1 mM potassium ferricyanide on JD 2b at scan 
rates of 10, 20, 50, 70 and 100 mV s-1 using 100 μL 1 mM potassium ferricyanide 
solution for the characterization of JD 2b SPGE.  The graph represents the average of 
two scans per three sensors.  

 

Results from the peak search JD 2b batch showed expected peak separation 

and shift with change in potential (Table 2.9).  
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Table 2-9: Characterization of JD 2b SPGE using potassium ferricyanide (1 mM). 

         10 mV s-1          20 mV s-1     50 mV s-1 70 mV s-1 100 mV s-1 

IPA (µA)a 9.39± 0.90   13.70± 1.12 18.81±2.15 25.15± 1.19 27± 4.03 

EPA (V)b -0.03± 0.01    -0.03±0.01 -0.02±0.01 -0.01±0.01 -0.02±0.01 

IPC (µA) a -13.5± 0.22   -18.93 -27.7±0.99 -35.5±0.91 -35.29±0.07 

EPC (V) b -0.17±0.02    -0.20±0.02 -0.20±0.02 -0.21±0.01 -0.21±0.02 

ΔE (V)c 0.14    0.17  0.18  0.2 0.11 

IPA/ IPCd -0.70    -0.72 -0.68 -0.74 -0.78 

 Aactive (cm 2)  0.15     0.16  0.17  0.16 0.07 

Aactive (%)e 68.2    68.80 76.73 69.6 30.0 

a IpC/A=Cathodic / anodic peak current 
b EP C/A = Potential applied at the cathodic / anodic peak 
c Peak distance ΔE = EPA – EPC 
d Ratio between the cathodic and anodic peak current 
e Ratio between the active area calculated by the Randles – Sevcik equation and the geometric surface. 

 

The rate of electron transfer is affected by the speed of the scan.   Using this 

value to calculate active area of the working electrode, the percentage value is 

low as a result of speed in scan rate.  The scan rate most suited to the JD 

sensors in this study is 20 mV s-1, confirming a previous study conducted on 

similar SPGE (Binder, 2014).  For use in assay development, the JD 2b is 

suitable and chosen as the latest batch.  

 Data comparison of the three electrodes 

The JD 1, JD 2a and JD 2b results were compared according to Peak search 

(Table 2.10) and percentage activity per scan rate (Figure 2.14).   From the 

characterization experiments it is clear that the sensors are stable for a long 

time (up to seven years) as JD 1 shows very good performance.   
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Table 2-10: Comparison of three JD batches at 20 mV s-1 (1 mM). 

 JD 1 JD 2 a JD 2 b 

IPA (µA) a 19.88±0.18 14.41±0.32 13.70±1.12 

EPA (V) b 0.09±0.01 0.004±0.001 -0.03±0.01 

IPC (µA) a -18.43±1.48 -17.43±0.01 -18.93±0.67 

EPC (v) b -0.108±0.00 -0.13±0.01 -0.20±0.02 

ΔE (V) c 0.17 0.13 0.17 

IPA / IPC 
d -1.14 -0.83 -0.72 

Aactive 0.18 0.15 0.16 

Aactive (%) e 78.9 66.8 68.8 

                a IpC/A=Cathodic / anodic peak current 
                                  b EP C/A = Potential applied at the cathodic / anodic peak 
                                  c Peak distance ΔE = EPA – EPC 
                                 d Ratio between the cathodic and anodic peak current 
                                 e Ratio between the active area calculated by the Randles -Sevcik equation and the      
                         geometric surface. 

 

Figure 2-14: Profile of performance of JD 1, JD 2a and JD 2b gold working electrodes 
at scan rates of 10-100 mV s-1.   The average of two scans was used to compute these 
results.  
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However, JD 2b batches showing greater similarity between batches, while JD 

1 batch shows higher signal response. JD 2b produced in 2015-2016 was more 

available and was therefore used in further work on malaria immunosensor 

development prior to which evaluation of the mediator / substrate system was 

conducted.  

 CV analysis of modified JD 2b SPGE against potassium 

ferricyanide  

Self-assembled monolayers (SAM) of organic molecules are molecular 

assemblies formed spontaneously on surfaces by adsorption and are organized 

into more or less large ordered domains (Love et al., 2005). Such a SAM 

consists of a head group, tail and functional end group.    Common head groups 

include thiols, silanes and phosphonates. Long-chain alkane thiols (11-

Mercaptoundecanoic acid) produce more ordered self-assembled monolayers 

(SAMs) than those with shorter chains (Dithiodipropionic Acid).  The thiol 

groups chemically adsorb onto the gold surface by the formation of a thiolate 

bond.    Attractive Van der Waals forces between the alkyl thiol chains enhance 

the stability and orders of the self-assembled monolayer (Bain et al., 1989).   

Thiol deposition and bare SPGE characterization were compared to make 

selection of the suitable immobilization method (Figure 2.15). 

https://en.wikipedia.org/wiki/Thiols
https://en.wikipedia.org/wiki/Silanes
https://en.wikipedia.org/wiki/Phosphonates
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Figure 2-15: Cyclic voltammogram with 1 mM potassium ferricyanide on JD 2b. 
Percentage active area of gold working electrode after deposition of the thiol monolayer 
on the SPGE JD  2b using potassium ferricyanide 1 mM at 50 mV s-1 scan rate. 
Average of two scans was used.  

 

The calculation of active area based on Randles-Sevcik equation was used to 

assess performance of the gold surface after adsorption of the thiol monolayer.  

A percentage of non-active area towards the geometric area suggests the 

successful deposition of monolayer on gold sensor (Table 2.11).    

Table 2-11: Effect of surface chemistry modification 

 IPC (μA) Ageometric 

(cm2) 

Aactive % %  Inactive 

Bare SPE -33.36±0.03 0.226 76.73 23.27 

3,3´dithiodipropionic 

acid    (DTDPA) 

-23.27±0.01 0.226 29.29 70.71 

11-

mercaptoundecanoic 

acid (MUA) 

    - 0.226    -   - 

 

-35

-25

-15

-5

5

15

25

35

-0.6 -0.4 -0.2 0 0.2 0.4

C
u

rr
e

n
t 

(µ
A

)

Potential (V)

Bare SPE DTDPA MUA



 

96 

According to these results, adsorption is the recommended immobilization 

method for bioreagents on the SPGE surface.   The thiols block mass transfer 

process thus not allowing electron transfer on the working electrode surface and 

produce a low peak height.  Highest peak average height is seen in the bare 

SPGEs as a result of the high activity recorded. 

With the MUA, there were no visible peaks to show the redox reaction.   Two 

SPGEs were scanned at 50 mV s-1 using potassium ferricyanide as the 

mediator and 1 M KCl as the supporting electrolyte and the average taken for 

calculation of the active surface area. 

The bare SPGE had the highest available area for the reaction to take place on 

while the modified electrodes showed the lowest response showing the blocking 

of the electrode and hindrance to the transport of electrons during the oxidation 

and reduction of mediator.  

As expected, monolayer coating on gold electrode surface normally used to 

provide an effective coupling with biosensing component on the transducer 

surface and reduce non-specific binding.   It is therefore important to test the 

integrity and properties of such layered structure on gold surface when 

considering suitable immobilization methods. 

Covalent bonding methods will however not be used in the development of the 

immunosensor due to low active surface area compared to active surface area 

of the bare SPGE. 

 

 TMB / H2O2 System  

With advent of the second generation of biosensors, hydrogen peroxide 

became the oxidizing agent (Eggins, 1996).  H2O2 is a strong oxidising agent 

that works well, with the mediator, TMB in a system suited to detecting activity 

of horse radish peroxidase conjugated biomolecules.   The characterization was 

conducted according to a previous method (Binder, 2014) described in section 

2.3.6.    Results show H2O2 alone (Figure 2.16 A) and with TMB (2.16 B). 
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Figure 2-16: Characterization CV of H2O2 (A) and TMB / H2O2 system on JD 2b (B). 
The TMB / H2O2 system for signal generation was characterized using cyclic 
voltammetry with a bandwidth ranging from -0.3 to 0.8 V at ambient temperature.   The 
100 μL working solution comprised 10 µL of TMB solution (0.6 M) and 10 µL 1:10 
(30%) hydrogen peroxide diluted in 480 µL of working buffer (1:1 KCl and 0.05 M 
phosphate citrate buffer, pH 5). 

The scan rate was constant at 20 mV s-1 during the scan.  Oxidizing agent alone 

gives a higher peak than in solution with TMB. During electrolysis, working 

electrode acts as an anode or cathode, according to the analyte.  When using 
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H2O2 as an oxidising agent, the gold working electrode is an anode, polarized to 

a positive potential. H2O2 acts to transport electrons to the substrate. In 

contrast, when oxygen is monitored, working electrode is polarized to a 

negative potential.  The applied step potential is reliant upon the material the 

electrode is fabricated from (Wollenberger, 2008).  It follows that for every 

biosensor set up, the step potential for chronoamperometric measurements 

must be analysed in order to determine the optimal potential for the assay. 

 

 Confirmation of suitable potential for the JD 2b electrode 

Amperometry is the determination of the intensity of current crossing an 

electrochemical cell under an imposed potential.   This intensity is a function of 

the concentration of the electrochemically active species in the sample.  

Different step potentials ranging from -0.3 to -0.1 V confirmed HRP / TMB-H2O2 

system for best signal to noise ratio as described in section 2.3.6.   With 

enzyme addition, the current at which this potential was obtained was -1.4 µA 

(Figure 2.17). 
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Figure 2-17: Determination of a suitable potential.  The measurement was normalized 
by first obtaining baseline current of the TMB / H2O2 system at each potential then 
injecting monoclonal antibody-HRP conjugated (10 µg mL-1) at 100 s. at ambient 
temperature between 18°C and 25°C.  Results were calculated from 10 measurements 
before and after enzyme addition.   Blank response subtracted from the measurement 
produced the signal for the optimal current for the system as -1.4 μA.     

 

    The experiment was conducted as described in section 2.4.3.    Following the 

initial baseline signal of the TMB–H2O2 system and injection of HRP - 

conjugated monoclonal antibody (10 µg mL-1), results were calculated from 10 

measurements before and after enzyme addition.    Blank response subtracted 

from the measurement yielded the optimal current for the TMB / H2O2 – HRP 

system.    From the results shown in Figure 2.17, optimum potential (-0.2 V) 

was used for further experiments.  

 

 Atomic Force Microscopy 

Electrode surface construct is a major factor in the performance it exhibits in 

analytical work (Arya et al., 2007).  The surface of the working electrode is 

therefore studied prior to assay development to establish an understanding of 

its structure to discuss performance in assay development (Davies et al., 1988).  

In order to obtain an image which shows the surface roughness of the gold 

working electrode (diameter 5 mm), the atomic force microscope Digital 
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Instruments (NY, USA) was used to visualize the surface of the bare SPGE in 

two measurements (25 and 50) mu to show the topography of the gold working 

electrode (Figure 2.18). 

 

 

 

Figure 2-18: AFM image of bare JD 2b SPGE at 25 mu (A) and 50 mu (B). Images 
show the uneven surface of the gold working electrode prior to antibody immobilization.  

 

 

 

 Scanning Electron Microscopy 

Scanning electron microscopy is a tool used to visualize the surface structure of 

a dry sample in a vacuum (Todokoro and Ezumi, 1999).  The SEM (Phillips, UK) 
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was used to obtain an image of the surface of the bare working electrode. SEM 

of JD SPGE shows a homogenous distribution of gold ink with round ink 

granules, producing a maximized surface area.  

 (Figure 2.19).  

 

 

 

Figure 2-19: SEM of JD 2b  bare SPGE 50x magnification (A) enlarged to 500x (B) 
and 3,500x  magnification (C).   Arrows show lithographic pattern. 

A 

B 
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 Electron Emission Spectrum of the Bare SPGE 

Emitted electrons evaluate composition of the element on the SPGE. The 

working electrode was analysed at a working distance of 10.3 mm (Figure 2.20). 

 

 

Figure 2-20: Elemental composition of bare SPGE using electron emission spectrum. 
The average of three scans showed 89.14 % gold, 9.28 % carbon and 1.59 % oxygen.  

 

The electron emission spectrum was obtained using the Environmental 

Scanning Electron Microscope to determine the elemental presence on the 

SPGE.   The image was obtained after the three electrode system was cured in 

an oven at 120°C for 30 minutes.   The sample was prepped by cutting off the 

ethylene substrate around the leads and applying an adhesive beneath to 

stabilize the sample on the stage. 

2.5 CONCLUSIONS 

This chapter describes the successful characterization of three batches of JD 

gold screen-printed electrodes for use in the development of vector-borne 

malaria rapid, low cost, highly sensitive immunosensor.   DuPont screen-printed 

electrodes show quasi-reversibility with potassium ferricyanide 0.1, 0.5 and 1 
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mM. The highest 1 mM concentration of potassium ferricyanide is 

recommended for optimizations involving gold screen-printed electrode at a 

band width of -0.4 to 3 V.  

All batches of electrode demonstrate stability in active percentage working area 

within a range of production dates.   This characteristic is essential if low cost 

screen-printed electrodes are to be utilised over a period of time.  Cost of 

production can be controlled by dark storage to prevent possible oxidation of 

the Ag Ag/Cl reference electrode. Gold working electrode and Ag/AgCl 

reference electrode are not adversely affected by the strong oxidizing agent in 

KCl supporting electrolyte.  

TMB / H2O2 as the mediator / substrate system is confirmed a suitable medium 

for electron transfer in redox reaction.   The system will therefore be suitable for 

use in detection of low current signals during biomolecular oxidation on the 

anode.   The working electrode surface texture is potentially suitable for direct 

immobilization of the primary biomolecule due to the large surface area 

provided by the granular gold seen by AFM at 25 and 50 mu.  The high 

proportion of gold ink on the screen-printed electrode reduces non-specific 

binding and increases sensor sensitivity.   This comprehensive study highlights 

great potential of SPGE for malaria immunosensor development.   The SPGE 

was for used to continue the work in optimization experiments.   
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CHAPTER THREE 

DEVELOPMENT OF Plasmodium falciparum HISTIDINE 

RICH PROTEIN 2 IMMUNOSENSOR  
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3 ELECTROCHEMICAL IMMUNOSENSOR FOR PfHRP 2 

3.1 INTRODUCTION 

Electrochemical immunosensors are effective mechanisms for evaluating 

affinity assays because they are reliable, show good reproducibility and high 

sensitivity (Iqbal et al., 2002; Tothill, 2003; Davies et al., 2007; Sharma et al., 

2008; Tothill, 2009; Sharma et al., 2010; Wan et al., 2013; Mistry et al., 2014 ).  

Most electrochemical immunosensors rely on enzymes to catalyse reaction of 

substrate such that electrons are either produced or utilized in a redox reaction.   

Electroactive region of many enzymes are found within their structure, affecting 

electron transfer (Figure 3.1). 

 

 

 

Figure 3-1: Working principle of the immunosensor with HRP as the electroactive 
species (adapted from Binder, 2014). 

 

Electron transfer may also be affected by surface immobilization or orientation 

of the molecule (Newman and Turner, 2007).   Redox couples, mediators act as 

transporters between redox centre and enzyme (Cass et al., 1984) however 

some enzymes or redox proteins overcome steric insulation of the protein 

PfHRP 2 
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matrix.  With electrodes, bio catalytic transformation of the enzyme is stimulated 

to drive the substrate nearer the enzyme’s active site for non-mediated electron 

transfer (Arya et al., 2007).  The most common examples of the enzymes 

employed in amperometric detection are glucose oxidase, lactate oxidase and 

alkaline phosphatase (Arya et al., 2007).  

DNA-based electrochemical sensors have also been developed. Various 

materials like carbon paste, pyrolytic graphite, glassy carbon, carbon fibre and 

carbon nanotubes have been used to immobilize the DNA of organisms (Vo-

Dinh and Cullum, 2000; McKeague and DeRosa, 2012).   Nucleic acid-based 

biosensors have an acquired attraction that exists between complementary 

regions of aligned nucleotide sequences (Stadtherr et al., 2005; Borgmann et 

al., 2011).  The most commonly utilized screen-printed electrodes (SPEs) are 

constructed of graphite and carbon black particles (Metters et al., 2011).   

Research-based immunosensors for parasitic infection, Salmonella 

typhimurium, Campylobacter jejuni, Escherichia. coli, Staphylococcus aureus, 

Enterococcus species,  Botylliium toxin and malaria proteins have been 

reported (Iqbal et al., 2002).   

In this study, horseradish peroxidase (HRP) as a conjugate on the detection 

antibody was used as the enzyme label. TMB / H2O2 (mediator / substrate) 

complex was used as the electroactive substance for signal generation.   TMB 

provides a safe and sensitive substrate for HRP when compared with O-

phenylenediamine (OPD) (Fanjul-Bolado et al., 2005). The assessment of 

reaction relies on consumption of electrochemical species.  Several researchers 

have proposed biosensor and bioelectronics designs using feature phones for 

portable healthcare diagnostics outside well-resource laboratories (Martinez et 

al., 2008, Breslauer et al., 2009; Tseng et al., 2010).    

PfHRP 2 has a histidine and alanine-rich composition with repetitive epitopes.   

Multiple B-cell epitopes arranged in tandem repeats of AHHAAD interspersed 

with AHH and AHHAA allow easy detection by an antigen capture assay (Taylor 

and Voller, 1993; Sharma et al., 2008; Azikiwe et al., 2012; Perraut et al., 2014).   

PfHRP 2 is synthesized by asexual and early sexual stages of the parasite and 

http://www.sciencedirect.com/science/article/pii/S0956566315303638#bib50
http://www.sciencedirect.com/science/article/pii/S0956566315303638#bib50
http://www.sciencedirect.com/science/article/pii/S0956566315303638#bib7
http://www.sciencedirect.com/science/article/pii/S0956566315303638#bib78
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exported through the erythrocyte cytoplasm and surface membrane to 

accumulate in the extracellular plasma (Kifude et al, 1986).   Blood levels for 

PfHRP 2 are ~9.45 ng mL-1 (Ho et al., 2014, Dzakah et al., 2014; Abdallah et 

al., 2015).   PfHRP 2 has a long half-life and persists in the circulation for up to 

3 weeks after parasite clearance, reducing its utility for active infection 

diagnosis but increasing its potential as a serological marker of infection history 

(Dondorp et al., 2005).  

ELISA analysers are widely used in clinical diagnostics (Mistry et al., 2014).   

There still remains however, the need for species-specific, reliable and cheap 

yet highly sensitive detection methods suitable for use by non specialists 

(Munge et al., 2010; Sharma et al., 2010). ELISA assay with increased 

sensitivity is achieved by nanomaterials: magnetic nanoparticles, carbon 

nanotubes, photonic crystals, quantum dots and gold nanoparticles (AuNP).  

When proteins and enzymes are adsorbed onto gold nanoparticles, their 

bioactivity is retained.   AuNP are often cited in literature due to their unique 

properties: large surface area and excellent biocompatibility (Bharathi and 

Nogami, 2001).  

 

This chapter directs efforts at development of sandwich ELISA in buffer and 

serum on screen-printed electrodes, enhanced with gold nanoparticle-

conjugated antibodies raised against PfHRP 2 and evaluation of their 

immunosensing performance in amperometric detection. 

 

3.2 MATERIALS 

 General chemicals and instrumentation 

Potassium chloride (pH 7.4), 3,3´5,5´-tetramethyl benzidine hydrochloride 

(TMB), sodium carbonate, sodium bicarbonate, sodium acetate (0.2 M), 

hydrogen peroxide 30 % (w/w), phosphate citrate buffer tablets, plastic petri 

dishes, human serum (P2918) and colloidal gold (40 nm) were purchased from 

Sigma (Dorset, UK).  Albumin from bovine serum (BSA),  phosphate buffered 

saline tablets (PBS, 0.01 M phosphate buffer, 0.137 M sodium chloride and 
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0.0027 M potassium chloride, pH 7.4), Tween-20 and sulphuric acid (H2SO4, 

95-98 %), 1-step Ultra TMB-ELISA was purchased from Thermo Fischer 

Scientific (MA, U.S.A.).   Double-distilled ultrapure water produced by a Millipore 

Direct-Q® 3 UV (Millipore; Molsheim, France). Milk blocking solution concentrate 

was purchased from KPL (Gaithersburg, USA).    

 

Human monoclonal capture antibody (Plasmodium falciparum HCA 160), 

detection antibody (horse radish peroxidase-conjugated Plasmodium falciparum 

HCA 159 P) and Plasmodium falciparum recombinant protein (PIP001) were 

purchased from AbDSerotec, now Bio-Rad (Kidlington, UK).     

 

JD 2b Gold screen-printed Electrodes (SPGE) consisting of gold working 

electrode, carbon counter and silver–silver chloride pseudo-reference electrode 

were fabricated using a procedure similar to that described by Noh and Tothill 

(2006), and printed using the screen-printing facilities at DuPont (DuPont 

Microcircuit Materials, Bristol, UK).  Three electrode batches JD1, JD 2a and JD 

2b was characterized (Chapter 2).   Curing of electrodes was carried out in 

Carbolite oven, model PN 120 (200) (Hope, UK) while incubation at 37°C was 

carried out in a column oven (Shimadzu Corporation, Japan).   Electrochemical 

procedures were conducted using a computer-controlled four channel Autolab 

electrochemical analyser multipotentiostat (Metrohm, The Netherlands) 

connected to an adapter (DropSens, Spain).   USB box connecting the setup of 

equipment and General Purpose Electrochemical Software (GPES) version 

4.9.007 were used.   On multi–mode GPES, chronoamperometry was selected 

from the menu and parameters set for the appropriate measurement.    Faraday 

cage was employed to reduce interference and Microsoft Excel was used to 

modify the curves.    

 

Zetatasizer nano-s was obtained from Malvern Instruments (Malvern, UK).   

Electric pan balance (Mettler Toledo, UK) was used for buffer preparation.   The 

vortex mixer model Genie 2 G-560E was purchased from Scientific Industries 

(Bohemia, USA).  Centrifugation of samples was performed in Microfuge 
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Beckman ( Alkonbury, UK).  Transmission electron microscope, Phillips CM-20 

(London, UK) was used to determine gold nanoparticle size.   Absorbance 

measurements for ELISA were performed using varioskan plate reader while 

centrifugation was conducted in Heraeus Fresco 21 centrifuge obtained from 

Thermo Scientific (Waltham, U.S.A.).  Microtiter plates, MaxiSorp (Nunc 

Immuno), were purchased from Thermo Fischer Scientific (Milton Keynes, UK).    

Incubation at 37°C was performed under a controlled environment provided by 

an incubator / shaker model iEMS 1415 (Labsystem, Helsinki, Finland).  

 

3.3 METHODS 

 Direct ELISA Assay 

Commercial monoclonal antibodies raised from phage display techniques 

(Zeitlin et al., 1999) using human combinatorial antibody library (HuCAL) with 

variable terminal amino acid sequences (Borman, 2000; Mahajan and Gupta, 

2010; Perkel, 2012) for guided selection (Bio-Rad, 2016) were used (Figure 

3.2).  
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Figure 3-2: Human combinatorial antibody library (Bio-Rad, 2016). Fab region 
recombinant conjugates are generated through the use of viral proteins, removing the 
need to use animals in antibody generation.  

 

 Adsorption was used in this test for the attachment of the antigen on the plate 

surface was followed by addition of detection antibody conjugated with the 

enzyme. Specific recognition event between antibody and antigen was 

determined.  The reactions were conducted in triplicate.  Bio-Rad general 

ELISA protocol was adapted by changing quantity of blocking solution from 150 

µL to 100 µL in ELISA detection of PfHRP 2 antigen (Figure 3.3).  
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Figure 3-3: Schematic of a direct ELISA (adopted from Abcam.com, 2016).  The 
antigen is first immobilized on the platform. 

 

PfHRP 2 recombinant protein (PIP001) was serially diluted in 0.1 M sodium 

carbonate-bicarbonate buffer (pH 9.6) producing 100 µg mL -1, 10 µg mL -1, 1 µg 

mL-1, 0.1 µg mL -1, 0.01 µg mL -1.  The plate was washed 3 times with 200 μL 

0.01 M PBST (phosphate buffered saline with 0.05 % Tween-20).   Vacant 

spots on the plate were blocked with 100 μL 1% BSA and incubated at 37°C for 

2 hours in ELISA plate incubator/shaker model iEMS 1415 (Labsystem, 

Helsinki, Finland).   Wash step was repeated.  A concentration of 10 μg mL-1 

detection antibody conjugated to horse radish peroxidase (100 μL) was added 

to the wells and the plate incubated at 37°C for 2 hours.  Wash step was 

repeated.   A 100 μL volume of 1-step Ultra TMB-ELISA was added to the wells 

and incubated at ambient temperature (18-25°C) for 15 minutes.   The reaction 

was stopped using 50 µL of 1 M H2SO4.   Plate was then read at 450 nm 

wavelength using Varioskan plate reader (Thermo scientific, U.S.A.)(Figure 

3.4). 

  

Substrate 

Detection antibody 

conjugate 

Antigen 
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Figure 3-4: Direct ELISA assay flow chart. 

 

 Sandwich assay 

Sandwich ELISA development involves immobilization of the capture antibody 

on the platform.  The antigen attaches via two epitopes between capture and 

detection antibodies (Figure 3.5). 

  

Add 100 μL antigen (0.01-100 μg mL-1) in sodium carbonate-bicarbonate, pH 9.6 to 

plate and incubate at 4°C overnight.  

Wash 3 times in 200 μL PBST 

Block with 1% BSA and incubate at 37°C for 2 hours 

Add 100μL detection Ab and incubate at 37°C for 2 hours 

Add 100 μL TMB and incubate in the dark at room temperature (18-25°C) 

for 15 minutes 

Stop with 50 μL 1 M H2SO4 

Wash 3 times in 200 μL PBST 

Wash 3 times in 200 μL PBST 
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Figure 3-5: Schematic sandwich ELISA format (adopted from Abcam.com, 2016). The 
capture antibody is immobilized first.  

 

A 100 µL of PfHRP 2 capture antibody (HCA 160) original concentration 500 µg 

mL-1 was dissolved in 900 µL of 1 M sodium carbonate-bicarbonate buffer (pH 

9.6) to give a concentration of 50 µg mL-1.   A volume of 100 μL of the capture 

antibody solution was added to microtitre plate wells in triplicate.  Antigen 

concentrations 0.01 µg mL-1, 0.1 µg mL-1, 1 µg mL-1, 10 µg mL-1 and 100 µg mL-

1 of PfHRP2 recombinant protein (PIP001) were serially diluted in PBS  (0.01 

M).   A  200 μL volume of PBST, 0.01 M, pH, 7.4, Tween (0.05 v/v) was used to 

reduce non specific binding.    A concentration of 20 μg mL-1 detection antibody 

conjugated to horse radish peroxidase (100 μL) was added to the wells and the 

plate incubated at 37°C for 2 hours.  Wash step was repeated.  A 100 μL 

volume of 1-step Ultra TMB-ELISA was added to the wells and incubated at 

ambient temperature (18-25°C) for 15 minutes.  The reaction was stopped using 

50 µL of 1 M H2SO4.   Plate was then read at 450 nm wavelength using 

Capture antibody 

Detection antibody 

conjugate 

Antigen 
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Varioskan plate reader (Thermo scientific, U.S.A.).    Summary of the process is 

in Figure 3.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-6: Sandwich assay flow chart. 

 Capture antibody optimization (HCA 160) on JD 2b sensor. 

Prior to the immobilization, sensors were cured at 120 °C in an oven [Carbolite, 

model PN 120 (200), Hope, UK] for 30 min at 120 °C.   The surface was gently 

washed with 1000 μL PBST (0.05 v/v) pH 7.4, followed by 1000 μL ultra-pure 

water (18.2 mΩ) and dried in gentle nitrogen stream.   To obtain a saturated 

surface with an optimal amount of immobilized antibodies, the working electrode 

was coated with 20 μL PfHRP 2 capture antibody with concentrations of 10, 20 

and 30 μg mL-1 using sodium carbonate-bicarbonate buffer (1 M, pH 9.6).   

Capture antibody was incubated at 4ºC overnight.   A volume of 100 μL 1:10 

Incubate 100 μL of capture Ab in sodium carbonate-bicarbonate pH 9.6 at 4°C overnight 

Block with 200 μL 1% BSA in PBS and incubate at 37°C for 2 hours 

Stop with 50 μL 1 M H2SO4 

Add 100 μL TMB then incubate in the dark at room temperature for 15 minutes 

Add 100 μL detection Ab in PBST and incubate at 37°C for 2 hours 

Add 100 μL of serially diluted antigen in PBS and incubate at 37°C for 2 hours 

Wash 3 times in 200 μL PBST 

Wash 3 times in 200 μL PBST 

Wash 3 times in 200 μL PBST 

Wash 3 times in 200 μL PBST 
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milk protein concentrate (KPL Inc., Gaithersburg, USA) was used to cover all 

three electrodes to reduce non-specific binding and incubated for 1 hour at 37 

°C in a column oven Shimadzu Corporation (Kyoto, Japan) according to the 

method of Binder (2014).  The wash step was repeated after which 30 µg mL-1 

PfHRP 2 antigen (PIP001) original concentration 1000  µg mL-1 was prepared in 

1:10 milk protein concentrate (KPL Inc., Gaithersburg, USA).   A 20 μL volume 

was dropped on the working electrode and incubated for 1 hour at 37°C.  The 

purified detection antibody with horse radish peroxidase conjugated (HCA 159 

P) original concentration 100 µg mL-1 was diluted to a working strength of 30 μg 

mL-1 in 1:40 milk concentrate / PBS (0.01 M, pH 7.4) and incubated for 1 hour at 

37 °C.   A volume of 20 μL dropped on the working electrode and incubated for 

1 hour at 37°C. 

Before starting the amperometric measurement, 100 μL of the TMB / H2O2 

(mediator / substrate) were dropped on the sensor surface covering all three 

electrodes (Chapter 2, section 2.3.6). After dropping the substrate on the 

electrode, the pipette tip was changed to avoid contamination of the TMB /H2O2 

stock with mobilized HRP from the sensor surface.   Care was also taken not to 

touch the treated SPGE.    

 Detection antibody optimization on JD 2b SPGE 

The procedure was repeated as in section 3.3.3.   A 20 μL volume of PfHRP 2 

capture antibody (20 μg mL-1) in sodium carbonate-bicarbonate buffer (1 M, pH 

9.6), was immobilized on the working electrode.  After each incubation and 

washing, 20 µg mL-1 PfHRP 2 antigen was prepared in 1: 10 milk / PBS and 20 

μL was dropped on the working electrode.   In order to determine concentration 

of detection antibody effect on recognition event, purified detection antibody 

was diluted to working strengths of 10, 20 and 30 μg mL-1 in 1: 40 milk PBS.   

The optimal detection antibody concentration was used in the antigen titre. 

 Standard curve for PfHRP 2 antigen (PIP001) in buffer 

To determine lowest detectable concentration of PfHRP 2 antigen, 20 μL PfHRP 

2 capture antibody with a concentration of 20 μg mL-1 in sodium carbonate-

bicarbonate buffer (1 M, pH 9.6), was immobilized on the working electrode.   
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After incubation, washing, and blocking, concentrations of 0, 2, 16, 20, 40, 64, 

80 and 100 ng mL-1 PfHRP 2 antigen was prepared 1:10 milk / PBS (0.01 M) 

and 20 μL of the antigen solution was dropped on the working electrode.   The 

detection antibody (PfHRP 2) was diluted to a working strength of 20 μg mL-1 in 

PBST.   Low detection limit (LOD) of antigen was calculated as (3 x SD of the 

blank measurement) + (average blank measurement) and interpolated in 

GraphPad prism (version 5).    The curve was plotted using Microsoft Excel. 

 Signal enhancement using gold nanoparticles 

AuNP (40 nm) were used in this research.  Horse radish peroxidase is oxidized 

and then reduced when an electric current is applied at a fixed potential (-0.2 V) 

and signal enhancement occurs with binding of HRP-conjugated reporter 

protein to gold particles (Figure 3.7).  

 

Figure 3-7: AuNP detection of malaria antigen. Malaria mosquito transmits the 
Plasmodium parasite. The parasite produces the soluble biomarkers during red blood 
cell stages of its development. These biomarkers have been detected in sandwich 
assay format on the DuPont SPGE using horse radish peroxidase as the enzyme label 
on detection antibody. On application of current at optimal potential, a signal is 
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measured in μA, proportional to the amount of target analyte present in sample.  The 
enhanced assay makes using of gold nanoparticles to enhance the signal.  

 

To confirm size and polydispersity index (PDI) of commercial colloidal AuNP (40 

nm), a 100 μL volume AuNP was taken in 1000 μL PBS.  Particles were 

dispersed by sonication using SONIC 6MX; James Products Europe (Dorset, 

UK) for 1 minute at 37 KHz at 40% power (24oC).   Readings were taken using 

Zetasizer nano -s.  

 

 AuNP conjugation to detection antibody (HCA 159 P) 

Conjugation of the colloidal gold to the reporter protein was carried out 

according to the modified method of Salam and Tothill (2009) excluding add-in 

enzyme.    A 1000 μL quantity of gold colloid was taken in a 2 mL tube and 2 µL 

0.2 M NaOH was added, adjusting pH to 9.0.   A 100 μL volume of neat (0.1 mg 

mL-1) detection antibody (HCA 159 P) was added slowly. The tube containing  

mixture was wrapped in foil and incubated on ELISA plate incubator/shaker 

model iEMS 1415 Labsystem (Helsinki, Finland) at 16-17 rpm, at room 

temperature (18-25°C) in the dark for 1 hour.  Blocking buffer (100 μL) 1:40 milk 

in PBS (0.01 M) was added.  The tube was incubated as again on ELISA plate 

incubator / shaker.   Centrifugation was at 10,000 rpm for 10 minutes (4°C) in 

Heraeus Fresco 21 centrifuge Thermo Scientific (Waltham, U.S.A) for 1 hour.   

Supernatant was discarded and pellet re-suspended in 70 μL PBS (0.01 M).  

Stock AuNP conjugated to detection antibody was stored at 4°C (Figure 3.8). 

NaCl (2.5 M) and the Au-conjugated Ab were mixed 1:1 proportion to test for 

conjugation.  A pink colour should be seen as opposed to purple colour if 

conjugation is not successful.    Further investigation of the binding affinity of the 

sandwich pair for the antigen was carried out. For this work, free horse radish 

peroxidase was not added.  
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Figure 3-8: Flow diagram of AuNP conjugation to detection antibody (HCA 159 P). 

 

  PfHRP 2 detection limit using AuNP 

To determine assay sensitivity, PfHRP 2 capture antibody with a concentration 

of 20 μg mL-1 in sodium carbonate-bicarbonate buffer (1 M, pH 9.6), was 

immobilized on the WE according to method in section  3.3.3. Antigen 

concentrations were however assayed at 0.05 ng mL-1, 0.1 ng mL-1, 0.2 ng mL-1 

0.3 ng mL-1 0.4 ng mL-1 and 0.5 ng mL-1.    To detect the antigen, in amplified 

assay, 20 μL of AuNP- detection antibody stock (1:10) in PBS (0.01 M) was 

dropped on the sensor (Figure 3.8).  Lowest detection of antigen was calculated 

Take 1000 μL of Au colloid and add 2.0 μL of 0.2 M NaOH to adjust to pH 9.0 

Spin at 10,000 rpm for 10 minutes  

Add 100 μL neat HRP-conjugated Ab (0.1 mg mL-1) slowly 

Wrap in foil and incubate at room temperature for 1 hour on ELISA plate shaker at 17 rpm for 1 hr 

Add 100 μL of 1:40 milk concentrate in PBS (0.01 M) slowly  

Re-suspend pellet in 70 μL of 0.01 M PBS 

Incubate at room temperature for 1 hour on the shaker 

Store at 4° C 

Discard supernatant 
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as (3 x SD of the blank measurement) + (average of the blank measurement) 

interpolated in GraphPad prism (version 5).  The curve was plotted using 

Microsoft Excel. 

 

 Blocking agent  

Milk concentrate, KPL (Gaithersburg, USA) in PBS 0.01 M (1:40) was used as 

blocking agent during the assay development on SPGE, to block the 

unoccupied spaces on the working electrode surface.   A 1000 μL quantity of 

gold colloid was taken in a 1.5 mL tube and 0.2 M NaOH was added, adjusting 

the pH to 9.0.  The process was adopted from Salam and Tothill (2009). 

  PfHRP 2 detection in 100% spiked serum  

To obtain the limit of detection for commercial serum spiked with the antigen, 

the assay was conducted according to the method used in section 3.3.3.   Using 

100% serum as the matrix for dilution of the antigen,   20 μL PfHRP 2 capture 

antibody with a concentration of 20 μg mL-1 in sodium carbonate-bicarbonate 

buffer (1 M, pH 9.6), was immobilized on the working electrode at 4°C 

overnight.     After incubation, washing, and blocking,   serial dilution of 0, 2, 16, 

20, 40, 64, 80, 100 ng mL-1 in 100% serum, was used in sandwich assay with 

0.02 mg mL-1 of the capture antibody HCA 160 used in sandwich assay.   A 

concentration of 0.02 mg mL-1 detection antibody (HCA 159 P) in 1:40 milk / 

PBS was used on the working electrode.    Lowest detection of antigen was 

calculated as (3 x SD of the blank measurement) + (average blank 

measurement) and interpolated in GraphPad prism (version 5).    The curve was 

plotted using Microsoft Excel. 

 PfHRP 2 detection using AuNP in 100% serum  

To determine assay sensitivity, PfHRP 2 capture antibody with a concentration 

of 20 μg mL-1 in sodium carbonate-bicarbonate buffer (1 M, pH 9.6), was 

immobilized on the working electrode according to method in section  3.3.5.  

The range for antigen detection was 0.05 ng mL-1, 0.1 ng mL-1, 0.2 ng mL-1, 0.3 

ng mL-1 0.4 ng mL-1 and 0.5 ng mL-1.    A 20 µL volume of 1:10 AuNP conjugated 
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to detection antibody (section 3.3.7, Figure 3.8) was used on the working 

electrode to enhance the assay.  Lowest detection of antigen was calculated as 

in section 3.3.10.    

3.4 RESULTS AND DISCUSSION 

 Direct ELISA  

ELISA is an established method used to optimize antigen-antibody reactions 

used in this work.  Commercial HuCAL antibodies were used to recognize 

recombinant PfHRP 2 (PIP 001) in heterogeneous direct and sandwich assays 

using polystyrene microtiter plates.   The choice of plate depends on colour of 

the samples (Wang et al., 2015).  Colourless samples are more easily assessed 

for colour change in transparent plates.  Average and standard deviation about 

the mean were plotted in Microsoft Excel based on the general formula below: 

 

 

б = √
∑[[𝑥−𝑥]2]

𝑛−1
  Standard Deviation  

 (3-1) 

 

 

Where x is each individual value, 𝑥 is the average of all values and n is the 

number of values (Figure 3.9). The enzyme system reacts rapidly with high 

substrate turnover rates and the resultant signal is strong and exhibits good 

performance (Parker and Tothill, 2009). 
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Figure 3-9:  Direct ELISA standard curve (A) and linear regression (B) obtained from 
Log concentration.  Standard curve of the direct ELISA format with HuCAL antibody 
HCA 159 P conjugated to enzyme horse radish peroxidase (20 µg mL-1) as detection 
reagent (n=3). 

 

Measurements were taken after stopping the reaction and plotted against 

various PfHRP 2 concentrations.   Limit of detection was calculated by 3 x SD 

control + average control interpolated in GrapPad prism (version 5) and 
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presented in Microsoft Excel.   LOD was found to be 0.56 μg mL-1.  Coefficient 

of correlation R2 = 0.9612 indicated how well the data fit the linear regression 

statistical model when plotting the difference between measurement and 

background signal. 

Antibody production for ELISA reliably assesses and detects malaria antigen-

antibody responses in multiplex platforms, homogenous or heterogeneous 

systems (de Souza Castilho et al., 2011; Lee et al., 2012; Grabias et al., 2014).  

Heterogeneous systems were employed in direct and sandwich assay to 

determine interaction event of the HuCAL proteins.  When used in ELISA 

assays bio-molecular recognition event involves protein immobilization. The 

most commonly used immobilization techniques for biosensor construction are 

physical adsorption (Nanduri et al., 1997), covalent binding (Schuhmann et al., 

1991); matrix entrapment (Rechnitz, 1986; Berg et al., 1989; Gupta and 

Chaudhury 2007)  inter molecular cross-linking (Nenkova et al., 2010) and 

membrane entrapment (Scouten et al., 1995; Pancrazio et al., 1998; Sharma et 

al., 2003).  Adsorption can be performed on materials as diverse as steel 

(Hasselberger et al., 1974; Charles et al., 1975), titanium (Nakabayashi et al., 

1985), cellulose (Emery et al., 1972) and polystyrene (van Oss and Singer, 

1966; Morrissey and Han, 1978; Ulbrich et al., 1991).  Lower surface loading 

implies a decreased initial sensitivity relative to a sensor with covalent 

immobilization; desorption would further reduce the sensitivity over time.  The 

direct assay proved the affinity of the antibody used for the analyte.   

 Sandwich ELISA  

To determine affinity of paired HuCAL antibodies for PfHRP 2 antigen sandwich 

ELISA was conducted (Figure 3.10).  
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Figure 3-10: Sandwich ELISA standard curve using paired antibodies (A) and linear 
regression obtained from Log values (B).  Standard curve of the sandwich ELISA 
format with HuCAL antibody HCA 160 as capture antibody and HCA 159 P conjugated 
to horse radish peroxidase (20 µg mL-1) as detection reagent.  LOD = 0.89 μg mL-1.  
Coefficient of correlation R2 = 0.9755 (n=3).   

 

Results show a higher analytical sensitivity in sandwich assay when plotting the 

difference between measurement and background signal (Table 3.1). 

0

0.5

1

1.5

2

2.5

3

0 20 40 60 80 100 120

A
b

so
rb

an
ce

 (
4

5
0

 n
m

)

PfHRP 2 (μg mL-1)

y = 0.3817x + 0.3817
R² = 0.9755

0

0.5

1

1.5

2

2.5

3

-2 -1 0 1 2

A
b

so
rb

an
ce

 (
4

5
0

 n
m

)

Log10 PfHRP 2 (μg mL-1)

LOD = 0.89 ng mL-1
B 

A 



 

126 

 

Table 3-1: Direct and Sandwich ELISA  

 LOD (μg mL-1) R 2 

Direct ELISA 0.56 0.9612 

Sandwich ELISA 0.89 0.9755 

 

Even though both direct and sandwich ELISA formats demonstrated good 

response, the sandwich ELISA was selected as the sandwich assay is known to 

be highly sensitive.  Immunosensor development was therefore progressed with 

using the sandwich assay format.  Work on the immunosensor began with 

optimization of the capture antibody by adsorption on the screen-printed 

electrode.   

 

 Capture antibody (HCA 160) optimization on SPGE  

Capture antibody optimization was investigated as described in section 3.3.3. 

PfHRP 2 antigen (PIP001) and detection antibody conjugated to horse radish 

peroxidase (HCA 159 P) concentrations were kept constant at 30 µg mL-1 while 

concentration of capture antibody was varied as 10 µg mL-1, 20 µg mL-1 and 30 

µg mL-1 (Figure 3.11).  Signal is average of three sensors per concentration 

(embedded graph).  
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Figure 3-11: PfHRP 2 Capture antibody optimization on JD 2b sensor.  Capture 
antibody optimization was conducted by immobilizing 10, 20 and 30 μg mL-1 of the 
capture antibody (HCA 160) in sodium carbonate-bicarbonate, pH 9.6, overnight.   
Antigen concentration of 30 μg mL-1 was applied after the wash and block steps.   
Antigen detection was carried out by applying detection antibody (30 μg mL-1) (n=3). 

 

As expected, signal increased with capture antibody concentration until 

saturation at 20 µg mL-1.  The results show greater stability and saturation of 

capture antibody at 20 μg mL-1 suggesting the suitability of this concentration to 

be uses in further studies.  The graph was plotted so as to show clear 

separation. 

 Detection antibody (HCA 159 P) optimization on SPGE 

To determine optimal detection antibody concentration, the capture antibody 

(HCA 160) concentration was constant at 20 µg mL-1; antigen concentration 

was maintained at 30 µg mL-1 while detection antibody (HCA 159 P) was 

optimized at 10, 20 and 30 μg mL-1 in 1: 40 milk PBS.   The embedded graph 

-0.8

-0.3

0.2

0.7

1.2

80 85 90 95 100

C
u

rr
e

n
t 

(μ
A

)

T ime (s)

0 µg /mL 10 µg /mL 20  µg /mL 30 µg /mL



 

128 

shows the average signal from each measurement of three sensors (Figure 

3.12). 

 

 

Figure 3-12: Detection antibody optimization on JD 2b.  Optimization of the detection 
antibody was carried out using 20 μg mL-1 of the capture Ab in buffer on the electrode. 
Incubation was carried out overnight at 4°C.  Antigen detection was carried out with 30 
μg mL-1 antigen in dissolved in PBS (0.01 M, pH 7.4).  The detection antibody was 
used in concentrations of 10, 20 and 30 μg mL-1.   

 

Capture antibody was first incubated overnight at 4°C and the method 

conducted as in section 3.3.3.  The detection antibody (HCA 159 P) showed the 

highest current on reaching saturation at 20 µg mL-1 concentration, implying 

suitability for use in investigating PfHRP 2 (PIP001) antigen for calibration of the 

standard curve. 
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 PfHRP 2 standard curve in buffer samples  

After accomplishing the optimization process, a standard curve was created by 

testing the biosensor response to PfHRP 2 concentrations ranging from 0, 2, 

16, 20, 40, 64, 80 and 100 ng mL-1.  The optimization concentrations guided 

choice of range in addition to known properties of the biomarker.  PfHRP 2 is 

has multiple binding sites; however the hydrophobic alanine is oriented towards 

the centre of the protein structure while the polar histidine is oriented towards 

the outside of the structure.  

 

The assay was performed as described in section 3.3.3 with a capture antibody 

concentration of 20 µg mL1.   Signal was obtained using horseradish peroxidase 

conjugated antibody (20 µg mL-1).   After reading, the current was normalized by 

subtracting the blank reading and plotted against PfHRP 2 concentration.    

Linear regression was used to correlate the data. Limit of detection (LOD) was 

then calculated by 3 x standard deviation of control reading plus average of the 

control.  Value was interpolated in GrapPad prism (version 5) and presented in 

Microsoft Excel (Figure 3.13). 
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Figure 3-13: Calibration curve of the chronamperometric response of PfHRP 2 
detection in buffer.  The lower limit of detection of the immunosensor was assayed 
using the optimized capture and detection antibodies.  The standard curve showed a 
response that is linear with a long linear range.  The range of the assay was 
determined by the low limit of detection sought.   Average of three sensors was used.  

 

The assay was conducted as described in section 3.3.3 From the data, LOD 

was found to be 2.14 ng mL-1 while correlation coefficient (R2) of 0.9827 was 

observed in buffer matrix.   

 

-2

-1.8

-1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

0 20 40 60 80 100 120

C
u

rr
e

n
t 

(µ
A

)

PfHRP 2 (ng mL-1)

y = -0.0152x - 0.3275
R² = 0.9827

-2

-1.8

-1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

0 20 40 60 80 100 120

C
u

rr
e

n
t 

(µ
A

)

PfHRP 2 (ng mL-1)

LOD=2.14 ng mL-1

B 

A 



 

131 

The protein shows a long linear range. A steady amperomertic was not 

attainable as the detection fluctuated throughout the curve at a range of 

reading.  In addition, the tandem repeats of alanine and histidine in the structure 

of the polypeptide make for ready detection of the antigen (Lillehoj, 2016).  

Multiple binding epitopes of this protein also give rise to the signalling 

peculiarities of PfHRP 2 in this study.  

 PfHRP 2 standard curve in serum samples 

In order to assess the effect of the matrix on the assay, the assay was repeated 

in 100 % serum using the same concentration as in section 3.4.5.  Capture 

antibody immobilization was carried out at 4°C and the assay was conducted as 

in section 3.4.5.  Normalization of the measurements was again carried out by 

subtracting the background signal from the measurements.  The signal was 

measured using spiked serum samples.  With calculation of limit of detection as 

earlier described, the limit of detection in 100 % commercial serum was found to 

be 2.95 ng mL-1 (Figure 3.14). 
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Figure 3-14: Calibration curve of the chronoamperometric response of PfHRP 2 
detection in commercial serum (A) and linear regression (B).   A 100% concentration of 
commercial serum was used to dilute recombinant PfHRP 2 to a concentration of 1 – 
100 ng mL-1.  Correlation coefficient and R2 value of 0.9815 serum matrix was 
observed from the formula generated by the data in Excel.    Average of three sensors 
was used to plot the curve.  
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The analytical range was adopted to accommodate the blood levels of the 

biomarker and also the detection capability of the developed immunoassay 

(Lillejoh, 2011). 

It was found that lower signals occured in serum samples. The change is due to 

hampering of the transport of materials by the serum proteins which partially 

block the electrode surface.  Hence as the analyte undergoes oxidation at the 

anode, the signal is reduced by the matrix effect of the commercial serum.  

Plasmodium falciparum parasite is found in the red blood cells and the histidine 

rich proteins it produces are found expressed at the surface of the red blood 

cells.   The antigen may also be found in serum along with other endogenous 

proteins.   Although serum typically contains a vast number of different proteins, 

some are specific to blood while others are secreted into blood from tissues and 

organs.  Serum does not contain red blood cells nor white blood cells or even 

fibrinogen (Thrift et al, 1986).   Several types of reagent can help in reducing 

non-specific binding such as detergents, salts, proteins and polymers.   The 

method was conducted as in section 3.3.3 using 100% serum as the matrix for 

dilution of the antigen.   A serial dilution of 0, 2, 16, 20, 40, 64, 80, 100 ng mL-1 

was used in sandwich assay with 0.02 mg mL-1 of the capture antibody HCA 

160 and 0.02 mg mL-1 detection antibody HCA 159 P on the working electrode.  

These results show the sensor to be suitable for detection of Plasmodium 

falciparum histidine rich protein 2 (PfHRP 2).   As previously indicated, blood 

level is ~9.45 ng mL-1 (Ho, et al., 2014, Dzakah et al., 2014; Abdallah et al., 

2015). 

 

To increase the sensitivity, the detection antibody-HRP was attached to gold 

nanoparticles and used in the sandwich assay. Several experiments were 

conducted to achieve the best results before a calibration curve was repeated 

with serial dilution of the antigen in buffer and 100 % serum matrices.   The 

developed PfHRP 2 immunosensor is as sensitive as in buffer assay, in 

agreement with Sharma et al., 2011.  
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 Scanning electron microscopy of SPGE JD 2b assay 

The structure of the sensor determines the performance of the sensor as the 

surface is the platform for the immunoassay.  Microscopic techniques like 

scanning electron microscopy (SEM), scanning tunnelling microscopy and 

transmission electron microscopy (TEM) contribute to the surface structure 

characterization (Davies et al., 1998).  

Scanning electron micrograph of JD SPGE shows a homogenous distribution of 

the gold ink with round ink granules, producing a maximized area between the 

big sized ink particles.   High surface area resulting from the three dimensional 

ink granules has a direct impact on the maximum amount of biomaterial 

immobilized on the working electrode and was reported to improve assay 

performance (Noh and Tothill, 2006).    

The scanning electron microscope (Phillips, UK) was used to obtain an image of 

the surface of the working electrode.  The structure of the working electrode 

during sandwich assay was visualized in order to make a comparison between 

the different stages of the assay regarding the working electrode surface.   The 

surface of the working electrode measures about 5 mm in diameter.   In order to 

obtain a visual image of the treated SPGE, SEM of the sensor surface was 

taken to show lithographic structure of the working electrode.  At 50x, 500x  and 

3,500x magnification surface roughness of the gold particles is visible, showing 

the ditches approximately 10 - 50 nm deep after each step of assay.  Figure 

3.15 shows the sensor surface after the capture antibody immobilization.  
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Figure 3-15: Capture antibody immobilization on the SPGE at 50x magnification (A) 
and enlarged to 500x (B) and 3,500x magnification (C). 

 

PfHRP 2 antigen was then added (10 µL) in a 100 ng mL-1 concentration and 

then incubated at 37ºC for 1 hour followed by washing two times with 1 mL  

0.01 M PBST (0.05 v/v) (Figure 3.16).  

A 

C 

B 



 

136 

 

 

 

 

Figure 3-16: PfHRP 2 antigen added following the immobilization step. The three 
electrodes were blocked using 100 µL of a 1:10 solution of milk concentrate in 0.01 M 
PBS and incubated at 37ºC for 1 hour.  SEM of JD 2 SPGE treated with capture 
antibody, blocking buffer and antigenic interaction at 50x magnification (A) and 
enlarged to 500x (B) and 3,500x magnification (C).  

 

The increasingly compact working electrode surface is again imaged (Figure  

3.17). 

A 

B 
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Figure 3-17: Sandwich assay for PfHRP 2 immobilized on SPGE. The final step in the 
sandwich format was applied using 10 µL  of  0.02 mg mL -1 of the PfHRP 2 horse 
radish peroxidase-conjugated detection antibody.  Incubation at 37ºC for 1 hour was 
followed by washing two times with 1 mL  0.01 M PBST (0.05 v/v).  Detection antibody 
interaction at 50x magnification (A), enlarged to 500x (B) and 3,500x magnification (C). 

A 

C 
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Immobilizing proteins on the working electrode affects the resolution of the SEM 

images, as they inhibit the current flow of the scanning electrons.  A gold 

coating to increase the conductivity and the resolution was not practicable as 

the 20 nm layer covered the gold particles in the same manner.  The gold 

nanoparticles are visible as bright dots.  The imaging software of the SEM 

comprises a measuring mode which calculates the length of the magnified 

objects.  This function was used to identify the gold particles on the working 

electrode, by estimating the diameter of the particles.    

 

 Signal amplification using gold nanoparticles 

Gold nanoparticles (AuNPs) generally possess excellent catalytic activity and 

offer a hospitable environment for the biomolecules (Bharathi et al., 2001). 

AuNP, magnetic nanoparticles, carbon nanotubes, quantum dots, polymeric 

crystals are among nanotechnology enhancing materials increasing diagnostic 

sensitivity to the nanoscale (Jain, 2003; Munge et al., 2010).    

 

With the results from the bare SPGE assay, effort was focused on the 

amplification of sensitivity and the improvement of the signal generated by the 

transport of electrons in the recombinant protein from the surface of the 

electrode though the supporting electrolyte.  Electrochemical studies have 

revealed that AuNPs enhance electrode conductivity and improve the detection 

limit (Song et al., 2003; Stoeva et al., 2006; Salam and Tothill, 2009).   

 

 Dynamic light scattering for the particle size determination of 

colloidal gold  

The commercial gold nanoparticle was obtained at (40 nm) size however as a 

confirmation, the gold nanoparticles were analysed in the Zetasizer nano-s to 

assess the particle size using 100 μL of AuNP in 1000 μL of PBS.   The mixture 

was sonicated for 1 minute to facilitate dispersion and the cuvette loaded.  
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Using exposure to a beam of light, the average peak was found at 51.76 nm 

and light scattering angle of 173o (Table 3.2). 

Table 3-2: Physical properties of the gold nanoparticles 

Average (nm) SD PDI Temperature Scattering angle 

51.76   

0.42 0.14 25°C 173o 

 

Gold nanoparticles show a range of colours that vary with particle size and 

dispersion.   Using seven scans, the results showed a average of 51.76 nm in 

particle size.  To begin investigations using the gold nanoparticles it was 

necessary to conjugate the particles to the detection antibody.  

 Conjugation of AuNP to HRP- conjugated detection antibody 

Conjugation of AuNP to the detection antibody is a technique used to increase 

the amperometric signal and sensitivity of the assay.  The assay sensitivity is 

enhanced as the gold particles increase the surface area available for antigen 

interaction following successful conjugation of the colloid to the reporter protein.   

The solution remains clear when tested 1:1 with NaCl (2.5 M). This test with 

NaCl verifies the conjugation of colloidal gold to reporter protein as the AuNP-

conjugated antibody showed no flocculation.  The successfully conjugated 

AuNP / detection antibody is then stored at 4°C. AuNP were conjugated to 

horse radish peroxidase-conjugated detection antibody and diluted 1:10 in PBS 

before use (Figure 3.18). 
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Figure 3-18: AuNP in working concentration (A) and stock dilution (B). 

After having conjugated the gold nanoparticles to the detection antibody, the 

assay was again conducted to assess the enhancement capability of the 

conjugated detection antibody.  

 PfHRP 2 standard curve in buffer samples with AuNPs 

Amplification of the signal is effected using AuNP.  The AuNP assay showed a 

signal when plotted against the developed immunoassay which failed to give an 

appropriate signal.  Sandwich assay was conducted with 1:10 (detection 

antibody conjugated to AuNP) stock dilutions (Figure 3.19).  

Chronoamperometric response of sandwich ELISA format with monoclonal 

HuCAL antibody (HCA 160) as capture reagent and detection antibody labelled 

with horse radish peroxidase (HCA 159 P) conjugated to 40 nm gold particles. 

Measurement were taken after 100 s at a potential of -200 mV and plotted 

against various concentrations.  The graph shows the averaged signal of three 

sensors for each concentration; the error bars represent the standard error 

about the mean (n=3). 

A B 
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Figure 3-19: Linear regression of the chronoamperometric response of PfHRP 2 
detection in buffer, enhanced with gold nanoparticles.   Concentrations of recombinant 
PfHRP 2 (0.05 – 0.5 ng mL-1) were diluted in PBS (0.01 M).  Correlation coefficient, R2 
value of 0.955 was observed from the formula generated by the data in Excel.    
Average of three sensors was used to plot the curve. 

 

From the above data, Limit of detection 0.036 ng mL-1 was obtained in the 

amplified buffer assay while R2 value of 0.955. The AuNP results gave good 

sensitivity and limit of detection without the use of additional free enzyme (horse 

radish peroxidase) to load the particles.   The best AuNP conjugate stock 

diluted used was 1:10 in PBS and also blocking with milk proteins.   

In addition, the developed gold nanoparticle enhanced malaria electrochemical 

immunosensor is more sensitive than electrochemical magnetic particle 

enhanced immunoassay (de Souza et al., 2011).  

The capture and detection antibody concentrations were taken at 0.02 mg mL-1 

for the detection of Plasmodium falciparum histidine rich protein 2 antigen.   

With the 1:10 dilution, it was possible to obtain a signal at lower concentration of 

analyte implying that the AuNP amplification was successful. The linear 

regression curve generated the equation of best fit in Microsoft excel.   LOD 

y = -2.2016x - 0.9746
R² = 0.955
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was calculated as (3 x SD blank measurement) + (average blank measurement) 

and interpolated in GraphPad prism (version 5).   

 PfHRP 2 standard curve in serum samples with AuNPs 

Gold nanoparticle enhancement of the detection antibody gives a signal at low 

concentrations not detectable by the un-enhanced assay (Salam and Tothill, 

2009).   With the limit of detection obtained for both the assays, an attempt was 

made to detect lower concentrations of the analyte.   A comparison between the 

original assay and the AuNP-enhanced assay was conducted for the detection 

of Plasmodium falciparum antigen using 1:10 AuNP / Ab stock dilution and HCA 

159 P antibody detection.    

 

Buffer assays yielded good results however, the serum assays were used to 

compare the effect of serum proteins on the developed assay.  The large 

surface area and affinity of gold for proteins allows for the attachment of the 

enzyme to the enzyme label (horse radish peroxidase)(Figure 3.20). 

 

Figure 3-20: Linear regression of the chronoamperometric response of PfHRP 2 
detection in serum, enhanced with gold nanoparticles.   Concentrations of recombinant 
PfHRP 2 (0.05 – 0.5 ng mL-1) were diluted in 100% commercial serum.  R2 value of 
0.9844 was obtained.   Average of three sensors was used to plot the curve. 

y = -2.4542x - 0.521
R² = 0.9844
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From the above data, Limit of detection 0.04 ng mL-1 was obtained in the 

amplified buffer assay while R2 value of 0.9844.   LOD was calculated as (3 x 

SD blank measurement) + (average blank measurement) and interpolated in 

GraphPad prism (version 5).  Signal of serum matrix is similar to the buffer 

assay (Lee et al., 2006).  The working capacity of a biosensor with an enzyme 

as its recognition element relies on the method of its addition, hydrogen ion 

concentration, heat requirement and the process of its being fixed to the 

prepared substrate (Ronkainen et al., 2010).   This knowledge has proven 

useful in the development of immunosensors to evaluate the progress of 

disease conditions, for bacteria and virus assays or substance recognition 

(Sharma et al., 2008, Abdul Kadir and Tothill, 2010). 

3.5 CONCLUSIONS 

The results will be used in future experiments using sandwich ELISA format. 

The direct and sandwich ELISA immunoassays demonstrate utility of 

commercial HuCAL monoclonal capture antibody (HCA 160) and horse radish 

peroxidase conjugated detection antibody (HCA 159P) paired antibodies in 

detection of recombinant PfHRP 2 antigen (PIP001).    

As a tool for assay optimization, the antibodies are accurate, however the cost 

of reagents may be reduced in further experiments by using samples from 

Plasmodium falciparum culture media containing dissolved antigenic biomarker, 

PfHRP 2.   The highly selective sandwich ELISA format involving two antigenic 

epitopes is recommended for further investigation on the gold screen-printed 

electrode.    Affinity of gold for proteins makes the SPGE sensor a promising 

tool for malaria diagnosis.  Gold working electrodes are not as prone to non-

specific binding as graphene working electrodes, though graphene may be 

cheaper than gold ink.   Milk concentrate in PBS is adopted from a previous 

study as the blocking reagent, which reduces non-specific binding on the 

electrode surface. 
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The immunosensor assay successfully quantified recombinant protein in various 

amounts in standard curve with a long linear range relying on tandem amino 

acids in its structure.     

Table 3-3: Sensitivity of histidine rich protein 2 curves 

Sample LOD (ng mL-1)   Equation R2 

PfHRP 2 buffer 2.14  y= -0.0152x -0.3275 0.9827 

PfHRP 2 100% serum 2.95  y= -0.0084x -0.124 0.99 

AuNP PfHRP 2 buffer 0.036   y= -2.2016x -0.9746 0.955 

AuNP PfHRP 2 100% serum  0.04  y= -2.4542x -0.521 0.9844 

 

Electrochemical measurements produced a 2.14 ng mL-1 detection limit in 

unenhanced assay, which is better than the ELISA assay developed in this 

work.    An amplified signal is also achieved on the immunosensor with AuNPs 

conjugated to the detection antibody.   Higher chronoamperometric separation 

occurs in relation to enzyme attachment on gold nanoparticles.   The 

largesurface area of the 40 nm gold nanoparticles increases the response. 

Signal amplification using gold nanoparticles gave LOD of 0.036 ng mL-1 while 

serum assay LOD is 0.04 ng mL-1.   The results are similar.  

The first malaria DuPont SPGE biosensor developed in this work detects 

PfHRP 2 antigen in the picogram range.   The method is adaptable for use in 

appropriate mobile technology application with the potential for use in remote, 

resource deprived settings.  The developed immunosensor offers a highly 

sensitive, reliable, easy to use, portable and low cost method of detecting 

species specific Plasmodium falciparum histidine rich protein 2.    

 

 



 

145 

 

 

 

 

 

 

 

CHAPTER FOUR 

 

DEVELOPMENT OF Plasmodium L- LACTATE 

DEHYDROGENASE IMMUNOSENSOR  
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4 ELECTROCHEMICAL IMMUNOSENSOR FOR L-LDH 

4.1 INTRODUCTION 

Electrochemical immunosensors are significant analytical tools for monitoring 

antibody-antigen interaction because of their simplicity, high sensitivity and 

good reproducibility (Darain et al., 2003).  

Protozoal LDHs display some major structural and kinetic differences compared 

to their mammalian counterparts that may be exploited to develop selective 

drugs and detection systems for malaria (Hurdayal et al., 2010; Jain, 2014). 

Another striking difference of pLDH from other dehydrogenases is its substrate 

specificity.   These structural differences are exploited during antimalarial drug 

design and selective detection of pLDH for malaria diagnosis.   Recent studies 

have shown a direct correlation between blood levels of pLDH and response to 

therapy (Dondorp et al., 2005).   Even though these molecules are released into 

plasma, their binding characteristics and clearance rates vary. The enzyme 

does not however, persist in the blood after treatment, and its absence serves 

as an indication of the success of treatment (Iqbal et al., 2004).  For parasite 

LDH detection, monoclonal antibodies are used to capture the parasite enzyme 

(Piper et al., 1999).  

 

Immunosensors are relatively recent in malaria detection.  The most widely 

used technique for malaria detection, microscopy, is unable to consistently 

provide reliable results in uncomplicated malaria, certain cerebral malaria 

presentations, and malaria during pregnancy (Leke et al., 1999).  Therefore, 

more rapid, accurate and diagnostic methods for malaria are required in the 

form of point of care diagnostics.  Detection relies on attachment of the horse 

radish peroxidase-conjugated reporter protein to the parasite antigen.   Signal 

generated can be enhanced by nanomaterials conjugated to the detection 

antibody.   Gold nanoparticles have been used in the field of catalysis (Layek et 

al., 2011; Statakis and Layek et al., 2012; Layek and Nandi, 2013) and 

biosensors (Pingarron et al., 2008; Hutter and Maysinger, 2013).  
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Point -of -care (POC) diagnostics offer great potential to detect and monitor 

infectious diseases at resource limited settings. In addition, disposability 

renders POC diagnostics attractive to end users by preventing exposure to bio-

hazardous waste and can be adapted via blue-tooth connection to a smart 

device.   The smartphone connects to the analyser so that the dynamics of the 

reaction produce an empirical signal (Mya et al., 2003).   Furthermore, results 

directly linked to “the cloud” through available mobile technology (and archiving 

of information) could be geographically decoupled from the site of testing.    

 

To enable electrochemical measurements and communication in any setting, 

useful technology must be able to perform complete electrochemical analysis 

while remaining low in cost, simple to operate, and as independent of 

infrastructure as possible.  The technology must also be compatible with any 

generation of mobile telecommunications technology, including the low-end 

phones and 2G networks that continue to dominate communications in much of 

the developing world (Nemiroski et al., 2014; Solon, 2014). 

 

In this chapter, an electrochemical immunosensor detecting sub-microscopic 

levels of Pan-malaria antigen (parasite L- Lactate dehydrogenase) has been 

developed with sandwich format in buffer and serum assays.  The sensor signal 

was enhanced with gold nanoparticle-conjugated to horse radish peroxidase.   

The novel DuPont SPGE immunosensors developed in this work for sub-

microscopic, quantitative malaria detection have adaptive potential for field use 

in remote settings on a portable, battery-operated potentiostat coupled to smart 

phone and iPad (Figure 4. 1).  
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Figure 4-1: PStouch application (A) useful for analysing and up-loading data from 
remote locations, and DropSens hand-held potentiostat (B).  

 

4.2 MATERIALS 

 General chemicals and instrumentation 

General chemicals and instrumentation remain the same as in Chapter 3 in this 

thesis.  For the development of L-LDH 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 L-LDH (CSB-EP632935PLS) was purchased from 2B Scientific 

(Oxford, UK).   Colloidal gold (40 nm) was purchased from BBI solutions 

(Cardiff, UK).  Transmission electron microscope (CM-20) was from Phillips 

(Essex, UK). 

4.3 METHODS 

 Parasite L-LDH capture antibody (HCA 158) 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, ELISA assay (Chapter 3) optimization was omitted and 

blocking reagents were adopted from the previous work.  The most suitable 

A B 
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concentration for the assay was obtained by optimization in which the capture 

antibody (HCA 158) was immobilized on the working electrode (section 3.3.3).  

Prior to the immobilization of antibodies, the sensors were cured at 120°C.   The 

electrodes were then washed two times in 1000 μL de-ionized water (18.2 mΩ) 

and dried in gentle nitrogen stream.   Working electrode was coated with 20 µL 

pLDH  capture antibody (HCA 158) at concentrations of 2.5  µg mL-1,  10 µg mL-

1  and 20  μg mL-1 using sodium carbonate-bicarbonate buffer (1 M, pH 9.6), 

according to manufacturer’s recommendation.    

After each incubation step, the surface was washed two times using 1000 µL 

PBST (phosphate buffered saline with 0.05 % Tween - 20) and two times with 

1000 μL de ionized water then dried in gentle nitrogen stream.  The sensor 

surface free of antibody was blocked using milk protein concentrate (KPL Inc., 

Gaithersburg, USA) diluted 1:10 milk concentrate / PBS buffer (0.01 M, pH 7.4.) 

to reduce non-specific binding.   A volume of 100 μL blocking buffer was applied 

on all three electrodes.   The assay was incubated for 1 hour at 37°C.  

After repeating wash step, 30 µg mL-1 of recombinant L-LDH was prepared in 1: 

10 milk PBS then 20 μL was dropped on the working electrode and incubated 

for 1 hour at 37°C.  Wash step was again repeated to remove unbound material 

with 1000 µL PBST (0.05 v/v) followed by 1000 µL de-ionized water (18.2 mΩ).  

The purified detection antibody HCA 157 P was diluted to a working strength of 

30 μg mL-1 in 1:40 milk concentrate / PBST (0.05 v/v).   A 20 μL volume was 

applied to the working electrode and incubated for 1 hour at 37°C.   For signal 

detection using TMB / H2O2 (mediator / substrate) complex, a stock of working 

buffer was prepared by adding 0.05 M phosphate citrate buffer (pH 5.0) to 0.01 

M KCl in equal volumes (Chapter 2, section 2.3.5).   

The final mediator / substrate complex was constituted just before application 

and the electrochemical measurement was taken.  Before starting the 

amperometric measurement, 100 μL of the TMB / H2O2 complex were dropped 

on the sensor surface covering all three electrodes.    Pipette tip was changed 
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to avoid contamination of the TMB / H2O2 stock with horse radish peroxidase 

from the sensor surface. 

  Parasite L-LDH detection antibody (HCA 157 P) optimization  

For optimization of detection antibody, the procedure in Chapter 3, section 3.3.4 

was adopted using the best concentration of capture antibody obtained at 

saturation.  The sensors were cured at 120°C. The electrodes were then 

washed two times in 1000 μL de-ionized water (18.2 mΩ) and dried in gentle 

nitrogen stream.   A 20 μL volume of parasite L-LDH capture antibody 10 μg 

mL-1) in sodium carbonate-bicarbonate buffer (1 M, pH 9.6) was immobilized on 

the WE overnight at 4ºC.  The electrodes were then washed two times using 

1000 µL PBST (phosphate buffered saline with 0.05 % Tween - 20) and two 

times with 1000 μL de-ionized water (18.2 mΩ)  then dried in gentle nitrogen 

stream. A 30 µg mL-1 parasite L-LDH recombinant antigen (CSB-

EP632935PLS) supplied by 2B Scientific (Oxford, UK) was prepared in 1: 10 

milk concentrate / PBS buffer (0.01 M, pH 7.4).   

A 20 μL volume was dropped on the working electrode and incubated at 37°C 

for 1 hour and the wash step repeated.   In order to determine the effect of 

concentration of detection antibody on recognition event of parasite L-LDH 

antigen (CSB-EP632935PLS), the purified detection antibody (HCA 157 P) was 

diluted to working strengths of 10, 20 and 30 μg mL-1 in PBST.  A  20 μL volume 

was dropped on the working electrode and incubated for 1 hour at 37°C.  

Amperometric detection was conducted using TMB / H2O2 complex and 

optimum detection antibody concentration was used in the antigen titre.  

 LOD recombinant L-LDH (CSB-EP632935PLS) detection in 

buffer 

To determine detection limit of SPGE for  recombinant P. falciparum parasite L-

LDH  detection, 20 μL of 10 μg mL-1 parasite L-LDH capture antibody (HCA 

158) in sodium carbonate-bicarbonate buffer (1 M, pH 9.6) was immobilized on 

the working electrode and incubated overnight at 4°C (section 4.3.2).  After 

incubation, washing, and blocking steps, recombinant L-LDH (CSB-
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EP632935PLS ) was serially diluted in 1 in 10 milk /PBS (0.01 M)  from 100,000 

ng mL-1 (100 μg mL-1)  to 1 ng mL-1.   A 20 μL 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 μg mL-1 in 1: 40 milk concentrate / PBS 0.01 M).  Lowest 

detection of antigen (LOD) was calculated as (3 x SD blank measurement) + 

(average blank measurement) and interpolated in GraphPad prism (version 5).  

The curve was plotted using Microsoft Excel. 

 Transmission electron microscopy of gold nanoparticles  

Particle size is essential in nanoparticle work.  Large surface area of the gold 

nanoparticles achieves higher sensitivity in assays.   A visual confirmation of the 

BBI gold nanoparticle was obtained by transmission electron microscopy (TEM) 

Phillips CM-20 (Essex, UK) (Figure 4.2). 

 

 

 

 

 

Figure 4-2: TEM set up (A) mesh (B) and AuNP droplet (C).   A 20 µL drop of 
BBI gold colloid was applied to the mesh.  The particle was air dried on the 
mesh before microscopic examination. 

C 

A B 
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  Conjugation of AuNP to reporter protein (HCA 157 P) 

Gold nanoparticles were conjugated to the detection antibody (HCA 157 P) as 

in Chapter 3 (section 3.3.8.) according to the modified method of Salam and 

Tothill (2009). A 1000 μL volume of gold colloid (BBI solutions) was taken in a 2 

mL tube and 2 µL 0.2 M NaOH was added, adjusting pH to 9.0.   A 100 μL 

volume of neat 0.1 mg mL-1 detection antibody (HCA 157P) was added slowly; 

the mixture was shaken at room temperature for 1 hour on the ELISA plate 

shaker (16-17 rpm) in the dark. Blocking buffer (100 μL) 1:40 milk in PBS (0.01 

M) was added.   The tube was incubated on ELISA plate shaker incubator / 

shaker model iEMS 1415 Labsystem, (Helsinki, Finland) at (18-25°C) for 1 hour 

in the dark.  Centrifugation was at 10,000 rpm for 10 minutes (4oC) in Heraeus 

Fresco 21 centrifuge (Thermo scientific, U.S.A).  

The supernatant was discarded and pellet re-suspended in 70 μL PBS (0.01 M; 

pH 7.4).  Stock AuNP-conjugated to detection antibody was stored at 4°C. 

AuNP stock was diluted (1:10) in PBS (0.01 M) for use in sandwich assay signal 

enhancement (Figure 4.3). 

 

Figure 4-3: Schematic sandwich ELISA with HRP and antibody-labelled gold 
nanoparticles on SPGE. 

LDH 
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 Detection of L-LDH in spiked serum  

Parasite LDH is expressed at high levels during asexual stage or blood stage in 

all four malaria parasites (Sherman, 1979).  Lactate dehydrogenase also 

correlates with the number of parasites present in the plasma of infected 

patients (Piper, 1999).  To assess the electrochemical response in serum 

matrix, the assay was conducted as in section 4.3.3 using 100% commercial 

Human serum (P2918) from Sigma (Dorset, UK).   A serial dilution of L-LDH 

recombinant protein recombinant L-LDH (CSB-EP632935PLS ) 1000, 100, 10 , 

1 and 0.1 ng mL-1 was used in sandwich assay with 0.01 mg mL-1 of the capture 

antibody (HCA 158) and 0.01 mg mL-1 detection antibody HCA 157 P on the 

working electrode.  

 

Amperometric measurements were taken using Autolab potentiostat (Metrohm, 

The Netherlands) connected to an adapter (DropSens, Spain).  USB box 

connecting the setup of equipment and General Purpose Electrochemical 

Software (GPES) version 4.9.007 were used (n=3). 

 

 LOD spiked serum L-LDH AuNP-enhanced detection 

AuNP enhanced assay for detection of parasite L-Lactate dehydrogenase was 

conducted according to section 4.3.6 using 100% serum as the matrix for 

dilution of the antigen.    A serial dilution of 1000, 100, 10 , 1 and 0.1  ng mL-1  

recombinant L-LDH was used in sandwich assay with 0.01 mg mL-1 of capture 

antibody (HCA 158) and 1:10 AuNP detection antibody (HCA 157 P)  stock / 

PBS (0.01 M)  on the SPGE working electrode.  Current generated was 

measured (n=3). 

 

4.4 RESULTS AND DISCUSSION 

 Capture antibody (HCA 158) optimization on SPGE 

Sandwich assay was conducted on the SPGE according to the method in 

section 4.3.1. Recombinant protein L-Lactate dehydrogenase (CSB-
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EP632935PLS) and detection antibody conjugated to horse radish peroxidase 

(HCA 157 P) concentrations were kept  constant at 30 µg mL-1 while 

concentration of capture antibody (HCA 158) was varied as 2.5  µg mL-1, 5 µg 

mL-1, 10 µg mL-1  and 20 µg mL-1  (Figure 4.4).  Signal is average of three 

sensors per concentration (embedded graph).  

 

 

Figure 4-4: Amperometric measurements for PfLDH capture antibody optimization. 
Capture antibody concentration assayed were 2.5, 5, 10 and 20 μg mL-1 in sandwich 
format.  Detection of the LDH analyte is evident in the profile of averages of 3 sensors 
used.  

Capture antibody optimization shows an increase in signal until saturation at 10 

μg mL-1.   This implies that 10 µg mL-1 is the optimal concentration for the assay. 

Having established that 10 µg mL -1 is suitable as the optimal capture antibody 

concentration, the detection antibody was optimized using 10 µg mL-1 capture 

antibodies on all the electrodes including the blanks in duplicate. 

 Detection antibody (HCA 157 P) optimization on SPGE 

To determine the most suitable horse radish peroxidase-conjugated detection 

antibody concentration for the assay, sandwich procedure was conducted as in 

section 4.3.3 and scanned for amperometric signal (Figure 4.5). 
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Figure 4-5: Amperometric measurements for PfLDH detection antibody optimization. A 
10 µg mL-1 capture antibody (HCA 158) and 30 µg mL-1 recombinant L-LDH 
concentrations were used.   The detection antibody (HCA 157 P) was however diluted 
in 1: 40 milk PBS to working concentrations of 10, 20 and 30 μg mL-1. Detection 
antibody (HCA 159 P) showed saturation at 10 µg mL-1 concentration, and best signal 
response for the assay confirming capture antibody optimization.   Average of three 
sensors was used to show profile (embedded plot). 

 

In the electrochemical detection of LDH,   concentrations above 10 µg mL-1 

were also optimized.  Early saturation at around 10 μg mL-1 was observed for 

the detection antibody optimal concentration for use in the assay. 

 L-LDH standard curve in buffer samples  

Following optimization of the capture and detection antibodies, standard curve 

was obtained by testing the immunosensor response to PfL-LDH (CSB-

EP632935PLS) concentrations ranging from 1, 10, 100, 1 000, 10, 000 and 100, 

000 ng mL-1.  The assay was performed as described in section 4.3.3 with 

capture and detection antibody concentrations kept constant at 10 µg mL-1.   

The assay was run in triplicate for all the measurements.    After measurements 

were taken, blank reading was subtracted from the signal and plotted against Pf 

L-LDH concentration.  The average of three sensors was used to determine the 
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lowest detectable analyte concentration, calculated as blank reading plus three 

times its standard deviation.  The value was interpolated in GrapPad prism 

(version 5) and plotted in Microsoft Excel (Figure 4.6). 

 

  

 

  

Figure 4-6: Standard curve of the chronoamperometric signal of L-LDH detection in 
buffer (A) and linear regression (B).  The range was from 0.1, 1, 10, 100, 1000, 10000 
and 100,000 ng mL-1. The lower limit of detection of the immunosensor showed a 
response that is linear with a long linear range. Correlation coefficient R2 value of 
0.9916 was observed in buffer matrix.  Limit of detection was 1.80 ng mL-1, using an 
average of three sensors. 

Limit of detection was calculated as previously using 3 x standard deviation of 

the blank plus the average value of the blank, interpolated in the independent 

variables with GraphPad prism (version 5). Following the experiment to 

determine antigen recognition in standard curve using buffer matrix, a separate 

investigation was conducted to dermine the response in 100% commercial 

serum matrix.  
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 L-LDH standard curve in serum samples 

The assay was conducted as in section 4.4.3 using 100% serum as the sample 

matrix to test for interference with amperometric detection and to verify 

detection limit of the buffer assay (Figure 4.7). 

  

 

Figure 4-7: Standard curve of the chronoamperometric signal of L-LDH detection in 
serum (A) and linear regression (B).   The range was from 0.1, 1, 10, 100, 1000, 
10,000 and 100,000 ng mL-1. The lower limit of the immunosensor in this assay shows 

response as per available antigen. Correlation coefficient and R2 value of   0.9851 was 
observed, while limit of detection was 0.70 ng mL-1 in spiked serum. 

 
As expected, the serum assay was not much variant from the buffer assay.  

This is encouraging as it shows the high and accurate sensitivity of the 

immunosensor with regard to sample matrices.    
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Blood levels of pLDH are ~4.9 ng mL-1 (Dzakah et al., 2014; Dirkzwager et al., 

2015).   With recent studies showing a direct correlation between blood levels of 

pLDH and response to therapy (Druilhe et al., 2001), it follows that parasite 

clearance is responsible for a drop in antigenic blood levels. Improper diagnosis 

and treatment may also result in drug abuse and unexpected side effects 

(Evans et al., 2004).  

 Conjugation of AuNP to detection antibody (HCA 157 P) 

Commercial AuNP (40 nm) purchased from BBI was conjugated to horse radish 

peroxidase detection antibody (HCA 157 P) as described in section 3.3.8.  The 

particle size was visually estimated before and after conjugation with AuNPs 

using transmission electron microscopy (Figure 4.8). 

 

 

 

Figure 4-8: TEM AuNP before (A) and after (B) antibody conjugation.  Nanoparticle 
sizes range between 1 and 100 nm.  The size of commercial gold nanoparticles 
was determined by transmission electron microscopy. 

With a 100 nm scale bar for comparison, the gold nanoparticles were found to 

be approximately 40 nm in size prior to conjugation to the detection antibody. 

Conjugation of BBI gold nanoparticle to horse radish peroxidase conjugated 

detection antibody was therefore as successful as the Sigma AuNP (section 

A 

B 
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3.4.10, Figure 3.18) as solution of AuNP- antibody stock diluted (1:1) with 2.5 M 

NaCl was clear. The addition of NaCl causes flocculation if the conjugation of 

AuNP to detection antibody is unsuccessful.  

 LDH standard curve in buffer samples with AuNPs 

As carried out in Chapter three (section 3.4.11), gold nanoparticles (40 nm) 

have been used to amplify the signal generated in affinity assay.   The AuNP 

assay showed a lower signal range than the unenhanced assay in buffer matrix 

(Figure 4.9). 

 

 

 

Figure 4-9: Calibration curve of the enhanced chronoamperometric response of LDH 
detection in buffer (A) and linear regression (B) using 1: 10 AuNP stock dilution used. 
Independent variable range was taken to be 0.001, 0.01, 0.1, 1 and 10 ng mL-1 with the 
logarithm of the values plotted in the linear regession curve.  Limit of detection was 
0.019 ng mL-1 and correlation coefficient (R2) 0.975.  Average of three sensors was 
used to plot the curve.  
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The investigation carried out with AuNP signal enhancement in buffer matrix is 

successful and therefore compared to commercial serum in order to investigate 

the effect of the matrix on the detection of the analyte.  

 LDH standard curve in serum samples with AuNPs 

Further investigation has been carried out to assess the effect of serum matrix 

on signal enhancement using gold nanoparticles (40 nm) as in section 4.4.6 

(Figure 4.10). 

 

 

Figure 4-10: LDH AuNP enhanced assay standard curves (A) and linear regression (B) 
in 100 % serum matrix.  A 100% concentration of commercial serum was used to dilute 
recombinant LDH to a concentration of 0.001, 0.01, 0.1, 1 and 10 ng mL-1.  Limit of 
detection 0.023 ng mL-1 while R2 value of 0.9805.    

-0.10

-0.09

-0.08

-0.07

-0.06

-0.05

-0.04

-0.03

-0.02

-0.01

0.00

-1 1 3 5 7 9 11

C
u

rr
e

n
t 

(μ
A

)

LDH (ng mL-1)

y = -0.0217x - 0.0725
R² = 0.9805

-0.12

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

-3.5 -2.5 -1.5 -0.5 0.5 1.5

C
u

rr
e

n
t 

(μ
A

)

Log 10 LDH ng mL-1)

LOD= 0.023 ng mL-1

A 

B 



 

162 

The capture and detection antibody concentrations were taken at 0.10 µg mL-1 

for the detection of LDH antigen.  The limit of detection for the assay was 

determined using the 3x the standard deviation of the blank average plus the 

blank average.   The signal amplification was successful when compared with 

the unenhanced assays (Table 4.1). 

Table 4-1: Parasite L-Lactate dehydrogenase standard curves 

Sample LOD (ng mL-1) Equation R2 

LDH buffer 1.80 y = -0.1269x - 0.1499 0.9916 

LDH 100% serum 0.70 y = -0.1205x - 0.1518 0.9851 

AuNP LDH buffer 0.019 y = -0.0461x - 0.277 0.975 

AuNP LDH 100% 

serum 

0.023 y = -0.0217x - 0.0725 0.9805 

 

The sensor showed good performance in electrochemical assay, and low limit 

of detection. Other non commercialized, electrochemical malaria 

immunosensors from previous research were compared against the developed 

HPR 2 and LDH enhanced immunosensor assays (Table 4.2). 

Table 4-2: Comparison with some malaria electrochemical immunosensor assay 

detection limit 

Immunosensor LOD References 

Magnetic nanoparticle 0.3 ng mL-1 (de Souza et al., 2011) 

Carbon nanofibre 0.025 ng mL-1 (Ginkunoo et al., 2014) 

DEA buffer assay 60 ng mL-1 (Sharma et al., 2011) 

PBS buffer assay 1 pM (Lee et al., 2012) 

AuNP HRP 2 36 pg mL-1 This work 

AuNP LDH 19 pg mL-1 This work 

 

The values from this work represent sensitivity of immunosensors in gold 

nanoparticle-enhanced buffer assay.  Notably, the magnetic nanoparticle 
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immunosensor (deSouza et al., 2011) and the carbon nanofiber immunosensor 

(Giknoo et al., 2014) exhibit comparable sensitivity to the developed gold 

nanoparticle assays.  The developed gold nanoparticle assays have the added 

advantage of low production cost and lower toxicity than both the 

electromagnetic nanoparticle assay and the carbon nanofiber assay.  

4.5 CONCLUSIONS 

L-LDH immunosensor for pan-malaria antigen has been successfully developed 

using HuCAL monoclonal capture antibody (Plasmodium falciparum HCA 158), 

detection antibody (horse radish peroxidase-conjugated Plasmodium falciparum 

HCA 157 P) and recombinant P. falciparum L-LDH (CSB-EP632935PLS) in 

sandwich assay.  The assay is more sensitive than microscopy which is the 

gold standard, detecting all malaria antigens in buffer and serum in the 

picogram range.   The signal is amplified in gold nanoparticle assay. 

 

Matrix effect is not significant in the assay, a good indication that the limit of 

detection with field samples will be within the range detectable with the 

developed immunosensor.  When using the developed immunosensors, with 

adequate mobile network, real time monitoring, evaluation and impact 

assessment can be conducted.  

 

In the next chapter, the assay will be compared with the 

immunochromatographic assay which is a POC device already in use in the 

field for detecting malaria.  This assay has potential for adoption as part of a 

conjugated smart device to simultaneously consult with laboratory while sample 

analysis takes place in the field. 

 

The second malaria DuPont SPGE biosensor developed in this work detects 

malaria parasite LDH.   As with PfHRP 2, the method is adaptable and can be 

used in combo for more rapid, specific detection of malaria.  
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CHAPTER FIVE 

SAMPLE ANALYSIS AGAINST COMMERCIAL KITS  
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5 SAMPLE ANALYSIS USING COMMERCIAL KITS 

5.1 INTRODUCTION 

Since introduction in the 90s, malaria immunochromatographic tests (ICTs) 

have undergone much improvement (Iqbal et al., 2002; Maltha et al., 2010).   

Initially two-band tests were used, comprising a control line and a parasite 

species- specific band.   Later, a three-band ICT was developed which detects 

both biomarkers, PfHRP 2 and LDH, and a control line.  Some strengths and 

weaknesses of ICTs are listed in Table 5.1. 

Table 5-1: Advantages and disadvantages of Immunochromatographic tests 

Advantage  Disadvantage Reference 

Some tests can detect 

different parasites such 

as P.ovale, P. malariae 

and P. vivax 

Some  tests detect PfHRP 2 only (WHO, 2000; WHO, 2004) 

Dipstick cassette or 

card format easy to use 

Qualitative result, unpredictable 

sensitivity in the field caused by 

high temperature, humidity 

Gaye et al., 1998; Ricci et al., 

2000; Iqbal et al., 2001; Coleman, 

et al., 2002; Craig et al., 2002; 

Mason et al., 2002; WHO, 2003)  

Simple to perform and 

interpret do not require 

electricity 

Potential for misdiagnosis due to 

biomarker persistence for 1-3 

weeks 

(WHO, 2000) 

 

Fewer requirements for 

personnel training 

Malaria antigens have different 

characteristics affecting suitability 

(WHO, 2000; WHO, 2004) 

 

 Current detection of malaria parasite typically depends on commercial 

immunochromatographic tests (ICTs) in dipstick and cassette format.   Lateral flow 

technology is a popular platform because of its low development cost and ease of use 

(Zhou et al., 2014).  Some antibody-based immunochromatographic tests detect all 

Plasmodium proteins such as lactate dehydrogenase (Iqbal et al., 2001; Jain et al., 

2014).  These tests have been used successfully in conjunction with blood film 

microscopy to confirm diagnosis of malaria with varying sensitivity (Table 5.2).   

 

http://www.sciencedirect.com/science/article/pii/S073497501630009X#bb0405
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Table 5-2: Comparative sensitivity of some immunochromatographic tests 

Test  Analyte Sensitivity 

(%) 

Reference Website 

Acon (Acon Labs, 

SanDiego, CA, USA) 

HRP 2 94 Mawili-

Mboumba 

et al., 2010 

www.aconlabs.com 

Parabank (Orchid/Zephyr, 

Goa, India 

LDH 84.7  

 

Fogg et al., 

2008 

www.tulipgroup.com/Zephyr 

Vistapan (Mitra, New 

Delhi, India) 

LDH 91.9 www.jmitra.co.in 

CareStart (Access Bio, 

Princeton, NJ, USA 

LDH / 

HRP 2 

95.6 http://www.accessbio.net/eng/products 

PALUTOP+4(ALL.DIAG, 

Strasbourg, France) 

LDH / 

HRP 2 

95.4  

Rakotnirina 

et al., 2008 

 

www.alldiag.com 

OptimMAL-IT (DiaMed, 

Cressier, Switzerland) 

LDH 75.8 www.bio-rad.com 

ParaHIT-f (Span 

Diagnostics 

HRP 2 87.5  Singh et al., 

2005 

www.span.co.in 

ParaSight –F (Becton 

Dickinson, USA 

HRP 2 95 Forney et al., 

2001 

www.bd.com 

Makromed Dipstick 

(Makro Medical Pty. Ltd., 

Johannesburg, Republic of 

South Africa) 

HRP 2 97 Richardson 

et al., 2002 

www.makro-med.com 

Malar-Check   Pf 

test(Cumberland 

diagnostics ltd) 

HRP 2 97.4 Avila et al., 

2002 

www.cumberland-diagnostics.com 

Paracheck Pf (Orchid 

Biomedical Systems, Goa, 

India 

HRP 2 91.7 de Oliveira et 

al., 2009 

www.tulipgroup.com 

 

The sensitivity and specificity of CareStart Malaria test is comparable to the 

thick blood smear in diagnosis of malaria.  Less accuracy may occur in stored 

samples (Maltha et al., 2010).   

 ICTs are commonly used for malaria detection in whole blood samples 

containing the water soluble malaria biomarker (Moody, 2002).   With reports of 

insufficient data for projection of malaria incidence (WHO, 2015), this research 

will progress and contribute in screening of sub-microscopic malaria in sub-
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Saharan Africa.  Several recent reports have described biosensor assays 

detecting and differentiating malaria biomarkers (Sharma, 2008; Ittarat, 2013).   

As yet, there is no commercial malaria biosensor that meets the diagnostic 

requirement of infected individuals in endemic and remote areas.  Sub-

microscopic detection offered by biosensors demands further investigation in 

low cost, easy to use, portable and disposable format.    With a view to meeting 

this need, JD 2b screen-printed electrodes, have been utilized in the 

construction of two highly sensitive immunosensors, with signal enhanced using 

gold nanoparticles.   

Work in this chapter involves samples of Plasmodium falciparum Dd2luc culture 

medium supernatant containing water soluble malaria biomarkers, PfHRP 2 and 

LDH.   The samples were used to investigate sensitivity of the qualitative 

BinaxNOW Malaria and OptiMAL-IT commercial kits in comparison to the 

quantitative, developed LDH electrochemical immunosensor.   

5.2 MATERIALS 

 General chemicals and instrumentation 

Chemicals and instrumentation for cell culture were obtained through 

collaboration with scientists from Keele University (Staffordshire, UK); malaria 

parasite culture medium from Roswell Park Memorial Institute (RPMI) 1640 Lot 

no. RNBF4698.   HEPES buffer, glucose solution, NaOH, glutamine solution, 

1000x hypoxanthine solution, pooled human serum, Albumax-II, BSD and 

gentamycin sulphate solution were from Sigma (Dorset, UK).   

 

Microbial safety cabinet NuAire DH  Autoflow (ON, Canada),  while 20 % 

Giemsa stain, 100% methanol, 70% alcohol, 5% sorbitol, pipettes, culture 

flasks, 96 well plates and pH test Strips Lot 010B164786, passive lysis buffer 

and luciferase substrate (luciferin) were purchased form Sigma (St.Louis, USA).  

Microfilter (0.45 nm) syringe-driven filter unit was purchased from  Millipore  

(Dublin, Ireland),  1% Oxygen / 3% CO2 / N2  gas BOC (Surrey, UK), light 

microscope, immersion oil and microscope slides were purchased  from  

Olympus (Essex, UK), centrifuge U-320R  (Boeco, Germany)   blow drier 
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(Phillips, UK) and GloMax luminometer was purchased from Promega 

(Madison, USA).   Stainless steel hand counter was also used (such as are 

available from miniscience.com) 

 

OptiMAL-IT malaria dip stick kit (containing dipstick, buffer ampoule, reaction 

and wash wells, and Pasteur pipette) and positive control were purchased from 

Bio-Rad (Oxford, UK), while BinaxNOW Malaria test kit  (lateral flow device and 

wash buffer) was purchased form Alere (Bedford, UK).  Fume cupboard was 

from Kottermann (Zurich, Switzerland) while, autoclave was purchased from 

Priorclave (London, UK).  As before, screen-printed electrodes as, JD 2b, 

described in Chapter 2 were obtained from DuPont (Bristol, UK).   

 

5.3 METHODS 

 Preparation of the culture medium 

The media preparation and in vitro culture of P. falciparum cells was conducted 

in level 3 laboratory in Keele University in the group of Professor Paul Horrocks.  

For over 40 years, Roswell park memorial institute (RPMI) 1640 medium has 

been commonly used for in vitro parasite culture preparation (Desai, 2013).  

RPMI medium contains major cations and anions based on values in human 

blood of glucose, amino acids and key vitamins; serving as energy source for 

cell metabolism.  The medium supports synthesis of proteins, nucleic acids and 

lipids (Desai, 2013).   

A 500 mL volume of RPMI 1640 medium  was taken in a tissue culture bottle  

and supplemented with 1  M HEPES buffer (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 µL), pooled human serum  

(20 mL) 5% Albumax-II (20 mL) BSD (125  µL), 10 mg mL-1 gentamycin 

sulphate solution (1.25 mL) and 8% v/v human serum ) at the desired 

haematocrit in an atmosphere of 1% Oxygen / 3% CO2 / N2 ;  in a modified 

method according to Hasenkamp et al., 2011. 1000x stock solution of 
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hypoxanthine (50 mM) can be prepared by dissolving 680 mg in water and then 

adding a few drops of NaOH to bring to pH 9.0, before making up to 100 mL.  

Stock is filter sterilized and stored at 4°C. 

 

 Culture of Dd2 luc in RPMI medium 

Dd2 luc is a transgenic Plasmodium falciparum clone expressing luciferase 

under the control of Pfpcna flanking sequences (Wong et al., 2011).   To begin, 

the microbiological cabinet was swabbed with 100% methanol.  Dd2luc was 

cultured in vitro using standard continuous culture conditions.   To the medium 

prepared (section 5.3.1)  RPMI medium were prepared in tissue culture flasks to 

mimicked human physiology, using a parasitaemia of 0.5%, 1%, 2% and 4% 

early trophozoites  and 0.5%, 1%, 2% and 4% mixed stage cultures in a second 

group (Figure 5.1).   Both groups had culture media (plain and containing 

uninfected RBC) as control.   Following inoculation, the samples were incubated 

at 37°C for 48 hrs. 
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Figure 5-1: Preparation of culture.  Following inoculation, the samples were gassed to 
mimic physiological conditions of human internal environment (A).  When the two 
groups were sufficiently gassed (foamy), as in (B), they were incubated at 37°C(C). 

 

For in vitro Plasmodium cell culture, the physiological conditions of the human 

host environment are produced to support the parasite.  When the parasite 

encounters the host cell, the parasitophorous vacuole isolates the parasite from 

the cell cytoplasm (Haldar and Mohandas, 2009; Bosch et al., 2012; Yap et al., 

2014). The parasite takes in haemoglobin. As development continues, the 

parasite increases in number within the erythrocyte.  It also enhances the 

beginning and sustenance of electrochemical ion gradients.  In addition, early 

destruction of the infected red blood cell is prevented by the copious amounts of 

A 

B 

C 



 

173 

haemoglobin that the parasite takes in, utilizes, detoxifies and removes from the 

infected red blood cell thus ensuring osmotic stability (Haldar and Mohandas, 

2009).  The stage at which the asexual form of the parasite in the red blood cell 

develops into the sexual form of the parasite is however a process that is little 

explained (Akhouayri et al., 2013). 

  Culture medium supernatant of Dd2 luc (in RPMI) 

To conduct investigations on the biomarker, the supernatant was obtained from 

the tissue culture flask. The cultured cells were then collected into a falcon tube.   

The tube was 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 to be used in 

immunoassay.   

 Preparation of malaria thin film  

After 48 hr incubation, Plasmodium parasite must have gone through asexual 

developmental stages (Coatney et al., 1971).  To observe the parasites by 

microscopy, the culture was removed from incubation at 37°C between 26-38 

hours in order to target the trophozoites (Silamut, 2000).  The medium was 

aspirated using a pipette.   A drop (~20 μL) of the sediment of 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 (Figure 5.2).  The slide was then washed in tap water and 

gently blow dried.   Once dry, the film was immersed in oil and observed using 

100x objective lens.  Oil immersion is a technique used to increase the 

resolving power of a microscope. This is achieved by immersing both the 

objective lens and the specimen in a transparent oil of high refractive index, 

thereby increasing the numerical aperture of the objective lens. 
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Figure 5-2: Preparation of malaria thin film.  Preparation of the thin film involved 
Giemsa staining (A) gently drying (B) stained film (C) microscopic examination (D).    

 

Giemsa stain is commonly used for routine examination of blood films for 

malaria diagnosis (Fleischer, 2004; Redd et al., 2006).  The number of visible 

parasites should be reported especially where the infection is due to P. 

falciparum.  The limitations that may occur when using this method are reflected 

in false positives and false negatives. In addition, the specific parasite 

identification poses a challenge as the stages appear to be the same in mixed 

infections.   Debris sometimes takes on the form of parasites and is erroneously 

counted as parasites. P. knowlesi infection has also been misdiagnosed. P. 

knowlesi is reported to produce the same symptoms as P. falciparum.  

 In light microscopy, oil immersion is a technique used to increase the resolving 

power of a microscope.  This is achieved by immersing both the objective lens 

and the specimen in a transparent oil of high refractive index, thereby 

increasing the numerical aperture of the objective lens. 

A B 
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 Estimation of percentage parasitaemia 

The number of parasitized cells was then counted using a mechanical cell 

counter (such as available on miniscience .com).   Percentage parasitaemia 

was obtained using the equation: 

% 𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑎𝑒𝑚𝑖𝑎 =
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 10 𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑧𝑒𝑑

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 3 𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑧𝑒𝑑 + 𝑛𝑜𝑛 𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑧𝑒𝑑
𝑥 100 

 

(5-1) 

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. Malaria parasitaemia is reported using the World Health 

Organisation method of counting the number of parasites per microliter (/ µL) of 

blood instead of percentage parasitaemia (WHO, 2006).   An alternative method 

recommended by the WHO involves the comparison of the number of parasites 

in a thick blood film with the white blood cell count (Bowers et al., 2009).  

 

 Sorbitol lysis to obtain developmental stage parasites 

In malaria drug efficacy experiments it is often required to separate the 

developmental stages (in a process commonly known as staging) to observe 

their reaction to drug exposure.  For this experiment the samples were 

synchronised at 0 h and also at 48 hr incubation at 37°C.   Synchronization 

lyses  infected red blood cells within the culture at a specific stage in their in –

vitro development such that only parasites of the same developmental stage 

remain in the culture medium. In order to separate the parasite stages, 5% 

sorbitol (five times the pellet) was added to the 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 aspirated (Figure 5.3) and 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% CO2 / N2 and 

incubated for 48 hrs at 37°C.  
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Figure 5-3: Aspiration of the supernatant.  After incubation, the surface layer above 
was aspirated (removed) to leave the cell sediment in the bottom of the tissue culture 
flask.  The growth of the cells was then determined in luciferase assay.  

 

 Luciferase assay 

The luciferase enzyme belongs to a group of oxidative enzymes which allow the 

organism to bio luminesce, for example, the firefly. Organisms which bio 

luminesces are known to exhibit this behavioural trait in response to competition 

for food, mates, communication, camouflage and self-defence.  

 

 Luciferase assay is a commonly used reporter assay for quantitative, sensitive 

gene expression in organisms.  As the reaction is energy efficient it serves as 

an effective reporter assay.   A schematic is shown in Figure 5.4.  
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Figure 5-4: Schematic of luciferase reporter assay.  Light emission is brought about by 
a reaction in which luciferin is converted to oxyluciferin by luciferase, with some of the 
energy of conversion produced as light. 

 

In order to determine viability of the culture, luciferase assay was conducted on 

the cultured Dd2luc cells.  Following culture of the parasites, luciferase assay 

was performed at 0 h and again at 48 hr (Hasenkamp, 2011).  For cell-based 

assays, a host cell is engineered to express a reporter gene (Burrows et al., 

2011).   Samples were prepared as described in section 5.3.1 following which a 

10 µL volume of passive lysis buffer was added to 40 µL of P. falciparum cells 

and 50 µL of luciferase substrate (luciferin) run in triplicate (Figure 5.5).    
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Figure 5-5: Pellet obtained before sorbitol lysis and luciferase assay.  Synchronized 
and asynchronized pellets were used for luciferase assay to determine cell growth.  
The luciferin (50 µL) was added to 10µL passive lysis buffer and then 40 µL of P. 
falciparum cells was added.  Samples were prepared in triplicate in a 96 –well 
microtitre plate.   

 

The assay was run in the GloMax Luminometer to measure Relative 

Luminiescence Units (RLU).  The average of three readings was plotted in 

Microsoft Excel along with standard deviation. The readings represent 

trophozoite viability as the luciferase gene is expressed.  

 

 LDH detection using OptiMAL-IT Malaria kit  

OptiMAL-IT is an immunochromatographic test, using monoclonal antibodies 

against the metabolic enzyme pLDH (parasite lactate dehydrogenase) of the 

Plasmodium sp.   The kit purchased from Bio-Rad (UK) contains sachet of the 

test device with all its components (Figure 5.6).   
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Figure 5-6: OptiMAL-IT test. Contents include reaction well (A) wash well (B) well 
cover (C) buffer ampoule (D) and pipette (E).     

 

OptiMAL-IT detects LDH produced by both asexual and sexual forms of the 

parasite.  There is no cross reactivity with the human LDH or rheumatoid factor.  

 

5.3.8.1 LDH recombinant detection in 100% serum on OptiMAL-IT 

OptiMAL-IT is a commercially available for ICT for malaria detection.   Each test 

in dipstick format is ready to use.   To determine the detection of recombinant 

LDH in 100% serum, buffer ampoule was torn open and 1 drop (20 µL) was 

added to the conjugate well already coated with LDH antibody, and 4 drops (80 

µL) were added to the wash well.   The device was then allowed to stand for 

one minute.    A concentration of 100 µg mL-1 (20 μL) recombinant LDH in 100% 

serum was drawn up using the pipette.   The entire volume was added to the 

conjugate well.   Following the addition of the samples, contents of the well 

were stirred gently with the spatula end of the pipette and allowed to stand for 1 

minute.  The pipette was discarded and the device pulled open.   The wells 

were then replaced on the work bench and the dip stick stood in the conjugate 

well supported by the holders beside the wells such that the dip stick end 

reached the bottom of the conjugate well and was allowed to stand for 10 

minutes so the sample / conjugate mixture was completely soaked up.   

A B 

C 

D 
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The dipstick was transferred to the wash well and allowed to stand for 10 

minutes so that the reaction was completely cleared of spiked serum leaving the 

control band clearly visible.  The dipstick was removed and clicked back in the 

clear plastic piece.   The wells were then covered and broken off along with the 

two legs from the clear plastic piece and placed in autoclavable bag.   The 

reaction was read immediately and again after 60 minutes.  

Test validity was determined using the internal control band.  In another test, 

neat recombinant (LDH) 0.8 mg mL-1 in serum was applied to the reaction well 

and the test conducted as described to compare the results. 

5.3.8.2 LDH detection using positive control on OptiMAL-IT 

Since the neat LDH was negative after testing it was decided to apply the 

positive control of recombinant LDH from Bio-Rad (Oxford, UK).  The positive 

control was reconstituted by adding 1 drop of buffer from the optimal-IT kit and 

left to stand for 1 minute.  The reconstituted positive control was then aspirated 

(~20 μL) and added to the reaction well of the optiMAL-IT dipstick test.  The 

LDH positive control was then assayed in immunochromatographic test in the 

same method as was conducted in section 5.3.8.1. 

5.3.8.3 LDH detection using culture medium supernatant on OptiMAL-IT 

To determine the sensitivity of the test on Dd2lucculture medium supernatant 

(section 5.3.2), the process in section 5.3.8.1 was conducted on the dipstick 

assay, using   20 μL of 3-fold serially culture medium supernatant.   

5.3.8.4 LDH detection using culture medium supernatant on biosensor  

Immunoassay for the detection of LDH was carried out as in (Chapter 4) using  

a 20 μL volume of 6% parasitaemia Dd2luc culture medium supernatant from a 

previous culture.  The culture medium supernatant was aspirated from the 

tissue culture flasks according to the method in section 5.3.3.  The sample 

containing soluble Plasmodium falciparum biomarkers PfHRP 2 and LDH was 

then serially diluted 3-fold and used in the electrochemical immunoassay.  
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 PfHRP 2 and LDH detection using BinaxNOW Malaria kit 

BinaxNOW Malaria is another in vitro immunochromatographic assay using 

monoclonal antibody (MoAb) 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 combo kit for LDH 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 insert.  

 

5.3.9.1 PfHRP 2 / LDH detection using culture supernatant on BinaxNOW  

Having established the detection of the biomarker using the commercial kit and 

immunosensor, a further investigation was carried out using the BinaxNOW 

Malaria kit.  The samples were brought from -20°C to room temperature (18-

25°C).  The device was opened and the pipette primed twice.   A volume of 15 

μL of the asynchronous and synchronous culture medium supernatant (0%, 

0.5% and 4%) were applied to the bottom half of the purple reaction pad (Figure 

5.7).  
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Figure 5-7: Contents of BinxNOW Malaria kit (A) and application of sample (B).  Buffer 
A can be added to the sample pad to increase the flow rate if after 1 minute the sample 
is yet to reach the end of the strip. 

 

Two free-falling drops (~40 μL) of Reagent A were added vertically to the white 

pad below the purple pad.  The sample was allowed to run until it almost 

touched the absorbent pad at the top of the strip.  Just before the sample 

reached and 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.  

 

5.4 RESULTS AND DISCUSSION 

 Estimation of percentage parasitaema of P. falciparum 

Percentage parasitaemia is the method by which malaria infection was made.  

The infected red blood cells  show  brown pigmented cytoplasm typically seen 

in mid-stage trophozites (Figure 5.8).  Counting of red blood cells infected with 

parasites of Plasmodium falciparum is essential and the percentage 

parasitaemia should always be reported as this has implications for prognosis 

and the pattern of treatment employed (NEQAS UK, 2013).  

A B 
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Figure 5-8: Plasmodium falciparum trophozoite in RBC. Following the Giemsa staining 
of the thin film, ~20 μL of immersion oil is placed in the centre of the film.  Thus the 
cells are viewed at high resolution with the exclusion of refraction as light travels from 
air to liquid medium.  

 

The stained cells are clearly visible under the light microscope enhanced by 

immersion oil under 100x objective lens.  During microscopy, it is usual to 

observe Plasmodium cells at various stages of development.  The stages range 

from tiny rings (0-6 h) through to gametocytes formation.   

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. Therefore, more sensitive, low-tech diagnostic tools need to be 

developed in order to detect low levels of parasitaemia in the field (Redd et al., 

2006).  Parasitaemia due to malaria infection has been reported to have a 

threshold of 2,500 parasites per microliter (Mwangi et al., 2005). 

Immunochromatographic tests may be used to complement microscopy in low 

resource areas (Bailey et al., 2013).   

 

 Luciferase assay 

Luciferase assay was conducted to determine the viability of the Dd2luc culture 

by testing for luciferase expression in cultured samples, according to the 

method described in section 5.3.7. Both groups of synchronized and 

asynchronized trophozoite samples with parasitaemia ranging from 0.5 - 4% 

Trophozoite

S 
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showed positive 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 5.9). 

 

Figure 5-9: Relative light unit for luciferase expression at the start and end of 
incubation during Plasmodium falciparum Dd2luccell culture viability test.  Synchronized 
and asynchronized samples were tested for cell growth by luciferase expression.  
Asynchronous samples contain all stages of parasite development while synchronous 
samples contain parasites at same developmental stage assayed at 0 hour incubation 
time.  Both control samples are constant against 0.5%, 1%, 2% and 4% parasitaemia.  
Control for the experiment comprised neat culture medium RPMI 1640 referred to as 
‘M’ and neat medium + uninfected red blood cells, referred to as ‘RBC’ (n=3). 

 

Since the transgenic strain, Dd2luc 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 (Hasenkamp et 

al., 2011) and to observe cell growth. 
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Bioluminescence is characterized by the use of a bioluminescent compound, 

luciferin and firefly luciferase.  Luminescent reactions are measured in relative 

light units (RLU) that are typically proportionate to the amount of analyte 

present in a sample.   A decline in cell culture growth is expected to occur as 

soon as depletion of nutrients occurs as a result of the cells competing for 

available resources in order to develop to the next stage of parasite 

development.   A guide to parasite development in stages over a 48 hour period 

is shown in Figure 5.10. 

 

 

0-6 hours = tiny rings 
6-16 hours= small rings 
16-26 hours = large rings 
26-30 hours= early trophozoites 

30-34 hours= mid trophozoites 
34-38 hours= late trophozoites 
38-44 hours= schizonts 
44-48 hours= schizonts 
 

Figure 5-10: Chart staging Plasmodium falciparum cultured cells (Silamut, 2000). 
Trophozoite stage of parasite development is just prior to vegetative reproduction by 
schizogony.   It is at this stage that sorbitol lysis was conducted to destroy other stage 
cells and obtain a synchronized culture.  Box contains trophozoites of the age range 
used in the research. 
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With culture medium supernatant of known parasitaemia, the samples were 

then tested on OptiMAL immunochromatographic dipstick, for comparison with 

recombinant LDH. 

 

 LDH detection using OptiMAL-IT Malatia dipstick kit 

The dipstick and lateral flow assays are sensitive to small volumes (2–50 μL) of 

malaria antigens in blood (Kakkilaya, 2011).   Some 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 in the population (Lee et al., 

2006).    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 ≤30ºC) of the device and the efficacy of the method (Bell et al., 2006; 

Kakkilaya, 2011).    

The test carried out in this research using recombinant LDH showed negative 

results while the culture medium supernatant showed a progressively lighter 

band with serial dilution of the sample (Figure 5.11). 

 

  

 

 
Figure 5-11: OptiMAL-IT dip stick assay with recombinant LDH. Concentrations of 
recombinant LDH in 100% serum (10 μg mL-1) (A) and neat recombinant protein (0.8 
mg mL-1) showing negative control band (B).  Internal control confirms test validity. The 
results also confirm kit manufacturer’s assertion that the test kit is only positive when 

A B 

C 

Internal control 
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live parasites are present in the sample.  This was further confirmed in the results of 
the LDH positive control assay (C).  

 

Following the assay of LDH recombinant protein on OptiMAL-IT dipstick assay, 

a comparison was made with Dd2uc culture medium supernatant to assess the 

validity of the results.  The culture medium supernatant was diluted 3-fold in 

blank RMPI 1640 medium from 6% parasitaemia and tested until no band was 

seen (Figure 5.12). 

 

 

Figure 5-12: OptiMAL-IT dip stick assay.   Arrows show internal control negative band. 
OptiMAL-IT dip stick assay with 3-fold dilution of Dd2luc culture medium supernatant.  
No band in dilution number two. 

 

From the results, the OptiMAL-IT dipstick test failed to detect lactate 

dehydrogenase in culture medium supernatant from Dd2luc at 0.007 % 

parasitaemia. 

According to Hawkes et al., 2014, the pLDH antigen on three-band 

immunochromatographic tests increases the specificity for malaria parasitaemia 

and may differentiate acute infection from recently treated infection.   

It has been reported that ICTs show a decrease in sensitivity (88%) for 

Plasmodium falciparum when the parasite load descends below 50 per µL 

(Sharma et al., 2010).   It is however preferable to use the Pf / Pv Combo Test 

6% 

0.007 % 

2% 

 Negative 

 Positive 

 Positive 
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instead of microscopy in areas where microscopic diagnosis is limited (Hailu 

and Kebede, 2014).   

The samples tested on the OptiMAL-IT test were then tested for comparative 

sensitivity using the developed immunosensor for Pan-malaria amperometic 

detection.  The methods were the same as those in Chapter 4, section 4.3.3. 

 LDH detection on immunosensor using culture supernatant 

The JD 2b gold screen-printed electrode (SPGE) immunosensor developed in 

this work has successfully detected pan malaria antigen LDH in the sample, 

Dd2luc culture medium supernatant.  Amperometric signal using culture medium 

supernatant shows similar results to the signals obtained in LDH detection 

(section 4.3.3) (Figure 5.13). 
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Figure 5-13: Amperometric signal for LDH detection in culture medium supernatant 
(A).  A concentration of 10 μg mL-1 capture antibody was immobilized on the working 
electrode.  For analyte detection, a concentration of 10 μg mL-1 detection antibody with 
horse radish peroxidase conjugated was immobilized on the working electrode.  The 
6% parasitaemia was diluted in blank RPMI 1640 culture medium supernatant.  The 
diluted sample was beyond the detection limit of the OptiMAL-IT malaria dipstick test. 
The graph was plotted minus the zero value of background from the observed 
measurements without gold nanoparticle signal enhancement on immunosensor (B).  
Red lines show smallest measurement obtained at lowest parasitaemia. 

 

Results of culture supernatant in immunosensor assay show signal detection in 

the region of failure of the OptiaMAL -IT.  The range of amperometric signal 
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reflects the change in the analyte concentration.  Smallest signal is at -0.11 μA.  

This value was obtained from the difference of the background of blank RPMI 

1640 culture medium from the meaurement.  

Comparison of signals from developed assays, show similarity (Table 5.3).   

Least amperometric signal on each of the curves representing different sample 

matrices of both enhanced and unenhanced assays has been compared to the 

LDH immunosensor detection using Dd2luc culture medium supernatant.  

Table 5-3: Amperometric signal of LDH immunosensor assay 

Assay sample Current (μA) LDH  concentration (ng mL-1)  

Buffer assay  -0.12±0.00 1 

AuNP buffer  -0.14±0.03 0.001 

Serum assay  -0.09±0.00 1  

AuNP serum  -0.002±0.00 0.001 

*CMS Dd2luc  -0.10±0.01 ~1 

*Culture medium supernatant 

 

AuNP current was the lowest.   In this investigation, culture medium supernatant 

was not examined in AuNP-enhanced assay due to the sensors running out.  

From the table, however, the corresponding antigen concentration (1 ng mL-1) 

of CMS Dd2luc in relation to the signal  is seen in unenhanced assay. The results 

imply that the immunosensor can be used in detection of non-species malaria 

and may be used to detect lactate dehydrogenase, an enzyme common to all 

malaria parasites.   

A report from previous work states electrochemically-based measurement 

process does not perturb the chemical composition of the culture medium 

(Pemberton, et al., 2014).  The results are in agreement with some reports 

stating amperometric immunosensors are more sensitive and specific than 

some immunochromatographic test kits (Sharma et al., 2008).  This work was 
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however conducted on DuPont gold screen-printed electrodes and tested on 

biomarker dissolved in medium from in vitro culture of Plasmodium falciparum.  

Malaria culture supernatant containing the biomarkers parasite Lactate 

dehydrogenase is used in the assay as sample containing live parasites is 

known to be more sensitive on the ICT than the recombinant protein as already 

indicated by the manufacturer.   

 

According to OptiMAL-IT kit manufacturer, the kit can detect parasitaemia levels 

of 0.001-0.002 % (50-100 parasites per μL 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 on ICT 

Culture supernatant 0.5% and 4% were detected by the BinaxNOW Malaria 

ICT.   The results aid to confirm earlier detection using diluted medium (section 

5.4.3) (Figure 5.14). 

 



 

192 

 

 

 

 

Figure 5-14: BinaxNOW Malaria kit for PfHRP 2 and LDH detection.  The blank (A) 
showed internal control line validation of the test. The antigens were however not 
detected in the samples.  Synchronized samples of (B) showed negative low 
parasitaemia and positive PfHRP 2 / LDH high parasitaemia (C).   Asynchronized and 
synchronized low parasitaemia samples however failed to detect both HRP 2 and LDH  
malaria  biomarkers in culture medium supernatant.   The immunoassay however 
detected LDH in less than 5% parasitaemia (section 5.4.3).  

 

BinaxNow Malaria kit is sensitive to both histidiner rich protein 2 and lactate 

dehydrogenase malaria biomarkers. Plasmodium falciparum histidine rich 

protein 2 is known to be polymorphic and is prone to genetic diversity which 

affects the reliability of some immunochromatographic assays (Baker et al., 
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T1 = positive P. falciparum T2 = positive P.vivax, P. malariae, P. ovale or mixed 

infection. 
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2005).  In addition the kit has the limitation that it cannot distinguish between a 

single species and a mixed infection. 

Abba et al., 2014 also reported that immunochromatographic tests have been 

designed to detect P. vivax specifically.   On the other hand, Grigg et al., 2014 

reported that combining two immunochromatographic tests was an accurate 

method for some malaria species with low sensitivity while PoAb-based 

immunoassays show greater sensitivity to false positives than Moab-based 

assays (Sousa et al., 2014).   

The methods for detecting malaria researched in this work are comparative in 

sensitivity and can be used to support other methods in the detection of malaria 

(Table 5.4).  

Table 5-4: Methods compared in this research for detection of malaria  

Detection 

method 

Sample 

type 

Quantity 

(μL) 

Sensitivity Ag detection Test 

duration 

(mins)  

Thin film * CMS 50 - 60   1 parasite per field       - 30 - 45 

 

OptiMAL –IT  

Spiked 

serum 

 

20  

 

0.007 (% parasitaemia) 

 

Colourimetric 

 

20 

CMS 

BinaxNOW 

Malaria ICT 

CMS 15  4 (% parasitaemia) Colourimetric 15 

LDH 

immunosensor 

CMS 20  <1 parasite Amperometric 120 

PfHRP 2 

immunosensor  

CMS 20 <1 parasite Amperometric 120 

         *Culture medium supernatant (CMS) 

5.5 CONCLUSIONS 

This research has successfully developed two immunoassays to detect malaria 

biomarkers.  The water soluble biomarkers Plasmodium falciparum histidine rich 

protein 2 and lactate dehydrogenase are detectable on both the immunoassays 

with nanogram level sensitivity in gold nanoparticle enhanced assay.  The 

confirmation of sensitivity of the assays has been compared in buffer, 

commercial serum and culture medium supernatant. In addition, the 
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immunoassay for lactate dehydrogenase detection has been compared to the 

sensitivity for two commercial malaria test kits, OptiMAL-IT and BinaxNOW 

Malaria immunochromatographic tests.   

These results imply that the developed Pan-malaria immunosensor is more 

sensitive.  SPGE used in this work is stable over a 7 year period and is 

recommended for further work in the investigation of malaria biomarkers 

detection. The developed sensors are also recommended for field trial using 

blood samples in comparison to the culture medium supernatant and ICTs.  

Both the immunosensors have similar steep, linear range. Amperometric 

detection at low concentration (nanogram range) however displays higher 

background and less curve separation than analyte high concentration 

(microgram range).   

Both immunosensors have not been optimized for cross-reactivity and time, 

though they are not as rapid as the ICTs (15-20 minute assays).  This 

immunosensor currently takes 2 hours to conduct as assay.  Having established 

sensitivity and reliability, we can now focus on the time optimization of 

immobilization and incubation temperatures, this time can be shortened.  It will 

take some more investigation to develop the immunosenor until becomes a 

stand-alone POC device for easy detection of malaria.  
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6 FINAL CONCLUSIONS AND FUTURE WORK 

6.1 Overview 

Malaria is a globally importance parasitic disease.  Approximately 50% of the 

global population is at risk of malaria. Sub-Saharan Africa carries a 

disproportionately high share of the global malaria burden.   In 2015, the region 

was home to 90% of malaria cases and 92% of malaria deaths.  

 

This study successfully developed two electrochemical malaria immunosensors 

against Plasmodium falciparum histidine rich protein 2 and parasite L- Lactate 

dehydrogenase biomarkers.  The focus of the research was to provide highly 

specific malaria detection to reduce malaria incidence in areas where malaria 

tests are either expensive or not readily available.  Malaria–related morbidity 

and mortality, especially in children under age 5 and pregnant mothers.   Both 

biomarkers were investigated on the highly sensitive screen-printed gold 

electrodes designed by Cranfield University in combination with an enzymatic 

electrochemical signal generating system.  

 

The immunosensor showed high performance through a wide range of antigen 

concentrations with a limit of detection that is suitable to detect pre-symptomatic 

malaria infection and offering significant advantage over other commercial 

detection methods for malaria such as ELISA kits and ICTs.  

Prior to the red blood cell phase there is little or no indication of infection by the 

host and no symptoms to describe. The pre-erythrocytic phase maintains a 

single, one-way process in comparison to the red blood cell phase that is a 

cyclic process. The merozoites that form in the hepatocyte are found in 

merosomes, produced by the host cell vesicles. The merosomes aid the 

passage of the merozoites as they leave the liver and prevent their being 

encapsulated by Kupffer cells. These merozoites enter the circulation via the 

vesicles of the lungs. The sporozoites of Plasmodium vivax and Plasmodium 

ovale however have been found to remain in a state of dormancy for several 

months in the liver. These hypnozoites develop into schizonts after a period of 
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inactivity. It has been suggested that these hypnozoites may have a varying 

genetic composition from the sporozoites that produce febrile malaria disease 

without this latent phase. They have been associated with repeated clinical 

manifestation in patients (Collins, 2007).  

6.2 ELECTROCHEMICAL IMMUNOSENSORS 

With both malaria antigen and antibodies being very expensive, care had to be 

taken in designing the experiments to achieve optimized results. 

Chronoamperometric results HRP 2 in buffer based on capture and detection 

antibody optimization results is recommended at higher and broad range for 

significant separation. 

  

This work establishes the detection of the predominant ring-infected 

erythrocytes of P. falciparum by LDMS.  The field and hospital use of LDMS will 

require further study in larger clinical trials using more carefully designed assay 

protocols that scan sufficient blood to meet a targeted sensitivity and probability 

of detection.  A potential role may be as a screening tool of large populations 

before more time- and labor-intensive diagnostics are used.  

 

The current development of miniature, field-portable MS systems may make this 

LDMS method more widely available. Although the LDMS instrument costs are 

expensive, the protocol we have developed is simple-to-perform, rapid, and 

requires no consumables other than water and a lancet for obtaining the droplet 

of blood (ter Kuile et al, 2004).  .   

 

When the ruptured infected erythrocyte releases merozoites, the residual body 

containing parasite membranes surrounding hemozoin is released into the 

circulation.   Hemozoin and/or the residual body containing hemozoin can be 

ingested by circulating neutrophils or monocytes.  Immunochromatographic 

tests can detect sequestered parasites in pregnant patients through circulating 

antigens, as the schizont rupture of the infected erythrocytes in placental 

tissues releases P. falciparum aldolase, HRP II, or lactate dehydrogenase into 
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the plasma. In addition to that contained inside circulating erythrocytes. 

Therefore, like the immunochromatagraphic tests, LDMS has the capability to 

detect the molecular remnants of previous generations of P. falciparum 

parasites, in addition to the intact intraerythrocytic ring-stage parasites in the 

blood sample (Ter Kuile et al, 2004). Ginsburg and others have measured the 

hemozoin content of ring-, trophozoite-, and schizont-stage parasites to be 

approximately 1, 3, and 4–5 micromoles per parasites, respectively (Sullivan, 

2002).  These correspond to an average of 0.1, 0.3, 0.4–0.5 femtomoles per 

parasite, which suggests that LDMS, with subfemtomole sensitivity for heme, 

can detect hemozoin from a single infected erythrocyte.  

 

 LDMS may be useful for rapidly screening many samples for infection, and 

subsequently using microscopy or dipsticks to speciate those samples that are 

positive (Duffy and Fried, 2005).  

 

Laser desorption mass spectrometry is able to detect heme from hemozoin, the 

breakdown product of hemoglobin that is commonly referred to as parasite 

pigment. Importantly, heme from hemozoin yields a spectral signature that is 

distinct from that of heme from normal hemoglobin, allowing LDMS to 

discriminate infected from uninfected red blood cells)(Demirev et al, 2002, 

Scholl et al,, 2004).  

 

This consideration is paramount in ensuring correct diagnosis is made and 

appropriate management administered. Sample components are separated 

according to mass and ionic potential.   A single erythrocyte harboring late 

stage trophozoites can produce more than 1 fmol of heme as hemozoin 

crystals. 

The immunoassays achieved a detection level in the nanogram range, 1.80 ng 

mL-1 in LDH buffer assay and 0.7 ng mL-1 in LDH serum assay.  Sensitivity of 

0.019 ng mL-1 was achieved with gold nanoparticle assay in buffer while, 0.023 

ng mL-1 was achieved in AuNP enhanced assay conducted in commercial 

serum matrix.  
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PfHRP 2 immunosensors on the other hand achieved a sensitivity of 2.14 ng 

mL-1 in buffer and 2.95 ng mL-1 in serum, while 0.036 ng mL-1 in buffer and 0.04 

ng mL-1 were achieved in serum enhanced assays.  

 

6.3 MALARIA IMMUNOCHROMATOGRAPHIC KITS  

There still exists the need for quick and user friendly instruments that can be 

transported easily and which are adaptable to field conditions (Lee et al., 2012). 

 

6.4 LIMITATIONS 

The malaria immunosensors with immobilized antibodies on the surface of the 

screen-printed electrode is a highly sensitive format with a limit of detection 

comparable to other commercially available detection methods, and more 

sensitive than the lateral flow immunochromatographic assay. However, it is a 

multistep procedure which requires the operator to add solutions on the sensor 

surface at different stages of the assay, thus requires numerous incubation and 

washing steps, which will result in an assay requiring up to 2 hours. In respect 

to reproducibility, the enzyme conjugate requires evaluation over a period of 6-

12 months.  

The major obstacle in assessment of stability of immobilized antibody on the 

electrode surface over a period of at least 6 months was the limited time for the 

original research and the eventual short supply of DuPont SPGEs.  

In view of current market trends, the malaria electrochemical immununosensor 

is a promising detection method for active and past malaria infection. This 

research had investigated the practical application of the malaria immunosensor 

however, to take the research further; funding support is required for the 

adoption on the SPE and final optimization using PStouch mobile device 

software. This research looked primarily at P. falciparum, and can be adapted to 

investigate P. vivax malaria, which has been counted among the neglected 

tropical diseases (NTDs).  
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Further collaboration with malaria researchers to obtain biomarker samples in 

culture medium supernatant for the assay will help reduce the overall cost of the 

research. There is the benefit from malaria eradication to look forward to. In 

addition, microscopic examination may be less used as the parasites attains 

eradication status and sub-microscopic, quantitative detection will support 

efforts to sustain re-introduction, re-surgence and re-infection of malaria in a low 

cost, easy to use, accurate immunosensor.  

 

6.5 FUTURE WORK 

The results achieved in this research include the development of two novel 

malaria immunosensors for the detection of malaria infection in field conditions. 

Additionally, the immunosensor was tested against current commercially 

available immunochromatographic tests to ascertain the quantitative detection 

in relation to qualitative detection of malaria. However, there are several 

suggestions for further development to adopt the immunoassay for use on 

intuitive software in a hand–held device. 

Future work development includes: 

a) Further optimization of the sensor 

Further research will be conducted to test whole blood samples using a different 

batch of sensors. Optimization will include: 

- Sample preparation (stored samples and fresh samples) 

- Other sample assay (saliva and urine for non -invasive testing for the 

soluble biomarkers). 

b) Conduction of assay using PStouch software on mobile device  

- The developed assay may be adopted for the detection of other 

infectious diseases like Schistosomiasis and Onchocerciasis. 

- Further optimization will be conducted to determine optimum storage 

conditions over a period of six months. 

c) Design and construction of innovative platform for the immunosensor  
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The idea is nascent but shows potential. 

 

d) Funding for further research 

Funding will be sought for the progress of the work (supported application to 

various funding bodies). 

 

6.6 FINAL CONCULSIONS 

Malaria and other infectious diseases of global importance caused by 

mosquitoes result in morbidity, reduced productivity and mortality.  Although 

elimination of malaria is in focus in some countries, many countries are yet to 

achieve this status. Understanding the socio-cultural influence on malaria 

transmission is crucial for future disease control.  Therefore, a multi-prong 

approach is needed, combining basic research and  various disease control 

measures, such as impact assessment and monitoring and evaluation in 

relation to use of intervention, perception, reaction and decision -making by the 

individual in an endemic area.  Nevertheless, the diagnostic approach 

presented in this study can be easily integrated with the existing malaria 

intervention programmes, to contribute to provision of data, currently insufficient 

in sub-Saharan Africa for the projection of trends in malaria disease incidence.  

The high sensitivity compared with immunochromatographic tests, combined 

with the portable and low cost of the developed immunosensor makes this 

approach highly suitable for the specific detection of past and active malaria 

infection, producing a powerful tool for malaria screening.  With blood levels of 

LDH (~5 ng mL-1) and PfHRP 2 (~10 ng mL-1) the developed immunosensors 

can be taken forward for point of care device development. 

Because malaria elimination globally is in focus, the need remains for even 

more sensitive tests such as biosensing field applicable tests that will support 

the eventual reduced skill in malaria detection as the disease continues to be 

eliminated.  
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APPENDICES 

Appendix A Conference posters 

Research updates were made during poster presentations 

 

Figure A-1: Brithish Society for Parasitology (BSP) Autumn Symposium held at Royal 

Veterinary College, Camden, London, UK (14th -15th Septermber, 2015). 
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Figure A-2:  BSP Spring Conference held at Imperial College, London, UK (April 11- 

13, 2016). 
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Figure A-3: Biosensors Conference held at Swedish Conference and Exhibition 

Center, Gothenburg, Sweden (May 24th – 28th, 2016). 
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Figure A-4: BSP Autumn symposium held at Durham University, Durham, UK, (14th -

16TH September, 2016).  
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Figure A-5: Biosensors Conference on Lake Giarda. Italy (7th -10th May, 2017). 
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Over the three-year period, updates of the research have been presented at 

conferences and symposia within and outside the UK, to gain exposure and 

improve presentation skills.  

Table A-1: Presentation of the research. 

S/no. Venue    Year 

1 BSP (Royal Vet. College, UK)                          -   2015 

2 BSP (Imperial College, UK)                          -   2016 

3 Biosensors (Gothenburg, Sweden)                          -   2016 

5 RME (Amsterdam, Netherlands)                          -   2016 

6 BSP (Durham University, UK)                          -   2016 

7 Cranfield University, UK (RSB prize best student poster)   2017 

8 Oral presentation, (Dundee, UK)    2017 

9 Biosensors (Lake Giards, Italy)         2017 
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