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ABSTRACT 

 

As intraerythrocytic parasites develop they dramatically increase the viscosity of the 

Parasitized Blood Cell (PRBC) as fluid-like hemoglobin is replaced with the complex 

intracellular structures usually associated with typical eukaryotic cells. Viscous parasite 

packed PRBCs are targeted for mechanical clearance as they attempt to pass through the 

2μm gaps of the sieve-like red pulp of the mammalian spleen. It has been suggested that 

increases in Plasmodium vivax PRBC membrane deformability may allow it to avoid 

splenic clearance. This hypothesis was tested by applying freshly isolated P. vivax to a 

microfluidic chamber with a 2μm constriction. This ex vivo splenic clearance model was 

also used to examine the rheological behavior of P. falciparum PRBCs and Unparasitized 

Red Blood Cells (URBCs) under flow. Unlike P. falciparum, all developmental stages of 

P. vivax were able to deform and transverse the 2μm constriction. The transit velocity of 

P.vivax PRBCs through this gap did not significantly decrease as the parasite matured. 

The recovery of constricted erythrocytes is not affected by P.vivax, an observation unique 

in the suborder Haemosporina. Interestingly ~15% of URBCs from P. vivax patients were 

destroyed by the constriction, suggesting that parasite derived molecules or host immuno-

intermediaries may be responsible for erythrocyte membrane damage. Anemia induced 

through the destruction of URBCs and the subsequent increase in reticulocyte production 

(the sole invasion target for P. vivax), allows this species to achieve a level of fitness not 

possible due to the normally low reticulocyte count. 
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PART I 

  
INTRODUCTION 

 
 
1.1  The Importance of Malaria 

Malaria continues to be one of the most important infectious diseases and a major public-

health problem for developing nations. There are approximately 500 million malaria cases 

each year with 1.5 - 2.7 million of these resulting in death.  Most fatal cases of malaria 

occur in Sub Sahara Africa, the victims usually children under 5 years of age and 

pregnant women. There are five species of Plasmodium spp. known to cause disease in 

humans; Plasmodium falciparum, Plasmodium vivax, Plasmodium ovale, Plasmodium 

malariae and Plasmodium knowlesi. Among those species, P. falciparum is the main 

cause of death and severe malaria due to its ability to sequester in and block the 

microvasculars of the vital organs such as the brain [1, 2]. Increasing resistance of P. 

falciparum to existing antimalarial drugs has worsened the already serious threat from 

this parasite, and led to a concerted global search for new drugs and better management of 

current therapies to lessen this problem [3-5]. 

 

1.2 Why Focus on P. vivax? 

Previously neglected, the second most important species of malaria parasite, P. vivax is 

now recognized as an important cause of global morbitity [6-8]. It an estimated 132-391 

million  vivax malaria cases occur in the world annually [7]. Outside Africa, P. vivax 

contributes to more than 50% of all malaria cases which predominantly occurs in the most 

tropical regions in the Middle East, Asia, and the Western Pacific.  Although the effect of 

P. vivax infection is rarely fatal, it has a considerable  impact on human longevity, social 

structure and economic performance [6, 9].  P. vivax infections also cause relapse 
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infections due to dormant liver stages known as a hypnozoites [10, 11].. Hypnozoites are 

difficult to treat and can cause unexpected relapses years after the initial infection.  The 

impact of P. vivax infections in pregnancy is still unclear, however it was reported that 

severe pregnancy outcomes such as abortion, premature birth, low birth weight and 

neonatal death, may correlate with P. vivax infection [12, 13]. Furthermore, P. vivax’s 

tendency to infect reticulocytes and young erythrocytes, suggest that pregnant women 

with larger numbers of circulating young red cells are at greater risk of developing P. 

vivax malaria [14].  Increasing resistance of P. vivax to antimalarial drugs, such as 

chloroquine  has also been  reported in many regions in South East Asia and especially in 

Papua, where the most resistance isolates discovered [15-21]. A number of studies 

suggested that P. vivax infections might associate with severe malaria symptoms such as; 

severe anemia, renal failure, cerebral malaria, abnormal bleeding and respiratory distress, 

the symptoms which are usually corresponded with falciparum malaria [6, 22].  

 

1.3 Parasitized Red Blood Cell Deformability of Malaria Parasites and Host Splenic 

Clearance. 

Malaria parasites cause significant changes to the total deformability of the host cell. 

Numerous rheological studies on Plasmodium spp. show that these parasites decrease the 

deformability of PRBCs in a range of vertebrate hosts [23-30]. A decrease in PRBC 

deformability has important implications for the survival of both host and pathogen, [31] 

and is undoubtedly a major factor in the co-evolution of species involved in this parasitic 

relationship.  

In most mammals, the spleen represents a formidable physical defense mechanism against 

intra-erythrocytic parasites [32]. The tortuous 2um gaps of the splenic sinusoids destroy 

old, abnormal and rigid cells. Therefore a parasitized erythrocyte stuffed with a bulky 
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highly viscous Plasmodium spp. parasite is likely to be destroyed as it is forced through 

the sieve-like spleen. In the human parasite P. falciparum, PRBCs become increasingly 

more rigid as they develop, making it imperative for the survival of this parasite to avoid 

passing through the spleen [30, 31]. To avoid splenic clearance, the eythrocytic stages of 

P. falciparum adhere to blood vessel endothelium of the host’s peripheral circulation. P. 

falciparum PRBCs become ‘sticky’ by modifying the surface of the erythrocyte with a 

range of parasite derived proteins, notably Knob Associated Histadine Rich Protein 

(KHARP) and Erythrocyte Membrane Proteins such as PfEMP1&3 [33]. Only one 

Plasmodium ssp. has been reported to defy the decreased PRBC deformability rule, the 

other major cause human malaria; P. vivax [6].  An ex vivo flow-based study by 

Suwanarusk et al [34], showed a dramatic increase in the deformability of P. vivax 

PRBCs as they developed from trophozoite to schizont. However this study is at odds 

with other reports indicating that P. vivax decreases PRBC deformability [35].  In an 

effort to resolve this controversy, a microfluidic model [36] was used to investigate the 

properties of single P.vivax PRBCs, in real time, within a capillary-like 

microenvironment.  
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PART II 

AIMS OF THE STUDY 

 

Our overall goal is to better understand the pathobiology of vivax malaria by 

studying the deformability of P. vivax PRBCs. To achieve this we undertook detailed in 

vitro studies of P .vivax PRBC utilizing a microfluidic model of the splenic sinusoids to 

answer the following hypotheses: 

1. P. vivax PRBCs are significantly more deformable than P. falciparum PRBCs.  

2. Development stage of P. vivax will significantly increase PRBCs deformability. 

3. The increased deformability of P. vivax allows it to survive the passage through 

2um splenic sinusoids. 

In addition to discussing our data in relation to these three questions, this thesis also 

provides a general overview of the literature on malaria.  
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PART III 

LITERATURE REVIEW ON MALARIA 

  

3.1 The Burden of Malaria. 

3.1.1 The Historical and International Burden of Malaria 

Malaria is the infection disease caused by parasites of the genus Plasmodium, and it is 

transmitted by female anopheline mosquito. This disease probably originated from Africa 

(along with mankind) and then spread to other parts of the world coincident with the 

human movement. The history of malaria in human was firstly defined from the Egyptian 

mummies who died with the symptoms of splenomegaly and periodic fever. The 

causative agent of the malaria disease and the life cycle of Plasmodium among the 

infected red blood cells were discovered by Laveran, in 1880.  Then, continued by Ronald 

Ross who investigated that the life cycle of Plasmodium spp. was found in the mosquito 

as well. In 1900, Manson emphasized that the disease is transmitted to human by 

anopheline mosquito bites. The word malaria itself comes from the Italian word meaning 

literally “bad air”, its due to association with the marsh area where most malaria cases 

were usually found [37, 38]. 

Now, malaria remains a health problem in the world, especially in developing and 

underdeveloped countries. As the most important tropical parasitic disease, malaria 

causes approximately 500 millions cases and 1.5 - 2.7 millions deaths annually. 

Approximately 90% of those cases and deaths are reported from the Sub Sahara Africa 

and dominated by children under 5 years old and pregnant women. Up to 2 million of 

malaria-deaths are caused by P. falciparum, which also contributes to 100,000 deaths 

outside of Africa every year [17, 19]. 
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 3.1.2 The Burden of Malaria in Indonesia and Australia 

The burden of malaria in Indonesia is still high, predominantly outside Java and Bali 

Islands. Outbreaks of malaria often happen in transmigration areas or other areas where 

people from non-endemic malaria usually move to. The first malaria case was reported by 

an army doctor in the early 19th century, followed by malaria outbreaks in West Java in 

1852-1854 [39]. Based on monitoring of Annual Parasite Incidence (API) in Java and 

Bali, the incidence of malaria during the period of 1989 – 2000 increased from 0.21‰ to 

0.81 ‰, with the highest case was from DI Yogyakarta Province. Outside Java and Bali, 

Annual Malaria Incidence (AMI) also rose from 28.06 ‰ to 31.09 ‰, during the same 

period. In response to the increasing threat of malaria a re-eradication movement was 

initiated in April 2000, leading to a 0.15‰ and 21.2‰ decrease in the incidence of 

malaria in and outside Java-Bali respectively (Figure 3.1). Despite this promising malaria 

control data, outbreaks were still reported during the period of 2001 and 2004 with the 

highest morbidity and mortality were 3267 and 211 respectively, in 2003 (Figure 3.2) 

[40-42].  
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Annual Parasite Incidence (API) and
 Annual Malaria Incidence (AMI) in 1989-2004
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Figure 3.1. Annual Parasite Incidence (Java-Bali Islands) and Annual Malaria Incidence  (outside 
Java-Bali Islands) in 1989-2004 (presented in ‰)   
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Figure 3.2  Malaria outbreaks in Indonesia during 1998 and 2004 (no data in 2002)  
 

The national target for 2010 is 5 per 1000 residents, and could be assumed to have been 

met, however, for outside Java-Bali it seems that it has not been reached yet. Several 

provinces in East Indonesia and Sumatra Island still have high malaria endemicity [42].  
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The aims of Indonesian policy in controlling malaria are reducing mortality, preventing 

malaria outbreaks and narrowing transmission areas. These aims will be achieved by 

performing these following strategies; 1) early malaria detection, 2) rapid and appropriate 

treatments, and 3) good surveillance and vector control [43]. 

Resistance of Plasmodium spp. to standard antimalarial drugs becomes a serious problem 

in controlling malaria. P. falciparum resistance to chloroquine was first reported in East 

Kalimantan in 1973 and followed by other cases in all provinces in 1996. At the same 

time, P. falciparum resistance to sulfadoxin-pyrimethamine (Fansidar) was also found in 

11 provinces [44].  Becoming concern is emerging P. vivax resistance to chloroquine, first 

founded in Nias Island in 1991 and then the other parts of Indonesia such as; Papua, 

North Sumatra, West Kalimantan, East Nusa Tenggara, North Sulawesi and Jakarta [18, 

39, 44]. The in-vitro resistance to quinine has not been reported yet, however, some 

isolates P. falciparum have demonstrated in-vivo resistance [44].  

In contrast with  Indonesia, most cases in Australia were reported as imported cases of 

travelers who returned from endemic areas, or the Australian residents that previously 

stayed in endemic areas for a long time [9, 45, 46].  Approximately 600-800 malaria cases 

and one death occur in Australia annually, and most of them are in North Australia [9]. 

During period 1990-2001 there had been an increase of P. falciparum cases in West 

Australia, from 14% to 44% [46].  The last malaria outbreak happened at the end of 

World War II, when the serviceman infected malaria returned from Papua New Guinea. 

WHO declared that malaria eradication had been achieved in 1981[9].  
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3.2  Biology of Malaria  

3.2.1 Classification and Evolution of Plasmodium   

Malaria parasites are classified into the genus Plasmodium spp., familia Plasmodiidae, 

order Haemosporidia, class Hemazoa and phylum Apicomplexa [47, 48]. The genus 

Plasmodium is polyphyletic and consists of three subgenus specifically Plasmodium (P. 

vivax, P. malariae and P. ovale) and Laverania (P. falciparum) which both infects 

human, and subgenus Vickeia which infects the rodent. P. falciparum has close 

relationship (80% bootstrap reliability) with avian Plasmodium parasites [49]; however, 

the time of divergent can be predicted hundreds of millions of years [47].  Furthermore, 

P. falciparum also has the same cluster (100%) with P. reichnowi, the parasite of 

chimpanzees.  Plasmodium. vivax has a close connection with the three monkey parasites 

(P. fragile, P. knowlesii and P.  cynomolgi), while P. malariae has no close cluster with 

any other clades [47, 49, 50]. 

 

3.2.2.Life Cycle of Plasmodium 

Plasmodium spp. as the cause disease in humans, are transmitted by the infective bite of 

female anopheline mosquitoes. When mosquitoes inject the human skin with their saliva, 

they also introduce small numbers of Plasmodium sp. sporozoites into the subcutaneous 

tissue. Sporozoites then travel through the blood stream (or lymphatic system) to the 

parenchymal hepatic cells of the liver, where they start their extraerythrocytic cycle. 

Within the parenchimal hepatocyte the sporozoites will develop into a mature 

exoerythrocytic schizont (liver schizont) containing up to 30, 000 merozoites. When the 

liver schizont ruptures these merozoites enter the blood stream and invade the red blood 

cells.  In P. vivax and Povale infections, some of the parasites do not develop and form a 
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dormant stage (hypnozoites) which persist in the hepatic cells for weeks, months or even 

years [10, 11, 51, 52]. 

Within red blood cells, merozoites commence their intraerythrocytic cycle and grow from 

ring shapes to trophozoites and finally mature schizonts. The mature schizonts  lyse the 

host red blood cells, releasing the merozoites which invade new red blood cells. This 

asexual life cycle takes approximately 48 hours for P. falciparum, P. vivax and P. ovale, 

and around 72 hours for P. malariae and it is associated with the periodic fever caused by 

them [9, 52].  In P. knowlesi the erythrocytic cycle only takes 24 hours to complete.   

A small population of erythrocytic parasites develops into the sexual form known as the 

gametocytes (microgametocyte and macrogametocyte). When a female anopheline 

mosquito bites the infected human, it picks up gametocytes along with the blood meal. 

After fusion of male and female gametocytes, the resulting zygote then develops into an 

ookinete and then oocyst.  Sporozoites released from mature oocysts move into the 

coelomic cavity and migrate to the salivary gland and where they await transmission to 

another host [52]. 
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Figure 3.3  Life cycles of P. falciparum and P. vivax [53] 
 

 

3.3  Pathogenesis of Malaria. 

Pathogenesis of malaria is multifactorial comprising complex interactions among 

parasites, host blood cells and environment. However, adhesion and sequestration of 

infected red blood cell on the small vascular endothelial is central of the pathogenesis of 

falciparum malaria [54, 55].    

  

3.3.1   Avoidance of Splenic Clearance  

Avoiding splenic clearance is a biological imperative for all species of human malaria. 

The torturous network of capillaries and tiny 2 μm junctions and sinusoids in the splenic 

red pulp are designed to destroy old red blood cells, any abnormal red blood cells, 

including those containing malaria parasites [56-58]. By adhering to the vasculature, 

however, P. falciparum  PRBCs could avoid the clearance process of the spleen [58-60].  
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As the parasites mature, knobs of P. falciparum become rigid and sticky [31, 34, 36]. 

Several proteins mainly Knob Associated Histidine Rich Protein (KAHRP),  Mature-

parasite-infected Erythrocyte Surface Antigen (MESA), P.falciparum Erythrocyte 

Membrane Protein 3 and 1 (Pf-EMP3 and Pf-EMP1) play a role on the progress of 

adhesive knobs on the surface of P. falciparum PRBCs.  Interaction between knobs and 

receptors presented on the endothelial vasculatures lead to sequestration and 

microcirculatory blockage [31, 55]. Those receptors include cluster of differentiation 36 

(CD36) or platelet glycoprotein IV (GPIV), intercellular cell adhesion molecule 1 

(ICAM1), condroitin sulfate A (CSA), hyaluronic acid (HA) thrombospondin (TSP) 

vascular cells adhesion molecule 1 (VCAM1), e-selectin and platelet cell adhesion 

molecule (PECAM or CD 31), heparin sulfate (HS) and  complement receptor1 (CR1) 

with a variety in amount, depend on their locations [61-66]. 

For P. vivax, strategy of this parasite to avoid splenic clearance is still unclear. The past 

study showed that under flow system condition, P. vivax PRBCs became more 

deformable as the parasites mature.  It might suggest that the deformable P. vivax  PRBCs 

could deform and pass through the tiny junctions of the spleen, and  avoid the clearance 

process [34].  As consequently, the survival P. vivax PRBC might be visible in the 

peripheral blood [28, 67].    

 

3.3.2 PRBC Cytoadherence  

P. falciparum PRBCs become rigid as they mature, but they can avoid splenic clearance 

by adhering to the microcirculation endothelia and disappearing from the blood 

circulation in a process called sequestration [52, 55]. This phenomenon has been 

supported by a study on splenectomised monkeys infected with P .falciparum, which 
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showed that sequestration in vivo is reduced and that PRBCs could not longer bind to 

melanoma cells in vitro[58]. 

Accumulation of PRBCs usually occur in the microvasculature of vital organs and may 

result in organ dysfunction such as in brain, heart, eye, liver, kidney, intestines, adipose 

tissue and least in the skin [52, 55].  

Several events are involved in adhesion process of PRBCs to vascular endothelial cells 

such as; rolling, rosetting and aggregating  

 

 3.3.2.1    Rolling  

When the infected RBCs pass through the vasculature, some of them roll or slow down. 

The proportion of these cells increases related with the development stage of parasites 

and decreases with temperature. The trophozoites stage is the greatest proportion of 

rolling cells and such rolling not always depend on CD36, ICAM1 and P- selectin, 

because some infected RBCs also showed rolling in absence of those endothelial 

receptors [68].  This process is initiated by tethering infected RBC, then rolling and 

finally adhering on the vascular endothelium. Once adherent, the parasitized red blood 

cells remain stuck until schizogony, and even afterwards the residual membrane remains 

adherent to the vascular endothelium [69]. Normal red blood cells also do slow down 

when they are put in the supernatant of parasite culture, however that effect was transient 

and the cells reverted to their normal flow speed within 12 h upon withdrawal of culture 

supernatant [68].  

Changing hematocrit has a major effect on rolling and cytoadherence. Rolling increases 

five-fold as hematocrit rise from 10% to 20% and cytoadherence increases 12-fold 

between hematocrit 10% and 30%. Over this range, the viscosity of blood doubles, and so 

if the shear stress is held constant, shear rates fall approximately half, allowing greater 
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time to contact between cells and endothelium. More cells roll along the endothelial 

surface and more proportion of cells stick [69].  

Changing the temperature also affects membrane rigidity. When the temperature is 

lowered, the rigidity of the cell membrane increases without raising their viscosity and 

their shape, as a result the rolling also enhances. Rolling may occur on some parasites, 

even in the absence of adhesive molecules and parasite proteins. Using an optical laser 

trap, it could be determined that rolling of red blood cells is influenced by several factors 

such as; fluid flow forces, membrane rigidity of red blood cells, structural anisotrophy of 

PRBC, collisions of cells and the presence of protein-protein interaction between parasite 

PRBC and the host cells [68]. Under flow condition, proteins such as ICAM1, p-selectin 

and VCAM1 tend to cause a rolling of PRBCs [55, 70]. Another receptor, CD36, is cause 

of the greatest adherent, followed by ICAM1 and least for thrombospondin [66, 71].  

 

3.3.2.2 Rosetting 

Correlation between rosette formation and severe malaria disease is still a matter of 

debate; however several studies showed that rosetting of P. falciparum has an association 

with cerebral malaria, severe anemia and parasitemia [55, 72]. It was thought that 

rosetting might encourage cytoadherence by reducing flow rate (shear rate), which would 

enhance aerobic glycolysis, reduce pH and facilitate adherence of infected red blood cell 

to venular endothelium. Rosetting in children is rare, but in adult may be found in 

cerebral vessels [52, 55].  

Rosetting occurs when RBC containing mature parasite adheres to two or more URBCs.. 

It is almost the same process as cytoadherence, which is started at around 16 hours of 

asexual life cycle development, after cytoadherence begins. Rosetting of P. falciparum  is 

mediated by the attachment of specific domains of Pf EMP1 and the rifins to the 
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complement receptor CR1, heparin sulfate, blood group A and B antigen [31, 52] and 

multiple human serum components [73]. The bind force in rosetting is likely stronger, it is 

estimated five times of force to separate a rosette than those to separate cytoadherence 

cells [52, 74].  Parasite species such as P. vivax and P. ovale which do not sequester do 

rosette, and it associates with the parasite maturation [75].  For those two species, rosettes 

are formed at the mature trophozoite stage or when the malaria pigment appears [75, 76]. 

Not adhering P. vivax rosette to endothelial cells, CD36 and platelet might suggest that 

without involving other factors, rosette are rarely cause of symptoms of severe malaria 

[75]. Rosetting is sensitive to trypsin and heparin at certain concentration particularly 

rosetting in P. vivax [72].  

 

3.3.2.3 Aggregation 

Some PRBCs bind to the other PRBCs and cause clumping or aggregation [68, 69].  High 

parasitaemia associates with increase in PRBCs aggregation and may contribute to 

circulatory disorders mainly in the microcirculation [77, 78]. This process is dependent on 

both the size of aggregation and the cohesive force within aggregates [78] and it is 

mediated via platelet CD 36 [52].  In P. falciparum infection, the parasite developmental 

stages lead to increasing of the cell aggregations, and those aggregations from the severe 

malaria are larger and thicker compared to that from mild malaria [79].  Aggregation in P. 

vivax infection is similar to that in P. falciparum. Aggregations of the mature parasite are 

more frequently discovered, particularly in medium and high parasitemia [35]. 

 

 3.3.2.4  Proteins involved in PRBC Adhesion : 

During the late trophozoite and schizont stages of P. falciparum infection, RBC surface is 

covered by knobs, the binding site of PRBC to healthy RBCs, other   PRBC, dendritic 
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cells and endothelial surface [80, 81].  Knobs are synthesized from P. falciparum proteins 

mainly PfEMP1, KAHRP, MESA and PfEMP3 [31, 52, 55] (Table 3.1). 

 

Table 3.1. P. falciparum proteins associated with PRBC membrane  [82] 
 

Name Synonym MW(kDA) Comments 

PfEMP1 IP 265-285 Believed to mediate cytoadherence, trypsin 
sensitive, antigenically variable, selection to 
cytoadherence select for larger PfEMP1 
 

MESA PfEMP2 250-300 Phosphoprotein, bind to band 4.1, located at 
knobs 
 

KAHRP PfHRP1 80-109 Present at knobs, isolates ; lacking this 
protein do not have knobs structures 
detectable by electron microscopy 
 

PfHRP2   Secreted from intact red blood cells 
 

11-1  >1,200 Associated with knobs 
 

41-2  29  
 

RESA Pf155 155 Phosphoprotein, present in ring stage, minor 
variability, bind to spectrin 
 

TR  105 Putative receptor for trasferin 
 

 

Abbreviation: P. falciparum Red blood cell Membrane Protein 1 (Pf-EMP1),  MESA (mature-
parsite infected red blood cell surface antigen), Knob Associated Histidine Rich Protein 
(KAHRP),  IP (idiotable protein), 11-1 and 41-2 (individual recombinant clone), RESA (ring-
infected red blood cell surface antigen), TR (transferin receptor), MW (molecular weight), kDA 
(kilodalton)  
   

 

PfEMP1 is the dominant parasite protein on surface of infected red blood cells, and has a 

central role in adhesion process, rosette formation and clumping [64].  Infected red blood 

cells which lack ability to cytoadhere, do not express detectable PfEMP1 on their surface 

[63]. PfEMP1 are proteins encoded by a family of  var genes, which consists of two 

exons, exon 1 for  variable extracellular domain and transmembrane region and exon 2 
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for highly conserved cytoplasmic or acidic terminal segment (ATS). Var gene is 

predominantly located in subtelomeric region of the parasite’s 14 chromosomes.[55, 83] 

PfEMP2 or  MESA is a modification of major amina transporter, band 3, which has also a 

role in cytoadherence [54].   

PfHRP, a soluble histidine rich protein could be found under the lipid bilayer and 

anchored to the red blood cells via the cytoskeleton protein ankyrin [52]. PfHRP1 or 

KAHRP is responsible for the knob structure and its important role in cytoadherence. 

Mutation of the gene, which encodes KAHRP, whole or part, may cause disability of the 

parasites to express their knobs and adhere to endothelial receptors in vitro. This protein 

is synthesized during the development of the ring stage, 9-11 hour after infection [84]. 

RESA or pf155 is introduced into the red blood cell membrane during invasion of 

merozoites, and coats the entire membrane. However, this protein is not longer detectable 

because it will diffuse to the red blood cell cytoplasm when the parasite develops to 

schizont. This protein is responsible for destructing the red blood cells cytoplasm and 

lysing the plasma membrane, therefore, allowing the gametocytes release [85]. 

The role of endothelial receptors in attachment of PRBCs is very important. A variety of 

endothelial surface receptors and glycoprotein-mediated attachment  involved in infected 

RBC adhesion include; cluster of differentiation 36 (CD36) or platelet glycoprotein IV 

(GPIV), intercellular cell adhesion molecule 1 (ICAM1) [61, 63, 66],  condroitin sulfate 

A (CSA), hyaluronic acid (HA) [59, 64, 86], thrombospondin (TSP) [65], vasculare cells 

adhesion molecule 1 (VCAM1), e- selectin and platelet cell adhesion molecule (PECAM 

or CD 31), heparin sulfate (HS) and  complement receptor1 (CR1) [55, 62], as shown on 

table 3.2 
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Table 3.2. Endothelial surface receptors and glycoprotein-mediated attachment involved 
in PRBC adhesion [55] 

 

Receptor Synonym Evidence for  
in vivo role 

Cellular location 

ABO blood group  ++ Uninfected red blood cells 
 

�v, �3 integrin CD51/CD61 ± Endothelial cells 
 

CD31 PECAM1 ++ Endothelial cells 
 

CD36 GPIV +++ Endothelial cells, platelets, 
monocytes, dendritic cells 
 

CSA  +++ (pregnancy) 
+ (children and non 
pregnant adult) 

Syncyotrophoblast, intervillous 
space, proteoglycans, lung 
endothelial cells 
 

CR1 CD35 +++ Uninfected red blood cells (prime by 
cytokines) 
 

E selectin ELAM1 +/- Endothelial cells 
 

HS  +++ Uninfected red blood cells 
 

HA Hyaluronan ++ Syncyotrophoblast 
 

ICAM1 CD54 +++ Endothelial cells 
 

P selectin CD62p ++ Endothelial cells, platelets 
 

Trombospondin  ++ Endothelial cells 
 

VCAM1 CD160 +/- Activated endothelial cells 
 

 

Note: +/-, studies do not suggest a role; +, studies suggest a minor role; ++, at least one 
study shows a clear role, +++, several studies show a clear role. 

 

 

ICAM1 or CD 54 is a potential ligand for infected RBC and mononuclear cells on the 

cerebral microvascular endothelium, which associated with sequestration and cerebral 

malaria. Level of ICAM1 expression can be upregulated by Tumor Necrosis Factor 

(TNF) via engagement of the TNF receptors 2 [55].  That effect has been showen by a 

study on human dermal microvascular endothelial cells (HDMEC) which express more 
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CD36 than ICAM1, and being modulated by TNF, could mediate a higher level of 

adhesion than culture human umbilical vein endothelial cells (HUVEC) which express a 

high level of ICAM1 and no CD36 [61]. 

CD 36 is an 88 kDA surface class b scavenger receptor on microvascular endothelial 

cells. CD36 is rarely found in the brain and placenta, but it is widely spread on dermal 

vessels and other microvascular cells [55]. This receptor is mostly involved in 

angiogenesis, phagocytosis, inflammation, and lipid and glucose metabolism processes 

[55, 66]. Several candidate ligands of plasmodium to CD36 receptor are PfEMP1, 

sequestrin, modified band 3 and cytoadherence-linked asexual gene 9 (CLAG9) [66]. 

Many studies revealed that receptors of GAGs, CSA and HA play an important role for 

adhesion of infected red blood cells to syncytiotrophoblast on placental blood spaces [64, 

86], however adhesion to HA is poor in conditions of low wall shear stress like in the 

placenta, as compare to others [55].  Adhesion to HA and CSA was the greatest among 

mature PRBCs and at physiological pH and was associated with deficiency in rosette 

formation.   Adhesion of HA was sensitive to trypsin cleavage, while for CSA adhesion, 

both sensitive and resistance could be observed [64]. Cytoadherence of PRBCs to CSA, 

CD36 and thrombospondin could be inhibited by human lactoferrin (LF) by attaching it to 

those receptors. Consequently, because the receptors were already blocked, PRBCs had 

no chance to adhere. These finding suggested that LF could be a basis for developing 

inhibitor agents of cytoadherence [65]. 

The role of adherence to others receptors such as e selectin, VCAM-1, p selectin, �v �3 

and CD 31 in vivo has not been fully understood because of no adhesion is monitored for 

these receptors when using patients isolates or under flow conditions [66].  The schematic 

interaction of P. falciparun membrane and cytoskeleton to endothelial receptors is shown 

in figure 3.4  below [31].   
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Figure 3.4. The schematic interaction of P. falciparun membrane and  cytoskeleton to  endhotelial 
receptors [31] 
 
 
3.3.3 PRBC Deformability 

The cell deformability is mainly a function of three cellular properties: the internal 

viscosity, the surface area to volume ratio (S/V), and the viscoelastic properties of the 

membrane [87]. The normal red blood cell is a highly deformable liquid-filled 

compartment with low viscosity, high surface-area-to volume ratio and highly elastic 

[36]. When P. falciparum invade red blood cell, the normally flexible biconcave disc 

becomes progressively more spherical and rigid, a result of reduced membrane fluidity, 

increased sphericity, enlargement  and increased rigidity [36, 88].  

In P. falciparum, the composition of PRBC membrane is altered by insertion of a number 

of different proteins produced by the parasite. Two of those proteins are KHRP 2 and 

EMP3, as major components that increase the rigidity of P. falciparum PRBC. An 

integral protein such as band 3, which is also changed during the infection, takes part in 

enhancing inflexibility, as a consequence the deformability of infected RBC will decrease 
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as well [34, 52]. Reduced deformability has also been associated with disease severity, 

possibly because rigid red blood cells have difficulty passing through the capillary 

vasculature leading to insufficient oxygen supply [55].  

Unlike P. falciparum, investigations of P. vivax PRBCs deformability are still limited and 

have shown a conflicting result. Under flow condition, P. vivax PRBCs demonstrated an 

increased deformability as the developmental maturity of parasites [34, 52]. However,  

another study of  aggregation and deformability P. vivax PRBCs has provided an opposite 

result [35]. The mechanism by which P. vivax PRBCs cause a deformability change is 

still unclear.  

Some abnormalities of the RBCs make them resistant to malaria infection. These include 

ovalocytosis [89, 90], hemoglobin (Hb) S (sickle cell traits), Hb C, Hb E, thalasemia, 

HLA-B53 and G6PD deficiency. In ovalocytosis, the rigidity of the membrane RBC 

caused by a deletion of the red blood cell membrane band 3 gene in chromosom 17, lead 

to RBCs becoming more resistant to invasion of the parasites and ovalocytic individuals 

might thus have a survival advantage in the face of malaria [89-92]. Abnormalities in 

hemoglobin could also effect on destruction of PRBC by the spleen and immune system, 

leads to decreasing the severity of infection [92].  Red blood cell deficiency in band 4.1, 

glycophorin � and � also result in resistance to malaria infection [89]. For P. vivax 

infection, Duffy-negative individuals especially homozygote are more resistant than 

heterozygote ones [93]. Duffy antigen is a chemokine receptor of P. vivax merozoite [92].  

In P. falciparum, erythrocyte binding antigen (EBA) 175 one of Duffy binding-like 

(DBL) antigen member is responsible to high affinity binding to glycoprotein receptor on 

the RBC surface [52]. There is no association between susceptibility and Duffy genotype 

to P. falciparum infection [93].  

 



                                                                                                                                                                        22

3.3.4. Falciparum Malaria. 

Pathogenesis of P. falciparum is initiated by invasion of the parasites which lead to 

several changes of infected red blood cells such as altered membrane transport 

mechanism, decreased deformability, other mechanical and rheological changes, 

development (in some strains) of protuberance or knobs beneath the surface membrane, 

expression of variant surface (strains specific) neoantigen, development of cytoadherence 

and rosseting properties, and digestion of haemoglobin [51].  Glycophorin A and B have a 

role in the attachment and invasion of P.  falciparum to the membrane surface of red 

blood cells [54].  

The severity of P. falciparum infection is associated with blockage of capillary vascular 

by PRBC in vital organs. P. falciparum infects all stages of RBCs; as a result RBC 

infection rate in P. falciparum is high (10 – 40%) [92]. However, the severity of the 

disease is proportional to the density of parasites in internal vasculature and not in the 

peripheral blood [54]. Growing trophozoite and schizont of P. falciparum which are 

viable in the peripheral blood smear may indicate that the infection develop to severe. 

 

3.3.5 Vivax Malaria  

In contrast to P. falciparum infection, sequestration is not seen in P. vivax PRBCs [22, 

94]. However, several studies revealed that P. vivax infection might relate with organ 

dysfunction such as cerebral malaria and acute respiratory distress syndrome (ARDS) [7, 

22, 95]. This severity of P. vivax infection is not associated with cytoadhesion and 

hyperparasitemia. P. vivax preferentially infects young RBCs (reticulocytes) so that 

parasitaemia is no more than 2%.  However, the hemolysis associated with P. vivax 

infection may induce hematopoiesis enough to increase the number of reticulocytes and 
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may result in greater parasitaemia. The absence of sequestration may cause all asexual 

stages of parasites seen in the peripheral blood circulation [67, 96]. 

Tumor Necrosis Factor alpha (TNF�), one of the cytokines induced by malaria antigen is 

responsible for symptoms of the infection, particularly fever and malaise. Other cytokines 

also have pyrogenic properties including IL (interleukin) 1�, IL 1�, IL 6 and macrophage 

inflammatory Protein -1 (MIP1) [97].  Cytokine concentration in plasma increases in both 

acute P. falciparum and P. vivax infection, nevertheless the inflammatory cytokines and 

TNF � in P. vivax malaria are often higher than those found in severe P. falciparum 

malaria, particularly in synchronized P. vivax infection. The highest TNF � released 

occurs when the merozoites rupture and it may contribute to severe malaria manifestation 

[98]. TNF � may induce upregulation of  endothelial ligand ICAM1, Nitric oxide release 

and hypoglycemic [55, 74].  

In general P. vivax infection does not develop to severe disease, however Kochar et al, 

[22] have reported 11 patients with P. vivax malaria in India having one or more severe 

malaria symptoms such as; severe anemia, renal failure, cerebral malaria, abnormal 

bleeding and respiratory distress, which are commonly associated with both 

sequestration-related and nonsequestration-related complications of P.falciparum malaria.  

Mechanism of thrombocytopenia in vivax malaria that leads to bleeding is still unclear, it 

is suggested that an immunological mechanism and increased level platelet-associated 

with IgG may play a role [99].   

 

3.3.6 Other Forms of Human Malaria 

Other human malaria parasites are P. ovale and P. malariae. P. ovale is the least 

common, has a dormant stage and may cause relapses. The pathogenesis of those 

parasites is unclear, and there is no sequestration in microvasculature endothelium [96]. 
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Very little is known about the deformability and adhesive properties of RBCs infected 

with P. ovale and P. malariae. It is common knowledge amongst experienced malaria 

microscopists that P. malariae schizonts are seen in the peripheral blood supply whereas 

Plasmodium ovale schizonts are not. The absence of mature P. ovale schizonts in 

peripheral blood may suggest that they are sequestered or destroyed by the spleen, 

whereas the presence of mature P. malariae schizonts in the peripheral blood suggests 

that they avoid splenic clearance by increasing the infected RBC deformability. 

P. malariae tends to infect the older red blood cells and the infection rate is not more than 

1% [9, 54]. The symptoms of P. malariae are usually mild; however the low-grade 

parasitaemia may persist for 20-30 years or more after leaving the endemic area. One 

study in Greece reported that P. malariae infection may persist even after 70 years [100].  

Congenital infection with P. malariae is uncommon, however it was reported in two 

cases in United States in 1992 and 2000 [101].  P. malariae infection may also produce 

an immune complex glomerulonephritis that involves several components such as parasite 

antigens, host antibody and complement. This syndrome is likely a result from continued 

antigenic stimulation (low level parasitaemia) and typically occurs 3 to 6 months after the 

peak of malaria transmission season [9, 96]. 

 

3.4   Clinical Manifestations of Malaria 

The clinical manifestations of malaria are dependent primarily on the immune status of 

the host and species/strain of malaria parasite. Asymptomatic parasitaemia is usual in 

adults in areas where transmission of P.  falciparum occurs intensively. Severe malaria is 

rare in the adult group, usually occurs in the first year of life and becomes progressively 

less frequent after the age of five years. Spleen enlargement rate will be high in children 
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between 2 and 9 and this correlates with hyperendemic and holoendemic terms. Severe 

anemia is usually found in infants in these areas [52]. 

 

3.4.1. Uncomplicated Malaria 

There are few differences in the clinical features of uncomplicated malaria among the 

four malaria species, however P. vivax infections tend to synchronize rapidly, and may 

cause more symptoms early in the course of infection. P. malariae and P. ovale both have 

a more gradual onset than P. vivax. P. falciparum is unpredictable; the onset ranges from 

gradual to fulminant [52].    

In uncomplicated malaria, sequestration occurring in the spleen may cause a mild disease, 

however significant sequsteration in the microcapillary beds of the brain, lung, placenta 

or kidney may lead to more severe forms of the disease. Sequestration of P. falciparum  

often causes the parasites to disappear from the peripheral circulation, even though the 

patient is seriously ill [9]. 

The most familiar and consistent symptoms of acute malaria attack are fever, febrile 

paroxysm, headache, and a variety of aches and pains as the result of cytokine released by 

macrophage when the schizonts rupture. One cytokine, TNF, is the cause of malaria 

fever, which appears everyday in P .falciparum infection, one-day interval in P. vivax and 

two-day intervals in P. malariae infection [51].   

 

3.4.2 Malaria in Pregnancy 

Pregnant woman particularly for the first and second pregnancies are more susceptible to 

infection than nonpregnant adults in areas where P. falciparum is endemic. Stillbirths, 

spontaneous abortions and severe malaria disease can occur when it happens in epidemics 

and areas of low endemicity, but these events are rare in areas with high malaria 
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transmission, possibly because of significant malaria immunity acquired before the 

pregnancy [86, 102, 103]. The mortality rate of cerebral malaria in pregnancy is about 

50% compared with 15-20% in non-pregnant adult [52]. 

Infection of P. falciparum in pregnancy leads to sequestration in the maternal placental 

vasculature, with consequent maternal anemia, infant low birth weight (LBW), 

intrauterine growth retardation (IUGR) and prematurity [55, 103].  Accumulation of large 

numbers of P. falciparum PRBC in the maternal placental blood space may be mediated 

by adhesion of PRBC to the molecules presented on the syncytiotrophoblast surface like 

CSA or HA rather than CD 36 or ICAM1, which also exist there.  Adhesion to CSA or 

HA was greatest among trophozoites PRBC and at physiological pH [55, 59, 64]. 

Although the effects of P. vivax infection during pregnancy have not been fully 

understood, it is closely relates with maternal anemia and low birth weight [104].  It was 

also reported that P. vivax may cause miscarriage, premature deliveries particularly in 

place where P. vivax is predominate [12, 13]. 

 

3.4.3 Severe Malaria 

The incidence and distribution of severe malaria in a population is often associated with 

malaria transmission levels. In the area where endemicity of P. falciparum malaria is high 

and stable, severe malaria is a major disease in young children and less common in older 

children and adults.  While in low endemicity areas, severe malaria happens in both 

children and adults and it is dominated by cerebral malaria and severe anemia as 

manifestations of the disease. P. vivax, P. ovale and. P. malariae rarely cause severe 

malaria, however infection of these parasites in non-immune patients may increase the 

risk of serious disease [55, 105].  Splenectomised individuals are especially at risk of 

more severe malaria and prolonged disease than others [106].  Severe malaria is defined 
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as presentation of asexual stage of plasmodium and combined with one or more of the 

following symptoms [107]. 

3.4.3.1  Cerebral Malaria 

Coma is one manifestation of cerebral malaria. The cause of coma in cerebral malaria is 

not known, however it is suggested that blockage of cerebral blood flows and increasing 

anaerobic glycolysis may cause inappropriate oxygen supply and increase in lactate 

concentrations. Local synthesis of nitric oxide as a potent neurotransmitter inhibitor could 

be relevant to impairment of consciousness. Trophozoit and schizont of P. falciparum 

were usually discovered on post mortem diagnosis of cerebral tissues. 

 3.4.3.2  Renal Failure 

The cause of renal failure in severe malaria is acute tubular failure, as a result of renal 

microvascular obstruction and cellular injury cause by the sequestration in the kidney and 

the filtration of free haemoglobin, myoglobin and other cellular material. Acute renal 

failure is almost common in older children and adults, and is rare in young children. 

3.4.3.3  Anemia 

Anemia is an important cause of morbidity and mortality in P. falciparum malaria, and its 

pathogenesis is multifactorial and not completely understood. It is thought to result from 

combination of PRBC destruction at schizont rupture, removal of both infected and 

uninfected red blood cells, hemolysis caused by complement- mediated immune complex  

and ineffective erythropoiesis [108, 109].  Among these factors, removal of uninfected 

red blood cells is the most important factor, resulting in around 90% reduction in 

hematocrit in acute malaria [55, 110, 111]. The degree of anemia is correlated with 

parasitaemia, schizontaemia, total serum bilirubin and creatinine conrentration [105].   
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3.4.3.4  Pulmonary Oedema 

Pulmonary oedema occurs when there is microvasculature obstruction and a sudden 

increase in pulmonary vascular permeability for unknown reasons. This complication is 

observed in both P.  falciparum and P. vivax infections. 

3.4.3.5  Fluid Space and Electrolyte Change 

In moderate and severe malaria, plasma volume increases and also the concentration of 

aldosterone and antidiuretic hormones, indicate the enhancement of activation of 

homeostatic mechanism to maintain adequate circulating volume in the presence of 

vasodilatation and falling hematocrit. Sodium and chloride serum concentration rise in 

severe malaria, but not potassium.     

 3.4.3.6  Thrombocytopenia 

Thrombocytopenia is caused by enhancement of splenic platelet clearance and increasing 

macrophage activities, which lead to the thrombocyte destruction. 

3.4.3.7  Blackwater Fever 

It is characterised by massive intravascular haemolysis and subsequent production of dark 

urine color similar to ‘Coca Cola’. Blackwater fever often occurs in patients with Glucose 

6 Phosphate Dehydrogenase (G6PD) deficiency who have been treated with  primaquine 

or sulfonamide or quinine; and patient with severe malaria with normal G6PD after 

quinine treatment. 

3.4.3.8  Liver Dysfunction 

Sequestration of IRBCs in the hepatic microvasculature may cause diminished blood 

perfusion and inhibition of lactate release, which subsequently leads to lactate acidosis.  

3.4.3.9. Gastrointestinal dysfunction 

Sequestration in the microvasculature of the intestine and viscera can lead to 

malabsorption of sugars, fats and amino acids. 
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3.4.3.10  Acidosis 

Lactate acidosis is the most common sign in severe malaria, ketoacidosis may be found in 

children with salicylate intoxication and acidosis of renal failure is seen mainly in adults. 

Lactate acidosis results from many factors such as; tissue anaerobic glycolysis, 

malfunction of hepatic and renal lactate clearance and the production of lactate by the 

parasite. 

3.4.3.11 Hypoglycaemia 

The pathophysiological aetiology of hypoglycaemia is similar to hyperlactataemia; which 

is caused by an increased pheripheral requirement for glucose which leads to anaerobic 

glycolysis, increased metabolic by febrile illness, enhancement glucose consumption by 

the parasite and dysfunction of hepatic gluconeogenesis and glycogenolysis.    

3.4.3.12 Placental Dysfunction 

There is a failure of placental function caused by sequestration of P. falciparum which 

infects placental red blood cells, local activation of cytokine and maternal anemia. 

 

3.5  Diagnosis and treatment of malaria 

3.5.1 Diagnosis 

The diagnosis of malaria usually based on clinical features and the laboratory testing of 

the blood samples. The clinical features of malaria are not specific and can often be 

confuse with other diseases such as dengue or typhoid fever, therefore laboratory testing 

is important to support clinical diagnosis [105].  

 

3.5.1.1    Clinical Presentation 

The clinical presentation of malaria depends on the parasite species, host immunity and 

the number of parasites which infects the host [112]. Periodic fever, anemia and 
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splenomegaly are the main symptoms of malaria disease. Anemia in P. falciparum 

malaria occurs in acute and chronic infection, while in other species usually occur during 

chronic phase [112]. 

The incubation period of P .falciparum,. P. vivax or P. ovale are approximately two 

weeks; however some strains of P. vivax or P. ovale from the cooler regions exhibit 

enormously long incubation periods of 9-12 months and even 4 years after sporozoites 

inoculation. For P. malariae, the incubation period is 18 days or more (30-40 days) [52, 

112]. 

Prodormal symptoms such as weakness, malaise, headache, back pain, anorexia, mild 

diarrhea, nausea and cold, occur frequently in P. vivax and P. ovale malaria. While in P. 

falciparum and P. malariae, those symptoms are sometimes not clear or even can happen 

suddenly [52, 112]. 

 

3.5.1.2    Laboratory Diagnosis 

Laboratory testing is important to confirm malaria infection. There are various laboratory 

methods, such as microscopic observation [113, 114], Enzyme-Linked Immunosorbent 

Assay (ELISA) [115], dipstick [116], Polymerase Chain Reaction (PCR) [117], and flow 

cytometric test [118],  each of these methods has a specific benefit and disadvantage as 

shown in figure 3.5.  

 

3.5.1.2.1 Microscopic 

Microscopy of thick and thin smear of peripheral blood is the gold standard of laboratory 

diagnosis, which is used to detect the presentation of plasmodium including their species, 

stages and density [9, 43, 119]. 
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This method is quite cheap, fast and accurate [120],  however several requirements should 

be met to reach high sensitivity and specificity of the microscopy test such as; the exact 

time for collecting the blood, the appropriate volume, quality of the slide preparation, 

identification of plasmodium species and reading by experienced microscopists [9, 115]. 

 

            

Figure 3.5 Visual representation of some of the main methodologies used in the diagnosis of 
malaria. Microscopic analysis is among the most competitive methods in common use today, 
however genetic methods offer significant advantages for the future [120]. 
 

The parasite number is usually measured by two methods; 1) semi quantitative based on 

parasite number per microscopic field and 2) quantitative, the parasites number per 200 

leucocytes or per 1000 red blood cell which is represented as a percentage or per micro 

liter blood. In the case of high parasitaemia, reading the thin smear is useful, by counting 

parasites per 1000 or 10,000 red blood cells [43, 52]. 
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3.5.1.2.2. ELISA and Dip Stick 

An immunoserology assay is recommended to complete or confirm the microscopic test, 

if the result is unclear. This assay is designed to detect specific antigen or antibody of 

malaria. Radioimmunoassay and enzyme-linked immunosorbent assay techniques 

(ELISA) have sensitivities of 500-50 parasites per micro liter blood. However ELISA 

technique is more popular, because it is safer and more practical than radioimmunoassay, 

which utilizes radioactive materials for detection [9, 115]. 

Recently by performing some modification; affordable dipstick or card test with 

immunochromatography technique has become more popular, particularly if it is applied 

in isolated areas, for outbreak investigations and emergencies condition.  These tests are 

based on detection of two malaria specific antigens; Histidine Rich Protein 2 (HRP2) and 

parasite lactate dehydrogenase (pLDH). LDH is cleared rapidly from blood, the test 

becomes negative within days of treatment, but HRP2 is cleared very slowly from the 

blood, and may remain positive for up to one month after acute infection, particularly if 

the parasitaemia was high. Although some studies showed that PfHRP2 and pLDH test 

could be used to assess treatment failure and detect mixed infections of P. falciparum and 

P.vivax, they cannot provide information on parasitemia. Those tests are also less useful if 

it is performed in areas where transmission is high and infection is frequent [52, 115]. 

Tjitra et al [116] reported that detection with HRP2 and panmalarial ICT malaria Pf/Pv 

test did not consistently predict treatment failure outcome after treatment with 

chloroquine in Eastern Indonesia due to possibilities of HRP2 that might exist up to a 

month even after the parasites were already clear. 
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3.5.1.2.3. Polymerase Chain Reaction (PCR) 

At present, PCR-based techniques are commonly used to detect parasitemia and drug 

resistance profile of malaria disease [121, 122]. This technique is almost more sensitive 

and specific than microscopy [119, 123],  and can detect 10-100 specific copy genes 

[115].  In the case of low parasitemia and eventually confirmation of mix infection, PCR 

technique could be useful, however because this technology is quite expensive, it may be 

not appropriate for routine diagnosis [124].  

 

3.5.2.   Treatment  

The key to the successful control of malaria is in rapid diagnosis and treatment.  The main 

objective of treatment is to prevent mortality, recrudescence, emergence resistance and 

disabilities [125].  The effectiveness of antimalarial treatment depends on the species, 

stage present and whether or not resistance strains occur where the patient was infected. 

An ideal antimalarial drug should be effective for all plasmodium stages, cure acute and 

latent infection, easy to administer, cheap price, have minimal side effect and low toxicity 

[43, 126].  

 

3.5.2.1. Chemotherapy and Antimalarial Resistance 

In Indonesia, increasing antimalarial drug resistance has spurred efforts to discover new 

alternative drugs or use existing drugs in combined therapy approach. Several studies 

have been conducted to evaluate existing drugs and new potential drugs or combined 

therapy [4, 5, 127]. Since 2004, combination of artesunate + amodiaquine + primaquine 

are used as a first line therapy, and quinine + doxycycline or tetracycline + primaquine as 

a second line therapy for P. falciparum uncomplicated malaria. Combination of 

artesunate and amodiaquine has capability to kill all asexual stages, while primaquine will 
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act as a schizonticide and gametocide in blood. Nevertheless, primaquine cannot be given 

to patients with G6PD deficiency, pregnant women and babies under 1-year-old [43].  

For P.vivax and P.ovale malaria in Indonesia, the first choice drug is a combination of 

chloroquine and primaquine. Treatment with chloroquine will kill all asexual stages of 

Plasmodium spp. and primaquine will kill the sexual forms and hypnozoite. However in 

the case of chloroquine resistant P.vivax, a combination of quinine and primaquine is the 

second option. Treatment for P.malariae with chloroquine once for 3 days is sufficient to 

kill the parasites [43].   

Despite P. falciparum, the resistance of P.vivax to chloroquin now get more attention [18, 

128, 129]. In some areas of Papua and Papua New Guinea, between 20% and 30% of 

P.vivax malaria patients have recurrent of parasitemia one to three weeks after full 

treatment dose of chloroquine [17]. Decreased sensitivity of P. vivax to chloroquine in 

Papua is associated with Y976F mutation in the pvmdr1 gene [15]. 

Although most assume there is only one mechanism of chloroquine resistance (related to 

the pfcrt gene), the intrinsic sensitivity of P. falciparum to chloroquine is highly variable. 

It is thought that an energy dependent chloroquine efflux may lead to reducing of 

chloroquine accumulation in vacuole. Two genes in P.falciparum, pfcrt and pfmdr1 (both 

coding for proteins associated with membrane transport) have been suggested to be 

involved in chloroquine and mefloquine resistance [129, 130]. While in P.vivax, 

chloroquine resistance may be associated with pvmdr1 gene which is an orthologue of 

pfmdr1, however the mechanism of resistance is still unclear [130, 131].  Point mutation 

of the Pfdhfr and Pfdhps genes in P. falciparum  and Pvdhfr in P. vivax are the major 

cause of resistance to antifolate drugs such as sulfadoxine-pyrimethamine [3, 131].   

Despite in vivo assay, antimalarial resistance could be evaluated by in vitro assays.  In 

vivo assays are based on decreasing parasites number in human body during certain 
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periods of time (7 days or 28-42 days), depending on the antimalarial used. The results of 

in vivo assays depend not only on intrinsic sensitivity of the parasite but also the immune 

status of the individual being tested. In vitro assays examine the intrinsic sensitivity of the 

parasite, free from variations in host immunity. These assays involve the cultivativation 

of fresh or frozen parasites in a culture medium containing various concentrations of 

antimalarials [18, 126, 132].  

 

3.5.2.2 Clinical supportive treatment and adjunctive treatments 

Supportive treatment is important in the management of severe malaria to reduce the 

symptoms, such as giving transfusion for severe anaemia or adequate feeding for 

dehydration. The adjunctive treatments are used together with the primary treatment in 

order to assist the primary treatment, for example; desferrioxamine, the iron-chelating 

agent, inhibits the development of parasite in red blood cell and enhances parasite 

clearance,[133] heparin treatment can reduce the rosette form in cytoadherence process. 

[72] Pentoxifylline is used to diminish TNF, IL 6 and TNF-receptor levels, which are 

associated with severe malaria manifestations. TNF is a result of excessive response to 

malaria parasite [134].  Interferon gamma is active against infected hepatocyte, thus it can 

inhibit parasite development in the exoerythrocytic stage [135]. Several antibiotics are 

commonly used as treatment for malaria infections. Combination of antimalarial drugs 

with antibiotics such as tetracycline and tetracycline derivatives are available to treat drug 

resistance malaria which also act as schizonticides in tissue or blood. Doxycycline is also 

effective as a chemoprophylactic in Indonesia, Thailand and Kenya, and is now 

recommended for travelers visiting Southeast Asia [136].   
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3.5.3.   Prevention  

It is impossible to prevent all malaria infection; however the major aim is to reduce 

mortality and severe disease which can be achieved by implementing several measures 

such as early recognition and treatment, sustainable prevention by minimizing exposure 

to mosquitoes, vector control and prophylactic drugs [9, 137].  Prophylactic drug such as 

chloroquine is the first choice for the prevention of infection due to susceptible 

plasmodia, as it is effective against parasites and safe for pregnant women and young 

children. Mefloquine is now recommended for travel to Southeast Asia, the Amazon 

region of South America and sub Sahara Africa where chloroquine resistance originated 

[96]. 

 

3.5.3.1 Mosquito Control 

As a vector, the anopheline mosquito takes part in transmission of malaria disease which 

correlates to the density of mosquitoes, frequency of the mosquito bites and the mosquito 

life span for doing sporogony (longevity).  Transmission of malaria rarely  occurs at 

temperatures under 16º C or above 33º C and altitudes more than 2000 m above the sea 

[52, 137]. 

Transmission of malaria might reduce if mosquito control is applied well. Several factors 

of mosquito should be considered during intervention such as breeding and resting 

behavior, breeding sites, flight ranges, choice of blood source and vulnerability to 

environmental condition and insecticide [52, 137]. More than 80 anopheline mosquito 

species have been found in Indonesia, 24 of these species can transmit malaria [137].  The 

problem now becomes complex as mosquitoes become more resistant to insecticides. 
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3.5.3.2 Bed nets and Repellants 

Covering exposed skin surfaces and sleeping indoor or under insecticides treated bed nets 

are such preventive efforts to reduce morbidity and mortality of the malaria disease, 

particularly in highly malaria endemic areas [52, 138, 139].  A study in Western Kenya in 

1997 showed that permethrin-treated bet nets reduced P. falciparum transmission up to 

90% compared with the control areas, and it becomes optimally effective if it is used 

every night and if permethrin is reapplied at least every two years [138]. In China, 

introduction of deltamethrin-treated bed nets also reduced malaria cases compared with 

untreated bed nets [140].  

 

3.6 Techniques for Studying Deformability of Malaria PRBCs 

A variety of technique has been conducted to assess the mechanical and the elastic 

response of Plasmodium PRBC, such as micropippete aspiration [141],  laminar shear 

flow [70, 142-144] and optical tweezers [142, 145-147]. The narrative below will 

describe an overview of the applicable deformability techniques. 

 

3.6.1. Filtration  

The conventional method to assess red blood cell deformability is filtration using 

polycarbonates membranes or nickel mash. Filtration through 3 um diameter pore 

membranes generated a best result in detecting a major determinants of RBC 

deformability such as; changing of viscosity, ratio of surface area/volume of the cell and 

osmolity of the medium [148-151]. This method is quite simple and cheap, however its 

lack selectivity and sensitivity [152]. By replacing the polycarbonate membrane with 

nickel membranes, this technique becomes more useful and the contamination with 

leukocytes can be reduced.  The engraved pores of nickel membrane which are designed 
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by the photofabrication technique may inhibit the leukocytes to pass through the 

membrane pores; therefore, RBC could be less contamination with leukocyte. Moreover, 

this membrane has also an economical benefit  since it is reusable [150, 151]. 

 

3.6.2. Micropipette Aspiration 

The micropipette aspiration method has been used since 1954 to measure the membrane 

elasticity of many types of cells. This method is complemented with the suction pressure 

to partially or wholly suck a single cell into a micropipette with diameter of less than 1 to 

10 μm. By calculating the elongation of the cell when it being aspirated into the pipette, 

the shear modulus of the membrane of the cell could be evaluated [147].  Using the same 

technique, Lim et al in 2005 [153] investigated the deformability of PRBC at the different 

stage parasite infection. They described that in healthy cells and the early stage infected 

cells, the aspiration was easier than those in the late stage infected cells. In the early stage 

infected cells, they behave like “liquid drops”, while in the late stage infected cells tended 

to become solid, thus they hardly can be aspirated into the pipette. Although very useful 

for experimental studies, this method is likely not appropriate for routine application and 

a large scale experiment [152].  Figure 3.6 describes a detection of various disease states 

of Plasmodium PRBC using the micropipette aspiration technique.  
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Figure 3.6  Deformability of the various disease states of Plasmodium PRBC using a micropipette 
aspiration technique [153] 
 

3.6.3. Flow Based Studies using Shear Stress 

The laminar flow system was described by Cook et al in 1993 [143] using microslides, 

which were connected into a controller flow system for analysis. This method was 

employed by Suwanarusk et al [34] who used the same method to measure P. falciparum 

and P.vivax PRBC deformability. Red blood cells, which adhered at single-point 

attachment to microslides, were measured under different flow conditions of 0.007 – 0.27 

Pa. The result showed that the elastic modulus (ratio of the initial length and the deformed 

length) was inversely proportional to the deformability. The lower the elastic modulus, 

the more deformable the cells.  The deformability of P. vivax PRBCs was double increase 

as the parasite mature; it was not seen in P.  falciparum PRBCs.   

 

3.6.4. LORCA and ARCA  

Both LORCA (Laser assisted Optical Rotation Cell analyzer) and ARCA (Automatic 

Rheoscope and Cell Analyzer) were applied based on ektacytometer principle.  The 
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diffraction of the laser beam generated by RBCs  subjected to a defined shear stress were 

analysed to obtain information regarding the changes in cell shape due to fluid shear 

[154]. LORCA is computerized analyzers equipped with video camera for detecting a 

diffraction patterns, a thermostation unit and computer program for calculating elongation 

unit [152]. These techniques are usually used to analyze a variety of RBC disorders [120]. 

At least two-hemorheological parameters of malaria disease could be evaluated in terms 

of deformability of red blood cell and their aggregation behavior [152]. Hardeman in 

2001 and 2003 [155, 156] used LORCA to measure RBC deformability induced by 

photodynamic treatment and their aggregation. This equipment can effectively be used to 

detect changes of deformability as an early marker of RBC damage. Similar to LORCA, 

the ARCA technique can analyze quantitatively the presence of red cell subpopulation 

based on variation in deformability.  

 

3.6.5. Atomic Force Microscopy (AFM) 

Atomic Force Microscopy is suitable for observing physical, biological and even 

biochemical responses occurring at the nanoscale at physiological condition [157]. This 

technique consists of a very sharp microscopic tip placed at the end of a flexible 

cantilever, which directly senses a sample surface. The interaction force between the tip 

and sample surface induce deflection of the cantilever and a laser beam reflected off the 

back of the cantilever records this. A sensitive photodiode is then used to capture the 

change in the movement and direction of the reflected laser beam.  AFM is not only used 

to study the surface morphology of living cells, it can also calculate the spatial 

distribution of the rigidity of the cells surface which affect to the cells’ deformability and 

elasticity. This information is very useful to better understand the physiological function 



                                                                                                                                                                        41

and the effect of malaria disease [153]. Illustration of the AFM set up and the AFM 

images of P. falciparum PRBC are shown at figure 3.7 and 3.8 respectively.  

  

                

Figure 3.7 Schematic on an AFM set up [153] 
 

                        

                    

                      Pf ring    Pf trophozoite               Pf schizont 

            Figure 3.8  AFM images of P. falciparum  RBC in a different developmental stage [157] 
 

3.6.6 Optical Tweezers 

Another method to analyze biological structure at the nanoscale is optical tweezers. It is 

equipped with a laser to trap, to manipulate and control small transparent particles in a 

medium.  When a laser beam lights a dielectric particle whose refractive index is higher 
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than the medium, the light pressure (gradient force) will stimulate the particle to move 

towards the focal point of the laser rather than scatter [146, 153].  

Arthur Ashkin is the leader of using optical tweezers in various experiment, and Lim in 

2005 [153] employed this technique to identify elastic properties and viscosity response 

of healthy RBCs  and Plasmodium infected RBCs. Two silica microbeads with a diameter 

of 4.12 μum are attached at left and right sides of a RBC. The left bead is adhered to the 

glass side, while the right bead is trapped with the laser and it is fixed. Thus, when the 

glass side is moved towards the left, the RBC will stretch (figure 3.9). Using the same 

method, the change in shear modulus of the membrane of P. falciparum PRBC in 

different stages of infection could be identified. There was a gradual thickening of the 

infected cell when stretched at forces of 68 and 151 pN. As parasites matures, the cell 

membrane become rigid and the stretching becomes more difficult when compared with 

the early stage of infection [146, 153]. 

 
 

 
 

                Figure  3.9 Stretching of a healthy RBC using the optical tweezers method [153]. 
 

 
 
3.6.7 Microfluidic Chambers 

Microfluidic method is usually performed in biology, biochemistry and medical aspects.. 

It is a simple and accurate method to study fluid flow at the microscale. In spite of easy 
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manufactured, this microfluidic chamber can be designed to mimic human capillaries.  

Furthermore, because sample used is small, the exposure to biohazard can be reduced [36, 

146]. 

In the past, glass and silicon are the choice materials in making capillary like channels. 

However, because glass and silicon have no structural properties like elastic modulus of 

capillary tissue, those materials are replaced with silicon elastomer (dimethylsiloxane 

/PDMS) which has the structure properties close to that the human capillary tissue [36, 

146]. 

Shelby et al [36] first demonstrated that microfluidic chamber can be used to investigate 

the flow and blockages of a laboratory clone of malaria PRBCs. In their study the 

different stages of P falciparum PRBC are passed through several microchannels with 

width of 2, 4, 6 and 8 μm. The result showed that the ring stage PRBCs could pass freely 

to all of those channels. Most of the trophozoite stage could easily traverse through the 

larger channels of 6 and 8 μm, and failed to pass the 2 and 4 μm channels, only some of 

them did pass through the 4 μm channel.  “Pitting”, the process in the body where the 

spleen beds remove the parasite completely out of RBC without destroying RBC, could 

be observed in the 2 μm channel for the trophozoite stage. The schizont stage PRBC 

could not pass and block all of those channels except for the 8 um channel (figure 3.10).  

From this study also demonstrated that the recovery time of the early trophozoites back to 

their original shape was shorter than that of the schizont after passing the 4 um channel. 
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Figure 3.10  Four stages of P. falciparum when passed through 2, 4, 6 and 8 μm width channels of 
the microfluidic chamber [36] 
         

 

3.7 Concluding remarks and the relevance of this study to the fight against malaria.   

Malaria still remains a major problem for humanity. Increasing drug resistance and the 

absence of an effective vaccine against malaria suggests that developing nations will 

continue to suffer from this disease for decades to come. The future development of novel 

vaccines and therapeutics rely on a better understanding of the biology of this complex 

parasite. The research presented in this thesis attempts to better understand the 

pathobiology of P. vivax and in particular how it avoids splenic clearance. This study 

differs from many other malaria studies conducted in Indonesia, in that it is a relatively 

pure research topic, as opposed to an applied or survey topic. Although applied studies 

are extremely important for optimizing current diagnosis and treatment strategies, pure 

research in the biology of Plasmodium spp. may provide the necessary leap forward in 

understanding to better combat malaria, both in Indonesia and the world.  
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PART IV 

MATERIAL AND METHOD 

 

4. 1  Fabrication of Microchannel 

Micro channels were custom made from poly (dimethylxiloxane) (PDMS) as described 

previously [36]. Briefly, a high-resolution chrome mask (Photosciences, Inc., Torrance, 

CA) was generated from a computer-aided drawing file and etched by an electron beam.  

The mask was a negative of the channel design and was used in contact photolithography 

with SU-8 photoresist (Microchem, Newton, MA) to create a negative molding “master,” 

which consisted of bas-relief features of SU-8 on a silicon wafer.  The master was 

silanized overnight to allow easy release of the PDMS replica.  Silicone tubing (Tygon 

Saint-Gobain 3350 formulation, 3/32” OD, 1/32” ID) were cleaned with ethanol and 

oxidized in oxygen plasma for 3 minutes, then immediately positioned directly above the 

SU-8 microchannel entrance with the assistance of a tubing holder and temporarily 

brought to contact with the entrance with a dab of Duco Cement.  PDMS was then poured 

onto the master and cured in an oven, forming clear, molded microchannels with 

embedded silicone tubing.  After removing Duco Cement residue manually, the 

microchannels were sealed irreversibly to a borosilicate glass coverslip by oxidizing the 

PDMS surface in oxygen plasma.  After one day, when the silicone tubing was no longer 

tacky from oxidation in oxygen plasma, a 20-gauge blunt needle with luer lock hub was 

inserted into the tubing to complete the fluidic connection between a syringe and the 

microchannel. The tubing was connected to a 5 ml syringe to ease the samples introduced 

into the channel. To prevent the disk-shaped erythrocyte from turning in their side and 

transverse the constriction, the depth of the channel was designed to be 2 μm, while the 
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length of the slim channel was created 3 to 5 times of its width. Schematic figure of the 

microfluidic device is shown in figure 4.1. 

 

Figure 4.1  Schematic figure of the microfluidic device from side view (A) and plain view (B). 
The light green shaded area represents the borosilicate glass cover slip attached to the PDMS 
(light blue shaded area) chamber 
 

4.2 Isolate collection and Isolation  

Eight P.vivax and three P. falciparum isolates were collected from patients (including two 

severe falciparum malaria patients) attending malaria clinics in Timika, located in the 

southern part of Papua Province, Indonesia. Patients with symptomatic malaria presenting 

to an outpatient facility were recruited into the study if singly infected with P. vivax or P. 

falciparum with a parasitemia of approximately 1%. Patients treated with antimalarials in 

the past three weeks were excluded from this study. All patients involved in this study 

have been informed and agreed to participate by signing the informed consent form. 

Venous blood was collected by venipuncture in sodium or lithium heparin collection 

tubes. Leukocytes were removed from the whole blood using a modified CF-11 column 

[158], which were made from a 10-ml syringe tipped with a small quantity of glass wool 

and filled with 5 ml of CF11 cellulose powder (Whatman), then covered with foil, and 
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autoclaved. When ready to use, the CF11 column was wetted with 4 ml of a phosphate-

buffered saline (PBS) solution (Polysciences, Inc.).  

Two milliliters of whole blood with a parasitaemia approximately 1% was gently mixed 

with 2 ml of PBS and added slowly to the CF11 column. The blood was then washed 

through the column by the addition of approximately 5 ml of PBS. When the blood 

dripping into the collection tube from the column started to turn clear, the collection tube 

was centrifuged at 200 x g for 5 min. The supernatant was removed, the pellet was 

resuspended in 5 ml of RPMI medium (Gibco), and the mixture was centrifuged at 200 x 

g for 5 min. The supernatant was removed, and the pellet of red blood cells was 

resuspended to a 2% hematocrit in McCoy's 5A medium (Gibco) for P. vivax and in 

RPMI medium (Gibco) for P. falciparum, which contained 20% human serum. Giemsa 

stained of thick and thin smear of isolates were examined by light microscopy to assess 

the species and stages of parasite.  

 

4.3  Cell Visualization  

The test samples were introduced into the microfluidic chamber using a 5 ml disposable 

syringe and allowed samples to flow down through the tube by gravitation before entering 

the chamber. The chamber then were mounted onto a Nikon eclipse TS 100 inverted 

microscope with a Nikon 100x and 60x objectives for bright-field and phase contrast 

imaging (figure 3.2). A ½” monochrome analog CCD (Adirondack Astronomy, Hudson 

Falls, NY) was used to capture high speed phase contrast images for velocity and 

recovery measurements. Bright field images were captured using a digital colour CCD 

(QImaging, Surrey, Canada). The images then were analyzed frame by frame using a Q 

capture Pro program (QImaging, Surrey, Canada). 
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     Figure 4.2  Capturing behavior of P. vivax PRBCs passing through the  
     2μm constrictive channel of the microfluidic device. 
 

Details on the flow control system for samples injected into the microchamber is 

described by Shelby et al [36]. The temperature of the sample above the objective was 

32°C (ambient temperature in Papua). The velocity of URBCs in the 25μm main channel 

upstream of the constriction for each experiment was in the range of 30-50μm.s-1, 

whereas velocities in 2μm constriction were as high as 625 μm.s-1 resulting in a pressure 

drop across this gap of  ~0.4 mmHg (1 mmHg = 133 Pa ) [36]. The duration of each 

experiment was no longer than 1 hour. Testing of infected RBCs was completed within 

2h after their removal from the patient. Transit time was the time in seconds for a RBC to 

pass through the 2 μm constriction channel. The recovery time is the time in seconds for a 

deformed RBC exiting the constriction channel to recover to its original shape (Figure 

3.1). 

 

4.4 Data Analysis 

Data was analysed using SPSS for Windows (vs 15, SPSS Inc, Chicago, Illinois, USA). 

The Mann-Whitney U test or Kruskal-Wallis method were used for nonparametric 
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comparisons and Student’s t-test (paired and unpaired) or one-way analysis of variance 

for parametric comparisons on log10 transformed data. For categorical variables 

percentages and corresponding 95% confidence intervals (95% CI) were calculated using 

Wilson’s method. Proportions were examined using �2 with Yates' correction or by 

Fisher's exact test. 

   

4.5  Ethical approval 

Ethical approval for this study has been obtained from the ethics committees of the 

National Institute of Health Research and Development, Ministry of Health, Indonesia 

(NIHRD Approval No. KS.02.01.2.3.4579) and the Human Research Ethics Committee 

of Menzies School of Health Research (HREC-MSHR).   
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PART V 

 RESULTS 

 

5.1  Description of Plasmodium spp. Isolates Collected 

The median parasitemia for the P. vivax isolates used was 0.7% [range 0.3-0.8%] with at 

least 60% of the parasites at the late trophozoite stage, although every erythrocytic stage 

(ring, trophozoite, schizont and gametocyte) was observed in the eight clinical isolates of 

P. vivax collected (figure 5.1). The P.falciparum isolates were used only if mature 

trophozoites and schizonts were present in the peripheral blood (figure 4.1); consequently 

all the isolates used were from patients with hyperparasitemias of >10%. The Giemsa 

stained thin smears of P.vivax PRBCs at mature stages (trophozoite, schizont and 

gametocyte) were larger in surface area than immature P.vivax PRBCs, URBCs or P. 

falciparum PRBCs (Figures, 5.1). Interestingly, the size of fresh P.vivax PRBCs (n= 4) in 

solution was similar to that of the URBCs (~8μm) (n=9, p=0.21) (Figure 5.2), contrasting 

with the characteristic enlargement of P. vivax PRBCs observed in thin blood smears. The 

size of smeared, fixed and Giemsa stained P. falciparum PRBCs was the same size as 

those found in fluid conditions.   
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Figure 5.1. Fixed thin film Giemsa stained erythrocytic stages of P. vivax and P. falciparum    

PRBCs and URBCs  

 

 
 

          Figure 5.2. Fresh, unfixed isolates of P. vivax PRBCs at different stages of maturation and   
                            URBCs (horizontal black line =8μm) 

 
 

5.2  Rheological Behavior of Uninfected RBCs from vivax Malaria Patients 

Although not infected with Plasmodium sp., some URBCs from vivax malaria patients 

demonstrated a different behavior to URBCs from healthy people. They tethered, rolled 

and adhered to the PDMS wall of a microfluidic chamber (figure 5.3).  The velocity of the 

URBCs moving through the main microfluidic chamber was 30 - 50 μm.sec-1. Due to the 

rapid blockage of the microfluidic channel after the addition of P. falciparum isolates it 

was difficult to fully assess the rheological behavior of URBC from falciparum patients. 

         Pv ring              Pv trophozoite           Pv schizont                Pf ring 

Pv microgametocyte  Pv macrogametocyte       URBC                 Pf schizont 
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Figure 5.3  Cytoadhesive behavior of URBCs from a vivax malaria patient. (A-F). The ex vivo 
tethering (blue shading), rolling (green shading) and adherence (red shading) of uninfected RBCs 
from a vivax malaria isolate to the PDMS walls of a microfluidic chamber. (horizontal black line 
=8μm) 
 

5.3 Microfluidic Behavior of URBCs and PRBCs from Patients with Severe  

      falciparum Malaria.  

Although the addition of P. falciparum PRBCs to the microfluidic chamber caused a 

rapid blockage, we were none-the-less able to record the steps leading to the total 

occlusion of the microfluidic channel. When an URBC moving in the central part of the 

chamber past two infected RBCs nonspecifically adhering to the PDMS channel wall, the 

velocity was 57μm.s-1 (figure 5.4.A); however two seconds later there was a three fold 

reduction in velocity of URBCs due to rosetting, agglutinating, plague and the increasing 

occlusion of upstream and downstream regions of the PDMS channel (figure 5.4.B). 

Rosetting of uninfected RBCs around the two PRBCs contained early schizonts which 
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adhered to both sides of the PDMS wall, and the non-adherent infected RBC contained a 

trophozoite stage.  

 

 
 

Figure 5.4 Time series bright-field photomicrographs of PRBCs and URBCs from a Plasmodium 
falciparum severe clinical isolate in the main channel of a microfluidic chamber before the 2μm 
constriction. Reduction in the velocity of URBCs due to rosetting and increased occlusion of the 
microfluidic chamber. The horizontal black scale bars = 10 μm. 
 
 
 
5.3 The Transit of P. falciparum, P. vivax PRBCs and URBCs through the 2μm  

       Microfluidic Channel Constriction. 

Under phase contrast microscopy the movement of URBCs from vivax patients through 

the 2μm constriction channel was observed to occur smoothly. The median velocity of 

these URBCs was 28.0μm.s-1 with a range of 9.9 - 625 μm.s-1 (figure 5.5.A). As 

previously mentioned, we were unable to observe either URBCs or PRBCs from the P. 

falciparum isolates; due to blockage of the main channel before the 2μm constriction 
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(figure 5.4) within a minute of adding the clinical isolates of P. falciparum trophozoites 

and schizonts. Rosettes, URBC plaques and agglutinating PRBCs contributed to the total 

occlusion of the main channel upstream of the 2μm constriction (figure 5.4.B). 

Unlike P. falciparum, all stages of P.  vivax PRBCs could transverse freely through the 2 

μm constriction channel, although the median velocity of those cells decreased three to 

four fold as the parasites maturited (figure 5.5.C). The median velocity of P. vivax rings, 

trophozoites and schizonts were 30.5μm.s-1  [range 1.9-354], 7.2μm.s-1  [range 0.7-34.9] 

and 2.6μm.s-1  [range 0.8-11.7] respectively.   

The transit ratio decreased as the parasite developed from ring to schizont stage. 

However, the relationship between transit velocity and increasing parasite maturity did 

not remain significant after controlling for possible variations in the deformability of the 

patient’s uninfected RBCs (p=0.223, isolate n=8, cell n=87) (Figure 5.6). The transit ratio 

was calculated by normalizing the velocity of each of PRBC against the median transit 

velocity of URBCs from the same isolate. The median of transit ratio for each 

developmental stage of P. vivax were 0.94; 0.36 and 0.23 for rings, trophozoites and 

schizonts respectively.  Almost 5% of trophozoite and schizont staged cells had transit 

times significantly longer than URBCs. 
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Figure 5.5. The moveof an URBC (A), P. falciparum PRBCs (B) and P. vivax PRBCs of ring, 
trophozoite and schizont stages (C1, C2 and C3) passing through the 2μm constriction of the 
microfluidic chamber. The large arrows indicate the direction of flow and velocity of the RBC 
moving through the constriction. 

 
 

7.2  μm.s-1

30.5 μm.s-1

0.0 μm.s-1

28.0 μm.s-1

A. 

C1

B. 

C2 

C3 

2.6 μm.s-
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Figure 5.6 The normalized transit ratio of P. vivax ring, trophozoite and schizont stages moving 
through the 2 μm constriction channel. 
 

 

5.4 Recovery and Microfluidic Destruction of PRBCs and URBCs from vivax  

      Malaria Patients 

This study did not find a stage specific effect on the recovery of P. vivax PRBCs post 

constriction (Figure 5.8A). In contrast to P. falciparum, the highly deformable PRBC 

membrane of P. vivax trophozoites and schizonts recovered in a similar time to URBCs 

after passing through the 2 μm gap. However it should be noted that although the highly 

fluid membrane of P. vivax recovered quickly, the internal parasitophorus structures of 

PRBC remained compressed for up to ~20 seconds. The PRBC recovery ratio was 

calculated by normalizing the time to recovery of each of the PRBCs against the median 

recovery time of URBCs from the same isolate. The median of the median isolate 

recovery ratio for each developmental stage was 0.63, 0.43 and 0.32 for ring, trophozoite 

and schizont respectively.  The recovery ratio is proportional to the rate of cell shape 
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recovery, however it was not significantly effected by the stage of parasite development 

(p=0.625, isolate n=8, cell n=69).  

Most of the P. vivax PRBCs observed in this study recovered after the 2�m constriction, 

however 33 % (18/54) were destroyed (Figure 5.7.A-B).  There was no significant 

difference between the percentage of destroyed URBCs and ring stage PRBCs (10 - 15%, 

p=0.638), conversely a significantly higher percentage of trophozoite and schizont 

PRBCs were destroyed by the 2 �m gap (35 - 52%, p=0.006). One particularly interesting 

finding from this study was that quite a lot of URBCs from the vivax malaria patients 

15.2% (5/33) were destroyed by the constriction channel. 



                                                                                                                                                                        58

 
 
Figure 5.7 (A) The effect of P. vivax asexual development on the recovery of PRBCs 
after passage through the 2 μm constriction. Eighteen cells under dashed lines did not 
recover. (B) The percentage of URBC and PRBCs destroyed by a 2 μm constriction; 
survived cells (black shading), destroyed cells (white shading).  
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PART VI 
 

DISCUSSION 

 

6.1 Adhesive Behavior of URBCs from Vivax Malaria Patients 

Although the original focus of this study was to study the behavior of PRBCs of P. vivax 

in microcapillary-like environment, it became immediately apparent that URBCs from 

malaria patients behaved differently to URBCs from a healthy host. Unparasitized RBCs 

from vivax malaria patients, tethered, rolled and adhered in a manner usually associated 

with Plasmodium spp. PRBCs (Figure 5.3) [36, 142, 159]. Most of this binding was 

associated with the upper surface of the PDMS chamber wall and not the borosilicate 

backing of the chamber. This was not observered in URBCs from our heathy donor. Our 

observation extends an earlier study showing that URBCs from P. falciparum cultures 

and URBCs from health donors treated with media from non-specifically rolling under 

flow conditions [160]. The observed behavior of URBC from vivax malaria patients is 

symptomatic of pathologic changes to the URBC membrane, which have important 

implications for the host and parasite, these are discussed later.  

 

6.2 Occlusion of the Microfluidic Chamber by P. falciparum PRBCs 

Previous in vitro microfluidic studies using laboratory clones of P. falciparum have 

reported the ability of P. falciparum ring stage PRBCs to deform and pass through 2μm 

constrictions [36].  We were unable to study this behavior in ex vivo isolates (n=3) as the 

P. falciparum PRBCs rapidly adhered to the PDMS channel upstream of the constriction. 

Unparasitized RBCs from these same isolates adhered to the PRBCs forming rosettes 

(Figure 5.4). Within a minute of the addition of the isolate into the chamber; rosettes, 

URBC plaques and agglutinating PRBCs contributed to a significant reduction in the flow 
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due to the almost total occlusion of the main channel (Figure 5.5. B). Our data suggests 

that fresh clinical isolates of P. falciparum are far more ‘sticky’ than laboratory clones. 

This may be due to the increased in vivo selection for parasitological phenotypes with an 

increased knob and pfEMP1 (parasite adhesion protein) density, or due to host 

protein/cytokine mediated effect on PRBCs.  

It is generally accepted that the rigid P. falciparum PRBCs cytoadhere in the host 

microvasculature to avoid splenic destruction. However, as our model dramatically 

demonstrates (Figure 5.4 and 5.5.B), such an adaptation has serious consequences for the 

host as blood flow is reduced to tissue upstream of these parasite induced plugs. 

Our study removed leukocytes from the blood media mixture to reduce confounding host 

immune factors. Although tempting to conduct future studies using ex vivo isolates of P.  

falciparum including leukocytes, and to utilize microfluidic channels coated with 

endothelial cell expressing various adhesion receptors [159],  our study shows such 

efforts would be frustrated by the rapid blockage of the microchannels.  

 

6.3  The Microfluidic Behavior of  P. vivax PRBCs 

In contrast to the channel blocking behavior of P. falciparum PRBCs, P. vivax isolates 

did not obstruct the flow of cells through the chamber. Consequently, it was possible to 

study the movement of all the erythrocytic developmental stages of P.vivax in the 

microfluidic chamber. 

Unlike P. falciparum, all developmental stages of P. vivax were able to transverse the 2 

μm constriction, the median transit velocity through this gap decreased with parasite 

maturity (Figure 5.5 C-E). However the relationship between transit velocity and 

increasing parasite maturity did not remain significant after controlling for possible 

variations in the deformability of the patients URBCs (Figure 5.6). In an earlier study 
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Shelby et al, [36] observed a reduction in the ability of mature stages of P. falciparum 

PRBCs to pass through increasingly smaller microfluidic constrictions (8, 6, 4 and 2 μm). 

The reduced movement of P. falciparum trophozoites and schizonts through these 

chambers is due to increases in the PRBC internal viscosity and membrane rigidity [30, 

161].  In contrast to P. falciparum, P vivax offsets any increases in internal viscosity by 

increasing the deformability of the PRBC membrane as it matures [34], ameliorating 

reduction in the transit time of P. vivax as it matures. Interestingly, the size of P vivax 

PRBCs in solution was similar to that of the URBCs (~8μm), contrasting with the 

characteristic enlargement of P. vivax PRBCs observed in thin blood-smears (Figure 5.1 

and 5.2). Relative to less deformable P. falciparum; P. vivax PRBCs tend to spread out as 

they are compressed and smeared on the glass surface; resulting in the artificially larger 

surface area observed in P. vivax thin films. 

Past studies clearly demonstrate that the increased membrane rigidity and internal 

viscosity of mature parasites reduce the ability of P.falciparum PRBCs to recover their 

shape after constriction [161]. This study did not find a stage specific effect on the 

recovery of P. vivax  PRBCs post constriction (Figure 5.7). In contrast to P. falciparum, 

the highly deformable PRBC membrane of P. vivax trophozoites and schizonts recovered 

in a similar time to URBCs after passing through the 2 μm gap. However it should be 

noted that although the highly fluid membrane of P. vivax recovered quickly the internal 

parasitophorus structures of the PRBC remained compressed for up to ~20 seconds. The 

ability of most P. vivax PRBCs to rapidly recover in our model supports the current 

paradigm that increased deformability in the PRBC membrane allows this species to 

survive splenic clearance.  
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6.4  Microfluidic Destruction of PRBCs and URBCs from Vivax Malaria Patients 

Although most of the P. vivax PRBCs observed in this study recovered after the 2μm 

constriction, 33 % (18/54) were destroyed (Figure 5.7). So although the P vivax PRBCs 

have a highly deformable membrane it is also very fragile. The fragility of this membrane 

increases as the parasite matures, consequently a significantly high proportion of P. vivax 

trophozoites and schizonts were destroyed by the constriction (Figure 5.7B). A similar 

percentage of ring stage and URBCs survived passing through the 2 μm gap 

(Figure4.7B). One particularly interesting finding from this study was that 15.2% (5/33) 

of URBCs from the vivax malaria patients were destroyed by the constriction.  Although 

we were unable to control for this result using URBCs from healthy Papuan Indonesians 

we did attempt to control for this result by using URBC from a healthy volunteer from a 

non malaria endemic country. In this single isolate less than 3% (1/38) of the observed 

URBCs failed to recover.  If we assume a similar level of URBC destruction in healthy 

Indonesians living in Papua, it would seem P. vivax infection contributes to a significant 

amount of URBC destruction.  This finding supports earlier study by Collins et al [162] 

who noted that P. vivax infections cause a considerably greater level of anemia than could 

be accounted for by PRBC destruction. Destruction of URBCs has also been noted in P. 

falciparum infections, however this is considerably less than that observed in vivax 

malaria [110, 162, 163].  The mechanism by which P.vivax infections damage URBCs is 

unknown, however oxidative stress from rupturing parasites or host immunological 

intermediaries have been suggested [60, 164].  The wholesale destruction of host URBCs 

seems at odds with P. vivax’s relatively host friendly strategy of avoiding splenic 

clearance by increasing the deformability of the PRBC membrane. However, by inducing 

anemia the human host responds with the increased production of reticulocytes which are 

the primary target for P. vivax merozoite invasion. Subsequent increases in the P. vivax 
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parasitema are self limited by the maximum ~2% reticulocyte physiological threshold and 

possibly due to a proportion of mature P. vivax PRBCs being destroyed by the spleen.  
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PART VII 

CONCLUSION 

 

 The erythrocytic developmental stage of P. falciparum causes significant increases to the 

rigidity and viscosity to the PRBCs. Consequently, they will experience difficulty passing 

through the sinusoids of the spleen. However, because mature stages of P. falciparum 

adhere to the vascular endothelium, they avoid splenic clearance. Avoidance of splenic 

clearance by P.vivax PRBCs occurs via another mechanism; increased membrane 

deformability. Although the viscosity of P. vivax PRBCs increases as they develop, they 

readily pass through the small gaps of our microfluidic chamber by increasing their 

deformability.  

Our results showing increased P. vivax PRBC deformability, confirms earlier work 

conducted by Suwanarusk et al. However this earlier study and another using a rheoscope 

deform RBCs purely by shear stress, our superiour constriction-based model subjects 

RBCs to a true extrusion, which incorporates multiple mechanical responses, including 

those from (1) transient pressure differential experienced by a cell as it travels between 

the entrance and exit of the constriction, (2) elastic conformation of the cell membrane to 

rigid external boundaries, and (3) capillary pressure rise as a result of membrane 

curvature change. 

Despite the advantages of this system, there were a number of important limitations to our 

microfluidic assay, such as conducting the experiment in ambient temperature rather than 

physiological temperature, utilizing a certain constriction channel rather than a wide 

range of diameter channel like in human body and have not considered the effect of 

human response to the deformability of RBCs. 
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P. vivax is arguably the most successful species of the suborder Haemosporina having the 

widest geographical distribution of any of the Plasmodium genus and conservatively 

infecting 80 million humans every year (often in areas no longer endemic other 

Plasmodium spp.). P. vivax’s elegant solution to avoid splenic clearance by increasing 

PRBC deformability has contributed to the successful maintenance of this host-parasite 

relationship.  
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Appendix 1. Publication arising from  

 

On the 27 of July 2008 the following manuscript was accepted with minor corrections by 
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Appendix 2. Information sheet  

 

Plasmodium Infected RBC Deformability and Cytoadhesion 

 

Malaria is serious infection and may be fatal. Ways that the malaria parasites cause disease are by 

changing the ability of the blood cells to squeeze through blood vessels (deformability) and by 

making them stick to blood vessels (cytoadhesion). This study is trying to identify how and why 

this happens. 

If you or your child agrees to participate in this study, the following procedures will happen: 

1. You will be asked a questionnaire about your symptoms and have an examination by a doctor. 

2. If you or your child agrees, we will take up to 12 ml blood sample from your arm (about 2½ 

teaspoons) on one occasion. This will be used to test the deformability and  stickiness of your 

blood caused by the malaria parasites, what may be causing these changes, and what may kill 

these parasites better. 

There are no serious effects by taking the blood aseptically and it will be conducted by an 

experienced health worker. 

By better understanding how and why malaria causes severe disease, the results of this study may 

benefit people with malaria in future, but there may not be any direct benefit to you. You will not 

be charged any money for your malaria treatment and blood examination  

If you do not wish to participate in this study it will not affect your right to receive standard health 

care administered at the hospital.  

Any time you can withdraw yourself/your child from the study and still receive the treatment as 

you would normally. 

All data will be identified and confidential. The raw data will be kept safely at NIHRD or by 

collaborators approved by NIHRD. 

If you have any questions about the study, you may contact Dr Enny Kenangalem or one of the 

other study doctors in this hospital on 901-324052 

If you have concerns or complaints about the study, these should be addresses to Sarwo 

Handayani or Dr. Emiliana Tjitra , the first and second Principle Investigator NIHR&D Jakarta, 

Telephone number 021-4261088 ext 135 
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Appendix 3. Consent form for adult 

 

Plasmodium Infected RBC Deformability and Cytoadhesion 

 

I …………………………………………………………….agree to participate in above 

study 

 

I have been informed about all aspects of this study.  I understand that if I do not wish to 

participate in this study it will not affect my right to receive standard health care 

administered at the hospital 

 

I agree to having a blood sample collected. 

 

I am aware that I can withdraw consent  at any time of my choosing without affecting my 

treatment. 

 

I know that all the data will be identified and confidential, and the raw data will be kept 

safely at NIHRD or by collaborators approved by NIHRD 

 

 

Signature of patient  : ………………………………………………… 

 

Date    : ………………………………………………… 

 

Witness   Name   : ………………………………………………… 
     

         Signature  :…………………………………………………………. 
      

   Date   :………….………………………………………………… 
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Appendix 4. Consent Form for children 

 

Plasmodium Infected RBC Deformability and Cytoadhesion 

 

I have been informed about all aspects of this study.  I understand that if I do not wish to 

participate in this study it will not affect the right of my child to receive standard health 

care administered at the hospital 

 

I agree as the parent / legal guardian 

of…………………………………………………that he/she can be enrolled in above 

study 

 

I agree to my child having a blood sample. 

 

I am aware that I can withdraw consent at any time of my choosing without affecting my 

child’s treatment.  

 

I know that all the data will be identified and confidential, and the raw data will be kept 

safely at NIHRD or by collaborators approved by NIHRD 

 

Name of parent/guardian : ………………………………………………… 

 

Signature of parent/guardian : ………………………………………………… 

 

Date    : ………………………………………………… 

 

Witness   Name   : ……………………………………………… 

     

         Signature  :……………………………………………… 

      

   Date   :……………………………………………… 
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Appendix 5. Ethical approval letter of the study from NIHRD Indonesia 
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Appendix 6. Ethical approval letter of the study from HREC-MSHR 
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Appendix 7. Information sheet in Indonesian language 

 

Deformabilitas dan sitoadhesi sel darah merah yang terinfeksi plasmodium 

 

Malaria merupakan penyakit infeksi yang berbahaya dan dapat berakibat fatal. Parasit malaria  
menyebabkan penyakit dengan cara merubah kemampuan dan bentuk (deformabilitas) sel darah 
merah  ketika melewati pembuluh darah  dan membuatnya melekat pada epitelium pembuluh 
darah tersebut (sitoadhesi). Penelitian ini bertujuan untuk mengetahui mengapa dan bagaimana 
hal tersebut dapat terjadi. 
 
Jika anda atau anak anda setuju ikut serta dalam penelitian ini, maka : 

1. Anda akan ditanya tentang gejala yang anda alami dan akan mendapat pemeriksaan 
dokter 

2. Jika anda atau anak anda setuju, akan dilakukan pengambilan darah sebanyak 12 ml dari 
lengan anda atau sebanyak 21/2 sendok teh, dan hanya sekali pengambilan. Darah 
tersebut akan digunakan untuk pemeriksaan perubahan bentuk (deformabilitas) dan daya 
rekat sel darah merah, yang disebabkan oleh parasit malaria. Pemeriksaan juga bertujuan 
untuk mengetahui penyebab perubahan  tersebut dan obat  yang tepat untuk membunuh 
parasit malaria. 

 
Pengambilan darah dilakukan secara aseptik dan dilakukan oleh petugas kesehatan yang telah 
berpengalaman, sehingga tidak ada efek yang berbahaya dengan pengambilan darah tersebut.  
 
Dengan mengetahui mengapa dan bagaimana malaria dapat menyebabkan penyakit yang parah, 
maka hasil penelitian ini akan bermanfaat untuk penderita malaria di masa mendatang, walaupun  
mungkin tidak bermanfaat secara langsung untuk anda sekarang. Anda tidak dikenakan biaya 
apapun untuk pengobatan malaria maupun pemeriksaan darah. 
 
Jika anda tidak ingin ikut serta dalam penelitian ini, maka tidak akan mengurangi hak anda untuk 
mendapatkan pengobatan standar yang dilakukan di rumah sakit. 
Setiap saat anda atau anak anda dapat mengundurkan diri dan akan tetap mendapat pengobatan 
seperti biasanya 
 
Semua data akan diidentikasi dan bersifat rahasia.  Data asli akan disimpan di Badan Litbang 
Kesehatan atau instansi yang ditunjuk oleh Badan Litbang Kesehatan 
 
Jika anda mempunyai pertanyaan tentang penelitian ini, anda dapat menghubungi Dr Enny 
Kenangalem atau  dokter di rumah sakit ini dengan no telp 901-324052 
 
Jika anda membutuhkan penjelasan dan keberatan dengan penelitian ini, dapat ditujukan kepada 
Sarwo Handayani atau DR. Emiliana Tjitra, sebagai Ketua Pelaksana I dan II, dengan alamat 
Badan Litbang Kesehatan Jakarta,  no telp 021-4261088 pes 157 
 
 


