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Abstract 

Infection by Plasmodium spp. is the cause of malaria, a disease transmitted by Anoph-

eles mosquito bites. Although it is a treatable and preventable disease, malaria still remains 

as a major cause of death in children and it is highly transmitted in developing countries. The 

reasons why malaria has not been yet eradicated are mostly related to: (i) the high number 

of antimalarial drug resistances; (ii) the lack of diagnostic tools that can be brought to the 

endemic areas and, at the same time, are sensitive enough to detect early and asymptomatic 

cases; (iii) low efficacy (about 40%) of the only vaccine being implemented; and (iv) the dif-

ficulties and lack of effectiveness in the vector-control measures applied (also due to insecti-

cide resistances), besides other socio-economic reasons. 

As a strategy to solve some of these issues, nanotechnology has started to be applied 

to malaria research to enhance the efficacy of antimalarial drugs, to improve diagnostic de-

vices, to offer new antimalarial or insecticide strategies and as part of vaccine components. 

However, the mechanisms for direct targeting to the parasite (either for drug delivery or for 

diagnosis) mostly rely on antibody use or tools that do not generally meet the cost-efficiency 

requirements to develop new devices or treatments for a tropical disease. New targeting tools 

against Plasmodium could be developed by selecting those surface targets previously de-

scribed in literature and exploiting their known interactions/inhibitors or by ‘blind’ selection 

with whole cells. The main difficulty with both strategies resides in the intracellular nature of 

the parasite while infecting humans, which limits the number of antigens exposed, and the 

antigenic variation that has been already described for this organism as a way to avoid the 

immune system. 

In this work, targeting molecules have been studied by two approaches: the exploita-

tion of the already-known sulfated glycosaminoglycan-parasite interactions, both in human 

and mosquito stages, and the screening of new ligand-target interactions by whole cell selec-

tion of aptamer sequences. 

The first article here compiled explores heparin application, a sulfated glycosamino-

glycan that possesses antimalarial and anticoagulant activities, as it can block the parasite 

invasion of red blood cells. The objective was to obtain molecules derived from heparin lack-

ing anticoagulant activity, so they could be applied safely for in vivo antimalarial treatment. 
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In addition, other modifications (drug conjugation or covalent linking to liposomes) were 

tested to enhance the antimalarial effect. 

Continuing with the exploration of heparin potential, inhibition of parasite growth in 

the mosquito stages was also tested. The second article included in this work provides evi-

dence of heparin blocking the formation of Plasmodium berghei oocysts when administered 

together with infected blood in membrane feeding assays to Anopheles stephensi mosquitoes.  

Finally, the third article of this thesis describes the selection of aptamers against fixed 

Plasmodium falciparum infected red blood cells. Their characterization with flow cytometry 

and fluorescent microscopy indicated high specificity (>84% of trophozoites and <0.06% of 

non-parasitized cells were positive for aptamer labeling) and affinity (all aptamers had ap-

parent dissociation constant between low µM and high nM range), although this was only ob-

served in fixed or permeabilized cells, which suggested that the target is intracellular. Further 

characterization with protein extracts and other Plasmodium species was also performed. The 

results presented the obtained aptamers as suitable diagnostic tools. 

Both approaches for the development of targeting tools showed great potential at dif-

ferent levels. Besides, the combination of different targeting tools or the selection of aptamers 

against specific parasite proteins or stages could be of use in the development of targeted 

delivery products or new diagnostic devices for malaria. 
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Resumen 

La malaria es una enfermedad infecciosa producida por Plasmodium, protozoo trans-

mitido a través de la picadura de mosquitos del género Anopheles. Aunque existen tratamien-

tos y medidas de prevención, en los países tropicales sigue teniendo una alta incidencia de-

bido a problemas como la aparición de resistencias (tanto a los fármacos como a los insecti-

cidas), la inexistencia de una vacuna eficaz y la necesidad de herramientas de diagnóstico más 

baratas y sencillas para llevar a zonas rurales, entre otras cuestiones socioeconómicas. 

A nivel de investigación, las herramientas de nanotecnología se exploran para mejorar 

la eficacia de fármacos, como componentes de vacunas o fabricación de nuevos fármacos o 

insecticidas. Sin embargo, las herramientas de direccionamiento de los sistemas de trata-

miento o las usadas en detección de antígenos para el diagnóstico aún no cumplen los requi-

sitos de relación coste/efectividad para una enfermedad de los países en desarrollo. 

Este trabajo se ha enfocado en la exploración de interacciones ligando-diana de los 

compuestos glicosaminoglicanos sulfatados y el desarrollo de nuevos elementos direcciona-

dores, los aptámeros, como nuevas herramientas con posible aplicación en la eliminación de 

la malaria. Esta investigación ha quedado compilada en tres artículos. Los dos primeros ar-

tículos resumen los resultados de la aplicación de heparina y sus derivados para bloquear el 

desarrollo del parásito, tanto en las fases de infección de mamíferos como en el mosquito. En 

el tercer artículo se describe la selección y caracterización de aptámeros con potencial apli-

cación al diagnóstico de la malaria. 

Estas herramientas de direccionamiento hacia el parásito son más baratas que los an-

ticuerpos y se podrían aplicar en sistemas nanotecnológicos de transporte de fármacos, utili-

zar como adyuvantes de tratamientos o incluir en pruebas de diagnóstico. 
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Introduction 

1. Malaria relevance 

Malaria is a tropical disease with 228 million cases and 405 000 deaths worldwide in 

2018, according to the World Health Organization (WHO). The incidence rate of malaria has 

been decreasing globally since 2010 (251 million cases), although between 2014 and 2018 

there has been an increase in case incidence (217 million cases in 2014). 93% of malaria cases 

in 2018 were in the African Region, 3.4% in South-East Asia and 2.1% in Mediterranean Re-

gion 1–3. 

This disease has accompanied humans through evolution, being referred to in biblical 

passages and in Hippocrates’ writings 4. Even with the treatments available, it is a major bur-

den for humankind, and many economic, political, research and health-care efforts are spent 

on its eradication, as WHO publishes every year in its reports 2,3. 

Not so long ago, malaria was more widely spread around the world, but due to envi-

ronmental changes and following elimination campaigns conducted between the 1950s and 

1960s, it was eliminated from many regions of Europe and North America 4. Today’s distribu-

tion of the disease remains in the tropical regions (Figure 1), with some countries slowly be-

coming malaria free, for example Paraguay and Uzbekistan since 2018 and Algeria and Ar-

gentina since early 2019 2. 

 

Figure 1: Distribution and disease incidence rate (cases per 1000 people at risk) in current ma-
laria endemic regions. Most of the cases are in African countries. Adapted from 3. 
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Malaria in humans is caused by six species of protozoa parasites from the genus Plas-

modium. Plasmodium falciparum is the most prevalent species in sub-Saharan Africa (99.7% 

of the cases), while Plasmodium vivax is predominant in America (74.1% of the cases) and 

represents 37.2% of the cases in South-East Asia and 30.1% in the Eastern Mediterranean 2 

(Figure 2). The other species are Plasmodium malariae, Plasmodium ovale curtisi, Plasmodium 

ovale wallikeri and Plasmodium knowlesi, being the three first human malaria species, and the 

last one, monkey malaria transmitted zoonotically 5.  

 

Figure 2: Estimated number of cases (millions) in each region in 2016. The areas of the charts are 
proportional to the number of cases, and proportions of the two main species of malaria causing parasites are 
represented in different colors. AFR, WHO African Region; AMR, WHO Region of the Americas; EMR, WHO Eastern 
Mediterranean Region; SEAR, WHO South-East Asia Region; WPR, WHO Western Pacific Region. Adapted from 2. 

Malaria transmission occurs mainly via bites of female mosquito from the genus 

Anopheles, of which about 30 species are important vectors 5. It can also be transmitted by 

inoculation of infected blood and congenitally 4. The symptoms of the illness at initial stages 

include fever, headache, chills, and weakness, and can be difficult to recognize as malaria. 

These symptoms appear 10-15 days after the infective mosquito bite, and, if not treated 

promptly, when produced by P. falciparum, they can progress to severe illness, with an ab-

normal level of consciousness, severe anemia, hypoglycemia, renal failure, and multisystem 

failure, often leading to death. Children, elderly, pregnant women, and people with underlying 

chronic illness are at higher risk of developing severe malaria. In endemic regions, people 

may develop partial immunity, thus having asymptomatic infections that become a parasite 

reservoir for transmission 4,5.  

Even though P. vivax has a wider distribution, as it can develop in the mosquito vector 

at lower temperatures, and has a relapse mechanism thanks to its dormant stages that can 
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activate months after the infection 3, the deadliest of malaria causing parasites is P. falcipa-

rum. It is also the parasite responsible for the highest number of cases. Therefore, and with 

no intention to minimize the concern that other species can arise too, this work has focused 

mainly on P. falciparum. 

 

1.1. Parasite biology 

Plasmodium spp. Is classified as protozoan within the Apicomplexa phylum, 

Aconoidasida class, Haemosporida order and Plasmodiidae family. They are unicellular and 

have multiple characteristics that make them different from mammalian cells, which are ex-

ploited for the treatment of their infections.  

P. falciparum is classified in the Laverania subgenus, and differs from other Plasmo-

dium spp. that cause human infections 6. This organism seems to have been originated from a 

western gorilla parasite, possibly after an event of host transfer 7. The most closely related 

parasite is P. praefalciparum 8. Its genetic diversity seems to follow the human migration 

along the globe, exposing the parasite to bottlenecks when a small population of humans trav-

eled to other regions 9. 

In the next subsections, some other important characteristics of Plasmodium spp. are 

described to highlight those that allowed the development of treatment or targeting tools. 

 

1.1.1. Life cycle 

Plasmodium parasites are beings with a complex life-cycle, which live inside two dif-

ferent hosts: a vertebrate, host of the asexual forms, and a mosquito, inside which the sexual 

reproduction occurs. As P. falciparum life-cycle is the one of relevance for this text, it is its life 

cycle the one described below. Other species have similar life cycles with different timings 

and/or morphologies of their stages. 

The cycle inside the human host (Figure 3) starts with an infected mosquito bite, 

which inoculates sporozoites: parasite forms that travel within the blood and accumulate in 

the liver, where they infect the hepatocytes. The parasite develops intracellularly, becoming 

a multinucleate liver-schizont, until it bursts, liberating thousands of merozoites: free para-

site forms that enter the blood circulation until they reach an erythrocyte, the next cell host 
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for this parasite. Inside the red blood cells (RBC) is where the intraerythrocytic cycle occurs: 

the parasite feeds and grows inside its RBC, forming what is known as ring stage, which grows 

into a trophozoite, and finally starts to divide asexually, forming the schizont. Mature schi-

zonts release new merozoite forms into the blood stream, which invade new erythrocytes. 

These cycles of division are related with the periodical cycles of fever in malaria patients, one 

of the main symptoms that allow malaria diagnosis, and, depending on the Plasmodium spe-

cies, these cycles last differently 4. In P. falciparum, maturation of intraerythrocytic forms 

takes 48 hours, and fever periodicity follows such pattern 10.   

 

Figure 3: Scheme of the Plasmodium life cycle. It involves two hosts: human, in which the parasite 
reproduces asexually, and mosquito, in which the parasite does sexual reproduction. After an infected mosquito 
bites a human, the parasite travels to the liver, where it divides intracelullarly, before being released into the blood. 
Is during the intraerythrocytic cycle when the malaria symptoms occur. Within the blood, precursors of the sexual 
stages will be taken up by the mosquito, inside which the fertilization occurs. The parasite divides in a sporogonic 
manner inside the mosquito, and, then, it reaches the salivary glands to invade the next host. Schemme from 11.  

Within the intraerythrocytic cycle, some of the ring forms differentiate into gameto-

cytes, the precursors of the sexual forms (the mechanisms that produce this differentiation 

are reviewed in 12). These remain sequestered in the bone marrow during their maturation, 
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and are released into the blood when their deformability changes as they are fully mature 13–

15. In P. falciparum, gametocytes mature in 10-12 days, while other species like P. vivax have 

these stages fully mature in 2 days. Parasites used in animal models such as P. berghei and P. 

yoelii have mature gametocytes 30 hours after RBC invasion 12.  

The sexual part of the cycle starts when a mosquito bites an infected human that has 

gametocytes circulating. Such forms enter into the mosquito when it is feeding, and inside the 

digestive system of the insect, they develop into gaemetes, by emerging from the RBC, in a 

process called egress. When a female gamete, or macrogamete, and a male gamete, or micro-

gamete, encounter inside the mosquito, they fuse, forming the zygote, which undergoes mei-

osis and genetic recombination shortly after. Within the next 24 hours, the zygote becomes 

an ookinete form, enlongated and motile, which attaches and crosses the mosquito midgut 

epithelium. Over the external surface of the midgut, ookinetes become oocyst forms, which 

undergo numerous asexual divisions for the next 10-12 days, forming sporozoites inside the 

cell. Sporozoites egress from mature oocysts and get into the insect hemolymph, reaching the 

salivary glands, where they accumulate until the mosquito bites its next human host 16.  

The intraerythrocytic cycle of the parasite is responsible for the clinical outcome ob-

served in human patients: the merozoite release and reinvasion is related with fever episodes 

and the mechanisms evolved by P. falciparum to evade the immune system result in pasasite 

cytoadhesion, producing tissue sequestration and rosetting, which may arise the symptoms 

charactersitic of severe malaria 17–22. The molecular mechanisms of cytoadhesion will be de-

scribed in detail later on, as many of them can be of use for targeting the parasite. 

 

1.1.2. Cell morphology 

As this unicellular parasite goes from one host to another, through changing environ-

ments and very different stages, either free forms or intracellular phases, its morphology and 

cellular components are constantly changing. There are, of course, many shared elements too, 

and an overview of them is presented in this section, with especial emphasis on those useful 

for targeting and treatment. 

Free parasitic forms that are invasive have some common structures: they are polar-

ized towards an apical side, in which several secretory organelles accumulate that have im-
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portant functions in the invasion process. This is so for merozoites, ookinetes and sporozo-

ites (Figure 4), existing some differences between them depending on their respective inva-

sive behaviors. These organelles have differential release according to their function: (i) the 

egress from the previous cellular form is mediated by exonemes –which are present in the 

merozoite, and the proteolytic activity needed for sporozoite egress indicates that they might 

be present in this stage too–; (ii) the motility and invasion relies on micronemes; (iii) the 

function of the rhoptries is focused on cell infection and parasitophorous vacuole (PV) for-

mation –they are not present in ookinetes, because they just traverse the cells of the mosquito 

midgut endothelium and do not establish inside–; and (iv) the dense granules are released to 

form the PV and start remodelling the host cell. In addition, all these stages have glyco-

sylphosphatidylinositol (GPI) anchored proteins covering the cell surface, among other 

shared molecular characteristics. These shared features are common for more parasites of 

the phylum, as Toxoplasma gondii has also many of these structures in its invasive form, 

though the contents of the organelles are different 23.  

 

Figure 4: Main shared structures between free invasive forms of the Apicomplexa parasites. Most 
of the proteins required for invasion are indicated in the organelle or structure where they are accumulated. A 
scheme of the invasive form of Toxoplasma gondi can be seen in panel b for comparison. Image from 23. 
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Targeting the invasion process is one of the exploited strategies for vaccine and treat-

ment development 24–27, and it is related with the objectives of this work. 

Another common element in most species of the Apicomplexa phylum is the presence 

of the apicoplast, a remnant plastid originated from the assimilation of a red algal organism. 

It is essential for Plasmodium survival, has its own 35 Kb circular genome and expresses a 

small number of genes, even though most of its proteins are encoded in the nucleus. Apico-

plasts are not photosynthetic and their main functions are related to fatty acid, isoprenoid 

and heme synthesis; their pathways in these functions are typically prokaryotic, which have 

been exploited as drug targets for antibiotics. Research focused on this organelle aims at find-

ing new antimalarial drugs 28,29. This plastid is always near the mitochondrion in the in-

traerythrocytic stages (Figure 5), and comes to contact with the food vacuole as the parasite 

grows, as well as its complexity increases. In schizont stages, during merozoite formation, 

both apicoplast and mitochondrion replicate several times, so that there will be one of each 

in every merozoite 30.  

 

Figure 5: Morphology interpretation of a cup-shaped ring stage. Just the parasite is represented, 
without the host cell or PV. All organelles are depicted: plastid, mitochondrion, ribosomes, nucleus with elongated 
shape, and even small pigment vacuoles that later on will fuse forming just one large food pigmented vacuole. 
Image from 30. 

In addition to these traits, it is also common in intracellular parasites to be inside a 

PV, formed by invagination of the host cell membrane. In Plasmodium, this happens in liver 

and intraerythrocytic stages. The PV membrane (PVM) has many alterations in its 
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components compared to the host membrane due to the export of lipids and proteins from 

the rhoptries during invasion. Many proteins from the parasite, which may form pores for 

nutrient intake or are part of the  protein exporting machinery, are located in the PVM and 

are placed there either by the rhoptry discharge or through exportation by the parasite once 

it is inside the host (reviewed in 31). 

For protein export, special organelles called Maurer’s Clefts seem to have  an 

outstanding role. These organelles were discovered by Maurer in 1902 32, who described 

them as small spots appearing during parasite growth, thanks to alkaline methylene blue 

staining. With the use of electron microscopy, Maurer’s clefts could be observed in detail: 

narrow clefts, like vacuoles or sack-like structures, in the cytosol of the infected red blood cell 

bordered by a single membrane. They start forming early after invasion, possibly originating 

from the PVM and acquiring a flattened structure in later stages. There is a complex net of 

connection between individual Maurer’s clefts, the PVM and the erythrocyte membrane 

(reviewed in 33). So far research has pointed out their function as ‘sorting stations’, and only 

a few proteins are transported through the erythrocyte cytosol without passing through 

them. Many parasite proteins find their final destination in the Maurer’s clefts, to form part of 

the export machinery. Since about 10% of parasite proteins are exported, this process has 

interest for the discovery of new drug targets (reviewed in 34). 

After passing through the Maurer’s clefts, many parasite proteins are exported to the 

host cell membrane, where they mainly accumulate in the knobs: firstly described as elec-

tron-dense infected erythrocyte protrusions, these areas concentrate many strain-specific pro-

teins that interact with the host, predominantly in cytoadhesion. Depending on the type of 

molecules displayed, parasites can form rosettes (aggregates formed when a parasitized cell 

attaches to healthy RBCs) or can be sequestered in the capillar endothelium of certain tissues, 

which are some of the traits that can arise symptoms of acute complicated malaria 35,36.  

Finally, P. falciparum has a large food vacuole, formed through the fusion of smaller 

ones in early stages. Because the food vacuole is not present in merozoites, it forms part of 

the cell debris left after egress and starts forming from scratch once the invasion of a new 

host cell is completed. The food vacuole is acidic (pH 5.0 – 5.4) and has hemoglobinase and 

ATPase activity (reviewed in 37). Here is where hemozoin, a characteristic crystalline pig-

ment that grows as the parasite develops, is located. 
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The formation of hemozoin is very relevant for parasite survival and treatment devel-

opment. Its discovery roots in microscopic observations of a golden-brown to black pigment 

within the infected erythrocyte that was promptly associated with malaria 38. In 1891, Car-

bone suggested that such pigmented granule contained metalloporphyrin hematin 39. Pres-

ence of hematin was confirmed in 1911 40, and later investigations described it as 16% of 

hemozoin composition. The rest of components were of protein (65%) and carbohydrate 

(6%) nature, with trace amounts of lipids an nucleic acids 41. 

Hemozoin derives from hemoglobin digestion. This protein is the main source of 

amino acids for intraerythrocytic malaria parasites, as its content in erythrocytes decreases 

during the parasite growth inside those 42; the free amino acid concentration inside non-in-

fected cells is lower and, when hemoglobin is labeled, such label appears in parasite proteins 

(reviewed in 43). Hemoglobin is taken up by trophozoites and early schizonts when they ingest 

cytoplasm in cytosomes, which are transported to the food vacuole 44. When hemoglobin is 

proteolyzed, α-hematin (also known as ferriprotoporphyrin IX) is released. This compound is 

a pro-oxidant, and can produce reactive oxygen species, becoming toxic for the cell. In addi-

tion, hematin can disrupt cell membranes, adding another toxic effect as it could lysate the 

erythrocyte 45. To avoid this toxicity, parasites produce hemozoin by crystallization, forming 

insoluble and inert β-hematin crystals in a process in which pH, lipid interactions and/or en-

zymes could be involved 46,47. Among the proteins that have a role in the process, Heme De-

toxification Protein is secreted in the infected RBC cytosol and accompanies hemoglobin in its 

incorporation into the food vacuole, where hemozoin forms 48. 

Hematin toxicity and hemozoin synthesis blocking is one of the exploited mechanisms 

in antimalarial treatment. Quinolines, such as quinine and chloroquine, interact with the hem-

atin found in hemozoin 49,50, and artemisinin activity also involves interactions with heme 

groups 51. 

Not only hemozoin formation is an important target for drug treatment, but also its 

physicochemical characteristics provide mechanisms for isolation of parasites through mag-

netic interactions 52. Besides, its crystalline structure can help to identify parasite stages 

through light depolarization 53 and both magnetic and optical characteristics were studied for 

developing malaria diagnostic tools 54,55. New research approaches study its influence on par-

asite growth under magnetic rotating fields 56. 
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1.1.3. Interactions with the human host, parasite evasion and immune responses 

The interactions between Plasmodium and its human host are very complex. During 

its intraerythrocytic strages, the parasite can be subject of spleen sequestration, as this organ 

naturally filters defective RBCs mechanically. The increased stiffness of the parasitized RBCs 

(pRBCs), specially at their late stages, retains them in this organ, and can produce splenomeg-

aly or enlargement of the spleen, which has been associated with anemia (the spleen role in 

malaria infection has been reviewed in 57). To avoid clearance from the circulation system, 

there is another type of sequestering induced by the parasite: adherence to endothelium of 

capillaries, which is characteristic of P. falciparum. This occurs mainly in trophozoite and schi-

zont stages, when the parasite exposes proteins that interact with the endothelium ligands, 

and has enough rigidity to be cleared up by the spleen. Besides, clonal switching in the para-

site can tune the adhesion to melanoma cells 58. There are several proteins (that will be de-

scribed in section 1.1.4) involved in endothelium sequestration that are subjects of antigenic 

variation: the protein variants are expressed differently in different parasite clones, and are 

subject of selection by antibody recognition, when the immune system raise a response 

against a specific clone of the parasite, other different clones can escape from it. The switching 

has epigenetic nature, and each new generation of parasites randomly expresses different al-

leles of these proteins (antigenic variation and influence in the disease has been reviewed in 
59,60). 

Both cytoadhesion of the parasite and the antibody response of the host relate with 

the clinical outcome in humans. Severe malaria mostly appears in non-exposed individuals 

when they first encounter the parasite, either children or naïve adults from non-endemic re-

gions. With exposure, humans can have almost complete protection against the death from 

malaria, although they will still carry the parasite and mild illness or an asymptomatic version 

of the disease develops 61. Complete sterile immunity does not seem to be achieved through 

parasite exposition, though this partial immunity can limit parasite density and symptoms 62. 

In addition, it seems that for maintaining this level of immunity, frequent exposure to P. falci-

parum is needed. Parasite derived material or the infected erythrocytes can interfere with the 

generation of memory T cells and antibodies, leading to this partial immunity 63. The complex 

relationship of the parasite with the immune system is impairing so far the development of 

an effective vaccine. 
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As a result of selection pressure along human biological evolution, some traits have 

been maintained within the population like sickle cell disease, hemoglobinopathies, cytokine 

mutation and enzyme deficiencies that confer some resistance to Plasmodium infection 64,65. 

 

1.1.4. Natural exposed parasite targets 

In several sections of this work, surface targeting of the parasite will be discussed as 

vaccination, drug delivery, treatment or diagnostic approaches in malaria research. In this 

section, different molecular features that have potential for targeting Plasmodium are de-

scribed, with focus on what the parasite exports to the membrane of the RBC and the parasite 

forms that are not intracellular.  

 

Adhesive proteins exposed in the erythrocytic cycle 

Several surface characteristics distinguish a healthy cell from a Plasmodium-infected 

one. Among these features in the parasitized cells, the knobs that have already been described 

display many of the parasite proteins present on the surface of the pRBC, and they are related 

to cell adhesion. 

First in line, P. falciparum erythrocyte membrane protein 1 (PfEMP1) is a protein 

exposed in the erythrocyte surface involved in adhesion and sequestration processes. It is 

encoded by var genes, of which there are more than 60 allelic variants, subject to the antigenic 

variation mechanism and are expressed in a mutually exclusive manner 60. There are 3 main 

subgroups of var genes (known as A, B and C), 2 intermediate subgroups (with shared char-

acteristics between B/A and B/C) and 2 gene subfamilies that do not fit within any of the 

groups (var1 and var2) 66. This classification correlates with the types of adhesion domains 

present in the protein, and, therefore with the parasite cytoadhesion tropism 67.   
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PfEMP1 is  displayed on the knobs, and 

the variant expressed can influence knob den-

sity and distribution 68. Some reviews 22,69,70 

have already covered the characteristics and 

importance of this protein in the sequestration 

process and the interaction with the immune 

system during infection. Only some highlights 

related to the binding interactions are de-

scribed here: those important in the clinical 

outcome and those generally more repre-

sented. 

Among the endothelial receptors that 

PfEMP1 binds to, cluster of differentiation 36 

(CD36) is the most common (Figure 6). Evi-

dence suggest that their interaction is not im-

plicated in severe malaria, but in mild forms of 

the disease 71,72. Subgroups B and C of the para-

site protein mostly bind CD36, with the binding 

site in the cysteine-rich-interdomain-region 1 

alpha. These subgroups are formed by a wide 

variety of different sequences that conserve ad-

herence but elicit antibodies that are not cross-

reactive between the variants 73, producing the 

immune system evasion-effect when the para-

site switch the allele.  

Some other variants from PfEMP1 sub-

groups B and C recognize intercellular adhe-

sion molecule 1 (ICAM1) 69. This interaction has 

been related with cerebral malaria 71. Antibod-

ies against these variants are also selective for 

specific parasite isolates 74. Several parasite 

Figure 6: Depiction of the main subgroups of PfEMP1, 
their most common head structure and the outcome 
when binding their receptors. The most common adhe-
sion is with CD36, associated with mild malaria. EPCR bind-
ing and rosetting is linked to subgroup A of PfEMP1, and is 
associated with severe malaria. When parasite (IE) se-
questers, interferes in the signaling cascade of which EPCR 
is effector: protein C (PC) binding of EPCR is activated by the 
thrombin (T)/thrombomodulin (TM) complex; activated 
protein C (APC) is released and mediates anticoagulant ac-
tivity while interactions with EPCR activate the protease ac-
tivated receptor 1 (PAR-1) and mediates intracellular sig-
naling with its effects. Figure from 70. 
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lines have synergetic interaction between both CD36 and ICAM1 75.  

However, the variants that are more related to severe malaria are within the subgroup 

A of var genes, as those that bind the endothelial protein C receptor (EPCR). The binding 

blocks the signaling pathway of which EPCR is responsible, having implications in coagulation 

and cytoprotection, and might contribute to the neurological damage and mortality produced 

in cerebral malaria 76,77 (Figure 6). In addition, synergetic interactions have also been ob-

served for ICAM1 and EPCR, and are associated with increased risk of developing cerebral 

malaria 78.  

Besides, some other variants of PfEMP1 from the subgroup A mediate rosetting. 

These are rarely expressed in vitro and require selection for maintaining them 72. This phe-

nomenon is dependent on the ABO blood-group antigens 79. Several publications point to hep-

aran sulfate proteoglycans as ligand for rosette formation, which can be disrupted by heparin 

or related molecules 80–82. This topic will be discussed in section 3.  

Among the variants related to severe disease outcomes, and belonging to its own fam-

ily of var genes (var2), VAR2CSA is a specific variant of PfEMP1 responsible for P. falciparum-

infected RBC sequestration in the placenta. Such accumulation of parasites is the cause of 

placental malaria, a severe syndrome that occurs when pregnant women, especially primi-

gravidas, are infected with P. falciparum. The main symptoms are anemia and low birth 

weight infants, occurring due to alterations in the inflammation responses and structure of 

the placenta, which can subsequently provoke placental insufficiency and intrauterine 

growth retardation 83–85. The ligand associated with the sequestration is chondroitin sulfate 

A (CSA), present in the intervillous spaces of the placenta in the form of chondroitin sulfate 

proteoglycans.  

Upregulation of the var2csa gene in parasite isolates selected for CSA adhesion in vitro, 

and in placental isolates relative to those from peripheral blood in children, demonstrated the 

role of this variant in placental malaria 86. The protein was found in CSA-selected pRBCs, and, 

when anti-VAR2CSA IgG levels were high in pregnant woman, the risk of low birth weight was 

reduced 21. In addition, disruption of the var2csa gene abolishes parasite binding to CSA 87, 

proving that this gene provides the capacity of adhesion to CSA in this parasite. The recombi-

nant protein could bind directly to immobilized CSA 88. 
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The VAR2CSA subfamily is defined by its ability to bind CSA and by their unusual 

structure: these proteins have seven domains, three N-terminal DBLx (also named DBLPAM), 

then three DBLε domains and one single CIDRPAM domain placed between DBLx2 and DBLx3 
69. Research towards finding the binding site of CSA highlights the importance of the DBL re-

gions, though there is no consensus on which would have the main role: some evidence points 

to DBLx2 89,90 or DBLx3 91 regions or the combination of binding sites in neighbor regions 

between DBLx1-DBLx3 92,93. Some other publications differ from this interpretation, attrib-

uting the binding site to other regions 94 or arguing that the greatest affinity is only obtained 

with the full-length protein 95,96.  

It should be pointed out that the affinity and strength of the binding between 

VAR2CSA and CSA depends on the allelic differences of this protein. P. falciparum isolates ex-

pressing different variants of var2csa had different preferred structural motifs for adhesion, 

correlating with the polymorphisms found on the proteins 88. Such polymorphisms have been 

related with different signatures and parasitemia rates in the placenta, and it is suggested that 

a higher parasitemia in these cases could be related with a higher affinity for CSA 97. Allelic-

variant presence makes it harder to obtain a cross-reactive antibody for placental malaria 

prevention. 

Other non-PfEMP1 proteins are also being studied with the objective of broadening 

the knowledge of all Plasmodium cytoadhesive processes. Repetitive interspersed family 

(RIFIN) proteins and subtelomeric variable open reading frame (STEVOR) proteins are also 

localized and exposed on the erythrocyte surface 98. STEVOR recognizes Glycophorin C on the 

RBC surface and it is involved in rosette formation independently from PfEMP1 99,100. Both 

RIFIN and surface-associated interspersed gene family (SURFIN) proteins elicit antibodies in 

the human host and might have a role in rosetting 101. Although these proteins are less studied 

than PfEMP1 so far, they also have potential for developing targeting tools towards the para-

site due to their exposure. 

 

New permeation pathways in the erythrocytic cycle 

Other important exposed pRBC features are all the proteins that form channels for 

nutrient uptake by the cell. Known as new permeation pathways (NPP), their function is 

maintaining nutrient uptake and ion pumping for the parasite. It has been suggested that 
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there are several of these channels 102, and they could be either expressed by the parasite 

itself or by upregulation of host channels 103. 

Most of the evidence about parasite expressed channels resides in the studies about 

the plasmodial surface anion channel (PSAC), which has been related to clag3 genes, and con-

tributes in nutrient acquisition for the intracellular parasites 104. clag3 genes have allelic var-

iants that are generally mutually exclusive expressed (though it is not impossible that the 

variants are expressed at the same time, this is not the usual situation) 105 and recent evidence 

points to dimeric organization of clag3 proteins to form the PSAC channel, together with two 

other proteins whose exact function is still not known 106. 

PSAC has been studied for developing new antimalarial strategies 107, although its ex-

pression can alter susceptibility of the parasite to certain growth inhibitors, in addition to 

affecting nutrient uptake 108,109. 

 

Lipid composition changes in the pRBC 

Not only exported proteins from the parasite make the difference in the pRBC surface, 

lipid composition can also vary compared to the healthy RBC 110,111. 

In addition, the RBC has an asymmetry of lipid composition between the two leaflets 

of the plasma membrane, phosphatidylserine (PS), for instance, is not usually exposed in the 

outer leaflet. When it is exposed, PS becomes a marker of RBC aging, and the cell is removed 

from circulation 112. PS exposure in most mammalian cells is an apoptotic signal and macro-

phages phagocytose the cell or cell components exposing PS 113. 

In some pRBCs, it has been observed that PS becomes exposed in the cell surface 114; 

its exposure increases with parasite maturation and is higher in febrile conditions 115. PS 

could increase phagocytosis of pRBCs by spleen macrophages 116 and antibodies against PS 

have been found in malaria patients infected by P. falciparum and P. vivax, which could con-

tribute to the removal from circulation of these cells 117–119. However, the presence of Plasmo-

dium seems to accelerate senescence of non-parasitized RBCs and PS exposure on them too 
115. All these mechanisms increase anemia in patients whereas removal of healthy RBCs might 

limit removal of pRBC 116,119. 
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Additionally, PS could have a role in pRBC sequestration 120,121, since its exposure in-

creases cytoadhesion of already adhesive phenotypes 122 and it has been suggested that this 

phenomenon is responsible for P. vivax sequestration 123. 

 

Merozoite reinvasion and involved interactions 

The process of merozoite invasion of a new RBC is subject for targeting discovery and 

therapy development, as the parasite is in a free form for a short time, and if the mechanism 

can be inhibited, it would prevent the next cycle of the parasite’s development. 

Erythrocyte invasion is a multi-step process (reviewed in 124–126) composed of the fol-

lowing mechanisms: initial contact, reorientation, commitment to invasion, tight-junction for-

mation and invasion (Figure 7). A summary of these processes will be presented here, but 

special emphasis will be placed on the initial steps, which are those studied for a targeting 

approach in the experimental work. 

Thanks to the study of blockage of receptor-ligand interactions, it has been proposed 

the following sequence of events 126,127: 

- First, when the merozoite contacts with the RBC, due to certain interactions between 

the merozoite surface protein 1 (MSP1) complex and the cell surface, the plasma 

membrane of the RBC is weakly distorted. 

- Shortly after, the erythrocyte binding antigen (EBA) and P. falciparum reticulocyte-

binding protein homolog (PfRh) ligands allow a stronger binding through alternative 

pathways, helping in the deformation of the cell and the reorientation of the merozo-

ite.  

- Other PfRh ligands, such as PfRh5 –which binds the host receptor basingin-, trigger 

the process known as rhoptry release, consisting in a calcium influx at the contact 

point. 

- The rhoptry release continues with the translocation of rhoptry neck protein 2 

(RON2) into the RBC membrane. 

- The binding of RON2 and apical membrane protein 1 (AMA1) forms a tight junction, 

allowing penetration of the merozoite while forming the parasitophorous vacuole.  
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- While penetrating, many proteins of the merozoite surface are cleaved, shed and re-

leased in the plasma. Examples of these proteins are MSP1, MSP3, MSP7, serine repeat 

antigen 4 (SERA4), and SERA5 128.  

 

Figure 7: Scheme of the steps and interactions during merozoite invasion. The attachment to the 
erythrocyte surface involves mainly electrostatic interactions, and a tighter interaction that leads to the defor-
mation of erythrocyte surface can be inhibited by heparin, stopping the process127,129. While erythrocyte invasion 
happens, there is a shedding of surface proteins that are released in the plasma. Adapted from 30. 

There are still many unknown ligands and receptors involved in this process, but it has 

been possible to identify some of them and other molecules that inhibit such binding, and, 

therefore, the merozoite invasion (Table 1). 

Table 1: Main ligand-receptor interactions involved in the RBC invasion and inhibitors of them. 
As described in 127 with small additions. 

Step Parasite ligand RBC receptor Inhibitor 

Initial contact MSP1 complex 
Glycophorin A 130 and/or proteo-

glycan with heparan sulfate 
chains 

Heparin 

Reorientation 

EBA175 Glycophorin A Cleavage of sialic acids by 
neuraminidase EBA140 Glycophorin C, heparan sulfate 131 

EBL1* Glycophorin B 
EBA181 Receptor W (non-identified) - 
PfRh1 Receptor Y (non-identified) - 

PfRh2a Unknown - 
PfRh2b Receptor Z (non-identified) - 
PfRh4 CR1 CR1 protein subunits 

PfRh5 Basingin Antibodies anti-PfRh5 or 
anti-basingin 

Tight junction AMA1 RON2 (exported by the parasite) 
R1 and RON2 peptides 

Compounds described in 
132 

*EBL stands for erythrocyte binding ligand. 
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 Ca2+ is required for invasion, and inhibition of the actin-miosin motor by cytochalasin 

D stopped the process after the formation of the tight junction, indicating that it is necessary 

to complete invasion 127. It has also been hypothesized that STEVOR could have a role in this 

process, as antibodies against it block merozoite invasion and the protein interacts with gly-

cophorin C 99.  

In the initial steps of erythrocyte adhesion, MSP1 is the best studied in terms of func-

tionality. As even in presence of heparin, merozoites are still adhered to RBC, it has been sug-

gested that some other ligand-receptor interaction might be involved in this binding process 
126,127. Until more proteins and their roles are reported, MSP1 remains the most interesting 

target within this step of invasion. MSP1 is the largest protein of its family –a dimer of more 

than 500 KDa- and it has the highest copy number. All MSP are GPI-anchored proteins, which 

have fluid movement in membranes. They could accumulate in the interface were both cells 

are adhered, and, by joining their ligands, such cumulate interactions could originate the in-

dentation of the RBC membrane 127. The whole MSP1 complex includes four pre-processed 

MSP1 fragments that can bind to MSP722, MSP636, MSPDBL1 and MSPDBL2. The precleavage 

MSP1-42 C-terminal domain is being used for vaccine development 25,26 and antibodies 

against this protein or its fragment that remains in the merozoite during invasion (MSP1-19) 

inhibit parasite invasion of RBCs 24. Antibodies against other members of the complex can also 

block invasion and confer some protection against malaria 133. 

 

Transmission and mosquito Plasmodium stages surface 

Even though transmission and mosquito stages of P. falciparum do not represent a 

clinical concern per se, as they do not induce any symptom in patients, their elimination is key 

for eradicating the disease. The number of parasites present in these stages is very attractive 

in terms of treatment application or blocking strategies development, they are considered 

parasite ‘bottle-necks’ 134. Some specific targets known from these stages are here described. 

Although they are still inside a RBC, gametocytes are of interest for transmission 

blocking strategies. These cells are retained in the bone marrow during their maturation, and 

fully mature gametocytes are released into the blood 13. How they extravasate and remain out 

of circulation is a broad topic of discussion. It seems that this ‘sequestration’ profile might not 

be driven by adhesive proteins, as gametocytes from stages I-IV do not produce antibodies in 
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natural infections 135, and there is evidence of enhanced gametocyte formation in red blood 

cell precursors 136. The two main proposed mechanisms are (i) after extravasation of young 

gametocytes, and either they adhere or their stiffness increase and remain in the bone mar-

row until maturation, or (ii) the asexual pRBCs extravasate, and when in the bone marrow 

they mature and burst and the newly invaded cells in the erythroblastic islands form mostly 

gametocytes 137. 

Stage V mature gametocytes do produce antibody response 135, but this mainly comes 

from intracellular targets, thus it is hypothesized that those proteins are exposed when ga-

metocytes die in circulation 138.  

After gametes egress from the RBC, many proteins that were hidden become fully 

exposed to the environment. This occurs inside the mosquito midgut, but still antibodies and 

human complement remain within the blood meal, making feasible to block parasite fertiliza-

tion. Among the proteins exposed, those that had been arousing more interest are:  

• Pfs48/45: it is a GPI-anchored surface protein expressed in gametes with a prom-

inent role in male fertility (disruption of the gene does not impair female gamete 

fertility in the orthologous gene of P. berghei) 139. Antibodies against this protein 

block fertilization and parasite development in the mosquito 140. 

• Pfs230: forms a complex with the previous protein and antibodies against it also 

block transmission 141. It is suspected to have a role in fertility 142. 

• Pfs25: is another GPI-anchored protein, but only present in the female gamete 

surface, also conserved after fertilization and ookinete development, which elicits 

transmission blocking antibodies 143. In ookinetes, as it seems to interact with lam-

inin, it might have a role in parasite-host interaction 144. 

Many of these are considered adhesive proteins, and seem to form large complexes 

between them and with other proteins. Evidence suggests that the complex with Pfs48/45 

and Pfs230 interact with six proteins of the family of LCCL (Limulus clotting factor C, Cochlear 

protein 5b2 and Lung gestation protein 1) domain-containing proteins, known as PfCCp, pos-

sibly already inside the PV in the gametocytes, and Pfs25 might come in contact with the com-

plex when gametes have egressed (see Figure 8) 145. Some of the PfCCp proteins are essential 

for fertilization, and they can also be promising candidates for transmission-blocking 146. 
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 With this evidence, it is highlighted that the complexity of interactions and the high 

number of proteins present on the gamete surface could allow many approaches for interven-

tions in transmission blocking strategies. However, because this stage is not present in hu-

mans, interventions on it do not have an effect on disease development, and, on the other 

hand, interventions at molecular level are difficult to assess in mosquito populations. 

Figure 8: Proteic multicom-
plexes described in gametocytes 
and macrogametes. Interactions of 
the proteins in the parasitophorous 
vacuole of gametocytes associated to 
the parasite plasma membrane are 
represented with thick lines. Thin lines 
represent additional interactions after 
gamete egress. Dashed lines indicate 
protein complex affiliation without the 
evidence of direct protein interaction. 
Pfs230 is processed during gameto-
genesis, as represented by the release 
of a fragment. EM, erythrocyte mem-
brane; PPM, parasite plasma mem-
brane; PV, parasitophorous vacuole; 
PVM, parasitophorous vacuole mem-
brane. Adapted from 145. 

 

 

When fertilization occurs, the zygote and its mature form, the ookinete, can also be 

subjects of targeted intervention by blocking the interactions with the mosquito midgut epi-

thelium, necessary for traversing the midgut and allowing oocyst development. Besides the 

proteins already highlighted that are inherited from macrogametes, the gliding (motility) ma-

chinery proteins also have interest for targeted strategies. Of this protein complex, circum-

sporozoite- and thrombospondin-related anonymus protein (TRAP)-related protein (CTRP) 

is realeased from micronemes 147, and stays exposed on the ookinete surface. Disrupting the 

gene that encodes this protein produces parasites with reduced motility that fail invading the 

midgut 148. It contains six von Willebrand factor A-like (A) domains, which are essential for 

gliding 149.  

Additionally, on the ookinete surface, putative secreted ookinete protein 25 

(PSOP25) is also a highly conserved protein that, when knocked out, affects the formation of 

oocysts and antibodies against it can reduce oocyst density 150. Similarly, subtilisin-like ooki-

nete protein (SOPT) is also present on the cell surface and, when deficient, less oocysts de-

velop for these parasites 151. 
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Among the mosquito stages, the oocyst is possibly the most difficult to reach in terms 

of targeting. Placed between the migdut epithelium and the basal lamina, it is rather protected 

from agents coming from mosquito feeding. However, these sessile forms do arise mosquito 

immunity responses (reviewed in 152), and therefore development of targeting molecules 

helping in this process might be of interest. 

In contrast with other less studied mosquito stages, sporozoites bear much interest 

because they are the transmission forms between mosquito and human. Their potential tar-

gets for vaccine and treatment development are: 

• Thrombospondin-related anonymous protein (TRAP), is stored in micro-

nemes and released when the sporozoite contacts with a host cell, allowing its 

penetration, as it links the actin-myosin motor and binds the hepatocyte with its 

extracellular part 153. It is a transmembrane protein with a thrombospondin type 

1 repeat (TSR) domain and an A domain, both related with heparin-like proteo-

glycans binding in a cooperative way  154. 

• Circumsporozoite surface protein (CSP): this protein is uniformly distributed 

over the surface of sporozoites 155. Even though different parasite isolates can pre-

sent differences in their CSPs (such as apparent molecular weight), cross reactiv-

ity with antibodies is possible, indicating that they share certain epitopes 156. 

• AMA1: this micronemal protein is also present in sporozoites (not only in mero-

zoites) and in this stage it is also related with the cell-invasion process 157. 

• Cell traversal protein of ookinetes and sporozoites (CelTOS): is a micronemal 

secreted protein in both sporozoite and ookinete stages, its function is related 

with the passage from blood to hepatocytes in sporozoites and midgut endothe-

lium transcellular crossing in ookinetes 158. 

Both approaches, using individual proteins and whole attenuated sporozoites, have 

been researched to block parasite transmission by vaccine development.   
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1.2. Treatment 

The first known effective therapy against malaria in the form of an isolated compound 

was quinine, obtained from Cinchona bark since 1820 159. The quinine mechanism of action 

seems to be related with heme processing in the food vacuole of the parasite 160. As this com-

pound had important adverse effects, when a new well tolerated and inexpensive antimalarial 

appeared, it rapidly became the first line treatment for malaria. This drug was chloroquine, 

synthesized in Germany in the mid-1930s and widely applied after World War II 159. Its use, 

together with vector-elimination measures, were the two main reasons for the success of the 

malaria elimination campaing in all the endemic non-tropical regions during the 1950-1960’s 
4. However, due to the emergence of resistances to chloroquine, application of other antima-

larials was required 161.  

Current antimalarial therapies relay on the artemisinin combination therapy or ACT. 

The Chinese Youyou Tu, who was researching for new antimalarial therapies by checking an-

cient Chinese farmacopeia, discovered artemisinin in the 70’s. It is extracted from Artemisia 

annua, and many derivatives have been developed to improve its characteristics for antima-

larial treatment. The mechanism of action of these compounds is not well defined yet, but it 

is related with hemoglobin digestion and formation of oxidizing species 162. More recently, it 

has been reported that artemisinin has influence on parasite proteostasis, influencing its pro-

tein expression, degradation and folding 163.  

ACTs are based on the use of artemisinin or one of its derived molecules together with 

another partner drug. Artemisinin derivatives have a very fast parasite clearance action, but 

also a very short circulation time, and thus the strategy is to combine them with a longer-

acting partner drug that also has slower elimination. This measure can prevent evolution of 

resistances against artemisinin-derived compounds and it is suggested that it could serve as 

post-treatment prophylaxis 164. However, the fact that only one drug is present for long peri-

ods of time could also arise some resistances against it, and thus this kind of treatment is not 

exempt of controversy 165.  

WHO guidelines about malaria treatment specify that uncomplicated malaria (ex-

cept for pregnant women in their first trimester) should be treated with one of the following 

oral ACTs formulations 164: 
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• Artemether + lumefantrine. Artemeter is a water-insoluble, lipid-soluble com-

pound, it is metabolized into dihydroartemisinin, which bears the antimalarial ac-

tivity, and it is eliminated 7 hours after administration, with a circulation half-life 

(t1/2) of 2-3 hours. Lumefantrine is also lipophilic and is recommended to be ad-

ministered together with fatty foods or milk for better absorption. Lumefantrine 

has a t1/2 of ~3 days, and it has never been used as monotherapy, which reduces 

the risk of resistance evolution. 

• Artesunate + amodiaquine. Artesunate is water-soluble and it is metabolized 

into dihydroartemisinin. Amodiaquine is similar in structure and mechanism of 

action to chloroquine. Its active metabolite is desethylamodiaquine which has a 

t1/2 of 4-10 days. There are not pediatric formulations for this ACT. 

• Artesunate + mefloquine. Mefloquine is structurally related to quinine and it is 

thought to have a similar mechanism of action. It has an elimination t1/2 longer 

than 3 weeks.  

• Dihydroartemisinin + piperaquine. Dihydroartemisinin has poor solubility in 

water, but it is well absorbed in the digestive track. Piperaquine is from the family 

of compounds related to chloroquine, and it is thought to act similarly to it. It has 

a t1/2 of 2-4 weeks. 

• Artesunate + sulfadoxine-pyrimethamine (SP). Sulfadoxine and pyrimetham-

ine inhibit the synthesis of folic acid in protozoa acting on different enzymes of 

the metabolic route. Their t1/2 is 4-11 days and 3-19 days respectively. There are 

not pediatric formulations available for this ACT. 

Special treatment guidelines are applied for pregnant women in their first trimester 

(quinine combined with clindamycin is used in this case) and for Human Immunodeficiency 

Virus (HIV) co-infection (were artesunate + SP and artesunate + amodiaquine can have unde-

sired effects when administered with some retroviral treatments). 

The guidelines for severe malaria are different, as the patients might not be able to 

take oral treatment. In these cases, parenteral or intramuscular administration of artesunate 

is recommended until the patients can tolerate oral ACTs 164.  

Despite how potent most antimalarials available are, there are several flaws that can 

limit their use: the widespread emergence of resistances, their toxicity, their pharmacokinet-

ics, and few others that will be described in the following pages. 
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Resistances 

Most of the antimalarials available have some resistance in the field (figure 9). 

 

Figure 9: Resistance timeline to antimalarial drugs. Approximate periods from drug discovery or ap-
plication to identification of resistances. Adapted from http://www.multimension.com/project/visualizing-
global-health-challenge-malaria/. 

First observations of antimalarial treatment failure dates from the late 1950s, in 

Southeast Asia and Latin America, and during the 1980s chloroquine resistance spread across 

Africa 166. The main mechanism for chloroquine resistance is to increase its efflux from the 

digestive vacuole 167, where it blocks the heme detoxification pathway 168. Mutations in trans-

porter proteins can produce resistance to quinolines, as happens with the P. falciparum chlo-

roquine resistance transporter 167, and P. falciparum Na+/H+ exchanger 1 that is related to 

quinine resistance 169. Similarly, other protein transporter gene, P. falciparum multidrug re-

sistant gene 1 (pfmrg1), produces resistance to mefloquine when present in high copy number 
170, while, with low gene copy number, the parasite’s drug susceptibility is increased for mef-

loquine, lumefantrine, halofantrine, quinine and artemisinin 171.  

Artemisinin resistance was first reported in 2009, associated to slow parasite clear-

ance with artesunate-mefloquine 172. Most cases of reduced artemisinin susceptibility relate 

to mutations in the pfk13 gene 173,174, though additional mechanisms not associated with this 

gene could also induce artemisinin resistance 175,176.  

In addition, specific biological conditions have been observed to reduce parasite sus-

ceptibility to drugs, such as metabolic changes of the parasite 177 or sequestration in the 

spleen 178. 

http://www.multimension.com/project/visualizing-global-health-challenge-malaria/
http://www.multimension.com/project/visualizing-global-health-challenge-malaria/
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In order to cope with antimalarial resistance evolution, new strategies are being pro-

posed and tested, including: (i) changing the ACT combination used in the region where treat-

ment failure increases 164, (ii) preparing new combinations with other antimalarials 179, (iii) 

administrating triple drug combinations 180, (iv) researching new antimalarial compounds 181–

183, and (v) developing new formulations for increasing antimalarial efficacy, which will be 

discussed in section 2 of this work. 

 

Toxicity and side effects 

Many antimalarials produce important adverse effects or have some toxicity in certain 

patients: 

- Quinine has common adverse effects like headache, tinnitus, deafness, dysphoria, all 

together known as cinchonism 159. 

- Other antimalarials like proguanil or amodiaquine can have higher toxicity in patients 

with polymorphisms in drug-metabolizing enzymes or transport proteins 184. 

- A similar situation occurs with primaquine, where patients with deficiency of glucose-

6-phosphate dehydrogenase can have hemolysis when this drug is administered 185. 

- Mefloquine can produce important neuropsychiatric adverse effects and, more com-

monly, gastrointestinal adverse effects 164. 

- Piperaquine can have cardiovascular adverse effects if ingested with high-fat meals 
164. 

These adverse and toxic effects can limit the dosing window at which antimalarials 

are efficient and do not produce toxicity. In addition, patient’s adherence to treatment is 

highly influenced by these effects. 

 

Pharmacokinetics of antimalarials 

In general, artemisinin derivatives have short half-lives 186,187, so, to ensure parasire 

clearance and to reduce the likelihood of artemisinin resistance selection, the accompanying 

drug is usually long-lived (t1/2 of >4 days ). However, as discussed before, this approach could 

enhance resistance selection because of the relative long time time when only one of the drugs 



35 |  
 

 

 

is circulating in the patient 165. In contrast with other antimalarials, chloroquine has an excel-

lent absorption and circulation time profile 188, but it is not longer recommended due to the 

emergence of resistance 161. It is still recommended in areas where resistances are not de-

scribed yet, but only for treatment of non-P. falciparum species 164. 

 

Some other concerns in antimalarial therapy 

The routes of administration of antimalarials are mainly parenteral for severe malaria 

and oral for uncomplicated malaria. In the second scenario, antimalarial compounds must be 

absorbed in the digestive track and incorporated in the circulation to have any effect, and this 

is determined by their bioavailabiliy. Some drugs like amodiaquine 189 and all artemisinin de-

rivatives except artesunate 190 have poor bioavailability, not reaching 35% in most of them, 

thus requiring high dosage in patients that could derive in toxic effects.  

Besides this, antimalarials have to reach and penetrate the pRBC. Artemisinin and 

derivatives, for example, tend to accumulate in other non-target tissues 190 and interact with 

plasma proteins 186, both promoting removal of the drug from circulation. Additionally, active 

compounds must cross at least 3 membranes to reach their molecular targets (the erythrocyte 

membrane, the PV and the parasite membrane) 191, and some of them even have their target 

inside organelles. There are two main mechanisms to traverse such membranes: either lipid 

diffusion or channel transport. Lipophilic drugs with good oral absorption are predicted to be 

able to cross such lipid bilayers 191. For other drugs, NPPs are usually the entering gates into 

the pRBC, and thus variations in expression of these channels can produce either susceptibil-

ities or resistances to drugs, due to facilitation or inhibition of their transport 108,192,193. 

Once inside the erythrocyte, further penetration into the PVM or the parasite do not 

pose much difficulty, as both are permeable for many solutes, 191 possibly to facilitate pene-

tration of nutrients into the pathogen. Penetration into the target organelles when needed 

and residence inside them for long enough is also important for a good antimalarial activity. 

As it has been discussed when talking about resistances, chloroquine, quinine and other anti-

malarials rely on permanence in the digestive vacuole for their mechanism of action 
169,194,195.  

Pharmacodynamics is also a relevant issue in malaria treatment: the possible pres-

ence of two or more different metabolites for a drug provides variability in their activities, as 
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is the case of piperaquine, which has two main metabolites that do not have the same antima-

larial activity and neither half-life 165. Selecting the best antimalarials by paying attention to 

these details is a concern, as reflected when comparing the combination dihydroartemisinin-

piperaquine and artesunate-amodiaquine: the former has better antimalarial activity, but the 

second combination has improved pharmacodynamics, determined by ex vivo plasma treat-

ment of parasite cultures 196. However, knowing the key antimalarial metabolites requires 

extensive research, although it could diminish side effects from the treatments, as formation 

of toxic metabolites derived from the original compound 197,198 could be avoided. 

Competition or interaction of antimalarials with other drugs is also an issue to 

deal with when selecting an appropriate treatment. Aspirin competes with artemisinin and 

its derivatives for lipid binding, altering their penetration into the cell when administered 

together 199. Antibiotics like rifampicin have been associated with quinine treatment failure 

and reduced levels of mefloquine, artemether, dihydroartemisinin and lumefantrine 164.  

 

  



37 |  
 

 

 

1.3. Malaria prevention 

The main pillars of malaria prevention research are the avoidance of the transmission 

and the development of a vaccine that confers immunity.  

 

1.3.1. Preventive and transmission-blocking chemotherapy 

Chemoprophylaxis is a strategy for malaria prevention that consist in providing 

treatment when there is risk of infection, recommended for those travelers that go to malaria 

endemic countries; in some locations, it is being applied for children 200 and pregnant women 
201, following WHO recommendations.  

As for the transmission-blocking approach through chemotherapy, WHO recom-

mends a single dose of primaquine in addition to ACTs in malaria patients, in order to clear 

gametocytes that could still be transmitted during the treatment course 202.  

 

1.3.2. Vector control 

Vector presence is a key factor in malaria transmission, since it is through an infected 

mosquito bite how humans become infected. Many campaigns towards malaria elimination 

focus on eliminating or reducing the numbers of Anopheles mosquitoes or preventing their 

bites 4. There are approximately 430 Anopheles species, and around 40 are responsible of 

transmitting human malaria in nature (distributed worldwide, as shown in Figure 10), while 

the rest either bite humans infrequently or cannot sustain development of human malaria 

parasites 203. Those mosquito species that are malaria vectors can have biological differences 

in tropism (both animal preferences when biting and/or behavior differences) and breeding 

sites 204,205. Their seasonal development, dependent in many regions of rainy seasons, can 

drive levels of transmission. Even human activity in endemic areas, like slash-and-burn agri-

culture or cattle raising,  can affect the mosquitoes surrounding and, therefore, the transmis-

sion of malaria 206,207. 

General approaches that are taken as vector-control measures are insecticide spray-

ing, larvicide application in potential breeding sites and the use of insecticide-treated bed nets 

(ITN). However, insecticide resistance is an important concern in endemic regions (several 

insecticides have widespread resistances in mosquitoes) 1, and ITNs are only useful in well-
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preserved conditions and if people at risk are under them, thus both ITN distribution 208 and 

the behavior of mosquito species in the region are important factors for having ITN efficacy 

in controlling the transmission of the parasite.  

 

Figure 10: Distribution of the 34 dominant Anopheles species that can be Plasmodium vectors. 
These are or have been responsible for most of the parasite transmission to humans, but there are other species 
considered secondary transmitters that coexist with these. Image from 209. 

On the other hand, some other vector-control approaches are being investigated: 

- Research of new pesticides, of course, is one of the main pillars in this field. Sought-

after approaches are those environmental-friendly, like larvicides from natural 

sources 210. Nowadays, there is much interest in an administrable insecticide that is 

taken together with the blood meal, ivermectin, which has been proven effective and 

safe for humans 211. 

- Limiting the mosquito ability to reproduce: sterilizing measures are being explored 

as possible ways to control the mosquito population, by physical means like exposi-

tion to X-rays 212, chemical exposure 213, or gene modification 214,215. 

- Transgenic mosquitoes that block parasite transmission/development: parasites in-

side the mosquito could be ‘attacked’ with several approaches, for example, by engi-

neering transgenic mosquitoes producing anti-CSP single chain antibodies in their 
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salivary glands, which impaired parasite transmission 216, or by suppressing specific 

mosquito genes essential for parasite development in this host 217. 

- Studying other mosquito parasites or symbiotic organisms that can compete with 

Plasmodium might offer means of blocking parasite transmission 218–221. 

- Application of antimalarials in the mosquito: recently, it was shown that mosquitoes 

can absorb the lipophilic antimalarial atovaquone when it is spread over surfaces, in 

the same way that insecticides over surfaces can penetrate mosquitoes, and arrest 

parasite development in infected insects 222. 

 
 

1.3.3. Vaccine development 

Vaccines that are being developed for malaria prevention can be classified according 

to the stages they target to: pre-erythrocytic, erythrocytic and transmission-blocking vac-

cines. 

Pre-erythrocytic 

These vaccines are aimed at developing antibodies against sporozoites, for blocking 

their invasion of hepatocytes, and prevent that malaria disease is developed at all. For now, 

the vaccine for malaria that has started to be applied belongs to this type: known as 

RTS,S/AS01 or MosquirixTM, is virus like-particle-based, and contains regions of the P. falci-

parum CSP known to induce humoral (R region) and cellular immune (T region) responses, 

which are covalently bound to the hepatitis B surface antigen (S), all combined with the adju-

vant AS01223. It has passed phase 3 clinical trials, and has been able to prevent many malaria 

cases, but unfortunately its efficacy was near 30-45% (age-dependent) and the immune re-

sponses decreased with time 224,225, thus it does not confer high level of protection. Neverthe-

less, RTS,S received a positive regulatory assessment by the European Medicines Agency 

(EMA) in July 2015 226, and WHO has recommended pilot implementation 223. 

There are some other proposals, though not so advanced, using recombinant proteins, 

mostly based in CSP. Shiratsuchi et al. have included the same fragments of CSP already men-

tioned into the capsid protein of an adenovirus 227. A new strategy tried to improve the im-

munogenicity of RTS,S by using its same antigens but delimitating more the antigen fragment 

from hepatitis B virus, a vaccine candidate named R21 228. Alternatively, whole CSP immun-

ization has also been tested in preclinical assays 229. 
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Among other suggested approaches, direct immunization using sporozoite inocula-

tion is being researched. Radiation-attenuated cryopreserved sporozoites were tested for in-

oculation and proven to be safe 230, though the transport in liquid nitrogen may arise concerns 

of the costs. Immunization by infection with live sporozoites followed by chloroquine treat-

ment has been studied in murine 231 and non-human primate 232 malaria models. Another 

strategy is PbVac, a genetically modified strain of the murine parasite P. berghei expressing 

CSP from P. falciparum, to elicit immune response against this last one 233. Most of these vac-

cine approaches are between phase I and IIa of clinical trials. 

 

Erythrocytic 

In contrast to the previous, immunization against erythrocytic stages does not pre-

vent contracting the parasite, as hepatocyte could still be invaded by sporozoites, but it can 

block disease development by elimination of merozoites or other parasitic stages or, at least, 

some of the severe outcomes of the disease by inhibiting parasite sequestration or adhesion.  

- Merozoite targeting by vaccination. Antibodies raised against surface merozoite anti-

gens can already block parasite invasion of the RBC, regardless of their function. MSP1 

immunogenic characteristics have been explored in several approaches, both for P. 

falciparum 24 and P. vivax 234,235 (figure 11), however, due to differences in epitope 

responses 25  and to the results obtained from phase I trials, which indicated low im-

munogenicity 26, some other options should be taken in consideration. Other proteins 

related to invasion machinery are being explored too, such as PfRH5 236 or AMA1 237, 

both already being tested on animals. 

- Other parasite stages. Immunization to proteins that are exposed in the surface of 

trophozoites and schizonts is also being studied, mostly through the schizont egress 

antigen-1, as antibodies against it can block parasite egress 238, and the glutamic-acid-

rich protein, which is expressed in trophozoite stages and antibody binding to this 

protein seem to activate an apoptosis signaling pathway in the parasite 239. A recom-

binant hybrid protein of glutamic-acid-rich protein and MSP3, from merozoite sur-

face, has been formulated as vaccine candidate GMZ2, and has already been tested in 

early clinical trials 240. 

- Placental malaria vaccine. The receptor responsible for placental sequestration, 

VAR2CSA, has received attention as possible vaccine formulation. Women that had 
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had at least 1-2 pregnancies develop antibodies that prevent placental malaria in the 

next pregnancies 241, and a vaccine based on VAR2CSA is expected to do the same, 

though the heterologous interactions of this protein with CSA is making the advance 

slower, as the specific antigen or antigens that are best for the approach are difficult 

to identify 242. In spite of this challenge, some approaches are reaching clinical trials 
243,244. 

 

Figure 11: Malaria parasite ligands studied for vaccine development against erythrocytic stages 
and their red blood cell receptors. Parasite RBC invasion process is driven by reorientation and formation of 
tight junction, made by (a) EBL and (b) RBL families of parasite proteins. They have redundant pathways through 
different parasite ligand/RBC receptors pairs. (c) AMA1/RON2 complex produce the active invasion by allowing 
the movement of the junction. (d) Parasite sequestration mechanisms are susceptible for vaccine development, as 
immunity against it can prevent disease symptoms, and the most studied for this purpose is VAR2csa protein, 
responsible for placental sequestration. Figure from 245. 

 

Transmission Blocking 

This type of vaccine would not have any direct impact in contracting the infection or 

the disease symptoms for the individuals, thus it might not be easy to implement, however, it 

would be desirable as part of the malaria control and elimination program, as it could dimin-

ish the number of cases. A transmission blocking vaccine (TBV) could be a key asset for public 

health even if it is not specifically beneficial for the individual persons to which TBV is admin-

istered. 

TBV formulations explored are mostly based in recombinant proteins, such as Pfs25, 

which is in phase 1 clinical study 246, Pfs48/45 247 and Pfs230 248. The two first are being tested 
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also in form of deoxyribonucleic acid (DNA) vaccines 249. Not so advanced in its implementa-

tion, but also studied as candidate, CelTOS protein seems to have potential for this purpose 
250. 
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1.4. Diagnosis of Malaria 

Malaria diagnosis based on clinical symptoms can be tricky, as the main symptoms of 

uncomplicated malaria (fever, headache, chills, fatigue, etc.) are not limited to it. Periodicity 

in fever episodes and enlargement of spleen (this organ filtrates most of the debris from the 

malaria parasite 57,251) may help in the identification of the disease, but the most reliable way 

to diagnose malaria is to actually detect the parasite. 

That is why the most used diagnostic technique is microscopy detection of Plasmo-

dium in peripheral blood. Thin and thick blood smears are stained with Giemsa to observe the 

presence of parasite. Thin smears are used too to determine the species causing the infection. 

Though this practice is quite cheap and reliable, it requires some equipment and, importantly, 

trained personnel to detect visually the parasites, process that is also time-consuming and 

user-dependent 252. The limit of detection is around 40 parasites/µL, but it is highly depend-

ent on the expertise of the microscopist 253. A simpler, cheaper, faster and more reliable 

method that could be implemented in rural areas or broad scale campaigns with lack of 

trained personnel would be desirable. 

Some other diagnostic methods rely on the polymerase chain reaction (PCR), which 

can reach a limit of detection of 1-5 parasites/mL of blood 254, and can differentiate between 

parasite species 255. The PCR technique is very useful as surveillance tool for resistance 

spreading, as it can be used to detect the mutations that confer the resistance 256. However, it 

is mainly implemented in research and epidemiologic studies, and not that commonly for pri-

mary care diagnosis in endemic countries, because PCR is expensive compared to microscop-

ical examination of smears and requires sophisticated equipment and well-trained staff.  

Among other methods developed, quantitative buffy coat (QBC®, commercialized by 

Becton Dickinson) has sensitivity similar to that of microscopy. It consists on concentrating 

the blood by centrifugation inside capillary tubes which already contain acridine orange for 

sample staining, which is then examined with by fluorescence microscopy. Baird et al. re-

ported more difficulties when applying this technique in the field than when using Giemsa-

stained smears 257. The cost is higher than conventional microscopy, both for the equipment 

and the reagents, and the technique cannot asses Plasmodium species. 
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Detecting host antibodies against the parasite has also been suggested as tool for di-

agnostic purposes 258,259, but it has the same disadvantages as the PCR: the need of trained 

personnel and costs of the reagents. For now, these assays are mainly applied in research. 

Additionally, new diagnostic tools have been already assessed by the WHO, and the 

performance of cost-effective, quick and reliable techniques, such as Rapid Diagnostic Tests 

(RDT) 260 and Loop-Mediated Isothermal Amplification (LAMP), are under evaluation.  

LAMP is a technique of DNA amplification developed under isothermal conditions. It 

is specific, efficient and rapid, and requires a DNA polymerase and a very specific design of 

primers. There are four different primers that recognize six sequences on the target DNA, in 

sense and antisense recognition, which in the amplification produce several stem-loop DNA 

structures 261. Though it is more expensive than microscopy, it could be more cost-effective 

in the detection of malaria infections, especially in regions with high prevalence of infection, 

as the outcome of false-negatives is lower 262. It is not as expensive as regular PCR, but still 

requires specific equipment and trained staff. 

On the other hand, RDT use is equally under evaluation 263, applied for the latest sur-

veillance studies 264,265 and actually used for case-diagnosis in the field 266, thanks to its sim-

plicity and low cost. These tests are devices for antigen detection by a simple immunochro-

matographic assay, in the presence of monoclonal antibodies impregnated on a test strip. One 

or more colored test lines indicate the result in only 5-20 minutes. It is a quick and simple 

technique and very easy to interpret. When used for malaria detection, RDTs require only 5-

15 µL of blood 267. In addition, the tests are commercially available with different combina-

tions of antibodies for detecting different species of Plasmodium (usually P. vivax, P. falcipa-

rum, a common pan-malaria antigen or a combination of them) 268. The WHO, in collaboration 

with the Foundation for Innovative New Diagnostics (FIND, Switzerland) and the Centers for 

Disease Control and Prevention (CDC, USA) are joining efforts to test and evaluate their per-

formance 263.  

The antigens used in RDTs are mainly Plasmodium lactate dehydrogenase (pLDH), his-

tidine-rich Protein II (HRP2) and/or a genus-specific aldolase enzyme: 

- pLDH is an enzyme that catalyzes conversion of lactate into pyruvate and back. 

Different antibodies against pLDH can provide diagnosis of P. falciparum, P. vivax 
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or Plasmodium spp. (known as pan-malaria diagnosis). The tests based on this an-

tigen can remain positive for several days after treatment, because gametocytes 

also express this protein and might remain circulating 269. 

- HRP2 is only used for P. falciparum infection detection, not for other species 1. It 

is a small protein expressed during ring stage in the intraerythrocytic cycle (Fig-

ure 12) 270. RDTs based on this antigen remain positive for weeks after treatment 

because the antigen remains in circulation, especially after artemisinin-related 

treatment 271. Deletions of the hrp2 gene, which produce a false-negative for ma-

laria infection in these tests, have been reported 272,273. Beside deletions, HRP2-

based tests also provide false negatives when there is an excess of antigen, which 

prevents the movement of the detection antibodies (a phenomenon known as pro-

zone) 274, or when there is presence of HRP2 antibodies in the human host that 

block the binding 275. 

- The detection of aldolase (which participates in glycolysis) is usually combined 

with HRP2 for reporting either P. falciparum infections or non-falciparum ones 263. 

 

In general, sensitivity against non-falciparum infections is lower using RDTs 268. More-

over, they do not reach the sensitivity of molecular methods as standard PCR or LAMP 276. 

Another flaw of RDTs resides in their poor stability under the temperature and humidity con-

ditions usually present in the endemic countries 277, although WHO is already assessing this 

issue in their selection for testing 278. And yet, at the moment RDTs are considered cost-effec-

tive for case-diagnosis 279. Other cheap and easy to use but more sensitive methods are re-

quired for closer surveillance of asymptomatic cases with low parasitemia.   

Figure 12:  Levels of gene expression of the 
antigens used in malaria RDT detection. HRP2 is 
highly expressed when the parasite is at ring stage, and 
the expression diminishes as it develops into trophozo-
ites. So does HRP3 but with lower levels of expression. 
In contrast, LDH, aldolase and Plasmodium glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) expression 
increases in trophozoite stage. HRP3 contributes to the 
signal of HRP2 detection, although it is less abundant 
270. GAPDH has been pointed out as interesting target 
for diagnosis 544, though right now there are not com-
mercial RDTs based on it under evaluation. Adapted 
from 270. 
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2. Nanotechnology 

Within this context of drug discovery, diagnostic tool development and target screen-

ing, the evolving field of nanotechnology becomes a valuable ally for researchers and medical 

workers. Nanostructured materials and technologies are increasingly present in our everyday 

lives: cosmetics, sunscreens 280,281, many kinds of personal care products, and many others 

used in clothes, sport, filtration, gardening, automotive, electronics, etc.,  have incorporated 

such components. The Project on Emerging Nanotechnology, created for providing an inven-

tory of those products, had a list of more than 1800 by 2014 282. 

The Greek word nanos –from which comes the prefix ‘nano’– means dwarf. In science, 

‘nano’ is used to indicate a factor of 10-9 or one billionth. Despite the existence of different 

definitions of nanomaterials, according to the European Commission of Enviroment, these 

objects have at least one dimension between 1 and 100 nanometers long 283. The, so termed, 

‘nanomaterials’ can be natural, manufactured or by products of human activity depending on 

their origin but nanotechnology mostly focuses on synthetic materials, which can be pro-

duced by physical methods 284, chemically 285 or even by biological means 286.  

This field of research and production is interdisciplinar as it develops from the conju-

gation of many different sciences and their techniques (from chemistry, materials science and 

physics to pharmacology, genetic engineering and so on) when they are focused on downsiz-

ing for controlling processes and products in the nanoscale. Due to their size, nanomaterials 

present novel physical, chemical and biological properties, which make them suitable for a 

wide range of applications 287.  

In the life sciences, nanotechnology has been a platform for the development of new 

delivery strategies (e.g. drugs or genes) 288–291, imaging tools 292,293, approaches for measuring 

and obtaining data from single-molecule interactions 294, sensing  devices 295 and so on. These 

can be used in, among many other applications, cancer research, diagnosis and therapy 296 

(and combinations of both of them), reproductive medicine 297, and, of course, infectious dis-

eases 298.  

The different nature of nanomaterials developed is as wide as the applications they 

have 287. Nanoparticles have high surface to volume ratios, different optical properties from 

those of bulk materials, tunable shapes and/or facility for surface modification, being very 



47 |  
 

 

 

suitable for controllable transport of drug cargo in vivo 299. Thanks to those surface modifica-

tions, these materials have an amazing versatility: many different moieties can be added to 

them to increase their biocompatibility 300,301, reactivity 302,303, targeting capacity 304,305, and 

many other properties. 

As well as in many other fields, nanotechnology is explored in malaria research to ob-

tain improvements in the current therapeutic, vaccination, vector control and diagnostic 

tools, and to develop brand new strategies for these purposes.  

 

2.1. Nanotechnology applied to malaria therapy  

In terms of drug delivery, nanostructured capsules and similar technologies are able 

to provide a platform for lowering overall drug dosage, while obtaining therapeutic concen-

trations at the tissue or cells where they are needed. The goal of these strategies is precisely 

to improve the therapeutic efficiency of drugs that have poor pharmacokinetic profiles, low 

stability or solubility or to improve the dose-limiting toxicity 299. This can have the double 

advantage of reducing side effects while being more effective at killing the parasite, poten-

tially reducing the emergence of resistances 306. Besides, many nanodelivery tools can have 

sustained release over time and a prolonged circulation time compared to the free drug, 

which would allow longer therapeutic levels without increasing the number of administra-

tions 307. Controlling the size, shape, chemical composition and surface of nanocarriers, it is 

possible to tune their extravasation from the circulatory system or their interaction with spe-

cifics organs/cells 299. Many different materials can be used to build these nanodelivery tools 

(Figure 13). The different formulations described here are classified according to their form 

of application and the drug drawbacks that they aim to tackle. 

 

2.1.1. Simple drug encapsulation 

Although the strategy might be simple, these forms of drug administration can in-

crease circulation time or provide a sustained release, both improving the therapeutic life of 

the compound. Longer blood circulation times and reduced organ extravasation can be bene-

ficial for treating the erythrocytic cycle of the malaria parasite. Materials that can be used to 

encapsulating antimalarials are: 
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Figure 13: Different nanomaterials and the usual range of size that they present. Nanomaterials 
usually have sizes ranging from protein to organelle sizes. Adapted from 308. 

 

Liposomes  

These are artificial bilayered lipid vesicles, which represent one of the first strategies 

developed for drug delivery at the nanoscale. Liposomes have an aqueous lumen where hy-

drophilic drugs can be loaded, whereas their lipid membrane allows loading of lipophilic 

agents. The phospholipids that constitute the liposomes self-assemble in aqueous media and 

usually are highly biocompatible. It is possible to modify them to confer them different useful 

properties 309,310. Liposomal formulations can passively encapsulate the drugs, but their phys-

ical properties can be tuned to have specific pH gradients and permeability coefficients for 

active loading of compounds 311, which can help to stabilize the encapsulated drugs and re-

duce their leaking out of target, thus minimizing the risk of toxic side effects. 

For malaria therapy, liposomes have been applied as strategy for providing sustained 

and controlled release in vivo of artemisinin 312, doxycycline 313, modified di-artesunate 314, 

and even some newly explored antimalarials, such as maduramicin 315 or artelinic acid 316. In 
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addition, poly(ethyleneglycol) (PEG) coated liposomes can increase circulation times for en-

capsulated artemisinin 312 and monesin 317. The main disadvantage of  liposomal formulations 

is that they are relatively expensive as antimalarial treatment and their production can be 

difficult to scale up 318, although new scalable systems of production by means of microfluidics 

are being assessed 318. 

 

Other lipid-based formulations 

Other lipid-based nanostructured lipid carriers (NLC) have been investigated for 

antimalarial drug delivery. NLCs are microemulsions composed by solid and liquid lipids, 

forming a matrix where the drugs are solved. They have been applied in vivo in murine mod-

els, for the intravenous administration of artemether 307 and primaquine 319. 

 

Polymers 

Polymers have also been widely researched for drug delivery strategies in malaria. 

Polymeric formulations consist of multiple repetitions of covalently bond units (monomers). 

This is a largely heterogeneous group of molecules, which can have a wide variety of lengths, 

can be linear or branched, and the drug encapsulation mechanism varies depending on the 

nature of the monomers and/or the modifications used to obtain reactive groups along the 

chains. This heterogeneity allows polymers to be made biodegradable and adaptable to many 

different applications. 

• Polyamidoamines are a type of polymers whose monomers are a combination of 

amide and amine groups. They have been used for applications in malaria re-

search since 1999, in an approach for gene transfection into P. falciparum by 

branched polyamidoamines 320. Linear structures of this type of molecules have 

been tested as drug carriers for chloroquine 321, ferrocene derivatives and neri-

dronate 322,323.  

• Dendrimers are branched macromolecules of a very precise structure, designed 

and grown by controlled chemical reactions. Peptide-based dendrimers with ga-

lactose moiety ends tested for chloroquine encapsulation could reduce hemolytic 

activity of the drug, as well as macrophage uptake 324, reducing toxic effects. Sim-



50 | 
 
 

 

ilarly designed poly-lisine peptides with a CSA coating were also used to encapsu-

late chloroquine, decreasing hemolysis and macrophage while obtaining a longer 

sustained release of the drug in vitro 325. pRBC-binding dendrimers composed of 

2,2-bis(hydroxymethyl)propionic acid (bis-MPA) and Pluronic® polymers, were 

applied for encapsulating chloroquine and primaquine and tested in vitro and in 

vivo 326. Another dendronized hyperbranched polymer from the same family (pol-

yester skeleton derived from 2,2′-bis(hydroxymethyl)propionic acid with amino 

ends) showed preferential uptake by trophozoites and schizonts 327, possibly due 

to NPP facilitated transport. 

• Copolymers are polymers with different characteristics bound together to form 

a single macromolecule. These structures can have amphiphilic properties or ben-

efit from different structural and functional groups plazed on different sites of the 

structure. Copolymers can easily self-assemble, forming micelles or polymero-

somes, thus facilitating drug cargo incorporation.  

Copolymers made of methoxy-PEG and dendritic poly-lysine could increase arte-

mether solubility in water by forming micelles 328. Artesunate has been encapsu-

lated in micelles made of the triblock copolymer poly(ε-caprolactone)–(PEG)– 
Poly(ε-caprolactone), increasing its circulation time and antimalarial efficacy 329. 

In the work by Martí Coma-Cros et al., the synthesis of an hybrid dendritic-linear-

dendritic block copolymer based on Pluronic® F127 and amino terminated 2,2′-

bis(glycyloxymethyl)propionic acid dendrons with a poly(ester amide) skeleton 

is described. Such polymer could self-assemble into micelles, suitable for drug en-

capsulation, and was able to interact with both healthy and parasitized RBCs 327. 

Polymers are also commonly applied in combination with other materials. Such dif-

ferent combinations of molecules in the same nanostructure can exploit their different char-

acteristics; for example, the already mentioned PEG polymers are extensively used as surface 

moiety for stabilizing nanostructures and prevent their aggregation 330,  and increase their 

circulation time in vivo 331.  
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Saccharide-based formulations 

Chitosan is obtained from chitin, a natural polysaccharide present in arthropods. Its 

lack of toxicity and high biocompatibility, together with its weak basic nature (it gets proto-

nated at pH < 6.5) have made it very suitable for preparing nanoparticles based on polyelec-

trolyte interactions for biomedical purposes. Addition of polyanions such as sodium triphos-

phate pentabasic 332 or heparin 333 into solutions of chitosan under stiring easily form nano-

particles, in a process known as ionotropic gelation. Chitosan–triphosphate nanoparticles 

have been shown to encapsulate chloroquine 334. 

Clyclodextrins are cyclic oligosaccharides made of glucose subunits forming a mac-

rocyclic ring. These molecules are suitable for drug delivery, and colloidal systems made of 

these and artemisinin had good profiling of drug release and antimalarial activity in vitro 335. 

Another saccharide-based nanoformulation tested for antimalarial delivery was com-

posed of dextran and carried chloroquine. Dextran is a polysaccharide with glucose units, 

and which was suggested that could be deposited into the food vacuole of the parasite, since 

the half maximum inhibitory concentration (IC50) was lower for the nanoformulation than for 

chloroquine alone for both susceptible and resistant strains 336. 

 

2.1.2. Coencapsulation of different drugs 

Nowadays, most antimalarial treatments use combination therapy to limit the ad-

vance of resistances. Formulations combining two different drugs are more convenient than 

separated formulations, as they can help in patient compilance, especially when the individual 

formulations have different prescribed posologies. 

In addition, research interest is becoming increasingly focused in drug synergies: phe-

nomenon that can provide a better drug efficacy than that resulting from the simple addition 

of individual drug efficacies. Coformulation of drugs with synergistic effects can give rise to 

highly efficacious treatments using lower doses, thus reducing even more the possible side 

effects 337. 

In the case of liposomes, the presence of two different environments (aqueous lumen 

and hydrophobic membrane) allows for the coencapsulation of compounds of very different 

nature, opening the perspective for combination therapy at the level of the nanoscale. For 
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example, monesin combined with different antimalarials (chloroquine, piperaquine and 

FR900098) have been encapsulated in a liposomal formulation and tested both in vitro and in 

vivo 338. Just tested in vitro, but with promising prospects for transmission blocking treatment, 

Biosca et al. combined atovaquone with pyronaridine into liposomal formulations 339. 

NLCs with glyceryl-dilaurate have also tested for the delivery of combinations arte-

mether/clindamycin and artemether/lumefantrine, with promising results for intravenous 

administration in murine models 340. Another NLC formulation containing artemether/lu-

mefantrine showed sustained drug release and high efficacy in a cerebral malaria murine 

model 341. 

Polymeric formulations are also researched for combination therapy strategies. Pol-

yphosphazenes 342 and poly(organophosphacenes) 343, which contain hydrophilic and hydro-

phobic side groups, have been explored as nanocarriers for primaquine and dihydroartemis-

inin coencapsulation.  

Though these strategies can improve bioavailability and/or drug kinetics, and provide 

a base for combination therapy in a single formulation, those described above are not suitable 

for oral administration, and, therefore, difficult to be widely applied in malaria endemic coun-

tries. Some authors suggest that they still have potential for intravenous administration in 

severe cases when oral administration is not feasible 341. 

 

2.1.3. Nanoformulations for improving oral delivery 

A liposomal formulation has been proposed that destabilizes in gastric and intestinal 

fluids, and releases mefloquine, providing higher bioavailability for this drug that is poorly 

soluble in digestive fluids, also masking the bitter taste of mefloquine, which could increase 

treatment adherence 344. 

However, oral administration of liposomes is not usual due to their instability in gas-

tric conditions 345, which might led to drug loss. Certain surface modifications, however, allow 

the oral delivery of liposomes. Coating liposomes with polymers resistant to the gastric 

environment has made them suitable for this kind of administration. Either natural (chitosan 

or its derivatives 345) or synthetic polymers (for example, Eudragit® 346) can be used for this 

purpose. In malaria research, this approach has been applied to improve the administration 



53 |  
 

 

 

curcumin, an hydrophobic natural compound with antimalarial activity 347 but poor bioavail-

ability, by combining phospholipids with hyaluronan and Eudragit®, with Nutriose 348 or with 

Nutriose and Eudragit® 349. Coating with Eudragit® a coprecipitate of zinc salts and ar-

tesunate also enhanced the bioavailability of the drug 350. 

With a focus towards cheap and easy to produce formulations, oil nanoemulsions 

have been explored as a platform to enhance bioavailability of hydrophobic antimalarials. 

They are based on the emulsion into nanostructures of vegetable oils together with the drugs. 

Coformulation of artemether and lumefantrine nanoemulsions had more effect in a mouse in 

vivo model at lower doses than currently used formulations 351. Other nanoemulsion of just 

arthemeter was tested for oral administration and exhibited improved bioavailability and an-

timalarial activity in vivo 352. Other self-emulsifying lipid-based formulation was tested for 

curcumin and artemether oral codelivery 353. This approximation is cheap and simple and en-

hances the bioavailability of the tested antimalarials. Their lipidic nature helps solubilizing 

lipophilic drugs that are not easily solubilized in the digestive juices, thus easing their absorp-

tion. 

Other lipidic formulations known as solid lipid nanoparticles have also been ex-

plored for oral antimalarial therapy. Dihydroartemisinin encapsulation was very stable in 

them and the drug release was sustained for 20 hours, leading to an increased in vivo antima-

larial activity 354. Similaly, NLCs, were used to encapsulate the combination artemether-lu-

mefantrine in an industrially feasible technique, which enhanced the oral efficacy of the drugs 
355.  

The main potential of polymers for oral administration resides in that their exposed 

groups can be designed for maximal stability in the digestive track and interaction with the 

intestinal mucosa, allowing efficient drug delivery. Cationic polymers have these characteris-

tics and are being explored for oral administration 356. Polyamidoamines can be adminis-

tered orally, and have been tested for chloroquine encapsulation 357. Poly(D,L-lactic-co-gly-

colic acid) polymers were used for making biodegradable nanoparticles encapsulating cur-

cumin 358 and a curcumin-artesunate combination 359, and were also tested for oral delivery, 

providing increased cellular uptake, and improved bioactivity in vitro and higher bioavaila-

bility in vivo. Chitosan can also be used for oral administration, and, when encapsulating cur-

cumin, the chitosan nanoparticles increased its chemical stability and and bioavailability 

when fed to mice 360,361. 
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2.1.4. Direct antiplasmodial action of the nanostructure 

Some metallic or metal-oxide nanoparticles have been tested for Plasmodium toxicity, 

since their sizes are usually small enough to enter the parasite and their synthesis is simple 

and easy to scale up. Silver-made nanoparticles were proven to be toxic for P. falciparum 362. 

Titanium oxide nanoparticles, synthesized with Momordica charantia leaf aqueous extract, 

had some degree of antimalarial activity, though not much higher than the leaf extract alone 
363. Biologically produced magnetic nanoparticles (by Magnetospirillum gryphiswaldense) had 

moderate antimalarial activity, but their unspecific cytotoxicity was too high to consider them 

as suitable candidates for antimalarial therapy 364. In an interesting approach, where mag-

netic nanoparticles were coated with pheophorbide A, the nanoparticle size allowed them to 

enter pRBCs through the NPPs, and the shell molecule, a photosensitizer, formed reactive ox-

ygen species (ROS) under irradiation. These nanoparticles had in vitro antimalarial activity, 

although their development is still in a very early stage 365. 

 

2.1.5. Targeted drug delivery 

This strategy allows direct action of the drugs over the diseased cells thanks to target-

ing-ligand interactions exploited when designing the nanocapsule containing the treatment. 

Targeting the liver for malaria treatment of intrahepatocytic parasites is feasible through dif-

ferent approaches: 

• Targeting the asialoglycoprotein receptor in the hepatocytes. This receptor recog-

nizes glycosaccharide residues, and has been targeted using dendrimers with ga-

lactose functional ends 366, using pullulan, a polysaccharide formed by maltotriose 

units, in dextran sulfate nanoparticles 367, and also using poly-γ-glutamic acid 

modified with a synthetic trivalent glyco-ligand 368. All these formulations showed 

enhanced accumulation in the liver in vivo, and contained primaquine as antima-

larial with action against infected hepatocytes. 

• Using a CSP peptide that targets the liver heparan sulfate, which has a higher sul-

fation degree than in other cells 369. The specific targeting of peptide-functional-

ized liposomes could be confirmed 370 and refined by optimization of component 
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ratio 371, with good targeting in vivo. These nanostructures were applied for dox-

orubicin (antitumoral treatment) delivery in 2009 372. However, these formula-

tions have not been tested as antimalarial treatment, and recent publications us-

ing them have not been found. 

Transferrin has been used to target brain tissue for the specific treatment of cerebral 

malaria with quinine encapsulated in NLCs, although so far only pharmacokinetic in vivo as-

says have been performed 373. 

For erythrocytic stages, when nanoparticles were not designed in size for passive tar-

geting (by entering through NPPs 326 or by the pores formed before schizonts burst 374), active 

targeting strategies have been implemented mostly by using antibodies. These approaches 

targeted either pRBCs 375 (with very good results due to the presence of proteins exported by 

the parasite to the RBC membrane 376), or all the RBCs, using antibodies against glycophorin 

A 377 or equivalent molecules for their application in animal models 378. These approaches 

improve circulation time and distribution of the drugs loaded in the liposomes, slowing down 

their removal from blood. 

However, antibody targeting is an expensive tool for malaria treatments, and difficult 

to scale up in production. Besides, these explored formulations still require intravenous ad-

ministration, which would only be applied in severe malaria cases.  

Taking advantage of known traits of parasite biology can be key to obtain cheaper 

formulations and easier to scale up targeting strategies. For instance, as pRBCs have higher 

glucose uptake than healthy RBCs, corn starch-based nanoparticles have been used to target 

the parasite through glucose residues, using quinine as antimalarial 379. This approach has 

only been tested in vitro so far. 

Some other non-expensive targeting molecules have been explored too, e.g. heparin 
380. Heparin targeting is one of the main topics of this thesis work, thus will be discussed more 

in detail in Section 3.  
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2.2. Nanotechnology in vaccine development 

Vaccine formulation is a key point for obtaining good immune responses, and certain 

adjuvants based on nanostructures have been tested for the developing of malaria vaccines. 

Liposomal formulations have aroused interest in malaria vaccine applications 381. The very 

same RTS,S/AS01 or MosquirixTM contains liposome-based adjuvants 223. The liposomal com-

position helps to decrease hemolytic activity of the immunogenic compound QS-21, a natural 

saponin extracted from the Quillaja saponaria tree, thus, making the vaccine composition 

safer 382.  

Liposomes can be part of the adjuvant composition or even part of the delivery sys-

tem: by embedding the antigens in them and functionalizing their surface with mannose, 

Ssemaganda and coworkers aimed to target the liposomes to antigen-presenting cells, to obtain 

immunity against erythrocytic stages of the parasite 383. TBV candidates using liposomal for-

mulations have been explored too, using polyhistidine tagged Pfs25and liposomes containing 

cobalt porphyrin–phospholipid, so that the protein could bind spontaneously to the 

nanostructures 384. 

As another nanotechnology-based approach, gold nanoparticles have been tested as 

adjuvants for a TBV candidate based on Pfs25 too, and they seemed to improve immunogen-

icity of this antigen 385. 

Lastly, FMP014 is a vaccine candidate composed by self-assembling protein nanopar-

ticles as antigen delivery system, which were designed to contain in each monomer different 

CSP epitopes. As adjuvant composition, it contains army liposomal formulation, and therefore 

this vaccine candidate makes use of nanotechnology for both antigen bearing and adjuvant 

components 386. 
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2.3. Nanotechnology applied to vector control measures 

There is a whole trend of investigating environmentally-friendly synthesis of metallic 

nanoparticles that could be applied as insecticides or larvicides. Made of silver 387–390, zinc 

oxide 391 or gold 392 by using metallic salts and plant, algae or lichen extracts, all of them 

proved that could be toxic to Anopheles stephensi mosquitoes, either at larva, pupa or adult 

stages. Even at non killing concentrations, some of these publications showed that nanopar-

ticle exposure could have certain degree of toxicity, making the larva or pupa more suscepti-

ble to predation 388,391. Additionally, silver nanoparticles were proven non-toxic for non-tar-

get arthropod organisms 389,390. 

These approaches are very promising but should be further tested before application: 

though their production is environmental friendly, and the non-target insect assays and in 

vitro unspecific toxicity test indicate that they are safe to use, evaluation on the impact in 

trophic chains would be crucial, to assure that no other fauna is affected by the nanoparticles. 

Nanotechnology can also be indirectly applied in vector control research, by means of 

gene modification, for example, as nanotechnological tools can be used for DNA or RNA deliv-

ery. Polyamidoamines might have application in vector delivery approaches, as it seems that 

they can reach several insect organs when mosquitoes are fed with them 357. 
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2.4. Diagnostic applications of nanotechnology 

Since RDTs are usually based on the use of gold nanoparticles coated with the detec-

tion antibody, nanotechnology is already part of current malaria diagnostic systems. The ac-

cumulation of the gold nanoparticles, either the antigen retention strip or the control strip of 

the chromatographic paper is what generates a colored band that can be read as a result (Fig-

ure 14). 

 

Figure 14: Schematic representation of RDT components. The RDT consist on a nitrocellulose mem-
brane, which is the chromatographic support, and detecting antibodies conjugated to gold nanoparticles (also 
known as colloidal gold), are prepared to move with the sample flow. Two striped lines, one with the capture 
antibody and the other one with the control antibody, will retain the conjugated detecting antibodies and provide 
the result. Figure from 393. 

A new prototype for malaria diagnosis is being developed using also gold nanoparti-

cles, for detecting MSP10 DNA from P. vivax in urine. The gold nanoparticles are coated with 

oligonucleotides containing the two terminal sequences of MSP10, being the N-terminal more 

sensitive (84%), and both equally specific (97%). These tests require pretreatment of the 

urine, but the whole procedure lasts only 45 minutes, and cost of the raw materials per test 

is estimated to be 0.2 USD 394. It is a promising approach that however requires additional 

studies for confirmation of its sensitivity. 

Nanotechnology-based diagnostic tools are being researched to obtain imporved 

reading and antigen capture devices. There are some examples of those tools being developed 

for malaria application. 

The so-called particle-based DNA amplification has been applied to diagnostic devel-

opment in malaria: detection of Pfg377 gene was mediated by grafting DNA primers into mag-

netic latex particles, providing support for PCR amplification, and quantum dots encapsulated 

into polymeric particles were used for signalling 395. Althought highly sensitive and specific, 

this approach does not differ much from a typical PCR in terms of technical requirements, 

time and cost. 
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A promising tool is DiscoGnosis, a ‘lab on a chip’ (described even better as a ‘lab on a 

disc’) device based in microfluidics, for which only 50 µL of blood should be enough for diag-

nosing several infectious tropical diseases, malaria included. According to the information 

shared in the webpage of the project 396, this device includes a spinning disc with several small 

chambers containing magnetic beads that allow separation of the specific pathogen 

DNA/RNA. The beads distribute through the connected chambers that contain reagents for 

LAMP amplification, which allows identification through fluorescent probes. Cost estimation 

is around 10 USD per disc, much lower than all the individual diagnostic reactions for the 

pathogens that it could detect 397. However, the last updates from this product development 

date from 2016, possibly indicating discontinuation of the project.  

The main drawback of these last described approaches is that they require sophisti-

cated capturing or reading platforms that can increase the price of the test and/or pose more 

difficulties for application in malaria endemic point of care sites. 
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2.5. Insights into targeting strategies towards Plasmodium-infected cells 

As it has been discussed in the previous sections, nanostructured material delivery to 

Plasmodium can be achieved through antibody targeting of specific pRBC-exposed proteins 
376 (or of the host RBC membrane proteins 377), taking advantage of differences in transporter 

expression 379, or through harnessing the parasite adhesion mechanisms to host molecules 
380, which have already been described. 

Many of these formulations have been tested in vivo, exhibiting different ranges of ef-

ficacy. To the best of our knowledge, there are no published reports of these formulations 

advancing into clinical trials, possibly due to difficulties in production scaling up, or lack of 

interest by pharmaceutical companies, as cost/benefit ratio might not be good enough for 

embarking into a long and costly chain of clinical trials for nanoformulation and/or targeted 

delivery of antimalarials. 

A key asset to improve current targeting strategies for Plasmodium drug-delivery or 

diagnosis would be to obtain a cost-effective production of the molecule to be used, while 

maintaining a high affinity and specificity of binding, which will keep low the cross-reactivity 

with other non-target cells. This variety of options that already exists reflects how parasite 

research can be approached at many levels to develop new targeting tools. In the following 

sections, two main strategies explored in this thesis are detailed. 

  



61 |  
 

 

 

3. Heparin and sulfated glycosaminoglycans as natural ligands  

Glycosaminoclycans (GAGs) are long linear polysaccharides produced in virtually all 

types of animal cells. They are usually found forming part of proteoglycans (a core protein to 

which one or more GAG chains are attached covalently) exposed on the cell surface, embed-

ded in extracellular matrices or placed in secretory granules. They have a wide variety of 

functions, including, among others, cell signaling, cell adhesion, cell-cell communication and 

structural roles 398. They can be used by infectious organisms as ligands for recognition, at-

tachment, movement and invasion  399,400. 

In the following sections, the structure and relevant interactions of GAGs with the ma-

laria parasites will be described, with special focus on perspectives towards treatment or tar-

geting tool development. 

 

3.1. Structure of sulfated glycosaminoglycans 

GAGs are formed by the repetition of disaccharides consisting of an amino sugar, 

which is usually N-acetyl-D-glucosamine (GlcNAc) or N-acetyl-D-galactosamine (GalNAc), and 

an uronic acid, either D-glucuronic acid (GlcA) or iduronic acid (IdoA) (Figure 15). Here will 

be further described two main groups of GAGs that are important for the host-parasite inter-

action of Plasmodium: chondroitin sulfate (CS) and heparan sulfate (HS). Heparin is con-

sidered to be within the group of HS 401. 

 

Figure 15: Most relevant disaccharide structures of the GAGs described. (a) heparan sulfate, (b) 
heparin, (c) dermatan sulfate and (d) chondroitin sulfate. R: H or SO3‒. Adapted from 401. 
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Both types of GAGs are linked to serine residues in the proteins by way of xylose 398. 

The repeating units that form CS are mainly GalNAc-GlcA disaccharides making a polymeric 

chain with average sizes around 20KDa (approximately 40 disaccharides per chain), then 4-

O and 6-O-sulfation can be present in GalNAc residues. In dextran sulfate (DS), the starting 

chain would be basically the same, and then epimerization of GlcA into IdoA occasionally oc-

curs, also adding sulfation in 2C of this sugar. CS chain formation depends on the type of cell 

expressing the proteoglycan. 

Heparin and HS structure is based on the dissacharides GlcNAcα1-4GlcAβ1-4. N-

deacetylation and N-sulfation in GlcNAc is typically present in clusters along the chain, form-

ing GlcNSO3 and occasionally just deacetylated GlcN. Epimerization occurs in the GlcA resi-

dues immediately adjacent to such GlcNSO3, and the IdoA generated is further 2-O-sulfated. 

Finally, 6-O-sulfate groups are added to the GlcN residues adjacent to the uronic acid. Certain 

arrangements of sulfated residues can be additionally 3-O-sulfated. The clustering pattern of 

these modifications provides regions lacking sulfate within the modified parts of the chains, 

and not all the modifications are present in all the regions, providing large chemical hetero-

geneity. This diversity results in specific ligand recognition of HS or heparin by the appropri-

ate receptors. 

Heparin is distinguished within this group as it is produced only by mast cells (while 

HS can be produced in any cell), and has more extensive sulfation and uronic acid epimeriza-

tion. Tipically, more than 85% of GlcN are N-sulfated and more than 70% of the uronic acid is 

in form of IdoA. It has pharmaceutical interest, as it has high anticoagulant activity 398.  

HS forms part of cell surface and extracellular matrix proteoglycans, and it is involved 

in embryonic development, inflammation and immune defense processes and cell growth 402. 

Heparin can interfere in some of these processes possibly due to a mimicking action thanks 

to its similarity to HS. This widens the potential therapeutic uses of heparin or GAG mimicking 

compounds 403.  
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3.2. Role of sulfated glycosaminoglycans in liver invasion 

Following an infected mosquito bite, sporozoites travel from the mosquito salivary 

glands and, soon after, invade hepatocytes. The presence of the CSP in this process has been 

introduced in section 1.1.4.  

In the liver, HS is present on the surface of hepatocytes 404 and in the extracellular 

matrix in the space of Disse (region between hepatocytes and endothelial cells) 405, and it was 

shown to mediate in the interaction with Plasmodium sporozoites, as it is described below. 

After observing the homology in sequence with other proteins such as antistasin 406 

and properdin 407, which had affinity for sulfated glycoconjugates, it was suggested that CSP 

could also bind to such molecules in a specific manner 404. The amino acid sequence Cys-Ser-

Val-Thr-Cys-Gly-x-Gly-x-x-x-Arg-x-Arg/Lys was present in all CSPs reported at that time, and 

it was shown to bind heparin, fucoidan, and dextran sulfate. Further experiments were per-

formed where it was shown that sporozoite infectivity was inhibited in the presence of these 

three molecules. Infectivity in mice was also inhibited by dextran sulfate and fucoidan, point-

ing to the conclusion that sporozoites may interact with this type of compounds when pursu-

ing invasion of host hepatocytes 404.  

A more recent study demonstrated the preferential binding of two conserved CSP re-

gions to highly sulfated oligosaccharides in HS. These oligosaccharides were heparin-like in 

sulfation pattern. Peptides of such regions (I and II-plus) could inhibit binding of recombinant 

CSP to HepG2 cells in a concentration-dependent manner. Furthermore, presence of heparin 

was able to inhibit the action of endoproteinase Arg-C, which cleaves recombinant CSP mainly 

at the conserved region I. Guided by these results, it was suggested that the high sulfation of 

liver HS would explain the selectivity of CSP targeting the liver cells 408.  

Additionally, experiments of interaction in real time using surface plasmon resonance 

and isothermal titration calorimetry showed that, among a number of glycosaminoglycans 

tested, heparin had the strongest binding towards CSP. The corresponding affinity was in the 

nanomolar range, and a particular decasaccharide sequence was defined as the minimum-

sized binding sequence. It could block CSP interaction with HepG2 cells and its sequence was 

shown to bind apolipoprotein E, pointing to a common mechanism involved in invasion of 

hepatocytes by Plasmodium spp. and in the liver uptake of lipoproteins from the blood.409 
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In another study, the motif defined as region I-plus, containing basic residues, had 

high affinity towards heparin and HS. It had a binding constant Kd = 5.0 µM and a stoichiome-

try of n = 7.8 binding sites per heparin chain. The binding sites with higher binding efficiency 

on HS were rich in sulfate groups and iduronic acid, similarly to the corresponding heparin 

pattern. Such components are unusually abundant in the liver extracellular matrix in contrast 

to other organs, supporting their role in sporozoite targeting 410.  

In order to take advantage of this known interaction, liposomes have been designed 

containing a peptide derived from CSP, which efficiently targeted the liver in vivo 370. 
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3.3. Role of sulfated glycosaminoglycans in blood stages 

 3.3.1. pRBC adhesiveness 

Rosettes 

Presence of rosettes –a pRBC adhered to a number of RBCs- is a common phenotype 

related with severe malaria17,18. Certain sulfated glycosaminoglycans, such as heparin and HS, 

had the capability of disrupting those rosettes in a strain- specific manner, whereas pretreat-

ment of erythrocytes with heparinase III could avoid rosette formation in vitro.411 In addition, 

heparan sulfate was found to be present on the RBC surface, confirming its role as ligand for 

rosette formation. 412  

Some research groups have focused in the receptor for this GAG interaction with 

pRBCs: as discussed in section 2.2.1, PfEMP1 is the main effector of cytoadhesion and roset-

ting, and was observed to bind HS through its DBL1α domain 413. E. coli expression of recom-

binant of the N-terminal segment of DBL1α was used to screen a variety of GAGs and calculate 

their affinity by surface plasmon resonance, proving that heparin, fucoidan and dextran sul-

fate can interact with this domain 80. Later on, by using a set of recombinant mutated proteins 

expressed in E. coli, it was proposed that the binding site resides in a particular sequence of 

basic amino acid residues of the subdomains 1 and 2 of DBL1α 82.  

Other works have studied the different modifications that can be applied to common 

GAGs as heparin to obtain molecules with antirosetting effect but without anticoagulant ac-

tivity. For example, periodate-depolymerized heparin was capable of disrupting rosettes in 

vitro and its use in in vivo models (rats and the non-human primate Macaca fascicularis) re-

leases sequestered parasites  414. Curdlan sulfate, a semisynthetic sulfated glycoconjugate, 

could reduce rosette formation in a wide range of P. falciparum laboratory strains and clinical 

isolates in vitro 415. Further experiments with other modifications of heparin studied the ac-

tivity of sevuparin and DFX232, derivatives of heparin without anticoagulant activity due to 

splitting of C2-C3 bonds of non-sulfated hexuronic acid residues and cleavage of heparin chain 

at these sites. Both compounds could disrupt rosettes in a large number of fresh parasite iso-

lates, an effect which was more pronounced in isolates from complicated malaria cases than 

in those from mild cases 416. As sevuparin has progressed into clinical trials as adjuvant ther-

apy for malaria 417, it has been tested again with another large batch of fresh parasite isolates 

to characterize its effect in rosetting and cytoadhesion 418. 
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Cytoadhesion in capillary endothelium 

Sulfated GAGs (sGAGs) not only were likely to have a role in rosetting, but also in se-

questration within tissues. Several sulfated GAGs were able to suppress cytoadherence of P. 

falciparum HB3EC-6 to C32 melanoma cells, of which dextran sulfate (500 KDa) had the high-

est effect 419. In addition, pRBCs of the parasite strain FCR3S1.2 and wild type clinical isolates 

were able to adhere to HS present on different types of endothelial cells. Such adhesion could 

be suppressed by enzymatic removal of HS, and DBL1α was identified as the HS-binding re-

gion of the cytoadhesive protein PfEMP1 413.  

Some strains of Plasmodium parasites can be selected to have binding towards GAGs. 

One publication, in which P. falciparum 3D7 was selected for binding CSA, describes how this 

in vitro model could be used to test a panel of sulfated GAG mimetics in terms of binding inhi-

bition 420.  

In addition to compound screening for rosetting disruption, pRBC cytoadherence in-

hibition was tested in the same works or in other ones close in time. Fucosylated chondroitin 

sulfate (FucCS), a GAG obtained from sea cucumber, was capable of in vitro inhibition of pRBC 

cytoadhesion to human lung endothelial cells and placenta cryosections, being the sulfated 

fucose branches essential in this action 421. Different semisynthetic glycans (obtained from 

natural sources and chemically sulfated) were also tested for cytoadhesion inhibition 422. Not 

surprisingly, sevuparin has also been tested in this type of assays, and was able to inhibit cy-

toadherence in concentrations of ≥ 100 µg/mL 418. Along phase I/II clinical assays with ma-

laria patients, mature parasites appear transiently in the circulation, possibly indicating that 

sevuparin is releasing sequestered parasites 417. 

 

Cytoadhesion in placental malaria 

The relevance of placental malaria, which can cause anemia and low birth weight in-

fants, and the wide number of publications on this topic, allow discussing in more profound 

details about the interactions involved. 

The Plasmodium receptor (VAR2CSA) involved in placental malaria has been dealt 

with in section 1.1.4, and the following paragraphs will cover a deeper description of the lig-

and (CSA) and the nature of the interaction between them.  
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It is not discarded that some other receptors could be involved in parasite sequestra-

tion in placenta 423, although most of the evidence points to VAR2CSA and CSA as the main 

effectors of this sequestration type 424, and in consequence they are the most studied.  

CSA is present in the intervillous spaces of the placenta in the form of CS proteogly-

cans. These placental GAGs have a unique and distinct pattern: they have low sulfation (2-8% 

of the disaccharide repeats are 4-sulfated) 425 distributed in specific domains (clustered in the 

chain forming regions of 6-14 repeating disaccharide units with 20-28% 4-sulfate, while 

other regions have few or no sulfate groups) 426 which make them very different from CSA 

present in other tissues. Six or more disaccharide repeats were required for blocking the cy-

toadhesion of pRBCs, and were more active when having just 2-3 sulfate groups per molecule 
427.  

The low sulfation of this placental CSA hindered its proper characterization and was 

misidentified as hyaluronic acid (HA) 425,428, which is actually in lower proportion in placental 

tissue 425. A study even reports that “Commercial preparations of HA have been contaminated 

by CSA (…)” 429 , which suggests that the role of hyaluronic acid in placental malaria might be 

smaller than expected. 

The CS proteoglycan to which pRBCs bind is of fetal origin, and its levels of expression 

are increased when the infected cells are present 428. Among other GAGs present in the pla-

centa (DS in the fibrous tissue, two types of CS proteoglycans associated to cells, and low sul-

fated and extracellular CS proteoglycan in the intervillous space), the CS present in the inter-

villous space was responsible for sequestration 425. Interestingly, these observations also ap-

ply to P. vivax placental sequestration 430, and the binding is sustained along most of the preg-

nancy period 431.  

Structura screenings assays showed that there are isolate-specific differences in the 

affinity for structural motifs in CSA, which correlated with polymorphisms in the parasite re-

ceptor protein 88. The interaction between VAR2CSA and CS is likely a cooperative interaction 

dependent on CS density 432, and the protein might have multiple binding sites for CS, thus 

providing an allosteric effect 433.  
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3.3.2. Merozoite invasion 

sGAGs have been found to inhibit merozoite invasion in vitro. This inhibition was du-

ally proven together with cell adhesion inhibition for the parasite line HB3EC-6 with a variety 

of GAGs, such as dextran sulfate, sulfatides, fucoidan and heparin. Non-sulfated molecules 

with similar structure did not block invasion or cytoadherence, proving that sulfated polyan-

ions interfere with the ligand-receptor interaction needed for these processes 419. In a more 

recent study, it was proven that modification of heparin length and sulfation could neutralize 

this antimalarial effect and that uptake is not necessary for its activity, strengthening its role 

as invasion inhibitor 434. Heparin was found to bind EBA140, being capable of inhibiting its 

interactions with erythrocytes 131, and seems to exclusively bind the apical tip of the merozo-

ite surface (Figure 16); it is then expected to interact with a protein localized in the apical 

region 435. This is in agreement with what is experimentally observed when recording the 

steps of invasion with real-time microscopy in the presence of heparin: merozoites still can 

adhere to the erythrocyte surface, but do not reorient 129. However, data collected from ex-

periments with protein extracts suggested that the target of this activity could be the MSP1 

protein, more specifically the MSP142 processed fraction –in the fragment that later on during 

invasion is shed in the form of MSP133 129. In addition, heparin is capable of blocking the initial 

RBC deformation that occurs immediately after the merozoite makes contact, and inhibits the 

invasion from this point 127,129, a mechanism in which MSP1 is the most probable effector. One 

plausible explanation is that besides MSP1, heparin would be interacting with some other 

proteins in the apical part, which therefore 

would not be reaching their ligands on the 

erythrocyte surface to start the merozoite reor-

ientation. As the structure of heparin is prone to 

interact with many proteins 436, it could be in-

teracting synergistically with more than one, 

and the combination of these diverse binders 

would be mostly present in the apical part of the 

cell. Besides interactions with MSP1 and 

EBA140, heparin can interact with some of the 

proteins present in the rhoptries (such as PfRh2 

or RON3), and SERA5, a protease involved in the 

merozoite egress process 437. 

Figure 16: Colocalization studies be-
tween heparin and merozoite proteins. The 
staining observed for heparin in these images col-
ocalizes with the staining obtained with an anti-
body against EBA175, a protein present in the api-
cal part of the merozoite. This suggests that hepa-
rin might not be binding MSP1, which is distrib-
uted all over the merozoite surface, but maybe 
some other protein present in the apical part of the 
merozoite. Adapted from 435. 
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Blocking the invasion of a new RBC might not be the only mechanism through which 

heparin blocks parasite development: it can enter into the perforated membrane of schizonts 

about to burst and retain the merozoites inside, inhibiting the egress process, possibly acting 

as anchor between inner erythrocyte membrane molecules and the surface merozoite pro-

teins 374. The observed interaction between SERA5 and heparin 437, provides more evidence 

sustaining the feasibility of this way of blocking. 

Regardless of the mechanism, sulfation of GAGs is a key requirement for their invasion 

inhibiting activity 419: the higher the sulfation degree, the greater the activity, for which sul-

fation of GlcNAc and 6-O sulfation of hexuronic acid residues are essential 129. The length of 

the GAG chain also plays a role in the interaction, as low molecular weight fractions of heparin 

have higher IC50 than high molecular weight fractions 438, and a minimum length of six mono-

saccharide units is required for substantial activity 129.  

Both for defining the appropriate sGAG structure required in the the parasite invasion 

arrest and for exploring new approaches of treatment, several works have been using heparin 

modifications 129, related glycans 439 or sGAG mimicking molecules 414,420 for in vitro P. falcipa-

rum growth inhibition. The most extensive work in this field tested a large panel of different 

polymeric molecules (not only of polysaccharide nature) modified with sulfate groups 440.  

So far, very few in vivo assays have been performed with this kind of molecules with 

the purpose of inhibiting merozoite invasion. Almost 25 years ago, long chains of 500-KDa 

dextran sulfate, chosen for their observed in vitro growth inhibition and cytoadherence block-

ing, were used in a mouse model of cerebral malaria (P. berghei ANKA); although some statis-

tically significant differences were observed, the results were not very promising in terms of 

survival of the animals 419. More recently, in our group, several sulfated polysaccharides from 

marine organisms exhibited antimalarial activity in vitro, and, as they had much lower anti-

coagulant activity than heparin, were tested in vivo in a P. yoelii XL mouse model. The survival 

trends were very similar to the untreated control, except for animals treated with fucan from 

the sea cucumber Isostichopus badionotus 439.  

These in vivo results indicate that the translation from promising in vitro results into 

successful preclinical assays is not an easy step, and a deeper characterization of the samples 

in terms of pharmacokinetics and pharmacodynamics would be helpful in the development 

of these types of compounds as treatment. 
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In contrast, promising results seem to derive from the phase I/II clinical study of sevu-

parin as adjuvant in antimalarial treatment: parasite numbers at ring stage seemed to be re-

duced in the patients that were treated with sevuparin, compared with the control group. Still, 

both groups were administered atovaquone/proguanil as antimalarial treatment. Addition-

ally, there was a large variability of ring percentages between individuals of the same group 
417, additional studies will be required to confirm that servuparin reduces merozoite invasion 

in patients. 
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3.4. Role of sulfated glycosaminoglycans in mosquito stages 

Not only mammalian tissues have sGAGs. Most of the research about GAG presence in 

arthropods is based on Drosophila melanogaster, where HS and CS were found 441. Although 

D. melanogaster is an excellent model for research, the observations made for in organism 

might not be applicable to all arthropods; in the next sections, specific results in Anopheline 

research and the corresponding implications in parasite development are highlighted.   

 

 3.4.1. Midgut invasion 

Midgut microvilli of Anopheles gambiae 

contains CS chains, specifically CSA and CSE 
442,443. Interaction of such chains with P. falcipa-

rum ookinetes has been demonstrated by fluo-

rescent labeling in vitro (Figure 17), and sup-

pression of the biosynthesis of CS by iRNA sig-

nificantly impaired the development of the par-

asite in the mosquito 442. A polysulfated poly-

mer mimicking CS (vinyl sulfonic acid, VS1) 

could also diminish P. berghei oocyst numbers 

in  A. stephensi mosquitoes following blood 

feeding to VS1-administrated and infected 

mice, and in A. gambiae mosquitoes, to which 

gametocytes of P. falciparum grown in vitro were fed 443. In experiments of ookinete midgut 

invasion, addition of wheat germ agglutinin, which binds to carbohydrates such as GlcNAc, 

blocked ookinete interaction with the midgut 444, confirming the importance of the availability 

of midgut endothelium GAGs for parasite development. 

Staining with ruthenium red also demonstrated the presence of GAGs in the midgut 

epithelium of A. aquasalis 445, a malaria vector in the American continent, suggesting that the 

invasion mechanism in this species could also involve GAG interactions.  

The receptors responsible for the ookinete-midgut interaction seem to be CTRP and 

the von Willebrand Factor A domain protein (WARP), both recombinant P. falciparum WARP 

and P. gallinaceum first vWA (von Willebrand adhesive) domain of CTRP bind heparin in vitro 

Figure 17: P. falciparum ookinetes bind to spe-
cific CS GAGs. CSA (a–c) and CSE (d–f) bind to ma-
ture ookinetes, whereas HA (g–i) do not. CSC, CSD, 
and DS produced similar results to HA. For detec-
tion, GAGs were biotinylated and streptavidin con-
jugated to Alexa 488 provides the green signal. An 
antibody against Pfs25 was used to identify ma-
ture ookinetes (red). DAPI was used to stain para-
site nuclei (blue). Scale bars are ~10 µm. From 442.  
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147. Homologous recombinant P. vivax proteins were able to bind VS1, a previously men-

tionend CS-mimetic, suggesting that the interaction that produces the blocking in develop-

ment is likely the same 443. CTRP contains seven of such vWA domains (also known as A do-

mains), which have been identified as heparin-binding domains 446.  

Previous work in our group has also pointed out that fluorescently labeled heparin 

can bind to P. berghei ookinetes 447 (Figure 18). Thus, heparin or other sulfated related mole-

cules are interesting targeting molecules for this parasite stage, and that is why we selected 

them for our experiments. 

 

Figure 18: Confocal image of heparin binding ookinetes. P. berghei ookinetes expressing mCherry 
and stained with DAPI, show also the fluorescence of heparin-FITC, interacting at their surface. The labeling seems 
to be polarized preferentially towards the ookinete apical side. From 447. 

Besides, other protozoan parasites such as Leishmania braziliensis 448 and Trypano-

soma cruzi 449,450 also use sulfated GAGs as ligands when invading their insect vector, possibly 

indicating that a common mechanism of interaction could have evolved convergently. 

 

3.4.2. Salivary gland invasion by sporozoites 

A couple of publications explored if GAGs could have a role in the salivary gland inva-

sion inside the mosquito. The presence in the salivary glands of the mosquito A. stephensi of 

HS with a pattern of sulfation similar to that of the liver, offered a promising candidate as 

ligand for mosquito salivary gland invasion by the sporozoites 451. HS was also identified in 

the salivary gland basal lamina of A. gambiae. However, knocking down the biosynthesis of 

HS in the mosquito did not impair sporozoite invasion, and thus it is likely that some other 

ligands facilitate the entrance of the parasite 452.   
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3.5. Use of heparin in nanoformulations against malaria 

Some previous publications have already explored the strategy of binding heparin to 

nanostructures to be used as antimalarial treatment. Such strategies would benefit from the 

nanostructured properties, while gaining a mimicking-like activity, as heparin will be ar-

ranged in the surface exposing chains as HS does over the RBC.  

formulation that reduced its anticoagulant activity, and was applied as drug delivery 

approach, using primaquine as liposome content. Heparin was expected to act as targeting 

molecule against the mature pRBC surface, and the in vitro antimalarial results seemed indeed 

promising 380. The presence of heparin in solid lipid nanoparticles encapsulating chloroquine 

also seemed to increase its effect in vitro 453. Heparin has even been used as the nanomaterial 

itself: covalently bound to artesunate, the modified molecule could self-assemble into micelle-

like structures and prolong artesunate circulation time in vivo 454. 

A second explored approach is using heparin to mimic the surface structure of a RBC. 

Polymersomes 455 and giant polymersomes 456 benefited from surface-attached heparin to 

gain antimalarial activity in vitro, and merozoites were observed to bind these structures (Fig-

ure 19). Further characterization of these nanomimic structures showed that they have anti-

malarial activity with different heparin proportions and even with depolymerized chains 457.  

 

 

 

In two of these publications 380,456, it has been suggested that attachment of merozo-

ites to these nanostructures could prolong the time that these cells are exposed in the blood 

stream, which might help the immune system in antigen recognition from the parasite.  

Figure 19: Polymersomes coated 
with heparin targeting the merozoites. (a 
& b) small size po-lymerosomes can bind the 
merozoite surface and block the invasion 
(adapted from 455). (c & d) giant polymero-
somes covered with heparin mimicking RBCs 
can also bind the merozoites (adapted from 
456). 
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4. Development of new targeting tools: Aptamers 

New cost-effective and specific targeting tools are necessary for advancing the tar-

geted drug delivery field for malaria. In this regard, binding specificities and affinities compa-

rable to those of monoclonal antibodies can be obtained with aptamers, much faster and less 

expensive to produce 458. 

Aptamers are short single-stranded oligonucleotide chains used for specific ligand 

recognition. They are generally single-stranded DNA (ssDNA) or ssRNA, and, in both cases, 

the 3D structure formed by their self-folding produces some structural features that can bind 

to other molecules (figure 20). For in vivo applications, aptamers can be chemically modified 

to confer them resistance against nucleases or they can be tagged with fluorescence reporters 

or nanoparticles for localization or pull-down experiments of target proteins. 

 

Figure 20: Depiction of the interaction aptamer-target. Aptamers are single stranded oligonucleo-
tides that fold in a 3D conformation capable to interact with other molecules, for example proteins, by ‘induced 
fit’, structure compatibility, electrostatic interactions or hydrogen bonds. Image from: 
https://www.idtdna.com/pages/education/decoded/article/planning-to-work-with-aptamers. 

These molecules offer a good alternative to antibodies, as they do not require immu-

nogenic and nontoxic targets, because aptamers do not relay on laboratory animals for their 

production, since all the selection process can be carried out in vitro. Their nucleic acid nature 

is an advantage for production (they can be chemically synthesized at low cost), stability 

(their denaturalization and renaturalization does not affect function) and easy modification 

and they are generally non-immunogenic 459. Additionally, their small size and all the 

knowledge available about base pairing and nucleic acid interactions with other molecules 

makes them more suitable for computational analysis and in silico selection 460.  

https://www.idtdna.com/pages/education/decoded/article/planning-to-work-with-aptamers
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4.1. The aptamer selection process 

To select aptamers for the recognition of ligands, a library of different random se-

quences is used. The usual method of selection is the systematic evolution of ligands by 

exponential enrichment (SELEX), but aptamers can also be selected on a chip. SELEX was 

firstly described in the 1990s 461,462. The selection method starts by mixing the target of inter-

est with an oligonucleotide library, which allows interactions between them, and, then, those 

oligonucleotides that have interacted with the target are isolated and non-interacting ones 

are discarded. Those selected oligonucleotides are amplified by PCR, the single strands are 

generated, and they are incubated again with the target, repeating the cycle for as long as it 

takes to obtain few sequences with high specificity. It is an iterative process that takes at least 

6-12 cycles 463. 

The starting library of oligonucleotides can be either ssRNA or ssDNA, and is designed 

to have fixed regions on each end and a random central sequence of about 30-60 nucleotides. 

The library should be as large as possible to obtain a maximally randomized sequence, but in 

most cases there are about 1015 different sequences. This can be sufficient to obtain highly 

specific aptamers, but it can lead to sequence bias, as the starting pool covers only about 

0.01% of the possible sequences for a 30-nucleotide oligomer 464. Thus, the starting pool 

highly influences which aptamers are selected. 

Conviniently, the SELEX method has been tuned and adapted to the different targets 

used. Effective separation of the non-binding sequences is key to enhance enrichment of the 

selected ones, and incrementing the stringency of binding along the selection cycles or opting 

for active selection can accelerate the process and reduce the number of cycles. Here are com-

piled several strategies for a good target-library interaction: 

- Using a purified and/or recombinant protein as target: this is the most com-

mon target, especially for biomedical applications. The different methods applied 

solve the problem of separation of selected sequences in diverse ways: 

o Filter separation: proteins coated with binding sequences are separated 

by filtration through a nitrocellulose filter, while free sequences are 

washed out 465. This technique can only be used with target proteins that 

can be retained in the filter, and the efficiency of capture depends on the 

protein. Aptamers that bind the filter can be enriched easily 459. 
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o Usually, the protein is retained on a solid support that allows separation 

of selected and not selected sequences. This support can be different types 

of beads/resins, for example, if the recombinant protein has tags like pol-

yhistidine, gluthatione S-transferase or maltose binding protein, the beads 

or resins will have matrixes for affinity separation, as nickel, glutathione 

or amylose respectively. Then, the non-binding sequences can be sepa-

rated by pull-down or column washes. If the beads are magnetic, they can 

be separated using a magnetic field, (FluMag-SELEX) 466. After washing 

away the non-binding oligonucleotides, selected molecules are eluted 

alone or with the protein. 

 Combining bead retention and flow cytometry for active selection 

of binding sequences allows obtaining high affinity sequences in 

less cycles of selection: a fluorescent tag indicates level of binding 

with the target, and only those with high level of fluorescence are 

selected for the next PCR. This method is called Particle Display 467. 

 Microfluidics has also been applied in combination with beads as 

support, whereby the number of cycles can be reduced too, thanks 

to continuous washings. In addition, the reagents and volumes are 

decreased thanks to miniaturization 468. 

o Simple protein adsorption can provide separation, for example, into 96-

well plate wells. In this protocol, non-binding sequences are removed by 

gently washing and binding ones are eluted by heat 469.  

o Electrophoresis-based SELEX: it takes advantage of the differences in elec-

trophoretic mobility of free sequences vs. protein-bound sequences, 

which are slowed down. The generally applied methods are capillary elec-

trophoresis (CE-SELEX) 470 and micro free-flow electrophoresis 471. This 

type of selection avoid the recovery of sequences that bind the immobili-

zation support. 

- Using small molecules: in contrast to antibodies, aptamers can be raised against 

non-immunogenic molecules, such as small chemicals. Applying the previously 

described selection methods to small molecules is possible, but it usually depends 

on the molecule nature and if this can be immobilized or not. When immobiliza-

tion of the target is not feasible, the main techniques applied are:  
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o The already mentioned CE-SELEX 472. 

o Capture-SELEX, a method based in the capture of non-binding sequences 

by complementary oligonucleotides attached to beads. The sequences that 

bind the target are not captured by the beads, and can be amplified 473. 

- Using whole cells: very complex substrates as the cell surface can be used too as 

target for the SELEX technique. Usually what is implemented is the cell-SELEX 

technique (Figure 22), in which the cells and bound aptamers are separated from 

non-selected sequences just by centrifugation pull-down, but some other variants 

apply other separation techniques, like microfluidic strategies 474. The main ad-

vantages of this technique are its suitability for the discovery of new biomarkers, 

while, in addition, prior knowledge of the target is not required 475. However, it is 

a complex and time consuming technique compared with other means of aptamer 

development: the challenge of having a good cell culture that remains as un-

changed as possible along the selection cycles, the difficulties in target identifica-

tion (not many research groups achieve this) and the numerous technical prob-

lems that can appear along the process hamper a wider application of this meth-

odology 476.  

 

Figure 21: Depiction of the cell-SELEX process, exemplified using an oligonucleotide pool of 
ssDNA, P. falciparum gametocytes as cell targets and RBCs as counter selection. The cells were drawn by 
Javier Lantero Escolar. 
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Counter-selection is needed in many cases to increase specificity, either for washing 

away sequences that bind to the immobilization substrate or for selecting aptamers that can 

distinguish very similar molecules 464. For cell-SELEX and biomarker identification is crucial 

to perform a counter-selection, which usually relies on incubation of the sequences with a 

‘healthy’ cell of the same type as the selected target cell 475. 

The remaining process is fairly similar independently of the target: either reverse 

transcription-PCR for RNA aptamers or simple PCR for DNA aptamers. This step can be prob-

lematic for two reasons: undesired by-products of the amplification are common when the 

same pool is used in many cycles of PCR 477 and the amplification can have bias towards cer-

tain nucleotides 478. After amplification, the sequences are either transcribed to ssRNA or the 

ssDNA is separated, which can be made using biotinylated primers (obtaining one strand of 

the amplified pool with the biotin) and streptavidin-bead retention, with elution by alkaline 

denaturation, the ssDNA can be released 475. Asymmetric PCR and/or exonuclease digestion 

can also yield ssDNA 479. 

Although it is not exempt of bias and selection issues, the SELEX troubleshooting has 

been assessed by several research groups 475,477,479, representing a faster and technically eas-

ier process than the establishment of a monoclonal antibody production chain. 
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4.2. Post-selection modification of aptamers and their potential applications 

After selecting aptamers against a given target, it is often necessary to proceed with 

some chemical modifications, to provide more stability or specific functionalities, so the mol-

ecule can be functional for the final application.  

In addition, aptamers can be truncated or their bases modified one by one to screen 

for sequences with even higher affinity. 

 

4.2.1. Modifications of aptamers for increased stability 

Because aptamers can be targets of nuclease activity, modifications that confer re-

sistance to nucleases are highly recommended for almost any application. The most usual 

modifications target the sugar ring, the bases or the oligonucleotide ends. 

The 2’ position of the sugar ring can be modified with 2’-NH2, 2’-F, and 2’-O-CH3 

groups, which confer nuclease resistance 480–482. Alternatively, locked nucleic acids (LNA) can 

be used: LNA are bases with an extra bridge connecting their 2' oxygen and 4' carbon, which 

have high stability against ribozymes, low toxicity and outstanding thermal stability 483. 

The nucleotide bases can also be modified to confer nuclease resistance to the mol-

ecule, being most common the modifications in the fifth position of the pyrimidine with io-

dide, bromide, chloride, amino or azide 484. Besides, some chemical modifications can add ex-

tra affinity for the selected targets by imparting a more hydrophobic, hydrophilic, or charged 

character to the oligonucleotide. As an example, 5-(N- benzylcarboxyamide)-dUTP modifica-

tion of an aptamer raised against nucleolin protein expressed in cancer cells increased its af-

finity to target cells by 2.5-fold 485. Chemical modification of some nucleotides incorporating 

in them 2’-deoxyinosine increased their anti-proliferative activity 486. 

Other common modifications are related to y 3’ or 5’ capping. Due to their small mo-

lecular weight, aptamers can be easily excreted by the kidneys, and therefore, when designed 

for in vivo applications, like therapy, imaging and others, modifications oriented to elongate 

the circulation time of the aptamers are highly desirable. In this regard, 3′ or 5′ capping can 

provide longer circulation times and even protection to nucleases. 3’ capping can be done 

with 2’-4’-bridged nucleotides 487, streptavidin-biotin 488 or inverted thymidine, while 5’ caps 

include amine or phosphate groups, PEG, cholesterol, fatty acids and peptides or proteins. 



80 | 
 
 

 

PEG or other polymers attached to the oligonucleotides can prolong their residence time in 

the body, by reducing extravasation and kidney filtration 489.  

The first approved therapy based on aptamers, Macugen, consists on a truncated 28 

nucleotide aptamer that has been raised against the vascular entothelial growth factor iso-

form 165 from a 2’-F pyrimidine library and modified with several 2′-O-methyl purines. This 

modification already conferred nuclease resistance, and, in addition, its residence time was 

elongated by  5’ PEGylation 490. Its application in clinical trials was successful for the treat-

ment of neovascular age-related macular degeneration 491. 

Attaching the aptamers to nanoparticles can also help increasing their circulation 

time due to the size increase of the conjugated structure. It can also have other advantages 

too: due to the binding to gold nanoparticles, certain ligand-aptamers could not escape from 

lysosomes in targeted cells,  where the protein ligand was degraded, thus activating apoptosis 

and contributing to death of the targeted cancer cells 492 

 

4.2.2. Function-oriented modification of aptamers 

 Many aptamers have been developed towards sensor applications, for example, ap-

tamers raised against antibiotics, with the objective of developing sensors for controlling and 

evaluating antibiotic residues and avoid resistance emergence. The sensors developed are 

usually electrochemical, to have an easy-to-use but sensitive measurement platform, and the 

aptamers are grafted into the surface of the electrodes, either directly or using a linking mol-

ecule 493. 

Sometimes aptamers just bear certain labels, like fluorescent molecules or radioiso-

topes, to help identifying the specific target that they bind to. For example, for diagnostic pur-

poses, fluorescence anisotropy of the aptamer can detect biomarkers in nanomolar concen-

trations 494. These modifications can also be used for labeling and separation of target cells by 

fluorescence-activated cell sorting 495.  

Of course, one of the main topics toward which aptamers are focused is targeted drug 

delivery. There is a review covering precisely this topic 496, which mentions the diversity of 

molecules/nanostructures that can be linked to aptamers: drugs, nanoparticles formed by 

liposomes, polymers or others bearing the drug cargo, metallic nanoparticles with the activity 
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of interest, recombinant streptavidin-protein of interest to be carried inside the cell, chimeric 

aptamers fused to micro RNAs or small interference RNAs as therapeutic agents, and so on.  

Among other applications, aptamers can be a mechanism of gene expression when 

used as riboswitches or in similar approaches. The sequence of an aptamer, which recognizes 

a small molecule that can diffuse into cells, is fused to the gene of interest, usually at the 5’ 

end to be transcribed into RNA. The presence of the molecule that the aptamer sequence rec-

ognizes can make the mRNA adopt a 3D structure that does not allow access to the ribosome 

and therefore cannot be translated. Without the molecule that the aptamer recognizes, the 

mRNA can be translated 497. The other way around is possible too: the aptamer sequence 

forms a hairpin with the mRNA sequence, and this conformation opens when the aptamer-

binding molecule is present, allowing the ribosome to access the mRNA start codon 498. When 

fusing into the gene the aptamer and a ribozyme-encoding sequence that would usually de-

grade the mRNA, when the aptamer ligand is present the mRNA is stabilized and can be trans-

lated 499. Such riboswitches can also occur naturally 500, and studying them in organisms can 

be a source of new aptamer sequences. These systems can be applied for basic research pur-

poses or as chemical sensors 498. 

Several aptamers have been patented for clinical purposes 490, and also two patent 

applications have been filed for use in personal care products 501,502. Many companies (Aptus 

Biotech, Aptamer Group, Aptagen, Oak Biosciences, Novaptech, NeoVentures Biotechnology, 

SomaLogics, Noxxon Pharma AG, Gilead, and more) are already commercializing and devel-

oping aptamers and platforms for their application. Among their services, they offer aptamer 

identification, optimization, and assay development. 
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4.3. Applications of aptamers in malaria 

4.3.1. Aptamers for malaria diagnosis 

Some aptamers have already been developed for the recognition of Plasmodium pro-

teins. Most of them are focused on diagnostic applications, and many have been raised against 

Plasmodium lactate dehydrogenase (pLDH), because it is a well-characterized biomarker of 

infection (as mentioned in section 1.4) and its translation into diagnostic devices can be rela-

tively simple. With this focus, Lee et al. described the selection of aptamers using recombinant 

pLDH from both P. falciparum (PfLDH) and P. vivax (PvLDH) with the FluMag technique. The 

obtained aptamer, pL1, could detect both protein variants (with Kd = 16.8-49.6 nM) by immo-

bilizing it into an electrode and measuring impedance changes 503. pL1 was also tested in col-

orimetric biosensors, based on aggregation of gold nanoparticles in the presence of the pro-

tein to be detected, obtaining high sensitivity for biomarker detection in human serum and 

being capable to correlate the sensing to parasites/µL measurements 504,505. 

In parallel, Tanner et al. were also developing an aptamer against PfLDH, called 2008s, 

with Kd = 42 nM, and tested its performance in a similar gold nanoparticle-based colorimetric 

sensor 506. The main difference with pL1 is that 2008s is species-specific. Interestingly, the 

research group further developed a colorimetric biosensor prototype based on PfLDH activ-

ity. L-lactate was added to PfLDH immobilized through binding to 2008s, and the substrate 

was metabolized into the products pyruvate and NADH; in the presence of nitrotetrazolium 

blue chloride, which is subsequently reduced by NADH into a diformazan dye product, the 

enzymatic activity could be measured colorimetrically 507. This type of biosensor was called 

aptamer-tethered enzyme capture (APTEC), and was tested in clinical samples to validate its 

potential 508. A prototype platform has been proposed that approaches its application to the 

field using microfluidics and this APTEC sensing (Figure 22) 509. The aptamer 2008s was also 

tested in other sensing platforms: (i) one based on luminescence of silver nanoclusters 510, (ii) 

as part of a DNA origami assembly 511 that can change shape in presence of the biomarker 512, 

and (iii) as a combination of the DNA origami assembly, by making DNA polyhedrons that can 

hold more aptamer molecules, and using the APTEC strategy as detection method 513.  

A third group led by Goswami has developed an aptamer (P38) against PfLDH with Kd 

of 0.35 µM. They tested the quantitative detection also with a gold nanoparticle aggregation 

system 514 and by immobilization in graphene oxide, over an electrode, generating a very sen-

sitive biosensor that could detect up to 0.5 fM of protein 515. 
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Figure 22: APTEC-based microfluidic device for malaria diagnosis. The detection is performed in 3 
steps: (A) micro magnetic beads (µMB) containing the aptamers are incubated with the blood sample, if PfLDH is 
present, it will be bound; (B) the beads are then washed and separated by magnetic attraction, and (C) accumu-
lated in the development chamber, where there is already the development solution, which changes color in pres-
ence of PfLDH due to the reaction shown in the scheme. Figure from 509. 

Recently, more aptamers against PfLDH were raised using the whole recombinant 

protein and also testing specific epitopes that would allow species-specific recognition, sepa-

rating the positive binding-sequences by nitrocellulose filtration of the target-oligonucleotide 

complex. The authors suggested that working directly with known epitopes can help to ad-

vance faster in aptamer discovery 465.  
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Although generally aptamers are oligonucleotides, there is potential for peptides as 

‘aptameric’ tools too. In this context, thanks to in silico modeling predictions, one peptidic 

aptamer against Plasmodium lactate dehydrogenase was developed, and the preliminary as-

says indicate that it has a good diagnostic performance 516.  

pLDH is not the only parasite protein being explored for diagnostic purposes: Gos-

wami’s group has also developed aptamers against Plasmodium  glutamate dehydrogenase, 

described in a couple of publications, which also bear potential for developing diagnostic tools 
517,518. 

One last approach explored in aptamer discovery for diagnosis was using the high mo-

bility group box 1 protein of P. falciparum, chosen due to its conservation and high levels of 

expression along all blood stages. The aptamers selected had dissociation constants between 

nano and micromolar ranges, and still had some unspecific binding towards the human hom-

olog protein depending on pH 519. 

 

4.3.2. Aptamers for therapy 

Aptamers can also be a tool for therapeutic interventions, e.g. aptamers raised against 

an enzyme can block its activity 520. There is one attempt reported at developing aptamers as 

malaria therapy, where the authors describe inhibition of P. falciparum growth using DNA 

aptamers that could bind the heme group, suppressing its detoxification pathway in the par-

asite 521.  

 

4.3.3. Aptamers against the pRBC surface 

It has been suggested that aptamers against proteins or features of the pRBC could be 

used as adjuvant therapy in malaria, preventing cytoadhesion or rosetting as some antibodies 

do 522. 

Using a recombinant DBL1α domain from PfEMP1, RNA aptamers capable of rosette 

disruption have been generated 523. Additionally, using a whole cell-SELEX approach com-

bined with microfluidic separation of non-bound sequences, aptamers were raised against 

the P. falciparum CS2 strain, which expresses the var2CSA variant of PfEMP1. The sequences 
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selected could recognize epitopes in this protein and potentially some other membrane fea-

tures, as one of the sequences could still bind trypsin-treated CS2 parasites 474. 

A slightly different approach with the same objective is to target the receptors to 

which the parasites bind: RNA aptamers have recently been raised against CD36 with the per-

spective of applying them for malaria therapy 524. 

However, obtaining aptamers against surface targets of the pRBCs is quite challeng-

ing. Alhough adhesive proteins are exported to the infected cell surface 525, they can be lost in 

the process of establishing a P. falciparum line for cell culture, as cell adhesion and other fea-

tures are lost in a short time without selective pressure; major changes in transcription and 

translation can be observed depending on culture conditions 526. Moreover, the exposed do-

mains in these proteins are highly variable, due to allelic variation, and thus the aptamers 

raised might not be useful for all parasite strains. 
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Objectives 

 

 

To explore the potential application of heparin and heparin-derived mole-

cules as antimalarial compounds against different parasite stages 

 

To develop DNA aptamers with specific binding to Plasmodium falciparum 

infected red blood cells, of potential use in therapeutic and/or diagnostic ap-

proaches. 
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Abstract:  

Heparin is a promising antimalarial drug due to its activity in inhibiting Plasmodium 

invasion of red blood cells and to the lack of resistance evolution by the parasite against it, 

but its potent anticoagulant activity is preventing the advance of heparin along the clinical 

pipeline. We have determined, in in vitro Plasmodium falciparum cultures, the antimalarial 

activity of heparin-derived structures of different origins and sizes, to obtain formulations 

having a good balance of in vitro safety (neither cytotoxic nor hemolytic), low anticoagulant 

activity (≤23 IU/mL according to activated partial thromboplastin time assays), and not too 

low antimalarial activity (IC50 at least around 100 µg/mL). This led to the selection of five 

chemically modified heparins according to the parameters explored, i.e., chain length, sul-

fation degree and position, and glycol-split, and whose in vivo toxicity indicated their safety 

for mice up to an intravenous dose of 320 mg/kg. The in vivo antimalarial activity of the se-

lected formulations was poor as a consequence of their short blood half-life. The covalent 

crosslinking of heparin onto the surface of polyethylene glycol-containing liposomes did not 

affect its antimalarial activity in vitro and provided higher initial plasma concentrations, alt-

hough it did not increase mean circulation time. Finding a suitable nanocarrier to impart long 

blood residence times to the modified heparins described here will be the next step toward 

new heparin-based antimalarial strategies. 
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Abstract:  

Innovative antimalarial strategies are urgently needed given the alarming evolution 

of resistance to every single drug developed against Plasmodium parasites. The sulfated gly-

cosaminoglycan heparin has been delivered in membrane feeding assays together with Plas-

modium berghei-infected blood to Anopheles stephensi mosquitoes. The transition between 

ookinete and oocyst pathogen stages in the mosquito has been studied in vivo through oocyst 

counting in dissected insect midguts, whereas ookinete interactions with heparin have been 

followed ex vivo by flow cytometry. Heparin interferes with the parasite’s ookinete–oocyst 

transition by binding ookinetes, but it does not affect fertilization. Hypersulfated heparin is a 

more efficient blocker of ookinete development than native heparin, significantly reducing 

the number of oocysts per midgut when offered to mosquitoes at 5 µg/mL in membrane feed-

ing assays. Direct delivery of heparin to mosquitoes might represent a new antimalarial strat-

egy of rapid implementation, since it would not require clinical trials for its immediate de-

ployment. 
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Abstract: 

New biomarkers have to be developed in order to increase the performance of current 

antigen-based malaria rapid diagnosis. Antibody production often involves the use of labora-

tory animals and is time-consuming and costly, especially when the target is Plasmodium, 

whose variable antigen expression complicates the development of long-lived biomarkers. To 

circumvent these obstacles, we have applied the Systematic Evolution of Ligands by EXpo-

nential enrichment method to the rapid identification of DNA aptamers against Plasmodium 

falciparum-infected red blood cells (pRBCs). Five 70 b-long ssDNA sequences, and their 

shorter forms without the flanking PCR primer-binding regions, have been identified having 

a highly specific binding of pRBCs versus non-infected erythrocytes. Structural analysis re-

vealed G-enriched sequences compatible with the formation of G-quadruplexes. The selected 

aptamers recognized intracellular epitopes with apparent Kds in the ?M range in both fixed 

and non-fixed saponin-permeabilized pRBCs, improving >30-fold the pRBC detection in com-

parison with aptamers raised against Plasmodium lactate dehydrogenase, the gold standard 

antigen for current malaria diagnostic tests. In thin blood smears of clinical samples the ap-

tamers reported in this work specifically bound all P. falciparum stages versus non-infected 

erythrocytes, and also detected early and late stages of the human malaria parasites Plasmo-

dium vivax, Plasmodium ovale and Plasmodium malariae. The results are discussed in the 

context of their potential application in future malaria diagnostic devices. 
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Discussion 

Along this work, both natural occurring and newly selected targeting molecules 

against Plasmodium parasites have been explored towards two different applications: (1) ar-

rested development in two different parasite stages using natural occuring molecules, and (2) 

specific targeting that could derive in new diagnostic tools by artificial selection. 

In this thesis, the natural occurring targeting molecule selected was heparin and its 

derivatives. It is known that heparin or compounds from the sGAG family have a direct action 

in the parasite’s development, specifically in two stages: invasion of the RBC by the merozoite 
129 and mosquito midgut epithelium invasion by ookinetes 442. The timeframe between the 

schizont egress and the merozoite attachment is about 30 seconds 126. Therefore, heparin has 

a fast-inhibition activity to RBC invasion. This can be divided into two possible inhibition 

points: (1) it can block the schizont egress, by entering when the cells starts to burst before 

full egress 374, and (2) it can attach to the merozoite just before its reorientation on the inva-

sion process. In this sense, heparin is highly effective in vitro 129, but in vivo, finding the exact 

timeframe in which heparin can act is far more difficult. This molecule has a circulation time 

of few hours 527, hence it should be active within the few minutes in which egress and invasion 

take place. Modifications like depolymerization of heparin can elongate its circulation time 

(due to less unspecific interactions with plasma molecules or cell surfaces 527). Alternatively, 

linking heparin to a nanostructure can elongate its circulation time. This effect could be me-

diated  by size (if the structure is above 20 nm, much less extravasation of the compound is 

expected), or by limiting its interactions with plasma components 528,529, which could poten-

tially facilitate its availability for interacting with the merozoite. 

In the first article here compiled, the experimental strategy started by obtaining hep-

arin derivatives. Five different candidate heparin-derived molecules offered good prospects 

for their application in blocking the merozoite invasion: their aPTT was equal or lower than 

23 IU/mg and they still remained enough active in terms of antimalarial activity, because they 

had IC50s between 49 and 104 µg/mL. These compounds were proven safe in vitro and in vivo 

up to doses of 320 mg/Kg, and thus, high doses of the compound could be safely administered 

to reach active concentrations. Precisely, the highest concentrations administered were in a 

range of 8 to 19-fold the IC50 and 1.5 to 8-fold the 90% inhibitory concentration of the com-

pounds. However, the compounds did not significantly elongate animal survival or influence 
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pRBCs percentajes when administered in vivo. It was confirmed that their plasma t1/2 was 

rather short (less than 30 min for the compounds tested) and, additionaly, interactions with 

plasma components might be further limiting their antimalarial activity in vivo. After observ-

ing this, heparin was covalently linked to the surface of liposomes as a proof of concept design 

with the purpose of elongating its circulation time. Even though, the future perspective is us-

ing polymers or other less expensive formulations, the explored approach was very useful for 

studying the effect of size and nanostructured stabilization of heparin.  

The results showed that the plasma half-live of the heparin-coated liposomes was not 

longer than that of heparin alone, but the peak concentration was higher for the liposome 

formulation. These liposomes might limit the extravasation from the beginning as it was ob-

served that heparin concentration and stability in plasma was higher. However, as the clear-

ance dynamics were very similar to that of free heparin, probably the liposomes were not 

very effective in limiting the interactions with plasma components, which can led to aggre-

gates that are subsequently eliminated by phagocytic cells. In the liposome design explored, 

we included 2% of 2 KDa PEG to achieve stabilization and a ‘limited-interaction’ effect. The 

ratio between PEG-lipid and heparin was approximately 0.3:1. To improve the system, either 

a composition with longer chains of PEG or a higher PEG:heparin ratio could be explored, but 

their potential effect in masking the heparin interactions with merozoites should also be ruled 

out. 

Formulations combining heparin with other molecules could provide other character-

istics or functionalities. For instance, artesunate linked covalently to heparin has showed to 

form self-assembled nanostructures that provided longer circulation time for artesunate 454. 

This sort of prodrug combination was also explored in this work. We combined heparin with 

primaquine, and observed that the antimalarial activity was higher for the combination than 

for the individual compounds. This approach can be further explored with different antima-

larials with distinct characteristics, because they may offer other advantages or even syn-

ergestic effects. In particular, combining the heparin with other structures targeting either 

the free merozoite or the schizont egress could increase its activity by synergistic action. 

Once the best strategy for enhancing heparin activity in vivo is defined, more suitable 

routes of administration should be explored too. Intravenous administration of antimalarial 

treatment is only applied for severe cases in which oral administration is not possible 164. 

Heparin alone cannot be absorbed orally, but certain formulations containing heparin can 
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promote its intestinal absorption 530. The next step in this project aims to test chitosan or 

cationic polymers for improving the pharmacokinetic profile of sGAGs; these types of mole-

cules could also be platforms for oral delivery because polycationic solutions or nanoparticles 

promote drug absorption in the digestive tract 356. 

Another strategy would be looking for molecules that mimic the sulfate pattern of 

heparin but already have long circulation times and lack the anticoagulant activity. A list of 

GAGs and sulfated-polymeric structures have already been assessed in vitro 440. A previous 

publication pointed out that sulfated cyclodextrins had this inhibiting activity too, and they 

could even reduce mice parasitemia in a P. berghei model 531. Cyclodextrins are nanostruc-

tures that consist in glucose-based rings with the ability of drug encapsulation, thus they 

could be used in a combination treatment strategy in which both components have an anti-

malarial effect. Unfortunately, these structures still have problems to solve as they are not 

orally absorbed and have short circulation times 532. These drawbacks could be diminished if 

sulfated cyclodextrins form part of a nanostructure. In this approach, they can interact with 

polycations thanks to their sulfated groups. This type of combination could enhance the ab-

sorption and circulation time of the sulfated sugar-ring, in the same way as for heparin. Their 

main advantage compared to heparin is that cyclodextrins already lack anticoagulant activity. 

Even though it seems that human administration of heparin for malaria treatment still 

has a long road to go, it may have potential for other applications too. In the second article 

presented here, heparin was applied to block the parasite’s development in the murine model 

of P. berghei during mosquito stages. There is previous evidence of CS proteoglycans involved 

in the ookinete invasion of the mosquito midgut 442, and heparin interaction with the ookinete 

surface 447. Therefore, the next question to solve was whether heparin can block the ookinete 

invasion of the mosquito midgut and prevent the parasite development. Our results showed 

that heparin and hypersulfated heparin reduced infection intensity and prevalence when ad-

ministered together with blood; however, this effect was not that clear when administered in 

the sugar feed. Despite the intention of this approach was not to deliver sGAGs directly to 

humans and achieve the transmission blocking effect, other safer compounds could be used 

with this purpose. For instance, when the sulfated polymer VS1 was administered directly to 

infected mice and these animals were used to infect mosquitos by direct bite, a reduction in 
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mosquito infections was achieved 443. A similar strategy could be developed with nanostruc-

tured heparin or derived molecules, with the double advantage of blockthe merozoite inva-

sion and the parasite transmission. 

On the other hand, it was worth to explore the direct administration of blocking com-

pounds to mosquitos that will not require long clinical trials. However, heparin alone did not 

had that transmission blocking effect, probably because the sugar feed in which it is adminis-

tered was expelled during the blood meal. To obtain longer retention times in the midgut, the 

best approaches are: (i) to combine heparin with a targeting molecule against the mosquito 

midgut, or (ii) to test which physicochemical characteristics allow heparin retention and/or 

higher activity. The next step in this project is testing if hypersulfated heparin has any activity 

when administered in the sugar feed. 

In addition, Anopheles species have hemagglutinating activity driven by the interac-

tion with sGAGs 533. The lectin producing this activity could compete with the sGAGs-binding 

proteins of the ookinete surface. This might be an added explation of why the heparin did not 

work in the sugar feed for three reasons: (i) the reduced volume of sugar that mosquitos take 

compared to blood would already dilute the heparin in the midgut, (ii) expelling liquid while 

taking the blood meal could also expel most of the heparin taken and (iii) if those mosquitoes 

lectins are present and blocking the remaining heparin, very few amount would be available 

for its action. Nevertheless, the last effect does not seem to affect heparin in the blood meal at 

the same extent, so it would probably be the combination of the 3 suggested points what 

makes the treatment unsuccessful with the sugar meal. Identifying the specific lectin and in-

vestigating its interactions with heparin or other GAGs would be helpful to discard specific 

molecular arrangements that interact more with the lectin and select others that favors inter-

action with ookinete surface. 

Besides natural occurring ligands as a tool for parasite targeting, the other branch of 

this work was focused on obtaining new targeting molecules, and explore their potential ap-

plication. Aptamer development was selected for fulfilling this objective as they can be se-

lected to have the desired level of affinity and specificity, which can compete with the ones of 

antibodies, but with a less expensive and easier production 458, and they can be easily modi-

fied to have a broad range of different applications 496,534. Cell-SELEX was the selected ap-

proach for aptamer identification to obtain new biomarkers for malaria application. Previous 

trials of selection with fresh parasites from different strains and stages were unsuccessful in 
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providing aptamers for two main reasons: (1) loss of sequences in the selection (see supple-

mentary information, Figure S.1), and (2) preferential binding to cell-debris that could not be 

washed away (see supplementary information, Figure S.2). However, the aptamer selection 

process was successful when the target cells were fixed P. falciparum 3D7 trophozoites. In 

here, the fixation process permeabilized the cells and the aptamers targeted intracellular an-

tigens, which was not the initial objective. Nevertheless, the high specificity obtained and the 

observation that they could bind different parasite species, opened the possibility for their 

application as diagnostic tools.  

It is likely that the target of our aptamers is a protein, because aptamer-6-FAM signal 

was observed when incubated with protein extracts. However it is not discarded than such 

binding site might be a lipid or a saccharide as the signal is present in several bands in the 

western blot experiments. Therefore, it could correlate with post-translation modification of 

proteins, perhaps a glycan modification or protein complexes with other biomolecules. We 

have observed a very similar pattern in western blot staining, which suggest they may bind 

the same proteins or domains. This may pose some challenges for RDT development based 

on this aptamers, related to competition for the same target, if those aptamers are used for 

both capture and detection. The sensitivity of antibody-based RDTs is higher if the capture 

antibody that retains the protein and the one conjugated to the colloidal gold (used to have a 

visual result)l do not compete for the same epitopes 535. This problem can also happen using 

aptamers. In this regard, different strategies could provide higher sensitivity when using ap-

tamers raised against the same target as: (i) aptamers are smaller than antibodies and will 

produce less stearic impediments in the binding of another aptamer, therefore, sensibility 

might be less affected; (ii) when the specific epitope is identified, other aptamers can be se-

lected against other epitopes in the same protein; and (iii) it is possible to combine aptamers 

with an antibody raised against that protein in the same diagnostic device, substituting just 

one of the antibodies can already decrease the production costs of the RDTs. 

The next steps for RDT development with these aptamers are presumably: (1) modi-

fication for nuclease protection, (2) elucidate a sandwich-like strategy, (3) testing strip-like 

conditions needed for aptamers and (4) increase the number of patient samples to test. Tech-

nically, the adaptation of aptamers to RDTs should not imply many difficulties, however prob-

lems like cell permeabilization and appropriate buffer selection have to be properly ad-

dressed to obtain high specificity and sensibility. 
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On the other hand, to meet the needs for certain health care settings and/or ease the 

sample taking in the case of infants, RDT approaches using urine samples instead of blood are 

being developed, with the same technical approach and antigens (HRP2) as current blood 

RDTs 536–538. This technique is less invasive and its specificity is fairly the same than blood 

RDTs. However the sensitivity is slightly lower and they still have the same antigen-antibody 

related drawbacks as blood RDTs. As a new strategy, it is possible to identify new biomarkers 

in urine using SELEX, either proteins or even other types of molecules excreted due to para-

site activity.  

Additionally, heparin or other sGAGs could also have potential in parasite detection. 

When merozoite interacts with erythrocytes pursuing invasion, certain proteins are shed in 

the process. MSP1 and AMA1 are cleaved in the surface of the merozoite 539 and MSP1-33 

fragment is released in the plasma, among others.  It is precisely the MSP1-33 fragment the 

one found to interact with heparin 129, however heparin would be limited in its detection, as 

its specificity will not be as high as an antibody mostly because it interacts with more proteins 

in the plasma. Other strategies could be applied: a combined retention/detection system of 

heparin plus a more specific antibody or aptamer could be explored as a cheaper alternative 

for RDT development. 

Any targeting strategy has potential to be applied as useful tool in the malaria field, 

either coming from the study of molecular interactions between host and parasite or by 

screening of new biomarkers.  The easy modification of GAGs and aptamers and the possibil-

ity to combine them with nanostructures, polymers and other materials could provide adapt-

able tools to meet the needs of the malaria elimination agenda. 
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Conclusions 

1. The heparin modifications that offered the best balance between reduced 

anticoagulant activity and maintained antimalarial activity were: medium 

molecular weight heparin combined with 2-O-desulfation, alone or with 

glycol-splitting; and ultra-low molecular weight heparin, alone or com-

bined with 2-O-desulfation and glycol-splitting.  

 

2. The selected heparin-derived molecules did not elicit toxic effects in mice 

when administered IV up to a concentration of 320 mg/Kg. 

 

3. The in vitro IC50s of the selected compounds were:  

a. 91.95 ± 8.97 µg/mL for 2-O-desulfated medium molecular weight 

heparin,  

b. 79.60 ± 5.38 and 84.20 ± 13.45 µg/mL for the two replicates of 2-

O-desulfated glycol-split medium molecular weight heparin, 

c. 49.31 ± 5.97 µg/mL for ultra-low molecular weight heparin, and 

d. 104.40 ± 6.03 µg/mL for 2-O-desulfated glycol-split ultra-low mo-

lecular weight heparin. 

 

4. In vivo activity was assayed with concentrations of 75 or 150 mg/Kg/dose 

in a 4-day suppressive test. Activity was lower than expected, and their 

pharmacokinetic profile was a possible cause. Blood circulation times 

were measured in vivo: heparin had a t1/2 of 25.74 min and 2-O-desulfated 

glycol-split medium molecular weight heparin had a t1/2 of 29.13 min. 

 

5. Attaching heparin to liposomes did not elongate t1/2 (22.40 min), but in-

creased the peak concentration in plasma: from about 18 µg/mL for free 

heparin, to about 40 µg/mL for the liposomal formulation.  

 

6. Heparin-Cy5 was observed to label P. berghei ookinetes in discrete areas 

of the cell. 

 



165 |  
 

 

 

7. Heparin-Cy5 could be administered to A. stephensi mosquitoes by sugar 

feed in cotton swaps and by blood meal in membrane feeding assays. Cy5 

signal was observed up to 72 and 24 hours after the administration, re-

spectively. 

 

8. Heparin and hypersulfated heparin can block P. berghei development in 

the mosquito when administered together with blood in membrane feed-

ing assays. Heparin could reduce both the prevalence of infection (propor-

tion of mosquitoes infected) and the infection intensity (oocyst/midgut) 

in a dose-dependent manner for concentrations of 5 and 500 µg/mL. 

Hypersulfated heparin at 5 µg/mL had similar effect than heparin at 500 

µg/mL. 

 

9. Heparin was not effective when administered in sugar feed on cotton 

swaps before direct mosquito infection using infected mice. Possibly mos-

quitoes expel the sugar feed to make room for the blood inside the midgut. 

 

10. The effect of heparin is not exerted during gametocyte egress, gamete fer-

tilization or ookinete maturation. It is likely that it blocks the ookinete in-

teraction with midgut epithelium. 

 

 

 

1. Five new aptamers against Plasmodium falciparum have been identified. 

They recognized specifically fixed late stage pRBCs vs. RBCs, by flow cy-

tometry characterization with 6-FAM labeling of the aptamers: 

a. Sequence 19 recognized 93.04% late stage pRBCs / 0.02% RBCs 

b. Sequence 24 recognized 94.38% late stage pRBCs / 0.06% RBCs 

c. Sequence 30 recognized 95.16% late stage pRBCs / 0.01% RBCs 

d. Sequence 77 recognized 88.27% late stage pRBCs / 0.00% RBCs 

e. Sequence 78 recognized 84.47% late stage pRBCs / 0.00% RBCs 
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2. Selected aptamers could not bind to fresh pRBCs but they bound fixed or 

permeabilized cells; therefore, their target is intracellular.  

 

3. The characterization of their minimal sequence and the influence of sig-

naling molecule were explored: shorter chains without the primer-bind-

ing regions were designed and TAMRA or biotin tags where tested instead 

of 6-FAM. The following effects were observed: 

a. the shorter version of aptamer 19 (19s) had significant lower 

binding to pRBCs, the shorter sequences of aptamers 24, 77 and 

78 (24s, 77s and 78s) had slightly lower binding than their long 

versions, while the shorter version of aptamer 30 (30s) had 

slightly higher binding; 

b. TAMRA tag suppressed aptamer 30 binding to pRBCs, the tag 

change possibly affects its structure; 

c. and biotin tag was measured by Streptavidin-AlexaFluor 647 

recognition, the percentages of pRBCs recognize were lower for all 

the sequeces. This might be due to steric impediments in the Strep-

tavidin penetration to the cell and binding. 

 

4. Their apparent Kd was calculated using fixed late stage pRBCs and a ran-

dom sequence (aptamer 700) as control of non-specific binding. Longer 

and shorter versions of the aptamer sequences had differences in their Kds 

but the variation did not correlated with the size, they were specific of se-

quence. Binding Potential (BP) was defined as Bmax/Kd ratio, to start expor-

ing which sequences have better singal and binding to late stage pRBCs: 

a. Aptamer 19 had 0.46 ± 0.08 µM of apparent Kd and 19s had 1.10 ± 

0.15 µM. Their BP was 13.4 and 1.7 a.u./µM respectively. 

b. Aptamer 24 had 1.14 ± 0.11 µM of apparent Kd and 24s had 1.07 ± 

0.06 µM. Their BP was 4.9 and 8.0 a.u./µM respectively. 

c. Aptamer 30 had 0.61 ± 0.04 µM of apparent Kd and 30s had 1.53 ± 

0.07 µM. Their BP was 6.4 and 23.8 a.u./µM respectively. 

d. Aptamer 77 had 1.07 ± 0.12 µM of apparent Kd and 77s had 0.90 ± 

0.06 µM. Their BP was 1.9 and 7.3 a.u./µM respectively. 
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e. Aptamer 78 had 0.33 ± 0.03 µM of apparent Kd and 78s had 1.77 ± 

0.15 µM. Their BP was 9.4 and 5.9 a.u./µM respectively. 

 

5. The type of protein extracts and stages at which the aptamers’ antigen/s 

can be detected has been identified by dot blot assays, using 6-FAM ap-

tamers for the detection. Then, extracts made with RIPA buffer and para-

sites between 36 and 48 hours post invasion were used for western blot 

analysis and direct identification in a SDS-PAGE for gel slicing and mass 

spectrometry analysis of the bands. Results point to more than one protein 

being recognized by the aptamers, possibly through a common domain. All 

aptamers showed the same binding pattern: they were likely binding the 

same epitope. 

 

6. Comparison by flow cytometry indicated that the 5 sequences here devel-

oped could bind pRBCs and provide >30-fold higher signal than that of a 

pLDH aptamer. 

 

7. They can recognize P. falciparum, P. vivax, P. ovale and P. malariae fixed in 

slides directly from patient blood samples. This is indicative of a possible 

pan-malaria detection with application in diagnostic purposes. 
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Supplementary Information 

 

SI.1. Aptamers against gametocytes 

Before achieving the selection of the aptamers that was published in Journal of Bio-

medical Nanotechnology, several attempts with different strategies had been explored. The 

first approach was to develop aptamers against the surface of the gametocytes, aiming to de-

velop a specific targeting tool against this parasite stage that would allow implementing 

transmission-blocking strategies. 

Gametocytes are known for they sequestration in the bone marrow, however the 

mechanisms on how they do so are still not known. It has been hypothesized that the stiffness 

of the gametocyte pRBC prevents that they go into circulation, and it is unlikely that there are 

surface proteins behind the sequestering, as there are not known adhesive proteins in their 

surface 135. In an attempt to identify, at least by gene annotation, possible candidates to be 

surface antigens in gametocytes, Sutherland searched in PlasmoDB for protein-coding genes 

that (1) had high mRNA abundance in gametocytes (90–100% of maximum expression), (2) 

do not had mRNA abundance in late trophozoites (50–100% of maximum expression) and 

either had a signal peptide or a Plasmodium export element motif 540. By checking again the 

candidate list that this author proposed, the gene with ID PF14_0753 (currently annotated as 

Plasmodium exported protein (hyp13), ID PF3D7_1478100), though still with unknown func-

tion, it is a exported protein and contains two transmembrane domains, being the best candi-

date as possible gametocyte surface antigen. Either presence of this protein or other antigens, 

like sugar modifications or lipid differences in the membrane were expected to be the targets 

in this aptamer selection. 

As the moment for applying counter selection could be decisive driving the selection 

(if applied before the selection, some potential binding molecules could be accidentally 

dragged with the counter cells, and if applied after the selection, an enriching the pool of non-

target sequences could occur, and maybe the target ones could be less represented in further 

cycles), two different selection procedures were applied: starting by a counter selection or 

applying it after the first selection round. 
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Materials and Methods 

The methodology and materials employed were identical to the described in the arti-

cle presented before, except for the target cells, which were fresh P. falciparum E5 gameto-

cytes. Parasite strain was kindly gifted by Dr. Alfred Cortés. 30 mL culture at 5% pRBC and 

3% hematocrite was sincronyzed using sorbitol 5% w/v 541, and resuspended in fresh com-

plete medium containing N-acetyl-glucosamine at 50 mM, blocked the development of asex-

ual stages. Cultures were maintained changing the medium daily the first 5 days, and each 

two days until day 8-9. Magnetic Assisted Cell Sorting (MACS®, Miltenyi Biotec) was used for 

gametocyte concentration, following manufacturer’s indications. Counter selections were 

done before or after the first round of selection, and afterwards every 3 rounds of selection. 

 

Results 

Figure S.1. Images from the electro-
phoresis gels of DNA samples ob-
tained from the selection with game-
tocytes. (a) First round of selection, the 
lanes were: (a1) ladder, (a2) PCR prod-
uct after the selection, (a3) PCR product 
after DNA precipitation and (a4) ssDNA 
eluted from the streptavidin column. 
(b) In the fourth round of selection the 
DNA could not be seen in the electro-
phoresis gels, the lanes were: (b1) lad-
der, (b2) PCR product after the selec-
tion, (b3) elution from the streptavidin 
column and (b4) flowthrough from the 
streptavidin column, containing just the 
primers.   
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SI.2. Aptamer selection with VAR2CSA expressing line 

Another strategy followed for the selection of aptamers was using a parasite line that 

expresses VAR2CSA variant of PfEMP1: Plasmodium falciparum CS2 strain. Selection over im-

mobilized CSA allows to maintain the allele expressed.  

 

Materials and Methods 

Materials were purchased in Sigma-Aldrich unless specified. P. falciparum CS2 line 

was obtained from Bei Resources (catalogue MRA-96). 

The methodology followed was the same as in the third article of this work 542, except 

for the cell preparation: trophozoite stages of the parasites were selected and purified by 2 

different methods: PercollTM (GE Healthcare) 70% gradient purification (as described in the 

reference) or gelatin flotation. 

For the gelatin flotation 543, parasite culture is concentrated by centrifugation at 500 

g for 4 minutes, supernatant discarded and resuspended to make 2.4x pellet volumes with 

prewarmed washing medium, to which 2.4x pellet volume of  Gelofusine® (B. Braun) is 

added. After homogeneus mixing, the solution is incubated for 30 minutes at 37 ˚C. The upper 

phase (approximately 1/5 of the volume) is transferred to a new tube, washed with 10 mL 

washing medium and centrifuged in the same conditions as before, then resuspended in bind-

ing buffer. 

In these experiments, composition of binding buffer was slightly changed by including 

0.1 mg/mL of tRNA from yeast as extra blocking agent. The rest of the components remained 

the same. 
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Results 

 

Figure S.2. Results from the two selection processes using P. falciparum CS2 parasite cell line. (a) 
The oligonucleotides were incubated with PercollTM purified late stages of the parasite, in the left image there is a 
giemsa stain of the purified cells. In this process cell debris from the culture can be taken or the membranes dis-
rupted, and after 5 rounds of selection, 6FAM-labeled oligonucleotides wer mostly binding such structures and 
not the intact pRBCs. (b) In a second selection process, gelatin flotation was used for parasite concentration, and 
the giemsa stain of the purified cells is shown in the left. On the right, an image of the 6th round oligonucleotide 
pool incubated with unpurified culture: the oligonucleotides are binding a ruptured cell and not the intact pRBC 
that appears in the image. In all panels, red asterisks (*) mark the cell debris, ruptured parasites or leukocytes that 
contain the 6FAM signal from the oligonucleotides, while the white stars (⋆) label the intact pRBCs. The scale bars 
are 10 µm. 
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