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“If you think you are too small to make a difference, try spending the night with a 

mosquito.” – African Proverb 
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INTRODUCTION 

 

 

 

1. MALARIA 

 

 

1.1. Epidemiology, clinical manifestations and general concepts 

 

Malaria is an acute and/or chronic infection caused by protists of the genus 

Plasmodium. Parasites are transmitted from one human to another by female 

Anopheles mosquitoes. Five species of the parasite infect humans: P. falciparum, P. 

vivax, P. ovale, P. malariae, and P. knowlesi. During our recent evolution, malaria’s 

influence has probably been greater than that of any other infectious agent in terms 

of global health impact1. 

 

Infectious diseases are prevalent in the developing world and are one of its 

major sources of morbidity and mortality2. According to the latest estimates, 

released in December 2014, there were about 198 million cases of malaria in 2013 

and an estimated 584,000 deaths, most of them among children living in Africa, 

where a child dies every minute from the disease3. In regions presenting high 

transmission, children under the age of 5 years old and pregnant women expecting 

their first child are the most vulnerable. In regions of low transmission, all ages are 

at risk due mainly to low immunity. Finally, non-immune travelers visiting endemic 

areas are also a vulnerable group4. 

 

Nowadays, P. vivax and P. falciparum are the most commonly encountered 

malaria parasites. P. vivax is still found sporadically in some temperate regions, 

where it used to be widely prevalent. It remains, however, very common throughout 

much of the tropics and subtropics. Due to temperature limitations on its 

transmission, P. falciparum is usually present only in tropical, subtropical, and warm 

temperate regions. Today, P. falciparum remains extensively prevalent in the 

tropics1, including much of Sub-Saharan Africa, Asia, and the Americas. Malaria is 

endemic in over 90 countries in which approximately 2400 million people live, 

corresponding to 40% of the world’s population. Because transmission intensity 
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varies geographically, maps that describe this variation are necessary to identify 

populations at different levels of risk, to compare and interpret malaria interventions 

conducted in different places, and to evaluate objectively the options for disease 

control5 (Figure 1).  

 

 

 

 

 

 

 

 

 

Figure 1. Estimated malaria deaths per 100,000 population, World Malaria Report 20143. 

 

 

Generally, 10 to 15 days after the infective mosquito bite, first symptoms 

appear - fever, headache, chills and vomiting. If not treated within 24 hours, P. 

falciparum malaria can progress to severe illness often leading to death. Children 

with severe malaria frequently develop severe anemia, respiratory distress related to 

metabolic acidosis, and/or cerebral malaria6. In adults, multi-organ failure is also 

frequent. In malaria endemic areas, asymptomatic infections might also occur due to 

the development of partial immunity in some cases. Infection in pregnant women 

can cause spontaneous abortion, premature delivery, stillbirth, severe maternal 

anemia, low birth-weight, and neonatal death7. 

 

P. vivax and P. ovale may cause clinical relapses weeks to months after the first 

infection, even if the patient has left the malarious area. These new episodes arise 

from dormant liver forms known as hypnozoites. Although P. malariae and P. 

falciparum have no latent forms, they can remain asymptomatically in the blood for 

decades8. 
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There are two major forms of acquired immunity to malaria: reduced 

susceptibility to clinical disease developed with age and exposure, and faster 

clearance of parasitemia which is acquired later in life and lasts longer4. 

 

 

1.2. Pathophysiology 

 

 

1.2.1 P. falciparum life cycle 

 

Malaria infection starts when a parasitized female Anopheles mosquito 

inoculates during a blood meal sporozoites of the malaria parasite, the protist 

Plasmodium spp., which migrate through the skin into the circulation and then to 

the liver. In a few minutes sporozoites invade hepatocytes, where they will develop 

into merozoites9 that enter the circulation to invade red blood cells (RBCs)10, where 

they replicate asexually to produce daughter cells that invade new erythrocytes to 

perpetuate the blood-stage cycle. For P. falciparum, the intraerythrocytic parasite 

grows and divides for 48 hours from ring stages into a schizont stage containing up 

to 30 daughter merozoites (Figure 2).  

 

 

 

Figure 2. Intraerythrocytic 

development of P. falciparum 

in the human host. Ring 

stages are observed between 

6 and 18 hours (first row). 

Trophozoites are present 

from 22 to 34 hours post-

invasion (second row). 

Schizonts develop from 38 to 

48 hours after invasion, and 

merozoites appear at 48 

hours (third row)11. 
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Some parasites eventually differentiate into sexual stages, female or male 

gametocytes that are ingested by a mosquito from peripheral blood, and reach the 

insects’ midgut where micro- and macrogametocytes develop into male and female 

gametes. Following fertilization the zygote differentiates into a motile ookinete that 

moves through the midgut epithelium of the mosquito host and forms an oocyst 

from which sporozoites are released and migrate to the salivary glands to restart the 

cycle at the next bite11 (Figure 3). 

 

 

 

 

Figure 3. The life cycle of Plasmodium unfolds in two steps: an asexual stage that occurs in 

human liver and red blood cells (represented in the right side of the image) and a sexual stage 

in the vector, the female Anopheles mosquito (described in the left side of the picture)12. 

 

Asexual blood-stages are responsible for all symptoms and pathologies of 

malaria, and therefore resident parasites inside Plasmodium-infected RBCs (pRBCs) 

are the main target for current chemotherapeutic approaches13. As there can be 
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several hundred billion pRBCs in the bloodstream of a malarious person it is nearly 

impossible to clear infections with single-dose administrations. Multiple doses are 

required instead and this continuous exposure to drugs increases the likelihood for 

resistance to develop, which will rapidly decrease treatment efficacy.  

 

This fact is prompting research oriented to target bottlenecks in the parasite 

life cycle, i.e. the pathogen population consisting of a few individuals in certain 

transmission stages from the human host to the insect and vice versa14–16, which will 

reduce the probability of resistance emergence17. The first bottleneck (Figure 4) is 

represented by sporozoites, of which a few thousands can be found inside the 

salivary glands of Anopheles, although only approximately 100 will be transferred to 

the human host when a mosquito bites. This figure is several orders of magnitude 

lower than the number of parasites found in an active blood-stage infection, but 

given the low in vitro invasion rates of hepatocytes by sporozoites, rarely above 4% 

and often below 1%8, targeting the liver stage will be difficult. The short time that 

free sporozoites remain in the circulation is also a serious obstacle to target them 

before reaching the liver. The second bottleneck occurs during sexual development, 

when ca. 0.2-1% of the intraerythrocytic parasites may develop into gametocytes per 

round of schizogony. Although this still leaves an estimated 108-109 parasites to be 

cleared from the blood circulation, gametocyte targeting can offer interesting 

advantages, such as an ease of drug exposure16.  

 

Nevertheless, the largely untapped resource in antimalarial interventions is 

targeting Plasmodium stages in the mosquito itself, in what can be the first medicine 

designed to cure an insect with the highest prize in mind of, simultaneously, 

preventing new infections. Although the innate immune system of mosquitoes is 

capable of completely clearing a malaria infection18, it is far from the sophisticated 

arsenal providing long-term protection in mammalian adaptive immunity. This 

might result in parasite stages with reduced defenses because they only need to 

survive for a few weeks inside the insect facing an immune surveillance not as 

demanding as in the human host. Drugs targeting early Anopheles stages must kill 

only ca. 5000 parasites to free a mosquito from Plasmodium infection19, and the 

absolute low corresponds to oocysts, of which there are only 2-5 in a single insect16 

and which are around for over a week. 
 



20 

 

 

Figure 4. Parasite bottlenecks along the Plasmodium life cycle. In hepatocytes the parasite 

develops into schizonts (A) that will multiply and invade RBCs. pRBCs (B) are the most 

abundant forms and can be present in the bloodstream of an infected person up to 1012 

parasites per individual. Some blood-stage parasites may develop into gametocytes (C) that 

are ingested by the mosquito vector. In the gut of the Anopheles these gametocytes become 

male and female gametes (D) that fertilize into an ookinete (E). Finally, the zygote grows into 

an oocyst (F) capable of producing sporozoites (G) that will migrate to the mosquito salivary 

glands. Adapted by MMV20 from Burrows, J. et al.21. 

 

 

Blocking transmission implies different approaches such as the elimination of 

the vector mosquitoes, prevention of their bite through the use of insecticides and 

repellents, and killing Plasmodium during its development in Anopheles22. To reduce 

the global burden of malaria and achieve the long-term goal of malaria elimination, 

we must look beyond the blood-stage and pursue molecules able to eliminate all 

forms of the parasite, leading to the radical cure. 

 



21 

 

  1.2.2. Erythrocyte invasion by P. falciparum merozoites 

 

 RBCs invasion by P. falciparum merozoites is a crucial step on the survival of 

the parasite. Several models have been proposed for this relevant process consisting 

of 5 major steps: initial contact, reorientation, commitment to invasion, tight-

junction formation, and invasion (Figure 5)10.  

 

 
 

Figure 5. Schematic model of the complex series of events involved in P. falciparum merozoite 

(Mrz) invasion. The first step corresponds to the attachment of a P. falciparum merozoite to 

the RBC through interactions that are thought to be mediated by the ligands on the merozoite 

surface. Following attachment, a rapid reorientation takes place (a), and the parasite ligand 

families Duffy binding-like (DBL) and reticulocyte homology (RH) lead to a closer association 

between parasite and RBC. At this point, a junction between merozoite and target cell is 

formed (b) through the interaction of various proteins and receptors such as members of the 

rhoptry neck (RON) family and the apical membrane antigen 1 (AMA1). Thereafter, the actin-

myosin motor allows the entry of the parasite inside the cell during the invasion step (c). 

Finally, the RBC membrane seals (d) and the invasion process is completed (e). Adapted from 

Srinivasan, P. et al.23. 
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Because this complex process is essential for malaria pathogenesis, the 

parasite has evolved an extensive molecular machinery to ensure invasion through 

multiple pathways24–26. The merozoite is well adapted for erythrocytes invasion27, it 

possesses the typical structure from members of the Apicomplexa phylum including 

an apical end, and with secretory organelles (micronemes, rhoptries, and dense 

granules)28. Both the morphology and kinetics of the invasion steps are remarkably 

conserved across evolutionary divergent Plasmodium species29,30. The most accepted 

model postulates that merozoites bind to erythrocyte surfaces in a reversible 

manner through numerous low affinity interactions between the parasite-expressed 

merozoite surface proteins (MSPs) and RBC surface proteins (such as Band 3) or 

heparin-like glycosaminoglycans (GAGs)31–33. Hence P. falciparum uses heparan 

sulfate as the receptor for initial binding of sporozoites to hepatocytes34 and 

merozoites to host RBCs31. MSP1 is the largest and most abundant protein present in 

the merozoite surface coat and, even though its exact role remains unclear, it has 

been suggested as the main invasion blocking target of heparin31,35. 

  

 

Soon after invasion and once inside the host RBC, the primary amino acid 

nutrient source for the developing parasite is hemoglobin, which is degraded in the 

food vacuole. Merozoites and early ring stages are deprived of hemoglobin-derived 

amino acids for several hours; however organelle degradation by autophagy likely 

provides these parasite stages with some nutrient. 

 

 

An accurate understanding of this stepwise mechanism is essential because 

merozoite proteins are top vaccine candidates36 and targeting invasion stages may 

be an efficient approach in antimalarial drug development37,38. Of all merozoite 

proteins involved in this process, some are shed during invasion (e.g., N-terminal 

MSP1, MSP7, MSP3, SERA4, and SERA5), which suggests their engagement in initial 

invasion events; others are degraded rapidly after invasion (such as MSP2), implying 

that they might have a role on invasion but do not function in intraerythrocytic 

development. Finally, other proteins (e.g. MSP1-19) are internalized and remain 

present indicating a possible role in intraerythrocytic development of parasites39. 
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1.2.3. P. falciparum cytoadhesion & rosetting 

 

In severe malaria there are two events that contribute to the virulent activity of 

P. falciparum: sequestration of pRBCs in the microvascular endothelium of different 

tissues and organs, and the formation of small clusters between RBCs and pRBCs 

known as rosettes40 (Figure 6). Multiple receptors, including both proteins and 

carbohydrates, are known to be involved in this process which is thought to play a 

major role in the fatal outcome of severe malaria41 (Figure 7). 

 

 

 

 

 

 

 

  Figure 6.  

Schematic representation 

of the different adhesion   

processes of P. falciparum 

to human cells. Adapted 

from  Rowe, A. et al.42. 

 

 

 

Figure 7.  

Schematic representation 

of the molecules 

implicated in the 

cytoadhesive interaction 

between RBCs infected 

with P. falciparum and 

vascular endothelial cells 

or placental syncytio-

trophoblasts.  

Adapted from Cooke, B. M. 

et al.43. 
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Cytoadherence of pRBCs is suggested to be mediated by P. falciparum 

erythrocyte membrane protein 1 (PfEMP1) which is expressed on the surface of 

mature infected erythrocytes44. This multi-gene protein family is encoded by 

hypervariable genes known as var, each representing a different antigenic form. 

Moreover, the parasite is capable of changing its antigenic profile by switching 

expression between different var genes, which enables evasion of the human 

immune system45,46 and avoids clearance by the host’s spleen. By changing its 

surface variant antigens the parasite also changes its sequestration properties. This 

exported family of parasite-encoded immunovariant adhesins has been 

demonstrated to localize to specific regions on the RBC plasma membrane called 

knobs47–49. Previous studies have shown that knob associated histidine rich protein 

(KAHRP) is necessary for knob formation in pRBCs50,51 and that the dynamic 

association between KAHRP and PfEMP1mediates cytoadherence during Plasmodium 

invasion52. Sequestration causes vascular blockage leading to cerebral and placental 

malaria53,54 which contributes to the parasite pathogenicity. Sequestered 

erythrocytes undergo significant biomechanical modifications in their cytoskeleton 

and cell surface that are crucial for the parasite survival55. 

PfEMP1 proteins are proposed to be one of the main targets for naturally 

acquired immunity to malaria as well as being the main mediator for sequestration 

and rosetting. The fact that this protein family is unique to P. falciparum and taking 

into account that other Plasmodium species also evade host immunity, rosette and 

sequester to a lesser extent in its absence suggests evolvement of PfEMP1-

independent mechanisms for immune evasion, sequestration and rosetting. The 

common feature for all Plasmodium spp. is the presence of small immunogenic 

variant surface antigens on pRBCs surface suggesting they could play a crucial role 

in these adhesion mechanisms56. The rosetting process is also related to the 

virulence of P. falciparum and, even though its role in pathogenesis is still 

ambiguous, it has been associated with different outcomes of severe disease, such 

as anemia and cerebral malaria57. This complex binding interaction resides in a 

promiscuous lectin-like interaction that depends on the parasite phenotype and 

whether the receptors are present on the host cell or not58. Rosetting has been 

observed in all human malaria species and has also been shown to occur in simian 

and rodent malaria parasites59–63 but at different levels60,64,65 consistent with this 

phenomenon being mediated by variant adhesins. The binding of uninfected RBCs to 
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pRBCs is frequently observed in individuals with severe malaria and is mediated by 

the N-terminal sequence of the DBL1α domain (relatively conserved head) of PfEMP1 

expressed at the surface of the infected erythrocyte66–68. 

 

 

1.3 Diagnosis, treatment and prophylaxis  

 

 Rapid and accurate diagnosis of malaria is crucial to define the appropriate 

treatment of affected individuals, thus decreasing resistance emergence, and to 

prevent further spread of infection in the community. Even though lately there have 

been major advances in diagnostic technologies, microscopy is still the gold 

standard2. The main drawbacks of this technique are a need for highly trained and 

experienced staff and difficulty of detecting parasite at low parasitemia. Besides the 

visualization of parasites in stained blood samples, rapid diagnostic tests69,70 

(detecting malaria antigens) and molecular techniques71 (detecting parasite genetic 

material) are also available. Nevertheless, these methods have limitations such as 

the need for equipment and supplies, personnel expertise, high cost, long 

processing time, risk of false negatives, and/or applicability in acute infection. 

 

Despite the fact that malaria is a curable (see Table 1) and preventable 

disease, there is no vaccine available yet, and resistance to artemisinin-based 

combination therapies (ACTs, currently the first-line treatment) is already emerging 

in Southeast Asia72, a fact that threatens to reverse several decades of progress in 

decreasing malaria impact. At the moment the mainly used prophylactic drugs are 

atovaquone-proguanil, chloroquine, doxycycline, and mefloquine. It is also 

recommended to avoid mosquitoes’ bites by using insecticide-treated mosquito nets 

and repellents. Insecticides such as dichlorodiphenyltrichloroethane, deltamethrin 

and lambdacyhalothrin are the major elements used in vector control and are still 

remarkably effective in malaria endemic regions where the parasites are sensitive to 

these chemical compounds73. 

 

The high variability of Plasmodium proteins has hampered vaccine 

approaches and is largely responsible for the appearance of strains resistant to new 

drugs which is a major threat to malaria control. Recent clinical trials involving a 
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Pregnancy Lactating Women

Infants & 

Young 

Children

Travellers

quinine plus clindamycin/ 

artesunate plus clindamycin                        

(7 days)

ACTs except 

dapsone, primaquine 

and tetracyclines

ACTs

atovaquone-proguanil, 

artemether-lumefantrine, 

quinine plus doxycycline 

or clindamycin

Adults Children

artesunate IV or IM, artemether or quinine if 

parenteral artesunate is not available

artesunate IV or IM, artemether or 

quinine if parenteral artesunate is not 

available

Uncomplicated Malaria

1st Line Treatment: artemether plus lumefantrine, artesunate plus amodiaquine, artesunate 

plus mefloquine,  artesunate plus sulfadoxine-pyrimethamine, and dihydroartemisinin plus 

piperaquine.                                                                                                                                            

Single dose 0,75 mg/kg primaquine as an antigametocyte.

Severe Malaria

Considered a medical emergency, treatment should be started without delay.

pre-erythrocytic P. falciparum vaccine, RTS-S, demonstrated partial efficacy74,75, 

however, the need to explore other vaccine options remains, especially those having 

the potential of controlling blood-stage infection. Pre-erythrocytic vaccines should 

be paired with a blood-stage vaccine in order to, besides avoiding parasites from 

exiting the liver to infect blood, eliminate breakthrough parasites hence providing 

better protection from both clinical and more severe malarias. Several attempts of 

designing vaccines targeting the merozoite stages showed promising potential but 

their development has been hindered by limited functional knowledge of the 

molecular targets since the functions of many receptor-ligand associations involved 

in RBC invasion are not well established yet76. Drug resistance can develop through 

several mechanisms, including changes in drug permeability or transport, drug 

conversion to another form that becomes ineffective, increased expression of the 

drug target, or changes in the enzyme target that decrease the binding affinity of 

the inhibitor77. 

 

 

 

Table 1. Summary of the most frequently used antimalarial treatments, recommended by the 

WHO in 2010, for uncomplicated and severe P. falciparum malaria cases78 
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The current delivery method of antimalarials ends up with the free compound 

in the bloodstream, where it can be absorbed by all cells, and not only by pRBCs. 

Thus, an efficient treatment requires high doses that can trigger undesirable side 

effects. On the other hand, reduced specificity of toxic drugs demands low 

concentrations to minimize pernicious side effects, thus incurring the risk of 

delivering sublethal doses favouring the appearance of resistant parasite strains. 

There is a pressing need for new therapeutic strategies against malaria because the 

disease has to be fought from different fronts and the currently available treatments 

will not guarantee its eradication. This includes the necessity for a constant search 

of new antimalarial drugs and of improved methods for their efficient 

administration. 

Malaria eradication faces a series of difficulties due to extrinsic factors such 

as technical and operational failures concerning the implementation of campaigns to 

fight the disease, the poor quality of antimalarials distributed in malaria endemic 

regions, drug interactions, unavailability of less toxic drugs, resistance of Anopheles 

spp. to insecticides, and socioeconomic circumstances of the affected populations79. 

The development of an effective vaccine is a world health priority and represents an 

important step toward the control and eventual elimination of this disease. 

 

2. NANOTECHNOLOGY 

 

 

2.1. Nanomedicine 

 

Nanomedicine, the application of nanotechnology to medicine, is defined by 

the European Science Foundation as “the science and technology of diagnosing, 

treating and preventing disease and traumatic injury of relieving pain, and of 

preserving and improving human health, using molecular tools and molecular 

knowledge of the human body” 80. Nanotechnology, i.e. the ability to assemble and 

study materials with nanoscale precision (Figure 8) enabled a wide range of research 

opportunities in many fields81, for instance the improvement of diagnosis tools 

available for infectious diseases, the development of new biomedical technologies 

such as drug delivery systems, and imaging probes or devices, among many 

others82. 
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Figure 8. Relative sizes of naturally occurring structures. Adapted from Boisseau, P. et al.82. 

 

 

This promising evolving field allows the development of new materials and 

functional devices by designing their shape and size, enabling their manipulation 

and application in a wide range of scientific areas. Nanoparticulate systems consist 

of a heterogeneous family of submicron forms that can be liposomal, polymeric, and 

carbon nanotube-based81. Their surface can be modified with suitable molecules to 

target them to the appropriate sites of action which confers an outstanding 

advantage to these nanosystems (Figure 9). Their use as drug delivery systems 

constitute an advantage over conventional methods since these nanocarriers 

enhance drug absorption into diseased tissues/cells, they confer drug protection 

refraining degradation before reaching their specific site of action, allow for better 

control over the timing and distribution of drugs to the tissues, and prevent drugs 

from interacting with normal cells thus avoiding undesirable side effects. Some 

possible explanations for the slow clinical translation of these nanomedicines are the 

insufficient understanding of events at the nano-bio interface both in vitro and in 

vivo, inadequate knowledge of the fate of nanoparticles at the body, difficulty in 

achieving reproducible and controlled synthesis at scales suitable for clinical 

development and commercialization, and lack of technologies enabling screening of 
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a large number of nanoparticle candidates under biologically relevant conditions that 

could be reliably correlated to clinical performance83. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Composition and geometry of nanomaterials functionalized with targeting elements 

through surface chemistry, appropriate for therapeutics delivery and imaging labels. Adapted 

from Kamaly, N. et al.83. 

 

 

 

2.1.1. Role of nanomedicine in malaria treatment 

 

Regarding malaria, the main drawbacks of current available chemotherapeutic 

approaches are the development of multiple drug resistance and the non-specific 

cell targeting, which inevitably results in an increase of required drug doses and 

subsequent toxicity for the human organism84. The challenge of drug delivery is the 

liberation of drug agents at the right time in a safe and reproducible manner, usually 

to a specific target site85. In the case of antimicrobial drugs it is essential to deliver 

sufficiently high local amounts to avoid stimulating the evolution of resistant 
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parasite strains86, a common risk when using sustained low doses to limit the 

toxicity of the drug for the patient. 

 

In this context, nanocarriers have been suggested for malaria diagnosis2, 

treatment87 and vaccine formulation88 because these nanotechnology-based delivery 

systems allow improving the pharmacokinetic profile of effective drugs and their 

therapeutic outcome by targeting antimalarials specifically to their site of action89,90. 

Likewise, nanotechnology is also a useful tool to recover the use of old and toxic 

drugs91 by modifying their biodistribution and reducing toxicity, thus decreasing 

possible side effects. Many promising antimalarial compounds are charged and 

therefore require transportation into the parasite. The route of administration is also 

an important aspect to be considered in malaria. The oral route should be the first 

choice for clinically uncomplicated malaria; however, parenteral therapy is advocated 

in severe or complicated disease cases. Hence, it is more cost-efficient to develop 

new drug-delivery methods than new antimalarials92. 

 

 

Despite the significant development of nanotechnology and the current 

optimistic progress obtained both in vitro and in vivo by the application of these 

cutting edge technologies on malaria therapy and control, there is still the general 

misconception that nanomedicine relies only on complex and expensive devices that 

are not suitable for a poverty-related disease93. 

 

 

2.2. Liposomes 

 

Liposomes (LPs) are biodegradable and biocompatible carriers containing an 

aqueous core entrapped by one or more lipid bilayers, generally formed by 

amphiphilic phospholipids and cholesterol (CHOL)94. These drug-delivery systems 

are characterized as first-generation liposomes (conventional vesicles) or as second-

generation liposomes (when the lipid composition, size and/or charge are modified). 

LPs may be classified based on their structure, size (Figure 10), and preparation 

method (e.g. lipid film hydration method). Unilamellar vesicles are generally used to 
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encapsulate water-soluble drugs whereas multilamellar vesicles permit the 

entrapment of lipid-soluble drugs on the lipid bilayer due to the high lipid content95. 

Water-soluble drugs may be encapsulated into the hydrophilic core or be 

present outside of the vesicles. The content of entrapped drug in the nanoparticles 

will depend on the bilayer composition and preparation method. On the other hand, 

lipophilic drugs are mainly entrapped in the lipid bilayer, which diminishes 

significantly the possible loss of drug content during storage96. 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 10. Main classification of liposomes based on lamellarity. Small unilamellar vesicles 

(SUV) range from 20 to 100 nm and are formed by a single bilayer; multilamellar vesicles 

(MLV) range from 500 to 5000 nm and consist of several concentric bilayers; large unilamellar 

vesicles (LUV) also consist on one lipid bilayer and are larger than 100 nm. Adapted from 

Yang, F. et al.97. 

 

 

 

The leading advantages of using these biphasic carriers are the low toxicity, 

good biocompatibility, reduced immune system activation, possibility of targeted 

delivery of bioactive drugs (hydrophilic and hydrophobic) directly to their site of 

action (Figure 11), protection of encapsulated compounds from chemical 

degradation, and considerable versatility84,94,97. However, some limitations are also 

present, namely the relatively short plasma half-life98, stability issues, and poor 

control of cargo delivery along time99.  
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In the last few years significant efforts have been undertaken to overcome 

these drawbacks, such as the incorporation of cholesterol (the “helper” lipid) in the 

LPs formulation that promotes stability and slows down the release of the 

encapsulated compound100,101. One of the most remarkable advances concerning the 

use of LPs for clinical applications consisted on the introduction of poly-(ethylene 

glycol), a synthetic polymer, on the surface of the liposomal carrier96. This 

modification allowed LPs to remain in circulation for a prolonged period of time and 

facilitated the escape from mononuclear phagocytosis102. Besides the incorporation 

of synthetic polymers, other moieties have also been described to increase liposomal 

drug accumulation in the desired tissues or organs, such as monoclonal antibodies97 

or their fragments, growth factors, peptides81, carbohydrates103, and receptor 

ligands104, among others. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Delivery of liposome cargo to target cells. Drug-loaded LPs can be adsorbed onto 

the cell surface specifically (a) or nonspecifically (b). Fusion of LPs with the cell membrane 

may also occur (c) allowing the delivery of their content to the cytoplasm or, in case of 

destabilization by certain cell membrane components, releasing the drug extracellularly (d). 

LPs can undergo the direct or transfer protein-mediated exchange of lipid components with 

the cell membrane (e) or be internalized by endocytosis (f). Regarding endocytosis, these 

nanocarriers can be delivered by an endosome into the lysosome (g) or, in case of endosome 

destabilization (h), drug liberation occurs directly in the cell cytoplasm. Adapted from 

Torchilin, V. et al.105. 
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More specifically, carbohydrates are considered versatile adhesion molecules 

due to the extraordinary plasticity of glycan chains, the low affinity and reversibility 

of individual binding sites, and the cluster effect106. Recognition of carbohydrates by 

proteins is central to many intra- and extracellular physiological and pathological 

processes103, and thus carbohydrate-mediated targeted delivery of drugs is a 

promising new avenue. 

 

 

Finally, it is important to underline that the liposomal surface charge plays a 

crucial role in the interaction with many biological membranes and on the prevention of 

aggregates formation107. Even though it has been reported that the use of cationic LPs 

in clinical fronts was hampered by their instability, toxicity at repeated administration, 

rapid clearance, and induction of immunostimulation and complement activation94, 

other studies showed that positively-charged liposomes exhibited higher drug loading 

rates and faster drug release efficiency107. 

 

 

2.3. Polymers 

 

Polymers display a broad spectrum of variable characteristics regarding 

dimension, topology and chemistry108. There are many fascinating benefits in using 

biodegradable polymers for biomedical applications as a result of their 

biocompatibility, high surface/volume proportion, and the possibility to control the 

rate of polymer degradation and encapsulated drug release109. 

 

 

Poly(amidoamine)s (PAA)s are a family of biodegradable synthetic polymers 

that deserve special attention considering their unique features such as an easy and 

potentially diverse synthesis (linear, cross-linked or grafted) and facile 

functionalization allowing the attachment of crucial moieties that make them 

suitable for a wide variety of applications110. PAAs in particular have been used to 

neutralize the anticoagulant activity of heparin in solution111, as polymer drug 

carriers, as pH-responsive polymers, and in the design of polymeric drugs110. 
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The therapeutic applications of polymers include polymeric drugs, polymer-

drug conjugates, polymeric micelles and bio-responsive polymers used for 

intracellular delivery112. Polymeric nanoparticles consisting of polymer-drug 

conjugates have advantages in the nanoscale range (from 10 to 1000 nm) such as 

the increase of drug bioavailability, protection during its delivery towards the site of 

action and escape from a pronounced immune response, improved 

pharmacokinetics, among others.  Also, polymer-based nanocarriers are suitable for 

oral administration which constitutes an advantage when comparing them to LPs113. 

For these reasons, they have been used as targeting agents for the delivery of drugs 

and imaging compounds in a controlled manner114. 

 

 

2.4. Nanomedicine-based drug delivery systems as antimalarial vehicles 

 

Many efforts have been put forth aiming to demonstrate the potential of 

nanocarriers’ application in antimalarial drug delivery. Results obtained by our group 

showed that an immunoliposomal prototype designed by us was able to deliver its 

contents exclusively to pRBCs containing the P. falciparum late forms trophozoites 

and schizonts115, and improved on average tenfold the efficacy of the antimalarial 

drug chloroquine (CQ) in vitro90. Moreover, the delivery to pRBCs and non-infected 

RBCs of CQ-containing immunoliposomes was also explored as a dual therapeutic 

and prophylactic strategy. These immunoliposomes studded with monoclonal 

antibodies raised against the RBC surface protein glycophorin A showed complete 

targeting towards RBCs and pRBCs at low lipid concentration, exhibited the capacity 

of completely arresting early intraerythrocytic stages of P. falciparum growth in vitro 

at 50 nM CQ, and allowed the clearance of the pathogen below detectable levels in 

vivo at a CQ dose of 0.5 mg/kg in mice116. 

 

 

Others demonstrated that galactose-coated dendrimers loaded with CQ117 (i) 

had a drastically reduced hemolytic toxicity, (ii) were less immunogenic, (iii) 

increased drug entrapment efficiency several fold depending upon generations, and 

(iv) extended the release period up to 3 times106. 
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Because the antimalarial drug primaquine (PQ) is known to be hemolytic, 

especially in populations with glucose-6-phosphate dehydrogenase deficiency118, 

previous studies by others hypothesized that this hemotoxicity could be avoided by 

encapsulating the drug within LPs. Moreover, the authors confirmed the 

effectiveness of the carrier system by the enhanced therapeutic activity and reduced 

toxicity achieved119. In another study, PQ encapsulated in solid lipid nanoparticles 

proved to be 20% more efficient than the conventional oral dose when tested in P. 

berghei infected mice indicating that this nanoformulation might be a promising 

drug delivery system91. As another example, to counteract the low oral bioavailability 

of the poorly water-soluble antimalarial agent artemether and the disadvantages of 

its currently available oily intramuscular injection, the potential of nanostructured 

lipid carriers for intravenous (IV) administration was tested. Briefly, artemether-

containing carriers showed higher antimalarial activity when compared to the 

marketed intramuscular formulation, longer times in the treated animals blood 

circulation of P. berghei infected mice, and higher survival rates120. Furthermore, in a 

study conducted by us, we showed the efficacy of two PAA polymers entrapping CQ, 

AGMA-1 and ISA-23, in eliminating the parasite from P. yoelii infected-mice and 

clearing infection in comparison to the same amounts of free CQ injected 

intraperitoneally121. 

In conclusion, antimalarial drug nanocarriers must provide optimal drug half-

lives in circulation, specific delivery to the correct tissue, and a timely initiation and 

termination of the therapeutic action116. 

 

 

2.5. Nanoparticles deliver their cargo to pRBCs 

 

Soon after invasion, RBCs infected by Plasmodium spp. suffer deleterious 

rheological alterations (Figure 12) such as modified morphology (loss of the normal 

discoid shape), decreased deformability and increased cell adhesiveness122. Several 

anomalous parasite-induced protein-protein interactions in the erythrocyte 

membrane skeleton cause these alterations that have pathophysiological 

importance, especially in P. falciparum malaria. The RBC acquires a series of new 

characteristics and is converted from a relatively simple sack of hemoglobin that 

delivers oxygen to cells into a much more complex cell as a result of the appearance 
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of new structures in its cytoplasm, and new proteins at its cytoskeleton and on the 

cell surface123. Mature human RBCs lack de novo protein synthesis and endogenous 

protein trafficking machinery124. For this reason, in order to survive inside the host 

cell, parasites induce new permeability pathways (NPPs) in the pRBC that increase 

plasma membrane permeability allowing for the uptake of nutrients and the 

elimination of waste products125. Infected RBCs become spherocytic and their 

surface evolves into a more rigid form, punctuated with numerous electron-dense 

elevations called knobs that are believed to participate in pRBC adhesiveness126. 

Additionally, novel membranous structures known as Maurer’s clefts and 

tubulovesicular networks are established in the pRBC cytoplasm to enable protein 

traffic127. 

 

 

 

 

 

 

 

 

Figure 12. Plasmodium-infected RBCs. Between 0 and 5 hours the parasite acquires a ring-

like form and is surrounded by the parasitophorous vacuole (PV). From 5 to 10 hours after 

invasion, the ring stages develop to early trophozoites and induce the extension of the 

parasitophorous vacuole membrane (PVM) into the host cell, forming a tubulovesicular 

network (TVN) and RBC membrane-tethered Maurer’s clefts (MCs). Hemozoin crystals become 

visible in the food vacuole (FV). 10 to 20 hours after invasion, the parasite progresses to 

trophozoite stages increasing its volume and producing knobs (K) on the pRBC membrane. 

Finally, 40 hours post-invasion the parasite undergoes several rounds of asexual 

multiplication resulting in merozoite (Mer) stages. The nucleus is indicated by N and the size 

bars correspond to 0.5 µm. Adapted from Marti, M. et al.128. 
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Despite the fact that parasitized erythrocytes lack endocytic capacity, it has 

been shown that particles up to 70 nm in diameter were able to access intracellular 

parasites129. Moreover, there is also evidence demonstrating that pRBCs become 

leaky prior to rupture130, and that the membrane site of parasite entry never 

completely closes leaving a pore and a small duct extending into the PV129. These 

features contribute to an anomalous membrane that might explain the permeability 

of pRBCs to certain macromolecules131. Subsequently, several studies showed 

evidence on the ability of nanovectors to deliver their contents to pRBCs even though 

the delivery mechanism is still not completely established and 

understood115,119,132,133. 

 

3. SULFATED POLYSACCHARIDES 

 

Sulfated polysaccharides consist of a complex group of macromolecules with a 

variable range of biological functions, such as anticoagulating, antiviral, antioxidant, 

antiprotozoal, and anti-inflammatory activities134,135. They are present in a vast 

variety of animals, including the sulfated glycosaminoglycans found in invertebrates 

and mammals136. Additionally, marine invertebrate species also represent an 

important source of sulfated polysaccharides with novel structures (e.g. sulfated 

fucans and galactans)135. The main reason why these compounds are becoming 

increasingly attractive in many scientific fields is their natural polyanionic feature 

that makes them suitable to interact with important functional proteins.  

 

 

3.1. Sulfated glycosaminoglycans 

 

All GAGs are long and linear polysaccharides composed of the same building 

blocks (glucosamine and glucuronic or iduronic acid) and the vast majority present 

negative charge due to the presence of sulfate groups57,137,138. More specifically, 

heparin is a polysaccharide formed by repeated disaccharide units of an uronic acid 

and a glucosamine, exhibiting the most highly negative charge in nature due to the 

presence of its numerous sulfate groups139. Moreover, heparin (Figure 13A) was also 

one of the first naturally occurring drugs applied to medicine, the main example of a 

carbohydrate-based therapy, and one of the oldest natural products that are still in 
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use nowadays140. Heparin is still considered the gold standard in matters of 

anticoagulating action because of its rare pentasaccharide sequence which is 

responsible for the interaction and conformational activation of antithrombin III, the 

major plasma serpin. This high affinity interaction determines the inhibition of 

serpin-dependent proteases of the coagulation system, especially thrombin and 

factor Xa136.  

Chondroitin sulfate is composed by chains of alternating D-glucuronic acid 

and N-acetyl-D-galactosamine and their disaccharides might have different 

amounts and patterns of sulfation141 (Figure 13B). Heparan sulfate (HS) is a linear 

polysaccharide with a disaccharide repeating unit of D-glucosamine and L-iduronic 

or D-glucuronic acid, which can be O- or N-sulfated or N-acetylated142 (Figure 13C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Chemical structures of heparin (A), chondroitin sulfate (B) and heparan sulfate (C). 

 

 

During the blood-stage of infection, PfEMP1 interacts with various host 

receptors to avoid immune surveillance and splenic clearance. Lectin-like 

interactions of PfEMP1 have been described with heparin6 and HS138. There are 

numerous studies demonstrating the involvement of various GAGs in several 

adhesive stages of P. falciparum. For instance, pRBCs present in the placenta during 
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pregnancy adhere to chondroitin sulfate A (CSA)143 through interactions with PfEMP1 

domains prompting inflammation and blocking fetal blood circulation144. 

Furthermore, HS present on the surface of hepatocytes was shown to function as a 

ligand for the circumsporozoite protein145 that covers the parasite sporozoites 

enabling the targeting of liver cells for infection. Additionally, sulfated 

glycoconjugates such as HS, CSA and heparin, presented an inhibitory effect on the 

merozoite invasion of RBCs in vitro146 although the molecular mechanisms remain 

poorly understood147. Heparin, dextran sulfate, fucoidan, and fucosylated 

chondroitin sulfate (FucCS) have all been shown to prevent cytoadherence of pRBCs 

and to inhibit merozoite invasion of erythrocytes in vitro148–150. In addition, several 

studies have described the importance of the sulfate groups for the inhibitory 

activity of heparin and HS31,149,151–153. Besides inhibiting blood-stage growth, heparin 

binds to several members of the Duffy and reticulocyte binding-like families with 

different affinity rates. This fact suggests that this sulfated glycoconjugate masks 

the apical surface of merozoites35, blocking the interaction with erythrocyte 

membrane after initial attachment31. These evidences, among many others, 

constitute the basis for GAG-based therapies against malaria. 

 

 

Chemical structure plays an important role in the interaction between heparin 

and the DBL1α domain of PfEMP1154. Previous studies showed that an avid 

interaction depends, at least, on the presence of a 12-mer fragment of heparin as 

well as on N-sulfation and 6-O- and 2-O-sulfations, demonstrating that heparin 

binds to the rosetting domain in a size and sulfation-dependent manner57.  

Moreover, evidence on heparin’s specific adhesion to P. falciparum schizonts versus 

RBCs revealed a binding strength matching that of an antibody-antigen interaction40. 

 

 

GAGs, including heparin, are promising molecules in the context of anti-

adhesion therapies against malaria due to their ability of inhibiting P. falciparum 

pRBCs cytoadherence and growth58,137,155. Nevertheless, their use in malaria 

infections is hindered by short in vivo circulation half-lives156,157, limited efficacy, 

and anticoagulant properties, which led to intracranial bleedings (in the case of 

heparin)158. Furthermore, depolymerized heparin lacking anticoagulant activity has 
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been observed to disrupt rosette formation and pRBC cytoadherence both in vitro 

and in vivo, and in fresh parasite isolates159. There is also evidence of non-

anticoagulant activity of heparin when covalently immobilized on a substrate160, 

which opens up novel opportunities to overcome its pernicious side effects. 

 

Transmission-blocking interventions foresee the great importance of 

inhibiting Plasmodium ookinete-to-oocyst transition in the midgut of Anopheles 

mosquitoes in a future scenario of malaria eradication. Hence, drugs presenting 

potential transmission-blocking activity have been receiving special attention in the 

last decade. Previous studies demonstrated that ookinete micronemal 

circumsporozoite thrombospondin-related protein and von Willebrand factor A 

domain–related protein (WARP) bind to sulfated GAGs in vitro161. Even though the 

exact function of these micronemal proteins is still unclear, it has been well 

established that both of them are essential for midgut epithelial cell invasion by 

Plasmodium ookinetes. Interestingly, CS is predominantly present on the apical side 

of the midgut epithelium and HS is mainly found in the basal side of it162. These 

facts stimulated efforts on finding new compounds that can interfere with ookinete-

GAG interactions, therefore preventing midgut invasion and abolishing subsequent 

sporogony163. 

 

  

3.2. Marine polysaccharides 

 

In the last decade, sulfated polysaccharides from marine organisms are 

gaining an enormous popularity due to their potential medical and therapeutic 

applications. Regarding GAG-related therapies, the risk of contamination with prions 

and viruses has hindered the use of these compounds because many of them arise 

from mammals. In this scenario, carbohydrates derived from marine organisms can 

offer a valuable alternative164–166. Sulfated fucans (or fucoidan when isolated from 

brown algae) and sulfated galactans (or carrageenans when isolated from red algae) 

are the most abundant sulfated polysaccharides found in algae and marine 

invertebrates167. Sulfated fucans are mostly constituted by α-L-fucopyranosyl units 

and can be extracted mainly from sea urchins, sea cucumbers, and brown algae. The 

latter (also known as fucoidans), besides containing α-L-fucopyranosyl, are also 
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composed of other sugars such as xylose and uronic acids. Sulfated galactans 

consist of α-L-, α-D-, or β-D-galactopyranosyl units and can be isolated from 

green algae, red algae, sea urchins, and ascidians (also known as tunicates)168. As 

mentioned above, marine-derived polysaccharides exhibited a wide range of 

bioactivities, including antitumor166, antiviral, anticoagulant169, antioxidant134, and 

anti-inflammatory effects170. A previous study conducted with well-defined sulfated 

polysaccharide structures from a sea cucumber showed that the pattern of sulfation, 

the position of the residues, and the type of constituent sugars influence the 

resultant anticoagulant and antithrombotic events171. 

 

 

There is evidence of a FucCS isolated from a sea cucumber that had inhibitory 

effects on P. falciparum cytoadhesion, invasion and rosette formation. Its effect 

seems to be very similar to that of heparin, i.e. through binding to PfEMP1 and MSP1 

regions150. One of the FucCS main advantages is that it can be formulated for oral 

administration, contrary to other sulfated polysaccharides.  

 

These results broaden new research directions concerning the use of sulfated 

glycoconjugates from marine organisms as an adjunct therapy in the treatment of 

severe malaria. 
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HYPOTHESIS & OBJECTIVES 

 

 

Antimalarial drug delivery currently relies on the administration of compounds 

with little or no specificity for the main target cell, namely the pRBC, and thus 

delivery approaches for most antimalarials require high overall doses. However, 

cellular unspecificity of drugs often demands low concentrations to minimize 

undesirable side effects, thus incurring the risk of sublethal doses favoring the 

appearance of resistant pathogen strains. Targeted nanovectors can fulfill the 

objective of achieving the intake of total doses sufficiently low to be innocuous for 

the patient but that locally are high enough to be lethal for the malaria parasite 

(Figure 14). In this PhD thesis we have explored the development of antimalarial 

nanocarriers incorporating sulfated polysaccharides as both antimalarial drugs and 

as specific targeting agents against pRBCs because (i) heparin had been described to 

possess antimalarial activity and (ii) Plasmodium uses host GAGs as receptors for 

erythrocyte invasion and intravascular sequestration. 

 

Hypothesis: 

 

 

Figure 14. Contrary to the currently available antimalarial delivery strategies (A), we 

hypothesize that the use of sulfated polysaccharide-functionalized liposomes (B) might allow 

the delivery of drug doses that locally are high enough to be lethal for the malaria parasite but 

do not cause any damage to non-infected cells, thus decreasing resistance emergence and 

lowering the drug IC50 by adding to it the antimalarial activity of the polysaccharides 

themselves (C). 
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To explore this hypothesis, the detailed objectives of this PhD thesis are the 

following: 

 

1. Quantitative exploration of the in vitro antimalarial activity of heparin and of 

novel sulfated polysaccharides derived from marine organisms. 

 

2. Characterization of those sulfated polysaccharides having good antimalarial 

activity for their pRBC specific binding, low hemolysis, low unspecific 

cytotoxicity, and low anticoagulant activity both in vitro and in vivo. 

 

3. Use of heparin as a targeting element of nanocapsules (liposomes and 

chitosan nanoparticles) to pRBCs. 

 

4. Study of the possible synergistic antimalarial activity of drug-loaded liposomes 

targeted to pRBCs with heparin. 

 

5. Investigation of the antimalarial mechanism of sulfated polysaccharides. 

 

6. Exploration of heparin as specific targeting agent against gametocytes, 

ookinetes, oocysts, and sporozoites.  
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RESULTS 

 

Article 1 

 

Nanomedicine: Nanotechnology, Biology, and Medicine 10 (2014) 1719-1728 

 

“Application of heparin as a dual agent with antimalarial and liposome targeting 

activities toward Plasmodium-infected red blood cells.” 

 

Joana Marques, Ernest Moles, Patricia Urbán, Rafael Prohens, Maria Antònia 

Busquets, Chantal Sevrin, Christian Grandfils, and Xavier Fernàndez-Busquets 

 
 

Article 2 

 

“Marine organism sulfated polysaccharides exhibiting significant antimalarial activity 

and inhibition of red blood cell invasion by Plasmodium.”  

 

Submitted to PLOS Pathogens 

 

Joana Marques, Eduardo Vilanova, Paulo António de Souza Mourão, and Xavier 

Fernàndez-Busquets 

 
 

Article 3 

 

“Adaptation of nanocarriers to changing requirements in antimalarial drug delivery.” 

 

Preparing for submission to Journal of Controlled Release 

 

Joana Marques, Juan José Valle-Delgado, Patricia Urbán, Elisabet Baró, Rafel Prohens, 

Alfredo Mayor, Pau Cisteró, Michael Delves, Robert Sinden, Christian Grandfils, 

Chantal Sevrin, José Luis de Paz, José Antonio García-Salcedo, and Xavier Fernàndez-

Busquets 
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RESULTS 

 

Internship Project 

 

Targeting of Plasmodium transmission stages with heparin labeled with FITC for 

future antimalarial delivery strategies. 

 

 performed at the Imperial College (London, UK), department of Life Sciences 

 in collaboration with Professor Robert Sinden, Dr. Michael Delves, and Dr. 

Ursula Straschil 

 funded by Xarxa Eurolife, Universitat de Barcelona 

 

 

Other results - Article 4 

 

Journal of Controlled Release 177 (2014) 84-95 

 

“Use of poly(amidoamine) drug conjugates for the delivery of antimalarials 

to Plasmodium.” 

 

Patricia Urbán, Juan José Valle-Delgado, Nicolò Mauro, Joana Marques, Amedea 

Manfredi, Matthias Rottmann, Elisabetta Ranucci, Paolo Ferruti, Xavier Fernàndez-

Busquets 
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ARTICLE 1 

 

Article 1: Application of heparin as a dual agent with antimalarial and 

liposome targeting activities toward Plasmodium-infected red blood 

cells. 

 

 

Current delivery methods for antimalarial drugs require high doses that can 

trigger undesirable side effects, a problem that can be averted with the use of 

targeted delivery strategies. Therefore, our main objective was the development of 

highly specific targeting agents for pRBCs adequate for the functionalization of 

nanovectors. Our group had previously shown that, provided the existence of a 

sufficiently good targeting molecule, nanocarriers can be designed to deliver their 

contents with complete discrimination only to pRBCs but not to non-infected RBCs, 

significantly increasing the efficacy of antimalarial drugs115. We had also 

demonstrated and characterized the high specificity of heparin binding to pRBCs by 

fluorescence microscopy, flow cytometry, and single molecule force spectroscopy40.   

In this work we have explored the potential ability of heparin as an 

antimalarial compound and as a targeting agent toward pRBCs when electrostatically 

conjugated to cationic liposomes. 

 

The property of heparin to penetrate parasitized erythrocytes can be of use in 

the design of new cost-effective methods for the delivery of drugs to intracellular 

components of the pathogen. Our results represent a promising starting point in the 

context of the current malaria socioeconomic and pharmacotherapy scenario, which 

demands new delivery systems for current and future drugs exclusively to target 

cells. Achieving this degree of specificity would contribute to the administration of 

lower overall antimalarial doses reducing undesired side effects but maintaining 

high local drug concentrations capable of quickly eliminating the parasite and thus 

minimizing the risk of resistance induction. Heparin might be the spearhead of a 

new generation of GAG-related molecules exhibiting a synergistic activity as 

antimalarials and as targeting molecules for the localized delivery of drugs to 

Plasmodium-infected cells. 
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ARTICLE 1 
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Supplementary Data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Supplementary Figure 1. Representative flow cytometry dot plots used for the determination 

of P. falciparum growth inhibition. The two upper panels show plots corresponding to RBCs 

alone (left) and RBC+pRBC cocultures. The other five panels correspond to RBC+pRBC 

cocultures treated for 48 h with the indicated heparin concentrations before proceeding to 

parasitemia determination. The percentages indicate the respective fractions of pRBCs relative 

to [RBCs+pRBCs]. The IC50 of this particular heparin batch was around 4 µg/mL. 
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Supplementary Figure 2. Effect of 

DOTAP on P. falciparum viability. (A) 

DOTAP structure (from Avanti Lipids  

 catalog). (B) P. falciparum growth 

inhibition assay in the presence of 

different concentrations of liposomes 

(50, 100, 200, and 400 µM total lipid) 

containing increasing DOTAP 

amounts (4, 10, and 30% of total 

lipid). 

 

 

 

 

 

 

 

 

 

 
Supplementary Figure 3. ITC study in PBS of 

the interaction heparin-liposomes containing 

4% DOTAP. Aliquots of a 0.05 mM heparin 

solution were added to a 0.01 mM total lipid 

solution in the reaction cell. 
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Supplementary Table 1. PT1/Quick in vitro coagulation test of different heparin 

concentrations, free or electrostatically conjugated to liposomes. The concentrations 

correspond to the amounts of total lipid and heparin in the test tube. Where unbound heparin 

was not removed, the data presented are for the samples expected to contain the highest free 

heparin amount, corresponding to 50 µM total lipid. Where unbound heparin was removed by 

ultracentrifugation, the data presented are for the samples expected to contain the highest 

heparin amount, corresponding to 250 µM total lipid; for these samples the determined 

heparin content is provided. Shadowed in grey are indicated those samples with anticoagulant 

activity. 

PT1/Quick (%) 

 
Free 

heparin 

50 µM liposomes-heparin 

(unbound heparin not 

removed) 

250 µM liposomes-heparin 

(unbound heparin removed) 

[determined heparin content] 

PBS control 101.0 101.0 101.0 

20 µg/mL
 
heparin <25 <25 95.2 [2.6 µg/mL] 

4 µg/mL heparin 64.1 66.2 109.4 [1.0 µg/mL] 

1 µg/mL
 
heparin 102.9 102.9 111.8 [0.6 µg/mL] 
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ARTICLE 2 

 

Article 2: Marine organism sulfated polysaccharides exhibiting 

significant antimalarial activity and inhibition of red blood cell invasion 

by Plasmodium. 

 

 
Taking into account the ceaseless need for new antimalarials and the high 

anticoagulation activity of heparin which hinders its use on antimalarial therapies, 

we explored the possibility of using sulfated polysaccharides derived from marine 

organisms that present a chemical structure similar to that of heparin. In this work 

we have focused on the antimalarial and anticoagulating activities of FucCSs and 

fucans from the sea cucumbers Ludwigothurea grisea and Isostichopus badionotus, 

of a galactan from the red alga Botryocladia occidentalis, and of a branched glycan 

from the marine sponge Desmapsamma anchorata.  

 

 

We have concluded that most of the sulfated polysaccharides mentioned above 

present an antimalarial activity comparable to that of heparin but with significantly 

lower anticoagulant capacity which represents an interesting potential in future 

malaria therapies. We have not found any correlation between the size of the 

molecules and the respective antimalarial capacity, but we did find a correlation 

between anticoagulant action and antimalarial capacity. 

 

 

Here, we have shown by direct microscopic visualization that the sulfated 

polysaccharides used in this work inhibit the invasion of RBCs by P. falciparum 

merozoites. These promising results support the belief that this class of marine 

derived products could be applied as adjunct therapies in the treatment of severe 

malaria. 
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Abstract 

 

The significant antimalarial activity of heparin, against which there are no 

resistances known, has not been therapeutically exploited due to its potent 

anticoagulating activity. Marine organisms are a rich source of heparin-like sulfated 

polysaccharides whose potential medical use has been largely neglected. We have 

explored the antimalarial capacity of fucosylated chondroitin sulfates and fucans 

from the sea cucumbers Ludwigothurea grisea and Isostichopus badionotus, of a 

galactan from the red alga Botryocladia occidentalis, and of a glycan from the marine 

sponge Desmapsamma anchorata. In vitro growth inhibition assays of Plasmodium 

falciparum cultures and clotting assays revealed a correlation between sulfated 

polysaccharide antimalarial and anticoagulant activities. Confocal fluorescence 

microscopy analysis indicated that heparin enters Plasmodium-infected red blood 

cells, inside which it binds intraerythrocytic parasite merozoites. In vitro assays 

demonstrated significant inhibition of P. falciparum growth for most polysaccharides 

at low-cytotoxic, low-anticoagulant concentrations. This antimalarial activity was 

found to operate through inhibition of erythrocyte invasion by Plasmodium, likely 

mediated by a coating of the parasite similar to that observed for heparin. In vivo 

four-day suppressive tests showed that the I. badionotus fucan was capable of 

curing Plasmodium yoelii-infected mice, and Western blot analysis revealed that the 

plasma of surviving animals contained antibodies against P. yoelii antigens. The 

retarded invasion mediated by sulfated polysaccharides, and the ensuing prolonged 

exposure of Plasmodium to the immune system, can be applied to the design of new 

therapeutic/vaccination approaches against malaria where heparin-related 

polysaccharides of low anticoagulating activity could play a dual synergistic role as 

antimalarial drugs and as vaccine adjuvants.   
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Author Summary 

 

Malaria is a potentially lethal parasitic disease against which most drugs in 

use have already induced the evolution of resistance in the pathogen, the protist 

Plasmodium spp. Perhaps the only exception to this is the polysaccharide heparin, 

whose antimalarial activity has so far no resistant strains reported, although the 

anticoagulant activity of heparin has hampered its clinical application to malaria due 

to haemorrhagic side-effects. From several marine organisms can be extracted in 

abundance heparin-related sulfated polysaccharides having low clotting activity. We 

have investigated in vitro and in vivo the antimalarial activity of several of these 

compounds, and found that most of them inhibit significantly the growth of 

Plasmodium at concentrations where no toxic or anticoagulant effects are 

manifested. The antiplasmodial activity of marine sulfated polysaccharides has been 

found to operate by inhibiting the entry of Plasmodium into its host cell, the 

erythrocyte. The resulting prolonged exposure of the parasite to the blood 

circulating cells allows more time for the building of an immune response in the 

infected person. This dual activity of sulfated polysaccharides as antimalarial drugs 

and as boosters of immune responses offers interesting perspectives for the 

development of new antimalarial strategies based on these compounds.  
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Introduction 

 

Among the infectious diseases, malaria ranks probably first in the perversity of 

its causal agent, the protist Plasmodium spp. This parasite distributes its life cycle 

[1] between two hosts, humans and the females of certain species of mosquitoes 

from the genus Anopheles. Following a mosquito bite, in a matter of minutes 

sporozoites enter hepatocytes, where they will develop and replicate into thousands 

of merozoites that are released into the blood circulation to invade red blood cells 

(RBCs). Because RBCs are unable to process and present antigens, early 

intraerythrocytic ring stages remain invisible to the immune system until the late 

stages trophozoites and schizonts develop and significantly modify the parasitized 

RBC (pRBC) plasma membrane to meet their needs for membrane transport 

processes [2]. Even then, the proteins exported to the pRBC plasma membrane have 

a very high antigenic variation [3] which leads to waves of parasitemia and persistent 

infections despite antibody-mediated immune pressure. Erythrocytes infected with 

mature stages of the malaria parasite bind to endothelial cells in the capillaries of 

tissues in a phenomenon known as sequestration, which allows Plasmodium to 

replicate while evading splenic clearance [1]. pRBCs can also adhere to non-infected 

RBCs giving rise to rosettes [4], and they can form clumps through platelet-

mediated binding to other pRBCs. These events, which may lead to occlusion of the 

microvasculature, are thought to play a major role in the fatal outcome of severe 

malaria. Because the blood-stage infection is responsible for all symptoms and 

pathologies of malaria, pRBCs have traditionally been a main chemotherapeutic 

target [5]. 

Negatively charged polysaccharides, such as heparin, chondroitin and dextran 

sulfates, fucoidan, and the nonsulfated glycosaminoglycan (GAG) hyaluronan, block 

cytoadhesion of pRBCs to various host receptors [6–9] and disrupt P. falciparum 

rosettes [10,11]. Heparin and related sulfated polysaccharides possess antimalarial 

activity that has been described to operate through inhibition of RBC invasion by 

merozoites [8,12–15]. Proteomic analysis has revealed that heparin interacts with 

multiple apical surface proteins in P. falciparum merozoites [16,17], likely blocking 

their association with the erythrocyte membrane after initial attachment. Naturally 

acquired immunity to malaria is largely directed against extracellular merozoites 

[18], but currently there are no drugs targeting erythrocyte invasion by Plasmodium 
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[19], although some candidates have been proposed [20]. The potential use of 

heparin as drug in malaria therapy [21–25] has been hindered by its high 

anticoagulation and bleeding properties [26] and by the potential risk of infection 

since some GAGs are obtained from mammals. As an interesting alternative, non-

mammalian marine organisms are a rich source of unique sulfated polysaccharides, 

some of them with structures resembling pRBC-binding GAGs [27–29]. The 

fucosylated chondroitin sulfate (FucCS) from the echinoderm Ludwigothurea grisea 

had been shown to have serpin-unrelated anticoagulant properties [30,31], which 

differ from the serpin-dependent anticoagulant mechanism of mammalian heparins. 

Former data showing dissociation of the anticoagulant, bleeding, and antithrombin 

effects of L. grisea FucCS [32], together with recent results revealing its inhibition of 

P. falciparum cytoadhesion and growth [13], suggest that marine sulfated glycans 

might offer interesting alternatives to heparin for future antimalarial therapies. To 

trace correlations between the structure of these new sulfated polysaccharides and 

their inhibition of Plasmodium growth, we have examined several compounds with 

well-defined structures, determining the antimalarial and anticoagulating activities 

of FucCSs and sulfated fucans from the sea cucumbers L. grisea [28,33] and 

Isostichopus badionotus, of a sulfated galactan from the red alga Botryocladia 

occidentalis, and of a sulfated glycan from the marine sponge Desmapsamma 

anchorata. Most of these polysaccharides contain sulfated fucose units in a well-

defined repetitive sequence.  
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Results 

 

Characterization of sulfated polysaccharide size and integrity 

 

I. badionotus FucCS has simple branches of sulfated -fucose (Fig. 1a), 

composed of a single monosaccharide unit, either disulfated at positions 2 and 4 

(~90%) or exclusively 4-sulfated (~10%) [34]. L. grisea FucCS has more complex 

branching structures, mostly composed of disaccharide units of -fucose, non-

sulfated and 3-sulfated at the nonreducing and reducing ends, respectively. This 

FucCS also has small amounts of branches composed of single -fucose units, either 

2,4-disulfated (~27%) or 2,3-disulfated (~20%) [34]. The linear sulfated fucans from 

these echinoderms (Fig. 1b) contain repetitive tetrasaccharide sequences, defined by 

the patterns of sulfation at positions 2 and 4 [35,36], which differ exclusively in the 

sulfation of the second residue of the tetrasaccharide: 2-sulfated in I. badionotus 

and non-sulfated in L. grisea. Unlike the majority of sulfated galactans from red 

algae, that from B. occidentalis (Fig. 1c) has a relatively simple structure, varying 

only in the sulfation pattern of its units [37]. The sponge glycan used here (Mr ~200 

kDa) has its structure only partially elucidated; preliminary gas 

chromatography/mass spectroscopy analysis indicated that it is a 

heteropolysaccharide composed of glucose (75%), fucose (17%) and galactose (8%), 

with a molar ratio sulfate:total sugar of ~1.5 (data not shown). Integrity of these 

molecules was analyzed by polyacrylamide gel electrophoresis (Fig. 2), and the result 

obtained was found to be consistent with the respective approximate molecular 

masses calculated by size exclusion chromatography after polysaccharide 

purification from their natural sources, indicating the absence of significant 

degradation. The bands observed in 6% polyacrylamide gels exhibited a certain 

degree of size polydispersity, as it is typical of this group of compounds. 

 

 

Antimalarial and anticoagulating activities in vitro of sulfated polysaccharides 

 

The antimalarial activity of the polysaccharides was analyzed in in vitro cultures 

of P. falciparum (Fig. 3a), revealing for most of them a significant capacity for the 

inhibition of the parasite’s growth, with IC50s between 2.3 and 20.3 µg/mL. These 
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activities were similar to those found for different heparin batches (between 4 and 

18 µg/mL according to our own data) [38]. The sole exception was the D. anchorata 

glycan, whose antimalarial activity was found to be relatively low, with an IC50 of 

~270 µg/mL. No correlation was found between Plasmodium growth inhibition and 

polysaccharide size, since the two best activities were for the largest and smallest 

structures corresponding, respectively, to the B. occidentalis galactan (~700 kDa) 

and the L. grisea FucCS (~30 kDa). 

When determining the activated partial thromboplastin time in vitro for the 

sulfated polysaccharides used in this work (Fig. 3b), a remarkable correlation was 

found between antimalarial and anticoagulant activities, with the three best 

antimalarial polysaccharides (both FucCSs and the galactan) being the most 

anticoagulant and the three polymers more innocuous for Plasmodium (both fucans 

and the sponge glycan) exhibiting the worst anticoagulant activities. Nevertheless, 

the anticlotting properties of the marine sulfated polysaccharides used in this work 

were relatively modest, never reaching values above 18% that of heparin. 

 

 

Sulfated polysaccharides inhibit Plasmodium invasion of red blood cells 

 

Since the antimalarial mechanism of heparin and related polysaccharides had 

been described to operate through inhibition of the invasion of RBCs by 

Plasmodium, we proceeded to investigate the invasion inhibition activity of the 

marine sulfated polysaccharides. Late-stage pRBC cultures that had been treated 

with the different structures revealed upon microscopic examination at 20 and 40 h 

post-treatment a clear decrease in, respectively, ring and late stages relative to 

untreated samples (Fig. 4). Polysaccharide-treated samples showed a delayed 

intraerythrocytic P. falciparum cycle as evidenced by the presence of a significant 

fraction of ring stages relative to untreated controls, which at 40 h within the 

intraerythrocytic cycle contained, as expected, trophozoites and schizonts only. 

Quantitative flow cytometry analysis confirmed microscopic observations (Fig. 5), 

with both FucCSs and the galactan having the highest invasion inhibition potency 

and both fucans and the sponge glycan being less active, in close correlation with 

the respective parasite growth inhibition activities reported in Fig. 3. 
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Heparin binds to merozoites inside pRBCs 

 

The accumulated experimental evidence indicates that invasion inhibition is the 

antimalarial mechanism through which sulfated polysaccharides operate. However, 

the short time that free merozoites are present in the blood circulation suggests that 

the process of parasite binding might occur, at least in part, inside pRBCs. To 

explore this possibility, as a proof of concept assay, we added fluorescein-labeled 

heparin to live pRBC cultures and after 30 min of incubation the samples were 

processed for confocal fluorescence microscopy analysis. The resulting data show 

that heparin added to living pRBC cultures not only specifically targeted pRBCs vs. 

RBCs in vitro, but it entered live pRBCs and bound intraerythrocytic developing 

merozoites (Fig. 6). 

 

 

In vivo antimalarial activity analysis of sulfated polysaccharides 

 

P. yoelii-infected mice were treated iv with polysaccharide doses according to 

their in vitro antimalarial activity, anticoagulation capacity, and unspecific 

cytotoxicity (Fig. 7a). Except for D. anchorata glycan and L. grisea fucan, all 

compounds reduced parasitemia when compared to untreated controls (Fig. 7b), 

although only I. badionotus fucan provided a clear improvement in mice survival, 

being able to cure one of the treated animals. The parasitemia at day 4 of this 

particular mouse was 10.4%, indicating a successful infection and therefore a 

curative effect of the sulfated polysaccharide. Western blot analysis revealed clearly 

increased IgG levels against P. yoelii antigens in the plasma of the I. badionotus 

fucan-treated surviving mouse (Fig. 7c). Such IgG increase was also observed in the 

surviving CQ-treated animals. 
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Discussion 

 

Previous work had demonstrated that the presence of sulfate groups was 

paramount for the binding of L. grisea FucCS to human lung endothelial cells and 

placenta cryosections under static and flow conditions [13], and that sulfated FucCS 

was capable of inhibiting pRBC cytoadherence in these cell models. Because pRBC 

sequestration in the microvasculature of vital organs plays a key role in the 

pathogenesis of cerebral and pregnancy malaria, L. grisea FucCS has been proposed 

for the treatment of severe disease. The crucial role of sulfate groups in the context 

of malaria was further evidenced by the ability of L. grisea FucCS to disrupt P. 

falciparum rosettes, which was significantly lost upon desulfation [13]. Other 

evidences illustrating the physiological importance of sulfate groups came from 

reports showing that their removal abolished the antithrombotic and anticoagulant 

effects of FucCS [32], and that their presence was essential for preserving the 

inhibitory effects of the polysaccharide in interactions mediated by P- and L-selectin 

[39]. 

The in vitro data reported here show that polysaccharides containing -fucose 

as internal units are less active as antimalarials than polymers having -fucose as 

branches, mirroring a similar effect of these structures on anticoagulation activity 

[40]. The sulfated fucan from I. badionotus was found to have a slightly higher in 

vitro antimalarial activity than that of L. grisea, probably because of the additional 

2-sulfation. The observation that both FucCSs have similar in vitro antimalarial effect 

despite the marked differences in their -fucose-containing branches suggests that, 

beyond a minimal threshold, the presence of additional 2,4-disulfated fucose units 

does not result in higher antiplasmodial potency, as it was similarly reported for the 

anticoagulant activity of FucCS [34]. In vivo data, where the administered doses were 

chosen considering anticlotting capacity, placed I. badionotus fucan as the structure 

with the best balance between antimalarial and anticoagulating properties. 

We have observed that formation of ring-stage parasites was clearly reduced in 

the presence of sulfated polysaccharides, in agreement with preexisting data 

indicating that their antimalarial activity unfolds by inhibition of merozoite invasion 

[7,8,12–15,41–44]. The mechanism through which this invasion blocking proceeds 

has not been elucidated yet, although the finding that sulfation patterns are crucial 

for the inhibitory effect of heparin and similar compounds [15], suggests that it is 
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the result not only of nonspecific ionic interactions but also of particular 

conformations of anions present in the polysaccharides [7]. The consequence of a 

retarded invasion is the ensuing prolonged exposure of the pathogens to the 

immune system, which might be applied to the design of new malaria vaccination 

approaches where heparin-related polysaccharides could play a dual synergistic role 

as antimalarial drugs and as vaccine adjuvants. 

The data presented here indicate that ~13-kDa heparin is capable of 

penetrating schizont-stage pRBCs and of adsorbing on intracellular parasites before 

they have completed their intraerythrocytic cycle. Whereas binding of heparin to 

merozoites has been described to be mediated by multiple protein receptors [16, 

17], GAG-pRBC associations are mainly based on interactions with the parasite-

derived adhesion, P. falciparum erythrocyte membrane protein 1, PfEMP1 [45]. The 

subsequent internalization of heparin into pRBCs might be an unspecific uptake 

through the tubulovesicular network induced by Plasmodium during its 

intraerythrocytic growth [46]. Such entry into pRBCs and coating of developing 

merozoites before they egress, permits the invasion inhibition activity of heparin to 

be manifested since the first moment when Plasmodium cells are free in the blood 

circulation. This is important regarding possible future therapeutic applications of 

sulfated polysaccharides; if the observed activity were only exerted upon binding to 

free merozoites, their rapid invasion of RBCs [47] would severely compromise clinical 

applications. Because heparin is capable of penetrating live pRBCs and of binding 

intracellular merozoites, heparin-based antimalarial therapies can be administered 

during the wide time frame when late stages are present in clinical malaria. Smaller 

fragments of marine polysaccharides might also have this behavior, although the 

finding that ~700 kDa B. occidentalis galactan has antimalarial activity similar to that 

of the ~30-40 kDa FucCSs from L. grisea and I. badionotus suggests that pRBC 

internalization of the polymers might not be essential for their capacity to inhibit 

Plasmodium growth. 

Although remarkable antimalarial activity is obtained in vitro at sulfated 

polysaccharide concentrations below those being highly anticoagulating, this risk 

can be further minimized using alternative strategies based on the evidence of a 

significantly reduced anticlotting activity of heparin when covalently immobilized on 

a substrate [48]. Surface plasmon resonance biosensor studies showed that covalent 

binding through its carboxyl groups dramatically reduced the interaction of heparin 
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with antithrombin III [49], whereas attachment through the reducing amino terminus 

did not significantly affect it and heparin immobilized via intrachain naturally 

occurring unsubstituted amine residues had intermediate binding capacity. Covalent 

conjugation to nanoparticles can be explored as an interesting approach to reduce 

potential haemorrhagic side-effects. As it has been shown with heparin [38], 

antimalarial drugs can be encapsulated in such nanocarriers where sulfated 

polysaccharides exhibit a dual activity as pRBC targeting molecules and as 

antimalarial drugs themselves thus potentiating therapeutic activity. 

The polysaccharides used in this work do not require fractionation and/or 

chemical modification after purification [30] and, unlike heparin, are not derived 

from mammals, thus reducing the risk of contamination by human-affecting 

pathogens. These compounds are present at high concentrations in marine 

organisms and can be isolated with relatively high yields of ~1% dry weight. In 

addition to being less anticoagulant than heparin, they exert their antimalarial 

activity in vitro (and in vivo for I. badionotus fucan) at concentrations lower than 

those required to trigger anticlotting effects. FucCS can be satisfactorily 

administered orally [50], without toxic or cumulative effects in tissue observed after 

daily doses to animals of 50 mg/kg for 30 days (Mourão, unpublished data), raising 

hopes that this family of sulfated polysaccharides can enter in the short term the 

preclinical pipeline of future antimalarial treatments. 
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Materials and Methods 

 

Materials 

Except where otherwise indicated, reactions were performed at room 

temperature (20°C), and reagents were purchased from Sigma-Aldrich Corporation 

(St. Louis, MO, USA). 

 

 

Ethics statement 

The studies reported here were performed under protocols reviewed and 

approved by the Ethical Committee on Clinical Research from the Hospital Clínic de 

Barcelona (Reg. HCB/2014/0910) and the Ethical Committee on Animal 

Experimentation from the Barcelona Science Park (Reg. 20140917). All the human 

blood samples used for P. falciparum in vitro cultures were purchased from the Banc 

de Sang i Teixits (http://www.bancsang.net/) and irreversibly anonymized prior to 

their arrival. 

 

 

Extraction and purification of sulfated polysaccharides 

 

Samples of the marine organisms were cut into 1 mm3 pieces, immersed three 

times in acetone and dried at 60°C. Sulfated polysaccharides were extracted from 10 

g of the dried tissues by extensive papain digestion, and the extracts were partially 

purified by cetylpyridinium and ethanol precipitations as described [51]. 

Approximately 100 mg dry weight of crude polysaccharide extract was obtained 

from each species. Extracts were applied to a high-performance liquid 

chromatography system-linked Mono Q column (GE Healthcare, UK), equilibrated 

with 5 mM ethylenediaminetetraacetic acid, 20 mM Tris-HCl, pH 7.0. The 

polysaccharides were eluted from the column using a 0-3 M NaCl linear gradient at a 

flow rate of 1 mL/min. 0.5 mL fractions were collected and checked by 

metachromatic assay using 1,9-dimethylmethylene blue [52], and by measuring 

conductivity to estimate NaCl concentration. The fractions containing sulfated 

polysaccharides were pooled, dialyzed against distilled water and lyophilized, and 
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the corresponding structures confirmed by nuclear magnetic resonance analysis as 

described [34,36,37]. 

 

 

P. falciparum cell culture and growth inhibition assays 

 

The P. falciparum 3D7 strain was grown in vitro in group B human RBCs using 

previously described conditions [53]. Briefly, parasites (thawed from glycerol stocks) 

were cultured at 37°C in Petri dishes containing RBCs in Roswell Park Memorial 

Institute (RPMI) complete medium under a gas mixture of 92% N2, 5% CO2, and 3% 

O2. Synchronized cultures were obtained by 5% sorbitol lysis, and the medium was 

changed every 2 days keeping 3% hematocrit. For culture maintenance, parasitemias 

were kept below 5% late forms by dilution with washed RBCs prepared as described 

elsewhere [53]. For growth inhibition assays, parasitemia was adjusted to 1.5% with 

more than 90% of parasites at ring stage after sorbitol synchronization. 150 µL of 

this Plasmodium culture was plated in 96-well plates and incubated in the presence 

of polysaccharides for 48 h in the conditions described above. Parasitemia was 

determined by flow cytometry, after staining pRBC DNA with the nucleic acid dye 

Syto 11, added 10 min before analysis. Samples were analyzed using a BD 

FACSCalibur™ flow cytometer and parasitemia was expressed as the number of 

parasitized cells per 100 erythrocytes. 

 

 

Merozoite invasion inhibition assay 

 

Synchronized cultures of P. falciparum 3D7 were enriched using Percoll (GE 

Healthcare) purification to obtain late trophozoites and early schizonts, and diluted 

to ~1% initial parasitemia and 3% hematocrit. Assays were performed in 24-well, 

flat-bottomed microculture plates where 1 mL of culture was incubated in RPMI 

supplemented with different amounts of each polysaccharide in study, for 20 h as 

described above. After incubation, smears were prepared by fixing cells in methanol 

for a few seconds and then staining them for 10 min with Giemsa (Merck Chemicals, 

Germany) diluted 1:10 in Sorenson’s Buffer, pH 7.2. Plates were incubated for 

another 20 h before preparing a new set of smears. Slides were observed with an 
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optical microscope Nikon Eclipse 50i (Japan) and pictures were taken with a Nikon 

Digital Sight DS-U2 camera. For quantitative determinations, the cultures were 

analyzed by flow cytometry by staining pRBC DNA with the nucleic acid dye Syto 11, 

added 10 min before analysis. Samples were analyzed using a BD FACSCalibur™ flow 

cytometer and parasitemia was expressed as the number of parasitized cells per 100 

erythrocytes. To assess invasion and maturation rates, respectively, the following 

formulae were applied:  

 

           
          

                                 
 

 

 

             
                               

            
 

 

 

Activated partial thromboplastin time (APTT) assay 

 

Various concentrations of sulfated polysaccharides in 100 μL of human plasma 

were mixed with 100 μL of undiluted APTT reagent (kaolin bovine phospholipid 

reagent from Biolab-Merieux AS, Rio de Janeiro, Brazil). After incubating for 2 min at 

37°C, 100 μL of 25 mM CaCl2 was added to the mixture, and the clotting time was 

recorded in an Amelung KC4A coagulometer (Heinrich Amelung GmbH, Lemgo, 

Germany). The results were expressed as the clotting time ratio in the presence vs. 

absence of different polysaccharide concentrations. Anticoagulant activity was 

indicated as IU/mg using a parallel standard curve based on the 6th International 

Heparin Standard (2,145 units per vial, 200.04 IU/mg), obtained from the National 

Institute for Biological Standards and Control (Potters Bar, UK). 

 

 

Fluorescence microscopy 

 

Living P. falciparum cultures with mature stages of the parasite were incubated 

in the presence of 10 μg/mL fluorescein-labeled heparin (Life Technologies) in 

phosphate buffered saline, pH 7.4 (PBS) supplemented with 0.75% bovine serum 
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albumin for 90 min at 37°C with gentle stirring. After PBS washing, blood smears 

were prepared and cells were fixed for 20 min with 1% (v/v) paraformaldehyde in 

PBS. Parasite nuclei were stained with 4′6-diamino-2-phenylindole (DAPI) and the 

RBC membrane was labeled with wheat germ agglutinin–tetramethylrhodamine 

conjugate. Slides were finally mounted with ProLong® Gold antifade reagent, and 

analyzed with a Leica TCS SP5 laser scanning confocal microscope. 

 

 

Polyacrylamide gel electrophoresis 

 

Electrophoresis was performed in 6% polyacrylamide gels using a Mini-Protean 

Tetra Cell System (Bio-Rad Laboratories Inc.). Samples containing 20 µg 

polysaccharide (at 1 mg/mL) were boiled in the presence of nonreducing sample 

buffer for 5 min, and electrophoresed at 100 V for 40 min. The gel was stained with 

0.5% Alcian Blue solution in 3% acetic acid/25% isopropanol for 30 min with gentle 

stirring. Finally, the gel was de-stained in 10% acetic acid/40% ethanol overnight and 

digitalized. 

 

 

Unspecific cytotoxicity assay 

 

Human umbilical vein endothelial cells (primary culture provided by Dr. 

Francisco J. Muñoz, Pompeu Fabra University, Barcelona, Spain) were seeded in 96-

well plates at a density of 5000 cells/100 µL/well, and incubated for 24 h at 37°C in 

Medium 199 with Earle's salts, supplemented with L-glutamine and fetal calf serum 

(FCS; LabClinics). After that time the medium was carefully removed with a pipette, 

and 100 µL of new medium (without FCS in this case) containing different sample 

concentrations was added. After incubating for 48 h at 37°C, 10 µL of the cell 

proliferation assay reagent WST-1 (Roche Life Science) were added, and 1 h later 

absorbance was measured at 440 nm. 
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Antimalarial activity assay in vivo 

 

The in vivo antimalarial activity of sulfated polysaccharides was studied in a 4-

day-blood suppressive test as previously described [54]. Briefly, Balb/C female mice 

(n = 5/sample; Janvier Laboratories) were inoculated intraperitoneally with 2 x 106 

RBCs infected by the Plasmodium yoelii yoelii 17 XL lethal strain. Treatment with the 

antimalarial drug chloroquine (5 mg kg-1 day-1) [55] or polysaccharides dissolved in 

PBS started 2 h later (day 0) with a 200 µL single dose administered intravenously, 

followed by identical dose administration for the next 3 days. A control untreated 

group received PBS. Activity was determined by microscopic counting at day 4 of 

blood smears stained with Wright’s solution (Merck Chemicals). Mice were fed a 

commercial diet ad libitum and treated with humane care, being euthanized if 

reaching a 20% weight loss for two consecutive days. The sacrifice method was 

exposure to 95% CO2 following anesthesia with 5% isoflurane vaporized in O2. 

 

 

P. yoelii protein extraction from infected whole blood 

 

Protein lysates were extracted from the whole blood of infected Balb/C female 

mice having >50% parasitemia. Blood was collected in Microvette® CB 300 tubes 

(Sarstedt, Germany) and kept at ‒80°C until protein extraction. RBC lysis was 

performed by adding 10 x vol of saponin 0.1% (w/v) in PBS. After washing twice with 

cold PBS, the pellet was treated with 2 vol of extraction buffer consisting of 50 mM 

NaCl, 0.5% Mega 10, 3% CHAPS, and 50 mM Tris-HCl, pH 8.0, supplemented with a 

protease inhibitor cocktail (Roche). The samples were subjected to four freeze-thaw 

cycles, and the lysates were finally centrifuged at 20,000 g for 30 min (4°C). Protein 

concentration was determined by the DC protein assay (Bio-Rad), and P. yoelii total 

protein samples were stored at ‒20°C until use. 

  

 

Western blot 

 

10 µg of P. yoelii total protein extract were fractionated in a reducing 10% SDS-

PAGE (Bio-Rad), transferred to polyvinylidene difluoride membranes and blocked 
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with Z buffer (100 mM MgCl2, 0.5% Tween 20, 1% Triton X-100, 1% BSA,100 mM 

Tris-HCl, pH 7.4, supplemented with  5% FCS). Membranes were then incubated at 

4°C overnight with 1:10,000 dilutions of sera from the mice that survived the 

infection, followed by a 1 h incubation with the secondary horseradish peroxidase-

labeled anti-mouse IgG (Amersham Biosciences) at a 1:10,000 dilution. 
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Figure 1. Chemical structures of the sulfated polysaccharides used in this work. (A) 

The L. grisea and I. badionotus fucosylated chondroitin sulfates share a similar 

backbone (left) but differ on their sulfated fucose branches (right). (B) L. grisea and I. 

badionotus sulfated fucans have similar tetrasaccharide repeating structures but 

differ exclusively on the sulfation of the second unit. (C) The sulfated galactan from 

the red alga B. occidentalis contains alternating - and -galactose units with 

distinct sulfation patterns. Sulfation sites are highlighted in green. 
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Figure 2. Alcian Blue-stained polyacrylamide gel electrophoresis analysis of sulfated 

polysaccharides. Approximate molecular masses were confirmed by size exclusion 

chromatography. 
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Figure 3. In vitro analysis of antimalarial and anticoagulating activities of sulfated 

polysaccharides. (A) Growth inhibition assays of P. falciparum cultures. (B) APTT 

assay of anticoagulant activities, expressed as the ratio between clotting times in the 

presence (T1) and absence (T0) of polysaccharides. Percentages represent the 

respective anticoagulant activities relative to that of heparin. For each polysaccharide 

is indicated in italics the corresponding in vitro antimalarial IC50 (in µg/mL) derived 

from the data presented in panel (a). 
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Figure 4. Microscopic images of Giemsa-stained in vitro pRBC cultures of P. 

falciparum treated with sulfated polysaccharides. Pictures corresponding to the cycle 
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phases when rings and trophozoites+schizonts are the dominant forms expected 

were taken, respectively, 20 and 40 h after treatment. Arrows indicate ring stages 

and arrowheads indicate merozoites that have failed to invade pRBCs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Quantitative flow cytometry analysis of the inhibition of red blood cell 

invasion by P. falciparum in the presence of sulfated polysaccharides. Percentages 

indicate the proportion of rings (R, 20 h after treatment) and trophozoites (T, 40 h 

after treatment) relative to untreated controls. 
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Figure 6. Binding of heparin to P. falciparum merozoites inside pRBCs. Fluorescein-

labeled heparin was added to pRBC cultures that were processed for fluorescence 

microscopy after 30 min of incubation. The four small panels to the left of each 

series are included to show pRBC vs. RBC specificity. Arrowheads indicate pRBCs 

(revealed by DAPI stain of Plasmodium DNA within the otherwise anucleated RBC) 

imaged at higher resolution in the right-hand panels. 
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Figure 7. Cytotoxicity and in vivo antimalarial activity analyses of sulfated 

polysaccharides. (A) Unspecific in vitro toxicity on human umbilical vein endothelial 

cells of sulfated polysaccharides assayed at concentrations around their respective 

IC50 for P. falciparum growth. (B) In vivo assay of the effect on P. yoelii-infected 

mice (n = 5 animals/sample) of polysaccharides administered iv at the indicated µg 

mL-1 day-1. Chloroquine (CQ) was administered iv as a positive control at a dose of 5 

mg kg-1 day-1. Shown are the histograms of those days after infection when changes 

in the number of surviving animals were recorded. All surviving animals at day 13 

were alive and without symptoms of disease at day 40. (C) Western blot for the 

detection of IgGs against P. yoelii antigens in the serum of surviving infected mice 

that had been treated 35 days before with CQ or with the I. badionotus fucan. The 

untreated control corresponds to a noninfected mouse of the same age. 
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ARTICLE 3 

 

Article 3: Adaptation of nanocarriers to changing requirements in 

antimalarial drug delivery. 

 

 

 Malaria pathophysiology is too complex and the disease is too widespread to 

be fought with a single weapon, and it is generally accepted that to walk the path 

towards eradication a well-designed attack will be necessary using a combination of 

strategies. These include the improvement of existing approaches and the 

development of new ones172, whereas drug therapy remains the mainstay of 

treatment and prevention173. Current chemotherapeutic approaches against malaria 

infections are targeted at the asexual blood-stage parasites that are responsible for 

all symptoms and pathologies of the disease13. However, as there can be several 

hundred billion pRBCs in the bloodstream of a patient, multiple-dose 

administrations are required, with ACTs resistance now emerging there is an urgent 

need for the development of new drugs or new strategies for the delivery of already 

known broad-spectrum antimalarials or highly toxic drugs. For these reasons and 

with the objective of designing the best nanocarrier (Figure 15) we tested different 

approaches such as better drugs (consisting of toxic lipids for the parasite contained 

in the LPs formulation), different carriers (chitosan nanoparticles), and news targets 

(more specifically the transmission stages from the mosquito vector). 

 

 

 

 

 

 

 

Figure 15. Schematic demonstration of the best prototype we aim to design. In this particular 

paper we have explored the three approaches represented in yellow.  
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Abstract 

 

A number of liposome- and polymer-based nanocarriers engineered for the 

targeted delivery of antimalarial drugs are being developed despite the lack of 

economic incentives for research in nanomedicine applications to malaria. Although 

successful efforts have been made to obtain new nanostructures having affordable 

synthesis costs while exhibiting good performance in lowering the IC50 of drugs, 

new approaches are required to further optimize a scarcity of resources. In this 

regard, the adaptation of existing nanovector designs to new Plasmodium stages, 

antimalarial drugs, targeting molecules, or encapsulating structures is a strategy 

that can provide new cost-efficient therapies. We have explored here the adaptation 

of different liposome prototypes that had been developed in our group for the 

delivery to Plasmodium-infected red blood cells (pRBCs) of the antimalarial drugs 

chloroquine and primaquine. These new models include: (i) immunoliposome 

delivery of new lipid-based antimalarials; (ii) liposomes targeted to pRBCs with 

covalently linked heparin to reduce anticoagulation risks; (iii) adaptation of heparin 

to pRBC targeting of chitosan nanoparticles; (iv) use of heparin for the targeting of 

Plasmodium stages in the mosquito vector; and (v) use of the non-anticoagulant 

glycosaminoglycan chondroitin sulfate A as an heparin surrogate for pRBC targeting. 

The results presented indicate that the tuning of existing nanovessels to new 

malaria-related targets is a valid low-cost alternative to the development from 

scratch of new targeted nanosystems. 

 

Keywords: immunoliposomes; malaria; nanomedicine; Plasmodium; targeted drug 

delivery  
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Introduction 

 

With malaria elimination now firmly on the global research agenda, but 

resistance to the currently available drugs on the rise, there is an urgent need to 

invest in the research and development of new therapeutic strategies [1]. 

Encapsulation of drugs in targeted nanovectors is a rapidly growing area with a clear 

applicability to infectious disease treatment [2], and pharmaceutical nanotechnology 

has been identified as a potentially essential tool in the future fight against malaria 

[3,4]. Nanoparticle-based targeted delivery strategies can play an important role for 

the treatment of malaria because they might allow (i) low overall doses that limit the 

toxicity of the drug for the patient, (ii) administration of sufficiently high local 

amounts to minimize the evolution of resistant parasite strains [5], (iii) improvement 

of the efficacy of currently used hydrophylic (low membrane trespassing capacity) 

and lipophylic antimalarials (poor aqueous solubility), and (iv) use of orphan drugs 

never assayed as malaria therapy, e.g. because of their elevated and wide-spectrum 

toxicity. In the very nature of nanovectors resides their versatility that enables 

assembling several elements to obtain chimeric nanovessels tailored to fit the 

requirements for different administration routes, particular intracellular targets, or 

combinations of drugs. 

Antimalarial drugs can potentially target a suite of pathogen life stages inside 

two different hosts: humans and the insect vector. Infection starts when a 

parasitized female Anopheles mosquito inoculates sporozoites of the malaria 

parasite, the protist Plasmodium spp., into a person while taking a blood meal. 

Within a few minutes, sporozoites have migrated through the skin and bloodstream 

to the liver, where they invade hepatocytes. Sporozoites develop into merozoites [6], 

which enter the circulation, invade red blood cells (RBCs) [7], and replicate asexually 

to produce daughter cells that invade new RBCs to perpetuate the blood-stage cycle 

that unfolds through ring, trophozoite, and schizont stages. Some parasites 

eventually differentiate into sexual stages, female or male gametocytes that are 

ingested by a mosquito from peripheral blood. When an infected bloodmeal reaches 

the insect’s midgut, micro- and macrogametocytes develop into male and female 

gametes. Following fertilization, the zygote differentiates into an ookinete that 

moves through the midgut epithelium and forms an oocyst, which releases 
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sporozoites. The malaria transmission cycle is restarted when sporozoites migrate to 

the salivary glands and are injected into a human with the mosquito’s next bite. 

The so-called combination therapies, where several drugs are simultaneously 

administered [8], significantly improve the antimalarial effect of the individual 

compounds. Liposomes are particularly adept structures in this regard because they 

allow the encapsulation of hydrophobic drugs in their lipid bilayer and of water-

soluble compounds in their lumen, thus being a potentially interesting platform for 

combination therapies where lipophilic and hydrophilic drugs are delivered together. 

One of the limitations of liposomes as carriers for drug delivery to Plasmodium-

infected RBCs (pRBCs) is that because of the lack of endocytic processes in these 

cells, a relatively fluid liposome lipid bilayer is required to favor fusion events with 

the pRBC plasma membrane. As a result, these liposomes are leaky for drugs 

encapsulated in their lumen, and when membrane fusion occurs, a relatively small 

fraction of the originally contained drug is injected into the cell. On the other hand, 

liposomes made of saturated lipids have less fluid bilayers that contain drugs with 

high efficacy, although fusion events with pRBC membranes are greatly diminished, 

which also reduces the amount of luminal drug delivered to the target cell. 

One of the main pRBC-binding molecules are glycosaminoglycans (GAGs), 

some of whose members include heparin, heparan sulfate (HS), and chondroitin 

sulfate (CS). Chondroitin 4-sulfate (CSA) has been found to act as a receptor for 

pRBC binding in the microvasculature [9] and the placenta [10], and adhesion of 

pRBCs to placental CSA has been linked to the severe disease outcome of 

pregnancy-associated malaria [11]. The high pathogenicity of P. falciparum in 

placental malaria is partly due to the ability of mature trophozoite- and schizont-

stage-infected pRBCs to adhere to the placental syncytiotrophoblast. pRBC adhesion 

to the endothelium of postcapillary venules is mediated by the parasite-derived 

antigen P. falciparum erythrocyte membrane protein 1 (PfEMP1) [12], whereas CSA 

has been identified as the main receptor for PfEMP1 attachment to placental cells 

[10,13]. Single-molecule force spectroscopy data have revealed a complete 

specificity of adhesion of heparin to pRBCs vs. RBCs, with a binding strength 

matching that of antibody-antigen interactions [14]. Heparin had actually been used 

in the treatment of severe malaria [15], but it was abandoned because of its strong 

anticoagulant action, with side effects such as intracranial bleeding. It has been 

shown that heparin electrostatically bound to liposomes acts as an antibody 
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surrogate, having a dual activity as a pRBC-targeting molecule but also as an 

antimalarial drug in itself acting mainly on trophozoite and schizont stages [16]. 

Because heparin is significantly cheaper to obtain than specific (monoclonal) 

antibodies the resulting heparin-liposomes have a cost about ten times lower than 

that of an equally performing immunoliposome. Since resistances of Plasmodium to 

heparin are not known so far [17], heparin-based targeting will foreseeably be more 

long-lasting than pRBC recognition relying on antibodies, which typically are raised 

against highly variable exposed antigens whose expression is constantly varied by 

different generations of  the parasite. A question that remained open is whether the 

heparin-mediated targeting of liposomes to pRBCs could be extended to other 

glycosaminoglycans, to different Plasmodium stages, and to new nanoparticle types. 

The three elements that constitute a targeted therapeutic nanovector 

(nanocapsule, targeting molecule and the drug itself) can be exchanged, as if they 

were LEGO parts, to obtain new structures better suited to each particular situation. 

Through modification of its constituting elements, nanovector design is susceptible 

of improvement and of adaptation to new targets such as different Plasmodium 

species or infected cells other than the erythrocyte. Of particular interest here is the 

targeting of the transmission stages that allow transfer of the parasite between 

human and mosquito and vice-versa, which represent the weakest spots in the life 

cycle of the pathogen [18]. Heparin and HS are targets for the circumsporozoite 

protein in the sporozoite attachment to hepatocytes during the primary stage of 

malaria infection in the liver [19]. CS proteoglycans in the mosquito midgut and 

synthetic CS mimetics have been described to bind Plasmodium ookinetes as an 

essential step of host epithelial cell invasion [20,21], whereas ookinete-secreted 

proteins have been found to have significant binding to heparin [22]. This body of 

accumulated evidence suggests that GAGs might be adequate to target antimalarial-

loaded nanovectors to Plasmodium mosquito stages, either through a direct entry 

into gametocytes, ookinetes, and sporozoites, or indirectly through delivery to 

pRBCs for those pRBCs that differentiate into gametocytes. Engineering antimalarial 

nanomedicines designed to be delivered directly to Anopheles and targeted to 

Plasmodium stages exclusive of the insect might spectacularly reduce costs because 

the clinical trials required for therapies to be administered to people could be 

significantly simplified. 
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Here we have explored whether the heparin- and antibody-mediated 

targeting of drug-containing liposomes to pRBCs could be adapted in a 

straightforward way to other GAGs as targeting molecules, to different Plasmodium 

stages as target cells, and to new nanoparticle and drug types. 
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Materials and Methods 

 

Materials 

Except where otherwise indicated, reactions were performed at room 

temperature (20°C), and reagents were purchased from Sigma-Aldrich Corporation 

(St. Louis, MO, USA). 

 

 

Liposome preparation 

 

Liposomes were prepared by the lipid film hydration method (Bioh, Uni-, & 

Biology, 1991). All lipids were purchased from Avanti Polar Lipids Inc., Alabaster, AL, 

USA. Liposomes used for conjugation with half antibodies consisted of cholesterol, 

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N(lissamine rhodamine B 

sulfonyl) (DOPE-Rho), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(4-

(p-maleimidophenyl)butyramide (MPB-PE), and 1,2-dioleoyl-sn-glycero-3-

phosphatidylcholine (DOPC) in a proportion DOPC:cholesterol:MPB-PE:DOPE-Rho 

72:20:1:7. Liposomes used for the covalent binding of heparin consisted of DOPC, 

cholesterol, L-α-phosphatidylethanolamine (PE), and 1,2-dioleoyl-3-

trimethylammonium-propane (DOTAP) in a proportion 46:20:30:4. Lipids were 

dissolved in chloroform:methanol (2:1 v/v) in a round-bottomed flask where organic 

solvents were removed by rotary evaporation under reduced pressure at a 

temperature higher than the lipid melting point to yield a thin lipid film on the walls 

of the flask, and remaining solvent traces were eliminated by drying under N2 flow 

for 30 min. The dry lipids were hydrated in phosphate-buffered saline (PBS) (with or 

without the antimalarial drug primaquine) at 37 °C to obtain a concentration of 

10mM and multilamellar liposomes were formed by 3 cycles of constant vortexing 

followed by bath sonication for 4 min each. Multilamellar liposomes were down- 

sized to form uni- or oligolamellar vesicles by extrusion through 200- nm 

polycarbonate membranes (Poretics, Livermore, CA, USA) in an extruder device 

(LiposoFast, Avestin, Ottawa, Canada). Liposome size was determined by dynamic 

light scattering using a Zetasizer NanoZS90 (Malvern Ltd, Malvern, UK).  
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Immunoliposome preparation 

 

The mild reducing agent 2-mercaptoethylamine-HCl (MEA, Pierce 

Biotechnology) was used to generate half-antibodies (Karyakin, Presnova, Rubtsova, 

& Egorov, 2000; Raab et al., 1999). 90 μl of a 0.1 mg/ml antibody solution in PBS 

was added to 10 μl of 10 × reaction buffer (PBS containing 5mM EDTA and 50mM 

MEA), and incubated for 90 min at 37 °C in a water bath. Unreacted MEA was 

separated from reduced half-antibodies by molecular exclusion chromatography. 

For the coupling of targeting antibodies to liposomes we followed established 

protocols (Martin & Papahadjopoulos, 1982) that use MPB-PE to incorporate proteins 

into liposomes through the reaction of the maleimide group in the lipid with a thiol 

group from the ligand. In the case of antibodies the free thiol was obtained by 

generating half-antibodies as described above. MPB-PE-containing liposomes were 

incubated with half-antibodies (0.01 μg/μl, 133 nM half-antibody assuming 

complete reduction by MEA) overnight at 4 °C. Immunoliposomes were pelleted by 

ultracentrifugation (100,000 g for 90 min at 4 °C), and finally resuspended in 10 

volumes of PBS and kept at 4 °C for up to 2 weeks before adding them to RBC-

containing samples. 

 

 

Primaquine encapsulation and quantification 

 

The antimalarial drug primaquine was encapsulated in DOTAP-containing 

liposomes by dissolving it in PBS at a primaquine concentration of 1.2 mM, removing 

non-encapsulated drug by molecular exclusion chromatography (encapsulated PQ 

concentration of 0.12 mM). Heparin (sodium salt from porcine intestinal mucosa; 

13,000 kDa mean molecular mass) was covalently bound by addition of 1 vol of 

heparin solution in PBS to the liposomes. Unbound heparin was removed by 

ultracentrifugation and the resulting liposome pellet was taken up in 10 pellet 

volumes of PBS immediately before addition to pRBC cultures with a further 20-fold 

dilution (ca. 3 µM final primaquine concentration in the culture). For the 

quantification of encapsulated primaquine, a lipid extraction of the liposomes was 

performed. Briefly, following ultracentrifugation the liposome pellet was treated with 
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methanol:chloroform:0.1 M HCl (1.8:2:1) and after phase separation primaquine 

content in the upper water-methanol phase was determined by measuring A320. 

 

 

Heparin and CSA determination 

 

For the determination of heparin and CSA concentration the Alcian Blue method 

was used (Frazier, Roodhouse, Hourcade, & Zhang, 2008). Shortly, 10 µl of heparin-

containing solution was mixed with 10 µl of a solution containing 27 mM H2SO4, 

0.375% Triton X-100, and 4 M guanidine-HCl. To the resulting 20 µl were added 

100 µl of 1 mg/ml Alcian Blue 8GX solution in 0.25% Triton X-100, 18 mM H2SO4. 

Samples were centrifuged and the pellet was resuspended in 500 µl of 8 M 

guanidine-HCl. Finally, after spinning down debris, A600 of the supernatant was 

recorded and heparin content was determined from a standard linear regression of 

known concentrations. Unspecific cytotoxicity and hemolysis assays were performed 

as described previously (Urbán et al., 2011). 

 

 

Covalent binding of heparin to liposomes 

 

Liposomes containing 30% PE were prepared as described previously. The amine 

groups present in the liposomes were crosslinked with the carboxyl groups of 

heparin by dissolving the heparin sodium salt in an activation buffer consisting of 

0.1M 2-[N-morpholino]ethane sulfonic acid and 0.5M NaCl (MES buffer), pH 5.0. A 

final concentration of 2mM of N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide 

hydrochloride (EDAC, Fluka) and 5 mM N-hydroxysuccinimide (NHS, Fluka) were 

added to the activated heparin solution. After 15 min reaction the binding of heparin 

to liposomes was performed by incubation for 2 h with gentle stirring to obtain the 

desired PE:heparin ratios. To remove unbound heparin, liposomes were pelleted by 

ultracentrifugation (150.000 g, 1.5 hours at 4ºC), and finally resuspended in PBS and 

stored at 4ºC. 
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Chitosan nanoparticle synthesis 

 

Chitosan NPs were prepared by a coacervation method described elsewhere 

(Arias, López-Viota, Gallardo, & Adolfina Ruiz, 2010). Briefly, chitosan (1%, w/v) was 

dissolved in 50 ml of an aqueous solution of acetic acid (2%, v/v) containing 1% (w/v) 

pluronic® F-68. About 12.5 ml of a solution of sodium sulfate (20%, w/v) was added 

dropwise (2.5 ml/min) to the chitosan solution under mechanical stirring (1200 

rpm). After the addition of sodium sulfate, stirring was continued for 1 hour to 

obtain the aqueous suspension of chitosan NPs. The colloidal suspension was then 

subjected to a cleaning procedure that included repeated cycles of centrifugation (40 

min at 73,920 × g, Centrikon T-124 high-speed centrifuge; Kontron, Paris, France) 

and re-dispersion in water, until the conductivity of the supernatant was ≤ 10 

μS/cm. 

 

 

Isothermal titration calorimetry (ITC) 

 

ITC measurements were performed with a VP-ITC microcalorimeter. The 

working cell was filled with the chitosan nanoparticles suspension at a concentration 

of 0.1 mg/ml in PBS and the reference cell with the corresponding nanoparticles-

free PBS solution. 10-μl aliquots of 1 mg/ml heparin solution in PBS were injected 

stepwise into the working cell at 200 s intervals. The corresponding reference blank 

experiments were also performed, namely, titration of PBS in the nanoparticles 

suspension and titration of heparin solution in PBS. The sample cell was constantly 

stirred at 300 rpm, and the measurements were performed at 25 °C. The data 

analyses were carried out with Origin software provided by MicroCal. 

 

 

Fluorescence confocal microscopy 

 

Living P. falciparum cultures with mature stages of the parasite were incubated 

in the presence of 100 µM immunoliposomes in PBS supplemented with 0.75% 

bovine serum albumin for 90 min at 37 °C with gentle stirring. After washing with 

PBS, blood smears were prepared and cells were fixed for 20 min with 1% (v/v) 
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paraformaldehyde in PBS. Parasite nuclei were stained with 4′6-diamino-2-

phenylindole (DAPI) and the RBC membrane was labeled with wheat germ agglutinin-

Alexa Fluor 488 conjugate (Life Technologies). Slides were finally mounted with 

ProLong® Gold antifade reagent, and analyzed with a Leica TCS SP5 laser scanning 

confocal microscope. For fluorescein-labeled CSA-stained samples, mature stages of 

the P. falciparum CS2 parasite were incubated in the presence of 3.2 mg/mL CSA-

FITC for 90 minutes at 37 ºC with gentle stirring. After washing 3 x with PBS, 

parasite nuclei were stained with Hoechst solution for 30 minutes at room 

temperature and gentle stirring. Finally, after performing 2 washing steps, the 

culture was diluted 10 x in PBS and analyzed with a Leica TCS SP5 laser scanning 

confocal microscope. 

 

 

Plasmodium falciparum cell culture 

 

The P. falciparum 3D7 and CS2 strains were grown in vitro in group B human 

RBCs using previously described conditions (Cranmer, Magowan, Liang, Coppel, & 

Cooke). Briefly, parasites (thawed from glycerol stocks) were cultured at 37 °C in 

Petri dishes containing RBCs in Roswell Park Memorial Institute (RPMI) complete 

medium under a gas mixture of 92% N2, 5% CO2, and 3% O2. Synchronized cultures 

were obtained by 5% sorbitol lysis, and the medium was changed every 2 days 

maintaining 3% hematocrit. For culture maintenance, parasitemias were kept below 

5% late forms by dilution with washed RBCs prepared as described elsewhere (Urbán, 

Estelrich, Cortés, & Fernàndez-Busquets, 2011). For growth inhibition assays, 

parasitemia was adjusted to 1.5% with more than 90% of parasites at ring stage after 

sorbitol synchronization. One hundred fifty microliters of this Plasmodium culture 

was plated in 96-well plates and incubated in the presence of test compounds for 

48 h in the conditions described above. Parasitemia was determined by flow 

cytometry, after staining pRBC DNA with the nucleic acid dye Syto 11, added 10 min 

before analysis without any further washing step. Samples were analyzed using a BD 

FACSCalibur™ flow cytometer and parasitemia was expressed as the number of 

parasitized cells per 100 erythrocytes. 
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Plasmodium berghei ookinete culturing and targeting assay 

 

Ookinete culture media consisted of 16.4 g RPMI with HEPES and L-glutamine in 

1 litre, 2% w/v NaHCO3, 0.05% w/v hypoxanthine, 100 µM xanthurenic acid, 50 

units/ml penicillin, 50 µg/ml streptomycin (100x penicillin and streptomycin, 

Invitrogen), pH 7.4. Complete medium was prepared just before use by 

supplementing with heat inactivated FBS (Invitrogen) to a final concentration of 20%. 

Six days prior to performing the targeting assay, a mouse was treated 

intraperitoneally with phenylhydrazine (PHZ) 10 ug/ml. Three days after PHZ 

treatment the mouse was infected by intraperitoneal injection with P. berghei 

mCherry pBRCs and, 3 days later, 1 ml infected blood was collected by cardiac 

puncture onto 30 ml ookinete media, and incubated for 24 hours at 19-21ºC with 

70-80% relative humidity. For ookinete targeting assays, 100 µl of heparin 0.25 

mg/ml were added to 100 µl of culture and incubated in the dark for 90 min under 

orbital stirring at 300 rpm. After the incubation period, samples were centrifuged for 

1.5 min at 2000 rpm and washed with PBS 3 times. Fixed cells slides were prepared 

by adding 0.5 µl of FBS to 0.5 µl of pellet and by fixing the smear with 4% PFA for 15 

min. After performing 3 washing steps with PBS, slides were mounted with 

Vectashield® DAPI-containing media (Vector Laboratories, UK). 

 

 

Cryo-transmission electron microscopy 

 

Chitosan NPs binding to heparin-FITC (Life Technologies) was also assessed by 

cryo transmission electron microscopy (cryo-TEM) analysis. 1mg/ml heparin-FITC 

was added to 2 mg/ml NPs for 90 min with gentle stirring. When the incubation was 

finished, the sample was centrifuged for 60 min at 4 °C and 100.000 x g to discard 

the non-bounded heparin. The pellet was treated with 5 µg/ml PBS of a primary 

antibody anti-FITC (Rockland Immunochemicals Inc., Limerick, PA, USA) for one hour 

with gentle orbital stirring; after PBS washing, the secondary anti-goat antibody 

conjugated to 6-nm colloidal gold (Jackson ImmunoResearch Laboratories Inc.) was 

added at a concentration of 50 µg/ml PBS and incubated for 90 min as above. To 

remove the antibody portion that did not react, we performed a Micro Bio-Spin 

Chromatography Column™ (Bio Rad) packed with sepharose CL-4B. Finally, a thin 
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aqueous film was formed by placing a 5 μl sample drop on a glow-discharged holey 

carbon grid and then blotting the grid against filter paper. The resulting thin films 

spanning the grid holes were vitrified by plunging the grid (kept at 100% humidity) 

into ethane, which was maintained at its melting point with liquid nitrogen, using a 

Vitrobot (FEI Company, Eindhoven, The Netherlands). The vitreous films were 

transferred to a Tecnai F20 TEM (FEI Company) using a Gatan cryotransfer (Gatan, 

Pleasanton, CA), and the samples were observed in a low dose mode. Images were 

acquired at 200 kV at a temperature between 170 and 175 °C, using low-dose 

imaging conditions not exceeding 20 e−/Å2, with a CCD Eagle camera (FEI Company). 

 

 

In vitro coagulation test 

 

In vitro coagulation tests were performed adopting human blood from healthy 

volunteer donors. Blood, collected in Terumo Venosafe citrated tubes (Terumo 

Europe N. V., Belgium) were assessed within 2 h after blood collection. All tests were 

performed with the agreement of the local ethical committee from the Medicine 

Faculty at the University of Liège. Whole blood and GAG-containing samples were 

mixed and incubated for 15 min at 37 °C. Samples were centrifuged at 2,000 g for 5 

min, and the supernatants were collected, recalcified to reverse the effect of citrate 

anticoagulant, and supplied with the specific activators of coagulation 

(thromboplastin). Prothrombin time (PT), to evaluate the extrinsic pathway, was 

measured directly with a Dade Behring Coagulation Timer analyzer (Siemens 

Healthcare Diagnostics NV/SA, Belgium) using commercial reagents (Thromborel® S, 

Dade Behring/Siemens). Kaolin reagent was used as a positive control and PBS as a 

negative control. Clotting time was measured for each sample, and coagulation 

capacity was expressed as a percentage, taking the value of standard human plasma 

(Dade Behring/Siemens) as 100%. Measurements were done in duplicate with 

differences between both replicas <1% (coagulation equipment is programmed to 

realize at least 2 different measurements on the same samples, and if the difference 

between them is below 5 % the analysis is not repeated; otherwise, it is repeated 

once more). 
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Fluorescent labeling of CSA 

 

In an adaptation of existing protocols [23], an appropriate amount of CSA (Mr 

ca. 20 kDa) was dissolved in 0.1 M MES buffer (pH 5.0), different amounts of EDC 

and NHS were added, and incubated at 37 °C for 3 h. The mixture was precipitated 

by the addition of cooled ethanol. CSA activated in its carboxyl groups was 

separated from the ethanol solution containing excess EDC and its by-products by 

centrifugation at 8000 rpm  for 2 min. CSA-NHS was dissolved in PBS and mixed 

with aminofluorescein, and the reaction was allowed to proceed for 12 h, obtaining a 

final fluorescein:carboxyl ratio of 0.7%. Unreacted aminofluorescein was removed by 

size exclusion chromatography with a Sephadex G-25 gel column, and labeled CSA 

was finally collected and freeze-dried. 

 

 

Analysis of purity and total sugar in CSA-FITC 

 

Pure polysaccharide was prepared as 1 g/L solutions. Thin-layer 

chromatography (TLC) was applied for the analysis of the purity of fluorescent CSA. 

For TLC analysis, aliquots (0.5 nL) of samples were applied to a TLC plate and 

developed in propanol/water (3:1, V/V) for 10 min. Plates can directly be analyzed 

without any stain. For fluorescently labeled CSA, the total sugar was analyzed by the 

carbazole-sulfuric acid method. Fluorescence intensity of the polysaccharide was 

determined using a standard curve of fluorescence. 

 

 

Force spectroscopy 

 

Binding forces between CSA and pRBCs infected with the P. falciparum CS2 

strain were measured with an MFP-3D atomic force microscope (Asylum Research, 

Santa Barbara, CA, USA). CSA molecules were immobilized on the tip of NP-S 

cantilevers (Veeco Instruments Inc.; spring constants in the range 0.05-0.08 N m−1 

obtained by thermal method) that were previously silanized in vapour phase with 3-

aminopropyl triethoxysilane (APTES, Fluka, Buchs, Switzerland). The immobilization 

via covalent bonds between carboxyl groups of the CSA molecules and amine groups 
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of the silanized cantilevers took place by immersing the cantilevers in a solution of 

100 μg ml−1 CSA containing 2.5 mM N-(3-dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochloride (EDAC, Fluka) and 10 mM N-hydroxysuccinimide 

(NHS, Fluka) for about one hour, followed by rinsing with PBS. In parallel to CSA 

immobilization, 50 μl of a Percoll-purified pRBC solution in RPMI medium were 

deposited on poly-L-lysine-coated glass slides, which were prepared in advance by 

covering the glass slides (StarFrost, Waldemar Knittel Glasbearbeitungs GmbH, 

Braunschweig, Germany) with 0.01% poly-L-lysine solution for 30 min followed by 

rinsing with double deionised water (Milli-Q) and drying by evaporation. After about 

one hour of adsorption, weakly and non-attached pRBCs were discarded by rinsing 

the glass slides several times with 100 μl PBS using an automatic pipette. Force 

curves were acquired in PBS by approaching the cantilever tip with immobilized CSA 

to the pRBCs adsorbed on the glass slide and retracting it after contact. The 

approaching velocity was kept constant at 3 μm s−1, whereas the retraction speed 

was varied between 3 and 14.5 μm s−1 (dynamic force spectroscopy). The 

corresponding loading rates were calculated by multiplying the retraction velocities 

by the effective spring constant of the system [24], which was ca. 10% of the spring 

constants of the cantilevers. Maximum applied forces were below 0.5 nN to prevent 

cell lysis [25]. In a typical experiment, between 500 and 2000 force curves were 

collected in 25-100 different spots on the same or different cells. Adhesion between 

CSA and pRBC was evaluated from the unbinding events in the retraction force 

curves. When several unbinding events were observed, only the last one was 

considered for analysis. Force histograms were fitted to Gaussian or 2-peak 

Gaussian functions to obtain the average binding forces. Control experiments with 

non-infected RBCs were also performed. 
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Results and Discussion 

 

 

Use of targeted liposomes for the delivery of antimalarial lipids to Plasmodium 

 

Preliminary data suggesting antimalarial activity of certain lipids [26] led us 

to explore this observation in more detail. The lipid MPB-PE, used for the covalent 

crosslinking to liposomes of antibodies through thioether bonds, exhibits significant 

concentration-dependent inhibition of the in vitro growth of P. falciparum when 

incorporated in the formulation of liposomes (Fig. 1). 

 

 

 

 

Fig. 1. Flow cytometry determination of the concentration-dependent effect of the 

lipid MPB-PE on the in vitro growth of P. falciparum. Concentrations in the cultures 

of the liposome formulations were 200 µM lipid except where otherwise indicated. 
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The inhibitory effect of MPB-PE incorporated in liposomes on P. falciparum 

growth suggested that, upon random interactions of liposomes with pRBCs, lipids 

entered the cell and reached the parasite. To explore whether such process occurred 

through whole liposome entry (e.g. via the tubulovesicular network) or was mediated 

by transfer phenomena between the apposed lipid bilayers of liposomes and pRBCs, 

we performed confocal fluorescence microscopy analysis of pRBC-targeted 

immunoliposomes [26] containing in their formulation 7% of the rhodamine-tagged 

lipid DOPE-Rho. The results obtained (Fig. 2) showed that liposome-delivered lipids 

penetrated pRBCs and after 90 min of incubation colocalized with intracellular 

parasites. The observation of diffuse fluorescence and the lack of punctate patterns 

characteristic of whole intact liposomes [27] suggests that upon contact with the 

pRBC plasma membrane, liposomes fused with the cell and their constituent lipids 

were incorporated by the growing parasites. Higher resolution images of cells 

prepared at earlier stages in the drug delivery process reveal phenomena consistent 

with the interaction of liposomes with pRBCs immediately before or just after their 

constituent lipids are incorporated into the cell plasma membrane (Fig. 3). 
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Fig. 2. Fluorescence confocal microscopy analysis of the fate of Rho-labeled lipids 

incorporated in the formulation of pRBC-targeted immunoliposomes added to living 

P. falciparum cultures and incubated for 90 min before proceeding to sample 

processing. 
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Fig. 3. Fluorescence confocal microscopy analysis of the subcellular distribution of 

Rho-labeled lipids incorporated in the formulation of pRBC-targeted 

immunoliposomes added to living P. falciparum cultures. Arrowheads indicate 

structures compatible with plasma membrane-liposome merging events. 

 

 

Antimalarial activity of drug-loaded liposomes targeted with covalently bound 

heparin 

 

The dual activity of heparin as antimalarial drug and as pRBC targeting 

element has been proposed as a promising new avenue for future malaria therapies 

[16]. However, existing models contain electrostatically bound heparin that is prone 

to peel off from liposome surfaces while in the blood circulation, incurring the risk 

of anticoagulation and of internal bleeding. To explore strategies that could 

minimize these adverse effects, we have modified our previous design to incorporate 

covalently bound heparin. This new liposome prototype exhibits the additive effect 

previously observed for non-covalently bound heparin, whereby primaquine-loaded 

liposomes have a significantly improved antimalarial activity when targeted with 

covalently bound heparin (Fig. 4), suggesting its double role both as drug and 

targeting molecule. The anticoagulant activity of heparin covalently bound to 
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liposomes was found to be significantly smaller than similar amounts 

electrostatically bound (Grandfils data, Table 1), in agreement with previous 

evidence of non-anticoagulant activity of heparin when covalently immobilized on a 

substrate [28]. 

Depolymerized heparin lacking anticoagulant activity had been found to 

disrupt rosette formation and pRBC cytoadherence in vitro and in vivo in animal 

models and in fresh parasite isolates [29]. Shorter heparin fragments consisting of 

hexa- (dp6) and octasaccharides (dp8) had a much smaller antimalarial activity in 

vitro than the native polymer (Fig. 5), but are also expected to present an 

insignificant anticoagulant activity (ongoing experiment). 

 

 

 

Fig. 4. Antimalarial activity and targeting capacity of different initial amounts of 

heparin (1, 4, and 20 μg/ml) covalently bound to primaquine-containing liposomes 

(LP-PQ-Hep). Controls include heparin-free, primaquine-containing liposomes (LP-

PQ) and primaquine-free liposomes targeted with covalently-bound heparin (LP-

Hep). PQ concentration in the pRBC culture was 3 µM for all samples. 
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Table 1. PT1/Quick in vitro coagulation test of different heparin concentrations, free 

or covalently conjugated to liposomes. Coagulation capacity is expressed as a 

percentage relative to the value obtained with standard human plasma. The 

concentrations indicated correspond to the amounts of total lipid and heparin in the 

test tube. Where unbound heparin was removed by ultracentrifugation, the 

determined heparin content is provided. Shadowed in grey are indicated those 

samples with anticoagulant activity. 

 Free heparin 
250 µM liposomes-heparin 

[determined heparin content] 

PBS (no heparin) 101.0 101.0 

20 µg/ml heparin <25 114.2 [6.0 µg/ml] 

4 µg/ml heparin 64.1 109.4 [1.2 µg/ml] 

1 µg/ml heparin 102.9 109.4 [0.3 µg/ml] 

 

 

 

Fig. 5. Short heparin fragments. IC50 dp6=174 µg/ml, dp8=134 µg/ml. 
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Functionalization of chitosan nanoparticles with heparin 

 

The highly specific targeting of heparin towards pRBCs prompted the 

exploration of its capacity as targeting agent of nanoparticles other than liposomes. 

The electrostatic interaction of heparin with positively charged nanocapsules has 

been explored as a proof of concept with the objective of designing the simplest 

working strategy. ITC was used to analyze the interaction of heparin with the 

cationic polymer chitosan (Fig. 6). A complete sigmoidal binding exothermic 

isotherm for the interaction heparin-chitosan was obtained, with a 50% saturation 

obtained at a molar ratio chitosan:heparin of 0.25 (Fig. 6A). When chitosan was 

added in the form of nanoparticles with a mean diameter of ca. 200 nm (Fig. 6C), a 

strong cooperative effect was observed (Fig. 6B); likely, the association of multiple 

chitosan molecules in a nanoparticle favored the cooperative binding of heparin to 

adjacent chitosan chains following an initial interaction. According to in vitro P. 

falciparum growth inhibition assays the interaction of heparin with chitosan did not 

affect its antimalarial activity (Fig. 6D). 

 

 

 

Fig. 6. Study of the interaction heparin-chitosan. (A) Representative data from an ITC 

experiment in which heparin was titrated into the reaction cell containing chitosan. 

Injections of a 0.05 mM heparin solution were added to a 0.01 mM chitosan solution 

in the ITC cell. The area underneath each injection peak (top panel) is equal to the 

total heat released for that injection. When this integrated heat is plotted against the 
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molar ratio of ligand added to macromolecule in the cell, a complete binding 

isotherm for the interaction is obtained (bottom panel). (B) Representative data from 

an ITC experiment in which 1 mg/ml heparin was titrated into the reaction cell 

containing 0.1 mg/ml chitosan nanoparticles. The first addition was half the volume 

of the other additions and was not used in the fit. The experiment was performed at 

25 °C. (C) Scanning electron microscopy image of the chitosan nanoparticles used. 

(D) Effect of the interaction with chitosan on the antimalarial activity of heparin. 

 

 

Targeting of heparin to Plasmodium stages in the mosquito vector 

 

The straightforward binding of heparin to chitosan nanoparticles, expected 

to be innocuous for insects given the endogenous nature of this polymer in these 

animals, stimulated us to study the targeting capacity of heparin towards the 

Plasmodium stages in Anopheles. Fluorescently labeled heparin-FITC added to 

preparations containing Plasmodium gametocytes, ookinetes, oocysts and 

sporozoites was observed to bind only ookinetes (Fig. 7) derived from the murine 

malaria parasite P. berghei, in agreement with previous data reporting on heparin 

binding to ookinete-secreted proteins [22]. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Heparin-FITC was added to living cultures of P. berghei ookinetes and 

incubated for 90 minutes before sample preparation for microscopic analysis. Here 

we show in the same sample ookinetes and pRBCs as control of the specificity of the 

targeting. 
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Use of CSA for the targeting of pRBCs 

 

The potential use of heparin as drug in malaria therapy [15,30-33] has been 

hindered by its anticoagulation properties [34], but heparin-related polysaccharides 

exist which are known to have little anticoagulating activity (Marques et al., 2015, 

submitted). One such polysaccharides is CSA, which lacks antimalarial activity 

(Marques et al., 2015, submitted) but whose pRBC targeting capacity has never been 

explored. The binding forces between CSA and Percoll-purified pRBCs or non-

infected RBCs deposited on poly-L-lysine-coated glass slides were measured by 

AFM force spectroscopy. CSA molecules were immobilized on the tip of cantilevers 

used as force sensors, which were approached to the adsorbed erythrocytes and 

retracted from them after contact in order to obtain a force curve. Single-molecule 

CSA-pRBC adhesion forces in PBS were evaluated from the unbinding events found 

in ca. 50 to 71% of total retraction force curves (Fig. 8A). As the CSA-coated tip 

withdrew, a decompression and stretching of the pRBC was observed in the 

retraction force curves for distances up to 4 μm, which was followed by a vertical 

jump (arrows in Fig. 8A) corresponding to the detachment of the tip from the cell 

membrane. A flat baseline was finally reached, indicating no interaction between cell 

and tip after their complete separation. Fig. 8B shows a representative histogram for 

CSA-pRBC adhesion at a loading rate of 24 nN s−1. A 2-peak Gaussian fit of the 

histogram yielded an average binding force of 41 ± 1 pN for the main peak. A 

second, smaller peak at 70 ± 17 pN, and even a third peak at about 120 pN (not 

included in the fit for being very small), could correspond to the simultaneous 

unbinding of 2 and 3 interacting groups on the same or different CSA molecules, 

respectively. Binding forces between 32 pN and 51 pN were calculated for the main 

peaks of the histograms obtained in experiments at different loading rates (dynamic 

force spectroscopy, Fig. 8C). A linear relation between binding force and logarithm 

of loading rate was observed, in agreement with the predictions from Bell-Evans 

model for binary interactions [35,36]. Control experiments with non-infected RBCs 

showed adhesion to CSA in only a small proportion (12%) of the retraction force 

curves, with an average binding force of 32 ± 1 pN (Fig. 8B). The adhesion between 

pRBCs infected by the CSA-binding P. falciparum FCR3-CSA strain and Chinese 

hamster ovary (CHO) cells expressing CSA on their surface had been explored by 

AFM force spectroscopy [37], yielding a mean rupture force of 43 pN, similar to that 
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obtained here using purified CSA. Because CSA interaction with pRBCs has been 

described to occur through the binding to PfEMP1 on erythrocyte surfaces, the 

adhesive force between both cell types had been assigned entirely to the CSA-

PfEMP1 association [37]. However, the binding of CSA on the AFM cantilever to 

pRBCs could not be inhibited by the presence of 500 µg CSA/ml in solution, whereas 

pRBC-CHO adhesion had been shown to be blocked by 100 µg CSA/ml [38]. This 

result suggests that CSA-saturable cell membrane receptors exist on CHO cells that 

are necessary for pRBC binding. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Binding of CSA to erythrocytes. (A) Typical force curves obtained when 

retracting CSA-functionalized cantilever tips from pRBCs. Arrows indicate individual 

CSA-pRBC unbinding events. For the sake of clarity, the force curves were shifted 

vertically to avoid overlapping. (B) Representative force histograms for the binding of 
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CSA to pRBCs (grey) and RBCs (black) at a loading rate of 24 nN s−1. Force 

histograms were fitted to a Gaussian (RBC) or a 2-peak Gaussian function (pRBC).  

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Binding of CSA to erythrocytes. (C) Average binding forces between CSA and 

pRBCs at different loading rates. (D) Fluorescence confocal microscopy analysis of 

live late-stage P.falciparum CS2 parasites incubated with CSA-FITC.  
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INTERNSHIP PROJECT 

 

With malaria elimination now firmly on the global research agenda, but 

resistance to the currently available drugs on the rise, there is an urgent need to 

invest in the research and development of new antimalarial strategies174. Drugs can 

potentially target a suite of parasite life stages inside two different hosts: the human 

and the mosquito vector. Malaria infection starts when a parasitized female 

Anopheles mosquito inoculates during a blood meal sporozoites of the malaria 

parasite, the protist Plasmodium spp., which migrate through the skin into the 

circulation and then to the liver. In a few minutes sporozoites invade hepatocytes, 

where they will develop into merozoites9 that enter the circulation to invade RBCs76, 

where they replicate asexually to produce daughter cells that invade new 

erythrocytes to perpetuate the blood-stage cycle. Some parasites eventually 

differentiate into sexual stages, female or male gametocytes that are ingested by a 

mosquito from peripheral blood, and reach the insect’s midgut where micro- and 

macrogametocytes develop into male and female gametes. Following fertilization the 

zygote differentiates into an ookinete that moves through the midgut epithelium of 

the mosquito host and forms an oocyst from which sporozoites are released and 

migrate to the salivary glands to restart the cycle at the next bite. 

Asexual blood-stages are still the main target for current chemotherapeutic 

approaches13. Nevertheless, there might be several hundred billion pRBCs in the 

bloodstream of an infected patient which makes it roughly impossible to clear 

infections with single-dose administrations. Consequently, multiple doses are 

required instead, increasing the likelihood for resistance development and 

decreasing treatment efficacy. This fact is inciting research oriented to target 

bottlenecks in the parasite life cycle17. 

Previous results obtained by our group indicated that certain polymers like 

heparin can have a dual role as antimalarial drugs and as targeting elements towards 

pRBCs. For this reason, we explored if it could also be used as targeting agent 

against gametocytes, sporozoites, ookinetes, and oocysts. 
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1. P. falciparum gametocytes culturing and targeting assay 

 

Gametocytes of P. falciparum NF54 were established from continuously 

maintained cultures of asexual blood-stage parasites, setting up flasks at 1% 

parasitaemia and 3% haematocrit. Gametocytes began to form in significant numbers 

in blood culture only following daily medium change. For the targeting assays, a 10 

mL P. falciparum gametocytes stage V culture was centrifuged at 37ºC for 5 minutes, 

500 xg. The culture pellet was then resuspended in 3 mL incomplete RPMI and 

added to heparin on a 1vol : 1vol proportion. Samples were incubated for 90 

minutes at 37ºC. Following the incubation period, cultures were spun down and 

washed 3 times with incomplete RPMI. Smears were fixed with 4% paraformaldehyde 

(PFA) and stained with 4’6-diamino-2-phenylindole (DAPI).  

 

Fluorescence microscopy examination of a P. falciparum 14 days-old 

coculture of pRBCs and gametocytes that had been treated for 90 min with 0.25 

mg/mL heparin labeled with fluorescein (FITC) prior to fixation revealed that the 

polymer exclusively targeted and entered pRBCs and was not capable of targeting 

stage V gametocytes (Figure 15). Earlier stages of P. falciparum gametocytes were 

also included in the study and heparin showed no targeting activity towards these 

cells (data not shown). 

 

 

Figure 15. Targeting assay of heparin to stage V P. falciparum gametocytes. Heparin-FITC was 

added to living cultures of P. falciparum and incubated for 90 minutes before sample 

preparation for microscopic analysis. Here we show in the same sample stage V gametocytes 

and pRBCs as control of the specificity of the targeting. Scale bars correspond to 10 µm. 
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2. P. berghei  ookinetes culturing and targeting assay 

 

 

Ookinete culture media consisted of 16.4 g RPMI with HEPES and L-glutamine 

(Sigma-Aldrich) in 1 litre, 2% w/v NaHCO3, 0.05% w/v hypoxanthine (Sigma-Aldrich), 

100 µM xanthurenic acid (Sigma-Aldrich), 50 units/mL penicillin, 50 g/ml 

streptomycin (100x penicillin and streptomycin, Invitrogen), pH 7.4. Complete 

medium was prepared just before use by supplementing with heat inactivated fetal 

bovine serum (Invitrogen) to a final concentration of 20%. 

 

 

Six days prior to performing the targeting assay, a mouse was treated 

intraperitoneally with phenylhydrazine (PHZ). Three days after PHZ treatment the 

mouse was infected by intraperitoneal injection with P. berghei pBRCs. After 3 days, 

1 mL infected blood was collected by cardiac puncture onto 30 mL ookinete media, 

and incubated for 24 hours at 19-21ºC with 70-80% relative humidity.  

 

 

For the ookinetes targeting assays, 100 µL of heparin were added to 100 µL 

of culture and incubated in the dark for 90 minutes at room temperature (RT), 300 

rpm. After the incubation period, the sample was centrifuged for 1,5 minutes at 

2000 rpm and washed with PBS. Fixed cells slides were done by adding 0,5uL FBS to 

0,5 µL pellet and by fixing the smear with 4% PFA (15 minutes incubation at RT). 

After performing 3 washing steps with PBS, the slides were mounted. Fluorescence 

microscopy examination of a P. berghei coculture of pRBCs and ookinetes that had 

been treated for 90 min with 0.25 mg/mL heparin-FITC prior to fixation revealed 

that the polymer not only was capable of targeting pRBCs but also ookinetes (Figure 

16). Parasite nuclei were stained with DAPI and cell membranes were labeled with 

cy3 * 13.1 mAb175. 
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Figure 16. Heparin- FITC was added to living cultures of P. berghei ookinetes and incubated 

for 90 minutes before sample preparation for microscopic analysis. Here we show in the same 

sample ookinetes and pRBCs as control of the specificity of the targeting. It is important to 

highlight that heparin seems to compete with the specific antibody binding site on the 

ookinetes apical surface. Scale bars correspond to 10 µm. 

 

 

3. P. berghei  sporozoites culturing and targeting assay 

 

To assess a direct feeding on malaria-infected mice, 6 days prior to feeding 

female Anopheles stephensi mosquitoes, a mouse was treated intraperitoneally with 

PHZ. Three days after PHZ treatment the mouse was infected by intraperitoneal 

injection with P. berghei mCherry pBRCs. One day prior to feeding, a warm container 

was placed on one side of a cage containing mosquitoes (4 to 7 days post-

emergence) so that female mosquitoes were attracted to the heat source and could 

be collected in a pot selectively. Mosquitoes were not fed with sugar in the 24 hours 

preceding the blood feed but were hydrated with water. 

 On the day of the feed, the parasitemia and gametocytemia of the mouse 

were recorded, and an exflagellation test was also performed. Subsequently, the 

mouse was anesthetized and placed on the netting of the mosquito cage. The feed 

was maintained for 30 minutes at 19-21ºC in the dark.  On the day 1 post-

feeding, the mosquitoes were anesthetized with CO2 and kept on ice while the unfed 

ones were removed. Mosquitoes were then fed with Fructose/4-aminobenzoic acid 

every 2 days and maintained for 21 days at 19-21ºC and 70-80% humidity. 
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 For the sporozoites targeting assay (Figure 17), mosquitoes were dissected 

for salivary glands on day 21 post-feeding. Firstly, we anesthetized the mosquitoes 

with CO2 and kept them on ice. For the dissection, 1 mL syringes with 26G needles 

were filled with incomplete RPMI. The mosquito was oriented in a drop of incomplete 

medium on a slide so it lied on its side. The neck was pressured gently with one 

needle so that it bulged out at the bottom. With the other needle the bulge was 

sliced and the contents escaped by maintaining pressure with the first needle. The 

head with the intact salivary glands was carefully detached and the carcass was 

removed. Finally, glands were sliced from the head and transferred to an eppendorf 

tube containing 50 µL of incomplete medium. After centrifugation for 10 minutes at 

5000 rpm, the pellet was resuspended in 100 µL 0.20 mg/mL heparin-FITC and 

incubated for 90 minutes at 37ºC, with gentle stirring. Samples were then 

centrifuged and washed with incomplete RPMI. When the last wash was completed, 

the pellet was resuspended in Hoescht solution (0.05 µg/mL). The pellet was lastly 

resuspended in incomplete RPMI and the slides containing live cells were prepared 

for confocal microscopy analyses. 

 

 

 

 
 

Figure 17. Fluorescence microscopy examination of a P. berghei culture of sporozoites that 

had been treated for 90 min with 0.20 mg/mL heparin-FITC prior to fixation revealed that the 

polymer do not show targeting capability for sporozoites. Scale bars correspond to 10 µm. 
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4. P. berghei  oocysts culturing and targeting assay 

 

To assess a direct feeding on malaria-infected mice, 6 days prior to feeding 

female A. stephensi mosquitoes a mouse was treated intraperitoneally with PHZ. 

Three days after PHZ treatment the mouse was infected by intraperitoneal injection 

with P. berghei mCherry pBRCs. One day prior to feeding, a warm container was 

placed on one side of a cage containing mosquitoes (4 to 7 days post-emergence) 

so that female mosquitoes were attracted to the heat source and could be collected 

in a pot selectively. Mosquitoes were not fed with sugar in the 24 hours preceding 

the blood feed but were hydrated with water. 

 On the day of the feed, the parasitemia and gametocytemia of the mouse 

were recorded, and an exflagellation test was also performed. Subsequently, the 

mouse was anesthetized and placed on the netting of the mosquito cage. The feed 

was maintained for 30 minutes at 19-21ºC in the dark.  On the day 1 post-

feeding, the mosquitoes were anesthetized with CO2 and kept on ice while the unfed 

ones were removed. Mosquitoes were then fed with Fructose/4-aminobenzoic acid 

every 2 days and maintained for 10 days at 19-21ºC and 70-80% humidity. 

 

For the oocysts targeting assay (Figure 18), mosquitoes were dissected for 

midguts on day 10 post-feeding. Firstly, we anesthetized the mosquitoes with CO2 

and kept them on ice. Under a dissecting microscope we added the mosquito to 

~300 µl incomplete medium and removed the midguts. For the dissection, we held 

the mosquito with microtweezers and grasped the second to last segment of the 

mosquito abdomen. After pulling away gently, the blood-filled midgut comes away 

and the midguts were carefully collected onto a 24 wells plate containing 500 µl 

incomplete RPMI (5 midguts/well). The guts were transferred to a well containing 

heparin-FITC dissolved in incomplete RPMI at 0.25 mg/mL, and incubated for 90 

minutes at RT with gentle stirring. Midguts were then washed 2 times with PBS, and 

fixed with 4% PFA for 15 minutes at RT. After fixation, 2 washing steps with PBS were 

performed, and the slides were finally prepared by transferring the midguts to a 

slide containing a few µL of mounting media (DAPI staining included). 
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Figure 18. Heparin-FITC was added to living cultures of P. berghei oocysts and incubated for 

90 minutes before sample preparation for microscopic analysis. It is important to point out 

that midguts are highly autofluorescent as observed in the control experiment where cells 

were only treated with PBS (data not shown). Scale bars correspond to 20 µm. 
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ARTICLE 4 

 

Article 4: Use of poly(amidoamine) drug conjugates for the delivery of 

antimalarials to Plasmodium. 

 

 
 

 The emergence of drug resistance severely limits the arsenal of available drugs 

against pathogens, a situation which is favored when parasites are exposed to low 

levels of antimalarial drugs, for instance where a full course of treatment is not 

completed, or where long-acting drugs are administered, which are eliminated 

slowly from the body. Novel delivery formulations are likely to optimize the 

therapeutic efficacy of antimalarials. In particular, targeted nanovectors, such as 

liposomes, solid-lipid nanoparticles, nano-/microemulsions and polymer-based 

nanocarriers have been receiving special attention in order to minimize the side 

effects of drug therapy and achieve the intake of doses sufficiently low to be 

innocuous for the patient but locally high enough to be lethal for the malaria 

parasite. In this work we have studied the ability of 3 PAA polymers (ISA1, ISA23, and 

AGMA1) to inhibit the growth of P. falciparum both in vitro and in vivo. 

  

 ISA23 is an amphoteric PAA prevailingly anionic at pH 7.4, non-cytotoxic 

(IC50=5 mg mL-1) and non-hemolytic. Moreover, ISA23 demonstrated in in vivo 

experiments with mice to be stealth and capable of circulating for several hours in 

the bloodstream. This characteristic is of paramount relevance in view of the target 

application, since it increases the chances to interact with pRBCs. Interestingly, not 

only analysis by FACS indicated that FITC-labeled ISA23 specifically targets, but also 

confocal microscopy demonstrated that it enters pRBCs, virtually neglecting RBCs. 

The in vitro experiments demonstrated that ionic complexes of ISA23 with 

primaquine (PQ) and chloroquine significantly increased the activity of the drug. 

Comparable results were obtained with AGMA1, amphoteric but prevailingly cationic 

at pH 7.4, non-cytotoxic (IC50=5 mg mL-1) and non-hemolytic, which, moreover, 

proved endowed with remarkable antimalarial activity per se. ISA1 has been left 

aside since it presented significant toxicity in mice.  
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DISCUSSION 

 

Malaria is the most devastating parasitic disease of humans in developing 

countries and one of the main medical concerns worldwide. There is an urgent need 

for new therapeutic strategies against malaria including the constant search of new 

antimalarial drugs and of improved methods for their efficient administration. The 

ability of Plasmodium to escape the immune system of the host resides in several 

incredibly refined mechanisms that hamper vaccine approaches and trigger the rapid 

appearance of strains resistant to newly developed drugs. Early intraerythrocytic 

stages are invisible to the immune system because RBCs are not capable of 

processing and presenting antigens76. Even when the parasite begins to modify the 

pRBC membrane to obtain nutrients required for its development and survival, and 

to eliminate waste products, the proteins exported to the pRBC plasma membrane 

present a fairly high antigenic variation176 which also contributes to evasion from the 

immune surveillance by the parasite. Additionally, mature intraerythrocytic stages 

(trophozoites and schizonts) have the ability to adhere to endothelial cells from 

different tissues and organs leading to parasite replication while escaping splenic 

clearance177. Multiple receptors, which include both proteins and carbohydrates, are 

known to be involved in this process which is thought to play a major role in the 

fatal outcome of severe malaria41. The major part of virulence for P. falciparum 

malaria infection results from increased rigidity and adhesiveness of infected host 

RBCs. These changes are caused by parasite proteins exported to the erythrocyte 

using novel trafficking machinery assembled in the host cell. As GAGs are one of the 

main pRBC-binding molecules, GAG-based therapies have been suggested for future 

antimalarial approaches. Previous studies showed that soluble CSA, heparin, HS, 

heparin-HS-derivatives and other sulfated glycoconjugates can either inhibit pRBC 

sequestration178–181, disrupt rosettes57,137,159,182, or block sporozoites adhesion to 

hepatocytes183,184. GAGs are economically affordable in large quantities and have low 

immunogenicity due especially to their endogenous nature. Concerning heparin, as 

it is probably present in the blood, the parasite must have been exposed to it during 

its long coevolutionary history with humans and no parasite resistance has been 

described so far31. Heparin and low molecular weight heparin are the principal 

anticoagulant and antithrombotic drugs currently used in medicine. Besides their 
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well-described anticoagulant/antithrombotic actions, heparin and heparin-like 

molecules are known to interact with multiple proteins modulating several biological 

processes185. However, their further clinical use is challenged by their strong 

anticoagulant activity and hemorrhagic complications186. DBL1α domain (close to the 

N-terminal segment of PfEMP1 that appears on the pRBC membrane at the early 

trophozoite phase) has been suggested as the ligand receptor for heparin binding on 

pRBCs57,187–189. The antimalarial mechanism of heparin has not been yet fully 

established but it might be related to its capacity in blocking erythrocyte 

invasion137,149, in agreement with proteomic analyses that revealed the presence of 

heparin-binding proteins in the P. falciparum merozoite35 and in pRBC 

membranes147. Furthermore, the high specificity of heparin binding to pRBCs 

infected with late forms of P. falciparum has been demonstrated by fluorescence 

microscopy, FACS, and single-molecule force spectroscopy40 opening up the 

possibility of using this natural polymer as a targeting agent towards Plasmodium-

infected cells. We then tested the targeting capacity of heparin-FITC towards P. 

yoelii-infected RBCs versus non-infected RBCs demonstrating that this system can 

be applied to different parasite strains exhibiting similar target specificity. Heparin 

has actually been employed in the treatment of severe malaria190–192 but its use was 

discontinued due to adverse side effects such as intracranial bleeding158. However, it 

has been demonstrated that the pentamer responsible for anticoagulant activity is 

not essential for binding to the DBL1α domain, and that oxidation does not affect 

the rosette disruptive capacity or the inhibition of endothelial binding mediated by 

this domain159. Moreover, there is also evidence showing that depolymerized heparin 

(devoid of anticoagulant activity) was able to disrupt rosette formation and pRBC 

cytoadherence both in vitro and in vivo, and that when heparin is covalently 

immobilized onto a substrate it significantly loses its anticoagulating action160. 

Taking all these findings into account we decided to investigate if heparin 

electrostatically bound to antimalarial drug-containing liposomes could be used as a 

reasonable strategy to overcome its main limitation without losing its antimalarial 

capacity and specific targeting activity. In addition, heparin has been used at the 

surface of solid nanoparticles to achieve long circulation times in the bloodstream 

for drug delivery in cancer therapy193,194. PQ was the chosen antimalarial drug due to 

(i) an easy quantification, (ii) a high in vitro IC50, and (iii) because its use was 

hampered in patients with glucose-6-phosphate dehydrogenase deficiency for 
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toxicological reasons. Our starting point was to explore the electrostatic binding 

instead of the covalent one because the target sites of electrostatic interactions are 

likely to be relatively large areas that therefore are not so prone to quick 

Plasmodium evolutionary modification as the small antigens recognized by 

antibodies for instance, contributing to minimize resistance induction. After 

confirming that soluble heparin has a dose-dependent antimalarial activity in a P. 

falciparum culture and that it presents a specific targeting ability towards pRBCs, we 

investigated if it could be used as a dual agent. For this, we tested different 

conditions and compared the activity of same amounts of heparin bound to PQ-free 

LPs with PQ-containing LPs, observing that the last ones dropped the parasitemia 

significantly. It is also important to underline that at the non-anticoagulating 

concentration of 1 µg mL-1, heparin improved the activity of LPs-encapsulated PQ 

ca. four-fold. Activity of free heparin was not significantly different from that of the 

same heparin amounts conjugated to drug-free LPs demonstrating that the polymer 

antimalarial activity is not affected by the electrostatic binding. At this point and 

after performing several assays with different DOTAP contents, we settled at 4% so 

the heparin and PQ activities were not masked by the antimalarial capacity of the 

lipid observed above 4% for concentrations higher than 200 µM of total lipid in the 

culture in vitro. When heparin not bound to LPs was removed by ultracentrifugation, 

the resulting sample was still capable of exhibiting antimalarial activity in itself and 

of acting as targeting element of PQ-containing LPs even though these samples 

contained heparin concentrations well below its IC50, improving by more than 30% 

the antimalarial activity of LPs-encapsulated PQ. In previous studies it has been 

shown that macromolecules can access P. falciparum-infected RBCs through the 

cytostome, via NPPs induced by the parasite129. There is also evidence of another 

macromolecular transport pathway consisting of internalization of macromolecules 

and other membrane-impermeable compounds from the external medium to the 

erythrocyte cytosol through a duct left as a remnant of merozoite entry, whereby the 

RBC and the parasitophorous vacuole membrane would fuse prior to parasite 

invasion by a process resembling fluid-phase endocytosis195. Using a variety of latex 

beads, it was determined that molecules up to 50-80 nm in diameter are able to 

access intracellular parasites. This size exclusion is consistent with the dimensions 

of the parasitophorous duct pathway revealed by electron microscopy129. The 

existence of such an anomalous membrane, which becomes leaky prior to rupture, 
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has been proposed as an explanation for the observed permeability of pRBCs to 

several macromolecules130. Our LPs presented an average size of 150 nm, so we 

hypothesize that it might as well enter through the NPPs or by membrane fusion 

processes. In addition to specific targeting to pRBCs, the planned antimalarial 

targeted drug delivery system allowed the release of LPs cargo inside target cells as 

required. Since our final product was expected to be used in malaria endemic 

regions, which in most cases are located in developing areas with low per capita 

income121, we designed nanoparticles economically affordable whose cost was at 

least 50 times less than that of our first immunoliposomal prototype115 for a similar 

efficacy. The use of markedly low amounts of heparin as a targeting agent opens up 

new opportunities in future antimalarial nanotherapies and in other GAG-related 

molecules exhibiting a synergistic activity as antimalarials and as targeting agents 

for the specific delivery of drugs to Plasmodium-infected cells. The administration 

route is an important aspect to be considered when designing malaria therapies, 

being the oral route the first choice for uncomplicated malaria. Our liposomal 

prototype is adequate for parenteral delivery, indicated in all patients with severe or 

complicated malaria, those at high risk of developing severe disease, or in case the 

patient is vomiting and unable to take oral antimalarials. Additionally, heparin 

blocking erythrocyte invasion (antimalarial action) contributes to an increase in the 

exposure of P. falciparum infective forms to the immune system which reveals a 

vaccine-like action. Recent results by others reported the use of a nanostructure 

based on polymersomes bound to parasite-derived ligands involved in the initial 

attachment to host cells that efficiently blocked reinvasion of malaria parasites after 

their egress from host cells in vitro196.  This dual role as drug and as vaccination 

adjuvant represents a completely new and innovative approach to the treatment of 

the disease that offers interesting options for severe malaria and enables a 

promising method to modulate the host immune response. 

 

 

Considering the molecular mechanism of the anti-inflammatory effect of 

heparin, its side effects, and the possibility of pathogen contamination, it becomes 

extremely relevant the search for alternative heparin-like compounds, obtained from 

non-mammalian sources, possessing similar biological activities, but devoid of the 

undesired side effects170. Polysaccharides are ubiquitous in animals and plant cells 
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where they play a significant role in a number of physiological situations  such as, 

hydration, mechanical properties of cell walls and ionic regulation197. GAGs analogs 

showing unique structures and pharmacological activities have been described 

among different marine invertebrates170. Anticoagulant activities of polysaccharides 

have been described to depend mainly on the sulfate groups present within the 

molecule198. Nevertheless, there are other structural characteristics such as 

polyanionic features or the molecular weight199,200 influencing their biological 

activity. It has been demonstrated that sulfation, and thus electronegative-charge 

density in marine carbohydrates is not the only structural feature determining the 

resultant anticoagulant effect of these molecules and that, indeed, the anticoagulant 

capacity of certain marine glycans is attributed to specific combinations of sulfation 

patterns and glycosylation types168. There is evidence of a FucCS isolated from the 

sea cucumber Ludwigothurea grisea showing significant therapeutic effect after oral 

administration, attenuating metastasis and inflammation due to the high anti-

selectin capacity of the sulfated fucose branches170. Thus, previous studies 

performed with the same compound showed that presence of sulfated fucose 

branches on the native FucCS were essential for inhibiting P. falciparum growth and 

that removal of these branches from the molecule abolished its anticoagulant and 

antithrombotic activities150. Although the exact mechanism of inhibition by sulfated 

polysaccharides has yet to be defined, it appears to involve the interactions of 

Plasmodium invasion proteins with sulfated proteoglycans, like HS and CSA, that are 

present on the surface of most cell types, including RBCs201. In addition to the 

effects and characteristics described above, FucCS does not require fractionation nor 

chemical modification after its purification, it can be isolated with relatively high 

yield169, and it is suitable for oral administration, which is an advantage in 

comparison to other sulfated polysaccharides150. For instance, heparin is not suitable 

for oral administration because (i) due to the acidic environment present on the 

stomach, its sulfate groups would be destroyed and (ii) it is insufficiently absorbed 

on the intestine. As an alternative strategy to the use of heparin we explored the 

antimalarial and anticoagulant activities of FucCSs and fucans from two different sea 

cucumbers (L. grisea and Isostichopus badionotus), of a galactan from a red alga 

(Botryocladia occidentalis), and of a branched glycan from a marine sponge 

(Desmapsamma anchorata). By performing growth inhibition assays in vitro using P. 

falciparum cultures, we observed that all the sulfated polysaccharides included in 



172 

 

the study were able to inhibit the parasite growth. We found no correlation between 

the size of the compounds in study and their antimalarial capacity since the ones 

that showed better growth inhibition activity were the smallest and the largest 

sulfated polysaccharides. However, as the nature of the GIA means that inhibitory 

effects measured may be due to activity distinct from direct merozoite invasion 

inhibition, such as inhibition of intraerythrocytic growth, schizont rupture and/or 

merozoite dispersal38, we decided to perform merozoite invasion inhibition assays 

as well. In accordance to previous published data from another group working with a 

similar compound150, we concluded that all the sulfated polysaccharides were 

capable of inhibiting the invasion of RBCs by P. falciparum merozoites but not the 

maturation of the ones that could invade the host erythrocytes. Currently, the 

majority licensed malaria therapeutic agents target the intraerythrocytic 

development of the parasite, yet there may be a great potential for the use of 

merozoite invasion inhibitory drugs in combination with drugs targeting the 

intraerythrocytic development38 as merozoite invasion is a key point in parasite 

development. Moreover, our data showed an interesting correlation between 

anticoagulant capacity and antimalarial activity in which higher antimalarial activity 

corresponded to polysaccharides exhibiting higher anticoagulant capacity. 

Interestingly the molecules having higher antimalarial and anticoagulant activities 

present their α-fucose units as branches in contrary to the ones displaying less 

activity that contain their α-fucose groups as internal units. The fact that all the 

studied marine-derived compounds act by inhibiting merozoites invasion of RBCs, 

suggests that these polysaccharides may act as vaccine adjuvants because the 

parasite becomes more exposed to the immune system helping the host modulating 

an immune response.  

Furthermore, to study their antimalarial capacity in vivo we treated P.yoelii-

infected mice intravenously with polysaccharides doses according to their 

antimalarial activity in vitro, anticoagulation capacity and unspecific toxicity. Mice 

were treated with low doses of the sulfated polysaccharides for 4 days and 

parasitemia counts on the first day without treatment revealed that except for the 

glycan and the L. grisea fucan, the treatment reduced the parasitemia when 

compared to untreated controls that received PBS. Nevertheless, only the fucan from 

I. badionotus was able to provide an improvement in mice survival since one mouse 

was capable of beating infection. It has been observed that a FucCS administered 
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orally for 30 days at a 50 mg kg-1 dose presented no toxic or cumulative effects in 

mice tissue in vivo (unpublished data from Mourão) indicating that the oral 

administration route might offer an interesting alternative approach for the use of 

marine polysaccharides as antimalarials. Favorably all primary sources of these 

potential therapeutic compounds exist in abundance among different parts of the 

world, especially in western seas, where they can be cultivated in large scale and 

easily isolated through procedures already well-established on the preparation of 

pharmaceutical heparin170. 

 

 

With the aim of improving our nanocarrier prototype and taking into account that 

the three elements that constitute a targeted therapeutic nanovector (nanocapsule, 

targeting molecule and the drug) can be exchanged, as if they were LEGO parts, to 

obtain new structures better suited to each particular situation202, we explored different 

conditions and scenarios. Firstly, we observed that certain lipids present on the 

liposomes bilayer showed a significant degree of toxicity to the parasite per se. For this 

reason, we hypothesize that if we add them to our LPs formulation we might sum up to 

our heparin-functionalized prototype activity the additional antimalarial capacity from 

the toxic lipids itself. Furthermore, the DOTAP content was initially settled to 4% 

because higher amounts showed toxicity for Plasmodium which would mask our study 

of heparin activity. Nevertheless, increasing its content on our liposomes bilayer would 

allow us to augment the heparin amounts binding to the nanovectors and confer a 

synergistic effect by adding to an increased heparin content the antimalarial activity of 

the lipid. In addition, through fluorescence microscopy assays, we noted that by 

incubating a coculture of living late stage parasites with immuno-LPs labeled with 

rhodamine, the lipids seemed to be internalized in the pRBCs by a membrane fusion 

mechanism. 

Another strategy that we tested trying to overcome the main limitation of using 

heparin in antimalarial therapies, besides using heparin-like molecules lacking a strong 

anticoagulant action, was to perform a covalent binding between the polymer and the 

nanocarriers instead of an electrostatic one. It is certain that through the electrostatic 

binding we were more likely to maintain the dual activity of heparin but on the other 

hand, previous studies demonstrated that covalent binding of heparin through its 

carboxyl groups dramatically reduced the interaction of heparin with antithrombin III203 



174 

 

thus decreasing its anticoagulant capacity. However, after examining the dual role of 

heparin when covalently bounded to LPs we concluded that it was still capable of 

performing its antimalarial and specific targeting activities toward infected RBCs, and of 

significantly improving the PQ-containing LPs antimalarial effect. In addition, heparin 

covalently bound to PQ-encapsulating LPs presented much lower anticoagulant action 

than the same amounts of heparin binding electrostatically to the same nanovectors. 

As referred to above, depolymerized heparin has previously been shown to 

disrupt rosette formation and pRBCs cytoadherence both in vivo and in vitro159. 

Sevuparin, which is a heparin analogue with low anticoagulant activity but presenting 

the same anti-adhesive properties, is currently being tested in a phase II clinical 

trial. Results from phase I have not been published yet but were reported as 

promising204 and, at this moment, sevuparin has proven to be safe when given 

intravenously every 6 hours for 3 days, but the primary efficacy end point of a higher 

number of mature infected erythrocytes in peripheral blood was not met205. 

Nevertheless, results showed a decrease of ring stage parasites and a very slight 

increase of late stage parasites during the first hours after the first dose of 

treatment compared with the control205. Inspired by these data we also tested the 

antimalarial activity of shorter heparin fragments in vitro, hexa- and 

octasaccharides, and observed that they presented much lower growth inhibition 

capacity than the larger polymer in free form. 

Moreover, we explored the use of other nanocapsules with the objective of 

surpassing LPs main limitations, such as, poor stability and structural integrity in 

vivo206. For this, we analyzed the interaction of soluble low molecular weight 

chitosan and chitosan nanoparticles (ca. 200 nm) with heparin trough isothermal 

titration calorimetry assays. Chitosan is a polysaccharide obtained by the 

deacetylation of chitin, which is one of the most widespread polymers in nature. 

Chitosan is chemically defined as a cationic copolymer of two residues: 2-amino-2-

deoxy-D-glucopyranose (D-glucosamine) and 2-acetamido-2-deoxy-D-

glucopyranose (N-acetyl-D-glucosamine)207. The specific properties of chitosan, 

such as its bioactivity, biocompatibility, biodegradability, solubility in an aqueous 

solution, and ability to form complexes and non-toxicity for humans, have resulted 

in increased interest in its potential biomedical applications, such as, in bone 

substitutes, drug delivery systems, delivery of proteins/peptides and genes, artificial 

skins, and wound dressings, as well as carriers for contrast agents208–214. For these 
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reasons, and because heparin showed a highly specific targeting capacity of LPs, we 

considered chitosan nanoparticles would be a valuable strategy as antimalarial drug 

delivery systems targeted to pRBCs by heparin. After confirming that the 

electrostatic binding between heparin and chitosan did not affect heparin activity, we 

analyzed their association concluding they interact through an exothermic reaction 

and that if chitosan is added in the form of nanoparticles instead of the free soluble 

form, a strong cooperative effect is observed due to the binding of heparin to 

adjacent chitosan chains following an initial interaction. Finally, we hypothesize that 

chitosan nanoparticles might offer an interesting tool in antimalarial drug therapies 

when conjugated to heparin or heparin-like molecules. 

Plasmodium early stages are ideal therapeutic targets because drugs 

delivered to them would have a longer period of time to kill the parasite before it 

completes its development, although the permeability of the infected erythrocyte to 

ions and small nonelectrolytes, including some drugs, does not increase until ca. six 

hours after invasion215. Nevertheless, to eliminate malaria completely, broadly acting 

medicines must be developed that cure the symptomatic asexual blood-stage, clear 

the preceding liver stage infection and block parasite transmission to mosquitoes216. 

There is a crucial need for therapeutics that go beyond treating acute infections and 

have the potential to eradicate the disease217. For this, blocking disease transmission 

by targeting parasite sexual stages has been pointed out as one of the most 

important approaches to eliminate the disease. Of particular interest is the targeting 

of the transmission stages that allow transfer of the parasite between human and 

mosquito and vice-versa, which represent the weakest spots in the life cycle of the 

pathogen218. With the idea of targeting the mosquito stages to block transmission 

and prevent new infections, we tested the targeting capacity of FITC-labeled heparin 

towards gametocytes, ookinetes, oocysts, and sporozoites. It has been observed, in 

accordance to previous published data161, that heparin was able to specifically target 

ookinetes derived from the murine malaria parasite P. berghei. For parasite 

development to continue, ookinetes must find and adhere to membrane-associated 

ligands on the midgut epithelial surface, a pre-requisite for cell invasion. Clearly, 

negotiating the midgut tissue barrier in the vector is crucial for successful 

establishment of the parasite in the mosquito and hence, subsequent transmission 

to human hosts163. This fact suggests that glycosaminoglycans (such as heparin) 

might be adequate to target antimalarial-loaded PAA-based nanovectors to 
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Plasmodium mosquito stages, either through a direct entry into ookinetes or 

indirectly through delivery to pRBCs for those pRBCs that will later differentiate into 

gametocytes. For these reasons, we aim to target these mosquito stages in the 

future and explore the antimalarial activity of heparin-functionalized nanovectors. 

As referred to previously, there are many heparin-related polysaccharides 

which present much lower anticoagulant action, namely CSA that lacks antimalarial 

activity but whose pRBC targeting capacity has not been described so far. In 

addition, one of the most malaria vulnerable groups are pregnant women, more 

specifically the ones expecting their first child, and this susceptibility has been 

attributed to the lack of antibodies capable of blocking the binding of P. falciparum 

to CSA in the placenta219. Through single molecule force spectroscopy assays we 

studied the binding forces between CSA and P. falciparum CSA binding line (CS2)-

infected pRBCs or non-infected erythrocytes concluding that the polysaccharide 

interacts with pRBCs with binding forces around 32 and 51 pN, whereas it interacts 

with RBCs in a much smaller proportion (10 % comparing to 70% when using 

infected-RBCs) and with an average force of 33 pN. In a similar study, heparin 

proved to bind late stage P. falciparum parasites with a specific binding force in a 

range between 28 and 46 pN40, very approximate to the values we obtained for CSA 

and CS2 parasites. After analyzing these data we suggest CSA can be used as a 

substitute of heparin regarding its targeting capacity and taking into account it lacks 

the anticoagulating adverse effect contrary to what happens with heparin. 

Further investigation is needed in order to design a strategy balanced in 

terms of complexity, efficacy, and cost, necessary to obtain the simplest and 

cheapest system capable of significantly reducing or eliminating detectable 

parasitemia in people living in malaria-endemic regions. 

 

 

In addition, we have observed that encapsulation of drugs in the PAA 

synthetic polymer AGMA1 resulted in nanoparticles entering the target cells and 

having a synergistic antimalarial effect by adding the activity of the polymer to that 

of the antimalarial, comparable to what happens by using heparin as a dual agent. 

PAAs were first tested for their ability to form polyelectrolyte stable complexes with 

heparin, in order to neutralize its anticoagulant activity110,111, results later extended 

to PAA-crosslinked resins. Depending on their polymer content and formulation, 
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these resins were able to incorporate from 30 to 100% w/w of heparin, without 

affecting other blood parameters220. We hypothesize that it would be a valuable 

approach to use heparin as a targeting molecule of such polymers in future 

nanotherapies, which on the one hand would result in a higher antimalarial activity 

and on the other hand would work as an alternative strategy to get rid of heparin’s 

potent anticoagulant effect. Also, the binding between both molecules might be 

easily achieved through electrostatic bonds since they present opposite charges. 

 

 

Currently available chemotherapeutic strategies against malaria rely on the 

use of antimalarial drug combination therapies. The concept of combination therapy 

is based on the synergistic or additive potential of two or more drugs, to improve 

therapeutic efficacy and also delay the development of resistance to the individual 

components of the combination221. In correlation to this concept, we investigated 

the application of two different antimalarial mechanisms simultaneously (Figure 19). 

One of our approaches was the use of heparin as a dual agent, on the one hand as 

an antimalarial drug itself and, on the other hand, as a targeting agent of PQ-

containing liposomes. A second approach was to use sulfated polysaccharides 

derived from marine organisms that act as antimalarial drugs and also as vaccine 

adjuvants. These polysaccharides inhibit RBCs invasion by malaria parasites and, as 

a consequence, the pathogens encounter a prolonged exposure to the host immune 

system which might be applied to the design of new malaria vaccination strategies. 

Finally, we explored the use of liposomes (as drug nanocarriers) that contained in 

their formulation toxic lipids affecting the parasite growth and development 

(antimalarial action). 

These promising synergistic effects, combining two different mechanisms of 

action, represent a radically new approach to the treatment and/or prophylaxis of 

malaria. 
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Figure 19. Representative diagram of the different approaches addressed in this project (in 

green). SPs, sulfated polysaccharides; NPs, nanoparticles. 
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CONCLUSIONS 

 

1. In vitro P. falciparum growth inhibition assays showed that free heparin from 

porcine intestinal mucosa (nominal molecular mass of 13 000 kDa) has 

antimalarial activity in a dose dependent manner with an IC50 ranging from 4 

to 18 µg/mL, depending on the batch used. Most of the sulfated 

polysaccharides derived from marine organisms presented antimalarial 

activities similar to that of heparin with IC50 values between 2.3 and 20.3 

µg/mL. The only exception was a glycan from D. anchorata whose IC50 was 

found to be relatively high (270 µg/mL). 

 

2. All the sulfated polysaccharides included in this work showed relatively low 

hemolysis and low unspecific cytotoxicity for the studied concentration 

ranges. Sulfated polysaccharides from marine origin presented an 

antimalarial activity comparable to that of heparin but with a much smaller 

anticoagulant capacity, representing an interesting potential in future malaria 

therapies. 

 

3. Our data revealed specific targeting ability of heparin to pRBCs whereas non-

infected RBCs are not targeted by this polymer. The property of heparin to 

penetrate pRBCs and localize in a region adjacent to the parasite’s DNA can 

be of use in the design of new cost-effective methods for the vehiculation of 

drugs to intracellular components of the pathogen. 

 

4. An economically affordable molecule like heparin can be easily and rapidly 

conjugated to drug-containing liposomes, maintaining significant 

antimalarial activity and also pRBC targeting which contributes to lower the 

drug IC50. Heparin might be the spearhead of a new generation of GAG-

related molecules exhibiting a synergistic activity as drug and nanocapsules 

targeting element. 
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5. The antimalarial activity of sulfated polysaccharides unfolds by inhibiting the 

pRBC invasion of Plasmodium merozoites. The consequence of a delayed 

invasion is a prolonged exposure of merozoites to the host immune system 

which might contribute to potentiate immune responses against the parasite. 

These sulfated polysaccharides act by performing a therapeutics role (as 

antimalarials) and a prophylactic one (as vaccine adjuvants). 

 

6. Fluorescence microscopy assays showed that heparin possesses binding 

capacity to the apical surface of P. berghei ookinetes, which suggests that 

this natural polymer can be used as a specific targeting agent towards these 

Plasmodium transmission stages found in Anopheles mosquitoes. 
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Current Drug Targets 13 (2012) 1158-1172 

 

“Nanotools for the delivery of antimicrobial peptides.” 

 

Patricia Urbán, Juan José Valle-Delgado, Ernest Moles, Joana Marques, Cinta Díez, 

and Xavier Fernàndez-Busquets 
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“Heparin-lipidic nanoparticle conjugates.” 

 

Inventors: Joana Marques, Ernest Moles, and Xavier Fernàndez-Busquets 

Application number: 13152187.4-1453 

Date of filing: 22/January/2013 
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REPORT BY THE DIRECTOR 

 

 

During her PhD in my group, Ms. Joana Marques has contributed to five papers, 

three of them published, one submitted, and one in preparation. Her contribution in 

these works is described below: 

 

1. 

Marques, J., Moles, E., Urbán, P., Prohens, R., Busquets, M.A., Sevrin, C., Grandfils, 

C., and Fernàndez-Busquets, X. (2014) Application of heparin as a dual agent with 

antimalarial and liposome targeting activities toward Plasmodium-infected red blood 

cells. Nanomedicine: NBM 10, 1719-1728. 

IF 2014: 6.2 

 

This work represents a pioneering research on the application of heparin as a 

targeting element of antimalarial drug-loaded nanoparticles. 

Joana performed all the main key experiments, particularly those that ended up as 

figures in the final published manuscript. She also participated in the experimental 

design and in the preparation of the manuscript draft. 

  

An important result derived from this work is the registration of a patent: 

Patent application: Heparin-lipidic nanoparticle conjugates. Inventors: Fernàndez-

Busquets, X., Marques, J., Moles, E. Institutions: IBEC, CRESIB. Application number: 

EP13152187.4; priority countries: Europe; priority date: January 22, 2013. 

 

 

2. 

Urbán, P., Valle-Delgado, J.J., Mauro, N., Marques, J., Manfredi, A., Rottmann, M., 

Ranucci, E., Ferruti, P., and Fernàndez-Busquets, X. (2014) Use of poly(amidoamine) 

drug conjugates for the delivery of antimalarials to Plasmodium. J. Control. Release 

177, 84-95. 

IF 2014: 7.7 
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In this work, Joana worked with poly(amidoamine) nanoparticles to examine their 

capacity for being functionalized with heparin. The application of heparin to the 

targeting of nanocarriers other than heparin is an important aspect that is dealt with 

in the Discussion of Joana’s PhD Thesis. 

Joana performed the drug release assays and the blood residence time experiments 

that were essential for the completion of the manuscript, and which are condensed 

in Figure 2 and in the Supplementary Material. 

 

 

3. 

Urbán, P., Valle-Delgado, J.J., Moles, E., Marques, J., Díez, C., and Fernàndez-

Busquets, X. (2012) Nanotools for the delivery of antimicrobial peptides. Curr. Drug 

Targets 13, 1158-1172. 

IF 2012: 3.8 

 

Joana contributed significantly to the preparation of this review. 
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