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THESIS SUMMARY 

Malaria is an infectious disease that affects nearly half of the population in 90 countries around the 

world. In 2017 it was estimated that there were 219 million cases and 435,000 deaths 

disproportionately distributed worldwide. Indeed, 92 % of malaria cases and 93 % of malaria deaths 

occur in Africa, while the remaining of the cases are distributed among South East-Asia, Eastern 

Mediterranean, Western Pacific, and the Americas. Vast global efforts and large economic investments 

have been made to reduce, control and eliminate malaria, resulting in a great reduction of the 

incidence in the last two decades. Nevertheless, malaria remains a global public health issue. Actually, 

malaria in humans is caused by an intracellular protist which has an extremely complicated live cycle 

that occurs within two hosts, the human and the Anopheles vector. There are five parasite species of 

the genus Plasmodium capable to infect humans P. ovale, P. malariae, P. knowlesi, P. vivax and P. 

falciparum, the latter being responsible for the majority of the morbidity and mortality of this disease. 

Malaria is a treatable disease, however antimalarial drugs must cross at least three sequential 

membranes (EPM, PVM and PPM) in order to enter the intracellular parasite and reach appropriate 

therapeutic concentrations; reason why they required drug delivery systems (DDSs). In fact, nano-DDSs 

have shown to have a positive effect on disease treatment providing solutions to solubility, 

pharmacokinetics, target selectivity, and/or protection against degradation, resulting in a drug half-life 

increased. The aim of this thesis was to characterize different polymeric nanocarrier, branched or 

dendrimeric (DHP-bMPA and HDLDBC-bGMPA) and linear polyamidoamines (PAAs) (AGMA1, ISA1, 

ISA23 and ARGO7), as oral drug delivery systems. Results obtained performing in vitro experiments 

demonstrated that PAAs and dendrimers have low unspecific toxicity, no hemolitic activity, specific 

pRBCs targeting and drug encapsulation capacity. Furthermore, PAAs displayed slow degradation, 

affinity to parasite proteins, which could explain the preferential binding to pRBCs, and intake by 

macrophages, indicating PAAs potential to treat other intracellular parasitic disease like Leishmaniasis. 

Additionally, dendrimers that form spontaneous micellar carrier, and bind to merozoites, showed an 

intake by HUVEC cells in different location, which could be further investigated to treat as well other 

disease. On the other hand, encapsulated drugs with the two types of polymers showed optimal in 

vivo capacity to inhibit Plasmodium growth after i.v or oral administration. Moreover, when PAA-FITC 

where given to female mosquitoes’ fluorescence was observed in the midgut and in the insect’s tissues. 

In conclusion, the date showed in this thesis work presented the branched and the linear polymers 

investigated as a versatile platform for the encapsulation of orally administrated antimalarial drugs, 

for the direct administration of antimalarial to mosquitoes, and as potential carriers for the treatment 

of other parasitic diseases. 





iii 

RESUM 

La malària és una malaltia infecciosa que afecta gairebé a la meitat de la població de 90 països 

d'arreu del món. El 2017 s'estima que va provocar 219 milions de casos i 435.000 morts, el 92% de 

casos i el 93% de morts es produïren a l'Àfrica. Els darrers anys s'han fet grans esforços globals i 

inversions econòmiques per reduir, controlar i eliminar la malària, cosa que ha comportat una gran 

reducció de la incidència en els últims 20 anys. No obstant això, aquesta malaltia continua sent un 

problema de salut pública global. En humans és causada per un protozou del gènere Plasmodium i 

concretament se’n coneixen cinc espècies diferents. Però la causant de més morbiditat i mortalitat és 

P. falciparum. La malaltia en si és tractable, però els fàrmacs antipalúdics han de creuar com a mínim

tres barreres seqüencials per tal d'arribar al paràsit a una concentració suficientment elevada. Per això

aquests principis actius requereixen sistemes d'administració de fàrmacs que han demostrat tenir

efectes positius. L'objectiu d'aquesta tesi ha estat caracteritzar polímers ramificats (DHP-bMPA i

HDLDBC-bGMPA) i lineals (AGMA1, ISA1, ISA23 i ARGO7) per l'administració oral d'antipalúdics. Els

resultats obtinguts realitzant experiments in vitro i in vivo han demostrat que tots dos tipus de polímers

tenen baixa toxicitat inespecífica, no tenen activitat hemolítica, tenen especificitat per pRBCs i bona

capacitat d'encapsulació. Els PAAs han demostrat tenir una degradació lenta, afinitat per proteïnes del

paràsit, i capacitat per entrar dins de macròfags, una propietat interessant per tractar altres malalties.

A més a més els ramificats s'uneixen a merozoites i entren en macròfags. D'altra banda els

medicaments encapsulats amb qualsevol dels dos tipus de polímers han mostrat una capacitat òptima

in vivo per inhibir el creixement del Plasmodiuim després de l’administració i.v o oral. Per últim, PAAs-

FITC administrats a mosquits femelles, s’han pogut observar a l'intestí i altres teixits. Per tant es pot

concloure, que les dades recollides en aquesta tesi demostren que tant polímers ramificats com lineals

són una plataforma versàtil per a l'encapsulació de medicaments antipalúdics per ser administrat via

oral, per a l’administració directa a mosquits, i potencials nanocarriers pel tractament d’altres malalties

parasitàries.





vii 

LIST OF ABBREVIATIONS 

ACN Acetonitrile 
ACT Artemisinin combination therapy 
AFM Atomic force microscopy 
ARDS Acute respiratory syndrome 
ATR Attenuated total reflectance 

bis-GMPA 2,2’-bis(glycyloxymethyl)propionic acid 

bis-MPA 2,2’-bis(hydroxymethyl)propionic acid 

BC Block copolymer 
BSA Bovine serum albumins 
BS(r) Blood stage ring 
BS(l) Blood stage lates 
CB Coupling buffer (5 mM EDTA, 50 mM Tris-HCl, pH 8.5) 
CL Cutaneous leishmaniasis 
CLAG3 Cytoadherence-linked asexual gene 3 
CMC Critical micelle concentration 
CNT Carbon nanotubes 
CQ Chloroquine 
COPOP Cobalt-porphyrin-phospholipid 
CSP Circumsporozoite protein 
CuAAC Copper azide-alkyne cycloaddition 
D Day 
DCL Diffuse cutaneous leishmaniasis 
DDS Drug delivery system 
DCM Dichloromethane 
DDT Dichlorodiphenyl trichloroethane 
DHA Dihydroartemisinin 
DHFR Dihydrofolate reductase 
DHP Dendronixed hyperbranched polymer 
DHPS Dihydropteroate synthethase 
DMF Dimethylformamide 
DNA Deoxyribonucleic acid 
DP Dendronized polymer 
DTT 1,4-Dithiothreitol 
EE Encapsulation efficiency 
ELISA Enzyme-linked immunosorbent assay 
EMA European Medicine Agency 
EPM Erythrocyte plasma membrane 
ER Endoplasmic reticulum 
FACS Fluorescent-assisted cell sorting 
FBS Foetal bovine serum 
FITC Fluorescein isothiocyanate 
FDA Food and Drug Administration 
FTIR Fourier transformed infrared 
FV Food vacuole 
G Generation 
Gt Gametocytes 
GAG Glycosamine glycan 
GBP130 Glycophorin-binding protein 130 
GIT Gastro intestinal tract 
GSH Reduced glutathione 
GSK Glaxo Smith Kline 



viii 

GSSG Oxidazed glutathione 
GUV Giant unilamellar vesicles 
G6PD Glucose-6-phosphate dehydrogenase 
HDLDBC Hybrid dendritic-linear-dendritic block copolymer 
His-TAG Histidine tagged 
HP Hyperbranched polymer 
HRP2 Histidine-rich protein 2 
HSP Heat shock proteins 
HUVEC Human umbilical vein endothelial cells 
IC50 Half maximal inhibitory concentration 
IFAT Immunofluorescence antibody test 
iLP Immuniliposome 
IPTi Intermittent preventive treatment in infants 
IPTp Intermittent preventive treatment in pregnancy 
IRS Indoor residual sprays 
ITN Insecticide-treated bed net 
KAHRP Knob associated histidine rich protein 
LC-MS/MS Liquid chromatography-tandem mass spectrometry 
LCL Localised cutaneous leishmaniasis 
LLIN Long-lasting infected net 
LS Liver stage 
L-AmB Liposomal amphotericin B 
LP Liposome 
LUV Large unilamelar vesicles 
MALDI Matrix-assisted laser desorption/ionization 
MC Maurer’s clefts 
MDA Mass drug administration 
MDGs Millenium Development Goals 
ML Mucocutaneous leishmaniasis 
MLV Multilamellar vesicles 
MPS Mononuclear phagocytic system 
MSP1 Merozoite surface protein 1 
MTD Maximum tolerated dose 
MW Molecular weight 
NMR Nuclear Magnetic Resonance 
NNN Novy-MacNeal-Nicolle medium 
NP Nanoparticle 
NPP New permeation pathways 
O Oocysts 
OK Ookinetes 
PAA Poly(amido-amines) 
PABA P-aminobenzoic acid
PAGE SDS-polyacrylamide gel electrophoresis
PAMAM Polyamidoamines dendrimers
PBS Phosphate buffer saline
PBS-T 0.1 % Tween 20 in PBS
PCR Polymerase chain reaction
PEG Poly(ethyleneglycol)
PEO Poly(ethylene oxide)
PfEMP1 P. falciparum erythrocyte membrane protein 1
PfPR P. falciparum parasite rate
PHEM 240 mM pipes, 100 mM Hepes, 8 mM MgCl2, 40 mM EGTA, pH 6.4
pLDH Plasmodium lactate dehydrogenase



ix 

PLGA Poly(lactide-co-glycolide acid) 
PLL Poly-L-lysine 
PMMA Poly(methyl methacrylate) 
PMOXA-b-PDMS-b-PMOXA Poly(2-methyl-2-oxazoline)-block-poly(dimethylsiloxane)-block-

poly(2-methyl-2-oxazoline) 
POCT Point-of-care test 
PPI Poly(propylene imine) 
PPLP4 Perforin-like protein 4 (PPLP4) 
PPM Parasite plasma membrane 
PQ Primaquine 
pRBC Plasmodium infected red blood cell 
PSAC Plasmodial surface anion channel 
PTEX Plasmodium translocon of exported proteins 
PV Parasitophorous vacuole 
PVM Parasitophorous vacuole membrane 
Py17X P. yoelii yoelii 17X
Py17XL P. yoelii yoelii 17X lethal
Py17XNL P. yoelii yoelii 17X non-lethal
QBC Quantitative buffy-coat
QN Quinacrine
RB Reaction buffer (0.1 M sodium phosphate, 1 mM EDTA, pH 8.0)
RBC Red blood cell
RDT Raid diagnostic test
RER Rough endoplasmic reticulum
RGD Argine-glycine-aspartic acid
RHO Rhodamine
RMP Rodent malaria parasite
ROS Reactive oxygen species
RPMI Roswell Park Memorial Institute
RT Room temperature
SDS Sodium dodecyl sulfate
SEC Size exclusion chromatography
SEM Scanning electron microscopy
-SH Sulfhydryl group
SMC Seasonal malaria chemoprevention
SNAP Spontaneous nanoliposome-antigen particleization
SP Sulfadoxine - pyrimethamine
SUV Small unilamellar vesicles
TBS TBS-T without Tween
TBS-T 0.05 % Tween 20, 150 mM NaCl, 20 mM Tris-HCl, pH 7.5
TBTA Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine
TBVS Transmission blocking vaccines
TEM Transmission electron microscopy
THF Tetrahydrofuran
TMS Tetramethylsilane
TVN Tubulovesicular network
UNICEF United Nations International Children's Emergency Fund
VL Visceral leishmaniasis
WHO World Health Organization
4-AQs 4-Aminoquinolines
8-AQs 8-Aminoquinolines





xi 

LIST OF FIGURES AND TABLES 

FIGURE 1. GLOBAL DISTRIBUTION OF MALARIA BETWEEN 1945 AND 2025 (EXPECTED). IN RED, COUNTRIES WHERE MALARIA IS 

UNDER CONTROL, AND IN PINK, COUNTRIES WHERE MALARIA IS BEING ELIMINATED. FIGURE ADAPTED FROM THE ECONOMIST: 

OCT 14TH 2015 BY S.C., J.F. AND THE DATA TEAM. ............................................................................................... 19 

FIGURE 2. VICIOUS CYCLE BETWEEN MALARIA AND POVERTY AND SOME OF THE DIRECT AND INDIRECT FACTORS LINKED TO THIS CYCLE 

(SACHS AND MALANEY, 2002; TEKLEHAIMANOT AND MEJIA, 2008; KARUNAMOORTHI, 2014). ..................................... 20 

FIGURE 3. P. FALCIPARUM LIFE CYCLE WHICH TAKES PLACE IN TWO DIFFERENT HOSTS, THE HUMAN AND THE MOSQUITO. ASEXUAL 

STAGES ARE PRESENT IN THE LIVER AND IN THE BLOOD STREAM AND SEXUAL STAGES ARE DIVIDED BETWEEN THE TWO HOSTS 

STARTING AT THE GAMETOCYTE STAGE IN THE HUMAN AND EVOLVING TO SPOROZOITES IN THE MOSQUITO. FIGURE ADAPTED 

FROM (GARCÍA-BASTEIRO, BASSAT AND ALONSO, 2012). ........................................................................................ 23 

FIGURE 4. P. FALCIPARUM ERYTHROCYTIC LIFE CYCLE DIVIDED INTO FOUR DIFFERENT STAGES, (A) RING (FROM 0 TO 24 H), (B) 

TROPHOZOITE (FROM 24 TO 36 H), (C) SCHIZONTS (FROM 36 TO 48 H) AND (D) MEROZOITES (FROM 0 TO 5 MIN). FIGURE 

ADAPTED FROM (MAIER ET AL., 2009). ................................................................................................................. 24 

FIGURE 5. SCHEMATIC MODEL OF THE FIVE STEPS OF PARASITE PROTEIN EXPORTATION INTO THE ERYTHROCYTE CYTOPLASM. THE 

ENDOPLASMIC RETICULUM (ER) RECOGNISES AND PROCESSES EXPORT PROTEINS WHICH ARE TRAFFICKED ACROSS THE PARASITE 

PLASMA MEMBRANE (PPM) (1). THE PLASMODIUM TRANSLOCON OF EXPORTED PROTEINS (PTEX) TRANSLOCATES THEM 

ACROSS THE PARASITOPHOROUS VACUOLE MEMBRANE (2) TO THREE DIFFERENT FINAL DESTINATIONS: THE ERYTHROCYTE 

CYTOPLASM (3), MAURER’S CLEFTS (4), AND THE ERYTHROCYTE PLASMA MEMBRANE (EPM) AND MEMBRANE SKELETON (5). 

FIGURE REPRODUCED FROM (KONING-WARD ET AL., 2016). ..................................................................................... 27 

FIGURE 6. TRAFFICKING MODEL OF THE RHOPH COMPLEX. COTRANSLATIONAL ASSEMBLY OF THE THREE-MEMBER RHOPH (1). AFTER 

MEROZOITE EGRESSION, ONLY RHOPH3 CONTRIBUTES TO INVASION (2). THE COMPLEX IS THEN DEPOSITED IN THE PV (3), FROM 

WHERE IT IS EXPORTED VIA PTEX (4) AND TRAFFICKED VIA THE MAURER’S CLEFTS (MC) (5) TO THE HOST RBC MEMBRANE. 

THERE, THE COMPLEX DETERMINES NUTRIENT UPTAKE VIA PSAC (6). FIGURE REPRODUCED FROM (ITO, SCHURECK AND DESAI, 

2017). ........................................................................................................................................................... 28 

FIGURE 7. HAEMOGLOBIN DIGESTION AND HAEMOGLOBIN-DERIVATED HEME DETOXIFICATION SYSTEMS USED TO REDUCE THE 

TOXICITY OF OXIDATIVE STRESS IN THE PARASITE. PRBCS DIGEST ALMOST ALL THE HAEMOGLOBIN PRESENT IN THE RBC. THIS 

HYDROLYSIS RELEASES HEME GROUPS WHICH ARE LIPOPHILIC, AND REACT WITH LIPID BILAYERS OF ORGANELLES AND DESTABILIZE 

THE CYTOSKELETON (KUMAR AND BANDYOPADHYAY, 2005). THE HYDROLYSIS ALSO PRODUCES ROS WHICH ARE TOXIC. THERE 

ARE TWO DETOXIFICATION MECHANISMS: A PRIMARY SYSTEM OCCURS IN THE FOOD VACUOLE, WHERE HEMATIN GROUPS 

RESULTING FROM THE OXIDATION OF HEME GROUPS ARE TRANSFORMED INTO HEMOZOIN AND ACCUMULATE IN A NON-TOXIC 

CRYSTAL. THE SECONDARY SYSTEM OCCURS IN THE CYTOPLASM, ROS ARE CONTAINED BY THREE DIFFERENT METHODS: BINDING 

TO GSH, PROTEINS AND/OR TO H2O2. CHLOROQUINE BLOCKS HEMOZOIN FORMATION (BLUE ARROWS), AND ARTEMISININ 

REDUCES THE AMOUNT OF GSH, INCREASING THE AMOUNT OF ROS (GREEN ARROWS) (MOORE ET AL., 2006; KUMAR ET AL., 

2007; CHINAPPI ET AL., 2010; KAPHINGST, PERSKY AND LACHANCE, 2010). .............................................................. 37 

FIGURE 8. CHEMICAL STRUCTURE OF THE MAIN ANTIMALARIALS DESCRIBED BY THE WHO OR OF INTEREST IN THIS RESEARCH. 

MOLECULES SHOWN IN BLUE HAVE BEEN USED IN THIS THESIS. FIGURE ADAPTED FROM (NA-BANGCHANG AND KARBWANG, 

2009; DELVES ET AL., 2012; WORLD HEALTHORGANIZATION, 2015A). ..................................................................... 41 

FIGURE 9. SCHEMATIC REPRESENTATION OF THE ALTERNATIVES FOR NANOPARTICLE FORMATION. FIGURE REPRODUCED FROM (SUN 

ET AL., 2014). .................................................................................................................................................. 44 

FIGURE 10. SPONTANEOUS NANOLIPOSOME-ANTIGEN PARTICLEIZATION APPROACH. MALARIA PEPTIDES (PURPLE TRIANGLE, YELLOW 

SQUARE, GREEN CIRCLE AND BLUE DIAMOND) REPRESENTING POTENTIAL ANTIGENS EXPRESSED DURING DIFFERENT STAGES OF 

THE PARASITE LIFECYCLE, ARE MODIFIED WITH A HIS-TAG AND INCUBATED WITH LIPOSOMES CONTAINING COPOP (LIGHT BLUE 

SMALL CIRCLE) WHICH UNDERGOES SNAP. FIGURE REPRODUCED FROM (OAKES AND JEWELL, 2018)................................ 45 

FIGURE 11. COMPONENTS OF NANOCARRIERS. DDSS AGAINST MALARIA CAN BE FORMED BY EITHER TWO OR THREE COMPONENTS: A 

ENCAPSULATING STRUCTURE ITSELF, OPTIONAL SURFACE MOLECULES, AND THE THERAPEUTIC AGENT (URBÁN ET AL., 2011; 

ADITYA ET AL., 2013; SUN ET AL., 2014; URBÁN AND FERNÀNDEZ-BUSQUETS, 2014; DENNIS, PEOPLES AND JOHNSON, 

2015; THAKKAR AND BRIJESH, 2016). ................................................................................................................. 46 



xii 

FIGURE 12. (A) SCHEMATIC ILLUSTRATION OF THE LP SELF-ASSEMBLY PROCESS WHICH STARTS WITH PHOSPHOLIPID MOLECULES, 

WHICH FORM A BILAYER MEMBRANE, AND CONVERTS INTO LIPOSOMES. (B) LP CLASSIFICATION ACCORDING TO THE SIZE AND 

NUMBER OF LIPID BILAYERS. SMALL UNILAMELLAR VESICLES (SUV) AROUND 10 NM; LARGE UNILAMELAR VESICLES (LUV) 

AROUND 100 NM; MULTILAMELLAR VESICLES (MLV) AROUND 1 µM; AND GIANT UNILAMELLAR VESICLES (GUV) AROUND 10 

µM. FIGURE ADAPTED FROM (NOGUEIRA ET AL., 2015). ........................................................................................... 48 

FIGURE 13. (A) ORGANS FORMING THE GASTROINTESTINAL TRACT. (B) ORAL BIOAVAILABILITY IS DEFINED AS THE FRACTION OF AN 

ORALLY ADMINISTERED DRUG THAT REACHES THE SYSTEMIC CIRCULATION AFTER ABSORPTION, EXCRETION, AND SMALL INTESTINE 

AND HEPATIC METABOLISM. (C) TRANSPORT TYPES ACROSS THE INTESTINAL EPITHELIUM: PARACELLULAR TRANSPORT (1), 

CARRIER-MEDIATED TRANSPORT (2), TRANSCELLULAR PASSIVE TRANSPORT (3), RECEPTOR-MEDIATED NANOPARTICULATE 

TRANSPORT (4), AND MACROPHAGE-MEDIATED NANOPARTICULATE TRANSPORT (5). FIGURES ADAPTED FROM THE PNG 

LIBRARY AND (DILNAWAZ,2017). ........................................................................................................................ 50 

FIGURE 14. CHEMICAL STRUCTURE OF A MONOMER OF THE AMPHOTERIC POLY(AMIDO-AMINES) AGMA1, ISA1, ISA23 (URBÁN ET 

AL., 2014) AND ARGO7. ................................................................................................................................... 52 

FIGURE 15. (A) SYNTHESIS OF DENDRIMERS ACCORDING TO THE DIVERGENT METHOD FOR A FOURTH GENERATION DENDRIMER WITH 

A REPETITIVE CYCLE OF COUPLING AND ACTIVATION. (B) SYNTHESIS OF DENDRIMERS ACCORDING TO THE CONVERGENT METHOD 

FOR A THIRD GENERATION DENDRIMER WITH A REPETITIVE CYCLE OF COUPLING AND SELECTIVE ACTIVATION. (C) PARTS OF A 

DENDRIMER: THE CORE AND THE DENDRON, A SINGLE BRANCH OF A DENDRIMER MADE BY BRANCHES IN GREEN AND TERMINAL 

FUNCTIONAL GROUPS IN RED. FIGURE ADAPTED FROM (SOWINSKA AND URBANCZYK-LIPKOWSKA, 2014). ......................... 54 

FIGURE 16. (A) SYNTHESIS OF DENDRONIZED POLYMERS WITH A THIRD GENERATION DENDRIMER AND A LINEAR POLYMER 

(FRAUENRATH, 2005). (B) SYNTHESIS OF BLOCK COPOLYMERS WITH A THIRD GENERATION DENDRIMER AND A LINEAR POLYMER 

(FRAUENRATH, 2005). (C) MORPHOLOGIES ADOPTED BY SELF-ASSEMBLY BLOCK COPOLYMERS IN WATER (BLANAZS, ARMES 

AND RYAN, 2009). ............................................................................................................................................ 56 

FIGURE 17. GLOBAL LESIHMANIASIS DISTRIBUTION FOR (A) VISCERAL LEIHSMANIASIS AND (B) CUTANEOUS LESISHMANIASIS. FIGURE 

ADAPTED FROM (WHO, 2019). .......................................................................................................................... 59 

FIGURE 18. LEISHMANIA SPP. LIFE CYCLE WHICH TAKES PLACE IN TWO DIFFERENT HOSTS, THE HUMAN HOST AND THE SANDFLY HOST. 

FIGURE ADAPTED FROM (ESCH AND PETERSEN, 2013). ............................................................................................ 61 

FIGURE 19. (A) PROMASTIGOTE AND AMASTIGOTE SCHEMATIC REPRESENTATION OF THE MAIN INTRACELLULAR ORGANELLES. (B) 

SCANNING ELECTRON MICROSCOPE IMAGES OF THE MAIN LIFE CYCLE STAGES (BESTEIRO ET AL., 2007). ............................ 62 

FIGURE 20. FLUORESCENCE MICROSCOPY CELL TARGETING ANALYSIS OF RHODAMINE-LABELED DHP-BMPA AND HDLDBC-BGMPA 

TO NON-FIXED RBCS AND PRBCS. (A) CONVENTIONAL FLUORESCENCE MICROSCOPY CELL TARGETING OF BOTH POLYMERS. (B) 

CONFOCAL FLUORESCENCE MICROSCOPY CELLULAR AND SUBCELLULAR TARGETING OF DHP-BMPA-RHO. ......................... 77 

FIGURE 21. SILVER-STAINED SDS-PAGE OF PRBC SAPONIN EXTRACTS RUN THROUGH FOUR AFFINITY CHROMATOGRAPHY COLUMNS 

WHERE AGMA1, ISA1, ISA23 OR ARGO7 HAD BEEN IMMOBILIZED. (A) A RBC EXTRACT WAS FIRST LOADED, AND AFTER THE 

CORRESPONDING WASHING-ELUTION-WASHING STEPS (B) A PRBC EXTRACT WAS LOADED IN THE SAME COLUMN. THE 

APPROXIMATE MASSES (KDA) OF THE SEVEN BANDS FROM THE MOLECULAR WEIGHT MARKER ARE INDICATED IN THE SPACE 

BETWEEN THE GELS. ......................................................................................................................................... 112 

FIGURE 22. (A) MALARIA DEATHS BY REGION FROM 2000 TO 2017. FIGURE ADAPTED FROM OUR WORLD IN DATA (ROSER AND 

RITCHIE, 2017). (B) CONTRIBUTION OF INTERVENTION FROM 2000 TO 2015 IN AFRICA.  THE RED LINE SHOWS THE ACTUAL 

PREDICTION AND THE BLACK LINE IS A ‘COUNTERFACTUAL’ PREDICTION IN A SCENARIO WITHOUT COVERAGE BY ITNS, ACTS OR 

IRS. THE COLOURED REGIONS INDICATE THE RELATIVE CONTRIBUTION OF EACH INTERVENTION IN REDUCING THE PFPR (BHATT 

ET AL., 2015). ................................................................................................................................................ 163 

FIGURE 23. MALARIA TREATMENT FAILURE. SOME OF THE FACTORS RELATED TO FAILURE ARE DIVIDED INTO TWO GROUPS: PRE-

TREATMENT AND DURING TREATMENT (MACE ET AL., 2011; BRUXVOORT ET AL., 2014; AMPONSAH, VOSPER AND MARFO, 

2015; ASPINALL, 2015; WORLD HEALTH ORGANIZATION, 2015A). ........................................................................ 167 

FIGURE 24. (A) PLASMODIUM MOSQUITO STAGES. FIGURE ADAPTED FROM (RIEHLE ET AL., 2003). (B) CONFOCAL MICROSCOPY 

IMAGES OF A. ATROPARVUS FED WITH ISA23-FITC (488 NM). FIVE-DAY-OLD FEMALE MOSQUITOES (F1 GENERATION) WERE 

KEPT IN THE DARK AND ALLOWED TO FEED ON A SUGAR-WATER SOLUTION CONTAINING ISA23-FITC FOR 48 H (UNPUBLISHED 

DATA). (C) CONFOCAL MICROSCOPY IMAGES OF A. GAMBIAE DISSECTED MIDGUTS FED WITH ISA23. MOSQUITOES WERE 

ALLOWED TO FEED ON SUGAR MEALS CONTAINING ISA23 FOR SEVEN DAYS. THEN MIDGUTS WERE DISSECTED AND PROCESSED 

FOR IMMUNOLABELING USING AN ANTIBODY AGAINST ISA23 (GENERATED AT IBEC) AND A CADHERIN ANTIBODY TO LABEL THE 

MIDGUT EPITHELIAL CELL MEMBRANE. DNA WAS STAINED WITH TO-PRO (UNPUBLISHED DATA). ................................... 171 



xiii 

FIGURE 25. (A) CONFOCAL MICROSCOPY IMAGES OF HUVEC CELLS INFECTED WITH T. CRUZI SHOWN BY WHITE ARROWS. FOR THE 

EXPERIMENTS ANTI-CYTOCHROME C ANTIBODY (DILUTION 1/100) AND DAPI WERE USED FOR DNA STAINING 24 HOURS POST 

INGESTION (LIBISCH ET AL., 2018). (B) FLUORESCENCE MICROSCOPY IMAGES OF HUVEC INCUBATED WITH HDLDBC-BGMPA, 

WHICH SHOWS A CYTOSOLIC LOCALIZATION. .......................................................................................................... 173 

TABLE 1. MOST PROMISING AND ADVANCED ANTIMALARIAL VACCINES DIVIDED ACCORDING TO THE TARGET STAGE AND THE 

COMPONENT OF THE VACCINE (JADHAV, JADHAV AND SHAH, 2012; COELHO ET AL., 2017). ........................................... 32 

TABLE 2. SUMMARY OF WHO RECOMMENDATIONS FOR THE PROPHYLAXIS AND TREATMENT OF UNCOMPLICATED AND SEVERE 

MALARIA (WORLD HEALTH ORGANIZATION, 2015A; GUO, 2016; ASHLEY, PYAE PHYO AND WOODROW, 2018). .............. 34 

TABLE 3. UPTAKE MECHANISMS OF SMALL ORGANIC SOLUTES SUCH AS NUTRIENTS AND DRUGS ACROSS THE EPM (BASORE ET AL., 

2015). ........................................................................................................................................................... 35 

TABLE 4. MAIN ANTIMALARIAL DRUGS AND THEIR HALF-LIFE, HALF MAXIMAL INHIBITORY CONCENTRATION (IC50) FOR NON CQ-

RESISTANT P. FALCIPARUM STRAINS, AND STAGE OF ACTIVITY. BS(R): BLOOD STAGES RING; BS(L): BLOOD STAGE LATE; LS: LIVER 

STAGES; O: OOCYSTS; OK: OOKINETES, AND GT: GAMETOCYTES (WINSTANLEY AND WARD, 2006; SANTOS-MAGALHÃES AND 

MOSQUEIRA, 2010; DELVES ET AL., 2012; WORLD HEALTH ORGANIZATION, 2015A; TSE, KORSIK AND TODD, 2019). ...... 38 

TABLE 5. COMPARISON OF THE CHARACTERISTICS OF LIPOSOMES AND POLYMERIC NANOPARTICLES. TABLE ADAPTED FROM (DATE, 

JOSHI AND PATRAVALE, 2007). ........................................................................................................................... 49 

TABLE 6. CLASSIFICATION OF LEISHMANIA SPP. DEPENDING ON THE CLINICAL DISEASE THEY CAUSE AND THEIR LOCATION. THE OLD 

WORLD INCLUDES AFRICA, ASIA AND EUROPE, AND THE NEW WORLD THE AMERICAS AND OCEANIA (MAROLI ET AL., 2013; 

AKHOUNDI ET AL., 2016). .................................................................................................................................. 60 

TABLE 7. FIRST LINE AND ALTERNATIVE TREATMENT OF LEISHMANIASIS DEPENDING ON THE CLINICAL DISEASE. TREATMENT FOR 

CUTANEOUS LEIHSMANIASIS INCLUDES LCL, DLC AND MCL (REITHINGER ET AL., 2007; WHO, 2010; VAN GRIENSVEN AND 

DIRO, 2019). ................................................................................................................................................... 65 





INTRODUCTION

OBJECTIVES 

RESULTS 

DISCUSSION 

CONCLUSIONS 

REFERENCES 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

INTRODUCTION 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 



 

19 

CHAPTER 1 – MALARIA 

 

1.1. EPIDEMIOLOGY 

Malaria is an infectious disease that affects nearly half of the population in 90 countries around the 

world. In 2017 it was estimated that there were 219 million cases and 435,000 deaths 

disproportionately distributed worldwide. Indeed, 92 % of malaria cases and 93 % of malaria deaths 

occur in Africa, while the remainder of the cases are distributed among South East-Asia, Eastern 

Mediterranean, Western Pacific, and the Americas (World Health Organisation, 2018). About two 

thirds of deaths due to malaria involve children under five years old (Unicef, 2007), who are particularly 

susceptible to infection in areas with high malaria transmission due to frequent exposure and 

immature immunological protection (Wells, Alonso and Gutteridge, 2009; Tizifa et al., 2018). 

Plasmodium is a protists parasite of a genus which includes those causing malaria and is vectored 

by mosquitoes of the Anopheles genus. The female mosquito bites a human host between dusk and 

dawn every few days for egg development (Lardeux et al., 2008). During the blood meal, saliva is 

injected containing anaesthetic, anti-coagulant and the parasite which develops in the human host 

(Paul and Brey, 2003). 

 

 

Figure 1. Global distribution of malaria between 1945 and 2025 (expected). In red, countries where malaria is 
under control, and in pink, countries where malaria is being eliminated. Figure adapted from The Economist: Oct 
14th 2015 by S.C., J.F. and the Data Team. 

 

Vast global efforts and large economic investments have been made worldwide to reduce, control 

and eliminate malaria, resulting in a great reduction of the incidence in the last 20 years (Figure 1) from 

262 million cases and 839,000 deaths in 2000 (World Health Organization, 2015b) to the present 219 

million cases and 435,000 deaths. Nevertheless, malaria remains a global public health issue (WHO, 

2015). 

Malaria is also known as “the epidemic of the poor”. The disease is largely determined by climate 

and ecological factors and not poverty per se. Nonetheless, the greatest impact of the disease is seen 
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amongst the poorest. The vicious cycle (Figure 2) between malaria and poverty was first described in 

1957 by the Nobel prize of Medicine T.H. Weller who stated that “It has long been recognized that a 

malarious community is an impoverished community” (Gallup and Sachs, 1998), suggesting the two-

sided causality between low-income countries and malaria (Teklehaimanot and Mejia, 2008). Poverty 

preserves the conditions where malaria thrives; for example, poor communities have little access to 

vector control or adequate drugs. Indeed, one of the main causes of death by malaria is the use of 

counterfeit drugs (Karunamoorthi, 2014). Additionally, malaria impedes economic growth and keeps 

communities in poverty (Sachs and Malaney, 2002) by reducing the income of the household. As shown 

in Figure 1, malaria was first eliminated in the richest countries of the African continent. 

 

 

Figure 2. Vicious cycle between malaria and poverty and some of the direct and indirect factors linked to this 
cycle (Sachs and Malaney, 2002; Teklehaimanot and Mejia, 2008; Karunamoorthi, 2014). 

 

1.2. PATHOPHYSIOLOGY 

Malaria in humans is caused by five species of the intracellular protist Plasmodium, namely P. ovale, 

P. malariae, P. knowlesi (N. J. White, 2008), P. vivax and P. falciparum, the latter being responsible for 

the majority of the morbidity and mortality of this disease. Although there are many structural 

differences among Plasmodium species, they share many morphological features. 

At present, P. ovale has a minor impact on public health and receives little attention in malaria 

research. Nonetheless, this species causes tertian malaria, and can induce relapses and severe 

symptoms such as acute respiratory distress syndrome (ARDS) and even death (Lau et al., 2013). 

Malarial relapses due to P. ovale have yet to be confirmed, making further studies necessary to analyse 

malaria from all points of view. On the other hand, two sympatric species, P. ovale curtis and P. ovale 
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wallikeri, have been identified by molecular methods, both being common in sub-Saharan Africa, 

Oceania and Asia (Groger et al., 2017). 

The incidence of P. malariae malaria is significantly lower than that of P. falciparum, despite its 

wide distribution throughout the tropics and subtropics (Sutherland, 2016). The slow growth of this 

parasite enables it to survive in humans at low parasitemia for decades, and can cause nephrotic 

syndrome and anaemia (Langford et al., 2015).  

The most recently discovered parasite is P. knowlesi, which is a major cause of malaria in Malaysia 

(N. J. White, 2008). P. knowlesi has zoonotic transmission, a unique characteristic among Plasmodium 

spp. However, it is also able to infect humans by the bite of a mosquito infected by forest-dwelling 

macaques (World Health Organization, 2015b). Microscopically, trophozoites and schizonts are hard 

to differentiate from P. malariae and may be misdiagnosed (Barber et al., 2017), leading to treatment 

failure. 

The dominant human parasite species with the highest impact on public health are P. falciparum 

and P. vivax (World Health Organisation, 2017). P. vivax is the most widely distributed (World Health 

Organization, 2015b), being predominant outside Africa and having low endemicity in Africa (Howes 

et al., 2016). P. vivax has the capacity to produce hypnozoites, a dormant intracellular liver stages, 

which are safe from immune attack during long mosquito-free cold seasons, which cause relapse 

weeks and even months after the initial infection, presenting the normal malaria symptoms of fever, 

chills, nausea, vomiting, and myalgia (Baird, 2004), with severe and fatal infection having been 

reported (Howes et al., 2016). 

The most prevalent malaria parasite in sub-saharan Africa is P. falciparum, accounting for 99.7 % of 

the cases in 2017 (World Health Organisation, 2018). This parasite can persist in the human host for 

long periods of time, causing asymptomatic cases characterized by a temperature less than 37.5 °C and 

the presence of the parasite in peripheral thick blood films (Gbalégba et al., 2018). Patients carrying P. 

falciparum represent a potential reservoir for sustained transmission and are, therefore, an important 

challenge for the health system and for malaria elimination programmes (Ashley and White, 2014). 

 

1.3. CLINICAL SYMPTOMS AND DIAGNOSIS 

Malaria clinical symptoms appear after 7 or more days of incubation. The most common non-

specific symptoms are acute fever and anaemia, and less commonly, headache, fatigue, chills, and 

sweating, resulting in massive misuse of antimalarial drugs. Malaria is preventable and curable, when 

diagnosed in time and treated. Otherwise it is associated with increased risk of severe disease and 

mortality, making effective diagnosis essential. Indeed, pregnant women and children, who are the 

two most vulnerable populations to suffer from severe malaria, do not show the classical symptoms, 

making correct diagnosis difficult (UNITAID, 2014). 

The symptomatology of malaria is generally divided into uncomplicated malaria, characterized by 

the presence of the typical symptomatology and a positive parasitological test, and severe malaria, 

with the presence of potentially fatal symptoms such as impaired consciousness, multiple convulsions, 

severe anaemia, pulmonary oedema or shock (World Health Organization, 2015a). Organ failure and 

cerebral malaria are two typical symptoms of severe malaria caused by the accumulation of parasites 

in different organs or in brain capillaries leading to coma and eventually death (Carlson, 1993).  
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At present, the techniques routinely used for the diagnosis of malaria include microscopy (detection 

of the parasite and identification of the species) and rapid diagnostic tests (RDTs) (detection of antigen 

by immunochromatography). Microscopy detection was introduced about 100 years ago (Bailey et al., 

2013) while RDTs were implemented in the 1990s. Since then none of the new diagnostic tools such 

as serology, quantitative buffy-coat (QBC) concentration, or nucleic acid amplification techniques 

including polymerase chain reaction (PCR) and isothermal amplification (Krampa et al., 2017) have 

been marketed or widely used.  

Giemsa stain microscopy techniques are highly sensitive and specific and require highly skilled 

health workers and specific infrastructure. On the other hand, the two most commonly studied RDTs 

able to identify histidine-rich protein 2 (HRP2) and Plasmodium lactate dehydrogenase (pLDH), are 

specific, simple to perform, portable and disposable. Nonetheless, RDTs cannot replace microscopy 

since they are not quantitative and species differentiation is limited (Bell et al., 2016). While both 

techniques are inexpensive, new and improved, highly sensitive techniques are essential since none of 

the current methods are able to detect submicroscopic densities (Hopkins et al., 2007).  

 

1.4. PLASMODIUM FALCIPARUM 

Plasmodium falciparum is one of the two most relevant Plasmodium species. It is a member of the 

Apicomplexa family characterised by obligate intracellular single-celled parasites and the presence of 

an organelle call apicoplast as well as the apical complex. Plasmodium spp. and the apicomplexa 

Toxoplasma gondii have a number of unique mechanisms of host cell entry, division, motility and host 

cell manipulation thanks to the apicoplast (Seeber and Steinfelder, 2016). 

 

1.4.1. Life cycle 

The three main elements necessary for malaria infection are: a human host (or other vertebrate), 

a mosquito (invertebrate host) and a parasite.  

In the human the cycle starts with a bite of a mosquito during which sporozoites are injected into 

the host dermis. Sporozoites are one of the two transmission stages of the cycle. Within 30 minutes 

the parasite enters the liver and invades hepatocytes, and thereafter replicates and produces 

thousands of new merozoites inside merosomes. Merosomes are between 12 and 18 µm in size, exit 

the liver intact and release around 100 – 200 merozoites (Baer et al., 2007) into the blood stream, 

starting the erythrocytic cycle 5 to 10 days post infection. Merozoites infect red blood cells (RBCs), 

grow and divide from ring to trophozoite and then mature into schizonts. Schizonts contain new 

merozoites which infect healthy RBCs and perpetuate the asexual blood-stage cycle also known as the 

erythrocytic cycle. Depending on stress conditions, a small amount of these merozoites are committed 

to gametogenesis or sexual differentiation, producing gametocytes from stage I to V, the second 

transmission stage. These are then uptaken by the mosquito during a blood meal. 

In the midgut of the mosquito, female and male gametocytes progress to macrogamete and 

microgamete, respectively. Fertilization of a macrogamete by a microgamete results in the formation 

of a zygote, which differentiates into a motile ookinete that moves through the midgut epithelium and 

forms an oocyst from which sporozoites are released and migrate to the salivary glands ready to infect 
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a new human host with the next bite (Figure 3) (Portugal, Drakesmith and Mota, 2011; Biamonte, 

Wanner and Le Roch, 2013). 

 

 

Figure 3. P. falciparum life cycle which takes place in two different hosts, the human and the mosquito. Asexual 
stages are present in the liver and in the blood stream and sexual stages are divided between the two hosts 
starting at the gametocyte stage in the human and evolving to sporozoites in the mosquito. Figure adapted from 
(García-Basteiro, Bassat and Alonso, 2012). 

 

1.4.2. Erythrocytic stages (asexual proliferation) 

During asexual proliferation malaria parasites invade and multiply inside RBCs. A complex 48 h 

development occurs following three successive morphological stages during which an average of 20 

daughter merozoites are formed (Figure 4). Merozoites egress from Plasmodium infected red blood 

cells (pRBCs) reinvading healthy cells to preserve progression (Paul and Brey, 2003). Thereafter, clinical 

manifestations begin along with structural, biochemical and functional changes, mostly in the pRBC 

membrane. 

 

Ring stage 

pRBCs with ring stages (Figure 4 A)adopt the form of biconcave or cup shaped discs which circulate 

freely in the bloodstream and present mild modifications of adhesion and/or deformability (Buffet et 

al., 2018). After penetrating fresh RBCs, merozoites form by invagination of the parasitophorous 
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vacuole (PV) and the parasitophorous vacuole membrane (PVM), which surrounds the parasite 

throughout its lifetime within the RBC (Maier et al., 2009). A tubulovesicular network (TVN) is formed 

in the erythrocyte cytoplasm emerging from the PVM, including Maurer’s clefts, confirming the 

transport of proteins outside the parasite plasma membrane (PPM) and PVM. The erythrocyte 

membrane is modified and small electron-dense protusions called knobs start to appear. The onset of 

pRBC modifications are a major task event in this stage confirmed by a peak in protein expression in 

late rings and early trophozoites (Marti et al., 2004).  

 

 

Figure 4. P. falciparum erythrocytic life cycle divided into four different stages, (A) ring (from 0 to 24 h), (B) 
trophozoite (from 24 to 36 h), (C) schizonts (from 36 to 48 h) and (D) merozoites (from 0 to 5 min). Figure 
adapted from (Maier et al., 2009). 

 

Trophozoite stage 

Rings eventually change shape and grow rapidly to a more rounded form to become trophozoites 

(Figure 4 B) (Bannister et al., 2000). Rings and trophozoites feed on the RBC and progressively modify 

the erythrocyte cytoplasm and membrane by exporting parasite proteins. Deformability and adhesion 

to endothelial cells, blood cells, platelets and other pRBCs, are gradually altered, reducing peripheral 

blood circulation and increasing sequestration in small vessels (Buffet et al., 2018). Cytostomes are 

endocytic invaginations surrounded by PPM and PVM which fuse with the food vacuole (FV), and have 

two functions: ingest most of the pRBC cytosol and degrade approximately 80 % of the haemogoblin, 
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a key survival process in order to provide the growing parasite with sufficient space as well as amino 

acids. Nontoxic hemozoin crystal, the degradation product of haemoglobin, is formed from this stage 

onwards and can be easily observed by microscopy (Goodyer et al., 1997; Bakar et al., 2010).  

 

Schizont stage 

Trophozoites and schizonts (Figure 4 C) are considered mature cytoadherent stages without 

profound morphological changes; nevertheless, schizonts undergo repetitive nuclear divisions to 

become multinucleated. This endomitotic nuclear division occurs together with the preparation for 

merozoite formation, which involves the proliferation of rough endoplasmic reticulum (RER), the 

formation of free ribosomes and mitochondria, and the multiplication of plastids (Bannister et al., 

2000). Simultaneously, the internal cavity of the late trophozoite starts to disappear and FV moves to 

a central position allowing the parasite to grow and generate up to 32 daughter merozoites. 

Meorozoite elements start to assemble, beginning with the apical organelle. Finally, the Maurer’s cleft 

collapses when there is clear merozoite segmentation (Grüring C1, Heiber A, Kruse F, Ungefehr J, 

Gilberger TW, 2011), a sign indicating the onset of active host dismantellation. In fact, there is a 

weakening and deconstruction of the host erythrocyte cytoskeleton by protein proteolysis and other 

proteases, resulting in the destruction of the RBC membrane. This systematic preparation takes place 

from 15 to 20 h before egression, even though egression is observed within a few seconds (Millholland 

et al., 2011). 

 

Merozoite stage 

Merozoites are polarized cells which have the shape of a lemon and are around 1 µm in size. They 

are briefly extracellular and thus exposed to host antibodies. Each merozoite contains all the necessary 

elements to escape from the remnants of its host pRBC, find and attach to a new RBC, invade it and 

rapidly restart feeding (Bannister et al., 2000). Relevant invasion proteins can be found in two 

locations, either on the surface or inside organelles. These organelles can be dense granules, rhoptries, 

or micronemes; the latter two being localized at the apical end (Cowman et al., 2017). 

The invasion process, which takes place from 0 to 5 minutes, involves the molecular interaction of 

numerous host receptors and parasite ligands and is divided into five different phases (Figure 4 C) 

(Maier et al., 2009; Srinivasan et al., 2011; Cowman et al., 2017). 

1. Primary attachment: random, reversible and weak initial contact involves micronemes and 

parasite receptor-RBC ligand interactions. 

2. Reorientation and junction formation: once the RBC is recognised as being competent, the 

merozoite redirects itself to bring the apical end into close apposition with the RBC surface, 

triggering a tight high-affinity junction formation between the merozoite and the RBC. Then the 

rhoptry content is secreted into the RBC, facilitating invasion. 

3. Invasion: the merozoite then moves through the tight junction as its actin-myosin motor and 

parasite surface proteins pull it into the RBC. In coordination with entry, the PV and its 

membrane form, incorporating lipids from the RBC membrane. 

4. Membrane sealing (shedding of surface proteins): the surface coat is shed at the moving 

junction by a serine protease and upon reaching the posterior pole; the adhesive proteins at 
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the junction are proteolytically removed, facilitating resealing of the membrane (Cowman and 

Crabb, 2006).  

5. Completion of invasion: remodelling of the host cell begins immediately after the parasite is 

inside.  

 

1.4.3. Host red blood cells 

Red blood cells are biconcave cells around 7 µm in size and have several remarkable characteristics. 

They do not contain nucleus or organelles for biosynthesis and are highly viscous internally, being 

therefore extremely elastic. Elasticity is determined by the intrinsic properties of the proteins and lipids 

(cholesterol and phospholipids) forming the membrane, and the 40 % of excess surface area compared 

to a sphere of the same volume. Moreover, RBCs can reversibly contract, allowing their passage 

through capillaries 3 to 5 µm across; however, this ability is lost as the cell ages. RBCs remain in the 

blood circulation for around 120 days (Mohandas and Gallagher, 2018; Schrier, 2018). The erythrocyte 

plasma membrane (EPM) is anchored to a 2-dimensional elastic network of skeletal spectrine-actin 

molecules and contains around 50 transmembrane proteins which have diverse functions. Some of 

these functions are transportation, adhesion and receptor signalling, as well as others not yet known. 

The plasma membrane is a key element for molecule transmembrane trafficking (anions, water, 

glucose, urea, among others), protein antigen exposure and cell structure definition (Mohandas and 

Gallagher, 2018). 

In order to facilitate parasite survival, modifications of the host cell membrane and permeability 

start within 12 minutes post invasion (Proellocks et al., 2016). This process takes place by the trafficking 

of hundreds of effector proteins which induce major changes in the structure, composition and 

function of the host cell. In addition, nutrients are taken up from blood plasma, and the immune 

system is evaded (Desai and Miller, 2015). 

Parasite proteins are secreted beyond their own plasma membrane by vesicle-mediated selective 

transport. Proteins are transferred from the endoplasmic reticulum to various locations in the pRBC, 

assisted by the Plasmodium translocon of exported proteins (PTEX) located in the PVM (Figure 5). In 

fact, proteins need to be unfolded to transit PTEX, and are then folded again to reach their destination. 

This process is regulated by molecular chaperones such as heat shock proteins (HSPs). HSP70, which is 

associated with the co-chaperon HSP40 referred to as the DnaJ protein, and HSP90 facilitate the 

assembly of proteins into higher order complexes, the unfolding of protein structures and the 

translocation of proteins across membranes (Proellocks et al., 2016). A number of proteins, known as 

exportome, have been identified and characterised and many follow this secretory path even though 

they have different destinations and functions (Maier et al., 2009). For example, P. falciparum 

erythrocyte membrane protein 1 (PfEMP1) is inserted into the parasite plasma membrane, whereas 

glycophorin-binding protein 130 (GBP130) remains as a soluble protein in the cytoplasm (Koning-ward 

et al., 2016). 

 

Host cell membrane transformation 

The main aim of host cell transformation is to establish a long lasting infection; this is achieved by 

parasite protein exportation and evasion of the immune system. pRBCs avoid the immune system with 
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two strategies: antigenic variation which allows the pRBCs to remain invisible to immune cells, and 

sequestration in microvessels, to escape spleen clearance. Sequestration is facilitated by cytoadhesion, 

increasing rigidity, and reorganization of the cytoskeleton membrane.  

 

 

Figure 5. Schematic model of the five steps of parasite protein exportation into the erythrocyte cytoplasm. The 
endoplasmic reticulum (ER) recognises and processes export proteins which are trafficked across the parasite 
plasma membrane (PPM) (1). The Plasmodium translocon of exported proteins (PTEX) translocates them across 
the parasitophorous vacuole membrane (2) to three different final destinations: the erythrocyte cytoplasm (3), 
Maurer’s clefts (4), and the erythrocyte plasma membrane (EPM) and membrane skeleton (5). Figure reproduced 
from (Koning-ward et al., 2016). 

 

Cytoadhesion is mediated by the presence of knob-like protrusions 20 h post-invasion, presenting 

a high concentration of the cytoadherence promoter PfEMP1 (Figure 5), which interacts with surface 

receptors of the endothelial cells (Smith et al., 2014). PfEMP1 is a multiple-gene protein family 

encoded by hyper variable genes known as var, each of which represents a different antigenic form. 

Moreover, when the parasite is in the erythrocytic cycle, it is capable of changing its antigenic profile 

by switching expression between different var genes, thereby enabling evasion of the human immune 

system (Guizetti, Scherf and Biologie, 2013). During the merozoite stage, evasion is also essential, 

which occurs by antigenic proteins, and the most relevant is the merozoite surface protein 1 (MSP1). 

MSP1 plays an important role in the primary attachment for RBC invasion and it is highly polymorphic, 

which results in the production of immunologically distinct merozoites within a single infected 

individual. Consequently, recognition of the merozoites by antibodies become difficult and immune 

system attack is evaded (Belachew, 2018). Simultaneously, the presence of a large number of knobs in 

the erythrocyte plasma membrane, which develop by the assembly of knob-associated histidine rich 

protein (KAHRP) into a structure linked to the erythrocyte skeleton, leads the pRBC to adapt a more 

spherical shape and stiffness (Lavazec, 2017). In addition, the formation of actin filaments that connect 

Maurer’s clefts to the erythrocyte membrane skeleton in the area of the knobs, promotes 



28 

reorganisation of the cytoskeleton, enhancing pRBCs adhesiveness, a key in vivo process for survival in 

the host (Gilson et al., 2017). 

 

Increased permeability 

A number of transport systems are endogenous in RBCs. Indeed, for certain solutes such as K+ ions, 

amino acids and lactate, there is more than one alternative transport pathway. Parasite infection up-

regulates these transport pathways and induces the creation of new permeation pathways (NPPs) in 

the plasma membrane (Kirk, 2001). NPPs have properties can discriminate solutes by size and charge, 

having a preference for anions (Ginsburg and Stein, 2005; Desai, 2014). As a result, pRBC permeation 

is increased to anions, some organic cations, sugars, amino acids, purines, vitamins, and inorganic 

monovalent ions, a strategy used by the parasite to adapt to the ionic environment inside the 

erythrocyte. Another important role of NPPs is waste disposal of toxic substances such as lactic acid 

and oxidized glutathione (GSSG). Lactic acid is the end product of glucose metabolisation by glycolysis, 

which is increased 40 to 100 fold in pRBCs. After being exported to the RBC cytosol, part of the GSSG 

is transformed into reduced glutathione (GSH) which protects the parasite against oxidative stress 

(Kirk, 2001). Improved permeability appears around 20 h post invasion (Staines, Rae and Kirk, 2000). 

 

 

Figure 6. Trafficking model of the RhopH complex. Cotranslational assembly of the three-member RhopH (1). 
After merozoite egression, only RhopH3 contributes to invasion (2). The complex is then deposited in the PV (3), 
from where it is exported via PTEX (4) and trafficked via the Maurer’s clefts (MC) (5) to the host RBC membrane. 
There, the complex determines nutrient uptake via PSAC (6). Figure reproduced from (Ito, Schureck and Desai, 
2017). 

 

Although knowledge of the different NPPs was previously provided by patch-clamp techniques 

(Desai, 2000), new techniques have contributed more in depth information on these pathways. To date 

only one molecular component, the cytoadherence-linked asexual gene 3 (CLAG3), has been 

implicated in the formation of a NPP (Koning-ward et al., 2016), the plasmodial surface anion channel 
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(PSAC). Two rhoptry proteins, RhopH2 and RhopH3, are also involved in the formation of this channel 

and together with CLAG3 form the RhopH complex. This complex is synthesized in the schizont stage, 

located in merozoite rhoptries, and is delivered to healthy RBCs during invasion. The RhopH complex 

is then secreted into the PV and exported through PTEX to its final destination, that is the EPM, to form 

a new channel (Figure 6) (Ito, Schureck and Desai, 2017). There are around 1000 to 2000 copies of the 

PSAC voltage-dependent channel in each mature trophozoite, and they are implicated in the 

acquisition of parasite nutrients, thereby making PSAC essential for parasite survival (Chalapareddy 

and Desai, 2017). 

 

More in depth characterisation of this specific channel for parasite survival, and likely others which 

remain to be found, would bring to light many molecules which could be targeted for therapeutic 

intervention against the malaria parasite.  

 

1.4.4. Rodent models 

Animal models are indispensable for malaria research. Nevertheless, the most adequate model has 

yet to be established. It has been suggested that humanized mice infected with P. falciparum and 

engineered to simulate humans at a cellular and molecular level could address the limitations of 

translating discoveries in non-human models to clinical applications (Pearson, Greiner and Shultz, 

2008). However, this model is not ideal, and has a high rate of failure, low reproducibility of successful 

infection, and is expensive, due to the need for mice engrafted with human erythrocytes in the blood 

stream (Angulo-Barturen et al., 2008; Arnold et al., 2011). 

A reliable, reproducible and affordable alternative are rodent malaria parasites (RMPs) which can 

provide relevant information on host defense and immunity mechanisms for all the stages of infection 

(Craig et al., 2012). Four different species of RMPs which infect African rodents have been adapted to 

grow in the laboratory and used as in vivo malaria models: P. yoelii, P. berghei, P. chabaudi and P. 

vinckei (Carter and Diggs, 1977). In 2002 Carlton and colleagues (Carlton et al., 2002) reported the 

genome sequence of Plasmodium yoelii yoelii, and since then further genomes have been described, 

demonstrating the high level of orthology (approximately 90 %) between RMP and human malarias in 

genome structure as well as in gene content, and thereby confirming the adequacy of the use and 

relevance of these models (Otto et al., 2014).  

 

Plasmodium yoelii yoelii 17X 

Plasmodium yoelii is the preferred model to study the biology of liver stages and immunity (innate 

and acquired). P. yoelii yoelii 17X (Py17X) is considered an adequate model to study P. falciparum in 

vivo because of the similarity in symptoms, the presentation of cerebral malaria, pulmonary oedema, 

severe anaemia, liver injury and kidney pathology, due to sequestration by cytoadherence (Fu et al., 

2012). Py17X has two substrains, the non-lethal Py17XNL and the lethal Py17XL, which requires dietary 

p-aminobenzoic acid (PABA). PABA is used for the synthesis of the folate cofactor needed for both 

malaria parasite growth and host erythrocyte production (Kicska et al., 2003; Chango and Abdennebi-

Najar, 2011). 
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1.5. THE FIGHT AGAINST MALARIA 

In 2000, world leaders identified malaria as a serious challenge for public health and one of the 

major impediments to global development, particularly in the poorest countries. This led to the 

proposal to significantly reduce malaria incidence and mortality by 2015, in concordance with the 

targets established in the millennium development goals (MDGs) (WHO and UNICEF, 2015). In 2015, 

major reductions were achieved in overall malaria incidence and mortality; but the goals were not 

entirely accomplished. Consequently, by the end of 2015, the World Health Assembly of the World 

Health Organization (WHO) adopted a new Global Technical Strategy for malaria 2016 – 2030 (GTS), 

providing post-MDG guidelines based on key lessons learned from the past. The WHO believes that 

every single country can become malaria free, and has therefore recommended tools, activities and 

strategies to achieve elimination. These global guidelines and policies are described in the new 

“Framework for Malaria Elimination” (World Health Organization, 2017a). 

Over the past decades the control of malaria has largely relied on a small number of compounds of 

either drugs or insecticides. These active principles have been essential for many years, although, they 

are becoming obsoleted and losing efficacy, thereby underscoring the need for continuing research 

(Na-Bangchang and Karbwang, 2009). Resistance to both antimalarial drugs and insecticides is one of 

the most investigated challenges leading to delays in pre-elimination malaria phase (Healer et al., 

2017).  

The WHO defines elimination as the ‘reduction to zero incidences of indigenous cases of a specific 

malaria parasite species in a defined geographic area’. After elimination, continued measures are 

required to prevent re-establishment of transmission. On the other hand, eradication is defined as the 

‘permanent reduction to zero of the worldwide incidence of malaria infection caused by all species of 

human malaria parasites’, and once achieved no measures are required.  

Malaria eradication will not occur without a multifaceted approach, combining vaccines, treatment 

with insecticides and antimalarial drugs, along with case management, which includes adequate 

diagnosis and the availability of treatment (WHO and UNICEF, 2015). Another remarkable strategy in 

low to moderate transmission areas is mass drug administration (MDA). MDA aims to treat 

asymptomatic parasite carriers who silently transmit the parasite, by providing oral treatment to all 

members of the target community if possible, regardless of whether they are or not infected (Kaehler 

et al., 2018). MDA was extensively used in the past, but the fear of accelerating resistance led to 

withholding this approach until the appearance of antimalarials capable of reducing the transmission 

stages, such as artemisinin-based combination therapies or primaquine. However, the limitations of 

the current diagnostic tools to detect asymptomatic patients contributed to the re-implementation of 

MDA (Newby et al., 2015).  

With malaria being included in the global agenda again, and with the acknowledgements of the 

importance of a multifaceted approach, 85 new products were in 2016 in the pipeline: 13 vector 

control products, 25 projects related to malaria vaccine and 47 new antimalarial medicines 

(Hemingway, Shretta, et al., 2016).  
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1.5.1. Vector control 

There are two main vector control interventions: insecticide-treated bed nets (ITNs) and indoor 

residual sprays (IRS), both of which seek to reduce physical contact between mosquitoes and humans. 

In 2000 started enormous efforts to achieve effective vector control coverage (Bhatt et al., 2016), and 

then in 2012 WHO recommended full coverage of long-lasting insecticide-treated bed nets (LLINs), 

which provides effective insecticide protection for at least 3 years (Pulkki-Brännström et al., 2012). 

These two interventions, LLINs and IRS, contributed to reducing the overall incidence of malaria by 

preventing 68 % and 13 % of cases, respectively, during the period between 2000 and 2015. Both 

preventive methods depend on the same type of insecticide chemical, pyrethroids, which were used 

for many years in monotherapy, facilitating the appearance of resistance first observed in Sudan in the 

1970s (WHO, 2015). Recently, it has been proved the success of ivermectin as vector control 

administrated in humans as MDA. Ivermectin, a semi-synthetic derivate from the fermentation 

products of Streptomyces avermectinius, has an absorbation half-live ranging from 0.5 – 2.5 h and 

remains in the blood for approximately 6 days after a single dose and causes blood to become toxic 

for mosquitoes. Despite reducing mosquito survival, there is a knowledge gap on the expected clinical 

and public health impact of this drug (Chaccour et al., 2013; Chaccour, Hammann and Rabinovich, 

2017).  

 

Aditionaly, dichlorodiphenyl trichloroethane (DDT), another renowned chemical widely used as an 

IRS, has a mechanism of action similar to that of pyrethroids. DDT was first deployed in the 1940s, but 

30 years later it was recommended to discontinue its use following the demonstration of toxicity 

evidences and negative effects on the environment. Nowadays, the WHO only recommends the use of 

pyrethroids for LLINs and according to tight guidelines for the management of resistance which 

reduces treatment efficacy. Indeed, in certain areas of Africa some mosquito vectors are able to survive 

a concentration of 1000-fold higher than the one that kills susceptible mosquitoes, demonstrating the 

urgent need for the development of novel insecticides with different mechanisms of action. 

Alternatively, other minor vector control strategies, such as attacking immature mosquito stages and 

household improvements can be implemented, although these should always be put into effect in 

combination with LLINs and IRS in order to delay the appearance of resistance (Hemingway, Ranson, 

et al., 2016; Huijben and Paaijmans, 2018). 

 

1.5.2. Vaccines 

Vaccines are among the most cost-effective tools for public health. The research community 

worldwide is pressed to find the perfect molecule or molecules that induce effective pathogen-specific 

immune response, which would protect against the infection. Current efforts are aimed at the 80 

vaccine products in the preclinical development stage which are classified into different types 

depending on the target stage or vaccine components (Table 1). Vaccines can be formed by subunits 

or whole organisms, being the attenuated-sporozoite the most effective (Jadhav, Jadhav and Shah, 

2012; Ouattara and Laurens, 2015; Coelho et al., 2017). 
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Table 1. Most promising and advanced antimalarial vaccines divided according to the target stage and the 
component of the vaccine (Jadhav, Jadhav and Shah, 2012; Coelho et al., 2017).  

Name                   Vaccine classification Current status 

        Pre-erythrocytic vaccines 

RTS,S/AS01 Subunit Phase IV 
PfSPZ Whole organism (radiation attenuation) Phase II 
GAP Whole organism (genetic attenuation) Phase I 
CVac Whole organism (chemical attenuation) Phase I 

      Blood stage vaccines 

PfRH5 Subunit Phase I 
Chemical attenuated parasite Whole organism Preclinical 

AMA1-RON2 Subunit Preclinical 

       Transmission blocking vaccines 

Pfs25 Subunit Phase I 
Pfs230 Subunit Phase I 
Pfs47 Subunit Preclinical 

       Multistage vaccines 

AMA1 MSP1 TRAP Subunit Phase II 

      P. vivax vaccines 

SPZ-Irrad Whole organism (chemical attenuation) Phase II 

 

Early malaria vaccine research started in the 1930s. Nevertheless, it was not until 1987 that RTS,S, 

the most advanced vaccine to date, was created at the Glaxo Smith Kline (GSK) laboratories. The 

RTS,S/AS01 vaccine is composed of the repeat regions of the P. falciparum circumsporozoite protein 

fused to the hepatitis B virus surface antigen, and this is added to the proprietary AS01 adjuvant. 

Following a phase III trial conducted in 11 centres in 7 countries in sub-Saharan Africa, the vaccine 

showed 55.8 % protection in children aged 5 – 17 months and 31.1 % in infants aged 6 – 12 weeks, 

with three doses given. Efficacy varied by site with or without booster dose given 18 months later 

(Partnership, 2015; Coelho et al., 2017). Despite these efforts, RTS,S only showed partial protection 

and 30 years later is still in phase IV, demonstrating the intricacy of the P. falciparum life cycle, and the 

complex nature of the parasite, with its antigenic variation poised to avoid the immune system. Used 

in combination with the tools currently available, a malaria vaccine with an efficacy of greater than 75 

% would provide the extra necessary push to eliminate malaria (PATH Malaria Vaccine Initiative, 2018). 

The WHO in April 2019 published that this same year it would be performed the first large scale pilot 

project in three selected areas of three African countries, Ghana, Malawai and Kenya, with RTS,S/AS01, 

also known as Mosquirix. Per year 360,000 children across the three pilot countries will receive the 

vaccine from the health facilities where they normally attend. 

Pre-erythrocytic vaccines: these vaccines aim to activate humoral and cellular immune response. 

They provide a certain level of protection by avoiding early invasion of the RBC, targeting liver cells 

infected by sporozoites and merosomes. 

Blood stage vaccines: these vaccines do not prevent infection but rather disease and death by 

targeting merozoites. Actually, antigens expressed on the surface of merozoites and pRBCs are 

potential candidates if antigenic polymorphism is overcome. 

Transmission blocking vaccines (TBVS): TBVS aim to block fertilization and stop reproduction by 

targeting gametocytes and/or ookinetes. There are few previous studies and clinical trials on TBVS, 

although these are now rapidly increasing. 
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Multistage vaccines: research on these types of vaccines which target different parasite stages may 

be of interest due to the nature of the infection and the complexity of the parasite. 

 

1.5.3. Antimalarial drugs 

Nevertheless, in the absence of a clinically effective vaccine against malaria and the increasing 

appearance of resistance to insecticides and classical drugs, antimalarial drugs are still the principal 

mainstay of malaria control and elimination resulting on an optimistic portfolio of new drugs. However, 

recently became clear that the ideal medicine is a combination of two or more components with 

different mechanisms of action and targets. Moreover, some of these new agents should be specially 

focused on protecting vulnerable populations, especially women in early pregnancy, and preventing 

relapses of P. vivax because of the impact on public health (Wells, Van Huijsduijnen and Van Voorhis, 

2015). 

 

Chemoprophylaxis 

Drugs for chemoprotection should prevent infection in high risk groups which are: non-immune 

travelers to endemic areas and pregnant women and children living in endemic countries. The first 

group has not been previously exposed to the parasite, thus to avoid severe malaria, these individuals 

should start treatment before entering the country with atovaquone-proguanil, doxycycline, 

mefloquine, or primaquine (Table 2) (Ashley, Pyae Phyo and Woodrow, 2018). For the second high risk 

group the WHO recommends three different strategies (Table 2) (World Health Organization, 2015a): 

 

a. Intermittent preventive treatment in pregnancy (IPTp): African women in their first or second 

pregnancy should receive sulfadoxine–pyrimethamine (SP) as part of antenatal care. Malaria 

during pregnancy is a risk for the women, the foetus and the newborn. If infection is by P. vivax 

chemoprophylaxis with chloroquine is performed.  

 

b. Intermittent preventive treatment in infants (IPTi): African children living in areas with 

moderate-to-high malaria transmission should be treated with SP in order to reduce the 

mortality of children under 5 years of age, provided that SP is still effective in the corresponding 

area. 

 

c. Seasonal malaria chemoprevention (SMC): sub-Sahel children less than 6 years old, living in 

highly seasonal malaria areas should receive amodiaquine plus SP.  
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Table 2. Summary of WHO recommendations for the prophylaxis and treatment of uncomplicated and severe 
malaria (World Health Organization, 2015a; Guo, 2016; Ashley, Pyae Phyo and Woodrow, 2018).  

Chemoprophylaxis 

General indications IPTp / IPTi SMC 

Atovaquone – proguanil 
Doxycycline 
Mefloquine 
Primaquine 

Sulfadoxine – Pyrimethamine (SP) Amodiaquine + SP 

Uncomplicated malaria 

General indications P. vivax, P. malariae & 
P. ovale 

Pregnancy (1st semester) 

ACTs 
Atovaquone – Proguanil 

Quinine 

Chloroquine 
Primaquine 

Quinine + Clindamycin 
Artesunate + Clindamycin 

Severe Malaria 

General indication 

Artesunate                      Artemether                      Quinine                          Quinidine 

 

Treatment 

The earlier and the more accurate the diagnosis of a suspected malaria infection, the better the 

prognosis, therefore a potential patient should be ‘tested, treated with the appropriate antimalarial 

drugs and tracked’ to avoid complications. In 2006, a large number of African countries adopted 

artemisinin in combination therapy (ACT) as the first line treatment, contributing to the reduction of 

malaria. In fact, WHO sets very specific guidelines for the treatment of uncomplicated malaria and 

severe malaria (Table 2) (World Health Organization, 2015a). 

Uncomplicated malaria occurs when a patient presents symptoms and has a positive parasitological 

test, but with no features of severe malaria. Without treatment uncomplicated malaria can rapidly 

progress to severe malaria. On the other hand, severe malaria is life threatening, leading to the 

dysfunction of vital organs and rapid progression to death. 

The majority of antimalarial drugs which are either currently commercialized or under development 

involve blood schizontocides, that target the asexual blood stages (Table 4) responsible of the 

symptomatology. Nevertheless, it has been shown that other stages, such as the transmission stages 

and liver dormant stages of P. vivax and P. ovale should be targeted in order to eliminate malaria 

(Wells, Alonso and Gutteridge, 2009).  

Antimalarial drugs must cross at least three sequential membranes (EPM, PVM and PPM) in order 

to enter the intracellular parasite, reach appropriate therapeutic concentrations, achieve selective 

inhibition of one or more essential activities, and cause a rapid killing of the parasite. Drugs can cross 

the EPM by two different mechanisms: lipid-based diffusion and carrier-mediated uptake, being the 

carrier from the host RBCs or the parasite (Table 3). In contrast, drugs can cross the PVM thanks to a 

single large conductance ion channel present in high density in the PVM (Desai, 2012). An alternative 

transport across the PVM relates to its capacity to freely exchange large organic solutes. Up to now 

little is known about drug transport across the PPM (Basore et al., 2015). 
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Table 3. Uptake mechanisms of small organic solutes such as nutrients and drugs across the EPM (Basore et al., 
2015).  

Characteristics Lipid-based diffusion Carrier-mediated uptake 

Restricted to uncharged chemicals Yes No 

Saturable No Yes 

Subjected to pharmacological inhibition No Yes 

Sensitive to drug stereospecificity No Yes 

Vary between cells No Yes 

Allow movement of drug by mass action Yes Yes 

Example - PSAC 

 

Antimalarial drugs can be classified into different groups depending on their chemical class or 

function (Figure 8): 

a. Amino alchohols (quinine, mefloquine, halofantrine and lumefantrine): 

Quinine is an alkaloid from the bark of Cinchona succirubra (Rubiaceae) which had been 

the only malaria treatment for about 300 years. The quinoline moiety is responsible for the 

antimalarial properties against blood stages of all Plasmodium species inhibiting the formation 

of hemozoin and resulting in the parasite being poisoned by its own waste (Jones, Panda and 

Hall, 2015). Since 2006 quinine is no longer used as first line treatment, but it is used in the 

treatment of severe malaria in cases in which artemisinin is not available (Tse, Korsik and Todd, 

2019). 

Mefloquine was obtained as a result of trying to improve quinine with chemical synthesis 

strategies, acting in the parasite cytoplasm binding to the 80S ribosome unit, partially 

impeding protein synthesiss. It is a P. falciparum and P. vivax schizontocide, which also inhibits 

gametocytes and acts against oocysts. Mefloquine has a long half-life (21 days) and is an 

efficient prophylactic option. However, it can cause rare serious gastrointestinal and 

psychiatric side effects. It is normally used in combination with artesunate as ACT (Wong et 

al., 2017).  

Halofantrine was discovered at the same time as mefloquine, and its mechanisms of action 

seem to be similar to those of quinine, although it also acts against oocysts. It can be used for 

both prophylaxis and treatment, albeit with caution in patients with cardiovascular problems 

(Mbai, Rajamani and January, 2002). 

Lumefantrine has a half-life of 1 to 6 days and is mainly used in uncomplicated or severe P. 

falciparum malaria and mainly in combination with artemether (Winstanley and Ward, 2006). 

Similar to chloroquine, lumefantrine increases free heme concentrations and reduces 

hemozoin formation. However, it is much less efficient, suggesting a different mechanism of 

action with a similar output. Lumefantrine also acts against oocysts and is also effective against 

P. vivax (Chen et al., 2010; Lucca et al., 2015). 

 

b. Endoperoxides (artemisinin, artemether, artesunate and dihydroartemisinin): 

Artemisinin, similarly to quinine, is a drug of plant origin extracted from Artemisia annua. 

The plant had been used by Chinese herbalists to cure many illnesses for hundreds of years. 

However, it was not until 1970 that artemisinin was properly identified as an active principle 

by Youyou Tu, who won a Nobel Prize in 2015 for her finding (Guo, 2016). Artemisinin and its 

derivates represent a new class of antimalarial agents. Artemisinin in particular is a potent 

antimalarial drug which is effective against nearly all sexual and asexual stages of the malaria 
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parasite, with a short half-life of around 1 hour. The method of action of artemisinin is not yet 

fully understood, but it has been suggested that it reduces GSH levels and increases toxic 

reactive oxygen species (ROS) to levels able to kill the parasite (Figure 7) (Kaphingst, Persky 

and Lachance, 2010; Kavishe, Koenderink and Alifrangis, 2017). Artemisinin derivates are used 

in combination therapy with other drugs having different methods of action and long half-lives 

to minimize avoid resistance evolution and increase efficacy (Kaphingst, Persky and Lachance, 

2010). 

Artemether is an oil-soluble derivate that metabolizes slowly to dihydroartemisinin (DHA), 

thus being less active than a direct treatment with DHA (Kaphingst, Persky and Lachance, 

2010). It is used in combination with lumefantrine for uncomplicated malaria (Guo, 2016), and 

has a wide blood-stage specificity, reducing gametocyte load (World Health Organization, 

2015a). 

Artesunate is a water-soluble derivate which metabolizes to DHA within minutes. It can be 

used in monotherapy or in combination with amodiaquine, mefloquine or pyrimethamine-

sulfadoxine. Other combinations are currently under study (Kaphingst, Persky and Lachance, 

2010). Artesunate is active against all erythrocytic stages, is partially active against gametocyte 

stage V and is inactive against extra-erythrocytic forms, sporozoites, liver merosomes and 

merozoites (World Health Organization, 2015a). 

Dihydroartemisinin (DHA) is the active metabolite, much more soluble in water than 

artemisinin, and thus more active. It is mostly used in combination with piperaquine since this 

drug is one of the few active agents against multidrug resistant P. falciparum in Southeast Asia. 

Nevertheless, this combination may soon lose efficacy due to the unanticipated appearance 

of clinical treatment failure in that area (Amaratunga et al., 2016). 

 

c. 4-Aminoquinolines (4-AQs) (chloroquine, piperaquine and amodiaquine): 

Chloroquine (CQ) was considered the best and the most affordable option against malaria 

for decades, yet the appearance of P. falciparum resistance in the 1950s changed this situation. 

CQ accumulates in the digestive vacuole, after crossing the membrane as a neutral molecule, 

and then it becomes protonated due to the acidic intravacuolar pH. Once in the vacuole it is 

retained and binds to heme molecules inhibiting the formation of hemozoin (Figure 7) (Slater, 

1993; Chinappi et al., 2010). The absence of hemozoin formation in gametocytes stage IV and 

V accounts for the inactivity of CQ in mature gametocytes (Almela et al., 2012). Moreover, CQ 

also interferes with the biosynthesis of nucleic acids (World Health Organization, 2015a). 

Nevertheless, CQ is still the first line treatment for uncomplicated malaria caused by P. vivax, 

P. malariae and P. ovale, despite not being active against hypnozoites (Ashley, Pyae Phyo and 

Woodrow, 2018).  

Piperaquine is a CQ derivate which also accumulates in the food vacuole and inhibits heme 

detoxification. It was used as monotherapy in the 80s and 90s, but is now used in combination 

with DHA. Piperaquine inhibits immature gametocytes and is a good schizontocide with a long 

half-life of 4 to 6 hours (Kiboi et al., 2009). 

Amodiaquine metabolizes to its active metabolite desethylamodiaquine. Similar to CQ, 

amodiaquine accumulates in the food vacuole and interferes with heme detoxification 

(Ginsburg et al., 1998). It is currently used in combination with artesunate thanks to its dual 

activity, inhibiting sexual stages and gametocyte maturation (Delves et al., 2012). 
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Figure 7. Haemoglobin digestion and haemoglobin-derivated heme detoxification systems used to reduce 
the toxicity of oxidative stress in the parasite. pRBCs digest almost all the haemoglobin present in the RBC. 
This hydrolysis releases heme groups which are lipophilic, and react with lipid bilayers of organelles and 
destabilize the cytoskeleton (Kumar and Bandyopadhyay, 2005). The hydrolysis also produces ROS which are 
toxic. There are two detoxification mechanisms: a primary system occurs in the food vacuole, where hematin 
groups resulting from the oxidation of heme groups are transformed into hemozoin and accumulate in a non-
toxic crystal. The secondary system occurs in the cytoplasm, ROS are contained by three different methods: 
binding to GSH, proteins and/or to H2O2. Chloroquine blocks hemozoin formation (blue arrows), and 
artemisinin reduces the amount of GSH, increasing the amount of ROS (green arrows) (Moore et al., 2006; 
Kumar et al., 2007; Chinappi et al., 2010; Kaphingst, Persky and Lachance, 2010). 

 

 

d. 8-Aminoquinolines (8-AQs) (primaquine and tafenoquine): 

Primaquine (PQ) is the first choice for transmission control strategies as it inhibits P. 

falciparum gametocytes, although the method of action is not yet fully understood. 

Additionally, PQ is active against relapse from P. vivax and P. ovale since it can kill hypnozoites. 

A 14-day regime makes compliance difficult wich had been improved by tafenoquine 

tratement (Kappe et al., 2010). AQ is contraindicated in early pregnancy and for glucose-6-

phosphate dehydrogenase (G6PD) deficient subjects because, in these individuals, the risk of 

hemolysis is increased (Deng et al., 2018). 

Tafenoquine is an analogue of PQ and it is a potent schizontocide against P. vivax and P. 

falciparum. It is also gametocytocidal (Kumar et al., 2018) and is better than PQ against hepatic 

stages (Na-Bangchang and Karbwang, 2009). Tafenoquine seems to have the same effect as 

PQ in a single dose, although this has yet to be confirmed. Nonetheless, tafenoquine has the 

same disadvantages for G6PD deficient patients (Wells, Van Huijsduijnen and Van Voorhis, 

2015). 



38 

 

Table 4. Main antimalarial drugs and their half-life, half maximal inhibitory concentration (IC50) for non CQ-
resistant P. falciparum strains, and stage of activity. BS(r): blood stages ring; BS(l): blood stage late; LS: liver 
stages; O: oocysts; OK: ookinetes, and Gt: gametocytes (Winstanley and Ward, 2006; Santos-Magalhães and 
Mosqueira, 2010; Delves et al., 2012; World Health Organization, 2015a; Tse, Korsik and Todd, 2019).  

Drug Specific references Half-life IC50 (nM) Stage of activity 

Amodiaquine  4 – 10 d 21 BS(l), Gt 

Artemether (Sugiarto, Davis and Salman, 2017) 7 h 3 BS, LS 

Artemisinin (Vries and Dien, 1996; Kaphingst, Persky 
and Lachance, 2010; Kappe et al., 2010) 

2 – 5 h 15 BS(r), BS(l), Gt 

Artesunate  1.5 – 2.5 h 6 BS(r), BS(l), LS 

Atovaquone – Proguanil (Winstanley and Ward, 2006) 2 – 3 d & 
12 – 21 h 

0.6 
2000 

BS(l), LS, OK 

Chloroquine  7 – 12 d 31 BS(l) 

Clindamycin (Dahl and Rosenthal, 2007) 2 – 4 h 3 BS 

Dihydroartemisinin  1 – 2.5 h 2 LS, O 

Doxycycline (Dahl and Rosenthal, 2007) 9 – 22 h 4000 BS 

Halofantrine  1 – 2 d 23 BS(l), O 

Lumefantrine  1 - 6 d 10 BS(l), O 

Mefloquine (Attlmayr et al., 2006) 21 d 20 BS(l), O, Gt 

Piperaquine  13 – 28 d 70 BS(l) 

Primaquine (Winstanley and Ward, 2006) 14 d 1000 LS, Gt 

Quinine  3 – 26 h 138 BS(l) 

Sulfadoxine – 
Pyrimethamine (SP) 

(Attlmayr et al., 2006; Kappe et al., 
2010) 

4 – 11 d & 
3 – 4 d 

40600 
1700 

BS, O, OK 

Quinacrine (Gomes et al., 2014)  100 BS, LS 

Curcumin (Reddy et al., 2005)  5000 BS 

Heparin (Boyle et al., 2010)  1900 BS 

 

e. Antifolates (proguanil and pyrimethamine): 

Proguanil has a half-life of 12 to 21 hours and it is used in combination with atovaquone 

despite its high cost (Na-Bangchang and Karbwang, 2009). Proguanil acts synergistically with 

atovaquone enhancing the ability of atovaquone to collapse the mitochondrial membrane 

potential at very low concentrations, whereas the metabolite cycloguanil act by inhibiting 

parasite dihydrofolate reductase (DHFR) (Boggild et al., 2007). 

Pyrimethamine has a long half-life of around 3 to 4 days and inhibits different parasitic 

stages including the hepatic, sexual, ookinetes and oocysts stages (Delves et al., 2012). 

Pyrimethamine impedes the production of tetrahydrofolate, and thus, the biosynthesis of DNA 

and proteins because it is a competitive inhibitor of DHFR, a key enzyme in the biosynthesis of 

folate. In combination with sulfadoxine, an inhibitor of dihydropteroate synthase (DHPS), 

pyrimethamine produces a synergistic effect causing the death of the parasite (Sibley et al., 

2001). The mechanism behind this activity relates to the active transport system which human 

hosts have that allows the obtention of folic acid from the diet when DHFR is inhibited. In 

contrast, most microorganisms such as Plasmodium lack this capacity and must synthesize 

folate de novo but since DHFR is inhibited they end up dying because of a folate shortage 

(Foote and Cowman, 1994). 

 

f. Antibiotics (doxycycline and clindamycin): 

Doxycycline is poorly soluble and it is therefore not clear how it crosses membranes 

(Basore et al., 2015), it is a slow-acting antimalarial which inhibits the synthesis of proteins, 
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and enhances the activity of other drugs such as quinine. It is used for the prophylaxis of 

pregnant women (Aditya et al.,2013). 

Clindamycin is as well-known slow-acting antimalarial, and it is used in combination with 

quinine, a fast-acting drug. This combination has a regime of 7 days, and it is an alternative to 

artemisinin-based treatment for uncomplicated malaria in pregnant women (Ashley, Pyae 

Phyo and Woodrow, 2018). Its mechanism of action involves the inhibition of microbial protein 

synthesis by preferential binding to the 50S ribosomal subunit (World HealthOrganization, 

2015a). 

 

g. Others (atovaquone, sulfadoxine, quinacrine, curcumin and heparin): 

Atovaquone is a hydroxynaphthoquinone with antimalarial activity against all Plasmodium 

species. It has a half-life of 2 to 3 days and is used in combination with proguanil. It acts by 

inhibiting the cytochrome electron transport system, resulting in the collapse of mitochondrial 

membrane potential (World Health Organization, 2015a). 

Sulfadoxine (sulfonamides) has a long half-life of 4 to 11 days and inhibits DHPS, a key 

enzyme in the biosynthesis of folates. Sulfadoxine is mainly active against late asexual stages 

and is always used with pyrimethamine (Sibley et al., 2001). 

Quinacrine (QN) (also known as mepacrine or atabrine), a deriviate of Methylene Blue, is 

no longer used in clinical practice because of the high probability of undesirable side effects. 

As other antimalarial drugs, QN inhibits the formation of the hemozoin crystal by  binding 

heme groups (Auparakkitanon et al., 2003). QN has the unique characteristic of being 

fluorescent with an excitation maximum at 436 nm and emission maximum at 525 nm 

according to the Sigma Product information for quinacrine dihidrochloride. 

Curcumin, a hydrophobic Indian specie extracted from Curcuma longa, is a potent 

biological compound with several interesting characteristics including anti-tumorigenic, anti-

oxidant, anti-inflammatory and anti-microbial activity (Araújo and Leon, 2001). Despite 

curcumins’ poor absorption and rapid metabolism resulting in low bioavailability, in 2005 it 

was reported to have antimalarial activity in in vivo models reducing parasitemia up to 80 % 

and curing almost 30 % of mice with an unknown mechanism of action (Reddy et al., 2005). 

Therefore, if bioavailability is improved or it is used in combination plus its low cost, curcumin 

can be a potential interesting treatment (Anand et al., 2007). 

Heparin belongs to the family of glyocosamine glycans (GAGs); it inhibits antithrombin III 

and factor Xa, resulting in anticoagulant activity (Hirsh and Fuster, 2001). Heparin has a high 

average negative charge and is able to interact with many types of proteins. It also has other 

biological activities, such as antimalarial activity. Indeed, heparin was previously used for the 

treatment of severe malaria, but it was abandoned because of its strong anticoagulant action 

leading to adverse effects such as intracranial bleeding (Munir et al., 1980; Rampengan, 1991). 

As an antimalarial drug heparin has specific binding affinity for pRBCs versus RBCs, and it has 

been suggested that the antimalarial activity per se is achieved by inhibition of merozoite 

invasion (Marchisio, Longo and Ferruti, 1973; Kulane et al., 1992), and induction of proteolytic 

cleavage of the major surface protein circumsporozoite protein (CSP) (Valle-Delgado, Urbán 

and Fernàndez-Busquets, 2013). Moreover, heparin disrupts rosette formation, cell – cell 

adhesion formed via the parasite protein PfEMP1 (Albrecht et al., 2011), which is a causative 

factor of severe malaria (Skidmore et al., 2008). Additionally, the parasite must have been 

exposed to heparin in the blood during its long coevolutionary history with humans and yet 

parasite resistance has not been described to date (Marchisio, Longo and Ferruti, 1973). 
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Oral bioavailability, depends on drug absorption across the intestinal epithelium, which is strongly 

influenced by drug solubility and permeability, whereas volume distribution of antimalarial drugs may 

be large, plasma concentrations may be low because of low target cell specificity, which requires 

multiple dosages and thereby increases possible undesirable side effects and also hinders compliance 

(Urbán and Fernàndez-Busquets, 2014). Non-specific targeting which decreases efficacy can be 

counteracted by formulating novel antimalarial drugs, but its high cost makes the development of new 

delivery systems a more cost effective decision (Murambiwa et al., 2011). Targeted delivery systems 

with increased bioavailability and selectivity, allow a local lethal high dose of the drug to the malaria 

parasite while maintaining a low intake of the total amount, avoiding side effects (Urbán and 

Fernàndez-Busquets, 2014). 
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Figure 8. Chemical structure of the main antimalarials described by the WHO or of interest in this research. 
Molecules shown in blue have been used in this thesis. Figure adapted from (Na-Bangchang and Karbwang, 2009; 
Delves et al., 2012; World HealthOrganization, 2015a). 
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CHAPTER 2 – NANOTECHNOLOGY 

2.1. INTRODUCTION TO NANOTECHNOLOGY 

Nanotechnology allows the manipulation of materials of nanoscale size and can be applied in a vast 

variety of disciplines, such as cosmetics, in the field of energy, bioengineering, defence and security 

and in medicine and drugs. For many years nanotechnology has been used in oncology to overcome 

drug toxicity, physiological barriers and/or cellular mechanisms , thereby helping the drug to reach 

tumoral tissue and improving drug distribution, decreasing metabolism and drug clearance and 

resulting in an increased half-life in the target tissue (Morales-Orue, Chicas-Sett and Lara, 2019). 

The application of nanotechnology in the health sector is known as nanomedicine. Although 

nanotechnology is a young science, it is gaining increasing importance. Since the 1990s, 

nanotechnology had been investigated in order to improve different fields of medicine such as disease 

diagnosis and treatment (Krukemeyer, Krenn and Huebner, 2015). Nanomedicine takes advantage of 

the properties and characteristics of nanomaterials to optimise existing methods for preventing, 

controlling and curing diseases at a molecular level (Kim, Rutka and Chan, 2010), by improving classical 

drugs with drug delivery nanosystems, such as nanospheres or nanocapsules, or by participating in the 

formulation of new drugs, which is, however, a much more expensive strategy. 

The properties of the nanomaterials or nanoparticles (NPs) which range in size between 1 to 100 

nm, differ from those of larger objects. Microparticle properties are comparable to the original 

material, but the behaviour of nanoparticles is novel and changeable compared to the original 

material, due to the large surface volume relationship which they provide, and to changes in their 

optical, electrical and magnetic properties (Panneerselvam and Choi, 2014). 

Many consider nanotechnology to be too futuristic, not suitable for commercialization and 

expensive. Nonetheless, it is being successfully applied to personalize treatment in some diseases such 

as cancer in economically rich countries (Mvango et al., 2018). Many nanocarriers made of a wide 

variety of materials, including carbon nanotubes, metal particles, dendrimers, polymer particles, and 

shapes, like spheres, cubes, rods, plates or stars and conjugated to several target molecules have been 

explored (Figure 9). This technology is therefore fully available today and can offer important benefits 

to developing countries, providing inexpensive and innovative biomedical solutions to many diseases, 

among which malaria (Kumar, 2009; Najer et al., 2018). 
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Figure 9. Schematic representation of the alternatives for nanoparticle formation. Figure reproduced from (Sun 
et al., 2014). 

2.1.1. Nanotechnology in the fight against malaria 

Diagnosis 

As mentioned in Chapter I, it is essential to diagnose malaria in the early stage, and up to now only 

three highly sensitive techniques are widely used: microscopic analysis, immunology and polymerase 

chain reaction (PCR-based) techniques, all of which are based on technologies half a century old 

(Ragavan et al., 2018). Nevertheless, they have several limitations such as low speed of analysis, the 

need for skilled operators, poor detection threshold and inability to simultaneously detect multiple 

strains of infectious agents. Nanotechnology can contribute to changing this situation and finally 

contributing to obtaining low-cost, user-friendly and robust systems to achieve accurate identification 

of the parasite, correct measurement of disease severity and thereby indicate the most adequate 

treatment to be implemented (Hauck et al., 2010). 

Up to now, nanodiagnostic research includes: nanoparticle-based, nanodevice-based or point-of-

care test (POCT) platforms. Nanoparticle-based platforms using metallic and magnetic NPs are the 

most successfully applied; for example, gold nanoparticles have been used to immobilize antibodies 

and for signal enhancement, and magnetic nanoparticles have been used as hemozoin detectors. 

Nonetheless, nanoparticle-based platforms are still far from meeting the real demands in the clinical 

setting. Alternatively, nanodevices can overcome certain limitations such as the difficulty in detecting 

co-infections or low parasitemias. Lab-on-a-chip is an integrated platform that could potentially 

contribute to the development of low-cost portable devices using a low amount of sample (≤ 100 µL). 

These new tools will contribute to obtaining optimal nanotechnology-based POCTs, which must be 

portable and allow in situ results, which are indispensable features for malaria detection and control 

(Taylor et al., 2014; Krampa et al., 2017; Wang et al., 2017). 
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Vaccine formulations 

Despite the availability of a recombinant malaria vaccine candidate, RTS’S/AS01, which showed 

partial protection in young children, there remains an urgent need for a more efficient malaria vaccine. 

RTS’S already involve the use of nanotechnology techniques in that the adjuvant system, A0S1, consists 

of a liquid suspension of liposomes with two immunostimulant components (Malaria Vaccine Initiative, 

2009). Nevertheless, nanotechnology could contribute even more. Recently, a new technology has 

been proposed using the self-assembly properties of certain nanomaterials to build simple stable 

nanoparticle vaccines as adjuvants applying the knowledge that the greater the number of antigens 

expressed in a vaccine, the higher the possibility of parasite recognition in each phase of the life cycle. 

Therefore, this newly proposed system, known as spontaneous nanoliposome-antigen particleization 

(SNAP), allows the assembly of a variety of antigens modified with histidine-tags (his-tags) which 

spontaneously bind to liposomes containing cobalt-porphyrin-phospholipid (CoPoP). This opens the 

door not only for a more efficient vaccine, but also for transmission blocking vaccines. The SNAP 

approach safely induces durable antibody responses in orders of magnitude greater than other 

adjuvants (Figure 10) (Huang et al., 2018; Oakes and Jewell, 2018). 

Figure 10. Spontaneous nanoliposome-antigen particleization approach. Malaria peptides (purple triangle, 
yellow square, green circle and blue diamond) representing potential antigens expressed during different stages 
of the parasite lifecycle, are modified with a his-tag and incubated with liposomes containing CoPoP (light blue 
small circle) which undergoes SNAP. Figure reproduced from (Oakes and Jewell, 2018). 

Treatment 

The drug discovery process is extremely challenging, expensive, lengthy and with a reduced output 

of novel drugs due to the high risk of failure (Shaw, 2017). However, the costs and time can be reduced 

by developing improved drugs through nanotechnology. Drug delivery systems (DDSs) are innovative 

strategies the ultimate goal of which is to develop clinically improved formulations for treating diseases 

in patients (Urbán and Fernàndez-Busquets, 2014). 

Nano-DDSs have shown to have a positive effect on disease treatment providing solutions to 

solubility, pharmacokinetics, target selectivity, and/or protection against degradation, resulting in an 

increase in drug half-life. The fact that the drug remains longer in the bloodstream increases the time 

for interaction with the pRBCs membrane and parasite membrane, allowing a reduction in drug dose, 

frequency and treatment duration (Santos-Magalhães and Mosqueira, 2010; Kundu et al., 2015). 

Eventually these would also reduce the possibility of the appearance of resistance and side effects 

(Thakkar and Brijesh, 2016). 
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Furthermore, nanotechnology can improve the pharmacokinetic profile of drugs and their 

therapeutic outcome by targeting antimalarials specifically to their site of action. In addition, many 

antimalarial compounds are charged, and hence, require transportation into the parasite (Murambiwa 

et al., 2011). Likewise, nanotechnology is a useful tool to restore the use of older toxic drugs by 

modifying their biodistribution and reducing toxicity (Urbán et al., 2011). Another important issue is 

the route of administration; a single oral dose would be the ideal choice for clinically uncomplicated 

malaria, whereas parental therapy is advocated in severe and complicated malaria (Aditya et al., 2013). 

2.2. ANTIMALARIAL DRUG DELIVERY SYSTEMS 

Up to now, the main carriers evaluated for antimalarial drug delivery have been liposomes, solid 

lipid nanoparticles, polymeric nanoparticles, cyclodextrins and dendrimers (Figure 11) (Aditya et al., 

2013). They are formed by biocompatible and biodegradable synthetic, semi-synthetic or natural 

polymers or lipids and can encapsulate, entrap, adsorb, or chemically attach hydrophilic or/and 

lipophilic active therapeutic molecules in different locations, depending on the material used (Dennis, 

Peoples and Johnson, 2015). Although new active therapeutic molecules should be studied, it is more 

cost-effective to improve already existing drugs with DDSs which can even enable the encapsulation 

of various antimalarial compounds in a single particle (Thakkar and Brijesh, 2016). The release of the 

active principle can be triggered upon a change in pH, temperature, redox potential or the 

concentration of specific enzymes. Indeed, the parasite cytosol and its reducing environment could 

easily initiate drug release, and the consequent drug activity (Najer et al., 2018). 

Figure 11. Components of nanocarriers. DDSs against malaria can be formed by either two or three components: 
a encapsulating structure itself, optional surface molecules, and the therapeutic agent (Urbán et al., 2011; Aditya 
et al., 2013; Sun et al., 2014; Urbán and Fernàndez-Busquets, 2014; Dennis, Peoples and Johnson, 2015; Thakkar 
and Brijesh, 2016). 
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One of the main challenges of DDS is the release, at the most adequate time, of the drug agent 

inside the target cell, in a safe and reproducible manner to avoid exposure to sensitive adjacent healthy 

cells or tissues (Urbán and Fernàndez-Busquets, 2014). This can be achieved by either passive 

targeting, where there is a natural selection and accumulation of certain carriers in a particular 

targeted cell, or active targeting, when the uptake is facilitated by surface-functionalization (Urbán et 

al., 2011). 

2.3. LIPID-BASED NANOCARRIERS 

Lipid-based nanocarriers are one of the most promising approaches as antimalarial DDS, and 

liposomes (LPs) in particular have been the most studied to date, being biodegradable and nontoxic 

(Gregoriadis, 1988). LPs mimic the structure of biological cells. They are spherical assemblies of natural 

or synthetic amphiphilic phospholipids with cholesterol (Figure 12 A). These structures are classified 

according to their structure size and lamellarity (Figure 12 B), and have the capacity to entrap both 

hydrophilic and hydrophobic drugs in the aqueous core or in the bilayer membrane respectively, and 

can thereby deliver both drugs simultaneously (Aditya et al., 2013; Li et al., 2019). LP size, structure 

and chemical composition can be easily controlled during the formation process. Nevertheless, the 

efficacy of drug encapsulation, release rate and final size is determined by the composition and content 

of the bilayer (Mvango et al., 2018).   

The surface of liposomes can be functionalized with several cell specific recognition ligands, which 

facilitate membrane fusion and compensates for the lack of endocytic capacity in RBCs. Liposomes 

conjugated with specific antibodies are known as immunoliposomes (iLPs). Furthermore, iLPs have 

shown to modify their pharmacokinetics by increasing the interaction with RBCs as a result of reducing 

liver uptake (Singhal and Gupta, 1986). As mentioned previously, in the past heparin was used to treat 

several cerebral malaria (Munir et al., 1980). However, its use was abandoned because of its strong 

anticoagulation activity. Heparin loses anticoagulant activity when covalently immobilized on a 

substrate, thereby making it a potential targeting molecule since it demonstrates antimalarial activity 

and specific targeting of pRBCs (Marques et al., 2014; Fernàndez-Busquets, 2016). LPs can also be 

decorated with the hydrophilic polyethyleneglycol-ylated (PEGylated) phospholipid lengthening the LP 

time in circulation (Couvreur and Vauthier, 2006). 

Previous studies by our group demonstrated that iLPs studded with monoclonal antibodies raised 

against the erythrocyte surface protein glycophorin A were capable of targeting 100 % RBCs and pRBCs, 

at a low concentration of 0.5 µM of total lipids in the culture, with > 95 % of added liposomes retained 

on cell surfaces. Moreover, after exposing early stages of P. falciparum in in vitro cultures to iLPs loaded 

with 50 nM CQ for 15 min, growth was completely arrested, while 200 nM of the free drug showed no 

effect. In vivo results were also remarkable; iLPs cleared the pathogen at a CQ dose of 0.5 mg/kg, while 

free CQ did so at 1.75 mg/kg (Moleset al., 2015). 
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Figure 12. (A) Schematic illustration of the LP self-assembly process which starts with phospholipid molecules, 
which form a bilayer membrane, and converts into liposomes. (B) LP classification according to the size and 
number of lipid bilayers. Small unilamellar vesicles (SUV) around 10 nm; large unilamelar vesicles (LUV) around 
100 nm; multilamellar vesicles (MLV) around 1 µm; and giant unilamellar vesicles (GUV) around 10 µm. Figure 
adapted from (Nogueira et al., 2015). 

Alternatively, liposomes positively charged and electrostatically functionalized with heparin, at a 

non-anticoagulant concentration, showed better antimalarial activity compared to iLPs. A 3-fold 

improvement was observed, demonstrating the dual capacity of heparin as a targeting molecule and 

as an antimalarial drug. Nevertheless, is would be interesting to study the use of heparin fragments 

for future nanovectors to further reduce anticoagulant activity (Marques et al., 2014).  

Liposomes bearing cell-specific recognition ligands on their surfaces have been widely considered 

as drug carriers in therapy due to their non-toxic and biodegradable character (Gregoriadis, 1988). 

Nevertheless, liposome-based administration has not yet progressed towards a working therapeutic 

strategy for malaria, probably because there is still a lack of sufficient specific markers towards 

Plasmodium-infected RBCs. Additionally, liposomes have other limitations such as: a relatively short 

plasma half-life, deficient in long term stability, they require temperature controlled storage, are 

expensive when used with antibodies, and are not suitable for oral administration (Table 5) (Nogueira 

et al., 2015; Teixeira, Carbone and Souto, 2017). Although in general terms LPs has a low to moderate 

loading drug capacity, Moles et al. achieved large encapsulations > 90 % for weak basic drugs, like CQ 

or PQ, using the pH gradient loading method in liposomes containing neutral saturated phospholipids 

(Moles et al., 2015). Conversely, polymer-based nanocarriers can overcome some of these drawbacks. 
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Table 5. Comparison of the characteristics of liposomes and polymeric nanoparticles. Table adapted from (Date, 
Joshi and Patravale, 2007). 

Characteristics Liposomes Polymeric NPs 

Parental delivery Possible Possible 

Oral delivery Not possible Possible 

Ability to deliver hydrophobic and hydrophilic drugs Yes Yes 

Physical stability + +++ 

Biological stability + +++ 

Biocompatibility +++ ++ 

Ease of sterilization + ++ 

Drug targeting ++ ++ 

Drug loading Low to moderate Moderate 

Ease of commercialization + + 

Ability to deliver biotechnological therapeutics ++ ++ 

2.4. POLYMER-BASED NANOCARRIERS 

Polymer-based carriers are the second most investigated nanocarriers as DDSs. They are solid 

colloidal particles with a size between 1 and 1000 nm, and conserve many of the characteristics of LPs, 

including being biodegradable and biocompatible, possibility of parental delivery, ability to deliver 

hydrophobic and hydrophilic drugs and capacity to be functionalized; moreover, they have certain 

advantages over LPs (Table 5) (Date, Joshiand Patravale, 2007). The polymeric nature of these particles 

makes them more stable in biological fluids and under harsh preparation conditions; it also helps to 

have a shorter processing time, and the storage conditions are less restricted than for lipid based 

particles (Santos-Magalhães and Mosqueira, 2010). Drug loading into nanoparticles can be achieved 

by two strategies. The first approach involves the drug being added during the formation of the 

nanoparticle, and in the second approach the drug is added after particle formation (Kumari, Yadav 

and Yadav, 2010). The result of both strategies is that the drug is either entrapped, adsorbed or 

covalently attached to the polymer. Then once the nanocarrier reaches the targeted cell, the drug is 

released by desorption, diffusion through the polymeric matrix or erosion of the particle (Lockman et 

al., 2002). 

Like LPs, polymer-based NPs can be rapidly cleared by the mononuclear phagocytic system (MPS) 

in the liver and by splenic filtration after intravenous (iv) injection. Nevertheless, polymer-based 

nanocarriers can be easily formulated for oral delivery, the first choice for clinically uncomplicated 

malaria (Date, Joshi and Patravale, 2007).  

Oral administration is the most accepted form of drug administration because of patient 

convenience and compliance, cost-effectiveness, and avoidance of risk of infection and pain compared 

to parenteral route (Raza et al., 2019). Nevertheless, many native drugs are not suitably absorbed 

through the oral route due to several factors such as poor solubility, poor stability in the gastric 

environment, low drug penetration and/or absorption, and metabolic degradation. Bioavailability is 

also reduced when the drug is exposed to physicochemical barriers found throughout the whole 

gastrointestinal tract (GIT) before reaching the blood stream (Figure 13 A and B). The gut lumen is lined 

with a single layer of intestinal epithelium mainly made up of enterocytes but also containing a few 
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macrophages. Both cell types are in charge of protecting against unknown particles and 

microorganisms present in the intestinal lumen, and cells selectively filter into circulation. The 

intestinal epithelium can be crossed by different mechanisms: paracellular transport (between 

enterocytes), and transcellular transport (across enterocytes), which can be passive or mediated by 

receptors, carriers, or macrophages (Figure 13 C). The GIT is lined with viscoelastic mucus which makes 

penetration of the barrier difficult and has a pH ranging from 1 to 7 (Ensign, Cone and Hanes, 2012; 

Dilnawaz, 2017). Moreover, the GIT contains other proteins and cell types, such as the major drug 

efflux transporter, P-glycoproteins, and M cells, which are believed to be less protected by the mucus, 

thus they are common delivery targets for nanocarriers (Date, Hanes and Ensign, 2016). 

Figure 13. (A) Organs forming the gastrointestinal tract. (B) Oral bioavailability is defined as the fraction of an 
orally administered drug that reaches the systemic circulation after absorption, excretion, and small intestine 
and hepatic metabolism. (C) Transport types across the intestinal epithelium: paracellular transport (1), carrier-
mediated transport (2), transcellular passive transport (3), receptor-mediated nanoparticulate transport (4), and 
macrophage-mediated nanoparticulate transport (5). Figures adapted from the PNG Library and (Dilnawaz,2017). 

Polymer-based nanoparticles are promising tools to address many of the challenges associated with 

oral formulation. Actually, drug-polymer nanoparticles administered orally show greater stability and 

protection against proteolytic enzymes than administration of the free drug, as the encapsulating 

polymer protects against the harsh gastric environment. When nanoparticles adhere to the mucus, the 

retention time is increased and immediate clearance avoided, resulting in a higher drug payload across 

the GIT (Dilnawaz, 2017). Transport across epithelium partially depends on nanoparticle size, whereas 

drug release depends on polymer used. Moreover, surface charge and hydrophilicity have an impact 

on transport. Particles with an overall a total positive charge interact better with the mucus, whereas 

highly hydrophilic nanocarriers are poorly absorbed (Alonso, 2004; Kumari, Yadav and Yadav, 2010; 
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Raza et al., 2019). Polymeric nanoparticles, such as LPs, can be engrafted with ligands like PEG to 

increase retention or with chitosan, which has bioadhesive properties (Plapied et al., 2011).  

2.4.1. Linear polymers 

Linear polymers are giant molecules formed by polymerization of covalently bound monomers 

resulting in polydisperse linear structures. 

Poly(amido-amine)s 

Poly(amido-amine)s (PAAs) are a unique family of synthetic polymers obtained by Michael-type 

stepwise polyaddition of prim- or sec-amines to bisacrylamides at room temperature with no added 

catalysts. High monomer concentrations and a relatively low reaction temperature in water produce 

the best outcomes. Actually, the resulting polymers have number- and weight-average molecular 

masses usually ranging between 5,000 – 40,000 and 10,000 – 70,000 Da respectively, with a 

polydispersity index of 1.5 – 2.0 depending on the purification method used. They are amphoteric 

linear polymers carrying in the same monomer tert-amino and amino groups regularly arranged along 

the main chain, and acid functions as side substituents, usually carboxyl groups. Thus, their average 

excess charge depends on pH (Urbán, Ranucci and Fernàndez-Busquets, 2015). This family of polymers 

exhibits a combination of properties which makes them a potential tool in the field of biomedicine as 

polymer therapeutics (term used to describe a polymer behaving as the bioactive or as the inert 

carrier) (Liechty et al., 2010). Additionally, PAAs are biocompatible and biodegradable in aqueous 

media, including physiological fluids, they are environmentally friendly, simple synthesize and they are 

easy to scale up (Ferruti, Marchisio and Duncan, 2002; Manfredi et al., 2007; Ferruti, 2013). All these 

characteristics are relevant for malaria chemotherapy given the current need for MDA, in contrast to 

individual intravenous injection of liposomal formulations (Urbán and Fernàndez-Busquets, 2014). 

PAAs have been used as gene delivery vehicles (Griffiths et al., 2013), and they can be highly 

functionalized, for example with heparin with which they form stable complexes (Ferruti, 2013). 

Actually, PAA resins were used in the past to neutralize the anticoagulanet activity of heparin in 

solution (Ferruti, Marchisio and Duncan, 2002). In general, the toxicity of PAAs increased with their 

average positive charge. Indeed, strong cationic PAAs are therefore highly basic, toxic and with a high 

hemolysis activity. However, amphoteric PAAs can be safely administered parentally without the risk 

of long term accumulation and displaying minimum cytotoxicity or hemolysis at a pH of 7.4. This can 

be done because they contain carboxyl groups that can switch from a prevailingly cationic to a 

prevailingly anionic state in a relatively small pH interval (Ferruti et al., 2000). Additionally, their 

degradation seems to be purely hydrolytic compare to other polymers and is strongly influenced by 

pH, but does not seem to be affected by the presence of lysosomal enzymes at pH 5.5 (Ranucci E, 

Spagnoli G, Ferruti P, Sgouras D, 1991). 
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Figure 14. Chemical structure of a monomer of the amphoteric poly(amido-amines) AGMA1, ISA1, ISA23 (Urbán 
et al., 2014) and ARGO7. 

When PAAs are smaller than 70 nm of diameter they can be permeable to pRBCs, being a feature 

that is shared with peptides and proteins. AGMA1, ISA1 and ISA23 (Figure 14) fulfill this requirement, 

adopting a globular conformation that has been demonstrated by atomic force microscopy (Urbán et 

al., 2014). Nonetheless, ARGO7 is a new PAA and remains to be investigated as an antimalarial (Figure 

14). 

a. AGMA1 is an amphoteric polymer which disproved the theory of prevailingly cationic polymers

being toxic. Each unit contains three ionizable groups: a strong acid, a medium-strength base,

and a strong base, resulting in excess positive charges of 0.55 up to a pH of 10.5. Despite being

prevailingly cationic, AGMA1 proved nontoxicity and nonhemolytic activity in vitro, between

pH 4.0 to 7.4 (Franchini et al., 2006). The absence of hemolytic properties is not related to a

lack of membrane interaction, but rather to a deficiency in inducing damage in the membrane.

Unexpectedly, when AGMA1 is injected into the blood stream it behaves like an anionic

polymer since it is not toxic, therefore, Ferruti et al. hypothesised that AGMA1 is able to be

localised on the blood cell membranes without destabilizing them, consequently AGMA1

escapes from the clearance process (Ferruti et al., 2007). In addition, AGMA1 had been

described as a transfection promoter capable of forming stable complexes with DNA

(Richardson et al., 2001). Previous studies showed that AGMA1 has antimalarial activity in vitro

in a concentration and size dependent manner. It has also been shown to have a sufficient

loading capacity for CQ and PQ, and preferential targeting to pRBCs, as well as significant

interaction with RBCs. In vivo, AGMA1 showed a concentration peak at 1.5 h after injection

and was not detectable 3 h later (Urbán et al., 2014). This more rapid disappearance from the

blood stream compared to other PAAs, can be explained by its strong structural resemblance
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to the tripeptide arginine-glycine-aspartic acid (RGD) which is known to play a role in the 

binding of extracellular proteins to cell surface integrins as AGMA1 does (Franchini et al., 

2006). 

b. ISA1 is a weakly cationic polymer with excess positive charges of 0.55 per unit at a pH of 7.4,

due to the presence of a single ionization group, a tert-amine. Actually, the antiviral activity of

ISA1 is directly related to its positive charge (Ferruti, 2013). In a study by Urbán et al., ISA1

showed a highly specific selectivity towards pRBCs and a low capacity to incorporate a

substantial amount of the antimalarial drugs, CQ and PQ (Urbán et al., 2014).

c. ISA23 is the only amphoteric polymer of the four presented here, with a negative excess charge

of 0.38 per unit at pH 7.4. At this pH, the single strong carboxyl group is protonated, and the

two basic tertriary amine groups are weakly protonated, making ISA23 nontoxic,

nonhaemolytic and circulates for a long time in bloodstream when injected in mice

(Richardson, Ferruti and Duncan, 2009). Furthermore, after being internalized in cells by

pinocytosis, ISA23 promotes the intracellular trafficking of DNA and proteins (Richardson et

al., 2001). Similar to AGMA1, ISA23 has a high loading capacity for CQ and PQ, demonstrating

a certain antimalarial activity in a concentration and size dependent manner, and having high

specificity towards pRBCs in vitro. In vivo ISA23 persisted in the blood up to 72 h after showing

a peak concentration 1.5 h post-injection (Urbán et al., 2014).

d. ARGO7 is a relevant example of a novel branch of PAAs named poly(amido-amine acid)s

(PAACs), obtained by the polyaddition of natural α-amino acids and glycines to

bis(acrylamide)s. Although ARGO7 is a PAAC, it maintains amphoteric properties; it has a

folded structure and has been shown to be endowed with cell permeation ability and minimal

cytotoxicity (Manfredi et al., 2017). ARGO7 requires several months for the synthesis of a high

molecular weight product, in contrast to the 7 days required to synthesis AGMA1, ISA1 and

Isa23. This amphoteric prevailingly cationic polymer has a positive excess charge of 0.25, and

it is rich in arginine, sharing some of the unique biological properties of polyarginine cell

permeating peptides (Ferruti et al.,2014).

2.4.2. Branched polymers 

Branched polymers or dendritic polymers are macromolecules containing a large number of 

repetitive units arranged in a branched structure, which adopts a globular configuration packed more 

loosely than linear polymers. Moreover, branched polymers are much more complex than linear 

polymers and have great potential as multifunctional nano-scale devices, such as gene delivery 

systems and DDS, since their architecture and size can be highly controlled (Liu and Fréchet, 1999). 

Classical dendrimers, made with a single type of monomers, have an accurately defined chemical 

structure, and are synthesized under well-controlled conditions. This leads to monodisperse 

compounds formed by three different parts: the central core, the branches and the terminal groups. 

These groups are present at the outer surface of the macromolecule and provide areas which can be 

modifiable to functionalize the structure (Figure 15 C) (Bugno, Hsu and Hong, 2015). The increasing 
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number of repetitive branching units determines the generation (G) of the dendrimer (Liu and Fréchet, 

1999).  

Figure 15. (A) Synthesis of dendrimers according to the divergent method for a fourth generation dendrimer 
with a repetitive cycle of coupling and activation. (B) Synthesis of dendrimers according to the convergent 
method for a third generation dendrimer with a repetitive cycle of coupling and selective activation. (C) Parts of 
a dendrimer: the core and the dendron, a single branch of a dendrimer made by branches in green and terminal 
functional groups in red. Figure adapted from (Sowinska and Urbanczyk-Lipkowska, 2014).    

The primary methods for the synthesis of dendrimers can be classified into two complementary 

approaches which are drastically different from those of classical polymers, and involve time and 

experience: divergent and convergent. Divergent synthesis utilizes a polyfunctional core which, 

through successive activation and condensation reactions, the dendrimer grows radially from the core 

to the surface (Figure 15 A), sometimes resulting in higher generation dendrimers with defects 

(Tomalia, 1985). Conversely, convergent synthesis, enables dendrimers to be synthesized radially from 

the surface to the focal point (Figure 15 B), where dendrimer defects can be minimised (Hawker and 

Fréchet, 1990). Over time more effective methods have been developed with fewer reaction steps and 

shorter reaction times. Thus, new types of dendrimers have been designed, containing different 

building blocks, the so-called block dendrimers. Some of these block dendrimers are known as “Janus 
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dendrimers” which possess at least two different types of terminal functionalities that are positioned 

in separate parts of the dendrimer surface combining several properties in one molecule. Nonetheless, 

despite improvements in the synthesis techniques, high-generation dendrimers (>G5) without defects 

are still hard to produce, due to steric issues (Sowinska and Urbanczyk-Lipkowska, 2014). 

Some of the branched polymers most frequently investigated have shown an ease of 

functionalization through amino-based chemistry and are commercially available. These are 

polyamidoamines (PAMAM), poly(propylene imine) (PPI), and poly-L-lysine (PLL) dendrimers. PAMAM 

dendrimers produced by the divergent method are extremely monodisperse for earlier generation (1 

– 5 G). PAMAM do not show toxicity for low generation dendrimers; however, toxicity increases with

each generation, due to the increase of the positive charges.  In fact, they are the dendrimers most

commonly used as drug delivery systems due to their hydrophilicity, biocompatibility, and non-

immunogenicity (Pearson et al., 2012).

In contrast, PPI, a cationic dendrimer also widely used with terminal amino groups, showed toxicity, 

although PPI toxicity does not follow the PAMAM toxicity pattern (Kesharwani, Jain and Jain, 2014). 

Indeed, PPI toxicity is reduced with the synthesis of a fluorinated-PPI. Fluorinated-PPI shows a high 

transfection efficacy similar to Lipofectamine 2000, and low cytotoxicity in vitro. Thus, when 

fluorinated, PPI can be used in gene therapy to treat various diseases (Liu et al., 2014). The cationic 

dendrimer PLL is mostly often used as a gene carrier, and differs from PAMAM and PPI in that PLL is 

mostly asymmetric and extremely flexible; however, it is an indicated molecule to be used as drug 

carrier (Roberts et al., 2009).   

The external layer of branched polymers can be easily conjugated to drugs and targeting moieties, 

and the internal layers are suitable for encapsulation of drug molecules, which improve drug efficacy, 

reducing drug toxicity and controlling drug mechanisms (Twibanire and Grindley, 2014). Up to now, 

only two dendritic structures have been studied for the treatment of malaria (Mhlwatika and 

Aderibigbe, 2018): a block copolymer explained later on, and a 4G glycodendrimer PLL. This PLL had 

polyethylenegycol (PEG-100) as a core for the delivery of chloroquine phosphate with or without 

peripheral D-galactose, which showed a sustained drug release behaviour in vitro as well as in vivo with 

reduced cytotoxicity when coated with galactose (Agrawal, Gupta and Jain, 2007).  

Dendritic polymers can be classified in subgroups, depending on their shape, structure, branching, 

solubility, chirality and attachment:  

Hyperbranched polymers (HPs) 

Hyperbranched polymers have a high branching density per unit, with a random structure 

compared to perfectly branched polymers. Actually, HPs have gained attention in the past years 

because of their greater availability and ease of scale-up compared to classical dendrimers. HPs can be 

obtained with a polymerization reaction of a single step, which however, limits the accuracy of the 

resulting compound, leading to a certain polydipersion (Gao and Yan, 2004). HPs possess many 

properties attributed to their analogues, such as: globular shape, flexible chains and a high amount of 
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multifunctional groups, to control and adjust properties. Therefore they are a suitable alternative to 

perfect dendrimers as building blocks for dendritic nanocarriers systems (Voit and Lederer, 2009).  

Dendronized polymers (DPs) 

Dendronized polymers are a type of polymers produced by the combination of linear and dendritic 

molecules as side pendent moieties. DPs can be obtained by direct polymerization of dendritic 

macromonomers or by attaching dendrons to a linear polymeric core (Figure 16 A) (Gao and Yan, 

2004). These hybrid macromolecules have properties of both parental structures and enable the 

designing of well-defined amphiphilic dendronized polymers, which can bring about supremolecular 

aggregates in an aqueous phase (Calderón et al., 2007). 

Figure 16. (A) Synthesis of dendronized polymers with a third generation dendrimer and a linear polymer 
(Frauenrath, 2005). (B) Synthesis of block copolymers with a third generation dendrimer and a linear polymer 
(Frauenrath, 2005). (C) Morphologies adopted by self-assembly block copolymers in water (Blanazs, Armes and 
Ryan, 2009). 

With the aim of obtaining the properties of dendrimers and hyperbranched polymers in a single 

structure, Wu et al. introduced low generation dendrimers into a hyperbranched polymeric backbone 

to yield dendronized hyperbarnched polymers (DHPs). The synthesis of DHPs is much easier than that 

of high generation dendrimers, leading to structures with fewer defects compared to normal HPs (Wu 

et al., 2015).  

Block copolymers (BCs) 

Block copolymers contain two different monomers grouped in distinct blocks along a polymer chain 

with various architectures, from linear to branch, among others (Figure 16 B). They have a versatile 

composition that can be precisely controlled with the advances in polymer synthesis (Feng et al., 2017). 
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Amphiphilic block copolymers have the ability to self-assemble in solution forming vesicles. These 

vesicles can adopt different morphologies: spherical micelles, cylindrical micelles and polymersomes 

(Figure 16 C), and they exhibit superior mechanical and physical properties compareed to lipid-based 

vesicles (Blanazs, Armes and Ryan, 2009). Besides, these vesicles contain a hydrophobic interior, which 

can entrap drugs, surrounded by a hydrophilic shell, often composed of poly(ethylene oxide) (PEO). 

PEO can form hydrogen bonds with the aqueous surrounding and form a tight shell, which provides 

many advantages: resistance against protein adsorption and cellular adhesion, protection of the drug 

from hydrolysis and enzymatic degradation, and prevention against reticuloendothelial system 

recognition, thereby increasing the circulation time in blood (Feng et al., 2017).  

As an antimalarial nanotechnology strategy to block invasion and increase exposure of merozoites 

to the host immune system, Najer et al. used a polymersome composed by amphiphilic copolymers 

combined with heparin, to mimic RBC membranes (Najer et al.,2014). Following the same strategy, a 

recent study by the same group used larger polymersomes of around 7 µm, known as heparin giant 

unilamellar vesicles (GUVs). These vesicles mimic the RBC membrane, and they are formed with 

electroformation techniques and the same two copolymers as those previously mentioned: poly(2-

methyl-2-oxazoline)-block-poly(dimethylsiloxane)-block-poly(2-methyl-2-oxazoline) (PMOXA-b-PDMS 

-b-PMOXA), and PDMS-b-heparin. This micro strategy was also able to bind to the parasite ligand

PfMSP1. Furthermore, merozoites interacted and deformed this large-sized RBC membrane mimic,

interrupting the life cycle of the parasite and exposing the merozoite to the host immune system (Najer

et al., 2016).

A type of block copolymer is the hybrid dendritic-linear-dendritic block copolymers (HDLDBCs). 

These polymers have been exploited for different applications such as gene therapy and drug delivery 

due to their precise molecular structure, globular shape, high functionality of the dendrimer segment, 

and the combination of variant linear and dendritic segments (Wang et al., 2008). Previous studies by 

our group have investigated the use of two different HDLDBCs based on the triblock copolymer 

Pluronic® F127 coupled at both ends with a glycine-terminated dendron of two generations, G1 and 

G3, derived from 2,2’-bis(hydroxymethyl)propionic acid (bis-MPA), as a nanocarrier for CQ and PQ. 

Both macrostructures were detected inside pRBCs, and the dendritic polymer with G3 dendron loaded 

with CQ and PQ showed a 3- and 4-fold better IC50 down to 4.0 and 1.1  µm, respectively compared to 

the free drug (Movellan et al., 2014). Despite these positive results, the resulting drug-loaded carriers 

were above the 70 nm described as the upper limit for the entry of nanoparticles into pRBCs through 

the NPPs (Goodyer et al., 1997), suggesting that these structures could be improved with better 

synthesis. 
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CHAPTER 3 – LEISHMANIASIS 

3.1. EPIDEMIOLOGY 

Leishmaniasis is a neglected disease endemic in large areas of the tropics, subtropics and the 

Mediterranean basin. In fact, the disease is basically a zoonosis, therefore humans, which get infected 

by the bite of a sandfly, are only incidental hosts in the life cycle (Grimaldi and Tesh, 1993). It is present 

in 97 countries worldwide, putting at risk more than 350 million people. By 2018, WHO reported that 

Leishmaniasis was responsible for around 1 million new cases, concentrated mostly in 18 countries, 

however, only a small fraction of those new cases eventually developed symptoms which are a 

spectrum of clinical manifestations, like visceral leishmaniasis (VL) or cutaneous leishmaniasis (CL) 

(Figure 17), that includes three clinical manifestations (WHO, 2019), explained later on. In the South 

of Europe, where the main reservoir are dogs, there is a high prevalence of asymptomatic humans 

infected by L. infantum, suggesting a latent public health issue. Asymptomatic cases are apparently 

infected healthy individuals (Michel et al., 2011) who will not develop clinical disease, unless they 

suffer from immunosuppression or coinfections (Georgiadou, Makaritsis and Dalekos, 2015). 

Figure 17. Global Lesihmaniasis distribution for (A) visceral leihsmaniasis and (B) cutaneous lesishmaniasis. 
Figure adapted from (WHO, 2019). 

Leishmaniasis is caused by flagellated protozoans of the genus Leishmania vectored by sandflies. 

From the 800 existing phlebotomine sandflies, only 98 species of the genera Phlebotomus and 

Lutzomyia have been proven or suspected to transmit human leishmaniasis. As for Plasmodium, only 

female sandflies attack mammals to take blood meals for the correct development of the eggs (Maroli 

et al., 2013). A deep understanding of relationship between sandflies and Leishmania is crucial for 

strategy development, disease control and prediction of transmission patterns (Akhoundi et al., 2016). 

3.2. PATHOPHYSIOLOGY 

Leishmania parasites belong to the Trypanosomatidae family, which consists of three dixenous 

genera (life cycle occurs either in vertebrates or in plants and invertebrates), which are Trypanosoma, 

Phytomonas, and Leishmania. And eleven monoxenous genera (life cycle occurs only in invertebrates), 
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which are Leptomonas, Crithidia, Blastocrithidia, Sergeia, Wallacemonas, Blechomonas, Jaenimonas, 

Angomonas, Strigomonas, and Kentomonas. Moreover, Leishmania parasites also belongs to the 

subfamily Leishmaniinae formed by Leishmania and Crithidia, and to the genus Leishmania. Actually, 

up to date, 53 species of Leishmania had been reported (Akhoundi et al., 2016), and more than 20 

species are known to be pathogenic for humans causing different clinical manifestations: visceral 

leishmaniasis, localize or diffuse cutaneous leishmaniasis or mucocutaneous leishmaniasis. 

Leishmaniasis manifestations can be divided depending on the localization of cases: Old World (Africa, 

Asia, and Europe) and New World (the Americas and Oceania), and depending on the causing agent 

determined by the localization of cases (Table 6) (Maroli et al., 2013). 

 

Table 6. Classification of Leishmania spp. depending on the clinical disease they cause and their location. The 
Old world includes Africa, Asia and Europe, and the New world the Americas and Oceania (Maroli et al., 2013; 
Akhoundi et al., 2016). 

Clinical disease Old World New World 

Visceral leishmaniasis (VL) L. donovani, L. infantum L.infantum (L. chagasi synosym)  

Localised cutaneous 
leishmaniasis (LCL) 

L. tropica, L. major and  
L. aethiopica 

L. mexicana complex  
(L. mexicana, L. amazonensis, L. 

pifanoi, L. garnhami, and L. 
venezuelensis) or the subgenus 

Viannia (L. braziliensis, L. 
guyanensis, L. panamensis, L. naiffi, 

L. shawi, L. lainsoni, and L. 
peruviana). 

Diffuse cutaneous leishmaniasis 
(DCL) 

L. aethiopica L. amazonensis 

Mucocutaneous leishmaniasis  
(ML) 

 L. braziliensis (Viannia subgenus), L. 
guyanen-sis, L. panamensis, and L. 

amazonensis 

 

Leishmania parasites need phlebotomine sand flies to complete their life cycle and to propagate. 

In fact, Leishmania spp. are transmitted in the Old World, by 42 species of sandflies belonging to the 

Phlebotomus genus, whereas in the New World by 56 species from the Lutzomyia genus. Sandflies are 

normally more active during night time hours (Georgiadou, Makaritsis and Dalekos, 2015). 

Precisely L. infantum is the causing agent of VL in children and immunosuppressed adults in the 

Mediterranean area (North Africa and Europe), Asia and Brazil. However, dogs in these areas are the 

main victims suffering from zoonotic VL (Michel et al., 2011).     

 

3.2.1. Leishmania spp. life cycle 

Leishmania spp. are obligated intracellular protozoa, with a life cycle involving the mammalian host 

(humans and dogs) and the vector host (sandflies) and it takes between 53 to 100 days to complete. 

In fact, humans are the main vertebrate host, while dogs are the main reservoirs. When a sandfly bites 

its host, regurgitate Leishmania promastigotes into the skin, which parasite cells from the MPS, which 

comprise monocytes, macrophages, and dendritic cells. Majority of the infected cells are macrophages, 

and the parasite avoid their killing activity. Phagocytic cells that contain lysosomes in their cytosol, 
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internalize promastigotes, the transient form in humans, forming a phagosome that fuses to internal 

lysosomes forming phagolysosomes. The inner part of a phagolysosoma is hydrolytic, nevertheless, 

promastigotes are completely adapted to this condition and transform to amastigotes, which get 

surrounded by a parasitophorous vacuole. This process takes place between 3 to 5 days, then 

amastigotes divide within phagolysosomes over a period of 4 to 6 days, until eventually, host cell lysis 

freeing parasites which infect new macrophages, either locally or in distant tissues after dissemination. 

This part of the cycle, from promastigote to amastigote, can occurs in both humans and dogs being an 

anthroponotic or zoonotic cycle respectively. Afterwards, when a sandfly blood feed on an infected 

host, macrophages infected with amastigotes are taken, these move to the midgut where they rapidly 

differentiate back into promastigotes. Then, they divide and migrate to proboscis completing the life 

cycle (Figure 18) (Moradin and Descoteaux, 2012; Esch and Petersen, 2013; Shaw and Carter, 2014; 

Torres-Guerrero et al., 2017).  

 

Figure 18. Leishmania spp. life cycle which takes place in two different hosts, the human host and the sandfly 
host. Figure adapted from (Esch and Petersen, 2013). 

 

Amastigotes are responsible for the maintenance and propagation of leishmaniasis and are the 

virulent form responsible for the different clinical symptoms in humans, thus the perfect target for 

vaccine development (Selvapandiyan, Dey and Gannavaram, 2014). 
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Amastigote stage 

Amastigotes are obligated intracellular parasites that measure from 2.5 to 3.5 µm (Figure 19 B) 

found in macrophages, thus highly adapted to the low pH of the phagolysosome conditions to favour 

their survival (Besteiro et al., 2007).  They are non-flagellated and non-motile forms with a large 

nucleus and a rod-like organelle called the kinetoplast, that is made up of tightly concatenated 

extranuclear DNA (Torres-Guerrero et al., 2017). Actually, kinetoplast DNA had been used as a 

detection tool of Leishmania spp. in clinical samples (Ghodratollah et al., 2015).  

 

Promastigote stage 

Promastigotes are extracellular, motile, flagellated forms found in sandflies, and they can be 

divided in two stages. Procyclic stages, which are longer in cell body length and have a remnant 

flagellum. These stages are located in the insect’s midgut and they are multiplicative stages, 

nonetheless they are not mammalian infected forms. Conversely, metacyclic stages, with a longer 

flagellum, are located in the thoracic midgut and proboscis, and they do not divide but infect 

mammalian cells, and survive in it since they are resistance to the complement of host cells (Figure 19 

B) (Selvapandiyan, Dey and Gannavaram, 2014).  

 

 

Figure 19. (A) Promastigote and amastigote schematic representation of the main intracellular organelles. (B) 
Scanning electron microscope images of the main life cycle stages (Besteiro et al., 2007). 

 

3.3. CLINICAL SYMPTOMS AND DIAGNOSTIC 

Clinical features have different degrees of severity that depends on Leishmania spp., host immune 

system, and cell type invaded. Even though clinical symptoms include a broad range of manifestations, 

they can be classified into two main forms, visceral leishmaniasis, and cutaneous leishmaniasis, and 
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this one can be subdivided into three groups localised, diffuse and mucocutaneous leishmaniasis 

(Grimaldi and Tesh, 1993).  

 

3.3.1. Visceral leishmaniasis (VL) 

VL, also known as kala-azar, is the most severe form of leishmaniasis. And, as mentioned earlier, is 

caused by two different species depending on the localization of the case. In India, Nepal, Sudan, South 

Sudan, and Ethiopia VL is caused by Leishmania donovani, presenting an anthroponotic cycle, where 

humans are the reservoir. In the Mediterranean area, VL is caused by Leishmania infantum, presenting 

a zoonotic cycle where dogs are the main reservoir (WHO, 2010). However particularly rare, it had 

been reported other ways to transmit this disease, via intravenous drug use, blood transfusion, organ 

transplantation, congenital infection and laboratory accidents (Georgiadou, Makaritsis and Dalekos, 

2015). 

In VL there is a primary infection of phagocytic cells, then amastigotes spread through blood 

circulation infecting the mononuclear phagocyte system (also known as the reticulo endothelial 

system) of liver, spleen, bone marrow, lymph nodes and intestine. This causes fever, pallor, anaemia, 

weakness, anorexia, hepatomegaly, splenomegaly and lymphadenopathy (Steverding, 2017; Torres-

Guerrero et al., 2017). Symptoms appear 3 to 8 month post infection and can result in death if not 

treated (WHO, 2010). There is a relatively high rate of coinfection with HIV in Southern Europe 

reactivating the subclinical infection to symptomatic infection with similar symptoms than VL, but plus 

diarrhoea. In this coinfections, relapses occur in a higher frequency and diagnostic is normally delayed 

due to a focus on HIV diagnose and treatment (Lauletta et al., 2018).   

 

3.3.2. Localised cutaneous leishmaniasis (LCL) 

LCL, the most common clinical presentation, is characterized by an infection of macrophages 

resident in the skin. At the sandfly bite, or on exposed parts of the body, the infection causes small 

erythemas that normally develop to a single papular or nodular skin lesions, which ulcerates and self-

heals within few months leaving permanent scars (Bennis et al., 2018).  

 

3.3.3. Diffuse cutaneous leishmaniasis (DCL) 

In DCL, as for LCL, first there is an infection of macrophages resident in the skin, and then, there is 

a development of multiple, slow progressing nodules which involve the entire body. Although these 

nodules do not ulcerate, they do not self-cure. Dissemination is due to the anergic character of lesions, 

meaning that there is a lack of cellular immune response to parasite antigens allowing the parasite to 

disseminate (Steverding, 2017; Torres-Guerrero et al., 2017).  
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3.3.4. Mucocutaneous leishmaniasis (MCL) 

MCL, also known as espundia, only occurs in South America and arise from a small percentage of 

cutaneous cases. In MCL first appears a skin lesion that heals, and several months to several years 

after, the disease spread attacking mucous membranes of the nose, mouse, and throat, causing 

ulceration of these tissues, and destruction of the nasal septum, lips, and palate, resulting in facial 

disfiguration. These lesions almost never heal spontaneously (WHO, 2010; Steverding, 2017).   

 

Early diagnosis, to prevent disabilities and death, should be based on clinical features and 

supported by laboratory testing. The diagnostic of suspected leishmaniasis can be approached by three 

ways: clinical, parasitological and serological. The most common technique, with the highest 

specificity, is the direct observation of amastigotes via microscopy in materials from suspected lesions 

obtained by biopsies, scraping or smears. Frequently, bone narrow and spleen aspiration are 

performed for diagnostic, with sensitivity of 70 % and 96 % respectively. However, splenic aspiration 

is associated with a high risk of haemorrhages and bowel perforation (Zijlstra et al., 1992). Moreover, 

the culture of these samples, preferably with Novy-MacNeal-Nicolle medium (NNN), allows the 

observation of promastigotes, facilitating characterization and identification of species. Molecular 

parasitological diagnosis is done by PCR and is particularly useful in cases with low parasite load like in 

MCL (WHO, 2010; de Vries, Reedijk and Schallig, 2015; Georgiadou, Makaritsis and Dalekos, 2015).  

Serological tests, for VL and CL, are mainly based on immunofluorescence antibody test (IFAT), 

enzyme-linked immunosorbent assay (ELISA), western blot, lateral flow assay, and direct agglutination 

test. For VL, IFAT, ELISA, and western blot had shown good accuracy. Nevertheless, these techniques 

require equipment that is poorly adapted to the field setting.  On the other hand, for CL, serological 

tests have low sensibility and variable specificity due to the poor humoral response provoked by the 

infection. Serological tests can give false positives since specific antibodies remain detectable up to 

several years after being cured (de Vries, Reedijk and Schallig, 2015; van Griensven and Diro, 2019).   

 

3.4. TREATMENT 

LCL is a self-healing disease, nevertheless, the rest required treatment to avoid relapses and/or 

fatal consequences. In fact, treatment is commonly given for persistent (more than 6 months), 

disseminated or large lesions. Alternatively, it is also given for lesions located on joints or on the face. 

Treatment can be given, locally or systemically, depending on the type and extension of lesions (de 

Vries, Reedijk and Schallig, 2015). First line VL treatment is a single dose of liposomal amphotericin B 

(L-AmB), which has the highest therapeutic efficacy, and the most favorable safety profile, 

nonetheless, it is expensive (Bern et al., 2006). In contrast, the first line CL treatment is parental 

pentavalent antimony in two different forms, sodium stibogluconate, and meglumine antimoniate. 

These two drugs can have serious, normally reversible, side effects, and resistances started to appear 

in India and Nepal. Actually, these treatments for MCL showed variable efficacy (Table 7) (Reithinger 

et al., 2007; WHO, 2010; Ramalho et al., 2018). 

There are alternative treatments for both diseases, which include miltefosine, paromomycin, 

amphotericin B and pentamidine isethionate (Table 7). Although the amount of current drugs is still 

small, expensive and majority of them causes serious side effects. Additionally, leishmaniasis 
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treatment is challenging and long, with low efficacy, resulting in low adherence. In fact, in some 

endemic areas drugs may be in limited supply, particularly in the more rural areas where leishmaniasis 

normally occurs. Furthermore, there is no vaccine yet (Shaw and Carter, 2014; Sundar and Chakravarty, 

2015). 

 

Table 7. First line and alternative treatment of leishmaniasis depending on the clinical disease. Treatment for 
cutaneous leihsmaniasis includes LCL, DLC and MCL (Reithinger et al., 2007; WHO, 2010; van Griensven and Diro, 
2019). 

Clinical disease First line treatment Alternative treatment 

Visceral leishmaniasis (VL) Liposomal Amphotericin B 
(L-AmB) 

Pentavalent antimony  
Miltefosine 

Paromomycin 

Cutaneous leishmaniasis (CL) Pentavalent antimony Amphotericin B 
Pentamidine isetionate 

Miltefosine 

 

In some cases, it might be required supportive treatment before therapy to increase healing rates. 

For example, rehydration, nutritional supplementation, blood transfusion to correct anemia and 

treatment of concomitant infections with appropriate antibiotics (Georgiadou, Makaritsis and Dalekos, 

2015). 

 

3.5. NANOMEDICINE TO FIGHT LEISHMANIASIS 

The causing agent of leishmaniasis is an intracellular parasite, like Plasmodium, thus conventional 

formulations have difficulties to reach this type of parasites prompting the usage of high dose causing 

increased toxicity. Once again, nanotechnology strategies, such as biocompatible lipid and polymeric 

nanoparticles, can be interesting approaches for DDSs to treat leishmaniasis. These biomaterials 

protect the active principle against physical, chemical, and/or enzymatic degradation, help to improve 

pharmacokinetics, and enhance bioavailability. Consequently, a lower dose can be used and systemic 

toxicity reduced (Gutiérrez et al., 2015). 

One advantage, of leishmaniasis over malaria, is that macrophages are highly phagocytic, 

facilitating the entrance of drug-loaded nanoparticles. AmB is currently the most antileishmanial 

agent, thus the majority of efforts in nanothechnology have been focus on loading this drug in different 

NPs. Three commercialized examples of lipid-based NPs are unilamellar liposomes, lipid complex, and 

colloidal cholesterol suspension. However, the liposome formulation is the one with the highest 

plasma half-life, lowest toxicity and the highest efficacy against both clinical forms. Actually, L-AmB is 

the only nanomedicine approved for parental VL treatment, whereas for CL, L-AmB is not a widespread 

treatment, due to its high cost and undefined optimum dosing regimen, as a result of a great uptake 

by the liver (Yardley and Croft, 2000). 

Other strategies are being under study, like polymer, metal and carbon-based nanoparticles. 

Different research groups had been working on poly(lactide-co-glycolide acid) (PLGA) NPs to 

encapsulate AmB. The drug-loaded NP was more efficient, less cytotoxic and hemotoxic, than the free 

drug. Nevertheless, so far no systemic administration of PLGA NPs have been approved for clinical use 
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(Van de Ven et al., 2012; Palma et al., 2018). On the other hand, Gherbawy et al. proofed that silver 

NP had antibacterial activity by the production of large amounts of ROS, which have the ability to kill 

Leishmania parasites (Gherbawy et al., 2013). Moreover, carbon compounds are gaining interest due 

to their mechanical, thermal and optical properties. For instances, it was studied carbon nanotubes 

(CNT) covalently attached to AmB, administrated intraperitoneally and orally to hamsters, and they 

both showed good antileishmania activity and stability. The advantage of this formulation is that is 

much more economical than L-AmB (Prajapati et al., 2011, 2012). With this respect, as for malaria, the 

oral route is recommended for both VL and CL, due to the ease of administration and high patient 

compliance (Sousa-Batista and Rossi-Bergmann, 2018). 

Even though liposome alternatives and macrophage targeted delivery systems are gaining interest 

since they have great potential reducing the duration of the treatment, and frequency of 

administration, no products had reached the market place yet showing a gap to be filled with further 

research in nanotechnology (Bruni et al., 2017). 
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The main objective of this thesis is to contribute new strategies for the oral administration of 

antimalarial drugs, based on biocompatible, biodegradable, environmentally friendly, and inexpensive 

polymer drug carriers, which specifically target and deliver the active principle to Plasmodium-infected 

cells. Such strategies would result in low overall doses, but sufficiently high locally, in order to be lethal 

for the parasite, thus reducing the risk of drug resistance and undesirable side effects.   

The specific objectives are: 

1. Unspecific toxicity evaluation of different polymer-based nanocarriers.

2. Characterization of the nanocarriers in terms of targeting towards pRBCs, merozoites or other

cells (e.g. HUVEC and macrophages), antimalarial activity per se, and drug loading capacity.

3. Investigation of the targeting mechanism of polymer-based nanocarriers towards pRBCs.

4. Analysis of the antimalarial activity of drugs encapsulated in polymer-based nanocarriers, in

vitro in Plasmodium falciparum 3D7 cultures, and in vivo after intravenous or oral

administration to Plasmodium yoelii-infected mice.

5. Explore the possible targeting of polymer-based nanocarriers towards Plasmodium mosquito

stages.
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Article 1: Short summary 

 

Current antimalarial drugs are in free form in the bold circulation, have little or non-specificity for 

their main target Plasmodium infected red blood cells (pRBCs), and high cellular unspecificity, 

demanding for low drug concentration to minimize undesirable side effects, and the risk of sublethal 

doses, contrarily high doses favour the appearance of resistant pathogen strains. Therefore, 

antimalarial drugs required delivery approaches such us drug delivery systems (DDSs) to achieve the 

intake of total dose sufficiently low to be innocuous for the patient but locally high enough to be lethal 

for malaria parasites. 

Biomaterials for antimalarial drug transport need to be investigated in order to attain these 

objectives. Dendrimers in precise, stand out as valuable candidates due to their inherent features for 

building nanostructures with controlled size and morphology, and their surface can be functionalized. 

In this work we have explored the potential ability of two cationic dendritic macromolecules as 

nanocarriers to deliver antimalarial drugs targeting specifically pRBCs. These particles after drug 

encapsulation have a size smaller than 30 nm, to facilitate their entry into pRBCs, and are a new hybrid 

dendritic-linear-dendritic block copolymer based on Pluronic® F127 and amino terminated 2,2’-

bis(glycyloxymethyl)propionic acid dendrons with a poly(ester amide) skeleton (HDLDBC-bGMPA), and 

an amino terminated dendronized hyperbranched polymer with a polyester skeleton derived from 

2,2’-bis(hydroxymethyl)propionic acid (DHP-bMPA), which provided self-assembled and unimolecular 

micelles respectively. 

 

 

Figure 20. Fluorescence microscopy cell targeting analysis of rhodamine-labeled DHP-bMPA and HDLDBC-
bGMPA to non-fixed RBCs and pRBCs. (A) Conventional fluorescence microscopy cell targeting of both polymers. 
(B) Confocal fluorescence microscopy cellular and subcellular targeting of DHP-bMPA-Rho. 
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Both branched polymers interacted with merozoites, nevertheless they showed different targeting 

properties towards RBCs and HUVEC. Whereas HDLDBC-bGMPA was incorporated by all RBCs, it had a 

cytosolic localization in HUVEC cells. Conversely, DHP-bMPA showed clear targeting specificity, mainly 

for parasite late forms, and nuclear localization in HUVEC cells; these results suggest specific binding 

of DHP-bMPA to Plasmodium falciparum exported antigens present in late forms. Moreover, both 

structures could load chloroquine, primaquine and quinacrine with encapsulation efficiencies between 

31 % and 60 %, being HDLDBC-bGMPA capable to load a larger amount. However, the antimalarial 

activity of those was not improved in vitro compared to the drug free form. Conversely, intravenously 

HDLDBC-bGMPA in vivo improved survival (3 out of 5 mice lived ≥ 20 days) when compared to the 

untreated control group, which typically died at day 6, but it did not improve when compared to the 

free CQ group. This improvement could be related to the fact that HDLDBC-bGMPA targets all RBCs. 

Post encapsulation TEM, AFM and DLS analysis discarded possible alteration in size and shape of the 

dendritic molecules. Thus, modifications of the polymer architecture or chemistry might contribute to 

improving antimalarial activity in the encapsulated forms. As well, a small size rise, up to 50 to 100 nm, 

would contribute to a reduction of the blood clearance rates probably improving the overall 

antimalarial activity.   
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ARTICLE 2 

 

 

 

 

 

POLYAMIDOAMINE NANOPARTICLES FOR THE ORAL 

ADMINISTRATION OF ANTIMALARIAL DRUGS 
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Article 2: Short summary 

 

Despite huge efforts to fight malaria, in 2017 this infectious disease caused by the protist 

Plasmodium spp. registered 219 million cases and claimed the lives of 435,000 people, mainly young 

African children in developing regions. The number of malaria-related deaths had been reduced 

significantly, however, not enough. Malaria pathophysiology is so complex and the disease is still so 

widespread. Thus it is generally accepted that to achieve eradication a combination of tools and 

strategies to target different parasite stages will be needed. In fact, there is a demand for oral 

formulations to target the asexual Plasmodium stages in the peripheral bloodstream for the current 

strategies for mass drug administration (MDA). Moreover, recommendations for future interventions 

stress the importance of also targeting transmission stages of the parasite, the stage transferred 

between humans and mosquitoes. 

 

Drug therapy still remains the mainstay of treatment and prevention. And oral administration 

should be the chosen route when possible, since it is patient-friendly, painless, easy for self-

administration, cheaper than parental route and does not required keeping the cold chain. In fact, 

MDA requires oral administration and aims to target the parasite reservoir in treating asymptomatic 

parasite carriers who silently transmit the parasite. The strategy is to treat all members of a targeted 

community, whether infected or not. 

 

Therefore, nanotechnology can provide innovative useful strategies contributing to find new 

antimalarial drugs or substantially improve old ones, increasing their oral bioavailability and stability, 

which can be used in MDA and other startegies to fight malaria.  

 

Encapsulation of drugs in targeted nanovectors is a rapidly growing area with clear applicability to 

infectious disease treatment, and pharmaceutical nanotechnology has been identified as a potentially 

essential tool in the future fight against malaria. With the advent of nanoscience, renewed hopes have 

appeared of finally obtaining the long sought-after magic bullet against malaria in the form of a 

nanovector for the targeted delivery of antimalarial compounds exclusively to Plasmodium-infected 

red blood cells (pRBCs), increasing drug efficacy and minimizing the induction of resistance to newly 

developed therapeutic agents. 
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Figure 21. Silver-stained SDS-PAGE of pRBC saponin extracts run through four affinity chromatography columns 
where AGMA1, ISA1, ISA23 or ARGO7 had been immobilized. (A) A RBC extract was first loaded, and after the 
corresponding washing-elution-washing steps (B) a pRBC extract was loaded in the same column. The 
approximate masses (kDa) of the seven bands from the molecular weight marker are indicated in the space 
between the gels. 

 

 

We have engineered polyamidoamine (PAA)-derived nanovectors which degrade during GIT transit, 

and combine into a single chemical structure drug encapsulating capacity, antimalarial activity, low 

unspecific toxicity, specific pRBC targeting, optimal in vivo activity, and affordable synthesis cost. Our 

recent data suggest that the antiparasitic mechanism of PAAs consists of a coating of Plasmodium that 

has the effect of blocking the erythrocyte invasion of egressed parasites. The ensuing prolonged 

exposure of Plasmodium to the immune system might be applied to the design of new malaria 

prophylactic approaches where PAAs could play a dual role as carriers of antimalarial drugs and as 

boosters of immunity. In addition to binding egressed merozoites, PAA-based nanoparticles are 

capable of penetrating late-stage pRBCs and of adsorbing on intracellular merozoites of both human 

and murine malaria. Affinity chromatography assays indicate that the specific targeting of PAAs to 

pRBCs results from the presence of adhesive proteins exported by the parasite to parasitized 

erythrocyte membranes. The mechanism of pRBC entry by PAAs has not been elucidated yet but it 

seems to be related to the known increased permeability of parasitized cells to small nanostructures. 

Preliminary experiments where fluorescently labelled PAAs were administered to living Anopheles 

atroparvus and Anopheles gambiae mosquitoes revealed the presence of the polymers in the 

circulatory fluids of the insect, thus opening new possibilities for the application of PAAs to malaria 

therapeutics. 
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A. CONTRIBUTION OF POLYMER NANOCARRIERS TO MDA 

From 2000 to 2015 the global trends in the burden of malaria indicated a reduction of new cases 

and deaths (Figure 22A) due to current malaria control efforts programmes. They aimed to control 

malaria and consisted in symptomatic and preventive treatment with antimalarial drugs including 

artemisinin-based combination therapies, as well as vector control with indoor residual spraying (IRS) 

and insecticide-treated bed nets (ITNs) (Figure 22B) (World Health Organisation, 2018). Among these 

three interventions, ITN was the most effective in reducing the P. falciparum parasite rate (PfPR) which 

is a commonly reported index of malaria transmission intensity (Smith et al., 2007). Nonetheless, from 

2015 to 2017 the previous progress in reducing the PfPR had come to a standstill leading to calls for 

novel ways to prevent the transmission of malaria parasites, especially using tools able to target 

residual transmission which can be integrated with current interventions, such as targeted malaria 

elimination eradication that includes mass drug administration (MDA) (von Seidlein et al., 2019). 

 

 

Figure 22. (A) Malaria deaths by region from 2000 to 2017. Figure adapted from Our World in Data (Roser and 
Ritchie, 2017). (B) Contribution of intervention from 2000 to 2015 in Africa.  The red line shows the actual 
prediction and the black line is a ‘counterfactual’ prediction in a scenario without coverage by ITNs, ACTs or IRS. 
The coloured regions indicate the relative contribution of each intervention in reducing the PfPR (Bhatt et al., 
2015). 
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In 2015 the WHO recommended the use of MDA as part of a multifaceted approach to accelerate 

the global eradication of malaria in areas with good access to treatment, effective implementation of 

vector control and surveillance, and minimal risk of re-introduction of infection (WHO Global Malaria 

Programme, 2015). The objectives behind these new recommendations were to reduce the 

transmission of malaria and achieve a rapid reduction of morbidity and mortality (World Health 

Organization, 2017b), by targeting all the population in a certain area, both asymptomatic and chronic 

patients. These patients are semi-immune subjects suffering from a long-term malaria infection. MDA 

can be a key issue in eradication since in these two types of patients parasitemia is lower than the 

detection threshold, and gametocyte production continues, thereby perpetuating transmission 

(Nicholas J White, 2008). 

 

MDA has been used in the past, albeit without outstanding results and with a perceived risk of drug 

resistance related to suboptimal timing, insufficient number of MDA rounds and subtherapeutic doses, 

which could be overcome with adequate MDA implementation. Nevertheless, the implementation of 

the MDA timeframe is not straightforward, and in the different settings requires high coverage (> 80 

%) in the targeted community and a defined low endemicity area. Likewise, MDA should be carried out 

in combination with other interventions, with the participation, understanding and acceptance of the 

community, and the monitoring of the development of possible resistance to the administered drugs 

(Hetzel and Genton, 2018; Kaehler et al., 2018; Zuber and Takala-Harrison, 2018). While the optimal 

mode of MDA implementation remains to be determined, it has been demonstrated that it can 

temporarily reduce the prevalence of parasites in certain areas (Newby et al., 2015). 

 

One of the most relevant factors contributing to MDA failure is non-adherence to dosing regimens. 

In order to counteract this, oral treatment should be the first choice of administration since it is directly 

related to patient compliance (Yamanaka and Leong, 2008), the risk of infection is very low, it is 

reliable, easy to use, it is generally less expensive than intravenous treatment and is not invasive, and 

is, thus, painless (Ensign, Cone and Hanes, 2012). However, neither is this administration route ideal. 

As mentioned before, to maintain the therapeutic range for an extended period of time after oral 

administration, conventional dosages have limitations (Dilnawaz, 2017), in that they require the use of 

drug delivery systems (DDSs) such as dendrimers and PAAs, which can serve as nanocarriers for oral 

antimalarial treatment. 

 

Orally administered encapsulated drugs should be > 20 nm and < 100 nm in size to avoid filtration 

by the kidney and specific sequestration by sinusoids in the spleen and fenestra of the liver, being 

nanoparticles between 50 to 100 nm the ones displaying the lowest blood clearance rates (Alexis et 

al., 2008). This can be more easily accomplished with dendrimers than with PAA, since dedrimeric 

polymers can be highly controlled during synthesis, obtaining monodisperse particles of a chosen size 

range (Liu and Fréchet, 1999), excluding polydispersity, and therefore, different particles size 

behaviour, as was observed in the past with some PAAs, where it was detected that the lager the 

polymer average weight the higher parasite growth inhibition (Urbán, Ranucci and Fernàndez-

Busquets, 2015). 
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In article 1 the HDLDBC nanocarriers encapsulating CQ had a size of around 11 to 17 nm and the 

DHP nanocarriers were around 12 to 20 nm, and both were, consequently, likely filtered by the kidney 

(Venturoli and Rippe, 2005). Since HDLDBC and DHP did not show unspecific toxicity and haemolysis 

in vitro up to 0.15 mg/mL or in vivo up to 120 mg/mL for HDLDBC and 37.5 mg/mL for DHP, it would 

be key to synthesise new dendrimers with sizes larger than 50 nm, since this might improve their 

pharmacokinetics and in vivo performance. Moreover, in vivo oral administration of these 

encapsulations must be tested in order to compare the activity of the encapsulated drugs with the free 

drug. Conversely, we observed dendrimers incorporated by both erythrocytes and endothelial cells; 

however, HDLDBC and DHP behaved differently, and their different localisations within endothelial 

cells should be taken into account for two reasons. First for pharmacokinetic studies, both dendrimers 

are incorporated in endothelial cells, HUVEC cells, which could significantly affect the overall polymer 

concentrations in blood. Second, dendrimers could be used to encapsulate drugs to treat other 

intracellular parasites which infect endothelial cells like Trypanosoma cruzi . 

 

On the other hand, linear polymers showed no toxicity in vivo after oral administration even though 

the encapsulations did not improve the free drug. Actually, PAAs dissolved in simulated fasted-state 

gastric fluid was slowly degraded up to 19 h exhibiting a regular distribution of hydrolysis products 

corresponding to multiples of the mass of the main building block (Figure 14). Another demonstration 

of the slow degradation of PAAs was the detection of PAA-FITC in the blood stream 24 h post 

administration, despite the rapid GI transit time and gastric emptying. Therefore, PAAs could be good 

carriers with a sufficiently large size to slowly degrade to non-toxic products in the GIT by releasing the 

drug gradually like a depot (a formulation that allows slow release and gradual absorption) (Cabral-

Miranda et al., 2017). PAAs could, for example, be used to encapsulate ivermectin, a promising vector 

control strategy administered orally to humans with a plasma half-life of 18 hours (González Canga et 

al., 2008). Hence, ivermectin PAAs encapsulations could increase ivermectin half-life after oral 

administration by gradually releasing the drug over a longer period of time, therefore reducing the 

number of repeated doses necessary for MDA.  

 

Furthermore, both carriers have the capacity to encapsulate more than one drug at the same time. 

This approach goes in line with new antimalarial formulation methods contemplating, the use of 

combinations of two or more drugs in a single medicinal dosage. These new formulations could provide 

innovative medicinal products, improve therapeutic outcomes and enhance patient compliance 

(Balducci et al., 2016). 

 

Conversely, as mentioned earlier it is more cost effective to improve classical drugs than to discover 

new ones. Therefore, nanocarrier strategy search can follow two approaches depending on whether it 

targets Plasmodium infected red blood cells (pRBCs) passively or actively (Basore et al., 2015). In 

passive targeting there is a natural selection and accumulation of certain carriers in the targeted cell 

or tissue depending on the inner physicochemical, pharmacological and/or pathophysiological 

properties of the nanocarrier. With this targeting, uptake by macrophages is extremely common due 

to their phagocytic properties, whereas RBCs are phagocytically and endocytically inactive (Goodyer 

et al., 1997; Santos-Magalhães and Mosqueira, 2010; Thakkar and Brijesh, 2016). Passive targeting can 
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also be achieved by surface modifications of the nano-drug delivery system with the help of hydrophilic 

polymers such as poly(ethyleneglycol) (PEG) which delays phagocytosis, resulting in a prolonged drug 

half-life (Gref et al., 1995). On the other hand, active targeting happens when uptake is facilitated by 

a specific interaction between the delivery system and the cell, through optional surface-

functionalization nanocarriers with targeting molecules such as peptides and aptamers, or antibodies 

(Garnett, 2001). This mechanism generally avoids macrophages and can deliver high drug 

concentrations to pRBCs, and is therefore considered a valuable strategy to avoid the development of 

drug resistance (Thakkar and Brijesh, 2016). Two examples of targeted nanocarriers are liposomes 

engineered with antibodies (known as immunoliposomes) or with heparin. Immunoliposomes with a 

monoclonal antibody  against the erythrocyte surface protein glycophorin A target infected and non-

infected RBCs (Moles et al., 2015). Heparin-functionalized liposomes specifically target pRBCs with 

comparable specificity as but at a significantly lower cost than immunoliposomes (Marques et al., 

2014). 

 

Hence, to discover nanocarrier that reaches the parasite through passive targeting, the best choice 

is to perform cell targeting high throughput screening (HTS) analysed by cytometry, combined with 

haemolysis assays to discard NPs toxic for red blood cells. This strategy allows the analysis of the 

natural selection and accumulation inside pRBCs of a huge amount of samples. Equally, a more in depth 

understanding of the natural entering process is required to find molecules which actively enter pRBCs. 

Thus, experiments using targeted transport inhibitors and channel blockers will contribute to 

understanding how solutes and other molecules are uptaken. This deeper understanding will 

contribute to identifying new targeting molecules to add on the surface of the nanocarrier or the 

polymer in order to allow their entry into a specific cell type. Moreover, since chloroquine (CQ) has 

already shown to be a very efficient drug it would be interesting to work with CQ-resistant strains once 

the nanocarriers are chosen and loaded with antimalarial drugs. 

 

B. SOCIOECONOMIC FACTORS AS TREATMENT LIMITATIONS 

Treatment failure is a great concern not only for MDA but also in the eradication of malaria, since 

non-treated uncomplicated malaria perpetuates transmission and can evolve to severe malaria and 

death within 24 - 48h (World Health Organization, 2015a). Biomedical approaches have greatly 

contributed to the reduction of the disease; however, the persistence of treatment failure requires 

acknowledgement of other factors, beyond parasitological and pharmacological perspectives, that also 

interfere with the treatment process. Indeed, there is an erroneous assumption that failure mainly 

depends on drug resistance, whereas this factor only accounts for 10 % of treatment failures (Huijben 

and Paaijmans, 2018). From a positive point of view, the research community is slowly starting to 

recognise these non-biomedical factors. Nonetheless, extensive research addressed to analyse the 

socioeconomic factors related to treatment failure, which are  key drivers of health disparities between 

and within countries, are necessary to understand and  reverse this situation (Anyanwu et al., 2017), 

and draw relevant conclusions about their individual implications (Bruxvoort et al., 2014). 
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Treatment failure is a broad and complex process, where prominent factors are involved for 

instance availability of funds for meaningful research and existence of patents. Nevertheless, many 

causal factors can also interfere, and these can be classified into two different groups depending on 

whether they intervene during the process of accessing the treatment or during the treatment per se 

(Figure 23). A reliable understanding of these causal factors, the role they play in determining human 

behaviour and how they interact with one another is essential to contribute to eradicate malaria. 

 

Pre-treatment phase 

The main pre-treatment factors are universal access to prevention (ITNs), diagnosis (RDT) and 

treatment (first or second line treatment). In addition, economic factors such as drug price or 

household income, as well as patient background including education or beliefs can also affect patient 

outcomes (Figure 23). Interestingly, in 2015, Amponsah and colleagues reported that around 28 % of 

the patients interviewed claimed to be cured by prayer rather than by the medicine taken (Amponsah, 

Vosper and Marfo, 2015), hence this should be known, understood and revert in elimination 

programmes. 

 

 

Figure 23. Malaria treatment failure. Some of the factors related to failure are divided into two groups: pre-
treatment and during treatment (MacE et al., 2011; Bruxvoort et al., 2014; Amponsah, Vosper and Marfo, 2015; 
Aspinall, 2015; World Health Organization, 2015a). 

 

Treatment phase 

Once the patient accesses the health system, other factors interfere, such as the choice of an 

adequate drug by the physician, its dose and frequency of administration, and the recommended 

treatment duration. Sub-optimal treatment is one of the major and most widespread causes of failure 

and can be related to the evolution of resistance, severe malaria and death. Possible solutions for an 
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inadequate adherence are clear guidelines, education of health workers and the community, fixed 

dose combinations (now being used for the majority of ACTs), shorter regimes, and paediatric friendly 

pills (Aspinall, 2015; World Health Organization,2015a). The oral route of  administration should be 

chosen whenever possible in order to reduce treatment failure since it is patient-friendly, painless, 

easy to self-administer, cheaper than the parental route (Yamanaka and Leong, 2008), and often does 

not require maintaining the cold chain which is a significant aspect to take into account in malaria 

endemic countries. In fact, the cold chain is also mandatory for vaccines (Healer et al., 2017). 

 

Likewise, drug price has an impact on patient adherence and delays seeking for treatment in 

repetitive malarial infections, however it is hard to capture the true burden of disease as data systems 

are often of poor quality and reporting is frequently incomplete. Moreover, it can be very challenging 

to determine the cost of malaria treatment for children and adults from heterogeneous sources, 

inputs, methods, studies and times. However, overall the annual per capita cost of malaria control to 

the health system during the period 2006 to 2015, ranged from $ 0.11 to $ 39.06 (median: $ 2.21), 

whereas for malaria elimination it ranged from $ 0.18 to $ 27.0 (median: $ 3.0) representing 6 % of a  

household’s total expenses on health (Shretta, Avanceña and Hatefi, 2016; Shretta et al., 2019). The 

general perception of the cost of antimalarial treatment is high, and therefore, new antimalarial drugs 

should not increment health systems costs. In fact, there have been different attempts, at different 

levels, to reduce or maintain drug prices; one example is the pre-packaging strategy which dispenses 

the exact amount of treatment tablets to be administered orally, avoiding left-overs (Yeboah-Antwi et 

al., 2001). Other completely different strategies have been aimed  at reducing the price at a molecular 

level; for example, by adapting target molecules to the malaria environment replacing monoclonal 

antibodies by cheaper options such as heparin, and thereby reducing the final cost of the potential 

treatment by about 10-fold (Marques et al., 2017). In this line, we suggest the use of cheap materials 

such as polymers, either PAA or dendrimers, for nanocarriers production, which would put an end to 

the stigma of nanomedicine being expensive. Previous analyses by our group concluded that the 

synthesis of PAA is inexpensive (Urbán et al., 2014); the cost of the synthesis of 1 g of two hybrid 

dendritic-linear-dendritic block copolymers was estimated to be 14 and 67 €, respectively, which adds 

less than 0.5 € to the in vitro IC50 of PQ and CQ. This cost could be reduced with the production of 

larger batches (Movellan et al., 2014). Moreover, the participation of the pharmaceutical industry in 

collaboration with public agencies in the production of antimalarial drugs for low-income countries, 

would make production costs and scale ups more affordable, especially with the use of this type of 

materials (Urbán and Fernàndez-Busquets, 2014). 

 

C. PAAS AS TRANSMISSION-BLOCKING NANOCARRIERS 

Despite many years of research and a substantial number of available antimalarial drugs, the ideal 

drug treatment remains to be found and should be: (i). parasite-specific, (ii). able to reach the site of 

action independently of the parasite proteins transport, (iii). act quickly, (iv). be stable, v. be safe for 

patients, (vi). be able to be used in combination therapy, (vii). reduce the development of resistance 

and side effects, and finally, (viii). be easy and cheap to produce (World Health Organization, 2015a; 

Meier, Erler and Beitz, 2018).  
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Most of the current antimalarial treatments, available or under study, were designed to be parasite 

specific towards asexual stages with the aim of alleviating symptoms. However, lately the focal 

research point has moved towards targeting other parasite stages, such as the two bottlenecks present 

in the Plasmodium life cycle in which the amount of parasite is much lower than in the rest of the cycle, 

making them priority targets (Aly, Vaughan and Kappe, 2009). These two bottlenecks occur during 

transmission between hosts. The first one, which is responsible for relapses, occurs after the 

inoculation of the parasites in the body and during liver stages in which there are around 100 

sporozoites. The second one is responsible for transmission and occurs during mosquito parasite 

development, with the presence of around 50 to 100 ookinetes resulting in about 5 oocysts per 

mosquito, which become sporozoites in the salivary glands immediately before inoculation. Yet, it is 

true that a few cells to be reached per individual is counterbalanced by a large mosquito population 

(Sinden et al., 2012).  

 

Malaria eradication will only occur by breaking the transmission of the disease, rather than curing 

individual patients. Nevertheless, to date, no compound, targeting mosquito stages, and thus blocking 

malaria transmission without killing the mosquito, has been developed. Since eradicating a species 

might have unpredicted consequences on the ecosystem with potential undesirable side effects 

(Paaijmans and Fernàndez-Busquets, 2014), the malaria agenda is willing to hear about new strategies 

to discover mosquito-friendly drugs to break the transmission cycle. This caused a change in malaria 

research and screening for mosquito targeting activity became a priority over blood-stage activity 

(Burrows et al., 2017). Moreover even compound libraries that had previously demonstrated 

schizonticide activity were re-examined (Sinden, 2017). Consequently, future drugs will combine 

different active molecules or dual activity drugs, having complementary modes of action. These should 

ideally consist of fast-acting and long-lasting schizonticides, and transmission-blocking components, 

which should be stable and exert inhibition over several days and reduce the probability of selecting 

resistant mutants to any drug (Delves et al., 2012). 

 

Nevertheless, the development of new drugs based on new chemical entities would take too long 

to be useful in the malaria eradication agenda. The traditional drug development process takes at least 

15 years taking into account basic research, drug discovery, pre-clinical, clinical trials phase I, II and III 

and Food and Drug Administration (FDA) or European Medicine Agency (EMA) review (Olliaro and 

Yuthavong, 1999). Moreover, after these years there is still the last phase, the indefinite post-

marketing surveillance. Moreover, outcomes are unpredictable with only around 1 compound ever 

reaching the end of the process after the screening of 5000 to 10000 compounds (Matthews, Hanison 

and Nirmalan, 2016).  

 

Therefore, directly attacking mosquito stages with encapsulated drugs may eventually be a more 

suitable strategy to fight malaria, although it is a largely unexplored avenue in antimalarial drug 

development. Confocal fluorescence microscopy examination of entire or dissected Anopheles 

atroparvus mosquitoes 24 h post ingestion of ISA23-FITC showed the presence of the polymer in the 

midgut (Figure 24 B), and also in the thorax and around the salivary glands three days’ post ingestion. 
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Specific binding to mosquito stages of P. berghei was not observed; however, PAAs accumulated in 

the midgut where gametogenesis, zygote formation and differentiation to ookinete, occur (Figure 24 

A). On the other hand, ookinete development to oocyst occurs after the ookinete crosses intracellularly 

the epithelial cells (Baton and Ranford-Cartwright, 2005). And ISA23 was observed to accumulate 

inside epithelial cells (Figure 24 C), thus, parasite development could be stoped in this stage by using 

ISA23 nanocarrier to deliver antimalarial drugs inside epithelial mosquito cells. Therefore, PAAs are 

potential nanocarriers of drugs against Plasmodium mosquito stages, although a deeper 

understanding of the interaction between parasites, PAAs and antimalarial drugs is essential. For 

instance, the previous results would need to be confirmed by repeating the experiments with 

antibodies against PAAs in order to rule out the possibility that the signal observed comes from the 

PAA per se and not from the cleaved FITC. Additional information about the specific localization of 

PAAs over time, their longevity, the efficacy of the nanovector reaching the targeted location, and the 

possible effects on the mosquito life span are essential to develop a potential antimalarial nanocarrier. 

More information on the encapsulated drugs is also required, including the ideal dose, drug stability, 

temperature-related drug release rate, antimalarial effect on mosquito stages, and IC50, among others.  

 

In addition, targeting efficacy can be improved, with surface targeting molecules which have 

already proved their binding to ookinetes such as heparin (Marques et al., 2017). Recent studies 

focusing on the characterization of membrane proteins from mosquito stages are revealing a number 

of new potential targets such as P230 and P48/45 on the gametocyte membrane (Acquah et al., 2019), 

and perforin-like protein 4 (PPLP4) on the ookinete surface (Deligianni et al., 2018). 

 

Targeting mosquito stages should be ecofriendly, economically viable and harmless to humans if 

we compare with insecticides (Rai et al., 2017). For example, drugs could be delivered in attractive 

traps for mosquitoes, hanged on the walls of dwellings in malaria endemic areas (Paaijmans and 

Fernàndez-Busquets, 2014). Sugar is an essential source of energy for female mosquitoes; thus, sugar 

meal traps could be combined with other traps emitting human volatiles with blood-like substances 

and containing a mixture of encapsulated drugs. Besides, traps have a fixed volume and therefore, 

they can contain a highly concentrated drug against Plasmodium gametes, ookinetes, oocyts or 

sporozoites such as atovaquone or pyrimethamine (Delves et al., 2012), protected and stabilized 

against extreme conditions thanks to the polymers.  

 

Mosquito-specific DDSs avoid harmful effects to humans and are aimed at drug delivery directly to 

mosquito stages. This contributes to a reduction in both the costs of product development by 

simplification or bypassing preclinical assays and clinical trials, and of the bench-to-bed time of future 

antimalarial medicines which would obviate the frequent delay of years in the deployment of new 

medicines (Fernàndez-Busquets, 2016). 
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Figure 24. (A) Plasmodium mosquito stages. Figure adapted from (Riehle et al., 2003). (B) Confocal microscopy 
images of A. atroparvus fed with ISA23-FITC (488 nm). Five-day-old female mosquitoes (F1 generation) were 
kept in the dark and allowed to feed on a sugar-water solution containing ISA23-FITC for 48 h (unpublished data). 
(C) Confocal microscopy images of A. gambiae dissected midguts fed with ISA23. Mosquitoes were allowed to
feed on sugar meals containing ISA23 for seven days. Then midguts were dissected and processed for
immunolabeling using an antibody against ISA23 (generated at IBEC) and a cadherin antibody to label the midgut
epithelial cell membrane. DNA was stained with TO-PRO (unpublished data).

D. POLYMER NANOCARRIERS AGAINST OTHER INTRACELLULAR PARASITES

Intracellular parasitic diseases other than malaria, such as leishmaniasis, Chagas disease or 

toxoplasmosis, also linked to socio-economical and geographical factors, are a major concern in most 

developing countries. The parasites responsible for these diseases, Leishmania, Trypanosoma cruzi and 

Toxoplasma gondii, respectively, together with Plasmodium, have developed specific molecular 

parasite-host cell interactions to invade host cells, evade the host immune system, and undergo 

intracellular replication, all of which are essential processes for their survival and completion of their 

life cycle (Walker et al., 2014). Actually, for the life cycle to be completed, parts of the development 

occur inside another host different than the human host. For instance, T. cruzi develops inside blood-

feeding triatomine insects (de Fuentes-Vicente et al., 2018), whereas T. gondii has a range of 

intermediate hosts, which are generally warm-blooded animals including birds and rodents among 

others, in which the parasite establishes a long-life, latent infection inside the tissues of these animals 

(Dubey, 2016). 

Plasmodium and Toxoplasma are apicomplexan parasites, while Leishmania and T. cruzi are 

kinetoplastid parasites characterised by the presence of at least one of the life cycle stages of a 
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kinetoplast and a flagellum. T. cruzi and Leishmania can mainly invade macrophages but T. cruzi can 

also invade non-phagocytic cells. Conversely, Toxoplasma can invade nucleated type cells of the long 

living tissue such as muscle and neuronal cells, and cells from the intestinal tract (Webster, 2010; David 

Sibley, 2011). 

Along the manuscript, the treatment and the challenges of fighting malaria and leishmaniasis have 

been mentioned. This last section of the Discussion will focus on toxoplasmosis and Chagas disease. 

The first line treatment of T. gondii is the combination of pyrimethamine and sulfadiazine which can 

be replaced by clindamycin, and alternative treatments are atovaquone or azythromicin combined 

with the first line treatment (Katlama et al., 1996). Some of these drugs are antimalarial, and although 

both Plasmodium and Toxoplasma are apicomplexan parasites, analysis of the Toxoplasma genome, 

life cycle, hosts, etc. has highlighted large differences between these two parasites (Holland Alday and 

Stone Doggett, 2017). Moreover, most of these drug combinations cause severe side effects in patients 

with Toxoplasma and mostly in patients suffering from encephalitis, leading to treatment 

discontinuation. The presence of side effects and the differences between Plasmodium and 

Toxoplasma suggest that more specifically designed drugs would be more efficient (Webster, 2010). 

First line treatment for T. cruzi includes benznidazole and nifurtimox, which are given orally and cause 

high toxicity. Unfortunately, to date no alternative treatment is available (Barrett and Croft, 2012; 

Walker et al., 2014).  

Despite the high prevalence of toxoplasmosis and Chagas disease, there is currently only a handful 

of first line treatments available for these disease, with scarce or inexistent alternatives for toxoplasma 

and Chagas disease, respectively. Moreover, most of these treatments are characterised by severe side 

effects due to the accumulation of toxic derivative products. They also increase parasitic resistance, 

making it imperative to develop new products with low toxicity while maintaining high antiparasitic 

efficacy (Bermudez et al., 2016).  

Up to now, no pharmaceutical treatment has the ability to cross biological barriers, reach a specific 

target, or minimise the toxic side effects of toxoplasmosis or Chagas diseases, similarly to what occurs 

with malaria and leishmaniasis. Consequently, it has become crucial to optimise the treatments 

currently available. Branquinho et al. in their study worked with mice suffering from chronic Chagas, 

which involves possible irreversible heart damage, and obtained better intravenously treatment with 

encapsulated drug than with free drug. The carrier used was a biodegradable polymeric nanocapsule, 

which, moreover, had the capability to shield and deliver the drug and protect against the side effects 

of the free form (Branquinho et al., 2017). For Toxoplasma, several nanoparticles are under study, such 

as chitosan and silver NPs (Gaafar et al., 2014), nanosuspensions (Dunay et al., 2004) and polylactide 

polymeric nanocapsules (Dalençon et al., 1997) encapsulating atovaquone, which presents low 

solubility. In all cases, the encapsulations presented better efficacy than the free drugs in rodent 

models.  
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Additional investigation on ISA23 should be carried out since according to fluorescence microscopy 

analysis it can be incorporated by macrophages, at least those of the tumour mouse cell line (RAW 

264.7) 90 min after incubation. ISA23 is the only PAA of the four tested which is predominantly anionic, 

suggesting higher affinity for macrophages lipid bilayers and interacting with cell membranes and 

vesicular extracellular structures. Consequently, ISA23 could be a novel nanocarrier to treat 

intracellular parasites other than Plasmodium, such as Leishmania and T. cruzi, which also infect 

macrophages. Taking into account that T. gondii infects nucleated cells, it might be interesting to 

explore the behaviour of ISA23 with other cell types. Moreover, ISA23 could also be used to treat 

common coinfections of these 4 pathogens. 

On the other hand, the two branched polymers investigated, DHP-bMPA and HDLDBC-bGMPA, 

were incorporated by human umbilical vein endothelial cells (HUVEC) in different locations. DHP-bMPA 

was found exclusively in the nucleus, whereas HDLDBC-bGMPA was in the cytosol (Figure 25 B). When 

T. cruzi invades non-phagocytic cells such as HUVEC cells, it seems to be found in the border between

the nucleus and the cytosol but with a cytosolic localisation (Figure 25 A) (Libisch et al., 2018).

Therefore, HDLDBC-bGMPA, a new hybrid dendritic-linear-dendritic block copolymer that self-

assembles in micelles is worth exploring for the delivery of drugs to fight Chagas disease to the target

site more efficiently and with less toxicity.

Figure 25. (A) Confocal microscopy images of HUVEC cells infected with T. cruzi shown by white arrows. For the 
experiments anti-cytochrome c antibody (dilution 1/100) and DAPI were used for DNA staining 24 hours post 
ingestion (Libisch et al., 2018). (B) Fluorescence microscopy images of HUVEC incubated with HDLDBC-bGMPA, 
which shows a cytosolic localization (Martí Coma-Cros et al., 2019). 

Therefore, it can be concluded that PAAs and dendrimers have potential as nanocarriers of drugs 

for the treatment of diverse parasitic diseases.  
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The conclusions of this thesis are the following ones: 

1.1 Different linear (PAA-based) and branched (dendrimer-based) polymers have been identified that 

do not cause unspecific toxicity in HUVEC cells and neither haemolysis in red blood cells, in 

concentrations much higher than those required for in vivo experiments.  

1.2 A size decrease of dendrimeric polymers from >150 nm to <30 nm contributed to the reduction of 

unspecific toxicity. However, increasing size to 50 nm and improving drug release (as much as 35% 

of CQ remained stably encapsulated) might ameliorate the pharmacokinetics and the antimalarial 

activity of the encapsulations. 

2.1 Different types of linear and branched polymers targeted pRBCs: 

o Dendrimeric DHP-bMPA targeted specifically pRBCs (vs. RBCs) whereas HDLDBC-bGMPA

targeted both.

o All PAA-based linear polymers behaved similarly in terms of pRBC (vs. RBC) specific targeting.

2.2 Specific targeting can be improved by functionalizing nanocarriers with targeting molecules like 

heparin. AGMA1 in vitro showed a concentration-dependent decrease of P. falciparum invasion 

rate, suggesting a potential antimalarial activity of AGMA1 similar to that described for heparin 

(i.e. binding to merozoites leading to invasion inhibition).   

2.3 DHP-bMPA and HDLDBC-bGMPA also bind P. falciparum merozoites in vitro. 

2.4 DHP-bMPA and HDLDBC-bGMPA have been observed to be internalized in HUVEC cells, whereas 

the PAA ISA23 has been shown to enter macrophages, which opens perpectives for these 

polymers to be applied to the treatment of other intracellular parasitic diseases such as 

Leishmaniasis, Chagas disease and Toxoplasmosis, or to coinfections of it/these with malaria. 

3. The mechanism of specific pRBC vs. RBC targeting of linear PAA-based polymers might be based on

a generalized adhesiveness to Plasmodium-specific proteins. 

4.1 After intravenous administration to P. yoelii-infected mice of dendrimer-based polymers, HDLDBC-

bGMPA showed better performance than DHP-bMPA, most likely due to its capacity to target 

both infected and non-infected RBCs observed in in vitro assays. 
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4.2 Oral administration of encapsulations in the PAA-based linear polymers AGMA1, ISA23 and ARGO7 

slightly improved CQ activity relative to the free drug. 

5. PAAs accumulate in the midgut of Anopheles stephensi and Anopheles gambiae mosquitoes, where

part of the parasite development process occurs. Thus PAAs are potential nanocarriers of drugs 

against specific mosquito stages, to be delivered directly to the insect.  
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Això si cadascú posa l’aire com li dona la gana! 

And last but not least, thanks MUYI for bringing excitement to my flat line, you had been like a 

cardiogram, sometimes you made me high and sometimes you made me down but now we are in 

standby, thanks for being there all these years, before, during and after my PhD… thanks for moving 

back to Barcelona when I started, for being patient all these years, thanks for being my walking steak 

when I need it, and thanks for these amazing children’s, ORISHA and AKIN. And extra thanks for being 

with them when I had to take care of the mice and the merozoites at untimed hours. That list would 

never finish, so just THANKS FOR BEING THE MUSIC while you were! Gràcies Orisha i Akin per alegrar-me 

les tardes, fer que m’oblidi de la feina només passar per la porta de casa, per tornar-me 

extremadament eficient durant les hores de feina, i per fer-me créixer en l’àmbit personal.  Mami, vas 

a veure els ratolins?   
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	Página en blanco
	Página en blanco




