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Abstract  

Malaria, a life-threatening disease caused by parasites of the genus Plasmodium, is one 

of the most prevalent parasitic diseases in the world. Keeping in mind that an effective 

vaccine against malaria is still under development, chemotherapy is one of the most 

important strategies to reduce its associated morbidity and mortality. However, the 

emergence of drug-resistant malaria parasites, combined with the non-specific targeting 

of current chemotherapies to intracellular parasites, highlights the necessity of new 

therapeutic and drug delivery approaches, like novel antimalarial drugs and improved 

methods for their efficient administration. In this context, nanomedicine enables 

numerous potential opportunities for malaria treatment such as nanovector-based drug 

delivery strategies. Polysaccharides, in particular chitosan -a deacetylated chitin 

derivative-, have gained increasing attention because of their numerous advantages. In 

addition, data from single-molecule force spectroscopy and fluorescence microscopy 

have shown binding specificity of heparin to Plasmodium-infected red blood cells vs. 

non-parasitized erythrocytes.  

The aim of this project is to establish a method for the synthesis of antimalarial              

drug-loaded chitosan/heparin nanoparticles and evaluate their specific antimalarial 

activity. For this purpose, nanoparticles are prepared by the ionic gelation method. In 

order to characterize them, we use scanning electron microscopy and dynamic light 

scattering. Finally, growth inhibition assays in Plasmodium falciparum cultures are 

performed to determine antimalarial activity and targeting of the nanoparticles to 

parasitized red blood cells.  

In conclusion, we explore a new cost-efficient approach for the treatment of malaria based 

on a nanomedical strategy that could provide a targeted delivery contributing to reducing 

resistance evolution. 
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List of abbreviations  

ACT: artemisinin-combination therapy 

Ch: chitosan  

CQ: chloroquine 

DLS: dynamic light scattering 

FBS: fetal bovine serum  

GAGs: glycosaminoglycans 

GIAs: growth inhibition assay 

HCl: hydrochloric acid 

Hep: heparin 

HUVEC: human umbilical vein endothelial cells 

IBEC: Institute for Bioengineering of Catalonia 

IC50:  median inhibition concentration 

KCl: potassium chloride 

MHD: mean hydrodynamic diameter  

NaCl: sodium chloride 

nm: nanometres 

NPs: nanoparticles  

P. falciparum: Plasmodium falciparum  

PBS: phosphate-buffered saline 

PDI: polydispersity index  

pRBC: parasitized red blood cells 

RBC: Red blood cells 

Rcf: relative centrifugal force 

SEM: scanning electron microscopy 

WHO: World Health Organization 
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1. Introduction 

Malaria is a life-threatening disease caused by parasites of the genus Plasmodium. There 

are approximately 156 named species of Plasmodium which infect various species of 

vertebrates, but only five infect humans: P. falciparum, P. vivax, P. ovale, P. malariae 

and P. knowlesi. (1) (2). P. falciparum is the most prevalent malaria parasite on the 

African continent and it is responsible for most malaria-related deaths globally (3). 

Malaria is difficult to recognize as the first symptoms -fever, headache, chills and 

vomiting- may be mild. It is preventable and curable, but if left untreated, it can develop 

to severe complications often leading to death (2). Although increased prevention and 

control measures have led to a reduction in mortality rates by 60%, according to the latest 

World Health Organization (WHO) estimates, there were 212 million new cases of 

malaria worldwide in 2015 and 429,000 malaria deaths, mostly children (3) (4).  

All five Plasmodium species exhibit a similar and complex life cycle with only minor 

variations involving an insect vector (mosquito) and a vertebrate host (human) (Fig. 1). 

When a P. falciparum-infected female Anopheles mosquito bites, it injects sporozoites 

into the human blood stream. The parasites grow and multiply in the liver cells and mature 

into schizonts, which rupture and release merozoites. After this initial replication in the 

liver, parasites invade red blood cells (RBCs), where they develop first into rings, and 

then into the late forms trophozoites and schizonts. Schizont-infected RBCs burst and 

release more daughter parasites (merozoites) that continue the cycle by invading new 

erythrocytes. Some parasites eventually differentiate into sexual stages -female and male 

gametocytes- that could be picked up by an Anopheles mosquito during a blood meal and 

start another cycle of growth and multiplication. Soon after blood feeding, ingested 

parasite gametocytes produce male and female gametes that fertilise and form the zygotes. 

The zygotes become motile and elongated ookinetes which invade the midgut wall of the 
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mosquito where they develop into oocysts. The oocysts grow, rupture and release 

sporozoites,   which   migrate   to   the   mosquito’s   salivary   glands.   The malaria cycle is 

restarted when sporozoites are injected into a human with the  mosquito’s  next  bite  (5).   

Figure 1. Malaria life cycle  

Bearing in mind that an effective vaccine against malaria is still under development (5), 

today malaria treatment and control relies principally on the action of drugs against the 

asexual blood stages of the parasite. Currently, the best available treatment, particularly 

for P. falciparum malaria, is artemisinin-based combination therapy (ACT) (1). However, 

one of the main challenges in the present fight against malaria is the emergence of 

antimalarial drug resistances (6). This problem is complicated by cross resistance, in 

which resistance to one drug confers resistance to other drugs that belong to the same 

chemical family or which have similar modes of action. Parasite resistance results in a 

delayed or incomplete clearance of parasites  from  the  patient’s  blood  when  the  person  is  

being treated with an antimalarial (5). Additionally, another important drawback 

associated with current available chemotherapy is the non-specific targeting to 
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intracellular parasites. The current delivery method of antimalarials ends up with the free 

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

Plasmodium-infected red blood cells (pRBCs). Therefore, drugs could be removed by 

many tissues and organs before entering the target cells. This reduced specificity results 

in high drug dose requirements that can trigger undesirable side effects (7). On the other 

hand, reducing drug concentration to minimize undesirable side effects contributes to the 

evolution of resistance. For all those reasons, there is a pressing need for new therapeutic 

strategies against malaria, like novel antimalarial drugs and improved methods for their 

efficient administration or new targets for vaccines (7).   

In this setting, nanomedicine, the application of nanotechnology to human healthcare, 

enables numerous potential pathways and a wide range of research opportunities to 

improve medical diagnosis and therapy in many fields, including malaria treatment (8). 

Although nanomedicine is a young science, it is at present a key medical technology, with 

increasing funding on a global basis and evolving and growing exponentially (9) (10). 

The origin of nanotechnology traces back to 1959 when the Nobel prize winner, Richard 

P. Feynman, introduced the idea in his paper There’s  Plenty  of  Room  at  the  Bottom.  An  

invitation to enter a new field of physics. Later on, in the late 1960s, Speiser developed 

the first nanoparticles for drug delivery purposes and for vaccines (11). Particularly for 

the treatment of malaria, it was in 1979 when Pirson et al. reported the first nanocarriers 

-liposomes- for antimalarial drug delivery (12) (13). In 1986, the first site-specific drug 

delivery method was developed by Gupta et al. with the design of liposomes capable of 

specifically targeting rat erythrocytes in vivo (14). At present, there are different types of 

nanocarriers, e.g. liposomes, dendrimers, micelles and polymers and a wide range of 

materials have been employed to prepare them. Nevertheless, they often have limitations 

due to non-selectivity issues. Antibody-functionalized nanovectors for targeted drug 
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delivery have been successfully reported. However, some of their properties, such as a 

lengthy and expensive production or a loss of targeting efficacy, limit their use as 

targeting elements in antimalarial therapeutic strategies (7) (15).  

Polysaccharides have recently drawn increasing attention for nanomedical applications, 

in particular cationic polymers such as chitosan (a chitin derivative biopolymer consisting 

of α (1-4) 2-amino 2-deoxy  β-D-glucan). Due to the availability of free amino groups, 

chitosan carries a positive charge and reacts with other anionic polymers (16). An 

increasing number of studies show that chitosan-based nanocarriers may be a promising 

and valid method for safe and efficient drug administration. Among the advantages of 

chitosan, its low toxicity and good biodegradability are the most important (17) (18). 

Heparin, a sulphated glycoconjugate, has been reported to have antimalarial activity. This 

is because heparin masks the apical surface of merozoites and blocks interaction with the 

erythrocyte membrane after initial attachment (19). However, it was abandoned as a 

treatment for malaria because of  side effects due to its well-known anticoagulant activity 

(15). In addition, data from single-molecule force spectroscopy have shown binding 

specificity of heparin to pRBCs vs. RBCs (20). Thus, heparin electrostatically bound to 

preformed chitosan nanoparticles has reduced haemorrhagic activity and could act as 

antibody surrogate, having a dual activity as a pRBC-targeting molecule but also as an 

antimalarial drug in itself (21). Moreover, heparin electrostatically embedded in the 

nanoparticles is less prone to be released in the circulation, with the subsequent reduction 

of the risk of anticoagulation and internal bleeding (21).  

Chloroquine (CQ), a 4-aminoquinoline drug, is well-known as an antimalarial agent. It 

was effective on all five species of human malaria parasites and therefore remained for a 

long time the main antimalarial treatment. CQ acts against intraerythrocytic stages of the 

human parasite, and is thought to exert its toxic effect in the parasite’s  acidic  digestive  
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vacuole (16). Although widespread resistance to CQ exists and it is no longer 

administered in many malaria endemic countries, in this work, CQ is used for a proof-of-

concept assay with the CQ-sensitive 3D7 P. falciparum strain.  

2. Hypothesis and objectives 

This study seeks to synthetize and characterise chitosan-heparin nanoparticles containing 

chloroquine. It is hypothesized that the nanoparticle carrier may protect the drug from 

degradation and increase its stability. In addition, because of the presence of heparin, 

which could have a dual role as antimalarial and as a targeting element, nanoparticles 

might specifically interact with Plasmodium-infected erythrocytes. With time, the 

nanoparticle might release the drug, which in this way could act locally on the infected 

erythrocytes.  

In this study, nanoparticles composed of chitosan and heparin in various weight ratios are 

prepared and their characteristics examined with dynamic light scattering (DLS) and 

scanning electron microscopy (SEM). A possible cytotoxic effect of the nanoparticles is 

explored in vitro on human umbilical vein endothelial cells (HUVEC) with a cell viability 

assay (MTT assay). Finally, the antimalarial activity of the nanoparticles is determined 

by growth inhibition assays (GIAs).  

3. Materials and methods 

3.1 Chemicals and reagents  

Chitosan (low molecular weight), heparin sodium salt from porcine intestinal mucosa, 

Kolliphor P188, chloroquine diphosphate salt, acetic acid, fetal bovine serum (FBS), 

HEPES, Giemsa stain, phosphate buffered saline (PBS) tablets and penicillin-

streptomycin solution Stabil were purchased from Sigma. Sodium sulphate was obtained 
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from Merck. Ethanol and methanol were purchased from VWR. Medium 199 with Earle 

Salt with Glutamine was purchased from LabClinics.  

3.2 Preparation of chitosan-heparin nanoparticles 

Chitosan-heparin nanoparticles were prepared by a simple ionotropic gelation method 

under magnetic stirring at room temperature. In brief, the synthetic procedure involves 

the dissolution of 25 g chitosan in 100 mL of 2% v/v acetic acid solution containing 1% 

w/v Kolliphor P188. Under magnetic stirring at room temperature, 2 mL of heparin (0.25 

mg/mL) was added into aqueous chitosan. About 2.5 mL of a 20% w/v sodium sulphate 

solution was added dropwise to the chitosan-heparin solution under magnetic stirring 

(1600 rpm), which was maintained for 1 h for the formation of nanoparticles. The 

products were collected through 3 cycles of centrifugation at 13,000 rcf for 45 min and 

re-dispersed in water. The supernatant was discarded and the nanoparticles were finally 

re-suspended in deionized water for further analysis.   

3.3 Particle characterization 

3.3.1 DLS study  

The synthesized chitosan and chitosan-heparin particles were characterized by DLS. 

Particle size was measured and analysed with a dynamic light scattering analyser 

(Zetasizer Nano ZS90, Malvern Systems, IBEC, Barcelona). The analysis was performed 

at a scattering angle of 90˚  at 25˚C.  

3.3.2 SEM analysis  

The morphology of the synthetized nanoparticles (both chitosan and CQ-loaded chitosan-

heparin nanoparticles) was observed using scanning electron microscopy (Nova 

NanoSEM 230, IBEC, Barcelona). Chitosan-heparin nanoparticles solutions were 
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sonicated for 15 min for a better particle dispersion and to prevent nanoparticle 

agglomeration. One drop of the nanoparticle solution was spread onto a silica slide which 

was then dried at room temperature for SEM analysis.  

3.4 In vitro cytotoxicity determination of nanoparticles by MTT assay  

The toxicity of the nanoparticles was assessed in HUVEC cells. The cells were 

maintained in medium 199 with Earle Salt with Glutamine and supplemented with 1% 

penicillin/streptomycin, 10% FBS, at  37˚C in a 95% air, 5% CO2 atmosphere in a CO2 

incubator. HUVEC cells were seeded into two 96-well plates (one for the 24 h and another 

one for the 48 h assay, see below) at a density of 50,000 cells per well, in 100 µL of 

complete media. After 24 h of incubation, nanoparticle samples were added to the cells 

at different concentrations (1, 0.1 and 0.01 mg/mL), and were incubated for 24 h and 48 

h at  37˚C. When incubation time was completed, 10 µL of WST-1 reagent was added. 

After   4   h   at   37˚C, cell viability was estimated by measuring A440 absorbance with a 

spectrophotometer (Epoch R Microplate Spectrophotometer, Bio Tek).   

3.5 Drug loading of nanoparticles  

A drug solution was prepared by dissolving 200 mg of CQ in 100 mL of deionized water, 

to which three or four drops of phosphoric acid were added. Drug-loaded chitosan-heparin 

nanoparticles were obtained by adding 50 mL of the above chloroquine solution to 50 mL 

of chitosan-heparin solution. 2.5 mL of a 20% w/v sodium sulphate solution was added 

dropwise to the complete solution under magnetic stirring. This reaction was stirred 

during 1 hour at room temperature. Drug-conjugated chitosan nanoparticles were 

collected by centrifugation as described above.  

 

 



9 
 

3.6 Estimation of chloroquine loaded into chitosan-heparin nanoparticles 

Chloroquine load on chitosan and chitosan-heparin nanoparticles was determined by 

spectrophotometry, measuring the absorbance of supernatants before and after 

disintegration of the nanoparticles by hydrochloric acid (HCl). 100 µL of nanoparticles 

were spun down at 17,530 rcf. Supernatant was discarded and the pellet was taken up in 

100 µL of 0.1 M HCl and was kept at  4˚C overnight. The solution was centrifuged and 

the pellet resuspended again in 100 µL of 0.1 M HCl during 2 h at room temperature. 

After a new centrifugation, samples of all supernatants were analysed 

spectrophotometrically at a wavelength of 242 nm. Other samples were incubated for 10 

days and the supernatant was analysed to measure the liberation of chloroquine after this 

period. All analyses were carried out in triplicate. Drug content was determined by 

comparing with a standard curve of chloroquine which was obtained from serial dilutions 

of chloroquine phosphate (between 0 and 0.75 mg/mL). As pH may have an effect in the 

absorbance, two calibration curves were calculated for the supernatants: one in water and 

another in hydrochloric acid. Nanoparticles were lyophilized in order to express the 

quantity of chloroquine per mg of NPs. Drug loaded NPs were characterized by DLS and 

SEM.  

3.7 Plasmodium falciparum cell culture and growth inhibition assays 

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

parasites (thawed from glycerol  stocks)  were  cultured  at  37˚C in 75 cm2 cell culture flasks 

(canted neck, Corning) containing RBCs in Roswell Park Memorial Institute (RPMI) 

complete medium, under a gas mixture of 92.5% N2, 5.5% CO2 and 2% O2. Thin blood 

films were made every day from each culture flask, fixed with methanol, and stained for 

10 minutes in Giemsa. For culture maintenance, parasitemias, calculated by counting the 

percentage of parasitized erythrocytes by light microscopy, were kept below 5% late 
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forms by dilution with washed RBCs. Growth factor was expressed as final parasitemia 

divided by initial parasitemia. For growth inhibition assays, parasitemia was adjusted to 

1.5% with more than 90% of parasites at ring stage after sorbitol synchronization. This 

synchronization method, as described by Lambros and Vanderberg (22), is based on the 

differential permeability of the parasitized RBC membrane. While RBCs are naturally 

impermeable to sorbitol, infected RBCs with mature stages have a permeable membrane 

due to the structural modifications induced by the parasite. This property is used to 

selectively kill mature forms of the parasite by osmotic shock without affecting 

uninfected RBCs and RBCs parasitized by ring stages. 100 µL of infected Plasmodium 

culture were plated in 96-well plate and incubated in the presence of chitosan CQ-loaded 

NPs and chitosan-heparin CQ-loaded NPs for 48 h in the conditions described above.   

500 µL of phosphate-buffered saline (PBS) and 4 µL of infected red blood cells with or 

without nanoparticles were mixed in a polystyrene test tube specifically designed for flow 

cytometry. Parasitemia was measured by flow cytometry after staining the DNA of 

pRBCs with 0.5 µL of a 0.5 mM solution of the nucleic acid dye Syto 11. For each sample, 

50,000 cells were analysed with a BD FACSCalibur flow cytometer, equipped with a 

two-laser system, using the software CellQuestPro. Parasitemia was expressed as the 

percentage of infected red blood cells (% gated, proportion of cells marked with nuclear 

dye).  

3.8 Statistical analysis 

All data are expressed as means and standard deviations, indicated as  “mean ± SD”, of 

three independent replicates and the corresponding standard errors in histograms are 

represented by error bars. Differences were considered to be statistically significant when 

the p values were less than 0.05.  Percentages of viability were obtained using non-treated 

cells as control of survival and IC50 values were calculated by nonlinear regression with 
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an inhibitory dose–response model using GraphPad Prism5 software (95% confidence 

interval). Concentrations were transformed using natural log for linear regression, and 

regression models were adjusted for the assayed replicates. 

4. Ethical issues 

Blood from voluntary donors was commercially obtained from the Banc de Sang i Teixits 

(www.bancsang.net) and blood was not collected specifically for this research; instead 

we used blood units that had been discarded for transfusion, usually because of an excess 

of blood relative to anticoagulant solution. Prior to their use, blood units undergo the 

analytical checks specified in the current legislation. Before being delivered to us, unit 

data are anonymized and irreversibly dissociated and any identification tag or label will 

have been removed in order to guarantee the anonymity of the blood donor. No blood 

data will be supplied, in accordance with the current Ley Orgánica de Protección de 

Datos and Ley de Investigación Biomédica. The PI (Dr. Fernàndez-Busquets) commits 

himself to not using the blood samples for studies other than those made explicit in this 

work, and to not forwarding them to other research groups. The proposal to which this 

master final project is associated was evaluated and approved by the Clinical Research 

Ethics Committee from the Hospital Clínic de Barcelona. 

5. Results 

5.1 Characterization, actual drug content and encapsulation efficiency 

Chitosan has low solubility at neutral and alkaline pH. However, as it is a cationic 

polyelectrolyte polymer with ionizable amine groups, in an acidic environment the amine 

groups are positively charged. Therefore, chitosan tends to form intramolecular network 

structures by ionic cross-linking (electrostatic interactions) between NH3
+ protonated 

groups and negatively charged counter ions of sodium sulphate, leading to the formation 

http://www.bancsang.net/
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of nanoparticles. The formation of nanoparticles is indicated by appearance of 

opalescence and increased density.  

The synthesized chitosan-heparin particles were characterized by DLS and SEM analysis. 

Different chitosan-heparin ratios were tested in order to establish the most adequate 

regarding stability and size. DLS-determined particle size and polydispersity index 

indicated that the mean chitosan-heparin nanoparticle size was in the range of 290 - 450 

nm. A chitosan/heparin ratio of 0.25:0.25 appeared to produce the smallest particle size 

(290 ± 7.45) (Table 1).  

Loading of chloroquine into chitosan-heparin nanoparticles increased their size. The 

drug-loaded nanoparticle size was in the range of 400 - 700 nm (Table 2). Chloroquine 

was used at a concentration of 2 mg/mL based in pre-existing literature (16) (23). 

Chitosan was used at a concentration of 0.25 mg/mL as it seemed to produce the smallest 

size. Particle size is essential for efficient delivery since small structures are more likely 

to penetrate Plasmodium-infected erythrocytes. Heparin was tested at three different 

concentrations (0, 0.1 and 0.25 mg/mL). Nanoconjugate chloroquine was successfully 

prepared in a polymer:heparin:drug ratio of  0.25:0.25:2 (Table 2). Therefore, the 

nanoparticles prepared with this specific composition were used for the rest of the study. 

Polydispersity in all different ratios of chitosan vs. heparin ranges from 0.07 to 0.01. It is 

very close to 0, which denotes a monodisperse system with low level of aggregation 

(Tables 1, 2).  
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 Table 1. Mean hydrodynamic diameter (MHD) and polydispersity index (PDI) of chitosan/heparin 
nanoparticles at different concentrations.  

 

 

 

 

 

 

 

 

Table 2. Mean hydrodynamic diameter (MHD) and polydispersity index (PDI) of CQ-loaded 
chitosan/heparin nanoparticles.  

 

 

 

There are no significant differences between the drug content just after the synthesis and 

after an incubation period of 10 days of chitosan CQ-loaded NPs and chitosan-heparin 

CQ-loaded NPs (Table 3). Figure 1 in appendix A (supplementary data) shows the 

calibration curve of chloroquine in water (a) and in hydrochloric acid (b). 

Table 3. Drug content of chitosan chloroquine-loaded and chitosan-heparin CQ-loaded nanoparticles. 

 

 

Both chitosan nanoparticles and chitosan-heparin chloroquine-loaded nanoparticles were 

roughly spherical in morphology. SEM images of both types of nanoparticles are shown 

(Figure 2).   

Group [Ch:Hep] 
(mg/mL) 

MHD ± S.D. 
(nm) 

PDI 

1 0.5:0 584.2 ± 6.8 0.15 ± 0.03 
2 0.25:0 185.5 ± 0.6 0.18 ± 0.01 
    

1a 0.5:0.5 447.7 ± 3.0 0.14 ± 0.02 
1b 0.5:0.25 393.1 ± 5.2 0.21 ± 0.03 

    
2a 0.25:0.25 290.0 ± 7.5 0.20 ± 0.02 
2b  0.25:0.1 447.8 ± 38.3 0.37 ± 0.07 

Group [Ch:Hep:CQ] 
(mg/mL) 

MHD ± S.D. 
(nm) 

PDI 

3 0.25:0:2 726.2 ± 7 0.09 ± 0.02 
4 0.25:0.1:2 501.7 ± 11.4 0.28 ± 0.02 
5 0.25:0.25:2 410.8 ± 2.2 0.2 ± 0.01 

 [CQ], mg/mg NPs 
After synthesis 

[CQ], mg/mg NPs 
After 10 days 

Ch-CQ NPs 11.88 11.86 
Ch/hep-CQ NPs 12.28 12.25 
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       Fig. 2. SEM images of chitosan nanoparticles (A) and chitosan/heparin chloroquine-loaded nanoparticles (B) 

 

A) 

B) 
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5.2 Unspecific cytotoxicity of chitosan-heparin nanoparticles and drug-loaded 

nanoparticles 

The cytotoxicity of chitosan-heparin and chitosan-heparin CQ-loaded nanoparticles on 

HUVEC cell lines was evaluated by assessing the cell viability using a standard MTT 

assay. Different concentrations of chitosan NPs, chitosan-heparin NPs, chitosan 

chloroquine-loaded NPs, chitosan-heparin chloroquine-loaded NPs and chloroquine were 

added to cells and incubated for 24 and 48 h. The percentage cell growth inhibition was 

reported as the percentage of surviving cells after specific periods of incubation. It was 

found that there were quite significant differences in cell viability among the cells treated 

with different nanoparticles and those treated with chloroquine (Fig. 3). Results for 

chloroquine follow a logical trend: the lower was the degree of toxicity with the lower 

drug concentration and lower cell viability after 48h than 24h. However, a dissimilar cell 

viability was observed for different nanoparticles at different times and concentrations. It 

seemed that nanoparticles with heparin show a higher cell viability than those without 

heparin. In consequence, these chitosan-heparin chloroquine-loaded nanoparticles are not 

expected to be safe for biomedical applications. Graphical representations of chitosan 

nanoparticles and chitosan-heparin nanoparticles in vitro cytotoxicity are shown in Figure 

2 in appendix A (supplementary data).  
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Fig 3. Graphical representation of in vitro cytotoxicity of chitosan CQ-loaded nanoparticles (a), chitosan-
heparin CQ-loaded nanoparticles (b) and CQ (c) assessed by MTT assay.  
 

5.3 Growth inhibition assays  

The effectivity of chitosan CQ-loaded nanoparticles, chitosan/heparin CQ-loaded 

nanoparticles and CQ was assessed by growth inhibition assays. Parasites were cultured 

either in the absence -control group- or presence of different concentrations of CQ, either 

free or embedded in the nanoparticles. Concentrations of free CQ ranging from 104 ng/mL 

to 102 ng/mL resulted in approximately 100% inhibition of parasite growth. With CQ 

concentrations lower than 10 ng/mL, no inhibition of parasite growth was observed      

(Fig. 4). To calculate IC50 value of chloroquine, a dose-response curve was traced         

(Fig. 5). The IC50 for chloroquine against the 3D7 strain of P. falciparum ranges from 3.6 

0

20

40

60

80

100

120

1 0,1 0,01

%
 V

ia
b

ili
ty

CQ concentration (mg/mL)

Ch-CQ NPs

24h

48h

0

20

40

60

80

100

120

1 0,1 0,01

%
 V

ia
b

ili
ty

 

CQ concentration (mg/mL)

Ch-hep-CQ NPs

24h

48h

0

20

40

60

80

100

1 0,1 0,01

%
 V

ia
b

ili
ty

CQ concentration (mg/mL)

CQ

24h

48h

a b 

c 

  1                   0.1                0.01 

        1             0.1            0.01       1                0.1           0.01 



17 
 

to 188.7 ng/mL (mean: 5.98 ng/mL). Referring to the efficacy of nanoparticles, it has 

been found that neither chitosan CQ-loaded nanoparticles nor chitosan-heparin CQ-

loaded nanoparticles have antimalarial activity against P. falciparum (Fig. 4). Parasitemia 

in presence in both type of nanoparticles is similar to the one of the control (group without 

drug).  

 

 
Fig. 4. Growth of P. falciparum 3D7 in erythrocytes incubated with different concentrations of CQ (black), 
Chitosan CQ-loaded nanoparticles (grey) and Chitosan-heparin CQ-loaded nanoparticles (dots) and in 
infected erythrocytes incubated in an identical way but in the absence of CQ and NPs (control). 
 
 

 

 

 

 

 

Fig. 5. Dose-response curve of different concentrations of chloroquine. 
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6. Discussion 

Despite the lack of economic resources for research in malaria-oriented nanomedicines, 

many different nanocarriers have been developed. Nanocarriers have the potential to 

reduce the toxicity and to improve the bioavailability and biodistribution of certain drugs. 

The success of any drug delivery system depends upon the physicochemical interaction 

with the biological system to deliver its drug cargo at the optimum rate and at the site 

where it is needed. In this study, chitosan-heparin nanoparticles and conjugated CQ are 

examined as a potential antimalaria therapy.  

Figure 6. Schematic representation of the chemical structure of chitosan, of its interaction with sodium 
sulphate and heparin and of its conjugation with chloroquine.  
 

Chitosan-heparin nanoparticles were synthetized by the ionotropic gelation method      

(Fig 6). The average hydrodynamic diameters of chitosan-heparin nanoparticles and CQ-

loaded chitosan-heparin nanoparticles have a relatively narrow size distribution, within 

the range of 290 – 447 nm and 410 – 725 nm, respectively. These results suggest an 

increment in particle size after the incorporation of both heparin and chloroquine. 

Furthermore, nanoparticles seem to be larger in size as indicated by DLS measurements 

in comparison to particle size determination from SEM images (Fig. 2). To carry out SEM 

analysis, nanoparticles were measured in dry state whereas DLS measurements were 
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expected to give the average hydrodynamic radius rather than the actual size of the 

nanoparticles. Both CQ-loaded chitosan nanoparticles and CQ-loaded chitosan/heparin 

nanoparticles are stable at room temperature. Although some SEM images show certain 

aggregation of the nanoparticles (Fig. 2) -they are easily distinguished-, usually 

nanoparticles do not aggregate upon storage.  

After a first introductory experiment using fluorescence confocal microscopy, no specific 

targeting to late forms of infected erythrocytes was found (results not shown). Heparin 

might be tightly embedded in the chitosan matrix and therefore, reactive groups are not 

exposed on the surface of the nanoparticles. In order to overcome this problem, heparin 

can be used to coat the surface of the nanoparticles. Previous studies reported that heparin 

formed a loose network around nanoparticles, rather than a tightly bound layer. This 

electrostatically bound heparin is prone to peel off from nanoparticle surfaces, incurring 

the risk of anticoagulation and internal bleeding while in the blood circulation (21). 

Hence, subsequent strategies must focus on heparin covalently bound to the surface of 

the nanoparticles.  Apart from this formulation, new approaches varying the quantity or 

encapsulation of heparin or even sodium sulphate (counter ion) must be investigated in 

order to overcome the problem of non-specific cytotoxicity of the nanoparticles. As it was 

previously shown, nanoparticles present certain degree of cytotoxicity, which seemed to 

be lower in those nanoparticles containing heparin. Cytotoxicity might be the due to the 

presence of chitosan free amine groups. Heparin blocks some positive surface charges of 

chitosan and for this reason cytotoxicity appeared to be lower in presence of heparin. 

However, heparin molecule attachment did not sufficiently suppress all free amine groups 

and some of the them are still free, conferring, therefore, certain degree of non-specific 

cytotoxicity to the nanoparticles.  
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After formulation and characterization of chitosan-heparin nanoparticles, CQ was loaded 

into them. However, no inhibition of parasite growth was induced by these CQ-containing 

nanoparticles. The amount of CQ in the supernatants just after the synthesis and after an 

incubation period of 10 days was the same, indicating that, under the used experimental 

conditions, CQ is not released from the nanoparticles and therefore, cannot exert its effect 

as antimalarial. In consequence, intravenous delivery formulations are not recommended 

for this structures and new alternative approaches must be developed. (i) Encapsulating 

drugs chemically different from CQ could offer better release patterns. (ii) Chitosan drug-

loaded nanoparticles could be adequate for oral administration: the synthesised 

nanoparticles are degraded under laboratory conditions in 0.1 M HCl; as human gastric 

fluid contains HCl, nanoparticles may be degraded in the stomach releasing encapsulated 

CQ. Nevertheless, chitosan has been widely used for oral drug delivery systems because 

of its excellent mucoadhesive and absorption-enhancing properties (24). As Akhtar F. et 

al. reported, chitosan nanoparticles positively influence curcumin transport across 

mucosal surfaces and protect this drug from degradation, enhancing its bioavailability 

and half-life in plasma (25). Therefore, a similar effect could be expected for chloroquine 

and other drugs, ensuring a sustained release of the drug over more hours post feeding. 

(iii) Another largely unexplored approach is the delivery of chitosan drug-loaded 

nanoparticles to vector mosquitoes to target the parasite stages in the insect vector itself. 

Strategies that control malaria using direct action against the mosquito are not new, but 

most of them aim at eliminating the vector. One of the most important stages of 

Plasmodium development in the mosquito is the ookinete, which appears in the mosquito 

midgut between 16 and 20 h after bloodmeal ingestion and its outcome determines the 

success of malaria transmission. The first barrier that the ookinetes face during their 

migration through the midgut wall is the chitinaceous peritrophic matrix, an extracellular 
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layer that coats the apical side of the midgut epithelium. To cross this barrier, it has been 

shown that ookinetes secrete chitinase, an enzyme that hydrolyses chitin and chitosan 

(26) (27) (28). Afterwards, as an essential step of host midgut epithelial cell invasion, 

some Plasmodium ookinetes bind proteoglycans such as chondroitin sulphate. Although 

there is no evidence for the existence of glycosaminoglycans (GAGs) such as heparin in 

the mosquito midgut, it has also been demonstrated that some ookinete proteins do bind 

to heparin in vitro (21) (29). Therefore, heparin may be adequate to target antimalarial-

loaded nanovectors to Plasmodium mosquito stages. Given the endogenous nature of 

chitosan in the mosquitoes and the expected lack of susceptibility of these insects to the 

presence of blood anticlotting agents, nanoparticles are likely to be innocuous for 

Anopheles. In this context, chitosan/heparin nanoparticles would be loaded with the drug 

atovaquone, as it has been reported to have antimalarial activity against ookinetes (30) 

(31). Basically, targeted nanocarriers are formed by three elements: nanocapsule, 

targeting molecule and the drug itself (chitosan, heparin and chloroquine, respectively, in 

this study). As mentioned above, in order to obtain different frameworks better suited to 

each specific situation, those elements can be exchanged. Consequently, more studies are 

required to further optimize the rate of release of current and future compounds.  

New approaches are required to further optimize the scarce resources available for 

malaria control and elimination. The implementation of novel delivery approaches is less 

expensive than the process leading to the discovery of new drugs. Additionally, using an 

economically affordable molecule such as heparin, which presents synergistic activity as 

antimalarial and as a targeting molecule of nanocarriers to pRBC and thus lowering the 

IC50 of drugs, will contribute to reaching a cost-effective design for nanocarriers (15). 

Finally, delivering antimalarial drugs exclusively to the mosquito vectors may also 

reinforce the idea of reducing costs because the clinical trials otherwise required for 
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treatments administered to people could be simplified. Although the results presented 

here are not as good as we expected, they are a promising starting point in the context of 

the current malaria socioeconomic and pharmacotherapy scenario outlined above.  

7. Conclusions 

In this study, chitosan/heparin nanoparticles loaded with chloroquine were prepared 

based on an optimized ionotropic gelation method, which employed sodium sulphate as 

a cross-linker. The optimum concentrations obtained were 0.25 mg/mL chitosan,             

2.5 mg/ mL heparin, 20% w/v sodium sulphate, 1% w/v kolliphor and 2 mg/mL 

chloroquine. Under those conditions, chitosan-heparin nanoparticles were obtained with 

acceptable PDI and size range of 290 – 450 nm. Drug loaded nanoparticles appeared to 

be bigger (within the range of 400 – 700 nm). Nanoparticles present certain degree of 

cytotoxic activity based on MTT assays, probably due to chitosan free amine groups. No 

in vitro release of chloroquine was observed and therefore there is no inhibition of parasite 

growth. Hence, further studies are required to overcome those problems and to ensure the 

release and activity of the encapsulated antimalarial drug.  
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Benefits of research, applicability and validity 

As result of this study, an optimized protocol for the synthesis of drug-loaded 

nanoparticles with acceptable PDI and size range was established. Based on this protocol, 

different types of nanoparticles for targeted drug delivery can be obtained by exchanging 

the three former components of the nanocarriers: nanocapsule, targeting molecule and 

drug. Therefore, synthesised nanoparticles can be adapted to different situations, being 

more appropriate for each specific use. Additionally, referring to economic aspects, 

implementation of new delivery methods is usually cheaper than finding new antimalarial 

drugs. Drug-loaded nanoparticles have several applications that range from oral delivery 

to direct delivery of drugs to mosquitoes. For oral delivery purposes, chitosan 

nanoparticles enhance the bioavailability and half-life in plasma of the drug loaded as 

well as ensuring a sustained release of it. The strategy of direct administration to 



26 
 

mosquitoes will bypass or at least reduce clinical trials as it is not designed for human 

administration.  

However, more studies are required. It is necessary to corroborate previous data about 

heparin targeting to pRBCs. Before the complete implementation of chitosan/heparin 

drug-loaded nanoparticles, further steps must be done. For example, in vivo assays.  
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Figure 1. Calibration curve of chloroquine phosphate in water (A) and in hydrochloric acid (B) 
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Figure 2. Graphical representation of in vitro cytotoxicity of chitosan NPs (a) and chitosan-heparin NPs 
(b) by MTT assay. 
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