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Preamble
This project started as a big challenge for me, being an Engineering Physics student
with no experience in a biology lab whatsoever. Nevertheless, the topic was really
motivating to me, and thanks to the people from the Nanomalaria group, I could
learn rapidly all the techniques that I would need. Furthermore, nobody in the
group had worked with carbon nanotubes before, as they have never been used in
malaria, so I had to try and develop protocols myself, which taking into account my
lack of experience, was a great challenge. Moreover, the first batch of carbon nanotubes I worked with was defective, as they did not disperse in water (presumably
due to an incorrect functionalization by the manufacturer).
Then the world pandemic situation began, and of course lab work was stopped.
Although the initial objective was to work experimentally with different drugs and
even different nanostructures (liposomes, polymers,...), this was limited due to the
situation, and the project ended up revolving around carbon nanotubes and curcumin exclusively. As soon as return to the lab was possible (mid June), I tried to
perform a couple of experiments in order to have some results. As much as I would
have liked to present my project later on and be able to finish my experimental
work, I am starting a Master’s degree in Denmark in the beginning of September
for which my Bachelor’s degree diploma is demanded, meaning that this was not an
option.
The way in which I first approached the adaptation of the project was by doing
a deep bibliographic research work, which helped me to learn a lot about malaria,
its causative agent, its treatment and about carbon nanotubes and their fascinating
properties. As the situation worsened, and considering I wanted to contribute to the
topic in some way with this project, we decided to embark in the development of
a computational model to reproduce the inhibitory effects of the curcumin-carbon
nanotube conjugates with the little quantitative experimental data available. I am
glad I made this decision, and even though it was a tough task in a very limited
time, and that maybe the results obtained to this date are not ideal, I will continue
working on it and hopefully build a useful tool for the Nanomalaria group and for
others.

Acknowledgements
I would like to express my most sincere gratitude to Dr. Xavier Fernàndez Busquets
for welcoming me into this group, allowing me to live this experience and trusting
me with this project despite my lack of experience in the field, helping me grow as
a researcher and as a person.
I would also like to especially thank (soon to be Dr.) Inés Bouzón Arnáiz for all of her
help, guidance and constant support in this adventurous project even in the chaos
that this semester was. This would have not been possible without her. Thanks to
all of the members of the Nanomalaria research group - for your kindness, patience
and advice.
I am also incredibly thankful to Prof. Daniel López Codina, for helping me redirect
this project and begin an unexpected but exciting new path. I truly appreciate
the fact that, even though it was not his responsibility, he was willing to help me
at all times and encouraged me to achieve something we first thought was impossible.
Last but not least, I am endlessly thankful to my family and friends, and especially
to Pere, for their support through the four years that culminate in this project. It
was not easy, but we made it! To all of you.

Abstract
Advances in nanotechnology have opened up exciting prospects in the field of pharmacology. Most antimalarial drugs contain aromatic rings that make them highly
insoluble in the blood circulation in their free form. This causes a low treatment
efficacy, caused by insufficient concentrations of drug inside the red blood cells that
Plasmodium parasitizes, even when high doses are administered. To circumvent this
problem, the encapsulation of antimalarial drugs in nanocarriers to increase their
solubility and biodistribution is an attractive strategy. In this project, polyethylene
glycol-functionalized carbon nanotubes have been used for the first time as nanocarriers for the lipophylic antimalarial drug curcumin in Plasmodium falciparum in vitro
cultures. Furthermore, an in silico model of the growth inhibition caused by curcumin with and without nanotubes has been developed.
A slight improvement of the aqueous solubility of curcumin has been achieved
through loading onto carbon nanotubes by bath ultrasonication, although the resulting formulation presents a low stability. The curcumin-nanotube conjugates are
not hemolytic, and an improvement of the antimalarial activity of curcumin has not
yet been achieved. The in silico models have provided insights on the mechanisms
of interaction between curcumin and the nanotubes as well as with cells.
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Chapter 1
Introduction
Nowadays, medicine is overcoming challenges in ways that could not even be imagined a couple of decades ago. The fact that advances in physics and engineering
have become tools at the service of healthcare, with direct collaboration amongst
researchers of different disciplines, has led to an accelerated progress without precedent. [1] Although these advances would be highly beneficial in the fight against most
diseases, if not all, the truth is that socioeconomic factors take an enormously limiting role. Those diseases more prominent in developing countries, known as diseases
of poverty, are often neglected from such research resources while the focus is set
on illnesses affecting the developed world. Nonetheless, many scientists across the
globe continue to work on great projects, with the hope of finally achieving control and eradication of pathologies affecting millions, and convinced that these new
technologies could be the answer. [2;3]
It is well known that malaria, also called paludism when talking about humans
specifically, is a clear case of an illness related with poverty. Approximately half of
the world’s population is threatened by this potentially mortal disease. However,
its distribution is far from homogeneous, as shown in Fig. 1.1. Just to get an idea,
according to last year’s World Malaria Report by the World Health Organization
(WHO) [4] , 19 countries of sub-Saharan Africa together with India added up to the
85% of the total number of malaria cases in the whole world, Nigeria alone coping
with a horrifying 25%. In 2018, it is estimated that there were 228 million cases, 93%
of them located in the WHO African Region. In contrast, zero indigenous cases have
been reported by the WHO European Region since 2015. Furthermore, the number
of deaths caused by the disease was as high as 405,000, of which 67% were children
under 5 years old. Of course, this implies an enormous social and economic burden,
which keeps these countries in a loop of poverty, having very scarce resources to
fight malaria effectively.
We can trace back the presence of this disease in the planet to prehistory. As it
is explained in Section 2.1, the causative agents of malaria are different species of
unicellular parasites of the Plasmodium genus of protists, being Plasmodium falciparum the deadliest species. They are transmitted from host to host by female
Anopheles mosquitoes. The parasite’s DNA has been isolated from 30 million year-
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old mosquitoes preserved in fossils. [5] These protozoa evolved as their hosts did,
leading to different species affecting different host lineages including reptiles, birds,
rodents and primates. In the human genome, genetic traits that provide protection
against malaria can be found, as in the case of the sickle cell trait, a mutation in
the hemoglobin gene. [6] Characters in history as renowned as Tutankhamun (1327
B.C.), Alexander the Great (323 A.C.) and Genghis Khan (1227 A.D.) are thought
to have died most probably due to malaria, and references to the illness have been
found in ancient writings from Mesopotamia, Greece and India as well as in Chinese
medical texts. [7;8] Malaria spread all over the world, reaching all continents except
Antarctica. Wherever stagnant water was present, so were mosquitoes, leading to
huge seasonal waves of the disease in nearby settlements. The effects were so devastating that many historians link the presence of malaria with the fall of the Roman
Empire. Later on, it had a huge role in World War II, when hundreds of thousands
of United States’ soldiers got infected in Africa and South Pacific campaigns, just
as the US was treating its last indigenous cases. [9] All of this has made of malaria
one of the principal medical concerns worldwide for thousands of years.

Figure 1.1: Map of malaria case incidence rate (cases per 1000 population at risk) by
country in 2018. Image credit: Malaria World Report 2019, WHO.

The principal clinical features of malaria are periodic acute fevers and paroxysm,
usually accompanied by headaches, chills, tiredness and vomiting. [10] If treatment is
not applied within 24 hours from the appearance of symptoms, malaria can lead to
severe illness, seriously endangering the patient’s life. [11] Chemical remedies against
malaria started appearing in the 19th century, and Plasmodium parasites were identified as causing agents together with Anopheles mosquitoes as vectors. The first
antimalarial drugs included: (i) quinine, which was extracted from the cinchona
tree bark in 1820 although it was not successfully synthesized until 1944 [12] and (ii)
methylene blue, synthesized for the first time in 1876 and which was observed to stain
parasites’ nuclei. Later on, in 1891, its antimalarial properties were discovered. [13]
Furthermore, in the 20th century, the efforts put in the fight against malaria increased
and started to show results. Deep understanding of the disease was acquired, which
2
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allowed the development of better approaches. Vector control techniques were introduced in order to limit propagation, with the use of dichlorodiphenyltrichloroethane
(DDT) insecticides and nets having a huge impact. Moreover, there were advances
in the discovery of antimalarial drugs: chloroquine was first synthesized in the 1930s,
revolutionizing malaria treatments, while artemisinin was isolated from Artemisia
annua by Youyou Tu in 1971 [14] , owing her the 2015 Nobel Prize in Medicine as
artemisinin-based combination therapy (ACT) became the first-line treatment recommended by the WHO. [15]
Nevertheless, it did not take too long until Plasmodium drug and multidrug resistance problems appeared, as well as resistance from mosquitoes to insecticides. P.
falciparum chloroquine resistant strains appeared in less than 20 years after its first
synthesis, causing a large mortality raise as they spread, especially in the 1990s in
Africa. [16] Similarly to what happens with many medications, such as antibiotics,
parasites might undergo random mutations which could involve changes in the target of the drug, meaning that they will not be affected by it. In the case of malaria,
one of the main mechanisms behind resistance evolution besides mutations is the
variant expression of many parasite’s genes. [17;18] If the drug was not present, the
resistant strains would not show any special advantage and hence would simply coexist with the other strains. However, in the case of treatment, all the parasites
from the original strain are killed or inhibited by the drug. This leads to a selection
of the resistant strain, which will now have no competitors and, therefore, will have
plenty of resources to replicate at an even higher rate until prevailing. This implies
a truly critical situation for the treatment of multiple diseases, as the evolution of
resistance occurs at a much higher pace than the development of new drugs that
attack causative agents in different ways. [19] This is most probably one of the reasons
why all the enormous efforts put on eradicating malaria during the last century have
resulted in failure.
Today, thanks to the advances in materials science, nanoscience and nanotechnology, the rise of nanomedicine has given a new wave of hope. Novel methods of drug
delivery are being developed in order to address a wide range of medical problems,
like specificity, targeting, diagnosis and dose control while improving the pharmacokinetic profile of current drugs. Nanovectors can be functionalized, potentially
with multiple molecules. This allows to target diseased cells exclusively, label them
for diagnosis, e.g. with a fluorescent molecule, and/or carry a drug which will be
optimally delivered. The applications are almost endless, making of this a very
promising field with plenty of room for research. Furthermore, following a bottomup strategy, nanoparticles can be designed and modified in order to achieve the
desired therapeutic effects, like in the case of plasmonic photothermal therapy for
cancer. [20] On the other hand, the toxicity and biocompatibility of nanostructures
are extremely important factors that shall be taken into account and deeply studied,
since that will critically determine their feasibility. [21]
In the case of malaria, the need of a new perspective is evident. In order to avoid
toxicity problems, current administration methods often end up with relatively low
3
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local drug concentrations. On top of that, drugs are released into the blood stream
and spread throughout the whole body. This means that very little amounts might
reach the red blood cells parasitized by Plasmodium, leading to the need of multiple
doses. All of this increases the probability of the appearance of resistance and implies a rise in costs. Furthermore, the development of new antimalarial drugs that
attack the parasite in different ways is urgently needed. [22] However, the economy
factor must be taken into account with special attention. Although nanotechnology
could answer to such needs, the application of nanoscience has been clearly slanted
to this day, focusing on diseases affecting the developed world.
In the Nanomalaria [23] joint group of the Institute for Bioengineering of Catalonia
(IBEC) and the Barcelona Institute for Global Health (ISGlobal), state-of-the-art
nanomedicine techniques are being exploited in order to explore new approaches in
the fight against infectious diseases of poverty, focusing on malaria and leishmaniasis, both regarding diagnosis and treatment. An extra difficulty is faced: efficiency
in costs is not only advantageous but necessary. Some of the main research lines of
the group include: (i) exploring different encapsulating structures and techniques,
targeting molecules and new antimalarial strategies and compounds to assemble
nanovectors that can deliver their cargo with complete specificity; (ii) studying the
metabolic pathways of Plasmodium to find specific enzymes as therapeutic targets;
(iii) designing new targeted drug delivery techniques to fight the parasite in its
stages in the mosquito vector. Finally, these activities are also being extended to
other pathologies like leishmaniasis.
The main goal of this project is to encapsulate current aromatic group-containing
antimalarial drugs in polyethylene glycol functionalized carbon nanotubes. The focus is set on curcumin which, despite its antimalarial properties, in its free form
is highly hydrophobic due to the aromatic rings present in its chemical structure.
Hence, its circulation times are too low to be effective in doses that do not imply
risky detrimental side effects. [24] Through its encapsulation, an increment in solubility is expected. We aim to establish the foundations of a synthesis protocol for
the drug-nanotube conjugates. In vitro treatment efficacy will be studied in P. falciparum cultures, making it possible to compare the behaviour of the free drug with
that of the drug-nanotube complex. Furthermore, in vitro assays will be performed
with human red blood cells to check for possible hemolytic effects. Another goal is
to develop an in silico model that describes the inhibitory behaviour of curcumin
with and without nanotubes.
In order to achieve these objectives and understand the details involved in this work,
due to the interdisciplinary nature of the project, a complete theoretical background
is presented in Chapter 2, followed by the methodology and materials used in Chapter 3. The results obtained are included and discussed in Chapter 4. Finally, the
main conclusions extracted from this study are summarized in Chapter 5, together
with possible future work in the topic.
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Chapter 2
Theoretical Background
2.1

Malaria and Plasmodium falciparum

Malaria is a life-threatening mosquito-borne infectious disease caused by parasites of
the Plasmodium genus. These are unicellular eukaryotic parasitic protists included
in the Apicomplexa phylum, characterized by a complex life cycle which involves
a sexual and an asexual part. They are transmitted from the bloodstream of an
infected host to an uninfected individual by female Anopheles mosquitoes. [25]
Although there are more than 200 species of Plasmodium known to date, it is thought
that only five cause human malaria: P. falciparum, P. vivax, two subspecies of P.
ovale and lastly P. malariae. Furthermore, some zoonotic species have been identified, for which transmission can occur from non-human to human host and vice
versa. These species are P. knowlesi, P. cynomolgi and P. brasilianum. [26;27;28] As
one would expect, malaria caused by each one of these different species shows different traits. P. falciparum can lead to the most severe cases and is especially dangerous
in children and pregnant women. It is the most prevalent malaria parasite in Africa,
where it accounted for 99.7% of the estimated cases in 2018, although it was also
responsible for a substantial amount of cases in the WHO South-East Asia Region
(50%), Eastern Mediterranean Region (71%) and Western Pacific Region (65%). [4]
On the other hand, P. vivax is very widespread outside Africa, being predominant
in South America and Asia (especially in India). [4] Although it usually causes a
milder form of malaria, it still generates significant morbidity and can occasionally
lead to severe cases or even death, often due to a pathological enlargement of the
spleen. [29] As for the other species, they seldom result in severe cases and are much
less prevalent. Despite the importance of fighting all species, in this project the
focus is set on the study and treatment of P. falciparum malaria, which remains the
biggest cause of mortality due to malaria.
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2.1.1

Plasmodium life cycle

Plasmodium spp. parasites are characterized by a complex life cycle which is shared
by the five human malaria causing species with subtle differences. This cycle (see
Fig. 2.1) is composed by two main parts: one taking place in the mosquito host and
the other one in the human host, in which the parasite’s development is divided in
a liver or exo-erythrocytic stage and a blood or erythrocytic stage. [30]

Human stages: exo-erythrocytic and erythrocytic cycles
The infection process of a human starts when an infected female Anopheles mosquito
takes a blood meal and inoculates its saliva into the dermis. This saliva contains
between a few tens and a couple hundred parasites in the motile sporozoite phase,
which enter the circulatory system. Shortly after the inoculation, a few of them
reach the liver and initiate the exo-erythrocytic or liver phase, while the rest are
eliminated by the immune system. In the liver, sporozites infect hepatocytes (liver
cells), where they develop into multinucleate forms called schizonts through the process known as schizogony. [31] Then, a cycle of asexual reproduction starts and each
intra-hepatocytic schizont produces tens of thousands of merozoites: a form of the
parasite prepared to invade red blood cells (RBCs). This process lasts about 10
days, in which the human host shows no symptoms as very few cells are affected.
Finally, merozoites rupture the hepatocytes and exit the liver inside host cell-derived
vesicles called merosomes, which protect the merozoites from phagocytosis. [32] These
merosomes pass through the heart and reach the lung capillaries, where eventually
they disintegrate and merozoites are released into the bloodstream. With this, the
erythrocytic or blood stage begins, which is responsible for malaria’s symptoms.
Using their apical invasion organelles, merozoites recognise and infect RBCs in a
matter of seconds by multiple ligand-receptor interactions. [10] In the RBC, they initiate an asexual intraerythrocytic replication cycle of approximately 48 hours in
the case of P. falciparum. In it, the parasite evolves through different stages, each
one of them with unique forms (Fig. 2.2 C), metabolic pathways, surface proteins
(antigens), etc. These continuous changes contribute to avoid clearance by the immune system, and make the task of developing efficient antimalarial drugs especially
complicated. [33] It is worth mentioning that, unlike other Plasmodium species, P. falciparum merozoites do not show special preference towards fresher RBCs. Instead,
they infect any available RBC, presenting a less constrained infection process. [34]
Inside the parasitized RBCs (pRBCs), the trophic stages begin: the parasite loses
its invasion organelles and creates a parasitophorous vacuole that keeps itself sealed
from the host cell, acquiring a ring-like shape that can be observed in stained blood
smears through the microscope. It is this characteristic shape what gives this phase
the name of ring stage. [35] In it, the parasite initially remains apparently dormant
(∼ 0 - 15 h) until its metabolic activity starts to increase progressively by endocyting the pRBC’s cytoplasm components and digesting its hemoglobin (Hb) in an
acidic food vacuole. This Hb consumption directs the parasite’s metabolism, as it
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provides a source of amino acids used to synthesize new proteins, RNA and DNA for
further replication. [36] The parasite grows, occupying about a third of the pRBC’s
volume, and loses its ring-like shape, reaching the mature trophozoite stage (∼ 15
- 36 h). Then, the parasite is ready to undergo nuclear division, entering the schizont stage (∼ 36 - 40 h). As the metabolic activity diminishes, intraerythrocytic
schizogony takes place and schizonts divide and produce an average of 16 haploid
daughter merozoites each. [37] These merozoites burst the pRBC and are released to
the bloodstream together with parasite toxins. All of this induces a strong immune
response that leads to the characteristic acute febrile attacks associated to malaria
(∼ 40 - 48 h). The merozoites will invade new RBCs and repeat the cycle. In the
case of uncontrolled growth, the number of parasites in the host can rapidly escalate
to orders as high as 1012 . [38] Furthermore, this massive destruction of RBCs is also
responsible for the severe anemia and respiratory distress that patients with complicated cases of malaria present, as oxygen cannot reach tissues correctly. [39]
In parallel, with every erythrocytic replication cycle, a small fraction (about 12%) of the intraerythrocytic parasites undergo a different pathway than schizogony:
gametocytogenesis. Some of the progeny differentiate into female and male gametocytes, known as macrogametocytes and microgametocytes respectively. They take
between 7 and 15 days to reach maturity, during which they remain sequestered in
the bone marrow to avoid being cleared out by the spleen. [40] Then, they return
to the peripheral circulation, where they can be taken up by a mosquito during its
blood meal. The transmission of the parasite from the human host to the mosquito
host depends on these sexual forms. Thus, they are a crucial point on which antimalarial drugs could act, blocking this transmission and consequently preventing
the infection of other humans. [41] On a side note, it has been observed that the
switch to gametocyte production increases with environmental factors like high parasitemia (quantitative amount of pRBCs in the blood) or exposure to drugs (e.g.
chloroquine). This indicates that parasites can sense their environment, most probably through cell-to-cell traffic of vesicles containing proteins and genetic material. [42]

Mosquito stages: Sporogonic cycle
When a female Anopheles mosquito bites an infected individual and ingests the parasite gametocytes with its blood meal, the sporogonic cycle begins. Once they are
in the mosquito’s midgut, the haploid gametocytes undergo a maturation process to
develop into gametes. Macrogametocytes become larger and more spherical, turning
into macrogametes, while each microgametocyte generates 4-8 flagellated microgametes after completion of meiosis. When a microgamete fertilises a macrogamete, a
diploid zygote is formed. Zygotes then evolve into elongated and motile ookinetes
which can invade the mosquito’s midgut epythelium. [43] There, they mature into
oocysts, which grow and undergo about ten rounds of nuclear division. After meiotic
processes, a new generation of haploid sporozoites is finally produced. [44] Eventually,
oocysts burst and thousands of sporozoites are released, making their way to the
salivary glands where they are ready to infect a new human host. [45]
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Figure 2.1: Illustration of Plasmodium spp. life cycle: A malaria-infected female Anopheles
mosquito bites a human host and inoculates sporozoites 1 . Exo-erythrocytic schizogony
A : sporozoites infect hepatocytes 2 and mature into schizonts 3 , which lyse and release
merozoites 4 . Erythrocytic schizogony B : merozoites invade erythrocytes 5 . Ring
stages evolve into trophozoites and finally into schizonts, which rupture releasing merozoites
6 . A small fraction of parasites differentiate into sexual erythrocytic stages (gametocytes)
7 . Male and female gametocytes are ingested by an Anopheles mosquito during a blood
meal 8 . Sporogonic cycle C : in the mosquito’s stomach, zygotes are formed from the
fusion of male and female gametes 9 . They become motile and elongated (ookinetes) 10
and invade the midgut wall. There, they develop into oocysts 11 , which grow, rupture,
and release sporozoites 12 that make their way to the mosquito’s salivary glands. Finally,
the cycle is completed when inoculation of the sporozoites into a new human host occurs
1 . Image credit: Centers for Disease Control and Prevention (CDC).

2.1.2

Parasitized erythrocytes

Taking into consideration that this project involves the study of in vitro cultures
of human RBCs infected with P. falciparum, it is important to address the biological details of the intraerythrocytic cycle and the changes that the pRBCs undergo
throughout it. Hence, it is interesting to provide a description of such phenomena
in an understandable manner for those without a strong background in the topic.

Invasion process
8
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When the parasite invades the RBC, it has the ability of changing its morphology.
In the first steps towards invasion, known as pre-invasion, the merozoite deforms the
RBC membrane (RBCM) using the parasite actin-myosin complex, and reorients it
with merozoite surface proteins (MSPs) in order to be able to enter the cell (Fig.
2.2 A). [46] When the active invasion begins, MSPs bind irreversibly to the RBC’s
membrane proteins. The merozoite propels itself into the RBC powered by the
actin-myosin motor, forcing the invagination of the host cell membrane. [47] Meanwhile, the parasitophorous vacuole membrane (PVM) is formed with the lipid-rich
contents of the rhoptry (a secretory organelle of the parasite). To complete the
invasion, the RBCM and PVM fuse, simultaneously sealing the parasite. [10] It is interesting to note the great importance of MSPs in the initial interaction, especially
of the main protein of the group MSP-1, whose key role during invasion makes of it
a predominant candidate as antimalarial vaccine antigen. [48]

Intraerythrocytic schizogony
Healthy mature RBCs are terminally differentiated cells, anucleate, lacking subcellular organelles and mainly composed of a Hb-rich cytoplasm, a cell membrane,
and a cytoskeleton that provides the cell with mechanical stability and flexibility, key
for oxygen delivery through capillaries. [49] Due to this absence of cellular machinery,
once the parasite is in the RBC, it complements it with its own proteins in order to
be able to grow. Furthermore, it develops an exomembrane trafficking structure in
the pRBC cytoplasm known as tubovesicular network, so that exported proteins can
be placed in specific pRBC locations. [50] With this, important antigenic, structural
and transport alterations take place during the cycle. Morphology transformations
are easily noticed, as the well-known smooth biconcave appearance of the healthy
RBC is replaced by a more spherical and rigid structure with an irregular surface,
filled with small protuberances which are commonly referred to as knobs (Fig. 2.2
B). While during the trophozoite and ring stages the knobs are larger (diameter ∼
110 to 150 nm) and their density is smaller (10 to 35 knobs/µm), schizonts display
small knobs (70 to 100 nm) but in higher amounts (45 to 75 knobs/µm). [51]
Surface ligands belonging to the P. falciparum erythrocyte membrane protein 1
(PfEMP1) family are of special interest as they are the best characterized parasiteexported proteins. [52] These integral membrane proteins are clustered on the knobs
and confer the pRBC with the capacity to adhere to endothelial cells of capillaries
and post-capillary venules of multiple organs and of the placenta, a phenomenon
named sequestration. Furthermore, they are responsible for antigenic variation, a
mechanism through which the parasite alters surface proteins, avoiding the host
immune response as well as allowing reinfection of previous hosts who developed
immunization. [37] This high capacity of sequestering infected erythrocytes is exclusive to P. falciparum malaria, and it contributes to the high virulence, chronicity
and severity that the disease can reach, for instance producing the severe forms of
cerebral and placental malaria. The other Plasmodium spp. do not present this
ability, or at least not to such extent. [53]
9
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Sequestration implies the removal of pRBCs from the circulating blood. Hence, it
prevents the clearance of the parasite’s mature forms by the spleen during the erythrocytic cycle, allowing them to complete the whole cycle ending with the release
of daughter merozoites. Therefore, a much higher parasitemia can be reached. [26]
Furthermore, the PfEMP1 proteins in the knobs also confer the pRBC the ability to
adhere to healthy RBCs, leading to the formation of aggregates known as rosettes. [54]
These clusters also end up obstructing venules and causing local impaired oxygen
delivery and hypoxia to organs. [55]
As previously mentioned, the lack of machinery in RBCs implies that the parasite
must provide it and has to acquire from the extracellular environment all the elements it will need to grow. Thus, membrane transport is a key element. As the
parasite matures and replicates inside the pRBC, it induces permeability changes in
the pRBC membrane (pRBCM) and alters the composition of the cell’s cytosol. [56]
The main purpose of this is to promote the uptake of extracellular molecules as well
as the disposal of metabolic waste, while managing to preserve osmotic stability and
avoid premature lysis. P. falciparum has only one mitochondrion and relies mainly
on glycolysis to obtain energy. [57] The consumption of glucose of a pRBC with respect to that of a non-infected RBC can increase up to 100 times, as the need for
ATP to maintain homeostasis increases as the parasite matures. [37] This is because
the parasite requires certain molecular components in great amounts to make replication possible. Although some of these can be synthesized from amino acids obtained
from the digestion of proteins in the RBC cytoplasm (mostly from Hb), others can
only be obtained from the extracellular medium. The increase in permeability that
the uptake of such macromolecules requires implies a loss of osmotic stability, which
can only be recovered with vigorous active membrane transport and digestion of
excess intracellular solutes. Still, pRBCs that host late stage parasites are far more
fragile and sensitive to perturbations like temperature changes. [58] Hence, they are
highly affected by the fevers and experience higher rates of lysis.

Merozoite egress process
The coordinated process of merozoite release is tightly regulated. In order to enter the bloodstream to infect new RBCs, merozoites must overcome two barriers:
the PVM and the pRBCM. However, the complex mechanism that regulates this
process has been a matter of debate for a long time. Three main theories were
initially considered: (i) fusion between both membranes generating a pore through
which the merozoites can exit; (ii) the pRBCM ruptures in the first place followed
by the PVM, and (iii) firstly, the PVM is broken and afterwards the rupture of the
pRBCM occurs. [59] The result of the process, regardless of the method, is the release
of merozoites in the cytoplasm of the RBC and finally to the bloodstream.
Advances in microscopy techniques have helped to solve this question. Bearing in
mind the mentioned fragility of schizonts, factors like illumination during the observation influence the egress process and may lead to experimental results that are
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not truthful to what really occurs in the body. Glushakova et al. used low light
confocal video microscopy to study this matter. [60] The images seem to show a convulsive rupture, meaning that the first model is highly unlikely. They suggests that
during merozoite formation, a progressive degeneration of the pRBC cytoskeleton
takes place. As merozoites grow, pressure in the schizont increases, leading to an
explosive rupture of the PVM shortly followed by or almost simultaneously with the
lysis of the pRBCM. The daughter non-motile merozoites are expelled (Fig. 2.2 D)
in a way that they can reach new potential hosts even in environments with high
parasitemia.

Figure 2.2: P. falciparum parasitized erythrocytes. (A) Initial contact between merozoite and RBC observed with live cell microscopy, showing the deformation induced by
the parasite (Weiss et al., 2015 ). (B) Comparison between a healthy RBC (left) and a
pRBC (right). Knobs can be observed clearly on the pRBCM (Maier et al., 2018 ). (C)
Giemsa-stained blood smear microscopy images of the different asexual forms of the parasite throughout the intraerythrocytic cycle (Cheng et al., 2013 ). (D) Timed pictures
from a differential interference contrast (DIC) microscopy recording showing egress and
scattering of merozoites from pRBC. (Glushakova et al., 2005 ).

2.1.3

Prevention and antimalarial drugs

Throughout the long fight against malaria, a great number of prevention and therapy approaches have been proposed and used, some of them being more successful
than others and with drug resistance as a constant obstacle. [12] The complexity of
11
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the parasite’s life cycle leads to many possible intervention targets. On the one
hand, vector control has proven to be a very effective preventive strategy, improving
the situation in many countries and contributing to the eradication of malaria in
those that have achieved it. This approach leads to lower transmission rates by using
insecticide-treated mosquito bed nets and/or spraying insecticide on surfaces. [61] Although these initiatives are cost-efficient in the long run thanks to the savings from
reducing the need of treatment, the initial investment required is rather unfeasible
for the poorest countries.
On the other hand, strategies must also focus on the other half of the cycle: the
human one. The preventive treatment of malaria is usually referred to as malaria
prophylaxis. Although there are preventive medications that are typically used in
travelers heading to malaria endemic areas and in pregnant women, an effective
vaccine has not been developed yet. [62] Hence, there are no human-based infection
prevention options for inhabitants of high transmission areas. However, transmission can be prevented by treating the patient with antimalarial drugs that target P.
falciparum gametocytes (known as gametocytocidal drugs) once infection has occurred. In this way, further transmission to mosquitoes and, by extension, to other
humans is blocked. [41] Some examples of gametocytocidal drugs are primaquine and
artemisinin derivatives like artemether and artesunate. [63]
Malaria can be diagnosed either by microscopy examination of stained blood smears
or with rapid diagnostic tests based on the detection of antigens found in plasma. [38]
If the diagnosis is positive, treatment must be provided urgently, especially in nonimmune patients. Erythrocyte invasion and the asexual stages that follow are the
target for most antimalarials. However, many of them have rapidly become obsolete in several regions as the parasite has developed resistance. [64] Combination
therapy is used to circumvent this problem: by giving simultaneously more than
one drug, each of them with different modes of action, the probability of emergence
and transmission of parasites that are resistant to one of the drugs is significantly
reduced. [65] ACTs are currently the treatment recommended by WHO, where a fastacting artemisinin derivative is combined with a long half-life non-artemisinin based
drug. [66] Of course these are far more expensive than a simple treatment, amplifying the economic consequences of over-diagnosis and over-prescription of drugs. [67]
Furthermore, besides resistance, chemotherapy has other constraints, like toxicity
and the limitations of oral administration routes, which are usually preferred due to
field conditions but they involve challenges like surviving digestion in the stomach,
penetrating the mucous intestine walls and overcoming liver metabolism.
Below, the antimalarial drugs used in this project are presented and described:
chloroquine and curcumin.

2.1.3.1

Chloroquine

Chloroquine (CQ) belongs to the 4-aminoquinolines family. It was used massively
against P. falciparum malaria while it was its front-line treatment. However, this
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led to widespread resistance and CQ became obsolete against that species. [26] Nowadays it is still used against P. vivax, P. malariae and P. ovale. Its mechanism of
action focuses on interfering in the metabolic processes that take place during the
asexual blood stages in the parasite’s acidic food vacuole, where CQ accumulates. [64]
When the parasite digests the pRBC’s Hb, its protein moiety is released and degraded into amino acids. However, its heme group (which contains the iron that
binds oxygen) is toxic in its free form. In order to detoxify it, the parasite biocrystallizes heme and incorporates it into hemozoin, a chemically inert insoluble crystal
lattice of heme dimers. CQ binds to hemozoin and avoids the biocrystallization
and detoxification of free heme, which then builds up and eventually leads to cell
death. [64] In this project, CQ was used as a positive control for in vitro growth inhibition assays of the P. falciparum 3D7 strain, which is CQ-sensitive.

Figure 2.3: Chemical structure of chloroquine (left), whose phosphate salt (right) is soluble
in water.

2.1.3.2

Curcumin

The main focus of this project is set on curcumin (IUPAC name: (1E,6E)-1,7-bis(4hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione), an inexpensive drug that is
easily isolated from the roots of Curcuma longa (i.e. turmeric). This yellow polyphenol has many interesting pharmacological properties like anti-inflammatory, antioxidant, antimicrobial and anticarcinogenic activities. Over the past decade, studies
have shown its antimalarial behaviour on CQ-susceptible and CQ-resistant P. falciparum strains, which presented curcumin (CUR) as a potential antimalarial drug
as many of its characteristics, like biosafety and low price, meet the requirements of
malaria’s socioeconomic landscape. [68]
Nonetheless, the use of CUR presents a significant problem: its extremely low aqueous solubility, together with poor oral absorption and rapid elimination. Furthermore, it is sensitive to environmental parameters such as pH and light, lacking the
stability that is desired in a drug. In alkaline pHs, which includes physiological conditions (pH ∼ 7.2), CUR degrades relatively rapidly. In vitro studies show that 50%
of CUR degrades within 6 hours in such conditions. [69] In this framework, the use of
nanocarriers has been presented as an interesting strategy to dodge these restraints
and improve CUR’s pharmacokinetics and bioavailability. [70] In this project, this
initiative is followed by studying the antimalarial activity achieved by using carbon
nanotubes as nanocarriers for CUR. This approach has been studied with anticancer
purposes, but carbon nanotubes have not been used so far in a therapeutic strategy
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against malaria. [71;72]

Figure 2.4: Chemical structure of curcumin in the keto enolic tautomer (left), which appears in the presence of organic solvents, and in the β-diketone tautomer (right), in water.

- Physicochemical characteristics of curcumin
CUR, with chemical formula C21 H20 O6 , is a diarylheptanoid with a molar mass of
368.385 g/mol. Looking at its chemical structure (Fig. 2.4), we identify three functionalities that are involved in its capability to interact with biomolecules: (i) two
aromatic rings with o-methoxy phenolic groups that can induce π−π interactions and
hydrogen bonding, (ii) an α,β-unsaturated β-diketo moiety, which can participate
in H bonding or act covalently as a Michael acceptor or electron donor, and (iii) a
seven-carbon linker which provides flexibility to maximize non-covalent interactions.
CUR’s diketo group presents keto-enol tautomerism (structural isomerism). This
means that depending on the environment, namely polarity and pH, the molecule
exists in different conformers. In its crystal state, CUR is stable in the cis-enol
configuration, supported by intramolecular H bonding. This has been confirmed
by X-ray diffraction studies. [73] In solution, the molecule exists in cis-trans isomers,
the trans conformer being slightly more stable than the cis conformer. Quantum
chemical studies suggest that in the former, the two phenol-methoxy groups are on
opposite flanks of the backbone, while in the latter the phenolic-methoxy groups are
in the same side of the backbone. [74] Moreover, nuclear magnetic resonance (NMR)
spectroscopy studies show that generally, in non-polar solvents (e.g. dimethyl sulfoxide, DMSO) CUR adopts the enol form as it is more stable than the keto form
by ∼ 5-8 kcal/mol, while in polar solvents (e.g. water) it presents the keto form. [75]
Regarding pH dependence, at pH below 8, the keto form dominates acting as a proton donor, while at higher pH the enol form prevails acting as an electron donor.
Furthermore, due to extended conjugation, CUR’s π electron cloud extends all along
the molecule. Its computed ground state dipole moment is 10.77 D. CUR’s partition coefficient log(P) is contained in the range ∼ 2.5-3.6, indicating its hydrophobic
nature. Thus, CUR is soluble in ethanol, chloroform, acetone and DMSO amongst
others, but not in water (water solubility ∼ 3-6 µg/mL). [76]
Spectrum-wise, CUR has two characteristic absorption bands located in the 410-430
nm visible range and 250-270 nm UV range. The maximum absorbance, which is
notably higher in organic solvents, occurs at a wavelength of ∼ 420 nm. This provides a sensitive detection (of concentrations as low as 1 ng/mL), which represented
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an important tool in the experimental part of this project. Furthermore, depending
on the pH value, the absorption maximum shifts its position through a phenomenon
known as hypsochromic shift: with decreasing pHs, the peak moves to lower wavelengths and loses intensity. [75]
- Biological and pharmacological properties of curcumin
The origin of CUR’s antimalarial activity is not fully clear. It has been found to have
several targets in the parasite, interacting covalently or non-covalently (through π-π
interactions and H bonding) with different proteins, DNA, lipids and metals that
may take part in different pathways. Experimental work seems to indicate that drug
concentration might be one of the parameters that govern which of these targets are
affected. Hence, the inhibitory effect of CUR treatment is dose dependent. [77] For
instance, at low concentrations CUR has antioxidant activity while at larger concentrations it becomes pro-oxidant. Cui et al. [78] found that at concentrations above
∼ 1 µM, CUR promotes the generation of reactive oxygen species (ROS) in P. falciparum, which have a cytotoxic effect. Fatal damage in the parasite’s mitochondrial
and nuclear DNA, proteins and lipids was observed with CUR treatment and is
thought to be caused by the high levels of ROS. Furthermore, their study showed
that CUR inhibits the parasite’s histone acetyltransferase activity, increasing its
cytotoxicity. This enzyme catalyzes histone acetylation, which is fundamental for
epigenetic regulation of gene expression in eukaryotes. The Michael-acceptor function of CUR appears to be of central importance in this sense. [76]
Another factor that is thought to add to CUR’s antimalarial activity is microtubule
(MT) disruption in the parasite during its intraerythrocytic cycle, reducing parasite
viability. Damaged MTs hamper cellular functions like nuclear division, merozoite
formation and cell invasion. This anti-MT activity is probably induced by direct
interaction between CUR and free tubulin (predicted by molecular docking), forming an altered tubulin-CUR complex that, when polymerised with normal tubulin,
results in flawed MTs. [77] However, further experimental work is required for this
to be confirmed. Finally, besides its antiparasitic effects, CUR seems to have an
immunomodulatory role in the host, increasing monocyte ROS production. This in
turn increases the expression of the CD36 glycoprotein, enhancing CD36-mediated
pRBC phagocytosis, which contributes to parasite clearance. [79]
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2.2

Nanotechnology

Nanotechnology has provided a wide range of solutions in many fields of science
and engineering. Manipulation of matter on the nanoscale has allowed to gain control over very important properties like reactivity, selectivity and band gap energy
(in semiconductors). Just to get an idea of their versatility, some applications of
nanoparticles (NPs) are: (i) as catalysts for many procedures, like for example photocatalytic water splitting, [80] (ii) in nanostructured solar cells for efficient sustainable
energy obtaining, [81;82] (iii) for storage of hydrogen, [83;84] (iv) in smart coatings [85]
and (v) for detection of impurities in water and filtration to obtain clean drinking
water, [86] among many others.
In medicine, their impact has been so enormous that a whole discipline has emerged:
nanomedicine. In this field, many incredible developments have been done both for
diagnosis and treatment. [87] Some examples are using NPs as biochemical nanosensors for small molecules of interest like glucose or urea, [88] , in cancer imaging for
diagnosis and therapy (e.g. photothermal therapy), [89] and in tissue engineering
and regenerative medicine as part of nanocomposite scaffolds. [90] In this project, the
focus is set on the application of nanotechnology in drug delivery.

2.2.1

Drug delivery

One of the many revolutionary outcomes of the advances in nanotechnology is the
progress of controlled drug delivery (CDD), developing systems such as lipid or
polymer-based NPs that act as drug nanovehicles. [91] When the physicochemical
properties of a drug are well understood, the complex process of developing suitable
controlled drug delivery systems (CDDSs) can begin. This potentially allows to control targeting, immunogenicity, pharmacokinetics, pharmacodynamics, reduction of
side effects and overall efficacy of the drug. [92;93] This optimization can make great
differences in the treatment of many diseases, improving administration routes that
might be preferable (e.g. oral, nasal, ocular,...). [94] A very interesting point is that
by making the drug more efficient, the amount of drug and number of doses can
be reduced, decreasing the probability of developing drug resistance. [95] This can be
further minimized with nanoscale combination therapy. [96]
Before the 1950s, drugs were administered through pills and capsules unable to provide any control of release kinetics, simply liberating the drug upon contact with
water. Since then, research on CDD technologies has captured a lot of attention that
has led to a rapid progression. During the first decades, commonly known as the
1st generation of CDDSs (1950-1980), the bases of CDD were established: four drug
release mechanisms were identified (diffusion, dissolution, osmosis, ion-exchange)
and exploited to develop numerous oral and transdermal delivery formulations with
successful clinical applications. Control of the physicochemical properties of such
CDDSs was acquired. [97] With the 2nd generation of CDDSs (1980-2010), much more
complex objectives were pursued, like the introduction of smart delivery systems.
Smart polymers and hydrogels were introduced, allowing environment-sensitive reg16
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ulated release so that delivery is triggered by changes in pH, temperature, level of
glucose,... [98] Self-regulated insulin delivery systems began to be developed, without
achieving successful in vivo results due to the difficulties in overcoming biological
barriers. During the last years of the 2nd generation, nanotechnology started to be
exploited for CDDSs, developing NPs for tumor targeted delivery and gene delivery.
Although high expectations were set from small animal trials, success in clinical
assays was not accomplished. [99]
In the 3rd generation (from 2010), the advances of nanotechnology are allowing the
development of novel nanovehicles, while research on smart biodegradable polymers
and hydrogels continues. Some examples are glucose sensitive CDDSs for pulsatile
insulin release, targeted delivery of anticancer drugs and small interfering RNA to
tumors, and long-term delivery systems (6-12 months) for chronic diseases. Furthermore, big efforts are being dedicated to the development of delivery systems
for poorly soluble drugs to avoid the use of toxic organic solvents. However, the
intricate task of overcoming biological barriers for parenteral formulations remains
a challenge for this generation in order to bring real clinical solutions to patients. [100]

2.2.2

Carbon nanotubes

Among the countless CDD nanosystems studied nowadays, in this project the focus
is set on carbon nanotubes (CNTs) due to their fascinating properties and their
promising potential in transporting and translocating therapeutic molecules.
CNTs, first described in 1991 by S. Ijima [101] , are the most well-known type of
fullerenes, which are the family of molecules with different shapes consisting of
carbon atoms, linked by single or double bonds, that form a semi-closed or closed
net of fused rings with 5-7 C atoms. A very common way of thinking of CNTs
is imagining a cylinder formed by rolling up a sheet of graphene (a flat lattice of
regular hexagonal rings of C atoms with sp2 hybridization). Their diameter is so
small (∼ 1 nm) that they are often considered a pseudo one-dimensional material.
CNTs are usually classified in two groups: (i) single-walled CNTs (SWCNTs), which
are constituted by a single cylinder and (ii) multiwalled CNTs (MWCNTs), which
are composed of two, three or more coaxial SWCNTs of different diameters. [102]

2.2.2.1

General properties

The list of properties that CNTs offer is long and diverse, making them suitable
for numerous applications in electronics, medicine, material science and energy engineering among other fields. A very important property of CNTs is their enormous
aspect ratio, i.e. the relationship between their length and diameter. The diameter of a CNT is of the order of the nanometer, while its length is usually on the
micrometer range, and can reach hundreds of micrometers (even half a meter [103] )
meaning that the aspect ratio would be of the order of a million. Of course, this
means that their properties are highly anisotropic. On the other hand, these tiny
dimensions make it incredibly complicated to work with CNTs, especially SWCNTs,
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as they tend to form bundles containing tens to hundreds of tubes of similar diameter (also known as ropes) via van der Waals interactions that are relatively hard
to disrupt. [104] They also have a very high surface area (up to ∼2600 m2 /g [105] ) and
a great capacity to interact and be loaded with many different molecules, including
DNA, proteins and drugs. [106] Additionally, it has been shown in multiple studies
that, when properly functionalized (see below), CNTs are readily internalized by
many types of cells [107] and they are not immunogenic (i.e. they are unable to produce an immune response). [108]
Despite their extremely low density (1.33-1.4 g/cm3 for SWCNTs [109] ), CNTs have
truly interesting thermal and mechanical properties. They are excellent thermal
conductors (higher than 3000 W K −1 m−1 at room temperature [110] ) and have a tiny
thermal expansion coefficient, which would be very advantageous in implementation
in devices. [111] Moreover, they exhibit great flexibility and their elastic modulus and
tensile strength (which can reach 400 times that of steel) are unparalleled, making
them the strongest and stiffest material known to date. [112;113] This is a result of the
enormous strength of the sp2 C-C covalent bonds. Furthermore, they are exceptional
electrical conductors as charge carriers can travel ballistically (without scattering)
along the tube’s axis, reaching current densities as high as 4 × 109 A/cm2 . [114] They
are also chemically stable, which makes them resistant to corrosion.
The optical properties of CNTs have also drawn a lot of attention, as the tunability
of CNTs can offer interesting properties in the fields of optics and photonics. Some
of these interesting properties are: (i) their absorption, (ii) stable fluorescence in
the in the near infrared (NIR) range, a region relevant for fiber optic communications [115] and away from the background of biological and environmental specimens
and thus making them useful for bioimaging [116] ; and (iii) distinctive Raman spectroscopy signatures enhanced by resonance. All of these are useful for rapid and
non-invasive identification and characterization. Thus, important parameters that
have a strong influence on the CNT’s properties, like presence of defects, carbon content and structural information, can be determined. Furthermore, they offer a very
narrow bandwidth of emission/detection wavelengths which can be tuned through
their structural parameters. This would be interesting for CNT-based LEDs and
photodetectors. Last but not least, these properties make of CNTs a very interesting tool for biomedical imaging applications. [117]
There are different methods to fabricate CNTs. Originally, CNTs were exclusively
obtained by electric arc-discharge. Today, methods based on laser ablation of
graphite and chemical vapor deposition (CVD) are also commonly used, especially
the latter in the case of MWCNTs. All three methods require the presence of metallic
nanoparticles as catalysts when synthesizing SWCNTs, while with MWCNTs it may
not be necessary. Although these techniques allow to produce high quality CNTs,
it is important to bear in mind that the samples obtained are usually a mixture of
different diameters and chiralities. This can be solved with purification protocols
that separate and sort the CNTs by taking advantage of the strong effect that these
two parameters have on the CNTs’ properties. Moreover, there are always some
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amorphous defects that separate the real physicochemical behaviour of the CNTs
from the ideal properties associated to the "rolled-up graphene" structure. CVD
particularly suffers from this drawback, but on the contrary it is the only method
that allows to produce CNTs in huge quantities at a relatively low cost (especially
easily for MWCNTs), being a potential tool for industrial production if CNTs ever
reach commercial applications. [118]

2.2.2.2

Electronic structure and properties

In order to understand the electronic properties of CNTs and how they interact
with other molecules, it is important to take a look at their electronic structure.
As previously mentioned, the C atoms in CNTs form regular hexagons and adopt
an sp2 hybridization. This implies strong covalent bonds in the plane of the CNT
surface, and weak van der Waals bonding out of the plane. Thus, there have been
five different interaction mechanisms described through which compounds adhere to
a SWCNT: (i) hydrogen bonding, (ii) covalent interactions, (iii) electrostatic interactions, (iv) π-π stacking and (v) hydrophobic interactions. [119;120]
If we go back to the idea of a SWCNT as a rolled-up sheet of graphene, we realize
that the curvature and direction in which the sheet is rolled up has an impact on the
resulting helicity and structure. This is represented by the chirality of the SWCNT,
expressed through the chiral vector
C = na1 + ma2

(2.2.1)

where a1 and a2 are the unit vectors of the hexagonal cell, and n and√m are integers.
From the pair (n,m) and the lattice constant of graphene a = 1.42 3 Å≈ 2.46 Å,
the diameter d of the CNT can be directly obtained with the following relationship:
a√ 2
m + n2 + mn
(2.2.2)
π
Thus, the pair of values (m, n) must be large enough so that the resulting diameter
is big enough for the molecule to be a stable proper CNT. The chiral vector together
with the chiral angle θ (angle between C and â1 ) determine many electronic properties. There are three types of structures corresponding to different values of (n,m)
and chiral angles: (i) zigzag (when n or m = 0 and θ = 0o ), (ii) armchair (when
n = m and θ = 30o ) and (iii) chiral (∀ other (n, m) pairs and 0o ≤ θ ≤ 30o ). [106]
Their electronic band structures are different, composed of multiple 1D sub-bands
sliced from the Dirac dispersion cone of graphene with band gaps Eg between 0
and ∼ 2 eV depending on the chirality and diameter. [121] While armchair CNTs
are always metallic (Eg = 0), being highly conducting, zigzag and chiral ones can
either be quasi-metallic when n − m is a multiple of 3, with a very small band
gap due to perturbations like curvature effects; or semiconducting with moderate
band gaps. [122] Depending on their band gap structure, semiconducting CNTs will
show intrinsic fluorescence at a specific narrow bandwidth in the near infrared NIR
range, as mentioned previously. The corresponding densities of states g(E) exhibit
d=
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sharp peaks known as Van Hove singularities characteristic of 1D-systems, due to
the quantum confinement of the electrons in the radial direction of the CNTs at
energies that depend on the inverse of the CNT diameter. [121;122]

Figure 2.5: (a) Description of a SWCNT as a rolled-up graphene sheet and (b) schematic of
a graphene sheet illustrating lattice vectors a1 and a2 , and the chiral vector C. The zigzag
(n, 0) and armchair (n, n) cases are indicated with dashed lines. (Odom et al., 1999 ). (c)
Examples of schematics of armchair (left), zigzag (middle) and chiral (right) CNTs. (d)
Dirac energy dispersion cone of graphene showing cutting lines for a semiconducting CNT
and (e) dispersion relation of the semiconducting CNT 1D subbands derived by slicing
the cone at quantized values of the momentum along the circumference of the CNT k⊥
(Biercuk et al., 2008 ). (f) Electronic densities of states showing Van Hove singularities
for: an (8,0) zigzag large gap semiconducting CNT on the top, a (7,1) chiral CNT in the
middle which displays a tiny gap, but at room temperature will have metallic behaviour,
and a (5,5) metallic armchair on the bottom. (Chico et al., 1996 ).

CNTs have been described as good field emitters thanks to their high conductivity,
aspect ratio, mechanical strength and thermal stability, being an alternative to conventional metal or silicon tips. [123] Rinzler et al. obtained emission currents of 0.1
to 1 µA at room temperature with bias voltages of less than 80 V from individually
mounted CNTs. [124] This behaviour could be strongly influenced by crystallographic
defects, which tend to focus near the ends of CNTs, that might induce the presence
of localized resonant states. [125] Using CNTs as field-emission electron sources could
have applications in X-ray to microwave radiation sources [104] and in displays [126;127] .
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2.2.2.3

Functionalization

Bearing in mind the biomedical context of this project, it is imperative to take into
consideration the cytotoxicity and biocompatibility of CNTs. This is a deeply studied topic, as CNTs have generated a lot of excitement in the fields of drug delivery
and molecular biosensing.
Pristine CNTs are insoluble in most solvents (including water) due to their graphitic
nature, and they tend to aggregate in large bundles. Evidently, this makes them
incompatible with cell interaction, besides making it complicated to treat and manipulate them. In order to improve their dispersibility in water and biocompatibility,
after synthesis and purification CNTs are chemically functionalized by binding (covalently or non-covalently) amphiphilic molecules to their surface. This strategy is
widely extended for different purposes in drug delivery and by no means is exclusive to CNTs. [128] However, functionalization is especially crucial in this case, and
abundant research has been done to find efficient procedures.
Some of the most common molecules used to modify CNTs are well-known biocompatible polymers like polyethylene glycol [129] (PEG, H-(O-CH2 CH2 )n -OH), which is
highly flexible and hydrophilic and protects from opsonization [117] , as well as amino
and carboxyl groups, or molecules with biological origin like DNA oligonucleotide
sequences. There are different CNT functionalization methods, which are compatible with different types of molecules and result in different types of interactions.
Briefly, the main two are: (i) oxidation of the pristine CNTs with strong acids, which
open the end caps and generate carboxylic groups (-COOH) at the defect sites and
sidewall while shortening their length. From this, further esterification or amidation
of the oxidized CNTs is possible. This process enhances aqueous dispersibility while
keeping CNTs’ electronic properties intact; and (ii) using addition reactions to covalently attach functional groups on the CNT’s sidewall or tips. Once functionalized
CNTs (f-CNTs) are obtained and solubility under physiological conditions has been
achieved, one can proceed to load them with the desired active molecules. [108;104]
This project involves the use of commercial SWCNTs synthesized by electric arcdischarge method and covalently functionalized with PEG (PEG-SWCNTs).

2.2.2.4

Interaction with cells

One of the main interests of properly functionalized CNTs is their ability to cross
cell membranes, being biocompatible and non-cytotoxic within a certain concentration limit and making them suitable nanovectors for delivery of biologically active
molecules. [102] However, the mechanisms that regulate this process have been a mater
of debate for a long time. Abundant research, both theoretical and experimental,
has been dedicated to this matter, as acquiring this knowledge is crucial to control
interactions with cells, understand toxicological effects and create CNT-based cellular technologies. [107;130]
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In one of the first studies regarding this topic, Kam et al. [131] saw that the SWCNTdrug internalization was enhanced by long incubation times and higher concentration in the incubation solution. Furthermore, they showed that besides internalizing their cargo, SWCNTs-drug conjugates also elicited a dose-dependant response.
They associated the f-CNT uptake to an endocytotic mechanism, as f-CNT content
in the cell seemed to critically diminish at incubation temperature of 4o C, at which
there is endocytosis blockage. On the other hand, Pantarotto et al. [132] , proposed a
mechanism in which CNTs behaved like nanoneedles piercing and diffusing through
the lipid bilayer without causing cell lysis, being able to bind to and penetrate in
the cells by an energy independent non-endocytotic mechanism. Later on, Kam et
al. [133] attempted to develop the first systematic study in order to determine the
uptake mechanism. In it, they analysed the uptake of CNTs with different types of
functionalization and molecular cargo by different types of cells. They presented evidence of receptor-mediated endocytosis (RME) based on clathrin (a protein involved
in the formation of coated vesicles) coated pits as the predominant entrance pathway.
Furthermore, Kostarelos et al. [134] showed that many different types of f-SWCNTs
had the ability of being internalized by a wide range of cell types (mammalian, fungal, yeast and bacterial), indicating that the process of cellular uptake takes place
regardless of the nature of the functional group and the cell. Moreover, the fact
that internalization took place in fungal cells and yeast, which besides the plasma
membrane also contain a high molecular weight polysaccharide capsule, indicated
the involvement of other mechanisms besides endocytosis. Finally, they also present
evidence of intracellular transport and translocation towards the nucleus. Jin et
al. [135] analysed the trajectories of DNA wrapped SWCNTs as they interacted with
NIH-3T3 cells by real time single-particle tracking. They classified such trajectories
and mapped the steps of endocytosis, which seemed consistent with a RME mechanism, intracellular trafficking and exocytosis of the DNA-SWCNTs. They showed
that the cell closely regulates endocytosis and exocytosis, keeping their rates balanced at all times so that the observed intracellular accumulation and aggregation
does not reach toxic concentrations.
Antonelli et al. [136] studied in macrophages the uptake of SWCNTs coated with
phospholipids and saw that the CNT size influences the internalization pathway. For
structures larger than 400 nm, the mechanism was phagocytosis and the SWCNT
conjugates were actively internalized in endocytotic vesicles, whereas for smaller
SWCNT complexes, passive diffusion through the cell membrane was predominant
and the materials that entered the cell were found free in the cytosol. This was also
confirmed with non-phagocytic cells. Furthermore, they saw that the endocytotic
pathway was independent of the type of surface functionalization. Thus, the initial
seemingly contradictory results obtained by different research groups could be associated to the diverse conditions in which the experimental studies were carried,
complicating the data comparisons. A scrutiny of all the physicochemical parameters that might determine the cellular internalization process was done by Raffa et
al. [137] , providing a unified explanation. They found that the three mainly influential variables were the CNT length, the degree of dispersion (bundles, clusters or
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single CNTs) and the formation of supramolecular complexes (e.g. CNTs bound to
proteins), while the diameter, chirality and number of layers of the CNTs had far
less impact. They concluded that phagocytosis by macrophages and monocytes is
the main internalization pathway for CNT aggregates or bundles or for dispersed
single CNTs longer than 1 µm. On the other hand, endocytosis is predominant in
CNTs forming supramolecular structures. Finally, diffusion occurs with submicron
CNTs that are not involved in supramolecular complexes.

Figure 2.6: Interaction mechanisms between CNTs and cells. (a) Non-receptor mediated endocytosis: (1) a part of the cell membrane surrounds the drug loaded f-CNTs,
forming endosomes; (2) internalization of the drug-CNTs conjugates; (3) release of drug and
f-CNT exocytosis. (b) Receptor mediated endocytosis: (4) Endosomes are formed as
membrane surrounds the CNT-receptor conjugate, followed by internalization; (5) release
of drug; (6) f-CNT exocytosis; (7, 8) receptor recycling. (c) Endocytosis independent
pathway: (9) direct penetration of drug loaded f-CNT; (10) release of the drug; (11)
f-CNT exocytosis. (Rastogi et al., 2014 ).

2.2.3

Curcumin - Nanotube interaction

The motivation of this project rises from the lack of aqueous solubility, poor availability and instability under physiological conditions of the antimalarial drug CUR
and the high drug loading capacity of f-CNTs (specifically PEG-SWCNTs in our
case) thanks to their large surface area, increasing their solubility and enhancing
their delivery to the cell. The formation of this CUR-SWCNT complex is possible
due to the interactions between both molecules. Thus, it is interesting to analyse
which interactions are involved in order to understand the loading efficiency of CUR
on the SWCNT and the changes induced in the drug’s properties and performance.
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Bearing in mind the already described structures of CUR (section 2.1.3.2) and CNTs
(section 2.2.2.2), we can determine their mechanisms of interaction. On the one
hand, the two aromatic rings and the phenolic hydroxyl group in CUR’s molecular structure lead to π-π stacking with the benzene rings that constitute the CNTs
and hydrogen bonding with the carboxyl groups (if present, generated during the
covalent functionalization of the SWCNTs) respectively. In order to help provide
the necessary energy to enhance the formation of these bonds, a few minutes of
ultrasonication are usually included in the preparation of the CUR-SWCNT conjugates. [71;72] Furthermore, the hydrophobic nature of the SWCNT’s sidewalls and of
CUR leads to attractive van der Waals forces between both components.
All of these interactions together with the large surface area of the SWCNTs lead to
a loading efficiency as high as 94.0% as reported by Li et al. [71] . In their study, they
also noted that indeed CUR’s stability in physiological conditions was remarkably
improved (from a 55% of free CUR being degraded in 8 hours in PBS to only a 5%
in bound CUR), as well as its aqueous solubility (from 0.006 mg/mL for free CUR
to 1.88 mg/mL for CUR in the CUR-SWCNT conjugate), obtaining a stable aqueous suspension. Moreover, CUR’s release from the SWCNT substrate was rapid,
allowing to achieve large concentrations of the drug in the cell in a relatively short
time and thus improving the drug’s performance when delivered by the SWCNT.
This was associated to a phase transition from a crystalline structure in free CUR
to an amorphous one in the CUR-SWCNT formulation.

Figure 2.7: Schematic representing the different interaction mechanisms between PEG
(in blue) functionalized SWCNTs (in grey) and curcumin (in red). The hydrogen bond
is represented in yellow, the π-π stacking in green and the van der Waals interaction in
white.

It is important to note that in order to maximize these interactions and thus the
loading of CUR onto the CNT, it is crucial to obtain a good and stable dispersion of the CNTs before incubating them with the drug in question. As previously
mentioned, CNTs must be correctly functionalized to achieve such dispersion. In
our case, we work with commercially PEG-functionalized SWCNTs which come in
bundles due to van der Waals forces. Although these forces are relatively weak, and
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surely much feebler than in pristine SWCNTs, they require a certain treatment in
order to be disrupted. The energy necessary to overcome such interactions without
altering the morphology of the individual CNTs can be provided through sonication,
allowing to achieve a stable suspension of SWCNTs in water if properly functionalized. [138]
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Materials and Methods
3.1

P. falciparum in vitro culture

The drug-susceptible P. falciparum 3D7 cell line was cultured in vitro. General
maintenance of the culture was required every second day in order to keep parasitemia levels low enough (below ∼ 15%) and avoid its collapse. The culture was
kept in an incubator with a gas mixture consisting of 94% N2 , 5% CO2 and 3% O2 .
Blood smears of the culture were prepared, fixed with methanol and stained with
Giemsa. They were analysed in the optical microscope in order to determine the
fraction of pRBCs and thus, the parasitemia. Then, the culture was diluted with
fresh complete cell culture media (RPMI) and washed RBCs (fresh blood is washed
in order to remove all components (plasma, leukocytes and platelets) except RBCs).
This way, the parasitemia was reduced to the desired value and the culture was
usually left at a 3% hematocrit (percentage of RBCs in a volume).

3.2
3.2.1

Preparation of CUR-SWCNT
Dispersion of PEG-SWCNTs

PEGylated SWCNTs (with a PEG600 :SWCNT weight ratio of 20:80) were acquired
from Sigma Aldrich, originally forming bundles of diameter 4-5 nm and length 0.5-0.6
µm. In order to achieve a stable dispersion of individual PEG-SWCNTs, sonication
was applied to overcome the binding energy between CNTs. Following the manufacturer’s indications, 50 mg of PEG-SWCNT were mixed with 5 mL of distilled water
and sonicated for 30 minutes in a Fisher Scientific FB 15053 ultrasonic bath (ultrasonic frequency of 37 kHz). Then 45 mL of water were added and the mixture was
sonicated for 60 minutes more. The stock generated was kept at room temperature.
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3.2.2

Loading of curcumin

In order to establish a protocol for the loading of CUR, we tried different sonication
times for the CNTs and different CUR incubation concentrations. We first dissolved
125 mg of CUR (Sigma Aldrich) in 1.5 mL of DMSO (Sigma Aldrich), and further
dissolved them in 23.5 mL of water to create a 5 mg/mL stock suspension. All
samples involving CUR were kept under darkened conditions at all times to avoid
photobleaching. Sonication was applied on this dispersion for 20 minutes. From the
CNT stock, 13 mL were diluted with 13 mL of water and divided in two samples
of the same volume, one sonicated for 20 minutes (CNTa ) and the other one for 40
minutes (CNTb ). Next, 2 mL of CNTa were mixed with different amounts of the
CUR stock to achieve the concentrations shown in table 3.1. This was repeated
for CNTb . Controls were prepared consisting of 2 mL of CNTa and of CNTb , each
mixed with 3 mL of water, as well as of each one of the concentrations of CUR in
water. All samples were sonicated for 40 minutes, checking the temperature of the
ultrasonic bath every 10 minutes and changing the water when it surpassed 40 o C.
This was done to avoid any possible damage of CUR.
CUR (mg/mL) for calibration
2.5
2
1.75
1.5
1.25
1
0.75
0.5
0.25
0.1

CUR incubation concentrations
(mg/mL)
2.5
2
1.5
1
0.5
Table 3.1: Different concentrations of
CUR were mixed with PEG-SWCNTs
sonicated for 20 or 40 minutes. All CUR
was previously sonicated for 20 minutes.

Table 3.2: Concentrations of CUR used
to create a calibration curve to determine
unknown concentrations of this molecule.

We placed 1 mL of each sample in eppendorf tubes and centrifuged for 10 minutes
at 5000 rpm. We collected the supernatants of all the samples (including controls)
and placed triplicates of 100 µL of each sample in a 96-well plate. A calibration
curve for CUR was obtained by preparing solutions of CUR with the concentrations
shown in table 3.2. This was done to determine the relationship between absorbance
and concentration of CUR, so that samples with unknown concentrations could be
characterised. We also placed triplicates of 100 µL of each one of these solutions
and of water (as the blank) in the plate. Finally, we used the Epoch microplate
spectrophotometer (Biotek Instruments) to measure the absorbance of each sample
at a wavelength of 425 nm. The measurements were repeated 24 and 72 hours later,
preparing fresh CUR controls and CUR calibration samples each time in order to
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avoid reductions in the signal due to the degradation of free CUR, as this could alter
the results.

3.3

Hemolysis assay

RBCs from previously washed human blood samples were resuspended in RPMIc
to yield a 6% hematocrit suspension. Serial 1:3 dilutions of CUR, the selected
formulation of CUR-CNT and CNTs were prepared at the concentrations shown
in table 3.3 to check their hemolytic effect. The initial concentration of the CNT
dispersion is unknown as not all material solubilizes and some is lost when collecting
the supernatant left after centrifuging. Therefore, we first diluted them (25 µL of
CNTs in 425 µL of RPMIc) and added the same volumes as for the CUR-CNT
dilutions, assuming that the same amount of CNTs was present in both. In a 96well plate, 75 µL of the RBC suspension were added to each well together with 75
µL of each dilution of each drug in triplicates. Thus, the final hematocrit was 3%.
Sample
1
2
3
4
5
6
7
8

CUR (µM)
41.67
13.89
4.63
1.54
0.51
0.17
0.06
0.02

CUR-CNT (µM)
75.41
25.14
8.38
2.79
0.93
0.31
0.10
0.03

CNT

Same volumes
as CUR-CNT

Table 3.3: Concentrations of the 1:3 dilutions of CUR and CUR-CNT used in the hemolysis
assay. The same volumes of CNTs as of CUR-CNT were also analysed.

Furthermore, 2 µL of Triton X-100 (Sigma Aldrich T-8532) in 73 µL of RPMIc and
75 µL of RPMIc were used as positive and negative controls respectively. Finally,
4.16 µL of water in 70.84 µL of RPMIc as well as 0.35µL of DMSO in 74.65 µL
(maximum percentage of water and DMSO respectively in any of the samples) were
also added to ensure that these volumes were not hemolytic, all of them also in
triplicates. The plate was incubated at 37 o C for 24 hours. Next, the samples
were collected in eppendorf tubes and centrifuged at 1500 rpm for 5 minutes. The
supernatants were collected and their absorbance was measured at a wavelength of
541 nm with the Epoch spectrophotometer to check the presence of Hb, and thus of
hemolysis.

3.4

Growth inhibition assay

The P. falciparum culture was synchronized at ring stages by performing a lysis
with D-sorbitol (Sigma Aldrich) when parasitemia was high and rings were abun28
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dant. [139] This method causes the lysis of late forms due to their high permeability
and osmotic fragility, leaving only pRBCs hosting ring stages. The synchronized
culture was diluted at 1.5% parasitemia with a 4% hematocrit. Serial 1:3 dilutions
of CUR, CUR-CNT and CNT solutions in RPMIc were prepared in eppendorf tubes
at the concentrations shown in table 3.4. As in the previous experiment, due to
the concentration of CNTs being unknown, we added the same volumes as in the
CUR-CNT dilutions. In a 96-well plate, 75 µL of culture were mixed with 75 µL of
each sample in triplicates. A positive inhibition control of 75 µL of chloroquine at
0.7 µM (the 3D7 strain is CQ-sensitive) and 75 µL of RPMIc as negative control
were also added in triplicates and mixed with 75 µL of culture.
Sample
1
2
3
4
5
6
7
8
9

CUR (µM)
125
41.67
13.89
4.63
1.54
0.51
0.17
0.06
0.02

CUR-CNT (µM)
125
41.67
13.89
4.63
1.54
0.51
0.17
0.06
0.02

CNT

Same volumes
as CUR-CNT

Table 3.4: Dilutions of the substances studied in the hemolysis assay.

After 48 hours of incubation at 37 o C, 3 µL of each sample were added to cytometry tubes together with 500 µL of PBS and 0.5 µL of SYTO-11 green fluorescent
nucleic acid stain (Life Technologies). As RBCs lack any sort of genetic material,
only the parasites are stained by the SYTO-11. This way, by flow cytometry, the
parasitemia in each sample is measured through the detected scattered and fluorescent light signals, and thus the growth inhibition can be determined. The 4-laser
LSRFortessaSORP (BD Bioscience) cytometer was used to obtain these data.

3.5

Simulations

A computational model to simulate the inhibitory effects of CUR-CNTs was developed due to the impossibility of performing experimental work during the world
pandemic situation. Because of the lack of research using CNTs against malaria,
experimental works that provided quantitative data obtained in other biomedical
contexts with other cell lines were used as an approximation.

3.5.1

Endocytosis, accumulation, and exocytosis rates

The single-particle tracking study of endocytosis and exocytosis of SWCNTs by Jin
et al. [135] was used in order to model the interactions between the SWCNTs and
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cells (in this case, the data were obtained for NIH-3T3 cells). In it, they present
a mapping of the endocytosis, intracellular trafficking and exocytosis of SWCNTs
wrapped with DNA (d(GT)15 oligonucleotides). To do so, they set up an in vitro
culture of NIH-3T3 cells with a continuous flux of media of 3.46 µL/s and applying
two perfusions of media containing 5.0 mg/L of DNA-SWNT at a constant flux of
5.65 µL/s, one at t=0 for 800 s and the second one at t=827 s for 173s. After
that, the steady media flow was applied. With NIR imaging, they observed 10000
SWCNT trajectories and computed the exocytosis and endocytosis rates, as well as
the accumulation of SWCNTs in the cell. Furthermore, they only observed those
cells that presented negligible movement, without providing the number of cells that
this included.
The following system of differential equations was proposed to try to reproduce the
data as accurately as possible, considering the limitations in computational power
and time:
dN1 (t)
dt
dN2 (t)
dt
dN3 (t)
dt
dN4 (t)
dt

= Ninput (t) − D(t)N1 (t) − Ra N1 (t) + Ro N3 (t)

(3.5.1)

= Ra N1 (t) − Ri N2 (t)

(3.5.2)

= Ri N2 (t) − Ro N3 (t) − Rg N3 (t)

(3.5.3)

= Rg N3 (t)

(3.5.4)

where N1 represents the mass of SWCNTs outside the cell, N2 is the mass of SWCNTs adhered to the cell membrane, N3 is the mass of SWCNTs inside the cell and
N4 is the mass of SWCNTs that form aggregates inside the cell and that cannot
undergo exocytosis. [135] Ninput (t) expresses the mass of SWCNTs perfused at each
time, and D(t) is the dilution factor due to the flow field at each time, which implies
the removal of non-interacting CNTs. The coefficients Ra , Ri , Ro and Rg represent
the adherence, endocytosis, exocytosis and aggregation constants respectively in s−1 .
Thus, the products Ra N1 , Ri N2 , Ro N3 and Rg N3 correspond to the respective rates
in mg/s. Estimating the mass of the DNA-SWCNTs, we obtained these rates in
number of SWCNTs/s, which are the units presented in the experimental data. Furthermore, in Jin et al.’s results, the accumulation is expressed in SWCNT/cell, and
it is equivalent to the addition of N3 + N4 divided by the mass of the DNA-SWCNT
and by the number of cells studied, which was also estimated. Finally, we took into
account that only a fraction of all the SWCNTs are included in the experimental
results as only 10000 trajectories are studied.
Implementing this on MATLAB, solving the equations through the finite-difference
method and solving a least squares problem for the difference between the experimental data and the simulation (with the help of the fminsearch function), [140] the
rates Ra , Ri , Ro and Rg were estimated. This way we obtained a description of how
the CNTs enter, accumulate and exit the cell during time.
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3.5.2

Release of curcumin

Initially, all the CUR introduced to the culture is bound to SWCNTs in the CURSWCNT formulation. However, as time passes, in physiological conditions CUR is
released from this complex as explained in section 2.2.3. Li et al. [71] provided quantitative data on this phenomenon, which occurs at a very rapid pace due to the fact
that CUR is in an amorphous phase when bound to the SWCNTs.
In order to simulate this release, the following system of differential equations was
proposed and solved through finite differences:
dCb (t)
= −kr Cb + kl Cf
dt
dCf (t)
= kr Cb − kl Cf
dt

(3.5.5)
(3.5.6)

where Cb is the concentration of bound CUR, Cf is the concentration of free CUR,
kr is the release rate and kl is a reloading rate, as we hypothesized that there is
a very small probability (being the release of curcumin almost irreversible) that
CUR re-adheres to the CNTs even when there is no external energy input (i.e. no
sonication). Following a similar procedure as in the previous section, we compare
the experimental data, which is given in % of cumulative release (CR), with the
data simulated with the model, which can be transformed to % of CR through the
relationship:
Cf (t)
100(%)
(3.5.7)
CR =
Cb (t = 0)
and minimizing the square of their difference at the experimental time points, we
estimate the value of kr and kl .

3.5.3

Degradation of curcumin

Another important parameter in our model is the degradation of CUR. In the same
study by Li et al. [71] , they compare the stability of free CUR with that of CUR in
the CUR-CNT complex in physiological conditions. Their results show that while
the degradation in CUR-CNTs is negligible, free CUR undergoes a relatively rapid
degradation.
The experimental data provided in this study correspond to the percentage of (not
degraded) CUR present in PBS at different times. We repeated the same procedure
as in the previous section, proposing a differential equation describing the degradation of free CUR:
dCf (t)
= −kd Cf
(3.5.8)
dt
where Cf corresponds to the concentration of free CUR and kd is the degradation
Cf (t)
· 100% with the experimental results, we estimated
rate. Thus, comparing Cf (t=0)
the value of kd .
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3.5.4

Growth inhibition

To formulate a computational model of the effect of CUR-CNT and CUR on cells,
we used the experimental data presented in the same work by Li et al. [71] for PC-3
prostate cancer cells. In it, they show the inhibitory effect of different concentrations
of CUR and CUR-CNT incubated with the cells for 24, 48 and 72 hours. The
following set of differential equations was proposed to reproduce the dynamics of
bound and free CUR in the experiment involving CUR-CNT:
dCbin (t)
= −kr Cbin + Ri Cbout − Ro Cbin
dt
dCfin (t)
= kr Cbin − kd Cfin + kin Cfout
dt
dCbout (t)
= −kr Cbout + kl Cfout − Ri Cbout + Ro Cbin
dt
dCfout
= kr Cbout − kl Cfout − kd Cfout − kin Cfout
dt

(3.5.9)
(3.5.10)
(3.5.11)
(3.5.12)

where Cbin , Cfin , Cbout and Cfout are the concentration of bound and free CUR inside
and outside the cell respectively and kr , kl , kd and Ri are the already presented
release, reload, degradation and endocytosis constants. Note that inside the cell, the
possibility of reload of CUR onto CNTs is not included (see section 4.4). Finally, kin
is the entrance rate of free CUR in the cell, which was fitted with the experimental
inhibition data. On the other hand, the dynamics of free CUR in the experiment
involving this drug without CNTs were reproduced by:
dCin (t)
= −kd Cin + kin Cout
dt
dCout
= −kd Cout − kin Cout
dt

(3.5.13)
(3.5.14)

where Cin , Cout are the concentration of free CUR inside and outside the cell respectively and kd , ki n are the same as before.
From the dynamics of the corresponding drugs, we then simulated their effect on
the growth of the cells. To do so, we first attributed a natural (no drugs present)
exponential growth to the PC-3 cells:
dN (t)
= (µmax − a)N (t)
dt

(3.5.15)
(3.5.16)

where µmax and a are the natural growth and death rates respectively. As the
ln 2
duplication time of PC-3 is of around 33 hours, [141] we know that µmax − a = 33
.
h
On the other hand, in the presence of CUR, after trying many different types of
functions (lineal, exponential, polynomial,...) we describe the inhibition due to the
drug, both for the CUR and the CUR-CNT cases, as:
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p
I(C) = H(t − t0 ) αC(t − t0 ) + β C(t − t0 )

(3.5.17)

where C is the concentration of intracellular free CUR in either case, and α and
β are the constant coefficients that modulate the linear and non-linear term of the
inhibition respectively. Furthermore, an offset time t0 was introduced in order to
incorporate the idea that inhibition does not necessarily occur immediately and the
effects of the drug might take a certain time to appear. H(t − t0 ) is the Heaviside
step function that implements this concept. Thus, the evolution of the number of
cells in time is represented by:
dNCUR (t)
= (µmax − a)NCUR (t) − I(Cin )
dt
dNCUR-CNT (t)
= (µmax − a)NCUR-CNT (t) − I(Cfin )
dt

(3.5.18)
(3.5.19)

where it can be seen that we associated a lethal character to CUR, meaning that it
reduces the number of cells by killing them instead of by reducing their reproduction
rate, as this seemed to fit the data better. Finally, we also estimate the values of α
and β by comparing the computed percentages of inhibition with the experimental
ones.
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Results and Discussion
4.1

Enhancement of curcumin’s solubility

After incubating PEG-SWCNTs with CUR in an ultrasonic bath for 40 minutes,
we centrifuged the samples and controls for 10 minutes at 5000 rpm so that all
the insoluble components precipitate. Thus, when collecting the supernatant, we
took the solubilized part of the sample. The concentrations of these products were
indirectly determined through the absorbance peak of CUR at 425 nm. Through
the calibration curve shown in Fig. 4.1c, we determined the concentration of CUR
in the control solutions and in the CUR-CNT formulations after subtracting the
absorbance of the CNTs, shown in black in Fig. 4.1a.

CNT sonication

20 min

40 min

Concentration of CUR (mg/mL)
Incubation CUR-CNT CUR Control
Ratio
2.5
0.92 ± 0.02
0.85 ± 0.00
1.09 ± 0.02
2
0.73 ± 0.03
0.69 ± 0.01
1.06 ± 0.06
1.5
0.57 ± 0.00
0.50 ± 0.02
1.14 ± 0.04
1
0.33 ± 0.04
0.32 ± 0.01
1.01 ± 0.16
0.5
0.11 ± 0.02
0.17 ± 0.01
0.64 ± 0.20
2.5
1.05 ± 0.02
0.85 ± 0.00
1.24 ± 0.11
2
0.76 ± 0.03
0.69 ± 0.01
1.10 ± 0.06
1.5
0.63 ± 0.02
0.50 ± 0.02
1.26 ± 0.09
1
0.51 ± 0.04
0.32 ± 0.01
1.58 ± 0.15
0.5
0.19 ± 0.01
0.17 ± 0.01
1.16 ± 0.17

Table 4.1: Concentration of CUR in the different CUR-CNT formulations obtained from
different sonication times of the CNTs right before being mixed and incubated with different
concentrations of CUR. The ratio between the concentration of CUR in the CNT-CUR
formulations and in the control is also shown for comparison.

The concentrations of CUR obtained in each formulation are shown in table 4.1,
where they are also compared with the concentration of their respective CUR con34
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trols. We see that in most cases, the solubility of CUR is improved, although there
is a strong dependence on the CUR incubation concentration and a considerable dependence on the sonication time of CNTs right before they were mixed with CUR.

Figure 4.1: (a) Absorption spectra of CNTs (black), CUR (red) and the CUR-CNT formulation (blue) corresponding to an incubation concentration of 2.5 mg/mL of CUR with
CNTs sonicated for 40 minutes. (b) Appearance of the CNT control, the same CUR-CNT
formulation and the CUR control after incubation (top, from left to right); supernatants
collected after centrifugation of the CUR-CNT sample and of its CUR control (bottom,
from left to right). (c) Calibration curve of CUR used to determine the concentrations
of our samples through the equation shown in the figure. (d) Relationship between the
incubation concentration of CUR and the final concentration obtained in the formulations
obtained with CNTs sonicated for 20 and 40 minutes (green and blue, respectively) and in
the CUR controls (magenta).

On the one hand, we see that the higher the incubation concentration of CUR, the
higher the final concentration. This was partly expected, as the larger the amount
of molecules of CUR, the higher the probability of interaction with CNTs. However,
the possibility that with large amounts of CUR, the drug molecules would interact
with each other and form aggregates instead of binding with the CNTs was also
contemplated. We see that incubating the CUR-CNT conjugates in an ultrasonic
bath prevents this from happening, and at least in the range of values studied, larger
concentrations of CUR lead to a higher load of it onto the CNTs.
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On the other hand, the formulations prepared with CNTs sonicated for a longer
time show higher CUR concentrations. Initially, the intermediate step of sonicating
the previously dispersed CNTs right before being mixed with CUR was not included
in the CUR loading procedure. Without it, the results were far from satisfactory,
and thus the hypothesis that after days of being still, CNTs might interact with
each other and go back to forming small aggregates, reducing the surface area and
therefore the probability of interaction with CUR was proposed. By sonicating for
20 minutes, the results improved significantly. With 40 minutes of sonication, they
improved even more. This indicates that longer times might lead to higher CUR
loading efficiencies onto CNTs, and hence to more soluble formulations.
Thus, taking this into consideration, we can say that among the studied possibilities, the preferred formulation is the one with CNTs sonicated for 40 minutes and
incubated with CUR at a concentration of 2.5 mg/mL. Furthermore, the results
suggest that the protocol to load CUR onto PEG-SWCNTs should involve at least
40 minutes of sonication of the previously dispersed CNTs right before mixing with
CUR, as well as 20 minutes of sonication for the CUR stock dispersion. Also, it
would be interesting to try different quantities of CNTs, as we saw that trials with
smaller amounts led to worse results. After mixture, CNTs and CUR should be incubated together in an ultrasonic bath for 40 minutes. Interestingly, measurements of
CUR concentration in formulations left shaking vertically overnight were practically
equal to those measured after preparation, indicating that the loading process took
place mostly in the ultrasonic bath, as it provides the energy necessary to break and
create bonds. Therefore, slightly longer incubation times might also lead to better
results. However, it is important to check the temperature of the ultrasonic bath
in order to avoid overheating that might affect CUR. Although a small CUR pellet
was clearly visible, after resuspending and centrifuging, measurements done up to
a week after preparation also showed similar results, indicating a certain degree of
stability in standard conditions but not fully satisfactory.

4.2

Hemolysis assay

Taking into consideration that the goal of this project was to use the CUR-CNT
formulation to improve the antimalarial effect of CUR, it was important to check
that this antimalarial behaviour was due to affectations on the parasite inhabiting
the pRBCs, and not due to the direct destruction of healthy RBCs. Thus, an hemolysis assay was performed in order to look at the hemolysis generated by different
concentrations of the CUR-CNT formulation, free CUR and of CNTs as a first in
vitro compatibility test. The results of this assay are shown in figure 4.2.
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Figure 4.2: Hemolysis rates of: (a) the different controls (DMSO at 0.23%, H2 O at 2.08%,
RPMIc at 100% and Triton at 2.67%) and the dilutions of (b) CUR, (c) CNTs and (d) CURCNTs (concentrations from table 3.3). The error bars represent the standard deviation of
the triplicates.

In order to determine the percentage of hemolysis, we compared the amount of Hb
present in the media after 24 hours of incubation with each sample and the controls.
This was done indirectly by obtaining the absorbance of the supernatant of each
sample at 541 nm, which corresponds to an absorption peak of Hb. We then set the
negative control (culture media with no drug) to 0% of hemolysis and the positive
control (Triton X-100, a nonionic detergent that causes the hemolysis of RBCs [142] )
to 100% hemolysis, and assigned percentages to the samples according to their absorption in this scale.
We see that the water and DMSO present in the samples do not produce hemolysis.
Furthermore, as a whole, we can state that the drugs at the analysed concentrations
are not hemolytic, and the values obtained would not influence the results obtained
in a growth inhibition assay. We must also note that the experiment lacked a control
to check the 541 nm absorption of CUR solutions at the studied concentrations, as
although it is far from its absorption maximum, it may have slightly contributed to
the total absorbance. Nonetheless, the percentages can still be considered negligible.

4.3

Antimalarial activity

After performing a growth inhibition assay with CUR, CNT-CUR and CNTs, the
percentages of inhibition were calculated from the population data obtained from
the flow cytometry measurements (see figure 4.3a,b). From these, we compared the
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percentage of parasitemia in each sample (percentage of events in population P2,
which corresponds to pRBCs, with respect to the total number of RBCs, i.e. P1)
in the negative control (i.e. the RPMIc control) with that of the positive control
(i.e. the 0.7 µM CQ control). Considering the former a 0% of inhibition and the
latter a 100%, we found that CNTs are not toxic to the parasite, as it can be seen
from the results shown in table 4.2. On the other hand, for CUR and the CURCNT formulation, we obtained the relationship between % of growth inhibition in
48 hours and concentration of drug which is shown in Fig. 4.3c.

Figure 4.3: Flow cytometry results. (a) Left: side scattering with respect to forward
scattering of each particle in the sample, which are related to the size and complexity of
the cell respectively. Right: side scattering of each cell with respect to Syto-11 signal,
which is excited with the same laser as FITC (another fluorophore). The red population
(P1) corresponds to all RBCs while the green one corresponds to pRBCs (P2, which is the
fraction of P1 presenting a fluorescent signal). (b) Number of events at different intensities
of the Syto-11 signal. The peak at the left corresponds to the background signal of RBCs
(considered zero fluorescence) and the smaller peak to the right corresponds to the pRBCs
(population P2). (c) Percentage of growth inhibition of P. falciparum of free CUR (black)
and of the CUR-CNT formulation (blue) with their respective sigmoidal fittings.

CNT sample
1
2
3

Parasitemia (%)
16.8 ± 0.6
16.2 ± 1.2
15.7 ± 1.7

Negative control parasitemia (%)
10.8 ± 0.96

Table 4.2: Parasitemia of the negative inhibition control and the culture incubated with
the three most concentrated samples of CNTs, which do not present antimalarial activity.

The data points obtained for both substances appear to be very similar. A sigmoidal
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fit was applied in order to obtain the half maximal inhibitory concentration (IC50 ),
which allows to characterize the inhibitory activity of a drug. The values obtained
were IC50CUR = 6.31 µM and IC50CUR-CNT = 13.14 µM. As we see, both values belong
to the same range in the µM scale. Taking into consideration the usual variability
of this type of experiment, we can say that CUR and the CUR-CNT formulation
have practically the same antimalarial activity. This contradiction with our initial
hypothesis might be due to the fact that RBCs do not have endocytic mechanisms,
meaning that CNTs will not rely on this important cell uptake pathway as shown in
section 2.2.2.4 and thus being less advantageous for treating pRBCs than for other
types of cells. However, in case of a correct loading of CUR onto the CNTs, one would
expect that the solubilization of the drug would also contribute to an improvement,
reducing the IC50 as CUR would not precipitate and would accumulate in the cell
more rapidly, reducing proliferation at lower input concentrations. Thus, a very
likely explanation is that, bearing in mind the circumstances in which this project
was developed, the CUR-CNT formulation might have not been optimized and only
a small amount of CUR might have been truly bound to the CNTs.

4.4

In silico model

The first result regarding the computational model developed to describe the action of CUR-CNT conjugates was to obtain a mathematical representation of the
dynamics of CNTs. In Fig. 4.4, the results obtained with the system of differential
equations 3.5.1 - 3.5.4 are shown together with the experimental data by Jin et
al. [135] Furthermore, in table 4.3, the final values of all the parameters involved in
each model are shown.

Figure 4.4: CNT dynamics, involving endocytosis (green) and exocytosis (blue) rates as
well as accumulation in the cell (red), both numerical and experimental (Jin et al., 2008).
The endocytosis and exocytosis values are expressed by the axis on the left, while the
accumulation values are those on the right axis.
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As we see, the fit is not perfect. It is easy to notice that the data values show a very
complex behaviour, increasing and decreasing in value in short time spans. However,
the proposed model matches the values in order of magnitude. An important concept
that is satisfied by our model is that the endocytosis and exocytosis rates have similar
values at all times, only diverging due to the accumulation of CNTs in aggregates
inside the cell. Thus, we consider that the simplicity of the model manages to provide
valid results, especially taking into consideration the time limitations as well as all
the estimations regarding number of cells involved, number of CNTs observed and
mass of the DNA-CNTs studied in the mentioned article.
Param.
Value
Param.
Value

Ra (s−1 )
1.16 × 10−4
kl (s−1 )
6.31 × 10−5

Ri (s−1 )
1.62 × 10−4
kin (s−1 )
9.78 × 10−7

Rg (s−1 )
8.74 × 10−4
t0 (s)
4.15 × 104

Ro (s−1 )
0.0051
α (µM−1 )
0.039

kd (s−1 )
2.54 × 10−5
β (µM−1/2 )
0.024

kr (s−1 )
0.0021

Table 4.3: Parameters involved in the in silico model and their final values.

Very satisfactory results were obtained in terms of modelling the release of CUR from
the CUR-CNT complex and of the stability of CUR in physiological conditions, as
shown in Fig. 4.5. On the one hand, we found that the model that best described
the CUR release data (equations 3.5.5 - 3.5.6) included a term describing that, once
it has been freed, CUR has a very small probability of reloading onto the CNTs.
This was not described by any of the previous studies found, and seems to be a
new idea introduced thanks to the mathematical modelling of this process. On the
other hand, the degradation profile of CUR was described with notable precision by
a very simple differential equation (3.5.7). Moreover, given the experimental results,
we assumed that bound CUR in CUR-CNTs remained stable, without undergoing
any degradation processes.

Figure 4.5: (a) Release of CUR from CUR-CNT conjugations and (b) degradation profile of free CUR under physiological conditions obtained from the simulation (red) and
experimentally (black, Li et al., 2014). We consider that bound CUR remains stable.

All of these results were then used in order to simulate the inhibitory effect of
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CUR-CNTs in PC-3 cells, which we think could be extrapolated to many different
endocytotic cells. By fitting the rate of entrance of free CUR into the cell (kin in
table 4.3), we could predict the concentration of intracellular CUR at all times (Fig.
4.6a). An interesting concept that was derived from this is that, in the case of CURCNTs, freed CUR does not seem to be able to reload inside the cell. This could be
explained by the fact that, as explained in section 2.1.3.2, CUR has numerous sites
of interaction inside the cell, meaning that it might bind to other receptors with
a much higher probability than to CNTs, and therefore the CUR release becomes
irreversible in the cell. Furthermore, in Fig. 4.6, we indeed see that a much larger
concentration of CUR is achieved in the cell when being carried by CNTs than when
it is alone.

Figure 4.6: (a) Simulation of the concentration of intracellular CUR in its free form for
the experiment involving different concentrations of CUR-CNT (red) and CUR (green).
(b) Temporal evolution of the number of cells in the presence of different concentrations
of CUR (left) and CUR-CNTs (right) obtained with through simulations.

An equation that described the inhibitory behaviour of CUR was also looked for, and
the answer resulting in a better match to the experimental data (i.e. the smallest sum
of the squares of the differences) from all the tested possibilities was equation 3.5.17,
which includes a linear and a non-linear term with a 0.5 exponent. With this, the
number of cells in time was obtained (Fig. 4.6b) as well as the % of growth inhibition
for both drugs and for different input concentrations (Fig. 4.7). As we can see in the
latter, the results obtained do not reproduce exactly the experimental data, but we
achieve a notably accurate fit, especially bearing in mind that this is the culmination
of a number of previous approximations (CNT dynamics, CUR degradation, CUR
dynamics,...). Moreover, we are assuming that there exists a mathematical equation
that describes the inhibition by CUR, which is not necessarily true, and in the
case that it does and that it is along the lines of equation 3.5.17, it might include
more terms that we have not managed to find due to time limitations. Thus, we
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consider these results as satisfactory enough and believe that they could help predict
the outcome of in vitro growth inhibition experiments with this drug and, most
importantly, help achieve a better understanding of some of the mechanisms involved
in this inhibition.

Figure 4.7: Growth inhibition in PC-3 cultures of CUR (green) and CUR-CNT (red) for
different input concentrations, obtained experimentally (Li et al., 2014) and through the
computational model.
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Conclusions and future perspective
Looking at this project as a whole, we can say that a strong theoretical background
has been established both regarding P. falciparum malaria, CUR and CNTs that
hopefully makes this work understandable for researchers coming from a wide range
of fields. Furthermore, as the experimental work developed was rather brief, this
document might help future researchers in the group who continue with this project
to set the necessary theoretical foundations in a faster way, as a complete bibliography has been collected and summarized with relative brevity.
The initial objective of this work was to obtain soluble CUR-CNT complexes in order to test their antimalarial activity for the first time. This was not fully achieved
due to the limited lab work, and previous research shows better results in terms of
solubilization of CUR with CNTs (a stable suspension at 1.88 mg/mL [71] ). However,
we were able to establish the bases of what a successful protocol should include: we
found that long sonication times of CNTs before incubation with large concentrations of CUR seem to lead to the best results. We suspect that slightly longer
incubation times might also provide better formulations. Future work with these
molecules could begin from this starting point. Nonetheless, the low number of
assays that could be performed indicate that this might not be definitive. Furthermore, it would be interesting to experiment with other lipophilic antimalarial drugs
like primaquine, with a similar protocol expected as the same type of chemical and
physical interactions are expected.
We found that neither CNTs nor the obtained CUR-CNT conjugates were hemolytic.
As for their antimalarial activity, we did not appreciate an improvement with respect
to that of CUR alone (IC50CUR = 6.31 µM, IC50CUR-CNT = 13.14 µM), which is most
probably related to the insufficient stability of the formulation obtained. However,
we expect that results might not be as satisfactory as with other cell types, as the
only mechanism of entrance of CNTs into RBCs is diffusion. Still, we should see significant enhancement of the antimalarial activity simply from the stabilization and
solubilization of CUR. Again, the fact that only one assay could be done implies
that this results are far from definitive. Moreover, it would be useful to compare
the results achieved with the CNTs with those achieved with other nanostructures
in order to conclude if they truly are a suitable option.
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As for the in silico model developed, relatively successful results were achieved,
although we firmly believe there is room for improvement and will keep working
towards it. The CNT dynamics were reproduced with acceptable accuracy by the
system of equations proposed. However, it would be interesting to introduce the passive mechanisms of entrance in cells, especially in order to make the model suitable
for malaria studies. The degradation profile of CUR was successfully reproduced
through a negative exponential. Its release from CNTs was fully characterised, finding that the release process is not fully irreversible outside the cell, while inside the
cell, CUR does not seem to reload onto CNTs. This might be due to the great
number of interaction sites of CUR inside the cell. Finally, the model was able to
adequately reproduce the inhibitory behaviour of CUR and CUR-CNTs on PC-3,
which seems to depend on the concentration of intracellular free drug through a
linear and a non-linear term with exponent 0.5. It would be interesting to see if this
can be extrapolated to other cell types and diseases. More research for experimental
results would be helpful in order to be able to compare and not fully rely in one or
two articles.
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