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Abstract

Hemozoin is a biocrystal widely studied due to its relevance as an antimalarial target, potential
diagnosis biomarker, and immune modulator during malaria infection. Many investigations are
carried out using the crystals isolated from in vitro or in vivo models, or by producing a synthetic
analogue called hematin anhydride. Although most of the structural and morphological properties
of both hemozoin and hematin anhydride are understood, little is known about their surface.
Studying the surface of the crystals is critical for gaining insight into the physical and chemical
interactions involved during hemozoin formation, the mechanism of action of current
antimalarials, and its role as immune modulator and biomarker for diagnosis. For this reason, this
work aimed to develop a critical understanding of some physicochemical properties of the surface

of hemozoin and hematin anhydride.

In our first study, we investigated the surface of hematin anhydride produced by two different
synthesis methods, one in an aqueous medium and another under anhydrous conditions. We
demonstrated that the synthesis selected to produce the crystals impacts their surface properties.
The products obtained from both syntheses are non-porous and show different values of the
specific surface area, elemental composition and amount of water adsorbed on the surface. We
also confirmed the presence of carboxylate groups on the surface of all crystals; their amount also

differs depending on sample preparations.

In our next study, we collected hemozoin from in vitro cultures of Plasmodium falciparum.
We cleaned the surface of the crystals from its organic contaminants by two purification
procedures, one involving two additional steps than the other. The crystals showed differing
surface properties in terms of composition and amount of organic contaminants adsorbed on the

crystals surface. We showed that the surface of hemozoin may never be free of contaminants,
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either because they are part of the crystalline structure of hemozoin or because the cleaning
methods introduced them. Additionally, we demonstrated that carboxylate groups play a crucial

role in the interaction between hemozoin or hematin anhydride and biomolecules.

In our final investigation, we isolated hemozoin from in vitro and in vivo models of
Plasmodium to investigate the composition of the organic layer adhered onto the crystals surface.
We demonstrated that the elemental composition of the organic layer does not vary among the
crystals sources. We reported for the first time the presence or inorganic species of silicon, calcium
and phosphorous associated with hemozoin. By assessing the surface speciation and possible
origin of these inorganic species, we showed that silicon could be related to an unknown
mechanism exploited by the parasite for defense and survival, while calcium and phosphorus may
be related to Ca?*-dependent proteins and phosphorylated proteins, respectively. Finally, we
proposed that the inorganic elements could be involved in hemozoin biomineralization, may
influence the mode of action of some antimalarials and could play a role in the immunomodulatory

properties attributed to hemozoin.

i



Résumé

L'hémozoine est un biocristal largement étudié en raison de sa pertinence en tant que cible
antipaludique, biomarqueur de diagnostic potentiel et modulateur immunitaire lors d'une infection
paludéenne. De nombreuses études sont effectuées a I'aide de cristaux isolés a partir de modeles
in vitro ou in vivo, ou en produisant un analogue synthétique appelé anhydride d'hématine. Bien
que la plupart des propriétés structurelles et morphologiques de 1'hémozoine et de 1'anhydride
d’hématine soient bien comprises, on en sait peu sur leurs surfaces. L'étude de la surface des
cristaux est essentielle afin de mieux comprendre les interactions physiques et chimiques
intervenant lors de la formation de 'hémozoine, le mécanisme d'action des antipaludéens actuels,
et le role de 1'hémozoine en tant que modulateur immunitaire et biomarqueur pour le diagnostic.
Pour cette raison, ce travail visait a développer une compréhension critique de certaines propriétés

physico-chimiques de la surface de I'hnémozoine et de 1'anhydride d'hématine.

Dans notre premiere étude, nous avons ¢étudié la surface de I’anhydride d’hématine produite
par deux méthodes de synthese différentes, 1’une en milieu aqueux et 1’autre en conditions
anhydres. Nous avons montré que la synthese choisie pour produire les cristaux avait un impact
sur leurs propriétés de surface. Les produits issus des deux synthéses sont non-poreux et présentent
des valeurs différentes de surface spécifique, composition €lémentaire, et quantit¢ d’eau adsorbée
a la surface. Nous avons également confirmé la présence de groupes carboxylates a la surface des

tous les cristaux; leur quantité différe également en fonction de la méthode de synthese utilisée.

Dans 1’¢étude suivante, nous avons recueilli I'hnémozoine a partir de cultures de Plasmodium
falciparum in vitro. Nous avons ¢liminé les contaminants organiques de la surface des cristaux en
utilisant deux méthodes différentes, I’'une impliquant deux étapes de plus que 1’autre. Les cristaux

présentaient des propriétés de surface différentes en termes de composition et de quantité de
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contaminants organiques adsorbés a la surface des cristaux. Nous avons montré que la surface de
I'hémozoine peut ne jamais €tre exempte de contaminants, soit parce qu'ils font partie de la
structure cristalline de I'hémozoine, soit parce que les méthodes de nettoyage les ont introduits. De
plus, nous avons montré que les groupes carboxylates jouent un réle crucial dans I’interaction entre

I’hémozoine ou I’anhydride d’hématine et les biomolécules.

Lors de notre derniére étude, nous avons isolé I'hnémozoine a partir de modeles de plasmodium
in vitro et in vivo afin d'étudier la composition de la couche organique adhérente a la surface des
cristaux. Nous avons montré que la composition élémentaire de la couche organique ne varie pas
entre les sources de cristaux. Nous avons reporté pour la premiére fois la présence d'especes
inorganiques de silicium, calcium et phosphore associées a I'hémozoine. En évaluant la spéciation
de surface et 1'origine possible de ces espéces inorganiques, nous avons montré que le silicium
pourrait étre 1i¢ a un mécanisme inconnu exploité par le parasite pour sa défense et sa survie, tandis
que le calcium et le phosphore pourraient étre liés a des protéines dépendantes du Ca*" et a des
protéines phosphorylées, respectivement. Enfin, nous avons proposé que les ¢éléments
inorganiques puissent étre impliqués dans la biominéralisation de I’hémozoine, influencer sur le
mode d’action de certains antipaludéens, et jouer un role dans les propriétés immunomodulatrices

attribuées a I’hémozoine.
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Figure 6.3.1. A) XPS survey collected for nHz samples obtained from CQS P.
chabaudi AS infected-macrophages (blue) and P. falciparum of the strains 3D7-H
(CQS, green) and 7G8 (CQR, red), (no significant differences were found among
samples). Data represent mean = s.d. of 3 independent samples and three different
spots analyzed along the same sample. One-way ANOVA test was used for statistical
analysis, followed by Bonferroni’s test correction to evaluate the statistical difference
of multiple samples, where P<0.01 was considered a significant difference All data are
expressed as mean =+ standard deviation (SD). *Significant differences between atomic
percentage, with *P<0.01, **P<0.001, *** P<1X10>and ****P<1X10°. SEM images
of B) nHz crystals rinsed with hexane and dichloromethane. The red arrows indicate
the crystals devoid of most of the cell components, while the yellow arrows note the
crystals still coated with biological residues. C) Clean sample of Hz showing
individual crystals lacking most of the organic residues as a result of treatment for

proteins precipitation, enzymatic hydrolysis, and rinses with detergents and water, as

reported in [192]. Data represent mean £ SD of 3 independent experiments.........................

Figure 6.3.2. A) Scanning electron microscopy (SEM) images of nHz obtained from

P. falciparum strain 3D7-H and energy-dispersive x-ray spectroscopy elemental (EDS)
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Figure 6.3.4. XPS high-resolution spectra of Caz, collected for A) Hz extracted from
P. falciparum of the strain 3D7-H, B) HA suspended in calcium acetate, C) dried
cucumber skin (Cucumis sativus) and D) HA and calcium pyrophosphate suspended

in cholesterol. Experimental data is shown in blue, peaks fit in gray, and the overall fit
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Figure 6.3.5. High-resolution P2, XPS spectra collected for A) Hz extracted from P.
falciparum of the strain 3D7-H, B) HA suspended in RBC membranes, C) HA mixed
with PC, D) reference sample of ortho-DL-phosphoserine, E) sodium polyphosphate,
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and F) calcium pyrophosphate. Experimental data is shown in red, peaks fit in gray,

and the OVErall T16 10 DIACK. . .oooeieieieeee e et e e e e e e e eraaa e 116
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Chapter 1. General Introduction

Malaria is a blood infection caused by parasites of the Plasmodium genus that are transmitted to
humans and vertebrates by the bite of a female Anopheles mosquito [1]. In 2017, there were about
219 million cases of infection, resulting in 435,000 deaths among the global population, mostly in
poor areas of the tropical and sub-tropical regions [2]. The distribution of sprayed bed nets, the use
of insecticides, a prompt diagnosis and improved antimalarial treatments have decreased the risk
of infection by 50% since 2000; however, no significant reduction in mortality rates has been
reported in recent years [2]. Moreover, socio-economic factors, changes in land use, and resistance
to drugs and ineffective insecticides doom the efforts made in controlling the risk of infection in
areas where the disease is not prevalent [3, 4]. For this reason, the search for accurate diagnostic
methods, new antimalarial drugs, and an effective vaccine are urgently needed to reduce malaria

morbidity and mortality [1].

After the transmission of the parasites by the bite of the Anopheles mosquito, Plasmodium
invades the host liver, where it matures and multiplies over several days to months, depending on
the species of Plasmodium. Then, the invaded liver cells burst releasing the parasites back into the
bloodstream to invade the red blood cells and continue asexual reproduction. The parasite feeds
on hemoglobin present inside the red blood cell as a source for nutrients to sustain growth and
multiplication [1]. The proteolysis of hemoglobin is carried out inside an acidic organelle known
as the digestive vacuole (or food vacuole), found within the parasite. During this process, all the
heme present in hemoglobin is released inside the digestive vacuole of the parasite [5]. The
structure of heme comprises an iron atom bound to four nitrogen atoms in a protoporphyrin ring
[6]. Free heme is highly toxic to the parasite as it can disrupt parasitic membranes and cell

functions; therefore, its rapid detoxification is crucial for Plasmodium survival [6]. For this reason,



the parasite crystallizes heme into inert hemozoin, also known as the “malaria pigment” due to its
characteristic dark brown color [5]. Hemozoin is a crystalline biomineral, consisting of dimers of
heme linked reciprocally by iron-carboxylate bonds; the dimers are further arranged in chains
linked by hydrogen bonds to produce brick-shaped crystals [7]. Many biological components are
thought to play a role in hemozoin (Hz) formation in vivo, such as lipids, proteins, and the acidic
pH of the digestive vacuole; however, the exact process inside the parasite is still under debate [8].
The role of these components has been extensively investigated through in vitro formation assays
of synthetic Hz, also known as hematin anhydride (HA) or f-hematin, the synthetic isostructural
phase of Hz. HA is produced from the crystallization of heme using one of the several protocols
reported in the literature [8]; although their biochemistry does not mimic what happens in vivo

and, in fact, many preparations result in poorly crystalline or amorphous phases [9].

Hz is also the target of some of the primary line of antimalarials in current use that act by
blocking Hz biomineralization, either by complexing with heme or by adsorbing onto the surface
of the crystals [10]; further experimental evidence is necessary to establish their mechanism of
action. Additionally, there are reports of some Plasmodium species becoming resistant to these
drugs [1]. Therefore, information about the process of Hz formation and the mode of action of the

current antimalarials could open avenues for the design of more efficacious treatments [10].

On the other hand, Hz is also used as a biomarker for novel diagnosis methods. The high spin
of the Fe** ion together with the protoporphyrin ring provides Hz with paramagnetic and optical
properties that are exploited to produce accurate and sensitive diagnostic platforms [11]. The
current methods involve the use of light microscopy or rapid test for diagnosis, which present some

challenges related either to their operation, cost and stability under field conditions [12].



Hz is also involved in the pathogenesis of malaria. The role of Hz is studied using crystals
isolated from the parasite or by cultivating the synthetic crystals with diverse cells, or injecting
them in in vivo models using mice [13]. The results of these experiments indicate that after Hz is
released in the bloodstream, the crystals interact with several cells and biomolecules that ultimately
adsorb on Hz surface [8]. Thus, it is not clear whether these adsorbed molecules or the crystals
themselves are responsible for the immunomodulating properties of Hz [8]. In addition, different
preparations of HA or the protocols used to wash Hz after its extraction give rise to contradictory

and conflicting results [14].

To clarify the issues, the surface of Hz should be analyzed; however, despite numerous
investigations on the morphology, crystal habit and overall bulk properties of Hz, there is still no
knowledge about the surface of Hz or HA. These studies are limited due to the poor quantities of
Hz obtained after its extraction and the lack of a standardized method to remove the biological

impurities adsorbed onto the crystals surface [15].



Chapter 2. Hypothesis and Objectives

We hypothesize that surface-sensitive techniques can be used to study the physicochemical
properties of Hz and HA to clarify their impact on Hz’s role as an immune modulator in malaria
pathogenesis, in antimalarial drugs mode of action, and to provide insights into Hz

biomineralization.
To test this hypothesis, we established three main objectives:

(i) Investigate the physicochemical properties of the surface of HA prepared by two

different methods of synthesis

HA is commonly used as isostructural synthetic substitute of hemozoin. However, there are
various protocols to produce the crystals, which result in materials with large variations in
size, morphology, and crystallinity that in turn impact their surface properties. We synthesized
HA following two of the most widely used methods reported in the literature. We then studied
some physicochemical properties of the surface of these materials and compared our findings
to theoretical values. Additionally, we performed a chemical derivatization to label and semi-
quantify the active carboxylate groups on HA surface produced by the two methods as an

indirect means to understand differences in their biological activity.



(i) Compare the impact of two washing protocols on the surface of Hz in terms of
composition and amount of contaminants, and assess their possible source(s) and

adsorption sites using a model of HA suspended in biomimetic solutions

The next objective is to study the surface composition of Hz from in vitro cultures of the
human-malaria specie Plasmodium falciparum. Typically, the freshly-extracted crystals
present organic contamination adhered onto the crystals surface; therefore, the crystals are
washed to remove this coating as much as possible. However, due to the lack of a standardized
protocol to clean Hz, in this study we assessed the impact of the washing method on the
composition of Hz surface. We used two methods to clean extracted Hz, one of them more
exhaustive than the other. Then, we used HA crystals suspended in solutions that mimic its
biological environment as models to assess the origin of the organic contaminants adsorbed on
Hz and their main adsorption sites. From these experiments, we proposed that the surface of
Hz is never free of contaminants despite the method selected to clean the crystals since the

contamination may be part of the crystalline structure of Hz.

(iii) Characterize the composition of the organic material adhered onto native hemozoin
isolated from in vitro and in vivo models and evaluate their possible source using a model

of hematin anhydride suspended in biomimetic solutions

Based on the results obtained for Hz washed with a short protocol from Objective (ii), we
extended our work to deepen our understanding of the composition of the surface contaminants
adhered to Hz. In this investigation, we extracted Hz from P. falciparum-infected red blood

cells cultivated in vitro, and Hz collected from murine macrophages infected from P. chabaudi



from an in vivo model. We rinsed the crystals using organic solvents to remove the organic
contaminants weakly adhered onto the crystals surface. We then compared Hz isolated from
the different models to determine if their surface composition varies according to the model
used to obtain Hz (in vitro vs in vivo). We found that the organic contaminants associated to
Hz surface contained unexpected inorganic species of Na, Cl, Si, Ca and P in all Hz collected
from in vitro and in vivo models. We then proposed the possible origin of these elements by
using a model consisting of HA suspended in solutions containing the element of interest that
may adhere to Hz during its formation or ejection from the RBC. Based on these results, we

hypothesized the biological function of these elements in Plasmodium.



Chapter 3. Literature review

3.1. Malaria

Malaria is a blood disease caused by parasites of the Plasmodium genus that are transmitted to
human and vertebrates by the bite of infected female Anopheles mosquitoes. The species of
Plasmodium that cause malaria in humans are P. vivax, P. malariae, P. ovale, P. knowlesi, and P.
falciparum, the latter being the most common and deadly [16]. According to the World Health
Organization, there were about 219 million cases of malaria and an estimated 435,000 deaths in
2017, mostly in Africa and South-East Asia [2]. Although malaria mortality rates have fallen by
almost 50% since 2000, data from 2015-2017 indicate no substantial progress in reducing malaria
cases worldwide in this time frame [2]. Moreover, poverty, human migration, the decrease of
financial support, changes in land use and fast spreading of drug resistance threaten to increase the
transmittance of the disease in areas where malaria was under control, such as the East African

highlands [3, 4, 17].

Malaria is a curable disease if diagnosed early and accurately [2]. Microscopic images of
blood smears and rapid diagnostic tests are the most common methods to diagnose malaria in
individuals [16]. After a parasitological confirmation, the patient is treated with antimalarial
agents. The current recommended therapy for malaria includes artemisinin combination therapy
(ACTs) as first-line treatment [2], which consists of an artemisinin derivative combined with
another structurally unrelated antimalarial, typically more slowly cleared from the body [18].
ACTs are effective and fast acting; however, the widespread resistance to artemisinin drugs

threatens the efficacy of the ACTs. Hence, while the current antimalarial therapies are threatened



by parasitic resistance, preventing high-risk populations from potential infections is crucial to

reduce the malaria burden [2].

The transmission of malaria is mainly prevented through vector control methods to avoid the
bite of infected mosquitoes. The most important and widely used method is the deployment of
insecticide-treated mosquito nets (ITNs), and in a lesser extent, indoor residual spraying with
insecticides [2]. The most commonly used insecticides include pyrethroids, organochlorines,
carbamates and organophosphates [2]; whereas bed nets are sprayed with pyrethroids only [1].
However, resistance to at least one class of insecticides has been detected in 68 out of the 80
countries affected by malaria. Meanwhile, resistance to pyrethroids, the only insecticide in current

use to treat ITNs, was reported in more than two-thirds of the areas tested and is quickly spreading

[2].

In African regions, malaria is also prevented in pregnant women and children by prophylaxis
with an intermittent treatment with the antimalarial drug sulfadoxine-pyrimethamine, which is
used for chloroquine-resistant strains of P. falciparum [2]. Prophylaxis is also recommended for
travelers from non-endemic malaria areas, along with personal protective measures, such as the
use of insect repellent, and wearing of long-sleeved garments and trousers [19]. Overall, these
preventive measures are decreasing the risk of malaria infection in highly afflicted-malaria areas;
however, they involve the use of chemical agents, such as insecticides and chemotherapies that are
susceptible to mosquito and parasitic resistance, respectively. Therefore, the progress achieved in

controlling malaria is at substantial risk [20], and the search for prevention is still a major concern.

Recently, GlaxoSmithKline Biologicals developed the first malaria vaccine, RTS,S/ASO1,

also known as RTS,S. The vaccine acts on Plasmodium falciparum, the most prevalent and deadly



malaria parasite [21]. A phase 3 trial conducted for RTS,S on infants and young children in 7 sub-
Saharan African regions showed 18-36% efficacious protection against malaria [21], probably due
to the complex life cycle and polymorphism of Plasmodium parasites [1]. Additionally, although
the RTS,S vaccine has shown modest efficacy in reducing clinical malaria in children, new data
associated the use of the vaccine with a higher risk of fatal malaria in girls, and higher all-cause
mortality in girls [22]. It is not clear why RTS,S increased the mortality in girls; however, potential

risks and overall quality and efficacy of the vaccine should be assessed [21, 22].

Overall, the global elimination of malaria is still a major worldwide concern. Its success
depends on the implementation of preventive programs, the search for effective new treatments

and accurate early diagnosis [23, 24].

3.2. Hemozoin

The proliferation of Plasmodium in vertebrate hosts starts after an infected mosquito transmits
the parasite sporozoites through the salivary gland, as depicted in Figure 3.2.1. The parasite
circulates in the bloodstream and invades the host liver, where the sporozoites mature and multiply
into merozoites [16], Then, they are released into the bloodstream and enter the red blood cell
(RBC) to start the asexual cycle [16] consisting of rings, trophozoites, and schizonts, which in turn

will reinvade healthy RBCs [5].

The blood stage of malaria is characterized by symptoms consisting of fever, shaking chills,
and overall flu-like manifestations [16]. In addition, during this stage, the parasite digests 60 to

80% of hemoglobin (Hb) in the RBC to sustain its growth and reproduction. This degradation takes



place within an acidic organelle called digestive vacuole (DV), and free heme is released during

this process [5].

Merozoites

Transmission
T to mosquito
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Figure 3.2.1. The life cycle of Plasmodium starts in the sexual stage inside a female Anopheles mosquito. During a
blood meal, the mosquito transmits sporozoites into a human host, which infect liver cells where the parasite will
mature for 10-14 days, followed by their release as merozoites into the bloodstream to invade red blood cells. In the
blood stage, the schizont will feed on hemoglobin and proceed throughout various stages of asexual multiplication,
consisting of rings, trophozoites, and schizonts. After schizont rupture, Hz crystals and merozoites are released into
the bloodstream and reinvade healthy red blood cells and start a new asexual cycle (Reproduced from ref. [25] with
permission from Springer Nature).

Heme is a molecule of great importance in vital biological processes since it serves as a
cofactor for many proteins known as hemoproteins, which are involved in oxygen transport and
storage, ligand sensing and electron transfer [26]. Heme consists of a protoporphyrin ring bearing
an iron ion at the center that can be present either as ferrous (Fe?*) or ferric (Fe’"), enabling
catalytic activity to many enzymes [6]. Together with the highly hydrophobic nature of its
protoporphyrin ring, heme can interact with lipophilic molecules, such as lipids and proteins,
resulting in toxic effects inside the parasite [27], including the peroxidation of membranes,

deficient leukocyte function, disruption of membrane potential and damage to cellular metabolism
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due to inhibition of enzymes [1, 28]. Therefore, to avoid its harmful effects, the malaria parasite

sequesters heme into hemozoin (Hz) in a non-enzymatic process known as biomineralization [8].

The formation of Hz, also known as the “malaria pigment”, seems to be the pathway to
detoxify heme in other parasites besides Plasmodium, such as the avian Apicomplexan
Haemoproteus columbae, the helminths Schistosoma mansoni and S. hematobium, the triatomine
Rhodnius prolixus bug, the trematode Echinostoma trivolvis and probably the family of

Opisthorchiidae [5, 29-31].

In 1991, Slater ef al. used infrared spectroscopy, electron paramagnetic resonance, and X-ray
absorption to study natural and synthetic Hz referred to as hematin anhydride or -hematin. From
this information, they proposed that the structure of Hz is a polymer chain constituted of heme
moieties linked through the ferric iron ion center of one heme and a carboxylate bond of an
adjacent heme [32]. For many years, the term “polymer” was used to refer to the malaria pigment,
and a heme polymerase and a polymerization process for malaria pigment were the subjects of

research for about a decade [33].

Then, in 2000, Bohle’s group carried out crystallographic studies using high-resolution
synchrotron X-ray radiation of Hz and hematin anhydride. They showed that the structures of both
Hz and hematin anhydride do not correspond to a polymer, but rather to cyclic dimers of hematin
linked through reciprocal iron-carboxylate groups, and the dimers, in turn, are further linked by
hydrogen bonds (Figure 3.2.2) [7]. The structure of Hz corresponds to a crystal with a triclinic
unit cell, with space group P-1 and dimensions: a = 12.196 A, b = 14.684 A, ¢ = 8.040 A, and
angles a = 90.22°, f= 96.80°, and y = 97.92° [7]. This work not only elucidated Hz structure, it

also established that Hz and hematin anhydride were crystallographically, chemically and
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spectroscopically identical [34]. Generally, the terms Hz and malaria pigment refer to the material
originating from the parasite, whereas any of the isostructural synthetic phases will be termed
hematin anhydride (HA). HA 1is often referred to as B-hematin; however, there are distinctive
differences in synthesis and properties between these two materials [9]. The term B-hematin was
conceived for the sodium bicarbonate insoluble phase of a-hematin (Fe[protoporphyrin IX]JOH)
(Figure 3.2.2) [11], whereas HA refers to the product resulting from the removal of water and
replacement by the coordination to a propionate group of a neighboring Fe(protoporphyrin IX),

and hence an anhydride product (Figure 3.2.2) [35].
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Figure 3.2.2. Schematic of the conversion of heme into HA. Free heme is oxidized into a-hematin at low pH, the
hydroxyl group on the iron of a-hematin protonates and is replaced by the coordination with the propionate group of
the neighboring hematin with loss of water, resulting in the crystallization of HA.

Scanning electron images of Hz isolated from diverse Plasmodium parasites reveal crystals
with varied shape and size [29]; however, crystallographic studies present identical diffraction
patterns, which implies that the structure of Hz is equivalent among Plasmodium species [5]. The
overall morphology of Hz corresponds to brick-like shaped crystals with smooth sides, while the

smallest face appears highly corrugated, suggesting that this is the fastest growing face [5, 29].
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In general, the morphology and habit of a crystal are determined by the growth rate of its
faces, which in turn can be affected by the solvent and components present in the medium [36].
These aspects of Hz are usually studied during HA formation in aqueous solutions or in the
presence of components found in the DV of the parasite as an attempt to mimic the biological
environment [35, 37]. Alternatively, more recent investigations on Hz are shifting to study the
crystals within the DV to understand its biomineralization process in vivo. All these topics will be

covered in section 3.4.

3.3. Synthetic analogues of Hemozoin

Increasing evidence points to a significant role of Hz not only in the life cycle of the parasite but
also in the detection and pathology of the infection [11], which in turn impact the efficacy of the
treatment selected after diagnosis [1]. Therefore, studying the properties of Hz isolated from the
parasites have become a focus of attention. However, investigating Hz obtained from in vivo or in
vitro models involves several challenges, such as contamination of the crystals with parasitic or
host components after cell lysis and insufficient amounts of material obtained [14, 38].
Additionally, the cultivation of Plasmodium parasites requires laborious work and is limited to
well-trained staff. Therefore, artificially grown crystals are used to overcome the challenges
arising when employing Hz [38], and are useful for gaining insight into the properties of the natural

material.

Synthetic crystals are typically produced using hemin (Figure 3.3.1) or hematin as precursor
[8] and the crystallization of HA proceeds under different conditions that vary according to the

protocol used [39]. These conditions involve the suspension of hemin or hematin in some media
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(aqueous, anhydrous or a mixture of aqueous and organic media) under different conditions, such
as slow acidification, heating or extended crystallization times [39]. Taking advantage of the
differing solubility between monomeric hemin or hematin and HA, any insoluble or poorly
aggregated hematin is separated from HA by rinsing the product with an alkaline buffer of sodium
bicarbonate, although this step dissolves some of the HA as well [40]. The synthetic crystals are
crystallographic and chemically similar or identical to Hz, as evidenced in previous reports by

infrared spectroscopy and X-ray diffraction [5].

7

HO 0 HO @]

Figure 3.3.1. Molecular structure of hemin, the chloride equivalent of a-hematin. Hemin is formed when the central
iron of a heme group coordinates with a chloride ligand.

One of the most widely used methods to prepare HA is the acid-catalyzed method [32]. In this
preparation hemin is dissolved in aqueous media at elevated pH, followed by its conversion to
hematin and subsequent crystallization into HA by the slow acidification with acetic acid at 70 to
80°C for 18 h [32] (Eq. 1). Modifications to this method involved the use of other acids to promote
HA precipitation, such as propionic or benzoic acid, and decreasing the temperature to 60°C or
37°C [41]. Another variation of this method was introduced by Egan et al., in which the formation

of HA is carried out in a 4.5 M acetate solution, at pH 4.5 for 30 min [35], resulting in 40-50%
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yield. The products of these methodologies are poorly crystalline precipitates that are rather
heterogeneous or even nanocrystalline [14], with tapered ends and a large range in size from 200-
1600 nm [29] (Figure 3.3.2.A). The acid-catalyzed method has been implemented to study the
formation of HA in the presence of various promoters of HA formation, such as detergents or
alcohols [42]; or to gain insights into the mechanism of HA inhibition by antimalarials [43]. Also,

the crystals obtained from this method are used to study Hz’s immunomodulatory role [8].

Hematin 1. NaOH HA
[Fe(PP-IX)H,OH]n 3 aceticacid ~ [Fe(PP-IX)H]n (Eq. 1)
70°C, 18h

Bohle and Helms proposed another method to prepare HA in strictly anhydrous conditions, in
organic media at room temperature [44]. In this reaction, chloride is removed from hemin in the
form of HCl using the non-coordinating base 2,6-lutidine [39], while the organic solvents aid the
solubilization and coordinate heme (Eq. 2). The reaction proceeds for two weeks to several
months, which in turn produces high yields (>90%) of large HA crystals of around 4-10 um, highly
regular in size and morphology (Figure 3.3.2.B) [44]. These crystals are isomorphous to Hz and
show remarkably large crystalline domains [14]; however, the length of the crystallites is larger
than what the parasite produces in vivo (4-10 um). This method has been used to investigate the
role of neutral lipids in HA crystallization [45] and the crystals produced by this method have been
largely used to study spectroscopic, structural and physical properties of HA [41], and more

recently, the effect of HA in host immune response [14, 41].

Hemin methanol/DMSO HA Eq.2)

[Fe(PP-DX)H,Cl]n 2’3&2&" » [Fe(PP-IX)H]n
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In summary, Plasmodium produces Hz crystallites highly uniform in shape and size that varies
between 50-500 nm (Figure 3.3.2.C) [38, 39]; however, in HA these features differ according to
the preparation method [39]. Some of the synthetic products are also characterized by high surface
areas with a random distribution of defects that lead to major differences in the diffraction patterns

of the precipitates when compared to Hz [39].

Figure 3.3.2. Scanning electron micrographs of A) HA produced by the acidic-annealing method at high temperature
and B) HA crystallized in anhydrous conditions using DMSO, methanol and the base 2,6-Iutidine and C) Hz obtained
from P. falciparum.

At the present time, many pathways for Hz biomineralization have been proposed based on
observations from the in vitro formation of HA [1]. Still these investigations are unable to clarify
how Hz is so efficiently produced in the DV of the parasite under mild physiological conditions

[40]; moreover, the exact molecular mechanism of Hz formation in vivo is still under debate [5].

3.4. Hemozoin biomineralization

The biomineralization of Hz has been extensively studied using HA formation assays. Egan and
colleagues assessed HA crystallization in aqueous acetate solution varying the pH, temperature

and acetate concentration [35]. The crystals were characterized using infrared spectroscopy (FT-
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IR), scanning electron microscopy (SEM) and X-ray diffraction (XRD). The results showed that
both the iron-carboxylate bond and crystallization of HA occur simultaneously through the loss of
water and the fast precipitation of amorphous and highly soluble hematin, followed by the slow
incorporation into more stable HA crystals [35]. More recent studies by Vekilov and co-workers
showed that Hz follows a classical mechanism of growth where new crystal layers nucleate and
extend the crystalline net by the attachment of new hematin molecules [46]. Additionally,
theoretical models of HA’s growth carried out by Buller et al. [47] reported that the habit of the
needle-like crystallites of Hz and HA extends predominantly along the c-axis direction, exposing
{100} and {010} side faces, and less-developed {011} and {001} face [36, 46, 47].

Egan’s group proposed two possible models for Hz formation. In one model, free heme is
released quickly in the DV, leading to saturation and precipitation of hematin; in such case, the
biomineralization of Hz would be promoted by lipids acting as catalyst for the phase transition
from heme to Hz, solubilizing hematin and facilitating Hz biomineralization [35]. In the second
model, the release of heme in the DV is highly controlled to avoid surpassing the solubility limit
of hematin, yet heme is found supersaturated, in comparison to Hz. In such a case, the nucleation
of Hz could be promoted by a protein matrix. In fact, Sullivan et al. proposed that histidine-rich
proteins (HRP) present in the DV of the parasite may bind heme to promote Hz biomineralization
[48]. They hypothesized that carboxylate groups of Hz may bind weakly to amino acids in HRP,
acting as templates for epitaxial growth or as stabilizers of Hz nuclei [35], as commonly observed

in several biomineralization processes, such as hydroxyapatite in shells and bones [41, 49].

To date, several studies aim to identify the role of both lipids and proteins as potential promoters

of Hz crystallization. The investigations on this subject will be discussed next, in Chapter 3.4.1.
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3.4.1. The role of lipids in hemozoin biomineralization process

Many studies demonstrate a close relationship between lipids and hemozoin formation [50-52]. In
1995 Bendrat et al. reported that Hz crystals extracted with acetonitrile were contaminated with
phospholipids [53]. Later on, Fitch and co-workers suggested that hemozoin formation was
promoted inside unsaturated lipids [50] (Figure 3.4.1.A). Since then, the role of lipids in Hz

formation has been widely investigated.

Huy et al. proposed that phospholipids, such as dilauroyl-phosphatidylcholine and dioleoyl-
phosphatidylcholine, act as inducers of Hz formation in Plasmodium and other hematophagous
parasites like Schistosoma and Rhodnius [54]. It was thought that the acyl chains present in lipid
droplets and in phospholipid membranes (Figure 3.4.1.A) participate in the crystal nucleation
inside the DV of the parasite [54]. However, only small amounts of phosphatidylcholine and

phosphatidylethanolamine have been identified in Hz inside the DV [55].

To further understand the role of neutral lipids, Pisciotta ef al. fixed DVs of malaria parasites
in the trophozoite stage with malachite green to protect the lipid layer, and then proceeded to
analyze their composition [55]. They found that Hz was surrounded by neutral lipids nanospheres,
predominantly MSG (monostearic glycerol) and MPG (monopalmitic glycerol). A blend of fatty
acids was also identified in minor proportions, constituted mostly of saturated palmitic and stearic

fatty acids [55].
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parasite membrane

Figure 3.4.1. Schematic of a Plasmodium-infected RBC and Hb catabolism within the DV of the parasite (inset). It is
proposed that after the proteolysis of hemoglobin, heme is released in the DV, and the parasite forms Hz crystals
assisted by lipids in four possible ways: A) inside lipid droplets, B) at the water-lipid interface of lipid droplets, C) at
the water-lipid interface of the DV membrane or D) in a complex of lipids and proteins.

Egan and co-workers also remarked the need for a lipid environment to grow HA or Hz as
well, but in contrast to Pisciotta’s work, they demonstrated that the mineralization was more
efficient at the lipid-water interface (Figure 3.4.1.B), possibly due to lipids functioning as
nucleation sites [41]. Kapishnikov et al. recently proved that Hz is produced at the aqueous-lipid
interface near the inner membrane surface of the DV (Figure 3.4.1.C), instead of lipid droplets
[56]. They proposed that Hz crystals are aligned and oriented within the DV, exposing their {100}
faces along an acylglycerol lipid layer that coats the DV phospholipid membrane. The OH and
C=0 groups of the acylglycerols would serve as templates, lowering the surface free energy of the
{100} face, and providing the specific crystal orientation [56], while the propionate groups of
heme would remain in the aqueous phase [54, 56].

To further understand the process of Hz nucleation and growth in an aqueous-organic
interface, Vekilov’s group studied the surface of HA crystals grown in two different media, one at

pH 4.8 in aqueous solution, and the other one in aqueous-saturated octanol, in which the organic
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solvent mimicked the lipid regions within the DV [37]. HA crystals produced in aqueous solution
at acidic pH showed spherical aggregations, rough surfaces, and crystal twinning. These
characteristics are representative of crystals grown at high supersaturations of solute (heme) [57];
however, this crystal habit and morphology are not typical of Hz [37]. Conversely, the crystals
grown in water-saturated octanol showed the presence of individual elongated crystals and a small
fraction of amorphous aggregations. In general, the HA crystals produced in the presence of a
mixed water-organic medium presented features that resembled more those observed in biological
Hz. In this method, the supersaturated octanol maintained hematin solubilized, which in vivo
accounts for the efficient conversion to Hz within the DV of the parasite [37]. The similarities
between HA crystals formed in water-saturated octanol and Hz support the hypothesis that lipid
nanospheres mediate the formation of Hz by keeping hematin below its saturation limit [37].
However, this work failed to replicate the efficient conversion of heme into Hz crystallites;
additionally, these experiments did not explain the presence of a small fraction of amorphous

precipitates despite their growth in conditions that resemble the DV.

This observation was also highlighted by Pisciotta’s group when assessing HA formation in
the presence of MSG and MPG. They demonstrated that neutral lipids enable heme crystallization
[55]; however, the lipids were insufficient to produce HA with the morphology and size of Hz.
They proposed that Hz formation may require not only of lipids but also proteins or other

biomolecules (Figure 3.4.1.D) [55].

3.4.2. The role of proteins in hemozoin biomineralization

The production of histidine-rich proteins (HRP) by Plasmodium has been closely associated with
Hz formation [48]. Sullivan and co-workers identified the HRP II and its homologues HRP III and
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IV within Plasmodium. They proposed that these proteins promote Hz formation in vivo either as
catalysts or nucleating initiators [48, 58]. Then, Ziegler’s group used peptide dendrimers with the
same repetitive sequence of HRP II to assess the formation of HA in acidic conditions [58]. Based
on these experiments, they hypothesized that Hz formation is promoted by P. falciparum HRP 1I,
acting as a template to seed the biomineralization [58]. However, later other researchers disputed
the claim that HRP II is directly related to Hz formation since most of the HRP reside inside the
membranes or the cytoplasm and just an estimated 3% is within the DV [59, 60]. Moreover,
experiments made with parasites lacking HRP I and HRP III maintained the ability to produce Hz

[61].

Recently, a protein named Plasmodium heme detoxification protein (HDP) was identified as
a potent mediator involved in Hz formation. HDP is a 205 amino acids long polypeptide that
converts heme into Hz very efficiently [62]. One hypothesis for the reaction mechanism is that the
parasite traffics HDP and host Hb to the DV where two heme monomers bind to histidine residues
present in HDP; then, a mutual iron-oxygen bond is formed and the heme dimer is released from

the protein [62, 63], as depicted in Figure 3.4.2.
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Figure 3.4.2. Hypothesized mechanism of Hz formation assisted by HDP, where histidine-residues in the protein
interact with heme to allow the proper positioning of the heme monomers to initiate the nucleation of Hz (Reproduced
from ref. [63] with permission from Springer Nature).
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Chugh et al. showed HDP is present along with falcipain 2/2’, plasmepsin Il and IV and histo-
aspartic protease in a protein complex found in the DV of the parasite [64]. They assessed the
capacity of each of the proteins in the complex to convert Hb to Hz in an in vitro assay. The results
from XRD and SEM showed that heme is efficiently converted to Hz by the action of HDP and
falcipain 2. This evidence did not exclude the role of lipids as Hz promoters since they also
demonstrated that Hz formation was enhanced by the addition of MOG or lipids extracted from
parasite lysates [64]. Therefore, it is possible that HDP works synergistically with some lipids to
produce Hz in vivo [59]. Jani ef al. hypothesized that HDP promotes the formation of heme dimers
to further incorporate them into lipid nanospheres to favor the hydrogen bonding of the propionic
acid chains to extend the crystalline structure [62]. Moreover, HDP is also expressed at earlier
stages of the Plasmodium lifecycle, indicating that this protein could have other possible functions

[62].

Although the identification of HDP and its possible role bring advancement in our
understanding of Hz formation, other important questions remain: how many proteases are present
in the protein complex and how are they arranged within the DV? What is the main role of each
of the constituents? Where is the complex exactly located in the food vacuole? [65] And when and
how is heme oxidized into hematin? A reply to these questions will have important implications

in the prevention of malaria and the development of new antimalarial drugs.

3.5. Hemozoin surface
The surface of a material is defined as the termination of a three-dimensional structure i.e. its
outermost atomic layers; hence, the surface properties often differ from those of the bulk [66].

Understanding the surface properties of a material is critical for gaining insight into its physical
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and chemical interactions, such as bonding and adhesion, electrostatic behavior, among other

surface phenomena [66].

Currently, there is scarce information related to the structural and surface chemistry of Hz or
HA crystals; studies carried out in this direction are focused on developing methods to understand
drug-crystal interactions or Hz biomineralization. For example, Wood and co-workers studied Hz
within a sectioned infected RBC using tip-enhanced Raman spectroscopy (TERS) to target the
edges of the crystals [67]. TERS is based on surface-enhanced Raman spectroscopy (SERS),
which uses a surface plasmon field to increase the Raman scattering; however, in TERS, the
enhancement is produced by illuminating a metal nanotip smaller than the light wavelength, which
allows its interaction with just a few molecules and thus it collects molecular information at the
nanometer scale [67]. This methodology requires the use of atomic force microscopy (AFM) to
image the surface morphology of Hz crystals and record the Raman spectra in the locations of
interest [67]. The AFM images showed clusters of Hz covered with membrane and cellular
components of the DV of the parasite, and crystal shape and size similar to those previously
reported for Hz [67]. For the TERS experiments, the spectrum was recorded at the edge of the
{001} face of Hz crystals because this is the fastest-growing face, and also because it is
hypothesized that some antimalarials bind selectively to this face to inhibit Hz growth [36]. This
analysis showed the characteristic bands of Hz in the region of 1600-1500 cm™ related to the
vibrations of the pyrrole ring. The spectrum also showed a band located at 1373 cm’,
corresponding the symmetric vibration of the pyrrole ring of heme (v4). The latter peak is also
known as the “electron density” or “oxidation state signal” because shifts in this band are
associated to the oxidation state of the heme central Fe in the porphyrin, which in Hz corresponds

to the ferric high spin state [67]. These experiments showed variations in the intensity of the
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oxidation state band at 1373 cm™ of TERS spectra acquired from Hz crystals in different DVs,
probably as a result of using different tips. Although this technique does not bring new
advancement in our knowledge about Hz morphology or its structural properties, due to the
resolution of the AFM/TERS, this technique is expected to be used in the future as a label-free

method to screen drugs that act by binding to Hz surfaces.

3.6. Understanding Hz biomineralization based on the characterization of HA surface
Vekilov’s group developed a new method to synthesize large HA crystals and characterized
the products with surface-sensitive techniques [68]. In an attempt to provide an environment that
resembled the biological conditions of Hz formation, they carried out HA synthesis in a biphasic
mixture consisting of water-saturated octanol to mimic the lipidic phase of the parasite’s DV, and
citric buffer at pH 4.8 to mimic the acidic aqueous phase. A solution of hematin was injected at
the interface between the aqueous and the organic phase, and the preparation was left at 23°C for
approximately 14 days. Samples were collected after 30 minutes and 2 weeks, and their
morphology and size were evaluated using SEM and AFM. The materials collected after the first
30 min consisted of amorphous aggregates of varied size and elongated structures of around 600
nm in length (Figure 3.6.1). After 2 weeks of reaction, HA was present in the aqueous phase and
the crystals were approximately 2 um in length (Figure 3.6.1). These crystals were used as seeds
to further enlarge them in a second step consisting of a supersaturated solution of hematin in
octanol and the solution of citric buffer containing the previously produced HA. The pre-seeded
crystals transferred to the octanol layer, and after 2 to 4 days the length of the crystals was about

35-50 um (Figure 3.6.1) [68].
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D Octanol D Citric Buffer Hematin in octanol

Figure 3.6.1. Illustration of the biomimetic synthesis of HA crystals. A) The crystals are produced at the interface
between the wet octanol and the citric acid buffer. B) After 4-6 days HA is formed and is found in the aqueous phase;
the crystals are removed and used as seeds in a second step. C) The seeds are suspended in a fresh citric buffer and
this solution is incubated with an octanol phase saturated with hematin. After 2-4 days the crystals grew to an estimated
size of 35-50 um and migrate to the organic phase. D) SEM images of material collected from the preparation of HA
seeds after 30 min of growth. The upward arrow indicates the presumably crystalline phase while the downward arrow
is indicative of amorphous phases. E) AFM images of microcrystals isolated after 1.5 h of reaction, showing several
faceted microcrystals of around 600 nm in length and not much amorphous material. F) AFM image of HA crystals
of 3-5 um in length obtained after 1.5 h of the second-step process involving saturated hematin. G) AFM image of a
28 um HA crystal grown in the hematin-saturated octanol-citric acid buffer after 16 days. (Printed from ref. [68] with
permission from American Chemical Society).

This study provided a methodology to produce large crystals of HA, which are advantageous
to study its process of formation and relevant properties of Hz, such as antimalarial drug action,
single-crystal X-ray diffraction, among others [37]. In addition, this investigation showed that the
crystals grow at the lipidic phase, represented herein by the octanol layer. Also, based on surface
imaging of the crystals throughout its formation, it was observed that the conversion of hematin
into HA starts from mostly amorphous aggregates that mature into more crystalline and elongated
materials over time [68]. However, no clear evidence of this mechanism was provided in this

investigation since the crystals obtained in the first step were found in the aqueous phase.
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Moreover, the methodology developed to produce HA in this investigation is not fully biomimetic
since it involved extended periods of incubation at 23°C, (non-physiological temperature). This is
not representative of the in vivo process within Plasmodium’s DV since the parasite produces Hz
crystals very efficiently (15-30 h at the ring trophozoite stage [69]). Finally, the products obtained
from these experiments were not evaluated to ensure the characteristic crystallinity of HA and Hz
[7]. This characterization is critical to unambiguously identify Hz from heme aggregates, as

reported in a previous study [70].

3.7. Antimalarial drugs that interfere with hemozoin formation

Many factors hamper the finding of a definitive cure for malaria, such as decrease of financial
support, poverty, and highly dense population in malaria-endemic areas. However, the
development of resistance to all current antimalarials and the lack of new drugs doomed initial
efforts to eradicate the disease [1, 71]. This section describes the mechanism of action of some

antimalarials that exert their antiplasmodial action by interfering with Hz formation.

3.7.1. Quinoline-based antimalarial drugs

Quinine is a natural compound present in the bark of the cinchona tree. Quinidine and its
derived alkaloids were proven to have efficacy against malaria and were used for many years as a
cure for malaria infections [72]. However, the administration of the drug was commonly
accompanied by adverse side effects [72, 73]. Many drugs structurally related to quinine were
developed as an alternative, defining the family of the quinolines [1]. The structure of quinoline-

based antimalarials has a common heterocyclic aromatic quinoline group, with variations in the
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side chain (Figure 3.7.1) [74]. Due to their low toxicity, low-cost production and clinical efficacy,
this class of antimalarial drugs were the most important in the treatment and eradication of the
disease for many decades [72]. The most important quinolines are quinine, piperaquine,
primaquine, mefloquine [74] and chloroquine (CQ) (Figure 3.7.1.B), the latter being the most
widely used compound of this family.

After CQ penetrates the DV membrane, the molecule is protonated due to the acidic
environment of the organelle, where it accumulates to millimolar concentrations causing the
disruption of parasitic membrane function [75], inhibition of glutathione [76], peroxidation of
lipids, proteins and DNA [77], inhibition of proteolytic enzymes and release of calcium necessary

for the endolysosomal regulation system of Plasmodium [75, 78, 79].

"HN -~

H,CO NH

\

Cl

HTZ

Quinine Chloroquine

Figure 3.7.1.Chemical structure of quinine and its related antimalarial chloroquine, showing their protonation sites.
The quinoline group is marked in blue in both molecules.

CQ exerts its antiplasmodial activity by inhibiting Hz formation in two hypothesized ways:
either by forming complexes with hematin or by blocking hematin surface sites crucial for growth
[75, 78].

In the first hypothesis, the drug binds to hematin through n-n interactions to form a hematin-

chloroquine complex [80, 81]. It is proposed that the basic aminoalkyl side chains of CQ enhance
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drug accumulation due to the acidic pH of the DV i.e. ion trapping [82], while the aromatic
structure of the 4-aminoquinolines serves as a template to complex with hematin, and the 7-Cl
group inhibits further growth of Hz [28, 78]. This process is influenced by electrostatic and
hydrophobic interactions between CQ and the hematin molecule [75, 83] that stabilizes a
derivative form of hematin known as p-oxo-dimer [84]. The exact structure of the CQ-hematin
complex is not known; however, one of the models proposes that the p-oxo-dimer consists of two
hematin molecules linked by an oxygen bridge between the two iron atoms of each molecule [28]
(Figure 3.7.2). The hematin p-oxo-dimer inhibits further aggregation of hematin into Hz, resulting
in its accumulation in the DV and parasite’s death [76, 81, 83]. More details on the structure and
mechanism of complexation between CQ and hematin in solution are reviewed in the literature

[85, 86].

Figure 3.7.2. Structure proposed for the p-oxo-dimer, a complex stabilized by the interaction between CQ and
hematin.

The second hypothesis on the mechanism of action of CQ involves the adsorption of the drug
on Hz surface [1]. Recently, Olafson and colleagues studied the surface of HA produced during
HA formation in the presence of some common quinolines; the surface of these crystals was
analyzed using time-resolved AFM [10]. They showed that quinine, chloroquine, and pyronaridine

decreased the velocity of surface step formation on HA; this, in turn, decreased rapidly the
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nucleation of new layers [10]. However, while amodiaquine and mefloquine gradually decreased
the rate of step formation by about a half, only amodiaquine inhibited the nucleation of new layers.
This mechanism is characteristic of inhibitor molecules that adsorb on kinks at the surface steps to
further block the incorporation of new hematin molecules into the crystal structure [10].
Additionally, quinolines seem to chemisorb preferentially onto molecularly flat {100} faces to
block crystal propagation, reinforcing the hypothesis that inhibition of Hz formation is the mode
of action of this class antimalarials [1]. This mechanism has also been proposed by various groups

[36, 81]; however, a definitive mechanism of CQ is still the subject of debate.

For almost 30 years, CQ was prescribed as first-line antimalarial therapy in endemic areas due
to its effectiveness, low price, and low toxicity. CQ resistance was first reported in 1978 in East
Africa and South America possibly due to the extensive overuse of the drug [87]. In resistant
strains of Plasmodium, CQ is released from the DV at least 40 to 50 times faster than from sensitive
strains, resulting in its accumulation at concentrations below those required to inhibit Hz formation
[88-90]. Due to the important implications and impact on public health, alternative drugs were

introduced to overcome these issues [1].

3.7.2. Artemisinin and its derivatives as antimalarials

Artemisinin (also known as qinghaosu) and its derivatives emerged by the 1980s after the first CQ-
resistant strains of P. falciparum started to spread. The antiplasmodial activity of artemisinin was
discovered in China in the 1970s by the research group led by Professor Tu Youyou [91], work for
which she was awarded a Nobel prize in Physiology or Medicine in 2015. Youyou and colleagues
analyzed 640 recipes to treat fever in traditional Chinese medicine; among them, the leaves of the
wormwood Artemisia annua showed potent activity against CQ resistant and sensitive strains of
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the malaria parasite [91]. After the success of the first clinical trials of 4. annua extracts, in 1972

artemisinin was finally isolated and identified as the active compound in the plant.

Artemisinin is a sesquiterpene lactone that bears an endoperoxide bridge in its seven-
membered ring structure and, unlike other antimalarials, lacks a nitrogen-containing heterocyclic
ring, as shown in Figure 3.7.3 [1, 92]. This compound is poorly soluble in water or oil; thus, new
derivatives were developed to overcome these issues [1]. The most important semi-synthetic
derivatives are artemether, dihydroartemisinin and artesunate (Figure 3.7.3) [93, 94], which show
more oral bioavailability than artemisinin [93], resulting in a more efficient and faster
antiplasmodial action, absorbance and elimination from the host bloodstream [1]. However, due
to their poor pharmacokinetic properties and short half-lives, they are typically used in
combination with longer-lasting antimalarials of other classes (for instance, in ACTs) [1, 93, 94].

Since 2006, ACT is the preferred first-line treatment for uncomplicated malaria [93] [95].

O_CH3

Arthemether Dihydroartemisinin Artesunate

Figure 3.7.3. Structure of the most important artemisinins; the endoperoxide bridge is colored in red.

Although the mode of action of artemisinins remains unresolved, it is known that to be active
against malaria, the peroxide bridge within the 1,2,4-trioxane system (marked in red in Figure

3.7.3) needs to be opened, either by intraparasitic heme or exogenous Fe** [96]. Initially, it was
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hypothesized that the activation of the molecule resulted in the formation of reactive oxidative
species (ROS) or secondary carbon-centered radicals within the parasite [96]. These radicals were
thought to act as alkylating agents to form covalent adducts with parasite proteins, e.g.
hemoproteins [97, 98]. However, this hypothesis is still debated as the alkylated proteins remain

unidentified and undetected despite extensive studies [99].

Artemisinins are structurally similar to thapsigargin, another sesquiterpene lactone that
inhibits with high affinity the sarcoendoplasmic reticulum Ca?" ATPase enzyme (SERCA) [97].
Due to this similarity, it was hypothesized that artemisinins might target the Plasmodium
falciparum ATPase-6 (PfATP6), the ortholog of SERCA in Plasmodium falciparum [100]. In vitro
assays showed that once activated, artemisinins inhibit PFATP6 outside the food vacuole, with
similar potency to thapsigargin [100]. This hypothesis is supported by many investigations;
however, several studies showed no evidence of the antagonism between thapsigargin and
artemisinins when their effect was evaluated on parasite growth, suggesting that the endoperoxides
may exert their antimalarial activity by a different mechanism from that of thapsigargin [101].
Finally, and most importantly, it was found recently that the resistance of artemisinins is not related
with mutations in the calcium ATPase [102], suggesting that the mechanism of these type of

antimalarials should be further reevaluated [101].

In vitro assays that aim to monitor the inhibitory activity of artemisinins during HA
crystallization are challenging since these assays typically use hemin or hematin as starting
molecule, whereas artemisinins require freshly released heme to activate the endoperoxide bridge
[10]. Several studies hypothesize that the selective toxicity of artemisinins may be due to the
formation of adducts after the activation with heme, as depicted in Figure 3.7.4. This reaction is

mediated by free radical intermediates, followed by the formation of covalent adducts with heme
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or parasite proteins. In fact, Robert and Meunier [103] characterized an artemisinin-porphyrin
adduct produced by the alkylation of a porphyrin after the activation of artemisinin, supporting the
hypothesis that these drugs may exert their antiplasmodial activity by disrupting Hz formation
[104]. Therefore, in this mechanism heme is both the activator and the target of artemisinins [104].
This hypothesis is also reinforced by the fact that artemisinins are highly effective in the
intraerythrocytic stages of Plasmodium when Hz is produced. Conversely, these endoperoxides
are ineffective against related intraerythrocytic Apicomplexa parasites that do not produce Hz,

such as Babesia microti [104].

Me

Me

Figure 3.7.4. Heme-artemisinin adduct resulting from the alkylation of heme. (Printed from ref. [105] with permission
of American Society for Microbiology).

ACTs have been introduced in most of all endemic areas as first-line antimalarial treatment,
due to their excellent antimalarial properties and relative safety [95, 106]. However, there are
several concerns on the efficacy of such treatments, most of all on the Thai-Cambodian border
where there is evidence that partial artemisinin-resistant strains of P. falciparum started to appear
in 2004 [107-109]. Consequently, there is an urgent need to develop new and potent antimalarial

drugs as well as to search for new targets [110].
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3.8. Relevance of Hz as tool in diagnosis and as immune modulator during malaria

infection

Research activity involving Hz has increased considerably, not only to understand its
physicochemical properties and biomineralization process but also as a potential target for malaria
detection and as immune modulator during the infection [8]. In this section, we review both aspects

of Hz investigations.

3.8.1. Hz as a tool for detection in malaria diagnosis

Successful diagnosis and treatment for malaria critically depend on timely and accurate detection
of the infection [110]; the most commonly used methods to diagnose malaria are either optical
microscopy or rapid diagnostic tests (RDTs). Light microscopy involves the staining of blood films
with Giemsa stain; this type of diagnosis allows the identification of the Plasmodium species, the
stage of their life cycle, and the quantification of parasitemia [111]. This test provides a reliable
diagnosis (95% of accuracy with an average limit of detection of 88 parasites/uL of blood [112]);
however, in malaria-endemic areas, the examination is challenging due to the need of trained
technicians and the use of non-affordable microscopes and Giemsa tests [1]. To overcome these

limitations, the use of malaria RDTs has increased significantly around the world.

A malaria RDT is a device that detects specific antigens produced by malaria parasites in
blood cells [12]. The results are obtained quickly, the device is relatively inexpensive and is used
by the individual without the assistance of a technician. However, RDTs differentiate only between
a few human Plasmodium species, but not all of them [12], and the limit of detection is

considerably higher than that of microscopy (over 100 parasites/uL of blood [113] ). Also,
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environmental conditions affect the device performance and it does not provide parasitemia

quantification [114].

The limitations of current malaria diagnosis methods have prompted researchers to develop
new cost-effective tools combining the advantages of microscopy and RDTs [114]. Recently, the
paramagnetic and optical properties of Hz have been studied to develop new techniques for in vivo
diagnosis of malaria based on the detection of Hz crystals in blood or tissues after their release
from infected RBC [113]. A paramagnetic material has a magnetic moment only in the presence
of an applied external magnetic field [115]. Although the magnetic susceptibility of Hz is weak
compared to other ferromagnetic materials [11], this feature is used to separate infected RBCs
from healthy ones [115], to purify the crystals after their isolation from cells [116] and to produce

malaria diagnostic methods [117].

Additionally, in Hz and HA, the elongated shape of the crystals and the Fe*" high spin ions of
heme provide the crystals with magnetic anisotropy, causing the crystals to align in the presence
of a magnetic field [115]. Hz also exhibits optical dichroism, a phenomenon occurring when a
material is able to split a beam of light into two beams with different wavelengths [11, 115]. When
suspended in a fluid, Hz crystals are randomly oriented without preferred direction of optical
absorption. In the presence of a magnetic field, the paramagnetic crystals of Hz align in the
direction of the magnetic field and the intensity and polarization of light lie along a preferred axis
[118]. Hence, Hz turns into a dichroic polarizer i.e. an optical filter that converts a beam of mixed
polarization into a beam of specific polarization [113]. Based on this magneto-optical
phenomenon, which is directly proportional to the concentration of the crystal in a suspension,
Mens’ group was able to detect Hz from 13 patients with the accuracy of a RTD device, and

calculated levels of parasitemia under 0.01 pg/mL in Hz samples kept in PBS [113].
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A popular method based on Hz detection in blood samples is laser desorption mass
spectroscopy. In this technique, neutrals or ions are released from a condensed phase (usually
solid) into the gas phase by the irradiation with an ultraviolet laser [119]. Then, the mass-to-charge
ratio of the desorbed ions or neutrals is measured by a time of flight spectrometer to obtain their
molecular masses [119]. Using this approach, Hz was detected in 0.3 pL of blood samples with
levels of parasitemia below 0.1% in a mouse model, equivalent to around 10 parasites/uL of blood
[120]. Another method of detection was developed based on Raman spectroscopy [121-123],
which enabled the detection of Hz in parasitemia levels as low as 0.05 — 0.2% [121]. Both
techniques provide the diagnosis faster than using microscopy; however, they still rely upon
acquiring blood samples and using sophisticated instrumentation [122, 124]. Other methods based
on Hz as biomarker involve flow cytometry and polarization microscopy; however, they present

similar disadvantages [117].

Recently, Lapotko and colleagues produced a non-invasive transdermal method to detect
malaria based on acoustic signals generated by vapor nanobubbles produced by Hz in response to
a short laser pulse [124] as illustrated in Figure 3.8.1. The lowest level of parasitemia measured
was 0.00034% in mice models. The diagnosis can be obtained in seconds, the procedure does not

require blood samples, is safe and does not require specialized personnel [124].
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Figure 3.8.1.A) Vapor nanobubbles induced by short-laser pulses directed at Hz (H-VNB) inside infected RBCs. B)
Optical detection (OD) scattering signals emitted by the vapor nanobubble and C) detection of pressure pulses of the
vapor nanobubble via ultrasound transducer (UT) (Printed from ref. [124] with permission from Proceedings of the
National Academy of Sciences of the United States of America).
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Hz crystals also exhibit birefringence, which is the capacity of splitting a light wave into two
beams that are refracted or transmitted unequally by an anisotropic medium [11]. This optical
property together with Hz’s absorbance can be used as biomarkers to detect malaria in vivo. Burnet
et al. developed a “microvascular microscope” equipped with cross-polarized reflectance and
transmission illumination. They detected Hz’s birefringence and the absorbance of crystals
circulating in the superficial vasculature of a biomimetic replicate of the oral mucosa of humans
Figure 3.8.2.A [125]. In this study, the signal of Hz’s birefringence was decreased by the random
orientation within the tissue surrounding the crystals due to its phagocytosis by blood cells, e.g.
macrophages and monocytes (Figure 3.8.2.C) [125]. However, Hz absorbance was still detectable
under the same conditions Figure 3.8.2.B; therefore, only the absorbance was measured in the in
vivo models with mice. The detection of Hz absorbance was achieved under 1 minute in mice with

levels of parasitemia ranging from 0.03 to 50% [125].
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erythrocyte
infection

P

hemozoin

oo ‘
i’ ®e

cytoadhesion phagocytosis

Figure 3.8.2. (a) Schematic illustration of the diagnostic concept of malaria-infected cells carried out through a
microvasculature microscope. The crystals are typically circulating free in the bloodstream, or within the parasite’s
organelles, RBC membranes or phagocytized by blood cells. (b) Unstained blood smears showing Hz crystals within
infected RBCs, the crystals are visualized under bright field and (c) cross-polarized illumination. (Printed from ref.
[125] with permission from Journal of Biomedical Optics Express).
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Overall, researchers have developed several rapid and highly sensitive platforms to diagnose
malaria based on the detection of Hz. However, there are various limitations associated with the
use of Hz as a biomarker for malaria diagnosis. After Hz is released from the RBC, the crystals
remain circulating in the bloodstream for several months, even after clearance of the infection
[126]. In addition, Plasmodium is not the only parasite capable of producing Hz; the crystals are
also produced in humans by other parasites, such as Schistosoma, as mentioned before [77], which
can result in false positives. Finally, while the concentration of the crystals can be correlated with
levels of parasitemia [113], the quantification of malaria parasites based on Hz occurrence may
lead to inaccurate results when malaria is a co-infection of another Hz producing parasite, such as

in schistosomiasis [127].

Future experiments are necessary to translate the recent findings into commercial tools for
malaria diagnosis, with special attention to identify early stages of the disease among diverse

species of Plasmodium [124].

3.8.2. Hemozoin as immune modulator

Increasing evidence associates Hz in the pathogenesis of malaria [128]. Many biological effects
have been studied by cultivating Hz or HA with murine or human-derived phagocytic cells, or by
intraperitoneal injection of the crystals into mice [8, 129]. When the investigations are performed
using HA, the crystals are commonly obtained from any of the preparations reviewed in Chapter
3.3. Meanwhile, the studies carried out using Hz involve lysing cells (RBC and parasites) to obtain
natural crystals. In these processes, Hz comes in contact with many biological components, such

as RBCs and parasitic membranes, proteins, lipids and even nucleic acids [8].
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There is no standard procedure to purify Hz to remove the biological contaminants adsorbed
on the surface prior to doing further experiments [ 14]; in fact, the immunological studies involving
Hz are carried out using two types of crystals: either “purified Hz” or “native/crude Hz”. The first
term refers to Hz extensively washed with detergents, enzymes, organic solvents or a mixture of
them, in an attempt to reduce the biological contaminants as much as possible [8, 13]. The term
“native Hz” or “crude Hz” refers to crystals used right after cell lysis, or just after a few rinses
with a buffer or an organic solvent. The surface of these crystals presents unidentified biological
contaminants remaining onto their surface, which in turn modulate the biological activity of Hz
[8, 13]. For example, one study using native Hz cultivated with monocytes showed that the crystals
inhibited the maturation of dendritic cells (DC), which in turn reduced their capacity to stimulate

T cells [130], while another study showed that purified Hz enhanced DC maturation [129].

Basilico et al. showed that native Hz stimulates the inflammatory response of endothelial cells
by stimulating the production of CXL8 and CCLS inflammatory chemokines (chemokine C-X-C
motif ligand 8 and chemokine C-C motif ligand 5, respectively) [131]. These chemokines
contribute to the recruitment of neutrophils and leukocytes into inflammatory sites, which are
associated with tissue inflammation and severe malaria [131]. In this work, it was also shown that
crude Hz triggers the inflammatory response to a higher degree than HA, probably by the action
of biological components adhered to Hz, such as parasitic DNA or host fibrinogen [131]. Hz is
also known to produce an inflammatory response in lungs [132] and liver [133]. More information

related to the inflammatory response of Hz is extensively reviewed in [15, 128, 134, 135].

Hz also accumulates in bone marrow, where osteoclasts and bone marrow-derived
macrophages engulf Hz and other parasitic components such as nucleic acids and proteins that are

thought to remain biologically active [136]. As result, these cells secrete proinflammatory and
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osteoclastogenic cytokines, which in turn produces bone resorption (osteoclastogenesis) and

growth retardation [137].

Furthermore, when Hz is released into the bloodstream after schizont rupture, the crystals
interact with many cells, such as endothelial and blood cells (Figure 3.8.3), which in turn ingest
the crystals, where they can stay for up to 72 h and disrupt cell function [131] [126]. It is thought
that after the phagocyte expels Hz, the crystals are re-ingested by a new phagocytic cell, and this
cycle is repeated several times due to the inability of the host to eliminate Hz [8]. In fact, in a study
carried out with P. berghei-infected mice, it was shown that Hz or Hz-laden macrophages travel
to different organs and tissues, such as spleen, liver and bone marrow, where they accumulate for
prolonged times, even after successful treatment with antimalarials [126, 138]. As the crystals
accumulate in organs and tissues, they form agglomerates that vary in size, depending on the site
of accumulation [126]. For example, Hz from the liver and spleen formed larger aggregates over
time; while Hz agglomerates in bone marrow were significantly smaller [126]. These variations in
morphology and size could give rise to different immune responses associated with Hz, as
demonstrated in in vitro experiments using different samples of HA with varied morphology and

size [14].
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Figure 3.8.3.Schematic illustration of the interaction of Hz with blood cells after its release from a lysed schizont.
The surface of Hz is prone to adsorb various components from the cells such as proteins or peptides, fatty acids,
carbohydrates, and DNA.
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Overall, these studies show that Hz and HA can act as an inhibitor or activator of the host
immune response. However, these investigations are challenging and often contradictive due to
several issues [13]. First, the most common methods to synthesize HA produce materials with
different morphology, size and even surface defects [14, 38]. Thus, experiments using different
preparations of HA show contradicting results. Additionally, the synthetic crystals may not mimic
the inflammatory response observed in experiments carried out using natural crystallites of Hz
[14]. Several biological molecules adhere to the crystals of natural Hz, and these can also have an
immunogenic role (Figure 3.8.3); but since the nature of such adhered molecules is usually not
analyzed before immunomodulatory tests, it is difficult to discriminate between the role of Hz

crystals and that of the contaminating residuals [129].

Finally, studies on the impairment of the innate immune functions caused by Hz do not provide
information about how the composition of what is adhered onto Hz surface vary over time, after
several cycles of phagocytosis [8], and may differ according to the source used to generate the
crystals, i.e. in vivo or in vitro. Analyzing the chemical, structural and temporal variations of the
surface of Hz could significantly advance our understanding of the role of Hz in the host immune

response [13].
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Chapter 4. Surface characterization of hematin anhydride: a

comparison between two different synthesis methods

As described in Chapter 3.3, HA is synthesized in the lab to study the crystallography and
physicochemical aspects of Hz without having to address the issues related to the isolation and
treatment of the natural material. Although the bulk properties of Hz and HA are mostly
understood, their surface properties remain elusive. The absence of this knowledge hinders the full
understanding of the role of HA or Hz as immune modulator, the mechanism of action of the
current antimalarials, and the design of new ones, particularly those that exert their antiplasmodial

activity by interfering with Hz formation.

In this study, we produced HA by two different methods of synthesis widely reported in the
literature: the anhydrous and the acidic-annealing methods. We demonstrate that the surface
properties of these materials differ significantly among methods and when compared to theoretical
values. This study is essential to understand the impact of the protocol of synthesis on the surface
chemistry of HA, which in turn affects its interaction with antimalarials and the biological

environment.
In this chapter, we aim to address the following questions:

1) How does the protocol of HA synthesis affect the surface properties of the crystals in
terms of surface area, atomic environment, and elemental composition?
i1) How do these results differ from the theoretical values and why?

1i1) Are carboxylate groups present on the surface of HA?

The findings of this study were published in the journal Langmuir, in 2016.
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Guerra, E. D., Bohle, D. S., & Cerruti, M. (2016). Surface characterization of hematin anhydride:

A comparison between two different synthesis methods. Langmuir, 32(18), 4479-4484.

4.1. Abstract

During the intraerythrocytic stage of malaria, the parasite digests hemoglobin and aggregates the
released heme as an insoluble crystalline material called hemozoin. This detoxification step is an
excellent drug target for developing new antimalarials, which can bind to hemozoin surface to
inhibit further growth. Although the bulk crystalline properties of hemozoin are well known, the
surface properties remain poorly defined. Here, we use a combination of spectroscopic and
adsorption techniques to study the surface of synthetic hemozoin, hematin anhydride, produced by
two different methods. We show that the two synthetic methods produce crystals with major
differences, such as the amount of water adsorbed on the surface and surface carboxylate groups.
These results imply that the methodology to produce hematin anhydride affects its surface
reactivity; this information needs to be considered whenever hematin anhydride is used as a model

to study host immune response or to design new antimalarials.

4.2. Introduction

In the last decade, fatalities attributed to malaria have dropped markedly due to the widespread
deployment of bednets and improved therapies and diagnostics; however, the search for new
antimalarial drugs continues as there are over 200 million new infections annually and resistance

to all front line drugs has recently emerged.[139]
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One of the most studied yet enigmatic antimalarial drug target is the heme detoxification
pathway. During the infection, the parasite digests hemoglobin as a source of nutrients, followed
by the detoxification of heme into an insoluble crystal called hemozoin.[140] Developing new
inhibitors of this pathway remains an attractive target for the development of novel antimalarial

drugs.[36, 141]

While the crystallography and bulk properties of hemozoin have been extensively studied,[7,
32] not much is known about its surface properties, such as functional groups exposed or the
chemical environment of surface atoms. These details are important as they most likely modulate
the immune response, crystal growth and reactivity to drugs.[8, 13] Nevertheless, contamination
of organic residues in natural hemozoin and difficulty in isolating considerable amounts of the

material severely hamper the possibility of performing surface studies on hemozoin.[8, 14]

As an alternative to hemozoin for in-vitro studies, synthetic crystals of hematin anhydride
(HA, the chemical analogue to hemozoin) can be prepared. HA is often misleadingly termed -
hematin, and this nomenclature confuses the relationship between hematin and B-hematin, which
corresponds to dehydration involving a carboxylic acid and thus an anhydride type of product.
Although hematin anhydride and -hematin often refer to the same synthetic material, the source
and method of synthesis give these products distinctive properties.[9] Two methods have been
suggested and are commonly used to prepare HA, namely the anhydrous[39] and the acidic-
annealing method.[32] The two methods, though, produce materials with substantial differences
in crystallinity and size.[39] Not only these differences represent a great challenge regarding data
interpretation,[ 13, 41] they also impair our ability to model the biochemistry of this key drug target.

A key question is thus which method produces the material that better mimics hemozoin?[8]
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The answer to this question likely depends on the parameters that need to be mimicked. Since
surface properties are so important when hemozoin is the target for antimalarial drug development,

here we report the first analysis of the surface of HA synthesized by the aforementioned methods.

We characterized the surface of the samples with X-ray photoelectron spectroscopy (XPS)
and N> adsorption at 77 K. Additionally, we used a derivatization technique in conjunction with

XPS for the semi-quantitative detection of carboxylic groups on the surface.

We found differences in surface area, amount of water adsorbed, and the extent of surface
carboxylation. This information may help to understand the role of surface species as intermediates
of crystal growth and sites for interaction with proteins and biomolecules, facilitate
pharmacokinetic data interpretation, and ultimately help to predict interactions between

antimalarials and HA.

4.3. Experimental

4.3.1. Synthesis of hematin anhydride through the anhydrous non-coordinated-base (NB)
method and aqueous acid-catalyzed (AC) method

The materials were prepared according to literature with minor modifications (SI 4.8.1 and 4.8.2)
[32, 39]. As a final step, the materials were washed several times and dried overnight in a vacuum

oven under P>Os atmosphere.

4.3.2. Chemical derivatization of carboxyl groups with 2,2,2-Trifluoroethanol (TFE)
The chemical labeling was carried out following Giglio et al. methodology with some
modifications[142] (SI 4.8.3). Briefly, after exposure to TFE vapors, the crystals were dried in

vacuum for over three days before analysis with XPS. Both HA preparations and hemin chloride,
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used as a control, were modified in the same conditions. See SI for details and schematic of the

reaction (Figure S.4.8.1).

4.3.3. Characterization techniques

The specific surface area and porosity of the samples were obtained by measuring N>
adsorption/desorption isotherms at 77 K and using the Brunauer-Emmett-Teller (BET) method to
analyze surface area and the Barrett-Joyner-Halenda (BJH) method for pore size distribution.[ 143]
All measurements were performed on a Micromeritics TriStar 3000 analyzer. The samples were

degassed overnight at 150 °C prior to the analysis.

Surface composition of the samples was characterized by XPS on a Thermo Scientific Ka
spectrometer, using Al K, radiation (1486 eV) and an X-ray spot size of 200 um. To prevent
surface charging, samples were hit with a flood gun shooting low energy electrons (around 14 eV)

during the measurement.

Survey scans were taken with a pass energy of 200 eV and 1.0 eV resolution, while high-
resolution scans were acquired with a pass energy of 50 eV and 0.1 eV resolution. The curve fitting
analysis was performed using Avantage Software version 4.60 using Gaussian-Voigt curves

functions and background removal through the Smart method.

The surface morphology of the materials was observed using an Inspect-50 field emission
scanning electron microscope (SEM) (FEI, Japan), at 5 kV operating voltage. Images were

acquired in low vacuum mode. ImageJ software was used to analyze the crystal size distribution.

X-Ray Diffraction (XRD) was used to confirm the characteristic crystalline structure of

HA. (SI Figure S.4.8.3).
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4.3.4. Statistical analysis

The data processing was performed on GraphPad Software, Inc. (2016). All data were expressed
as mean + standard deviation (SD). Means that are significantly different are indicated with an
asterisk (*). Unpaired t-test was performed to examine the statistic difference, where P<0.05 was

considered to be a significant difference.

4.4. Results and Discussion

As reported in previous works,[14, 39, 43] crystals prepared with the NB method (Figure
4.4.10.A) were larger than those prepared with the AC method (Figure 4.4.10.B) (4.2 + 0.7 pum vs
0.6 = 0.3 um average length, respectively, see Table 4.1). This is expected since the organic
solvents in the NB method solubilize and coordinate hemin to slow down the crystallization
kinetics producing larger crystals.[39] In contrast, the high temperature (70°C) at which the AC
method reaction proceeds increases the crystallization kinetics generating smaller and less regular
crystals.[41] This was further confirmed by XRD: while the NB material showed a fully crystalline
nature, some amorphous or poorly crystalline phases were still present in the AC materials [41]
(SI Figure S.4.8.3). This is also in accordance with previous results [14] and correlates well with

the calculation of the domain sizes (SI Table S.4.2).
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Figure 4.4.1. SEM images of HA obtained by the NB (A) and AC (B) methods showing different size and
morphology of crystals. (C) N» adsorption-desorption isotherms measured at 77 K for NB (blue line) and AC (red
line) crystals.

N> adsorption-desorption was used to determine the surface area and porosity of the HA
materials (Figure 4.4.1.C). For both methods, the samples display a typical type II isotherm
according to IUPAC classification,[143] which indicates that the materials are nonporous. The
hysteresis loop starting at relative pressures of 0.9 indicates the presence of large macropores
(diameter >50 nm). These are related to the empty spaces present between the small brick-shaped
crystals of HA, as shown by the shape of the hysteresis loop (type H3), which suggests that the

porosity is slit-shaped.[143]

We evaluated the specific surface areas (SSA) of both samples by analyzing the N> adsorption
data with the BET model (Table 4.1). The SSA of HA synthesized by the NB method resulted in

an experimental value of 25 + 2 m?/g; whereas the SSA for the AC crystals was 34 + 3 m?/g. The
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significantly (P=0.005) higher SSA measured for the AC crystals was expected due to the smaller
crystal size (Figure 4.4.1). Noteworthy, both methods produced HA with higher SSA than the
expected theoretical surface area (TSA) calculations of 9.5 m?/g and 11.3 m?/g for NB and AC,
respectively (Table 4.1). This discrepancy of SSA values may correspond to the heterogeneous
crystal size distribution and possible fragmentation of the crystals upon heating during the

degassing treatment.[ 144] (See section 4.8.5 for calculation of TSA).

The BJH model was used to characterize the pore size distribution and pore volume of HA
samples (Table 4.1). The pore volumes of both samples are very small (0.02 £ 0.01 cm?/g vs 0.08
£ 0.05 cm®/g, for NB and AC, respectively), and not significantly different (P=0.2). The pore
diameters are large (251 + 81 A vs 236 + 81 A, NB and AC, respectively) and similar among

samples (P=0.8), which is consistent with the macropores present between the particles.

Table 4.1. Experimental SSA, pore size distribution and pore volume estimated with BET and BJH models from N>
adsorption-desorption measurements at 77 K for HA produced by the NB and AC methods. Each value represents the
average of four measurements on different samples. Experimental SSA is compared with theoretical SSA evaluated
based on crystal size. The crystal size is measured based on SEM image analysis (eight crystals analyzed per sample).

P P tal
Method of BET ore o ore Theoretical Cr?fs ?
synthesis ~ SSA (mYg)  |oame  diameter oo myg S
(em*/g) A (nm)
NB 2542 0024001 251 +81 9.5 42407
AC 3443 008+005  236+81 113 06+03

We used XPS to analyze the surface chemistry of HA. The survey scans for both samples of
HA showed the presence of the expected elements C, N, O, and Fe. The absence of other elements
confirms the purity of the synthesized materials. However, the atomic percentage differs among
methods of synthesis. Table 4.2 shows the experimental atomic percentage of the elements for

both samples. The amount of C in the NB sample is very close to the theoretical value, while for
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AC crystals is significantly less (P=0.0009). For both samples, the O content resulted lower
(P=0.004) than expected. On the other hand, N and Fe content did not show a significant difference
between the two methods.

We calculated the theoretical atomic percentages to compare them with the experimental
values (Table 4.2). Both samples showed lower N content than the theoretical value, and
somewhat lower amounts of C and Fe, especially in the samples prepared by the AC method.
These smaller amounts are compensated by a larger O content than the theoretical value, especially
for the AC method. Based on this data, and since the only element that is not detected by XPS is
H, we propose that the difference between experimental and theoretical composition is to be related
to the presence of water adsorbed on the crystals since HA is capable of reversible hydration.[144]
The larger SSA of the AC-crystals would thus allow for larger amounts of water adsorbed and thus
explain the higher percentage of O on this sample. The reversible hydration of HA crystals was
previously studied by Bohle et al.;[144] however, this work used only bulk-sensitive techniques
to analyze hydration, i.e. X-ray diffraction, infrared spectroscopy and thermal gravimetric analysis.

Thus, this is the first demonstration of adsorption of water molecules on the surface of HA.

Table 4.2: Elemental composition evaluated by XPS, compared with theoretical values (See SI 4.8.5 for details).

Element NB AC Theoretical
C 78.9 £ 0.2%* 763 £1.1* 79.1
O 10.7+0.7* 13.0 £ 0.9* 93
N 8.4+0.5 89+0.9 9.3
Fe 2.0=+0.3 1.8+£0.3 23

* Significant at P<0.005; n=6.

49



We measured high-resolution Cis, O1s, Nis, and Fez, spectra to analyze the atomic
environment of surface atoms. (Figure 4.4.2). The spectra showed very similar components for
both samples. The Cis spectra (Figure 4.4.2.A and B) have a most intense component at 284.5 eV,
assigned to single and double carbon bond (C-C, C=C), from the porphyrin ring.[145] The peaks
at 286.5 and 288.4 eV are contributions from carboxylate groups (C-O and C=0,
respectively),[146] which belong to the propionic chains that bind two different units of
hematin.[47] These peaks may also include contributions from the pyrrolic carbon (C-N and C=N,
respectively) of the porphyrin ring.[142, 147][148]

The Oys spectra (Figure 4.4.2.B and F) showed two main peaks at 531.5 and 533.4 eV. The
first peak has contributions from —OH groups [149] derived from water, either adsorbed on the
surface or trapped within the crystalline structure.[144] This peak has also been assigned to the
Fe-O-C(O) bond in the ester linkage[150] from the propionic chains that bind the hematin dimers.
The second peak at 533.4 eV corresponds to C=O from carboxylates, which can be correlated with
the peak at 288.4 eV in the Cis spectra. The contribution from water in the peak at 531.5 eV
explains why its area relative to the peak at 533.4 eV is higher than what would be expected from
the theoretical amount of O atoms found in ester or carboxylate bonds. In fact, four oxygens of
each type exist in the crystallographic structure of HA (Figure S.4.8.1); thus, one would expect
the same area for the 531.5 and 533.4 eV components. Instead, the area of 533.4 eV peak is only
0.30 + 0.01 the area of the 531.5 peak for the sample prepared by NB method, and even lower
(0.22 £ 0.09) for the sample prepared by the AC method (Table S.4.3). These data show the
important contribution of water on the 531.5 eV component of the O1s spectrum. The somewhat
higher relative intensity of the 531.5 eV peak compared to the 533.4 eV peak measured on the AC

sample than on the NB sample is in agreement with our previous hypothesis, based on 0%
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measured by XPS survey (Table 4.2), that a larger amount of water is adsorbed on the AC sample.
Still, the differences in relative peak areas are not statistically significant, probably due to the
difficulty of separating the water and the Fe-O-C(O) contributions in the 531.5 eV peak.

The Nis core level spectra of both samples (Figure 4.4.2.C and G) reveal two different N
signals. The peak at 398.2 eV corresponds to the four equivalent N atoms in the structure of the
pyrrolic ring,[ 145] while the peak at around 401 eV can be attributed to the n-n* transition related
to the resonance of the delocalized electrons in the porphyrin structure.[151]

The Feyp spectra (Figure 4.4.2.D and H) show multiple peaks characteristic of the spin orbit
splitting and satellite peaks of Fe.[152] For both samples, the doublets of the Fezp32 peak are found
between 710.6 eV and 711.2 eV; while the Fezp12 peak is found at approximately 725 eV. The
Feyps and Feypin satellite peaks for both methods are found around 717 eV and 730 eV,
respectively. The positions of all the doublets and satellite peaks are in good correlation with the

binding energy characteristic of Fe in oxidative state II.[152]
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Figure 4.4.2: XPS high-resolution spectra of Cis (A and E), O (B and F), Ny (C and G); and Fe, (D and H) core
levels, collected for HA synthesized by NB (first row) and AC (second row) methods. Experimental data are shown
in gray, peak fits in red or blue, and the overall fit in black.

In previous works, HA crystallites were indexed using transmission electron microscopy
(TEM) electron diffraction. These studies indicate that the surface of HA may present propionic
acid surface groups exposed at the {100} and {011} end faces;[47, 153] however, a supporting
spectroscopic or chemical confirmation of this assignment is still missing. Showing the existence
and quantifying such groups would be important since it was proposed that they may contribute to
the high reactivity of the crystals and ultimately act as antimalarial binding sites to block hemozoin
formation.[47]

To test this hypothesis, we functionalized HA with TFE. When carboxylates react with TFE
in the presence of pyridine and di-tert-butyl-carbodiimide, the carbonyl of the acid group will be
activated toward nucleophilic attack to incorporate the fluorine from CF;CH>OH onto the
surface.[154],[155] (SI 4.8.3) We used hemin as a positive control due to its chemical resemblance

to the HA heme unit.

52



After TFE functionalization, a fluorine signal (Fis) appeared in the survey scans of NB and
AC crystals, as well in hemin (Figure S.4.8.1), which confirmed the presence of carboxylate
groups. Table 4.3 shows the atomic percentages from XPS survey scans collected after TFE
functionalization. More F was detected on the AC samples than on the NB crystals (P=0.0001),
thus indicating a much larger amount of carboxylic groups on the AC sample. This result correlates

well with the presence of more defects and larger surface area of the AC crystals.

Table 4.3: Atomic percentage measured with XPS survey scans of HA samples after TFE functionalization.

NB AC
Element

atomic % atomic %
C 76.4 + 1.6% 74.6 + 1.0*
O 11.5+0.8 11.8+1.0
N 8.5+0.6 8.3+0.8
Fe 1.9+£0.3 1.9+02
F 1.7 £0.8% 34+ 04%

* Significant at P<0.0005; n=9

Fluorination was further confirmed by high-resolution spectra: the Cis spectra of TFE
functionalized HAs exhibit an additional peak at 293 eV, corresponding to organic fluorine (CF3)
(Figure 4.4.3.A and D). Likewise, the Oi;s spectra (Figure 4.4.3.B and E) exhibit a wider peak that
once deconvoluted reveals a new component at 532.3 eV. This signal corresponds to the O in the

C-O-CH»-CF; ester linkage.
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Figure 4.4.3: XPS high-resolution spectra of Cis (A and D), Oys (B and E) and F s (C and F) levels collected for HA
synthesized with NB (first row) and AC (second row) method after TFE functionalization. Experimental data are
shown in gray, peak fits in red or blue, and the overall fit in black.

Finally, a new peak appeared at 688.4 eV (Figure 4.4.3.C and F) which corresponds to the
Fis level of the organic fluorine (-CF3).[156] This shows the presence of CF3 groups on the surface
of the samples. Since any physisorbed TFE molecule is removed by the prolonged exposure to
vacuum after functionalization and to ultrahigh vacuum for 30 minutes before XPS analysis, we
can conclude that the CF3 groups found on the sample surface are evidence of the covalent reaction

between TFE and carboxylate groups from HA.[142]

4.5. Outlook
This work shows that the method used to synthesize HA significantly affects the surface properties
of the resulting materials, in terms of overall surface area, amounts of water adsorbed, and the

presence of carboxylates. Such differences may very well impact the pro-inflammatory response
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in macrophages and red blood cells and the production of reactive oxygen and nitrogen
species.[13][8, 14] This is particularly important when HA is used as the synthetic analogues of
hemozoin to test host response. In fact, such differences may explain challenges in data
interpretation and the myriad contradictory results which have been reported.[13], [8, 14]

Additionally, the knowledge gained relative to the HA surface could contribute to the
development of novel antimalarials, especially those whose mechanism of action is based on
surface interactions with hemozoin, such as binding to the crystal surface or interrupting the
nucleation process to prevent further growth.[36] The experimental confirmation of the presence
of carboxylic groups on the surface of HA may also help understanding hemozoin nucleation and
growth, since these groups may mediate the adhesion of lipids and proteins to hemozoin
surfaces.[157]

It is surprising how little direct data concerning hemozoin’s surface chemistry has been
reported. To the best of our knowledge, this is the first to describe the surface characteristics of
HA. An open challenge is to extend these studies to the natural Plasmodium-derived
hemozoin;[67] some of the obstacles related to this are the poor amounts of hemozoin isolated
from the parasites, variations in the characteristics of the crystals among Plasmodium genus, and
organic contaminants present on the crystals after isolation.[§]

The characterization method applied for the first time to HA in this work could be used as a
guideline to analyze surface properties of hemozoin; this is particularly true for XPS-based
techniques, which require only small amounts of sample. This analysis will be crucial to
understand hemozoin reactivity and to ultimately determine which synthetic method produces

crystals that best resemble the properties of hemozoin.
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4.7. Abbreviations

HA, hematin anhydride; NB, non-coordinated base method; AC, aqueous acid-catalyzed method;
TFE, 2,2,2-trifluoroethanol; BET, Brunauer-Emmett-Teller; BJH, Barrett-Joyner-Halenda; XPS,
X-ray photoelectron spectroscopy; SEM, scanning electron microscopy; XRD, X-Ray diffraction
spectroscopy; SSA, specific surface area; TSA, theoretical surface area; TEM, transmission

electron microscopy

4.8. Supporting information

4.8.1. Synthesis of hematin-anhydride through the anhydrous non-coordinated-base method
(NB)

The material was prepared according to the literature without further modifications.[39] Briefly,
in an inert atmosphere, hemin (0.8 mmol, 500 mg) was completely dissolved in 10 mL of 2,6-
lutidine upon stirring. Then, 100 mL of a 50:50 mixture of anhydrous methanol: dimethyl sulfoxide
were added. The flask was sealed and protected from light with aluminum foil for storage of a
minimum of two weeks to several months. After opening the flask the precipitate was washed
twice with methanol followed by centrifugation at 10,000 rpm for 1 hour, and the supernatant

decanted. The crystals were washed twice with a solution of 0.1 M sodium bicarbonate for 3 hours
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in an orbital shaker. The final washes consisted of distilled water 4 times and centrifugation. The

samples were dried in vacuum in the presence of phosphorous pentoxide (P>Os) overnight.

4.8.2. Synthesis of hematin anhydride by the aqueous acid-catalyzed method (ACM)

The methodology was followed as reported [32] with none or minor modifications. Hematin (0.6
mmol, 380 mg) was dissolved in 80 mL of 0.1 M NaOH for 30 min under stirring. Precipitation
was produced by the slow addition of propionic acid until a pH of about 4 was achieved. The
suspension was allowed to anneal at 70°C for 18 hours, covered from light. After the allotted time,
the flask was cooled down to room temperature. Then, the acidic suspension was decanted and
washed twice with distilled water and centrifuged at 10,000 rpm for 30 min. Subsequently, the
insoluble materials were removed twice by the addition of a 0.1 M sodium bicarbonate solution
for 3 hours in an orbital shaker. Finally, the crystals were washed four times with distilled water

and centrifugation. The samples were dried in a vacuum oven in the presence of P.Os overnight.

4.8.3. Chemical derivatization of carboxylate groups with 2,2,2-Trifluoroethanol (TFE)

Chemical derivatization with TFE was coupled to XPS analysis to confirm the presence of COOH
groups at the surface of HA. Prior to the experiment, all the glassware was washed with detergents
in an ultrasonic bath, rinsed with deionized water and isopropanol followed by overnight drying.
The samples of HA were placed separately in 10 mL beakers and they were placed in a glass
container with hermetic seal. The reagents were introduced sequentially into the flask, outside the
beakers at 15 minutes intervals in the following order and amounts: TFE (0.9 mL), pyridine (0.4
mL) and Di-fert-butyl-carbodiimide (0.3 mL). In this reaction, pyridine acts as a catalyst, whereas
the carbodiimide is used as a drying agent.[156] The flask was sealed and the reaction proceeded

at room temperature for 18 hours.[142, 155] After this time, the samples were dried under vacuum
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for several hours at room temperature before XPS analysis. Hemin was used as positive control by

exposing it to the same conditions.
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Figure S.4.8.1. Schematic of HA derivatization with TFE. The -COOH groups susceptible to TFE labeling are marked
with red.

A Cils B Cis
(A) ®) )
2X10° ] 2x10° ] 2x10%
O1s Ots
O1s Kt
Fe2p F1s $
o Fe2ppyg
o
Ci2p
- b Wl
1000 800 600 400 200 1000 800 600 400 200 1000 800 600 400 200
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure S.4.8.2. XPS survey spectra of HA after TFE derivatization. (A) Samples of HA synthesized with NB method.
(B) HA crystals obtained AC via and (C) Hemin chloride. All samples show an Fls signal at around 689 eV,
confirming the incorporation of fluorine into the -COOH termination groups of HA and Hemin.
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Table S.4.1. Atomic percentage measured with XPS survey scans of HA samples after TFE functionalization.

Hemin
Element .

atomic %
C 745+ 1.1
(0] 10.6 £ 0.7
N 8.1+0.8
Fe 1.6+0.2
F 33+0.3
Cl 1.9+03

4.8.4. Characterization with X-Ray Diffraction (XRD)

This technique was used to control the crystallinity of the synthesized HA samples. Powder
diffraction data were obtained with a Siemens D5000 diffractometer using a Cu K, radiation source
(Ka1 A=1.54 A), and a monochromator operated at 40 kV and 40 mA within the 5° to 27° range in

20. All the samples were ground and transferred to a metallic holder.

Figure S.4.8.3 shows a very intense {100} reflection at 7.5° and also the characteristic peaks at
21° and 24° 20 for HA crystals obtained by the (i) AC and (i) NB methods.[14],[34],[158] The
spectrum of hemin is shown for comparison (iii). The quality of the crystals can be assessed by the
shape and intensity of the diffraction peaks. The peaks corresponding to the AC-crystals are not as
sharp as the ones obtained for the materials synthesized by the NB method.[34, 39] This is in good

agreement with the SEM images.
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We calculated the coherent domains sizes of two samples of HA for each method of synthesis.

They were compared qualitatively using the Scherrer equation:

D kA
~ Bcosb

Where:

D=crystallite size
k=Scherrer constant

A= X-ray wavelength

B=line broadening in radians

0=Bragg angle

Overall, the domains sizes of HA synthesized by NB are larger, compared to the AC materials,

as seen in Table S.4.2. This is in good correlation with the crystal sizes observed with SEM.

Table S.4.2. Experimental domain sizes of HA samples calculated from XRD data.

20 (°) FWHM (eV) Domain size (nm)
NB AC NB AC NB AC
7.4 7.5 0.4 0.6 26.52 17.68
Sample 1 21.7 21.8 0.2 0.8 53.9 13.47
24.2 24.5 0.4 0.6 27.07 18.05
7.4 7 0.5 0.6 21.22 17.68
Sample 2 21.8 21.7 0.3 0.5 35.94 21.56
243 24.2 0.3 0.7 36.1 15.46

4.8.5. Theoretical Specific Surface Area (SSA) calculation
The unit cell of hemozoin from trophozoites corresponds to a triclinic unit cell with approximate
dimensions of 1 um, 0.6 um and 0.2 um and a p=1.45 g/cm>.[7] For theoretical SSA calculations,

we considered HA produced by either the NB or AC methods to be equivalent in width and
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thickness but not in length, since SEM analysis average lengths of 4.2 + 0.7 um and 0.6 £ 0.3 um

for the two samples, respectively.

We approximated the geometry of the crystals to an orthorhombic system, instead of a triclinic

unit cell. We started by calculating the total surface area of a crystallite with the mentioned

dimensions in the following way:

Eq. 1) Total area = 2ab + 2ac + 2bc

Where:

a=Average crystal size obtained by SEM in pm

b= 0.6 um

c=0.2 um

We then calculated the mass of the crystal using the value of density (p=1.45 g cm™)
Eq.2)V =a X b X ¢ (um®)
Eq.3) m = p-2. XV (um?)

um

Finally, the theoretical SSA was calculated according to:

total area

Eq. 4) Theoretical SSA =

mass
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Figure S.4.8.3.XRD patterns showing the characteristic peaks of HA seen at 7°, 21° and 24° 20 for HA
(CesHesoFeaNgOs) produced by the (i) AC and (ii) NB methods. The XRD spectrum of hemin (C3sH32ClIFeN4O4) is
shown in (iii) for comparison.

4.8.6. Details relative to high-resolution XPS spectra collected after TFE functionalization
of HA

Table S.4.3. XPS peak positions, and area ratios for the components fitted to the high-resolution C, O, N and Fe spectra
measured for HA synthesized by NB and AC methods. Standard deviations are based on the measurements of at least
three points on three different samples. The area ratios are standardized, for each element, to the most intense
component. No statistically significant differences are found between any of the values reported for the NB and AC
samples relative to either peak positions or area ratios.

Binding energy (eV) . Component area ratio
Element NB AC Assignment NB AC
284.5+0.1 284.4+0.1 C-C,C=C 1 1
Cis 286.5+0.1 286.4+0.2 C-Nor C-O 0.11+0.04 0.15+0.04
288.4+ 0.1 288.3+£0.2 C=N or C=0 0.15+0.02 0.16 £ 0.01
o 531.5+0.0 531.6+0.1 Fe-O and water 1 1
s 533.3+0.1 533.4+0.1 C=0 0.30+0.01 0.22+0.09
N 398.1 £ 0.1 398.2+0.1 N-Fe 1 1.00+0.00
s 401.0+£0.0 401.0 + 0.1 N 0.15+£0.02 0.13+0.02
711.0+0.1 710.8 £ 0.1 Fe2psp 1 1
F 724.4 £ 0.1 724.4+£0.3 Fe2pin 0.60 £0.20 0.57+0.05
2 7173+ 0.3 717.2+0.2 Satellites/ 0.34+0.03 0.37+0.04
7303+ 1.1 730.9+ 0.6 Satellite 0.26 + 0.07 0.25+0.04
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Chapter 5. What is pure hemozoin? A close look at the surface of

the malaria pigment

In the previous chapter, we showed the impact of the protocol of HA synthesis on its surface
properties in terms of surface area and amount of water adsorbed and number of carboxylate
groups as possible sites of interaction between HA or Hz and antimalarials or biomolecules. This
knowledge helps us understand the mechanism of action of some antimalarials and the role of Hz
as immune modulator. However, there is still no information related to the surface chemistry of
Hz, which represents a challenge when the natural crystals are used to evaluate antimalarials
activity or the immunomodulatory response in in vitro or in vivo models. Moreover, this
information is crucial to clarify the conflicting results observed when comparing the activity of

HA vs Hz.

In this chapter, we aim to study the surface properties of Hz extracted from parasites.
Researchers use several protocols to treat crude extracts of Hz to remove the organic contaminants
that adhere onto the crystals surface. However, it is not understood how these treatments affect Hz

surface, both in terms of amount of contaminants and their composition.
In this chapter, our goal is to respond to the following questions:

1) How does the cleaning protocol affect Hz surface? Which method is more effective
to remove the organic contaminants?

i1) Does the washing protocol introduce contamination to the crystal surface?

1i1) Is it possible to obtain pure Hz?

1v) What are the main adsorption sites of biomolecules and antimalarials on Hz surface?

This manuscript has been published in the Journal of Inorganic Biochemistry.
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Guerra, E. D., Baakdah, F., Georges, E., Bohle, D. S., & Cerruti, M. (2018). What is pure
hemozoin? A close look at the surface of the malaria pigment. Journal of Inorganic Biochemistry,

(194), 214-222

5.1. Abstract

The malaria parasite, Plasmodium spp., produces hemozoin (Hz) crystals as a by-product of
hemoglobin digestion. Purification methods used to remove host or parasite products adsorbed on
Hz surface lead to variable and undetermined residues. This compositional variation likely
accounts for the assortment of contradictory results in studies of Hz’s biomineralization,
immunomodulating properties, and the mechanism of action of some antimalarials. In this work,
we study the surface of Hz cleaned with two methods, both reported in the literature, one stricter
than the other. We find that biomolecules are adsorbed on Hz treated with either method, they bind
through carboxylate groups and may be present within Hz structure. Their composition and amount
depend on the washing protocol, which also introduces contaminants. This finding led us to
question the concept of “pure” Hz and to propose X-ray photoelectron spectroscopy (XPS) and
matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) as characterization tools

to assess surface contamination prior to further work on Hz crystals.

Keywords: hemozoin, malaria pigment, surface composition, purification, contamination,

characterization
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Highlights:

. Organic contaminants remain adsorbed onto hemozoin even after purification.

. The purification protocol introduces contamination to hemozoin surface.

. The residual biomolecules could also be part of the crystalline structure of hemozoin.

. Surface carboxylate groups in hemozoin are the main adsorption sites for biomolecules.

5.2. Introduction

Malaria is a blood infection caused by parasites of the Plasmodium genus, causing an estimated
216 million infections annually and almost half a million deaths worldwide.[159] During the
intraerythrocytic asexual stage of Plasmodium, the parasite feeds from hemoglobin to sustain its
development,[8] with the released heme rapidly converted into an insoluble crystal called
hemozoin (Hz) as a detoxification mechanism.[8] Hz, also known as “malaria pigment” due to its
dark brown color, is a crystalline biomineral, consisting of dimers of heme linked reciprocally by
iron-carboxylate bonds; the dimers are further arranged in chains linked by hydrogen bonds.[7]
Lipids, proteins, the digestive vacuole membrane, and acidic pH are thought to play significant
roles in Hz biomineralization; however, the overall process is still not entirely resolved.[8§]

Hz formation is the target of several quinoline-derived antimalarials, and possibly
artemisinins, which are thought to inhibit Hz growth either by forming drug-heme complexes or
by adsorbing on Hz surface.[10] Given the widespread parasitic resistance to these antimalarials,
a deeper understanding of their mechanism of action and of the mechanism of Hz
biomineralization[41] are topics of utmost urgency.

Hz seems to be also involved in the immunopathology of malaria. Many studies have

investigated this by adding Hz or its synthetic counterpart, hematin anhydride (HA), to phagocytic
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cell cultures,[8] but the results are often contradictory and poorly reproducible.[13] For example,
several groups reported that Hz and HA induce the production of pro-inflammatory cytokines and
chemokines,[15, 134, 160] while others have reported that HA decreases the anti-inflammatory
response.[161] Hz also contributes to malarial anemia by suppressing red blood cells (RBC)
proliferation;[136, 162, 163] but HA has lower activity compared to Hz.[136]

Both using HA and Hz to perform these experiments has challenges: different preparations of
HA result in crystals with varied morphology and size, which impact their surface reactivity;[164]
and when Hz is isolated from schizonts, various biomolecules bind to Hz surface.[8] Such
components may be lipids, parasitic DNA, fibrinogen, digestive vacuole membrane residues, RBC
membranes[ 8] and fibrin during placental infection.[165] These compounds could be involved in
the biological effects observed in Hz; thus, it is still not clear whether the immune activity of Hz
is caused by the crystals themselves or by its surface contaminants.[8]

The lack of a standardized protocol to purify native Hz after its extraction contributes to the
difficulties in studying Hz formation and properties.[8, 14] The methodologies reported aim to
remove a variety of biomolecules that are thought to adhere to Hz during parasite incubation and
lysis.[13] The procedures to purify Hz include washing the crude extract with a hypotonic solution
of phosphate buffer saline (PBS);[166] separation of Hz from cell debris by ultrafiltration and/or
magnetic-activated cell sorting (MACS) separators.[116] Other procedures involve extracting the
proteins with organic solvents and water,[167] or digesting Hz organic coating by proteinase K,
followed by washes with a detergent and urea.[129] More thorough treatments include a
combination of organic solvents, extensive digestion by proteinase K, DNase I and RNase A, and
final washes with detergents and water.[31] Clearly, the different methods used to purify Hz may

produce crystals with different compositions, which would ultimately impact the host response
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and produce the observed contradictory results.[15] Hence, to clarify these issues, the surface of
Hz should be carefully studied after its extraction and purification.[13]

Surprisingly, not many studies focus on Hz surface. The few studies on this topic analyze
crystal morphology and size,[7, 29, 67] or are carried out on HA.[10, 164] The elemental
composition, atomic environment and main adsorption sites of Hz surface are still unknown.
Moreover, none study how the purification method influences Hz surface.

In this report, we address this knowledge gap by analyzing the surface of Hz with XPS to
study the composition and chemical environment of atoms on Hz surface, and MALDI-ToF to
understand the nature of the adsorbed molecules. We washed Hz with an extensive purification
procedure in an attempt to obtain highly pure crystals; this methodology includes using organic
solvents and water to precipitate proteins,[167] three types of enzymes, detergents, and water.[31]
We also performed a shortened version of the same protocol to study the impact of the cleaning
procedure on surface composition. Then, we compared these samples to HA, since these crystals
are devoid of adsorbed organic matter,[8] and suspended HA in solutions that mimic the natural
environment of Hz to assess the sources of the organic components adsorbed on Hz and its surface

adsorption sites.

5.3. Experimental

5.3.1. Materials

Reagent grade sinapinic acid (SA), trifluoroacetic acid (TFA), acetonitrile and calcium chloride
were obtained from Sigma-Aldrich Canada. Methanol, chloroform, sodium chloride, magnesium
chloride hexahydrate, and sodium hydroxide pellets ACS grade were purchased from Fisher

Scientific. Proteinase K (20 mg/mL) PCR grade, DNase I (100 U/mL), RNase A (DNase and
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protease-free, 10 mg/mL) and Halt protease inhibitor (single use cocktail, 100x) were obtained
from Thermofisher Scientific. N-2-hydroxyethylpiperazine-N’-2-ethanosulfonic acid (HEPES), L-
glutamine and RPMI1640 were purchased from Gibco (by Life Technologies), saponin from
Quillaja Saponaria Molina, from Acros Organics MS and sorbitol from Sigma life sciences. A+
blood was obtained from The Interstate Blood Bank, INC.

Stock solutions of 25 mM HEPES, 0.05 % saponin in PBS (1x) were prepared in advance.
Also, 2% sodium dodecyl sulfate (SDS), phosphate-buffer saline solution (PBS 1x, pH 7.4), 10
mM Tris hydrochloride (Tris-HCL, pH 8) and 10 mM 3-[(3-Cholamidopropyl)dimethylammonio]-
1-propanesulfonate hydrate (CHAPS) were prepared from reagents purchased from BioShop,
Canada Inc. The 10 mM CHAPS buffer was prepared by mixing 150 mM NaCl, 1 mM CaCl, and
the protease inhibitor in 50 mM Tris HCl, the pH was adjusted to 7.4.

Proteinase K (2 mg/mL) was prepared in a buffer solution of 2% SDS/Tris-HCI, pH 8. DNase
I (100 U/mL) and RNase A (1 mg/mL) were mixed in the same buffer solution consisting of 10
mM Tris-HCI, 2.5 mM MgCl; and 0.5 mM CaCly, pH 8.0. The pH of the stock solutions was
adjusted with 0.1 M HCl or 0.1 M NaOH (reagents were ACS plus grade, purchased from Fisher
Scientific). Milli-Q water from a Barnstead purification system (resistivity of 18.2 MQ-cm) was
used to prepare all the solutions and experiments unless specified. Protein LoBind tubes were

purchased from Eppendorf.

5.3.2. Methods

5.3.2.1. Cultivation of P. falciparum asexual blood stages and Hz extraction
Plasmodium falciparum chloroquine sensitive strain 3D7-H was maintained in a synchronous

culture by implementing a modified version of Trager and Jensen’s cultivation method.[168] In
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brief, parasites were cultivated in RPMI 1640 media supplemented with L-Glutamine and 25 mM
HEPES in 10% human plasma and A+ human erythrocytes in a 2% hematocrit. 5% sorbitol was
used for synchronization of the parasite blood stages. The parasites were collected at the late
trophozoite stage and processed as follows: washed in PBS, treated with 0.05% saponin in PBS to
lyse the RBC, washed in PBS and extracted in CHAPS buffer, and finally centrifuged at 15k rpm
for 10 min at 4°C. The supernatant was removed to give cytosolic free samples of Hz, followed by

re-suspension in PBS to store at 4°C for further cleansing steps.

5.3.2.2. Extensive washing of hemozoin (ewHz)

This method of purification followed what Lvova et al. reported, with minor modifications.[31]
Each sample consisted of 300 nL of Hz suspended in the lysis buffer. The sample was centrifuged
for 1 min at 9,000 rpm and the supernatant removed. Protein traces were removed by extraction
with chloroform, methanol, and water, according to the Wessel and Fliigge method.[167] Briefly,
400 pL of methanol were added and the sample was vortexed until obtaining a uniform suspension,
followed by centrifugation (30 s at 9,000 rpm). Then, 200 pL of chloroform were added and the
sample was vortexed and centrifuged again (30 s at 9,000 rpm). 300 pL of water were added and
the suspension was vortexed and centrifuged (2 min, 9,000 rpm). The top phase was removed, 300
uL of methanol were added and the pellet was mixed and centrifuged (2 min, 9000 rpm). The
supernatant was removed, and the resulting Hz was treated with 2 mL proteinase K (2 mg/mL);
the suspension was gently mixed by flipping the tube upside down, and was left at 37°C for 18 h.
After this time, the suspension was centrifuged at 14,000 rpm for 20 min, the supernatant discarded
and the pellet washed three times (2% SDS, 10 mM Tris-HCI, pH 8) with centrifugation in between

and the supernatant discarded. Later, the resulting material was treated with 2 mL of a solution of
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DNase I (100 U/mL) and RNase A (1 mg/mL) for 2 h at 37°C. The suspension was centrifuged at
14,000 rpm for 20 min and the top phase removed. Then, the crystals were washed three times
with a solution of 2% SDS and three times with milli-Q water. The resulting sample was dried at
room temperature and stored under vacuum prior to the characterization. This sample is referred

to as extensively washed hemozoin (ewHz) in the text.

5.3.2.3. Partial washing of Hz (pwHz)

As described in section 5.3.2.2, Hz was first purified using the Wessel-Fliigge method [167] to
precipitate most of the proteins and lipids, followed by a treatment with 2 mL of a solution of
proteinase K (2 mg/mL) for 18 h at 37°C. The resulting material was washed three times with a
solution of 2% SDS/Tris-HCI (pH 8), and three times with milli-Q water with centrifugation in
between steps and supernatant removal. The sample was dried at room temperature and kept under
vacuum until characterization. This sample is referred to as partially-washed hemozoin (pwHz) in
the text, since it involves only one enzyme (proteinase K) to digest the surface contaminants of

Hz, and lacks DNase I and RNase A.

5.3.2.4. Characterization techniques

The surface composition of all materials was studied by X-ray photoelectron spectroscopy (XPS)
using a spectrometer from Thermo Scientific Ka, equipped with an Al cathode with an incident
Ko radiation of 1486 eV, and a spot diameter of 200 um. A flood gun of low energy electrons was
used to prevent surface charging during the measurement. The analyses were carried out with a
pass energy of 1 eV for all survey scans, and 0.1 eV for high-resolution scans of individual core

levels. Data processing was performed using Avantage Software version 5.956, using Gaussian-
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Voigt curve functions, while the background was removed using the Smart method. Peaks in the
elemental high-resolution spectra were fitted according to the parameters reported in Supporting
Information Table S.5.1 and Table S.5.2. Three points were randomly selected along each
sample and at least three samples were analyzed. High-resolution spectral energies were

normalized by fixing the position of the C-C/C=C component of Cis at 284.5 eV.

Matrix-assisted laser desorption/ionization time of flight (MALDI-ToF) was used to compare
the adsorbed biomolecules of Hz to the surface of HA. To prepare the matrix, 20 mg/mL of
sinapinic acid (SA) were dissolved in a mixture of 70:30 v/v acetonitrile : trifluoroacetic acid
(0.1%, prepared in water). The mixture was vortexed, followed by centrifugation at 5,000 rpm for
1 min to remove the excess of SA. The supernatant was transferred to another tube to be used as
matrix, while undissolved SA was discarded. The sample (Hz or HA) was mixed thoroughly with
10 puL of the matrix; then, 3 puL of this suspension were dropped on the stainless steel MALDI
target plate and dried under a stream of air. The analysis was performed on an Autoflex II
Smartbeam MALDI-ToF mass spectrometer (Bruker Daltonik GmBH), equipped with a
frequency-tripled Nd:YAG laser of 355 nm and frequency of 200 Hz. Measurements were
performed in the positive ion reflectron mode with an accelerating voltage of 20 kV, with detector
bias gating set to 1.3 kV. The power was set at 20% with a global attenuator offset at 8§0%,
reflectron at 10x and the digitizer was fixed at 1.0. Three spots were selected along each sample
and at least three samples were analyzed. The spectra were produced by averaging 30 consecutive
shots. The data was normalized with respect to the intensity of the peak at 616 Da, which

corresponds to the molecular mass of heme.
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5.3.2.5. Statistical analysis

Three independent experiments were performed for each sample. All the data are expressed as
mean =+ standard deviation (SD). Means that are statistically different are indicated with a subscript
asterisk (*). Microsoft Excel 2016 was used to perform the One-way ANOVA tests followed by
Bonferroni’s test correction to evaluate the statistical difference of multiple samples, where P<0.01

was considered a significant difference.

5.4. Results

5.4.1. The cleaning method impacts the composition and amount of residual biomolecules
on Hz surface
A flow chart for the purification of Hz is shown in Figure 5.4.1.A with the main distinction
between extensively washed Hz (ewHz) and partially washed Hz (pwHz) being the steps after
proteinase K treatment. Survey XPS analysis for ewHz shows the expected elements of C, O, N
and Fe (Figure 5.4.1.B, red), and the atomic percentages of this sample do not show significant
differences compared to HA (Figure 5.4.1.B, grey). No other elements were found on this sample.
The lack of magnesium, phosphorus, and zinc on both, ewHz (Figure 5.4.1.B, red) and on pwHz
(Figure 5.4.1.B, blue) clearly indicates that nucleic acids, with their phosphate backbone and zinc
and magnesium counterions,[169] are not present. The absence of sulfur and sodium in all the
samples also indicates that sodium dodecyl sulfate was removed after the rinses with water, or at
least its concentration was below XPS detection limit of 1 to 0.1 atomic %. [170]

In contrast, the sample treated with fewer enzymes, pwHz, shows the unexpected presence of
Si and Ca (Figure 5.4.1.B, blue). To determine if these elements are contaminants resulting from

the purification, we studied the surface composition of dead Plasmodium parasites of the same
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strain and clone cultivated to obtain Hz (Plasmodium falciparum 3D7). We rinsed the dead
parasites with hexane and dichloromethane to extract the water and facilitate drying (see
Supporting Information Section 5.11.2.2 for details) for XPS analysis. We found Si in this
sample (Figure S.5.11.1), which suggests that this element is Plasmodium-derived. The origin of
Si in Plasmodium is unclear, as to date there is no information about this element in Apicomplexa
parasites. Nevertheless, there is evidence indicating an important role of silicon in bone and
connective tissue health,[171] and in plant defense.[172]

We did not detect a significant concentration of calcium in the elemental composition of the
parasites; however, Ca is critical for vital functions in apicomplexan parasites, such as host cell
invasion and egress, motility and differentiation.[173, 174] In Plasmodium, this element could
originate from its intracellular constituents, such as the endoplasmic reticulum, acidocalcisomes,
mitochondria, Golgi apparatus, nuclei, or the food vacuole where Hz is produced.[173, 175] Since
XPS is a highly surface-sensitive technique, we may not have sampled these inner storage
organelles, which explains why we did not find Ca in the dead parasites.

The atomic percentages of N and Fe in pwHz are close to the theoretical values, while C is
significantly lower and O significantly larger (Figure 5.4.1.B, blue). To understand these
differences as well as learn more about the nature of the adsorbed biomolecules on Hz, we ran
high-resolution XPS measurements for O, N, C, and Fe on both pwHz and ewHz, and compared
them to those measured on pure HA. Cis and Fezp spectra do not show significant differences

between the two samples (Figure S.5.11.2).
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Figure 5.4.1. (A) Flow chart of the methodologies used to treat Hz to produce pwHz and ewHz. (B) Elemental
composition of pwHz (blue bars) and ewHz (red bars) evaluated by XPS and compared with HA (gray bars). Values
represent mean + SD calculated for three independent experiments and three different spots analyzed along the same
sample. *Significant differences between area ratios, with *P<0.0004, **P<0.003 and ***P<0.002.

High-resolution Ois spectra of pwHz, ewHz and HA (Figure 5.4.2.A-C) show a peak located
at 531.5 eV that corresponds to both the Fe-O-C(O) bond and the -OH group of water adsorbed on
the crystals surface; while the peak at 533.5 eV is assigned to C=O from carboxylates of the
propionic side chains.[164] In the absence of water, the 531.5 and the 533.4 eV peaks should have
the same areas since there are four oxygen atoms of each type in the crystalline structure of both
Hz and HA.[164] However, HA and Hz are hygroscopic, with the crystals being able to absorb up

to 14% of their mass in water on their surface and possibly within the heme layers.[144]
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Figure 5.4.2. XPS high-resolution spectra of the Os level collected for (A) pwHz (B) ewHz, and (C) HA.
Experimental data are shown in dark gray dotted line, peak fits in continuous blue, red or light gray (A, B, or C,
respectively), and the overall fit in black. (D) Area ratios of the 533.3 eV/531.5 eV peaks for the O core level
measured for pwHz (blue bar), ewHz (red bar), and HA (gray bar). Values represent mean + SD calculated for three
independent samples and three different spots analyzed along the same sample. *Significant differences between area
ratios, with *P<0.0003 and **P<0.006.

In pwHz, the 533.3 eV/531.5 eV peak area ratio is close to HA (Figure 5.4.2.D); this suggests
that water may be associated with the adsorbed species on pwHz. These compounds may be
constituted by small peptides, which were not digested by proteinase K alone, and are prone to
interact with water.[176] This is in good agreement with the high oxygen content in this sample,
as discussed earlier (Figure 5.4.1.B, blue bars). Conversely, in ewHz the 533.3 eV/531.5 eV peak
area ratio is significantly larger than in pwHz and HA (Figure 5.4.2.D). This indicates less water
on the surface of ewHz, probably due to fewer adsorbed species on it, resulting in a surface with
more -COOH groups exposed. Although ewHz is very close to HA in composition, the difference
in water content most likely arises due to the methodology used to synthesize the HA used in this

work (Supporting Information Section 5.11.2.1). While the XPS high-resolution spectra of Cis,
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Nis and Fez, from HA among methods are equivalent, the Ois spectra show varied water content
among synthesis methods, as demonstrated in a previous work.[164] Therefore, it can be expected

that ewHz and HA differ in amount of water adsorbed.
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Figure 5.4.3. XPS high-resolution spectra of the N, core level collected for (A) pwHz (B) ewHz and (C) HA. The
dashed blue line in pwHz distinguishes the contribution from the n-n* delocalization. Experimental data are shown in
dark gray dotted line, peak fits in blue, red or light gray, and the overall fit in black. (D) Area ratios of the XPS N
401.0eV/398.2 ¢V and 399.7 eV/398.2 eV peaks acquired for pwHz (blue bars), ewHz (red bars), and HA (gray bars).
Values represent mean + SD calculated for three independent experiments and three different spots analyzed along
the same sample. *Significant differences between area ratios, with *P<9X107, **P<5X10-® and ***P<1X10-°.

The analysis of the N spectra of pwHz and ewHz (Figure 5.4.3.A and B, respectively) show
an intense peak at 398.2 eV, which corresponds to the four equivalent N-Fe bonds in the pyrrole
of each porphyrin ring, as confirmed by their presence also in the spectrum of HA (Figure
5.4.3.C).[164] Both samples also show a peak at around 401 eV that is related to the n-n* transition
of the delocalized electrons, as shown for HA.[164] However, the 401 eV/398.2 eV peak area ratio

in pwHz (Figure 5.4.3.D, blue) is significantly higher than that in ewHz (Figure 5.4.3.D, red)
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and HA (Figure 5.4.3.D, gray). This could be related to a contribution from sp? hybridized
nitrogen components (sp>-N) derived from the adsorbed biomolecules.[177] Both pwHz and ewHz
show a new signal at 399.2 and 399.7 eV, respectively, which may arise from sp> hybridized
nitrogen components (sp>-N) bound or adsorbed onto the surface of the crystals. Overall, the
significantly higher area ratios (both 401 eV/398 eV and 399.2 ¢V/398.2 eV) in pwHz (Figure
5.4.3.D, blue) confirm that larger quantities of biomolecules are adsorbed on the surface of these

crystals.

5.4.2. Residual biomolecules adsorbed on Hz surface are related to protein fragments or
amino acids
To assess the origin of the adsorbed biomolecules found on pwHz and ewHz, we put our synthetic
model crystal, HA, in contact with compounds that are part of the natural cycle of Hz production
or extraction, i.e. parasite schizont lysates and RBC membranes, respectively. HA crystals were
incubated with these components at 37°C for 24 h, and then treated with the same extensive
purification procedure used to obtain ewHz (Supporting Information, Sections 5.11.2.6 and
5.11.2.7). Additionally, we prepared a control sample of HA only treated with the extensive
purification used to produce ewHz (see experimental section 5.3.2.2), to investigate whether the
methods and enzymes used can introduce additional adsorbed molecules on Hz. We studied these
materials with XPS and analyzed the high-resolution Nis spectra to compare with what was found
on ewHz and pwHz.

First, we put HA crystals in contact with dead parasite lysates. The XPS N5 spectra (Figure
5.4.4.A) show three peaks centered at 398.1, 399.7 and 401.2 eV. The location of these peaks is

very close to the signals found on pwHz and ewHz (Figure 5.4.3.A and B, respectively), indicating

77



a possible contribution of parasite cell debris, constituted mostly by aggregated and denatured
plasmodial proteins[178] on the surface of these samples. However, the 399.7 eV/398.2 eV peak
area ratio in this sample (Figure 5.4.4.D, turquoise) is lower compared to that found on pwHz
and ewHz (Figure 5.4.3.D). This indicates that part of the residual sp>-N components in pwHz and

ewHz arise from other biological sources, besides schizont debris.
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Figure 5.4.4.XPS high resolution of the N, core level acquired for purified HA after suspension in (A) dead parasites
of P. falciparum of the clone 3D7, (B) RBC membranes, (C) enzymes and detergents used to prepare ewHz.
Experimental data are shown in dark gray dotted line, peak fits in blue and the overall fit in black. (D) Nis 399.7
eV/398.2 eV peak area ratio calculated for the spectra shown in A, B, and C. *Significant differences between area
ratios, with *P<0.006. Values represent mean + SD calculated for three independent experiments and three different
spots analyzed along the same sample.

Then, we tested the interaction of HA with RBC membranes. The XPS analysis revealed three
peaks in the Nis spectra of this sample (Figure 5.4.4.B) at 398.1, 399.8 and 401.1 eV, again very
close to the peak locations measured on pwHz and ewHz (Figure 5.4.3.A and B, respectively),

indicating that residues of RBC membranes interact strongly with Hz and may be predominant on
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the surface of the crystals.[178] Indeed, the high 399.7 ¢V/398.2 eV area ratio in this control
(Figure 5.4.4.D, yellow) suggests that many of the sp>-N species adsorbed on pwHz and ewHz
derive from the interaction between RBC membranes and HA, despite the extensive washes. These
results suggest a strong affinity between Hz and RBC components that may attach during the
process of Hz formation, as proposed by Goldie et al.,[178] or during Hz release.[40, 179]

Finally, we looked at the Nis spectrum of HA treated with the thorough purification used to
produce ewHz, to understand if the purification itself may introduce adsorbed biomolecules on Hz.
The XPS Nis spectrum (Figure 5.4.4.C) presents three peaks located at 398.1, 399.7 and 401.3
eV. The similarity between this spectrum and those recorded for ewHz and pwHz (Figure 5.4.3.A
and B) shows that the adsorbed biomolecules found on the surface of pwHz and ewHz could also
arise from the purification process itself. These compounds could be either fragments of proteins
degraded by the enzymes used during the purification, or fragments of the enzymes themselves.
However, the 399.7 eV/398.2 eV peak area ratio (Figure 5.4.4.D, pink) is significantly smaller
compared to pwHz and ewHz (Figure 5.4.3.D, blue and red, respectively), indicating that even
though the purification step may be introducing contamination on Hz, it is not the only source of
organic material containing sp>-N compounds on Hz surface.

Overall, while these results cannot definitely show which molecules are adsorbed on Hz
surface, they highlight the importance of studying the surface of Hz prior to its use in antimalarials
evaluation or immune response tests since the chemical composition may be similar to the
theoretical values despite the presence of adsorbed biomolecules. This was the case in this work
for ewHz, where the survey XPS analysis was indistinguishable from that of HA.

Also, these results confirm the highly adhesive character of Hz, probably as a result of its

amphiphilic nature[8], and prove that there are multiple biological compounds that can adhere to
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Hz, such as components of the digestive vacuole membrane, proteins, carbohydrates, lipids, and
RBC membranes.[8] These compounds could be related to Hz formation and may also be
implicated in the physiological effects observed during malaria infection.[8] Additionally, the
residues derived from the purification procedure are likely to be part of the molecules adsorbed on
Hz, and our elemental analysis clearly shows that the protocol used to purify Hz affects the
composition and amount of species adsorbed on its surface.

To better understand the binding mechanism between biomolecules and Hz surface, we
assessed the interaction between HA and some amino acids (see Supporting Information section
5.11.2.8). These molecules are not only the monomers of peptides and proteins,[176] but they also
represent traces of any of the enzymes used in the purification procedure,[180] as well as the
fragments left by the enzymes after proteolysis. We selected two basic amino acids, histidine (His)
and arginine (Arg); two nonpolar, alanine (Ala) and leucine (Leu); and a polar one, serine (Ser),
since all of them may interact with the amphiphilic Hz surface. All the selected amino acids present
sp>-N in their structure, and His and Arg also present sp>-N; thus, their XPS N spectra signals are
similar to those of Hz samples and control experiments.[177]

Figure 5.4.5.A shows the N5 spectrum obtained from the surface of HA crystals after contact
with amino acids. The spectrum shows three peaks located at 398.1, 399.4 and 401.4 eV, similarly
to what we found on pwHz, ewHz (Figure 5.4.3.A and B, respectively), and on all our previous
control experiments (Figure 5.4.4.A-C). This may indicate that amino acids and small peptides
are the possible adsorbed biomolecules in the samples of washed Hz. Like in the previous control
experiments, the 399.4 eV/398.1 eV peak area ratio (0.25 + 0.14) is lower than that measured on
pwHz and ewHz (Figure 5.4.3.D, blue and red, respectively). While this may be due to the

concentration of amino acids used in this experiment (see Supporting Information section
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5.11.2.8), this result shows that amino acids interact strongly with the surface of Hz and remain
attached despite the washes with detergents and water.

Amino acids may be adsorbed onto HA and Hz via hydrophobic interactions (e.g. between the
vinyl or methyl side chains of heme and the alkyl side chains of Ala and Leu[181]), or hydrogen
bonding and electrostatic interactions (e.g. between the hydroxyl group of Ser or the amino group

of Arg or His and the propionic acid chains of HA [182]).

5.4.3. Surface carboxylate groups act as main adsorption sites on Hz

To understand if hydrophobic interactions or hydrogen bonds and electrostatic interactions are
predominant, we masked the carboxylate groups on HA by esterification with 2,2,2-
trifluoroethanol (TFE) (see Supporting Information section 5.11.2.9 and Figure S.5.11.4),[164]
and we incubated the resulting fluorinated HA with the previously selected amino acids (see
Supporting Information section 5.11.2.8). The difference in Ny spectrum between this sample
(Figure 5.4.5.B) and all other controls (Figure 5.4.4 and Figure 5.4.5.A) is striking: the spectrum
does not show a peak at 399.7 eV and overall, it is very similar to the Nis spectrum measured on
HA (Figure 5.4.3.C). This implies that amino acids did not adsorb significantly on fluorinated
HA, and that the carboxylate groups on the surface of Hz are the crucial sites for biomolecule
adsorption. The molecules on Hz may be either H-bonded or electrostatically interacting with
carboxylates, as in our control experiments, or covalently bonded to them. In fact, amide bonds
between amino groups and Hz carboxylate groups may be catalyzed in vivo by proteases [183] and
ribosomes and non-ribosomal peptide synthetases, e.g. ATP-dependent enzymes and ATP-grasp
enzymes.| 184] Amide bonds are quite resistant to hydrolysis; thus, they could persist on Hz surface

after thorough washes.
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Figure 5.4.5. XPS high resolution of the N core level acquired for (A) HA after interacting with amino acids, (B)
fluorinated HA crystals after interacting with amino acids. Experimental data are shown in dark gray dotted line, peak
fits in blue and the overall fit in black. All data are representative of three independent experiments and three different
spots analyzed along the same sample.

5.4.4. The cleaning procedure introduces partial contamination on Hz surface

Finally, we used MALDI-ToF to further analyze the molecules adsorbed on ewHz and pwHz. We
compared the spectra relative to the fragments ablated from Hz crystals and from HA, and ascribed
any signal present in the spectra of pwHz or ewHz but not in HA to molecules adsorbed on Hz.
The HA spectrum (Figure 5.4.6.A, green) shows the characteristic MALDI fragment ion at m/z
616, which corresponds to an intact heme monomer.[185] In addition, other molecular masses
related to the heme signature are observed at m/z 471, 484, 498, 511, 526, 557 and 571, as
previously reported,[185] The three peaks located in the low m/z region at 206, 224 and 246
(Figure 5.4.6.B, green) are assigned to ion fragments of sinapinic acid used as matrix (Figure
S.5.11.5).

The mass spectrum of pwHz (Figure 5.4.6.A, blue) also shows the signal of intact heme;
however, the peak intensity and peak resolution are lower compared to the HA spectrum. For
example, some isotopic masses relative to the average masses 0f 498, 511 and 526 are lost; whereas
the signals at m/z 471 and 484 associated with heme monomers are missing. This decrease in the

signal may be related to abundant species with high molecular weight adsorbed onto the surface
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of the crystals, which compete for the charges during the ionization process and suppress the signal
from less abundant components.[186] These macromolecules would require further preparation

for mass spectra analysis; e.g. gel electrophoresis (SDS-PAGE or agarose) for proteins.[186]
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Figure 5.4.6. Representative MALDI-ToF mass spectra of positive ions in reflectron mode collected in the m/z region
of (A) 150-350 and (B) 465-625 for HA (green), pwHz (blue), ewHz (red) and HA treated with the extensive washes
(black). All experiments were repeated three independent times with similar results. The intensity was normalized
with respect to the intensity of the peak at 616 Da. The peaks related to the matrix are marked with an asterisk (*).
The peaks arising after the washing procedure are marked with an inverted triangle (V).
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The mass spectrum of ewHz shows the heme signals in the m/z region of 471 to 616 (Figure
5.4.6.A, red). The spectral resolution and intensity are comparable to those found for HA (Figure
5.4.6.A, green), which confirms that the presence of large molecules on the surface of pwHz
suppressed the MALDI signal of heme and related ions on that sample (Figure 5.4.6.A, blue), and
this issue is solved by extending the purification procedure of Hz. However, several peaks appear
in the low m/z region of the spectrum of ewHz (Figure 5.4.6.B, red), which are not present in the
spectra of either HA (Figure 5.4.6.B, green) or pwHz (Figure 5.4.6.B, blue). We hypothesize that
these signals are related to ion fragments of species produced by the enzymes used during the
extensive purification, such as peptides and amino acids, as discussed before.

To prove this hypothesis, we collected the MALDI-ToF spectrum of HA treated with the
extensive methodology used to obtain ewHz. The spectrum of this sample shows both the
characteristic peaks of intact heme monomer in the m/z range of 471-616 (Figure 5.4.6.A, black)
and peaks in the low m/z region (Figure 5.4.6.B, black). Some of these new peaks are in the same
positions as the ion fragments present in the low m/z region of the ewHz spectrum (Figure 5.4.6.B,
black, marked with an inverted triangle). Also, the peaks assigned to sinapinic acid at 206, 224
and 246 were significantly larger on both this sample and on ewHz than on HA, which suggests
that some of the adsorbed biomolecules on ewHz and this sample produce ions with the similar

molecular masses as the matrix.

5.5. Discussion
Understanding the surface properties of Hz has remained a major challenge due to the difficulty

of isolating sufficient material from the parasites,[38] and the lack of a standardized protocol to
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purify and characterize the crystals after extraction.[14, 164] In this work, we used XPS and
MALDI-ToF to compare the composition of Hz surface after purification with an extensive
methodology involving organic solvents, detergents and three types of enzymes, and a shorter one,
which involves only one enzyme in the final treatment. In addition, we used synthetic HA crystals
put in contact with biomolecules that mimic the natural environment of native Hz to understand
the nature of the adsorbed molecules on Hz samples.

Our results showed that even after the extensive washing procedure several low molecular
weight residues such as lipids, carbohydrates, amino acids, and peptides persist on Hz surface,
while after the shorter procedure larger amounts of contaminants of higher molecular weight are
present. The molecules remaining after the shorter washing procedure also contained unexpected
elements, such as calcium and silicon.

We did not detect any nucleic acids on either sample. This implies that the thorough purification
activity in the extensive treatment cannot be attributed to the use of the DNase I and RNase A.
Instead, the high pH of the buffers used to suspend the enzymes during the extensive wash may be
responsible for the greater purification observed with this treatment since high pH degrades the
outermost layer of Hz.[8] Thus, the addition of enzymes to degrade nucleic acids may not be
necessary to treat Hz. Although the use of an alkaline buffer is essential to obtain cleaner crystals,
there is a sacrifice in yield from this step.

The macromolecules found on both pwHz and ewHz may have adhered on Hz surface during
its extraction from the parasite digestive vacuole and RBC, but they may also be fragments or
whole proteins involved in the biocrystallization of Hz. Most biominerals are formed under the
direction of proteins,[49, 187, 188] which can then remain adsorbed at the biomineral surface or

included within the crystals. Thus, even inorganic biominerals that show excellent crystallinity
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contain a large amount of organic material.[49] In fact, Chugh et al. proposed that heme
detoxification protein (HDP) is required to rapidly convert heme into Hz,[62] and Nakatani et al.
hypothesized that some histidine residues in HDP direct the proper alignment of heme monomers
to enable the formation of the axial ligand of the heme iron in Hz.[63] Thus, the biomolecules we

found adsorbed onto Hz surface may be traces of its biomineralization process.

5.6. Conclusions and Outlook

Our results show that the methodology chosen to purify Hz affects the surface of the crystals in
terms of both the amount and nature of contaminants. This explains the discrepancies related to
the immunomodulatory properties of Hz. The use of different protocols to purify Hz produce
crystals with different species on its surface that in turn modulate different host responses.[8] A
standardized procedure that researchers could use prior to analyzing biological effects of Hz would
clarify the state of Hz each work is dealing with, and prevent generating controversial results. We
propose that XPS and MALDI-ToF become standard characterization tools to evaluate Hz surface
since they require small amounts of sample and are highly sensitive.

The finding that carboxylate groups are critical for adsorption of molecules on Hz surface is of
outstanding relevance for antimalarial drug design, particularly for those that act by inhibiting Hz
growth.[10] Drug screening should probably focus on carboxylate binding candidates.

Overall, this work suggests that the surface of Hz may never be free from contaminants, and
ultimately questions the concepts of “pure” Hz crystals. We showed that many compounds adhere
onto the amphiphilic surface of Hz during its formation and extraction; but if these compounds
adhere during the process of Hz crystallization, they are likely to be present not only at its surface

but also as integral components of the bulk of Hz crystals. Carboxylate groups, here shown to bind
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the adsorbed molecules, may serve as substrates for nucleation and growth inside the digestive
vacuole of the parasite.[153, 157] The organic coating bound to native Hz could be part of an
organic matrix present within Hz structure to coordinate its crystal nucleation and formation.[15,
38] The proposed mechanism raises an intriguing question: how much of the adsorbed molecules
associated with Hz originates from contamination and how much represents material involved in

the biomineralization? Further work is needed to explore this fascinating concept.

ABBREVIATIONS

HA hematin anhydride

Hz hemozoin

ewHz extensively washed hemozoin

pwHz partially washed hemozoin

sp>-N sp? hybridized nitrogen components

sp>-N sp® hybridized nitrogen components

RBC red blood cell

MALDI-ToF matrix-assisted laser desorption/ionization time of flight
XPS x-ray photoelectron spectroscopy

5.7. Associated content

Supporting information

Electronic Supplementary Information (ESI) available: Details relative to materials and methods,
XRD and FT-IR analysis of hematin anhydride, characterization of HA fluorinated with TFE, and

details relative to the parameters used for XPS analysis of all samples.
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5.11. Supporting information

5.11.1. Materials

The following materials were obtained from Sigma-Aldrich Canada, ACS grade: hexane,
dichloromethane (DCM), hematin, sodium bicarbonate, L-alanine, L-leucine, L-arginine, D-
histidine, L-serine, 2-(N-Morpholino)ethanesulfonic acid (MES) hydrate, 2,2,2-trifluoroethanol
(TFE), pyridine and Di-tert-butyl-carbodiimide. Sodium hydroxide, propionic acid and
monosodium phosphate (NaH,PO4) ACS grade were purchased from Fisher Scientific. Phosphate
buffer saline (PBS) (1x) tablets and sodium dodecyl sulfate (SDS) were purchased from BioShop,
Canada Inc. Stock solutions of PBS (1x) pH 7.4, 2%SDS, MES (1x) pH 6, 0.01 M sodium
bicarbonate, 0.1 M NaOH and 5 mM NaH>PO4 pH 8, were prepared and used freshly. The pH of
the stock solutions was adjusted with a solution of 0.1 M HCl or 0.1 M NaOH. Milli-Q water from
a Barnstead purification system (resistivity of 18.2 MQ-cm) was used to prepare all the solutions

and experiments, unless specified. Protein LoBind tubes were purchased from Eppendorf.

5.11.2. Methods

5.11.2.1. Synthesis and characterization of hematin anhydride (HA)

Crystals of HA were produced by the acid-annealing method, as reported in the literature, [32]
with minor modifications. 0.6 mmol of hematin were dissolved in 80 mL of 0.1 M NaOH for 30
min under stirring. Then, 49 mmol of propionic acid were added drop-wise to precipitate the
crystals until reaching a pH of around 4. The suspension was left to react overnight at 70°C,
covered from light. After this time, the flask was cooled down to room temperature, the suspension
was decanted and washed twice with distilled water and centrifuged at 9,000 rpm for 30 min in

between. Unreacted and poorly aggregated heme was removed by the addition of a 0.01 M sodium
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bicarbonate and left in an orbital shaker for 3 h followed by centrifugation at 9,000 rpm for 30 min
and supernatant was decanted; this step was repeated twice. The resulting crystals were washed
four times with distilled water with centrifugation in between at 9,000 rpm for 30 min. The sample
was dried at room temperature and kept in vacuum.

The crystallinity of synthesized HA was assessed with X-ray diffraction (XRD). The sample
was ground and transferred to a metallic holder and the diffraction patterns (Figure S.5.11.7.A)
were acquired with a Siemens D5000 diffractometer, using a Cu K, radiation source (Kq1 A=1.54
A). The monochromator was operated at 40 kV and 40 mA within the 5° to 27° range in 26.

Fourier Transform — Infrared (FT-IR) spectroscopy was used to ensure the chemical
composition of synthesized HA. FT-IR spectrum was collected for HA mixed with KBr (Figure
S.5.11.7.B) on a Bruker Tensor 27 spectrometer equipped with a diffuse reflectance (DRIFT)
accessory and a DTGS detector. The spectrum was acquired in transmittance mode from 400 to
2000 cm™ with 56 scans at 4 cm™! resolution. The data analysis was performed using OPUS

software version 7.0.0, (Bruker, Karlsruhe, Germany).

5.11.2.2. Preparation of Plasmodium falciparum parasites for XPS analysis

100 pL of a suspension of dead parasites of Plasmodium falciparum of the clone 3D7 (see
Experimental Section 5.3.2.1) were washed with hexane, dichloromethane and a final wash with
hexane with centrifugation in between (1 min, 9,000 rpm) and supernatant removal. The resulting
material was dried at room temperature to evaporate the residual solvents and was kept in vacuum

until analysis.
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5.11.2.3. Preparation of red blood cell (RBC) membranes

RBC membranes were prepared following the methodology reported by Steck, T.L et al.,[189]
with minor modifications. First, packed red blood cells were obtained from whole blood by
centrifugation at 5,000 xg for 7 min to remove cells, followed by centrifugation at 12,500 xg for 5
min to remove acellular components. 1 mL of these packed RBCs were suspended in 6 mL of PBS
(1x) pH 7.4 and mixed by gentle trituration. The mixture was centrifuged at 1000 xg for 10 min
and the supernatant removed, this step was repeated twice. The packed RBCs were suspended in
35 mL of 5 mM NaH;PO4 pH 8.0, and left incubating on an ice bath for 30 min. Then, the
suspension was centrifuged at 12,000 xg for 10 min. The supernatant was discarded and the
resulting pellet was resuspended again in 5 mM NaH;PO4 pH 8, until the pellet color changed to
white/translucent, showing that most hemoglobin was removed. Finally, the volume of the RBC
ghosts was adjusted to 1 mL using 5 mM NaH;PO4 and the solution was kept at 4°C and used right

away.

5.11.2.4. Chemical derivatization of HA with 2,2,2-trifluoroethanol (TFE)

Prior to the experiment, all the glassware was thoroughly washed with soap, rinsed with deionized
water and isopropanol followed by overnight drying. HA was placed in a 10 mL beaker inside a
glass flask with an airtight seal. The reagents were introduced sequentially into the flask, outside
the beaker, at 15 minutes intervals in the following order and amounts: TFE (0.9 mL), pyridine
(0.4 mL) and Di-tert-butyl-carbodiimide (0.3 mL).[156] The flask was sealed and the reaction
proceeded at room temperature for 18 h to expose the crystals to the reagents vapors.[142, 155]

After this time, the sample was dried at room temperature and kept under vacuum for several days

91



before its analysis. XPS characterization was used to ensure the complete derivatization of HA by

corroborating a new signal at around 292 eV in the Cis spectrum of this sample (Figure S.5.11.4).

5.11.2.5. Suspension of HA in solutions used as control

HA was suspended in different solutions used as control, and treated with the extensive cleaning
procedure used to produce ewHz, (see Experimental section 5.3.2.2 of the main manuscript),
unless specified. The resulting crystals were dried at room temperature and left under vacuum until

characterization.

5.11.2.6. HA suspended in Plasmodium falciparum parasites

P. falciparum parasites of the clone 3D7 were cultivated as described in the Methods section of
the main manuscript. The parasites were kept in PBS at 4°C until their use. 3 mg of HA were
dispersed in 1 mL of parasites using short lapses of sonication at 4°C to lyse the parasite’s cell and
obtain a uniform dispersion of HA, while avoiding heating the cells. The suspension was left at
37°C for 24 h, and the crystals cleaned with the extensive purification method. The resulting

material was dried at room temperature and kept in vacuum until its analysis.

5.11.2.7. HA suspended in RBC membranes

3 mg of HA were added to 1 mL of RBC ghosts with an absorbance of 0.7 measured at 280 nm|[13].
The mixture was vortexed to open the RBC membranes and the suspension was incubated at 37°C
for 24 h. After this time, the mixture was centrifuged at 9,000 rpm for 10 min and the supernatant

removed. The resulting material was cleaned using the extensive cleaning to produce ewHz as
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described in Experimental Section 5.3.2.2 of the main manuscript. Finally, the crystals were dried

at room temperature and kept in vacuum until analysis.

5.11.2.8. HA suspended in a mixture of amino acids

A solution containing 1 mg/mL of each of the following amino acids was prepared in MES (1x)
buffer by adding the following amino acids: L-alanine, L-leucine, L-arginine, D-histidine, and L-
serine. The pH of the solution was adjusted to 6.0 using 0.1M HCI. Later, 3 mg of HA were added
in 1 mL of the amino acids solution and sonicated, followed by incubation at 37°C for 1 h. This
material was not cleaned under the extensive purification procedure used to obtain ewHz, to avoid
introducing species derived from the enzymes. Instead, the suspension was centrifuged at 14,000
rpm for 20 min and the supernatant discarded, followed by three washes with milli-Q water, one
with 2% SDS and three more with milli-Q water with centrifugation in between at the same rate

and time. The sample was dried at room temperature and kept in vacuum until its analysis.

5.11.2.9. Suspension of HA functionalized with TFE in a mixture of amino acids
For this control, we repeated the procedure followed in section 5.11.2.8 for the suspension of intact
HA in amino acids); however, instead of using pristine HA, we used HA functionalized with TFE,

obtained following the procedure described in section 5.11.2.4.
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5.11.2.10. UV-Vis measurement of RBC membranes
The absorbance of the RBC ghosts was measured using a microplate reader (SpectraMax 13,
Molecular Devices, California, USA) at a wavelength of 280 nm, where the 5 mM NaH>PO4 buffer

at pH 8 was used as a blank.
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Figure S.5.11.1. Experimental atomic percent measured from XPS surveys for dead parasites of P. falciparum 3D7
washed with hexane and dichloromethane.
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Figure S.5.11.2. XPS high resolution of Cj;s collected for (A) pwHz and (C) ewHz. XPS Fe;, obtained for (B) pwHz
and (C) ewHz. Experimental data is presented in gray dotted line, peaks fit in gray continuous line, and the overall fit
in black. The Cjs spectra of both samples show a signal at 284.5 eV corresponding to C-C/C=C from the porphyrin
ring and side chains; while the peaks at 286.5 and 288.4 eV are assigned to C-O and C=O, respectively from the
carboxylates. These peaks also have contributions from C-N and C=N from the porphyrin ring [164]. The Fe;, spectra
show the characteristic peaks of the spin-orbit splitting of Fe. The Feaps2 and Fezp12 doubles at 711.2 and 725 eV,
respectively, are representative of Fe in oxidative state I11.[164]
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Figure S.5.11.3. Area ratios of the XPS N5 401 eV/398.2 eV peak acquired for HA suspended in: (A) dead parasites
of P. falciparum of the clone 3D7 (turquoise bar), (B) RBC membranes (yellow bar), (C) enzymes and detergents
used to prepare ewHz (pink bar), (D) mixture of amino acids (green bar) and (E) mixture of amino acids after
derivatization of HA surface carboxylate groups (orange bar).
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Figure S.5.11.4. XPS data of (A) high resolution of Cis and (B) survey of HA after a surface esterification of the -

COOH groups by TFE. The new peak around 292 eV in the Cs spectra (inset in panel A) and the new signal at 688.4
eV in the survey evidence the successful functionalization of HA surface.
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Figure S.5.11.5. Mass spectrum of sinapinic acid used as matrix for the analysis with MALDI-ToF showing the
molecular masses at m/z 206, 224 and 246, also found in HA, ewHz, and HA washed with a thorough procedure. The
matrix was mixed with trifluoroacetic acid and the spectrum acquired as described in Experimental Section 5.3.2.4

of the main manuscript.
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Figure S.5.11.6. Representative MALDI-ToF mass spectra of positive ions in reflectron mode collected in the m/z
region of 100-1000 for HA (green), pwHz (blue), ewHz (red) and HA treated with the extensive washes (black). The
intensity was normalized with respect to the intensity of the peak at 616 Da.
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Figure S.5.11.7. (A) XRD spectrum obtained for HA synthesized by the acid-annealing method and used for all the
controls presented in this work. The spectrum shows the characteristic peaks of HA at 7.5°, 21°, and 24°.[14] (B) FT-
IR spectrum of HA showing the peaks of at 1664 and 1209 cm™, representative of the coordination between the iron
in heme and a propionate group. The peak located at 1712 cm™! is characteristic of the hydrogen-bonded carboxylate
group that links the heme dimers to extend the crystalline array.[32, 190]

Table S.5.1 XPS binding energies and area ratios of O obtained for HA, pwHz, and ewHz. The peaks at 531.5 and
533.3 eV for all the samples were fitted according to the experimental FWHM obtained for HA.

Sample O-Fe and OH Cc=0
from water

BE (eV) 531.6+0.1 533.3+0.1

HA Area ratio 1 0.22 £0.09
FWHM (eV) 25+0.1 2.1+0.1

BE (eV) 531.5+0.1 533.3+0.1

ewHz Area ratio 1 0.42 £ 0.07
FWHM (eV) 2.5+0.1 2.1+0.0

BE (eV) 531.7+0.2 533.3+0.1

pwHz Area ratio 1 0.28 +0.03
FWHM (eV) 2.5+0.0 2.1+0.0
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Table S.5.2. XPS binding energies and area ratios of N5 obtained for HA, pwHz, ewHz and all the controls used, in
which HA was suspended in different solutions. The peaks at 398.2 and 401.1 eV for all the samples were fitted
according to the experimental FWHM obtained for HA; whereas the peak at 399.7 eV was fitted according to the

FWHM obtained for ewHz.
Sample N-Fe sp3-N sp*-N / n-m*
BE (V) 3982 %02 - 401.0+0.1
HA Area ratio 1 - 0.13+£0.02
FWHM (eV) | 1.2+0.1 - 18023
BE (eV) 398.1+0.2 399.2+0.5 401.0+0.8
pwHz Area ratio 1 0.88 +£0.07 0.49 +£0.07
FWHM (eV) 1.3+0.1 1.5+0.1 1.5+0.1
BE(eV) 3982+0.1  399.7+02 4012402
ewHz Area ratio 1 0.45+0.13 0.21 £0.08
FWHM (eV) | 13+0.1 1502 1.5+0.1
HA in BE (eV) 398.1+£0.1 399.7+0.1 401.2+0.1
O Area ratio 1 0.29 £ 0.02 0.11+0.01
FWHM (eV) | 1.1+0.0 1.5+0.0 14+0.1
_ BE (eV) 398.1+0.1  399.8+0.1  401.1+03
E‘:ni'l;rlzics Area ratio | 0414007  0.12+0.03
FWHM (eV) | 1.240.1 14402 1.5+0.1
BE (eV) 398.1+0.0 399.7+0.1 401.3+0.1
wli{t‘: ::;;t;‘ls Area ratio 1 0254004  0.12+02
FWHM (eV) | 12+0.0 1.5+0.0 15+0.1
HA in amino BE (eV) 398.1+0.0 399.4+0.1 401.4+0.1
acids Area ratio 1 0.25+0.14 0.14+£0.21
FWHM (eV) | 1.240.1 1.540.1 18402
, BE (¢V) 398.2 = 0.0 - 401.0+0.1
HA-TFEIn | o ratio | ; 0.12£0.1
amino actds | Lonievy | 1200 - 1740.1
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Chapter 6. Inorganic ions on hemozoin surface provide a glimpse into

Plasmodium biology

In the previous chapter, we showed that the protocol to clean Hz affects the surface composition
of the organic residuals adhered onto its surface after isolation of the crystals. We also showed that
the cleaning protocol introduces partial contamination on Hz surface. In fact, the crystals may
never be free of surface contamination, possibly because the “contaminant” molecules may be part
of the crystalline structure of Hz. This knowledge clarifies the conflicting results reported in the
literature when Hz is used as a model to assess its role in the pathogenesis of malaria. In addition,
we proposed XPS and MALDI-ToF as powerful characterization techniques to assess the surface
of Hz before its use for immune response tests. This would allow researchers to discriminate

between the role of Hz and that of surface contaminants during their tests.

We also found that shortening the washing steps resulted not only in a larger amount of
residuals unable to be removed but also in the presence of extra inorganic compounds such as
sodium, chlorine, silicon, calcium, and phosphorus. These inorganic compounds have not been
previously reported or identified; moreover, there is not much information related to the

biochemical composition of what is bound to native Hz.
In this study, we attempt to address the following questions:

1) What inorganic species are present in native Hz?
i1) What is the chemical environment and possible source of the unidentified inorganic
species? And do these components vary according to the model used to obtain Hz, i.e.

in vivo or in vitro?

The findings of this work are submitted to a peer-reviewed journal.
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Guerra E.D., Baakdah F., Gourgas O., Tam M., Stevenson M. M., Georges E., Bohle D. S.,

Cerruti M.

6.1. Abstract

In malaria, Plasmodium parasites produce hemozoin (Hz) as a route to detoxify free heme released
from the catabolism of hemoglobin. Hz isolated from the parasites is encapsulated in an organic
layer formed after the interaction between the crystals and parasite and host constituents. The
components of this organic coating may play a role in Hz formation and in the immunomodulatory
properties attributed to Hz, and they also may influence the mode of action of antimalarials that
block Hz formation. Proteins, carbohydrates, and traces of nucleic acids and lipids have been
identified among the constituents of the organic layer adsorbed on Hz, but the actual composition
is likely to depend on the models used to produce Hz. In this work, we analyze the organic layer
adhered to Hz collected from in vitro and in vivo models of Plasmodium, and find Na, CI, Si, Ca
and P present, in addition to organic material. Our results suggest that Na, Cl, and P adsorb during
Hz release from the red blood cells, while Si and Ca derive from components present during Hz
biomineralization within the digestive vacuole of the parasite. In fact, we find Si in Plasmodium
is present both as SiO> and hydrated solubilized silica or Si covalently bound to organic cell
components; we propose that these Si compounds may be involved in the parasite’s survival, as
observed in plants, diatoms, and mammals, and may be among the causes of the immunogenic
response to Hz in humans. Overall, we show that inorganic elements adsorbed on the surface of

Hz organic coating provide insights into the biological functions of Plasmodium parasites.
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6.2. Introduction

Malaria is a life-threatening disease caused by parasites of the Plasmodium genus that are
transmitted by the bite of an infected female Anopheles mosquito [5]. During the asexual stage of
Plasmodium, the parasite feeds on hemoglobin, releasing heme inside its digestive vacuole (DV).
Free heme can inhibit multiple enzymes, disrupt cell membranes and produce cell lysis [141].
Therefore, to avoid its deleterious effects, the parasite sequesters heme to form an insoluble crystal
called hemozoin (Hz), also known as the malaria pigment [5].

Hz crystallization starts with two heme molecules binding through an iron-carboxylate bond
forming dimers; the dimers are further linked through hydrogen bonds in a crystalline structure
[7]. Although the structure and biochemistry of Hz are mostly understood, its biomineralization
process is not completely elucidated at the molecular level, especially the role of different
biomolecules in promoting crystal nucleation and growth [191].

Hz is the antimalarial target of the quinoline family of drugs and probably of artemisinins,
which exert their effect by interfering with the crystal formation [10]. However, the exact
mechanism of action of these drugs is still under debate [8], and the widespread resistance to this
class of antimalarials threatens their efficacy [2]. Hz birefringence and optical dichroism [11] are
exploited in malaria diagnosis in vivo [113]; while its paramagnetic properties serve as biomarker
for malaria diagnosis in blood smears [11]. This property is also extensively used for the separation
of infected RBC from healthy ones in vitro [115] and further crystal purification in magnetic
separators [116]. In addition, Hz modulates the immune response during malarial infection [8].

The biological activity of Hz and its role in the host immune response is a controversial topic.
It is usually tested using Hz synthetic counterpart, hematin anhydride (HA) (also known as f3-

hematin), or different Hz preparations obtained from in vitro or in vivo models [15]. However,
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these reports often produce inconsistent or irreproducible results [13]. For example, one study
showed that by cultivating fresh extracts of Hz with monocytes, the cells were unable to mature
into dendritic cells [130]. Contrary to these observations, another study showed that purified Hz
enhanced dendritic cell maturation [129]. Hz also contributes to malarial anemia by suppressing
red blood cells (RBC) proliferation in vivo [136, 162, 163], but HA has lower activity compared
to Hz [136]. Also, it was observed that Hz remains unaltered inside macrophages for extended
periods, whereas HA is vulnerable to degradation by phagocytosis of macrophages [13].

The differences in biological activity between HA and Hz may be associated with differences
in crystal size and morphology [136]. Additionally, several studies indicate that during the
isolation of Hz, the crystals interact with lysed parasitic cells and erythrocytes [178], whose
constituents may ultimately adsorb onto Hz [8], forming a coating that is often considered
“contamination” [5]. Some groups have also proposed that this coating is implicated in the immune
response associated with Hz [13]; thus, it is not clear whether the immunomodulatory properties
of Hz are caused by the crystals or the material adsorbed onto their surface [8]. Furthermore, there
are many reported procedures to purify Hz prior to its analysis, which lead to a variety of
unidentified biomolecules adsorbed onto Hz that in turn may impact the immunogenic response
(8, 13, 192].

Previous attempts to elucidate the composition of the organic coating adhered onto Hz revealed
that it is mainly constituted by proteins, carbohydrates, amino acids, traces of lipids and nucleic
acids [178, 193]. The amounts of these constituents differ depending on the technique used to
purify the crystals since some material is lost or degraded during Hz isolation and treatment [178].
Some researchers identified histidine-rich proteins in crystals obtained from different species and

strains of Plasmodium [29], while others found neutral and polar lipid mixtures associated to Hz
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isolated from P. falciparum and treated by a sucrose cushion method [55]. These compounds may
be related to components inside the DV of the parasite or the host RBC [8].

Also, the composition of the organic material on Hz extracted from in vitro cultures may differ
from the crystals obtained from in vivo models due to several cycles of Hz phagocytosis by
circulating monocytes and tissue macrophages [8]. Ingestion of Hz by many generations of
phagocytes causes the adsorption of a variety of biomolecules onto its surface, producing Hz with
altered morphology and biochemical composition. All of these differences could be responsible
for the variable results obtained when evaluating the biological activity of Hz [8].

Last but not least, while most works debate over the type of biomolecules present in the coatings
(lipids, proteins, carbohydrates, etc.), our previous study identified Si and Ca in the coating of Hz
derived from in vitro cultures of P. falciparum [192], and another work mentioned the presence of
Ca derived from Ca**-dependent protein kinase 1 (CDPK1) in DV membranes and the organic
material adsorbed on Hz [174]. Nothing is known about the role of these inorganic ions in Hz
biomineralization, and their presence could also influence the mode of action of some
antimalarials. Also, additional inorganic species could be adsorbed on Hz, which may have been
missed by previous reports due to the extensive washing.

Some key questions are thus: what is present on the coating adsorbed on Hz? How does its
composition vary among the different models used to grow the parasite? And, more deeply: can
we learn something about Hz formation and Plasmodium functions by analyzing this layer?

In this work, we answer these questions by studying the composition of the material adhered
on Hz obtained from an in vitro and an in vivo model of Plasmodium using a surface-sensitive
technique, X-ray photoelectron spectroscopy (XPS), combined with near-edge X-ray absorption

fine structure (NEXAFS) and scanning electron microscope (SEM)/energy-dispersive X-ray
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spectroscopy (EDS). We find that several inorganic ions are consistently present on all Hz models
we analyzed. To understand the origin of these elements, we compared the elemental species found
on Hz and on HA immersed in solutions that simulate the components that may adhere onto Hz
during its synthesis and ejection from the RBC. Based on these results, we suggest some

hypotheses on the biological function of these elements in Plasmodium.

6.3. Results and Discussion

We extracted Hz from Chloroquine (CQ)-sensitive P. chabaudi AS infected macrophages (Mo),
and P. falciparum in vitro cultures of the strains 3D7-H (also CQ-sensitive) and 7G8 (CQ-
resistant). The materials were washed mildly with organic solvents (Methods 6.5.2.3) to remove
the parasitic cell debris and host components weakly adhered to the crystals surface, while
preserving the components strongly adsorbed. For this reason, these samples are referred to as
native hemozoin (nHz) in this work.

XPS analysis of these samples (Figure 6.3.1.A) showed the presence of C, O, and N, but no Fe.
This implies that the mild washes with hexane and dichloromethane were not sufficient to
eliminate all the organic coating and expose a “pure” Hz surface. This was confirmed by SEM
(Figure 6.3.1.B), which showed Hz crystals coated by a thin shroud of organic matter, in contrast
with Hz treated with enzymes and detergents after isolation (Figure 6.3.1.C). This result implies
that the signals of C, O, and N are mostly due to the proteins, cell debris and traces of lipids and
carbohydrates that may constitute the organic coating, rather than the porphyrin ring of Hz [178].
This is also confirmed by the finding of the unexpected inorganic elements Na, CI, P and Si in all
the samples, and additionally Ca in Hz collected from P. chabaudi-infected murine M¢ and Pf

3D7-H strain.
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Figure 6.3.1. A) XPS survey collected for nHz samples obtained from CQS P. chabaudi AS infected-macrophages
(blue) and P. falciparum of the strains 3D7-H (CQS, green) and 7G8 (CQR, red), (no significant differences were
found among samples). Data represent mean + s.d. of 3 independent samples and three different spots analyzed along
the same sample. One-way ANOVA test was used for statistical analysis, followed by Bonferroni’s test correction to
evaluate the statistical difference of multiple samples, where P<0.01 was considered a significant difference All data
are expressed as mean + standard deviation (SD). *Significant differences between atomic percentage, with *P<0.01,
##P<0.001, *** P<1X103and ****P<1X10° SEM images of B) nHz crystals rinsed with hexane and
dichloromethane. The red arrows indicate the crystals devoid of most of the cell components, while the yellow arrows
note the crystals still coated with biological residues. C) Clean sample of Hz showing individual crystals lacking most
of the organic residues as a result of treatment for proteins precipitation, enzymatic hydrolysis, and rinses with
detergents and water, as reported in [192]. Data represent mean + SD of 3 independent experiments.

The fact that the inorganic species are present in all nHz samples regardless of the source
suggests that these elements are introduced during Hz biomineralization, its egress during
schizogony or from the RBC. Calcium was not found in one of the nHz collected from in vitro

cultures probably due to the strain of P. falciparum used to collect the Hz. The absence of Mg and
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Zn in all the samples of nHz indicates that nucleic acids are not present in significant amounts
[194], as these ions are typically arranged within the structure of DNA and RNA [169, 195].

We previously reported the presence of Si and Ca on the surface of Hz samples extensively
washed with solvents, proteinase K in an alkaline buffer, and detergents [194]; however, we did
not detect any Na, Ca and P on these samples. This shows that while Si and Ca adsorb strongly
and possibly are part of the bulk structure of Hz crystals, P, Na and Cl are just weakly adsorbed
on the outer layer of the crystal, along with organic material. This suggests that Si and Ca may be
introduced during Hz formation in the DV of the parasite, while Na, Cl, and P may be adsorbed
during the release of Hz from the DV and RBC.

To study the spatial distribution of the inorganic elements associated with nHz, we collected
energy dispersive spectroscopy (EDS) maps of samples of nHz produced from in vitro cultures of
P. falciparum 3D7-H. These samples were rinsed with water to remove any excess ions present in
the extraction buffers (Methods 6.6.2.14). Figure 6.3.2.A shows the crystals “encapsulated” in
the organic layer. The EDS map of nHz showed the presence of C, O, N, Fe, characteristic of Hz,
as well as Na, Cl, Si, Ca and P, confirming the XPS data. EDS detected Fe (Figure 6.3.2.B)
because it is a less sensitive surface technique than XPS, sampling approximately 0.2-1 um [196]

rather than the 3-10 nm analyzed by XPS [197].
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Native Hz

Figure 6.3.2. A) Scanning electron microscopy (SEM) images of nHz obtained from P. falciparum strain 3D7-H
and energy-dispersive x-ray spectroscopy elemental (EDS) mapping for B) Fe, C) C, D) Ca, E) P, F) Si and G) Na.

The EDS maps showed a close correlation between the location of C and Ca (Figure 6.3.2.C
and D, respectively), but no correlation between Ca and P. This indicates that Ca may be present
in an organic environment. Si appears distributed evenly along the whole area mapped in small
quantities, while Na and CI are present in the spots lacking C and Ca. This suggests the presence
of adsorbed Na and Cl salts on the organic layer of Hz.

To determine if the inorganic elements found in nHz derive from parasitic debris, we studied
the surface composition of P. falciparum parasites of the 3D7-H strain, rinsed with the same
organic solvents used to prepare nHz (Methods 6.6.2.1). XPS analysis showed Na, Cl, Si, and P
(Figure S.6.6.1), indicating that these elements indeed may originate from the parasites
themselves. Na" and CI" are ions commonly found within the parasite, erythrocytes and the buffers
used to extract Hz [168, 198, 199]; therefore, it is not surprising to find these elements associated
with nHz and the parasites, probably as Na and ClI salts, as mentioned above. However, XPS did

not detect any significant amount of Ca on Plasmodium, possibly because this element is found
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mostly within parasitic organelles, which are beyond the sampling limit of surface-sensitive XPS
[194].
In the following sections we focus on understanding the speciation of Ca, Si and P found on

nHz as a means to understand their possible origins.

Atomic environment of silicon
The XPS Siyp spectra of nHz obtained from P. falciparum 3D7-H cultured in vitro showed two
peaks located at 101.9 + 0.1 and 103.2 + 0.0 eV (Figure 6.3.3.A). The peak located at 103.2 eV
has been related to Si in Si02 [200] or Si in carbon-silica composites [201], while the peak at 101.9
eV has been assigned to Si in a more reduced state. These same results were obtained for nHz
collected from different strains of Plasmodium in an in vitro and in vivo model (Figure S.6.6.2).

To determine if the observed Si derives from the parasite cultivation media or the process of
Hz extraction, we suspended HA in blood serum, RBC membranes and in the buffers used to lyse
the parasites (Methods 6.6.2.3). The XPS survey spectra did not show any Si on theses samples
(Figure S.6.6.3), suggesting that the Si in nHz i1s most likely parasitic-derived. To confirm this
hypothesis, we analyzed Plasmodium parasites (Methods 6.6.2.1). The Siz, spectra of this sample
(Figure 6.3.3.B) showed two signals located at 101.9 £ 0.1 and 103.1 + 0.2 eV, identical to the
peaks found in nHz (P=0.79 and P=0.27, respectively).

To understand the origin of the two observed Si species in nHz and Plasmodium, we suspended

HA crystals in different solutions containing Si compounds and studied the chemical environment
of the Siz, signal coming from the crystal surface afterward. First, we suspended HA in a solution
of silicic acid (Methods 6.6.2.7), also known as hydrated silica (Si(OH)4). This compound is
slightly soluble in water and is naturally absorbed by vascular plants [202, 203]. The Siz, spectrum
on this sample (Figure 6.3.3.C) showed a peak centered at higher energy (104.2 + 0.0 eV,
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P=5.2X10""") than the peaks found on nHz (Figure 6.3.3.A), suggesting that the Si species found
on the organic coating of Hz do not contain silicic acid.

Next, we evaluated cucumber skin (Cucumis sativus) since this plant is Si-rich. The XPS Sizp
analysis of this sample (Figure 6.3.3.D) revealed two peaks located at 101.9+ 0.1 and 103.2 £0.3
eV at positions very close to those found on Hz (P=0.25 and P=0.34). We analyzed also the branch
of another Si-rich plant commonly known as horsetail (Equisetum hyemale) and obtained similar
results (P=0.06 and P=0.79, with respect to Hz) (Figure 6.3.3.E). The XPS Si, signals of both
plants are very close to those found in nHz, which suggests that the Si-species in these two plants
are similar or equivalent to those found on nHz. In addition, the location of the 102.0 eV peak has
been reported for compounds containing SiO4* anions in the form of oligomerized hydrated silica

in studies of silicon-substituted apatites [204, 205].
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Figure 6.3.3. XPS high-resolution spectra of Siy, collected for A) Hz extracted from P. falciparum of the strain 3D7-
H, B) P. falciparum parasites of the strain 3D7-H, C) HA suspended in silicic acid, D) cucumber skin (Cucumis
sativus), E) horsetail (Equisetum hyemale) and F) HA suspended in PDMS (Mn~550). Experimental data is shown in
green, peaks fit in gray, and the overall fit in black.
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The peak at approximately 102 eV could also correspond to silicon oxycarbide compounds in
the form of SiO;C and SiO>C [206]. To explore this option, we suspended HA in a solution of
poly(dimethylsilane) (PDMS) (Methods 6.6.2.8), a polymer containing a silicon oxycarbide
(S102C2) bond in its structure. The XPS Siz, spectrum of this sample revealed a single peak
centered at 102.0 £ 0.0 eV (Figure 6.3.3.F). This analysis highlights the unusual biochemistry of
the Si species associated with nHz. Since no other groups ever reported Si in Plasmodium parasites,
we can only hypothesize its physiological role. In plants, Si enhances the activity of the enzymes
responsible for the defense against biotic stress due to pathogen attacks, and abiotic stresses such
as drought, temperature, salinity and metal toxicity [207-209]. Hence, Si is required for the growth
and development of many plants species [207].

In diatoms, the metabolism of silicic acid provides a vital source of nutrients for structural
growth; they incorporate Si into the cell walls to form a structure called frustule [210]. Diatoms
possess intracellular pools of soluble silicon at supersaturated concentrations, ranging from 19 to
340 mM, depending on the diatom species and the water content within the cell [210]. This silicon
is maintained in a soluble form by interaction with organic components to produce mono-silicic
acid or low molecular weight poly-silicic acid bound to biological components [210, 211].

In mammals and some fruits, Si is found covalently bound to the backbone of some
polysaccharides through Si-O-C links formed between silicic acid and hydroxyl groups, resulting
in a bridge of Si-O-C, i.e. as an ether (or esther) [212]. The Si-O-C link formed between silicic
acid and hydroxyl groups is highly resistant to diluted alkali and acid. However, strong alkali and
acid hydrolyze the Si-polysaccharide bond, releasing the silicon in the form of SiO;[212]. This
observation suggests that the two Siyp, signals arising from nHz and Plasmodium may derive from

Si bound to intracellular components of the parasite, as reported for diatoms and mammals. Thus,
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the Sizp contribution at 102.0 eV could be related to Si in Si-O-C bonds due to Si covalently bonded
to carbohydrates, which were previously found on nHz [178], or to oligomerized hydrated silica.
Meanwhile, the Siyp signal at 103.2 eV could result from SiO; released from the partial hydrolysis
of covalently bonded Si due to the acidic conditions of the DV.

It is possible that the parasite acquires silicon compounds from the host blood [213] as it is
estimated that humans and other mammals average 0.5 mg of silicon per liter of blood plasma
[202]. Based on these reports and our Sizp spectra analysis, we hypothesize that inside the parasite
there may be some reserves of soluble oligomerized hydrated silica chains, complexed by cell
components, in addition to some SiO».

Since silica particles are known to cause acute inflammatory response [214, 215], the presence
of Si on Hz surface could contribute to the immune modulation attributed to the crystals during

malaria infection.

Atomic environment of calcium

We used both XPS and NEXAFS to study the atomic environment of calcium. The XPS high-
resolution spectra of Cayp of nHz from P. falciparum 3D7-H (Figure 6.3.4.A) showed the two
characteristic peaks associated with the spin-orbit splitting of Cazp. The samples showed the Cazps/2
peak centered at 347.3 + 0.1 and the Cazp1/2 peak at 350.7 + 0.1 eV. As before, we suspended HA
in blood serum, RBC membranes and in the buffers used to lyse the parasites (Methods 6.6.2.6)
to determine if Ca came from the parasite culture media or the reagents used for Hz isolation. The
XPS survey analyses did not show Ca on the surface of these samples (Figure 6.6.2.6), indicating
that this element is Plasmodium-derived. In fact, there are various reserves of Ca?" in the parasite,

such as the endoplasmic reticulum, acidocalcisomes, mitochondria, Golgi apparatus, nuclei, and
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even the DV where Hz is formed [173]. In the intraerythrocytic stage, Ca is found in the DV at an
elevated concentration (250-300 nM), which is approximately 5 or 6 times higher than Ca in the
cytosol [216]. During schizogony, free Ca*>* leaves the DV and redistributes in the intermembranes
of each merozoite segment, followed by a rapid decrease in Ca content [216]. Since Hz is also
released during schizont rupture, it may come into contact with this element during its egress.

To further understand the origin of the Ca species, we first suspended HA in a solution of
calcium acetate (Methods 6.6.2.9), as a representative compound for calcium in an organic
environment, e.g. calcium coordinated to carboxylates. The spectrum measured on this sample
(Figure 6.3.4.B) was very close to that of nHz (Cazp32 at 347.3 £ 0.1, P=0.86), strongly suggesting
that calcium atoms are derived from organic salts. This chemical environment also corresponds to
Ca in calcium carbonate, which gives rise to a Cazpz/3 signal at 347.2 eV [217], equivalent to what
found in nHz. However, there are not sources of calcium carbonate in the parasite, thus, this
compound is unlikely to be associated with nHz.

We also measured the Cazp spectrum on cucumber skin and found the Cazp32 peak at 347.1 +
0.0 eV, similar to Hz (P=0.06) (Figure 6.3.4.C). Plants and some Apicomplexa parasites share
common Ca**- binding proteins [218], and the finding of similar Ca species suggests that the
organic coating adhered onto nHz may contain Ca in a similar environment. These results suggest
that Ca associated with nHz may be found in an organic matrix or coordinated to cellular
components.

Calcium is also present in Plasmodium within acidocalcisomes; these acidic organelles serve
as storage for cations, amino acids and concentrated phosphorous [219]. Calcium is pumped in the
acidocalcisomes by Ca**-ATPase, where it is thought to bind to other molecules such as short and

long chains of polyphosphate, within an acidic environment [173]. Acidocalcisomes are involved
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in calcium homeostasis, intracellular pH and osmoregulation in bacteria, mammals, algae and other

Apicomplexa besides Plasmodium, such as Schistosoma, Toxoplasma and Trypanosoma [220].
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Figure 6.3.4. XPS high-resolution spectra of Cay, collected for A) Hz extracted from P. falciparum of the strain 3D7-
H, B) HA suspended in calcium acetate, C) dried cucumber skin (Cucumis sativus) and D) HA and calcium
pyrophosphate suspended in cholesterol. Experimental data is shown in blue, peaks fit in gray, and the overall fit in
black.

To determine if the Ca in nHz coating could be related to Ca complexed with phosphorous from
acidocalcisomes, we suspended HA in a solution of calcium pyrophosphate (Ca pyroP) (Methods
6.6.2.10). The XPS analysis of this control sample showed no adsorption of Ca pyroP on HA
surface (Figure S.6.6.5). We hypothesized that this is because the synthetic crystals are devoid of
the organic coating that is naturally present on nHz and could act as a binding intermediate.

To test this hypothesis, we evaluated the adsorption of Ca pyroP on HA crystals suspended in
cholesterol (Methods 6.6.2.11). We selected this lipid to simulate the adherent capacity of the

organic material adsorbed on nHz; also, this compound does not contain inorganic elements that
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could give rise to overlapping signals. In the presence of cholesterol, the calcium pyrophosphate
adsorbed onto HA crystals (Figure 6.3.4.D). This result shows the importance of an intermediate
layer (lipidic in our example, but possibly proteinic too), as a means to adhere insoluble salts or
solid particles on Hz.

The XPS analysis of Ca pyroP adhered to HA through cholesterol reveals two different Cazpz2
signals located at 347.0 £ 0.1 and 348.4 = 0.1 eV (Figure 6.3.4.D). The signal at 347.0 eV is very
close to that found on nHz (P=0.13) and is also found in calcium hydrogen phosphate (CaHPOs4,
Figure S.6.6.4.A); however, the presence of an additional Cazp3» peak indicates that this
compound produces Ca in two different chemical states, unlike what we found on nHz. This
suggests that Ca pyroP are not likely to be the origin of the Ca found on nHz, confirming the EDS
map results that did not show a strong association between Ca and P.

To determine more precisely the composition of the calcium compounds in nHz, we used Ca
K-edge near-edge x-ray absorption fine structure spectroscopy (NEXAFS). This technique
provides additional information about the geometrical arrangement of neighboring atoms
surrounding an atom of interest [221]. To identify the Ca species present in nHz, we selected some
reference samples representative of Ca in a variety of environments and performed linear
combination fitting (Methods 6.6.3.1). Our reference samples included two calcium phosphates,
P. falciparum parasites of the 3D7-H strain and calcium acetate (Ca(CH3COO),) as possible
models for carboxylated calcium ions (Methods 6.6.2.15).

Figure S.6.6.6 shows the spectra obtained for native Hz, P. falciparum parasites of the strain
3D7-H and all the reference samples. All the samples showed a small pre-edge feature at around
4035 eV arising from the electronic transition from 1s to 3d orbitals [222]. The adsorption edge at

around 4040 eV is assigned to the transitions associated to 1s to 4p12 and s to 4ps3.; the relative
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intensities of the latter peaks are associated to the neighboring atoms surrounding the calcium
[223].

The linear combination fitting results (Table S.6.1) showed that the Ca in nHz is mostly
constituted by Ca acetate (around 90%), suggesting that Ca ions are present in an organic matrix,
probably as calcium coordinated to carboxylate groups, again confirming both XPS and EDS map
results. Conversely, the analysis of the parasites revealed that only a small proportion of Ca ions
are present in the form of carboxylated calcium. This may be related to the calcium phosphate
compounds stored inside the acidocalcisomes in the parasites [220] or due to the low concentration

of Ca present in both samples that result in spectra with low signal-to-noise ratio.

Atomic environment of phosphorus

The XPS analysis of P2, of nHz collected from P. falciparum 3D7-H cultured in vitro showed
two peaks characteristic of the spin-orbit splitting of this element at 133.1 + 0.1 eV (P2p32) and at
133.9 £ 0.1 eV (P2p112), as shown in Figure 6.3.5.A. As before, we analyzed the P2, spectra of HA
suspended in blood serum, RBC membranes and in the buffers used to lyse the parasites (Methods
6.6.2.6). Only phosphorus from RBC membranes adhered on Hz surface, producing a P2p32 signal
at 133.5 £ 0.0 eV (Figure 6.3.5.B). The difference between this binding energy and that measured
on nHz (P=0.005) suggests that despite the strong affinity of RBC membranes towards HA or Hz
crystals [178], the P found on the organic coating of nHz may have a different origin; we
hypothesized that it may be Plasmodium-derived. In fact, in the asexual stage of Plasmodium, P is
found in the parasitic membranes in the form of phospholipids, especially phosphatidylcholine

[224].
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To test this hypothesis, we suspended HA crystals in solubilized phosphatidylcholine (Methods
6.6.2.12). The XPS P2, spectrum of this sample (Figure 6.3.5.C) showed a P2p3» peak located at
132.9 £ 0.0 eV, very close to that in nHz (P=0.07), suggesting that phosphatidylcholine could
adhere to the Hz surface when Hz is released from the parasite. These results suggest the presence
of phospholipids or phosphorylated proteins derived from parasite structures in the organic layer

of nHz, discriminating between possible P-containing contaminants in nHz.
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Figure 6.3.5. High-resolution P2, XPS spectra collected for A) Hz extracted from P. falciparum of the strain 3D7-H,
B) HA suspended in RBC membranes, C) HA mixed with PC, D) reference sample of ortho-DL-phosphoserine, E)
sodium polyphosphate, and F) calcium pyrophosphate. Experimental data is shown in red, peaks fit in gray, and the
overall fit in black.

In Plasmodium, phosphorus is also associated with the phosphorylation of some proteins [174].
We analyzed the P2p3/2 signal from ortho-DL-phosphoserine, as a compound representative of the
chemical environment of P in an organic environment. The XPS spectrum (Figure 6.3.5.D) shows
a Pyp3p2 signal at 133.2 eV + 0.1 eV, similar to that measured on nHz (P=0.08), showing that P in

nHz could also originate from phosphorylated proteins.
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Overall, the similar localization of the P2p3/2 peaks of HA suspended in phosphatidylcholine and
ortho-DL-phosphoserine suggests that the P associated to nHz might be present as an
orthophosphate group (PO4>) since this chemical environment is consistent among these samples
and their energy is very close to that measured for nHz.

Another source of P in Plasmodium is acidocalcisomes [219]. We analyzed two P compounds
formed inside acidocalcisomes: sodium polyphosphate (Na polyP), containing phosphoanhydride
bonds (POs3)s™; and Ca pyroP, bearing P.O7* ions [220]. Both high-resolution spectra of these
compounds are different from that measured on nHz: on Na polyphosphate (Figure 6.3.5.E) the
Pap32 signal is at much higher binding energy (134.3 £ 0.1 eV, P=1.2X10'?), while on Ca pyroP
we found two P2p32 peaks at 133.1 + 0.1 and 134.5 + 0.1 eV (Figure 6.3.5.F). The signal at lower
energy is identical to that in nHz (P=0.6) and calcium phosphate (CaHPO4) (Figure S.6.6.7.A);
however, the presence of an additional P2,3/2 peak clearly indicates that this compound is not the
one found in the organic coating of nHz. These results ruled out the presence of deposits from

acidocalcisomes on the organic coating of nHz.

6.4. Conclusions and Outlook

In this work, we used XPS, NEXAFS, and EDS for the first time to study the elemental
composition and speciation of the organic residues adhered to Hz collected from different models
of Plasmodium and gently washed with organic solvents. We showed that the residues are not only
constituted by C, O, and N, but they also contain a variety of inorganic elements, namely Na, Cl,
Si, Ca and P. We found these inorganic elements in crystals both extracted from Plasmodium

obtained from in vitro cultures and from macrophages derived from an in vivo model of rodents,
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suggesting that their composition remains unaltered despite the interaction with a variety of cells
or culture models. The fact that Ca was not found in some samples of nHz collected from in vitro
cultures may be an indication that something is different in the Hz synthesis in the strains of P.
falciparum used to collect the Hz. More studies should be pursued to explain this observation.

Biomolecules and inorganic elements may adhere to Hz during its biomineralization, its release
from the DV or the parasite’s egress from RBC. The observation that Ca and Si are strongly
adsorbed on Hz suggests that these elements are related to Hz crystallization, whereas the weak
adsorption of Na, Cl, and P on Hz surface may occur during the crystal’s egress from the DV or
RBC.

Even though XPS, EDS, and NEXAFS alone cannot determine the exact biomolecular
composition of Hz’s coating, our approach involving the use of controls as candidates for the
adsorbed species in conjunction with high-resolution XPS spectra analysis has provided us with
several crucial insights.

Possibly the most interesting finding from this work was the presence of two different Si species
on nHz and on Plasmodium parasites of various strains, and its similarity with the Si-species found
on Si-rich plants and possibly in mammals. To the best of our knowledge, there are no reports
about the absorption of Si by Plasmodium or any other parasites; however, this element is essential
for the development of plants and some algae with similar evolutionary lines of Plasmodium [225,
226], and is required for the normal growth and development of connective tissue and bones in
mammals [227]. Several questions arise from these observations: first, what is the pathway,
localization and function of Si in the parasite? Second, why is this element present on the surface
of Hz? Finally, is it possible that the Si is associated with Hz biomineralization or implicated in

the immune modulation of Hz in the host? Unlike Na, Cl, and P, we found Si on Hz surface even
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after washes with high pH buffers and proteases [192]; this suggests that indeed Si may adsorb on
Hz within the DV of Plasmodium. Our findings suggest that the parasites have reserves of
solubilized hydrated silica, or Si bound to cell components, and some SiO». Further work is
necessary to clarify this intriguing hypothesis and understand how/if it is related to Hz
crystallization.

Both XPS and NEXAFS showed that Ca associated with nHz is most likely derived from Ca
coordinated to carboxylate groups that may adhere to Hz during its release from the DV after
schizogony. The carboxylate groups may derive from Hz surface or from proteins that may
coordinate Ca in their structure, which is related to several vital functions for the development of
the parasite and RBC invasion and egress [173]. Such proteins could be used as a target for the
development of novel antimalarials [173].

As future work, the NEXAFS analysis could be extended to Si, Ca and P species in nHz using
reference samples that best resemble their source and biological environment within the parasite.
This analysis will help identify the inorganic species and their possible role in Hz
biomineralization and in the immune modulation related to the crystals. A similar analysis could
be also performed on Hz collected from other hematophagous parasites that produce Hz, such as
Schistosoma or the bug of the triatomine species Rhodnius prolixus. This would determine if the
inorganic species are preserved regardless of the parasite producing Hz, which in turn could

provide further insights into their physiology and mechanism of survival.

6.5. Experimental
6.5.1. Materials

Reagent grade hexane, dichloromethane (DCM), sodium chloride, calcium chloride, sodium

deoxycholate, and Igepal CA-630 were obtained from Sigma-Aldrich Canada. Sodium hydroxide
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pellets and hydrochloric acid ACS grade were purchased from Fisher Scientific. RPMI 1640 and
L-glutamine were acquired from Gibco (Life Technologies), Halt protease inhibitor (single use
cocktail, 100x) was purchased from Thermofisher Scientific. Practical grade saponin from Quillaja
Saponaria Molina and N-2-hydroxyethylpiperazine-N’-2-ethanosulfonic acid (HEPES) were
obtained from Acros Organics MS and sorbitol from Sigma life sciences. Phosphate buffer saline
(PBS) tablets were purchased from BioShop, Canada Inc. A+ blood was purchased from The
Interstate Blood Bank, INC.

Stock solutions of 25 mM HEPES, 0.05% saponin in PBS (1x) and 5% sorbitol, PBS (1x, pH
7.4), 10 mM Tris-HCI (pH 8) were prepared in advance. 10 mM CHAPS buffer was prepared by
mixing 150 mM NaCl, 1 mM CaCl; and the protease inhibitor in 50 mM Tris HCI, with the pH
adjusted to 7.4. RIPA (radioimmunoprecipitation assay) buffer was prepared using 50mM Tris
HCI (pH 7.4), 1% Igepal CA-630, 0.25% sodium deoxycholate and the protease inhibitor. The pH
of the stock solutions was adjusted with 0.1 M HCl or 0.1 M NaOH. Milli-Q water from a
Barnstead purification system (resistivity of 18.2 MQ-cm) was used to prepare all the solutions

and experiments unless specified. Protein LoBind tubes were purchased from Eppendorf.

6.5.2. Methods

6.5.2.1. In vitro cultivation of P. falciparum and Hz extraction

Plasmodium falciparum of the CQ-sensitive strain 3D7-H and CQ-resistant strain 7G8 were
cultivated in A+ human erythrocytes in a 2% hematocrit maintained in a synchronous culture with
RPMI 1640 media supplemented with 10% (v/v) human plasma, L-Glutamine and 25 mM HEPES,
as reported by Trager and Jensen’s cultivation method [168]. The parasitic blood stages were

synchronized using 5% sorbitol, and the parasites were collected at the late trophozoite stage,
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followed by washes with PBS. Then, 0.05% saponin in PBS was added to lyse the red blood cell,
followed by washes with PBS and extraction with 10 mM CHAPS or RIPA buffer. The lysates
were centrifuged at 15k rpm for 10 min, with the temperature controlled at 4°C. The supernatant

was removed, and the resulting Hz was resuspended in PBS and stored at 4°C for further treatment.

6.5.2.2. Mice infection and Hz extraction

Parasites and Animals

P. chabaudi AS was maintained in mice, by weekly passage, as described in the literature [136].
Female C57BL/6 (B6) mice 8-12 weeks old, purchased from Charles River Laboratories, were
infected intraperitoneally with 1x10° parasitized RBCs (PRBCs). Infected B6 mice were sacrificed
and spleens were harvested during peak parasitemia of >35% PRBC. Mice were maintained and
handled according to the guidelines of the Canadian Council on Animal Care and the McGill
University Animal Care Committee (ACC). All procedures performed on experimental mice were

approved by the McGill University ACC (Protocol #2015-3750).

Preparation of splenic macrophages

Spleens from infected mice were perfused with complete RPMI 1640 medium (Life Technologies,
Burlington, ON, Canada) supplemented with 10% heat-inactivated fetal calf serum (FCS), 25 mM
HEPES (Life Technologies), 0.12% gentamicin (Life Technologies), and 2 mM glutamine (Life
Technologies) and spleen tissues were pressed through a sterile steel mesh. Spleen cells were
centrifuged, re-suspended in 0.175 M NH4Cl to lyse red blood cells (Sigma-Aldrich), washed,
counted and re-suspended in complete RPMI 1640 medium to 5x10° cells/ml and cultured in T-75

tissue culture flasks for macrophage adherence at 37°C for 4 hrs with 5% COz. Non-adherent cells
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were removed by washing the adherent cell layer with PBS. Adherent macrophages were lysed

with 0.1% saponin, centrifuged, and the pellet collected.

Preparation of Hz from P. chabaudi AS infected splenic macrophages

Macrophage pellets obtained from steps described above washed in PBS and treated with 2%
sodium dodecyl sulfate (SDS) in endotoxin-free PBS followed by sonication for 20 seconds. After
centrifugation, the pellet was resuspended in proteinase K (2 mg/mL) and incubated overnight at
37°C. The digested product was washed 3 times with 2% SDS, resuspended in 6 M urea, and
incubated on a shaker for 3 hours at room temperature. After 3 washes in 2% SDS and a PBS wash,
the pellet was treated with DNase I (50 U/mL) for 1 hour at 37°C followed by heating to 95°C for
10 minutes to inactivate DNase 1. Finally, Hz crystals were washed 2x with PBS and centrifuged

at 15k rpm for 10 min. Hz was resuspended in PBS and stored at 4°C until further treatment.

6.5.2.3. Treatment of crude extracts of Hz with organic solvents

Crude pellets of Hz obtained from both P. falciparum and P. chabaudi AS were subjected to
alternative washes with hexane and DCM. Briefly, Hz pellet was centrifuged at 9k rpm for 3 min
and supernatants removed. Then, 1 mL of hexane was added to the mixture and sonicated for 30
seconds and centrifuged again at 9k rpm for 3 min. This procedure was repeated using
dichloromethane, followed by centrifugation at 9k rpm for 5 min and the supernatant removed.
Finally, Hz was treated again with hexane, centrifuged at 9k rpm, supernatant removed and dried
at room temperature overnight and kept under vacuum until its analysis. The resulting material is

referred to as native Hz (nHz).
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6.5.2.4. Characterization techniques

The atomic composition of nHz and the control samples were studied by X-ray photoelectron
spectrometry (XPS) using a Thermo Scientific Ka spectrometer, equipped with a monochromated
Al cathode with an incident Ko X-ray source (1486.6 eV, 0.843 nm), and an ultrahigh vacuum
chamber (10 Torr). A flood gun of low energy electrons was used to prevent surface charging
during the measurement. The analyses were carried out with a pass energy of 1 eV for all survey
scans, and 0.1 eV for elemental high-resolution scans. Six points were randomly selected along
each sample and at least three samples were analyzed. Quantitative analysis of the survey spectra
and high-resolution spectra were fitted using Avantage Software version 5.956, using Gaussian-
Voigt curve functions, and background removal through the Smart method. High-resolution
spectral energies were normalized by fixing the position of the C-C/C=C component of C1s at 284.5

eV.

The surface morphology and the elemental distribution of nHz samples were characterized by
combining scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDS). The samples were mounted on an aluminum sample holder with carbon tape, followed by
8.5 nm of carbon coating (carbon sputter coater, EMS150R ES, Electron Microscopy Sciences
(EMS)). The images were obtained using an Inspect-50 field emission scanning electron
microscope (SEM) (FEIL Japan), operated in low vacuum mode, at 5 kV operating voltage. EDS
spectra and elemental maps were acquired in the regions of interest using an EDX spectrometer

(EDX, Thermo Scientific, USA).
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6.5.2.5. Statistical analysis

Three independent experiments were performed for each Hz sample and at least two different spots
were randomly selected and characterized along the same sample. All the data are expressed as
mean =+ standard deviation (SD). Means that are statistically different are indicated with a subscript
asterisk (*). Microsoft Excel 2016 was used to perform statistical analysis. The unpaired 7-test was
performed to assess the statistic difference, where P < 0.01 was considered to be a significant

difference.

6.6. Supporting Information

6.6.1. Materials

The following materials were obtained from Sigma-Aldrich Canada, ACS grade: hexane,
dichloromethane (DCM), hematin, sodium bicarbonate, silicic acid, poly(dimethyl siloxane) -OH
terminated (PDMS, average Mn~550, viscosity ~25 cst), ortho-DL-phosphoserine, calcium
pyrophosphate, sodium polyphosphate, calcium phosphate (CaHPOs), B-tricalcium phosphate (B-
TCP), cholesterol (sheep wool-derived). Sodium hydroxide, propionic acid and monosodium
phosphate (NaH2POgs), anhydrous ethanol ACS grade were purchased from Fisher Scientific.
Phosphate buffer saline (PBS) (1x) tablets and sodium dodecyl sulfate (SDS) were purchased from

BioShop, Canada Inc.

Stock solutions of PBS (1x) pH 7.4, 0.01 M sodium bicarbonate, 0.1 M NaOH and 5 mM
NaH;PO4 pH 8, were prepared and used freshly. The pH of the stock solutions was adjusted with

a solution of 0.1 M HCI or 0.1 M NaOH. Milli-Q water from a Barnstead purification system

124



(resistivity of 18.2 MQ-cm) was used to prepare all the stock solutions and experiments, unless

specified. Protein LoBind tubes were purchased from Eppendorf.

6.6.2. Methods

6.6.2.1. Preparation of Plasmodium falciparum parasites for XPS analysis

Around 100 pL of a suspension of dead parasites of Plasmodium falciparum of the strain 3D7-H
(see Methods Section 6.5.2.1 of the main manuscript) were centrifuged at 9k rpm for 3 min and
the supernatant was removed. Then, hexane was added and the pellet was mixed by inverting
upside down, followed by centrifugation at 9k rpm for 1 min and supernatant discarded.
Dichloromethane was added, the pellet was mixed and centrifuged again at 9k rpm for 1 min, with
supernatant removal. This procedure was repeated by adding a final wash with hexane, with
centrifugation for 1 min at 9k rpm and supernatant removal. The resulting material was dried at

room temperature to evaporate the residual solvents and was kept in vacuum until analysis.

6.6.2.2. Preparation of blood serum

Whole blood of type A+ was left undisturbed at room temperature for around 20 min to allow the
clot to form. The clot was removed by centrifugation at 2 xg for 10 min, with the temperature kept
at 4°C. The resulting supernatant is serum; it was carefully removed and transferred into a

propylene tube using a Pasteur pipette. The serum was kept at 4°C and used right away.
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6.6.2.3. Preparation of red blood cell (RBC) membranes

RBC membranes were obtained by following what Steck et al. reported [189], with minor
modifications. First, to obtain packed RBCs, whole blood was centrifuged at 5,000 xg for 7 min to
remove cells, followed by centrifugation at 12,500 xg for 5 min to remove acellular constituents.
Then, 1 mL of the resulting packed RBCs were suspended in 6 mL of PBS (1x, pH 7.4) and mixed
carefully by trituration. The mixture was spun down at 1000 xg for 10 min, and the supernatant
was removed. The packed RBCs were resuspended in 35 mL of 5 mM NaH>POs4 (pH 8.0), and left
in a bath ice for about 30 min. Then, the suspension was centrifuged at 12,000 xg for 10 min and
the supernatant was discarded. The pellet obtained from this step was resuspended in 5 mM
NaH;PO4 (pH 8.0) in a bath ice until the color of the pellet changed to translucent, i.e. hemoglobin
was removed. Finally, the volume of the RBC membranes was adjusted with 5 mM NaH>PO4 (pH

8.0), the solution was kept at 4°C and used freshly.

6.6.2.4. Synthesis of hematin anhydride (HA)

HA was synthesized according to the method reported by Slater et al. [32], with minor
modifications. 0.6 mmol of hematin were dissolved in 80 mL of 0.1 M NaOH for 30 min under
stirring, with the temperature set at 70°C. Then, 49 mmol of propionic acid were added drop-wise
to precipitate the crystals. Once all the acid was added and well mixed, the stirring was stopped,
and the reaction proceeded overnight covered from light. After the reaction was complete, the flask
was cooled down to room temperature, the suspension was decanted and washed twice with
distilled water and centrifuged at 9k rpm for 30 min in between. Unreacted and poorly aggregated
heme was removed by rinses with 0.01 M sodium bicarbonate and left in an orbital shaker for 3 h

followed by centrifugation at 9k rpm for 30 min and the supernatant decanted; this step was
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repeated twice. The resulting crystals were washed four times with distilled water with
centrifugation in between at 9k rpm for 30 min. The sample was dried at room temperature and

kept in vacuum.

6.6.2.5. Suspension of HA in compounds used as control
HA was suspended in several solutions used as control, and treated with the procedure used to
obtain nHz, unless specified. The resulting crystals were dried at room temperature to evaporate

residual solvents and left under vacuum until characterization.

6.6.2.6. Suspension of HA in blood serum, RBC membranes, and lysis buffer

3 mg of HA were added separately to 1 mL of blood serum, RBC membranes and the lysis buffer
(CHAPS), and vortexed. The samples were incubated for 24 h at 37°C, followed by centrifugation
at 9k rpm for 5 min and the supernatant removed. Then, the samples were rinsed with hexane and

dichloromethane, dried at room temperature overnight and transferred to vacuum.

6.6.2.7. Suspension of HA in silicic acid

3 mg of HA were added to 10 mg/mL of silicic acid (pH 4) and mixed with sonication. The
suspension was left for 24 h at 37°C, followed by centrifugation at 9k rpm for 5 min and
supernatant discarded. Then, the resulting material was washed with alternate washes of hexane

and dichloromethane.
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6.6.2.8. Suspension of HA in poly(dimethylsiloxane) (PDMS)

1 mL of PDMS was dissolved in 3 mL of anhydrous ethanol, and 5 mg of HA were added and
mixed in an ultrasonic bath. The suspension was left undisturbed for 6 h, followed by alternate
rinses with hexane and dichloromethane, and drying at room temperature. Finally, the resulting

sample was stored under vacuum.

6.6.2.9. Suspension of HA in calcium acetate
3 mg of HA were added to 1.5 mL of 0.15 M calcium acetate and mixed in an ultrasonic bath. The
mixture was incubated at 37°C for 24 h, followed by centrifugation at 9k rpm for 5 min, with

supernatant removal.

6.6.2.10. Suspension of HA in calcium pyrophosphate (Ca pyroP)

3 mg of HA and 2 mg of Ca pyroP were mixed in 1.5 mL of anhydrous ethanol with the aid of an
ultrasonic bath. The samples were then kept under rotational stirring (Rotamix, ATR Biotech Inc,
model RKDYNAL) for 6 h to ensure the thorough mixing between HA crystals and the insoluble
Ca pyroP salt. Then, the sample was centrifuged at 9k rpm for 2 min, and the supernatant was
decanted. Then, more ethanol was added, and the suspension was vortexed and centrifuged again.
The supernatant was removed, and the sample was dried at room temperature and kept under

vacuum.
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6.6.2.11. Suspension of HA and Ca pyroP in cholesterol

A solution of 1 mg/mL of cholesterol was prepared in anhydrous ethanol. Then, 3 mg of HA and
2 mg of Ca pyroP were suspended in 1.5 mL the cholesterol solution, and mixed in an ultrasonic
bath. The samples were kept in a rotational stirrer for 6 h, followed by centrifugation at 9k rpm for
2 min and supernatant decanting. More ethanol was added, and the suspension was vortexed and
centrifuged again. Finally, the sample was dried at room temperature to evaporate residual ethanol

and was transferred to vacuum until its analysis.

6.6.2.12. Suspension of HA in phosphatidylcholine

10 mg of PC were mixed with 5 mL of chloroform with vigorous vortexing. Then 4 mg of HA
were suspended in 2 mL of the phosphatidylcholine solution in an ultrasonic bath. The suspension
was left for 18 h covered from light, followed by alternate rinses with hexane and dichloromethane,
with centrifugation in between for 2 min at 9k rpm and supernatant removal. The sample was dried

at room temperature and kept in vacuum.

6.6.2.13. Preparation of reference samples

6.6.2.14. Washes of Hz with water for SEM/EDS analysis

Around 100 pL of freshly extracted Hz kept in PBS were centrifuged at 9k rpm for 5 min, and the
supernatant discarded. Then, 1 mL of milli-Q water was added, and the mixture was vortexed,
followed by centrifugation at 9k rpm for 5 min and supernatant discarded. The sample was dried

at room temperature overnight and kept under vacuum.
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6.6.2.15. Preparation of ortho-DL-phosphoserine, CaHPQ4, sodium polyphosphate and
calcium pyrophosphate
All the materials were used as received from the supplier, dried under vacuum for several days and

analyzed before the analysis.

6.6.2.16. Preparation of cucumber skin and horsetail for XPS analysis

Thin portions of the epidermis of cucumber fruit of the English variety (Cucumis sativus) were
excised (around 1 cm?) with a razor blade and placed on a glass petri dish. Similarly, horsetail
(Equisetum hyemale) branches were cut in around 2 cm length pieces and the sheaths removed; a
longitudinal cut was made to expose the inner layer of the branch to allow a uniform drying. All
the samples were rinsed with 70% ethanol, followed by air drying at room temperature for 2 h,
covered with aluminum foil to avoid possible contamination. Then, the samples were dried at 55°C
overnight until they became brittle. The samples were transferred to vacuum after cooling down.
The XPS was performed on the external area of both the horsetail and the cucumber skin since

most of the silica content is found on the outer surface of the skin [225].

6.6.3. Characterization techniques

6.6.3.1. Ca K-edge Near Edge X-ray Absorption Fine Structure (Ca K-edge NEXAFS)
spectroscopy and linear combination fitting

Ca K-edge NEXAFS spectra from nHz and reference samples were collected at the bulk XAFS
end-station of the Soft X-ray Microcharacterization beamline (SXRMB) at the Canadian Light
Source (CLS), Saskatoon, Saskatchewan. Powder samples of nHz obtained from P. falciparum

strain 3D7-H, dead parasites of P. falciparum strain 3D7-H and calcium acetate (Ca(CH3COO)»).
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Two samples of nHz and P. falciparum parasites were analyzed. The spectra were acquired in
fluorescence mode, with energies between 1.7 and 10 keV and a photon beam spot of 2 mm x 6
mm. Athena software (Demeter 0.9.20) was used to calibrate, align and normalized the data. Linear
combination fitting (LFC) was carried out on the NEXAFS data using all the possible
combinations of the reference samples. The quality of the fitting was assessed by the R-factor
value (values below 0.02 are indicative of satisfactory fitting analysis); therefore, only the spectra

with LCF with the lowest R factor were reported. LCF was carried out using Athena software.

6.6.3.2. X-ray diffraction (XRD) and Fourier Transform — Infrared (FT-IR) spectroscopy

The crystallinity of synthesized HA was evaluated with XRD. The sample was slightly ground and
transferred to a metallic holder. The diffraction patterns (Figure S.6.6.8) were acquired using a
Phillips W1700 diffractometer, equipped with a Cu Ka radiation source (Ko A=1.54 A) and a

curved graphite monochromator set at 40 kV and 40 mA within the 5° to 27° range in 20.

To ensure the chemical composition of synthesized HA, FT-IR spectroscopy was employed.
FT-IR spectrum was collected for HA (Figure S.6.6.8.B) on a Bruker Tensor 27 spectrometer
equipped with a diffuse reflectance (DRIFT) accessory and a DTGS detector. The spectrum was
acquired from 400 to 2000 cm™!, in transmittance mode, using 56 scans and a resolution of 4 cm’!.

The data collected was analyzed in OPUS software version 7.0.0, (Bruker, Karlsruhe, Germany).
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Figure S.6.6.1. XPS surveys measured on dead parasites of P. falciparum strain 3D7-H washed with hexane and
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Figure S.6.6.2. XPS high-resolution Siz, spectra collected on nHz isolated from A) P. falciparum strain 7G8 (CQ-

resistant), and B) P. chabaudi AS (CQ-sensitive). Experimental data is presented in green, peak fitting in gray, and
the overall fit in black.
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Figure S.6.6.3. Elemental composition obtained from XPS surveys collected from control samples consisting of HA

suspended in blood serum (purple), red blood cell ghosts (RBCg, green) and the buffer used to extract Hz (CHAPS,
orange).
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Figure S.6.6.4. XPS high-resolution Cay, spectra acquired on A) a reference sample of CaHPO4 and B) nHz isolated
from macrophages derived from P. chabaudi AS infected mice. Experimental data is presented in blue, peak fitting in
gray, and the overall fit in black.
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Figure S.6.6.5. XPS survey collected for HA suspended in a solution of Ca pyroP. The data show the signals of Cjs,
Ois, N1s, and Fey,, characteristic of HA. The lack of a P, signal at 133 eV and Cay, at 348 eV indicates that Ca pyroP

did not adsorb on HA crystals due to the absence of an adherent intermediate, e.g. lipids or proteins.
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Figure S.6.6.6. Representative Ca K-edge NEXAFS reference spectra of nHz collected from P. falciparum strain
3D7-H, dead parasites P. falciparum strain 3D7-H and calcium acetate (Ca(CH3COO),,
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Figure S.6.6.7. XPS high resolution of Py, collected for A) a reference sample of CaHPOs, B) nHz isolated from P.

falciparum strain 7G8 (CQ-resistant) and C) P. chabaudi AS (CQ-sensitive). Experimental data is presented in red,
peak fitting in gray, and the overall fit in black.
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Figure S.6.6.8. A) XRD spectrum obtained for HA synthesized by slow acidification with propionic acid and used
for all the control samples carried out in this work. The characteristic diffraction patterns of HA at 7.5°, 21°, and 24°
are marked with an asterisk (*) [14]. B) The FT-IR spectrum of HA shows the peaks of at 1664 and 1209 cm™,
representative of the coordination between the iron in heme and a propionate group. Whereas the peak located at 1712
cm! is characteristic of the hydrogen-bonded carboxylate group that links the heme dimers to extend the crystalline
array [32, 190], these peaks are indicated with a diamond symbol ( ¢).
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Table S.6.1. Percentages of Ca(CH3COO),, CHA and DCPD obtained from Hz cultured from P. falciparum of the
strains 3D7-H, determined by LCF using NEXAFS spectra of reference samples, and R-factors of the LCF.

LCEF results (%)

% Calcium

Samples % CHA % DCPD R-factor
acetate
Pf 3D7-1 24+ 4 40+ 6 36£2 0.00942
Pf 3D7-2 21+5 39+7 4+3 0.011549
Hz 3D7-1 89 +3 14+3 0 0.01394
Hz 3D7-2 93 +4 12+3 0 0.01643
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Chapter 7. Original contributions

The main motivation of this doctoral project was to study the physicochemical properties of the

surface of Hz and its isostructural synthetic phase, HA. This work produced original contributions

presented to the scientific community for the first time, as highlighted below.

We studied the surface properties of HA produced by two of the most widely used methods
of synthesis, which are known to produce materials with remarkable differences in
crystallinity, crystal size, and morphology. We correlated these features with the
differences observed between the products of each synthesis in terms of specific surface
area and porosity of the crystals, surface atomic chemistry and elemental composition.
Additionally, we detected water despite extensive drying prior to the analysis. This new
knowledge is relevant to understand the conflicting reports on how Hz and HA trigger the
host’s immune response, especially when different preparations of HA are used as
representative models of Hz.

We confirmed the presence of carboxylate groups on HA surface through a chemical
labeling using fluorine. The information obtained from these studies can help determine
adsorption sites on Hz during its biomineralization or in the presence of some antimalarials
that inhibit its formation, such as quinolines and artemisinins. We reported that the amounts
of active carboxylate groups on the crystals surface also vary according to the method of
synthesis, which also clarifies the different immune responses observed when using HA
for these tests, as mentioned earlier.

We investigated the surface of Hz obtained from in vitro cultures of Plasmodium
falciparum, the most lethal malaria species in humans. We studied the influence of the

washing protocol on the surface of the crystals and found that the composition and amount
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of the organic contaminants vary according to the cleaning protocol, which in fact
introduces partial contamination. When the cleaning steps were shortened, the organic
material adhered on Hz surface presented unexpected inorganic species, not previously
reported. We also found that the residual biomolecules could be associated with protein
fragments prevailing on Hz surface regardless of the washing protocol. We proposed that
these biomolecules could derive from an organic matrix incorporated within the crystalline
structure of Hz, which would act as nucleation sites to enhance Hz formation. This study
proposes a mechanism of Hz biomineralization previously not investigated that could
account for the several differences between Hz collected from parasites and Hz prepared
in the lab as HA.

We investigated the role of carboxylate groups on HA interactions and we established that
they are the main sites of surface adsorption. This is of crucial importance to understand
the mechanism of action of the most important antimalarials and to design new ones. This
finding also helps to understand Hz biomineralization since carboxylate groups may
mediate the adhesion of lipids and proteins that may promote crystal growth.

We reported for the first time the presence of silicon, calcium, and phosphorus present in
the organic residuals associated with Hz obtained from in vivo and in vitro models. We
showed that the inorganic species are endogenous of the parasites and not a result of
external contamination. Their presence on Hz collected from both in vitro and in vivo
models prove that the composition of the components adsorbed on Hz is similar regardless
of the model used to obtain the crystals.

We proposed that silicon is present in two possible chemical states: as silicon complexed

with cell components, in addition to SiO2. We hypothesized that this inorganic element is
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strongly adsorbed on Hz and the function of Si in the parasite could be related to a
mechanism of defense or survival, as observed in plants and some algae.

We proposed that calcium is present as calcium coordinated to carboxylate groups, such as
in Ca*"-dependent proteins, these proteins are involved in vital functions of the parasite,
thus, they are a potential target for the development of novel antimalarials and possible
participators in the pathogenesis of malaria. We propose that phosphorus is in the form of
orthophosphate ions, possibly originating from phosphorylated proteins or phospholipids
that could interact with Hz during its biomineralization or egress from the DV of
Plasmodium or the RBC.

Finally, we proposed XPS and MALDI-ToF as standard characterization tools to assess the
surface of HA or Hz before using the crystals in immune modulation tests. In addition,
these techniques demonstrate a potential use to obtain molecular information of HA or Hz

surface after antimalarials screening during the formation of the crystal.
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Chapter 8. Conclusions and future perspectives

The results and methods developed in this work can serve as a guideline for future investigations

related to Hz. For this reason, foreseeable challenges and future directions to further expand this

research are explained below.

(@)

(i)

In Chapter 4 we used XPS and N, adsorption at 77 K as surface-sensitive techniques
to study HA prepared by two different synthesis methods to gain insight on the crystal
surface area, atomic environment and to identify surface carboxylate groups. The
surface characterization of HA could be extended using inverse gas chromatography
(IGC). This technique can provide information on the enthalpy and entropy of sorption,
surface energy, work of co-adhesion, specific surface area, among others [228]. This
information will help to predict the mechanism of molecular attachment, in relation to
antimalarials or surface contaminants. A possible challenge related to this technique

could be producing enough quantities of HA to perform the analysis.

In Chapter 5, we masked the -COOH groups on HA surface to evaluate the crystal’s
ability to interact with some biomolecules. We found that carboxylate groups are
essential for some crystal-molecule interactions. This approach can be extended to
understand the interaction of HA surface with quinolines and artemisinins in two
possible ways: with fluorinated HA crystals fully formed and with fluorinated heme or
hematin; while the products from these assays can be characterized using XPS,
MALDI-ToF, SEM, and AFM. This study has not been previously carried out and will
help identify drug binding sites on Hz and HA. A milestone associated with this

investigation is to avoid oxidation of heme to hematin when testing artemisinins.
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(iii)

(iv)

In Chapter 5, we stated that the use of an alkaline buffer could substitute the use of
DNase and RNase in the extensive washing of Hz. This step certainly causes a decrease
in Hz yield due to the dissolution of the outermost layers of the crystals by the action
of the harsh buffer. Thus, this method could be used several times with centrifugation
in between, keeping the supernatant for further characterization. In this way, the
outermost layers of Hz will be dissolved, and its inner constituents and free heme will
remain in solution. These analytes can be studied to determine the presence of
components within the crystal configuration of Hz in terms of composition and amount
in relation to heme concentration. One limitation of this process could be the possible
denaturation of proteins or other constituents in the presence of the alkaline solution.
In addition, it can be expected to obtain insufficient amounts of material if the sample

of Hz processed is not large enough.

In Chapter 6, we reported the presence of inorganic species associated with Hz.
Although the analysis of the chemical environment of these compounds provides
important clues about their possible structure and source, further work is necessary to
determine the exact composition of these molecules. We propose the use of NEXAFS
since this technique requires small amounts of samples and provides crucial
information to identify the compounds of interest. This knowledge is critical to clarify
the function, biochemical pathway and the possible role of these species in the role of

Hz as immune modulator. Other techniques that can provide separation and
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V)

identification of these compounds include gas chromatography-mass spectrometry

(GC-MS) and high-performance liquid chromatography (HPLC).

We have not explored the surface properties of Hz isolated from other parasites. While
the diffraction patterns of Hz obtained from Schistosoma or the bug Rhodnius prolixus
show identical patterns to Hz from Plasmodium, their arrangement and morphology
differ, as demonstrated in a previous work [29]. Therefore, further characterization of
the surface of these crystals can be done following the methods reported in this work
to determine possible similarities or discrepancies between Hz from Plasmodium and
Schistosoma, for example. These differences or similarities could provide clues on the

process of Hz crystallization or parasite’s physiology and survival.
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