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A B S T R A C T

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 constituted by
parasite and host components. This organic coating may play a role in Hz formation and in the im-
munomodulatory properties attributed to Hz, and they may influence the mode of action of antimalarials that
block Hz formation. In this work, we analyze the organic layer adhered to Hz, and find Na, Cl, 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 di-
gestive vacuole of the parasite. Overall, we show that inorganic elements associated with Hz surface provide
insights into the biological functions of Plasmodium parasites.

1. 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 [1]. During the asexual stage of Plasmodium, the
parasite feeds on hemoglobin, releasing heme inside its digestive va-
cuole (DV). Free heme can inhibit multiple enzymes, disrupt cell
membranes and produce cell lysis [2]. Therefore, to avoid its deleter-
ious effects, the parasite sequesters heme to form an insoluble crystal
called hemozoin (Hz), also known as the malaria pigment [1].

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 [3]. Although the
structure and biochemistry of Hz are mostly understood, its biominer-
alization process is not completely elucidated at the molecular level,
especially the role of different biomolecules in promoting crystal nu-
cleation and growth [4].

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 [5]. However, the exact mechanism of action of these
drugs is still under debate [6], and the widespread resistance to this
class of antimalarials threatens their efficacy [7]. Hz birefringence and
optical dichroism [8] are exploited in malaria diagnosis in vivo [9];
while its paramagnetic properties serve as a biomarker for malaria di-
agnosis in blood smears [8]. This property is also extensively used for
the separation of infected RBC (red blood cells) from healthy ones in
vitro [10] and further crystal purification using magnetic separators
[11]. In addition, Hz modulates the immune response during malarial
infection [6].

The biological activity of Hz and its role in the host immune re-
sponse is a controversial topic. It is usually tested using Hz synthetic
counterpart, hematin anhydride (HA) (also known as β-hematin), or
different Hz preparations obtained from in vitro or in vivo models [12].
However, 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
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dendritic cells [14]. Contrary to these observations, another study
showed that purified Hz enhanced dendritic cell maturation [15]. Hz
also contributes to malarial anemia by suppressing red blood cells
(RBC) proliferation in vivo [16], but HA shows lower activity compared
to Hz [16a]. Also, it was observed that Hz remains unaltered inside
macrophages for extended periods, whereas HA is vulnerable to de-
gradation by phagocytosis of macrophages [13].

The differences in biological activity between HA and Hz may be
associated with differences in crystal size and morphology [16a]. Ad-
ditionally, several studies indicate that during the isolation of Hz, the
crystals interact with lysed parasitic cells and erythrocytes, whose
constituents [17] may ultimately adsorb onto Hz [6], forming a coating
that is often considered “contamination” [1]. Some groups have also
proposed that this coating is implicated in the immune response asso-
ciated with Hz [13]; thus, it is not clear whether the im-
munomodulatory properties of Hz are caused by the crystals or the
material adsorbed onto their surface [6]. 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 [6,13,18].

Previous attempts to elucidate the composition of the organic
coating adhered onto Hz revealed that it is mainly constituted by pro-
teins, carbohydrates, amino acids, traces of lipids and nucleic acids
[17,19]. The amounts of these constituents differ depending on the
technique used to purify the crystals since some material is lost or de-
graded during Hz isolation and treatment [17]. These compounds may
be related to components inside the DV of the parasite or the host RBC
[6].

Also, the composition of the organic material on Hz surface ex-
tracted 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 [6]. Ingestion of Hz by many gen-
erations of phagocytes causes the adsorption of a variety of biomole-
cules 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 [6].

Finally, while most works debate over the type of biomolecules
present in the coatings (lipids, proteins, carbohydrates, etc.), our pre-
vious study identified Si and Ca in the coating of Hz derived from in
vitro cultures of P. falciparum, [18] and another work mentioned the
presence of Ca derived from Ca2+-dependent protein kinase 1 (CDPK1)
in DV membranes and the organic material adsorbed on Hz [20].
Nothing is known about the role of these inorganic ions in Hz biomi-
neralization; and their presence could also influence the mode of action
of some antimalarials. Also, additional inorganic species could be ad-
sorbed 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 ad-
sorbed 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 composi-
tion 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 ab-
sorption fine structure (NEXAFS) and scanning electron microscope
(SEM)/energy-dispersive X-ray spectroscopy (EDS). We find that sev-
eral inorganic ions are consistently present on the surface of all Hz

Fig. 1. A) XPS survey collected for nHz samples
obtained from CQS P. chabaudi AS infected-mac-
rophages (blue) and P. falciparum of the strains
3D7-H (CQS, green) and 7G8 (CQR, red). Data
represent mean ± SD of 3 independent samples
and three different spots analyzed along the same
sample. One-way ANOVA test was used for sta-
tistical analysis, followed by Bonferroni's test
correction to evaluate the statistical difference of
multiple samples, where P < 0.01 was con-
sidered a significant difference All data are ex-
pressed as mean ± standard deviation (SD).
*Significant differences between atomic percen-
tage, with *P < 0.01, **P < 0.001,
***P < 1×10−5and ****P < 1×10−6. 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
[18]. Data represent mean ± SD of three in-
dependent experiments. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this ar-
ticle.)
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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.

2. Results and discussion

We extracted Hz from chloroquine-sensitive (CQS) P. chabaudi AS
infected macrophages (Mφ), and P. falciparum in vitro cultures of the
strains 3D7-H (also CQS) and 7G8 (chloroquine-resistant (CQR)). The
materials were washed mildly with organic solvents (Method 3) to re-
move the parasitic cell debris and host components weakly adhered to
the crystals surface, while preserving the components strongly ad-
sorbed. These samples are referred as native hemozoin (nHz) in this
work. We used XPS to study the composition of the organic layer ad-
sorbed on the crystals. The overall quantification of the major compo-
nents on nHz, such as proteins, lipids, and carbohydrates, can be am-
biguous since their quantities may differ among models used to collect
nHz (in vitro and in vivo); this may explain the differences in C, N and O
observed among samples (Fig. 1A). The variation in washing proce-
dures also account for such differences, as we previously showed using
hematin anhydride as a model [18]. For this reason, in this study we
focused on identifying the elements present on nHz and their chemical
speciation. The XPS analysis of these samples (Fig. 1A) 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 (Fig. 1B), which showed Hz crystals coated by a thin shroud of
organic matter, in contrast to Hz treated with enzymes and detergents
after isolation (Fig. 1C). This result implies that the signals of C, O, and
N arise from organic contamination involving not only proteins but also
cell debris constituted by traces of C and O-rich lipids and carbohy-
drates, rather than the porphyrin ring of Hz [17]. This is also confirmed
by the finding of the unexpected inorganic elements Na, Cl, P and Si in
all the samples, and additionally Ca in Hz collected from P. chabaudi-
infected murine macrophages and Pf 3D7-H strain.

The fact that the inorganic species are present on the surface of all
nHz samples regardless of the source suggests that these elements are
introduced during Hz biomineralization, or its egress during schizogony
or from the RBC. Calcium was not found on the surface of 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 Zn on the
surface of all the samples of nHz indicates that nucleic acids are not
present in significant amounts [18] as these ions are typically arranged
within the structure of DNA and RNA [21].

We previously reported the presence of Si and Ca on the surface of
Hz samples washed with solvents, proteinase K in an alkaline buffer,
and detergents [18]; however, we did not detect any Na, Ca, or P on
these samples. This shows that Si and Ca adsorb strongly on Hz, while P,
Na, and Cl are just weakly adsorbed on the outer layer of the crystal,
along with organic material. Therefore, Si and Ca may be introduced in
the DV of the parasite, while Na, Cl, and P may adsorb during the re-
lease of Hz from the DV and RBC. In the same study, we extended the
cleaning procedure of Hz using alkaline buffers to dissolve the outer-
most layers of the crystals; however, we did not detect inorganic ele-
ments after this procedure. This showed that the inorganic elements are
present on the surface of Hz, and not within the crystalline structure.

To study the spatial distribution of the inorganic elements asso-
ciated with nHz, we collected EDS maps of samples of nHz produced
from in vitro cultures of P. falciparum strain 3D7-H. These samples were
rinsed with water to remove any excess ions present in the extraction
buffers (Methods S6.1). Fig. 2A 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 (Fig. 2B) because it is a less surface sensitive
technique than XPS, sampling approximately 0.2–1 μm [22] rather than
the 3–10 nm analyzed by XPS [23].

The EDS maps showed a close correlation between the location of C
and Ca (Fig. 2C 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 Cl 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 S1). XPS analysis showed Na, Cl, Si and P
(Fig. S1), indicating that these elements indeed may originate from the
parasites themselves. Na+ and Cl− are ions commonly found within the
parasite, erythrocytes and the buffers used to extract Hz [24]; therefore,
it is not surprising to find these elements associated with nHz and the
parasites, probably as undissolved NaCl salts left after the rinses with
organic solvents. However, XPS did not detect any significant amount of
Ca on Plasmodium parasites, possibly because this element is found
mostly within parasitic organelles, which are beyond the sampling limit
of surface-sensitive XPS [18].

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.

2.1. Atomic environment of silicon

The XPS Si2p spectra of nHz obtained from P. falciparum 3D7-H
cultured in vitro showed two peaks located at 102.0 ± 0.1 and
103.0 ± 0.1 eV (Fig. 3A). The peak located at 103.0 eV has been re-
lated to Si in SiO2 [25] or Si in carbon-silica composites [26]; while the
peak at 102.0 eV has been assigned to Si in a more reduced state. These
same results were obtained for nHz collected from different species of
Plasmodium in an in vitro and an in vivo model (Fig. S2). The signal at
102 eV is also close to Si in vacuum grease used to seal the vacuum
system in XPS; however, this sort of contamination would be con-
sistently present in all the samples of nHz and in the controls involving
HA. Also, the additional signal at around 103 eV in the Si2p spectra of
all nHz and Plasmodium parasites would not be present in a Si2p peak
originating from vacuum grease.

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 S5.1). The XPS survey spectra did not show any Si on these
samples (Fig. S3), suggesting that the Si on nHz is most likely parasite-
derived. To confirm this hypothesis, we analyzed Plasmodium parasites
(Methods S1). The Si2p spectra of this sample (Fig. 3B) showed two
signals located at 101.9 ± 0.2 and 103.1 ± 0.2 eV, identical to the
peaks found in nHz (P=0.17 and P=0.27, respectively).

To understand the origin of the two observed Si species on nHz and
Plasmodium, we suspended HA crystals in different solutions containing
Si compounds and studied the chemical environment of the Si2p signal
coming from the crystal surface afterward. First, we suspended HA in a
solution of silicic acid (Methods S5.2), also known as hydrated silica (Si
(OH)4); this compound is slightly soluble in water and is naturally ad-
sorbed by vascular plants [27]. The Si2p spectrum on this sample
(Fig. 3C) showed a peak centered at higher energy (104.2 ± 0.0 eV,
P=5.2× 10−11) that the peaks found on nHz (Fig. 3A), 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 Si2p analysis of this sample (Fig. 3D) revealed two
peaks located at 101.9 ± 0.1 and 103.2 ± 0.3 eV at positions very
close to those found on nHz (P=0.25 and P=0.34). We analyzed also

E.D. Guerra, et al. Journal of Inorganic Biochemistry 200 (2019) 110808

3



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 nHz) (Fig. 3E). The XPS Si2p signals of both
plants are very close to those found on nHz surface, 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

4− anions in the form of oli-
gomerized hydrated silica in studies of silicon-substituted apatites [28].

The peak at approximately 102 eV could also correspond to silicon
oxycarbide compounds in the form of SiO3C and SiO2C2 [29]. To ex-
plore this option, we suspended HA in a solution of poly(dimethylsi-
lane) (PDMS) (Methods S5.3), a polymer containing a silicon oxycar-
bide (SiO2C2) bond in its structure. The XPS Si2p spectrum of this
sample revealed a single peak centered at 102.0 ± 0.0 eV (Fig. 3F).

This analysis highlights the unusual biochemistry of the Si species as-
sociated 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 [30]. Hence, Si is
required for the growth and development of many plants species [30a].

In diatoms, the metabolism of silicic acid is also vital for structural
growth; they incorporate Si into the cell wall to form a structure called
frustule [31]. Diatoms possess intracellular pools of soluble silicon at
supersaturated concentrations, ranging from 19 to 340mM, depending
on the diatom species and the water content within the cell [31]. This
silicon is maintained solubilized by interaction with organic compo-
nents to produce mono-silicic acid or low molecular weight poly-silicic

Fig. 2. A) Scanning electron microscopy (SEM) images of nHz obtained from P. falciparum strain 3D7-H and energy-dispersive X-ray spectroscopy (EDS) elemental
mapping for B) Fe, C) C, D) Ca, E) P, F) Si and G) Na.

Fig. 3. XPS high-resolution spectra of Si2p 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. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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acid bound to biological components [31–32].
In mammals and some fruits, Si is found covalently bound to the

backbone of some polysaccharides through Si-O-C links formed be-
tween silicic acid and hydroxyl groups, resulting in a bridge of Si-O-C,
i.e. as an ether (or esther) [33]. 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 SiO2 [33]. This observation suggests
that the two Si2p signals arising from nHz and Plasmodium may derive
from Si bound to intracellular components of the parasite, as reported
for diatoms and mammals. Thus, the Si2p contribution at 102.0 eV could
be related to Si in Si-O-C bonds due to Si covalently bonded to carbo-
hydrates, which were previously found on nHz [17], or to oligomerized
hydrated silica. Meanwhile, the Si2p signal at 103.2 eV could result from
SiO2 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 [34] as it is estimated that humans and other mammals
average 0.5mg of silicon per liter of blood plasma [27a]. Based on these
reports and our Si2p spectra analysis, we hypothesize that inside the
parasite Si may be present as soluble oligomerized hydrated silica
chains, or bound to cell components such as polysaccharides, in addi-
tion to some SiO2.

Since silica particles are known to cause an acute inflammatory
response [35], the presence of Si on Hz surface could contribute to the
immune modulation attributed to the crystals during malaria infection.

2.2. Atomic environment of calcium

We used both XPS and NEXAFS to study the atomic environment of
calcium. The XPS high-resolution spectra of Ca2p of nHz from P. falci-
parum 3D7-H (Fig. 4A) showed the two characteristic peaks associated
with the spin-orbit splitting of Ca2p, with the Ca2p3/2 peak centered at
347.3 ± 0.1 and the Ca2p1/2 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 (SI Methods S5.1) 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 (Fig.
S3), indicating that this element is Plasmodium-derived. In fact, there
are various reserves of Ca2+ in the parasite, such as the endoplasmic
reticulum, acidocalcisomes, mitochondria, Golgi apparatus, nuclei, and
even the DV where Hz is formed [36]. In the intraerythrocytic stage of
Plasmodium, 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 [37]. During schizogony, free Ca2+ leaves the DV and re-
distributes in the intermembranes of each merozoite segment, followed
by a rapid decrease in Ca content [37]. 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 sus-
pended HA in a solution of calcium acetate (Methods S5.4), as a re-
presentative compound for calcium in an organic environment, e.g.
calcium coordinated to carboxylate groups. The spectrum measured on
this sample (Fig. 4B) was very close to that of nHz (Ca2p3/2 at
347.3 ± 0.1, P=0.86), confirming that calcium atoms are present
within an organic structure. This chemical environment also corre-
sponds to Ca in calcium carbonate, which gives rise to a Ca2p2/3 signal
at 347.2 eV [38], 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 Ca2p spectrum on cucumber skin and found
the Ca2p3/2 peak at 347.1 ± 0.0 eV, similar to Hz (P=0.06) (Fig. 4C).
Plants and some Apicomplexa parasites share common Ca2+-binding
proteins [39], and the finding of similar Ca species suggests that the
organic coating adhered onto nHz may contain Ca in a similar en-
vironment. 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 con-
centrated phosphorus [40]. Calcium is pumped in the acidocalcisomes

Fig. 4. XPS high-resolution spectra of Ca2p 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 cal-
cium pyrophosphate suspended in cholesterol.
Experimental data is shown in blue, peaks fit in gray,
and the overall fit in black. (For interpretation of the
references to colour in this figure legend, the reader
is referred to the web version of this article.)
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by Ca2+-ATPase, where it is thought to bind to other molecules such as
short and long chains of polyphosphate, within an acidic environment
[36]. Acidocalcisomes are involved in calcium homeostasis, in-
tracellular pH and osmoregulation in bacteria, mammals, algae and
other Apicomplexa besides Plasmodium, such as Schistosoma, Tox-
oplasma, and Trypanosoma [41].

To determine if the Ca in the nHz coating could be related to Ca
complexed with phosphorus from acidocalcisomes, we suspended HA in
a solution of calcium pyrophosphate (Ca pyroP) (Methods S5.5). The
XPS analysis of this control sample showed no adsorption of Ca pyroP
on HA surface (Fig. S5). We hypothesized that this is because the syn-
thetic 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 S5.6). 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
could give rise to overlapping signals. In the presence of cholesterol, the
calcium pyrophosphate adsorbed onto HA crystals (Fig. 4D). 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 Ca2p3/2 signals located at 347.1 ± 0.1 and
348.4 ± 0.1 eV (Fig. 4D). The signal at 347.1 eV is very close to that
found on nHz (P=0.13) and is also found in calcium hydrogen phos-
phate (CaHPO4, Fig. S4A); however, the presence of an additional
Ca2p3/2 peak indicates that this compound produces Ca in two different
chemical states, unlike what we found on nHz. This suggests that Ca
pyroP is 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 com-
pounds found on nHz, we used Ca K-edge NEXAFS spectroscopy. This
technique provides additional information about the geometrical ar-
rangement of neighboring atoms surrounding an atom of interest [42].
To identify the Ca species present in nHz, we selected some reference
samples representative of Ca in a variety of environments and per-
formed linear combination fitting (Methods S7.1). Our reference sam-
ples included P. falciparum parasites of the 3D7-H strain and calcium
acetate (Ca(CH3COO)2) as a model for carboxylated calcium ions.

Fig. S6 shows the spectra obtained for these 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 [43]. The adsorp-
tion edge at around 4040 eV is assigned to the transitions associated
with 1s to 4p1/2 and 1s to 4p3/2; the relative intensities of the latter
peaks are associated with the neighboring atoms surrounding the cal-
cium [44].

The linear combination fitting results (Table S1) showed that the Ca
in nHz mostly consists of 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 calcium coordinated to
carboxylate groups. This may be related to the calcium phosphate
compounds stored inside the acidocalcisomes in the parasites [41].
More experiments would be needed to confirm this due to the low
concentration of Ca present in both samples that result in spectra with
low signal-to-noise ratio.

2.3. Atomic environment of phosphorus

The XPS analysis of P2p 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 (P2p3/2) and at
133.9 ± 0.1 eV (P2p1/2), as shown in Fig. 5A. As before, we analyzed

the P2p spectra of HA suspended in blood serum, RBC membranes and
in the buffers used to lyse the parasites (Methods S5.1). Only phos-
phorus from RBC membranes adhered on Hz surface, producing a P2p3/2
signal at 133.7 ± 0.3 eV (Fig. 5B). 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 [17], 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 [45].

To test this hypothesis, we suspended HA crystals in solubilized
phosphatidylcholine (Methods S5.7). The XPS P2p spectrum of this
sample (Fig. 5C) showed a P2p3/2 peak located at 133.0 ± 0.1 eV, very
close to that in nHz (P=0.07), suggesting that phospholipids could
adhere to the surface of the crystals when Hz is released from the
parasite. These results suggest the presence of phospholipids or phos-
phorylated proteins derived from parasite structures in the organic
layer of nHz, discriminating between possible P-containing con-
taminants in nHz.

In Plasmodium, phosphorus is also associated with the phosphor-
ylation of some proteins. We analyzed the P2p3/2 signal from ortho-DL-
phosphoserine, as a compound representative of the chemical en-
vironment of P in an organic environment. The XPS spectrum (Fig. 5D)
shows a P2p3/2 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.

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

3−) 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 [40]. We
analyzed two P compounds formed inside acidocalcisomes: sodium
polyphosphate, containing phosphoanhydride bonds (PO3)nn−; and Ca
pyroP, bearing P2O7

4− bonds [41]. Both high-resolution spectra of
these compounds are different from that measured on nHz: on Na
polyphosphate (Fig. 5E) the P2p3/2 signal is at much higher binding
energy (134.3 ± 0.1 eV, P=1.2× 10−10), while on Ca pyroP we
found two P2p3/2 peaks at 133.1 ± 0.1 and 134.5 ± 0.1 eV (Fig. 5F).
The signal at lower energy is identical to that in nHz (P=0.06) and
CaHPO4 (Fig. S7A); however, the presence of an additional P2p3/2 peak
clearly indicates that this compound is not found in the organic coating
of nHz. These results ruled out the presence of deposits from acid-
ocalcisomes on the organic coating of nHz.

3. Conclusions

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 ele-
ments on crystals both extracted from Plasmodium obtained from in vitro
cultures and from macrophages derived from an in vivo model of ro-
dents, suggesting that their composition remains unaltered despite the
interaction with a variety of cells or culture models. The fact that Ca
was not found on the surface of 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 sug-
gests that these elements are related to Hz crystallization, whereas the
weak adsorption of Na, Cl, and P on Hz surface may occur during the
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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 pre-
sence 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
[46], and is required for the normal growth and development of con-
nective tissue and bones in mammals [47]. 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 biomi-
neralization or implicated in the immune modulation of Hz in the host?
Unlike Na, Cl, and P, we found Si on Hz surface even after washes with
high pH buffers and proteases [18], 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 SiO2. 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 are related to several vital
functions for the development of the parasite and RBC invasion and
egress [36]. Such proteins could be used as a target for the development
of novel antimalarials [36].

As future work, the NEXAFS analysis could be extended to Si, Ca

and P species on 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 crys-
tals. 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 de-
termine 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.

4. Experimental

4.1. Materials

Reagent grade hexane, dichloromethane (DCM), sodium chloride,
calcium chloride, ammonium chloride, sodium deoxycholate, and
Igepal CA-630 were obtained from Sigma-Aldrich Canada. Sodium hy-
droxide pellets, hydrochloric acid ACS grade, and urea were purchased
from Fisher Scientific. RPMI (Roswell Park Memorial Institute) medium
1640, gentamicin and L-glutamine were acquired from Gibco (Life
Technologies), Halt protease inhibitor (single use cocktail, 100×),
Proteinase K (20mg/mL) PCR grade, and DNase I (100 U/mL) were
purchased from ThermoFisher Scientific. Practical grade saponin from
Quillaja saponaria Molina and N-2-hydroxyethylpiperazine-N′-2-etha-
nosulfonic 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 HEPES (25mM), saponin (0.05%) in PBS (1×)
and sorbitol (5%), PBS (1×, pH 7.4), Tris-HCl (10mM, pH 8) were
prepared in advance. 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate hydrate (CHAPS) buffer (10mM) was prepared by
mixing NaCl (150mM), CaCl2 (1mM) and the protease inhibitor in Tris
HCl (50mM), with the pH adjusted to 7.4. RIPA

Fig. 5. High-resolution P2p 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
phosphatidylcholine, D) reference sample of ortho-DL-phosphoserine, E) sodium polyphosphate, and F) calcium pyrophosphate. Experimental data is shown in teal
blue, peaks fit in gray, and the overall fit in black. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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(radioimmunoprecipitation assay) buffer was prepared using Tris HCl
(50mM, pH 7.4), Igepal CA-630 (1%), sodium deoxycholate (0.25%)
and the protease inhibitor. Proteinase K (2mg/mL) was prepared in a
buffer solution of sodium dodecyl sulfate (SDS) (2%)/Tris-HCl, pH 8.
DNase I (100 U/mL) was prepared in a buffer solution of Tris-HCl
(10mM), MgCl2 (2.5 mM) and CaCl2 (0.5 mM), pH 8.0. The pH of all the
stock solutions was adjusted with HCl (0.1M) or NaOH (0.1M). Milli-Q
water from a Barnstead purification system (resistivity of 18.2MΩ-cm)
was used to prepare all the solutions and experiments unless specified.
Protein LoBind tubes were purchased from Eppendorf.

5. Methods

5.1. 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 he-
matocrit (2%) maintained in a synchronous culture with RPMI 1640
media supplemented with human plasma (10% v/v), L-Glutamine and
HEPES (25mM), as reported by Trager and Jensen's cultivation method
[24b]. The parasitic blood stages were synchronized using sorbitol
(5%), and the parasites were collected at the late trophozoite stage,
followed by washes with PBS. Then, saponin (0.05%) in PBS was added
to lyse the red blood cell, followed by washes with PBS and extraction
with CHAPS (10mM) or RIPA buffer. The lysates were centrifuged at
15 k rpm for 10min, with the temperature controlled at 4 °C. The su-
pernatant was removed, and the resulting Hz was resuspended in PBS
and stored at 4 °C for further treatment.

5.2. Mice infection and Hz extraction

5.2.1. Parasites and animals
P. chabaudi AS was maintained in mice, by weekly passage, as de-

scribed in the literature [16a]. Female C57BL/6 (B6) mice 8–12 weeks
old, purchased from Charles River Laboratories, were infected in-
traperitoneally with parasitized RBCs (1× 106). Infected B6 mice were
sacrificed and spleens were harvested during peak parasitemia
of> 35% parasitized RBC. Mice were maintained and handled ac-
cording 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 Uni-
versity ACC (Protocol #2015–3750).

5.2.2. Preparation of splenic macrophages
Spleens from infected mice were perfused with complete RPMI 1640

medium (Life Technologies, Burlington, ON, Canada) supplemented
with heat-inactivated fetal calf serum (FCS) (10%), HEPES (25mM),
gentamicin (0.12%), and glutamine (2mM), and spleen tissues were
pressed through a sterile steel mesh. Spleen cells were centrifuged, re-
suspended in ammonium chloride (0.175M) to lyse red blood cells
washed, counted and re-suspended in complete RPMI 1640 medium to
5× 106 cells/mL and cultured in T-75 tissue culture flasks for macro-
phage adherence at 37 °C for 4 h with CO2 (5%). Non-adherent cells
were removed by washing the adherent cell layer with PBS. Adherent
macrophages were lysed with 0.1% saponin, centrifuged, and the pellet
collected.

5.2.3. Preparation of Hz from P. chabaudi AS infected splenic macrophages
Macrophage pellets obtained from steps described above washed in

PBS and treated with SDS (2%) in endotoxin-free PBS followed by so-
nication for 20 s. After centrifugation, the pellet was resuspended in
proteinase K (2mg/mL) and incubated overnight at 37 °C. The digested
product was washed 3 times with SDS (2%), resuspended in urea (6M),
and incubated on a shaker for 3 h at room temperature. After 3 washes
in SDS (2%) and a PBS wash, the pellet was treated with DNase I (50 U/
mL) for 1 h at 37 °C followed by heating to 95 °C for 10min to inactivate

DNase I. Finally, Hz crystals were washed twice with PBS and cen-
trifuged at 15 k rpm for 10min. Hz was resuspended in PBS and stored
at 4 °C until further treatment.

5.3. Treatment of crude extracts of Hz with organic solvents

After collecting crude pellets of Hz obtained from both P. falciparum
(Method 1) and P. chabaudi AS (Method 2), the crystals were subjected
to alternative washes with hexane and DCM. Briefly, Hz pellet was
centrifuged at 9 k rpm for 3min and supernatants removed. Then, 1mL
of hexane was added to the mixture and sonicated for 30 s and cen-
trifuged again at 9 k rpm for 3min. This procedure was repeated using
dichloromethane, followed by centrifugation at 9 k rpm for 5min and
the supernatant removed. Finally, Hz was treated again with hexane,
centrifuged at 9 k rpm, the supernatant removed and dried at room
temperature overnight and kept under vacuum until its analysis. The
resulting material is referred as native Hz (nHz).

5.4. Characterization techniques

The atomic composition of nHz and the control samples were stu-
died by X-ray photoelectron spectrometry (XPS) using a Thermo
Scientific Kα spectrometer, equipped with a monochromated Al
cathode with an incident Kα X-ray source (1486.6 eV, 0.843 nm), and
an ultrahigh vacuum chamber (10−9 Torr). A flood gun of low energy
electrons was used to prevent surface charging during the measure-
ment. 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 micro-
scopy (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 micro-
scope (SEM) (FEI, Japan), operated in low vacuum mode, at 5 kV op-
erating voltage. EDS spectra and elemental maps were acquired in the
regions of interest using an EDX spectrometer (EDX, Thermo Scientific,
USA).

5.5. Statistical analysis

Three independent experiments were performed for each Hz sample
and at least two different spots were randomly selected and char-
acterized 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. Unpaired t-test was performed to
assess the statistic difference, where P < 0.01 was considered to be a
significant difference.
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