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A B S T R A C T

The malaria parasite, Plasmodium spp., produces hemozoin (Hz) crystals as a by-product of hemoglobin diges-
tion. 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 an-
timalarials. 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.

1. Introduction

Malaria is a blood infection caused by parasites of the Plasmodium
genus, causing an estimated 216 million infections annually and almost
half million deaths worldwide [1]. During the intraerythrocytic asexual
stage of Plasmodium, the parasite feeds from hemoglobin to sustain its
development [2], with the released heme rapidly converted into an
insoluble crystal called hemozoin (Hz) as a detoxification mechanism
[2]. Hz, also known as “malaria pigment” due to its dark brown color, is
a crystalline biomineral, consisting of dimers of heme linked re-
ciprocally by iron-carboxylate bonds; the dimers are further arranged in
chains linked by hydrogen bonds [3]. 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 [2].

Hz formation is the target of several quinoline-derived anti-
malarials, and possibly artemisinins, which are thought to inhibit Hz
growth either by forming drug-heme complexes or by adsorbing on Hz
surface [4]. Given the widespread parasitic resistance to these anti-
malarials, a deeper understanding of their mechanism of action and of
the mechanism of Hz biomineralization [5] are topics of utmost ur-
gency.

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 cell cultures [2],
but the results are often contradictory and poorly reproducible [6]. For
example, several groups reported that Hz and HA induce the production
of pro-inflammatory cytokines and chemokines [7–9], while others
have reported that HA decreases the anti-inflammatory response [10].
Hz also contributes to malarial anemia by suppressing red blood cells
(RBC) proliferation [11–13]; but HA has lower activity compared to Hz
[11].

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 [14]; and when Hz is
isolated from schizonts, various biomolecules bind to Hz surface [2].
Such components may be lipids, parasitic DNA, fibrinogen, digestive
vacuole membrane residues, RBC membranes [2] and fibrin during
placental infection [15]. 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 [2].

The lack of a standardized protocol to purify native Hz after its
extraction contributes to the difficulties in studying Hz formation and
properties [2,16]. The methodologies reported aim to remove a variety
of biomolecules that are thought to adhere to Hz during parasite
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incubation and lysis [6]. The procedures to purify Hz include washing
the crude extract with a hypotonic solution of phosphate buffer saline
(PBS) [17]; separation of Hz from cell debris by ultrafiltration and/or
magnetic-activated cell sorting (MACS) separators [18]. Other proce-
dures involve extracting the proteins with organic solvents and water
[19], or digesting Hz organic coating by proteinase K, followed by
washes with a detergent and urea [20]. More thorough treatments in-
clude a combination of organic solvents, extensive digestion by pro-
teinase K, DNase I and RNase A, and final washes with detergents and
water [21]. Clearly, the different methods used to purify Hz may pro-
duce crystals with different compositions, which would ultimately im-
pact the host response and produce the observed contradictory results
[9]. Hence, to clarify these issues, the surface of Hz should be carefully
studied after its extraction and purification [6].

Surprisingly, not many studies focus on Hz surface. The few studies
on this topic analyze crystal morphology and size [3,22,23], or are
carried out on HA [4,14]. The elemental composition, atomic en-
vironment and main adsorption sites of Hz surface are still unknown.
Moreover, none study how the purification method influences Hz sur-
face.

In this report, we address this knowledge gap by analyzing the
surface of Hz with XPS to study the composition and chemical en-
vironment 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 [19], three types of enzymes, detergents and water [21]. We
also performed a shortened version of the same protocol to study the
impact of the cleaning procedure on the surface composition. Then, we
compared these samples to HA, since these crystals are devoid of ad-
sorbed organic matter [2], 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.

2. Experimental

2.1. Materials

Reagent grade sinapinic acid (SA), trifluoroacetic acid (TFA), acet-
onitrile 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 protease-free, 10 mg/mL) and Halt
protease inhibitor (single use cocktail, 100×) were obtained from
Thermofisher Scientific. N-2-hydroxyethylpiperazine-N′-2-ethano-
sulfonic acid (HEPES), L-glutamine and RPMI1640 were purchased from
Gibco (by Life Technologies), saponin from Quillaja saponaria Molina,
practical grade 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 (1×) were
prepared in advance. Also, 2% sodium dodecyl sulfate (SDS), phos-
phate-buffer saline solution (PBS 1×, pH 7.4), 10 mM Tris hydro-
chloride (Tris-HCl, pH 8) and 10 mM 3-[(3-Cholamidopropyl)dimethy-
lammonio]-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 CaCl2 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-HCl, 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-HCl, 2.5 mM
MgCl2 and 0.5 mM CaCl2, 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 MΩ-cm) was used to prepare all
the solutions and experiments unless specified. Protein LoBind tubes

were purchased from Eppendorf.

2.2. Methods

2.2.1. 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 ver-
sion of Trager and Jensen's cultivation method [24]. In 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 tropho-
zoite 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 15 k rpm for 10 min at 4 °C. The su-
pernatant was removed to give cytosolic free samples of Hz, followed by
re-suspension in PBS to store at 4 °C for further cleansing steps.

2.2.2. Extensive washing of hemozoin (ewHz)
This method of purification followed what Lvova et al. reported,

with minor modifications [21]. Each sample consisted of 300 μL of Hz
suspended in the lysis buffer. The sample was centrifuged for 1 min at
9000 rpm and the supernatant removed. Protein traces were removed
by extraction with chloroform, methanol and water, according to the
Wessel and Flügge method [19]. Briefly, 400 μL of methanol were
added and the sample was vortexed until obtaining a uniform suspen-
sion, followed by centrifugation (30 s at 9000 rpm). Then, 200 μL of
chloroform were added and the sample was vortexed and centrifuged
again (30 s at 9000 rpm). 300 μL of water were added and the suspen-
sion was vortexed and centrifuged (2 min, 9000 rpm). The top phase
was removed, 300 μL 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 wa-
shed three times (2% SDS, 10 mM Tris-HCl, pH 8) with centrifugation in
between and supernatant discarded. Later, the resulting material was
treated with 2 mL of a solution of 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 ewHz in the text.

2.2.3. Partial washing of Hz (pwHz)
As described in Section 2, Hz was first purified using the Wessel-

Flügge method [19] to precipitate most of the proteins and lipids, fol-
lowed 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-HCl (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 pwHz in the text, since it
involves only one enzyme (proteinase K) to digest the surface con-
taminants of Hz, and lacks DNase I and RNase A.

2.2.4. Characterization techniques
The surface composition of all materials was studied by X-ray

photoelectron spectroscopy (XPS) using a spectrometer from Thermo
Scientific Kα, equipped with an Al cathode with an incident Kα radia-
tion of 1486 eV, and a spot diameter of 200 μm. 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
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core levels. Data processing was performed using Avantage Software
version 5.956, using Gaussian-Voigt curve functions, while the back-
ground was removed using the Smart method. Peaks in the elemental
high resolution spectra were fitted according to the parameters re-
ported in Supporting information Tables S1 and S2. 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 C1s 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 5000 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 μL of matrix; then, 3 μL 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 80%, re-
flectron at 10× 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.

2.2.5. 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 dif-
ference of multiple samples, where P < 0.01 was considered a sig-
nificant difference.

3. Results

3.1. 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 Fig. 1A 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
(Fig. 1B, red), and the atomic percentages of this sample do not show
significant differences compared to HA (Fig. 1B, gray). No other ele-
ments were found on this sample. The lack of magnesium, phosphorus,
and zinc on both, ewHz (Fig. 1B, red) and on pwHz (Fig. 1B, blue)
clearly indicates that nucleic acids, with their phosphate backbone and
zinc and magnesium counterions [25], 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 con-
centration was below XPS detection limit of 1 to 0.1 atomic % [26].

In contrast, the sample treated with fewer enzymes, pwHz, shows
the unexpected presence of Si and Ca (Fig. 1B, blue). To determine if
these elements are contaminants resulting from the purification, we
studied the surface composition of dead Plasmodium parasites of the
same 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 S2 for details) for XPS analysis. We found Si in this sample (Fig.
S1), 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 apicomplexan parasites. Nevertheless, there is evidence
indicating an important role of silicon in bone and connective tissue
health [27], and in plant defense [28].

We did not detect significant concentration of calcium in the ele-
mental composition of the parasites; however, Ca is critical for vital
functions in apicomplexan parasites, such as host cell invasion and
egress, motility and differentiation [29,30]. In Plasmodium, this element
could originate from its intracellular constituents, such as the en-
doplasmic reticulum, acidocalcisomes, mitochondria, Golgi apparatus,
nuclei, or the food vacuole where Hz is produced [29,31]. 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.

Fig. 1. (A) Flow chart of the methodologies used to treat
Hz to produce pwHz and ewHz. (B) Elemental composi-
tion 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 experi-
ments 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. (For in-
terpretation of the references to color in this figure le-
gend, the reader is referred to the web version of this
article.)
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The atomic percentages of N and Fe in pwHZ are close to the the-
oretical values, while C is significantly lower and O significantly larger
(Fig. 1B, blue). To understand these differences as well as learn more
about the nature of the adsorbed biomolecules on Hz, we ran high re-
solution XPS measurements for O, N, C and Fe on both pwHz and ewHz,
and compared them to those measured on pure HA. C1s and Fe2p spectra
do not show significant differences between the two samples (Fig. S2).

High resolution O1s spectra of pwHz, ewHz and HA (Fig. 2A–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 [14]. 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 [14].
However, HA and Hz are hygroscopic, with the crystals being able to
absorb up to 14% of its mass in water on their surface and possibly
within the heme layers [32].

In pwHz, the 533.3 eV/531.5 eV peak area ratio is close to HA
(Fig. 2D); this suggests that water may be associated with the adsorbed
species on pwHz. These compounds may be constituted by small pep-
tides, which were not digested by proteinase K alone, and are prone to
interact with water [33]. This is in good agreement with the high
oxygen content in this sample, as discussed earlier (Fig. 1B, blue bars).
Conversely, in ewHz the 533.3 eV/531.5 eV peak area ratio is sig-
nificantly larger than in pwHz and HA (Fig. 2D). 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. Al-
though 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 S1). While
the XPS high resolution spectra of C1s, N1s and Fe2p from HA among
methods are equivalent, the O1s spectra show varied water content
among synthesis methods, as demonstrated in a previous work [14].
Therefore, it can be expected that ewHz and HA differ in amount of
water adsorbed.

The analysis of the N1s spectra of pwHz and ewHz (Fig. 3A and B,
respectively) show an intense peak at 398.2 eV, which corresponds to
the four equivalent NeFe bonds in the pyrrole of each porphyrin ring,

as confirmed by their presence also in the spectrum of HA (Fig. 3C)
[14]. Both samples also show a peak at around 401 eV that is related to
the π-π* transition of the delocalized electrons, as shown for HA [14].
However, the 401 eV/398.2 eV peak area ratio in pwHz (Fig. 3D, blue)
is significantly higher than that in ewHz (Fig. 3D, red) and HA (Fig. 3D,
gray). This could be related to a contribution from sp2 hybridized ni-
trogen components (sp2-N) derived from the adsorbed biomolecules
[34]. Both pwHz and ewHz show a new signal at 399.2 and 399.7 eV,
respectively, which may arise from sp3 hybridized nitrogen components
(sp3-N) bound or adsorbed onto the surface of the crystals. Overall, the
significantly higher area ratios (both 401 eV/398 eV and 399.2 eV/
398.2 eV) in pwHz (Fig. 3D, blue) confirm that larger quantities of
biomolecules are adsorbed on the surface of these crystals.

3.2. 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 ex-
traction, i.e. parasite schizont lysates and RBC membranes, respec-
tively. 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 S5.1 and S5.2).
Additionally, we prepared a control sample of HA only treated with the
extensive purification used to produce ewHz (see Experimental Section
2.2.2), to investigate whether the methods and enzymes used can in-
troduce additional adsorbed molecules on Hz. We studied these mate-
rials with XPS and analyzed the high resolution N1s spectra to compare
with what was found on ewHz and pwHz.

First, we put HA crystals in contact with dead parasite lysates. The
XPS N1s spectra (Fig. 4A) 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 (Fig. 3A and B, respectively), indicating a possible
contribution of parasite cell debris, constituted mostly by aggregated
and denatured plasmodial proteins [35] on the surface of these samples.
However, the 399.7 eV/398.2 eV peak area ratio in this sample (Fig. 4D,
turquoise) is lower compared to that found on pwHz and ewHz

Fig. 2. XPS high-resolution spectra of the O1s level col-
lected 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, respec-
tively), and the overall fit in black. (D) Area ratios of the
533.3 eV/531.5 eV peaks for the O1s core level measured
for pwHz (blue bar), ewHz (red bar), and HA (gray bar).
Values represent mean ± SD calculated for three in-
dependent samples and three different spots analyzed
along the same sample. *Significant differences between
area ratios, with *P < 0.0003 and **P < 0.006. (For
interpretation of the references to color in this figure le-
gend, the reader is referred to the web version of this
article.)
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(Fig. 3D). This indicates that part of the residual sp3-N components in
pwHz and ewHz arise from other biological sources, besides schizont
debris.

Then, we tested the interaction of HA with RBC membranes. The
XPS analysis revealed three peaks in the N1s spectra of this sample
(Fig. 4B) at 398.1, 399.8 and 401.1 eV, again very close to the peak
locations measured on pwHz and ewHz (Fig. 3A and B, respectively),
indicating that residues of RBC membranes interact strongly with Hz
and may be predominant on the surface of the crystals [35]. Indeed, the
high 399.7 eV/398.2 eV area ratio in this control (Fig. 4D, yellow)
suggests that many of the sp3-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 hemoglobin components that may attach during the process of Hz
formation, as proposed by Goldie et al. [35], or during Hz release
[36,37].

Finally, we looked at the N1s 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
N1s spectrum (Fig. 4C) 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 (Fig. 3A and B) shows that the adsorbed biomolecules

Fig. 3. XPS high-resolution spectra of the N1s core level
collected for (A) pwHz (B) ewHz and (C) HA. The dashed
blue line in pwHz distinguishes the contribution from the
π-π* 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 N1s

401.0 eV/398.2 eV 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 in-
dependent experiments and three different spots analyzed
along the same sample. *Significant differences between
area ratios, with *P < 9 × 10−7, **P < 5 × 10−8 and
***P < 1 × 10−6. (For interpretation of the references to
color in this figure legend, the reader is referred to the
web version of this article.)

Fig. 4. XPS high resolution of the N1s 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) N1s

399.7 eV/398.2 eV peak area ratio calculated for the
spectra shown in A, B and C. *Significant differences be-
tween area ratios, with *P < 0.006. Values represent
mean ± SD calculated for three independent experi-
ments and three different spots analyzed along the same
sample. (For interpretation of the references to color in
this figure legend, the reader is referred to the web ver-
sion of this article.)
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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 (Fig. 4D, pink) is significantly smaller compared to
pwHz and ewHz (Fig. 3D, 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 sp3-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 [2], and prove that there
are multiple biological compounds that can adhere to Hz, such as
components of the digestive vacuole membrane, proteins, carbohy-
drates, lipids, and RBC membranes [2]. These compounds could be
related to Hz formation and may also be implicated in the physiological
effects observed during malaria infection [2]. 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 S5.3). These mole-
cules are not only the monomers of peptides and proteins [33], but they
also represent traces of any of the enzymes used in the purification
procedure [38], as well as the fragments left by the enzymes after
proteolysis. We selected two basic amino acids, histidine (His) and ar-
ginine (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 sp3-N in their structure,
and His and Arg also present sp2-N; thus, their XPS N1s spectra signals
are similar to those of Hz samples and control experiments [34].

Fig. 5A shows the N1s 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 (Fig. 3A and B, respectively), and on all our previous
control experiments (Fig. 4A–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 (Fig. 3D, blue and red, respectively).
While this may be due to the concentration of amino acids used in this
experiment (see Supporting information Section S5.3), 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 [39]), 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 [40]).

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

To understand when hydrophobic interactions or hydrogen bonds
and electrostatic interactions predominate, we masked the carboxylate
groups on HA by esterification with 2,2,2-trifluoroethanol (TFE) (see
Supporting information Section S4 and Fig. S4) [14], and we incubated
the resulting fluorinated HA with the previously selected amino acids
(see Supporting information Section S5.4). The difference in N1s spec-
trum between this sample (Fig. 5B) and all other controls (Figs. 4 and
5A) is striking: the spectrum does not show a peak at 399.7 eV and
overall, it is very similar to the N1s spectrum measured on HA (Fig. 3C).
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 cata-
lyzed in vivo by proteases [41] and ribosomes and non-ribosomal
peptide synthetases, e.g. ATP-dependent enzymes and ATP-grasp en-
zymes [42]. Amide bonds are quite resistant to hydrolysis; thus, they
could persist on Hz surface after thorough washes.

3.4. The cleaning procedure introduces partial contamination on Hz surface

Finally, we used MALDI-ToF to further analyze the molecules ad-
sorbed 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 mole-
cules adsorbed on Hz. The HA spectrum (Fig. 6A, green) shows the
characteristic MALDI fragment ion at m/z 616, which corresponds to an
intact heme monomer [43]. 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 [43], The three peaks located in the low
m/z region at 206, 224 and 246 (Fig. 6B, green) are assigned to ion
fragments of sinapinic acid used as matrix (Fig. S5).

The mass spectrum of pwHz (Fig. 6A, blue) also shows the signal of
intact heme; however, the peak intensity and peak resolution is lower
compared to the HA spectrum. For example, some isotopic masses re-
lative to the average masses of 498, 511 and 526 are lost; whereas the
signals at m/z 471 and 484 associated with heme monomers are
missing. This decrease in signal may be related to abundant species
with high molecular weight adsorbed onto the surface of the crystals,
which compete for the charges during the ionization process and sup-
press the signal from less abundant components [44]. These

Fig. 5. XPS high resolution of the N1s core level acquired
for (A) HA after interacting with amino acids, (B) fluori-
nated 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. (For
interpretation of the references to color in this figure le-
gend, the reader is referred to the web version of this
article.)
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macromolecules would require further preparation for mass spectra
analysis; e.g. gel electrophoresis (SDS-PAGE or agarose) for proteins
[44].

The mass spectrum of ewHz shows the heme signals in the m/z re-
gion of 471 to 616 (Fig. 6A, red). The spectral resolution and intensity
are comparable to those found for HA (Fig. 6A, 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 (Fig. 6A,
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 spec-
trum of ewHz (Fig. 6B, red), which are not present in the spectra of
either HA (Fig. 6B, green) or pwHz (Fig. 6B, 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 (Fig. 6A, black), and peaks
in the low m/z region (Fig. 6B, 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 (Fig. 6B, 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.

4. Discussion

Understanding the surface properties of Hz has remained a major
challenge due to the difficulty of isolating sufficient material from the
parasites [45], and the lack of a standardized protocol to purify and
characterize the crystals after extraction [14,16]. In this work, we used
XPS and MALDI-ToF to compare the composition of Hz surface after

Fig. 6. Representative MALDI-ToF mass spectra of posi-
tive 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 in-
dependent 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 pro-
cedure are marked with an inverted triangle (▼). (For
interpretation of the references to color in this figure le-
gend, the reader is referred to the web version of this
article.)
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purification with an extensive methodology involving organic solvents,
detergents and three types of enzymes, and a shorter one, which in-
volves 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 ad-
sorbed 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 proce-
dure 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 [2]. 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 ad-
hered 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 [46–48], which can then remain ad-
sorbed at the biomineral surface or included within the crystals. Thus,
even inorganic biominerals that show excellent crystallinity contain
large amount of organic material [48]. In fact, Chugh et al. proposed
that heme detoxification protein (HDP) rapidly converts heme into Hz
[49], and Nakatani et al. suggested 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 [50]. Thus, the biomolecules
we found adsorbed onto Hz surface may be traces of its biominer-
alization process.

5. Conclusions and outlook

Our results show that the methodology chosen to purify Hz affects
the surface of the crystals in terms of both amount and nature of con-
taminants. This explains the discrepancies related to the im-
munomodulatory properties of Hz. The use of different protocols to
purify Hz produces crystals with different species on its surface that in
turn modulate different host responses [2]. 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 [4].
Drug screening should probably focus on carboxylate binding candi-
dates.

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 com-
pounds 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 the
adsorbed molecules, may serve as substrates for nucleation and growth
inside the digestive vacuole of the parasite [51,52]. 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 [9,45]. The
proposed mechanism raises an intriguing question: how much of the

adsorbed molecules associated to Hz originates from contamination and
how much represents material involved in the biomineralization? Fur-
ther work is needed to explore this fascinating concept.

Abbreviations

HA hematin anhydride
Hz hemozoin
ewHz extensively washed hemozoin
pwHz partially washed hemozoin
sp2-N sp2 hybridized nitrogen components
sp3-N sp3 hybridized nitrogen components
RBC red blood cell
MALDI-ToF matrix-assisted laser desorption/ionization time of flight
XPS x-ray photoelectron spectroscopy
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