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Abstract. - OBJECTIVE: Malaria parasites in-
vade, grow and multiply inside erythrocytes and
obtain nourishment from haemoglobin. Then,
the released haem group is oxidized to hae-
matin and inert dimeric haemozoin bio-crys-
tals form, which provides the parasite a unique
way to avoid the toxicity associated with the
haem group. Therefore, antimalarial drugs are
designed to inhibit dimer formation; however,
recent electrochemical studies indicate that an
inert dimer also promotes a toxic oxidizing en-
vironment. Therefore, this work explores drug
reactivity in the presence of monomers and di-
mers to evaluate their contribution to redox ac-
tivity.

MATERIALS AND METHODS: Three medi-
cines mixed with haemozoin or 3-haemozoin in
carbon paste electrodes were tested using cy-
clic voltammetry.

RESULTS: The data indicated again that the
substances modify the natural redox state of
haemozoin and B-haemozoin. This effect could
be attributed to the natural oxidation potential
of the drugs. In addition, it was found that the
oxidation potential decreased through quinine,
lumefantrine and artemether with the same ten-
dency in the presence of haemozoin but with
less current density. Additionally, it was ob-
served that the oxidation response between the
monomer haemozoin and antimalarial drugs is
carried out at more negative potentials.

CONCLUSIONS: Together, the total results in-
dicate that antimalarials per se can contribute
to oxidation processes and that in combination
with monomeric or dimeric haemozoin can in-
crease or decrease the oxidizing power of the
haemozoin forms. The various oxidizing envi-
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ronments suggest that the cell membranes can
also be damaged by the unique presence of the
antimalarial.
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Introduction

Resistance to new antimalarial drugs has be-
come a research priority, and haemozoin inhibi-
tion is a very attractive target because it appears
to be an immutable pathway'. Due to an incom-
plete understanding of the parasite processes that
lead to haemozoin formation®* a drug that specif-
ically targets the parasite factors responsible for
their production has not yet been developed; thus,
the topic has been a subject of intense debate.
Although a protein to detoxify the haem group
(haem detoxifying protein) has been identified
and characterized in Plasmodium falciparum,
which is critical for the survival of the parasite,
the systematic degradation of haemoglobin, the
release of the haem group and the formation of
haemozoin [Hz] are not completely clear. Under
this view, if HDP can be an important contributor
in achieving non-toxic Hz levels found in the par-
asite, experimental support by classical molecu-
lar, biochemical and cell biological approaches’
will be required.
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The haematophagous hemipteran Rhodnius
prolixus or Meccus longipennis, such as Plas-
modium, have evolved many genetic resources to
protect cells against haem toxicity. In this sense,
haemoglobin degradation in 7riatominae insects
is also a complex biochemical process, which
takes place in an environment apparently differ-
ent from a digestive vacuole®®.

The formation of a haemozoin-like crystallite
is a vital process of insect vectors of Chagas dis-
ease'™!!, Schistosomiasis'" and probably other
diseases transmitted by the genus of haemato-
phagous mosquitoes, such as Aedes, Anopheles
or Lutzomia. Notably, once the blood meal of the
insect is digested in the stomach or anterior mid-
gut, the haemoglobin is denatured, and then, the
haem group is free to pass to the small intestine
or posterior midgut space where it is polymerized
as nontoxic haemozoin®'*!!.

These apparently small and irregular frag-
ments that are found adhered to intestinal cells
provide strong evidence that Hz formation in
Rhodnius prolixus or haematophagous insects is
a very efficient process and that haem crystalliza-
tion favorably occurs'®'"'* in spite of the fact that
the stomach and intestines are not a big digestive
vacuole.

Although the physical-chemical environments
are likely to be similar, the crystallization pro-
cesses of haematin in these insects are apparently
not the same; thus, the basic requirements of the
redox balance and pH equilibrium between the
lipidic or aqueous medium may be similar from
a biochemical point of view!'3!¢, However, in the
faeces of these bugs, uniform crystallites do not
occur, such as those observed in malaria samples;
interestingly, crystalline micro-arrays are pro-
duced with remarkable uniformity in morphology
and size in malaria samples!”".

The first description of Hz in a different or-
ganism from Plasmodium claims that “after a
blood meal, R. prolixus midgut presents a huge
amount of Hz granules”; the midgut lumen con-
tains large electron-dense aggregates similar in
appearance to the haemozoin granules found in
malaria parasites'®!!. The process of Hz forma-
tion in S. mansoni and R. prolixus is similar',
but the differences do not seem to be derived
from distinct atomic structures; instead, they are
generated from the crystal growth conditions.
Thus, in part, this issue was elegantly resolved
and showed that the haem crystals of the insect
share the same unit cell and structure. It has
been challenging to reconcile the observations
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or experimental evidence of inert haemozoin
crystals embedded within a lipid nanosphere with
those of their pro-oxidant effects and how the
haem group avoids oxidation'3!62921; therefore,
this research has the principal aim of determining
whether there is a possible potential generation of
oxidative stress or an unbalanced redox state due
to the interaction of antimalarial drugs with Hz or
B-Hz in a similar osmolar medium.

The subsidiary aims of the study are to under-
stand and know more about the toxicity and in-
stability aspects and explore whether antimalarial
drugs may have potential secondary effects, such
as ROS generation?'.

Materials and Methods

Reagents and Drugs

The reactive substances were analytical grade-
high purity and the deionised water had a specific
resistance of 18.2 MQcm™. Protoporphyrin IX®,
(PPIX), (C,,H,N,O,, MW 562.7) approx. > 95%,

44T

catalog P8293; Quinine, (QN), (C,;H,,N,O,, MW
324.42) approx. 90%, catalog 145904; Amodi-
aquine, (AQ), (C,H,,CIN,O*2HCI 2H,0, MW
464.8) approx. > 99%, catalog A2799; Chloro-
quine, (CQ), (C H,.CIN, 2H,PO,, MW 515.86)
approx. > 99%, catalog C6628; Sodium Azide
(NaN,, MW 65.01) approx. 99.5%; Sodium hy-
droxide (NaOH, MW 40) approx. 98% and Sil-
icon oil (Si0) (C.H,OSi, MW 136.22) approx. >
99%, [the binding agent with 0.963 g/mL den-
sity and 200 cSt viscosity at (25°C)] all of them
were obtained from Sigma-Aldrich (St. Louis,
MO, USA). Arthemeter, (ART), (C H,0,, MW
298.4) approx. > 99% and Lumefantrine, (LF),
(C,,H,,O0N,,Cl,, MW 298.4) approx. > 99% were
obtained from Novartis Pharma AG (Campus
Basel, Switzerland). Sodium chloride (NaCl,
MW 58.44) 100.2%; Sodium nitrate (NaNO,,
MW 84.999) 100.7%; Hydrochloric acid (HCI,
MW 36.46) 35.5-38%; Absolute ethylic alcohol
(C,H,OH, MW 46.07) 99.5% and Ethylenedi-
aminetetraacetic acid (EDTA, C H N,O,, MW
292.25) approx. 99.4% were obtained from J. T.
Baker (Phillipsburg, NJ, USA). Graphite pow-
der, 2-15 um particle size, (C, MW 15.9999)
approx. 99.9995%, Alfa Aesar™ (Thermo Fisher
Scientific, Waltham, MA; USA). Hemoglobin,
(Hb), (MW 64 kDa) approx > 99% Becton &
Dickinson (Franklin Lakes, NJ, USA). Haemo-
zoin (Hz, Meccus longipennis), (C, H, FeN O
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MW 633.50) approx. >50% and B-Haemozoin
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(B-Hz, Meccus longipennis), (C H,FeNO,,

MW 1264.00) approx. >50% were obtained from
AAM-ICSA-UAEH, the present work.

Hz and p-Hz Preparation from
M. Longipennis

The techniques used were similar to referenc-
es?>?, Briefly, 2.1 g of insect faeces and urine
were collected. The material was pulverized, and
then, dialyzed against water. After centrifugation
at 2,500 rpm for 20 min, the dark supernatant was
filtered (Whatman® grade I, catalogue No. 1001
125), and then, mixed with 1 M NaOH to obtain
soluble Hz. To obtain B-Hz, the solution was
acidified with concentrated HCI, and the brown-
ish precipitate was stored for 24 hours. Then, the
pellet was centrifuged at 2,500 rpm for 20 min
and washed with deionized water (pH=6.0) 5 to
8 times. Finally, the B-Hz nano-crystals and mi-
cro-crystals were separated from the water and
allowed to dry at 32°C. Approximately 1.2 g of
pure substance were obtained, representing 57%
of the original sample.

Preparation of Controls HZ and f-HZ
from Hemoglobin of B&D®

The methods used were similar to referenc-
22,23
es?223,

Characterization by Infrared and
UV-Visible Spectrophotometry

To perform the FTIR spectra and the spectral
studies in UV-visible range, the methods used
were similar to references?**. Results show the
average from three determinations for obtaining
statistical significance.

Characterization by Zeta Potential

The Hz from M. longipennis 0.1 M, was dis-
solved in deionized water and after that was realized
the pH adjustment with NaOH 0.1 M or HC1 0.1 M
for obtaining pH values of 4, 5, 6, 7, 8 and 9 and
the Z potential in a 0 to -35 mV range was deter-
mined. The equipment used was a Zetasizer, Brand
Malvern, Model 3000 HSA and results show the
average of six determinations for each pH*.

Characterization through SEM,
EDS and XRD

For Electron Micrograph and Energy Spectrum
of Hz and B-Hz molecules from M. longipennis,
the equipment used was a JEOL 6300 Scanning
Electronic Microscope, equipped with Energy
Dispersive Spectrometer. Were used secondary

electrons in 20 to 30 kV range and amplification
were of 5,500X for obtaining topographical imag-
es. The retro dispersal electrons were from k level
for microanalysis detecting the percentual weight
of Elements (%) in a point area (100 nm?) at 30
Ky, field depth 0.3 mm, x10,000 times in 60 s.

The X-ray diffraction powder pattern was ob-
tained in equipment Inel, Equinox 2000. XRD
analysis was performed with CoKal X-rays, a
step size of 0.02 and collection time of 1 s across
a 20 range of 20-50°. The diffraction spectra were
processed using X’Pert High Score (Version 2.0)
software with reference to the Powder Diffraction
File database (Version 4p 2009) from the Inter-
national Centre for Diffraction Data (Newton
Square, PA, USA)>.

Electrolytic Solutions, Electrochemical
Cell and Working Electrodes

The first solution was 0.1 M NaNO,, pH 6.50
and second one was 0.15 M NaCl, pH 6.65; a typ-
ical Pyrex brand cell was used, with three elec-
trodes at room temperature and Nitrogen gas, the
auxiliary or Opposite-Electrode was a graphite
bar. The Reference-Electrode was sulphates sat-
urated (SSE) Hg/Hg,SO,(s)/K SO, (sat), immerse
in a “Luggin” capillary tube®.

All values of electrochemical assays were con-
verted and reported using the Standard Hydrogen
Electrode scale (SHE, 0.615 V total sum). The
values of the electric current density were report-
ed making a quotient between current flow and
the Work-Electrode transversal surface work area
(0.0314 cm?).

Buffers for pH regulation were not used be-
cause the voltammetry assays were in micro-elec-
trolysis conditions, and the changes were not
appreciable.

In order to obtain reliable results and to assure
the reproducibility of the voltammetry responses,
it was used the Open Circuit Potential (OCP) or
Null Current (NC), and it was determined by fol-
lowing the Potential Variation Rate in function of
time, until reaching a stable stationary state after
being in contact with the solution.

All the voltammetry assays were started with
a specific (OCP) and scanning velocity (v) of 20
mVs™! and the electro activity interval was es-
tablished between -1.5 and 2.0 V. The potential
window for the NaCl medium was established
between two intervals of -1.5 to 2.0 V and -0.36
to 1.6 V.

The Carbon Paste Electrodes (CPE) were pre-
pared with different compounds: Hz and B-Hz



J.L. Imbert Palafox, L. Gonzalez Linares, V.E. Reyes-Cruz, M.A. Becerril Flores, et al.

controls prepared from Becton & Dickinson®,
Hz and B-Hz from M. longipennis alone or
mixed with antimalarial drugs and complement-
ed with Graphite powder and Silicon oil. The
composition was: graphite, sample (Hz or -Hz)
or drug and silicon oil, and the weight propor-
tions (wt.) were graphite: sample 50:50; graph-
ite: drug 50:50; graphite: sample: drug 50:25:25.
Two additional were: graphite: sample: drug
50:17:33 and 50:13:37 all the CPE were complet-
ed with 0.3 ml oil*%.

The determinations were realized with a Po-
tenciostat-Galvanostat, Mark PAR, Model 263A
online with a Personal Computer and the runs,
determinations, conditions and graphical steps
were registered with the software Power Suite
Version 3.1%.

Results

FTIR and UV-Visible Spectra

Figure 1 shows the infrared spectra for M. lon-
gipennis, where the classic bands corresponding
to carbonyl (C=0) and carboxylate (C-O) are ob-
served at 1671 and 1127 cm™! for Hz and at 1651
and 1046 cm™ for B-Hz; the signals match those
in the literature!®!'?426_ The absorption spectra
of Hz and B-Hz from M. longipennis in Figure
2 show the classical shift of the Soret band. The
band displacement, from 391 nm in an alkaline
solution to 384 nm in an acidic medium, is due
to the iron movement in the porphyrin plane,
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Figure 2. Absorption spectra of Hz (Grey line) and B-Hz
(Black line) from M. longipennis.

which is similar to what was reported in the
literature and confirms two different chemical
structures.

Zeta Potential

In the curves of Figure 3, two slopes higher
than 90° can be observed between a pH inter-
val of 4.0 to 6.0; these two curves correspond
to B-Hz and the third slope at a pH interval
of 6.0 to 9.0 correspond to Hz. The slopes
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Figure 1. FTIR spectra of Hz (Black line) and B-Hz (Grey
line) from M. longipennis.
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Figure 3. Zeta potential of Hz and B-Hz from M.
longipennis.



Redox potential of haem with antimalarials

have a negative surface charge for the Hz-
BHz conjugated pair; the first one has a minor
or attenuating change from -23 mV towards
a negative potential close to -30 mV in a pH
range of 9.0 to 6.0. The second one occurs when
the dimerization process begins. Although the
molecules are not completely soluble and the
pH changes to 6.0, a short predictable leap of
-23 mV occurs, and the electric potential for
B-Hz formation has a value of -6.0 mV and pH
5.0. The third change is when the pH changes
from 5.0 to 4.0; the B-Hz molecules are less
soluble, and the potential change is -6 to -3 mV.
Most likely, the second and third slopes in the
pH intervals of 6.0 to 5.0 and 5.0 to 4.0 show
the union and microcrystallisation phases like
as succeeding in the digestive vacuole of the
parasite where the pH is 4.5 to 4.97131%27 These
steps carry a notable calorific energy release
in an assay titration and probably result from
electrostatic repulsion and attraction and van
der Waals forces (personal observation). The
Hz and B-Hz molecules in alkaline or acidic
solutions can acquire a surface electric charge,
which can favor differential adsorption of ion
solutions (antimalarials, for example) on the
surface. The above adsorption affects the ion
distribution and increases the concentration of
counterions, thus forming a double electric lay-
er at the interface. The internal region includes

Figure 4. Hz (a) and B-Hz crystals (b) ob-
tained of Hemoglobine® Beckton and Dick-
inson.

ions strongly bound to the surface, and at the
outer region, the ion distribution is determined
by the balance between electrostatic forces and
thermal movement. Therefore, the potential
decreases when increasing the distance from
the surface to a sufficiently large distance and
thus achieves the solution zero potential. This
potential reflects the effective charge on the
particles and correlates with the electrostatic
repulsion between them.

Surprisingly, the negative surface charge of the
dimeric molecules reaches the values of -6.0 mV
and -3.0 mV, which are close to electrical neutral-
ity. This may mean that additional carboxyl group
protonation occurs at pH values of 4.0 to 5.0.

Microscopical Description

Figure 4 shows the control compounds ob-
tained from Haemoglobin® B&D using a USB
M-1 microscope (Cole-Parmer, amplified (x200)).
Characteristic brown and crystalline aspects can
be observed. Additionally, Hz has a large homo-
geneous crystalline form and B-Hz presents a
very small agglomerating particle.

Figure 5 shows the micrographs of Hz and
B-Hz crystals obtained from M. longipennis. In
Figure 5A, there are many small plane crystals,
thin needle-like structures and the presence of
several particle sizes with average dimensions
of 2 pm x 4-5 um. The B-Hz image in Figure




J.L. Imbert Palafox, L. Gonzalez Linares, V.E. Reyes-Cruz, M.A. Becerril Flores, et al.

oo — IR F1 1N
UAEH. " 2080 '\ 45,500 17

\
~

w i

Figure 5. SEM of A, Hz and B, [3-Hz crystals from M. longipennis. Magnification 5, 500 x, bar Imm.

5B shows crystalline agglomerates with more
homogeneous particle sizes that have cubic
dimensions of 2 pm x 2 pm X 2 um. Further-
more, the crystals in Figure 5B are in large 3D
agglomerates, and the geometrical shape in-
cludes flat and well-formed faces with straight
edges and sharp vertices. In both samples uric

acid remains were not observed and the sample
collection method was considered adequate.

Atomic and Molecular
Spectroscopic Description

EDS tests for the Hz and B-Hz from the M.
longipennis samples are shown in Figure 6. The

Figure 6. Elemental microanalysis of iron in Hz (a) and 3-Hz (b) by EDS and XRS.
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Table I. Elemental microanalysis with Scanning Energy Dispersive by X Ray (SED) from M. longipennis samples.

This work Reference (20)

Element Hz 3-Hz Hz B-Hz
Tron (Fe) 0.54 4.57 0.36 2.38
Carbon (C) 37.44 52.32 34.21 38.13
Nitrogen (N) 24.59 20.26 29.35 21.03
Natrium (Na) 0.35 0.02 0.44
Chloride (Cl) 0 0.92 0.05 1.43
Oxygen (O) 23.59 20.93 35.93 35.07
Total 86.51 100 99.92 98.48

samples are visualized through secondary elec-
trons at 20KV 20KV, working distance of 17mm,
and at a 5,500xmagnification.

Elemental microanalyses of the same mole-
cules by X-ray spectroscopy and energy disper-
sive spectroscopy show the major signal for iron
(Fe) in Hz (Figure 6A) and B-Hz (Figure 6B).
The associated bands of gold (Au) resulted from
the coating process, and chloride and sodium
were contaminants from solutions employed for
their purification. With respect to the iron com-
position, the f-Hz has a concentration 8.46 times
greater than Hz from M. longipennis (Table 1),
and this difference in content in the dimer and
monomer forms show the sample purity and
efficiency in the sample collection procedure. It
can be observed that the Hz and f-Hz amounts
obtained from insect faeces are high, despite
being in small amounts of sample, which is con-
trary to the great amount of pure Haemoglobin®
B&D used by the chemical method. This means
that the biological digestion of blood from hema-
tophagous insects is more efficient than chemical
digestion.

Crystallographic Structure

Figure 7 shows three diffraction patterns
from M. longipennis samples: faeces, the Hz
and f-Hz obtained for this study. An FCC (face
centered cubic) crystalline structure with planes
[1,1,1],]2,0,0],[2,2,0] and [3,1,1] can be observed
from the B-Hz curve, and the analysis of the
crystal alignment is in relation to these four re-
flections. In their curve, the large signal of more
than 11,000 inputs at peak 38.23 exactly matches
with identical peaks of pure protein molecules,
such as trypsin and haemoglobin, which indi-
cates that the arrangement of the B-Hz dimer
produces a preferred orientation with perfect cu-
bic symmetry. In addition, the crystallographic
data according to the indexing software of the

CDCC database produce different interplanar
distances and space groups. The crystal habit
and cell parameters for f-Hz show two crystal-
line systems (monoclinic and tetragonal), anoth-
er two for the faeces sample (monoclinic and
orthorhombic) and another (orthorhombic) for
Hz alone, as recorded in Table II.

Crystallographic Data

It is interesting to see how the strong peak at
27.60 (3,996) observed in the faeces sample ap-
pears in Hz at 28.03 and 28.69 peaks; whereas for

X Ray Difraction of Meccus longipennis samples.
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Figure 7. XRD patterns comparison of Hz, $-Hz and
faeces. The 260 rank was 12° to 102°, with Cobalto radiation
(CoKal=1.540560 A°). Reflection maximum values at 20
(°) and [inputs]. The curves have vertical displacement for
better view. Faeces: 21.61, 24.01 (1,623), 27.60 (3,996), 38.20
(2,051), 44.28 (1,165), 77.77. Hz: 28.03, 28.69, 30.69 (1,253),
31.44, 32.97 (1,222), 33.65, 44.63 (1,166), 45.26. p-Hz:
13.29 (1,769), 18.01 (1,861), 23.08 (2,377), 27.37 (2,344),
28.19, 29.08 (3,042), 38.23 (11,054), 44.38 (2,640), 77.71.
Hemoglobin and trypsin samples were observed with face
cubic center patterns, with only four peaks and (inputs):
38.33 (11,472), 44.47 (2,919), 64.55 (752) and 77.68 (1,590)
(data not showed).
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Table Il. Crystallographic data of Hz and B-Hz from Meccus longipennis.

. Space Crystal
d [A]/Calculated value | h | k | | | Mult. group system Cell parameters
3-Hemozoine M.1.
6.5864 11110 4 [Clcl(9) ++Monoclinic | a=19.6441 A b=7.0958 A c=18.7029 A p=115.692°
3.2040 01211 4 | P121/m1(11) | Monoclinic a=12.1011 A b=8.5290 A c=4.8841 A p=96.240°
3.9265 1{1]0 4 | I4/m(87) Tetragonal a=5.5529 A ¢=7.8993 A
4.9705 21010 2 | P121/c1(14) | Monoclinic a=10.6776 A b=6.9148 A c=14.1193 A B=111.407°
Faeces M.1.
3.2142 11310 4 | P121/m1(11) | Monoclinic a=5.4350 A b=12.2410 A ¢=6.9320 A B=106.260°
2.3488 21210 6 |Pbca(6l) Orthorhombic | a=35.2450 A b=7.7757 A ¢=7.1720 A
Hemozoine M.1.
3.2421 61210 4 |Pbca(6l) Orthorhombic | a=35.2450 A b=7.7757 A ¢=7.1720 A
Haemoglobine® B&D and Trypsine® Sigma
2.3435/2.3480 111 8 | Fm-3 m (225) | Cubic a=4.0590 A
2.0295/2.0353 21010 6
1.435 /1.4405 21002 12
1.2238/1.2261 3111 24
1.1717 2122 8
1.0148 41010 6

B-Hz, the strong peak is divided into 27.37, 28.19
and 29.08. However, the large peak at 38.23 that is
present in the B-Hz and faeces samples do not ap-
pear in purified Hz. This means that in the natural
faeces sample, there is also a face cubic centre in
the cubic system (4 and 6) corresponding to iron
from B-haemozoin; therefore, both samples are
identical. However, Hz presents a different orthor-
hombic crystalline structure, as recorded in Table
II. In both molecules, reflection peaks correspond-
ing to aromatic compounds, such as C.H,N, [00-
004-0258], with signals at 33.75, 38.85 and 55.18,
and inorganic Fe,N [01-073-2101], with signals at
80.5, 92 and 103.56, were observed. Even though
there is a non-coincident peak at approximately
67°, these results apparently indicate a different
crystalline structural characteristic, which also
confirms that it is a natural material with a high
purity grade and demonstrates an adequate proce-
dure for obtaining the material.

It is important to note that some references**-*’
mention that synthetic f-haematin crystals can be
produced in vitro with the same nuclear magnetic
resonance and X-ray diffraction patterns as the
haemozoin of the malaria parasite by adding a
whole trophozoite lysate that has been acidified
to a pH between 5 and 6. However, there are
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still differences between synthetic and natural
haemozoin (sHz & nHZ), for example, the size
and shape of the crystals may not be identical
due to differences in the purification process
that is used. Natural haemozoin is composed of
small crystals measuring between 50 nm and 500
nm, and synthetic f-haematin crystals can range
from 50 nm to 20 um, depending on the solvent
used?®?. Other results***! illustrate that the haem
aggregates, which are precipitated by these sys-
tems, need to be carefully scrutinized, especially
by powder diffraction, to ensure that the malaria
pigment is present in the purest state. Finally, our
methodology is efficient, safe and effective, pro-
ducing good material obtained from the natural
faecal material of blood-sucking insects; there-
fore, the preparation of biological cultures of the
parasite (plasmodium) transmitter of the disease
is not necessary? because we use them in this
study as an alternative material for the evaluation
of antimalarial drugs.

Antimalarial Voltammetry

Determining the redox response of medicines
alone was necessary before studying the interac-
tion between the antimalarial drugs and the Hz
and -Hz molecules.
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Figure 8. CV on CPE-AQ (green curve, i), CPE-CQ
(blue curve, ii), CPE-QN (orange curve, iii), CPE-ART
(gray curve, iv) and CPE-LF (black curve, v) in the anodic
direction in a 0.15 M NaCl medium at pH 6.5 (v= 20 mvs™).

Figure 8 shows the respective voltammograms in
the anodic direction in a NaCl medium and shows
different oxidation current densities (curves i, ii,
iii, iv and v). At the same oxidation potential of 1.3
V current densities of 23 mAcm?, 4.8 mAcm?, 1
mAcm?, 0.009 mAcm? and 0.004 mAcm? for AQ,
CQ, QN, LF and ART are produced, respectively.
The decrease in the oxidation current density can
be attributed to 1) the chemical nature of the drugs
generating a less oxidizing environment or 2) the
drugs diverting the oxidation processes of graphite
and the medium to more anodic potentials. With
these considerations, lumefantrine and artemether
have the weakest oxidizing environment.

It is important to mention that the voltammet-
ric response of all drugs in the cathodic direction
is equal or similar to the anodic direction, which
may indicate that all of them are found in a rela-
tive redox equilibrium or are not inert substances.

Voltammaetry of Antimalarials
Mixed with Hz

Due to the importance of the oxidation re-
sponse in the generation of reactive oxygen spe-
cies (ROS), which are the cause of damage to
various biological molecules, we presented only
those results related to anodic behavior.

Figure 9 shows five curves i, ii, iii, iv, and v of
the CPE-Hz from M. longipennis in the presence

Figure 9. CV of CPE-AQ-Hz (green curve, i), CPE-
CQ-Hz (blue curve, ii), CPE-QN-Hz (orange curve, iii),
CPE-ART-Hz (gray curve, iv) and CPE-LF-Hz (black
curve, v).

of each drug. It can be seen that at the same oxi-
dation potential of 1.3 V the current densities de-
crease with values at 5 mAcm?, 3.3 mAcm, and
0.6 mAcm for AQ, CQ, and QN, respectively,
and the current densities increase with values at
0.15 mAcm? and 0.025 mAcm? for ART and LF,
respectively. In this last case, the highest oxidiz-
ing power when Hz is present is for lumefantrine
and artemether. When compared with the drugs
alone (Figure 8), the results indicate that anti-
malarials per se can contribute to the oxidation
processes and, in combination, can also increase
or decrease the oxidizing power of Hz.

Voltammetry of Antimalarials Mixed
with -Hz

In the case of 3-Hz combined with five drugs
(Figure 10), it is possible to observe that the ox-
idation current densities majorly decrease with
values at 2.8 mA cm™ and 1.8 mA cm™ for AQ
and CQ, respectively; QN stays at the same
value of 0.6 mA cm? for and low values of 0.03
mA cm? and 0.03 mA cm? are observed for
ART and LF, respectively. It is very interesting
that the lowest oxidizing power is for lumefan-
trine and artemether. In this respect, it seems
that antimalarials can also be adjuvants to the
oxidation processes and attenuate the oxidizing
power.
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Figure 10. CV of CPE-AQ-B-Hz (green curve, i), CPE-
CQ-p-Hz (blue curve, ii), CPE-QN-B-Hz (orange curve, iii),
CPE-ART-B-Hz (gray curve, iv) and CPE-LF-3-Hz (black
curve, v).

It is important to note that the oxidation cur-
rent density, for a potential of 1.3 V with Hz-AQ
and Hz-CQ are higher than those with 3-Hz-AQ
and $-Hz-CQ. These results are similar to assays
of Hz and B-Hz without drugs and indicate that
the most reactive molecule is Hz"*'?2, The 3-Hz
in the presence of drugs also has oxidizing power,
and these are contradictory results. It is assumed
that 3-Hz is an inert molecule, which is formed
by the parasite so that it does not suffer damage
by the haem group, once the haem group is di-
merized and “polymerized”.

It has been demonstrated that both molecules
are indeed “true” p-p dimers (pi bonds), and
in this case, variable electronic transfers occur
depending on which drugs can be employed,
according to the recent theories of chemical and
electronic bonding®**,

Voltamperometric Study of Hz and
p-Hz With Lumefantrine and
Artemether at Variable Concentrations
A mixed preparation of antimalarials, to check
the stability of the redox potential, was conduct-
ed for a recommended treatment with the drug
AL® [Coartem; Novartis, tablet contains 20 mg
artemether and 120 mg lumefantrine (proportion
1:6)]. In this six-day treatment, the total dose
administered was 0.480 g plus 1.920 g%, In
this manner, the reactivity of haemozoin and
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B-haemozoin with lumefantrine and artemether
in three different proportions can be viewed in
Figures 11A, 11B, 11C and 11D. The varying
weight ratios are listed in the following: graphite
2,2.94,3.84/Hz or B-Hz 1, 1, 1/drug 1, 1.94, 2.84,
respectively.

Figures 11A and 11B show that there is a minor
modification in the oxidation current densities of
Hz with variable amounts of lumefantrine (elec-
trophilic molecule with 3 chlorides directly influ-
encing the pi bond of a benzene ring) and with
variable amounts of artemether. In the B-Hz case
Figures 11 (c) and (d), there are probably major
modifications of the oxidation current densities
with lumefantrine, but there are also those with
artemether. In general, a drug ratio of 50:25:25 is
very stable because the increase in drug no longer
contributes to the oxidizing power of the arte-
mether without aromatic groups (no pi bonds),
which can interact with the p-p bond of Hz. The
drug that decreases the oxidizing power of Hz the
most is lumefantrine since for the same oxidation
potential of 1 V, a low oxidation current density
is obtained with respect to the artemether drug
(0.02 mAcm and 0.09 mA cm™, respectively).

Discussion

The mechanism of action of artemisinin (ART)
drugs is still under debate, but a widely held
view is that ART is a pro-drug that is activated
by reductive cleavage of an endoperoxide ring;
the resulting free radical is thought to react with
susceptible groups within a range of essential
parasite proteins, thus leading to cellular damage
and death*-*. Direct insights into the nature of
the ART activator in vivo is unknown, but some
studies suggest that it is important to maintain re-
dox homeostasis. The major disadvantage of ART
drugs is that they have very short half-lives in
vivo (0.5-2 hours). Indeed, it has been suggested
that one reason for the short half-lives of endop-
eroxide antimalarials is premature opening of the
endoperoxide ring when the drug is located away
from the active site in the parasite®’.

The crystalline structure of haemozoin shows
the presence of dimers stabilized by p-p interac-
tions that are also present in solution and have
been proposed as an alternative nucleation unit.
So, the beginning of haemozoin nucleation in
the detoxification process requires the internal
lipid membrane of the digestive vacuole'"? and
an efficient proton pump that acidifies it*. These
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Figure 11. The four trials had the same proportions 50:25:25 (blue curve, i), 50:17:33 (brown curve, ii), and 50:13:37 (gray
curve, iii) and were with anodic direction on NaCl medium 0.15 M, pH 6.6 (v=20 mvs™).

nano-nuclear structures support the mechanism
of action of antimalarial drugs that inhibit the
growth of haemozoin. Recent studies have shown
that the direct observation of intact cells, in a
vitrified state, (it means without fixation process)
locates and guide the haemozoin crystallization
inside the inner membrane of digestive vacuole,
and preferably occurs in aqueous phase rather
than in lipid phase and facing the membrane in
the common orientation face x100y. In addition,
the haemozoin crystals are clearly not engulfed
in any lipid sphere; rather, it is proposed that the
haemozoin crystals form on an acylglycerol lipid
film adsorbed to the inner leaflet of the DV phos-
pholipid membrane'”".

The common coexistence of these crystalline
species in physiological deposits and the observa-
tion that the nucleus of a stone is often chemically
different than the material in subsequent layers

led Lonsdale®® in 1968 to suggest that epitaxial
relationships between these crystalline phases
could be an important factor contributing to their
formation. Epitaxy is defined as the growth of
one crystal on the substrate of another, so there
is at least one preferred orientation and a near
geometrical fit between the contacting surface
lattices*. When lattice-matched “seeds” are pres-
ent in solution, the barrier to nucleation can be
significantly reduced, so crystallization occurs in
environments that have otherwise not met critical
supersaturating conditions. A similar scene may
be present for haemozoin and antimalarial drugs.

Quinolines also form various complexes with
soluble haematin, but complexation is insufficient
to suppress haem detoxification and is a poor in-
dicator of drug specificity.

The divergent hypotheses on the inhibition
of haematin crystallization posit that drugs act
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either by the sequestration of soluble haematin by
forming non crystallizable complexes or the inhi-
bition is due to the drug interaction with crystal
surfaces. However, drug-crystal interactions are
not the dominant mechanism of haematin growth
inhibition*.

The redox potential variability from insoluble
and nonconductive organic molecules, such as Hz
and B-Hz in the presence of antimalarial drugs
has been quantified through an electrochemical
array with a carbon paste electrode (CPE).

Finally, the authors have shown the viabil-
ity of conducting quantitative characterization
studies of insoluble drugs, such as antimalarial
artemether and lumefantrine using cyclic voltam-
metry with carbon paste electrodes in a fast and
inexpensive manner; furthermore, this technique
is able to consider the more complex planar aro-
matic structures and the presence of fluorine and
chlorine, which are very electronegative atoms.

Conclusions

Clinically, the toxicity and side effects of arte-
mether and lumefantrine are presents. Some pa-
tients complained of dizziness, headache, nausea,
vomiting, abdominal, pain, diarrhoea, and palpi-
tation. A few patients had rashes and others had
reticulopenia, leukopenia, and increased SGPT,
and urea nitrogen, sinus bradycardia, arrhythmia
or premature ventricular beat. To maintain the
intracellular redox balance is very important, so
indicate treatments that could potentially alter it,
(artemether) or (benflumetol,) should consider
that maybe there will be a imbalance. A better
guide for rational application and standardize
malaria treatment should be include to evaluate
the drugs redox potential®.
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