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Abstract:

Malaria is the most devastating tropical disease in the world and this scenario is worsened by the absence of
effective treatment. However, the plasmodium resistance to artemisinin does not show clinical relevance. The
drug mechanism of action is associated to the endoperoxide moiety breakage. Artesunate is a semi-synthetic
derivative of artemisinin and its absorption is facilitated due to its higher solubility in water. As a sesquiterpene
lactone, artesunate can be electrochemically reduced in agueous media on the glassy carbon electrode, having
been studied by cyclic voltammetry, square wave voltammetry and chronoamperometry. The artesunate
voltammetric reduction is diffusion-controlled and significantly irreversible. Its reduction is pH-independent, but
from pH = 6.0 the cathodic current values increase in alkaline media, indicating that the proton-equilibrium occurs
after the electron transfer step. The an values calculated vary from 0.30 to 0.37, leading to the 0.0975 s™' value for
ks. From the chronoamperometric data, two electrons (1.9 + 0.4) are involved in the reduction process, being
confirmed by the exact number of electrons obtained for artemisinin (1.9 + 0.2). According to these results and
computational findings, both drugs have the same reduction mechanism with the breakage of the endoperoxide
bridge and consequent diol-derivative formation followed by the deoxy analog stabilization through the existence
of a set of reactions involving protonation and charge transfer steps on the electrode surface.
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1. Introduction

Malaria, a neglected tropical disease (NTD),
is the most devastating worldwide and this
scenario is worsened by the absence of effective
treatment. Malaria is caused by protozoa
belonging to five species of the genus
Plasmodium and it is transmitted to humans
through female Anopheles mosquitoes bites. In
Latin America, around 250 thousand people are
infected by Plasmodium falciparum. Although
around half of the world population is at risk, the
scale-up of interventions has been helping to
reduce the global mortality rate by 37% in the
last 15 years. In spite of these advances, the
scenario remains alarming since there were an
estimated 214 million cases of malaria and
438,000 deaths in 2015 [1].

Tropical diseases continue to represent a
serious social problem, since adequate drug
treatment is still lacking. Even so, the efforts in
research and development (R&D) by the
companies are too weak concerning a potential
return to produce new therapies to invest
significantly in the field [2, 3]. In this context,
malaria is part of the group of 17 diseases that
typically affect poor people in tropical countries
[3, 4]. Current initiatives driven at R&D of NTDs
are being led predominantly by the
governmental, inter-governmental and private
not-for-profit sectors implemented by means of
public-private partnerships [5, 6]. An important
example of these initiatives was the consortium
founded by DNDj and TDR in 2002, in which the
Brazilian government took part involving the
pharmaceutical company Farmanguinhos/
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Fiocruz [7]. This initiative generated an important
alternative for malaria treatment, the artesunate-
mefloquine (MEFAS) [8].

MEFAS [8] is a salt derived from two
antimalarial molecules, artesunate and
mefloquine, and results have demonstrated that
this new compound is more effective against
malaria than the simple combination between the
two original drugs. It is worth mentioning that the
association of artesunate plus mefloquine
hydrochloride has been adopted as first-line
agents for uncomplicated malaria [9].

Both antimalarial drugs act as blood
schizontocides [9, 10]. The action mechanism of
mefloquine is still unknown, but it can be related
with processes involving oxidative stress [11],
while the action mechanism of artesunate follows
the same recommended for artemisinin, in which
the endoperoxide bridge under the attack of a
reducing agent, like a ferrous ion, undergoes a
rapid and effective cleavage [9].

Artemisinin (Figure 1A) is a sesquiterpene
lactone containing a peroxide bridge responsible
for its action mechanism [9]. Its semi-synthetic
derivative, artesunate (Figure 1B), presents
higher solubility in water, which provides an
advantage over artemisinin, because its
absorption is facilitated and artesunate can be
formulated in oral, rectal, intramuscular, and
intravenous preparations.

Figure 1. Molecular structures of artemisinin (A)

and artesunate (B).

The pharmacological activities of drugs
based on the charge transfer processes is an

interesting research field for the study of
physicochemical parameters having
electrochemistry as technique applied.

Electrochemical techniques are useful tools for
the mechanism elucidation of drugs whose own
redox steps are associated to the biological

action processes, involving the identification of
oxidation-reduction products and metabolite
formation, as well as the acquisition of
parameters used in studies of structure-activity
relationships for drug design [12, 13].
Additionally, molecular modelling techniques are
powerful tools successfully used to analyze and
interface medicinal chemistry studies with
electrochemical experimental results. These
techniques  association can  significantly
contribute to comprehend and elucidate the
medicinal chemistry challenges, such as
predicting biological activity and understanding
drug action mechanisms [14].

Artemisinin can be chemically or
electrochemically  reduced, involving the
endoperoxide bridge cleavage [15]. The cyclic
voltammetric profile indicates an irreversible
reduction with a little defined cathodic peak and
with a high negative potential value [16-24].
Some derivatives like dihydroartemisinin [19],
arteether [25], artemeter [26] and artesunate [20,
27] present similar voltammetric behavior similar
to that of the original drug.

Additionally, the electrochemical techniques,
mainly the cyclic voltammetry, have been applied
in studies involving the interaction between
artemisinin and its derivatives with heme group.
The artemisinin reduction occurs with the
cleavage of endoperoxide bridge catalyzed by
the iron ions [9, 28]. The voltammetric behavior
of artemisinin is significantly altered in the hemin
presence, provoking anticipation of the cathodic
peak for more positive potential values and
increase on the peak current as well [16, 19-21,
23]. Studies with holotransferrin [29,30] and
carbon nanofiber electrode functionalized with
hemoglobin [31] registered analogous
electrocatalytic behavior on the artemisinin. As
artesunate presents structural similarity, the
same mechanism is also observed [20].

Although artesunate is important in the
therapeutics against malaria and its biological
action associated with redox process, there have
been few works published about artesunate
reduction mechanism in detailed form. In this
sense, this paper seeks to address a study on
the artesunate electrochemical behavior in
aqueous media using a glassy carbon electrode
by applying cyclic voltammetry, square wave
voltammetry and chronoamperometry. Moreover,
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a computational study is performed clarifying the
involved redox process. The system reversibility,
effect of pH and electrode mechanism reaction
are evaluated. The determination of the exact
number of electrons is carried out through the
chronoamperometric record for artesunate and
artemisinin using the Cottrell equation, having
the diffusion coefficient predicted by Wilke-
Chang equation. A reduction mechanism is
presented.

2. Results and Discussion

Several works on the electrochemical
reduction of artemisinin and derivatives had been
established with voltammetric measurements in
non-aqueous or mixed media [16, 18-21, 26, 29-
31]. Nevertheless, previous results [23]
registered the possibility of the artemisinin
voltammetric reduction in buffered-aqueous
medium. This work aims to study the artesunate
reduction only in aqueous media. However,
initially cyclic voltammograms were obtained in
mixed media, as depicted in Figure 2.

A R
1.0pA
42 a0 08 . 086 04
E(V) vs Ag/AgCl
B %
1.0pA
42 A0 08 06
E(V) vs Ag/AgCl

Figure 2. Cyclic voltammogramsof 0.1 mmol L
of (A) artemisinin and (B) artesunate in (—) buffer
BR pH 6.0; (—) 20% methanol + buffer BR pH
6.0; (—) 20% acetonitrile + buffer BR pH 6.0.
Scanrate =0.10 Vs,

As it can be observed for both drugs the

cyclic voltammograms registered only a single
irreversible reduction wave at GCE, since there
is no register in the reverse scan and being the
higher values of current obtained in buffer BR pH
6.0. The artemisinin voltammetric reduction
occurs in potential lightly less positive (-0,820 V)
than that observed for artesunate (-0,906 V).
Moreover, the voltammograms for the former
showed better definition than that registered for
the latter.

Peak potential values (Epc) for the
voltammetric reduction of artesunate are shifted
for more negative potential values with the scan
rate (v) increased. Epc values vary linearly in
function of the log v, as it can be observed in
Figure 3a, with a displacement around 200 mV
per tenfold increase in scan rate, showing a
process significantly irreversible. The an value (n
= electrons number and o = electron transfer
coefficient) was calculated applying the equation
for a totally irreversible mechanism, in which Epy.
is the potential where the current is at half peak
value [32].

Ep =F +47.7 v
Po=EPE— ™ M

The an values vary from 0.37 to 0.30 for a
scan rate range between 0.1 and 1.0 Vs.
Considering that two electrons can be involved in
the artesunate voltammetric reduction [23], the
average value calculated for a is 0.16, slightly
lower than those registered for artemisinin [18,
23]. Based on this result, ks, the rate constant of
the electrochemical reaction (s'), can be
estimated applying the method proposed by
Laviron (1979), from the following equation [33]:

2.303RT| RTkg 2.303RT|
anF og(an)- anF

being R the gas constant (8.314 JK'mol'), T
temperature (298 K), F the Faraday constant
(96,485 C mol'') and E° the formal standard
redox potential. Taking the calculated slope by
the linear fit (-0.198) an = 0.299 was obtained,
which corroborates the data showed above.
From the intercept (-1.185) of the plot in Figure
3a, the ks can be obtained if E° is known. The E°
value can be deduced by the extrapolation on
the ordinate in the correlation between Epc vs. v,
considering v =0 [34]. As it can be observed in
Figure 3b, Epc varies exponentially with the
increase of the scan rate and its fitting curve can

Ep,=E’+

og v,
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suggest -0.774 V as value for EO, indicating that
the ks value calculated is 0.0975 s-'.

logv
2.0 1.5 1.0 0.5 0.0
. — .

Epc (V)

1 1 1

1 S S T ,
0.0 0.2 04 0.8 1.0

6
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Figure 3. Influence of scan rate: (a) plot of Epc

vs. log v; (b) plot of Epc vs. v.
[Artesunate] = 1.0 mmol L' at pH = 6.0.

Figure 4 shows the influence of the scan rate
variation on the cathodic peak current. The
relationship between cathodic current values
(Ipc) and v'2 is linear, indicating that the electron
transfer is controlled by diffusion. This behavior
can be confirmed by the linear relationship
obtained from the logarithm plot between peak
current and scan rate for which a slope of 0.5
indicates a diffusion process [35]. In fact, the
linear equation obtained shows a relatively close
value for the slope (log Ipc (uLA)= 0.65 log v (Vs™)
+ 0.74, R=0.984, n = 8); between 0.01 and 1.0

Vs, Therefore, based on these results, it is
possible to affirm that the mass transportion of
the electroactive species onto the electrode
surface is preferentially diffusion-controlled.
Curiously, this is a different behavior from that
registered for artemisinin, in which the results
had shown that the voltammetric reduction of the
drug is controlled by adsorption [23]. In general,
the product formed by the redox reaction
adsorbs on the electrode. Eventually, the
solubility differences between the drugs [9] could
explain the contrast in behaviors on the electrode
surface [36].

[rowa™ Ao 8
1.2 -1.0 -0.8 -0.6 0.4
E(V) vs Ag/AGCI

Figure 4. Cyclic voltamograms of 1.0 mmol L-!
of artesunate at pH = 6.0. Inset: linear
dependence on the peak current with the scan
rate square-root.
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Figure 5. (A) Square wave voltammogram of 0.1 mmol L' of artesunate at pH = 6.0; (B) Plot of Alpc
vs f; (C) Plot of Epc vs log f.
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Complementary data obtained by applying WS 17
square wave voltammetry corroborate the results 06| 116
described above. Considering the following o7l 1.5
parameters: frequency (f) = 80 Hz; pulse S 14 &
amplitude (a) = 50.0 mV and sweeping increase & 08[ 11392
(AEs) = 2.0 mV, at pH 6.0 one single cathodic W ool 112 E
peak was registered (-0.894 V) for artesunate. Aol 111
The voltammograms presented in Figure 5A aal 110
show that the respective net currents (Alpc) are ol 109
1.2 0.8

composed only by the direct current (Ipf), being
the reverse current (Ipp) absent, which indicates
lack of backward component, confirming an
irreversible system. According to literature [37,
38], the frequency for pulse application is an
important parameter used in mechanistic and
kinetic studies., for a system totally irreversible
the Alpc values vary linearly with frequency, as it
can be observed in Figure 5B in which this
proportionality occurs until 80 Hz. The net peak
potential as a function of the logarithm of
frequency provide related information regarding
mass transportation phenomenon, indicating that
the process involving a redox reaction may be
controlled by either diffusion or adsorption of the
product and/or reagent. Figure 5C shows the plot
between Epc vs log f, being a linear correlation
observed in the frequency range studied
(20 Hz < f< 100 Hz), which confirms that the
charge transfer process for the artesunate
voltammetric reduction is controlled by diffusion.

Artesunate follows a similar voltammetric
behavior in function of the pH value variations
registered for artemisinin, by which the peak
current values are pH-dependents, while the
peak potential values are not shifted with the
solution acidity change [23]. The Epc vs. pH plot
in Figure 6 clearly shows this behavior described
for artesunate. The pH effect was evaluated in
the range 2 < pH < 12 with a total variation on
the Epc values that did not reach to 0.1 V,
showing that the reduction peak is kept constant
in all pH range studied. However, it is possible to
observe by the Ipc vs. pH plot (Figure 6) that in
acidic medium the Ipc values suffer small
influence of pH, but from pH = 6.0 there is an
increase of the current values with the proton
decrease in solution. These results demonstrate
that the proton-equilibrium may occur after the
electron transfer step and the reduction rate of
artesunate is increased with pH [32].

pH
Figure 6. The evaluation of the pH influence:
(a) Epc vs. pH and (b) Ipc vs. pH.
[Artesunate] = 1.0 mmol L'; v=0.1V s™.

The knowledge of the number of electrons
associated to an electrode reaction is essential
for the better comprehension of the redox
mechanism involving a drug. Thus, the number
of electrons involved in the electrochemical
reductions of artesunate and artemisinin were
estimated at pH 7.4, considering the
physiological pH as reference. From the
electrolytic measurements at controlled potential,
a curve relating the generated reduction current
in function of the time is registered. For this
chronoamperogram  obtained, the Cottrell
equation is valid [32].

nFADY/2C
d= mi/2¢1/2 !

being ls measured current (A), n is the number of
electrons, A is the electrode area (cm?), C is the
initial concentration of drug (mol cm-3), D is the
diffusion coefficient of the solute in water(cm?2s-')
and t is the time (s) and F (96,485 C mol").
Being the relationship between lq in function of t-
2linear, from its slope determined and having all
the parameters known, the number of electrons
can be calculated. Previous works [39, 40] have
demonstrated that the  application  of
chronoamperometry associated to the prediction
of diffusion coefficient by molecular modeling is
an efficient strategy for the number of electrons
determination involved in the electrode reaction
of drugs. Initially, the diffusion coefficient has
been predicted by Wilke-Chang equation,

7.4x1078(x M)%ST
D = r]().ﬁ V 4

being D the diffusion coefficient of the solute in
water (cm? s'); n is the viscosity of water

Orbital: Electron. J. Chem. 12 (3): 108-117, 2020
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(centipoise) at the temperature of interest (n =
0.8937 at 25 °C), M is the molar mass of water
(gmol"), T is the temperature (K), x is the
association parameter (2.53) of water and V is
the Le Bas molar volume of the solute (cm3
mol-') [42]. This last one is an additive method
for molar volume calculation from atomic
contributions that make up the functional groups
present in organic molecules [42]. Firstly, the
molecular volume of the drugs (Table 1) were
predicted by the AM1 molecular modeling semi-
empirical method through the Molinspiration
program (an internet free software) [41];
secondly, these obtained values were applied in
the relationship previously established by La-
Scalea et al. [42] and the respective Le Bas

molar volumes were calculated. It is worth
mentioning that Le Bas molar volumes correlate
linearly with Van der Waals volumes, which is
the basis of calculation for the AM1 semi-
empirical method [42]. Thus, Figure 7A presents
the chronoamperogram obtained for the
artesunate following the parameters as already
described. The Cottrell linear relationship
showed excellent correlation (R? = 0.998) as it
can be observed in Figure 7B and the results
from the electrolytic reduction of artemisin and
artesunate are presented on Table 1. It is evident
the concordance of results for both drugs,
demonstrating clearly the involvement of two
electrons in the reduction electrochemical
process.

Table 1. Number of electrons involved in the process calculated with the chronoamperometric data at

pH7.4
s Molecular volume Diffusion coefficient Cottrell slope n*
(A3 (cm?/s) (Als™)*
Artemisin 258.22 5.74x10® 4.7 £ 0.5x10® 1.9+0.2
Artesunate 344.64 4.83x10 4.4 +0.8x10® 19+04

*average values from five measurements.

I (uA)
A b

_7 L 1 " 1 "
0.0 0.5 1.0 15
t-1/2 (5-1)
Figure 7. (A) Chronoamperogram of 1.0 mmol
L' artesunate with applied potential at-0,9 V by
10 seconds; (B) Plot of l4 vs. t'72.

Complementing the electrochemical studies of

the artesunate, a molecular modeling approach
was carried out in order to contribute towards a

better comprehension of the reduction
mechanism. In this sense, the molecular
modeling methodology enables the

determination of the frontier molecular orbitals
involved in the redox process electrons flow.
When an oxidation reaction occurs, the electron
from the highest occupied molecular orbital
(HOMO) is transferred, while for a reduction
process the electron flows from the electrode into
the lowest unoccupied molecular orbital (LUMO)
of the studied molecule. Concerning the obtained
results, it can be affirmed that the reduction
mechanism of artesunate is the same of
artemisinin, indicating that the endoperoxide
bridge is broken with the respective formation of
the diol-derivative that leads to the consequent
stability of the deoxy analog [9, 48], involving a
total of 2e/2H*. The calculations were performed
considering the artesunate molecular structure
(ground state) and two more molecular states
(derivate 1 and derivate 2), taking in to account
the possible products formed in the drug
voltammetric reduction. The structures of the

three compounds were obtained from a
conformational search using molecular
mechanics. Geometry optimization was then

Orbital: Electron. J. Chem. 12 (3): 108-117, 2020
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performed at the DFT (B3LYP/6-311+ G(d,p))

level of theory. The geometry optimized for each

of the studied forms is shown in Figure 8.
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Figure 8. Structures optimized for the molecular modeling study: a) ground state (artesunate); b)
derivative 1 (diol-derivative) and c) derivative 2 (deoxy analog).

The results obtained indicate that the LUMO
orbitals, which will be the easiest route to the
addition of electrons to the molecule, are located
around the conjugated rings (artesunate and
derivate 1) and they are dislocated to the lateral
chain, considering the derivate 2 formed after the
electrons transfer (Figure 9). These results for

the artesunate corroborate those registered in
literature suggesting that the deoxy analog is not
involved in the action drug because this molecule
is more stable than the endoperoxide group and
the hydroxyl groups formed to the derivative 1
[43].

Figure 9. Results obtained by molecular modeling studies for LUMO orbitals, showing the differences
and changes for a) artesunate; b) derivate 1 and c) derivate 2.

Based on the literature data [9, 23, 43] and
the results herein discussed, it is possible to
suggest a sequence that presents a set of

114

reactions involving protonation and charge

transfer steps, being defined e, H*, e, H*, as

depicted in Scheme 1.

Orbital: Electron. J. Chem. 12 (3): 108-117, 2020
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derivative 2
Scheme 1. Reduction mechanism proposed for the artesunate on GCE.

3. Material and Methods
3.1 Reagents and solutions

The stock solutions (0.05 mol L") of
artemisinin  (Medyplantex) and artesunate
(Farmanguinhos/Fiocruz) were prepared through
direct dissolution in methanol. The solution of
KsFe(CN)s.3H20 (0.01 mol L") was prepared in
water. The pH study of the final drug solution
was accomplished with Britton-Robison (BR)
universal buffer [44]. All solutions were prepared
by using analytical-grade reagents from Merck
and ultrapure water from a Gehaka UV system.

3.2 Apparatus

The electrochemical measurements were
carried out using an Autolab PGSTAT 30
potentiostat/galvanostat from Eco-Chimie,
Utrecht, Netherlands, coupled to a 20 mL cell
with a three-electrode system, being glassy
carbon as the working electrode (GCE) and the
other two, Ag/AgCl as the reference and Pt as
auxiliary. The acquisition and treatment of data
were performed using the GPES 4.9 program
(Eco-Chimie). Dissolved air was removed from
the solutions by 10 min bubbling with nitrogen.
The pH control was measured with a Metrohm
654-pH-meter and the combined glass electrode

derivative 1

at room temperature.

The GCE (9 =2 mm, Analion, Brazil) was
manually polished with 1 pm diamond
suspension in spray on Supra metallographic
velvet (Arotec S/A, granulometry % um). The
GCE was rinsed with ultrapure water after having
been polished. The GCE area
(0.0189 + 0.002 cm?) was determined from cyclic
voltammetry data obtained for KsFe(CN)s.3H20
and its diffusion coefficient (7.76x106 cm? s') in
KClI 0.5 mol L' solution and applying the

Randles-Sevcik equation for the reversible
system [Fe(CN)e]*/[Fe(CN)s]*[32].
3.3 Electrochemical assays and the

determination of the number of electrons

The electrochemical behavior of artesunate
(1.0 mmol L") in BR buffer was analyzed using
the cyclic voltammetry in the scan range from -
0.2 t0 1.2 V vs. Ag/AgCI reference electrode and
the scan rate varied from 10 to 1000 mV s,
having artemisinin as reference compound in the
same experimental conditions. All  the
voltammetric measurements were carried out
after bubbling nitrogen during 10 minutes.

The number of electrons was determined at
pH 7.4 with drug concentration of 0.1 mmol L-'by

Orbital: Electron. J. Chem. 12 (3): 108-117, 2020
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chronoamperometry using three levels of
potential pulses. Level 1: potential 0 V, duration
0.3 s, sampling time 0.05 s. Level 2: potential -
0.9V, duration 10 s, sampling time 0.05 s. Level
3: potential 0V, duration 0.2 s, sampling time
0.05 s. From the chronoamperograms registered,
the linear relation between lq as a function of t12
was plotted based on Cottrell equation [32].

The diffusion coefficient predictions of the
studied compounds in aqueous phase with
infinite dilution were carried out following
methodology reported elsewhere [42], in which
the Wilke-Chang equation was applied by using
the molecular volume data calculated by the
online internet free software with input of
SMILES strings for artemisinin and artesunate
[41].

3.4 Computational methodology

The computational studies consisted of (i)
constructing the 3D structures, (ii) performing a
conformational search employing the MMFF94
classical force field [45] by systematic sampling
using the Spartan'10 software (iii) geometry
optimization, (iv) calculating imaginary
frequencies, and (v) performing density
functional theory (DFT) calculations to determine
electronic properties using the B3LYP functional
and 6-311+G (d,p) implemented in the
Gaussian 03 package [46]. Several structural
and electronic properties were calculated from
the DFT calculations, such as molecular orbital
(MO) energies [47, 48].

4. Conclusions

Artesunate was irreversibly reduced by a
diffusion-controlled process on the glassy carbon
electrode in aqueous media by using cyclic
voltammetry. Only one wave was registered,
being its peak potential value shifted to the
negative potential values with the scan rate
increased and independent of the pH. However,
the cathodic current value increased its
magnitude in alkaline media, indicating that the
proton-equilibrium may occur after the electron
transfer process. From the chronoamperometric
data, two electrons were determined for the
reduction of artesunate and artemisinin,
confirming that both drugs have the same redox

process. The computational approach reinforced
that the artesunate reduction mechanism
involves the breakage of the endoperoxide
bridge and consequent diol-derivative formation
followed by the deoxy analog stabilization, which
corroborates the idea that the endoperoxide
group is responsible for the drug action. The
general discussion of this work indicates that the
artesunate reduction mechanism involves the
possible existence of a set of reactions involving
protonation and charge transfer steps on the
electrode surface.
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