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Abstract

Background: Artesunate is recommended by the World Health Organization (WHO) for parenteral treatment of
severe Plasmodium falciparum malaria. However, artesunate is inherently unstable in an aqueous solution and hydro-
lyses rapidly after its preparation for injection. Therefore, the aim of the study was to evaluate the stabilizing effects of
phosphate buffer and mannitol against short-term (ex-tempore) artesunate hydrolysis.

Methods: A HPLC-UV isocratic method was developed using a reversed-phase fused core column (HALO RP-C18)
and a mobile phase consisting of a mixture of 45% ammonium formate 10 mM in water (pH 4.5) and 55% methanol.
Artesunate was formulated as aqueous solutions using a design of experiment (DOE) to investigate the artesunate
stabilizing effects of pH (8-10), phosphate buffer strength (0.3-0.5 M), and mannitol (0-0.22 mmol/mL). The solu-
tions were incubated at predefined temperatures (5, 25, and 40 °C) with subsequent analysis. Arrhenius equation was
applied to model and evaluate the stability results.

Results: The developed HPLC-based method using fused-core stationary phase allowed to selectively quan-

tify artesunate in the presence of its main hydrolysis degradants; namely 3-dihydroartemisinin (3-DHA) and
a-dihydroartemisinin (a-DHA) within 10 min. By applying the Arrhenius equation, the rate of hydrolysis of the drug
increased approximately by 3.4 as the temperature raised by 10 °C. Buffer strength was found to be the main factor
affecting the hydrolysis rate constants at 5 and 25 °C (p <0.05), the activation energy (p=0.009), and the frequency
factor (p=0.045). However, the effect of the buffer was predominant on the activation energy and hydrolysis rate
constants, revealing its stabilizing effect on the drug at lower buffer strength (0.3 M). Within the investigated range
(pH=28-10), pH was found to influence the activation energy, with a positive stabilizing effect in the pH range of
8-9. The addition of mannitol as stabilizing agent into artesunate aqueous formulation did not show an improved
response.

Conclusion: Phosphate buffer was the main stability determining factor of artesunate in the aqueous intravenous
(i.v.) formulation and was found to be more effective in stabilizing artesunate at a buffer strength of 0.3 M in pH 8-9,
while mannitol lacked stabilizing effect.
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Background

Artesunate is a semisynthetic compound currently
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leishmaniasis [9], Mycobacterium tuberculosis [10], and
viral infections [11, 12].

According to the 2021 guideline for malaria, World
Health Organization (WHO) recommends parenteral
treatment with artesunate for severe Plasmodium falci-
parum malaria, which is the deadliest malaria parasite,
especially in Africa, in preference to quinine [13]. Intra-
venous artesunate has been shown to significantly reduce
the risk of death, associated with a lower risk of hypogly-
caemia. It is relatively safe in comparison to quinine with
no serious drug-related adverse effects [14, 15]. However,
artesunate is a hemisuccinate ester wherein the hemi-
acetal OH group of dihydroartemisinin is acylated with
succinic acid. It is unstable and rapidly hydrolysed to its
active metabolite dihydroartemisinin [16—18] (see Fig. 1).

The degradation of artesunate can be dependent on the
formulation compositions [19-21]. Hence, stable aque-
ous formulations for parenteral use, which are physiolog-
ically compatible, are currently not available. Nowadays,
a common practice for the preparation of intravenous
injections of artesunate is by dissolving the sterile drug
substance powder in an alkaline aqueous solvent (sodium
carbonate). Further dilution is then done using physi-
ological saline of buffer just prior to administration of
the drug [22]. The WHO recommends that this prod-
uct should be freshly prepared and administered within
1.5 h [13, 23]. Therefore, there is still a need for further
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development of artesunate aqueous parenteral formula-
tions with improved chemical stability.

The stability of parenteral products can be improved by
their formulation composition, i.e. by their pharmaceuti-
cal excipients [24, 25]. Mannitol has been a widely used
additive as a stabilizing and bulking agent in parenteral
formulations owing to its excellent stability in aqueous
solution, and extensive compatibility [26, 27]. Phosphate
buffer has a wide range of buffering capacity and safety,
hence commonly added to injectable products to con-
trol the pH, resist unwanted pH changes, and retard the
degradation of the drugs by its pH and buffer effects [27,
28]. Therefore, in this study, a new artesunate formula-
tion, which was as simple and economic as possible, was
developed using a disodium phosphate buffer and man-
nitol, and their effect as stabilizing agents was examined
with the aim of delaying the hydrolysis of the vulnerable
ester bond.

The rate of drug hydrolysis depends not only on the
composition of the formulation but also on storage tem-
perature [29]. The quantitative relationship between
the rate of a chemical reaction and the temperature can
be modelled by the Arrhenius equation. According to
Arrhenius kinetics, the higher the activation energy and
the lower the frequency factor, the less hydrolysis of the
ester-linkage occurs [30]. As a result of this relationship,
the extrapolated data from the Arrhenius plot were used
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Fig. 1 Base-catalysed hydrolysis pathway of artesunate in water
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to predict the effects of the buffer strength, pH, and man-
nitol concentration on the stability of artesunate in aque-
ous solution. Thus, a stability-indicating HPLC method
for the quantification of artesunate was first developed
with subsequent validation. Then, the stability of artesu-
nate following the in-situ preparation of different inject-
able formulations using a Design of Experiment (DOE)
approach was investigated, leading to a proposed best
parenteral formulation.

Methods

Chemicals

Artesunate drug substance was obtained from IPCA
(Mumbeai, India) with purity above 96.0% complying with
the International Pharmacopoeia. HPLC gradient grade
methanol was purchased from Fisher Scientific (UK).
An Arium 611 purification system of Sartorius (Ger-
many) was used to purify water at 18.2 MQ cm quality.
Disodium phosphate was obtained from Merck (Ger-
many). Formic acid (Riedel-de Haén, Germany), man-
nitol (Sigma-Aldrich, USA), ammonium formate and
phosphoric acid (Fluka, Switzerland) were all analytical
grades.

Method development and validation

HPLC method

HPLC-UYV analyses were carried out on a Waters Alli-
ance 2695 separation module equipped with a Waters
2487 Dual A absorbance detectors (all Waters, USA).
The artesunate content of the products was determined
at 210 nm. Data handling was performed with Empower
2 software. In a standard HPLC run, 10 pL was injected
and separated on a HALO RP-C18 column (50 x 4.6 mm,
1.7 pm solid core particle with a 0.5 mm porous silica
layer fused to the surface) at a flow rate of 1.1 mL/min
(Advanced materials technology, Wilmington, USA). An
isocratic LC separation with a mobile phase consisting of
a mixture of 45% (A) 10 mM m/V ammonium formate in
water at pH 4.5, and 55% (B) methanol, was performed
maintaining the column at 2545 °C.

Preparation of reference solutions

A stock solution was prepared by dissolving the accu-
rately weighed 400 mg of artesunate in 50 mL 45/55%
V/V 10 mM ammonium formate/MeOH. The solution
was further diluted with mobile phase to prepare in
a range of 10-120% label claim (l.c.). A 100% reference
solution corresponds to 3.33 mg/mL artesunate.
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Sample preparation

Samples of artesunate aqueous solution (250 pL) from
each formulation containing mannitol and phosphate
buffer were taken. The solutions were then centrifuged at
17,000¢g for 4 min at 5 °C to precipitate the phosphate in
order to protect the silica-based analytical column and
thus prolong its lifetime. Subsequently, the supernatant
was collected and diluted with methanol and then acidi-
fied with 0.1 M formic acid to obtain a 100% label claim
corresponding to 3.33 mg/mL in 50/50% V/V MeOH/
purified water acidified with formic acid.

Validation procedure

Prior to the validation process, the analytical HPLC
method suitability test was carried out by injecting six
replicates of the standard sample (3.33 mg/mL). The
number of theoretical plates, resolution, and tailing fac-
tors were assessed. Subsequently, the newly developed
HPLC method was validated for specificity, linearity and
range, accuracy, precision, the limit of detection (LoD),
and limit of quantitation (LoQ) in accordance with ICH
guidelines (Q2A and Q2B).

Specificity

The presence of hydrolytic products, p-DHA, and
a-DHA, close to artesunate is critical during its analysis.
Thus, the specificity was determined in the presence of
the matrix and related compounds, i.e. a placebo, a pla-
cebo spiked sample, and a spiked placebo with DHA.

Linearity and range
Serial artesunate solutions were prepared and evaluated
over the concentration range of 10-120% l.c. The cali-
bration curve was constructed, and then the correlation
coefficient, y-intercept, and the slope of the regression
line were obtained.

Accuracy

Accuracy was determined by spiking artesunate refer-
ence solution into the placebo samples. It was established
across the specified range of the analytical procedure at
10, 50, and 100% l.c. with 3 replicated injections of each
spiked placebo.

Repeatability/precision
Repeatability and intermediate precision of the method
were investigated by injecting the sample solutions in
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triplicate at three concentration levels (3.33 mg/mL,
1.66 mg/mL, and 0.33 mg/mL) consisting of a total of 9
and 18 chromatogram runs, respectively. The RSD of the
assay results was calculated at each concentration level.

Limit of detection (LoD) and limit of quantitation (LoQ)
LoD and LoQ were calculated out of the calibration curve by
using the following equations:

10 x o
S

33x0
LoD =

and LoQ = , (1)
o is the standard deviation of the y-intercept of the
regression line while S is the slope of the calibration
curve of the analyte.

Artesunate product development for degradation kinetics study
Artesunate (40 mg/mL) was dissolved in the aqueous solu-
tion of phosphate buffer with or without mannitol according
to the experimental design (Additional file 1: Table S1). Each
formulated artesunate solution was incubated at predefined
temperatures in a Max Q 4000 (Thermo Scientific, San Jose,
USA) at 25 and 40 °C and in a refrigerator at 5 °C. Aliquots
of artesunate solutions were withdrawn at different intervals,
and assayed as described earlier.

Kinetic evaluation of the hydrolysis of artesunate
The kinetics were determined by taking as an example the
artesunate solution containing 0.3 M phosphate buffer
at pH of 9 in presence of 0.22 mmol/mL mannitol. At the
three different temperatures experimentally explored, the
hydrolysis kinetics, and the observed rate constants k were
determined. Arrhenius equation (using Eq. (2)) was applied
to determine the activation energy and the frequency fac-
tor, as well as to calculate the half-life (t; ), and the shelf-
life (t, o) of the formulation.
Ea

Ink = InA RT’ (2)
where k=specific rate constant, Ea=activation energy,
A =frequency factor T =temperature (Kelvin).

In addition, the effect of buffer strength on the degradation
rate of artesunate in aqueous solution was evaluated at dif-
ferent pH values and temperatures. A Design of Experiments
(DOE) approach was hence applied using three controlled
independent variables, i.e. buffer strength, pH, and mannitol
concentration. The former two variables were set at 3 levels
while the last variable was studied at 2 levels. The investi-
gated levels are given in Table 1. Hydrolysis rate constants,
the activation energy, and frequency factor were selected as
dependent factors or responses to finally model the stability
of the drug. A total of 18 experimental units were thus exe-
cuted in a random sequence to minimize uncontrolled influ-
ences on the estimated effects (Additional file 1: Table S1).
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Table 1 Factors and their levels investigated
Factor Levels

-1 0 +1
(A) Disodium phosphate 030 0.40 0.50
buffer strength (mmol/mL)
(B) pH 8 9 10
(C) Mannitol concentration 0 0.22
(mmol/mL)

Statistical analysis and optimization

Statistical analysis and the least-squares linear regression
were performed using Stata/SE Statistics for Windows,
version 14, including manual Dixon and Grubbs’ tests
for detection of outliers. After building the model, it was
interpreted graphically by visualizing 2D contour plots
and 3D response surface plots for each response using
the Design-expert version 13 (USA). Furthermore, the
model was interpreted statistically by the determination
of the significance of the factors.

Results

Method development and validation

Various analytical parameters were examined to optimize
the separation of artesunate from its degradants as well
as to have an acceptable sufficient peak symmetry for
quantification. Two columns were evaluated, i.e. RP C18
Halo®, 4.6 x 50 mm, and RP amide Halo®, 4.6 x 50 mm at
various mobile phase compositions. The RP amide col-
umn did not give sufficient resolution between artesu-
nate and DHA under all conditions investigated. The
optimized HPLC method was developed by using the RP
C18 HALO® column. It was found to be suitable for the
determination of artesunate in the presence of its degra-
dation products (a-DHA and B-DHA) using the mobile
phase 10 mM ammonium formate (45%) at pH 4.5 and
methanol (55%) with a high and robust resolution (i.e.
8.4) as well as peak symmetry (i.e. 1.6), which complies
with pharmacopoeial specifications.

Validation

Specificity

The presence of DHA in artesunate solution, which is
its main hydrolytic degradative product, did not inter-
fere with the analysis of artesunate. The chromatograms
of dihydroartemisinin isomers were well separated from
artesunate, showing that the method is specific. The
results are illustrated in Fig. 2.

Linearity
Twelve different concentrations of artesunate solu-
tion containing the formulation components such
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Fig. 2 Artesunate (ART) in mannitol containing phosphate buffer (a placebo, b spiked placebo, ¢ artesunate with degradants 3-DHA and a-DHA)

as mannitol and phosphate buffer were employed
to set up linearity. The relationship between the peak
area and the concentration was linear (0.9974) in the
assayed range of 10-120% label claim, and the result is
illustrated in Table 2.

Accuracy

Recovery experiments showed no significant loss of
artesunate due to the sample treatment. The mean
recovery of the drug from spiked samples was 103.8%
(RSD=1.8). In the concept of quality-by-design, the
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Table 2 Calibration curve evaluation of the chromatographic

method

Regression parameters Values
Regression coefficient, R 0.9974
Slope = standard error 439.72+£7.11
Intercept & standard error — 356841745
Relative standard error (%) 16

F-value 3819.83
Concentration range (mg/mL) 0.33-4

Residual standard error 2837

Number of points 12

relatively small inaccuracy of the newly-developed HPLC
method is not a major hurdle and will not restrain the
method from its application in early-phase formulation
development.

Repeatability/precision

The variability of the results obtained for three spiked
placebos on the same day (nine analyses) was low with a
% RSD of 2.4, 1.37, and 0.62 for the label claim of 10%,
50%, and 100%, respectively. Similarly, the relative stand-
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LoD and LoQ

By using Eq. (2), LoD and LoQ were calculated to be
0.131 mg/mL and 0.397 mg/mL, respectively. Both limits
were determined based on the standard deviation and the
slope of the calibration curve.

Kinetic evaluation of the stability of artesunate

The results of the degradation kinetics of artesunate in
aqueous solution formulated with disodium phosphate
and mannitol revealed the correlation coefficients of
the semi-logarithmic plots of In (percentage concentra-
tion drug remaining) versus time>0.98. This suggests
the ester hydrolysis of artesunate followed pseudo-first
order kinetics over the temperature range of 5 °C to
40 °C (Fig. 3). The estimated degradation rate constants
(k) were 0.056 h™%, 0.006 h™%, and 0.00066 h™! with the
estimated half-life (t;5) of 12.4 h, 114.6 h, and 1053.4 h
at 40, 25, and 5 °C. The rate of hydrolysis of the drug was
predicted to increase approximately by 3.4 folds as the
storage temperature of the formulation raised by 10 C
(Table 3).

Table 3 Degradation kinetics of artesunate

Temperature k(h™) Half-life Shelf life (t, o) h
ard deviations for intermediate precision were 2.11, 2.81,  (K) (t,5)h
and 2.93 at concentrations of 0.33, 1.67, and 3.33 mg/
. . o . 313.15 56 x 1072£6 x 107 124£12 1.9:+02
mL solutions, respectively, indicating that the method is - 1% 10913 x 104 1146454 atos
within the acceptance criteria of 5%. Hence, the method ’ e X T B
. . . 27815 66 x 10*+£4 x 10°  10534£59.9 160.1£9.2
is sufficiently precise.
Time (h)
0 250 500 750 1000 1250
[ —a A L L L L :
(i A
-0,1 1
L)
A
—_ [
S 0,5 1
S~
2
£
-0,9 A
-1,3 -
Fig. 3 First-order plots showing the degradation of artesunate (0.3 M phosphate, pH 9, 0.22 mmol/mL mannitol) at various temperatures: (filled
circle) 313.15 k, (filled rectangle) 298.15 k, (filled triangle) 278.15 k
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Fig. 4 The Arrhenius plots of artesunate (0.3 M phosphate, pH 9,
0.22 mmol/mL mannitol)

The hydrolysis of artesunate fits the Arrhenius rela-
tionship within the investigated temperature range
(r*>0.98) (Fig. 4). The estimated values of activation
energy and frequency factor from the Arrhenius equa-
tions for artesunate in presence of mannitol (0.22 mmol/
mL) and phosphate buffer (0.3 M) were 90.84 kJ/mol
and 6.67E+13 h~!, respectively. Interpolating using
this equation, artesunate had a half-life (t,5) of 47.4 h or
1.97 days and a shelf-life (t;4) of 7.2 h at 30 °C, a tem-
perature representative of ambient conditions in tropical
countries. Similarly, the Arrhenius plot was applied to all
experiments to estimate the activation energy, which is
presented in Additional file 1: Table S2.

Modelled effects of the three variables

Liner and 2FI models were used for the evaluation of the
influences of the factors over the investigated levels on
the hydrolysis rate constants of the drug. For the kat 5 C,
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the 2FI model with r? (0.7297) and a significant F-value
of 4.5 (p=0.0182) was applied. The adequate precision
which is the measure of signal to noise ratio of the model
was 7.724, greater than the minimal desirable value, 4.
Similarly, a linear model which was found to fit the data
at 25 °C with r? 0.6259 and F- value of 7.25 (p=0.0042)
was selected. The equations for the degradation rate con-
stants are given below.

k(at5 °C) = — 0.005 + 0.0113X; + 0.0007X3
+ 0.0068X3 — 0.0013X; X (3)
+ 0.0095X; X3 — 0.0012X5X3,

k(at25 °C) =0.0039 + 0.0043X;
+ 6.9 x 10exp(—06)Xy (4)
+ 0.0026X3,

X, X, X5 are dependent variables (X; =buffer strength,
X,=pH, X;=mannitol concentration); k is hydrolysis
rate constant.

The values for the effect of the independent factors
in all artesunate formulations on the degradation rate
constants and Arrhenius parameters were presented in
Additional file 1: Table S2. The hydrolysis rate of the drug
was found to be affected significantly by buffer strength
at 5 °C and 25 °C (p<0.05) (Additional file 1: Tables S3,
S4). At both temperature levels, the degradation rate of
the drug was accelerated at a higher concentration of the
buffer (0.5 M). The interaction effect of the factors was
also observed at both low and high levels of mannitol as
illustrated in Fig. 5. The rate constants increased as the
buffer concentration raised from 0.3 M to 0.5 M, and
the pH of the formulation shifted from 8 to 10 at 5 °C.

kat5°C

Buffer

Fig. 5 Counter plot of degradation rate constant of artesunate at 5 °C at low (left) and high (right) level of mannitol

kat5°C

Buffer
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However, a significant variation of the pH influences was
not observed at 25 C as shown in Fig. 6b. The presence
of mannitol in the formulation did not decrease the deg-
radation rate of the drug at all temperatures. The hydrol-
ysis rate was even significantly increased at a high level
of mannitol with a concentration level of 0.22 mmol/
mL at 25 °C (p<0.05) (Fig. 6a). On the other hand, the
hydrolysis rate of the drug was not significantly varied at
40 C over the experimented levels of the factors (p>0.05)
(Additional file 1: Table S5).

The quadratic model (Eq. 5) was selected for activa-
tion energy with R-Square, Adjusted R-Square, and
PRESS values of 0.9185, 0.8371, and 268.42, respectively.
The model was found to be significant (p=0.0013) with
F-value of 11.28, showing that there was only 0.13% prob-
ability of F- value of this large which could occur due to
noise. The influences of the factors on frequency factor
were also evaluated using the linear model, which was
found to fit with F-value of 5.34 (p=0.0355). Following
models resulted:

Ea = —122.23 — 402.68X; + 67.92X, — 203.76X3
+ 38.84X1 Xy — 110.76X1 X3 + 26.53X,X3
+ 47.97X% — 4.80X3,
(5)
(6)
X,, X, X5 are dependent variables (X; =buffer strength,

X,=pH, X;=mannitol concentration); Ea is activation
energy, and A is frequency factor.

A = 6.6 x 10exp(13) — 1.34 x 10exp(14)Xy,

Variance analysis revealed that the effects of all the
main terms, the interactions except buffer with mannitol,
and the quadratic term of pH on activation energy was
shown to be significant (p-value <0.05) (Additional file 1:
Table S6). Buffer strength and mannitol were the main
parameters affecting the activation energy. On the other
hand, the buffer strength was found to significantly affect
the pre-exponential factor (p-value<0.05) (Additional
file 1: Table S7).

Response surface plots were developed for activation
energy using the fitted quadratic polynomial equation
and were used to locate the points of maximum activa-
tion energy. The 2D contour plots and the 3D response
surface plots set at a low and high level of mannitol are
shown in Figs. 7 and 8. The interaction effects of the fac-
tors were observed for activation energy. Figure 7 showed
that a change in pH value from 10 to 8 with a decrease in
buffer strength from 0.5 to 0.3 M increased the activation
energy. Moreover, the contour plots revealed optima in
the left section of the plots in the red area covering a pH
of 8—9 and a low buffer strength of 0.3 M. Similarly, the
3D response surface plots showed a decrease in activation
energy when buffer strength increased above 0.3 M phos-
phate or deviated from pH 9 mainly to a high level (Fig. 8).

Discussion

A HPLC method using superficially porous particles
(also known as fused-core, porous-shell, core-shell,
solid-core) was developed to analyse artesunate effi-
ciently and in a more environmentally friendly manner,
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Fig. 7 Contour plots for activation energy at a low level of mannitol (left) and at a high level of mannitol (right)

Ea (KJ/mol)

7135 [ o1 08

Fig. 8 Response surfaces of activation energy based on a low (a) and a high (b) level of mannitol

emphasizing on the monitoring of its conversion to its
main hydrolytic degradation product. The method was
found to be suitable to assay artesunate in the pres-
ence of its main degradant DHA. Only some methods
have been so far developed for the determination of
artesunate in bulk and tablet dosage forms [31, 32], and
in rectal gel [33], but there was no stability-indicating
method yet available for the determination of artesu-
nate in aqueous i.v. solution. Hence, besides its present
use in this study, the proposed method can be further
applied for stability-indicating analysis of artesunate
in liquid formulations because a simple, reliable and

economical analytical method is essential to determine
the quality of anti-malarial drugs [34].

Hydrolytic degradation is a common pathway of deg-
radation for drugs with ester functional groups [35, 36].
Artesunate was similarly hydrolysed in aqueous solution
in the presence of phosphate and mannitol with pseudo-
first-order kinetics. The linear relationship between the
natural logarithm of the rate constant and the reciprocal
of the storage temperature revealed the suitability of the
Arrhenius equation (r=0.9873) to predict the stability of
artesunate. By applying the Arrhenius plot, the maximum
predicted value of activation energy of the artesunate
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formulation was 91.08. The reported values of activa-
tion energy for most drugs are in the range of 40—130 kJ/
mol with an average value of about 80 kJ/mol [37]. This
depicts the highest activation energy recorded for artesu-
nate was above the average and with this value, its pre-
dicted shelf life (7.30 h at 30 °C) could be longer than the
suggested shelf life of the recently available artesunate
product after reconstitution [23].

Based on the data from the kinetics study, the rate of
hydrolysis of the drug was found to be increased approxi-
mately by 9.3 folds as the storage temperature of the
formulation was raised by 15-20 ‘C. Similarly, it was
predicted using the Arrhenius equation, showing a 10 °C
increase of the temperature accelerated on average 3.4
times the rate of degradation of the drug. This is slightly
higher than the rate of hydrolysis of several organic com-
pounds containing ester, carbamate, amide, and lactam
functional moieties, which have been reported in the
literature [38]. Hence, artesunate hydrolytic degradation
could occur at a rapid rate when the storage temperature
escalates. As a result of this evidence, it is advisable that
the aqueous solution of the product is handled at lower
temperatures, preferably in refrigerated conditions (5 “C)
after reconstitution during clinical use.

The analysis of the effects of the buffer strength, pH,
and mannitol on the hydrolysis rate constants and Arrhe-
nius parameters using ANOVA showed a significant
variation in the responses as the factors changed over the
tested levels (p <0.05). Buffer strength seemed to be the
main factor determining the stability of the drug in aque-
ous solution. Similarly, setting the proper pH of the prod-
uct could have an important role in stabilizing the drug.
These findings are in line with previous studies stating
that buffer type, as well as pH, can influence drugs that
are liable to hydrolysis [39, 40]. On the other hand, the
presence of mannitol in the formulations did not appear
to enhance the stability of the drug, as it showed a marked
negative impact on the activation energy, and also tended
to increase its hydrolysis rate constants. Therefore, man-
nitol is not suggested to be used as a stabilizing agent in
artesunate formulation with phosphate buffer.

Even if a decrease in buffer strength showed slightly a
significant increasing effect on the pre-exponential fac-
tor, a more pronounced effect was observed on activation
energy and hydrolysis rate constants. Hence, the use of
diphosphate buffer at a low level likely exhibited a more
stabilizing effect toward artesunate in aqueous solution
as a considerable increasing value of activation energy
and a reduction in the rate constants with a decrease in
buffer strength was demonstrated. This could point out
the catalytic effect of the buffer and the dependence of
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the degradation rate of the drug on the phosphate buffer
concentration [41]. Moreover, the change in pH of the
formulation within the experimental range had an influ-
ence on the activation energy, signifying its effect on the
stability of the drug, but less compared to the effects of
the buffer strength. Generally, the artesunate formula-
tion is revealed to be more stable at a low level of buffer
strength and a pH value of not greater than nine.

Conclusion

The proposed HPLC method was found to be useful for
stability indicative assay of artesunate in the development
of an i.v. formulation. The stability of artesunate in aque-
ous solution can be enhanced through formulation using
phosphate buffer at optimal values of buffer strength and
pH. However, the addition of mannitol into the formu-
lation did not increase the activation energy, indicating
that the use of mannitol as a stabilizing agent in artesu-
nate aqueous solution is worthless. Thus, by applying
the Arrhenius temperature model and the experimental
design, the hydrolysis kinetics can be predicted allowing
to perform product development.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512936-022-04278-4.

Additional file 1: Table S1. Experimental design. Table S2. The effects

of the factors on the hydrolysis rate constants and Arrhenius parameters
for each formulation. Table S3. Summary of ANOVA results of Kat 5 °C.
Table S4. Summary of ANOVA results of K at 25 °C. Table S5. Summary of
ANOVA results of K at 40 °C. Table S6: Summary of ANOVA results of quad-
ratic models for activation energy. Table S7: Summary of ANOVA results of
quadratic models for frequency factor.

Acknowledgements

The authors are grateful to the University of Ghent for the provision of differ-
ent materials. Moreover, we would like to thank BOF (Special Research Fund)
of Ghent University, Belgium for the financial support.

Author contributions

FG, EW, SS, and BDS designed the experimental studies. FG, SS, and EW
conducted the experiments. All authors contributed to the data analysis,
interpretations, and write-up of the manuscript. SS and BDS supervised all
the activities and critically reviewed the manuscripts. All authors read and
approved the final manuscript.

Funding

This research was supported by a special research fund (BOF) (Scholarship
code 01W04820, with a reference number of DOZA/IL/DDC/AM/052b_2020),
Ghent University, Belgium. The sponsor does not have a role in the decision to
publish or preparations of the manuscript.

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author upon rational request.


https://doi.org/10.1186/s12936-022-04278-4
https://doi.org/10.1186/s12936-022-04278-4

Gashe et al. Malaria Journal (2022) 21:256

Declarations

Ethical approval and consent to participate
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

! Jimma University Laboratory of Drug Quality (JuLaDQ) and School of Phar-
macy, Jimma University, PO Box 378, Jimma, Ethiopia. “Drug Quality and Regis-
tration (DruQuaR) Group, Faculty of Pharmaceutical Sciences, Ghent University,
Harelbekestraat 72, 9000 Ghent, Belgium.

Received: 19 June 2022 Accepted: 24 August 2022
Published online: 06 September 2022

References

1. Chekem L, Wierucki S. [Extraction of artemisinin and synthesis of its
derivates artesunate and artemether](in French). Med Trop (Mars).
2006;66:602-5.

2. Adebayo JO, Tijjani H, Adegunloye AP, Ishola AA, Balogun EA, Malomo
SO. Enhancing the antimalarial activity of artesunate. Parasitol Res.
2020;119:2749-64.

3. Zhou C, Pan W, Wang XP, ChenTS. Artesunate induces apoptosis via a
Bak-mediated caspase-independent intrinsic pathway in human lung
adenocarcinoma cells. J Cell Physiol. 2012,227:3778-86.

4. YangND,Tan S,Ng S, ShiY, Zhou J, Tan KS, et al. Artesunate induces cell
death in human cancer cells via enhancing lysosomal function and lysoso-
mal degradation of ferritin. J Biol Chem. 2014;28:33425-41.

5. Khanal P Antimalarial and anticancer properties of artesunate and other
artemisinins: current development. Monatsh Chem. 2021;152:387-400.

6. Fabian J, Pierce T, Brown S, Payne G, Adedeji D. Preliminary assessment of
the combination studies of artesunate with paclitaxel on human prostate
cancer cell proliferation. FASEB J. 2022;36: 18040.

7. Kamran'S, Sinniah A, Abdulghani MAM, Alshawsh MA. Therapeutic potential
of certain terpenoids as anticancer agents: a scoping review. Cancers.
2022;14:1100.

8. Saeed MEM, Krishna S, Greten HJ, Kremsner PG, Efferth T. Antischistosomal
activity of artemisinin derivatives in vivo and in patients. Pharmacol Res.
2016;110:216-26.

9. Intakhan N, Siriyasatien P, Chanmol W. Anti-Leishmania activity of artesunate
and combination effects with amphotericin B against Leishmania (Mund-
inia) martiniquensis in vitro. Acta Trop. 2022;226: 106260.

10.  Choi WH. Novel pharmacological activity of artesunate and artemisinin:
their potential as anti-tubercular agents. J Clin Med. 2017;6:30.

11. Efferth T, Romero RM, Wolf DG, Stamminger T, Marin JJ, Marschall M.

The antiviral activities of artemisinin and artesunate. Clin Infect Dis.
2008;47:804-11.

12. Gurung AB, Ali MA, Lee J, Farah MA, Al-Anazi KM, Al-Hemaid F. Artesunate
induces substantial topological alterations in the SARS-CoV-2 Nsp1 protein
structure. J King Saud Univ Sci. 2022;32: 101810.

13. WHO. Guidelines for malaria. Geneva, World Health Organization, 2021.
[http://apps.who.int/iris] [Assessed on June 13,2022].

14. LiQ Weina P. Artesunate: the best drug in the treatment of severe and
complicated malaria. Pharmaceuticals (Basel). 2010;3:2322-32.

15. Dondorp AM, Fanello Cl, Hendriksen IC, Gomes E, Seni A, Chhaganlal KD,
et al. Artesunate versus quinine in the treatment of severe falciparum
malaria in African children (AQUAMAT): an open-label, randomised trial.
Lancet. 2010;376:1647-57.

16. Olliaro PL, Nair NK, Sathasivam K, Mansor SM, Navaratnam V. Pharmacokinetics
of artesunate after single oral administration to rats. BMC Pharmacol. 2001;1:12.

17. Morris CA, Duparc S, Borghini-Fuhrer |, Jung D, Shin CS, Fleckenstein
L. Review of the clinical pharmacokinetics of artesunate and its active
metabolite dihydroartemisinin following intravenous, intramuscular, oral or
rectal administration. Malar J. 2011;10:263.

18. Schlitzer M. Malaria chemotherapeutics part I: History of antimalarial drug
development, currently used therapeutics, and drugs in clinical develop-
ment. ChemMedChem. 2007;2:944-86.

Page 11 of 11

19. Batty KT, llett KF, Davis T, Davis ME. Chemical stability of artesunate injection
and proposal for its administration by intravenous infusion. J Pharm Phar-
macol. 1996;48:22-6.

20. Van Acker K, Mommaerts M, Vanermen S, Meskens J, Vander HeydenY,
Plaizier-Vercammen J. Chemical stability of artemisinin derivatives. Malar J.
2012;11:99.

21. AgnihotriJ, Singh S, Bigonia P. Formal chemical stability analysis and solu-
bility analysis of artesunate and hydroxychloroquinine for development of
parenteral dosage form. J Pharm Res. 2013;6:117-22.

22. WHO. Guidelines for the treatment of malaria: 2" Edn. Geneva, World
Health Organization, 2010. [http://whglibdoc.who.int/publications/2010/
9789241547925_ eng.pdf] [Assessed on April 20, 2021).

23. WHO-PQ recommended summary characteristics of artesunate powder for
injection [https://extranetwho.int/pgweb/sites/default/files/MA090part4.
pdf]. Assessed 05 Nov 2021]

24. Pramanick S, SingodiaD, Chandel V. Excipient selection in parenteral formu-
lation development. Pharm Times. 2013;45.

25. Rayaprolu BM, Strawser SJ, Anyarambhatla G. Excipients in parenteral
formulations: selection considerations and effective utilization with small
molecules and biologics. Drug Dev Ind Pharm. 2018;44:1565-71.

26. Baheti A, Kumar L, Bansal AK. Excipients used in lyophilization of small
molecules. J Excip Food Chem. 2010;1:41-54.

27. Rowe RC, Sheskey PJ, Owen SC. Handbook of pharmaceutical excipients.
7th ed. London: Pharmaceutical Press; 2012.

28. OgawaT, Miyajima M, Wakiyama N, Terada K. Effects of phosphate buffer in
parenteral drugs on particle formation from glass vials. Chem Pharm Bull.
2013;61:539-45.

29. Bhangare D, Rajput N, Jadav T, Kumar AS, Tekade RK, Sengupta P. Systematic
strategies for degradation kinetic study of pharmaceuticals: an issue of
utmost importance concerning current stability analysis practices. J Anal
SciTechnol. 2022;13:7.

30. AgrahariV, Putty S, Mathes C, Murowchick JB, Youan BB. Evaluation of
degradation kinetics and physicochemical stability of tenofovir. Drug Test
Anal. 2015;7:207-13.

31. Gaudin K, Kauss T, Lagueny AM, Millet P, Fawaz F, Dubost JP. Determination
of artesunate using reversed-phase HPLC at increased temperature and
ELSD detection. J Sep Sci. 2009;32:231-7.

32. Saeed MA, Ansari MT, Ch BA, Zaman M. RP-HPLC Method for the determina-
tion and quantification of artesunate. J Chromatogr Sci. 2020;58:695-9.

33. Gaudin K, Barbaud A, Boyer C, Langlois MH, Lagueny AM, Dubost JP, et al.

In vitro release and stability of an artesunate rectal gel suitable for pediatric
use. IntJ Pharm. 2008,353:1-7.

34. Suleman S, Vandercruyssen K, Wynendaele E, D'Hondt M, Bracke N, Ducha-
teau L, et al. A rapid stability-indicating, fused-core HPLC method for simul-
taneous determination of 3-artemether and lumefantrine in anti-malarial
fixed-dose combination products. Malar J. 2013;12:145.

35. Blessy M, Patel RD, Prajapati PN, Agrawal YK. Development of forced deg-
radation and stability indicating studies of drugs—a review. J Pharm Anal.
2014;4:159-65.

36. Shervington LA, Ingham O. Investigating the stability of six phenolic TMZ
ester analogues, incubated in the presence of porcine liver esterase and
monitored by HPLC. Molecules. 2022,27:2958.

37. FuM, Perlman M, Lu Q, Varga C. Pharmaceutical solid-state kinetic stability
investigation by using moisture-modified Arrhenius equation and JMP
statistical software. J Pharm Biomed Anal. 2015;107:370-7.

38. Mitchell SM, Ullman JL, Teel AL, Watts RJ. pH and temperature effects on the
hydrolysis of three 3-lactam antibiotics: ampicillin, cefalotin, and cefoxitin.
Sci Total Environ. 2014;466-467:547-55.

39. Jelinska A, Dobrowolski L, Oszczapowicz I. The influence of pH, temperature
and buffers on the degradation kinetics of cefetamet pivoxil hydrochloride
in aqueous solutions. J Pharm Biomed Anal. 2004;35:1273-127742.

40. Samuelsen L, Holm R, Lathuile A, Schonbeck JCS. Buffer solutions in drug
formulation and processing: how pKa values depend on temperature, pres-
sure and ionic strength. Int J Pharm. 2019;560:357-64.

41. Ault A. General acid and general base catalysis. ] Chem Edu. 2007,84:38-9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


http://apps.who.int/iris
http://whqlibdoc.who.int/publications/2010/9789241547925_
http://whqlibdoc.who.int/publications/2010/9789241547925_
https://extranet.who.int/pqweb/sites/default/files/MA090part4.pdf
https://extranet.who.int/pqweb/sites/default/files/MA090part4.pdf

	Degradation kinetics of artesunate for the development of an ex-tempore intravenous injection
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Chemicals
	Method development and validation
	HPLC method
	Preparation of reference solutions
	Sample preparation
	Validation procedure
	Specificity
	Linearity and range
	Accuracy
	Repeatabilityprecision
	Limit of detection (LoD) and limit of quantitation (LoQ)
	Artesunate product development for degradation kinetics study
	Kinetic evaluation of the hydrolysis of artesunate
	Statistical analysis and optimization


	Results
	Method development and validation
	Validation
	Specificity
	Linearity
	Accuracy
	Repeatabilityprecision
	LoD and LoQ

	Kinetic evaluation of the stability of artesunate
	Modelled effects of the three variables

	Discussion
	Conclusion
	Acknowledgements
	References




