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Abstract

Dihydroartemisinin (DHA), the hydrogenated derivative of the naturally originated sesquiterpene lactone artemisinin, is
a well-known antimalarial agent that is currently researched because of its potential as an anticancer medication. Because
DHA has been associated with a low oral bioavailability and a short half-life, new formulations meant to overcome these
shortcomings are currently under development. As such, the present paper aims to present a comprehensive physico-chemical
profile of DHA containing data of great importance for the preformulation stages of the drug design process. As instrumental
techniques, attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) spectroscopy and thermal analysis
(TG—thermogravimetric/DTG—derivative thermogravimetric/HF—heat flow) were performed, followed by a kinetic study
realized using three isoconversional methods (Friedman—Fr, Flynn—Wall-Ozawa—FWO and Kissinger—Akahira—Sunose—
KAS), as well as the nonparametric kinetic method (NPK). FTIR spectroscopy confirmed the identity and purity of DHA,
and thermal analysis revealed a relatively low thermal stability and a multistep thermooxidation that was proved during the
performed kinetic study. The latter unveiled a two-process decomposition determined by both chemical degradations and

physical transformations.
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Abbreviations

t Time

T Temperature

a Conversion degree

f(a) The differential conversion function
R The universal gas constant

g(a) The integral conversion function

p The heating rate

k(T) The temperature dependence function

A The pre-exponential factor

E, The apparent activation energy given by the Arrhe-
nius equation
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Introduction

Dihydroartemisinin (DHA) or artenimol, the first semi-syn-
thetic derivative of the naturally originated sesquiterpene
lactone artemisinin (ART), was originally obtained by Pro-
fessor Tu Youyou in 1973. After she managed to extract
artemisinin from the aerial parts of Artemisia annua and
prove its antimalarial effect, the Chinese Professor focused
her attention towards developing compounds that would
improve the solubility of the active substance, while main-
taining its biological activity [1].

Along the years, numerous artemisinin-like derivatives
containing the endoperoxide bridge were synthesized and
analysed, research revealing they possess multiple biological
applications. Among these, the initially discovered antima-
larial effect and the currently researched anticancer activities
make these compounds important molecules in pharmaco-
logical studies [2—4].

In order to obtain DHA, the lactone moiety of artemisinin
is transformed into a lactol during a reduction reaction, in
the presence of different mild hydride-reducing agents,
such as sodium borohydride [5]. The process manages to
preserve intact the characteristic endoperoxide moiety, a
highly desired aspect, since the biological activity of these
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derivatives was found to be a direct consequence of the pres-
ence of said functional group [6].

DHA (Fig. 1) is a mixture of two lactol hemiacetal
epimers (a and f§) that are interconverting. The hydroxyl
moiety of the a-epimer was determined to be in the equato-
rial position, while for the B-epimer, the same group was
observed to take an axial arrangement [7]. Although in solid-
state DHA was found to exist solely as a f-epimer, the two
epimers equilibrate during dissolution, their determined ratio
varying with the used solvent. Furthermore, when found in
aqueous solutions, DHA was proved to be unstable, suffer-
ing a decomposition process in both dilute acids and bases
[8-10]. According to the literature, DHA presents with a
melting point of approximatively 153-154 °C and a molecu-
lar mass of 284.352 g mol~! and it is slightly more water-
soluble than ART [9].

Despite its improved water solubility when compared to
that of ART, the dissolution of DHA in water is still rela-
tively difficult because of its three-ring organic structure
[11]. This, coupled with its instability in aqueous solutions,
was proved to determine a low bioavailability for DHA when
administered orally (% 45%) [12]. The 0.9-1.6 h period
required until the maximal concentration is achieved after
absorption and the short elimination half-time of ~40 min
[13] are further proof that a need has surfaced regarding the
development of new formulations containing the drug that
possess high solubility, increased bioavailability and con-
trolled release [14]. A few attempts have been made in this
direction, simple or magnetic liposome formulations [15,
16], nanoparticles [14, 17] or complexes with cyclodextrins
and polyethylene glycol [18, 19] being synthesized and pre-
liminary tested.

Because of these aspects, the aim of the present study
was represented by the determination of a comprehensive

Fig. 1 The chemical structure of DHA
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physico-chemical analysis of DHA that could provide valu-
able information required for the preparation of new formu-
lations containing this pharmaceutical agent. A complete
FTIR spectroscopy analysis was performed, followed by a
thermal analysis (TG/DTG/HF) realized using five different
heating rates that revealed the behaviour of DHA in solid
state when subjected to thermal stress. The observed decom-
position process was then studied from a kinetic perspective,
following the ICTAC 2000 protocol and employing three
isoconversional methods (the differential Friedman method
and the integral Flynn—Wall-Ozawa and Kissinger—Aka-
hira—Sunose methods), as well as the nonparametric kinetic
method (NPK).

Materials and methods

Dihydroartemisinin was acquired from Sigma-Aldrich (Ger-
many) as an analytical standard containing a mixture of both
a and B isomers. The sample was stored in sealed vials pro-
tected from light, as specified by the manufacturer, and was
used as received (purity > 97%).

The attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR) technique was applied in order
to obtain the spectra of the active pharmaceutical agent. A
PerkinElmer SPECTRUM 100 device was used, and the data
were collected on the spectral range 4000600 cm™" after 32
consecutive determinations performed at a 4 cm™! resolu-
tion. The spectral range 27501550 cm™! was suppressed
from the spectra, since no bands were observed for DHA
here.

Solid samples of approximately 5 mg were weighted in
open aluminium crucibles in order to carry out the thermal
analysis. A PerkinElmer DIAMOND TG/DTA equipment
was used, and the samples were subjected to a controlled
heating protocol in a synthetic air atmosphere (flow rate
equal to 100 mL min~"). The thermoanalytical data (TG/
DTG/HF) were collected using five different heating rates
(8=5,7, 10, 12 and 15 °C min™') on a temperature range
found between ambient conditions and 500 °C. In order to
determine the thermal effects, the DTA data (in uV) were
converted to HF data (in mW).

The kinetic study was performed for the main decompo-
sition process (135-300 °C) using the previously obtained
thermoanalytical data. The kinetic parameters were deter-
mined using the Friedman (Fr) isoconversional differential
method [20], the Flynn—Wall-Ozawa (FWO) [21-23] and
Kissinger—Akahira—Sunose (KAS) [24, 25] isoconversional
integral methods and the nonparametric kinetic method
(NPK), developed by Serra R., Sempere J. et al. [26-29]
and later modified by Vlase T. et al. [30, 31]. The transfor-
mation range taken into account was 5% <a<95%, and a
variation stage for the conversion degree (a) equal to 5%
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was used for the estimation of the apparent activation ener-
gies (E,) values.

Results and discussion
ATR-FTIR spectroscopy

The ART-FTIR spectroscopy technique was employed as
to obtain the complete FTIR spectrum of DHA. The main
structural characteristics of DHA correlated with bands
observed on the spectrum presented in Fig. 2 proved the
identity and purity of the tested compound and showed to
be in agreement with literature data [18, 32]. As the hydro-
genated derivative of ATS, DHA presents a very similar
spectrum to the one of its “parent” compound (previously
reported by our research team [33]). Since the main struc-
tural difference separating ART from its derivative DHA is
due to the reduction of the C=0 bond from the saturated
d-lactone, which leads to the formation of a primary alco-
hol —OH group, the FTIR spectra of DHA reveal in the
3450-3300 cm™' spectral range a wide band with maximum
intensity reached at 3372 cm™!. This is characteristic to the
stretching vibration of the O—H bond, the shift from usually
higher wavenumbers for this type of bond being probably a
consequence of the formation of intermolecular hydrogen
bonds.

The asymmetric and symmetric stretching vibration of
the C—H bond from DHA’s methyl and methylene moieties
determines the appearance of peaks at 2945, 2926, 2924 and
2853 cm™!. The band formed at 1444 cm™! can be associ-
ated with the scissoring bending vibration of the C—H bond
found in the cyclic —CH,—groups. The symmetric bending
vibration of the C—H bond from the lateral methyl groups

determines the appearance of a band seen at 1377 cm™!,

while the wagging vibration of the methylene moiety forms
a peak seen at 1227 cm™".

The bending vibration of the C-O-O-C bond correspond-
ing to the characteristic endoperoxide bridge is revealed by
bands seen at 1188 and 1176 cm™!. The asymmetric stretch-
ing vibration of the C—O-C bonds is revealed by an intense
peak observed at 1092 cm™!, but the branching of the car-
bon atoms adjacent to the oxygen atom from the C—-O-C
group may be responsible for the splitting of said peak and
the detection of additional bands at 1160 and 1135 cm™'. A
low intensity band noticed at 1061 cm™' can be correlated
with the rocking vibration of the laterally positioned methyl
groups. While the stretching vibration of the C—O bond from
the primary alcohol moiety can be associated with peaks
revealed on the spectrum at 1023 and 1013 cm™!, the vibra-
tion of the C—O-O group determines the formation of the
most intense spectral band that can be observed at 984 cm™".
A peak seen at 876 cm™! that can be correlated with the
stretching vibration of the O—O bond can also be identi-
fied. At the lower and of the spectrum, the rocking vibration
of the C—H bond from the methylene group is revealed by
bands seen at 755 and 732 cm™.

Thermal analysis

In order to characterize the thermal behaviour of the phar-
maceutical agent, the thermal analysis was performed using
multiple heating rates, a protocol established by Interna-
tional Confederation for Thermal Analysis and Calorimetry
(ICTAC) [34] and previously employed by our research
team [35-39]. The obtained thermoanalytical curves for
DHA using the five selected heating rates f=5, 7, 10, 12
and 15 °C min~" are presented as superimposed mass curves
(Fig. 3a), derivative mass curves (Fig. 3b) and heat flow
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Fig.2 The ATR-FTIR obtained spectrum for DHA: spectral range 3750-2750 cm™' (a) and 1550650 cm™! (b)
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Fig.3 Thermoanalytical superimposed curves (TG (a), DTG (b) and HF (c)) obtained for DHA using five different heating rates (=5, 7, 10, 12

and 15 °C min™")

curves (Fig. 3c), while the registered data for each used heat-
ing rate are revealed in Table 1.

Studying the TG curves registered at each heating rate,
a thermal stability up to 132-135 °C can be noted. A
slight mass increase is more easily visible on the TG curve
obtained while using a heating rate of 5 °C min~! and is
probably a consequence of a mild oxidation of the sesquit-
erpene lactol structure, by inserting this atom in the moiety

of DHA, since the thermal treatment is realized in dynamic
dioxygen atmosphere. This behaviour is observed for all car-
ried out experiments, and the mass increase is independent
of the heating rate. This mild oxidation of DHA is based
on its susceptibility of taking part in redox equilibria, in
agreement with previously reported data [40], but as well
as with the fact that when subjected to thermal stress or in
the presence of ultraviolet radiation, the peroxide moiety can

Table 1 Thermoanalytical data

obtained for DHA at the five preC min”™ 16 Ami% DTG Hr

selected heating rates T ynsed°C Tynseld °C T e/ °C Tineed°C Theal/°C
5 132 92.6 124 148; 160; 199 125 148; 159
7 132 91.9 124 150; 160; 207 125 150; 158
10 133 91.5 125 148; 160; 204 123 149; 158
12 134 90.6 125 149; 160; 198 124 149; 158
15 135 89.8 126 149; 160; 204 125 150; 158
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form highly reactive radical species that can interact with
dioxygen from the furnace atmosphere [9].

The observed thermal susceptibility of DHA is in agree-
ment to data found in the literature, researchers mention-
ing several thermal degradation products obtained under
thermal stress even in an inert dinitrogen atmosphere [41].
An apparently single-step decomposition that takes place
in the 135-300 °C thermal range can be observed on the
TG curves. During this interval, a mass loss of 91% was
determined, the remaining residue calculated at the end of
the analysis (500 °C) being ~ 3%, indicating a significant
mass loss suffered by DHA amid the applied thermal treat-
ment. However, the determined DTG data revealed that
during thermooxidation, three different processes can be
correlated with peaks reached around 150, 160 and 200 °C

that find correspondent two intense exothermic events vis-
ible on the HF curves around 150 and 160 °C. The melting
process of pure DHA takes place according to the literature
[8, 9] between 153 and 154 °C, but without a clear indica-
tion of what protocol was used for estimation of this interval,
namely if a melting point apparatus or thermoanalytical data
were used. According to our findings, as indicated by the
HF curves, a clear endothermic solid-liquid phase transition
event is not individualized, but instead an intense exothermic
decomposition is observed, leading to the conclusion that
the physical process of phase transition is accompanied by
a chemical degradation. Later on, in the kinetic study sec-
tion of this paper, the NPK results confirm this supposition.
The decomposition process of DHA starts at relatively low
temperatures (7, ~ 135 °C), this value being inferior to

Table 2 The selected kinetic

Method Equation Graphical representation References
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Fig.4 Plotting of isoconversional methods for DHA: Fr (a), FWO (b) and KAS (c¢)
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the reported temperatures associated with the melting pro-
cess in previously published studies [8, 9]. However, the
instability of DHA under thermal stress is in agreement
with published data regarding the decomposition followed
by complete destruction of the organic structure happening
during high-temperature thermolysis [9, 41].

Kinetic study

As an important step in the investigation of stability of active
pharmaceutical ingredients, kinetic analysis offers informa-
tion about the decomposition mechanism and its depend-
ence over thermal treatment regime that is applied to solid
samples [35, 42, 43].

In order to complete the solid-state characterization of
DHA, the kinetic triplet for the thermolysis of DHA was
evaluated in dynamic dioxygen atmosphere, since, to our
knowledge, no literature data were previously reported in
the literature. As such, the non-isothermal ICTAC 2000
protocol was followed [34, 44—47] and three isoconver-
sional methods (the differential Friedman (Fr) method
and the Flynn—Wall-Ozawa (FWO) and Kissinger—Aka-
hira—Sunose (KAS) integral methods) were used in order
to determine, in the first step, the apparent activation
energy values (E,). Although neither the reaction order
(n) nor the pre-exponential factor (A) is revealed using
these methods, the isoconversional techniques provide
estimations of the E, values in relation to the conversion
degree (a) without requiring the knowledge of exact form
of the integral or differential conversion function. In order
to complete the estimation of the parameters forming the
kinetic triplet, the nonparametric kinetic method (NPK)
was employed. The used mathematic models for each
selected kinetic method are presented in Table 2.

Starting from the equations presented in Table 2 for
each isoconversional method, the obtained data pairs were
plotted and using the slopes determined for each straight
line, the value of the activation energy was calculated
according to the conversion degree (Fig. 4). The exact
values obtained using each isoconversional method are
presented in Table 3. The values collected for E, were
determined taking into consideration each value for the
conversion degree found between the 5% < a <95% range
while using a 5% variation step.

Studying the data presented in Table 3, it can be observed
that the values obtained for the activation energy vary with
the degree of conversion. This fact leads to the hypothesis
that the process of decomposition of DHA is a complex one,
consisting in more than one unitary process. This fact was
also tentatively indicated by the analysis of the DTG curves
and by the HF data, correlated with the melting behaviour
reported in the literature. Regarding the observed E, vs. a
values, similar patterns were observed when the FWO and

@ Springer

Table 3 The E, values obtained for each isoconversional method ver-
sus the conversion degree for DHA

a Estimation of E, (kJ mol™") by each kinetic
method
FWO KAS Fr
0.05 64.0 60.4 63.1
0.1 59.5 55.6 58.9
0.15 55.5 51.2 54.6
0.2 50.3 45.7 48.1
0.25 53.3 48.6 49.8
0.3 54.8 50.1 499
0.35 51.6 46.6 46.6
0.4 54.2 49.2 46.8
0.45 52.0 46.9 444
0.5 56.0 51.0 46.2
0.55 55.2 50.1 434
0.6 53.7 48.5 41.2
0.65 514 46.1 39.2
0.7 50.6 45.0 37.7
0.75 58.5 53.2 43.2
0.8 54.0 48.3 39.7
0.85 54.1 48.3 38.9
0.9 53.9 48.0 38.1
0.95 54.8 48.9 31.7
E, /kJ mol™! 54.6+0.8 49.6+0.8 453+1.8

KAS methods were employed, this fact being a predictable
outcome, since the only difference between these two inte-
gral methods is represented by the approximation used for
the conversion function in its integral form.

The variation of the results falls mostly in the + 10% limit
around the mean value for both FWO and KAS methods, but
presents an irregular pattern for the E, values determined using
the Fr method, an expected result considering the differential
processing of the data by this method.

Because of these irregular patterns suggested by isocon-
versional methods, suggesting that a multistep decomposi-
tion occurs during thermolysis of DHA, the NPK method
was further employed so as to process the kinetic data and to
obtain the kinetic triplet without any approximations.

The NPK method has its bases on a single kinetic approx-
imation, stating that the reaction rate (r) is a product of two
separable functions (Eq. 1), where the rate constant  is tem-
perature dependent and the differential conversion function
fis a dependent:

r=dadT)™! = k(D)f () (1)

Using the experimental reaction rate values, a matrix
expressed as a two-vector product (u, and v,) can be formed.
In this, each reaction rate is calculated according to Eq. 2:
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ry = k(T,)f (o) 2

The actual NPK method follows the next steps. First,
the reaction rate surface is partitioned by intersecting the
selected point for the matrix formation with two families of
plans: one parallel with the temperature axis leading to the
formation of isoconversional curves, and one parallel with
the conversion degree axis generating isothermal curves. A
3D network is, as such, formed, and its intersection points
represent the selected ry;. Following this, the formed matrix
is decomposed after the singular value decomposition algo-
rithm (SVD) into a submatrix, separating the two factors that
determine the reaction rate and making them independent
from each other. In the last step, for each function, namely
k(T) and f(ar), mathematical models must be assumed. Usu-
ally, for the temperature-dependent k(7) function, the Arrhe-
nius equation is selected, while for the conversion function,
the Sestak—Berggren [48] equation is indicated (Eq. 3).

T o‘ T T
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fl@) = a"(1-a)" 3

where m and n are specific parameters for each investigated
process. Their significance is associated with physical trans-
formations (when a m#0 value is obtained) and/or chemical
transformations (when a n# 0 value is obtained).

The kinetic analysis realized using the NPK method leads
to the graphical representation of the most appropriate con-
version functions, revealing the simulated and determined
values for the normalized vectors u corresponding to the
main and secondary decomposition processes (Fig. 5a) as
well as a 3D visual representation of the experimental points
together with the interpolation of the reaction rate as a con-
tinuous surface (Fig. 5 b).

The NPK obtained data for thermolysis of DHA are pre-
sented in Table 4. According to these, the decomposition of
DHA during thermal stress is a consequence of two parallel
steps, characterized by two sets of kinetic parameters (£,

0.8

u2’0.6
(1 1]

F9ip 4}

0.2

0 0.2 0.4 0.6 0.8 1
X,xi

Fig.5 Graphical representation for DHA of the conversion functions (a) and the 3D transformation rate surface (b) according to the NPK

method

Table 4 The results obtained

St M%  Als™! E_ /kJ mol™! fi R? E -1

using the NPK method for DHA P ’ ° o Mo " " @ Ea /K mol
Main 698  1.96x10°  54.4+47 43 1 a(l-a)** 0990 58.0+5.5
Secondary 302  9.78x10°  66.2+7.4 4/5 1 a(l-a)* 0993
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A, m and n), each process having a partial contribution
to the global kinetic process, expressed as explained vari-
ance, A. Both of these steps have a high contribution to the
apparent mean activation energy value due to the fact that
the values determined for the explained variance, 4, are
approximately 70% and 30%, respectively. In the case of
both steps, the DHA’s complex decomposition mechanism
suggested by the NPK data was proved to be determined
by both chemical degradations (main step with n=4/3 and
secondary step with n=4/5) and physical transformations
(both main and secondary processes having m=1). This
last observation can be correlated with the information sug-
gested by the analysis of thermoanalytical curves, where
the melting process (which is a physical process) is accom-
panied by the chemical degradation of DHA.

Conclusions

In an effort to provide additional information regarding
the physico-chemical profile of DHA, the present study
reported an instrumental solid-state analysis of the first-
line antimalarial and potential anticancer agent. After con-
firming the identity and purity of DHA using spectroscopic
technique (ATR-FTIR analysis), thermoanalytical investiga-
tions were carried out in order to evaluate the stability and
kinetic for oxidative thermolysis of DHA. The performed
thermal analysis (TG/DTG/HF) revealed a relatively low
stability for DHA when subjected to thermal stress, which
is an important aspect to be considered during the cur-
rently used manufacturing processes, but also during the
development of new solid dosage forms, that are currently
performed by various research teams. The multiple step
decomposition process observed in an oxidative atmos-
phere was revealed to take place simultaneously with the
melting of DHA, as later on was confirmed by the use of
NPK method.

In order to unveil the kinetic triplet that is associated
with the thermooxidation of this drug, an in-depth analysis
was performed. Since the two integral (FWO and KAS)
and one differential (Fr) isoconversional methods employed
revealed inconsistencies regarding the values of the appar-
ent estimated E, vs. @, the NPK method was used. As such,
a two-step decomposition process was disclosed for DHA,
both consisting in significant, albeit different, contributions
to the mean apparent activation energy value. It was also
revealed that both chemical degradations and physical trans-
formations are involved in both processes determining the
thermooxidation of the active pharmaceutical agent DHA.
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