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Abstract Artemisinin extracted from Artemisia annua L.

proved to be currently, with its derivatives, the most effective

drugs against simple and severe malaria, and is also effective

on the chloroquine-resistant forms. The advantageous effect

of some cyclodextrins (CDs) on artemisinin solubilization

was demonstrated by different authors. The present work

aims to confirm the effect of several CDs on artemisinin

solubilization and to analyse the complexes formed between

these CDs and artemisinin in order to understand their

solubilization capacities. In this context, solubility studies,

liquid-state NMR spectroscopy (1H NMR studies and

ROESY experiments) as well as theoretical studies (molec-

ular modeling) have been performed. Randomly methylated-

bCD, Crysmeb� and hydroxypropylated-cCD were also

found to improve the aqueous solubilization of artemisinin as

well as bCD, cCD and hydroxypropylated-bCD whose

effects were already demonstrated. The best solubilization

ability was found with Crysmeb�. The spectroscopic studies

showed a lot of interactions between artemisinin and all the

CDs studied, but mainly outside the cavity. Molecular

modeling confirmed that artemisinin and CDs formed non-

inclusion complexes.

Keywords Artemisinin � Cyclodextrins � Non-inclusion

complexes � Solubilization � Molecular modeling

Introduction

Artemisinin (Fig. 1), a molecule extracted from Artemisia

annua L., was isolated for the first time in 1972 in China

[1]. In the last decades, artemisinin and its derivatives were

proven to be actually the most effective drugs against

simple and severe malaria, and is also effective on multi-

drug resistant forms [2–4]. The low aqueous solubility and

high first-pass metabolism of artemisinin induce a poor and

variable bioavailability [5]. This may create problems of

recrudescence and resistance. So, improving aqueous sol-

ubility of artemisinin may lead to a better bioavailability

and cyclodextrins (CDs) could be used in this topic.

CDs are cyclic oligosaccharides made of six, seven, or

eight (for a-, b- and c-cyclodextrin, respectively) glucopyr-

anose units bound by a-1,4-ether linkages containing an

hydrophobic central cavity and an hydrophilic outer surface.

By exchange with the water molecules present in their cavity

in the crystalline state, CDs are able to include large organic

molecules with low aqueous solubility by noncovalent

interactions forces [6] leading to an increase of aqueous
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CHU, Avenue de l’Hôpital 1, Tour 4, ?2, B36-B4000, Liège,
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solubility and stability of these molecules [7]. However, this

phenomenon is not always verified for all the substances. The

complexation ability depends on the geometry of the guest

molecule inside the CD cavity and also its charge and

polarity criteria [6]. CDs are also known to form non-

inclusion complexes [8, 9].

Different publications have shown an increase in the

solubility of artemisinin thanks to the combination with

CDs [10–12]. The authors of these various publications did

not test all the CDs, notably the Crysmeb, a new generation

cyclodextrin. Other studies carried out by Wong et al.

[13, 14] prove that this improved solubility involve a better

bioavailability of artemisinin combined with CDs. In these

studies, they suggested that there is inclusion but, the types

of interactions existing between the CDs and artemisinin

were not yet clearly established.

The complexes formed with CDs and molecules can be

of several types (Fig. 2): inclusion complexes (a–f) and

non specific complexes also called non-inclusion com-

plexes (g) [15].

Some authors tried to demonstrate formation of inclu-

sion complexes [12, 16, 17] but the methods used were not

adequate for this kind of conclusion.

The aim of the present work is to compare the increase

in solubility of artemisinin in association with the majority

of CDs including Crysmeb and to study the nature of the

interactions between artemisinin and the different CDs by

the use of both NMR studies and molecular modeling.

Molecular modeling with AM1 calculations have already

been used by various authors [18–22] to study different

complexes of several drugs with CDs.

Materials and methods

Material

Artemisinin (ARTE, 98%) was purchased from Sigma-

Aldrich (Darmstadt, Germany).

b-cyclodextrin (bCD, 12.76% H2O), c-cyclodextrin

(cCD, 7.34% H2O), hydroxypropylated b-cyclodextrin

(HPbCD, DS: 0.8, 3.9% H2O), randomly methylated

b-cyclodextrin (Rameb, DS: 1.8, 3.4% H2O), hydroxypro-

pylated c-cyclodextrin (HPcCD, DS: 0.6, 6.8% H2O) were

provided by Wacker-Chemie GmbH (Munich, Germany).

Kleptose� Crysmeb (Crysmeb, DS: 0.50, 3.99% H2O) was

obtained from Roquette Frères (Lestrem, France).

Ethanol (Eur Ph 96%) was acquired at VWR (Fontenay-

sous-Bois, France). HPLC-Grade methanol was purchased,

with KOH from VWR (Fontenay-sous-Bois, France). All

the other reagents were of analytical grade and acquired at

Merck (Darmstadt, Germany) and Alfa Aesar (Karlsruhe,

Germany), respectively. Deuterated water was purchased

from Euriso-top (Gif-sur-Yvette, France).

Methods

Solubility studies

Complexation capacity of six CDs (natural CDs: b and

cCDs and derivatives: HPbCD, Rameb, Crysmeb, HPcCD)

with artemisinin in aqueous solution was studied by using

the solubility method [23]. Excess amount of artemisinin

were added to increasing concentrations of aqueous CDs

solutions. The concentrations tested were 20, 50, 75, 100

and 150 mM except for bCD (2, 4, 8, 10 and 12 mM). The

flasks were then shaken continuously in a thermostatically

controlled water bath set at 37 �C for 48 h. This equilib-

rium time was determined experimentally by testing dif-

ferent times from 12 to 96 h. All the conditions were

realized in triplicate. After equilibrium was attained, sus-

pensions of the flasks were filtered through 0.45 lm PVDF

membrane. These filtrates were used for HPLC analysis.

The stability constants of complexation Ks for each CD

were then calculated from the phase solubility dia-

grams which were all linear in this case. So, we have a

Fig. 1 Chemical structure of artemisinin and numbering system of

the molecule according to Blasko et al. (1988) [32]

Fig. 2 Various structures of cyclodextrin-guests complexes, in

aqueous solution, described in the literature a complete inclusion;

b ‘‘ axial ‘‘ inclusion; c partial inclusion; d complexes 2:1; e complex

1:2; f complex 2:2; g non-inclusion complex [15]
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stoichiometric ratio complex of 1:1. We applied the fol-

lowing relationship:

Ks ¼ Slope

S0 1� slopeð Þ

where S0 is the intrinsic solubility of artemisinin in the

absence of CD and the slope refers to the gradient plot of

artemisinin solubility (mM) versus CD concentration

(mM).

Quantification of artemisinin (validation–selectivity)

UV detection of artemisinin is not easy, due to the lack of

chromophore. So, it must be pre- or post- derivatized. We

used in this study the prederivatization technique previ-

ously published [24].

For the prederivatization, 1 ml of sample (standard

solution with artemisinin only or solution containing arte-

misinin complexes) was transferred into a 10 ml measuring

flask. 4 ml of 0.2% (m/v) NaOH solution was added in the

flask, and then left to react at 50 �C for 30 min. After

cooling during 10 min, 1 ml of ethanol was added. Finally

the flask was filled with acetic acid 0.2 N.

All solutions were filtered on a PTFE 0.45 lm mem-

brane before HPLC analysis.

The HPLC apparatus used for artemisinin quantification

was a Hitachi Alliance from VWR with LaChrom Elite

software for data acquisition.

Chromatographic separation was performed with a

reversed phase RP-18 LiChroCART column (250 9 4 mm

I.D.; particle size: 5 lm). Mobile phase consisted in a

mixture of methanol and phosphate buffer (0,005 M; pH:

6.3) (45/55, v/v). A flow rate of 1 ml/min and detection at

260 nm were used. The column was maintained at 35 �C

and the injection volume was 20 ll.

This method was completely validated in presence of

CDs (we choose Crysmeb as prototype) according to the

accuracy profile approach [25].

The selectivity of the method with the other CDs was

verified by the calibration curves.

NMR spectroscopy

1H NMR studies One-dimensional 1H NMR spectra were

recorded at 20 �C on a Bruker Avance 500 operating at a

proton NMR frequency of 500.13 MHz using a 5 mm

probe and a simple pulse-acquire sequence. Acquisition

parameters consisted of a spectral width of 10,333.6 Hz, a

30� pulse, an acquisition time of 3.17 s and a relaxation

delay of 1 s. For each sample, 128 scans were recorded.

FIDs were Fourier transformed with LB = 0.3 Hz and

GB = 0. The resonance due to residual solvent (HOD) was

used as internal reference. CD reference solutions were

prepared by dissolving appropriate amounts of bCD, cCDs,

HPbCD, Rameb, Crysmeb and HPcCD directly in 700 ll

D2O in order to obtain concentrations around 50 mM

(except for bCD for which the concentration was 10 mM).

Sample solutions were prepared by adding excess

amounts of artemisinin to the CD solutions. The resulting

suspensions were shaken at 20 �C during 24 h and then

centrifugated for 5 min at 12,000 rpm with the temperature

set at 20 �C. The artemisinin reference solution (around

0.297 mM) was prepared in D2O. Another reference solu-

tion was done in MeOD (around 8 mM) to be sure to have

a good NMR signal, as the solubility in D2O is low. Var-

iation of 1H NMR chemical shifts of CD protons (Dd)

caused upon complexation were calculated to confirm the

interaction with artemisinin.

ROESY experiments Rotating-frame Overhauser Effect

SpectroscopY (2D-ROESY) spectra were acquired in the

phase sensitive mode using the same spectrophotometer

and Bruker standard parameters (pulse program roesyph).

Each spectrum consisted of a matrix of 2K (F2) by 256

(F1) points covering a spectral width of 5122.9 Hz. Spectra

were obtained from the same sample solutions prepared for

the 1H NMR studies, using a spin-lock mixing time of

350 ms. Before Fourier transformation, the sine apodiza-

tion function was applied in both dimensions. 32 scans

were collected for each of the experiments.

Molecular modeling

The complexes between artemisinin and several CDs have

been studied by quantum chemistry method using the

B3LYP functional energy [26] and the extended basis set

6-31G (d). bCD, Rameb and Crysmeb have been build as

described in the [22].

The geometries were fully optimized without constraint

by minimisation of the analytical gradient of the energy

function using the Gaussian 03 suite of programs [27].

Starting from the optimized geometry of each complex,

artemisinin and CD were separately reoptimized in order to

derive the relative deformation energy of each partner. It

can be obtained by comparison of the energy of the mol-

ecule in the complex and the energy of the molecule

optimized alone.

Results

Analytical method validation

The HPLC–UV method for artemisinin quantification in

solution containing artemisinin–Crysmeb complex was

successfully validated as shown on Table 1 and Fig. 3.
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The Fig. 3 shows a plain line which is the relative bias.

The dashed lines are the b-expectation tolerance limits and

the dotted curves represent the acceptance limits (15%).

The green dots represent the relative back-calculated con-

centrations and are plotted with respect to their targeted

concentration.

Accuracy implies evaluating total error, the sum of

systematic and random errors of the analytical procedure

[28–30]. As illustrated in Fig. 3, the accuracy profile shows

that the relative upper and lower 90% b-expectation tol-

erance limits are totally included inside the acceptance

limits set at ±15%. The method can thus be considered as

accurate between 20.0 and 60.0 lg/ml.

The limit of detection was 2.7 lg/ml. These results were

estimated using the mean intercept of the calibration model

and the residual variance of the regression. The limit of

detection was determined with the accuracy profile as the

smallest concentration levels where the 90% b-expectation

tolerance limits remain inside the ±15% acceptance limits

[29–31]. As shown in Fig. 3, the LOQ is the smallest

concentration level of the validation standards: 20.0 lg/ml.

The calibration curves obtained with the others CDs

were similar to those obtained with Crysmeb.

Solubility studies

Figures 4 and 5 show phase solubility diagrams of arte-

misinin with, respectively, natural CDs (b and cCDs) and

their derivatives (HPbCD, Rameb, Crysmeb, HPcCD). In

all cases, linear solubility curves were obtained and could

be classified as type AL which indicates that the molar ratio

of artemisinin and the CDs studied is 1:1 [23].

The stability constants (Ks) observed on Table 2

increase in the order: cCD \ HPcCD \ HPbCD \ Rameb

\ Crysmeb \ bCD. All the Ks were \1,000 M-1 which

suggested a relative lability of the complexes formed with

artemisinin [23].

The Table 3 below shows the effect of natural CDs

(10 mM) and derivatives ones (50 mM) on artemisinin

aqueous solubility at 37 �C. Without CDs, aqueous

Table 1 Validation results for artemisinin HPLC–UV quantification

in solutions containing artemisinin–Crysmeb complexes

Validation

criteria

Artemisinin

Response

function

Linear regression through 0 fitted with the level

60.0 only; Calibration range (3 points)

20.00–60.0 lg/ml

Trueness

Concentration

(lg/ml)

Relative bias (%) Recovery (%)

20.0 -5.314 94.69

40.0 -4.663 95.34

60.0 -2.672 97.33

Precision

Concentration

(lg/ml)

Repeatability (RSD %) Intermediate

precision (RSD%)

20.0 3.161 3.619

40.0 3.418 4.232

60.0 2.752 3.739

Accuracy

Concentration

(lg/ml)

90% b-expectation

tolerance interval (%)

20.0 [-12.88, 2.249]

40.0 [-13.87, 4.544]

60.0 [-11.21, 5.867]

Linearity

Slope 0.9865

Intercept -0.9699

r2 0.9912

Fig. 3 Accuracy profile obtained by considering linear regression

through zero fitted using the highest level only

Fig. 4 Phase solubility diagrams of artemisinin-natural CDs in water

37 �C: b and cCDs
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solubility of artemisinin at 37 �C was 0.098 mg/ml. A

comparable result was previously observed by Usuda et al.

[10] with 0.084 mg/ml at 25 �C. With a low concentration

of Crysmeb (50 mM), a 30-fold increase of artemisinin

solubility was obtained and when a 150 mM concentration

is used, a 75-fold increase can be reached.

In our study, the methylated bCDs allowed to achieve

the best results in terms of increasing artemisinin aqueous

solubility. Crysmeb characterized by a low degree of

substitution (DS) and less methylated than Dimeb

(Di-méthyl bCD) was shown to be less hydrophobic and

more polar than Dimeb [31].

We can also consider bCD as a good candidate. In fact,

despite its low solubility, a sevenfold increase can be

reached and it is the most available CD in term of acces-

sibility and cost (especially for emergent countries with

limited resources for drug development). Besides bCD has

the best stability constant among the CDs studied. So, we

selected Arte/Crysmeb, Arte/Rameb and also Arte/bCD

complexes to continue the investigations, notably for

molecular modeling studies while all the CDs selected and

their corresponding complexes with artemisinin were

evaluated for NMR studies.

NMR-studies

The 1H assignment of artemisinin in MeOD and D2O,

which was not available in the literature, is given in

Table 4. These values are close to those found in CDCl3 by

Blasko et al. [32].

The slight shifts variations calculated upon complexa-

tion for artemisinin and reported in Table 5 proved that

there are several interactions with the CDs. These inter-

actions of artemisinin protons seem more accentuated for

H-7a, H-8a, H-8b, H-8a, H-9, 14-CH3, 15-CH3 with bCD

and H-4a, H-7b, H-12 and 14-CH3 with cCD (Table 5).

Observation of the effect of artemisinin on the CDs is

very important to understand the nature of interactions. The
1H NMR spectra between 3 and 5 ppm of the different CDs

in D2O alone or associated in the complex with artemisinin

Fig. 5 Phase solubility diagrams of artemisinin-derivatives CDs in

water at 37 �C: HPcCD, HPbCD, Rameb and Crysmeb, respectively,

from down to up (n = 3)

Table 2 Apparent stability constants Ks and type of solubility curves

of Artemisinin–CDs complexes determined by solubility method in

water at 37 �C

CDs Ks (M-1) Type

bCD 608.53 AL

cCD 222.64 AL

HPbCD 367.48 AL

HPcCD 262.58 AL

Crysmeb 602.53 AL

Rameb 551.28 AL

Table 3 Effect of natural CDs and derivatives on artemisinin solu-

bility in water at 37 �C

CD Concentration

(mM)

Artemisinin concentration

(mg/ml)

Without CD 0 0.098

bCD 10 0.59

cCD 10 0.33

HPbCD 50 1.83

HPcCD 50 1.24

Rameb 50 2.81

Crysmeb 50 3

Table 4 1H assignment of artemisinin in MeOD and D2O compara-

tively to CDCl3

Proton CDCl3
(Blasko et al. 1988 [32])

MeOD D2O

4a 2.43 2.39 2.34

4b 2.05 2.07 2.12

5a 2.01 2.03 2.02

5b 1.47 1.49 1.43

5a 1.37 1.37 1.38

6a 1.42 1.49 1.43

7a 1.08 1.15 1.04

7b 1.79 1.75 1.85

8a 1.87 1.80 1.87

8b 1.12 1.18 1.13

8a 1.75 1.73 1.70

9 3.40 3.31 3.34

12 5.87 6.03 6.14

13-CH3 1.44 1.38 1.40

14-CH3 0.99 1.00 0.92

15-CH3 1.21 1.17 1.12
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were analysed (data not shown) and the different CDs were

found to be practically superimposable whether they are

alone or in the complex. The phenomenon is clearly

viewed in Table 6 with the calculation of differences

between 1H NMR chemical shifts values of the CDs pro-

tons in the complexed and free states.

It is known that large shifts in the resonance of protons

H-3 and H-5 located inside the CD cavity induced by the

presence of the guest molecule indicate inclusion com-

plexation [33, 34]. The shifts variation observed here for

protons H-3 and H-5 are very weak. It suggests that arte-

misinin don’t enter in the CDs cavities.

Then we realized 2D ROESY experiments to see whe-

ther the interactions between artemisinin and CDs protons

could be detected and if they are located inside the cavity

of CDs (H-3 or H-5) or outside (H-2 and H-4).

These data indicated that several parts of artemisinin

interacted with the protons located inside the CDs, but also

interacted with outside protons of CDs. In fact, protons 4a,

6, 7b, 13-CH3, 14-CH3 and 15-CH3, according to Fig. 6a,

interacted simultaneously with protons inside and outside

of the cavity of bCD. The same remark can be done for

protons 6, 13-CH3, 14-CH3 and 15-CH3 in the case of cCD,

for protons 4a, 6, 7b, 8a, 13-CH3, 14-CH3 and 15-CH3 with

Crysmeb and for protons 5b and 13-CH3 with HPbCD

(Fig. 6b, c, e). These observations are in favor of the

establishment of electrostatic interactions between the CDs

and artemisinin in these complexes. For Rameb and

HPcCD, the interactions with H-2 and H-4 are not clearly

viewed (Fig. 6d, f).

Molecular modeling studies

In order to understand interactions between artemisinin and

CDs, molecular modeling studies were performed. Two

types of complexes have been obtained depending on the

orientation of artemisinin towards the primary or the sec-

ondary CDs alcohols.

The results on Table 7 are presented as energetic out-

comes expressed as interaction, deformation and com-

plexation energies. A schematic representation of this

calculation method is given on Fig. 7. The interaction

energy is defined as the difference between the energy of

the complex and the sum of the energies of the both part-

ners at their complex geometry. The deformation energy is

determined by the difference between the energy of one of

the partners of the complex at its equilibrium geometry

(which is obtained by reoptimization of the one found in

the complex) and its energy at the complex geometry. The

complexation energy is the difference between the energy

of the complex and the sum of the energy of each partner at

their respective equilibrium geometry.

The interaction energies (Table 7) are always favorable.

But these values are relatively low compared to the other

complexes studied with this theoretical method like

miconazole [18, 21] and tagitinin C [20]. Let us mention

that for these molecules, the authors had demonstrated

existence of inclusion complexes. The low interaction

energies obtained in our study are in favor of the formation

of electrostatic interactions between the components of

these complexes. This weakness of interaction energies is

also in agreement with the relative lability of the com-

plexes suggested by the results of solubility studies

(Table 2).

The complexation energies values are negative for all

the complexes. It means that their formation is energeti-

cally favorable.

The deformation of artemisinin (Table 7) is weaker than

the deformation of the studied CDs. This can be explained

Table 5 Chemical shift variations (ppm) for the protons of artemis-

inin: difference between the free and complexed states

Protons Dd Bêta CD (ppm) Dd Gamma CD (ppm)

4a 0.02 0.06

4b 0 0

5a 0.03 0

5b -0.02 0.03

5a -0.02 0.03

6 -0.02 0

7a 0.06 0.01

7b 0.03 -0.05

8a 0.05 0

8b 0.05 0.03

8a 0.08 0.02

9 0.06 0.01

12 -0.02 -0.15

13-CH3 -0.02 0.01

14-CH3 0.13 0.13

15-CH3 0.05 0.03

Dd = d(complexed state) - d(free state)

Table 6 Variation of 1H NMR chemical shifts (ppm) of bCD, cCD,

Crysmeb, Rameb, HPbCD and HPcCD protons in the presence of

artemisinin

Protons Dd
bCD

Dd
cCD

Dd
Crysmeb

Dd
Rameb

Dd
HPbCD

Dd
HPcCD

H-1 -0.01 0 -0.01 0 0 0

H-2 0 0 0 0 0 -0.02

H-3 -0.02 -0.02 0.02 0.02 -0.01 -0.01

H-4 -0.01 0 -0.06 -0.03 0 -0.06

H-5 0.01 -0.02 0.02 0.05 0.01 0.01

H-6 -0.01 -0.01 -0.04 0.03 -0.02 0.03

Dd = d(complexed state) - d(free state)

Chemical shift values of internal protons are in bold
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by the rigidity of artemisinin with its three rings. The

highest deformation energy for artemisinin is obtained with

Crysmeb in the conformation A (with artemisinin peroxide

towards the primary alcohols). This suggests that the

complex formation in this conformation should be difficult.

Moreover, we can see that in this conformation, the

deformation of Crysmeb is higher than the one in the

conformation B (with artemisinin peroxide towards the

secondary alcohols). So, the conformation B is the most

probable for the complex Crysmeb/artemisinin.

In Fig. 8, the structures of the different complexes are

represented. All the representations show that there is not

inclusion of artemisinin in the CDs; except for the complex

Crysmeb/artemisinin in the conformation A where we can

see an inclusion of the 13-CH3 (partial inclusion of the

molecule). But the examination of the energies values

previously done on Table 7 clearly demonstrates that this

conformation A was less probable. For b-CD and Rameb,

both conformations A and B are possible and can be

present simultaneously in solution.

In all cases, the driving force of the interaction between

artemisinin and the CDs is electrostatic interaction. Non-

inclusion complexes can be located in accordance with the

NMR results.

Discussion

Solubility studies

The study of the solubility of artemisinin in association

with the different CDs shows that molar ratio of the

Fig. 6 Two-dimensional ROESY spectra of artemisinin in presence of, respectively, bCD (a 10 mM), cCD (b 50 mM), Crysmeb (c 50 mM),

Rameb (d 50 mM), HPbCD (e 50 mM) and HPcCD (f 50 mM) in D2O. Interactions are circled

J Incl Phenom Macrocycl Chem (2012) 74:305–315 311
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complexes is 1:1 (Figs 3, 4). According to the Ks values on

Table 2, the complexes formed with cCDs are less stable

than those formed with bCDs. These results confirmed the

data published by Wong and Yuen in 2003 [11]. They

compared natural CDs for their ability to increase arte-

misinin solubility and found that the complexation capa-

bility of artemisinin with CDs increased in the order

a- \ c- \ bCD.

When we considered the bCDs, the natural one has the

highest Ks value, but its solubilization capacity on

artemisinin is limited due to its low aqueous solubility

(1.85 g/100 ml) while for the derivatives we can go up

to 40 g/100 ml (HPbCD). Among the bCDs derivatives, there

is a distinction between the hydroxypropyl—derivatives and

the methylated ones which were found to have a higher affinity

for artemisinin with a better solubilization effect.

Solubility studies alone don’t constitute a proof of

inclusion complexes formation. Non-inclusion complexes

of active substances with cyclodextrin have been already

described [8, 9] and they can also increase solubility of this

substance.

NMR and molecular modeling studies

The T-ROESY results (Fig. 6) associated to the very low

variations observed in spectra when they are in complexed

state (Table 6) are not in favor of the existence of an

inclusion of artemisinin in the CDs of this study.

The theoretical studies of molecular modeling (Table 7

and Fig. 8) confirmed the results obtained with NMR, and

gave the proof that artemisinin does not form inclusion

Table 7 Interaction, deformation and complexation energies in Kcal/

mole for artemisinin–CDs complexes by reference to reoptimized iso-

lated CDs and artemisinin molecules (B3LYP/6-31G(d) calculations)

Conformation Peroxyde

towards the

primary

alcohols (A)

Peroxyde

towards the

secondary

alcohols (B)

Complexe b-CD/artemisinin

Interaction energy -17.34 -19.06

Complexation energy -9 -14.39

Deformation energy of b-CD 8.02 4.21

Deformation energy of artemisinin 0.32 0.46

Complexe Rameb/artemisinin

Interaction energy -13.47 -6.55

Complexation energy -7.26 -5.09

Deformation energy of Rameb 5.86 1.32

Deformation energy of artemisinin 0.35 0.14

Complexe Crysmeb/artemisinin

Interaction energy -26.45 -15.82

Complexation energy -10.68 -11.00

Deformation energy of Crysmeb 14.82 4.40

Deformation energy of artemisinin 0.95 0.42

Fig. 7 Schematic representation of the interaction, deformation and

complexation energies

Fig. 8 3D-model of the complexes with the orientation of the

peroxyde towards the primary alcohols (A) or the secondary alcohols

(B) of the CDs; respectively, from up to down artemisinin–bCD

complex, artemisinin–Rameb complex and artemisinin–Crysmeb

complex
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complexes with the CDs but it establishes electrostatic

interactions with oxygen atoms and alcoholic functions for

the CDs studied.

These conclusions are different from those of

Illaparkurthy et al. [16]. In fact, they conclude on the

existence of inclusion complexes between artemisinin, di-

hydroartemisinin, arteether and HPbCD by means of sol-

ubilisation studies and molecular modeling. Their

molecular modeling studies were performed by three dif-

ferent docking methods (SYBYL DOCK, FlexiDock, and

DOCK 4.0.1) but their DOCK 4.0.1 results suggest that the

polar portion of artemisinin (oxygen atoms) is oriented

outside the cavity while FlexiDOCK 4.0 and DOCK

SYBYL results show that this portion is inside the cavity.

They conclude that DOCK 4.0.1 offers a better correlation

in terms of orientation of molecules inside the cyclodex-

trin’s cavity and also in terms of docking scores and finally

added that experimental thermodynamic and nuclear

magnetic resonance studies might help in the development

of a better explanation of the inclusion process itself.

Another study of Illaparkurthy et al. [35] on the ther-

modynamic parameters reveals involvement of hydropho-

bic bonding in the cyclodextrin complexes studied.

Ansari et al. [12] also speak of an inclusion of dihyd-

roartemisinin in HPbCD cavity on the basis of differential

scanning calorimetry (DSC) results, whereas it is known

that DSC studies just give informations on the amorphous

or crystalline state of the complexes. This method can

prove interaction between the CD and the molecule but not

an inclusion into the cavity of the CD.

Recently, Chadha et al. [36] have studied the complexes

of arteether with CDs. They concluded on the formation of

inclusion complexes on the basis of DSC studies, NMR

analysis and molecular modeling. In their NMR studies,

they have just considered the 1H chemical shifts of artee-

ther and not the 1H chemical shifts of the CDs, while it is

the variation of H-3 and H-5 protons of the CDs which

could be the proof of inclusion complexation. The variation

of the drug protons can just indicate interactions with the

CDs. However, the phenomenon with arteether can be

different from one observed with artemisinin.

It is generally accepted that in aqueous solutions CDs

form what is called ‘‘inclusion complexes’’ where water

molecules located within the lipophilic central cavity are

replaced by a lipophilic guest molecule or a lipophilic moiety

as, for example, a drug molecule. But this is not the only

possibility. ‘‘Non-inclusion complexes’’ might also occur.

The existence of non-inclusion complexes has been the

subject of a patent application publication by Loftsson in

2003 [8] and he also went back on this statement in others

publications [9, 37]. He assumed that the hydroxy groups

on the outer surface of the cyclodextrin molecule are able

to form hydrogen bonds with other molecules and CDs can,

like non-cyclic oligosaccharides and polysaccharides, form

water soluble complexes with lipophilic water-insoluble

compounds.

Moreover, it has been shown that a-CD forms both

inclusion and non-inclusion complexes with dicarboxylic

acids and that the two types of complexes coexist in

aqueous solutions [38].

In a recent study, Messner et al. [39] tested eleven dif-

ferent molecules with HPbCD and found that they self

assembled to form aggregates with increase of solubility. In

comparison to simple drug/CD complexes, aggregation of

CD complexes will not affect therapeutic efficacy of the

drugs, kinetics of drug release from CD complexes or drugs

pharmacokinetics.

Circular dichroism spectroscopy studies of artemisinin–

bCD complexes were realized by Marconi et al. [17]. In

their conclusions they said on one side that out of the many

energetically suitable structures of the complex, just a few

are able to justify the sequence of signs of the spectrum and

on another side that the reduction of the O–O peroxidic

group of artemisinin with subsequent cleavage seems to be

unaffected by complexation with bCD. It means that there

is not an inclusion of this part of the molecule. The state-

ments of this work are in agreement with our results and

are a demonstration of the conformations calculated at the

more elaborated level (B3LYP) used in our study.

The NMR results obtained here clearly shown that there

are not important shifts of H-3 and H-5 protons which are

inside the CDs cavities (Fig. 5), excluding the possibilities

of inclusion in the studied CDs and this is corroborated by

the molecular modeling results (Table 7).

All this confirm that there is not a real inclusion of

artemisinin in CDs but only interactions especially on the

outer surface of the CDs.

Conclusion

Phase-solubility studies were conducted for artemisinin in

aqueous solutions of bCD, cCD, Crysmeb, Rameb,

HPbCD, HPcCD. All the CDs were shown to enhance the

solubility of artemisinin to a significant extent. The asso-

ciation constant (KS) was calculated for each of the com-

plexes. The stoechiometry of all the artemisinin–CD

complexes was found to be 1:1.

NMR studies and molecular-modeling calculations

showed that artemisinin and the different CDs formed non-

inclusion complexes.
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