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Agglomerated Oral Dosage Forms of Artemisinin/β-Cyclodextrin Spray-Dried
Primary Microparticles Showing Increased Dissolution Rate and Bioavailability
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Abstract. Artemisinin, a poorly water-soluble antimalarial drug, presents a low and erratic bioavailability
upon oral administration. The aim of this work was to study an agglomerated powder dosage form for oral
administration of artemisinin based on the artemisinin/β-cyclodextrin primary microparticles. These
primary microparticles were prepared by spray-drying a water–methanol solution of artemisinin/β-cyclo-
dextrin. β-Cyclodextrin in spray-dried microparticles increased artemisinin water apparent solubility
approximately sixfold. The thermal analysis evidenced a reduction in the enthalpy value associated with
drug melting, due to the decrease in drug crystallinity. The latter was also evidenced by powder X-ray
diffraction analysis, while 13C-NMR analysis indicated the partial complexation with β-cyclodextrin.
Agglomerates obtained by sieve vibration of spray-dried artemisinin/β-cyclodextrin primary
microparticles exhibited free flowing and close packing properties compared with the non-flowing
microparticulate powder. The in vitro dissolution rate determination of artemisinin from the
agglomerates showed that in 10 min about 70% of drug was released from the agglomerates, whereas
less than 10% of artemisinin was dissolved from raw material powder. Oral administration of
agglomerates in rats yielded higher artemisinin plasma levels compared to those of pure drug. In the
case of the agglomerated powder, a 3.2-fold increase in drug fraction absorbed was obtained.
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INTRODUCTION

The therapy of malaria involves complex dosage regi-
mens that are often difficult for patient adherence; this is likely
the most important cause of the emergence of multi-drug
resistant strains of microorganisms causing malaria (1,2).
WHO policy regarding malaria treatment advocates the use
of artemisinin or its derivatives in combination with other
antimalarial drugs (3). Artemisinin is the active principle of
the Chinese medicinal plant Artemisia annua (Quinghaosu)
(4). It is the precursor of an important class of antimalarial
drugs, structurally characterised by the presence of a

sesquiterpene lactone with a peroxide bridge, which deter-
mines the antimalarial activity (5). Many derivatives have
been synthesised from dihydroartemisinin, the active metabo-
lite of artemisinin; among others, artemether, artesunate and
artelinic acid are either currently in use or undergoing clinical
evaluation (6). Artemisinin and its derivatives have a very fast
action and the clearance time of parasites is shorter than with
other antimalarial drugs, such as chloroquine (7).

The use of artemisinin in combinations is not restricted in
children or pregnant women and this is a valuable advantage
of this antimalarial drug because children and pregnant wom-
en have the highest risk for malaria-associated morbidity and
mortality (8). Paediatric administration requires dosage forms
suitable for different ages and abilities. Moreover, a range of
strengths or concentrations enabling administration of the
correct age-related dose is needed. Agglomerated powders
can be employed as extemporaneous preparations, useful for
children or patients with swallowing difficulties.

Owing to its low water solubility, artemisinin is
characterised by poor and erratic bioavailability that, if im-
proved, would give to artemisinin a more significant role in
therapy. A previous study (9) in patients with uncomplicated
falciparum malaria demonstrated the therapeutic equivalence
of a 150-mg dose of artemisinin/β-cyclodextrin granules pre-
pared by the “slurry method”, compared to a commercial
preparation of artemisinin (250 mg). However, these hard
granules were less suitable for the preparation of a fine
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dispersion to be administered to children. Agglomeration
is a process in which a powder of relatively large size is
obtained by tumbling or vibrating primary microparticles,
which aggregate while keeping their original size and
structure (10). Thus, agglomerates are clusters of primary
microparticles held together by weak bonds. Improved
packing and flow characteristics are the main features of
these agglomerated preparations. Once the agglomerates
enter in contact with water, the primary microparticles are
released by disintegration or deagglomeration. Owing to
its agreeable softness, the agglomerates can also be direct-
ly poured in the mouth.

Previous studies (11,12) have shown that a spray-dry-
ing technique could enable the preparation of drug/β-cy-
clodextrin complexes as micronized particles. So far,
primary microparticles used for agglomeration have been
prepared from mannitol/lecithin spray-dried solutions
(10,13,14). The spray-dried β-cyclodextrin primary micro-
particles can be envisaged as a base for agglomerated
dosage form for manufacturing. In the case of artemisinin,
beside the technological aspects, a substantial biopharma-
ceutical advantage could be achieved by making primary
micropart ic les with β -cyc lodextr in (βCD), s ince
artemisinin, as a poorly soluble drug, has its solubility
increased by complexation with βCD (9,15–17). Phase
solubility studies carried out to investigate the complexa-
tion capacity of the cyclodextrins with artemisinin in aque-
ous solution have shown a significant increase in drug
solubility with linear phase solubility diagram classified
as AL type (18–20).

The aim of this work was to study an agglomerated
dosage form for oral administration of artemisinin
based on artemisinin/β-cyclodextrin primary microparti-
cles prepared by spray-drying. Up to now, none of the
inclusion/complexation studies of artemisinin with cyclo-
dextrins have involved the spray-drying technique. βCD
was chosen for its frequent use in oral formulations
(21). The artemisinin/βCD primary microparticles were
agglomerated by sieve vibration. Solid-state characteris-
tics of spray-dried primary microparticles and agglom-
erates were analysed by optical microscopy, scanning
electron microscopy (SEM), differential scanning calo-
rimetry (DSC), powder X-ray diffraction (PXRD), Fou-
rier-transform infrared spectroscopy (FTIR) and solid-
state nuclear magnetic resonance. In vitro drug dissolu-
tion rate and oral bioavailability in rats of both agglom-
erates and artemisinin raw material were measured and
compared.

MATERIAL AND METHODS

Materials

Artemisinin raw material was purchased from Kunming
Pharmaceutical Co. (Yunnan, China). β-Cyclodextrin
(Kleptose R) was obtained from Roquette (Alessandria, Italy)
and amlodipine from Cadila Pharmaceuticals Ltd.
(Ahmedabad, India). All other reagents and chemicals used
in the study were of analytical or high-performance liquid
chromatography (HPLC) grade.

Methods

Artemisinin/β-Cyclodextrin Primary Microparticle Preparation

Artemisinin/β-cyclodextrin primary microparticles were
obtained by spray-drying water–methanol solutions of
artemisinin and βCD in 1:1 molar ratio. β-Cyclodextrin (4 g)
was dispersed in 200 ml of water at 40°C to obtain a solution,
whereas artemisinin (1 g) was dissolved in 200 ml of methanol.
The organic solution was slowly added to the βCD water
solution. The final solution of artemisinin and βCD was
maintained at 40°C under continuous stirring while pumped
into the spray-dryer. The total solid concentration was 1.25%
(w/v). The spray-dryer equipment employed was a Büchi Mini
Spray Dryer B-191 (Büchi Laboratoriums-Tecnik, Flawil,
Switzerland). Spray-drying conditions were as follows: inlet
temperature 130°C, outlet temperature 49–52°C, feed rate
4 ml/min, nozzle diameter 0.7 mm and drying air flow 600 L/h.

In the case of artemisinin alone, 0.6 g of drug was
dissolved in 250 ml of methanol and 250 ml of water was then
slowly added. The solution was spray-dried using the same
conditions as those applied for the preparation of artemisinin/
βCD primary microparticles.

A physical mixture of artemisinin and βCD (1:1 molar
ratio) was also prepared by carefully mixing the two sub-
stances in a 10-ml glass vial. In addition, samples of
artemisinin and βCD mixture were prepared by the slurry
method for comparative purposes (15).

Agglomerate Preparation

Agglomerates were prepared by vibrating 4 g of
artemisinin/βCD spray-dried powder on two stacked sieves
(20 cm diameter) with mesh sizes 800 and 100 μm, respective-
ly. The sieve pile was vibrated for 10 min at a vibration
amplitude of 5–6 (Analysette 3 Fritz model, Fritsch GMBH,
Idar-Oberstein, Germany). Agglomerates retained on the
100-μm sieve were collected. Agglomerates retained on the
800-μm sieve and the non-agglomerated powder (below
100 μm) were re-processed up to five times.

Microparticle and Agglomerate Characterization

Size Distribution Analysis. Size distribution analysis of
artemisinin and artemisinin/βCD spray-dried microparticles
was performed using a Spraytech® laser diffractometer
(Malvern Instruments, Malvern, UK). Artemisinin was
suspended in distilled water with 0.1% (w/v) of Tween 80 and
directly analysed. In contrast, saturated cyclohexane solutions of
βCD or artemisinin/βCD spray-dried microparticles, previously
prepared, were used as suspending medium for the analysis of
βCD and artemisinin/βCD spray-dried microparticles, respec-
tively. Nearly 50 mg of each powder was dispersed in a 10-ml
flaskwith the suitable suspendingmedium. The sample was then
sonicated for a few minutes to eliminate the aggregates. Some
drops of the suspension obtained were introduced in the diffrac-
tometer analysis chamber filled with the appropriate medium.
The experiment was performed in triplicate for each powder.

Drug Loading. Drug loading in the spray-dried powder
was determined by HPLC in accordance with the method
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reported by Sahoo et al. (22). The solubility of artemisinin and
artemisinin/βCD spray-dried microparticles was measured in
distilled water. Briefly, an excess of artemisinin raw material or
of spray-dried microparticles was added to 5 ml of water in
rubber-stoppered vials. The samples were left under magnetic
stirring for 24 h at room temperature (25°C); 1 ml of the sus-
pension was then centrifuged at 4,500 rpm for 10 min (Heraeus
Labofuge 200, Thermo-Fisher Scientific, Waltham, Massachu-
setts, USA). After filtration of the supernatant with a 0.45-μm
PTFE membrane (ReZist Syringe Filter, Maidstone, UK), the
artemisinin concentration in the samples was determined by
HPLC. Each analysis was performed in triplicate.

Scanning Electron Microscopy. The morphology of
artemisinin and artemisinin/βCD spray-dried microparticles was
examined by SEM (Leica Cambridge S-360, Leica Microsystem
GMBH, Wetzlar, Germany). The samples were fixed onto an
aluminium stub with double-sided tape before being coated with
gold to a thickness of approximately 20 nm (Polaron SSC-515,
VGMicrotech, Uckfield, UK). For the artemisinin/βCD agglom-
erate images, the apparatus usedwasZeiss SUPRA40,Carl Zeiss
(Oberkochen, Germany). The magnifications selected were
×500–4,000. The agglomerates were also examined under an
optical stereomicroscope (magnification ×20) (Citoval 2, Jena,
Germany) connected to a video camera (JVC, Tokyo, Japan).

Differential Scanning Calorimetry. DSC (PerkinElmer
Pyris 6, Beaconsfield, UK) was performed on artemisinin,
βCD, artemisinin–βCD physical mixture and artemisinin/
βCD spray-dried microparticles to evaluate the degree of
artemisinin complexation. Melting temperature and the en-
thalpy of fusion (ΔHf) of artemisinin were measured. DSC
thermograms were recorded by placing accurately weighed
amount of the sample (about 4–6 mg) in a 40-μl aluminium
pan, sealed and pierced. The samples were heated from 25 to
180°C at a rate of 10°C/min under a dynamic nitrogen atmo-
sphere (100 ml min−1). Each analysis was done in triplicate.

Powder X-ray Diffraction. PXRD analysis was carried
out with a Miniflex X-Ray Diffractometer (Rigaku, Tokyo,
Japan) using a Cu Kα radiation source (λ=1.5418 Å) generated
with 30 kV voltage over the scanning range (2θ) 5–50° (scanning
speed of 0.05°/min). The sample size was about 500 mg.

Fourier-Transform Infrared Spectroscopy. FTIR analyses
were performed using a Nicolet Nexus 7 FTIR (Thermo Ni-
colet, Madison, Wisconsin, USA). The scanning range was
4,000–400 cm−1 at the resolution of 1 cm−1. Each sample was
mixed with potassium bromide at the ratio of 1:99 and then
moulded in a disc with a hydraulic press. Each analysis was
done in triplicate.

Solid-State NMR Analysis. Solid-state 13C CP-MAS
NMR analysis of artemisinin, βCD, artemisinin–βCD
physical mixture and artemisinin/βCD spray-dried
microparticles was performed on a Bruker Avance 300
(Billerica, Massachusetts, USA) operating at 75 MHz.

Bulk and Tapped Density Determination. Bulk and
tapped densities of artemisinin/βCD spray-dried microparticles

and agglomerates were measured according to Ph. Eur. 7th Ed.,
whereas Carr’s Index was calculated by the equation reported
by Carr (23).

In Vitro Dissolution Test. The drug dissolution rate from
artemisinin/βCD agglomerates and artemisinin raw material
was determined in 1,000 ml of degassed water at 37±0.5°C,
using a USP 34 Apparatus 1 (DT6 R, Erweka, Heusenstamm,
D) with basket rotating at 100 rpm.Artemisinin and artemisinin/
βCD agglomerates were introduced in hard gelatin capsules
(size 00, Coni Snap, Capsugel®, Bornem, Belgium). Samples
withdrawn at fixed times were filtered through a nylon mem-
brane with polypropylene housing (pore size 0.2 μm,
Puradisc™, Whatman, Maidstone, UK).

In Vivo Studies

The bioavailability study, approved by the Animal Ethics
Committee of Universiti Sains Malaysia (approval #USM/
PPSF/50 (079) Jld.2), involved adult male Sprague-Dawley
rats weighing 372.0±23.3 g. The animals were orally adminis-
tered by gavage with artemisinin/βCD agglomerates or pure
artemisinin powder (raw material). Just before administration,
each preparation was dispersed in water under magnetic stir-
ring, and 2 ml of drug dispersion was then collected with a
syringe and administered to rats.

Artemisinin administered dose was 10 mg/kg body
weight. Blood samples obtained by tail-clipping were collected
at 20, 40, 60, 90, 120, 150, 180, 240, 360, and 600 min and
stored in heparinised microcentrifuge tubes. The blood sam-
ples were centrifuged at 12,800×g for 10 min; subsequently, the
plasma samples obtained were stored at −80°C until analysis.

Liquid chromatography separation module Alliance 2695
(Waters, Milford, Massachusetts, USA) coupled with a tan-
dem mass spectrometry (MS/MS; Quattro Micro, Waters) was
employed using atmospheric pressure ionisation source with
electrospray ionisation operated in positive mode. The chro-
matographic separation was obtained using an X-Terra C8
(150×2.1 mm; 5 μm) analytical column (Waters, Milford, Mas-
sachusetts, USA). Mobile phase consisted of 1:1 acetonitrile/
formic acid (0.1% v/v) aqueous solution. Flow rate was set at
0.2 ml/min. The fragmentation transitions surveyed were m/z
282.3 to 209.0 for artemisinin and m/z 408.9 to 237.7 for
amlodipine, used as internal standard. Plasma samples were
prepared by the liquid/liquid extraction method with 5 ml of
ethyl ether and shaking for 2.5 min before centrifugation at
3,500×g for 10 min. The upper organic phase was transferred
into an Eppendorf vial and evaporated to dryness at 40°C
under a gentle stream of nitrogen. The dried samples were
reconstituted with 100 μl of mobile phase prior to injection. A
20-μl aliquot of each sample was injected into the LC-MS/MS
system for analysis.

Statistical Analysis

The in vitro drug release profiles of artemisinin raw ma-
terial, artemisinin/βCD slurry powder and artemisinin/βCD
agglomerates were compared using the similarity factor (f2).
f2 value larger than 50 indicates that two dissolution profiles
are similar (24,25).
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One-way ANOVA test on in vivo data was performed by
means of Kaleida Graph, Version 4.1.3 programme (Synergy
Software, Reading, Pennsylvania, USA).

RESULTS AND DISCUSSION

Primary Microparticle Preparation and Characterization

Artemisinin/βCD primary microparticles were prepared
by spray-drying a methanol solution of artemisinin mixed with
an aqueous solution of βCD (1:1 molar ratio). Here, βCD is
proposed as excipient for the manufacturing of microparticles
to be used for the first time for agglomeration, as an alterna-
tive to the described mannitol/lecithin combination (10,13,14).
It was expected that the artemisinin/βCD primary micropar-
ticles could exhibit sufficient cohesion properties to allow for
the construction of the agglomerate structure, with a further
expected advantage of an enhanced artemisinin apparent sol-
ubility (15,17).

The spray-dried powder yield was 60±5% (n=4) calcu-
lated on the total amount of artemisinin and βCD processed.
The artemisinin loaded in the artemisinin/βCD primary mi-
croparticles was 21±1% (w/w), in agreement with the
expected value.

The volume median diameter D(v,0.5) of artemisinin/
βCD spray-dried primary microparticles determined by laser
light scattering was 8.9±0.9 μm, while the D(v,0.5) of
artemisinin and βCD starting raw materials was 38.7±1.8
and 7.0±0.1 μm, respectively. The data reported in Table I
show a narrow size distribution of spray-dried microparticles
compared with the artemisinin raw material. Moreover, the
mean size of the artemisinin/βCD spray-dried microparticles
had the same order of magnitude as βCD particles, signifi-
cantly lower than artemisinin raw material.

SEM images of artemisinin raw material exhibited crystal
particles (Fig. 1a), while those of artemisinin/βCD spray-dried
powders exhibited aggregated roundish-shaped microparticles
(Fig. 1b). In the case of artemisinin/βCD powder prepared
according to the described slurry method (15), the original
structure of artemisinin was still present in the particles; some
of them appeared to be like a granule in structure and size
(Fig. 1c).

DSC analysis of artemisinin/βCD (1:1 molar ratio) spray-
dried primary microparticles (Fig. 2), compared to artemisinin
raw material crystals, showed a reduced drug melting peak at
about 153°C (for the DSC analysis of βCD, see the reference
(26)). The enthalpy of fusion (ΔHf) of artemisinin in
artemisinin/βCD spray-dried primary microparticles was sig-
nificantly lowered (Table II). A residual crystallinity of 30.6%
for artemisinin/βCD spray-dried microparticles was calculated
from the ratio between the value of enthalpy of fusion of this

powder and that of crystalline artemisinin raw material. In the
case of the artemisinin/βCD powders obtained by the slurry
method, the value of the degree of crystallinity was 88.1% (see
Table II). In contrast, no quantitative differences were found
between the values of ΔHf of artemisinin raw material and
those of artemisinin–βCD physical mixture. Thus, the spray-
drying of the artemisinin solution in the presence of β-cyclo-
dextrin caused a more significant reduction in the degree of
crystallinity of the drug compared with the other method (15).
Furthermore, a solution of artemisinin was spray-dried in the
absence of cyclodextrin. The DSC trace of artemisinin spay-
dried powder did not show a significant variation in the drug
enthalpy of fusion, thus supporting the hypothesis that the

Table I. Volume median diameters (micrometre) of each powder
(mean and standard deviation; n=3)

Sample D(v,0.1) D(v,0.5) D(v,0.9)

Artemisinin (raw material) 14.3±0.4 38.7±1.8 89.7±1.9
βCD 2.7±0.1 7.0±0.1 13.4±1.1
Artemisinin/βCD spray-dried
primary microparticles

2.8±0.4 8.9±0.9 18.0±1.1

Fig. 1. SEM images of a artemisinin raw material; b artemisinin/βCD
spray-dried primary microparticles and c artemisinin/βCD powder by
slurry method
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modification of drug solid state stemmed mainly from the drug
interaction with βCD.

The PXRD patterns of artemisinin raw material con-
firmed the crystalline nature of the drug. No variation in drug
crystallinity was observed in the artemisinin–βCD physical
mixture, while the PXRD analysis of artemisinin/βCD (1:1)
spray-dried primary microparticles showed a diffraction pat-
tern similar to that of the physical mixture, but with substan-
tially lower peak intensities (Fig. 3). Both the thermal and the
diffraction analyses pointed to the fact that spray-drying a 1:1
molar ratio solution of artemisinin and βCD significantly re-
duced artemisinin crystallinity and that an interaction between
drug and βCDmight occur, suggesting a partial drug complex-
ation in βCD. This assumption would be in agreement with
previous studies that have reported on the capacity of cyclo-
dextrin to accommodate artemisinin (17,27).

The strong reduction in artemisinin crystallinity in the
artemisinin/βCD spray-dried microparticles led to an increase
in drug apparent solubility. The solubility of artemisinin in the
artemisinin/βCD spray-dried microparticles (246.7±4.1 μg/ml)
was sixfold higher than that of artemisinin raw material (44.7±
0.7 μg/ml).

The FTIR analysis of artemisinin/βCD (1:1) primary
spray-dried microparticles evidenced that the characteristic
peak of C–H stretching of artemisinin shifted from 2,950 to
2,980 cm−1, supporting the existence of an interaction between
artemisinin and βCD.

The 13C NMR spectrum of artemisinin/βCD spray-dried
primary microparticles, compared with those of artemisinin
and βCD, showed the broadening of the s ignals
corresponding to βCD indicating the interaction with
artemisinin (Fig. 4). The NMR signals of artemisinin,

although less intense, were present in the artemisinin/βCD
spray-dried microparticle spectrum and no shifting was
observed, suggesting the existence of drug in uncomplexed
form in the spray-dried powder. However, the presence of
new “broad” signals in the regions around 96, 50 and
45 ppm of the spectrum of artemisinin/βCD spray-dried
microparticles could support a partial complexation of the
drug with βCD. Moreover, by overlapping the 13C NMR
spectra of βCD and artemisinin/βCD spray-dried
microparticles, an absence of chemical shift of βCD signals
between 75 and 70 ppm was observed. This chemical shift is
assumed as a characteristic indication of the formation of a
drug/βCD inclusion complex. Therefore, it must be postulated
that the artemisinin/βCD interaction observed here would be
different from the classic inclusion phenomenon.

Complete drug complexation in the cyclodextrin cavity
could be obtained by increasing the amount of βCD (28). Thus,
1:2 molar ratio artemisinin/βCD spray-dried primary micropar-
ticles were prepared. The DSC trace of these latter microparti-
cles did not present the melting peak of artemisinin (Fig. 2).

Agglomerate Preparation and Characterization

Agglomerates of both 1:1 and 1:2 molar ratio artemisinin/
βCD spray-dried microparticles were prepared by sieve vibra-
tion. The artemisinin/βCD primary microparticles obtained by
spray-drying did not show acceptable packing and flow prop-
erties for their direct usage as dosage form. Granulation or
compression procedures for dosage form manufacturing were
considered to be too impactive on the integrity of artemisinin/
βCD microparticles, affecting their properties and perfor-
mance. Thus, agglomerates were manufactured employing
artemisinin/βCD spray-dried primary microparticles since suf-
ficient cohesion forces existed between these spray-dried pri-
mary microparticles. Capillary or electrostatic forces have to
be evoked in order to give an explanation for the favourable
formation of agglomerates from artemisinin/βCD spray-dried
microparticles without the addition of other excipients.

The efficiency of the agglomeration process yielded 88.1
±0.9 and 60.2±2.9% for 1:1 and 1:2 molar ratio artemisinin/
βCD primary microparticles, respectively. In both cases, ag-
glomerates significantly ameliorated the technological proper-
ties of the original spray-dried powders. However, considering
the high amount of βCD for the same dose of artemisinin and
the minor propensity to agglomerate, no further studies were
carried out on the 1:2 molar ratio artemisinin/βCD spray-
dried primary microparticles.

The agglomerates obtained from 1:1 artemisinin/βCD
primary microparticles showed a Carr’s Index value of 19.1±
0.8%, whereas that of the Carr’s Index obtained for the spray-

Fig. 2. DSC curves of a artemisinin raw material, b artemisinin–βCD
physical mixture, c 1:1 artemisinin/βCD spray-driedmicroparticles and d
1:2 artemisinin/βCD spray-dried microparticles

Table II. DSC data of the artemisinin and derived powders (mean and standard deviation; n=3)

Sample Melting peak (°C) ΔHf (J/g) Crystalline degree (%)

Artemisinin (raw material) 153.4±0.1 86.4±0.9 100
Artemisinin–βCD (physical mixture) 153.2±0.2 85.6±0.5 99.1
Artemisinin/βCD (slurry method) 152.6±0.1 76.1±0.2 88.1
Artemisinin/βCD spray-dried primary microparticles 155.2±0.2 26.4±0.1 30.6
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dried powder was 44.8±1.6%. These values illustrate the ev-
ident advantage of agglomeration in terms of flowability and
packing properties.

Optical microscopy and SEM images of 1:1 artemisinin/
βCD agglomerates and details of their surface are shown in
Fig. 5. The shape of the agglomerates was globular with mea-
sured size range of 100 μm–1 mm.

Agglomerates de-agglomerated quickly in water,
reconstituting a dispersion of the 1:1 artemisinin/βCD primary
microparticles. The USP 34 Apparatus 1 (basket) was used for
the determination of the dissolution rate of powders loaded
into capsules. The in vitro dissolution tests were carried out in
sink condition. Dissolution profiles of artemisinin, artemisinin/

βCD agglomerates and artemisinin/βCD powder prepared by
the slurry method are presented in Fig. 6. The dissolution rate
of artemisinin crystals was very slow, owing to the poor solu-
bility and hydrophobic nature of the drug. The increased
apparent solubility of artemisinin stemming from the interac-
tion of the drug with βCD led to an evident improvement in
the dissolution rate. Dissolution of artemisinin from the
artemisinin/βCD agglomerates was complete in less than 1 h
and faster than that obtained with the particles prepared with
the slurry powder. The similarity factors (f2) between the
couples artemisinin/βCD agglomerates–artemisinin raw mate-
rial and artemisinin/βCD agglomerates–slurry powder were
14.17 and 41.50, respectively, indicating that the dissolution
profiles were significantly different from each other.

Fig. 3. PXRD of a artemisinin raw material, b artemisinin–βCD
physical mixture and c artemisinin/βCD spray-dried microparticles

Fig. 4. NMR 13C spectrum of a artemisinin raw material, b β-
cyclodextrin, and c artemisinin/βCD spray-dried microparticles

Fig. 5. Optical microscope picture of 1:1 artemisinin/βCD spray-dried
microparticle agglomerates a and SEM images of artemisinin/βCD
agglomerate b and surface detail of the agglomerate c
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In Vivo Studies

Artemisinin/βCD agglomerates and artemisinin raw ma-
terial were administered by gavage to rats. Artemisinin plas-
ma levels in rats were quantified up to 3 h when administered
as agglomerates. Artemisinin and the internal standard peaks
were detected at retention times of approximately 6.8 and
2.1 min, respectively. The total run time for each analysis
was 12 min. The mean extraction recoveries for internal

standard and artemisinin were 70 and 56%, respectively. Rel-
ative standard deviation for a plasma sample containing
20.32 ng/ml of artemisinin was found to be 10.3% (n=6).
The method was linear in concentration range 5.08 ng/ml±
7.5%–81.28 ng/ml±11.4% (R2=0.9989). The in vivo plasma
profiles of artemisinin are shown in Fig. 7.

Artemisinin/βCD agglomerates showed a mean AUC0−3h
of 116.5±0.95 versus 36.4±0.68 ng ml−1 h for artemisinin raw
material. Thus, a 3.2-fold increased in fraction absorbed was
obtained. The AUC0−3h of artemisinin/βCD agglomerates was
significantly higher (P<0.05) than that obtained with the
artemisinin suspension.

In summary, in vivo studies showed that the artemisinin/
βCD agglomerates gave higher artemisinin plasma concentra-
tions in shorter times compared to raw material.

CONCLUSIONS

βCD was shown to be a promising excipient for the
preparation of drug/βCD primary microparticles capable of
direct agglomeration. The technological characteristics of the
agglomerated powder improved the packing and flow of the
formulation.

Agglomerates of artemisinin/βCD powders dissolved mo-
re rapidly in vitro than artemisinin raw material. The increased
apparent solubility and the fast dissolution rate of artemisinin
from artemisinin/βCD agglomerates gave rise to a significant
improvement in the bioavailability of artemisinin upon oral
administration in rats.

As a consequence of the higher bioavailability, the use of
artemisinin/β-cyclodextrin primary microparticles obtained by
spray-drying could lead to a reduction in the artemisinin dose
to be administered.
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