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ABSTRACT

To obtain an effective solution of the poorly water soluble antimalarial agent artemi-
sinin, the use of several kinds of cyclodextrins (CDs) as solubilizers was examined.
The following CDs were used in this study: a-CD, B-CD, y+CD as parent CDs, 2-
hydroxypropyl-3CD (HP-3CD), sulfobutyl ether 5-CD (SBE7-3-CD), heptakis
(2,6-di-O-methyl)-3-CD (DM-3-CD), 2,3,6-partially methylated-3CD (PM--CD)
as modified CDs, and glucosyl-3-CD (G1-3-CD), and maltosyl-5CD (G2-5-CD)
as branched CDs. The solubility curves of artemisinin with CDs can all be classified
as type A.. The apparent stability constants for artemisinin—parent CD complexes
increased in the order of a- < y» = [CD. The constants for artemisinin-3-CD
derivative (and #-CD) complexes increased in the order of G2-3-CD 0G1-4CD [0
PM-B-CD 03CD < HP-3-CD < SBE7-5-CD < DM-{-CD. These results suggest
that the addition of CDs enables the solubilization of artemisinin.
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INTRODUCTION
Artemisinin is an antimalarial agent that has been in
use in China and Southeast Asia. Artemisinin is an ex-

traction product from the herb Artemisia annua L. Arte-
misinin was isolated, and its structure was resolved by
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Chinese researchersin the early 1970s (1,2). Artemisinin
is a so-called sesquiterpene with a trioxane ring and a
lactone ring, and the trioxane ring contains a peroxide
bridge, the active moiety of the molecule (Fig. 1) (3).
The parasite and fever clearance rates with artemisinin
are higher than with any other antimalarial drug. Excel-
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Figure 1. Chemical structure of artemisinin.

lent results have been reported in the treatment of Plas-
modium vivax and P. falciparum infections in patients,
including the cerebral form, with both chloroquine-sensi-
tive and chloroquine-resistant strains (4). As dosage
forms of artemisinin, four different formulations are
used: tablets for oral administration, injectable formula-
tions of oil solutions for intramuscular administration,
injectable formulations of oil or water suspensions for
intramuscular administration, and suppositories for rec-
tal administration (3,4). However, intravenous injection
is not available because of the low solubility in water
(0.084 mg/ml) and lack of a suitable solvent for intrave-
nous use (4).

Cyclodextrins (CDs) are cyclomalto-oligosaccharides
obtained by the enzymatic conversion of starch. Parent
or natural CDs contain 6, 7, or 8 glucopyranose units and
are referred to as a-, B-, and y-CD, respectively. CDs
complex with hydrophobic drugs, increasing their aque-
ous solubility and stability. This property enablesthe pro-
duction of formulations for water-insoluble drugsthat are
typically difficult to formulate and deliver with more tra-
ditional additives (5-7). In this study, we investigated
theinteraction of artemisinin with CDs and assessed their
effects on the aqueous solubility of artemisinin. Further-
more, the possibility of new parenteral dosage forms con-
taining artemisinin is discussed.

MATERIALS AND METHODS

Materials

Artemisinin was purchased from Sigma Chemical
Company (St. Louis, MO). a-CD, 3-CD, and 2-hydroxy-
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propyl-B-CD (HP-B-CD; degree of substitution [DS]
value = 4.3) were gifts from Nihon Shokuhin Kako
Company, Limited (Tokyo, Japan). y-CD was purchased
from Wacker-Chemie GmbH (Munich, Germany). [3-
Cyclodextrin sulfobutyl ether, 7 sodium salt (SBE7-B-
CD) was donated by CyDex, Incorporated (Overland
Park, KS). Heptakis (2,6-di-O-methyl)-3-CD (DM-B-
CD) was donated by Nihon Shokuhin Kako Company,
Limited. 2,3,6-Partidly methylated-3-CD (PM-B-CD)
was donated by Mercian Corporation (Tokyo, Japan).
Glucosyl-B-CD (G1-3-CD) and maltosyl-B-CD (G2-3-
CD) were purchased from Bio Research Corporation of
Y okohama (BICO, Y okohama, Japan). Polyvinylpyrroli-
done (PVP; MW 40,000) and hydroxypropylmethylcellu-
lose (HPMC; 3500-5600 cP) were purchased from
Sigma Chemical Company. Sodium carboxymethylcellu-
lose (CMC) was purchased from Maruishi Pharmaceuti-
cal Company, Limited (Osaka, Japan). CMC was JP 12
grade. Pullulan was purchased from Wako Pure Chemi-
cal Industries, Limited (Osaka, Japan). All other chemi-
cals and solvents were from commercial sources and
were used without further purification. Milli-Q water
(Millipore Co., Milford, MA) was used in al of the ex-
periments.

Quantitative Determination of Artemisinin

Concentrations of artemisinin were measured ac-
cording to a slight modification of the method of Zhao
and Zeng (8). Samples of 5 ml were akalinized with 2
ml of 0.56% NaOH. After heating in awater bath at 45°C
for 30 min, samples were acidified with 2 ml of 2 mol/L
HCI. Samples were then quickly chilled in water and
diluted to 10 ml with water. The resulting degradation
product had an ultraviolet (UV) maximum at 257 nm and
could be analyzed using a Ubest-30 Double Beam spec-
trophotometer (JASCO Co., Ltd., Tokyo, Japan).

Solubility Studies

Phase solubility diagrams were determined in agueous
cyclodextrin solutions at 25°C. An excess amount of ar-
temisinin was added to agueous solutions containing
CDs. The suspension formed was sonicated for 1 hr and
then shaken at 25°C. After equilibration for at least 5
days, the suspension was filtered through a membrane
filter (0.45 um, Kurabo Industries Ltd., Osaka, Japan).
The concentration of the filtrates was analyzed as de-
scribed above. The stability constants K' of the artemi-
sinin-CD complexes were calculated from the slope and
intercept of the phase solubility diagrams:
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K — Slope
Intercept (1 — Slope)

according to the method of Higuchi and Connors (9).

Effects of Cyclodextrin on the Alkaline
Hydrolysis Rate of Artemisinin

The akaline hydrolysis rate of artemisinin in the ab-
sence and presence of CD was spectrophotometrically
monitored by measuring the increase in the absorbance
of the degradation product of artemisinin. The reaction
was initiated by the addition of 2 ml of 0.0056% (4 X
104 M) NaOH into 5 ml of stock solution of artemisinin
(2 X 107*M) containing 3-CD (3 X 103M) at aconstant
temperature (45°C). The absorbance of the degradation
product of artemisinin was measured in the same manner
as described above. The residual ratio of artemisinin was
calculated according to the following equation:

abs.(c0) — abs.(t)
abs.()

where t isthe reaction time (hr), A(t) isthe residual ratio
of artemisinin at t, abs.(t) is the absorbance of degrada-
tion product of artemisinin at t, abs.(«) is the absorbance
of a complete degradation product of artemisinin.

Alt) =

Effects of Water-Soluble Polymers on
Artemisinin-Cyclodextrin Complexation

Solubility of artemisinin was measured according to
the method of Loftsson et a. (10). An excess amount of
artemisinin was added to water, aqueous polymer solu-
tion, agueous CD solution, or agueous solution con-
taining both polymer and CD. The suspension formed
was sonicated for 1 hr and then heated in a sealed con-
tainer to 120°C for 20 min. After equilibration at 25°C
for at least 3 days, the suspension was filtered and ana-
lyzed in the same manner as described above.

RESULTS AND DISCUSSION
Solubility Studies

The increases in artemisinin solubility after the addi-
tion of CDs were examined. Table 1 shows the effects
of conventional a-, 3-, and y-CD on the solubility of ar-
temisinin in water at 25°C. The solubilizing effect of -
CD was higher than those of a-CD and y-CD. However,
the solubility of 3-CD (1.85 g/100 ml) in water is lower
than those of a-CD or y-CD (14.5, 23.2 g/100 ml, respec-
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Table 1

Effects of a-, B-, and y-Cyclodextrins on Solubility of
Artemisinin in Water at 25°C

Solubility of Ratio
Artemisinin (mg/ml)  (CD Solution/Water)
Without CD 0.084 —
a-CD 0.142 17
B-CD 0.517 6.2
y-CD 0.427 51

CD concentration was 10 mg/ml.

tively), so the following (3-CD derivatives that have
higher solubility than 3-CD were used for further experi-
ments: HP-B-CD, SBE7-3-CD, DM-B-CD, PM-3-CD as
modified CDs, and G1-3-CD and G2-3-CD as branched
CDs.

Table 2 shows the effects of B-CD derivatives on the
solubility of artemisinin in water at 25°C. With the ex-
ception of DM-3-CD, (3-CD derivatives were as effective
as 3-CD, while the solubilizing effect of DM-[3-CD was
much higher than that of 3-CD derivatives or 3-CD. This
may be because DM-B-CD has high surface activity (6)
or increases the hydrophobicity of the CD cavity, possi-
bly by providing an ‘‘extension’’ of the cavity by intro-
ducing nonpolar methyl groups at the 2- and 6- positions
of the glucopyranose units (7).

Theinteraction of artemisinin with CDs (conventional
a-, B-, y-CD, and B-CD derivatives) in agueous solution
was examined using a solubility method (9). Figure 2
shows the phase solubility diagrams of artemisinin with
conventional a-, -, y-CD, and pullulan. Except for that
with pullulan, al were classified as type A,. Table 3

Table 2

Effects of Cyclodextrin Derivatives on Solubility of
Artemisinin in Water at 25°C

Solubility of Ratio
Artemisinin (mg/ml)  (CD Solution/Water)

Without CD 0.084 —
HP-B-CD 0.457 5.4
SBE7-3-CD 0.506 6.0
G1-B-CD 0.540 6.4
G2-3-CD 0.491 5.9
DM-B-CD 1.086 12.9
PM-B-CD 0.399 47

CD concentration was 10 mg/ml.
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Figure 2. Phase solubility diagrams of artemisinin—conven-
tional CD and pullulan system in water at 25°C: [, a-CD; O,
3-CD; @, y-CD; H, pullulan.

shows the apparent stability constants K' of the artemi-
sinin—conventional CD complexes. The value of K' in-
creased in the order of a-CD < y-CD < 3-CD. Thisre-
sult was consistent with the increasing water solubility
shown in Table 1.

Figures 3 and 4 show the phase solubility diagrams
of artemisinin with B-CD derivatives. These were all
classified as type A, and it was suggested that a water-
soluble artemisinin-CD complex was formed as well as
[-CD. Table 4 shows K’ of the artemisinin-f3-CD deriva-
tive complexes. The value of K’ increased in the order
G2-B-CD [ G1-B-CD O PM-B-CD O B-CD < HP-B-
CD < SBE7-B-CD < DM-B-CD.

Effects of Cyclodextrin on the Alkaline
Hydrolysis Rate of Artemisinin

Cyclodextrins are known to act as stimulators or inhib-
itors of various chemical reactions such as hydrolysis,

Table 3

Apparent Stability Constants K’ and
Types of Solubility Curves of
Artemisinin—Conventional
Cyclodextrin Complexes Determined
by Solubility Method in Water at 25°C

CDs K' (M Type
a-CD 63 AL
B-CD 778 AL
y-CD 149 AL

Usuda et al.
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Figure 3. Phase solubility diagrams of artemisinin—modified
CD system in water at 25°C: [0, DM-3-CD; H, SBE7-3-CD;
O, HP-B-CD; m, PM-B-CD.

photolysis, and oxidation (6). The suppressive effect of
complexation leads to stabilization of pharmaceuticals.
Artemisinin is hydrolyzed by alkali because it contains
lactone. Accordingly, formation of an artemisinin-CD
complex probably has an effect on hydrolysis of artemi-
sinin. Figure 5 shows the time course of the residual ratio
of artemisinin on akaline hydrolysis in the presence or
absence of B-CD. The presence of B-CD resulted in the
depression of hydrolysis of artemisinin. The first-order
rate constant was then calculated from the slope of the
line shown in Fig. 6. The rate constant was 0.182 +
0.0283 and 0.414 = 0.0616 (hr™?) in the presence and

2.5 1

2 -
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1

0.5 4

Concentration of Artemisinin (mg/mlL)

1 I I 1 1

I
0 10 20 30 40 50 60
CD Concentration (mg/mL)

Figure 4. Phase solubility diagrams of artemisinin-branched
CD system in water at 25°C: [J, G1-B-CD; m, G2-3-CD.
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Table 4

Apparent Stability Constants K' and
Types of Solubility Curves of
Artemisinin—Cyclodextrin Derivative
Complexes Determined by Solubility
Method in Water at 25°C

CDs K (M1 Type
DM-B-CD 2752 AL
SBE7-B-CD 1536 AL
HP-B-CD 1218 AL
PM-B-CD 685 AL
G1-B-CD 628 AL
G2-B-CD 514 AL

absence of B-CD, respectively. These different values
also indicated the suppression of hydrolysis of artemi-
sinin. The effects of CDs on organic chemical reactions
such as akaline hydrolysis of esters were examined pre-
viously in detail (11-13); in general, the reactions are
suppressed strongly when the whole molecule or the ac-
tive site of the drug is included in the CD cavity (14). In
this study, the hydrolysis rate constant in the presence of
[3-CD was about half that in the absence of 3-CD. Ac-
cordingly, it was suggested that alkaline attack of the lac-
tone site of artemisinin is suppressed by CD. However,
CD may not interact strongly with the lactone site of ar-
temisinin. Artemisinin has hydrophilic areas such as the
|actone site and the peroxide site and hydrophobic areas

0.8

0.6 1

0.4 1

0.2 5

Residual Ratio of Artemisinin

Time (h)

Figure5. Effectsof CD on hydrolysisof artemisinin: O, with
3-CD; m, artemisinin only.
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Figure 6. Degradation of artemisinin at 25°Cin4 X 10™* M
NaOH (N = 3): O, with B-CD; m, artemisinin only.

such as the methyl group and the methylene group (Fig.
1). CDs generally include the hydrophobic area of the
molecule. Therefore, it is reasonable to assume that CDs
interact with the hydrophobic area of artemisinin, not the
hydrophilic area containing the lactone site.

Effects of Water-Soluble Polymers on
Artemisinin-Cyclodextrin Complexation

Polymers are known to interact with CDs, although
the precise nature of polymer-CD interactionsis still not
known. Some investigators have shown that -CD inter-
acts with anumber of water-soluble cellulose derivatives
(15), and that at low concentrations, polymers increase
the complexation abilities of CDs (10,16), and that the
polymers enhance the availability of drugs in agueous
CD solutions (17). There are various reasons why in-
creased efficiency of CD complexation of drugsis desir-
able. For example, only a limited amount of CD can be
used in many drug formulations, such as in agueous iso-
tonic solutions and tablets, and increased efficiency will
mean that less CD can be used to achieve the same or
even greater solubilizing effect. Also, because CDs are
still relatively expensive, reduction of the amount of CD
indrug formulationswill result in lower production costs.
Therefore, based on the report that the solubilizing effect
of CDs was improved by addition of water-soluble poly-
mers, the effect of water-soluble polymers on the artemi-
sinin-cyclodextrin complex was examined according to
the method of Loftsson et al. (10).
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Solubility of artemisinin was measured in water and
agueous polymer solution to ascertain the solubilization
effect of water-soluble polymer itself on artemisinin.
CMC, HPMC, and PVP were used as water-soluble poly-
mers. Figure 7 shows the solubility of artemisinin in the
presence or absence of these polymers. The polymers
themselves had no solubilization effect on artemisinin be-
cause the solubility of artemisinin did not significantly
increase in the presence of these polymers. Figure 7 also
shows the solubility of artemisinin in CD solution or
aqueous solution containing both a polymer and CD.
When CMC and PV P were used as polymers, the solubil-
ity of artemisinin did not significantly increase. Accord-
ingly, these polymers did not appear to affect the solubili-
zation ability of 3-CD and SBE7-B-CD. On the other
hand, when HPM C was used, the solubility of artemisinin
was decreased, although this effect was not significant.
This was probably because the complex is formed be-
tween CD and HPMC, resulting in suppression of artemi-
sinin-CD complexation. By these observations, it was
suggested that the solubilization ability of CD to artemi-
sinin was not improved by addition of water-soluble
polymers under the experimental conditions used in this
study.

The Possibility of New Artemisinin
Formulation Utilizing CDs

The fundamental problemsin the development of new
pharmaceuticals are efficacy and safety. Therefore, safety

Concentration of Artemisinin (mg/mL)

polymer

Figure 7. Effects of water-soluble polymers on solubility of
artemisinin in water at 25°C (N = 3): [J, without CD; E with
SBE7-3-CD; m with B-CD.
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of CD itself must be considered when selecting an opti-
mal CD from among several candidates. As described
previously, DM-[3-CD hasthe best solubilizing ability for
artemisinin among the CDs used in this study. However,
DM-B-CD shows some toxic effects, such as hepatopathy
(18), nephropathy (19), and hemolysis (20,21). Thus,
DM-B-CD isnot suitable as a solubilizing agent for clini-
cal use. On the other hand, SBE7-3-CD and HP-3-CD
have better solubilizing ability for artemisinin than other
CDs except DM-3-CD, and the safety of these CDs has
been confirmed (22—25). Thus, these CDs may be clini-
cally useful.

Next, the benefits of new artemisinin formulations uti-
lizing CDs were examined. Dissolution is the rate-lim-
iting step in the intestinal absorption of water-insoluble
drugs such as artemisinin. Titulaer et a. reported that the
bioavailability of oral administration relative to the intra-
muscular injection of a suspension in oil is only 32%
(26). One of the factors responsible for this low bioavail-
ability may be the low solubility in water. Therefore, the
efficacy of oral administration is expected to be improved
further if artemisinin-CD formulation for oral dosage
form can be developed.

Treatment of malaria by intravenous administration of
artemisininis not currently practiced because agueous so-
lutions for injection cannot be adjusted to practical con-
centrations due to the low solubility in water. The charac-
teristics of intravenous administration are as follows:
Pharmacol ogical effects appear rapidly and are strong be-
cause there is no absorption process; bioavailability is
approximately 100%; the injection rate can be controlled
by intravenous drip infusion. Therefore, if intravenous
administration of artemisinin can be achieved, the use-
fulness of artemisinin will be further enhanced. A primi-
tive prototype of artemisinin solution for injection using
CDs is discussed below. SBE7-3-CD was selected due
to its low hemolytic activity (25). The necessary dose of
artemisinin in intravenous administration was estimated
on the basis of pharmacokinetics parameters in oral ad-
ministration. According to the previously reported blood
concentration, distribution volume, and body weight of
260 pg/L, 4.1 L/kg, and 60 kg, respectively, the neces-
sary dose was estimated as 64 mg (26,27). The necessary
fluid volume to dissolve 64 mg of artemisinin was about
760 ml in the absence of CD, and this volumeistoo large
for injection. On the other hand, the fluid volume required
to dissolve 64 mg of artemisinin was estimated from the
phase solubility diagram to be about 10 ml in the pres-
ence of 154 mg/ml SBE7-3-CD. This volume is small
enough for injection. Thus, SBE7-3-CD enabled treat-
ment for malaria by intravenous administration of artemi-
sinin.
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CONCLUSION

In conclusion, the addition of CDs increased the solu-
bilization of artemisinin. The most effective CD for the
solubilization of artemisinin was DM-B-CD, but this
agent is not suitable for injection because of its high
hemolytic activity. Considering the toxicity to humans,
SBE7-B3-CD or HP-B3-CD might be useful for the devel-
opment of the new parenteral dosage forms containing
artemisinin.
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