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Abstract The solubility of a-lipoic acid (LA) with the
addition of modified cyclodextrins was investigated using
the solubility method. The solubility of LA in the presence
of f-cyclodextrin (-CD), hydroxypropyl-f-cyclodextrin
(HP-$-CD), mono-6-0-glucopyranosyl- f-cyclodextrin
(mono-G;-$-CD), methyl-f-cyclodextrin (Me-f-CD), 2,6-
di-O-methyl-f-cyclodextrin (DM-f-CD), and sulfobutyle-
ther-f-cyclodextrin (SBE-f-CD) was higher than that of
LA itself. In particular, the solubility of LA in the presence
of SBE-f-CD was 20 times higher than that of LA alone.
The structure of the inclusion complex of SBE-$-CD and
LA in aqueous solution was examined by 'H-'H ROESY
NMR spectroscopy. The 1,2-dithiolane moiety of LA was
included from the secondary hydroxyl face of SBE-fS-CD.
The solid complexes of LA and SBE-f-CD were prepared
by the kneading and freeze-drying methods. Formation of
the solid complexes was confirmed by X-ray diffraction
patterns (XRD), differential scanning calorimetry (DSC),
and infrared spectroscopy (IR). The kneading and freeze-
drying methods were successful for obtaining the solid
inclusion complexes with improved thermal stability.
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Introduction

o-Lipoic acid (LA) is a potent anti-oxidant [1-4]. LA
administration has also been reported to ameliorate some of
the symptoms in diabetic patients [5—7]. However, the
amount of LA in the human body decreases with aging.
Normally LA is taken up orally from food such as liver,
spinach, and tomatoes. It is difficult to obtain a large
amount of LA since its concentration in these foods is very
low, e. g., ca. 0.3 mg of LA in 100 g spinach. Recently, it
has become popular to take LA as a supplement. Since LA
is hard to dissolve in water and is unstable to light and heat,
the development of a product with higher solubility and
stability is required.

Natural cyclodextrins (-, -, and y-cyclodextrin) are
widely used in many fields and form inclusion complexes
with a variety of guest compounds [8, 9]. However, nat-
ural cyclodextrins have relatively low solubilities in water,
and this fact limits their use in pharmaceutical formula-
tions. Recently, various kinds of cyclodextrin deriva-
tives have been synthesized to extend their applications
[10-13].

Junquera et al. have previously reported study on the
LA and f-CD inclusion complex by spectroscopic and
thermodynamic analysis [14] although the improvement
of solubility of LA is limited due to low solubility of
p-CD. More recently, Trentin and Carofiglio carried out
capillary zone electrophoresis studies of the interaction of
LA by natural cyclodextrins, and alkylated f-cyclodex-
trins [15]. Binding constants of lipotate anion with CDs
were obtained in an alkaline solution such as pH 9
although there was no solubility data and structural
study. For structural study a bimodal complexation of LA
inside the -CD cavity has been discussed in the litera-
ture [16] by ROESY NMR. And there is no structural
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data for LA and modify CD complex with improved
solubility.

In the present work, we studied the inclusion complexes
of LA and modified cyclodextrins in order to increase
solubility under acidic condition and improve thermal
stability of LA. We first investigated natural cyclodex-
trins and then examined sulfobutylether-f-cyclodextrin
(SBE-f-CD), hydroxypropyl-a-cyclodextrin (HP-o-CD),
hydroxypropyl-f-cyclodextrin (HP-f$-CD), hydroxypropyl-
y-cyclodextrin  (HP-y-CD), mono-6-0-glucopyranosyl-
p-cyclodextrin - (mono-G;-f-CD), methyl-f-cyclodextrin
(Me--CD), and 2,6-di-O-methyl-f-cyclodextrin (DM-
p-CD).

Materials and methods
Materials

LA, HP-o-CD, HP-$-CD, HP-y-CD and DM-f-CD were
purchased from Sigma—Aldrich (St. Louis, USA).
a-Cyclodextrin  (2-CD), f-cyclodextrin  (f-CD) and
y-cyclodextrin (y-CD) were purchased from Wako Chem-
ical (Tokyo, Japan). Mono-G;--CD, SBE-f-CD, and
Me-f-CD were purchased from BioResearch of Yokohama
(Yokohama, Japan), Cydex (Kansas, USA), and Junsei
Chemical Co., Ltd. (Tokyo, Japan), respectively.

Phase solubility studies

Various concentrations of CD in acetic acid buffer
(40 mM, pH 4) were added to an excess of LA, and the
solutions were shaken at 25 °C (modified CDs) or 40 °C
(natural CDs) for 2 weeks. The solutions were then passed
through a 0.2 pm membrane filter. The amount of LA in
solution was determined using the absorption at 333 nm
measured by a V-530 spectrophotometer.

Sample preparation
The solid complexes of LA and CD were prepared by the

following methods. A solid was also prepared by physical
mixing for comparison.

Physical mixture
CD and LA were mixed in a molar ratio of 1:1, 2:1, and

5:1. An aliquot of the mixture was shaken in a nylon bag
for 30 min.
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Kneading

CD and LA with molar ratios of 1:1, 2:1, and 5:1 were
mixed with a small amount of ethanol for 30 min.

Freeze-drying

CD and LA with molar ratios of 1:1, 2:1, and 5:1 were
mixed. An aliquot of the mixture was dissolved in 10 mL
of milliQ water. The solutions were shaken at 25 °C for
2 weeks and then passed through a 0.2 pum membrane fil-
ter. The filtered solution was concentrated at —40 °C in
vacuo.

Analytical methods
X-ray diffraction

Powder X-ray diffraction patterns (XRD) were measured
by a Rigaku Denki (Tokyo, Japan) Rint 2000 diffractom-
eter using Ni-filtered Cu Ko radiation.

Differential scanning calorimetry (DSC)

Characterization of the solid complexes was carried out by
DSC 3100SA (Bruker AXS, Berlin, Germany) at a scan-
ning speed of 10 °C/min from 25 to 500 °C.

Infrared spectroscopy

Characterization of the solid complexes was carried out by
a Nicolet IR 200 spectrometer (Thermo Fisher Scientific
Inc., Waltham, USA) according to the KBr disk method.

Thermal stability test

10 mg of each solid complex was added to six test tubes
and heated in a dry block bath (MG-2200, Tokyo Rikakikai
Co., Ltd., Tokyo, Japan) at 100 °C. The temperature con-
trol accuracy was £0.1-0.2 °C. LA was extracted with
50% methanol and measured by HPLC at 1, 2, 4, 6, 8, and
10 h. HPLC analysis was carried out with a JASCO HPLC-
800 system (Tokyo, Japan) using a Capcell Pack (Cig,
UGS80, 5 pm, Shiseido, Tokyo, Japan) column (250 x
4.6 mm i. d.). The column temperature was maintained at
25 °C. An isocratic elution technique using water including
0.04% acetic acid:methanol (1:1) solution was employed.
The flow rate of the eluent was 1.0 mL/min. The UV
absorbance of the effluent was monitored continuously at
333 nm. The remaining amount of LA (%) was calculated
by the ratio of the HPLC peak area before heating to the
HPLC peak area after 1, 2, 4, 6, 8, or 10 h.
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Fig. 1 Phase solubility diagrams of -CD derivatives at pH 4 and
25 °C. SBE--CD (M), Me-$-CD (4), DM-$-CD (X), HP-B-CD (#),
mono-G;-f-CD (X)

Results and discussion
Phase solubility

The solubility of LA in the presence of o-, ff-, and y-CD
was examined using the Solubility Method [17]. In the case
of -CD, the solubility was only two times higher than that
of LA itself. In order to increase solubility of LA various
B-CD derivatives was examined. Figure 1 shows the phase
solubility diagram of various CDs and LA at pH 4 and
25 °C. An enhancement of LA solubility was observed for
SBE-f-CD, Me-f-CD, and DM-f-CD. In the case of SBE-
f-CD, the solubility was about 20 times higher than that of
LA itself. According to the Higuchi-Connors theory [17],
Me-f3-CD, DM-$-CD, HP-$-CD and mono-G;-f-CD show
An and SBE-f-CD shows Ap type solubility curves,
respectively.

Table 1 shows values of the apparent stability constant
(K"), estimated from Eq. 1:

, slope

(1)

Although the complexation ability of Me-f-CD appears
to be highest among the CDs used in this study, Me-f-CD
has toxicity with an injection [18]. Recently, SBE--CD
has gained considerable attention because of its improved
safety profiles [18, 19]. Therefore, SBE-$-CD was exam-
ined in detail.

~ Intercept (1 — slope)’

Structure of the inclusion complex

SBE-S-CD (1 mM) and LA (1 mM) was dissolved in
acetic acid buffer (pH 4.4) for '"H-'H COSY and 'H-'H
ROESY NMR measurements. Figure 2 shows the 'H-'H
ROESY NMR spectrum of the LA and SBE-$-CD com-
plex. It shows a correlation between the signal at 3.15 ppm

Table 1 Apparent stability constant (K’) of LA and b-CD derivatives
complexes determined by the phase solubility diagrams

K MY

SBE-$-CD 1100
Me-f-CD 2800
DM--CD 200
HP-$-CD 350
Mono-G1-$-CD 600
p-cp 600

H-3 H-2
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Fig. 2 'H-'H ROESY spectrum of LA and SBE-f-CD complex

(H-8 of LA) and that at 3.78 ppm (H-3 of SBE-S-CD).
A correlation between the signal at 2.40 ppm (H-7 of LA)
and that at 3.51 ppm (H-2 of SBE-f-CD) was also
observed. The signals at 2.40 and 3.15 ppm were assigned
to H-7, H-8 of LA, respectively, by the 'H-'"H COSY NMR
experiment. There was no cross peak between protons of
LA and H-5 of SBE-f-CD. Also, no cross peaks between
protons of alkylchain of LA (H-2, H-3, H-4, and H-5) and
H-3 of SBE-f-CD showed no inclusion of alkylchain of LA
in the cavity of -CD. On the other hand, cross peaks
between protons of alkylchain of LA (H-2, H-3, H-4, and
H-5) and 2.84 ppm, which was assigned to the sulfobuty-
lether groups of SBE-f-CD, showed the mutual interaction.
Therefore, the dithiolane ring of LA was included in the
cavity of SBE--CD and alkylchain of LA was surrounded
by the chains of sulfobutylether of SBE-f-CD as shown in
Fig. 3.

The inclusion structure of LA and SBE-f-CD was thus
verified in the solution state. Next, the solid complex of LA
and SBE-f-CD was synthesized and characterized.

Characterization of solid complex of LA
and SBE-f-CD

Figure 4 shows X-ray diffraction patterns of LA, SBE-f-

CD, and LA-SBE-f-CD (1:1) solids obtained by physically
mixing, kneading, and freeze-drying. As can be seen in
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Fig. 3 Inclusion structure of
LA and SBE-$-CD

Fig. 4a, two characteristic diffraction peaks due to the LA
crystal appeared at 20 = 17.9 and 23.5°. On the other
hand, the XRD pattern of SBE-S-CD (Fig. 4b) shows a
broad diffraction profile due to an amorphous state caused
by the random substitution pattern of sulfobutylether
groups in SBE-f-CD.

The solid obtained by physical mixing (Fig. 4c) showed
two peaks at 20 = 17.9 and 23.5° from the LA crystal. In
the solid complexes obtained by kneading (Fig. 4d) and
freeze-drying (Fig. 4e), these peaks disappeared com-
pletely and the diffraction pattern showed an amorphous
state. This suggests that LA was included in SBE-f-CD
and the solid complex was formed. LA-SBE-f-CD (1:2)
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Fig. 4 XRD patterns of LA (a), SBE-$-CD (b), and LA-SBE-f-CD
(1:1) solids obtained by physical mixture (c), kneading (d), and
freeze-drying (e)
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and LA-SBE-f-CD (1:5) complexes obtained by physical
mixing, kneading, and freeze-drying were also studied and
found to exhibit diffraction patterns similar to that of the
LA-SBE-f-CD (1:1) complex.

Figure 5 shows the DSC curves of LA, SBE-f-CD, and
LA-SBE-f-CD (1:1) solids obtained by physical mixing,
kneading, and freeze-drying. The exothermic peak around
60 °C, which is the melting point of LA, was observed in
the LA (Fig. 5a) and physical mixture (Fig. 5c). The
melting points of LA and the physical mixture were 62 and
58 °C, respectively. This depression of the melting point of
the physical mixture was attributed to the depression of the
freezing point of LA due to addition of SBE-f-CD. SBE-f-

(a)
V (b)

(c)

(d)
— (e)
;0 1 OIO 1 5I0 2:)0 2:50

Temp. (°C)

Fig. 5 DSC curves of LA (a), SBE-S-CD (b), and LA-SBE-f-CD
(1:1) solids obtained by physical mixture (c), kneading (d), and
freeze-drying (e)
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Fig. 6 FT-IR spectra of LA (a), SBE-$-CD (b), and LA-SBE--CD
(1:1) solids obtained by physical mixture (c), kneading (d), and
freeze-drying (e)

CD (Fig. 5b) alone showed a broad exothermic peak
around 50-150 °C.

In the solid complexes prepared by kneading (Fig. 5d)
and freeze-drying (Fig. Se), the exothermic peak corre-
sponding to the melting of LA disappeared. These results
suggest that LA interacts with SBE-f-CD in the solid state
to form an inclusion complex. LA-SBE-f-CD (1:2) and
LA-SBE--CD (1:5) complexes obtained by physical
mixing, kneading, and freeze-drying were also studied. A
similar behavior was observed.

Figure 6 shows the IR spectra of the LA, SBE-S-CD,
and LA-SBE-S-CD (1:1) solids obtained by physical
mixing, kneading, and freeze-drying. The absorption of the
OH group appeared at 3400 cm™~'. The band at 1690 cm ™"
was assigned to the C=0 stretching of LA and also
appeared in the physical mixture. However, in the kneading
and freeze-drying samples, these bands were shifted to a
higher wavenumber, whereas that of the physical mixture
showed no shift. This suggests that some interaction
between LA and SBE-f-CD existed in the solid complex
obtained by kneading and freeze-drying.

These results suggested that the solid products prepared
by kneading and freeze-drying were completely different
from that by physical mixing. Thus, LA interacts with
SBE-$-CD in the solid complexes prepared by kneading
and freeze-drying to form inclusion complexes.

The thermal stability of the LA-SBE-$-CD complex
(1:1) was tested next. The degradation profiles of the LA
alone and its complexes with SBE-$-CD at 100 °C are
shown in Fig. 7. For LA, degradation began within 1 h, and
more than 40% of LA decomposed after 2 h. On the other
hand, the remaining amount of LA after kneading and
freeze-drying was 79 and 86%, respectively after 10 h.
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Fig. 7 The degradation profiles of the LA and its complexes with
SBE-f-CD at 100 °C. LA alone (@), kneading (O), freeze-drying (()

Compared with the LA alone, improved thermal stability
by complexation with SBE-$-CD was verified similar to
the case of LA—f-CD complex reported in the literature
[20]. As shown in the NMR results, the dithiolane ring of
LA is included in the CD, which enhances the stability of
LA.

Conclusion

We investigated the effect of f-CD derivatives on LA
solubility using the solubility method. Compared to the
solubility of LA alone, the solubility is about 20 times
higher in the presence of SBE-S-CD. The kneading and
freeze-drying methods were successful in obtaining solid
inclusion complexes with improved thermal stability.
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