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10-Acetoxychavicol acetate (ACA), isolated from the rhizomes and the seeds of the Zingiberaceae plant, has
a variety of biological activities such as antitumor, antiallergic and repellent effects. However, ACA seems
to have some disadvantages which may limit for future possible clinical applications, for example, its
poor water solubility. Furthermore, ACA is not stable in aqueous solutions and undergoes hydrolysis
and/or isomerization. To improve the solubility and stability of ACA in water, we prepared the inclusion
complexes with various b-cyclodextrins (b-CDs).In aqueous solution, the association constants of ACA
with various CDs were estimated at 662 ± 95 (b-CD), 336 ± 70 (methyl-b-CD, Meb-CD), and
322 ± 44 M�1 (hydroxypropyl-b-CD, HPb-CD), respectively, by a spectrofluorometric displacement
method based on competition between a guest and a fluorescent probe for CDs. It was revealed that
almost all ACAs existed as a free molecule in the CD-containing aqueous solution. However, in the case
of preparing the inclusion complexes of CDs with ACA by a solid phase ‘high-speed vibration milling’
technique, the average inclusion rates of the obtained water-soluble complexes were calculated as
88 ± 13% (b-CD), 70 ± 1% (Meb-CD), and 63 ± 2% (HPb-CD), respectively, by 1H NMR analysis. To charac-
terize the structures of the CD�ACA complexes, 2,3,6-trimethyl-b-CD (TMeb-CD)�ACA complex was pre-
pared as a model compound (inclusion rate: 40%). As a result of 2D ROESY experiments, it was
considered that the aromatic ring of ACA is located in the narrow side of the hydrophobic cavity of the
TMeb-CD and both 10- and 4-acetoxy groups of ACA positioned in the vicinity of the secondary and pri-
mary methoxy groups of TMeb-CD, respectively. Furthermore, we examined the apoptogenic activity of
CD�ACA complexes to evaluate whether or not the bioactivities of ACA were affected by their inclusion.
Although the cytotoxicity of all CD�ACA complexes in human epithelial carcinoma HeLa cells and murine
adenocarcinoma colon26 cells were diminished as compared with the ACA alone, only HPb-CD�ACA main-
tained high levels of activity. In addition, HPb-CD�ACA, and Meb-CD�ACA showed suppressive effect for
the transcription factor NF-jB activation on LPS-activated murine macrophage RAW264.7 cells and the
former was more active complex. Furthermore, HPb-CD�ACA inhibited the in vivo tumor growth of
tumor-bearing mice, although the activity was slightly weak compared with that of free ACA. These
results indicate that HPb-CD is the best host molecule for ACA to form a water-soluble complex with
the similar biological activity of free ACA.

� 2011 Published by Elsevier Ltd.
1. Introduction

10-Acetoxychavicol acetate (ACA), isolated from the rhizomes
and the seeds of the Zingiberaceae plant such as Languas galanga
and Alpinia galanga, which is used as a ginger substitute and a
stomach medicine in Southeast Asia, has a variety of biological
activities including antitumor,1–4 antiallergic,5 anti-human immu-
nodeficiency virus (HIV) activity,6 induction of nitric oxide produc-
tion,7,8 and inhibition of interferon-b production.9 More recently,
Elsevier Ltd.

H. Azuma).
our group reported that natural-type (S)-ACA caused a rapid
decrease of intracellular glutathione levels by the depression of
glutathione reductase activity in Ehrlich ascites tumor cells.10

Thus, ACA has a variety of useful biological properties; however,
ACA seems to have some disadvantages which may limit for future
possible clinical applications, for example, its poor solubility in
water. In fact, polar organic solvents such as DMSO or ethanol
should be used to dissolve it in aqueous solution. Furthermore,
ACA is not stable in aqueous solutions and undergoes hydrolysis
and/or isomerization.11

Various solubilizing and stabilizing techniques have been devel-
oped for water-insoluble compounds, but the most popular
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Figure 1. (A) Effects of added CDs on the fluorescence of ANS in 3% ethanol-
including PBS solution (pH 7.4); (B) competitive effects of ACA on the fluorescence
of ANS in the presence of CDs; Frel = Iobs/I0.

Table 1
Association constants of various CD with ANS or ACA

CDs Literature valuesa This workb

Fc KANS (M�1) Fc KANS (M�1) K (M�1)

b-CD 46.7 37.3 16.9 16.9 662 ± 95
Meb-CD 58.5 58.5 336 ± 70
HPb-CD 430 585 428 428 293 ± 66

a At 25 �C, in 0.2 M phosphate buffer (pH 11.6, Ref. 16).
b At 25 �C, in PBS (pH 7.4) with 3% ethanol.
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procedure remains the inclusion of substances within cyclodex-
trins (CDs). The a-, b- and c-CDs are naturally occurring, water-sol-
uble, cyclic oligosaccharides constituted by six, seven, and eight
glucopyranoside units, respectively. They have a truncated cone
shape containing a hydrophobic inner cavity and hydrophilic outer
surfaces. CDs have an ability of including various lipophilic ‘guest’
molecules into their hydrophobic cavity via noncovalent interac-
tions such as van der Waals forces or hydrophobic interactions in
relatively polar solvents. Therefore, CDs are widely used as solubi-
lizers and stabilizers for a variety of poorly soluble and labile drugs
by forming inclusion complexes in pharmaceutical formula-
tions.12,13 However, in general, complexation efficiency of CDs is
poorly. Therefore, relatively large amounts of CDs are needed to
form the complex with the drugs.

Komatsu et al. reported the method of the preparation of a
water-soluble C60�c-CD complex by a mechanochemical ‘high-
speed vibration milling’ technique (HSVM).14 Ikeda et al. demon-
strated to solubilize the single-wall carbon nanotubes with c-CD
in an aqueous solution by HSVM.15 Thus, the solid phase HSVM
technique is highly effective for poorly water-soluble molecules
with aqueous host molecules such as CDs although the mechanism
of the complexation remains unclear.

The aim of this work was to investigate the preparation of
water-soluble solid complexes of readily preparable racemic ACA
with native or modified CDs by HSVM. Furthermore, some biolog-
ical properties of CD�ACA complexes, namely, apoptosis-inducing
activity and inhibition effect on lipopolysaccharide (LPS)-induced
NF-jB activation, and antitumor activity on tumor-bearing mice
were also studied.

2. Results and discussion

2.1. Complexations of ACA with various cyclodextrin in aqueous
solution

The association constants (K) of ACA with various CDs in
aqueous solution were estimated by a spectrofluorometric dis-
placement method based on competition between a guest and
a fluorescent probe for CDs described by Tee et al.16 Sodium 1-
anilino-8-naphthalenesulfonate (ANS) is barely fluorescent in
aqueous solution. However, ANS is very sensitive to environmen-
tal changes, therefore, widely used as a competition probe to
investigate the inclusion complex of cyclodextrins with a guest
molecule. First, spectrofluorimetric titrations were performed in
PBS solution (pH 7.4) to determine the association constants
(KANS) of various b-CDs with ANS. In the case of the formation
of 1:1 complex between CD and ANS, the relative fluorescence
intensity Frel (=Iobs/I0) varies with the concentration of CD in ac-
cord with Eq. 1.16,17

Frel ¼
ð1=KANS þ Fc½CD�Þ
ð1=KANS þ ½CD�Þ ¼

1þ FcKANS½CD�
1þ KANS½CD� ð1Þ

On the basis of Eq. 1, a typical plot is shown in Figure 1A. Values
of KANS and Fc were estimated from nonlinear fitting of Eq. 1 and
listed in Table 1. The fluorescence intensity of ANS in the presence
of each CD was decreased dose-dependently by the addition of ACA
(Fig. 1B).The K values of various CDs with ACA were estimated from
these results (see Section 4) and listed in Table 1. b-CD showed a
highest K value (661 M�1) and modifications of CD diminished
the association with ACA. This result revealed that almost all ACAs
existed as a free molecule in the CD-containing aqueous solution at
micro-order concentration. For instance, in the presence of 20 lM
b-CD and 20 lM ACA, which is a popular concentration of ACA for
the studies, the rate of the existence of b-CD�ACA complex is calcu-
lated as about 1%. Unfortunately, we could not estimate the K val-
ues for a- and c-CD because the fluorescence intensities of the
complexes of these CDs with ANS were invariant (a-CD), or slightly
increased (c-CD). Probably, a-CD could not form the complex with
ACA and c-CD was available to form the ternary complex with ANS
and ACA in aqueous solution.

2.2. Complexations of ACA with various cyclodextrins by HSVM

Mixtures of CDs and 5 M equiv of ACA were placed in an agate
capsule together with two agate mixing balls. They were vigor-
ously mixed by shaking at a rate of 25 Hz for 60 min by the use
of a high-speed vibration mill. The solid mixtures were dissolved
in water and centrifuged at 10,000g for 10 min. The resulting
supernatants were filtered and lyophilized to obtain the various
CD�ACA complexes and almost all amounts of CDs were recovered.
As an example, Figure 2A shows the 1H NMR spectrum of the Meb-
CD�ACA complex in D2O along with the assignments of key reso-
nances for estimating the values of the inclusion rate of ACA into
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Figure 2. (A) 1H NMR spectrum of the Meb-CD�ACA complex in D2O; (B) selected region of the NMR spectrum of TMeb-CD�ACA with inset showings the peaks corresponding
to the aromatic protons and the acetoxy groups of ACA in D2O; (C) selected region of the NMR spectrum of TMeb-CD in D2O.
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Meb-CD. The inclusion rate of ACA was calculated as 69%, by the
integrated ratio of seven H1 protons of Meb-CD to the aromatic
proton a of ACA. The average values were listed in Table 2 and re-
vealed that b-CD was the best host molecule for ACA and the inclu-
sion rates of ACA in the complexes were relevant to the association
constants in aqueous solution (Table 1). In the cases of Meb-CD and
HPb-CD, the inclusion rates were similar when equimolar amounts
of CDs and ACA were mixed.
Table 2
Inclusion rates of ACA in the complexes obtained by HSVM

CDs Inclusion rate (%)

CD/ACA = 1:5 CD/ACA = 1:1

a-CD 44 ± 6
b-CD 88 ± 13 76 ± 4
c-CD 65 ± 5
Meb-CD 70 ± 1 69 ± 1
HPb-CD 63 ± 2 66 ± 4

The inclusion rates of ACA in the complexes were determined by 1H NMR analysis of
the complex in D2O.
Two significant splits of the peaks were observed at 2.06 ppm
(singlet to doublet splitting) and 6.99 ppm (doublet to double dou-
blet splitting) which are assigned as 10-acetoxy methyl proton g
and the aromatic proton b on C-3 carbon of ACA, respectively
(Fig. 2A). To determine the geometry of the inclusion complex,
rotating frame nuclear Overhauser effect spectroscopy (ROESY) of
the Meb-CD�ACA complex was carried out in D2O.12,18 Weak inter-
molecular ROE correlations were observed between the aromatic
protons of ACA and the H60 (or H4 proton, 3.6–3.68 ppm), H5 and
H6 (3.76–3.86 ppm) protons of Meb-CD (data not shown). How-
ever, it was difficult to determine which proton lying on the inner
surface of Meb-CD to correlate with the aromatic protons of ACA,
because the host compound is a randomly O-methylated b-CD.
Therefore, unmodified b-CD or 2,3,6-tri-O-methyl-b-CD (TMeb-
CD) were used as a host molecule to obtain the detail of the
geometry of cyclodextrin and ACA complex prepared by HSVM.
Unfortunately, only very weak intermolecular ROE correlations
was also observed in the b-CD�ACA complex (data not shown).
On the other hand, intermolecular ROE correlation between the
aromatic proton a of ACA and the H3 (or H6) and H5 (or H6) pro-
tons of TMeb-CD was observed (Fig. 3). Strong correlation between
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Figure 3. Selected regions of the 2D ROESY spectrum of the TMeb-CD�ACA complex (inclusion rate: 40%) in D2O.

Figure 4. A possible structure of the TMeb-CD�(S)-ACA complex derived from 2D
ROESY spectrum. Conformation of (S)-ACA was predicted from the X-ray crystal
structure analysis of the racemic ACA.
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the 10-acetoxy methyl group of ACA and the methoxy groups on
C-2 and C-3 carbons of TMeb-CD indicates that the former is in
spatial proximity to the secondary methoxy groups on the wide
rim of TMeb-CD. Furthermore, the correlation between the 4-acet-
oxy methyl proton f of ACA and the primary methoxy groups of
TMeb-CD was also observed. Weak intermolecular ROE correla-
tions were also observed between the aromatic proton a of ACA
and the H3 and H5 protons of TMeb-CD. However, the correlation
between the proton b of ACA and the protons of TMeb-CD was un-
clear although both two peaks of ACA phenyl protons were divided
into double doublet in 1H NMR (Fig. 2B).

These findings suggested a possible geometry of the complex as
follows: (i) the aromatic ring of ACA was located in the narrow side
of the hydrophobic cavity of the TMeb-CD; (ii) the 10-acetoxy group
of ACA positioned in the vicinity of the secondary methoxy groups
on C-2 and C-3 carbons of TMeb-CD; (iii) the 4-acetoxy moiety of
ACA lay in the proximity of the methoxy groups on C-6 carbons
of TMeb-CD. A possible structure of the TMeb-CD�ACA ((S)-isomer)
complex was showed in Figure 4. Because of the configuration of
the TMeb-CD�ACA complex, it is considered that no intermolecular
ROE correlation between two acetoxy groups of ACA and three
kinds of hydroxy moieties of b-CD (or Meb-CD) is observed.

2.3. Stability of the cyclodextrin-included ACA

Yang et al. reported that ACA was not stable in 5% ethanol-con-
taining aqueous solution at 60 �C and 10-hydroxychavicol acetate,
p-coumaryl diacetate, and p-acetoxycinnamic alcohol were gener-
ated from ACA by a hydrolysis or [3,3] sigmatropic rearrange-
ment.11 They also demonstrated that these reactions occurred
slowly at room temperature. Therefore, we examined the stability
of the CD�ACA complexes in aqueous solution by UV spectrometric
experiment. The molar extinction coefficient values (e) of ACA and
p-coumaryl diacetate at 260 nm in ethanol were 250 and 16,830,
respectively. The increase rate of the absorbance of free ACA
dissolved in 1% ethanol-containing PBS (pH 7.4) at 260 nm was
elevated gradually (Fig. 5). This phenomenon indicated the gener-
ation of p-coumaryl diacetate (or p-acetoxycinnamic alcohol) from
ACA. Whereas, except for c-CD�ACA, no significant increase was
observed in the case of the CD�ACA complexes (Fig. 5). Thus, it is
considered that at least, a rearrangement reaction of ACA in aque-
ous condition is suppressible by the inclusion into b-CDs. Low
stability of c-CD�ACA complex is probably due to the large cavity
for including ACA.
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We also evaluated the stability of the CD�ACA complexes in the
solid condition. After stored for half a year at 4 �C, 1H NMR spectra
of the CD�ACA complexes in D2O were measured (Fig. 6). Regard-
less of the solid condition, two acetyl groups of ACA included in
both b-CD and Meb-CD were eliminated and instead new single
peak appeared at 2.05 ppm. It is considered that transesterification
between two acetoxy groups of ACA and hydroxyl moieties of CDs,
or hydrolysis by the existence of H2O molecules were occurred in
the complex. However, no significant chemical shift of ACA was ob-
served in the complexes with HPb-CD. Therefore, HPb-CD is the
best host molecule for ACA to form a stable, water-soluble complex
although the inclusion rate of ACA was somewhat inadequate
(63%).

2.4. Apoptotic activity of the CD�ACA complexes

We investigated whether the CD�ACA complexes also induce
apoptosis as well as the ACA alone. Evaluation of the cell-death
inducing activity of the CD�ACA complexes was carried out by a
WST assay. After the HeLa cells were treated with 1–20 lM of
the various CD�ACA complexes for 24 h, each cell viability was rep-
resented as a percentage of living cells compared to the untreated
control cells. As Figure 7A shows, the activity of all CD�ACA com-
plexes were diminished as compared with the ACA alone. Among
Figure 6. Stability of CD�ACA complexes in the solid condition. After stored for half a year
showed the peaks corresponding to the aromatic protons of ACA in HPb-CD�ACA comple
the CD�ACA complexes, HPb-CD�ACA maintained high levels of
activity at 20 lM, where about 70% of the cells were brought to
at 4 �C, 1H NMR spectra of the CD�ACA complexes in D2O were measured. Inset panel
x.
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death. The same study was carried out using murine adenocarci-
noma colon26 cells and only HPb-CD�ACA complex showed cyto-
toxicity (Fig. 7B).

Caspases, a family of aspartate-specific cysteine proteases, play
a crucial role in apoptotic cell death by cleaving a specific site of
numerous cellular targets in the execution phase. In particular, cas-
pase-3 was activated by the proteolytic processing of pro-caspase-
3 in response to exogenous apoptosis inducers. To determine if
HPb-CD�ACA-induced cell death process for both the HeLa cell
and the colon26 cell is apoptosis, we analyzed the level of the acti-
vated caspase-3 in the cells treated with HPb-CD�ACA complex by
the Western blot analysis employing a polyclonal anti-active cas-
pase-3 antibody. Figure 8 displays time courses of 6–24 h for the
generation of active caspase-3 induced by ACA (20 lM) or HPb-
CD�ACA (20 lM) complex into HeLa or colon26 cells. The activated
caspase-3 by the treatment with HPb-CD�ACA complex was pro-
duced at level comparable to that of the ACA alone in both HeLa
and colon26 cells. Therefore, HPb-CD�ACA-induced cell death is
due to the activation of the apoptotic process as well as in the case
of ACA alone.

2.5. Suppressive effect of the CD�ACA complexes on LPS-
stimulated NF-jB activation

Recently, Ichikawa et al. reported that ACA suppressed inflam-
matory response via the inhibition of the transcription factor NF-
jB activation induced by a wide variety of inflammatory agents,
including TNF, IL-1b, PMA, LPS and H2O2.19 They also demonstrated
that ACA blocked the expression of TNF-induced, antiapoptotic
proteins such as survivin, IAP1/2, XIAP, Bcl-2 family members
(Bcl-2, BCL-xL, and Bfl-1/A1) and FLIP, to enhance apoptosis.19 Most
recently, Kleiner-Hancock et al. demonstrated that combination of
ACA with all-trans retinoic acid, which can suppress Stat3 activa-
tion in skin carcinogenesis, significantly inhibited tumor growth
of squamous cell carcinoma.20 Therefore, we investigated whether
the CD�ACA complexes also inhibit the NF-jB activation as well as
the ACA alone. RAW264.7 cells were pretreated with ACA (5,
10 lM), Meb-CD�ACA or HPb-CD�ACA (5, 10 lM) for 30 min and
then stimulated with LPS. ACA and HPb-CD�ACA almost completely
inhibited the degradation of IjBa at 5 or 10 lM, respectively
(Fig. 9). Meb-CD�ACA also showed inhibition effect but the activity
was weak as compared to that of HPb-CD�ACA. Degradation of IjBa
via phosphorylation allows for translocation of NF-jB from cytosol
to nucleus. Therefore, it is considered that HPb-CD�ACA complex
also has suppressive effect on LPS-stimulated NF-jB activation
although the activity is slightly weak compared with free ACA.
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Figure 8. Activation of caspase-3 induced by ACA and HPb-CD�ACA on HeLa cells
(A) or colon26 cells (B). Cells were treated with 20 lM of ACA or HPb-CD�ACA for
various periods (6–24 h). Each cell extract was subjected to Western blot analysis
using anti-active caspase-3.
2.6. Tumor growth inhibition in mice

Next, we studied the antitumor activity of HPb-CD�ACA complex
in vivo. ACA (5 mg/kg), HPb-CD�ACA complex (52.5 mg/kg, the mo-
lar equivalent to 5 mg/kg of ACA) or vehicle solution was locally in-
jected every other days for 2 weeks. Relative rates of tumor growth
were significantly lowered by the administration of both free ACA
and HPb-CD�ACA complex, although the activity of the latter was
slightly weak compared with that of the former (Fig. 10A). In fact,
tumor weights of mice treatment with free ACA and HPb-CD�ACA
complex for 2 weeks were decreased dominantly as compared
with control (Fig. 10B). Consecutive injection of HPb-CD�ACA com-
plex had no effect on the body weight as well as that of free ACA
(Fig. 10C). Thus, both free ACA and HPb-CD�ACA complex had no
toxicity on the mice during the administration. These observations
suggest that our water-soluble HPb-CD�ACA complex maintains
the same bioactivity of free ACA.

2.7. Summary

We have succeeded the preparation of the inclusion complexes
of b-CDs with ACA by a solid phase HSVM technique. The obtained
complexes were water-soluble and had high inclusion rates of ACA
(>60%), although the association constants of ACA with CDs in
aqueous solution were comparatively small values (<662 M�1).
The stability of ACA toward water was also improved by the inclu-
sion in CDs. Among the CD�ACA complexes, only HPb-CD�ACA com-
plex had the similar characteristics of free ACA although the
bioactivity was slightly weak compared with ACA alone. On the
other hand, the association constants and the inclusion rates for
ACA were similar between HPb-CD and Meb-CD. It is likely that
the low activity of Meb-CD�ACA complex is due to its stability in
solid condition (Fig. 6). Thus, HPb-CD�ACA complex may be a better
reagent than poorly water-soluble ACA for clinical applications
such as anticancer and NF-jB inhibitor drugs.

4. Materials and methods

All materials obtained commercially (guaranteed reagent grade)
were used. The racemic ACA was prepared according to our previ-
ous method.21 The obtained compound was a colorless crystal
(recrystallized from n-hexane, mp 68 �C). a-CD, b-CD, c-CD, and
HPb-CD were purchased from Sigma Chemical Co. (St. Louis, MO,
USA). Meb-CD and TMb-CD was purchased from Wako Pure Chem-
ical Industries (Osaka, Japan). 1H NMR and 2D ROESY spectra were
determined on Bruker AVANCE300 and Varian UNITY500, respec-
tively. Fluorescence analysis was performed by Hitachi F-7000
fluorescence spectrophotometer. Monoclonal antibody for b-actin
was purchased from Abcam (Cambridge, UK). Monoclonal antibody
for b-actin was purchased from Abcam (Cambridge, UK). The mur-
ine adenocarcinoma colon26 cells (RCB2657) was provided by the
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RIKEN BRC through the National Bio-Resource Project of the MEXT,
Japan. Female BALB/c mice at 5 weeks of age were obtained from
Japan SLC, Inc. (Shizuoka, Japan). The experiments were performed
with the permission of the Animal Ethics Committee of Osaka City
University in accordance with the Declaration of Helsinki.

4.1. General preparation of the inclusion complexes

b-Cyclodextrin (11.3 mg, 10 lmol)and 5 M equiv of ACA
(11.7 mg, 50 lmol) were placed in an agate capsule together with
two agate mixing balls and were vigorously mixed by shaking at a
rate of 25 Hz for 60 min by the use of a high-speed vibration mill
(Retsch, oscillating mill MM200). The solid mixture was dissolved
in 10 mL of water and centrifuged at 10,000g for 10 min. The
resulting supernatant was filtered by a membrane filter
(0.22 lm) and lyophilized to obtain the b-CD�ACA complex
(12.8 mg). The inclusion rate of the substance ACA was determined
by the integrated ratio of seven H1 protons of b-CDs to the aro-
matic proton a (7.3 ppm) of ACA.

4.2. Measurement of the association constants of ACA with
various CDs in aqueous solution

The association constants (K) of ACA with various CDs in aque-
ous solution were estimated by a spectrofluorometric displace-
ment method based on competition between a guest and a
fluorescent probe for CDs described by Tee et al.15 Briefly, associa-
tion constants (KANS) of sodium 1-anilino-8-naphthalenesulfonate
(ANS) with b-CD, Meb-CD, and HPb-CD were firstly measured in
PBS solution (pH 7.4). A stock solution of ANS (10 mM in PBS)
was added to each PBS solution containing b-CD (0–12 mM),
Meb-CD and HPb-CD (0–1.2 mM), and each mixture was stored
for 2 h at 25 �C in dark. The final concentration of ANS was
10 lM. Each sample was irradiated at 365 nm and the fluorescence
intensity (Iobs) was measured at 500 nm for b-CD, 480 nm for Meb-
CD and HPb-CD. The obtained values were converted into relative
fluorescence intensity, using Frel = Iobs/I0 (I0: the intensity of CD-
free solution). In the case of the formation of 1:1 complex between
CD and ANS, the relative fluorescence Frel varies with the concen-
tration of CD in accord with Eq. 1. On the basis of Eq. 1, a typical
plot is shown in Fig. 1A. Values of KANS and Fc were estimated from
nonlinear fitting of Eq. 1 and listed in Table 1.

From the initial CD and ANS concentrations ([CD]0 and [ANS]0,
respectively), the actual [ANS] was calculated by solving the Eq. 2:

½ANS�2 þ ð1=KANS þ ½CD�0 � ½ANS�0Þ½ANS� � ½ANS�0=KANS ¼ 0 ð2Þ

Next, free CD concentration ([CD]) was obtained by Eq. 3 and
the reference fluorescence (Fref), which is a relative fluorescence
intensity in the absent of ACA, was evaluated from Eq. 1.

½CD� ¼ ½CD�0 � ½ANS�0 þ ½ANS� ð3Þ

The fluorescence intensities (Iobs) in the presence of ACA were
converted to the Frel values using the Eq. 4 (Ing: fluorescence inten-
sity with no guest present):

Frel ¼
IobsFref

Ing
ð4Þ
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The actual free CD concentrations ([CD]) in the presence of var-
ious [ACA]0 were calculated by the Eq. 5 and the association con-
stant values (K) of CD with ACA were obtained by the Eq. 6:

½CD� ¼ ðFrel � 1Þ
KANSðFc � FrelÞ

ð5Þ

K ¼ ð½CD�0 � ½CD�Þ
½CD�ð½ACA�0 � ½CD�0 þ ½CD�Þ ð6Þ

The average Ks of the individual values for various CDs were
listed in Table 1.

4.3. Stability of ACA and CD�ACA complexes by UV spectrometric
analysis

CD�ACA complexes were dissolved in PBS (pH 7.4) at 2 mM of
ACA concentration and the absorbance of each sample solution at
260 nm was measured on a NanoDrop ND-1000 spectrophotome-
ter. For free ACA, the stock solution (200 mM, in ethanol) was di-
luted into PBS at a final concentration of 2 mM, and measured
immediately. The percentages of increase rates of absorbance were
plotted as a function of time (Fig. 5).

4.4. Cell culture

HeLa cells (human epithelial carcinoma), colon26 cells (murine
adenocarcinoma) and RAW264.7 cells (murine monocyte/macro-
phage) were grown in Dulbecco’s modified eagle media (DMEM)
containing 10% heat-incubated fetal bovine serum (FBS) supple-
mented with streptomycin and penicillin at 37 �C with 5% CO2

atmosphere. ACA was dissolved in ethanol at 1–20 mM, and
added to the cells as ethanol solutions. CD�ACA complexes were
dissolved in PBS at 10–200 mM of ACA concentration. The final
concentrations of both ethanol and PBS were 0.1% and 1%, respec-
tively. Control experiments were performed with ethanol (0.1%)
and PBS (1%) as the vehicle for WST assay and no cytotoxic effect
were observed in both two vehicles-treated cells (data not
shown).

4.5. WST assay

HeLa or colon26 cells were seeded at a density of 104 cells/well
in a 96-well microtiter plate. Following 24 h of incubation the
medium was removed and washed in PBS, then replaced with fresh
media containing the CD�ACA complexes or ACA alone (1–20 lM).
The cells were further incubated for 22 h and then treated with a
Cell Counting Kit-8� (Dojindo, Kumamoto, Japan) for 2 h. Cell via-
bility was estimated from the absorbance of medium at 620 and
450 nm by using a Multiscan Ascent microplate reader (Thermo
Labsystems). The percent of cell viability in the absence of a poly-
electrolyte was normalized to 100%. All data were the average of at
least three separate determinations.

4.6. Immunoblot analysis for the detection of active caspase-3

HeLa and colon26 cells were seeded at a density of
0.5 � 106 cells/well in 1 mL of the growth medium in 6-well plates.
Following 24 h of incubation the medium was removed and
washed in PBS, then replaced with fresh DMEM containing CD�ACA
(20 lM) for various periods. After incubation for various periods,
cells were collected and centrifuged at 400 g for 5 min at 4 �C,
washed twice with PBS and lysed in 50 lL of lysis buffer
[62.5 mM Tris–HCl (pH 6.8), 6 M urea, 10% glycerol, 2% SDS,
0.00125% bromophenol blue, 5% b-mercaptoethanol]. Cell lysates
were boiled for 3 min and separated on 14% SDS–polyacrylamide
gel, transferred to a polyvinylidene difluoride membrane, and
probed with rabbit polyclonal anti-active caspase-3 antibody or
monoclonal anti-b-actin antibody, followed by probing with goat
anti-rabbit antibody (for caspase-3) or anti-mouse antibody (for
b-actin) coupled to alkaline phosphatase.

4.7. Immunoblot analysis for the detection of IjBa

Raw264.7 cells were seeded at a density of 0.5 � 106 cells/well
in 1 mL of the growth medium in 6-well plates. Following 24 h of
incubation ACA or CD�ACA were added at a final concentration of
5 and 10 lM. After pre-incubation for 30 min, LPS was added at a
final concentration of 10 lg/mL. After incubation for 15 min, cells
were removed using a cell scraper and collected into 1.5 mL eppen-
dorf tubes. After centrifugation at 400g for 5 min at 4 �C, cells were
washed twice with PBS and lysed in 50 lL of lysis buffer. Cell ly-
sates were boiled for 3 min and separated on 12% SDS–polyacryl-
amide gel, transferred to a polyvinylidene difluoride membrane,
and probed with rabbit polyclonal anti-IjBa antibody or monoclo-
nal anti-b-actin antibody, followed by probing with goat anti-rab-
bit antibody (for IjBa) or anti-mouse antibody (for b-actin)
coupled to alkaline phosphatase.
4.8. Tumor growth inhibition of the HPb-CD�ACA complex in
mice

Colon26 cells were pre-cultured in DMEM containing 10% FBS
supplemented with streptomycin and penicillin and 6 � 105 cells
were intradermally inoculated into BALB/c mice. Two weeks
after the implantation of the cells, the tumor-bearing mice were
randomly divided into three groups (n = 3) and locally injected
with PBS (containing 1% DMSO), 5 mg/kg ACA (dissolved with
PBS containing 1% DMSO) or 52.5 mg/kg HPb-CD�ACA (58% inclu-
sion rate, dissolved with PBS) every other days for 2 weeks. The
size of the tumor was calculated by; volume (mm3) = 0.5 �major
axis (mm) � (minor axis (mm))2. After 2 weeks of treatment, the
mice were sacrificed and dissected to measure the tumor
weights.
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