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Abstract—The inclusion complexation behavior of paclitaxel with a series of oligo(ethylenediamino) bridged bis(b-cyclodextrin)s
possessing bridge chains in different length (1–4) has been investigated in order to improve the water solubility of paclitaxel. It is
found that only the long-tethered bis(b-cyclodextrin)s 1 and 2 can form the inclusion complexes with paclitaxel, which are charac-
terized by NMR, SEM, XRD, FT-IR, TG–DTA, DSC, and microcalorimetry technology. The results obtained show that bis(b-
cyclodextrin)s 1 and 2 are able to solubilize paclitaxel to high levels up to 2 and 0.9mg/mL, respectively. The high complex stability
of bis(b-cyclodextrin) 1 and paclitaxel is discussed from thermodynamic viewpoint. Furthermore, the cytotoxicity of these complexes
assessed using a human erythroleukemia K562 cell line indicates that the IC50 value of 1/paclitaxel complex is 6.0 · 10�10mol/dm3

(calculated as paclitaxel molar concentration), which means that the antitumor activity of 1/paclitaxel complex is better than that of
parent paclitaxel (IC50 value 9.8 · 10�10mol/dm3). This high antitumor activity, along with the satisfactory water solubility and high
thermal stability of the 1/paclitaxel complex, will be potentially useful for its clinical application as a highly effective antitumor drug.
� 2004 Elsevier Ltd. All rights reserved.
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Chart 1. Structure of paclitaxel.
1. Introduction

Since firstly isolated from brevifolia as a diterpenoid nat-
ural product in 1971 by Wani et al.,1 paclitaxel (Taxol�,
Chart 1) has inspired further interest in developing it
into a successful drug candidate due to its unique mech-
anism of action in promoting tubulin polymerization
and stabilization of microtubules against depolymeriza-
tion.2,3 As the clinical potential of paclitaxel continues
to unfold, significant advances in cancer treatment can
be realized by the discovery and development of novel
paclitaxel derivatives with improved efficiency, reduced
toxicity, and an expanded spectrum of activity.4–7 How-
ever, the systemic use of paclitaxel in large doses is
greatly limited by not only its hematologic toxicity but
also its dose dependent neurotoxicity. These limitations
can be traced back to the extremely poor solubility of
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paclitaxel in aqueous media and its relatively high dose
requirements compared to other antitumor drugs.8

Hereto, the development of a suitable formulation of
paclitaxel-based drug for parenteral administration is
still extremely difficult and ultimately requires the use
of a surfactant formulation containing Cremophor EL,
a polyethoxylated castor oil derivative, as a major com-
ponent, which inevitably leads to the side effect caused
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by the introduction of Cremophor EL.2,9 In view of
these limitations of paclitaxel chemotherapy, effort
including novel prodrug design maintaining antitumor
activity combined with fewer side effects is imperative
to allow the administration of larger doses of paclitaxel
or to diminish side effects. One promising approach for a
better formulation of paclitaxel is to improve the water
solubility of paclitaxel by introducing some low-toxic
solubilizers. Among the various inorganic and organic
compounds generally used as drug carriers, cyclodex-
trins (CDs), a kind of truncated-cone polysaccharides
mainly made up of six to eight DD-glucose monomers
linked by a-1,4-glucose bonds with hydrophobic interior
and hydrophilic surface, are known to be able to encap-
sulate model substrates to form host–guest complexes or
supramolecular species in aqueous solution and have
been applied extensively to form inclusion complexes
with all sorts of drugs in formulation and delivery
systems.10–17 However, it is demonstrated that the
introduction of simple CDs only give fairly limited
improvement on the solubility of paclitaxel,18 which
means that additional attempts to further increase the
solubility of paclitaxel in a stable, biocompatible solvent
systems are still highly sought after. Compared with nat-
ural and mono-CDs, bridged bis(b-CD)s, which possess
dual hydrophobic cavities in a close vicinity and a nucle-
ophilic or electrophilic tether with good structural vari-
ety in a single molecule, can greatly enhance the original
binding ability and molecular selectivity of parent CD
cavities through the potential cooperative binding of
two adjacent CD units and the formation of sandwich
host–guest inclusion complex.19–21 Recently, Moser
et al. reported the inclusion complexation behavior of
CD dimer with paclitaxel in H2O–DMSO solution and
the biological action of the resultant CD/paclitaxel com-
plex with human tumor cells.22 Herein, we wish to
report the preparation and cytotoxicity study of some
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Chart 2. Structures of bis(b-CD)s 1–4.
water-soluble inclusion complexes formed by paclitaxel
and bridged bis(b-CD)s (Chart 2) with different tethers.
It is our special interest to explore the solubilization
effect of bridged bis(b-CD)s to paclitaxel and the struc-
ture-related cytotoxicity of these inclusion complexes,
which will provide a useful approach to achieving novel
paclitaxel-based antitumor drug with high water solubil-
ity, high antitumor activity, and low toxicity.
2. Results and discussion

2.1. Preparation of the CD/paclitaxel inclusion complexes

In this context, we try to prepare the CD/paclitaxel
inclusion complexes by the reaction of paclitaxel with
bis(b-CD)s 1–4. However, only bis(b-CD)s 1 and 2, both
of which possess a flexible long tether, are found to be
able to form inclusion complexes with paclitaxel. These
phenomena should be related to the structural differ-
ences among bis(b-CD)s 1–4. For short-tethered bis(b-
CD) 3, Corey–Pauling–Koltun (CPK) molecular model
study shows that the two CD cavities in 3 are too closely
located in space to form a sandwich complex with paclit-
axel. For Cu(II)-coordinated bis(b-CD) 4, the coordina-
tion of copper(II) can shorten the effective length of
tether group, which consequently leads to a relatively
short distance between two CD cavities. Moreover, the
steric hindrance from the copper(II) center located be-
tween two CD cavities is also unfavorable to the inclu-
sion complexation of paclitaxel with CD cavities. As a
simultaneous result of these two factors, Cu(II)-coordi-
nated bis(b-CD) 4 fails to form inclusion complex with
paclitaxel. With the elongation of the tether length, the
two CD cavities may manage to adopt an appropriate
distance and/or orientation suitable for the inclusion
complexation with paclitaxel through the adjustment
of flexible long tether group. Therefore, we can deduce
that paclitaxel may prefer the long-tethered bis(b-CD)s
upon inclusion complexation. Although the present
hypothesis is drawn from a rather limited variation of
bis(b-CD)s, this concept should be extended more gener-
ally to a wide variety of synthetic CD-based species and
subsequently open a new channel on the design of novel
formulation of paclitaxel.

2.2. Characterization of CD/paclitaxel complexes

1H NMR spectra (Fig. 1) provide not only the direct
evidence for the formation of CD/paclitaxel inclusion
complexes but also the information about their stoichi-
ometry. Owing to its fairly poor water solubility,23

paclitaxel is transparent to 1H NMR under most condi-
tions when D2O is used as solvent. Therefore, assess-
ment of the paclitaxel complexes by 1H NMR
demonstrates the presence of the structural protons of
the paclitaxel molecule consistent with significant solu-
bilization. In addition, integration of the areas associ-
ated with the phenyl protons of the paclitaxel (d 7–
8ppm) and the H-1 protons of bis(b-CD) 1 or 2 suggests
a 1:2 or 1:1 inclusion complexation stoichiometry for 1/
paclitaxel or 2/paclitaxel complex, respectively. On the
other hand, Job�s experiments are also performed by
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Figure 2. Job�s plot of 1/paclitaxel system ([bis(b-CD) 1] + [paclit-

axel] = 3.0 · 10�4M) in a water–ethanol solution (1:1, v/v).

Figure 1. 1H NMR spectra of 1/paclitaxel (bottom) and 2/paclitaxel

(top) complexes in D2O at 298K.

Figure 3. NOESY spectra of 1/paclitaxel (left) and 2/paclitaxel (right) comp
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means of fluorescence spectroscopy to confirm this stoi-
chiometry. Figure 2 illustrates a typical Job�s plot for 1/
paclitaxel system. As can be seen in Figure 2, Job�s plot
of 1/paclitaxel system shows a maximum at a molar frac-
tion of 0.67, verifying the formation of 1:2 1/paclitaxel
inclusion complexes. That is to say, with the longest
tether group, bis(b-CD) 1 can simultaneously associate
with two paclitaxel molecules to form inclusion com-
plex, while the bis(b-CD) 2 can only bind one paclitaxel
attributing to its shorter tether length. One possible
explanation for this stoichiometry should be that, paclit-
axel tends to form a dimer in solutions ranging from
aqueous to those of low polarity through their four
exchangeable hydrogen atoms (bound to heteroatoms)
that can participate in inter and intramolecular hydro-
gen bonds.24 Hence, there should exist the equilibrium
between the paclitaxel monomer and dimer in the solu-
tion under our experimental conditions. This observa-
tion may subsequently rationalize the 1:2 and 1:1
stoichiometry for 1/paclitaxel and 2/paclitaxe com-
plexes, respectively. That is, with a long linker, one
bis(b-CD) 1 actually included one paclitaxel dimer in
solution to form the 1:2 1/paclitaxel complex. On the
other hand, bearing a relatively short linker as com-
pared with 1, one bis(b-CD) 2 can only bind one paclit-
axel monomer. In addition, examinations with the
Corey–Pauling–Koltun (CPK) molecular model demon-
strated that a couple of paclitaxel molecules could be
well accommodated in the pseudocavity formed by the
long linker of bis(b-CD) 1 to form the 1:2 sandwich
inclusion complex. However, for bis(b-CD) 2 with a
shorter linker, the pseudocavity formed by the linker
group could only accommodate one paclitaxel.

To further confirm the binding mode of bis(b-CD)s with
paclitaxel, 2D NOESY experiments are completed with
the spectra illustrated in Figure 3. For 1/paclitaxel com-
plex, it is apparent that the H-3 and H-5 protons of the
lex in D2O at 298K with a mixing time of 400ms.
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CD cavities in 1 show strong correlations with the ortho
and meta protons of the A and B phenyl rings and rela-
tively weak interactions with the ortho protons in ring C
of paclitaxel, suggesting that the CD cavities include the
A and B rings in a bridging structure. A structural rep-
resentation of 1/paclitaxel complex based on the gener-
ated 2D NOESY data is given in Figure 4. On the
Figure 4. Possible binding mode of 1/paclitaxel complex.

Figure 5. SEM images of (a) paclitaxel, (b) 1, (c) 2, (d) 1/paclitaxel, and (e)
other hand, in the NOESY spectrum of 2/paclitaxel
complex, the rather weak NOE correlations between
the H-3 protons of the CD cavities in 2 and the acetyl
protons of paclitaxel as well as the weak correlations
between H-5 protons of the CD cavities in 2 and the
methyl protons in the octatomic ring of paclitaxel indi-
cate a relatively weak association of 2/paclitaxel com-
plex, which inevitably results in the lower water
solubility and antitumor activity of 2/paclitaxel than
those of 1/paclitaxel complex.

In addition to the NMR data, some other experiments
including scanning electron microscopy (SEM), powder
X-ray diffractogram (XRD) and FT-IR also supply the
evidences for the formation of CD/paclitaxel complex.
The SEM images for the surface morphology of pow-
ders derived from paclitaxel, bridged bis(b-CD)s and
their inclusion complexes are provided in Figure 4. A
comparison of these images reveals that the apparent
conformation of the complexes is distinct from that of
the isolated components, those being the unmanipulated
2/paclitaxel complex.
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Figure 7. FT-IR spectra of (a) paclitaxel, (b) 1, (c) 2, (d) 1/paclitaxel,

and (e) 2/paclitaxel complex in KBr tablet.
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drug and bis(b-CD)s. As can be seen in Figure 5, 1/
paclitaxel (or 2/paclitaxel) complex can be characterized
as a regular platelike morphology, the bis(b-CD) as a
globular morphology, while the parent paclitaxel mani-
fests a more sticklike morphology.

The powder X-ray diffraction patterns of paclitaxel,
bis(b-CD), as well as their physical mixtures and inclu-
sion complexes are illustrated in Figure 6. As can be
seen in Figure 6, paclitaxel shows a diffractogram con-
sistent with its crystalline nature (Fig. 6a), while bis(b-
CD) 1 is amorphous (Fig. 6b). However, the physical
mixture of paclitaxel with bis(b-CD) 1 (molar ratio
2:1) shows a diffractogram that can be characterized as
a superimposition of crystalline paclitaxel and the amor-
phous bis(b-CD) (Fig. 6c). In contrast, 1/paclitaxel com-
plex (Fig. 6d) displays a different pattern especially in
the 15�–25� (2h) area where the peaks assigned to the
paclitaxel almost disappear. In addition, the pattern of
1/paclitaxel complex also exhibits the appreciable differ-
ences from that of the corresponding 1/paclitaxel physi-
cal mixture in terms of not only the peak shape but also
relative intensities in the 3�–8� (2h) region, meaning that
a new species, in this case 1/paclitaxel complex, is
formed between paclitaxel and bis(b-CD). The similar
phenomena are also found in the case of 2/paclitaxel
system.

The FT-IR spectra of paclitaxel, bis(b-CD)s 1 and 2,
and their corresponding inclusion complexes are shown
in Figure 7. The spectrum of paclitaxel shows strong
absorption bands in the range of 1750–1600, 1300–
1180, and 770–630cm�1 (Fig. 7a). These characteristic
bands all exist in the spectra of 1/paclitaxel and 2/paclit-
axel complexes with negligible rightward shifts, which
means the existence of paclitaxel in the complex. More-
over, the IR spectra of bis(b-CD)s 1 and 2 can be char-
acterized by the intense bands at 3300–3500cm�1

assigned to absorption by hydrogen-bonded OH groups
as well as the bands at 2800–3000cm�1 corresponding to
vibration of the –CH and –CH2 groups, which are
equivalent to the bands of native b-CDs.25 After associ-
ation with paclitaxel, the spectra of the inclusion com-
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Figure 6. XRD patterns of (a) paclitaxel, (b) 1, (c) physical mixture

of 1 with paclitaxel (molar ratio 1:2), and (d) 1/paclitaxel inclusion

complex.
plexes show reduced intensities and certain shifts of
the peak corresponding to hydrogen-bonded OH groups
(for 1/paclitaxel system from 3338 to 3327cm�1; for 2/
paclitaxel system from 3338 to 3343cm�1). In the con-
trol experiments, the spectra of the physical mixtures
correspond simply to the superposition of the spectra
of the individual components. These phenomena jointly
suggest that after complex formation some of the exist-
ing hydrogen bonds formed between OH groups of CD
are broken and thus provide an additional evidence for
the formation of CD/paclitaxel complexes.

2.3. Thermal analysis of the complexes

The thermal properties of 1/paclitaxel and 2/paclitaxel
complexes are investigated by thermogravimetric (TG)
and differential thermal analysis (DTA) (Fig. 8). A sys-
temic analysis on the TG and DTA curves shows that
paclitaxel decomposes at 244 �C while parent bis(b-
CD)s over 300 �C. Therefore, the peaks at about 228
and 238 �C in the DTA curves of 1/paclitaxel and 2/
paclitaxel complexes should represent the temperature
of the corresponding complex dissociating to its parent
bis(b-CD) and paclitaxel, respectively. Furthermore,
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differential scanning calorimetry (DSC) thermogram
gives further information about the thermal property
of 1/paclitaxel and 2/paclitaxel complexes (Fig. 9). The
DSC curve of paclitaxel shows an endothermic peak at
223 �C and an exothermic peak at 242 �C. In contrast,
the DSC curves of parent bis(b-CD)s do not show any
peak in the region of 150–300 �C. However, we can find
that, in the DSC curves of CD/paclitaxel complexes, the
thermic peaks at 223 and 242 �C corresponding to free
paclitaxel disappears, along with the appearance of a
new exothermic peak at 234 �C (or 225 �C) in the case
of 1/paclitaxel (or 2/paclitaxel) system, showing the 1/
paclitaxel complex is rather stable than 2/paclitaxel com-
plex. All these samples have been analyzed by HPLC
confirming the thermal degradation occurrence. These
results not only further confirm the formation of the
CD/paclitaxel complexes, but also indicate that the
resultant CD/paclitaxel complexes start to decompose
only at a temperature above 200 �C, which means these
complexes are fairly stable in thermal viewpoint.

2.4. Isothermal titration microcalorimetry (ITC)
investigation of CD/paclitaxel complexes

To quantitatively assess the inclusion complexation
behavior of paclitaxel with bis(b-CD)s, we perform the
ITC experiments by gradually adding a solution of
bis(b-CD) to the paclitaxel solution, due to the poor sol-
ubility of paclitaxel. In each run, a water–ethanol solu-
tion (1:1, v/v) of bis(b-CD)s (1.62mM) in a 0.250mL
syringe has been sequentially injected with stirring at
300rpm into the calorimeter sample cell containing a
water–ethanol solution (1:1, v/v) of paclitaxel
(0.164mM). The sample cell volume is 1.4227mL in all
experiments. Each titration experiment is composed of
25 successive injections infections (10lL per injection).
Each titration of bis(b-CD) into the sample cell gives
rise to a heat of reaction, caused by the formation of
inclusion complexes between paclitaxel molecule and
bis(b-CD). A control experiment has been performed
to determine the heat of dilution by injecting a bis(b-
CD) solution into a water–ethanol solution (1:1, v/v)
containing no paclitaxel molecules. The dilution enth-
alpy is subtracted from the apparent enthalpy obtained
in each titration run, and the net reaction enthalpy is
analyzed by using the �sequential binding sites� model.

For this sequential binding, the binding constants K1, K2

must be defined relative to the progress of saturation, so
that
K1 ¼
½MX�
½M�½X� K2 ¼

½MX2�
½MX�½X� ð1Þ
In the sequential model, there is no distinction as to
which sites are saturated, but only as to the total number
of sites that are saturated. If the sites are identical, then
there is a statistical degeneracy associated with the
sequential saturation since the first ligand to bind has
more empty sites of the same kind to choose from than
does the second ligand, etc. For identical interacting
sites then, we can distinguish between the phenomeno-
logical binding constants Ki (defined by Eq. 1) and the
intrinsic binding constants K0

i where the effect of degen-
eracies has been removed. The relationship between the
two binding constants is given by
Ki ¼
3� i

K0
i ð2Þ
All calculations given below, as well as parameters re-
ported from curve fitting, are in terms of K1, K2 values
but the operator may convert to K0

i values, if desired,
using Eq. 2. Since concentrations of all liganded species
[MLi] can be easily expressed in terms of the concentra-
tion of the non-liganded species, [M], then the fraction
of total macromolecule having i bound ligands, Fi, are
simply
F 0 ¼
1

P

F 1 ¼
K1½X�
P

F 2 ¼
K1K2½X�2

P
ð3Þ
where
2

1 1 2
X t ¼ ½X� þM t

X2

i¼1

iF i ð4Þ
Once n and values of fitting parameters K1 and K2 are
assigned, then Eqs. 3 and 4 may be solved for [X] by
numerical methods (the Bisection method is used). After
[X] is known, all Fi may be calculated from Eq. 3 and the
heat content after the ith injection is determined from
Q ¼ M tV 0ðF 1DH 1 þ F 2½DH 1 þ DH 2�Þ ð5Þ

and, as before,

DQðiÞ ¼ QðiÞ þ dV i

V 0

QðiÞ þ Qði� 1Þ
2

� �
� Qði� 1Þ ð6Þ
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which then leads into the Marquardt minimization
routine.

The ORIGINORIGIN software (Microcal), used for the calcula-
tion of the binding constant (K1, K2) and standard molar
reaction enthalpy (DH1, DH2) from the titration curve,
gives the relevant standard derivation on the basis of
the scatter of data points in a single titration experiment.
The potential surface of the five-dimensional fit (v2 as a
function of four parameters K1, DH1; K2, DH2) is prob-
ably very �flat� (if this word is applicable for description
of a fifth-dimensional numerical universe), and therefore
the scattering of the experimental data points does not
allow the ORIGINORIGIN program to find an absolute minimum.
We repeat computer simulations many times with
various initial sets of the four parameters, using the
constancy of v2 as a criterion of the results of calcula-
tions. Knowledge of the binding constant (Ks) and
molar reaction enthalpy (DH0) enable calculation of
the standard free energy of binding (DG0) and entropy
changes (DS0), according to the following equation:
Figure 10. Hea

for each inject

water–ethanol
0 0 0
DG ¼ �RT lnKs ¼ DH � TDS
Therefore, this sequential two-step binding model is ap-
plied to generate an apparent binding constant (K1 · K2)
up to 2.04 · 108M�2 for the 2:1 1/paclitaxel inclusion
complexation (Fig. 10). The derived thermodynamic
parameters indicate that this inclusion complexation is
a process cooperatively driven by enthalpy and entropy
ðDH 0

1 þ DH 0
2 ¼ �10:2kJ=mol; TDS0

1 þ TDS0
2 ¼ 37:3kJ=

molÞ, suggesting that the van der Waals forces, hydro-
phobic interactions, and desolvation effect jointly con-
tribute to the overall inclusion process. This is contrast
to the thermodynamics of binding for simple cyclodex-
trin hosts and their molecular guests in that these
associations tend to be enthalpically driven.26 Unfortu-
nately, we fail to obtain the stability constant and ther-
modynamic parameters for 2/paclitaxel system, since the
heat of the inclusion process is too small to calculate the
corresponding thermodynamic parameters. This phe-
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nomenon may indicate the binding affinity of 2/paclit-
axel system is far weaker than that of 1/paclitaxel
system.

2.5. Solubility of the complexes

The water solubility of CD/paclitaxel complex is as-
sessed by the preparation of its saturated solution.13c

Excess amount of complex is put into 5mL of water
(ca. pH6.0) and the mixture is stirred for 1h. After
removing the insoluble substance by filtration, the fil-
trate is evaporated under reduced pressure to dryness
and the residue is dosed by weighing method. The re-
sults show that the water solubility of 1/paclitaxel and
2/paclitaxel complexes, comparing with that of paclit-
axel (30lg/mL;23a 0.7lg/mL;23b 6lg/mL23c), is dramati-
cally increased to approximately 2.0 and 0.9mg/mL
(calculated as paclitaxel residue), respectively. In the
control experiment, clear solution is obtained after dis-
solving 1/paclitaxel (4.8mg) or 2/paclitaxel (3.3mg)
complex, which is equivalent to 2.0 or 0.9mg of
paclitaxel, in 1mL of water at room temperature. This
subsequently confirms the reliability of the obtained sat-
isfactory water solubility of CD/paclitaxel complexes.

2.6. Biological activity

The cytotoxicity tests for 1/paclitaxel and 2/paclitaxel
complexes have been evaluated in vitro for antiprolifer-
ative activity against human K562 erythroleukemia cell
line by the MTT cytotoxicity assay using parent bis(b-
CD)s 1 and 2 and free paclitaxel as reference com-
pounds. The IC50 values that represent the concentra-
tion of a drug required for 50% reduction of cellular
growth have been calculated. As expected, no antiproli-
ferative activity of bis(b-CD)s 1 and 2 can be observed in
the concentration range of 1.0 · 10�7–1.0 · 10�11mol/
dm3. Excitingly, 1/paclitaxel complex presents a satisfac-
tory antiproliferative activity; its IC50 value (calculated
as paclitaxel residue) is 6.0 · 10�10mol/dm3, which is even
lower than that of free paclitaxel (9.8 · 10�10mol/dm3).
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On the other hand, 2/paclitaxel complex, due to its lower
paclitaxel content and weaker CD/drug association than
those of 1/paclitaxel, gives a disappointing inhibitive
ability lower than 10% for K562 erythroleukemia after
72h.

In addition, the antiproliferative activities of 1/paclitaxel
complex and free paclitaxel against human K562 eryth-
roleukemia cell line at different concentrations are
shown in Figure 11. From this figure, we can deduce
that the concentration dependence of the in vitro cell
antiproliferative activity of 1/paclitaxel complex is some-
what different from that of free paclitaxel. Free paclit-
axel exhibits a very effective antiproliferative activity
against K562 erythroleukemia at a concentration higher
than 1 · 10�9mol/dm3. However, when further diluting
the paclitaxel solution to 1 · 10�10mol/dm3 or lower,
its activity decreases sharply. In contrast, the antiprolif-
erative activity of 1/paclitaxel complex displays a
smooth decline when its concentration decreases from
1 · 10�7 to 1 · 10�11mol/dm3, which will be potentially
useful to its clinical application.
3. Experimental section

3.1. General

NMR experiments were performed on a Varian Mer-
cury VX300 spectrometer (300MHz) at 298K in a deu-
terium oxide solution. Tetramethylsilane was used as
reference and no correction was made for susceptibility
of the capillary. NOESY spectrum was performed in
D2O (300MHz) with a mixing time of 400ms. SEM
images were recorded on a HITACHI S-3500N Scan-
ning Electron Microscope. Thermogravimetric (TG)
and differential thermal analysis (DTA) were recorded
with a RIGAKU Standard type. Samples were heated
at 10 �C/min from room temperature to 500 �C in a
dynamic nitrogen atmosphere (flow rate = 70mL/min).
Powder X-ray patterns were obtained using a Rigaku
D/max-2500 diffractometer with CuKa radiation
(40kV, 100mA). Powder samples were mounted on a
sample holder and scanned with a step size of
2 = 0.02� between 2h = 3� and 35�. FT-IR spectra were
obtained on a Bio-Rad FTS 135 FT-IR spectroscopy de-
vice. The samples were mixed with KBr and compressed
as disks; 16 scans were signal averaged at a resolution of
8cm�1. Differential scanning calorimetry (DSC) was
performed with a NETZSCH DSC 204 instrument with
a heating rate of 10 �C/min from 26 to 300 �C with a
heating rate of 10K/min. ITC was performed on an
isothermal calorimeter at 25 �C, using ethanol–water
(1:1, v/v) as solvent. Tetraethylenepentaamino-bridged
bis(b-CD) (1), triethylenetetraamino-bridged bis(b-CD)
(2), ethylenediamino-bridged bis(b-CD) (3), and 1/
Cu(II) complex (4) are synthesized according to the re-
ported procedures, respectively.27,28 Molecular model
study was performed with the CAChe 3.2 program (Ox-
ford Molecular Co., 1999). The initial geometry of b-CD
used in this study was taken from the crystal structure
described in the literature,29 and the energy of this struc-
ture was minimized using the MM2 force field.
3.2. Preparation of the 1/paclitaxel complex30

To generate drug–cyclodextrin complexes, paclitaxel
(0.03mM) and 1 (0.01mM) were completely dissolved
in a mixed solution of ethanol and water (v:v = 1:5)
and stirred for 3days at room temperature. After evap-
orating the ethanol from the mixed solution, the uncom-
plexed paclitaxel was removed by filtration. The filtrate
was again evaporated to remove water and dried in vac-
uum to give 1/paclitaxel complex (38.5mg, yield 93%).1

H NMR (300MHz, D2O, TMS): d 0.78–1.88 (m, 26H,
paclitaxel protons), 1.88–3.04 (m, 38H, NHCH2 of 1
and paclitaxel protons), 3.04–4.11 (m, 84H, H-2–6 of
1), 4.78–5.04 (s, 14H, H-1 of 1), 7.08–8.10 (m, 30H,
ArH of paclitaxel).

3.3. Preparation of complex 2/paclitaxel

Complex 2/paclitaxel was prepared in ca. 85% yield
from bis(b-CD) 2 and paclitaxel. 1H NMR (300MHz,
D2O, TMS): d 0.78–1.88 (m, 13H, paclitaxel protons),
1.88–3.04 (m, 31H, NHCH2 of 2 and paclitaxel pro-
tons), 3.04–4.11 (m, 84H, H-2–6 of 2), 4.78–5.04 (s,
14H, H-1 of 2), 7.08–8.10 (m, 15H, ArH of paclitaxel).

3.4. Cell and treatments

Cells were cultured at 5 · 105/mL in RPMI 1640 supple-
mented with 10% heat-inactivated fetal bovine serum at
37 �C in a humidified atmosphere of 5% CO2 in air. Cells
were seeded at 5 · 104/mL and treated with the indicated
amounts of the complex.

3.5. Measurement of cytotoxicity

The effect of the complex was evaluated as cell survival
after treatment. Cell viability was evaluated by a micro-
culture tetrazolium reduction assay using MTT (3-(4,5-
dimethyltriazol-2-yl) 2,5-diphenyltetrazolium bromide;
Sigma). Briefly, 50mL of MTT stock solution (2mg/
mL in PBS) was added to 150mL cell cultures in 96-
microwell flat-bottom plates for 4h incubation at
37 �C. Plates were then centrifuged and MTT-containing
culture medium removed. Precipitated formazan was
dissolved in 150mL DMSO. Results were read with
15min in a spectrometer at 577nm, and the means
of triplicates were calculated. Cell inhibition rate is
expressed as percentage of control samples.
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