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(Received 1 July 2007; final version received 4 September 2007 )

The interaction between cucurbit[n]uril (n = 7, 8)(Q[n]) with two forms namely lactone modality and carboxylate
modality of anticancer drug camptothecin (CPT) was studied. The results revealed that the combination of Q[#n ] with the
lactone form of CPT was observed by electronic absorption spectroscopy, fluorescence spectroscopy and 'H NMR
technique in the acid solution (pH 2) and the total stability constants 8 were also obtained by Job plot with a host:guest
ratio of 2:1; while in the phosphate buffer solution (pH 7.4), only Q[8] bound the carboxylate form of CPT in ratio 1:1,
but no obvious interaction between Q[7] and the carboxylate form of CPT was observed. The solubility of CPT was
enhanced up to about 70 and 8 times at pH 2 due to the formation of interaction complexes with Q[7] and Q[8],
respectively, by using phase solubility method. The cytotoxicity tests revealed that compared with the free CPT, the
complexes of Q[r] and CPT had the same cytotoxic activity on the human lung cancer cell line A549 and murine
macrophage cell line P388D1 and the moderate depressed activity on human leukaemia cell line K562.

Keywords: cucurbit[n]uril (n = 7, 8); camptothecin; interaction; solubility; cytotoxicity

Introduction

Camptothecin (CPT) was first separated from Camp-
totheca acuminata by Wall in 1966 (/) and was found to
be an effective drug in the treatment of human leukaemia,
tummy, liver, lung and bladder cancers. However, its
usage was limited due to its appreciable side effects, such
as neuro- and nephro-toxicity, nausea, vomiting (/) and
also its poor solubility in aqueous solution. In order to
overcome these limitations, a series of synthetic or semi-
synthetic ramification, such as topotecan, irinotecan,
9-AC and 9-NC was produced (2—4), and some new drug
delivery system, for example, liposome, polymer carrier,
microsphere and so on (5—7) were developed for the CPT
and its analogues.

Cucurbit[n Jurils (Q[n]s) and their derivatives and
analogues are a series of barrel-shaped molecules
containing a hydrophobic cavity accessible through two
identical carbonyl-fringed portals (8—17), which are
capable of interacting with a variety of organic or
inorganic molecules through cavity encapsulation or
portal ion—dipole interaction, and the ingression and
egression of guests are controlled by the size of the
carbonyl portal and cavity. Cucurbit[# Juril family has
been investigated intensively as a building block for
supramolecular assemblies, molecular recognition, sep-
aration and so on (/8-25). In recent years, Q[n ]s have

been explored as drug carriers with the aim of decreasing
toxicity, enhancing the solubility, stability and bioavail-
ability of drug molecules (26—29).

In this paper, we report a detailed study on the
interaction between Q[7] and Q[8] with two forms of
CPT: lactone modality and carboxylate modality
(referring to Scheme 1), enhancing the solubility of
CPT in the presence of Q[n] due to the complex
formation, and its reactivity of inclusion complex
towards human lung cancer cell line A549, human
leukaemia cell line K562 and murine macrophage cell
line P388D1.

Results and discussion

Interaction between Q[n](n = 7,8) with the lactone
form of CPT

In aqueous solution, there are two forms of CPT which
depend on the value of pH (referring to Scheme 1).
The lactone form is dominant in the solution of
pH < 4.0, while the carboxylate form at pH > 7.2.
First, we study the interaction between the lactone form
of CPT and Q[1n] (n = 78) in 0.01 mol - L~ hydrochloric
acid solution (pH 2).

Figure 1(a) shows the variation in the UV spectra
obtained with aqueous solutions containing a fixed
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Cucurbit[njuril, n=7 or 8

Scheme 1. Structures of Q[7], Q[8] and the two forms of CPT.

concentration of CPT (0.25 pmol) and variable concen-
trations of Q[7] (0—2.2 pmol). The absorption band of
the guest CPT exhibits a progressively lower absorbance
at 253 nm, while a progressively higher absorbance at
408 nm as the ratio of Ngp7)/Ncpr is increased. A sharp
isosbestic point at 375nm is consistent with a simple
interaction between Q[7] and CPT. The absorbance (A)
vs ratio of moles of the host Q[7] and guest CPT
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Figure 1. (a) Electronic absorption spectra of CPT
(0.25 pmol, 0.01 mol-L™~! HCI, pH 2) in the presence of
increasing concentrations of Q[7] (0-2.2 wmol) and (b)
corresponding absorbance versus Ngi7)/Ncpr curve and
absorbance (AA) s [NQ[7]/(NQ[7] + NCPT)] at /\max = 408 nm
(inset).

Camptothecin lacton form

Carboxylate form

(Ngp7/Ncpr) data can be fitted to a 2:1 interaction model
for the Q[7]-CPT system at A, 408 nm (Figure 1(b)).
The inset shows the absorbance change (AA) vs the ratio
of [Ngp7)/(Ngi7) + Nepr)] data which can also be fitted to
a 2:1 interaction model at A,,, 408 nm.

Figure 2(a) shows the variation in the UV spectra
obtained with aqueous solutions containing a fixed
concentration of CPT (0.125 pwmol) and variable
concentrations of Q[8] (0—0.625 wmol). The absorption
band of the guest CPT exhibits a progressively lower
absorbance at 253 nm. The absorbance (A) vs ratio of
moles of the host Q[8] and guest CPT (Ngs/Ncpr) data
can be also fitted to a 2:1 interaction model for the Q[8]—
CPT system at Ay.x = 253 nm (Figure 2(b)). The inset
shows the absorbance change (AA) wvs the ratio of
[Nqis)/ (Ngis) + Nepr)] data which is consistent with the
2:1 interaction model by constructing the corresponding
Job plot at A« = 253 nm and yields a calculated total
stability constants (8) of 3.94 X 10'>L* mol > for the
Q[7]-CPT complex and 3.31 X 10" L2 mol 2 for the
Q[8]-CPT complex.

Using fluorescence spectroscopy, similar exper-
iments were performed. The emission spectra of the
guest CPT exhibits a progressive increase in fluorescence
intensity with a violet shift as the ratio of Ng7)/Ncpr is
increased (Figure, see Supplementary information). Both
the curves of fluorescence intensity ratio (F/F,) ovs
Nq7y/Nepr and Al vs [Ngi7)/(Ngp71 + Nepr)] can also be
fitted to a 2:1 interaction model for the Q[7]-CPT
system at Ap.x 521 nm. The changes in the spectra was
just reverse for the Q[8]—-CPT system and the emission
spectra of the guest CPT exhibits a simply progressive
decrease in fluorescence intensity with a slight red shift
as the ratio of Ngg/Ncpr is increased (Figure, see
Supplementary information). Both the curves of
fluorescence intensity ratio (F/Fy) vs Ngg/Nepr and
Al vs [Nqs/(Nors) + Nepr)] can also be fitted to a 2:1
interaction model for the Q[8]-CPT system at Apax
433 nm.

The measured data from the Job plots yielded
calculated total stable constants (3) 4.31 X 10"2L% mol 2
and 3.01 X 10"?L? mol 2 for Q[7]-CPT and Q[8]-CPT
complexes, respectively. The values of 3 are reasonably
consistent with average values of 3.94 X 10'?L?-mol >
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Figure 2. (a) Electronic absorption spectra of CPT
(0.125 pmol, 0.01 mol-L~" HCI, pH 2) in the presence of
increasing concentrations of Q[8] (0—0.625 wmol) and
corresponding absorbance ws Ngg)/Ncpr curve (b) and
absorbance (AA) vs [Ngs/(Nosi+ Nepr)] at Apax = 253 nm
(inset).

and 3.31 X 10"?L*-mol > based on the UV spec-
troscopy method.

Figure 3 shows the 'H NMR spectra of (a) CPT,
(b) complex of Q[7]-CPT and (c) Q[8]-CPT. When
compared with the proton resonances of the unbound
CPT (30, 31), the signals corresponding to the protons on
C,, Co, Cyo, C;; and C;, of the bound CPT exhibit an
upfield shift which is characteristic of this part of the
molecule encapsulated in the Q[7] or Q[8] cavity (32),
while the signals of the protons on C4, C;g and C;9 of the
bound CPT experience a downfield shift which is
characteristic of the protons of this part of molecule
sitting just outside the carbonyl portal of the host Q[7] or
QI[8] (33). There is a significant downfield shift for the
proton on the carbon 14 of the bound CTP in both cases,
the proton experienced a downfield shift by 1.20 ppm for
the Q[7]-CPT system, while 0.6 ppm for the Q[8]-CPT
system. Such a downfield shift of a proton resonance has

(c)

o4

T T T T T T
0 80 0 L) 50 40 30 20 10

Figure 3. 'H NMR spectra of (a) CPT, (b) inclusion
complexes Q[7]—-CPT and (c) Q[8]—-CPT, respectively, in D,0.

been observed only in the "H NMR spectra of Q[n = 6—
8]-imidazo[4,5, f]11,10-phenanthroline and it derivates
systems in which the imidazo moiety of imidazo
[4,5, f11,10-phenanthroline threaded through the cavity
of the Q[n], and the proton resonances of imidazo and
1,10-phenanthroline moieties experienced a significant
downfield shift by about 1.5 ppm (34, 35). On comparing
the '"H NMR spectrum of the Q[7]—CPT complex with
that of the of Q[8]-CPT complex, one can see that the
signal corresponding to the proton on carbon 7 of CPT in
Q[8]—CPT exhibits a more significant upfield shift than
that in Q[7]-CPT due to the difference in the size of
portals and cavity of the host Q[7] and Q[8]. The larger
the sizes of portals and cavity are, the deeper the CPT
inserts in the cavity of a Q[n ] and the more significant is
upfield shift the proton exhibits.

The most noticeable effect is the host—guest
interaction ratio. A comparison of the integrals of the
protons of the bound CPT with the protons of Q[7] or
QI[8] revealed the complexes of Q[7]-CPT and Q[8]-
CPT to be a 1:1 host:guest species. This behaviour is not
consistent with the results from the electronic absorption
spectroscopy and fluorescence spectroscopy. Generally,
"H NMR technique is an effective method for detecting
host—guest inclusion complex by the shielding or
deshielding effects of the protons on the bound guest.
However, it is hard to tell the portal interaction between
the host and the guest. For the title guest, it has a large
size so that the title host cannot encapsulate it entirely.
However, it offers a hydrophobic end — the quinoline
moiety, which is definitely included in the cavity of a
Q[n = 7 or 8], while the hydrophilic end — the carbonyl
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Scheme 2. Possible interaction model between Q[n ] and CPT.

group and OH group at the E ring of CPT could interact
with carbonyl group of another Q[n ] through hydrogen
bond, which is in agreement with the results obtained by
electronic absorption spectroscopy and fluorescence
spectroscopy. The Scheme 2 shows possible interaction
model between Q[n ] and CPT.

Phase solubility study

The absorbance of a saturated solution of CPT was
increased upon increasing the Q[n ] concentration, which
explained the effect of enhancing the solubility to nearly
insoluble CPT molecule in the presence of Q[n], as
shown in Figure 4.

However, the UV —vis study (referring to Figures 1
and 2) revealed that the presence of Q[#n ] could interfere
with the spectrophotometry assay of CPT, hence the
solubility of CPT in the presence of Q[#n] in an aqueous
solution of pH 2 could be determined in DMSO solution
(36, 37) due to no obvious interaction between the host
and the CPT, which was further confirmed by '"H NMR
(Figure, see Supplementary information).

According to the phase solubility experimental
procedure, the phase solubility graphs of CPT in the
presence of Q[7] or Q[8] are presented in Figure 5(a) and
(b), respectively, which could be classified as Ap-type
and An-type, respectively, defined by Higuchi and
Connors (38) and the bent curves indicated the formation
of higher order complexes in solution (39, 40). In the
range of low concentration for Q[7]-CPT complex,
the phase solubility graph of CPT was linear which
means that the 1:1 complex was formed and the apparent
stability constant K was calculated by following
equation (41—44):

=< slc)fe 0

o X (1 — slope)
where S is the intrinsic solubility of CPT in an aqueous
solution of pH 2. Based on Equation (1), K = 1.64 X
10°L-mol™ ' and Sy =5.95 X 10 °mol-L™" were
achieved.

The effect of enhancing the solubility of Q[n ] to CPT
was displayed in Table 1. The results revealed that the
solubility of CPT was increased due to the complex
formation between Q[n ] and CPT.

Interaction between Q[n](n = 7,8) and the carboxylate
form of CPT

Similar experiments have been performed for the
carboxylate form of CPT, which is dominating in the
phosphate buffer solution (pH 7.4) by using UV -—vis,
fluorescence spectroscopy and phase solubility method.
The results revealed no interaction between Q[7] and
CPT under such a basic condition. Although there was no
notable change in the intensity of absorbance and
fluorescence after addition of Q[8] to the solution of
CPT, the solubility of CPT was increased with the
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Figure4. UV-vis spectra of a saturated solution of CPT in the
presence of Q[n] in 0.01 mol-L~!' HCI (pH 2) ((a) Cqp7y 1-5
from 2.6 X 107 to 1.2 X 10 *mol-L™'and (b) Cqs; 1-6
from 2 X 107°-2 X 10 °mol-L™").
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Figure 5. Phase solubility graph of CPT in the presence of (a)
QI[7] and (b) Q[8], respectively.

increase in Q[8] concentration (Figures, see Supplemen-
tary information). The linear plot of the solubility of CPT
indicates the formation of host and guest in a ratio of 1:1.
The solubility equation is § = 9.46 X 10~° + 0.0896C
(r=0.984) with Kog—cpr = 1.01 X 10*L-mol~".
This outcome shows that the deprotonation of the N
atoms of CPT at a higher pH value (7.4) could depress the
interaction of the ion—dipole and hydrogen bonding
between Q[7n ] and CPT, while the size of Q[n | embodies
its importance for the recognition as a host, therefore, the

Table 1. The effect of enhancing solubility for Q[7] and QI[8].

Table 2. Comparison of inhibition (ICso wmol - L™ activity
for CPT, Q[7]-CPT and Q[8]-CPT.

Cell line CPT Q[7]-CPT Q[8]-CPT Q[7]  QI8]
A549 7.76 6.36 6.78 >100 >100
K562 0.43 0.93 1.13 >100 >100
P388DI  2.47 2.38 2.98 >100 >100

Q[8]-CPT complex with a lower stability constant was
observed.

In vitro antitumour activity assay

To investigate the effect of the encapsulation of the drug
on cytotoxicity, a preliminary in vitro assay of Q[7]—
CPT and Q[8]—CPT was carried out against various cell
lines including human non-small cell lung A549, human
leukaemia cell line K562 and murine macrophage cell
line P388D1. The results revealed that for the A549 and
P388D1 cell lines, the inclusion complexes maintained
their activity while a moderate decrease in activity was
observed for K562 (referring to Table 2). Experimental
results also revealed that Q[7] and Q[8] had no cytotoxic
effect on these cell lines.

Conclusions

The interactions between cucurbit[n]uril (n = 7, 8) with
the two forms of camptothecin (lactone modality and
carboxylate modality) were studied by UV -vis,
fluorescence, 'H NMR and phase solubility method.
The results revealed that the combination between the
Q[n] and the lactone form of CPT was observed in the
acid solution (pH 2) but only the Q[8]-CPT complex
could be formed in the phosphate buffer solution (pH
7.4), which indicates that in addition to van der Waals
interaction, size effect and hydrophobic effect, the ion—
dipole and hydrogen bonding play an important role in
the formation of a stable complex (45). It is the
combination of host and guest that acts on the effect of
enhancing the solubility to insoluble CPT compound,
and about 70 and 8 times increase to the solubility
of CPT belonging to Q[7] and QI8], respectively.
A preliminary in vitro assay revealed that for the A549

Cor7 (10°mol - L™ 0 2.6
S(10°mol-L™ Y 0.595 1.57

SISo 2.64

Cors) (10°mol - L™ 0 2.0
S(10°mol-L™ 1 5.95 6.46 1
SISo 1.08

8.0

3.72
6.25

8.0

6.9
2.84

20 36 52 76
8.47 14.3 29.1 40.2
14.2 23.5 48.9 67.7
20 36 52 60
29.1 413 46.5 46.9
4.89 6.94 7.82 7.88

#S5/So (factor of enhancing solubility).
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and P388D1 cell lines, Q[7]-CPT and Q[8]-CPT
complexes maintained CPT activity while a moderate
decrease in the activity was observed for K562.

Experimental
Materials

Q[7] and Q[8] were prepared at the Applied Chemistry
Institute, Guizhou University, according to literature
(46). CPT was purchased from JiangYuan Nature Product
Company (purity > 98.32%, Si Chuan, China); its
hydrochloric salt form was prepared for the advantage of
the NMR monitor. A 2.874 X 10 *mol-L™" stock
solution of CPT was prepared with methanol. DMSO and
methanol are analytical reagents. Scheme 1 shows the
structures of CPT and Q[n].

UV—-vis spectroscopy and fluorescence spectroscopy

All absorption and fluorescence measurements except
Job method were performed on solutions that contained
different concentrations of Q[n] with a fixed concen-
tration of guest CPT in 1 cm? quartz cuvettes. Absorption
spectra were measured on an Agilent PH8453 UV -vis
spectrophotometer, while fluorescence spectra were
measured on a Cary Eclisper spectrometer with
excitation and emission band width of 5 nm.

"H NMR spectroscopy

"H NMR spectra were obtained using a Varian 400
instrument in D,O or in DMSO-dg, and were referenced
in ppm with respect to a TMS standard.

Phase solubility method

The linear range was calibrated using 10 different
concentrations of CPT (in DMSO) solution
(575 X 107°=1.15 x 10 *mol-L™") to establish the
calibration curve of CPT spectrophotometrically at
)\368 nm-

A series of mixtures with excessive CPT and variable
concentrations of Q[n] were put in 0.0lM HCI by
vibrating for 1h on an ultrasonic equipment.
The suspension was stirred at room temperature in a
dark room until equilibrium was reached (1 week).
The saturated solutions with the Q[n]-CPT complex
were passed through a membrane filter (0.45 um) to
remove the insoluble residue. The solvent (0.01 mol-L ™"
HCI) of a 1mL filtrate was removed on a rotary
evaporator, and dissolved in 10 mL measuring flask
with DMSO. Thus, the amount of CPT in the Q[»n ]-CPT
complexes was obtained spectrophotometrically at A3¢g nm

by comparing with the calibration curve of CPT, and the
phase solubility diagram was constructed by plotting the
total dissolved CPT concentration against the total Q[n ]
concentration in 0.01 M HCI.

Phase solubility diagram of CPT in the phosphate
buffer solution (pH 7.4) with Q[n] can be obtained by
using a similar method.

Preparation of inclusion complexes Q[7]-CPT
and Q[8]-CPT

The binary systems of CPT-Q[n] were prepared by
co-evaporation. Q[n ](n = 7, 8) and CPT in a molar ratio
of 2:1 were added to 25mL of 0.01mol-L™"' HCI
solution and stirred for 24 h at 45°C. The hot solution was
filtered using a 0.45 wm membrane filter and dried to
obtain a powder. The powder was washed three times
with acetone and the solvent eliminated by vacuum
evaporation at 45°C.

In vitro antitumour activity assay

An in vitro antitumour activity assay of CPT, Q[7]-CPT,
Q[8]-CPT, Q[7] and Q[8] was performed by a MTT
method at the Institute of Materia Medical of Zhejiang
University.
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