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Abstract: A novel, water-soluble trans-platinum complex
was synthesized by inclusion complexation with �-cyclo-
dextrin. The complexation was confirmed by 1H NMR, FT-
IR, TGA, and XRD as well as by SEM and EDX. As the
precursor complex is not water-soluble, it is difficult to
employ it for biological applications. Here, we report that
the encapsulation with cyclodextrin allowed to solubilize
the complex to a solubility value of 1.6 mg/mL. Moreover,
the cytotoxicity in vitro of the novel inclusion complex
indicated a much higher activity after encapsulation.
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Introduction
Since the discovery of the antitumor properties of cisplatin

(CPT), cis-diamminedichloroplatinum(II), by Rosenberg,1,2

many attempts were made to prepare a large number of new
platinum compounds. It was reported that complexes having
cis geometry were antitumor active, with CPT showing the
highest activity. In contrast, transplatin was shown to be
inactive.3 However, recently it has been found that several
transplatinum derivatives exhibit enhanced cytotoxicity
compared to that of cis- and trans-platinum.4,5 One class of
this kind of active trans derivatives contains planar aromatic
moieties such as pyridine,6 N-methylimidazole, thiazole, and
quinoline.

As most of the platinum(II) complexes are insoluble in
water or less soluble than CPT, different approaches have
been employed to obtain water-soluble complexes of this
type. The most common approach used unil recently was a
structural approach, mainly to replace the chloride ligands
with chelating carboxylates, oxalate, and glycolate.7 Also,
there are some reports on several anionic phosphono car-
boxylate complexes with a high solubility and stability in
aqueous solutions.8 However, not much work has been done
to increase the solubility in water and decrease the toxicity
of these compounds, which are important challenges for their
biomedical applications. One promising method to eliminate
these drawbacks could be the encapsulation of the drug with
a macrocyclic host, e.g., cyclodextrin, which is a fascinating
molecule, nontoxic, with a unique structure, able to form
inclusion complexes with a variety of compounds. In the
present work, we report for the first time9 that a new
technique to solubilize and enhance the cytotoxic activity
of trans-platinum derivatives such as the trans-dichlo-
ro(dipyridine)platinum(II) (DDP) by nanoencapsulation with
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�-cyclodextrin (CD) leads to the synthesis, characterization,
and anticancer activity of a novel class of water-soluble CD-
encapsulated transplatin derivatives.

Cyclodextrins are widely used cyclic, bucket-shaped
oligosaccharides consisting of six, seven, or eight glucopy-
ranose units, namely R-, �-, γ-cyclodextrin, linked by R-1,4-
glycosidic bonds to form the macrocycle.10–12 We have
chosen cyclodextrins for nanoencapsulation because they are
seminatural products with very low or no toxicity, and they
have the ability to enhance drug delivery through biological
membranes. In comparison with other supramolecular
hosts,13 cyclodextrins are the best accessible and feature a
high biocompatiblity. In addition, there are other advantages
for drug delivery by the formation of inclusion complexes,
e.g., in combination with different drugs, it is possible to
control the release rate of drugs.14

We have been exploring the supramolecular chemistry with
cyclodextrin11 and recently reported water-soluble inclusion
complexes of CD with different guest molecules15–18 using

the “supramolecular masking concept”. Consequently, we
thought to adopt this concept to solubilize the DDP antitumor
complex by using CD, in turn facilitating the preparation of
novel water-soluble inclusion complexes (Scheme 1) for
biomedical applications. Hence, in this paper, we describe a
supramolecular nanoencapsulation approach to improve the
water-solubility and successively the cytotoxic activity of
the platinum antitumor complex.

A schematic representation of the synthesis of the CD-DDP
inclusion complex is shown in Scheme 1. In order to confirm
the structure of the platinum inclusion complex, different
characterization methods such as FTIR and 1H NMR
spectroscopy, as well as TGA, powder XRD, SEM, and EDX
analyses were performed.

Results and Discussion
The DDP was prepared according to the literature,19 and

its trans isomer was confirmed by the Kurnakov test.20 In
order to authenticate the formation of the trans isomer
complex, the as-prepared compound has further been char-
acterized by far-IR spectroscopy, which was carried out in
the range from 600 to 250 cm-1. The vibrations correspond-
ing to ν(Pt-N) bonds were in perfect agreement with the
values found in the literature.21,22

It is observed that the XRD reflection peaks of the
CD-DDP inclusion complex (see Supporting Information
Figure S1) differ from those of the CD and the DDP
complex, showing that the final product has neither the
typical 2θ values of CD nor those of the DDP trans complex,
suggesting the formation of an inclusion complex.16,23 In
addition, the inclusion complex shows a different pattern,
especially for the 2θ values between 10° and 25°, where the
peaks observed were assigned to the combination of both
the DDP complex and CD. This is in accord with previously
reported results of the CD complexes.16

The FTIR spectra of the CD-DDP inclusion compound,
CD, and DDP are shown in Figures 1 and 2. FTIR
spectroscopy is a very useful tool to prove the presence of
both host and guest components in an inclusion complex.
Thus, a sharp absorption band, noticed at 1605 and 1460
cm-1 due to the CdN and pyridine ring stretching vibrations,
respectively, of the DDP was reduced considerably in the
inclusion compound owing to the complexation. An ad-
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Scheme 1. Schematic Illustration of the Inclusion of
trans-Dichloro(dipyridine)platinum(II) in the Cavity of
�-Cyclodextrin
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ditional key observation was the sharp decrease of the
intensity and slight hypsochromic shift of the peak between
3500 and 3000 cm-1 in the spectrum of the inclusion
compound. In agreement with earlier reports, the containment
of vibrational modes in the region of 3500–3300 cm-1 has
been correlated to the confirmation of host–guest interactions
as a result of water release upon inclusion.24 Thus, the
positions and relative intensities of a few bands due to both
the host and guest are affected, which corroborate the
formation of an inclusion compound between CD and DDP.

In order to study the thermal stability of the inclusion
complex thermogravimetric analysis (Figure 2) data were
recorded in a nitrogen atmosphere. From the TG analysis, it
was found that the inclusion compound showed at the
beginning a small mass loss due to the loss of water
molecules, followed by a larger mass loss corresponding to
the decomposition of the DDP complex and CD. In most

cases, CD can form complexes with guest molecules in a
ratio of 1:1, 1:2, or 2:1. The theoretical, calculated mass
content of CD in the complex for these three ratios could be
72.7, 57.2, and 84.2%, respectively. The TGA data of the
inclusion compound show that the total mass loss at 400 °C
is 73.6%. This value indicates that the ratio between CD
and DDP complex is of 1:1 type.16 At the same temperature,
pure CD (Figure 2a) lost 87.5% of its initial mass, and the
mass loss observed for the inclusion compound compared
to that of the platinum complex is due to the presence of
CD in the final product.

With the aim of substantiating the inclusion formation,
the inclusion compound, DDP, and CD were further char-
acterized by 1H NMR spectroscopy (Figure 3). It is evident
from the spectra that the peak observed in the range 7.3–9.0
ppm of DDP, assigned to the pyridine protons and also
noticed in the inclusion compound as well in addition to the
characteristic peaks of CD, 25 corroborates the formation of
an inclusion complex. Further, we calculated the ratio
between the pyridine protons and the C1-H protons of CD,
which appear at 4.81 ppm, from the NMR spectra. Accord-
ingly, the area ratio between the pyridine protons and those
of CD is 8.9:7. Using this data we can estimate the number
of CD rings corresponding to one molecule of DDP.25 Thus,
we have found that the structure of the inclusion complex
contains only one CD ring, which means that the ratio
between CD and platinum complex is of the 1:1 type, that
is in good agreement with the TGA data. In addition, the
pyridine protons of the DDP are shifted considerably upfield
from 8.04 ppm to 7.93 ppm after the complex formation.
The upfield shift (0.11 ppm) observed due to the guest
protons inside the cavity of the host has been considered as
an evidence for the formation of an inclusion complex.26
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Figure 1. FT-IR spectra of (a) CD-DDP inclusion
complex, (b) CD, and (c) DDP.

Figure 2. Thermogravimetric curves of (a) CD, (b)
CD-DDP inclusion complex, and (c) DDP.

Figure 3. 1H NMR spectra of (a) DDP, (b) CD-DDP
inclusion complex, and (c) CD.
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The surface morphology of the compounds was studied
by scanning electron microscopy (SEM), which also provided
evidence for the formation of the inclusion complex. Initially,
we observed a powdered form of CD and potassium
tetrachloroplatinate(II) by SEM; however, then we also
observed the powder form of DDP and the inclusion complex
(see Supporting Information Figure S2). While potassium
tetrachloroplatinate(II) shows an irregular structure, DDP
exhibits a regular plate-rod-like structure. Further, CD shows
sheetlike morphology, and the CD-DDP inclusion complex
looks different from all other results. The alteration of crystals
and powder can be assumed as an additional indication of
the formation of new inclusion complex. Representative
energy dispersive X-ray spectroscopy analyses were con-
ducted as well in order to determine the quantitative
composition of the synthesized compound. The results of
EDX suggest that the platinum content in the inclusion
complex is 11.4%, which is in good concurrence with the
theoretical value of a 1:1 inclusion compound (calcd 12.5%
for 1:1 ratio and 7.2% for 1:2 ratio of DDP and CD).

Different views of space-filling molecular models of the
three-dimensional conformation of the CD-DDP inclusion
complex are shown in Figure 5. The host and guest molecules
were independently built up, and their geometry was
optimized. The overall structure of these possible models of
inclusion complexes was again subjected to energy minimi-
zation. The final energy-minimized molecular model indi-
cates that DDP is included in the host cavity.

In order to investigate whether the encapsulation in CD
has an effect on the cytotoxicity of DDP, a control experi-
ment was performed with the as-prepared novel inclusion
complex (CD-DDP), DDP, and CPT using two different
cancer cell lines CT26 colon carcinoma and B16F10
melanoma. As shown in Figure 4, the lowest IC50 were
obtained with as-prepared inclusion compound. The experi-
mental data show that growth inhibition by DDP and CD-
DDP against CT26 colon carcinoma cells in vitro was 1.6
and 4.6 times, respectively, more effective than the DNA-
modifying drug CPT cell line. It is interesting to note that
the cytotoxic activity of the as-prepared inclusion compound
against these cell lines was higher than that of the DDP
against different other cell lines reported.27 Overall, the
results indicate that the novel as-prepared CD-DDP is more
potent than the precursor DDP and the CPT in the induction
of the cytotoxicity of cancer cell lines such as CT26 colon
carcinoma and B16F10 melanoma.

It is pertinent to mention here that the as-prepared
supramolecular complex is well soluble in water (∼1.6 mg/
mL), which is a higher solubility than the commercial
chemotherapeutic drug CPT (∼1 mg/mL). Further, the
literature survey (Table 1) shows that most of the platinum
derivatives are insoluble in water and only soluble in organic
solvents, especially problematic when used in conjunction
with pharmaceutical formulations. It is noted that the only
water-soluble trans-platinum complex reported (1 mg/mL)
(Table 1) was found to be inactive, as it did not show any
cytotoxic activity against human ovarian tumor cell lines
(A2780/A2780cisR) and human ovarian carcinoma cell lines
(CH1/CH1cisR).22 Further studies to enhance the solubility
by using derivatization reactions and other approaches are
currently underway. Here we proved that the higher water-
solubility and anticancer activity of hydrophobic platinum
compounds can be attained by nanoencapsulation with CD.
Hence, our complex and approach may be expected to have
a great potential for biomedical applications.

Experimental Section
Materials. �-Cyclodextrin (CD) and potassium tetrachlo-

roplatinate(II) were obtained from Wako Pure Chemical Ltd.

(26) Liu, Y.; Liang, P.; Chen, Y.; Zhang, Y.-M.; Zheng, J.-Y.; Yue,
H. Interlocked Bis(polyrotaxane) of Cyclodextrin-Porphyrin Sys-
tems Mediated by Fullerenes. Macromolecules 2005, 38, 9095–
9099.

(27) Perez, J. M.; Fuertes, M. A.; Alonso, C.; Navarro-Ranninger, C.
Antitumor and Cellular Pharmacological Properties of a Novel
Platinum(IV) Complex: trans-[PtCl2(OH)2(Dimethylamine) (Iso-
propylamine)]. Crit. ReV. Oncol. Hematol. 2000, 35, 109–113.

Figure 4. 3D plot showing the IC50 values of CPT, DDP,
and CD-DDP inclusion complex in CT 26 and B16F10
cell lines.

Figure 5. Space-filling energy-minimized (MM2)
molecular models showing different views of DDP
encapsulated in the CD cavity.
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�-Cyclodextrin was used after drying overnight at 80 °C
under vacuum. N,N′-dimethylformamide (DMF) was purified
by distillation over CaH2 under reduced pressure. Pyridine
(anhydrous, 99.8%) was obtained from Sigma-Aldrich and
used without any further purification.

Measurements. Fourier-transform infrared (FTIR) spectra
were taken as KBr pellets at room temperature under nitrogen
using a Perkin-Elmer System 2000. 1H NMR spectra were
recorded at 300 MHz using a JEOL JNM-LA 300 WB
instrument and DMSO-d6 as the solvent. Thermogravimetric
analyses (TGA) were recorded on a TA-2050 thermal
analyzer under nitrogen at a heating rate of 10 °C/min. X-ray

diffraction (XRD) measurements were carried out on a
Rikagu diffractometer with a copper radiation (λ ) 0.15406
nm) at 40 kV and 40 mA. Scanning electron microscopy
(SEM) images and EDX were taken on a Hitachi S-4700
instrument. For the moelcular modeling studies, the software
ChemOffice 2005 (Chem3D Ultra 9.0 version) was used.

Synthesis of the trans-Dichloro(dipyridine)-
platinum(II) (DDP) Complex. The platinum complex was
prepared according to a previously reported method.19

Briefly, an aqueous solution (3 mL) of potassium tetrachlo-
roplatinate(II) (K2PtCl4) (83 mg, 0.2 mmol) was mixed with
an aqueous solution (1 mL) of excess pyridine (0.065 mL,
0.8 mmol) and refluxed until a clear solution was obtained.
The resulting clear solution was filtered and added into a
saturated aqueous solution of sodium chloride. A yellow solid
was obtained after heating the aqueous solution at 90 °C for
10 h under continuous stirring. The yellow solid was isolated
by filtration and thoroughly washed with distilled water and
diethyl ether and dried under vacuum. The as-prepared
compound is insoluble in water, but soluble in several organic
solvents such as N,N-dimethylformamide, acetone, and
chloroform.

To confirm the trans structure of the complex, we
performed the Kurnakov test.20 While no visible reaction
was noticed upon mixing a hot aqueous solution of saturated
thiourea with the as-prepared trans isomer, however, on
cooling white needles of trans-dichlorobis(thiourea)platinu-
m(II) were observed, which corroborate the formation of the
trans complex.
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Table 1. Survey of Different Platinum Derivatives and Their Suitable Solvents

compd solvent/medium ref

trans-[PtCl2(OH)2(dimethylamine)(isopropylamine)] DMEMa 28
trans-[PtCl2(dimethylamine)(isopropylamine)] DMEM 28
trans-PtL2Cl2 and [PtL3Cl]Cl DMF 29
L: 3-hydroxypyridine, 4-hydroxypyridine and imidazo[1,2-R]pyridine
trans-[PtCl2NH3(3-(hydroxymethyl)pyridine)] and
trans-[PtCl2NH3(4-(hydroxymethyl)pyridine)]

water 30

trans-platinum complexes containing phosphane groups acetone 31
cis- and trans-[PtCl2L2] (L ) 4-methylpyridine and NH3) DMF 6
trans-[PtCl2L2] (L) pyridine) DMF 6
trans-platinum(II) complexes with diethyl
(pyridin-4-ylmethyl)phosphate

DMSOb 22

cis-platinum(II) complexes with diethyl
(pyridin-4-ylmethyl)phosphate

DMSO 22

trans- [PtCl2(amine)(isopropylamine)] PBSc 32
CD-DDP inclusion complex (this study) water 9

a Dulbecco’s modified Eagles medium. b Dimethyl sulfoxide. c Phosphate-buffered saline.

Table 2. Inhibitory Concentration (IC50) (µM) Values
Calculated for Cisplatin,
trans-Dichloro(dipyridine)platinum(II) (DDP), and Inclusion
Complex (CD-DDP) for the Two Different Cancer Cell
Lines CT26 Colon Carcinoma and B16F10 Melanoma

sample

IC50 (µM)

CT26 colon carcinoma B16F10 melanoma

misplatin 3.13 ( 0.42 4.31 ( 0.12
DDP 1.94 ( 0.43 1.92 ( 0.07
CD-DDP 0.67 ( 0.07 0.71 ( 0.01

communications HorVath et al.

362 MOLECULAR PHARMACEUTICS VOL. 5, NO. 2



Synthesis of the water-soluble CD-DDP inclusion com-
pound: In order to obtain the platinum inclusion compound,
equimolar quantities of cyclodextrin (113.5 mg, 0.1 mmol)
and DDP (44.6 mg, 0.1 mmol) in N,N′-dimethylformamide
(DMF) (7 mL), in which both the cyclodextrin and platinum
complex are soluble, were mixed and stirred for about 24 h
at room temperature. The solid compound obtained after the
evaporation of the solvents by using a rotary evaporator, was
rinsed with deionized water and centrifuged to remove the
unreacted materials. Finally, the aqueous supernatant was
collected and the inclusion compound isolated by freeze-
drying the solution and drying at 70 °C under vacuum for
24 h.

Cytotoxic Activity. We have tested the cytotoxic activity
of the as-prepared inclusion complex (CD-DDP), DDP, and
CPT using two different cancer cell lines CT26 colon
carcinoma and B16F10 melanoma. The cytotoxicity was
evaluated using the MTT33 [3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide] cell survival assay (colo-
rimetric method), wherein a tetrazolium compound is reduced
to a formazan compound by living cells. The cells were
plated onto 96-well culture plates at a density of 5 × 103

cells/well. The drug treatment time was 20 h. The cell
viability was evaluated by measurement of the absorbance
at 570 nm. All experiments were performed six times. The

IC50 values were defined as the concentration of drug that
produces 50% of cell growth inhibition.

Conclusions
In conclusion, we have successfully prepared a novel

cyclodextrin-encapsulated trans-dichloro(dipyridine)platinu-
m(II) complex, so as to improve the water-solubility and the
anticancer activity of the DDP compound. The results show
that the inclusion complex is of 1:1 type. Interestingly, the
growth inhibition by the as prepared CD-DDP against CT26
and B16F10 cell lines in vitro was found to be 4.6 and 6.1,
respectively, times higher than the CPT. It is also worthwhile
to mention here that the solubility of DDP in water (1.6 mg/
mL) and the significantly higher anticancer activity of the
DDP could be achieved by the complexation with CD, when
compared with the commercial drug CPT.
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