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Abstract

Organometallic-cyclodextrin inclusion compounds were obtained by the treatment of molybdenocene dichloride (Cp,MoCl,)
with the modified cyclodextrins (CDs) heptakis-2,3,6-tri-O-methyl-B-CD (TRIMEB) and 2-hydroxypropyl-$-CD (HPBCD) in aque-
ous solution. The products were isolated by liophilisation and characterised in the solid-state by powder XRD, thermogravimetric
analysis, Raman and FTIR spectroscopy, and ')C CP MAS NMR spectroscopy. The results are consistent with inclusion of
Cp>MoCl,, rather than hydrolysis products such as [Cp,Mo(H,0)X]" (X = Cl, OH) or [Cp.Mo(H,0),]*"*. The pure non-included
metallocene Cp,MoCl, and its inclusion compounds with unmodified f-CD, TRIMEB and HPBCD were screened for their poten-
tial antiproliferative and cytotoxic activity, in both human cancer and healthy cell lines. Inclusion in CD was found to enhance the
cytotoxic effect of Cp,MoCl,, with the TRIMEB adduct displaying the highest anti-tumour activity, along with the lowest toxicity
towards non-neoplastic cells.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction action [2]. Current evidence is consistent with formation

of a Ti(IV) species that lacks the Cp ligands which inter-

The metallocene dichlorides Cp,TiCl,, Cp,MoCl,,
Cp,VCl, and Cp,TiCl, exhibit anti-tumour activity for
a wide range of murine and human tumours [1,2]. How-
ever, only titanocene dichloride has reached clinical tri-
als so far [3]. These studies have resulted in extensive
structure—activity and mechanistic studies on Cp,TiCl,
in order to understand the mechanism of anti-tumour
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acts with DNA, possibly transported into the cell via the
iron transporter protein transferrin [4]. Compared with
Cp-,TiCl,, CpsMoCl, is an attractive candidate for drug
development as the complex is water-soluble and stable
to hydrolysis of the Cp ligands at physiological pH [5,6].
On the other hand, Cp,MoCl, suffers rapid and exten-
sive hydrolysis of the chloride ligands [5,6a]. Cp>MoCl,
coordinates to both the nucleobase nitrogens and the
phosphate oxygens of nucleotides forming discrete
complexes [6a,7]. Recent studies, carried out under
physiological conditions, show binding of Cp,MoCl,
to DNA nitrogen bases, with major affinity for the pur-
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ine bases, in particular guanine [§]. Even so, the mecha-
nism of action of Cp,MoCl, is still unclear as a previ-
ously observed interaction with DNA fragments (calf-
thymus) has not been confirmed by recent studies [9].
In fact, interaction with oligonucleotides was only ob-
served at low pH values and absent under physiological
conditions [10]. Accordingly, the proposed non-bonded
intercalation model with DNA [6a], involving interac-
tion at the phosphate DNA backbone, may not occur.
This structure would require a significant helix
distortion that may be sterically and energetically unfa-
vourable [9]. Other targets for Cp,MoCl, have been
sought and interaction with thiol-containing biomole-
cules was proposed as a relevant biochemical pathway,
with serum albumin acting as a plasmic carrier for
Cp>MoCl, [11]. Concerning intracellular targets, protein
kinase C and topoisomerase II were shown to bind
Cp>MoCl, [12].

Recently, B-cyclodextrin (B-CD) encapsulation of
Cp,TiCl, [13] and Cp,MoCl, [14] was described. CD
inclusion compounds are interesting for pharmaceutical
use owing to the enhanced solubility, stability and bio-
availability of the drug molecules [15,16]. For example,
complexation of the promising anti-tumour agent rho-
dium(II) citrate with hydroxypropyl-B-cyclodextrin
(HPBCD) improved encapsulation and release kinetics
from biodegradable polymer microspheres [17]. Other
potential benefits of using CD drug delivery systems in
chemotherapy include improved activities and reduction
of toxic side effects. Our preliminary studies indicated
that the B-CD - Cp,MoCl, inclusion compound exhibits
higher chemical stability and a more durable antiprolif-
erative activity [18]. In the present work, we aim to fur-
ther increase the activity of Cp,MoCl, by inclusion in
chemically modified cyclodextrin hosts, namely 2,3,6-
tri-O-methyl--CD (TRIMEB) and HPBCD, both of
which are much more soluble than the parent B-CD.
TRIMEB is widely used in drug delivery as it is superior
in protecting the guest from hydrolysis [19]. HPBCD is
one of the most popular hosts in the pharmaceutical
field, as it greatly increases the guest solubility, acts as
an absorption enhancer and, most importantly, features
low toxicity [20,21]. In the field of antineoplastic re-
search, HPBCD is often used as a stabiliser, protecting
the drug from biodegradation [22]. In association with
a porphyrin salt, HPBCD can be used in photodynamic
therapy for leukaemia or melanoma [23]. The CD host
includes the porphyrin thus protecting its active media
from the influence of the biological environment and
delivers it intact to the tumoral cells. In the present
work, the potential antiproliferative and cytotoxic activ-
ities of Cp,MoCl, and its inclusion complexes with
BCD, HPBCD and TRIMEB were evaluated in the hu-
man adenocarcinoma cell line Hela, and toxicities were
also assessed towards healthy cells in human skin
fibroblasts.

2. Experimental
2.1. Materials and methods

Microanalyses and ICP determination of Mo (Eugeé-
nio Soares) were performed at the University of Aveiro.
Thermogravimetric analysis (TGA) was carried out
using a Shimadzu TGA-50 system at a heating rate of
5K min~' under a static atmosphere of air. Powder
XRD data were collected on a Philips X’pert diffractom-
eter using Cu Ko radiation filtered by Ni (4 = 1.5418 A).
The IR spectra were recorded on a Unican Mattson
Mod 7000 FTIR spectrophotometer using KBr pellets.
Raman spectra were recorded on a Bruker RFS 100/S
FT-Raman system, using a Nd:YAG laser, 1064 nm
excitation (50 mW at the sample position) and a InGaAs
detector. Room-temperature solid-state '*C CP MAS
NMR spectra were recorded at 100.62 MHz on a
(9.4 T) Bruker MSL 400P spectrometer, with a 4.5 us
"H 90° pulse, 2 ms contact time, spinning rate 9 kHz
and 12 s recycle delays. Chemical shifts are quoted in
parts per million from TMS.

Heptakis-2,3,6-tri-O-methyl-B-CD (TRIMEB) was
obtained from Fluka and 2-hydroxypropyl-B-CD
(HPBCD), with an average degree of substitution of 3,
was obtained from Cyclolab, Hungary. Cp,MoCl, (1)
[24] and the inclusion compound BCD - Cp,MoCl, (1¢)
[14] were prepared as described previously. Culture med-
ia (DMEM-HG), antibiotics (penicillin—streptomycin
100 x solution), cisplatin, EDTA (ethylenediamine-tet-
raacetic acid, disodium salt, dihydrate), glutamine,
Hepes, phenol red (phenolsulfonphthalein), iso-propyl
alcohol, Trypan blue (0.4% solution, prepared in
0.81% sodium chloride and 0.06% dibasic potassium
phosphate), trypsin, trisodium citrate, inorganic salts
and acids (of analytical grade) were purchased from Sig-
ma-Aldrich Chemical Co. (Madrid, Spain). Fetal calf
serum was obtained from Biochrom KG, Berlin. Alamar
blue was acquired from Accurate Chemical & Scientific
Corporation, Westbury, NY, USA. The following hu-
man cell lines were used: Cervix adenocarcinoma epithe-
lial-like adherent cell line (HeLa), purchased from the
European Collection of Cell Cultures (ECACC, UK);
Fibroblasts from skin (BJ), obtained from the American
Type Culture Collection (ATCC), MD, USA.

2.2. TRIMEB - Cp,MoCl; (1a)

Cp,MoCl, (50 mg, 0.17 mmol) was added to a solu-
tion of TRIMEB (241 mg, 0.17 mmol) in water (4 ml).
The resulting solution was stirred at room temperature
for 10 min, then frozen and freeze-dried. The volumi-
nous solid product obtained was rehydrated by exposure
to water vapour for 1 h. Anal. found: C, 49.84; H, 7.25;
MO, 4.90. Calc. for (C10H10C12M0) . (C63H112035) - 16-
H,O: C, 49.80; H, 6.85; Mo, 4.23%. IR (KBr, cm'):
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y = 3586m, 3519m, 3099m, 2979s, 2930s, 2895sh, 2831s,
2072w, 1641w, 1460m, 1403w, 1366m, 1321m, 1304m,
1256sh, 1230m, 1195m, 1162vs, 1143vs, 1108vs,
1089vs, 1065vs, 1038vs, 1021sh, 970s, 952m, 910m,
856m, 831m, 808sh, 755m, 705m, 668w, 600sh, 558m,
468w. Raman (cm*l): 3124m, 3119m, 3102m, 2977s,
2929s, 2894s, 2829s, 1449m, 1118s, 1061w, 974w,
417w, 414w, 343m, 328vs, 290m, 260w, 211w, 194m,
170sh, 163m, 154m, 129w, 84m. '*C CP MAS NMR:
0=101.9 (Cp), 100.9, 100.4, 100.1, 99.0, 96.4, 93.9
(TRIMEB, C-1), 88.2, 84.2, 83.5, 82.9, 82.5, 82.0, 81.7,
79.8, 78.0, 77.0, 75.5, 74.4 (TRIMEB, C-2,3.4), 73.2,
72.9, 71.0, 70.6, 69.4 (br, TRIMEB, C-5,6), 63.1, 62.2,
61.7, 61.1, 60.0, 58.7, 58.2, 57.6, 56.0, 55.5 (TRIMEB,
O-CH5).

2.3. HPRCD - Cp>MoCl; (1b)

Cp>MoCl, (50 mg, 0.17 mmol) was added to a solu-
tion of HPBCD (220 mg, 0.17 mmol) in water (4 ml).
The resulting solution was stirred at room temperature
for 10 min, then frozen and freeze-dried. The volumi-
nous solid product obtained was rehydrated by exposure
to water vapour for 1 h. Anal. found: C, 42.03; H, 6.31;
MO, 5.13. Calc. for (C]OH]QCleO) . (C51H8303g) - 8-
H,O: C, 41.86; H, 6.56; Mo, 5.48%. IR (KBr, cm™'):
v=3379vs, 3118sh, 2968m, 2928s, 2887sh, 1648m,
1460m, 1423m, 1370m, 1335m, 1300m, 1244m, 1156vs,
1123sh, 1082vs, 1033vs, 947s, 850sh, 840m, 8&18sh,
757m, 705m, 610m, 581m. Raman (cm_l): 3367m,
3122s, 2930vs, 2901vs, 1454s, 1382m, 1326s, 1248m,
1117vs, 1079s, 940m, 931m, 839m, 590w, 475w, 411w,
405w, 346sh, 341s, 325vs, 290m, 259w, 206w, 194m,
161m, 154m, 84vs. *C CP MAS NMR: 6 =102.4
(HPBCD, C-1), 82.2 (HPBCD, C-4), 72.7 (HPBCD,
C-2,3,5), 67.0 (host HP group, —-OC,CH(OH)CH;),
60.7 (HPBCD, C-6), 19.7 (host HP group,
—-OCH,CH(OH)CH3).

2.4. Cytotoxicity evaluation

2.4.1. Preparation of solutions

All compounds studied were water soluble. Solutions
were prepared at concentrations ranging from 2.0 x 107>
to 1.0 x 107* M in phosphate buffered saline solution
(PBS): 132.0x 10> M NaCl, 4.0x 10> M KCI; 1.2x
107> M NaH,PO4; 1.4x 103 M MgCl,; 6.0x 107> M
glucose; 1.0 x 1072 M Hepes (N-[2-hydroxyethyl]pipera-
zine-N'-[4-butane-sulfonic acid]). Trypan blue was used
as a 0.04% (w/v) solution in PBS.

2.4.2. Cell culture

Stock cultures of cells were maintained at 37 °C, un-
der 5% CO,. HeLa and BJ cells (grown in monolayers)
were kept in Dulbecco’s modified Eagle’s high glucose
(4500 mg/l) medium (DMEM-HG), supplemented with

10% heat-inactivated fetal calf serum, glutamine
(1.168 g/l) and antibiotics (100 units of penicillin and
100 mg streptomycin). The cell lines were subcultured
twice a week. Both HeLa and BJ cells were harvested
upon addition of trypsin/EDTA (0.05% trypsin,
0.35mM EDTA.4Na reconstituted in free Ca®* and
Mg?* balanced salt solution).

2.4.3. Toxicity and cell growth inhibition evaluation

Cytotoxicity and cell density evaluation following
drug exposure — for drug concentrations of 20-100 uM
— were assessed with the use of standard assays. Cells
were plated between 2 x 10* and 3 x 10* cells/ml on 24-
well dishes. Twenty four hours after seeding, drug solu-
tions were added to the medium and the cultures were
incubated at 37 °C. Cells were harvested and analysed
(both in controls and in drug-treated cultures) every
24 h, for a total period of 3 days. Reversibility of the
drug effect was tested by removing the drug and adding
fresh culture medium in the last day of incubation with
the drug, and assessing the cell viability following four
more days of incubation. Cell density and viability were
determined by trypan blue exclusion on single-cell sus-
pensions obtained from the monolayer cultures. Cell
viability was further assessed through the Alamar blue
colorimetric test. All experiments were performed in
triplicate.

The Alamar blue assay is a fluorimetric/colorimetric
test based on the detection of metabolic activity [25].
It incorporates an oxidation-reduction indicator which
changes from the oxidised form — non-fluorescent, blue
— to the reduced state — fluorescent, red — in response
to chemical reduction of growth medium, as a result
of cell growth. For each time point, Alamar blue was
added to the cells (both control and drug-treated) and
to culture medium (blank), in an amount equal to 10%
of the total culture volume. The samples were incubated
for 8 h, at 37 °C, and the absorbance was then measured
at both 570 nm (AA;, A'2;) and 600 nm (AL, A'1y)
(against the blank). Cell viability is expressed as a per-
centage of the non-treated control cells and was calcu-
lated according to the following equation:

(80)())“2/411 — (60)()/1114/12
(gRED);LlA/)Lz — (SRED)JVZA/;L]

where eox and eggp represent the molar absorptivity
coefficients of the oxidised and reduced forms of Alamar
blue, respectively, at 570 and 600 nm: (eox) ,, = 80.856,
(erep);, = 155677, (eox),, = 117216 and (erep),, =
14.652.

%Reduced = x 100, (1)

2.4.4. Statistical analysis

All experiments were performed in triplicate and the
results are expressed as mean values * SD (the corre-
sponding error bars being displayed in the graphical
plots). Statistical analysis was performed using ANOVA,
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followed by post hoc test of Fisher’s protected least sig-
nificant difference. Statistical comparison between the
data was based on the Pearson correlation coefficient,
values less than 0.05 being considered as significant.

3. Results and discussion

3.1. Synthesis and characterisation of inclusion
compounds

Aqueous solutions of TRIMEB and HPBCD were
treated with Cp,MoCl, (1) and the products TRIME-
B - Cp>MoCl, (1a) and HPBCD - Cp,MoCl, (1b) iso-
lated by liophilisation. The products were further
characterised in the solid-state by powder XRD, TGA,
Raman and FTIR spectroscopy, and 'C CP MAS
NMR. The powder XRD pattern for the TRIMEB ad-
duct 1a contains a peak at 13.9° 20 that indicates the
presence of a certain amount of non-included 1 (Fig.
1). However, the overall pattern is significantly different
from that simulated for a physical mixture of TRIMEB
and 1 in a 1:1 molar ratio. The pattern for 1a shows
some new peaks and the disappearance of others, while

(e)

Intensity (a.u.)

AA,AJJ MAJW\/MANM)

(b)
A/L»AJJ Y
5 10 15 20 25 30

26/degrees

Fig. 1. Powder XRD of: (a) pure TRIMEB; (b) Cp,MoCl, (1); (c) a
simulated physical mixture of TRIMEB and 1 in a 1:1 molar ratio; (d)
the experimentally prepared physical mixture of TRIMEB and 1 in a
1:1 molar ratio; and (¢) TRIMEB - Cp,MoCl, (1a).

a number of the remaining peaks show substantial
changes in intensities with some slight changes in the
20 values. Nevertheless, the pattern for 1a contains sev-
eral peaks that are coincident with peaks exhibited by
pure TRIMEB, suggesting that the overall structure of
the host was not greatly modified upon interaction with
Cp>,MoCl,. Surprisingly, the powder XRD pattern for
the experimentally prepared physical mixture is also
quite different from the simulated one, and in fact
matches well with the pattern for 1a. It is possible that
a weak host-guest interaction occurs even upon
mechanical mixing of the two components. These results
are different to those obtained for the crystalline 1:1
inclusion complex BCD - Cp,MoCl, (1¢) [14], for which
the powder XRD pattern does not contain peaks corre-
sponding either to that of pristine -CD hydrate or pure
non-included 1. Compound 1b was poorly crystalline,
similar to the pure host HPBCD, and showed only one
very broad XRD feature centred around 18° 20 (not
shown). The amorphous character of these compounds
is due to the fact that the modified B-CD is obtained
as a mix of CD derivatives with different degrees of sub-
stitution, averaging three 2-hydroxypropyl moieties per
B-CD molecule.

The thermogravimetric profiles of 1, TRIMEB,
HPBCD, 1:1 physical mixtures of each host with 1,
and the inclusion compounds la-b are shown in Figs.
2 and 3. The guest 1 shows one major mass loss of about
60% starting around 170 °C and ending at 330 °C. TRI-
MEB decomposition occurs in the same temperature
range, but features another small step from 350 to
500 °C (Fig. 2). Interestingly, both the physical mixture
and TRIMEB ‘- Cp,MoCl, (1a) present a slightly higher

100 -

80

60

Mass (%)

40 +

20

' I ' I ' 1 T I T I ! 1
0 100 200 300 400 500 600
Temperature/°C

Fig. 2. TGA of TRIMEB - Cp,MoCl, (1a) (—-), pure TRIMEB (—— -),
Cp>MoCl, (1) (- - -) and a physical mixture of TRIMEB and 1 in a 1:1
molar ratio (——--).
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Fig. 3. TGA of HPBCD - Cp,MoCl, (1b) (—), pure HPRCD (——-),
Cp>MoCl, (1) (---) and a physical mixture of HPBCD and 1 in a 1:1
molar ratio (——--).

thermal stability, starting to decompose at 200 °C only.
This is rather unexpected since the interaction between
organometallic guests and cyclodextrins usually results
in a lower degradation temperature [14,26]. Still, one
may infer that this feature reflects a weak TRIMEB/
Cp,MoCl, interaction. These considerations are further
supported by vibrational spectroscopy data, discussed
below.

The HPBCD trace shows loss of hydration water, un-
like that of TRIMEB (Fig. 3). Dehydration (6% mass
loss) corresponds to a loss of about 4.5 water molecules
per HPBCD molecule. At 250 °C the CD decomposition
begins, appearing as a very sharp mass loss up to 360 °C.
From this point onward, the mass loss is smoother and
is complete at 560 °C. The physical mixture features
dehydration and starts decomposing at the lower tem-
perature of 230°C. Compound HPBCD - Cp,MoCl,
(1b), however, starts decomposing at an even lower tem-
perature, around 200 °C. It then exhibits a decomposi-
tion trace quite different from that of the mixture,
since the first decomposition step ends around 280 °C
and is followed by a smoother mass loss up to 425 °C.
At this point there is a strong second step that ends at
560 °C and leaves a residual mass of 7.5%. As men-
tioned above, the earlier onset of thermal decomposition
is quite common in organometallic-cyclodextrin inclu-
sion compounds and has been interpreted as the result
of a strong host—guest interaction. The TG trace for
the physical mixture indicates that some interaction oc-
curs between the two components upon grinding and
heating up to 200 °C. The interaction in the inclusion
compound 1b is stronger and therefore the thermal
decomposition point is even lower.

Fig. 4 shows the '*C CP MAS NMR spectra for
Cp,MoCl, (1), TRIMEB, HPBCD and the inclusion
compounds la-b. The spectrum of TRIMEB contains
several resonances for each type of carbon atom, as ob-
served for the parent B-cyclodextrin [14]. By reference to
reported solution spectra [27], the different carbon reso-
nances are assigned to C-1 (93-101 ppm), C-2,3,4 (74—
88 ppm), C-5,6 (69-73 ppm) and O-CHj3 (55-63 ppm).
The spectrum for TRIMEB - Cp,MoCl, (1a) also shows
several resonances for each type of carbon atom, sug-
gesting a weak host-guest interaction, although many
of the peaks are shifted and do not coincide with those
exhibited by TRIMEB. In addition to the resonances

02,3,5

C2,3,4
C CS,G
P O-CH,
\ G
(c)
(b)
(a)
L ] [l [ ] ] ]
120 100 80 60 40 20 0

(ppm)

Fig. 4. ®*C CP MAS NMR spectra of: (a) Cp-MoCl, (1); (b)
TRIMEB, with an approximate description of the carbon resonances;
(c) TRIMEB - Cp,MoCl, (1a); (d) HPBCD, with an approximate
description of the carbon resonances; and (¢) HPBCD - Cp,MoCl,
(1b).
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for the host carbons, the spectrum contains a peak at
101.9 ppm which is assigned to the Cp groups of the
guest molecule and is unshifted compared with the reso-
nance for pure non-included 1. For hydroxypropyl-p-
CD and HPBCD ‘- Cp,MoCl, (1b), only broad lines are
observed in the '*C CP MAS NMR spectra. The reso-
nance for the cyclopentadienyl carbon atoms is not ob-
served as it overlaps with the broad C-1 host signal.
The KBr IR spectra of compounds 1a and 1b do not
reveal any measurable changes in the cyclodextrin
bands, indicating no chemical modification of the hosts.
In addition, some of the vibrational bands due to the
guest molecules are observed and the most important
ones are listed in Table 1. For compound 1a these bands
are essentially unshifted compared with those for pure
non-included Cp,MoCl, (1), indicating a weak host—
guest interaction. In contrast, there are some significant
shifts for compound 1b which point to a stronger host—
guest interaction. The Cp v(CH) mode, found at
3100cm~! for 1, appears as a weak shoulder at
3118 cm™! in 1b. Also, the CH out-of-plane bend, fea-
turing two bands at 829 and 807 cm ™' for compound
1, appears shifted, with maxima at 838 and 818 cm™!
in compound 1b. These bands were also found to shift
to higher frequency upon encapsulation of 1 in B-CD
[14]. Blue-shifts of v(CH) and n(CH) modes in similar
metal-cyclopentadienyl complexes have been previously
associated with an increase in the covalency of the Cp-
M bond [28]. However, more recent vibrational studies
discard this hypothesis in favour of an increase in the
electron density in the Cp ring [29]. Several low wave-
number bands of 1 are identified in the Raman spectra
of 1a and 1b, assigned to Mo-Cp and Mo-Cl modes
(Table 1). These are essentially unshifted compared with
the free non-included organometallic 1, indicating that
Cp>MoCl, is the species incorporated in the CD
cavities, rather than hydrolysis products such as
[Cp-Mo(H,0)X]" (X = Cl, OH) or [Cp-Mo(H,0),]**.

Table 1
Selected FTIR and Raman data for Cp,MoCl, (1), TRIMEB - Cp,.
MoCl, (1a) and HPBCD - Cp,MoCl, (1b)

Observed frequency (cm™ ")

Approximate description

1 la 1b

Data from FTIR

3100 3099 3118 Cp C-H stretch

1423 a 1423 Cp C-—C stretch

829, 807 831, 808 838, 818 Cp C-H bending, out-of-plane
Data from Raman

342 343 341 Cp-ring tilt

325 328 325 Mo-Cp symmetric stretch
288 290 290 Mo-Cp asymmetric stretch
264 260 259 Mo-Cl symmetric stretch
192, 156 194, 154 194, 154 Mo-Cp bending mode

% This band is not visible in compound 1la due to overlap with
TRIMEB bands.

Finally, considering that HPBCD encapsulation
strongly affects the cyclopentadienyl C-H vibrations,
we may propose that at least one and perhaps both of
the Cp ligands are incorporated in the CD cavity. The
inclusion geometry associated with the incorporation
of both Cp groups would create a steric confinement
that could account for the observed shifts of the CH
stretching and bending vibrations to higher energy.

3.2. Cytotoxicity studies

Growth-inhibition and cytotoxic activities against a
human adenocarcinoma (HeLa) and skin non-cancer
cells (BJ fibroblasts) were assessed for Cp,MoCl, (1),
TRIMEB ‘- Cp,MoCl, (la), HPBCD - Cp,MoCl, (1b)
and BCD - Cp,MoCl, (1c¢). For comparison, the clini-
cally used drug cisplatin [cis-diaminedichloroplati-
num(I)] was also tested. Experiments were carried out
using the trypan blue and the Alamar blue colorimetric
tests, and the data obtained from both tests were in very
good agreement. From the time-response curves — cell
density and viability variation as a function of the incu-
bation time with the drug — plotted for the distinct com-
pounds (for concentrations between 20 and 100 uM)
and cell lines studied, the chemical characteristics of
these compounds were correlated with their anti-tumour
activity, and the reversibility and specificity of the
growth-inhibition and/or cytotoxic effect were
investigated.

Fig. 5 shows the results obtained for HeLa cancer cells
and drug concentrations of 50 mM. Inclusion of
Cp>MoCl, in the CD hosts leads to a higher antiprolifer-
ative and cytotoxic effect towards the HeLa cells, after
72 h of incubation. Among the inclusion compounds
tested, TRIMEB - Cp,MoCl, (1a) displayed a slightly
more pronounced cytotoxicity towards cancer cells (up
to 60% viability decrease, for a 72 h incubation period).
Insertion of substituent groups in cyclodextrins affects
mainly their solubility and solubilising properties. Full
methylation of B-CD makes it highly soluble in both
water and most organic solvents and partial hydroxypro-
pylation of B-CD yields a highly water-soluble derivative.
These solubility changes influence the in vivo carrier ef-
fect of CDs and may thus contribute to the different anti-
proliferative activities of the inclusion compounds.

A significant disadvantage of the presently used che-
motherapeutic agents is their rather high toxicity,
mainly due to side reactions with other biomolecules
apart from DNA (e.g., proteins). In order to evaluate
this factor for the compounds under study, cytotoxicity
experiments were carried out in non-neoplastic cells (hu-
man fibroblasts from skin). The results obtained led to
the conclusion that Cp,MoCl, (1) and BCD - Cp,MoCl,
(1c) have a rather high toxicity towards these healthy
cells, as viability decreases to a minimum of 30%, for
a 72 h incubation period (Fig. 6). In contrast, both
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Fig. 5. Time-dependence of the cytotoxic effect of compounds Cp,MoCl, (1), BCD - Cp,MoCl, (1¢), HPBCD - Cp,MoCl, (1b) and
TRIMEB - Cp,MoCl, (1a) (50 mM) towards the HeLa cell line. The cells (3 x 105 cells/ml) were incubated with the drugs for periods of 24-72 h.
Every 24 h, aliquots of the cell suspensions were removed and the cell viability was evaluated by the Alamar blue colorimetric assay (as described in
Section 2). In addition, the drug was removed 72 h after seeding and the cell viability was assessed following a further incubation of 96 h. The data
are expressed as a percentage of the control Alamar reduction (100%) and represent the average * mean standard deviation from experiments carried
out in triplicate. Cisplatin (CDDP) is included for comparison purposes. Intergroup comparison: p < 0.01.
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Fig. 6. Time-dependence of the cytotoxic effect of compounds Cp,MoCl, (1), BCD - Cp,MoCl, (1¢), HPBCD - Cp,MoCl, (1b) and
TRIMEB - Cp,MoCl, (1a) (50 mM) towards the BJ cell line. Experimental details are given in the caption to Fig. 5 and also in Section 2.

TRIMEB - Cp,MoCl, (1a) and HPBCD - Cp,MoCl,
(1b) feature a small cell viability decrease with a mini-
mum of ca. 75% for the same incubation period.

The degree of reversibility of both the antiprolifera-
tive and cytotoxic effects displayed by compounds aimed
for use as antitumour drugs is, understandably, of the
utmost importance. In fact, consideration of a recovery
period following drug exposure, apart from allowing the
determination of the reversibility of the drug effect, as
well as the measurement of a possible delayed cytotoxic-
ity, avoids over or underestimation of the level of cell
killing achieved. The present results indicate that the
antiproliferative and cytotoxic activities of the HPBCD
and TRIMEB inclusion compounds are reversible up
to 75-80% for the HeLa cells, and up to 85-90% for
fibroblasts (96 h after removal of the drug, Fig. 5). Free
Cp>MoCl, (1) and BCD - Cp,MoCl, (1¢) display a lower
reversibility, both for cancer cells and fibroblasts (Figs. 5

and 6). Moreover, for TRIMEB - Cp,MoCl, (1a) and
HPBCD - Cp,MoCl, (1b), the results reveal an increase
in reversibility towards the fibroblasts from 3 to 4 days
after drug removal, in contrast to the HeLa cell line.
The coupling of high cytotoxicity against cancer lines
with low toxicity towards healthy cells is of the utmost
relevance for the potential use of these compounds as
anticancer agents.

4. Conclusions

In this work, organometallic-cyclodextrin inclusion
compounds were obtained by the treatment of
Cp>,MoCl, with the modified CDs TRIMEB and
HPBCD in aqueous solution. On the basis of the solid-
state characterisation data, the incorporated species
are tentatively assigned as Cp,MoCl,, rather than
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hydrolysis products such as [Cp,Mo(H,0)X]" (X = Cl,
OH) or [Cp.Mo(H,0),]**. The same conclusion was
reached previously for the corresponding B-CD adduct
[14]. Furthermore, the results point to a weak host—guest
interaction in the TRIMEB adduct, while encapsulation
in B-CD and HPBCD features a stronger interaction
with possible inclusion geometries involving penetration
of one or both Cp ligands into the cyclodextrin cavities.
The cytotoxicity experiments carried out on human ade-
nocarcinoma cells indicate that the anti-tumour activity
of Cp,MoCl, can be enhanced by association with
cyclodextrins. The activity increase is coherent with
the solubilising and protective effects exerted by cyclo-
dextrins. For the systems studied, TRIMEB - Cp,MoCl,
was the most effective antiproliferative and cytotoxic
agent, exhibiting a 60%, hardly reversible, viability de-
crease in adenocarcinoma and low toxicity towards
healthy cells. This could be associated with a local cell
membrane permeability enhancement effect that is
higher for methylated cyclodextrins. In fact,
comparative studies featuring B-CD, HPBCD and
dimethyl-B-CD (DIMEB) showed that DIMEB features
a higher absorption-enhancement effect towards skin
cells [30]. Further studies will be required in order to
validate this possibility.
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