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The cumulative form of the Habilitation Thesis is selected for the presentation of the
results. Herein, in short, the essential results are presented. The appropriate personal
papers related to the work contain the experimental data as well as a detailed discus-
sion of the results. Those papers are cited within the work and selected publications

are included in appendices.



ABBREVIATIONS

en
PEG

MCM-41
SBA-15
SBA-15p
Hoedda
H,eddp
(S,S)-H.eddip
(S,S)-Heeddl
(S,S)-Hzeddch
Roedda

R.edda-type

LDH
ROS
PHA

Cell lines
1411HP, H12.1
518A2

8505C, SW1736

A253, FaDu
A2780

A549

B16

DLD-1, HT-29,
HCT116
Fem-x

HelLa

K562

L929

ethylenediamine type ligands

polyethylene glycol

mesoporous molecular sieve MCM (No. 41)

mesoporous molecular sieve SBA (No. 15)

SBA-15 modified with 3-chloropropyltriethoxysilane
ethylenediamine-N, N-diacetic acid

ethylenediamine-N, N™-di-3-propionic acid
(S,S)-ethylenediamine-N, N’-di-2-propionic acid
(S,S)-ethylenediamine-N,N’-di-2-(4-methyl)-pentanoic acid
(S,S)-ethylenediamine-N, N-di-2-(3-cyclohexyl)-propionic acid
esters of Hyedda

esters of Hyedda, Hoeddp, (S,S)-Hzeddip, (S,S)-Hzeddl,
(S,S)-Hzeddch

lactate dehydrogenase

reactive oxygen species

phytohemagglutinin

testicular germ cell tumors (TGCT)
human melanoma

human anaplastic thyroid cancer
head and neck cancer

human ovarian cancer

human lung carcinoma

mouse melanoma
human colon cancer

human malignant melanoma
human adenocarcinoma
human myelogenous leukaemia

mouse fibrosarcoma



ABBREVIATIONS

MCF-7
U251

Primary cells
CLL

PBMC
fibroblasts,

keratinocytes

human breast adenocarcinoma

human astrocytoma

chronic lymphocytic leukemia

normal healthy periferal blood mononuclear cells

non-transformed and non-malignant cells



1. INTRODUCTION — METAL COMPLEXES IN CANCER TREATMENT

For more information see references K1, K2 (Appendices 1 and 2)

1.1. History — from cisplatin to the 3" generation drugs as anticancer agents

Barnett Rosenberg, in one of his investigations on the influence of the electric field on
cell division of bacteria (1965), accidentally discovered antiproliferative activity of cis-
platin (Figure 1)['"?. He proved that cisplatin completely inhibited the development of
the solid sarcoma-180 tumor in mice!®. Cisplatin entered in clinical trials in 1971 and
in 1978, clinical use was approved from the Food and Drug Administration (FDA)?!
presenting a major landmark in the history of successful

anticancer drugs. Cisplatin is used for a treatment of epi- H3N//n,,,,._ _““\\\\\C|
thelial malignancies, testicular, ovaria, lung, head and H3N/Pt\CI
neck, esophagus stomach, colon, bladder, cervix and

Uterus cancers. Figure 1. Cisplatin.

How does cisplatin work?

After administration, injection or infusion, blood stream is transporting cisplatin all
over the body. Even the excess of chloride ions (~ 100 mM, that compensates ligand
exchange reactions) present in blood stream or extracellular matrix few ligand substi-
tutions are occuring. Formed hydrolysis products (Figure 2) in the blood are held re-
sponsible for acute toxicities (nephrotoxicity, neurotoxicity). Cisplatin enters the cells
by the passive or even active transport binding temporary to one of the membrane

components (e.g. phosphatidylserine)®.

Mechanistic studies on cisplatin firstly focused on DNA and its fragments as target
molecules’®. It was found that guanosine (G) in comparison to adenine (A) or other
bases binds thermodynamically more strongly to platinum®®. A much larger portion
than statistically expected of platinum binds at GG (about two thirds)'”. From all in-
teractions the adducts are mainly pGpG intrastrand cross—links (65%), compared to
pApG intrastrand cross—links (22%), interstrand and/or intrastrand cross—links on
pGpXpG sequences (13%) and monofunctional adducts (<1%). Beside DNA and wa-
ter in cellular fluid, cisplatin might react with potential ligands such as phosphate, car-

bonate, glutathione and peptides (Figure 2)®.
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Figure 2. In vivo chemistry of cisplatin.

Cisplatin modulates a number of cell-type specific signalling pathways'®. As result,
cisplatin-triggered changes in cell signalling activity of different transcription factors as
well as DNA structure might conduct to cell cycle arrest or induction of caspase-
dependent apoptosis through receptor dependent and/or independent pathways.

Second and third generation of anticancer drugs

Even though, one of the most effective and commonly used agents, cisplatin, causes
severe side effects and resistance phenomena!'"l. Furthermore, the spectrum of can-
cers that can be treated with cisplatin is narrow. Effectiveness of cisplatin has been
constrainted by significantly unfavorable side effects like vomiting, nausea, hearing
problems, nephrotoxicity, neurotoxicity, loss of balance and many other®®'?. Re-
sistance against cisplatin could be developed from reduced platinum uptake, intracel-
lular detoxification by glutathione, increased efflux, increased DNA repair, decreased
mismatch repair, modulation of signalling pathways, defective apoptosis, or presence
of quiescent non-cycling cells!™®'. In order to find suitable platinum complexes that

specifically deal with some or even all of the resistance mechanisms a lot of com-
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1. INTRODUCTION — METAL COMPLEXES IN CANCER TREATMENT

pounds have been synthesized. Consequently, much attention has been pointed to

design new platinum-based complexes!'>"".

Substitution of chlorido with other anionic ligands rised a second generation of plati-

num-based antitumor drugs, namely carboplatin and nedaplatin (Figure 3)!"®.

Carboplatin in vivo yields the same active component as cisplatin and forms the same
DNA adducts!'”. Hence, carboplatin is clinically only useful for the treatment of the
same cancer types like cisplatin. From the side effects, carboplatin is causing bone
marrow suppression, gastrointestinal toxicity, leukopenia, neutropenia and thrombo-

cytopenia as the dose limiting toxicities.

HaNuw,,, — wCl
H3I\£/ \CI
cisplatin
Second generation
0 Exchanging chloride
O
HaNu,,, O HaNum,,, X HaNu,,, O
P
HgN/ "o Hy N/ \ HN" o
carboplatin o) nedaplatin
Third generation
Changing amines
Hy
N”ln ‘\\\\\ X —N. h,, \.\\\\O ©
Pt
H, o 0
Other structural Changing oxaliplatin
changes metal center
OAc H, @ «Cl
Cllllm..,_ | ..\\\\\N fo, T W Yll’"‘ e \‘“X"“‘ \Ti.--“"\\\\
. Pt““ 'ty W R
CI™™ | T NH N/ | \ / "~ ol % o
OAc titanocene
satraplatin dichloride

Figure 3. Milestones of the development of platinum and
nonplatinum metal-based drugs.

Nedaplatin is used in Japan for the treatment of head and neck, cervical, testicular,
ovarian, lung, non-small-cell lung cancer’®. Nevertheless, nedaplatin is triggering
thrombocytopenia, but lower nephrotoxicity, neurotoxicity, and gastrointestinal toxicity

than cisplatin®®!.
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The third generation of platinum-based drugs is related to substitution of NH; mole-
cules with different amine ligands (Figure 3)". From this generation, oxaliplatin ap-
peared as the most promising agent. More kinetically inert compounds, obtained by a
variation of oxidation state of platinum from +2 to +4, lead to potential drugs for oral
application like satraplatin. Transplatinum complexes have been initially discharged
as potential antitumor agents because of inactivity of cisplatin counter pair (transpla-
tin). However, new approaches with aromatic or bulky amines trans configured
around platinum center showed promising in vitro results, thus initiating reinvestiga-
tion of this class of compounds/??. In general, ideas for new compounds arise from

mechanistic findings on previous generations of drugs.

Oxaliplatin is worldwide approved for the clinical treatment of adjuvant and metastatic
colorectal cancers when used in combination with 5-fluorouracil and folinic acid®?.
Still, oxaliplatin is causing side effects such as neurotoxicity, hematological toxicity
and gastrointestinal toxicity. Oxalato ligand also greatly reduces the severity of the

side effects of the drug compared with cisplatin.

Satraplatin is still a relatively new potential therapeutic in cancer treatment and is
supposed to be the first orally administered platinum-based drug against prostate and
metastatic breast cancer®*?°!. |t is too early to know all of the possible side effects,

but until now vomiting, diarrhoea, nausea, anaemia are known.

BBR3464, bis[trans-diamminechloridoplatinum(I)][p-(trans-diamminedihexanediami-
ne-N,N")platinum(ll)] nitrate, is a leading agent from the multinuclear platinum(ll)
drugs®®. It is designed for a treatment of cisplatin-resistant tumors because of the
high cellular uptake in astrocytoma, glioma, osteosarcoma, melanoma, neuroblasto-
ma and cervical cancer cells (cytotoxicity at concentrations up to 1000-fold lower than
cisplatin)?”?®. Phase | clinical trials relieved that BBR3464 is inducing severe syste-

mic toxicity, neutropenia and gastro-intestinal toxicity?%.

1.2. Commencing of nonplatinum metal complexes as antitumoral agents

The application of platinum complexes as anticancer agents has motivated and point-
ed research to the exploration of other active metal complexes (Figure 3) in cancer
chemotherapy®®. Main objective in developing nonplatinum anticancer agents is to
overcome a restricted range of activity, acquired primary and secondary resistance
and severe toxicity. Nonplatinum metal-based compounds might demonstrate anti-

6



1. INTRODUCTION — METAL COMPLEXES IN CANCER TREATMENT

cancer activity and toxic side-effects distinctly asort from platinum-based onces. They
are expected to have different chemical behaviour, hydrolytic rates and mechanism(s)
of action®®". The most prominent biologically active compounds were found to be

those containing ruthenium, gallium, titanium, tin and other metals®%33,

Titanium complexes

Titanium-based reagents have a significant potential against solid tumors®®!. Two
families of titanium(IV) complexes are used for biological applications: budotitane [cis-
diethoxybis(1-phenylbutane-1,3-dionato)titanium(lV)] and titanocene dichloride (Fig-

[35-391 Budotitane was the first nonplatinum complex that entered clinical trials,

ure 3)
but was later discharged in Phase | clinical trials!*?!. Titanocene dichloride was aban-
doned after Phase Il clinical trials because its efficacy in patients with metastatic renal

cell carcinoma or metastatic breast cancer was too low to be pursued'#2.

Tin compounds

In the last few years, organotin compounds are considered as compounds with an
promising position as anticancer metallotherapeutics*?.. It has been established that
organotin(lV) compounds are very important in cancer chemotherapy because of their
apoptosis inducing character**®l. Firstly, organotin compounds have been analyzed
against murine leukaemia cell lines and also against different panels of human cancer
cell lines. Beside high cytotoxicity, organotin(lV) complexes might also possess at-
tractive properties such as increased water solubility, better body clearance, fewer
side effects and lower general toxicity than platinum drugs!*®. Significantly, unlike to
cisplatin and its analogs, organotin complexes do not develop tumor drug toler-

ance’l.

1.3. Nanodrug delivery system for metal complexes

Cancer treatment involving traditional therapeutic chemotherapy is characteristically
accompanied by toxic side effects limiting the quantity of the drug that can be admin-
istered to a patient*®l. Moreover, not all of the drug can reach the tumor tissues. The
ability to deliver high-efficiency therapeutic compounds precisely to diseased sites is
crucial for effective treating all human illnesses. Among many possible applications of
nanotechnology in medicine** drug delivery systems within the nanometer size

regime can be developed to alter both pharmacological and therapeutic effects of
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drug molecules. The use of nanocarriers
such as liposomes and nanomaterials
(Figure 4) can improve the pharmacologi-

cal properties of chemotherapeutics.

Liposomes as drug carriers

Liposomes are investigated as vehicles
for a variety of therapeutic agents, e.g.
anticancer drugs (doxorubicin, cisplatin,
paclitaxel, camptothecin)®’ %2 and antibi-

otic drugs (ciprofloxacin, amikacin, van-

Nanomaterials

comycin), as well as biomolecules (anti-

sense oligonucleotides, DNA)®**. A ip- Figure 4. Pharmaceutical carriers

osomal formulation of cisplatin, named applied in blood and bones.

lipoplatin, displays enhanced circulation in body fluids and evades immune surveil-
lance by their coating with PEG!®®®”!. Additionally, lipoplatin due to small particle size
(90-130 nm) and long circulation preferentially eliminates tumors through their com-

promised vasculature!®®

. Non-PEGylated liposomes are taken up by liver macro-
phages and destroyed with a half-life of 20 min in body fluids. On the other hand,

PEGylated liposomes display a half-life of 5 days in body fluids®®.

Nanostructured mesoporous materials as drug carriers

Current progress in nanostructured material synthesis and engineering has made a
enormous influence on a number of fields including biomedical applications!”®"4.
Mesoporous particles of silicon dioxide are emerging as a new and promising class of
nanoparticles that offers several attractive features for diagnostics and targeting of
specific cell types in the context of drug delivery”>~""). For the first time, in 2001 mes-
oporous silicas were used as drug (ibuprofen) delivery systems!’®. The studies relat-
ed to cisplatin and nanomaterials based on hydroxyapatite were published in 2007. In
that work, adsorption and release of cisplatin from nanomaterials were studied!™.
Later on, the first studies on the antiproliferative activity of hydroxyapatite loaded with
[Pt(en’)Cl;] were conduced (en’ — ethylenediamine type ligands)®®. MCM-41 (2D-

hexagonal) particles displayed low cytotoxicity against HelLa cell line®".
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1.4. Goals of the work

Various platinum and nonplatinum compounds have been investigated in vitro and in
vivo as antitumor agents. In this work, investigated agents enclose conventional inor-
ganic compounds, complexes with N, O, S- donor as well as C-donor ligands, as or-
ganometallic ligands. Because of expensive and time-intensive in vitro studies herein
work is pointed on compounds of four different metal centres: 1) platinum(ll/IV); 2)
palladium(ll); 3) titanium(lV) and 4) tin(IV). In the focus of the preparation of desired
metal compounds were simple, frequently used synthetic methods allowing variation
in the ligand sphere with respect to modulation of biological properties, following the
proverb "Doesn't matter if the cat is black or white as long as it catches mice" (Deng
Xiaoping). The main targets of the work will be to contribute to the development of the
metal-based drugs as antitumor agents. Also, it was planned to develop new ap-
proaches in antitumoral treatment using water-insoluble cisplatin derivatives and
some organometallic compounds. Based on published results following topics will be

discussed:

1. Understanding of the bioactivity of Redda-type platinum(ll), platinum(lV) and
palladium(ll) complexes.
Tuning the in vitro antitumoral activity of (ansa—)titanocene(IV) complexes.
Exploring the organotin(I\V) compounds as potential antitumor drugs.
Efficiency of carrier molecules, liposomes and mesoporous nanomaterials, as

drug shuttles.



2. METALLOCOMPOUNDS

The work is designed to contribute to the development of both platinum- and nonplat-
inum-based drugs. The synthesis and characterization of platinum(l1/1V), palladium(ll),
titanium(lV) and tin(IV) compounds are discussed in this chapter. Furthemore, in vitro

and in vivo antitumor activities are summarized.

2.1. Synthesis and characterization

2.1.1. Platinum complexes containing R,edda-type ligands

For more information see references K3—K11 (Appendices 3-5).

Diverse Rjedda-type ligands

(R:edda =  diesters  of Rpedda-type |n R
— L R’ R’ R,edda 1 H
ethylenediamine-N, N-diacetic RO, & H ',"AWOR Rzeddp 5 H
. . ™ N™ 7 ;
acid, Figure 5.) were synthe- \’f o Eg-g;-izzgg:p : C(;H?Pr
)~ Rp 2
sized as hydrochloride salts by (S,S)-Reddch| 1 CH,Cy

conventional  method® K1,

Those ligands exhibit «*N,N’

coordination to metal center. Various Redda-type platinum(ll/IV) complexes have

Figure 5. Roedda-type ligands.

been prepared and this section summarizes, how they can be assembled from readily
available precursors. The platinum(ll) complexes belong to the class of square—planar
d® [PtL,Cl,] coordination compounds having a bidentate L"L = N,N-R,edda-type lig-
and with the other coordination sites occupied by chlorido ligands. On the other hand,
platinum(lV) complexes are an octahedral d® system with general formula
[Pt(Roedda-type)Cly].

The first report on the preparation of a platinum(lV) complexes were published in
2004®%"_ The synthesis and reactivity of Ryeddp-2HCI ligand precursors and K[PtClg]
in the presence of base, LiIOH, were described. The first two complexes of this class,
[Pt(R.eddp)Cls] (He.eddp = ethylenediamine-N,N-di-3-propionic acid; R= nBu and

nPe), described in mentioned work, of a growing family of R,edda-type platinum(IV)

" Work from PhD thesis references [82—85]; all other publications [K3—K11] related to habilitation thesis
were performed by the author or under his supervision.
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2. METALLOCOMPOUNDS

complexes are presented in Figure 6. Com- RO
Cl
plexes of the [Pt(R.edda-type)Cl,] type were oH‘N |
~p
prepared by direct reaction of aqueous solu- 0 N/Tt\CI
tions of Ky[PtCls] and Ryeddp-2HCI ligand pre- RO H Cl
cursors in the presence of base. R = nBu, nPe
. . Pt1 Pt2
A synthetic method for preparing
[Pt(R.edda-type)Cls] complexes differs in their Figure 6. First examples of

starting materials and reaction conditions. In Re€dda-type platinum compounds.
Scheme 1 synthetic pathway is depicted. Platinum(ll) complexes were prepared
(Scheme 1) as reported for [Pt(nBu.eddp)Cl,]®%. Different series of the
[Pt(R.edda-type)Cls] complexes were synthesized using achiral Ryedda-2HCI and
R.eddp-2HCI as well as chiral (S,S)-R,eddip-2HCI [(S,S)-H.eddip = ethylenediamine-
N,N’-di-2-propionic acid], (S,S)-R.eddI-2HCI [(S,S)-Hzeddl = (S,S)-ethylenediamine-
N,N-di-2-(4-methyl)-pentanoic acid] and (S,S)-Rzeddch-2HCI [(S,S)-H.eddch = eth-
ylenediamine-N, N-di-2-(3-cyclohexyl)-propionic acid] ligand precursors (Figure 7). In
case of platinum(ll), only complexes containing (S,S)-Rzeddip and (S,S)-Rq.eddl lig-
ands were prepared. All compounds were isolated in pure state and fully character-
ized by multinuclear NMR, IR spectroscopy and elemental analysis. Furthermore, for
the several platinum(lV) compounds structures were additionally confirmed by X-ray

diffraction measurements.

Ko[PtCl,]

—

. 0
B H,
; 5 LiOH
RO & ﬁ/\/N@)J\OR =

(S)
@]
_ % @]
() Ha 2c = (S),0
RO Cl

KfPtCl  T=N_| _Cl
~

e Doy,

Scheme 1. General route for the synthesis of platinum(ll/I\V) complexes with
R.;edda-type ligands; shown is (S,S)-R.eddip ligand as example.

11



2. METALLOCOMPOUNDS

[, >F\,t“/‘cn [ /

Roﬂ) Cl :
R=Me, Et, nPr .
o)

Pt3-Pt5 Pt6-Pt9

(S)s | . : s
RO Yl 1+ RO”Yl(cl . RO Cl
Hon | o Hon | o Hon |
[ P [ P Pl
H=NT| e “N"| ~cl SN | ~ci
rRo. JC) 1 gof N 1 Rro” L C
(8) | (S) (s)
o) | 0 ' 0
R =Pr, iBu, cPe | R =Et, nPr, nBu, nPe : R = Et, nPr,
Pt(l) PHO-Pt12! Pi(Il) PH6-PH9 |  nBu, nPe
Pt(V) Pt13-Pt15' Pt(V) Pt20-Pt23 '  Pt24-Pt27

Figure 7. Prepared [Pt(R.edda-type)Cl,] (n = 2, 4) complexes, Pt3—Pt27.

2.1.2. Palladium complexes containing R,edda-type ligands

For more information see references K12—-K17.

Several dichloridopalladium(ll) complexes containing chiral (S,S)-R,edda-type ligands
have been prepared by similar procedure as described for [Pt(R.edda-type)Cl;] (see
Scheme 1). Compounds obtained were characterized by NMR (*H, "*C), IR spectros-

copy and elemental analysis. Complexes are presented in Figure 8.

0 3 o
S) : S)e
RO ! ROJLH
e T
i VI N \Ci
RO i RO
(S) : (S)
@] : 0]
R =JPr, iBu, cPe,Cy | R =Et, nPr, nBu, nPe
Pd1-Pd4 1 Pd5-Pd8

Figure 8. Prepared [Pd(R.edda-type)Cl,] (Pd1-Pd8) complexes.
12



2. METALLOCOMPOUNDS

2.1.3. Titanocene and ansa-titanocene complexes
For more information see references K18—K26 (Appendices 6-8).
A variety of substituted titanocene and ansa—titanocene complexes have been syn-

thesized, and are depicted in Figure 9. The compounds were prepared by several

reaction routes, some of them are presented by Scheme 2.

| ) | R

, z/é \'n wCl | s;/ ? \Ti,_,ﬂ,,\..\.‘m(;t L, Si/ﬂ\Ti""""“"““Cl e, Sg/f \'n wCl

T TR T T
Z=Si T | T3 | R= Me Ti4 |

/%
4
P\
: Py
o
-
I
_\ -
=
bt

| | 1ie@ R = HH Ti12
! e ™~ 1 .
~ 1 R= ~ Ti10: R’ 0  R'=MeMe Ti13
| & 5 R R'=HiSMe;  Titd
N T RTEER P "’\S
W R= ﬁR ------------------------------
R . :
AN Y ' \S'bf Ti15 | \r. “SD@ . ﬁ R O_g?
Q/ S GRTAN | 5 Tico©
% O}R 8 Ti16 R=HH TH7 R '\0
: Me/Me Ti18
: HR2
""""""""""" R2=R2= R2 =
R'=HH .- OMe Ti19 R'=HMH - Oy Ti23 R'=HH N o Tiz7
R' = Me/Me Ti20 R'=Me/Me o Ti2z4 R' = Me/Me / Ti28
R'=HMH .- Ti24 R'=HH - __- Ti26 R'=HH , > OMeTEZB
R = Me/Me OMe Ti22 R'=MeMe .0 Tizé R'=MeMe -~z=N Ti30
R' = H/SiMe; MeO Ti31

Figure 9. Synthesized titanocene and ansa—titanocene complexes, Til-Ti31.

13



2. METALLOCOMPOUNDS

5 P
|
‘ . THE N _Cl
Li + TI(THF)Cly) —HF oo Tie
? Q/ \J@( —2licl AL T
Me
Ti4 gﬂ
. \ H. B
ﬂ B< /B
| THF N Gl H LGl

Ti.. T Tl

+ . i P
o \'o -t % ~~ci % el
Li Ci Ti10

Ti1lt

_@

Scheme 2. Some synthetic routes for the preparation of titanium(IV) complexes.

Titanocene complexes were obtained in the reaction of [Ti(THF),Cl4] or [Ti(Cp’)Cls]
(Cp’ = derivative od Cp) with lithium salts of Cp’. The ansa-titanocene complexes
were prepared by the reaction of the corresponding dilithium salts of ansa—di-Cp de-
rivatives with [Ti(THF).Cl4] (1:1). The compounds were characterized by multinuclear
NMR spectroscopy, mass spectrometry, IR spectroscopy and elemental analysis. For

some complexes, X-ray structural analyses confirmed proposed molecular structures.

2.1.4. Organotin(IV) compounds
For more information see references K23, K25 and K27-K31 (Appendices 9-11).

Four types of organotin(lV) compounds were prepared: neutral diphenyl- and tri-
phenyltin(IV) carboxylates, (cyclopentadienyl)triphenyltin(IV), anionic triethylammoni-
um (carboxylato)triphenyltin(IV) chlorides and polymeric (carboxylato)triphenyltin(1V)
compounds (Figure 10). Neutral diphenyl- and triphenyltin(I1V) carboxylates have been
prepared by the reaction of carboxylic acid with triphenyltin(1V) chloride or diphenyl-
tin(IV) dichloride in the presence of triethylamine. The preparation of (cyclopentadi-
enyl)triphenyltin(IV) compounds were achieved via the reaction of the lithium cyclo-
pentadienyl derivative with triphenyltin(IVV) chloride. Triphenyltin(IV) chloride in the

reaction with triethylammonium carboxylates yielded anionic tin(IV) compounds. In
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the reaction of triphenyltin(IV) chloride with xylylthioacetic/mesitylthioacetic acid pol-

ymeric triphenyltin(IV) carboxylates were obtained, as shown in Scheme 3.

The compounds were characterized by multinuclear NMR spectroscopy, mass spec-
trometry, IR spectroscopy and elemental analysis. X-ray diffraction analyses were
used for the complexes obtained as single crystals. Among them, the triphenyltin(IV)
anionic Sn14, from the trigonal-bipyramidal triphenyltin(1V) class of compounds, rep-

resent the first compound structurally characterized so far.
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Figure 10. Synthesized organotin(lV) compounds, Sn1-Sn20.
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Scheme 3. Synthetic routes for the preparation of organotin(IV) compounds.

2.2. Biological activity of metallocompounds

2.2.1. Ryedda-type platinum(ll/IV) and palladium(ll) complexes
Related publications: K3—K17 (Appendices 3-5).

The synthesis of [Pt(R.edda-type)Cl,] (n = 2, 4) complexes was initiated six years
ago®%. These complexes have been designed in order to establish, how the type of
the ester substituents, halogenido ligands and oxidation state of platinum affect in
vitro antiproliferative activity against some tumor cell lines. Investigations showed that
the most efficient complexes against human adenocarcinoma HelLa (ca. five times
less active than cisplatin) and myelogenous leukaemia K562 cells (activity compara-
ble with cisplatin) were the tetrachloridoplatinum(lV) complexes [Pt(R.eddp)Cl4] (R =
nBu, Pt1; nPe, Pt2). Pt1 and Pt2 are inducing death of tumor cells activating apoptot-

ic pathway!®?.

The cytotoxicity of Ptl and Pt2 was found to be markedly higher than that of their
platinum(ll) counterparts and comparable to the antitumor action of cisplatin against
mouse fibrosarcoma L929 and human astrocytoma U251 cell lines®¥. These plati-

num(lV) complexes induced oxygen radical-mediated tumor cell necrosis, in contrast
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to cisplatin which provoked oxidative stress-independent apoptotic cell death of tumor
cells. The kinetics of tumor cell death caused by Ptl and Pt2 were markedly faster

than that of cisplatin.

As a contribution for a better understanding of structure—activity relationships of
[Pt(R.edda-type)Cl,] complexes (n = 2, 4), new ligand precursors (less and more lip-
ophilic) as well as corresponding platinum(ll/IV) complexes and some palladium(ll)
complexes have been tested against various tumor cell lines = 1TKISKISI At first, the
aim was to expand initial work regarding this class of compounds. Determination of
the activity of ligand precursors, platinum(ll), platinum(lV) and palladium(ll) complex-
es should give structure—activity relationships. Furthermore, the aim was also to an-
swer on some questions, such as “Are more lipophilic ligands improving cytotoxicity
and are these complexes interacting with DNA?”. Additionally, for the most active
compound the expansion of bioinvestigations to in vivo studies was scheduled. Using
this model system, we sought to identify and characterize mechanisms that are re-

cruited to produce cell-type specific responses to [Pt(Rz.edda-type)Cls] complexes.

2.2.1.1. Structure-activity relationships of Redda-type ligand precursors, cor-

responding platinum(ll/IV) and palladium(ll) complexes

Ligand precursors of Ryedda-2HCI-type and related dichloridoplatinum(ll), tetrachlo-
ridoplatinum(lV) and dichloridopalladium(ll) complexes, [Pt(R.edda-type)Cl,] (n = 2,
4) and [Pd(Rzedda-type)Cl,], were tested for in vitro antiproliferative activity against
various tumor cell lines and normal primary cells (human peripheral blood mononu-
clear PBMC cells, keratinocytes, fibroblasts). Generally, it was shown that the in vitro
activity is depending on the edda-type, R moiety as well as on the metal center [Pd(ll)
— Pt(1l/1V)] and oxidation state [Pt(ll) — Pt(IV)]. Ligand precursors expressed lower in
vitro antitumor activity, but within ligands activity increases with the lipophilicity of the

compounds.

Metal complexes with lower efficiency against tumor cell lines are palladium(ll) com-
plexes. Platinum(ll) complexes are expressing higher activity than ligand precursors
and palladium(ll) complexes. The agents with higher potential are found to be plati-
num(lV) complexes. Graphical interpretation of experimental foundings are presented
on Figure 11. These explorations gave new insights into the structure—activity rela-

tionships for investigated compounds against tumor cell lines.
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Figure 11. Structure—activity relationships.

An exception from this correlation is the activity of compounds against chronic lym-
phocytic leukaemia cells®®**K™ iy which platinum(lV) complexes were found to be

less active than platinum(ll) and palladium(ll) complexes.

2.2.1.2. Platinum(lV) complexes: drugs or prodrugs?

Formerly, it has been generally accepted that reduction of platinum(lV) ions has to
occur prior to binding to the target DNA®®® The platinum(IV) complexes are be-
lieved to represent relatively stable prodrugs able to compass the tumor tissue largely
without being reduced in the bloodstream to enter the cell and to reach their target
intact’®¥®!. Cellular reducing agents like ascorbic acid, thiol-containing species like
metallothioneins and glutathione and some other may trigger an activation of plati-

num(lV) prodrugs®". Electrochemical studies on Pt6 and Pt7 complexes demonstrat-
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ed redox potentials’® similar to that of satraplatin, a platinum(IV) complex (see Fig-
ure 3, page 5), or platinum(lV) complexes containing carbamates, suggesting that
[Pt(R.eddp)Cls] complexes should demonstrate stability in biological environment

similar to those of satraplatin'®?.

Previous studies have shown that some platinum(IV) compounds may also react with
DNA fragments®®®. As model system, pBR322 plasmid DNA is usually involved in
investigation in which is determined whether the platinum(lV) complex is acting as
drug or prodrug®*®®. Analysis of electrophoretic mobility of pBR322 plasmid DNA
(circular and supercoiled form) affected with platinum compound might give infor-
mation if this drug acts as DNA—cleavage agent. The influence of platinum complexes
Pt6 and Pt7 on pBR322 plasmid DNA was investigated. Two sets of experiments
were conducted. In one, it was investigated if [Pt(R.eddp)Cls] complexes could inter-
act with plasmid DNA without external reducing agents and in the other in the pres-
ence of ascorbic acid (cellular reducing agent). Results support both hypotheses,
namely that this type of complexes may act both as drug and prodrug. However, be-
cause of similar redox potential to satraplatin, which is in vivo reduced to platinum(ll)
species®®, the most likely [Pt(R.eddp)Cls] complexes might also be reduced upon
entering the cell. Thus, these complexes might act as prodrugs which are transformed

in vivo into reactive platinum(ll) species.

2.2.1.3. The cell type-specific mode of cell death induced with
[Pt(R.edda-type)Cl4] complexes

Beside cytotoxicity, additional important information for evaluation of the compounds
in preclinical studies are toxicity and mode of cell death. The next step in research
was to improve cytotoxicity of the first synthesized compounds Pt1 and Pt2 by intro-
ducing more lipophilic group (e.g. iPr, CH2Cy) in amino acid backbone. The anti-
tumoral activity depending on the introduced group could be improved by factor of
around 107 Pt1 and Pt2 complexes were found to be cell-type specific regarding
mode of cell death, mostly inducing apoptosis #*#4. Derivatives of R,edda-2HCI-type
ligand precursors, Reeddp-2HCI (R = iPr, nBu), (S,S)-R.eddip-2HCI (R = iPr, iBu, cPe)
and (S,S)-R;eddch-2HCI (R = Et, nPr, nBu, nPe) as well as corresponding platinum
complexes were investigated for the mode of cell death®™"*'%. The most active from
each series on the selected tumor cell line will be discussed here.
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Platinum complexes with R,eddp and (S,S)-R.eddip ligands

Platinum(ll) and platinum(lV) complexes containing Rzeddp (R = iPr, nBu), (S,S)-
R.eddip ligands (R = iPr, iBu, cPe) showed dose-dependent and cell-type specific
activity”“o]. Two examples with representative compounds in comparison to cisplatin
against HCT116 cell lines (mainly higher activity than cisplatin, positive values =
ICso(cisplatin)/ICso(compound)) and U251 (lower activity than cisplatin, negative val-

ues = ICsp(compound)/ICsp(cisplatin) multiplied by —1) are shown in Figure 12.

Viability of compounds on primary fibroblasts and keratinocytes (nontransformed and
non-malignant cells) was minimally disturbed indicating that novel compounds are
significantly less toxic to normal than tumor cells. The compounds
[(S,S)-H2ocPe2eddip]Cl, and Pt8—Pt15 did not affect the increasement of lactate dehy-
drogenaze (LDH) in culture supernatant (extracellular surrounding) of cisplatin-
resistant colon carcinoma HCT116 cell line indicating that necrosis is not the primary
mode of action of these derivates. On the other hand, increased percentage of au-
tophagosomes was detected in the cytoplasm after treatment. Autophagic cell death
induced with Pt8, Pt11 or Pt15 contributes to decrease of HCT116 cell viability. Addi-
tionally, by simultaneous treatment of HCT116 with mentioned compounds and inhibi-
tor of autophagy (3-methyladenine) cell viability was partly restored. Cell cycle analy-
sis showed mainly substantial subG accumulation. In accordance to elevated subG
compartment the presence of typical apoptotic cells with shrinkage of nucleus and

apoptotic bodies upon the treatment with all tested drugs were microscopically visual-

ized.
HCT116 U251
m[(S,5)-Hz cPegeddip]Clp
mPt8
mPt9
Pt10
mPt11
Pt13
EPt14
5 0 5 10 "PUIS 10 5 0 5 10
< = > < = >
cisplatin cisplatin

Figure 12. Relative cytotoxicity of ligand precursor and platinum(ll/I\V) complexes
on HCT116 and U251 cell lines.
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Furthermore, high activation of caspase 3 was observed, with exception in case of
[(S,S)-HocPezeddip]Cly. Parallel treatment with compounds and pan-caspase inhibitor
ZVAD resulted in a significant recovery of cell viability in cultures exposed to all com-
pounds except [(S,S)-H.cPe2eddip]Cl, confirming the key role of caspases in apopto-
sis triggered by these drugs. In summary, compounds induced apoptosis as dominant

mode of cell death.

Reactive oxygen and nitrogen species were generated in HCT116 cells when treated
with investigated compounds, but by cotreatment with compounds and antioxidant (N-
acetylcisteine) cell viability was not significantly restored (exception compound Pt15)
indicating that regardless of intensive oxidative stress, ROS and RNS are not major

mediators of drug toxicity.

Platinum complexes with (S,S)-R,eddch ligands

Cytotoxicity of the first synthesized compounds, Ptl and Pt2, might be increased by
introducing more lipophilic group (CH.Cy) in amino acid backbone®”. As discussed in
previous Section (page 20), also here the compounds showed dose-dependent and
cell-type specific activity. The highest activity was observed against U251 cell line and
the mechanism of action of the two most potent compounds, ligand precursors and
platinum(lV) complexes will be discussed here. Compared to previous platinum(lV)
compounds (page 20), these complexes expressed higher activity against U251 cell
line. The highest relative cytotoxicity is obtained in case of B16 cell line and is given

in Figure 13.

U251 B16

[(S,S)-HoEtpeddch]Cly
| B[(S,S)-HanPraeddch]Cly
[(S.5)-HonBuzeddch]Cly
m[(S,S)-HanPegeddch]Cl2
mPt24
mP25
B P26
mPt27

-10 -5 0 5 10 -30 -20 -10 0 10 20 30
< = > < = >

cisplatin cisplatin

Figure 13. Relative cytotoxicity of ligand precursors and platinum(IV) complexes
on U251 and B16 cell lines.
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Contrary to cisplatin and platinum(lV) complexes containing R,eddp (R = iPr, nBu)
and (S,S)-Rq.eddip ligands (R = jPr, iBu, cPe), [PY{(S,S)-R.eddch}Cls] complexes
(Pt24—-Pt27) are inducing different mode of cell death. Microscopical examinations
showed differences in the cells after treatment with cisplatin, ligand precursor or cor-
responding platinum(lV) complex (Figure 14).

Explicitly, complexes Pt24—Pt27 induced LDH release and no caspase 3 activation
which is a characteristic of necrotic, rather than apoptotic cell death. Furthermore, it
was found that this class of complexes is not able to bind to DNA and induced G0/G1
cell cycle arrest of the U251 cells. Cytotoxicity of [Pt{(S,S)-R.eddch}Cls] complexes is
correlated with their ability to trigger production of ROS in U251 cells. Using antioxi-
dant agent (N-acetylcysteine) viability was recovered, verifying the role of oxidative
stress in the activity of [P{(S,S)-R.eddch}Cls] complexes.

g (a3 % -3

Figure 14. Microphotographs of the U251 cells treated with cisplatin,
ligand precursor and corresponding platinum(lV) complex, respectively.
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2.2.1.4. Mode of action of Ptl and Pt26 on B16 melanoma cell line

Two platinum(1V) complexes Pt1 and Pt26 with lower and higher lipophilicity, respec-
tively, were compared regarding the mechanism of action on B16 melanoma

[K7;K11] (

cells Figure 15) to prove that structural changes might induce different mecha-

nisms of action on the same tumor cell line.

Both complexes are inducing dose- and time-dependent cytotoxic effects with signifi-
cantly higher activity than cisplatin against B16 melanoma cells. Pt1 affects cell pro-
liferation promoting both apoptotic and necrotic cell death®'", while Pt26 is provoking
necrotic mode of cell death®”). Comparing the I1Cs values of Pt1, Pt26 and cisplatin,
Pt26 is almost 10 times more active than Pt1 and more than 20 times more active
than cisplatin. But on the other hand, the main mechanism of action of Pt26 is the-
induction of necrosis what is the unfavorable mode of cell death and because of that

Pt1 was used for further in vivo investigations.

ICqo [UM] 3.1 29.3 67.0
Pt26 Pt1 cisplatin
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Figure 15. Mechanism of action of cisplatin and [Pt(Rzedda-type)Cl.]
complexes on B16 melanoma cell line.
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2.2.1.5. Ptl versus cisplatin: Enhancement of cytotoxicity and decreasement

in side effects in vivo

The most aggressive and treatment-resistant form of human cancer is melanoma'®®.

Despite recent advances, there is no successful agent in treatment of melanoma pa-
tients beside early surgical resection. Because of that we selected melanoma tumor
model for the first in vivo investigations and Ptl from the [Pt(R.edda-type)Cls] com-
plexes""l. The B16 melanoma tumor cells implanted in C57BL/6 mouse model was
used for the assessment on the potency of the antitumoral activity of Ptl. In parallel,

cisplatin has been used as positive control. From the 11"

day after induction of the
tumor, cisplatin (2 mg/kg) or Ptl (4 mg/kg) was administered to the animals every
second day. Control animals received only PBS. On the 24" day, tumor volume in the
control animal grow up to 2.000 mm?® and the mice were sacrificed. The tumor volume
of control animals and those treated with cisplatin or Pt1 are presented in Figure 16,

left.
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& 2000- . 5 2%
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Figure 16. Tumor volume of B16 infected C57BL/6 mice after treatment with cisplatin
or Pt1 (left) and their nephrotoxicity (right, adapted from K11).

In vivo activity of Pt1 is much higher against melanoma B16 tumor than cisplatin (Pt1:
tumor volume 400 mm?; in cisplatin-treated group 3 animals died). Furthermore, pro-
tein/creatinine index indicates no presence of nephrotoxicity in case of Pt1 (Figure 16,
right). Contrarily, as already known from literature, cisplatin induced a higher pro-
tein/creatinine index indicating as side effect nephrotoxicity. Pt1 is more efficient than
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cisplatin in vitro and in vivo with absence of nephrotoxicity which is described by cis-
platin. Mechanism of tumor destruction is essentially and visually different from cispla-

tin.

2.2.2. Improvement of the antitumor efficacy of titanocene dichloride by

variation of structure

For more information see references K18-K26 (Appendices 6-8).

The aim was to investigate the influence of different substituents on the antiprolifera-
tive activity of the tumor cells'®*%!_Namely, cyclopentadienyl ring was derivatized
with different substituents (see Section 2.1.3.; pages 13, 14). Moreover, variation of
substituent SiR; in ansa-bridge (including Si—>Ge) was succeeded. As further varia-
tion of titanocene dichloride, chlorido ligands were exchanged with various carboxyla-

to or thiolato ligands.

2.2.2.1. Modification of Cp ligand

Various titanocene complexes, Til-Til4, were used in in vitro antitumoral studies
against three different tumor cell lines and normal immunocompetent cells
PBMCK'®2% The aim was to investigate influence of different substituents (cyclo-

pentadienyl ring, SiR; in ansa-bridge) on the antiproliferative activity (Table 1).

Almost all complexes, with exception of Ti8, expressed higher cytotoxicity than refer-
ence compounds [Ti(Cp)2Cly], [Ti(MeCp)2Cly] and [Ti(Cp)XMesSi(Cp)}Cly], but lower
than cisplatin. Complex Ti8 did not express cytotoxic activity (IC5p > 200 uM) against
investigated cell lines. Bulky alkenyl groups bonded to the silicon bridge atom seem
to be responsible for the strong deactivation of the in vitro activity of Til. A marginal
increase of activity was observed for the complex Ti7 with a slightly less bulkier
alkenyl group on the silicon bridge atom. Furthermore, decrease of the activity might
be caused by the presence of a second steric demanding silyl group on the ansa-

bridge (Ti7 and Ti8, see Figure 9, page 13).

In Til0, the presence of alkenyl group, —C(CH3;),CH,CH,CH=CH,, increased in vitro
activity as well as selectivity toward tumor cells. Further derivatization of Ti10 with the

boryl group (Till) decreased in vitro activity as well as selectivity toward tumor cells.
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Exchanging the ansa-bridged silicon with germanium atom (Til—Ti2) led to similar
cytotoxic activity on investigated tumor cell lines. Namely, the silicon analogue ex-
pressed slightly higher activity than germanium bridging atom on Hela, K652 and
Fem-x tumor cells. On the other hand, almost the same activity was found for both
complexes against normal immunocompetent cells PBMC. Thus, it might be assumed

that the bridge atom has no notable influence on the cytotoxic behaviour.

The presence of a tetramethylcyclopentadienyl ring instead of unsubstituted cyclo-
pentadienyl ligand and hydrogen (Ti3) instead of the methyl group bonded to silicon
(Til) has a similar effect on the antiproliferative activity against the tumor cell lines as

substituting the methyl (Til) with an alkenyl group on silicon (Ti6).

Table 1. ICsq [UM]? for 72 h of action of the studied compounds and cisplatin deter-
mined by MTT test.

Compound \ Cell line HelLa K562 Fem-x PBMC PBMC+PHA
[Ti(Cp){(MesSi)Cp}Cl;] >200 >200 >200 >200 >200
Ti8 >200 >200 nd" nd nd
[Ti(Cp)2Cl2] >200 >200 178 £ 5 >200 200 £ 10
[Ti(MeCp)2Cl;] >200 173+6 1994 >200 181+ 4
Ti7 189+ 13 155+ 9 >200 >200 195+ 5
Till 166 + 7 156+5 168*4 >200 >200
Ti2 154 + 4 73 +1 106+5 101+6 83 + 11
Til0 149 + 3 97 +3 134+9 1503 142 +1
Til2 142 16 87 £1 165+9 1464 148 + 1
Til3 139 £ 13 78 £1 191+5 1624 156 £ 7
Til 135+ 6 66 + 6 96 + 4 1127 776
Ti4 117+ 3 884 101+9 8310 82+12
Ti3 10919 50+8 116+ 9 722 872
Tila 107 £ 7 88+4 9017 1055 117 £ 12
Ti6 797 64+9 134118 1401 151 £ 10
Ti9 86+3 66 + 4 99+6 96 +3 1015
Ti5 84 +9 24 +3 8919 55+8 706
cisplatin 44+03 571203 4703 33.6 26+6

#Mean value+SD from three to four experiments.
® nd = not determined.

Derivatisation of cyclopentadienyl ring in Til with Me group (Ti4) yielded almost the
same response of the tumor cell lines as when treated with Til, contrary substitution
with —C(CHj3),CH2CH>,CH=CH> group (Ti5) yielded the compound with the best activi-
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ty against this tumor cell lines (e.g. against K562 I1Cso = 24 £ 3 yM). The complex Ti9,
which has an alkenyl substituent, —C(CH3),CH,CH,CH=CH,, on each cyclopentadi-

enyl ligand, showed lower cytotoxicity against K562 cell line (ca. 2.8 times) than Ti5.

2.2.2.2. Substitution of chlorido with carboxylato or thiolato ligands

Carboxylato complexes Til2-Til4 containing mesitylthioacetato ligands®*" were
found to be better agents for inhibition of cell proliferation than respective reference
complexes [Ti(Cp)2Cly], [Ti(MeCp).Cl,] and [Ti(Cp){Me3Si(Cp)}Cl,] (Table 1). This in-
dicates that the substitution of the chlorido by carboxylato ligands has a positive effect
on the anticancer activity of the studied complexes (ca. 1.5-3 times more active).
Substitution of one H atom on Cp ring with Me or SiMej3 increased antitumoral activity
in the mentioned order. Carboxylato complexes (or their corresponding hydrolysis
products) might either possess higher affinity for the binding to transferrin or albu-
min®®"*® or higher stability in the biological medium, which leads to a more effective
antitumor agent. Worth to be mentioned, the in vitro activity of carboxylato complexes
Til2—Til4 is lower than that reported for oxali-titanocene derivatives®'®. On the
other hand, their activity is comparable to those described for other carboxylatotitani-
um(IV) complexes!'®"1% The structure of complex Ti10 has been modified by substi-
tution of chlorido with mesitylthioacetato (Ti15) or xylylthioacetato ligands (Ti16)?2.
The complexes were found to be more active against tumor cells than titanocene di-
chloride, but, surprisingly, the cytotoxic activity of the carboxylato derivatives was

lower than those of their corresponding titanocene dichloride (Ti10).

Changing both chlorido with two a,a-dimercapto-o-xylene ligands in [Ti(Cp)2Cl,] and
[Ti(MeCp).Cl;] yielded in more in vitro active compounds Til7 and Til8, respectively
(exception Til7 against Fem-x cell line)*%!. Ti18 was found to be more active than
Til7 and comparable in activity with carboxylato complexes Ti12-Til4 against K562

cell line.

Carboxylato complexes Ti19-Ti28 were tested against A2780 ovarian carcinoma cell
line?®1. All complexes are much more active (ICs0 from 40.5 £ 4.4 to 82.1 £ 8.9 yM)
than reference compound [Ti(Cp)2Cl,] (ICs0 = 124.8 + 4.6 uM), but less than cisplatin
(ICso = 0.55 + 0.03 yM) indicating that the substitution of chlorido with carboxylato
ligands leads to a significant increase in cytotoxic activity. The most active com-

pounds Ti25 and Ti26 are found to be inactive against normal fibroblast cells (ICso >
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200 pM) indicating higher selectivity than cisplatin (IC5p = 1.8 + 0.1 uM) between

normal and A2780 cells.

Generally, investigated titanocene complexes were found to be more active against
K562 than against HeLa and Fem-x cells, with exception of Ti8 (not active). Varia-
tions on cyclopentadienyl ring, ansa-bridged silicon atom or anionic ligands have dif-
ferent influence on the viability causing titanocene derivatives to be cell-type specific.
This family of titanocene compounds is highly promising due to appreciable cytotoxic
activity observed toward different tumor cell lines, which is higher than that of
[Ti(Cp)Cl2], [Ti(MeCp)Cly] and [Ti(Cp){MesSi(Cp)}Cly]. Furthermore, cytotoxicity
strongly depends on the structural features of the ligands. In addition, although all the
analyzed complexes are less active than the reference compound cisplatin, a higher
tolerance of relatively high titanium amounts in biological systems may be possible,
pointing toward a potential applicability of the reported titanocene derivatives in can-

cer therapy.

2.2.3. Organotin(lV) compounds
For more information see references K23, K25 and K27-K31 (Appendices 9-11).

The cytotoxic properties of tin compounds have been recognized in 192919194 gnd
they came into sight of potential biologically active metallopharmaceuticals. The or-
ganotin(lV) compounds became very important in cancer chemotherapy regarding
their mechanism of action since they are inducing apoptosis!'®"'"l. However, the
exact mechanism of antitumor action of organotin compounds has not yet been ex-
plored in detail. As contribution for better understanding the action of triphenyl, diphe-
nyl, tetraorganyl, polymeric and anionic organotin compounds have been tested on
various tumor and normal cells(?¥K25K27=K31l 304 on the most promising the mecha-

nism of action have been examined and are discussed herein.

2.2.3.1. Organotin(IV) compounds against cisplatin: cytotoxicity and toxicity

Triphenyl (Sn2-Sn4) and diphenyltin(IV) compounds (Sn5-Sn8) containing different
carboxylato ligands (see Section 2.1.4; pages 14-16) have been studied against tu-
mor Hela, K562, Fem-x and as well as normal healthy periferal blood mononuclear
cells without (PBMC) or with stimulation (PBMC+PHA)?"1. Generally, triphenyltin(IV)
compounds were found to exhibit higher in vitro antiproliferative activity than corre-
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sponding diphenyltin(IV) compounds. Moreover, cisplatin was found to be an agent
less effective than triphenyl or diphenyl(IV) compounds. The most active compounds
from both organotin(lV) families are presented in Figure 17. Corresponding carboxylic
acid was found to be inactive against selected tumor cell lines. Cisplatin expressed
30-112 and 2.8-5.9 less activity than Sn3 and Sn7, respectively. Mostly, organ-
otin(IV) compounds are found to be more selective toward tumors than normal cells in
comparison to cisplatin, especially diorganotin(lV) compounds (e.g. Sn7 selectivity
index >12.7, cisplatin 4.6—7.6).

Much higher activity against the same tumor cell lines induced triphenyltin(IV) com-
pound containing 2,6-dimethoxynicotinato ligand, Sn9*". Also here, the ligand pre-
cursor was found to be inactive (ICso > 200 uM). Compound Sn9 possesses 68—124
higher in vitro activity than cisplatin (e.g. K562 cell line, ICsp: 46 £ 4 nM, Sn9; 5.7 +
0.3 pM, cisplatin).

1000

>200
100

>20>20

K562
1 — WPBMC
4 PBMC+PHA

IC5o [UM]

0.1 —

0.01 —

Sn3 Sn7 DMFUH cisplatin

Figure 17. 1Csp values [uM] of representative triphenyltin(IV), diphenyltin(1V)
compounds and corresponding carboxylic acid (Sn3, Sn7, DMFUHT,
respectively) as well as cisplatin against selected cells.

Contrary to the results obtained with titanocene derivatives'®? (ICs, values in pM
range; see Sections 2.1.3. and 2.2.2.), triphenyltin(IV) compounds bearing cyclopen-
tadienyl derivative substituents (Sn10-Sn13) showed higher in vitro activity (ICso: 37—

351 nM)¥?®. Cyclopentadienyl(triphenyl)tin(IlV) compounds were investigated on

T DMFUH not tested against rested and stimulated PBMC.
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8505C, A253, A549, A2780 and DLD-1 tumor cell lines. Those compounds exhibited
higher in vitro activity than cisplatin (ICso: 0.5-5 pM).

Trigonal bipyramidal configured anionic triphenyltin(lV) complexes containing N-
phthaloylglycinato, N-phthaloyl-L-alaninato and 1,2,4-benzenetricarboxylato 1,2-
anhydride ligands (Sn14-Sn16) were tested against 8505C, A253, A549, A2780,
DLD-1, 518A2, SW1736, MCF-7, HT-29 and FaDu tumor cell lines™**"%®. The am-
monium salts of used acids are not active against investigated cell lines (IC5o > 100
pMM). Compounds expressed high activity against cell lines with lower ICsy values
(0.09-0.49 pM) than cisplatin (0.55-5.14 pM). The most active compound Sn14 was
found to be 50 times more active than cisplatin. Small structural changes on Sn14,
replacement of H atom with Me group yielded the less active compound Sn15. The
compounds preferably induce the death of the tumor cells compared to normal fibro-
blasts.

Polymeric organotin(lV) compounds (Sn17 and Sn18) expressed higher activity!*°!

than titanocene compounds containing same ligands, xylylthioacetic or mesitylthio-
acetic acid (Ti12-Ti16)?"¥?2 relatively to cisplatin. Sn17 and Sn18 were tested
against 8505C, A253, A549 and DLD-1 tumor cell lines. Thus, similar antiproliferative
activity of those compounds was found (ICsp: 0.081-0.178 pM) with exception of
DLD-1 cell line (ICsp: 0.060 + 0.001 / 0.178 + 0.002 puM, Sn17/Sn18). However,
stronger cytotoxicity of Sn17 and Sn18 over cisplatin (ICso: 0.8-5.1 uM) was determi-

nated.

Commonly, triphenyltin(IV) compounds are superior in the activity than diorganotin(1V)
compounds, on the other side, cisplatin possesses lower activity than both triphenyl-
and diorganotin(IV) compounds. Contrarily, dimethyltin(IV) (Sn19) and trimethyltin(IV)
compounds (Sn20), known as very poisonous, expressed an activity that is at least
two times lower than cisplatin, but higher than titanocene derivatives containing the

same thiolato or carboxylato ligands (Til7, Til8 or Ti29-Ti31).

2.2.3.2. Organotin(lV) compounds and mode of action on the tumor cells

Snl4 was found very active against cisplatin-resistant cell line DLD-1 and was used
further for mechanistical studies on the mentioned cell line (Figure 18)¥*°. Sn14 is

causing cell cycle perturbations shrinking the number of the cells in G1 and G2/M
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phases (46 and 40%, respectively) associated with the increase of apoptotic cells in
Sub-G1 phase. The compound Sn14 was found to induce apoptosis faster than cis-
platin within 6 h of action, but provoke a different apoptosis pathway. Cisplatin is acti-
vating mitochondrial (intrinsic) and cell death receptor apoptosis pathway. On the
other hand, Sn14 is inducing only the activation of cell death receptor apoptosis

pathway on DLD-1 cell line.
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Figure 18. Induction of apoptosis by Sn14 on DLD-1 cell line.

2.3. Conclusions

Different platinum(ll), platinum(1V), palladium(ll), titanium(lV) and tin(IV) compounds
were synthesized and characterized. Platinum(ll), platinum(lV) and palladium(ll),
complexes were obtained in the reaction of chloridoplatinates and chloridopalladates
with respective ligand precursors. Titanium(lV) and tin(IV) compounds were obtained

under inert conditions using different titanocene or organotin(lV) starting compounds
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and various ligands. The constitution of the compounds has been proven by ele-
mental analyses. The structure of the compounds has been determined using multi-
nuclear NMR and IR spectroscopies, mass spectrometry as well as for some com-

pounds with X-ray structural analyses.

Structure—activity relationships for Ryedda-type ligand precursors, platinum(ll), plati-
num(lV) and palladium(ll) complexes expressed some correlation. Substituent R,
metal center (platinum, palladium) as well as the oxidation state [platinum(ll) vs. plati-
num(IV)] remarkably influence the antitumoral activity. Mostly, the activity is increas-
ing in the following order: Ryedda-type ligand precursors < palladium(ll) complexes <
platinum(ll) complexes < platinum(lV) complexes. Within each group of compounds
the activity is increasingly depending on ligand lipophilicity. Namely, the more lipo-
philic the ligand, the higher the cytotoxicity that is observed. Deviation from these
findings are observed against chronic lymphocytic leukaemia cells, where platinum(ll)
complexes were found to be the most effective, followed by palladium(Il) and plati-
num(lV) complexes. Investigations on non-malignant cells indicate that those com-

pounds are significantly less toxic.

The biological activity of platinum(lV) complexes involves in most cases their reduc-
tion because platinum(lV) complexes might not bind directly to DNA or other biologi-
cal targets, in contrast to their platinum(ll) counterpairs!'®®. Whereas in some cases
binding of platinum(lV) to DNA or DNA fragments was proved®"%11,
[Pt(R.edda)Cls] complexes are expected to be stable enough in biological milieu simi-
lar to satraplatin, revealing their therapeutic potential for oral application. A higher
antiproliferative effect of platinum(lV) complexes compared with corresponding plati-
num(ll) complexes leads to the assumption that platinum in higher oxidation state in
[Pt(R.edda)Cls] complexes could have some additional in vitro activity. On the other
side, similar redox potential to satraplatin, which is in vivo reduced to platinum(ll)
species?® indicates that these complexes act as prodrugs. Thus, it is therefore likely
that [Pt(R.edda)Cls] complexes require in vivo reduction to the kinetically more labile,

and therefore reactive, platinum(ll) species.

[Pt(R.edda)Cls] complexes are inducing dose-dependent and cell-type specific in vitro
activity. The key role of platinum complexes containing Rzeddp or (S,S)-Rzeddip lig-

ands (from the group of Pt6—-Pt15) in cell death of HCT116 cells is triggering the
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caspase-dependent apoptotic pathway (e.g. Pt8, Ptll or Pt15). Also, those com-
pounds are causing intensive oxidative stress and autophagy in HCT116 cells. These
series of platinum(lV) complexes are found less active against human glioblastoma
U251 or mouse malignant melanoma B16 cell lines than other complexes containing
(S,S)-Rzeddch ligands (Pt24—Pt27). Cell death induced by compounds Pt24-Pt27 is
related to induction of the reactive oxygen species with characteristic signs of necrotic

pathway.

Complex Pt26 possesses greater in vitro inhibition in direct comparison with Ptl
against melanoma B16 cell line. Furthermore, both complexes are more active than
cisplatin by factor 2 (Pt1) and 10 (Pt26) against same cell line. On the other hand, the
greater advantage of Ptl over Pt26 is the induction of the favoured mode of cell
death — apoptosis. Preferably, the in vitro properties of Ptl against cisplatin resistant
B16 cell line, reflected in higher antitumor activity and higher selectivity toward tumor
cells in comparison with cisplatin as well as induction of apoptosis, gave a promising

candidate for further in vivo investigations.

Upon treatment of synergic C57BL/6 mouse model, in which the tumor was devel-
oped by implanting B16 melanoma cells with Pt1, some benefits were noticed. Thus,
the tumor volume was reduced by 75% in comparison to control. On contrary, during
in vivo investigations with cisplatin 3 animals died because of intoxication. Additional-
ly, animals treated with Pt1 did not show nephrotoxicity signs in contrast to cisplatin—
treated animals. Along with improved antitumor activity and less side effects (such as
nephrotoxicity) compared to cisplatin, complex Ptl represents the encouraging start-
ing point for an upcoming exploration of this type of platinum complexes in cancer
treatment. Although the present results show a significantly increased efficacy of Pt1
in suppressing the growth of B16 tumor cells in vivo compared with cisplatin, it should
be pointed out that the treatment of synergic C57BL/6 mouse model with Ptl did not
result in the complete suppression of the tumor cells with the dose and schedules
used in this study.

Titanocene and ansa-titanocene complexes are mainly (exception Ti8, not active)
more active against human myelogenous leukaemia K562 than against human ade-
nocarcinoma HelLa or malignant melanoma Fem-x cell lines. In vitro cytotoxic activity

can be altered by modifying the cyclopentadienyl ring, substituents on silicon atom
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(substitution pattern at ansa-bridge) or anionic ligands in the titanocene/ansa-
titanocene dichloride complex. Titanocene derivatives are found to be cell type-
specific. A modifying structure of the reference compounds [Ti(Cp)2Cly],
[Ti(MeCp).Cl>] and [Ti(Cp){MesSi(Cp)}Cl,], promising derivatives with regard to con-
siderable cytotoxic activity, higher than that of reference compounds toward different
tumor cell lines, were obtained. Due to the better tolerance of titanium(lV) over plati-
num(ll) in the biological system and despite less antitumoral activity of titanium(IV)
derivatives than cisplatin, these compounds seem to have a potential applicability in

cancer therapy.

From organotin(lV) compounds, tetraorgano- and mononuclear or polynuclear tri-
phenylstannanes (Sn2-Sn4, Sn9-Snl18) have been found as the most cytotoxic
agents. Their superiority over diphenyl- (Sn5-Sn8), dimethyl- (Sn19) or trimethyl-
tin(1V) (Sn20) resulted mainly in 1Cso values in nM range, while compounds of other
metals exhibited activity (ICso) in mM range only. On the other hand, diphenyltin(V)
compounds showed greater selectivity toward normal and cancer cells. However, or-
ganotin(lV) compounds (with exception of compounds containing methyl groups,
Sn19 and Sn20) possess higher in vitro activity than cisplatin (ICsp cisplatin/ICso Sn9
= 68-124). In direct comparison of organotin(lV) compounds and titanocene deriva-
tives bearing the same ligand pattern in the light of anticancer activity superiority be-

longs to organotin(lV) compounds.

Further studies revealed that Sn14 is causing apoptosis in cisplatin-resistant colon
carcinoma DLD-1 cell line in a different mode than cisplatin. Sn14 is affecting cell

death receptor, while cisplatin affects mitochondrial apoptosis pathway.
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Two different approaches were performed: a) incorporation of a water-insoluble plati-
num(ll) complex into liposomes and b) functionalization of mesoporous silica with

metal compounds (titanocene derivatives and organotin(lV) compounds).

3.1. Preparation of nanomaterials

3.1.1. Liposomal formulation of THP-C11

For more information see reference K32 (Appendix 12).

Formulation of a novel liposome delivery system formed from Lipoid S 75 and 2-[4-
(tetrahydro-2H-pyran-2-yloxy)-undecyl]-propane-1,3-diamminedichloridoplatinum(ll),

THP-C11 has been performed (Figure 19). Liposomes were prepared by convention-
al well-established lipid film method!''. The crude suspensions were extruded
through polycarbonate membranes with 400 and 100 nm pore sizes. The LipoTHP-
C11 was characterized by light microscopy, dynamic light scattering and asymmet-
rical flow field—flow fractionation. The size of the liposomes in LipoTHP-C11 was
around 125 nm and for empty liposomes 118 nm. Stability studies showed that the

new formulation was stable at 4 °C for more than two months.

L N
New _.Cl
= v\ D
0 O’\N\/\/\/_<:N/Pt-..._.c| A
A H,

B C -

Figure 19. THP-C11 (A), empty (B) and loaded liposomes (LipoTHP-C11, C).
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3.1.2. Mesoporous silica grafted with titanocene derivatives and organotin(lV)

compounds

For more information see references K33—-K37 (Appendices 13, 14).

MCM-41 was prepared according to the method of Landau et al. using a hydrothermal
crystallization!""®. SBA-15 was prepared using a poly(alkaline oxide) triblock copoly-
mer surfactant in an acidic medium, according to the method of Zhao et al.l'"! SBA-
15p was prepared by functionalization of SBA-15 particles by covalent grafting with 3-
chloropropyltriethoxysilane (CPTS). A solution of the metal compound was added to
dehydroxylated mesoporous silica (MCM-41, SBA-15 or SBA-15p). The novel nano-
materials (classified according to the literature!'™""®: Figure 20) were characterized
by powder X-ray diffraction analyses, X-ray fluorescence analyses, nitrogen gas sorp-

tion, multinuclear MAS NMR spectroscopy, SEM and TEM analyses.

Figure 20. Mesoporous silica functionalized with metal compounds.

3.2. Biological activity of novel materials containing metal compounds

In recent years, nanomedicine (applied nanotechnology in medicine) has gained in-
creasing attention, exclusively in treatment and diagnosis, monitoring, and control of
biological systems!"'”.. Within possible applications of nanomedicine the most promi-
nent position deserves the use of various nanomaterials as drug delivery vehicles for
RNA/DNA and imaging agents. The purpose of using nano-vehicles (liposomes,
mesoporous silica, etc.) is to enhance the in vivo effectiveness of drugs (e.g. those
with low solubility, availability, low selectivity). Liposomes as well as mesoporous sili-

ca were used as drug carrier within this study™ 2,
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3.2.1. Liposomes as drug carriers for water-insoluble platinum based drugs

For more information see reference K32 (Appendix 12).

From the recent in vitro experiments was found that THP-C11, platinum(ll) com-
pound, is very active against testicular germ cell tumors (TGCT). Namely, THP-C11
is able to overcome cisplatin resistance in TGCT cells!"®. But the main limitation for
examinations and consideration as potential antitumoral drug is the solubility of THP—
C11. Namely, insolubility in water, but solubility in chloroform and dimethylformamide
make this candidate not suitable for in vivo experiments even at a very low nonhepa-
totoxic dose of dimethylformamide!’™. It has been shown that structural variations
[shorter spacer between THP and cis-dichloridoplatinum(ll) fragment, e. g. (CH>)4] led
to in vitro deactivation of the THP-C11 (Figure 19)"'®.. Thus, should be evaluated will

liposomal formulation of the THP—C11 overcome this problem.

3.2.1.1. Liposomal cytotoxicity

At first, the liposomal formulations (empty and LipoTHP-C11, Figure 19), along with
cisplatin and THP-C11 dissolved in DMF were in vitro tested against cisplatin-
sensitive H12.1 and cisplatin-resistant 1411HP TGCT cell lines®*?, THP-C11 and
also LipoTHP-C11 inhibit growth of the H12.1 and 1411HP TGCT cells faster than
cisplatin within 2 h treatment. Thus, for 50% inhibition of H12.1 and 1411HP cell
growth by 1.4 and 9.3 times lower concentration, respectively, of LipoTHP-C11 (5.0
and 3.5 yM) than cisplatin is needed. After 96 h of action, LipoTHP-C11 expressed
higher cytotoxicity than cisplatin (2.1 vs. 2.8 yM) on cisplatin-resistant 1411HP TGCT
cells. The cytotoxicity of LipoTHP—-C11 formulation is caused by the presence of the

THP-C11 since liposomes alone are not active.

To assess the cytotoxicity against several other cells lines from different histogenical
tumors, empty and LipoTHP-C11 liposomal formulations as well as cisplatin and
THP-C11 dissolved in DMF were tested against 518A2 (melanoma), A549 (lung car-
cinoma), HT-29 (human colonic adenocarcinoma), MCF-7 (human breast adenocar-
cinoma) and SW1736 (human anaplastic thyroid carcinoma)®*2. Also here should be
mentioned that liposomes alone did not show activity against investigated cell lines.
Alone THP-C11 showed better activity than cisplatin against MCF-7 and SW1736
(0.5/2.0 uM and 1.2/3.2 pM, respectively), comparable against 518A2 and A549 (1.3—
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1.5 uM), but lower on colonic adenocarcinoma HT-29 (1.2 vs. 0.6 yM). LipoTHP-
C11 had similar inhibition rates as THP-C11 on A549 and SW1736. Contrarily,
against 518A2, HT-29 and MCF-7 (2.0-2.5 pM) cell lines LipoTHP—-C11 was found to
be less active than THP-CL11. In direct comparison with cisplatin, LipoTHP-C11 was
found to be 2.6 times more active against anaplastic thyroid carcinoma SW1736 (1.1
puM), but similar activity against A549 and MCF-7 was observed. Lower activity than
cisplatin was found when 518A2 and HT-29 cell lines were treated with
LipoTHP-C11.

3.2.1.2. Liposomal toxicity

Furthermore, toxicity of the liposomal formulations as well as THP—C11 and cisplatin
on fibroblast normal cells (NF) has been determined (ICsp: 2.1 £ 0.3 uM, THP-C11;
1.8 £ 0.1 pM, cisplatin; 3.4 + 0.8 uM, LipoTHP-C11)X*?. Only in the case of HT-29
cell line higher selectivity of cisplatin than LipoTHP-C11 and THP-C11 has been
observed (selectivity indices: 2.9 vs. 1.2 and 1.8, respectively). LipoTHP-C11 and
THP-C11 expressed higher selectivity than cisplatin on other tumor cell lines than to
fibroblasts (exception 518A2: LipoTHP-C11 and cisplatin exhibited comparable se-
lectivity). Cisplatin showed higher affinity to kill normal than SW1736 tumor cells, but
in case of LipoTHP-C11 (selectivity index: 2.8) and THP-C11 (selectivity index: 1.8)

the highest selectivity was found.

With this study, it is shown that for water-insoluble potential drugs an alternative than
structural variation, namely, liposomal formulation might be very usefull for the further
consideration in in vivo testings, which are on the way under present investigations.
This liposomal formulation of water-insoluble antitumor agents may retain both cyto-
toxic and toxic properties avoiding usage of solvents not allowed for in vivo experi-

ments.

3.2.2. First steps in nanostructured mesoporous materials as anticancer drug

carrier vehicles
For more information see references K33-K37 (Appendices 13, 14).

Unique features (ordered pore network, surface silanol groups that can be functional-

ized, high-pore volume and high-surface area) make mesoporous materials excellent
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candidates for controlled drug—delivery systems!’®.. An intensive research has been
carried out, mainly focussing on their possible application as carriers for the delivery
of ibuprofen, nitrofurazone and gentamicin. Modification of mesoporous materials by
the adsorption of some organic compounds led to the development of new biomateri-

als with cytotoxic application against human cancer cells!'?°!,

3.2.2.1. Nanostructured mesoporous materials grafted with titanocene

derivatives
Novel research evaluates the cytotoxic activi- =
ty of new materials®®* functionalized with
2
[Ti(°>-CsHs)2Cl] ~ (MCM-41M1),  [Ti(n® RN @
CsHs)(n®-CsHaPr)Cly]  (MCM-41M2),  [Ti(n® %/ Cl

CsHs)(n°-CsHsBU')Cl]  (MCM-41M3)  and

[Ti(n>-CsHs){n°-CsHs(SiMes3)2}Cla] (MCM-
[K34]

R'=R’=H M1
R'=iPr R2=H M2
R'=tBuR?=H M3
R' =R? = SiMe; M4

41M4) complexes (Figure 21)

The mesoporous material MCM-41 is not ac-

tive against the studied human cancer cells Figure 21. Titanocene derivates
(see Table 2). On the other hand, surfaces grafted on MCM-41.
functionalized with titanocene derivatives, MCM-41M1-MCM-41M4, were active to-
ward human cancer cell lines, such as adenocarcinoma HelLa, human myelogenous
leukaemia K562 and human malignant melanoma Fem-x. Modification of MCM-41
material by grafting with titanocene complexes led to a cytotoxic activity of modified
surfaces being relatively higher to that reported previously for mesoporous materials

modified with organic drugs!'?%.

The cytotoxicity of the materials MCM-41M1-MCM-41M3 was very similar on all the
studied cancer cells, however, MCM-41M4 showed Ms, values that indicate the high-
est activity of all the studied materials, being two to three times more cytotoxic than
MCM-41M1-MCM-41M3. The similar tendency was observed when the metal com-
plexes M1-M4 were analyzed, indicating that the cytotoxicity of the studied materials
may be due to the release of the corresponding metal complex and is probably not

due to the particle action.
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Table 2. Cytotoxicity values MCsy*/ICso of the titanocene derivates and corresponding
functionalized materials against HeLa, K562, Fem-x, unstimulated and stim-

ulated PBMC.
Cell line Hela K562 Fem-x PBMC-PHA PBMC+PHA
Sample MCso [Mg/ml]
MCM-41M1 897 + 21 874 +42 977 £ 63 >1000 670 + 68
MCM-41M2 821 + 98 974 + 46 888 + 4 >1000 927 + 73
MCM-41M3 751 + 88 723 £ 90 844 + 34 >1000 77972
MCM-41M4 511+ 78 218 £ 23 515+ 16 31372 3057
MCM-41 >1000 >1000 >1000 nd? nd

|Cs0 [UM]

M1 >200 >200 1777149 >200 >200
M2, M3 >200 >200 >200 >200 >200
M4 15.3 10.5+1.9 59.8+4.1 10.5+ 2.0 8.2+0.8

@ nd = not determined.

3.2.2.2. Material and content-dependence on the final cytotoxicity of

nanostructured mesoporous materials

Furthermore, titanocene(lV) complexes presented on Figure 22 have been used for
the functionalization of the MCM-41 and/or SBA-15 mesoporous silica*®*. It was ob-
served an increase of the functionalization rate (with ca. 3% wt Ti) by the incorpora-
tion of thiolato ligands with —Si(OMe); or —Si(OEt)3; groups in their structure. As men-
tioned above, unmodified MCM-41 is not active against the studied human cancer cell
lines; the functionalized surfaces MCM-41M5 and MCM-41M6 were active (Table 3).

OR
/OR /
@ ..... S X Gl TN Cl

R = Me M5 M7 M8
Et M6

Figure 22. Titanocene derivates grafted on MCM-41 (MCM-41M5-MCM-41M8) and
on SBA-15 (SBA-15M7 and SBA-15M8).

* Quantity of material in pg/ml needed to inhibit normal cell growth by 50%.
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Table 3. Cytotoxicity values, MCsp [ug/ml], of the MCM-41 and SBA-15 functionalized
materials against HeLa, K562, Fem-x, unstimulated and stimulated PBMC.

Cell line

Sample HelLa K562 Fem-x PBMC-PHA  PBMC+PHA
MCM-41M5 743+44 78419 63151 >1000 >1000
MCM-41M6 685+60 704+30 573+76 >1000 >1000
MCM-41M7 912+10 683+50 55577 >1000 >1000
SBA-15M7 508 +63 338+18 328+ 18 >1000 457 + 40
MCM-41M8 861+18 536 +51 464 +52 >1000 918 + 130
SBA-15M8 671+48 456+36 309 +42 >1000 934 + 178
SBA-15 >1000 >1000 >1000 nd® nd
MCM-41 >1000 >1000 >1000 nd nd

@ nd = not determined.

The cytotoxicity of MCM-41M5 and MCM-41M6 was very similar on all the studied
cancer cells, however, MCM-41M1 (1.1% wt Ti) showed MCsy values that indicated
the lowest activity of all the analyzed materials on all the studied cells. Thus, a clear
dependence of the titanium content of the functionalized MCM-41 on the cytotoxic

activity on human cancer cell lines has been reported*°.

Modification of materials MCM-41 and SBA-15 by grafting with titanocene complexes
M7 and M8 led also to active materials when compared with unmodified ones. Sur-
faces SBA-15M7 and SBA-15M8 are the most active on all the human cancer cells. It
was observed a slight selectivity of material SBA-15M8 between tumor and normal

human cells.

3.2.2.3. Proposed mechanism of action of nanostructured mesoporous materi-

als grafted with titanium(lV) complexes

Two reasonable mechanisms of action of the novel materials are shown in Figure 23.
Nanoparticles may enter the cell by endocytosis!'?"'??! and inside the cells release of
the titanocene derivative (or their hydrolysis product) may follow. On the other hand,
in the extracellular matrix from the nanomaterials a leaking of the titanocene deriva-
tive (or its hydrolytic product) may occur. Both mechanisms are plausible and seem to

occur (vide infra 3.2.2.6). In the extracellular matrix, after release and hydrolysis of
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supported titanocene complexes, titanium hydrolytic species may reach the cells as-

sisted by the major iron transport protein transferrin['2*-12°],

Endosome action may release titanium hydrolytic species, which assisted with aden-
osine-5'-triphosphate (ATP), would reach the DNA in the cell nucleus (Figure 23)!'*"],
However, DNA seems to be the biological target of titanium hydrolytic species re-
leased by these materials!'?®~"*%!. The activity of grafted nanostructured mesoporous
materials with titanocene derivatives might be related to that suggested for titanocene

complexes in solution.
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Figure 23. Possible mechanism of action of mesoporous silica grafted
with titanocene derivatives.

3.2.2.4. Nanostructured mesoporous materials grafted with organotin(lV)
compounds

Inspired by the recent results, on one hand, with mesoporous nanomaterials grafted

with titanocene compounds, and on the other hand, with in vitro cytotoxicity and se-

lectivity of organotin(lV) complexes, preliminary investigations on functionalized
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SBA-15 materials grafted with 3-(triphenylstannyl)propan-1-ol (M9, Figure 24) were
performed (SBA-15pM9)"*"l. Furthermore, 6-(triphenylstannyl)hexan-1-ol (M10, Fig-
ure 24)%*"! was prepared as well as grafted on modified SBA-15 mesoporous nano-

materials (SBA-15pM10) and used for further in vitro and in vivo investigations.

9 Y

Sn/\/\OH Sn/\/\/\/OH
M9 M10

Figure 24. 3-(Triphenylstannyl)propan-1-ol (M9) and
6-(triphenylstannyl)hexan-1-ol (M10) compounds.

3.2.2.5. Cytotoxicity of nanostructured mesoporous materials grafted with

3-(triphenylstannyl)propan-1-ol

Mesoporous nanomaterial SBA-15 was first functionalized with 3-chloropro-
pyltriethoxysilane (SBA-15p) and then grafted with compound MO In the first anti-
tumoral experiments, the in vitro antiproliferative activity of M9 as well as nanomateri-
als was investigated against two cisplatin-sensitive A549 (lung carcinoma) and A2780
(ovarian cancer) and one cisplatin-resistant DLD-1 (colon carcinoma) cell lines. Both,
SBA-15 and SBA-15p, were found inactive. Compound M9 and nanomaterials SBA-
15pM9 exhibited dose-dependent activity and their cytotoxic results are presented in
Table 4.

Table 4. Cytotoxicity values on A549, DLD-1 and A2780 of the organotin(IV) com-
pound M9 and functionalized materials. Given are values for M9: ICsp in uM;
nanomaterials: Msq in pg/ml; M9?: ICs0 in nM.

Compound/Material A549 DLD-1 A2780
M9 (molecular compound) 3.80 £ 0.01 3.67 £ 0.01 277 +£0.01
SBA-15pM9 6.81 £ 0.09 9.73+0.23 7.16 £1.42
M9? (grafted compound) 0.25 0.36 0.26
Cisplatin 1.51+£0.02 514+ 0.12 0.55+0.03
SBA-15p > 500 > 500 > 500
SBA-15 > 500 > 500 > 500

@ Recalculated from Sn quantity grafted on SBA-15p (experimental value).
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3. NANOMATERIALS AS DRUG CARRIERS

M9 was found to be more effective against cisplatin-resistant cell line DLD-1, but low-
er activity was observed in case of cisplatin-sensitive A549 and A2780 cell lines.
Astonishingly, cytotoxicity of the SBA-15pM9 was found much higher than that of ti-
tanocene derivatives grafted on SBA-15 or MCM-41.

3.2.2.6. Mechanism of action of SBA-15p grafted with
3-(triphenylstannyl)propan-1-ol

For answering questions related to mechanism of action, metal uptake study was per-
formed™®"!. The A2780 cells were treated with M9, SBA-15p and SBA-15pM9 and
the cells were subjected to tin and silicium content determination. Proposed mecha-

nism is shown in Figure 25.

H,O o

- N
release of
organotin species

cell death
receptor

-

release of
organotin

Kecies

Figure 25. Proposed mechanism of action of SBA-15pM9 on A2780 cell line.
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The compound M9 enters the cell in high concentration (tin uptake: 440 ppm). The
cells treated with SBA-15p showed more than tree times higher uptake of silicium
(1500 ppm), while SBA-15pM9, even higher than SBA-15p (1900 ppm), strongly con-
firms that the nanomaterials are entering the cells. Furthermore, tin uptake experi-
ment from the cells treated with SBA-15pM9 (tin content: 120 ppm) indicates disa-
greement between the expected amount of tin (83 ppm, recalculated from tin content
in SBA-15pM9) for around 30%. Thus, the release of M9 from SBA-15pM9 also oc-

curs in extracellular matrix and free M9 is entering the cell.

M9 and corresponding grafted nanomaterial are found to induce apoptotic mode of
cell death (acridine orange/ethidium bromide assay) by inducing activation of caspase
initiators 2, 8 and 9 as well as caspase executor 3 within 2 h of action, thus affecting

cell death receptor and mitochondrion.

3.2.2.7. Cytotoxicity of nanostructured mesoporous materials SBA-15p grafted
with 6-(triphenylstannyl)hexan-1-ol

Organotin(IV) compound M10, corresponding grafted mesoporous SBA-15pM10 and
precursor material SBA-15p were tested for cytotoxic activity against melanoma B16
cell line by MTT and CV tests (48 and 72 h; Figure 26)¥*. MTT assay measures mi-
tochondrial respiration and CV DNA content in the cell. As shown in previous studies
on A2780 cell line (see 3.2.2.5) it was also found that SBA-15p is inactive against
melanoma B16 cell line. The proliferation of the B10 cells upon the treatment with
M10 or SBA-15pM10 displayed a dose-dependent manner (Figure 26).

By examination of the ICs, values obtained from MTT and CV tests for M10
disagreement between these two assays can be observed (ICso: 20 uM, MTT; 40 uM,
CV) indicating disturbance of mitochondrial respiration followed by reduction of cellu-
lar viability. B16 cells treated with SBA-15pM10 showed quite good agreement be-
tween this two assays (ICsp: 2.0 pg/ml, MTT; 2.6 ug/ml CV). In this case, mitochondri-
al respiration is not targeted by SBA-15pM10 and decrease of cell respiration is in
correlation with number of viable cells. Both M10 as well as SBA-15pM10 are strong-

er cytotoxic agents than cisplatin (ICs: 67 pg/ml, MTT; 65 ug/mi CV).
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Figure 26. In vitro cytotoxicity of M10, SBA-15p and SBA-15pM10 against
mouse melanoma B16 cell line. The data are presented
as mean from three independent experiments.

3.2.2.8. Thefirstin vivo study of nanomaterials grafted with
6-(triphenylstannyl)hexan-1-ol

Melanoma tumor model was developed by inoculating B16 cells in syngeneic

C57BL/6 mice and treatment was started when tumors were palpable (Figure 27)7.

Mice were divided into four groups: 1. Control — received PBS; 2. SBA-15p — 8

mg/kg; 3. Cisplatin — 4 mg/kg; 4. M10 — 8 mg/kg and 5. SBA-15pM10 — 8 mg/kg

(body weight). Within 28 days (at this time animals were sacrificed), in the control

group the maximum allowed tumor volume developed in 4 of 5 animals.

Comparable tumor volume was observed in the group treated with SBA-15p. In cis-
platin animals group — despite the fact that 2 animals died during the experiment —

other 3 developed high tumor volume. Treatment with M10 slightly diminished tumor
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progression. Oppositely, in animals handled with SBA-15pM10 tumor progression
was almost completely abolished. Therefore, this trial indicated the strong therapeutic
potential of SBA-15pM10.

Urine from tested animals was analyzed regarding possible toxic effects of used
agents. As expected, only animals treated with cisplatin exhibited indications of ne-
phrotoxicity implied with the occurence of eritrocytes and leukocytes in urine. In addi-

tion, the level of the proteins in urin rised.

SBA-15pM10 possesses astonishingly higher activity than cisplatin in vivo eliminating

tumor in syngeneic C57BL/6 mouse without visible side effects.
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Figure 27. Efficiency of M10 and SBA-15pM10 against mouse melanoma in vivo.

3.2.2.9. Mechanisms of antimelanoma action of SBA-15 grafted with
6-(triphenylstannyl)hexan-1-ol

Motivated by results of higly promissing in vivo studies the following step was to de-
termine the mechanism of action of SBA-15pM10 against B16 melanoma cell line
(Figure 28)*71. Melanoma cells treated with M10 as well as with SBA-15pM10
showed notably a higher quantity of hypodiploid cells. SBA-15p did not influence the
distribution of the cells in different phases of cell cycle. Furthermore, M10 and SBA-
15pM10 prompted early apoptosis (double staining by Ann/Pl). On the other hand,

SBA-15p just marginally rised early apoptotic cells. Intense caspase activation was
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detected upon treatment with M10 and SBA-15pM10, but not in SBA-15p treated
melanoma cells. In addition, SBA-15pM10 promoted a strong autophagy manifested
by an increased number of autophagic vesicles. Autophagic response might be under
some conditions dying pathway, but mainly it is the cytoprotective mechanism of the

cells what was the case in treatments of B16 cells with SBA-15pM10.

MCsq [Hg/ml] ICs0 [MM]
MTT 2.0 40 67.0
CVv 26 20 65.0
SBA-15pM10 M10 cisplatin

autophagrc

responss / f

ﬁDNA
fragmentati /
pathway

T

Differenciation
to normal &
melanocytes

[ 1] | i P ,
O )k QOO J cell membrane

Figure 28. Proposed mechanism of action of SBA-15pM10 on B16 cell line.

Morphology of the B16 cells treated with M10 or SBA-15pM10 was remarkably
changed (Figure 29, upper microphotographs). Thus, round melanoma cells are being
transformed into flat cells with enlarged cytoplasm volume accompanied by mem-
brane growth resembling dendrits. All these morphological changes point toward dif-
ferentiation process. Nevertheless, only cells treated with SBA-15pM10 exhibited an
enhanced granularity in cytoplasm implying that differentiation of the melanoma cells
into primary melanocytes occured. Similarly, diazepam and clonazepam (benzodiaz-
epine drugs) are inducing changes in phenotype of B16 cells which are related to the

loss of the malignancy. Upon treatment with those drugs the cells are morphologically

48



3. NANOMATERIALS AS DRUG CARRIERS

changed, the synthesis of melanine increased and activity of y-glutamyl transpepti-
dase (enzyme related to metastatic potential of melanoma tumor) decreased!'*?. Fur-
themore, aloe emodin is also inducing transformation of melanoma B16 cells into pri-
mary melanocytes what is reflected by morphological changes (increase of the cyto-
plasm volume, presence of the high granularity in cytoplasm and membrane dendrits)
as well as increased production of melanin and greater activity of tyrosinase (key en-
zyme in the synthesis of mentioned pigment)!'32-"3],

C’ont’r_(\)l

Figure 29. Differentiation of melanoma cells: Light microscopy microphotographs
(upper), Mayer’s haematoxylin stained cells (lower).
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Likewise, SBA-15pM10 strongly increased tyrosinase activity and raised melanin
quantity in the cells. All these findings verified the assumption that enriched granulari-
ty is the result of the upregulated melanin synthesis. Additionally, numerous melano-
somes (vesicular structures) and enriched quantity of melanin were found in treated

cells (Figure 29, lower microphotographs).

SBA-15p or organotin(lV) compound M10 did not affect the cell proliferation as strong
as grafted SBA-15p with M10 (SBA-15pM10)"*%. Thus, the novel materials exhibited
more than the synergic sum of the cytotoxicity of the organotin(lV) compound and
nanomaterial. Even preferred in the mechanism of action of antitumoral drugs, apop-
tosis may trigger “compensatory proliferation of surrounding cells initiating regenera-

tion of tumor!™®

. Initially, SBA-15pM10 is inducing apoptosis, but in the survived
clones, which might develop resistance, stimulate an opposite process to malignant
transformation namely cell differentiation. This reversion to normal phenotype is high-
ly compatible with the surrounding tissue and presents the most appropriate and safe

way of drug action.

3.3. Conclusions

Liposomal formulation LipoTHP-C11 was prepared from Lipoid S 75 and THP-C11.
Characterization was performed by light microscopy, dynamic light scattering and
asymmetrical flow-field—flow fractionation determinating the size around 125 nm.
Mesoporous silica (MCM-41 and SBA-15) were grafted with titanocene derivatives
as well as (SBA-15) with organotin(IV) compounds. The novel materials were charac-
terized by powder X-ray diffraction analysis, X-ray fluorescence analysis, nitrogen gas
sorption, multinuclear MAS NMR spectroscopy, SEM and TEM analyses.

Using two different approaches, liposomes for water-insoluble potential platinum-
based drug and mesoporous silica for nonplatinum-based agents, new strategies
were achieved in terms of fight against cancer. The basic research gave some per-
spectives in retaining or, in some cases, in increasing the antitumor activity by using

drug delivery vehicles.

Rather than searching for structural analogues which usually led in in vitro deactiva-

tion of potent antitumoral drug (THP-C11), as alternative, formulation of water-soluble
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nanoparticles is shown to be a promising strategy. LipoTHP-C11 retained quite well
time-dependent cytotoxic property and slightly less final cytotoxicity of water-insoluble
platinum(ll) complex THP-C11. The total cytotoxicity of LipoTHP-C11 is only due to
the presence of THP-C11, since liposomes alone are not cytotoxic. On the other
hand, toxic effect of the compound was reduced in liposomal formulation by 50%. Ad-
ditionally, it is demonstrated that liposomes can be successfully used for delivery of
water-insoluble anticancer drugs, such as THP-C11, to tumor cells in in vitro condi-
tions. LipoTHP-C11 is particularly effective against human anaplastic thyroid carci-
noma SW1736 cell line.

The second approach of using mesoporous silica as drug shuttle contributes to the
development of a totally new field within antitumor carrier species. Initial research
concerning mesoporous silica gave unexpected results. Thus, materials resulted from
functionalization of MCM-41 or SBA-15 mesoporous silica with titanocene derivatives
showed an increase in in vitro antiproliferative activity. Notably, carrier molecules do
not possess any cytotoxicity against neither tumor nor normal cells. As shown for ti-
tanocene derivatives (T1-Til8), also novel nanomaterials are more active against
human myelogenous leukaemia K562 than human adenocarcinoma HelLa or malig-
nant melanoma Fem-x cell lines. Cytotoxic activity depends on the quantity of grafted
titanocene derivative on MCM-41, the higher titanium amount causes higher anti-
tumor activity. In addition, the type of mesoporous silica also influences the in vitro
activity. Higher activity of SBA-15 than MCM-41 functionalized nanomaterials contain-
ing the same titanocene derivatives (M7 and M8) was observed. From the functional-
ized nanomaterials titanocene derivatives may possibly leak in extracellular matrix
and then enter the cell. Alternatively, materials could be internalized in the cell and in
intracellular matrix leaking of titanocene derivatives might occur. Within both mecha-
nisms it is expected that hydrolysis of titanocene derivatives may take place, followed
by the interaction of titanium(IV) hydrolytic products with biomolecules. Both mecha-

nisms of action are rational and expected to occur in vitro.

Considering that functionalized nanomaterials SBA-15 are shown to be superior than
functionalized MCM-41 in cytotoxicity, for novel materials containing organotin(IV)
compounds an SBA-15 modification as carrier molecule was selected. Initially, SBA-
15 was functionalized with 3-chloropropyltriethoxysilane (SBA-15p) and then with
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organotin(lV) compounds (M9 or M10). Amazingly, this functionalization resulted at
least in 100 times higher cytotoxic nanomaterials, compared to those containing titan-
ocene derivatives. Depending on the cell line, organotin(lV) compounds were found
being higher (cisplatin-resistant colon carcinoma DLD-1) or less effective (lung carci-
noma A549 and ovarian cancer A2780) than cisplatin. As supposed for mesoporous
silica, these nanomaterials are endocytosed by cells, but also the release of M9 from
SBA-15pM9 occurs both in extracellular and intracellular matrix. SBA-15pM9, ana-
logue to M9, is inducing apoptosis via cell death receptor and mitochondrion in A2780

cell line.

More than drug (M10) or material alone (SBA-15p), the drug-functionalized material
SBA-15pM10 demonstrated dramatically amplified antitumor activity against mela-
noma cells and was more than the sum of the cytotoxicities of the drug and the parti-
cles. Thus, there is a synergic effect. The first grafted nanomaterial tested in vivo on
the same tumor model as Ptl, synergic C57BL/6 mice infected with B16 melanoma
cells, surprisingly totally eliminated tumor from the animals. Thus, pointing advance of
using organotin(lVV) compounds, precisely using SBA-15pM10 over platinum-based
drugs. It is proved that initially SBA-15pM10 causes apoptosis of B16 cells. Moreo-
ver, on the clones that acquired resistance against apoptosis, SBA-15pM10 triggered
differentiation process. The greatest advantage of this mesoporous silica functional-
ized with M10 is the ability to stimulate cell differentiation evading apoptosis in re-
sponse to treatment. This reversion to normal phenotype is highly compatible with the

surrounding tissue and presents the most appropriate and safe way of drug action.
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Since discovery of antitumor activity of cisplatin in 1965, only three platinum(ll) com-
plexes, cisplatin, carboplatin and oxaliplatin, are used in the cancer treatment world-
wide. Undesirably, beneficial effects of platinum drugs are followed by severe toxicity
and/or by spontaneous or acquired resistance. Along with intention of overcoming
these limits, development of platinum anticancer drugs resulted in broad investiga-
tions of a huge number of not only platinum-based, but also other metal-based com-

pounds and, in recent times, different drug carrier systems.

From a bioinorganic chemistry perspective, a prerequisite for a targeted development
of new metal-based anticancer drugs is an understanding of structure—activity rela-
tionships and of their mode of action. Limitations that will be obvious in investigations
of easily accesible metal complexes may be overcome by using existing and innova-
tive carrier systems. Moreover, the bridge from the basic and interdisciplinary re-
search to applications are in vivo experiments that may point some promising candi-
dates worth for the forthcoming investigations. Within the framework of this thesis the

following results were obtained:

o Numerous platinum(ll), platinum(lV), palladium(ll), titanium(lV) and tin(IV) com-
pounds were prepared mostly by standard synthetic methods allowing wide varia-
tion in the ligand sphere. Characterization of the metallocompounds was per-
formed by different spectroscopic methods (multinuclear NMR, IR). For the sev-

eral metallocompounds, structures were additionally confirmed by X-ray structural

analysis.

o Investigations on cancerostatic proper- B1 R 4 4R
ties of platinum(ll), platinum(IV) and pal- ROWTH\\ A\ /*[‘\WOR
ladium(ll) complexes with Rj.edda-type
ligands (see box B1l) showed some ngez, Et. nPr, iPr, nBu, iBu, nPe, cPe, Cy
structure—activity relationships depend- | R'=H. Me, CHyiPr, CH,Cy )

ing on substituent R, metal center and the oxidation state of platinum. Generally,
the in vitro activity against tumor cell lines is increasing in the following order:
R.edda-type ligand precursors < palladium(ll) complexes < platinum(ll) complex-

es < platinum(lV) complexes as illustrated for the (S,S)-R.eddip ligands (n = 1; R’
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= Me) in the box B2. Furthermore, in general, the cytotoxicity increases with the
ligand lipophilicity which can be tuned, especially, with the substituents in ami-

nocarboxylato backbone R’.

The active species of [PtCls(Rzedda)] complexes (n = 1, R’ = H) in the cells
seems to be corresponding platinum(ll) complexes, although a direct binding of
platinum(lV) complexes to DNA was observed too. Platinum complexes contain-
ing Roeddp (n = 2; R’ = H) or (S,S)-R.eddip ligands are triggering mainly apoptotic
pathway (Ptl), while those containing (S,S)-R;eddch (n = 1; R’ = CH,Cy) are in-
ducing necrotic death pathway as Pt26 of B16 cells, thus indicating that plati-
num(lV) complexes with Rpedda-type ligands are inducing cell-type specific in

vitro activity.

In the in vivo melanoma C57BL/6 mouse model, Pt1l exhibited largely improved
antitumor activity and less side effects (without nephrotoxicity signs) compared to

cisplatin.

The investigated titanocene and ansa-titanocene compounds proved to have, in
most cases, a higher cancerostatic activity than the clinically used titanocene di-
chloride. The most active compound was found to be ansa-titanocene Ti5 bearing
one alkenyl substituted cyclopentadienyl ligand (ICsp: 24 = 3 uM against K562
cells). Furthermore, in general, substitution of chlorido with carboxylato ligands in

titanocene complexes improved cytotoxic activity (ICso: 40 + 4 yM against A2780
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cells, Ti26). Although titanium complexes discussed herein are less active than
cisplatin, due to a higher tolerance of titanium in biological systems they may be

envisage for cancer treatment.

o Superior activity of triphenyl- over diphenyl-, dimethyl- or trimethyltin(IV) mainly
resulted in ICsp values in nM range (see box B3), while compounds of other met-
als exhibited activities (ICsp) in uM range only. In addition, diphenyltin(I\VV) com-

pounds showed greater selectivity between normal and cancer cells than cispla-

tin.

The anionic stannate compound Snl14 is caus- 0 pn -
ing apoptosis via cell death receptor in cisplatin- o /—/< \
resistant colon carcinoma DLD-1 cell line, while \ O——/SQPCI
on the same tumor cell line cisplatin is inducing OSHMPh Ph

mitochondrial apoptosis pathway.

o Water-insoluble platinum(ll) compound THP-C11 was used in preparation of lipo-
somal formulation LipoTHP-C11 and characterized using light microscopy, dy-
namic light scattering and asymmetrical flow-field-flow fractionation. Furthermore,
titanocene derivatives and organotin(l\V) compounds were grafted on mesoporous
silica (MCM-41 and/or SBA-15). The functionalized mesoporous nanomaterials
were characterized by powder X-ray diffraction analysis, X-ray fluorescence anal-

ysis, nitrogen gas sorption, multinuclear MAS NMR spectroscopy, SEM and TEM

analyses.
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o The water-soluble liposomal formula-

tion LipoTHP-C11 retained or slight-
ly decreased in vitro activity of THP—
C11 dissolved in DMF. The cytotoxi-
city of LipoTHP-C11 is only due to
the presence of THP-C11, since lip-
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osomes alone are not cytotoxic. On the contrary, in some cases, toxic effect of
the compound was reduced in liposomal formulation by 50%. Thus, liposomes as
carrier vehicles have been shown to be a promising strategy for water-insoluble
drugs such as THP-C11.

The approach of using mesoporous silica as drug shuttle contributes to the de-
velopment of a totally new field within antitumor carriers for metal complexes.
Mesoporous nanomaterials (MCM-41 and SBA-15) do not possess any cytotoxi-
city against neither tumor nor normal cells. Moreover, the functionalized
nanomaterials showed a titanium-concentration dependent antitumor activity. Na-
nomaterial SBA-15 grafted with titanocene derivatives are shown to be superior

in cytotoxicity than MCM-41 analogues.

~N

Modified SBA-15 (SBA-15p) graft-
ed with organotin(lV) compounds
(M9 or M10) resulted at least in 100

&

times higher cytotoxic nanomateri-

als compared to those containing ti-

(]

N\

N\

S

OH

tanocene derivatives. SBA-15pM9

|

n = 3: SBA-15pM9, 6: SBA-15pM10 |

is inducing apoptosis via cell death
receptor and mitochondrion in A2780 cell line. The greatest advantage of SBA-
15p mesoporous silica functionalized with M10 is the ability to stimulate cell dif-
ferentiation of B16 melanoma tumor cells evading apoptosis in response to treat-

ment.

On the contrary to cisplatin, SBA-15pM10 is almost completely abolishing tumor
progression in vivo in melanoma syngeneic C57BL/6 mouse model without visible

side effects.
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Metallocompounds based on platinum, palladium, titanium and tin are investigated
among panels of tumor cell lines derived from a broad spectrum of tumors. Presented
results might give some directions for future development by understanding the mode
of metal-based drug actions. Recongising the mechanism of action of these metallo-
compounds is of essential interest for the design of more effective drugs. Further-
more, considering clinical requirements necessary for novel compounds and an in-
creasing number of platinum-resistant tumors, not only compounds being more active
than cisplatin should be taken into account, but also compounds that would have dif-

ferent antitumor mechanisms (such as Pt1 and Sn14) compared to cisplatin.

Considering the biocompatibility of liposomes and mesoporous silica surfaces, this
work goes a long way for the design and development of new biocompatible materials
that can be presented as an alternative in the treatment of tumors of different origin.
Thus liposomal formulation present successful transport concept for water-insoluble
metal-based drugs (THP-C11). Furthermore, for the first time, mesoporous silicas
were used as metal-based antitumor drug carriers. Superiority from the classical met-
al-based drugs reflect not only in reducing tumor volume without signs of toxicity but,
more importantly, they are inducing differentiations of the tumor cells to the normal
phenotype (SBA-15pM10). Thus, the work opens a new perspective for application of

metal-based antitumor compounds by using mesoporous silica as their containers.
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Abstract: This article reviews recent studies of platinum and other metal-containing antitumor drugs in preclinical development. A short
overview of the development of cisplatin-based drug generations is given. Some pioneering strategies towards unconventional drugs,
such as platinum complexes with biomolecules and carrier ligands, organoplatinum and multinuclear platinum complexes developed in
recent years are outlined. Furthermore, nonplatinum-based antitumor drugs containing ruthenium(lI/IIl), gallium(lIl), titanium(IV) or
tin(1V) that illustrate the prominent strategies are presented with an emphasis on recent developments. In addition, alternatives for water-
insoluble drugs will be discussed. A brief overview of development of nanodrug delivery systems and their potential as alternative

cancerostatic carriers are discussed.

Keywords: Anticancer metallotherapeutics, cisplatin, drug delivery system, gallium(lll), liposomes, platinum(ll), platinum(IV),
nanomaterials, organoplatinum(1V), ruthenium(Il), ruthenium(lIl), tin(IV), titanium(IV), transplatinum complexes.

1. FROM CISPLATIN TO THE 3™ GENERATION OF
DRUGS AS ANTICANCER AGENTS

Michele Peyrone, a medical doctor from Turin (Italy) who
graduated in 1835, first synthesized cisplatin. He abandoned
medicine in 1839 for chemistry and spent several years in different
laboratories in France, Germany, the Netherlands, Belgium, and
Great Britain [1]. In 1845 Peyrone synthesized, in one of Liebig’s
laboratories (GielRen), a new platinum compound containing two
ammine and two chlorido ligands [2]. The compound was like the
Reyset’s salt [3], [PtCl,(NH3),], but had different physicochemical
properties. At that time, it was not possible to understand the
existence of the two different compounds assuming a tetrahedral
geometry usual for tetravalent compounds. About 50 years later a
square planar geometry was proposed by Alfred Werner for these
compounds which can adopt a cis (Peyrone’s) and a trans (Reyset’s
compound) arrangement (Fig. 1) [4].

HoN.. . .Cl  HgN.._ .Cl

HN" >Cl CI” “NH;
cisplatin transplatin
(Peyrone's salt) (Reyset's salt)

Fig. (1). Peyrone’s and Reyset’s compounds, cis- and trans-[PtCl,(NHs).]
isomers.

Professor ~ Barnett  Rosenberg accidentally  discovered
antiproliferative activity of cisplatin. Specifically, in one of his
investigations on the influence of the electric field on cell division
in bacteria, some Peyrone’s salt or “cisplatin”, electrochemically
generated by the platinum electrodes was produced in the presence
of the various components in the cell culture medium [5-7].
Rosenberg proved that cisplatin completely inhibited the
development of the solid sarcoma-180 tumor in mice and this
serendipitous result was published in 1969 [8,9]. Cisplatin entered
into clinical trials in 1971 and was approved by the Food and Drug
Administration (FDA) [10,11] for clinical use in 1978, presenting a
major landmark in the history of successful anticancer drugs.
Cisplatin plays an important role in the treatment of epithelial
malignancies and has brought a cure to testicular cancer. It is used
as a principal component for the treatment of testicular, ovarian,
and bladder cancer. In addition, cisplatin is being used as first-line
chemotherapy against cancers of the lung, head and neck,
esophagus, stomach, colon, bladder, cervix, and uterus.
Furthermore, cisplatin has been used in combination therapy and is
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considerably active against ovarian cancer [12]. As a result,
cisplatin has become one of the bestselling anticancer drugs in the
world [13].

1.1. Basics on the Action of Cisplatin

Subsequent to the route of administration, injection or infusion,
cisplatin reaches the blood stream. Blood transports cisplatin
throughout the body where a few ligand substitutions occur. The
high concentration of chloride ions in the blood (=100 mM) largely
compensates, on a timescale of a few hours, for any exchange of the
relatively mobile chlorido ligands. Nevertheless, some hydrolysis
products are formed and these are held responsible for such acute
toxicities as that causing kidney damage. Cisplatin eventually enters
almost all types of cells by passive or even active transport via
specific receptors (Fig. 2) [13,14]. Additionally, the mechanism by
which copper is naturally transported, constitutive triple response 1
(CTR1) receptor mechanism, assists the platinum species to enter
the cell [15]. On the other hand, adenosine triphosphate (ATP)
plays a role in the process of excretion [14]. Upon entering the
cells, cisplatin temporarily binds to one of the membrane
components, e.g. phosphatidylserine, as has been proposed on the
basis of NMR analysis [16]. In the cell, facilitated by the relatively
low chloride concentrations, cisplatin hydrolyses and forms reactive
aqua species.

The initial stage of mechanistic research on cisplatin was
focused on DNA and its fragments as target molecules. Guanosine
(G) in comparison to adenine (A) or other bases, binds more rapidly
to platinum [14]. This was explained by a higher pK, value and by
simultaneous hydrogen bonding of the ammine-NH to the O6 of
guanosine [14]. About two thirds of all the platinum binds at GG, a
much larger proportion of GG adducts than statistically expected
[17]. The adducts were characterized as mainly pGpG intrastrand
cross-links (65%), followed by pApG intrastrand cross-links (22%),
interstrand and/or intrastrand cross-links on pGpXpG sequences
(13%) and monofunctional adducts (<1%) (Fig. 3) [18]. The
binding process between cisplatin and bases has been studied on the
mononucleotide and polynucleotide level by means of NMR
spectroscopy and in some cases by crystal structure determination
[19-21]. Those investigations also proved that, when cisplatin binds
to double-stranded DNA, a clearly kinked chelate structure is
formed. In cellular fluid other potential ligands, besides DNA and
water, may bind to cisplatin and deactivate it, such as phosphate,
carbonate, glutathione and peptides [14].

Cisplatin modulates a number of signalling pathways [13]. It
should be emphasized here that activation of signalling pathways by
cisplatin is cell-type specific. Cisplatin triggered changes in cell
signalling, activity of different transcription factors as well as DNA
structure lead to cell cycle arrest or induction of caspase dependent

© 2011 Bentham Science Publishers 71
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Fig. (2). In vivo chemistry of cisplatin.

apoptosis through receptor dependent and/or independent pathways.
On some tumor cell lines (e.g. human U251 glioma, rat C6 glioma,
mouse L929 fibrosarcoma) cisplatin may trigger activation of
adenosine monophosphate-activated protein kinase with subsequent
down-regulation of mammalian target of rapamycin-mediated
phosphorylation of p70S6 kinase activity, and can induce an
autophagic response that protects tumour cells from cisplatin
mediated apoptotic death [22].

H3N,

1. 2-intrastrand  H,N., Pt
AG

1,2-intrastrand
GG

1,3-intrastrand
GG

interstrand
GG

Fig. (3). DNA adduct formation with cisplatin moiety

1.2. Second and Third Generation Drugs

Despite its limitations, cisplatin is one of the most effective and
commonly used agents to treat various types of human cancer. The
spectrum of cancers that can be treated with cisplatin and other
platinum-based agents is narrow and the therapeutic efficacy suffers

[CI]=3-20 mM

Q) @
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activated forms of cisplatin
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[CI] =100 mM

H;N. |, 4OH %
H;N"  YOH,

from side-effects and resistance phenomena [14]. Clinical
effectiveness of cisplatin has been limited by significantly
unfavourable side-effects, for example dose-dependent ototoxicity,
nephrotoxicity, and neurotoxicity. Cisplatin resistance could arise
from reduced platinum uptake, increased efflux, intracellular
detoxification by glutathione, increased DNA repair, decreased
mismatch repair, defective apoptosis, modulation of signalling
pathways, or presence of quiescent non-cycling cells [23]. One
strategy to overcome cisplatin resistance is to design platinum
complexes that specifically deal with some or even all of the above
mentioned resistance mechanisms. For these reasons, much
attention has been directed towards the design of the new platinum-
based complexes. The first stage of variation on cisplatin was
derived by substituting chlorido with other anionic ligands (Fig. 4).
These studies first produced carboplatin and nedaplatin.

Carboplatin (Fig. 4) has a cyclobutanedicarboxylato leaving
group that facilitates a slower reaction with glutathione and
metallotheonines compared to cisplatin. The hydrolysis reaction
mechanisms of carboplatin take place through a biphasic
mechanism with a ring-opening process followed by the loss of the
malonato ligand [24]. Carboplatin obtained FDA approval for
clinical use in 1989. Carboplatin has a lower efficiency than
cisplatin in germ-cell tumors, head and neck cancers, and bladder
and esophageal carcinomas, but both drugs appear to have a
comparable effect on ovarian cancer, extensive small-cell lung
cancers, and advanced non-small-cell lung cancers [25]. Although
carboplatin has the benefits of reduced toxicity compared to
cisplatin, it has neither enlarged the spectrum of platinum-sensitive
cancers, nor has it proved to be active in cisplatin-resistant cancers.

Nedaplatin (Fig. 4) is the third platinum drug that has entered
widespread clinical use. It is currently registered for the treatment
of various cancers (head and neck, testicular, lung, ovarian,
cervical, non-small-cell lung) in Japan. It has not demonstrated
superiority over cisplatin or carboplatin, but it exhibits less
nephrotoxicity, neurotoxicity, and gastrointestinal toxicity than
cisplatin [26]. Nedaplatin can cause thrombocytopenia; it has also
the potential to cause nephrotoxicity at its therapeutic dose without
hydration and, therefore, pre- and post-hydration are being
recommended [25].

72


gkaluder
Schreibmaschinentext
Reproduced from Ref. G.N. Kaluđerović, R. Paschke, Curr. Med. Chem. 2011, 18, 4738 
Reprinted by permission of Eureka Science Ltd


Appendix 1

4740 Current Medicinal Chemistry, 2041 \Vol; 18- No3%

Kaluderovié and Paschke

First generation HsN,, WCl
‘gt
HNT el
cisplatin
Second generation l
Changing chlorido ligands
0
0
HsNI""Pt“\\O:/l/ H3N/,,,'Pt‘\\\0
HN" Yo HN" Y0
nedaplatin carboplatin
o 0
Third generation AN
Changing ammine ligands
and other variations Cl,, \‘N =
/ \CI
N,,, R{O) trans isomers
N’ \O:/[
oxallplatm H.N OAC
3Ny, wCl
\ "Pt"‘
N |
H, OAc
satraplatin
/Hs\ 4+
Cl,,, oNHg  H3N,,,  WNH; PHoN,,  (\NHj
- . Pt
HN" “VNH, HN/ \NH HNT el
A

dinuclear and oligonuclear complexes

Fig. (4). History of the development of platinum drugs.

The second variation on cisplatin involved substitution of NH;
ligands by different amine ligands, e.g. oxaliplatin. Furthermore,
variation of the oxidation state of platinum from Il to IV leads to
more Kinetically inert compounds like satraplatin.

Oxaliplatin (Fig. 4) with an oxalato leaving group and a
diaminocyclohexane (dach) entity belongs to the third generation of
platinum drugs. It was approved by FDA for the clinical treatment
of colon cancer in 2004, and apparently operates by a different
mechanism of action from the classical cisplatin or carboplatin [13].
Oxaliplatin is active against colorectal tumors with an improved
therapeutic index compared to cisplatin and carboplatin. The dose-
limiting undesirable reaction of oxaliplatin is neurotoxicity.
Oxaliplatin has a unique pattern of side-effects, which in addition to
neurotoxicity, include hematological toxicity and gastrointestinal
tract toxicity.

Satraplatin (Fig. 4), for which clinical trials are in progress, is
supposed to be the first orally administrated platinum-based drug
against prostate and metastatic breast cancer [12,27]. However, as
satraplatin is still a relatively new treatment, it is too early to know
all of the possible side-effects (e.g. anaemia, diarrhoea, vomiting,
nausea).

Even though transplatin was found to be inactive, a new
approach with trans geometry of platinum complexes having
aromatic or bulky amines is again under investigation [28]. In
general, ideas for new compounds arise from mechanistic findings
on previous generations of drugs. The second and third generation
of platinum-based antitumor drugs have at least one H-donor
function available on one of the amine groups. On the other hand,
their steric and ligand exchange characteristics are different,
especially for the platinum(IV) compounds, as these react very
slowly. The role of the NH group has been explained Kinetically in
terms of its approach to guanosine (G). This H-bond additionally
stabilizes G-G chelates coordinated to a platinum moiety.
Furthermore, the NH group may exhibit hydrogen bonding to a

DNA backbone phosphate [29,30]. Initially, it was assumed that
kinetically inert platinum(IV) compounds have to be reduced to
platinum(I1) before binding to the DNA. But later studies, however,
have shown strong evidence that also unreduced platinum(IV)
compounds may react with DNA/DNA fragments [31].

2. UNCONVENTIONAL PLATINUM-BASED DRUGS
PRECLINICAL DEVELOPMENT

IN

2.1. Transplatinum Complexes

Compared to cisplatin, transplatin showed lower in vitro
cytotoxicity and lower in vivo activity [32]. For these reasons,
transplatinum compounds were discharged from investigations for a
long time. The first important investigations were published in
1990, when many transplatinum complexes with significant in vitro
effects on different tumor cells were discovered [33,34]. The most
promising results for transplatinum complexes are for those
containing heterocyclic, aliphatic, phosphoric or imino ether
ligands. Complexes with the general formula trans-[PtCl,L,], where
L is pyridine or 4-methylpyridine, showed higher activity than that
found for their cis counterparts against L1210 leukemia cells [35].
Furthermore, the trinuclear platinum complex (Fig. 4) containing
two monofunctional trans-[PtCI(NH3),] platinum moieties bridged
by a platinum tetraamine unit, trans-[Pt(NHs),{NH,(CH,)sNH,}],
has entered clinical trials [36,37]. Novel results on the cytotoxicity
of transplatinum complexes confirm that there is virtually no
structural ~ limitation on  potential  therapeutically  active
transplatinum complexes [35,38]. Recently, a study on the in vitro
activity of transplatinum complexes (Fig. 4), trans-[PtCl,(n-ap),] (n
= 3 or 4; ap = acetylpyridine), was reported [39]. The complexes
showed moderate to potent antiproliferative activity on various
cancer cell lines. The transplatinum complex containing 4-
acetylpyridine ligands was capable of overcoming cisplatin
resistance in the human osteosarcoma cisplatin-resistant cell line
U20ScisR.
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2.2. Platinum Complexes Containing Amino Acid Derivatives

Platinum(ll) and platinum(IV) complexes with amino acids,
peptides and their derivatives attracted attention for a long time
[40]. Herein we will review some platinum complexes containing
amino acid derivatives, such as dipeptides and diaminoacids
bridged via nitrogen atoms with ethylene or propylene moieties.

Platinum(ll) and platinum(IV) complexes containing L-
methionine, glycylglycine, glycyl-L-methionine and L-alanyl-L-
methionine were tested for antitumor activity against sarcoma 45,
guerin carcinoma, sarcoma 180, adenocarcinoma 755, and Krebs 2
ascites carcinoma in mice and rats [41]. Many of the complexes
showed cytotoxic activity. The reactive group of peptides to which
the platinum was bound, as well as the oxidation state of platinum,
affected the activity. Platinum(11) complexes of S-(2-aminoethyl)-L-
cysteine and S-(2-aminoethyl)-D,L-penicillamine were screened
against L-1210 lymphoid leukaemia or P388 lymphocytic
leukaemia in male or female mice. The platinum(ll) complex with
S-(2-aminoethyl)-D,L-penicillamine  showed strong antitumor
activity in female mice, doubling their lifespan [42].

Platinum(l1) complexes [PtXy(dipeptide)] (X = ClI, I; dipeptide
= L-methionylglycine, L-methionyl-L-leucine) revealed considerable
in vitro activity in the case of the platinum(ll) complex with L-
methionylglycine and chloro ligands against liposarcoma, lung
carcinoma A549 and melanoma 518A2 human tumor cell lines
[43]. A decrease of cytotoxic activity was observed on substitution
of glycine by L-leucine, and CI™ with I ligands. The potential of
antitumor drugs of such classes of platinum(ll) complexes is
dependent on the kind of ligands as well as on tumor cell type. On
the other hand, interesting from the metabolic point of view in
cancer patients treated with oxaliplatin [44], [Pt(dach)L] complexes
(dach = (1R,2r)-trans-diaminocyclohexane’; L = L-methionine, S-
methyl-L-cysteine, L-selenomethionine and Se-methylseleno-L-
cysteine) have been synthesized and characterized.

Cl (8]

membrane

%‘ = autophagic \
response
caspase
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Recently reported was the influence on in vitro activity on
ligand substitution in a model compound K[PtCl,(L-pro_y)] (L-pro_y
= L-prolinato) [45]. Namely, it was found that substitution of one
chlorido by a dmso ligand, K[PtCly(L-pro_y)] — SP-4-4-[PtCI(L-
pro_y)(dmso)] greatly decreases cytotoxicity (former: 1Csy = 11-30
uM; later: 1Cso > 100 uM) against anaplastic thyroid cancer 8505C,
head and neck cancer A253, lung cancer A549, and colon cancer
DLD-1.

Interestingly, platinum(ll) and platinum(IV) complexes
containing  ethanediylbis(glycin), ethanediylbis(B-alanin) and
propanediylbis(glycin)  (trivial names: ethylenediamine-N,N’-

diacetic acid, H,edda; ethylenediamine-N,N’-di-3-propionic acid,
H,eddp; propylenediamine-N,N’-diacetic acid, H,pdda) have been
considered as variants of the orally active satraplatin [46,47].
Complexes of the type [PtCly(H,edda-x*N,N")]-type and
[PtCl,(edda- KN,N’-x°0,0")]-type (platinum(ll) and platinum(IV),
respectively) have shown lower activity than cisplatin or satraplatin
[48-50].

Surprisingly, cytotoxic investigations of platinum(ll) and
platinum(1V) halide complexes containing diesters of eddp showed
that the tetrachloroplatinum(IV) complexes were the most efficient
complexes against human adenocarcinoma HelLa cells (approx. five
times less active than cisplatin) and human myelogenous leukemia
K562 cells (comparable with cisplatin) acting through apoptotic cell
death [51]. Significant in vitro antitumor activity by platinum(lV)
complexes with bidentate n-dibutyl and n-dipentyl esters of eddp,
[PtCl4(n-Bu,eddp)] and [PtCly(n-Pe,eddp)], was demonstrated on
L929 fibrosarcoma and U251 astrocytoma tumor cells [52,53]. The
kinetics of the tumor cell death process induced by these complexes
is considerably faster than that induced by the classical
platinum(ll)-based drug, cisplatin [52]. The best investigated
complex (“parent” compound), [PtCl4(n-Bu,eddp)], of a growing
family of R,edda-type metal complexes [54-64], is now under in
vivo investigations. The mechanisms of action of [PtCl,(Et,eddch)]

defragmentation
of DNA
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.... 200 ...... .

T ro0000000
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Fig. (5). Mechanism of action of [PtCl,(Et,eddch)] and [Ha(Et,eddch)]** on human glioma U251 cell line.
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Fig. (6). Platinum(ll) complexes with carrier ligands type A and B.

complex [(S,S)-ethylenediamine-N,N’-di-2-(3-cyclohexyl)propanoic
acid, Hpeddch] and ligand precursor, [H4(Eteddch)]Cl,, are
presented in Fig. (5) [60]. Based on recent work, some structure-
activity relationships could be derived: in vitro activity decreases
from platinum(IV), platinum(i1), palladium(I1) to ligand precursors.
One exception is on CLL cells (chronic lymphocytic leukemia) in
which platinum(1V) complexes were found to be less active than
platinum(l1) and palladium(l1) complexes [63,64]".

2.3. Platinum Complexes with Carrier Ligands

Compounds consisting of three functional parts: a transport
fragment, a spacer and a biologically active ‘drug’ component have
been developed recently (Fig. 6). The role of different types of
transporters might modulate the uptake of drugs. Bile acid in the
ligand sphere of the platinum compounds (Fig. 6A) was found to be
an essential prerequisite for these compounds to target liver tumor
cells [65]. It was proved that the Bamet-UD2 is capable of
interacting with DNA. Furthermore, the compound is able to inhibit
DNA synthesis and consequently to reduce cell proliferation [66].

Recently the synthesis and characterization of platinum(ll)
compounds with cholic acid are reported [67] (Fig. 6B). The
difference between type A and B complexes (Fig. 6) is in the mode
of coordination of the carrier ligands. In type A complexes carrier
ligands (bile acid) act as leaving groups, while in type B complexes
carrier ligands (cholic acid) represent nonleaving bidentate diamine
ligands. The influence of the length of an alkyl spacer (n = 4, 6, 8,
or 11) in B-type complexes was investigated for in vitro
cytotoxicity against human head and neck squamous-cell
carcinoma, UM-SCC-22B and human cholangio carcinoma, SK-
CHA-1 cell lines, in order to optimize the distance between the
drug and the transport fragment [68]. The dichlorido complexes
were found to be more efficient than their carboplatin analogues,
but in both types of complexes the most active compounds
contained the longest spacer (n = 11) between the cholic acid and
platinum moieties. The dichloridoplatinum(I1) complex with a long
chain linker displayed a significantly higher cytotoxicity than
cisplatin or carboplatin and was able to completely circumvent the
cisplatin resistance of human testicular 1411HP cancer cells, by
inducing apoptosis.

By substituting cholic acid with the tetrahydropyran moiety in
type B complexes, the compounds are made more accessible [69].
Also here, the influence of the length of an alkyl spacer (n =4, 6, 8,
or 11) has been investigated and it was found that the activity
increases with alkyl chain length. The cytotoxic effect was retained,
as with platinum complexes containing cholic acid, against cisplatin

1Vujié, J.M.; Kaluderovi¢, G.N., Zmejkovski, B.B.; Milovanovi¢, M.; Volarevi¢, V.;
Arsenijevi¢, N.; Trifunovi¢, S.R. unpublished results.
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resistant 1411HP cells. The mechanism of action was studied in
more detail and the cytotoxicity was correlated to larger and faster
cellular platinum uptake and much faster initiation of apoptotic cell
death. The platinum(ll) complex with the longest spacer (n =
11) overcomes cisplatin resistance and induces programmed cell
death with molecular features different from cisplatin, suggesting
that both drugs induce apoptosis but through different initial
pathways.

2.4. Organoplatinum(lV) Complexes

Reports on anticancer properties of organometallic
platinum(lV) complexes are rare similar to those of cisplatin-like
derivatives [70,71]. Several promising organoplatinum complexes
that came out of our research are presented within this review
article.

Dinuclear platinum(IV) metallacrown ethers [PtBr,Me,{im
(CHQCHzo)XCHQCHzlm}] [Ptleez{lm(CHQCHzo)QCHchzlm}]
(im = imidazol-1-yl; x = 2, 3; Fig. 7) and [PtBr,Me,{bim
(CH,CH,0),CH,CHybim}] (bim = benzimidazol-1-yl), as well as
mononuclear complexes [(PtBr,Me,),{u-im(CH,CH,0),CH,CH,
im};] (x = 0, 1) were tested on the three tumor cell lines:
liposarcoma, A549 (nonsmall-cell lung carcinoma) and 518A2
(melanoma) [72]. These metallacrown ethers possess significant in
vitro antitumor activity. From the investigations on three chosen
tumor cell lines it was found in general that the activity of the
[PtBr,Me,] moiety is enhanced by coordination to the polyether
ligands.

A pair of mononuclear and dinuclear trimethylplatinum(IV)
complexes containing similar (iodo, pyrazole/pyrazolato) ligands
(Fig. 7) have been tested on nine different tumor cell lines:
anaplastic thyroid cancer 8505C, head and neck tumors A253 and
FaDu, cervical cancer A431, lung carcinoma A549, ovarian cancer
A2780, colon carcinoma DLD-1, HCT-8 and HT-29 [73]. The
mononuclear complex exhibited cytotoxic activity about one order
of magnitude lower than that of cisplatin (ICso(mononuclear)/
ICsq(cisplatin) = 7.0-58.4). Contrarily, the dinuclear trimethylpla-
tinum(IV) complex showed activities similar to cisplatin
(ICsp(dinuclear)/ICso(cisplatin) = 0.4-2.7). Interestingly, the
dinuclear complexes are found to be more efficient than cisplatin
(ICso(dinuclear)/ICso(cisplatin) = 0.4-0.5) against 8505C and DLD-
1cell lines, even when these are resistant to cisplatin.

Thionucleobases, 2-thiocytosine (SCy) and 1-methyl-2-
thiocytosine (1-MeSCy) have been used as ligands in the synthesis
of organoplatinum(IV) complexes containing the [PtMes(bpy)]
moiety, namely [PtMes(bpy)(SCy-xS)][BF4] and [PtMes(bpy)(1-
MeSCy-kS)][BF4] complexes, respectively [74]. The complexes
have been tested against nine different tumor cell lines 8505C,
A253, FaDu, A431, A549, A2780, DLD-1, HCT-8 and HT-29. A
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similar antiproliferative activity was observed for these two
organoplatinum(lV) complexes, which may indicate that the methyl
group in 1-MeSCy in [PtMes(bpy)(1-MeSCy-xS)][BF4] has no
obvious influence on the efficacy in all the investigated cell lines
except for DLD-1. The compounds have been found to express
lower activity than cisplatin.

Furthermore [PtMes(bpy)(L-xS)][BF4] complexes (L S?Ura,
S*Ura, S%s* Ura) with thionucleobases 2 thlouracrl (S°Ura), 4-
thiouracil (S*Ura) and 2,4-dithiouracil (S?S*Ura; Fig. 7) have been
investigated in vitro [75]. Cytotoxic studies revealed selective
activities which are, in part, comparable to those of cisplatin. In a
selected case, cell cycle perturbations and a trypan blue exclusion
test indicated the induction of apoptotic cell death.
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U 2 HN NH
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Fig. (7). Highly active organoplatinum(IV) complexes.

Cytotoxic studies of the dinuclear complexes [(PtMe3),(p-L);]
(LH pyridine-2-thione, pytH; pyrimidine-2-thione, pymtH;
thiazoline-2-thione, tztH) against 8505C, A253, A549, A2780 and
DLD-1 revealed moderate to high activities towards the tested cell
lines [76]. Furthermore, [(PtMes),(u-tzt);] showed the highest
antiproliferative activity which was found to be comparable or even
higher, in cisplatin resistant cell lines DLD-1 and 8505C, than that
of cisplatin. In contrast to it, the non-coordinated heterocycles
S"DH (D = N or S) did not show any antitumor activities in
concentrations <125 pM against the cell lines tested.

Interestingly, all dinuclear trimethylplatinum(IV) complexes
investigated so far, proved to have a moderate to high activity that

Current:Medicinal-Chemistry, 2011 Vol. 18, No. 31 4743
was not found for mononuclear complexes [PtMesl(bpy)] and
[PtMesl(pzH),] [73]. Furthermore, ligands/ligand precursors were
found to be inactive in direct comparison with the corresponding
organoplatinum(lV) complexes [72-76].

3. COMMENCEMENT OF NONPLATINUM COMPLEXES
AS ANTITUMORAL AGENTS

The application of platinum complexes as anticancer agents has
stimulated examination of other active metal complexes in cancer
chemotherapy (Fig. 8) [77,78]. The point towards developing
nonplatinum anticancer complexes is to overcome the main
limitations of platinum drugs: narrow range of activity, acquired
resistance and severe toxicity. Complexes of transition metals other
than platinum may demonstrate anticancer activity and toxic side-
effects noticeably diverse from that of platinum-based drugs for a
number of obvious reasons: they are expected to have different
chemical behaviour, hydrolytic rates and mechanism(s) of action
(Fig. 9). Several metals have led to biologically active compounds,
such as ruthenium, gallium, titanium, tin, etc. (Fig. 8) [77,78].

3.1. Ruthenium(11/111) Complexes

Many ruthenium compounds are soluble in water and active
against cancer cells, including cisplatin-resistant cancer cells
[79,80]. The interest in cytotoxic ruthenium compounds is mainly
dlrected into two families: octahedral ruthenlum(lll) and tetrahedral
(nP-arene)ruthenium(ll) ~ complexes  coined  “piano  stool"
compounds [81]. From the first family, the most prominent
examples are NAMI-A (Fig. 8) and KP1019 which are the first
ruthenium agents to enter [82,83], and currently in phase I clinical
trials [84,85]. Despite its lack of activity against primary tumors,
the drug NAMI-A is a potent antimetastatic agent. KP1019 is in
phase | clinical trials for the possible treatment of colon carcinoma
and other types of cancer [84,86].

Lately, piano stool compounds with anticancer activity
represent an interesting and very broad new class centered on
ruthenium arene compounds (Fig. 8). [Ru(r-biphenyl)(en)CI]*
water-soluble organometallic compound shows good in vivo
cytotoxicity against primary tumors [87]. A variety of ruthenium
arene complexes with different ligands have been tested [88-94].
Ruthenium compounds as antitumor agents represent a growing
field. Besides the mentioned compounds, many other ruthenium
complexes showed promising in vitro antitumor properties.
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Fig. (8). Some nonplatinum metal-based antitumor agents.
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Fig. (9). Interaction of DNA and (non)platinum-based drugs (P — phosphate groups; A, G, C and T nucleobases).

3.2. Gallium(111) Compounds

The antitumor activity of gallium(lll) compounds was first
observed by Hart et al. [95]. The exact mechanism of gallium
cytotoxicity is still unknown. It has been assumed that the uptake of
gallium into the cell is mediated by transferring receptors [96]. The
mechanism shows a competitive binding to transferrin, which may
leads to cellular uptake of high amounts of gallium(lll).
Furthermore, it is indicated that the enzyme ribonucleotide
reductase, inside the cell, might be the biological target of
gallium(l1l) ions [97]. Mechanisms of its action could be mediated
by induction of apoptosis through inhibition of proteosome activity,
upregulated proapoptotic molecule Bax and activation of effector
caspase-3 [98,99]. Gallium(lI1) chloride and gallium(lIl) nitrate
exhibited antitumoral activity against several tumor cells lines
[100-103]. Both salts entered into clinical trials, but were initially
discharged from clinical trials shortly. Gallium(IIl) chloride was
abandoned because intestinal absorption was too low to obtain
therapeutically active drug doses, while intravenous administration
of gallium(l11) nitrate was accompanied by nephrotoxicity, optical
neuropathy and other severe side effects. Low-dose gallium(lIl)
nitrate is currently under reevaluation in patients with non-
Hodgkin’s lymphoma [104].

Gallium(II1) nitrate undergoes hydrolysis very easily in
biological media and forms insoluble gallium(II1) oxide blocking
the absorption and membrane permeation of the gallium ion. In
order to find suitable ligands that stabilize gallium(lll) against
hydrolysis, and on the other hand to increase cytotoxicity against
cancer cells, many gallium(l1l) complexes with different ligand
systems (O, N and S donor atoms) have been synthesized.
Gallium(lI1) complexes as chemotherapeutics deserve a special
attention due to the analogy with iron(l1l), by affecting biochemical
pathways similar to those found in iron metabolism in consequence
of similar properties of gallium(I11) and iron(lll) ions [105,106].
The first two promising gallium(lll) complexes which are in
clinical trials, are gallium(l11) maltolate (G4544; Fig. 10A) and (8-
quinolinolato)gallium(l1) (KP46; Fig. 8) [107-109]. G4544 has
been clinically examined for bone metastases and metabolic bone
disease but may also prove to be active as an antineoplastic agent
[110]. KP46 has been shown to induce apoptosis in a large panel of
malignant cell lines.

Gallium(l11) complexes with thiosemicarbazones expressed
highly cytotoxic potential and were found to be 20-fold more potent
than cisplatin against malignat glioblastoma RT2 and T98 cell lines
(ICs: 0.81-9.57 uM, RT2 and 3.6-11.30 uM, T98). The recent
studies indicate that these compounds might activate apoptotic cell
death pathways by mechanisms that are both dependent and
independent of p53 [111-114].

Interesting dinuclear and tetranuclear dimethylgallium(lll)
complexes with carboxylato or thiolato ligands have been
investigated against a panel of different tumor cell lines: 8505C
anaplastic thyroid cancer, DLD-1 colon carcinoma, A549 lung
carcinoma, A2780 ovarian cancer, FaDu, HN, Cal27, Cal33 and

A253 squamose head and neck carcinomas [114-117]. The
compounds exhibited much more potent cytotoxicity than
gallium(lll) nitrate, and similar or lower than cisplatin.
Surprisingly, thiolato compounds (Fig. 10B) showed significantly
lower toxicity than cisplatin and induce apoptotic cell-death
pathways that are cell-type specific.

4 0

Fig. (10). Active G4544 (A) and dinuclear dimethylgallium(l11) complexes
(B).

3.3. Titanium(1V) Complexes

Two families of titanium(IV) complexes are used for biological
applications. Explicitly, titanocene dichloride and budotitane (Fig.
8) [118-126] and their various close analogues derived from
manipulation of Cp or diketonato ligands. Budotitane was the first
nonplatinum complex to enter clinical trials for its activity towards
colon tumor cells. This compound and several analogues showed
high promise in investigations. It was observed that the activity
depends on the planarity of the substituents suggesting that the
mechanism of its activity involves DNA intercalation. Titanocene
dichloride exhibited higher in vivo than in vitro activity towards
cisplatin-resistant cells with different and improved toxicity
patterns [127]. This compound entered clinical trials in 1993, and
has therefore prompted development of similar compounds (Fig.
11A) [128,129]. While the structural analogy of this agent makes
intriguing parallels with cisplatin, in fact the agent is hydrolyzed in
water to a variety of species and it is still unclear what the active
component is [130]. The biological target of titanocene dichloride
was proposed to be DNA [131]. Sadler proposed a mechanism for
the delivery of titanium(IV) species to the cell nucleus assisted by
transferrin [132-135]. Both, budotitane and titanocene dichloride
failed in clinical trials because of low efficacy in terms of activity
versus toxicity ratio [136]. The reason is supposed to be a
consequence of their rapid hydrolysis to give unidentified
aggregates [120,128,137]. At first, the labile ligands (EtO", CI")
hydrolyze within seconds, followed by the hydrolysis of the inert
groups (diketonato, Cp) within hours [138,139].

A variety of substituted titanocene and ansa-titanocene
complexes have been tested against human adenocarcinoma Hela,
human myelogenous leukemia K562, human malignant melanoma
Fem-x tumour cell lines and normal immunocompetent cells
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(peripheral  blood mononuclear cells PBMC) [140-142].
Manipulating Cp rings with alkyl moieties leads to a slight increase
in the cytotoxicity in some studied cells. The highest influence on
the activity was observed when a pent-4-enyl fragment is included
(Fig. 11B). Other substituents examined on the Cp ring or the
silicon ansa-bridged titanocene had a negative influence on the
activity.

MeO
O W, <

Fig. (11). Titanocene-Y (A) and [Ti{Me,Si(n’-CsMe;)(n>-CsHs{CMe,CH,
CH,CH=CH,})}Cl,] (B).

Me

3.4. Tin(IV) Complexes

A large number of organotin-based complexes have been tested
in vitro and in vivo. Firstly, organotin compounds have been
analyzed against murine leukemia cell lines and also against
different panels of human cancer cell lines. In some studied
cytotoxic compounds, the organotin(IVV) moiety is bound to a
phosphate group of the DNA backbone [143,144]. Organotin(IV)
complexes might be designed with attractive properties such as
increased water solubility, lower general toxicity than platinum
drugs [145-147], better body clearance, fewer side-effects, and no
emetogenesis. Most importantly, organotin complexes do not
develop the tumor drug tolerance that is well-established for
cisplatin and its analogues [148].

(8]

Cl=Sn—-0
»

cell death
receptor

S\
® ()
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Fig. (12). Mechanism of action of [SnPh3(P-Gly)CI]~ on human DLD-1 cells.
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Some structure-activity relationship patterns in the area of
predicting anticancer activity based on the R and L groups in the
[SnR,L,] moiety of the diorganotin carboxylates and triorganotin
[SnRsL] (L = bidentate ligand with O and/or N donor atoms) were
recently described [149-156]. Some of the organotin(IV)
complexes were found to be even more active in vitro than cisplatin
[157,158].

It is proved that the moieties [SnR,]“™* (n = 2 or 3) may bind
to membrane proteins or glycoproteins, or to cellular proteins; e.g.
hexokinase, ATPase, acetylcholinesterase of human erythrocyte
membrane or skeletal muscle membranes [159] or may interact
directly with DNA [160].

Uncommon tetraorganotin(IV) derivatives were recently
investigated [161]. Cyclopentadienyltin(IV) compounds have been
tested against 8505C, A253, A549, A2780 and DLD-1 tumor cell
lines. All compounds exhibited higher in vitro activity than
cisplatin, in nanomolar range from 37 to 351 nM.

Diphenyl and triphenyltin(IV)  complexes  containing
carboxylate ligands [3-methoxyphenylacetic acid (3-MPAH), 4-
methoxyphenylacetic acid (4-MPAH), 2,5-dimethyl-3-furoic acid
(DMFUH) or 1,4-benzodioxane-6-carboxylic acid] have been
studied against HelLa, K562, Fem-x and rested and stimulated
normal immunocompetent cells, PBMC [162]. Organotin(IV)
complexes showed very high activity, even higher than that of
cisplatin. Triphenyltin(IV) compounds were found to be more
effective than corresponding diphenyltin(IV) complexes. A
triphenyltin(1V) complex with DMFU was found to be the most
active against K562 and Fem-x cell lines (30-112 times more
effective than cisplatin) and with a relatively high selectivity.

Recently, trigonal-bipyramidal anionic tin(I\V) complexes were
used for in vitro studies [163]. Namely, triphenyltin(IV) chlorides
containing N-phthaloylglycine (P-Gly), N-phthaloyl-L-alanine (P-
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Fig. (13). Pharmaceutical carriers: liposomes (A), polymers (B) and nanomaterials (B).

AlaH), and 1,2,4-benzenetricarboxylic 1,2-anhydride (BTCH) were
tested against 8505C, A253, A549, A2780 and DLD-1 tumor cell
lines. Compounds expressed high activity against cell lines with
lower 1Cs, values than cisplatin. The most active compound was
found to be organotin(IV) compound with P-Gly (50 times more
active than cisplatin). However, the most promising compound,
triethylammonium (N-phthaloylglycinato)triphenyltin(IV) chloride,
is found to induce apoptosis via extrinsic pathways on DLD-1 cell
line (Fig. 12).

4. NANODRUG DELIVERY SYSTEM

Traditional therapeutic strategies usually require highly
systemic administration due to non-specific biodistribution and
rapid metabolism of free drug molecules prior to reaching their
targeted sites. The ability to deliver highly efficient therapeutic
compounds specifically to diseased sites is crucial for effectively
treating all human illnesses [164]. Among many possible
applications of nanomaterials in medicine, drug delivery systems
within the nanometer-size regime can be developed to alter both
pharmacological and therapeutic effects of drug molecules.
Furthermore, special interest in the development of drug
nanocarriers stems from the existence of some very promising in
vitro active compounds with relatively poor solubility. The
therapeutic application of hydrophobic, poorly water-soluble agents
is associated with serious problems since low water-solubility
results in poor absorption and low bioavailability [165]. Due to
their small size, nanoscale drug delivery systems offer superior
advantages, such as altered pharmacokinetic behaviour and
improved payload, over conventional large-scale systems [164].
Modifying surfaces of nanomaterials with different molecules or
using different building blocks may yield nanomaterials with
special functions like targeting, treatment and diagnosis [166-168].
Among drug carriers, many varieties of nanoparticles are available:
soluble polymers, microparticles made of insoluble or
biodegradable natural/synthetic polymers, microcapsules, cells, cell
ghosts, micelles, quantum dots, dendrimers, lipoproteins,
liposomes, niosomes, solid lipid particles, and different
nanoassemblies (Fig. 13) [164].

4.1. Liposomes as Drug Carriers

For more than twenty years liposomes have been considered
promising drug carriers [169,170]. Liposomes are artificial
phospholipid vesicles in which an aqueous volume is entirely
surrounded by a phospholipid membrane. The size of vesicles may
vary in size from 30 to several hundred nanometers. They can be
loaded with a variety of water-soluble (into their inner aqueous
compartment) and water-insoluble drugs (into the hydrophobic
compartment of the phospholipid bilayer) [171]. They have to be

smaller than the vascular cutoff (up to 780 nm) to extravasate and
reach solid tumors. Vesicle size also plays a critical role in
complement activation. Currently, liposomes are investigated as a
vehicle for a variety of therapeutic agents, namely, as carriers for
anticancer drugs (doxorubicin, cisplatin, paclitaxel, camptothecin),
antibiotics (ciprofloxacin, amikacin, vancomysin), and in biology
(antisense oligonucleotides, DNA).

Fig. (14). Schematic presentation of unilamellar non (A) and PEGylated (B)
liposomes loaded with cisplatin (<> ).

Non- and PEGylated liposomal formulations of cisplatin have
been investigated (Fig. 14) [172,173]. Non-PEGylated liposomes
are taken up by liver macrophages and destroyed with a half-life of
20 min in body fluids. On the other hand, PEGylated liposomes
display a half-life of 5 days in body fluids [174]. Phase Il clinical
studies for Lipoplatin, an improved liposomal PEGylated
formulation of cisplatin [175-177] revealed very promising results
in the treatment of bladder, pancreatic, prostate, lung, and head and
neck tumors. Reduced systemic toxicity and selective accumulation
and a extended circulation in the body were observed. The
advantage of Lipoplatin over cisplatin results from the ability of
Lipoplatin to target primary tumors and metastases [174].
Liposomal oxaliplatin is expected to enter the clinical stage in the
near future [178]. Aroplatin, a liposomal formulation of (dach)bis
(neodecanoato)platinum(ll) (dach = 1,2-diaminocyclohexane),
showed positive results from phase Il clinical trial in refractory
metastatic colorectal cancer.

4.2. Nanostructured Mesoporous Materials as Drug Carriers

Nanotechnology in recent years has encouraged researchers to
develop nanostructured materials for biomedical applications [179].
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Fig. (15). Schematic representation of MCM-41.

Mesoporous material MCM-41, synthesized in the 1990s as a
member of the M41S family of molecular sieves [180], was advised
in 2001 as a drug delivery system [181]. These mesoporous
materials were synthesized from supramolecular assemblies of
surfactants. These surfactants template the inorganic component,
commonly silica, during synthesis [182-184]. At the end, surfactant
is removed by pyrolysis or dissolution with the appropriated
solvent. Silica mesoporous matrices made in this way are potential
drug carriers. They are characterized as ordered pore networks, very
homogeneous in size, that can allow fine control of the drug load
and release kinetics. A large pore volume to host the required
amount of drugs, a high surface area implying increased drug
adsorption, and a silanol-containing surface that can be
functionalized to allow better control over drug loading and release
describe the potential of MCM-41 type materials for drug delivery
[179] (Fig. 15).

Decrease of the systemic side-effects of a drug could be
obtained by local administration [185]. Furthermore, drug delivery
systems for local drug release implanted in bone tissue are one of
the most promising therapeutic concepts in orthopaedic surgery
[179]. Different drugs, such as antibiotics, chemotherapeutic and
anti-inflammatory agents, growth factors and others might be
loaded in nanomaterials.

The use of mesoporous silicas as drug delivery systems was
carried out in 2001 for the first time [186]. lbuprofen (anti-
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inflammatory drug) was confined in a MCM-41 matrix in an effort
to design an implantable delivery system [179]. Theoretically,
ibuprofen was locally released in bone tissue to reduce the
inflammatory response after the implantation of a bioceramic in a
bone defect [187].

The first studies regarding incorporation of cisplatin in
mesoporous materials (hydroxylapatite) have been conducted very
recently in 2007 by Natile and co-workers [188]. The studies were
limited to adsorption and release of cisplatin from nanomaterials.
Two years later, the first studies on the antiproliferative activity of
hydroxylapatite loaded with platinum(Il) complexes (Fig. 16A and
B) against the HeLa cell line were conducted by the same group.
Interestingly, cytotoxicity of platinum(Il) complexes released from
the hydroxylapatite-adsorbed complexes were found to be more
cytotoxic than the unmodified complexes [185].

In parallel, our group investigated the influence of MCM-41
and SBA-15 surfaces grafted with two different titanocene
complexes (Fig. 16C and D), [Ti(n>-CsHsMe),Cl,] and
[Ti{Me,Si(n*-CsMey)(n>-CsH4)}Cl,], on the proliferation of the
HelLa, K562, Fem-x and normal immunocompetent PBMC cells
[189]. Surfaces MCM-41 and SBA-15 grafted with the
[Ti{Me,Si(n*-CsMe4)(>-CsH4)}Cl,] complex were found to be the
most active but not as active as cisplatin. Furthermore, additional
studies suggested that cytotoxicity of the studied materials may be
due to action of the released metal complex and is probably not due
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Fig. (16). Hydroxylapatite and MCM-41/SBA-15 nanomaterials loaded with platinum(I1) (A, B) and titanium(IV) (C, D) complexes, respectively.
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to the particle action [190]. Namely, the activity of these surfaces
strongly depends on the grafted titanocene complex.

CONCLUDING REMARKS

The aim of this review article was to outline some recent
research in the field of preclinical investigations of anticancer
metallotherapeutics. The article covers literature from the early
beginning of the development of platinum-based antitumor drugs
including clinically approved ones and those under clinical
investigations. Furthermore, novel concepts of metallotherapeutics
in in vitro investigations using different ligand molecules such as
nucleobases, carrier/shuttle  molecules and various platinum
building blocks (organoplatinum(IVV) moieties) are described.

Nonplatinum active compounds, based on ruthenium(ll/Il1),
gallium(l1l), titanium(1V) and tin(IV) are expected to have different
mechanisms of action, biodistribution and toxicity from those of
platinum drugs suggesting possible activity against tumors that are
resistant or have acquired resistance to platinum-based drugs. With
some of the nonplatinum complexes reviewed in this article it is
shown that they are more selective toward tumor cell lines,
exhibited lower toxicity, exhibited a mechanism different than that
induced by cisplatin.

The concepts for a nanodrug delivery system using liposomes
for water-soluble/insoluble drugs and nanomaterials grafted with
platinum(ll) and titanium(IV) based drugs, demonstrate the
feasibility of these concepts within drug delivery development.
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The purpose of this paper is to summarize mode of action of cisplatin on the tumor cells, a brief outlook on the metallocene
compounds as antitumor drugs as well as the future tendencies for the use of the latter in anticancer chemotherapy. Molecular
mechanisms of cisplatin interaction with DNA, DNA repair mechanisms, and cellular proteins are discussed. Molecular
background of the sensitivity and resistance to cisplatin, as well as its influence on the efficacy of the antitumor immune response
was evaluated. Furthermore, herein are summarized some metallocenes (titanocene, vanadocene, molybdocene, ferrocene, and

zirconocene) with high antitumor activity.

1. Cisplatin

Since 1845, when Italian doctor Peyrone synthesized cis-
platin (Figure 1), through Rosenberg’s discovery of cisplatin
antiproliferative potential [1], and subsequent approval for
clinical usage in 1978, this drug is considered as most
promising anticancer therapeutic [2, 3]. Cisplatin is highly
effective against testicular, ovarian, head and neck, bladder,
cervical, oesophageal as well as small cell lung cancer [4].
For more than 150 years, first exaltation about this
“drug of the 20th century” was replaced with discouraging
data about its toxicity and ineffectiveness got from clinical
practice. It was found that cisplatin induced serious side
effects such as nephrotoxicity, neurotoxicity, ototoxicity,
nausea, and vomiting [5]. General toxicity and low biological
availability restricted its therapeutically application. In
addition, it is known that some tumors such as colorectal
and nonsmall lung cancers are initially resistant to cisplatin
while other like ovarian and small cell lung cancers easily
acquired resistance to drug [6]. Numerous examples from
in vitro studies confirmed that exposure to cisplatin often
resulted in development of apoptotic resistant phenotype

[7-9]. Following this, development of cisplatin resistant cell
lines is found useful for testing the efficacy of future cisplatin
modified drugs and on the other hand for evaluation of
mechanisms involved in development of resistance. For bet-
ter understanding of unresponsiveness to cisplatin, it is
necessary to define the exact molecular targets of drug action
from the moment of entering tumor cell. It is proposed the
intact cisplatin which avoided bounding to plasma proteins
enter the cell by diffusion or active transport via specific
receptors (Figure 2) [10, 11]. Cisplatin is able to use copper-
transporting proteins to reach intracellular compartments
[12-14]. In addition, regarding to its chemical reactivity, cis-
platin can influence cell physiology even through interaction
with cell membrane molecules such as different receptors.

1.1. Cisplatin and DNA. Although it is known that DNA
is a major target for cisplatin, only 5-10% intracellular
concentration of cisplatin is found in DNA fraction while 75—
85% binds to nucleophilic sites of intracellular constituents
like thiol containing peptides, proteins, replication enzymes,
and RNA [6, 15-17]. This preferential binding to non-DNA
targets offers the explanation for cisplatin resistance but
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also its high toxicity. Prerequisite of efficient formation of
cisplatin DNA adducts is hydratization of cisplatin enabled
by low chloride ions content inside the cells [18]. N7 of
guanine and in less extend adenine nucleotide are targeted by
platinum [19]. Binding of cisplatin to DNA is irreversible and
structurally different adducts are formed. The adducts are
classified as intrastrand crosslinking of two nucleobases of
single DNA strand, interstrand crosslinking of two different
strands of one DNA molecule, chelate formation through N-
and O-atoms of one guanine, and DNA-protein crosslinks
[20, 21]. Cisplatin forms about 65% pGpG-intrastrand
crosslinks, 25% pApG-intrastrand crosslinks, 13% inter-
strand or intrastrand crosslinks on pGpXpG sequences,
and less than 1% of monofunctional adducts (Figure 3)
[22]. Crucial role of 1,2-intrastrand crosslinks in antitumor
potential of the cisplatin is supported by two facts. First,
high mobility group proteins (HMG) specifically recognize
this type of cisplatin-DNA interaction and second, these
adducts are less efficiently removed by repair enzymes [17].
In addition, important mediators of cisplatin toxicity are
ternary DNA-platinum-protein crosslinks (DPCL) whose
frequency is dependent from the cell type as well as the
type of the treatment. DPCLs inhibited DNA polymerization
or their own removal by nucleotide excision repair system
more potently than other DNA adducts [17]. In fact,
cisplatin DNA adducts can be repaired by nucleotide excision
repair proteins (NER), mismatch repair (MMR), and DNA-
dependent protein kinases protein [17].

1.2. DNA Repair Mechanism. Nucleotide excision repair pro-
teins are ATP-dependent multiprotein complex able to effi-
ciently repair both inter as well as intrastrand DNA-cisplatin
adducts. Successful repair of 1,2-d(GpG) and 1,3-d(GpNpG)
intrastrand crosslinks has been found in different human
and rodent NER systems [23, 24]. This repair mechanism
is able to correct the lesions promoted by chemotherapeutic
drugs, UV radiation as well as oxidative stress [17]. Efficacy
of NER proteins varying in different type of tumors and is
responsible for acquirement of cisplatin resistance. Low level
of mentioned proteins is found in testis tumor defining their
high sensitivity to cisplatin treatment. Oppositely, ovarian,
bladder, prostate, gastric, and cervical cancers are resistant to
cisplatin based therapy due to overexpression of several NER
genes [25, 26].

Mismatch repair (MMR) proteins are the post replication
repair system for correction of mispaired and unpaired
bases in DNA caused by DNA Pt adducts. MMR recognized
the DNA adducts formed by ligation of cisplatin but not
oxaliplatin [27-30]. Defective MMR is behind the resistance
of ovarian cancer to cisplatin and responsible for the muta-
genicity of cisplatin [31].
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DNA dependent protein kinase is a part of eukaryotic
DNA double strand repair pathway. This protein is involved
in maintaining of genomic stability as well as in repair
of double strand breaks induced by radiation [31]. In
ovarian cancer presence of cisplatin DNA adducts inhibited
translocation of DNA-PK subunit Ku resulting in inhibition
of this repair protein [32].

Special attention is focused on recognition of cisplatin-
modified DNA by HMG proteins (HMG). It is hypothesized
that HMG proteins protected adducts from recognition and
reparation [17, 31]. Moreover, it was postulated that these
proteins modulate cell cycle events and triggered cell death
as a consequence of DNA damage. One of the members
from this group marked as HMGBI is involved in MMR,
increased the p53 DNA-binding activity and further stim-
ulated binding of different sequence specific transcription
factors [33]. Few studies revealed that cisplatin sensitivity
was in correlation with HMGB level, while other studies
eliminated its significance in response to cisplatin treatment.
Contradictory data about the relevance of HMG proteins
in efficacy of cisplatin therapy indicated that this relation is
defined by cell specificity.

1.3. Cytotoxicity of Cisplatin. Other non-HMG nuclear pro-
teins are also involved in cytotoxicity of cisplatin. Presence of
cisplatin DNA adducts is able to significantly change or even
disable the primary function of nuclear proteins essential for
transcription of mammalian genes (TATA binding protein,
histon-linker protein H1 or 3-methyladenine DNA glycosy-
lase mammalian repair protein) [34-36].

Although cytotoxicity of cisplatin is usually attributed to
its reactivity against DNA and subsequent lesions, the fact
that more than 80% of internalized drug did not reach DNA
indicated the involvement of numerous non-DNA cellular
targets in mediation of cisplatin anticancer action [6]. As
a consequence of exposure to cisplatin, different signaling
pathways are affected. There is no general concept applicable
to all types of tumor. It is evident that response to cisplatin is
defined by cell specificity. Numerous data revealed changes in
activity of most important signaling pathways involved in cell
proliferation, differentiation and cell death such as PI3K/Akt,
MAPK as well as signaling pathways involved in realization of
death signals dependent or independent of death receptors
[33]. It is very important to note that alteration in signal
transduction upon the cisplatin treatment could be the
consequence of both, DNA damage or interaction with
exact protein or protein which is relevant for appropriate
molecular response. Some of the interactions between pro-
tein and cisplatin are already described. Therefore, it was
found that cisplatin directly interacts with telomerase, an
enzyme that repairs the ends of eukaryotic chromosomes
[31, 37]. In parallel, cisplatin-induced damage of telomeres
which are not transcribed and therefore hidden from NER.
Other important protein targeted by cisplatin is small,
tightly folded molecule known as ubiquitin (Ub) [38]. Ub
is implicated in selective degradation of short-lived cellular
proteins [39]. It has been hypothesized that direct interaction
of cisplatin with this protein presented a strong signal for
cell death [40]. Two binding sites were identified as target
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for cisplatin ligation: N-terminal methionine (Metl) and
histidine at position 68, while the drug makes at least
four types of adducts with protein [38]. This resulted in
disturbed proteasomal activity and further cell destruction.
Having in mind that proteasomal inactivation by specific
inhibitors showed promising results in cancer treatment, this
aspect of cisplatin reactivity can be leading cytotoxic effect
even to be more powerful than DNA damage [41]. One of
the crucial molecules involved in propagation of apoptotic
signal through depolarization of mitochondrial potential—
cytochrome c is also targeted by cisplatin on Met65 [42].
Further, on the list of protein or peptide targets for cisplatin
are glutathione and metallothioneins, superoxide dismutase,
lysozyme as well as extracellular protein such as albumin,
transferrin, and hemoglobin [43]. Some of mentioned
interactions served as drug intracellular pool while their
biological relevance is still under investigation.

1.4. Activation of Signaling Pathways Induced with Cisplatin.
DNA damage induced by cisplatin represent strong stimulus
for activation of different signaling pathways. It was found
that AKT, c-Abl, p53, MAPK/JNK/ERK/p38 and related
pathways respond to presence of DNA lesions [31, 33]. AKT
molecule as most important Ser/Thr protein kinase in cell
survival protects cells from damage induced by different
stimuli as well as cisplatin [44]. Cisplatin downregulated
XIAP protein level and promoted AKT cleavage resulting in
apoptosis in chemosensitive but not in resistant ovarian can-
cer cells [45, 46]. Recently published data about synergistic
effect of XIAP, c-FLIP, or NFkB inhibition with cisplatin are
mainly mediated by AKT pathway [47].

Protein marked as the most important in signaling of the
DNA damage is c-Abl which belongs to SRC family of non-
receptor tyrosine kinases [31, 33]. This molecule acts as tran-
smitter of DNA damage triggered by cisplatin from nucleus
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to cytoplasm [48]. Moreover, sensitivity to cisplatin induced
apoptosis is directly related with c-Abl content and could be
blocked by c-Abl overexpression [33]. Key role of c-Abl in
propagation of cisplatin signals is confirmed in experiments
with ABL deficient cells [49]. It was found that cisplatin failed
to activate p38 and JNK in the absence of c-Abl. Homology
of this kinases with HMGB indicated the possibility that c-
Abl recognized and interact with cisplatin DNA lesions like
HMGBI protein [31].

1.5. The Role of the Functional p53 Protein. Evaluation of a 60
cell line conducted by the National Cancer Institute revealed
that functional p53 protein is very important for successful
response to cisplatin treatment [33]. This tumor suppressor
is crucial for many cellular processes and determined the
balance between cell cycle arrest as a chance for repair and
induction of apoptotic cell death [33]. However, despite
extensive NCI study, there are controversial data about cor-
relation between cisplatin sensitivity and p53. For example, it
was found that functional p53 was associated with amplified
cisplatin sensitivity in SaOS-2 osteosarcoma cells in high
serum growth conditions while the opposite relation was
observed upon starvation [33]. This phenomenon could
be connected to autophagic process triggered in serum
deficient conditions, which in turn downregulate cisplatin
promoted apoptosis [50]. In some other studies, the response
to cisplatin was not influenced by p53. It is indicative that
antitumor potential of cisplatin and its interaction with
p53 is a question of multiple factors such as tumor cell
type, specific signaling involved in cancerogenesis, as well
as other genetic alterations. In addition, protein involved or
influenced by p53 pathway such as Aurora kinase A, cyclin
G, BRCA1 as well as proapoptotic or antiapoptotic mediators
are also able to control cisplatin toxicity [33].

1.6. Relation between Cisplatin and Mitogen-Activated Protein
(MAP) Kinases. Finally, signaling pathways mediated by
mitogen-activated kinases are strongly influenced by cispla-
tin. These enzymes are highly important in definition of
cellular response to applied treatment because they are the
major regulators of cell proliferation, differentiation, and cell
death. ERK (extracellular signal-related kinase) preferentially
responds to growth factor and cytokines but also determines
cell reaction to different stress conditions, particularly,
oxidative [33]. Cisplatin treatment mainly activated ERK in a
dose- and time-dependent manner [33, 51, 52]. However,
like as previously described, changes in ERK activity upon
the exposure to cisplatin varying from type to type of the
malignant cell and is defined by their intrinsic features.
Following this, in some circumstances ERK activation
antagonized cisplatin toxicity. In cells with significant upreg-
ulation of ERK activity in response to cisplatin treatment,
exposure to specific MEK1 inhibitor PD98052 abrogated its
toxicity. Also, development of the resistance to the cisplatin
in HeLa cells is connected with reduced ERK response to
the treatment [52]. Moreover, combined treatment with
some of the naturally occurring compounds such as aloe-
emodin-neutralized cisplatin toxicity through inhibition of
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ERK, indicated possible negative outcome of combining of
conventional and phytotherapy [53, 54].

Regardless of numerous evidences about its critical
role in cisplatin-mediated cell death, ERK is not the only
molecule from MAP family which responded to cisplatin.
Several studies revealed JNK (c-Jun N-terminal kinase)
activation upon the cisplatin addition [55, 56]. However,
similarly to other molecules previously mentioned this signal
is not the unidirectional and could be responsible for realiza-
tion but also protection from death triggered by the cisplatin
[57, 58]. Finally, there are numerous evidences about highly
important role of third member of MAP kinases, p38, in
response to cisplatin [59, 60]. Lack of p38 MAPK leads to
appearance of resistant phenotype in human cells [55, 60].
Early and short p38 activation is principally described in
cells unresponsive to cisplatin while long-term activation
was found in sensitive clones. Moreover, in the light of the
fact that this kinase has a role in modifying the chromatin
environment of target genes, its involvement in cisplatin-
induced phosphorilation of histon 3 was determined [61].

1.7. On the Mode of Cell Death Induced by Cisplatin. The
net effect of intracellular interaction of cisplatin with DNA
and non-DNA targets is the cell cycle arrest and subsequent
death in sensitive clones. There are two type of death signals
resulting from cellular intoxication by this drug (Figure 4).
Fundamentally, the drug concentration presents the critical
point for cell decision to undergo apoptotic or necrotic
cell death [62]. Primary cultures of proximal tubular cells
isolated from mouse died by necrosis if they were exposed
to high doses of cisplatin just for a few hours while apoptotic
cell death is often triggered by long-term exposure to signif-
icantly lower concentrations [63]. However, the presence of
necrosis in parallel with apoptosis in tumor-cell population
indicated that type of cell death is not just the question of
dose but also is defined by cell intrinsic characteristics and
energetic status of each cell at the moment of the treatment.
In fact, it was considered that intracellular ATP level dictate
cell decision to die by necrotic or apoptotic cell death
(64, 65]. One of the signals which are provoked with DNA
damage is PARP-1 activation and subsequent ATP depletion
caused by PARP-1 mediated cleavage of NAD+. This event is
a trigger for necrotic cell death. However, activated caspases
cleaved the PARP-1, preventing necrotic signal and favor
the execution of apoptotic process. On the other hand, the
inhibition of caspases by intracellular inhibitors IAP together
with continual PARP activity and ATP depletion resulted
in necrosis [31]. As numerous biological phenomena, this
one is not unidirectional. It was found that failure in PARP
cleavage may also serve to apoptosis [66]. This paradox
was ascribed to changes in pyridine nucleotide pool as
well as in pool of ATP/ADP responsible for regulation
of mitochondrial potential [67]. Atypical apoptosis was
observed in L1210 leukemia cell line exposed to cisplatin.
Different death profiles in cisplatin treated cells confirmed
plasticity of signals involved in cell destruction and focus
the attention to the molecules responsible for resistance to
death as possible targets for the therapy. Having in mind that
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Ficure 4: Mode of cell death induced by cisplatin: apoptosis (left) and necrosis (right).

cisplatin is toxic agent against whom the cell can activate
autophagy as protective process; the specific inhibition of
autophagy by certain type of molecules could amplify the
effectiveness of cisplatin [50].

1.8. Cisplatin in Immune Senzitization. One of the rarely
mentioned but very important aspects of antitumor activity
of cisplatin is based on the experimental data about its
potential to amplified the sensitivity of malignant cells to
one or the most potent and selective antitumor immune
response mediated by TNF-related apoptosis inducing ligand
TRAIL [68, 69]. This molecule is produced by almost all
immune cells involved in nonspecific as well as adoptive
immune response. Unfortunately, in the moment when
tumor is diagnosed, its sensitivity to natural immunity is
debatable. In most of the situations, malignant cells became
resistant to TRAIL-mediated cytotoxicity [70]. Moreover,
it was confirmed that cisplatin promoted their sensitivity
to TRAIL. Nature of its immune sensitizing potential is at
least partly due to upregulation of expression of TRAIL
receptors—DR4 and DR5 on the cellular membrane glioma,

colon and prostate cell lines as well as downregulation of
cellular form of caspase 8 inhibitor FLIP [68, 69]. In addition,
presence of cysteine rich domen in the structure of TRAIL
specific death receptors indicated possibility that cisplatin
directly interact with them.

1.9. Resistance to Cisplatin and How to Surmount It. Resis-
tance to cisplatin could be established at multiple levels, from
cellular uptake of the drug through interaction with protein
and DNA and finally activation of signals which lead the cell
to death. Disturbed drug uptake, drug scavenging by cellular
proteins, upregulation of prosurvival signals together with
upregulated expression of antiapoptotic molecules such as
Bcl-2 and BclXL, overexpressed natural inhibitors of caspases
like FLIP and XIAP, diminished MAP signaling pathway or
deficiency in proteins involved in signal transferring from
damaged DNA to cytoplasm, enhanced activity of repair
mechanisms and efficient redox system are features mainly
responsible for unsuccessful treatment with cisplatin [33].
Well defined molecular background of the resistance to
cisplatin point out the way on how to surmount it. It was
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already known that some of combined treatments of cis-
platin with other chemotherapeutics such as 5-fluorouracil
improved therapeutic response rates in patients with head
and neck cancer [71, 72]. Furthermore, inhibition of NER
DNA repair system, cotreatment with histone deacetylase
inhibitors (HDAC) such as trichostatin A (TSA) or suberoy-
lanilide hydeoxamic (SAHA) [73], small molecules inhibitors
of FLIP and XIAP as well as topoisomerase inhibitors
strongly synergized with cisplatin, elevating its therapeutic
potential.

2. Metallocenes in Anticancer Chemotherapy

Most of the metallodrugs used currently in chemotherapy
treatment are based on platinum (cisplatin analogues),
although as side effects are the weakest point in the use of
cisplatin-based drugs in chemotherapy are the high number
of side effects, many efforts are focused on the search of
novel metal complexes with similar antineoplastic activity
and less side effects as an alternative for platinum complexes.
Transition-metal complexes have shown very useful proper-
ties in cancer treatment, and the most important work in
chemotherapy with transition metals has been carried out
with Group 4, 5, 6, 8, and 11 metal complexes.

From all the studied metal complexes, a wide variety of
studies have been carried out for metallocenes which have
become an alternative to platinum-based drugs.

According to the IUPAC classification metallocene
contains a transition metal and two cyclopentadienyl ligands
coordinated in a sandwich structure. These compounds have
caused a great interest in chemistry due to their versatility
which comes from their interesting physical properties,
electronic structure, bonding, and their chemical and
spectroscopical properties [74]. Academic and industrial
research on metallocene chemistry has led to the utilization
of these derivatives in many different applications such
as olefin polymerization catalysis, asymmetric catalysis or
organic syntheses, preparation of magnetic materials, use as
nonlinear optics or molecular recognizers, flame retardants
or in medicine [74].

Within medicine, metallocene complexes are being nor-
mally used as biosensors or as antitumor agents. Regard-
ing their anticancer applicability, titanocene, vanadocene,
molybdocene, and ferrocene have been traditionally used
with very good results, however, recently also zirconocene
derivatives have pointed towards a future potential applica-
bility due to the increase of their cytotoxicity. All the other
metallocene derivatives have been either not tested or have
demonstrated no remarkable applicability in the fight against
cancer.

In this part of the paper, we will briefly discuss separately
the properties of metallocene derivatives of titanium, zirco-
nium, vanadium, molybdenum, and iron.

2.1. Titanocene Derivatives. Titanocene derivatives are
together with ferrocene complexes the most studied metal-
locenes in the fight against cancer. The pioneering work of
Kopf and Kopf-Maier in the early 1980’s showed the antipro-
liferative properties of titanocene dichloride, [TiCp,Cl,]
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(Cp = n°-CsHs, Figure 5(a)). This compound was studied
in phase I clinical trials in 1993 [75-77] using water soluble
formulations developed by Medac GmbH (Germany) [78].

Phase I clinical trials pointed towards a dose-limiting
side effect associated to nephrotoxicity which together with
hypoglycemia, nausea, reversible metallic taste immediately
after administration, and pain during infusion, seemed to
be the weakest part of the administration of titanocene
dichloride in humans. On the other hand, the absence of any
effect on proliferative activity of the bone marrow, one of
the most common dose-limiting side-effect of nonmetallic
drugs, was in interesting result that increased the potential
applicability of this compound in humans.

Although phase I clinical trials were not as satisfactory
as expected, some phase II clinical trials with patients with
breast metastatic carcinoma [79] and advanced renal cell
carcinoma [80] have been carried out observing a low
activity which discouraged further studies.

However, after the recent work of many groups such
as Tacke, Meléndez, McGowan, Baird, and Valentine the
interest in this field has been renewed [81-85]. In this con-
text a wide variety of titanocene derivatives with amino acids
(86, 87], benzyl-substituted titanocene or ansa-titanocene
derivatives [81], amide functionalized titanocenyls [88, 89],
titanocene derivatives with alkylammonium substituents on
the cyclopentadienyl rings [90-92], steroid-functionalized
titanocenes [93], and alkenyl-substituted titanocene or
ansa-titanocene derivatives (Figure 5) [94-96], have been
reported with very interesting cytotoxic properties which
enhance their applicability in humans. In particular, [Ti{5’-
CsH4(CH,CsH4sOCH3)},Cly] (titanocene Y, Figure 5(b))
and its family, reported by Tacke and coworkers, have
demonstrated to have extremely interesting anticancer prop-
erties which need to be highlighted.

In general, the cytotoxic activity of titanocene complexes
has been correlated to their structure, however, there are
still several questions regarding the anticancer mechanism of
titanocene(IV) complexes. According to the reported studies
in the topic, it seems clear titanium ions reach cells assisted
by the major iron transport protein “transferrin” [97-100],
and the nucleus in an active transport facilitated probably by
ATP. In a final step, binding of titanium ion to DNA leads to
cell death (Figure 6) [101, 102]. However, recent experiments
have shown interactions of a ligand-bound Ti(IV) complex
to other proteins or enzymes [103-105], indicating alterna-
tives in cell death mechanisms, which is currently leading to
intensive studies by several research groups.

2.2. Zirconocene Derivatives. An alternative to titanium com-
plexes may be zirconium(IV) derivatives which are in a very
early stage of preclinical experiments. Already in the 1980’
Kopf and Kopf-Maier showed the potential of zirconocene
derivatives as anticancer agents and very recently, two
different studies on zirconocene anticancer chemistry have
been reported [106, 107]. These studies by Allen et al. [106]
and Wallis et al. [107]have described the cytotoxic activity of
different functionalized zirconocene complexes, observing
an irregular behavior in the anticancer tests, from which only
the complexes [Zr{n’-CsH4(CH;),N(CH,)s},Cl,-2HCI]
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(Figure 7(a)) and [Zr{#’-CsH4(CH,C¢H4OCH3)},Cly ] (zir-
conocene Y, Figure 7(b)) have shown promising activity that
needs to be improved in order to apply them in anticancer
chemotherapy.

In parallel, our research group reported the synthesis,
structural characterization, catalytic behavior in the poly-
merization of ethylene and copolymerization of ethylene
and 1-octene and the cytotoxic activity on different human
cancer cell lines of a novel alkenyl substituted silicon-bridged
ansa-zirconocene complex (Figure 7(c)) which proved to
be the most active zirconocene complex on human A2780
ovarian cancer cells, reported to date [108].

There is still hard work to do in this field to find a suitable
zirconocene complex with increased cytotoxic activity and
good applicability in humans.

2.3. Vanadocene Derivatives. Vanadocene dichloride,
[VCp,Cl] (Cp = #°-CsHs), was extensively studied
in preclinical testing against both animal and human
cancer cell lines, observing a higher in vitro activity of
vanadocene(IV) dichloride on direct comparison with
titanocene(IV) dichloride [109-111].

These results encouraged further preclinical studies
which were restarted around eight years ago [112-114], and
have been recently extended [115-118] with the study of
the cytotoxic properties of vanadocene Y (Figure 8(a)) and
similar derivatives. In addition, a comprehensive study of

the cytotoxic activity of methyl- and methoxy-substituted
vanadocene(IV) dichloride toward T-lymphocytic leukemia
cells MOLT-4 has also been recently reported [119]. In
most cases, vanadocene derivatives are more active than
their corresponding titanocene analogues, however, the para-
magnetic nature of the vanadium center, which precludes
the use of classical NMR tools, makes the characterization
of these compounds and their biologically active species
more difficult. The need of the use of X-ray crystallography
and other methods such as electron-spin resonance (ESR)
spectroscopy slows down their analysis and the advances in
this topic.

2.4. Molybdocene Derivatives. After the work of Kopf and
Kopf-Maier there were some evidences of the potential
properties as anticancer agents of molybdocene dichloride
derivatives. In recent years, the extensive work carried out
by many different research groups confirmed the anticancer
properties of molybdocene [120-124]. But not only the
cytotoxic properties of these compounds have been reported,
the hydrolysis chemistry of [MoCp,Cl,] has been intensively
studied [125-127]. In the case of molybdocene derivatives
the stability of the Cp ligands at physiological pH has
led to the study of many different biological experiments
with results which show new insights on the mechanism
of antitumor action of [MoCp,Cl,] and some analogous
carboxylate derivatives (Figure 8(b)) [117, 128-130].
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2.5. Ferrocene Derivatives. The discovery of the cytotoxic
properties of ferricinium salts on Ehrlich ascite tumors by
Ko6pf and Kopf-Maier [131, 132] were an early breakthrough
for the subsequent development of novel preparations of this
class of anticancer agents.

There are different groups working in this field, however,
to date, the most interesting work in the field of anticancer
applications of ferrocene derivatives is being carried out by
Jaouen and coworkers.

This group has published several reports on the synthesis
of novel functionalized ferrocene derivatives “hydoxyferro-
cifens” which consist of the linking of the active metabolite
of tamoxifen and ferrocene moieties (Figure 9(a)) [133, 134].
This novel class of compounds are able to combine the
antioestrogenic properties of tamoxifen with the cytotoxic
effects of ferrocene [135-137]. From all these complexes,
the outstanding cytotoxicity of a ferrocene complex with a
[3] ferrocenophane moiety conjugated to the phenol group
(Figure 9(b)) is important to be remarked [138].

In addition, ferrocene-functionalized complexes with
steroids or nonsteroidal antiandrogens have also been report-
ed to be very effective to target prostate cancer cells [139].

But not only the design and synthesis of novel ferrocene
derivatives with different ligands and cytotoxic properties
have been studied, several investigations on the cell death
induced mechanism of these anticancer drugs have been
reported. Thus, two different action mechanisms have been
proposed for ferrocene derivatives, production of elec-
trophilic species, and/or production of ROS species [140].

2.6. Future Tendencies in the Use of Metallocenes in Anticancer
Chemotherapy. Almost all metallocene derivatives which
have been studied either in preclinical or clinical trials are
extremely hydrophobic to be intravenously administered,
thus limiting their bioavailability for clinical applications.

Novel formulations of metallocene derivatives in macro-
molecular systems such as cucurbit(n)urils [140] or cyclo-
dextrins [141] leading to a presumably higher applicability
in humans.

In addition, using a different approach, but with the
same goal of circumventing the solubility problems of
metallocenes in biological media, several metallocene-
functionalized MCM-41 or SBA-15 starting from different

OH

FIGURE 9: Ferrocene derivatives used in preclinical trials: (a)
hydroxyferrocifens; (b) ferrocene complex with a [3] ferroceno-
phane moiety.

titanocene dichloride derivatives with anticancer activity
have been reported and may be a good starting point for
the development of novel metallocene-based drugs for the
treatment of bone tumors [142-145].

3. Conclusions

One of the most potent antitumoral drugs cisplatin deserves
special attention as exceptional of few with healing effect.
Important role in the action of cisplatin is interaction
with nuclear DNA and unfeasibility of the cell response to
repair DNA strain containing covalently bonded diammine-
platinum(IT) moiety (nucleotide excision repair mecha-
nism). Beside DNA, cisplatin might interact with other
biomolecules (thioproteins, RNA) and in that way could be
deactivated or even may possibly tune different signaling
pathways involved in mediation of cell death, which is
cell type specific. Namely, cisplatin has intense effects on
signaling pathways facilitated by MAPs (e.g., ERK, JNK, p38).
In recent years information on the cellular processing of
cisplatin has essentially arisen. Knowledge collected from
studies about biological effects of cisplatin and development
of cisplatin resistant phenotype afford important clues for
the design of more efficient and less toxic platinum and
nonplatinum metal based drugs in cancer therapy. It is
to be expected that nonplatinum metal compounds may
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demonstrate anticancer activity and toxic side effects notice-
ably different from that of platinum based drugs. Thus
titanocene, vanadocene, molybdocene, ferrocene, and zir-
conocene revealed encouraging results in in vitro studies.
These compounds might enter by different transport mech-
anism through cell membrane and distinctly interact with
biomolecules than cisplatin. Notwithstanding the extensive
applications of cisplatin in the new investigations will
provide us with powerful facts for finding a novel efficient
and nontoxic metallotherapeutics in anticancer treatment.
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The studies on synthetic, spectroscopic and biological properties of platinum(1v) complexes,
[PtCl,(R,eddp)] (R = Et, 1; n-Pr, 2), containing ¥*N,N’ bidentate ligands, esters of
ethylenediamine-N,N’-di-3-propionic acid (HOOCCH,CH,NHCH,CH,NHCH,CH,COOH, H,eddp),
are reported. Complexes have been characterized by infrared, '"H and *C NMR spectroscopy and
elemental analysis and it was concluded that the coordination of the ligands occurs via nitrogen donor
atoms of the ester ligands (R,eddp). Cytotoxicity studies were performed for ligand precursors and
corresponding platinum(1v) complexes. Although the n-Pr,eddp-2HCI itself showed no activity (ICs,
values > 125 uM) in selected cell lines, the activity of complex 2, via apoptotic mode of cell death, has
increased significantly for a broad range of cancer cell lines tested in vitro (ICs, = 8.6-49 uM). As it was
found that complexes 1 and 2 are able to interact with pBR322 plasmid DNA, platinum(1v) complexes

of this type may act as drugs and pro-drugs.

Introduction

The platinum(1r) anticancer drug cisplatin has been widely used
effectively in treating a wide variety of solid tumours, especially
testicular cancer.! However, the toxic side effects of cisplatin
therapy particularly peripheral neuropathy, nephrotoxicity and
ototoxicity present a major disadvantage for cisplatin application.?
Many efforts have been made towards designing new platinum
compounds with improved pharmacological properties. Because
platinum(1v) complexes are more kinetically inert than plat-
inum(11) complexes, there is a growing interest in platinum(1v)
compounds. This property lends itself favourably to the possible
oral administration of platinum(1v) drugs and to reduced toxicity
during platinum-based chemotherapy.?

Recently, some platinum(iv) complexes containing R,eddp
(esters of ethylenediamine-N,N’-di-3-propionic acid) and halide
ligands have been tested against human adenocarcinoma HeLa
cells and human myelogenous leukemia K562 cells and showed
that the most efficient complexes were the tetrachloroplatinum(1v)
complexes acting through apoptotic cell death.* In addition, signif-
icant in vitro antitumoral activity by two platinum(1v) complexes
[PtCl,(n-Bu,eddp)] and [PtCl,(n-Pe,eddp)] was demonstrated on
L.929 fibrosarcoma and U251 astrocytoma tumour cells.® Results
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have shown that these platinum(1v) complexes displayed cytotoxic
effects more rapidly than cisplatin.

In the present work two analogues of these high active
platinum(1v) complexes with shorter chain in ester function,
[PtCl4(R,eddp)] (R = Et and n-Pr), have been synthesized.
Furthermore cytotoxicity, mode of cell dead, kinetics, platinum
uptake and interaction of the complexes 1 and 2 with pBR322
plasmid DNA were studied.

Results and discussion
Synthesis and characterization

The platinum(1v) complexes, 1 and 2, were synthesized in the
reaction of Na,[PtCl¢], R,eddp-2HCI and LiOH in water, molar
ratio 1 : 1 : 2 (Scheme 1).

RO
. (El
2LiOH o [N\Pt _cl
Naz[PtC16] +R2eddp2HC1 room temp 0 N/l \Cl
A a
R RO
L12HCI Et 1
L22HCI n-Pr 2
Scheme 1

Elemental analyses confirmed the molecular formulae. In the
IR spectra, strong bands for the v(COO) vibrations at around
1742 cm™ confirmed the presence of the ester group (L1-2HCI and
L2-2HCI at 1730 cm™).*¢ Asymmetric CHj; stretching vibrations
from the ester group were found between 2951 and 2979 cm™
(L1-2HCI and L2-2HCI between 2940 and 2980 cm™") while those
bending deformations were found at 1340 cm™ (L1-2HCI and
L2-2HCI: 1330 cm™) for 1 and 2, respectively.
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Recently it has been shown that NMR spectroscopy can be
used advantageously for the characterization of the [PtCl,(R,edda-
type)] complexes.*® Two nitrogen atoms from R,edda-type
ligands, as shown by NMR, are coordinated to platinum(iv)
center, while ester moieties remain intact. Furthermore, K¥*’N,N’
coordination mode is supported by X-ray structural analysis for
several complexes, in which no interactions between ester oxygen
atoms and platinum(1v) were observed.™ Also here, for complexes
1 and 2 NMR spectroscopic measurements gave proof of their
constitution. Hydrogen and carbon atoms from the R groups
of both complexes show shifts similar to those observed for
their corresponding free ligands in NMR spectra.® All signals
are found on expected chemical shifts, as known for analogous
compounds.*”® The coordination of the N atoms gives rise to the
formation of chiral N centers, thus in principle one enantiomeric
pair and its diastereoisomer can be formed [anti: (R,R), (S,S) with
C, symmetry and syn: (R,S) = (S,R) with C, symmetry] (Fig. 1).
Only one set of signals was found indicating the formation of
either the enantiomeric pair (R,R) and (S,S), identical in achiral
surrounding in NMR, or its diastereoisomer (R,S).

The redox potentials of the electrochemical studies (vs.
Ag|AgCl)are—705mV for 1 and —-846 mV for 2. Reduction occurs
more readily in the platinum(1v) complex with the R,eddp ligand
with the shorter alkyl substituent (1: Et). It is important to note
that the reduction is irreversible, and consequently the reported E,
values are cathodic forward half-wave potentials, and are kinetic,
not thermodynamic values.

Quantum chemical calculations

To deal with the question of structural feasibility DFT calculations
were conducted for the diastereoisomers (anti and syn) arising

&

. (;::é‘:{

8.76 (8.62-8.63)" kcal/mol

syn-1H
4.03 (3.94-4.15) kcal/mol

syn-2H
0 kcal/mol

0 0
R cl R-g2 Hal
®N_ | Cl @N_| cl
c SRR ]
o wN” 17l 0 SN 1T
R” 1€ R~
(R,R)-anti (8,8)-anti
% H
R-g~ e Ha
fS[WN\|,C1
_/P\_
& 0 N | "1
R \[0(\/ 'HCI
(R.S)-syn

Fig. 1 Possible isomers of [PtCL,(R,eddp)].

from coordination of R,eddp to platinum(1rv). Each isomer has
been calculated in three conformations, namely, with one or
two N-H - - - O bonds and without N-H - - - O bonds (abbreviated
anti-nH and syn-nH; n = 0, 1 and 2). Optimized structures are
presented in Fig. 2.

As can be seen from Fig. 2, the results obtained from DFT
calculations in gas phase show that the most stable conformers are
with two N-H - - - O bonds in case of anti and syn isomers by 3.9—
8.8 kcal mol™! relative to other conformers. Comparing the energies
between anti-nH and syn-nH (n =0, 1 and 2) with the same number
of H bonds it can be concluded that the very small differences (0.4
up to 0.6 kcal mol™) are within the error of DFT calculations. For
all compounds of the class [PtCl,(R,eddp)] (R =Me, Et, n-Pr, n-Bu

l‘;i‘y: $g g&{tf

anti-OH
8.36 (8.39-8.47)" kcal/mol J_

anti-1H D
4.59 (4.27-4.43) keal/mol

anti-2H
0.64 (0.49-0.60) kcal/mol

Fig. 2 Equilibrium structures of syn and anti isomers of [PtCL,(R,eddp)] (R = Me) complexes. Energies are relative to the most stable isomer (syn-2H).

In parentheses the requisite values for R = Et, n-Pr, n-Bu and n-Pe are given.
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Tablel C-H---Clinteractions (distances in A, angles in °) in anti-OH-
and syn-0H-[PtCl,(Me,eddp)] complexes

C---Cl C-H H---ClI C-H---Cl
anti-OH C5-H11---Cl4 3.415  1.091 2.772 117.4
C5-H12---Cl1 3306  1.089 2.602 121.6
C3-H7---CI2 3.309  1.089 2.597 122.3
C3-H8---CI3 3.395  1.090 2.750 117.6
syn-0H CI-H3---Cl4 3306  1.085 2.724 112.9
C3-H7---CI2 3.358  1.087 2.609 125.3
C3-H8---CI3 3.307  1.091 2.717 113.5
C5-H12---CI3 3.230  1.089 2.709 108.8
C6-H14---CI3 3.483  1.093 2.820 118.9
C6-H14---Cl1 3.380  1.093 2.713 118.9

and n-Pe) syn-2H is more stable than anti-2H by 0.5-0.6 kcal mol™’,
thus also within the error of DFT calculations. Furthermore,
calculation for platinum(iv) complexes bearing Me,eddp ester,
as the most simple compound, have been performed with the
PCM method including solvent effects. Because corresponding
platinum(1v) complexes were obtained from aqueous solution,
dielectric constant of water was used in calculations. In contrast
to gas phase, calculations including solvent effects show that the
most stable isomer is anti-OH (by 3.2 kcal mol™ in comparison to
syn-0H). These results are in full agreement with the experimental
findings that only one isomer is formed (NMR) and which proved
to be the anti-OH isomer (X-ray) in the case of [PtCl,(R,edda)]
(H,edda = ehtylenediamine-N,N’-diacetic acid; R = Me, Et).?

The topological analysis of the electronic charge density p(r),
representing the structure in water phase and those having most
stable conformers both in the anti-OH and syn-OH isomers of
[PtCl,(Me,eddp)], using the quantum theory of atoms in molecules
(QTAIMY’ revealed stabilization of the structure with C-H - -- Cl
interactions (Fig. 3). For both isomers two representative figures
with trajectories of p(r) of the molecules including bond paths and
bond critical points are shown (Fig. 4) and C-H - - - Cl interactions
are summarized in Table 1.

anti-OH
0 keal/mol

Cl2

syn-0H
3.22 kcal/mol

Fig.3 The most stable anti- and syn-[PtCl,(Me,eddp)] isomers optimized
including solvent effect.

Fig.4 Gradient paths of the electron density p(r) in the calculated struc-
tures anti-OH- (left, plane CSC3H12H7) and syn-OH-[PtCl,(Me2eddp)]
(right, plane PtCI2CI3HS) in water phase.

In vitro antitumoral studies

The in vitro cytotoxic activity of L1-2HCI, L2-2HCI, 1 and 2
was studied on ten different tumour cell lines, A2780 (ovarian),
A431 (cervix), 518A2 (melanoma), A549 (lung), FaDu (head and
neck), HT-29, HCT-8, DLD-1, 8505C, SW480 (colon) by the SRB
colorimetric assay method. The ICs, values of each compound
on these cell lines are given in Table 2. An increase in cytotoxic
potential can be observed from 1 to 2.

Treatment with L1-.2HCl and L2-2HCI did not show any toxicity
in the dose range used (1-125 uM), whereas 1 and 2 showed
much better activity in all cell lines in comparison with their
parent ligand precursors (L1-2HCI and L2-2HCI). The activity
of platinum(1v) complexes was observed to be highest in A2780
and A431 cell lines. Complex 2 expresses high activity against
ovarian, melanoma and lung cell lines A2780, 518A2 and A549,
respectively. In comparison to cisplatin complexes 1 and 2 are
less active on all investigated cell lines. Mediated antiproliferative
activity of 1 and 2 has been shown against head and neck and
colon tumour cell lines. As it was observed for similar compounds
with the ester arms, each shorter by one CH, group in the
aminocarboxylato substituent, (R = Me, Et, n-Pr),? it was found
that the activity of the complexes depends upon the number of
carbon atoms on the ester chain, from which it could be inferred
that the longer the chain the greater the activity. Comparing
results between these two types of compounds, [PtCl,(R,edda)]
and [PtCl,(R,eddp)] (R = Me, Et, n-Pr), on the same cell lines
can be concluded that tetrachloroplatinum(1v) complexes bearing
R,eddp ester ligands possesses greater activity (i.e. ICs, [UM] of
[PtCl,(R,edda)] against A549 ca. 60-86, SI8A2 ca. 60-74, for
DLD-1 ICs, not reached). Because platinum(iv) complexes 1 and

Table2 ICs, values [uM] of L1.2HCI and L2-2HCI, corresponding
platinum(1v) complexes, 1 and 2, and cisplatin

Compound L1-2HCI, L2-2HCI 1 2 Cisplatin
A2780 >125 13.78£0.37 8.60£0.23 0.5
A431 32.30+£0.21 19.62+£0.48 0.6
S518A2 4395+£2.57 17.99£238 1.5
A549 35.06+0.27 20.81+£047 1.5
FaDu 48.20+0.47 31.24+045 1.2
HT-29 38.23+£0.90 32.80+£0.35 0.6
HCT-8 36.24+0.31 31.78+£0.55 1.5
SW480 3548 +£2.54 26.24+4.61 3.2
8505C 48.04+4.76 2523£1.73 5
DLD-1 89.26+1.17 49.03+£4.02 5
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2 were found to be most cytotoxic towards ovarian A2780 and
cervical A431 cancer cell lines, in comparison to other investigated
from this study, these cell lines were chosen for further studies.

To investigate if differences in platinum accumulation in A431
and A2870 cells contribute to the diverse cellular response of 1 and
2, the intracellular platinum uptake of 10 uM concentrations was
determined. Treatment of A2780 cells with 1 and 2 for 24 h resulted
in similar platinum uptake (1: 189 £ 14; 2: 198 £ 14 ppm) and the
same was observed for A431 cell line (1: 71 £ 12; 2: 76 + 7 ppm),
from which it can be inferred that the greater accumulation of the
compound the better the activity. In vitro antitumoral activity for
these two cell lines can be correlated to the platinum uptake of the
investigated complexes.

To test whether 1 and 2 induced cell death was mediated
by apoptosis, floating cells from A2780 and A431 after 24 h
treatment with the ICy, concentrations were collected and analysed
by the DNA laddering technique. In both cell models with both
compounds occurrence of typical DNA ladders was observed.
Furthermore, programmed cell death was confirmed by trypan
blue exclusion test, in which floating cells showed the ability to
exclude the blue dye indicating that 1 and 2 causes cell death by
the induction of apoptosis (Fig. 5).

1

Fig. 5 Dye exclusion test and DNA laddering.

The comparative analysis was performed on A2780 and A431
cell lines with equitoxic concentrations of cisplatin, 1 and 2 (see
Table 2) at different times (Fig. 6). It was observed that the
complexes 1, 2 and cisplatin showed similar activity until 8 h treat-
ment on the cervical cancer cell line (A431) and cisplatin showed

A3
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E‘E |—=-2
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S s——

Viability (%)

4} 10 20 0 40 50 60 7
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the most pronounced activity after that period. Interestingly in
ovarian cancer cell line complex 1 was marginally more active in
the first 24 h of treatment than cisplatin. Furthermore, the complex
1 is acting faster than 2 on A2780 cell line and the opposite was
found in the case of A431 cell line. In both cell lines it was observed
that the activity of all compounds was much higher in the final
24 h period of treatment during the assay (from 72-96 h).

Platinum(1v) complexes as drugs and pro-drugs

The ability of binding metals from complexes to DNA is generally
monitored by agarose gel electrophoresis and the pBR322 plasmid
DNA is usually involved.” The degree to which the synthesized
complexes could produce changes in the electrophoretic mobility
of the open circular form (I) and the supercoiled form (IT) of
pBR322 plasmid could function as DNA-cleavage agents. Fig. 7
shows the electrophoregram of the action of complex 2. Lane 0
was used as blank. Two clear bands were observed for the control
in which the metal complex was absent, see lane 1. The amount of
form IT of pPBR322 DNA gradually increases from r, = 0.01 tor, =
0.75 (lanes 2-6). At high r; (1.00), interaction of complex 2 with
DNA seems to be so extensive that both the supercoiled and the
open circular forms of pBR322 disappear (lanes 7). This indicates
that platinum(1v) complexes may act as drugs. The results show
that both complexes can interact with the pBR322 plasmid DNA
without addition of external agents.

Fig. 7 Agarose gel (1.5%) electrophoresis showing the DNA cleavage
induced in the open (I) and supercoiled forms (II) of pBR322 after
incubation for 24 h with various concentrations of complex 2 in the
absence (lanes 2-7) and presence of 1.8 mM of ascorbate (lanes 9-14).
Lane 0, blank; lane 1, control unmodified pPBR322 DNA; lane 8, control
unmodified pBR322 DNA incubated with 1.8 mM of ascorbate; lanes
2-7 and 9-14, pBR322 incubated with increasing molar ratios of 2 per
nucleotide, r; of 0.01, 0.10, 0.25, 0.50, 0.75 and 1.00, respectively.
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Fig. 6 Kinetics of tumour cell growth inhibition of A431 or A2780 cells treated with equitoxic concentrations of 1, 2 and cisplatin for various time

periods.
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It is known that platinum(1v) complexes may be activated in vivo
by reduction to corresponding platinum(ir) species.! Since the
primary reducing agent of transition metal complexes within the
cell seems to be mainly ascorbate' (vitamin C, physiological
concentration ~ 1.8 mM) the presence of this biomolecule in
interaction between plasmid pBR322 DNA and complexes 1 and
2 was investigated. The electrophoretic mobility pattern of native
pBR322 DNA incubated with 1.8 mM ascorbate is shown in Fig. 7,
see lane 8. The same system in the presence of 2 at increasing
r; values (0.01-1.00; lane 9-14) was also investigated. It may
be seen that at r; from 0.01 DNA is not detected at all (lanes
9-14). Complex 1 shows the similar behaviour. Indicating that
those results are presumably the consequence of the reaction of
DNA with activated platinum(ir) species, formed upon reduction
of platinum(1v) by ascorbate. Altogether these data support the
hypothesis that platinum(1v) complexes may act as pro-drugs,
which are transformed in vivo into reactive platinum(1r) species.

Conclusions

Synthesis and characterization of two platinum(1v) complexes,
1 and 2, were described here. The IR, 'H, and “C NMR
spectroscopic data support chelation of these ligands via two
nitrogen donor atoms (K*N,N’ coordination). The ligand pre-
cursors (L1-2HCI, L2-2HCI) did not show toxicity in the dose
range used (IC5, >125 uM), and complexes 1 and 2 showed
moderate anticancer activity compared to cisplatin. Remarkable
inhibition properties for platinum(1v) complex 2, [PtClL,(Pr,eddp)]
were observed, via apoptotic mode of cell death, up to twenty times
higher activity than the parental ligand dihydrochloride. In vitro
antitumoral activity for A2780 and A431 cell lines can be
correlated to the platinum uptake of the investigated complexes.
Interaction studies between 2 and pBR322 DNA clearly showed
that both, the platinum(iv) complex and the corresponding
reduced species may act as drugs.

Experimental
Material and methods

The elemental analyses (C, H, N) were carried out on a CHNS-
93 (LECO) elemental analyzer. Infrared spectra were recorded
in KBr pellets on a Mattson Galaxy 5000 FT-IR spectrometer,
covering the region 4000-300 cm™. The 'H and *C NMR
spectra were recorded on a Varian Unity 400 NMR spec-
trometer in acetone-dy ([PtCl,(R,eddp)]-H,0) at 27 °C. Diethyl
(Et,eddp-2HCI; L1-2HCI) and dipropyl-ethylenediamine-N,N’-
di-3-propanoate dihydrochloride (Pr,eddp-2HCI; L2-2HCI) were
synthesized by the procedures reported in the literature.®

General procedure for the preparation of [PtCl,(R,eddp)]
complexes 1 and 2

Na,[PtCl,] (0.100 g, 0.22 mmol) was dissolved in 10 mL water
and the appropriate ligand (L1-2HCI: 0.071 g; L2-2HCI: 0.077 g,
each 0.22 mmol) was added. The mixture was stirred for 5 h and
during this period 3.92 mL LiOH (¢ = 0.107 mM, 0.44 mmol)
were introduced. The complexes were yellow precipitates which
were filtered off, washed with water (2 x 5 mL) and dried on air.

1. Yield: 94 mg, 75%. Anal. caled for [PtCl,(Et,eddp)],
C,H,,CI,N,O,Pt: C 24.13, H 4.05, N 4.69. Found: C 23.87, H
4.29, N 4.55%. "H NMR: 6 1.23 (t, 6 H, CH;), 2.94 and 3.01 (m,
4 H, NHCH,CH,NH), 3.16 (m, 4 H, NHCH,CH,CO,), 3.37 (m,
4 H, NHCH,CH,CQ,), 4.14 (qu, 4 H, CO,CH,). *C NMR: §
14.6 (CH;), 31.3 (NHCH,CH,NH), 49.5 (NHCH,CH,CO,), 55.1
(NHCH,CH,C0,), 61.7 (CO,CH,), 170.1 (CO,). IR: v 3193 (s),
3141 (s), 2979 (m), 2951 (m), 1741 (vs), 1618 (w), 1471 (w),
1429 (w), 1373 (m), 1340 (m), 1278 (w), 1228 (s), 1186 (m),
1078 (m), 1047 (w), 1010 (w), 970 (w), 899 (w), 858 (w), 729 (w),
582 (w), 345 (s) cm™.

2. Yield: 103 mg, 76%. Anal. calcd for [PtCl,(n-Pr,eddp)],
C,HxCLN,O,Pt: C 26.89, H 4.51, N 4.48. Found: C 27.01, H
472, N 4.49%. 'H NMR: 6 091 (t, 6 H, CH;), 1.64 (se, 4
H, CH,CH;), 2.95 and 3.02 (m, 4 H, NHCH,CH,NH), 3.19
(m, 4 H, NHCH,CH,CO), 3.39 (m, 4 H, NHCH,CH,CO),
404 (m, 4 H, CO,CH,). "C NMR: é 10.6 (CH;), 22.6
(CH,CH,), 31.3 (NHCH,CH,NH), 49.4 (NHCH,CH,CQO,), 55.0
(NHCH,CH,CO,), 67.1 (CO,CH,), 172.2 (CO,). IR: v 3191 (s),
3141 (s), 2952 (m), 2879 (m), 1743 (vs), 1654 (w), 1454 (w),
1417 (w), 1398 (m), 1361 (m), 1340 (m), 1279 (w), 1226 (s),
1184 (m), 1080 (m), 1047 (w), 981 (w), 968 (w), 852 (w), 730 (w),
669 (W), 582 (w), 513 (w), 341 (s) cm™.

Electrochemistry

An Autolab Typ III potentiostat/galvanostat instrument was used
tocarry out cyclic voltammetry at a scan rate of S0 mV s~ using a Pt
disk working electrode (4 2.0 mm), a Pt wire (0.8 X 6.0 mm) counter
electrode and a silver|silver chloride double junction reference
electrode (filled with acetonitrile/0.1 M [Bu,N]BF, electrolyte).
The reference electrode was calibrated against [FeCp,] dissolved
in acetonitrile/0.1 M [Bu,N]BF, electrolyte. The desired complex
was dissolved in acetonitrile/0.1 M [Bu,N]BF, solution and prior
to measurement was purged free of oxygen by passing a stream of
argon through the solution (for 5 min).

Theoretical calculations

All DFT calculations were performed by employing the Gaussian
03 program package® using the MPWI1PWOI functional.’* The
6-31+G** basis set was used for all atoms, with the exception
of a Stuttgart basis set for the Pt atom." This included the use
of an effective core potential with consideration of relativistic
effects relevant to platinum. The appropriateness of the chosen
functional and basis set for platinum complexes has been stated
elsewhere.”® All systems have been optimized without symme-
try restrictions. The resulting geometries were characterized as
equilibrium structures by the analysis of the force constants
of normal vibrations. Furthermore, full geometry optimization
with Polarizable Continuum Model (PCM) as implemented in
Gaussian 03 was used for the prediction of solvent influence
(water).’>!* The QTAIM analysis as well as the visualization
were performed using the program package AIMPAC as provided
by Bader et al'” Supplementary data associated with quantum
chemical calculations can be obtained from the authors upon
request.
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In vitro studies

The compounds L1-2HCI, L2-2HCI, 1 and 2 were dissolved in
N,N-dimethyl formamide (DMF, Sigma Aldrich) to a concentra-
tion of 20 mM and diluted by nutrient medium to various working
concentrations. Nutrient medium was RPMI-1640 (PAA Labora-
tories) supplemented with 10% fetal bovine serum (Biochrom AG)
and penicillin/streptomycin (PAA Laboratories).

Cell lines and culture conditions. The cell lines 518A2, 8505C,
A2780, A431, HCT-8, HT-29, DLD-1, SW480, FaDu, A549 were
included in this study. All these cell lines were kindly provided
by Dr Thomas Mueller, Department of Hematology/Oncology,
Martin Luther University of Halle-Wittenberg, Halle (Saale),
Germany. Cultures were maintained as monolayers in RPMI
1640 (PAA Laboratories, Pasching, Germany) supplemented with
10% heat inactivated fetal bovine serum (Biochrom AG, Berlin,
Germany) and penicillin/streptomycin (PAA Laboratories) at
37 °C in a humidified atmosphere with 5% CO,.

Cytotoxicity assay. The cytotoxic activities of the platinum
compounds were evaluated using the sulforhodamine-B (SRB)
(Sigma Aldrich) microculture colorimetric assay.'® In short, ex-
ponentially growing cells were seeded into 96 well plates on day
0 at the appropriate cell densities to prevent confluence of the
cells during the period of experiment. After 24 h, the cells were
treated with serial dilutions of the platinum compounds (0-125
uM) for 96 h. The final concentration of DMF solvent never
exceeded 0.5%, which was non-toxic to the cells. The percentages
of surviving cells relative to untreated controls were determined
96 h after the beginning of drug exposure. After 96 h treatment,
the supernatant medium from the 96 well plates was thrown away
and the cells were fixed with 10% TCA. For a thorough fixation
plates are now allowed to stand at 4 °C. After fixation the cells
are washed in a strip washer. The washing is done four times
with water using alternate dispensing and aspiration procedures.
The plates are then dyed with 100 pL of 0.4% SRB for about
45 min. After dying the plates are again washed to remove the
dye with 1% acetic acid and allowed to air dry overnight. 100 uL.
of 10 mM Tris base solution was added to each well of the plate
and absorbance was measured at 570 nm using a 96 well plate
reader (Tecan Spectra, Crailsheim, Germany). The ICy, and 1Cy,
values, defined as the concentrations of the compound at which
50% and 90% cell inhibition is observed, was estimated from the
semi-logarithmic dose-response curves.

Platinum drug accumulation in cells. The platinum uptake
studies were performed with A2780 and A431 cell lines. The
cells were seeded in 25 cm? flasks and allowed to grow for 24 h.
After 24 h the exponentially growing cells were treated with
10 uM concentrations of each of 1 and 2 for 24 h. The cells
were then washed with PBS, trypsinated and then dried. Prior
to measurement, the cells were lyophilized and then submitted
to a temperature ramp ranging from 100 to 2550 °C, atomized,
and analyzed at A = 265.9 nm. The platinum concentrations were
measured by flame-less atomic absorption spectroscopy using an
AAS-5 EA including the semiautomatic solid sampling dispensing
system SSA 51 (Analytic Jena AG, Germany). Cellular platinum
levels were expressed as parts per million (ppm) platinum.

Apoptosis tests—Tryptan blue exclusion test. Apoptotic cell
death was analysed by trypan blue dye (Sigma Aldrich, Germany)
on A431 and A2780 cell lines. The cell culture flasks with 70
to 80% confluence were treated with 1Cy, doses of 1 and 2 for
24 h. The supernatant medium with floating cells was collected
after treatment and centrifuged to collect the dead and apoptotic
cells. The cell pellet was re-suspended in serum free media. Equal
amounts of cell suspension and trypan blue were mixed and this
was analysed under a microscope. The cells, which were viable,
excluded the dye and were colourless and the ones whose cell
membrane was destroyed were turning into blue. If the proportion
of colourless cells were more compared to the ones that were
coloured then the death can be characterised as apoptotic.

DNA fragmentation assay. Determination of apoptotic cell
death was performed by DNA gel electrophoresis. Briefly, A431
and A2780 were treated with respective ICy, doses of 1 and 2
for 24 h. Floating cells induced by drug exposure were collected,
washed with PBS and lysed with lysis buffer (100 mM Tris-HCL
Ph 8.0; 20 mM EDTA; 0.8% SDS; all from Sigma Aldrich). Then,
cells were treated with RNAse A at 37 °C for 2 h and proteinase
K at 50 °C (both from Roche Diagnostics chemical company,
Mannheim, Germany). DNA laddering was observed by running
the samples on 2% agarose gel followed by ethidium bromide
(Sigma Aldrich) staining.

Kinetic studies. Activity of the platinum compounds 1 and
2 along with cisplatin on A431 and A2780 was analysed by
treating them for 1, 2, 3, 4, 8, 24, 48 and 72 h at a equitoxic
concentrations of each compound, respectively. The cytotoxic
activity was performed exactly in accordance with the SRB
microculture colorimetric assay except that after each scheduled
time point the cells were washed with phosphate buffered saline
(PBS) and further grown in drug free media for the remaining time
to complete 96 h. After working up the 96 well plates according to
the published SRB assay protocol, absorbance was measured at
570 nm in a 96 well plate reader. The cell viability was estimated
at different times of treatment using a semi-logarithmic plot.

Interaction of platinum(1v) complexes with plasmid pBR322
DNA. Plasmid pBR322 DNA (4363 base pairs in length, Sigma)
was incubated for 24 h at several variable r; (input molar ratio
of platinum(1v) to nucleotide) ranging r; from 0.01 to 1.00.
Electrophoretic analysis used ascorbic acid (Sigma) dissolved in
10 mM NaClO,, pH 6.5 as 1 mg mL™ stock solution. 20 mM
stock solutions of complexes 1 and 2 as prepared in in vitro studies
were used for the different working concentrations dissolved in
10 mM NaClO,, pH 6.5. Fractions of the plasmid pBR322 DNA
(25 ug ml™) were incubated with the platinum(1v) complexes at
37 °C in 10 mM NacClO,, pH 6.5 at r; of 0.01, 0.10, 0.25, 0.50,
0.75 and 1.00 in the absence or presence of 1.8 mM of ascorbic
acid. Equal volumes (50 L) of platinum(1v) complexes and DNA
solution were subjected to 1.5% agarose gel electrophoresis for 16 h
at 25 V in TAE buffer (40 mM Tris-acetate, 2 mM edta, pH 8.0)
as previously reported.”
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Several new Roeddp (R = i-Pr, i-Bu; eddp = ethylenediamine-N,N’-di-3-propionate) esters and

corresponding platinum(i) and platinum(1v) complexes of the general formula [PtCl,(R,edda-type)]
(n = 2, 4) were synthesized and characterized by spectroscopic methods (IR, 'H and '*C NMR)
and elemental analysis. The crystal structure of platinum(iv) complex [PtCly{(c-Pe),eddip}] (3a)
was resolved and is given herein. Ligand precursors, platinum(ir), and platinum(iv) complexes
were tested against eight tumor cell lines (CT26CL25, HTC116, SW620, PC3, LNCaP, U251,
A375, and B16). Selectivity in the action of those compounds between tumor and two normal
primary cells (fibroblasts and keratinocytes) are discussed. A structure—activity relationship of
these compounds is discussed. Furthermore, cell cycle distribution, induction of necrosis,
apoptosis, autophagy, anoikis, caspase activation, ROS, and RNS are presented on the

cisplatin-resistant colon carcinoma HCT116 cell line.

Introduction

The discovery of cisplatin led scientists to synthesize many
platinum-based drugs that could potentially be less toxic to
healthy tissue and overcome the resistance of some tumors to
this drug.'” Besides cisplatin, carboplatin and oxaliplatin are
in worldwide clinical use.* The success of metallodrugs is
closely linked with the proper choice of ligands, as they
play a crucial role in modifying reactivity and lipophilicity,
in stabilizing specific oxidation states, and in imparting
substitution inertness.’
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855121. For ESI and crystallographic data in CIF or other electronic
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Platinum(i1) and platinum(iv) complexes containing
ethylenediamine-N,N’-diacetic acid (H,edda) and derivatives
(e.g. ethylenediamine- N, N'-di-3-propionic acid, Hpeddp; propylene-
diamine-N,N'-diacetic acid, H,pdda) have been considered to be
variants of cisplatin and orally active satraplatin, respectively.®®
Complexes of platinum(ir) and platinum(rv) containing edda-type
ligands coordinated in k>N,N’ and «’N,N’, ¥*0,0’ mode,
respectively, expressed lower cytotoxic activity than cisplatin
or satraplatin.®!' On the other hand, complexes containing
diesters of eddp were found to be very active.'?

The most efficient complexes were shown to be
tetrachloroplatinum(rv) complexes with n-Bu and n-Pe esters,
[PtCl4{(n-Bu),eddp}] and [PtCl4{(n-Pe),eddp}] (Fig. 1C).
Their efficacy was confirmed against human adenocarcinoma
HeLa cells (approx. five times less active than cisplatin) and
human myelogenous leukemia K562 cells (comparable with
cisplatin). Proposed mechanism of action was induction of
apoptotic cell death.'* Noteworthy in vitro activity caused by
these two platinum(1v) complexes was demonstrated on 1.929
fibrosarcoma and U251 astrocytoma tumor cells.!*!> The
compounds are found to induce considerably faster tumor cell
death process than cisplatin.'* The growing family of
such compounds, obtained by structural variations of the
aminocarboxylato arms and alkyl groups of the ester moiety
(normal and branched chains), yielded a variety of R,edda-type
platinum complexes (Fig. 1A-D).'122 Furthermore, a more
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Fig. 1 Some platinum(i) and platinum(iv) complexes containing R,edda-type ligands. Numbered compounds are used in this study.

selective effect toward malignant in comparison to normal cells
was obtained, but the drugs were less active than cisplatin,
e.g. [PtClL{(i-Pr),eddip}] (Fig. 1D).!® [PtCL{(n-Pr),eddl}]
[Hoeddl = (S,S)-ethylenediamine-N,N’-di-2-(4-methyl)pentanoic
acid] complex (Fig. 1A) expressed remarkably higher activity
than cisplatin (ca. 48 times) against primary chronic lymphocytic
leukemia cells induced by apoptotic mode of cell death."
Herein, as continuation of our work, the synthesis and
characterization of several new R,edda-type ligand precursors
([H»(i-Pr),eddp)]Cl, and [H(i-Bu),eddp)]Cl,, L4-2HCI and
L5-2HC], respectively), platinum(ir), and platinum(iv) complexes
are reported (Fig. 1A: see 4a, 5a; Fig. 1B: see 3a and 3b).
Additionally, in vitro investigations against different tumor cell
lines and primary normal cells and their mechanism of action
against cisplatin-resistant HCT116 cell line were studied.

Experimental

Synthesis of the ligand precursors, L1-2HCI-L5-2HCI, and
platinum(1v) and platinum(i1) complexes, 1a—5a and 1b-3b

[Haedda-type]Cl, esters, L1-2HCI-L3-2HCI, and the corresponding
platinum(i) and platinum(iv) complexes, la-2b, were prepared
by methods described in the literature."®?° Novel compounds
L4-2HCI, L5-2HCl and platinum(i1) and platinum(iv) complexes
(3b and 3a—5a, respectively) were synthesized by the procedures
given in ESL.¥

Reagents and cells

Fetal calf serum (FCS), RPMI-1640, phosphate-buffered saline
(PBS), dimethyl sulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT), colagenase IV from
Clostridium hystoliticum, DNase, dihydrorhodamine 123 (DHR)
and propidium iodide (PI) were obtained from Sigma (St. Louis,
MO). Annexin V-FITC (AnnV) and ethidium bromide (EtBr)
were from Biotium (Hayward, CA). Acridine orange (AO)
was provided by Labo-Moderna (Paris, France). The U251
glioblastoma cell line was a kind gift from Dr Pedro Tranque
(Universidad de Castilla-La Mancha, Albacete, Spain).
The B16 murine melanoma was a kind gift from Dr Sinisa
Radulovic (Institute for Oncology and Radiology of Serbia,
Belgrade, Serbia). Human melanoma A375, colon cancer
HCT116 and SW620, prostate PC3 and LNCap and mouse colon
CT26CL25 were kind gifts from Prof. Ferdinando Nicoletti

(Department of Biomedical Sciences, University of Catania,
Italy). Cells are routinely maintained in HEPES-buffered
RPMI-1640 medium supplemented with 10% FCS, 2 mM
L-glutamine, 0.01% sodium pyruvate, 5 x 107> M 2-mercapto-
ethanol, and antibiotics (culture medium) at 37 °C in a humidified
atmosphere with 5% CO, (doubling time for the used cell lines
varying from 48-72 h). After standard trypsinization, cells were
seeded at 1 x 10* per well in 96-well plates for viability determina-
tion and 2.5 x 10° per well in 6-well plates for flow cytometry.

Preparation of keratinocytes

Epidermal cell suspensions were prepared from mouse ear
skin. Ears were split into two pieces and left to float on 0.5%
trypsin—PBS solution for 1 h at 37 °C. Epidermis was removed,
cut into small pieces, and transferred to a conus tube. Cells
were rapidly resuspended to obtain single cell suspension and
filtered through nylon meshes. Cells were finally resuspended
into RPMI supplemented with 15% FCS.

Preparation of adult lung fibroblasts

Lung fibroblasts were prepared from mouse lungs. In brief,
lungs were aseptically removed, rinsed in PBS, and cut into
small pieces. Tissue was incubated in colagenase IV from
Clostridium hystoliticum (0.7 mg ml~") + DNase (30 mg
ml~") with slow stirring for 1 h at 37 °C. Cells were washed
three times and resuspended in RPMI supplemented with 15%
FCS. After 24 h, non-adherent cells were removed and
medium was replaced. After the cells had reached 80-90%
of confluence they were split and used for experiments.

Determination of cell viability by MTT and crystal violet assay

The number of adherent viable cells was evaluated with crystal
violet assay, while mitochondrial dehydrogenase activity, as an
indicator of cell viability, was used for non-adherent cells and
determined by mitochondria-dependent reduction of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
to colored formazan.

Cells (1 x 10* per well) were treated with the wide range of
doses of the drugs for 24 h and viability was estimated. Both
tests were performed as previously described.?® The results are
presented as percentage of the control (untreated cells) that
was arbitrarily set to 100%.
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Lactate dehydrogenase release assay

For determination of LDH release, cells were cultivated in
phenol red free medium for 6, 12, 18, and 24 h in the presence
of different doses of tested compounds and assay was performed
as described previously.'®

Cell cycle analysis

Cells (2.5 x 10° per well) were treated with ICs, doses of each
compound for 24 h, then trypsinized and fixed in 70% ethanol
at 4 °C for 30 min. After washing in PBS, cells were incubated
with PI (20 pg mI™") and RNase (0.1 mg ml™") for 30 min at
37 °C in dark. Red fluorescence was analysed with a FACS
Calibur flow cytometer (BD, Heidelberg, Germany). The distribu-
tion of cells in different cell cycle phases was determined with Cell
Quest Pro software (BD).

AnnexinV-FITC/EtBr staining

Cells (2.5 x 10° per well) were treated with ICs, doses of
each compound for 5 h, then trypsinized and stained with
AnnV-FITC/EtBr according to manufacturer’s instructions
(Biotium, Hayward, CA). Cells were analysed with a FACS
Calibur flow cytometer (BD, Heidelberg, Germany) and Cell
Quest Pro software (BD).

Caspase detection

Cells (2.5 x 10° per well) were treated with ICs, doses of each
compound for 24 h, then trypsinized and stained with apostat
(R&D Systems, Minneapolis, MN, USA) in phenol red free
RPMI supplemented with 15% FCS for 15 min at 37 °C. After
washing, cells were analysed with the FACS Calibur flow
cytometer (BD, Heidelberg, Germany) using Cell Quest Pro
software (BD).

Acridine orange and dihydrorhodamine-123 (DHR) staining

Cells (2.5 x 10° per well) were treated with ICs, doses of each
compound for 24 h, then trypsinized and stained with acridine
orange for detection of autophagy or DHR for measurement
of reactive oxygen species (ROS) release, exactly as described
previously.?*

z 0]
: H
HO__~
WN/\/N\(S:)/U\OH
o) H -HC H

SOCl,, cPeOH
reflux 16 h

H -2HCI

! LD
: H
: LiOH
<j/o B N/\/Nis:)/u\o -
o) H

L3-2HCI

PI staining of cells

Cells (1 x 10* per well) were treated with ICsy doses of each
compound for 24 h, then PI staining was performed as
indicated previously.?*

Statistical analysis

The results are presented as mean + SD of triplicate observations
from one representative of at least three experiments with
similar results, unless indicated otherwise. The significance of
the differences between various treatments was assessed by
ANOVA followed by the Student-Newman—Keuls test. p < 0.05
was considered to be significant.

Results and discussion

Chemistry

Synthesis and characterization. Esters L1-2HCI-L3-2HCI
and platinum(11/1iv) complexes 1a—2b were prepared as described
previously.'®?° New compounds of this type, ligand precursors,
and platinum(11/1v) complexes were prepared as presented for
L3-2HCI, 3a, and 3b in Scheme 1.

IR spectra of 3a—5a showed specific absorption bands: (C=—0)
between 1734-1740 cm™!, (C-O) from 1212-1223 cm™'
and (CH3) at 2940-2965 cm ™! (L3-2HCI-L5-2HCI: 1(C=0)
1739-1744 cm™'; (C-0) 1224-1233 cm~' and »«(CHj)
2940-2970 cm™ ). Indication of nitrogen coordination can be
proved by the presence of bands for secondary amino groups
(3113-3125 em ™), while in the spectra of ligand precursors L3
2HCI-L5-2HCI the band for a secondary ammonium group was
observed, {RoNH, ") from 3415-3449 cm ™!, respectively.

The coordination of R,edda-type ligands to platinum(i/1v)
gives rise to the formation of chiral N centers. Thus in principle,
the following isomers can be formed (R,R), (S,S) (enantiomeric
pair in case of achiral R,edda-type ligands) and (R,S) = (S,R). In
the 'H and "*C NMR spectra of complex 3a only one set of signals
was observed indicating formation of one diastereoisomer (see
section Molecular structure of 3a). Similar observations were
made for complexes 1a and 2a previously, where R,R,S,S-configu-
ration for N,N,C,C atoms were assigned (single crystal X-ray
diffraction, as well as NMR).'® Platinum(ir) complex, 3b, in NMR
spectra showed two sets of signals (isomer ratio A/B = 3/2).

7 o
N
Na,[PtClg] E ;P(
= N“ | Sal
o Cl
TS
(0]
S
K,[PtCly] Olg‘»
2 4. N_ Cl
= C /Pt<
N cl

Scheme 1 Synthesis of ligand precursor, platinum(ir) and platinum(iv) complexes: L3-2HCI, 3a, and 3b as an example.
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DFT calculations for the corresponding palladium(ir)
complex, [PdClL{(c-Pe),eddip)], indicate formation of (R,R)
and (R,S) diastereoisomers®® which might be also formed in
the case of complex 3b. For complexes 4a and Sa, only one set
of signals in 'H and '*C NMR spectra was observed.

In '"H NMR spectra, coordination-induced shifts (up to
0.9 ppm) for the signals of CH, protons (ethylenediamine
bridge) gave a clear indication of nitrogen coordination. For
compounds 3a and 3b, signals of cyclopentyl protons were
found between 1.1 and 1.9 ppm. Methylene protons from
complexes 4a and 5a from the a-alaninato moiety were found
at around 2.8 ppm, and methyl protons from the isopropyl/
isobutyl group in cases of L4-2HCI/L5-2HCI and 4a/5a were
found at 1.2 and 0.9 ppm, respectively. Ester carbon atom
resonances were found for COO at around 170 ppm for all
compounds verifying that the oxygen atom is not coordinated
as expected. For the complexes 3a—5a, NMR spectroscopic
measurements confirmed their constitution. The stability of all
complexes in DMSO solutions was also studied. '"H NMR
spectra of all complexes were recorded in deuterated DMSO
freshly prepared showing no evidence of decomposition or
evolution to other products after 7 days, thus suggesting
stability of platinum(ir) and platinum(1v) complexes in DMSO.

Molecular structure of 3a. Single crystals suitable for X-ray
diffraction analysis were obtained as discrete molecules without
any unusual intermolecular contacts (Fig. 2). The molecular

O—A/COLL O\ﬂjl g
\[:3 L2 C12?

NL/CIL ENP 603

g cs/o_éf" ; 2NN L@D

structure of 3a shows that the platinum atom has a distorted
octahedral geometry with four chlorine atoms located in both
axial and two equatorial positions. The other two equatorial
positions of the octahedron are occupied by the nitrogen
atoms N1 and N2 of the ester ligand. Bond lengths and angles
were found to be in the expected range of other platinum
complexesl("l&zs’28 (see ESI+, Table S2). The chelating N1,N2
ester ligand gives rise to the formation of a five-membered ring,
exhibiting an envelope conformation on Cl (ca. 67 pm of the
mean plane formed by Pt1, N1, C2, and N2). The configuration
of chiral centers N1, N2, C3, and Cl11 in this structure was
assigned as R, R, S, and S, respectively, according to the solved
configuration and the very low value of the Flack parameter.

Biological studies

Cytoxicity of ligand precursors and their corresponding platinum
complexes. To test the antitumor potential of ligand precursors
(L1-2HCI-LS-2HCI), platinum(iv) (1a-5a), and platinum(ir)
(1b-3b) complexes different cell lines were exposed to the wide
range of doses of each compound. Cell viability was estimated by
the crystal violet test after 24 h of incubation (see ESIf, Fig. S1).
While compounds L1-2HCI, 1b, 14-2HCI, and L5-2HCI did not
disturb viability of all tested cells, compound L2-2HCI was efficient
only on human colon SW620, human prostate PC3, and human
glioblastoma U251 cells. It is interesting that mentioned cell lines
possess a defect in tumor suppressor p353.>>? On the other hand,
platinum(1v) (1a—5a), two platinum(i) (2b, 3b) complexes, and
ligand precursor (L3-2HCI) strongly downregulated viability
of all examined cancer cells.

Ligand precursors are found to exhibit low to no activity in
investigated conditions (Table 1). The activity of the
ligand precursors against investigated cell lines is increasing

] © Jett o4 o QC8 : _

c7 p 01 DO in the following order: L1.2HCl ~ L4.2HCI ~ LS-2HCI <

o c6 CLL C13 Ciy ‘517 L2-2HCl < L3-2HCIl. An improvement in cytotoxicity has

c8 | N c12 C15 o : .

e &5 o—wnd O been observed by coordination of ligands to the dichloro-
s c[/ G \%16 platinum(ir) moiety. It was observed that the cytotoxicity is

Fig. 2 ORTEP?diagram of 3a with thermal ellipsoids at 30%
probability.

more induced by the platinum(i) compounds having more
lipophilic ester part (isopropyl — isobutyl — cyclopentyl),
namely from 1b, 2b to 3b.

Table 1 ICsy” [uM] values of ligand precursors and corresponding platinum(ir) and platinum(iv) complexes after 24 h of action against selected

tumor cell lines

Cell line
Compound CT26CL25 HCTI116 SW620 PC3 LNCaP U251 A375 B16
L1-2HCI >200 >200 >200 >200 >200 >200 >200 >200
1a 136.6 + 24.4 120.1 & 4.4 78.7 £ 11.2 >200 99.2 + 10.5 96.5 + 9.8 200 £+ 13 138.5 + 6.1
1b >200 >200 191.8 £ 7.6 >200 >200 >200 >200 >200
L2-2HCI >200 >200 198.2 £ 2.6 189.1 £ 15.4 >200 185.6 £ 17.9 >200 >200
2a 759 + 7.8 67.5+4 553413 77 £ 16 609 + 5 39.6 + 3.7 100 + 14 72.5 +£ 2.7
2b 172 £ 12 103.5 + 6.9 68.2 + 10 111.5+ 4.1 105 + 14 135 +£ 22 185+ 6.3 101 £5
L3-2HCI >200 170.4 £ 13.2 143.6 + 26.2 1353 £ 19.7 150 + 27 136.7 £ 11 >200 200 £ 5
3a 414 +9 39.2 £ 3.7 439 +9 558 £ 6.4 3942 48+ 6 473+ 4.7 77.7 + 10
3b 76.3 + 10.7 68.1 + 2.6 55149 544 4+ 9.7 503 +£2 872+ 10 91 £ 12 66 + 6.5
L4-2HCI >200 >200 >200 >200 >200 >200 >200 >200
4a 105 £+ 13.6 102.4 + 15 71.5 £ 14 >200 87 +4 98.4 + 12.1 1953 £ 14 93+ 6
L5-2HCI >200 >200 >200 >200 >200 >200 >200 >200
5a 35+6 38.6 £ 5.5 389 £4.5 352+44 304 £ 7.6 38.7+7.3 67 £ 8 30.8 £ 4.3
Cisplatin 120.0 >120 120.0 12.5 12.8 20.0 45.0 94.3

“1Csq values were calculated as mean + SD from three independent experiments.
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Fig. 3 The effect of ligand precursors and their derivatives on viability of normal cells. (A) Keratinocytes (8 x 10 cells per well) and
(B) fibroblasts (3 x10* per well) were treated with an ICsy dose of each compound specific for HCT116 cells for 24 h, after which cell viability
was determined by MTT and CV assays, respectively. The data are presented as mean + SD from representative of three independent experiments,

*p < 0.05 refers to untreated cultures.

Furthermore, when platinum(i1) is exchanged with a
platinum(iv) ion, higher cytotoxic activity is achieved.
The ICsy value of platinum(rv) complexes 1b-3b is up to
3 times lower than that of the corresponding platinum(ir)
complexes 1a—3a.

Comparison of the structure—activity relationship of
platinum(1r) 1b-3b and platinum(iv) complexes 1a—3a relieved
the same trend of cytotoxicity (ICsy: 1a > 2a > 3a) with
exception of cell lines that possess defect in tumor suppressor
p53 (SW620, PC3, and U251) as well as B16 cell line. Changing
of alaninato to the B-alaninato moiety in platinum(rv) complexes
la — 4a did not significantly improve antitumoral activity. On
the other hand, the same change in the structure for 2a — 5a led
to higher cytotoxic agent, excluding U251 cell line on which
comparable cytotoxicity was found.

Cisplatin as a clinical drug was used for comparison.
Generally, cisplatin induced higher efficiency against selected
tumor cell lines than ligand precursors, L1-2HCI-L5-2HCI. In
direct comparison with platinum(ir) complexes, cisplatin has
been found to be less active than 2b against HCT116 and
SW620 cell lines and 3b against CT26CL25, HCT116, SW620,
and B16 cell lines. Platinum(1v) complexes 2a—5a exhibited
higher activity than cisplatin on CT26CL25, HCT116, SW620,
and B16 cell lines. Complex la showed higher effectiveness
than cisplatin only on the SW620 cell line.

From the investigated platinum(iv) complexes, similar or
slightly different activity depending on the cell line are observed
for complexes having an isobutyl or a cyclopentyl ester moiety
(2a, 3a and 5a). On the other hand, platinum(iv) complexes with
isopropyl moiety (la and 4a) showed lower activity. It is
interesting to observe that the ligands with more hydrophobic
alkyl side chain are apparently improving activity of complexes.
This structure—activity relationship is in accordance with
previous studies:'>'® The in vitro activity is increasing in the
following order L-2HCI < [PtCL,L] < [PtCl4L].

Cisplatin-resistant subclone of human colon cancer cell line
HCT116 was chosen as representative for further investigation
and compounds L3-2HCI, 1a—5a, 2b, and 3b that showed efficacy
in all tested tumor cells included in following experiments.

Selectivity studies. To compare the toxicity of compounds
on non-transformed and malignant cells, primary fibroblasts
and keratinocytes were exposed to ICsy, doses observed on
HCT116 cells and viability was detected after 24 h. As seen in
Fig. 3, viability of primary cells was minimally disturbed
indicating that novel compounds are significantly less toxic
to normal than transformed cells.

Apoptosis is the dominant mode of drug action. To evaluate
the reason for decreased viability, cells were treated with 1Csq

This journal is © The Royal Society of Chemistry 2012
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Fig. 4 The effect of ligand precursors and their derivatives on malignant cell death. (A) HCT116 cells (1 x 10* per well) were treated with a range
of concentrations of each tested compound and after 24 h of incubation LDH release was assessed. The data are presented as means from
representative of three independent experiments while SD did not exceed 10%. Cells (2 x 10° per well) were exposed to ICsy doses of each
compound for 24 h and (B) cell cycle distribution or (C) presence of autophagic vesicles in AO stained cells were evaluated. (D) Cells (1 x 10* per well)
were treated with chosen ICsy doses alone as well as in combination with 3-MA (1 mM) and CV assay were performed after 24 h. (E) Cells exposed to
the drugs for 24 h were stained by PI and visualized by a fluorescent microscope.

doses of L3-2HCI, 1a—5a, 2b, and 3b and release of LDH into
culture supernatant was measured at different time points
(6, 12, 18, and 24 h). Release of LDH was only detected in
supernatants of cells treated for 24 h with compounds 2b, 3b,
and 3a—5a indicating that necrosis is not the primary mode of
action of these derivatives (Fig. 4A). On the other hand, cell
cycle analysis revealed massive subG accumulation upon 24 h
of treatment with all tested compounds except in cells exposed
to compound L3-2HCI (Fig. 4B).

Cells were further evaluated for the presence of autophagy.
After the 24 h-treatment increased, percentage of autophago-
somes was detected in the cytoplasm of cells treated with the
ligand precursor L3-2HCI, all platinum(iv), la-5a, and
platinum(i1) complexes, 2b and 3b (Fig. 4C). Concomitant
treatment with compounds 2b, 3a, or 4a and 3-MA (inhibitor
of autophagy) partly restored cell viability confirming that
autophagic cell death contributes to decrease of cell viability
(Fig. 4D). Concordantly to elevated subG compartment,
staining with PI showed the presence of typical apoptotic cells

with shrinkage of nucleus and apoptotic bodies upon the
treatment with all tested drugs (Fig. 4E).

To determine the presence of apoptotic cell death, Annexin—PI
double staining was performed. Early signs of apoptosis
manifested through inverted phosphatidylserine were observed
even 5 h after drugs addition (Fig. 5A). Although it is known
that HCT116 cells under treatment with some agents underlie
to anoikis, form of apoptotic cell death triggered by detach-
ment from the extracellular matrix, we counted the floating
cells during 15 h of incubation with compounds.®*** The
number of floating cells did not significantly increase during
this time period (not shown) while estimation of cell viability
by the crystal violet test revealed the absence of marked
changes in a number of adherent cells exposed to the drugs
in comparison to control (Fig. 5B). These results indicated that
compounds induced apoptosis in adherent cells eliminating the
relevance of anoikis as possible mode of drug action. In
parallel, the high rate of caspase activation was detected after
24 h in all samples except in cells exposed to ligand precursor

984 | Metallomics, 2012, 4,979-987
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Fig. 6 ROS and RNS are irrelevant for drugs triggered toxicity. (A) Cells (2 x 10° per well) stained with DHR were exposed to ICsq doses for 24 h
and flow cytometric analysis was performed. (B) Cells (I x 10* per well) were treated with ICsy doses of each compound alone or in combination
with NAC (2.5 uM) and cell viability was estimated by CV assay after 24 h.

L3-2HCI, where low caspase activity was in concordance with
insignificant DNA fragmentation (Fig. 5C).

Co-treatment with pan-caspase inhibitor ZVAD resulted
in significant recovery of cell viability in cultures exposed to all
compounds except L3-2HCI confirming the key role of caspases

in apoptosis triggered by these drugs (Fig. 5D). Together, results
suggested that compounds induced caspase-dependent apoptosis.
The similar mechanism behind the action of numerous cytotoxic
drugs is already described in preclinical and clinical practice
such as metal-based or antracyclin type drugs, satraplatin or

This journal is © The Royal Society of Chemistry 2012
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doxorubicine, respectively.®> ¥ The most important fact is that
novel cisplatin-modified compounds evaluated in this study are able
to overcome the intrinsic resistance of HCT116 cells to cisplatin.
Unresponsiveness to cisplatin or other chemotherapeutic drugs is
often related to general resistance to induction of apoptosis by
external stimuli or immune system mediated death signals.*® In this
light, the ability of novel drugs to finalize apoptotic process despite
a strong intracellular blockade, together with less toxicity against
primary tissues, represent their great advantage.

Oxidative stress triggered by the drugs is not crucial for their
toxicities. To elucidate the role of oxidative stress, cells were
treated with ICsy doses (each compound) and production of
reactive oxygen and nitrogen species was determined after
24 h. Treatment with all tested compounds promoted signifi-
cant release of these highly reactive molecules (Fig. 6A).
However, parallel treatment with antioxidant N-acetylcysteine
significantly restored the viability of cells only in culture
exposed to compound 3a (Fig. 6B).

In summary, despite of intensive oxidative stress, ROS and RNS
are not major mediators of drug toxicity. Cytotoxicity of numerous
chemotherapeutics is mediated by hyperproduction of ROS and
RNS.* Under these circumstances, antioxidant supplementation
even through food consumption can greatly modify drug
efficacy.*'* Having in mind this, the feature of synthesized
compounds being independent from reactive molecule generation
and therefore being less influenced by antioxidants is their benefit.

Conclusions

Ligand precursors (L4-2HCI and L5-2HCI), platinum(1v) (3a-5a),
and platinum(ir) (3b) complexes were synthesized and characterized
by traditional methods. In addition, the crystal structure of 3a was
resolved by X-ray structural analysis and configuration of chiral
centers N1, N2, C3, and C11 was assigned in this structure as R, R,
S, and S, respectively. Synthesized compounds and some others
which were described earlier were tested against eight tumor cell
lines (CT26CL25, HTCI116, SW620, PC3, LNCaP, U251, A375,
and B16) and two normal primary cells (fibroblasts and keratino-
cytes). From the ligand precursors, only L3-2HCI exhibited
significant antitumoral activity, while platinum(ir) complexes were
found more active. The highest activity was observed when cell
lines were treated with platinum(iv) complexes. Some structure—
activity relationships could be derived: in vitro activity decreases
from platinum(rv), platinum(i) to ligand precursors. On the
representative cisplatin-resistant HCT116 cell line, human colon
cancer compounds L.3-2HCI, 1a—5a, 2b, and 3b were studied with
regard to the mechanism of action. Compounds L3-2HCI, 1a—5a,
2b, and 3b were found to be not toxic to normal primary cells
(fibroblasts and keratinocytes). Platinum(iv) and platinum(i)
complexes (la-5a, 2b, and 3b) induced caspase-dependent
apoptosis followed by autophagic cell death upon treatment
with 2b, 3a or 4a. Furthermore, ROS and RNS are not major
mediators of drug toxicity.
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Tetrachlorido(O,O’ -dibutyl-ethylenediamine-/NV, /N’ -di-3-propionate)-
platinum(iv) complex, [PtCly(n-Bu,eddp)], was previously found
to be effective against fibrosarcoma and glioma cell lines. Here
we presented that [PtCly(n-Buyeddp)] strongly reduced the
growth of B16 melanoma cells ir vitro. Inhibition of cell viability
was accompanied with induction of both necrotic and apoptotic
cell death. In addition, [PtCl(n-Bu,eddp)] concealed the expan-
sion of tumors induced in syngeneic C57B1/6 mice without visible
signs of nephrotoxicity.

Introduction

Cisplatin, discovered by Rosenberg et al. (Fig. 1),! as a “drug
of the 20th century” stimulated many scientists to search for
development of new antitumoral drugs.”® Successful application
of cisplatin has been found against head and neck, testicular,
cervical, bladder, ovarian and small cell lung cancer.”® Besides
therapeutic action it possesses unfavorable severe impacts on
different organs inducing neurotoxicity, nephrotoxicity, ototoxi-
city, vomiting and nausea,” restricting its therapeutic application. '
Furthermore, some tumors are developing resistance to
cisplatin after a certain period of treatment.''"'> The first stage
of development ended with second generation of platinum-based

n-Bu-O
OAc Cl
H3N/,,,h' ‘\\\\‘\‘Cl H3N””n.,, | W Cl o N”’h.,‘ | ‘\\\\‘\C[
“Pt H, "’PtK i Pt
- N N | TNg o I N,
H;N Cl N Cl
OAc )u Cl
X . X n-Bu-O
cisplatin satraplatin [PtCly(n-Buyeddp)]

Fig. 1 Cisplatin, satraplatin and [PtCly(n-Bu,eddp)] complexes.
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antitumoral drugs, carboplatin and nedaplatin, in which
chlorido ligands are substituted with anions of cyclobutane-
dicarboxylic or hydroxyacetic acids, respectively.'* Nevertheless,
both complexes showed side effects. One of the possible varia-
tions changing the oxidation state of platinum (from +2 to +4)
produced satraplatin (Fig. 1) which is now under clinical
investigations. Platinum(1v) complexes are more kinetically inert
than platinum(ir) complexes, thus enabling possible oral
administration of platinum(iv) drugs, to reduce toxicity during
platinum-based chemotherapy and to decrease the amount of
the drug lost or deactivated through side reactions before
reaching the target site."*

In this context our research group focused on the synthesis
of platinum(iv) complexes having N, N’-disubstituted ethylene-
diamine derivatives with esters of different carboxylic acids.!>2°
Moreover, the in vitro structure—activity relationship along with
mechanistic studies has been investigated. From all tested
[PtCl4(Ryedda-type)] compounds till now the most prominent
place in the light of in vitro exploration deserves the “parent
compound”, at first synthesized and tested against several tumor
cell lines, [PtCly(n-Buseddp)], tetrachlorido(O,0’-dibutyl-ethylene-
diamine- N, N’-di-3-propionate)platinum(iv) complex (Fig. 1).

As a continuation in this field we present here in vitro
cytotoxic activity of [PtCly(n-Buyeddp)] against the melanoma
B16 murine cell line. Furthermore, herein is reported the first
in vivo study of the same complex as a representative of the
[PtCl4(R,edda)]-type complexes on the corresponding syn-
geneic C57BL/6 mice model animals.

Materials and methods
Synthesis of [PtCl(n-Bu,eddp)]

The platinum(iv) complex, [PtCly(n-Buyeddp)], was synthesized
as described in the literature?! and structure was confirmed with
"H and "*C NMR spectroscopy.

In vitro studies

Drug solution preparation. A stock solution of the studied
platinum complexes, cisplatin and [PtCly(n-Bu,eddp)], was made
in dimethyl sulfoxide (DMSO) at a concentration of 10 mM,

This journal is © The Royal Society of Chemistry 2012
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filtered through a Millipore filter, 0.22 um, before use, and
diluted by nutrient medium to various working concentra-
tions. DMSO was used due to solubility problems. Nutrient
medium was HEPES-buffered RPMI-1640 medium supple-
mented with 10% FCS, 2 mM tr-glutamine, 0.01% sodium
pyruvate, 5 x 107> M 2-mercaptoethanol, and antibiotics
(culture medium).

Reagents and cells

Fetal calf serum (FCS), RPMI-1640, phosphate-buffered saline
(PBS), dimethyl sulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT), propidium iodide (PI)
were obtained from Sigma (St. Louis, MO). Annexin V-FITC
(AnnV) was from Biotium (Hayward, CA). The B16 murine
melanoma was kindly provided by Dr Sinisa Radulovic (Institute
for Oncology and Radiology of Serbia, Belgrade, Serbia).

Cells are routinely maintained in HEPES-buffered RPMI-
1640 medium supplemented with 10% FCS, 2 mM L-glutamine,
0.01% sodium pyruvate, and antibiotics (culture medium) at
37 °C in a humidified atmosphere with 5% CO,. After
standard trypsinization, cells were seeded at 1 x 10* per well
in 96-well plates for viability determination and 2.5 x 10° per
well in 6-well plates for flow cytometry.

Determination of cell viability by MTT and crystal violet assay

The viability of cells was evaluated with crystal violet (CV) and
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) tests. Cells (1 x 10* per well) were treated with the
wide range of doses of the drugs for 24 h and viability was
measured as described."”

Lactate dehydrogenase release assay

For determination of LDH release cells were cultivated in
phenol red free medium for indicated time in the presence of
different doses of tested compounds and assay was performed
as described previously.'®

Cell cycle analysis

Cells (2.5 x 10° per well) were treated with 40 uM of each
compound for 24 h, then trypsinized and fixed in 70% ethanol
at 4 °C for 30 min. After washing in PBS, cells were incubated
with PI (20 ug mL ") and RNase (0.1 mg mL™") for 30 min at
37 °C in the dark. Red fluorescence was analyzed using a
FACS Calibur flow cytometer (BD, Heidelberg, Germany).
The distribution of cells in different cell cycle phases was
determined with Cell Quest Pro software (BD).

PI staining of cells

Cells (2 x 10* per well) were treated with 40 pM of each
compound for 24 h, and then PI staining was performed as
indicated previously.?

In vivo studies

Primary tumors were induced by s.c. injection of 2 x 10° B16
melanoma cells in the dorsal right lumbosacral region of syngeneic
C57BL/6 mice. The mice were randomized into the vehicle-treated
group, cisplatin and [PtCly(n-Bu,eddp)] group. Tumor growth was
observed daily, and the treatment with tested compounds started

from day 11 after inoculation. The drugs were applied i.p. three
times a week at a dose of 2 mg kg™ cisplatin or corresponding
dose of [PtCly(n-Bureddp)] 4 mg kg~'. The animals were sacrificed
on day 24 and the tumor volume was determined by three-
dimensional measurements. Tumor volume was calculated using
the following formula: [0.52 x a x 5%, where a is the longest and
b is the shortest diameter.”> The research work involving experi-
mental animals (mouse C57BIl) were conducted in accordance with
national and institutional guidelines for the protection and animal
welfare. All experimental protocols were approved by Ethical
Commission of the Institute for Biological Research ““Sinisa
Stankovi¢”, University of Belgrade (No: 2-41/11).

Protein/creatinine ratio

Creatinine concentration was determined by Jaffe’s reaction®
while Bradford’s method was used for detection of protein
concentration.?*

Statistical analysis

The results are presented as mean + SD of triplicate observa-
tions from one representative of at least three experiments with
similar results. The significance of the differences between various
treatments was assessed by ANOVA followed by the Student
Newman—Keuls test or Mann—Whitney U test for evaluating
drugs efficacy in vivo. P < 0.05 was considered to be significant.

Results and discussion

Study of the cytotoxic activity of [PtCly(n-Buyeddp)] against
B16 cells

Cells were exposed to a wide range of [PtCly(n-Buyeddp)] or
cisplatin doses and after 24 h cell viability was estimated by
MTT and CV tests. Results presented in Fig. 2A clearly indicate
that novel compounds decreased the number of viable cells in
culture more potently than original drug. Decreased viability was
associated with enhanced release of lactate dehydrogenase in
culture supernatants upon the treatment with [PtCly(n-Buseddp)]
but not with cisplatin, implying involvement of necrotic cell
death in novel drug action (Fig. 2A, right panel).

Having in mind that observed necrosis could be a primary
mode of drug action but also a secondary event due to induction
of apoptosis in cell cultures, cells were treated with 40 uM of each
compound and cell viability as well as LDH release were deter-
mined in indicated time points. It is obvious that reduction of
mitochondrial respiration in cultures exposed to [PtCly(n-Bueddp)]
preceded the decrease of cell viability (Fig. 2B). In parallel with
this, early detection of LDH in culture supernatants (after 3 h)
indicated that one of the leading events in novel drug anti-
cancer action is disturbance of cell membrane permeability.

In addition, Annex/PI double staining of cells treated with
[PtCly(n-Buseddp)] or cisplatin revealed the presence of early as
well as late apoptosis after 18 h of incubation (Fig. 3A). The effect
was more pronounced in cultures treated with [PtCly(n-Buyeddp)].

Concordantly, intensive, time dependent fragmentation of
DNA, marked as an elevated percentage of hypodiploid cells
in the subG compartment, was evident upon the treatment
with [PtCly(n-Buyeddp)] (Fig. 3B). Pertinent to this, the presence
of apoptotic cells was further confirmed by PI staining of
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Fig. 2 The effect of [PtCly(n-Buseddp)] on B16 cell viability. Cells (1 x 10* per well) were treated with a range of concentrations of tested compounds
for 24 h, and cell viability was determined by MTT (left panel) and CV (middle panel), and LDH release was measured in the supernatants of the same
cultures (right panel). Alternatively cells were treated with 40 uM of the compounds and viability and LDH release were determined in indicated time
points (B). The data are presented as mean from representative of three independent experiments, *p < 0.05 refers to untreated cultures.
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Fig. 3 The effect of [PtCly(n-Bu,eddp)] on B16 cell death. Cells were treated with 40 mM of the compounds and Annexin/PI double staining after
18 h (A), cell cycle distribution after 18 and 24 h (B) and PI staining after 24 h (C) were performed.

chamber slides (Fig. 3C). Morphological changes typical for
cells that underwent the process of apoptosis were obvious in
cultures exposed to both compounds.

In vivo studies

To evaluate the novel drug efficacy in vivo, tumors were
induced in syngeneic strain of C57BL/6 mice and the treatment

started when tumors were palpable. After 24 days from
induction of the disease, animals were sacrificed and tumor
volumes were calculated. As seen in Fig. 4 animals receiving
[PtCl4(n-Buseddp)] displayed significantly lower tumor volume
in comparison to control. On the other hand, 3 animals treated
with cisplatin died before the execution while animals which
survived the treatment showed higher tumor volume in comparison

This journal is © The Royal Society of Chemistry 2012
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Fig. 4 The effect of [PtCl,(n-Buseddp)] on B16 cell growth in C57BL/6 mice. Tumors were induced by s.c. implantation of 2 x 10° B16 melanoma
cells, and either cisplatin or [PtCly(n-Buyeddp)] was injected i.p. every second day starting on day 11 following tumor implantation (n = 10 animals
in control, n = 6 animals in cisplatin and n = 8 in [PtCly(n-Buyeddp)] treated groups). Tumors were harvested, and tumor volumes calculated 24 d
after tumor implantation (A). Protein/creatinine concentrations were measured in urine of animals on day 24 (B).

to those treated with [PtCly(n-Buyeddp)]. In urine of animals
exposed to cisplatin an elevated protein/creatinine ratio was
detected, indicating disturbance in glomerular filtration. Animals
treated with [PtCly(n-Buyeddp)] have a similar Prt/Cre index as
nontreated control as well as healthy animals suggesting that
they have preserved kidney function.

One of the most serious adverse effects of cisplatin treatment
is nephrotoxicity. Studies on rodents specify that cisplatin
undergoes metabolic activation in the kidney to a more potent
toxin through biochemical transformation in contact with a
proximal tubule cell membrane and high affinity to copper
transporter Ctrl remarkably expressed on the basolateral
membrane of these cells.”® As a consequence of this, concentra-
tions within the kidney exceed those in blood suggesting an
active accumulation of drug in renal parenchymal cells. The fact
that novel compound did not disturb renal function under the
same therapeutic regiment in vivo indicated different biochemical
features and even affinity to membrane transporters precisely
overexpressed in this tissue resulting in less intracellular destruc-
tion at the level of glomerular filtration. Overcoming nephro-
toxicity, which is one of the most serious limitations of cisplatin
application,”!%2628 together with enhanced antitumor potential
of novel compound present the hopeful baseline for future
investigation of this substance class in cancer treatment.

Conclusions

Herein it is shown that [PtCly(n-Buyeddp)] exhibits dose- and
time-dependent cytotoxic effects with significantly faster activity
than cisplatin against B16 melanoma cells in vitro with induction
of both necrotic and apoptotic cell death. In vivo, results clearly
illustrate that [PtCly(n-Buyeddp)] is more effective than cisplatin
at reducing tumour cell growth in syngeneic strain of C57BL/6
mice at their respective dose (4 mg kg~ and 2 mg kg™ "), when
compared to drug untreated animals. Furthermore, significant
difference was observed in kidney damage, the investigated
platinum(1v) complex did not show any sign of nephrotoxicity
making a promising candidate for the further studies which
may provide improved treatment options.
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Abstract

A variety of substituted titanocene and ansa-titanocene complexes have been synthesized and characterized using traditional methods.
The cytotoxic activity of the different titanocene complexes was tested against tumour cell lines human adenocarcinoma HelLa, human
myelogenous leukemia K562, human malignant melanoma Fem-x and normal immunocompetent cells, peripheral blood mononuclear
cells PBMC. Alkenyl substitution, either on the cyclopentadienyl ring or on the silicon-atom ansa-bridge of the titanocene compounds
[Ti{Me,Si(n°-CsMe,)(n>-CsHs{CMe,CH,CH,CH=CH,})}Cl,] (8), [Ti{Me(CH,=CH)Si(n’-CsMe4)(n’>-CsH4)}CL] (9) and [Ti(n’-
CsH4{CMe,CH,CH,CH=CH,}),Cl,] (12) showed higher cytotoxic activities (ICso values from 24 + 3 to 151 + 10 pM) relative to com-
plexes bearing an additional alkenyl-substituted silyl substituent on the silicon bridge [Ti{Me{(CH,=CH)Me,SiCH,CH,}Si(n’-
CsMey)(n°-CsHy)}Clo] (10) and [Ti{Me{(CH,=CH);SiCH,CH,} Si(1>-CsMe4)(n°-CsH4)} Cl,] (11) which causes a dramatic decrease
of the cytotoxicity (ICso values from 15549 to >200 uM). In addition, the synthesis of the analogous niobocene complex [Nb(n’-
CsH4{CMe,CH,CH,CH=CH,}),Cl,] (13), is described. Structural studies based on DFT calculations of the most active complexes 8,

9 and 12 and the X-ray crystal structure of 13 are reported.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Bioorganometallic chemistry has emerged in the last
decade as an important new field of medicinal chemistry
[1]. While ferroquine type complexes [2,3] have received
some attention regarding their anti-malarial properties,
there has been slow progress in cytotoxic studies with orga-
nometallic compounds compared to studies with organic
compounds and inorganic platinum species [4-10]. From
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111636061 (G.N. Kaluderovic).
E-mail addresses: santiago.gomez@urjc.es (S. Gomez-Ruiz), goran@
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0162-0134/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.jinorgbio.2008.02.001

the pioneering work of Képf and K&pf—Maier, who discov-
ered the potential of organometallic compounds such as
metallocene dihalides as a new class of compounds with
potential anticancer properties 30 years ago [11-20], phase
I clinical trials carried out for titanocene dichloride in 1993
[21-25] followed and has consequently triggered develop-
ment of similar compounds [26,27]. Nephrotoxicity was
always identified as the dose-limiting side effect using
titanocene-based antitumor agents; however, the absence
of any effect on proliferative activity of the bone marrow
cells, the most usual dose-limiting side-effect of organic
drugs, was a very promising result that suggested the
potential of titanocene dichlorides as additives in combina-
tion therapy. Unfortunately, clinical trials in patients with
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GeMe,Cl,, LiBu” (1.6 M in hexane), LiMe (1.6 M
in Et,0), LiPh (20M in Bul0), and

cancer [29] did not have a successful outcome. Alterna-
tively, many biological experiments have demonstrated
that titanium derived from administered titanocene dichlo-
ride accumulates in the nucleic acid rich regions of tumour
cells [30-32] and exhibits pronounced inhibition of nucleic
acid synthesis [14,30-32], suggesting that DNA is the bio-
logical target of titanocene compounds. Studies reported
by Sadler and coworkers [33-36], have provided a plausible
mechanisms for the delivery of Ti(IV) species to the cell
nucleus assisted by the major iron transport protein,
“transferrin”.

On the other hand, the current efforts in the chemistry of
titanocenes are focused on the design of new compounds
with different substituents which may increase their cyto-
toxicity [37-41]. Synthesis starting from titanium dichloride
and fulvenes [42-45] led to substituted ansa-titanocenes
with a carbon—carbon bridge [46-49]. Using similar syn-
thetic paths, many different substituted complexes were
prepared and tested as anticancer drugs [50-64]. Most of
the analyzed titanocene complexes have polar substituents
on the cyclopentadienyl ring such as alkoxo, amino, or
electron withdrawing groups which have demonstrated, in
some cases, very high activity in antitumoral tests. How-
ever, Kopf and coworkers discarded alkyl, alkenyl or aryl
substituted ansa-titanocene complexes based on prelimin-
ary test results reported which showed a lack of cytotoxic-
ity [65]. Thus, these complexes have not been extensively
screened for their antiproliferative activity. This low cyto-
toxicity was assumed to be associated to the absence of
polar groups in their structure, which would increase the
Lewis acidity of the titanium atoms and hence enhance
interaction with Lewis base sites in DNA. However, we
have recently communicated, in our preliminary results, a
moderate cytotoxicity of alkenyl-substituted silicon-bridge
ansa-titanocene compounds against tumour cell lines
human adenocarcinoma HeLa, human myelogenous leuke-
mia K562 and human malignant melanoma Fem-x [66].
These investigations have been extended to other new
alkyl, aryl and alkenyl substituted complexes, in order to
understand the possible relationship between cytotoxic
activity and the substituents on either the cyclopentadienyl
ring or the silicon atom-ansa-bridge. The present results
show an increase of the cytotoxicity for titanocene and
ansa-titanocene complexes that have alkenyl substituents
on the cyclopentadienyl rings.

2. Experimental
2.1. General manipulations

All reactions were performed using standard Schlenk
tube techniques in an atmosphere of dry nitrogen. Solvents
were distilled from the appropriate drying agents
and degassed before use. CsH,Me,, Li(CsHyBu'),
[TiCly(THF),], [NbCl(THF),], SiMe,Cl,, HSiMeCl,,
Si(CH=CH,)MeCl,, Si(CH=CH,),Me,, Si(CH=CH,),,

CH;COCH,CH,CH=CH, were purchased from Aldrich.
All the commercial reagents were used directly. Na(CsHs)
and Na(CsHy4Me) were prepared according to literature
procedures [67]. 6-(Methyl),6-(4-buten-1-yl)fulvene, 6-
(Bu’)fulvene and 6-(Pr)fulvene were prepared using the
methodology described by Little and co-workers [68]. The
titanocene complexes [Ti{Me,Si(n’-CsMeu)(1°-
CsH4)}CL] (1) [69], [Ti{Me>Ge(n’-CsMes)(n°-CsHy)}Cl,]
(2) [70], [Ti{Me(H)Si(n’-CsMes)2}Cl]  (3)  [71],
[Ti{Me,-Si(n°-CsMe4)(n°-CsHsMe) Cl,]  (4)  [Ti{Me,.
Si(n’-CsMey)(n’-CsH3Bu")}Cly] (5) [72), [Ti{MesSi(n’-
CsMey)(n’*-CsHs {CMe>CH>CH,CH=CH,})}CL,] (8) [73],
and [Ti{Me(CH,=CH)Si(n’-CsMe4)(n°>-CsH4)}CL] (9)
[74] were prepared by the reaction of the corresponding
di-lithium salts and [TiCly(THF),] according to syn-
thetic methods described by us. The complexes [Ti{Me-
{(CH;=CH)Me,SiCH,CH,}Si(n’-CsMey)(n’>-CsH4)} Cly]
(10) and [Ti{Me{(CH,=CH);SiCH,CH,}Si(n’-CsMey)-
(n°-CsH4)}ClL] (11) were synthesized via the
hydrosilylation reaction of [Ti{Me(H)Si(n’>-CsMe4)(n’-
C5H4)}C12] and SI(CH:CHz)zMez or SI(CH:CH2)4,
respectively, as we have previously reported [71]. IR spec-
tra were recorded on a Thermo Nicolet Avatar 330 FT-
IR spectrophotometer. 'H and >C{'H} NMR spectra were
recorded on a Varian Mercury FT-400 spectrometer.
Microanalyses were carried out with a Perkin-Elmer 2400
or LECO CHNS-932 microanalyzer. Mass spectroscopic
analyses were preformed on a Hewlett—Packard 5988A
(m/z 50-1000) instrument.

2.2. Synthesis of A
[Tl{MeZSl(C5Me4)(C5H3{CHPV'Ph})}C12] (6)

Li,{Me,Si(CsMe,)(CsH3{CHPr'Ph})}  [75] (1.00 g,
2.57 mmol) was added dropwise over 15 min to a solution
of [TiCl4(THF),] (0.86 g, 2.57 mmol) in THF (50 mL) at
0 °C. The reaction mixture was allowed to warm to room
temperature before stirring under reflux for 18 h. Solvent
was then removed in vacuo and toluene (120 mL) was
added to the resulting solid. The mixture was filtered and
the filtrate concentrated (20 mL) and cooled to —30 °C to
give crystals of the title complex. Yield: 0.74 g, 59%. Iso-
lated isomer: '"H NMR (400 MHz, CDCl;, 25 °C): § 0.89,
0.91 (s, 3H, SiMe,), 0.83, 0.96 (d, 3H, CHMe,), 2.49 (m,
1H, CHMe,), 1.85, 1.91, 2.11, 2.21 (s, 3H, CsMey), 4.41
(d, 1H, CHPr'Ph), 5.46, 5.54, 6.56 (m, 1H, CsH3), 7.15
(2H), 7.24 (2H), 7.28 (1H) (m, Ph). "*C{'H} NMR (100
MHz, CDCl;, 25°C): 6 —0.5, —0.1 (SiMe,), 13.6, 13.7,
21.9, 22.0 (CsMey), 16.4, 18.5, 31.7 (Pr'), 52.5 (CpQ),
96.7, 102.5 (C' — Cp), 115.8, 116.5, 130.2, 131.6 (CsHj),
137.9, 142.6, 143.3, 148.8 (CsMey), 126.0, 127.4, 130.5,
140.9 (Ph). EI-MS (mle (relative intensity)): 492 (6) [M '],
457 (12) [M'—=Cl], 449 (31) [M"—Pr], 420 (100)
[MT—2xCl], 377 (12) [M"—2xCI-Pr']. C,sH3,CLSiTi
(493.4): cale. C, 63.29; H, 6.95; found C, 63.00; H, 6.92%.

122


Macak
Textfeld
Reproduced from Ref. S. Gómez-Ruiz, G.N. Kaluđerović, S. Prashar, D. Polo-Cerón, M. Fajardo, Ž. Žižak, T.J. Sabo, Z.D. Juranić, J. Inorg. Biochem. 2008, 102, 1558 with permission from Elsevier. 


Appendix 6

1560 S. Gomez-Ruiz et al. | Journal of Inorganic Biochemistry 102 (2008) 1558-1570

2.3. Synthesis of

The synthesis of 7 was carried out in an identical manner
to 6. [TiCly(THF),] (0.81 g, 2.44 mmol) and Li,{Me,Si(Cs-
Me,)(CsH3{CHBu'Ph})} [75] (1.00 g, 2.44 mmol). Yield:
0.83 g, 68%. Isolated isomer: 'H NMR (400 MHz, CDCls,
25°C): 6 0.82, 0.99 (s, 3 H, SiMe>), 1.11 (s, 9H, Bu’), 1.93,
2.01, 2.08, 2.17 (s, 3H, CsMey), 4.41 (s, 1H, CHBu’Ph),
4.89, 5.71, 7.12 (m, 1H, CsH3), 7.19 (2H), 7.26 (2H), 7.29
(1H) (m, Ph). *C{'H} NMR (100 MHz, CDCl;, 25 °C):
0 —0.6, —0.2 (SiMey), 13.4, 13.7, 16.0, 16.4 (CsMey),
29.5, 35.0 (Bu'), 57.2 (CpC), 96.7, 102.4 (C'-Cp), 118.0,
118.4, 125.7, 127.1 (CsHj3), 131.6, 132.3, 143.6, 149.8
(CsMey), 125.9, 130.1, 136.7, 141.8 (Ph). EI-MS (m/e (rela-
tive intensity)): 506 (5) [M "], 449 (59) [M*—Bu'], 414 (16)
[MT—Bu'—Cl], 211 (32) [M"—Cl-CsH;CHBu'Ph)].
Cy7H36CLSiTi (507.4): cale. C, 63.91; H, 7.15; found C,
63.49; H, 7.01%.

2.4. Synthesis of [Ti(n’-
CsH/{CMe,CH,CH,CH=CH,} ),CL] (12)

The synthesis of 12 was carried out in an identical man-
ner to 6. [TiCly(THF),] (1.98g, 5.95mmol) and
Li{CsH4(CMe,{CH,CH,CH=CH,})} [73] (2.00 g,
11.89 mmol) Yield 1.23g, 47%. IR (ZnSe): v=3109
(ven), 1641 (vep=cu,) cm~'. 'H NMR (400 MHz, CDCl;,
25°C): 6 1.39 (s, 12 H, CMe,), 1.56, 1.76 (m, 8H,
CH,>CH,), 4.89 (cis), 4.94 (trans) (dd, *Jois = 10.2 Hz, *Jirans
172 Hz, 4H, CH,-CH=CH,), 5.70 (m, 2H, CH,-
CH=CH,), 6.55, 6.72 (m, 8H, CsH,). *C{'H} NMR
(100 MHz, CDCls, 25°C): 6 27.2, 29.1 (CH,CH,), 37.7
(CMe,), 46.5 (CpC), 117.9, 121.0, 147.6 (CsHy), 114.6
(CH,-CH=CH,), 138.8 (CH,-CH=CH,). EI-MS: m/z
(%) =441 (3) [M*], 279 (100) [M*—CsH4(CMe,(CH,
CH,CH=CH.))], 181 (22) [M"—CsH4(CMe,(CH,CH,CH
:CHz))*CHQCH2CH:CH2] C24H34C12Ti (4413) calcd.
C 65.32, H 7.77; found C 65.80, H 7.55.

2.5. Synthesis of [Nb(n’-
CsH,{CMe,CH,CH,CH=CH,} ),Cl,] (13)

The synthesis of 13 was carried out in an identical man-
ner to 6. [NDCl(THF),] (2.25g, 5.95mmol) and
Li{CsH4(CMe,{CH,CH,CH=CH,})} [73] (2.00 g,
11.89 mmol) Yield 1.99g, 69%. IR (ZnSe): v=3103
(ven), 1629 (vep=cy,) cm™'. EI-MS: m/z (%) =486 (12)
[M*], 449 (24) [MT—H-CI], 415 (31) [MT—H-2xCl],
323 (100) [M+—C5H4(CMCQ(CH2CH2CH:CH2))]
Cy4H34CILND (486.3): caled. C 59.27, H 7.05; found C
59.11, H 7.03.

2.6. Data collection and structural refinement of 13

The data of 13 were collegted with a CCD Oxford Xcal-
ibur S (A(Mok,) =0.71073 A) using w and ¢ scans mode.

Semi-empirical from equivalents absorption corrections
were carried out with SCALE3 ABSPACK [76]. All the
structures were solved by direct methods [77]. Structure
refinement was carried out with SHELXL-97 [78]. All
non-hydrogen atoms were refined anisotropically, and
hydrogen atoms were located by difference maps and
refined isotropically. Table 1 lists crystallographic details.

2.7. Computational details

All DFT calculations were performed by employing the
Gaussian 03 program package [79] using the B3LYP func-
tional [80-83]. The 6-31 G™™ basis set was used for all
atoms [84-87]. The appropriateness of the chosen func-
tional and basis set for titanium complexes have been sta-
ted elsewhere [57,59,88]. All systems have been optimized
without symmetry restrictions. The resulting geometries
were characterized as equilibrium structures by the analysis
of the force constants of normal vibrations (see Supple-
mentary material).

2.8. In vitro studies

2.8.1. Preparation of solutions of drugs

Stock solutions of investigated titanium complexes
were made in dimethyl sulfoxide (DMSO) at a concentra-
tion of 10 mM, filtered through Millipore filter, 0.22 um,
before use, and diluted by nutrient medium to various
working concentrations. DMSO was used due to solubil-
ity problems. Nutrient medium was RPMI 1640 medium,
without phenol red, supplemented with L-glutamine

Table 1
Crystallographic data for 13

13
Formula C24H34C12Nb
Fw 486.32
T (K) 130(2)
Crystal system Monoclinic
Space group I2/a
a (pm) 1380.46(5)
b (pm) 663.90(2)
¢ (pm) 2608.01(11)
p (deg) 102.587(4)
V (nm?) 2.33276(15)
z 4
De (Mgm™) 1.385
u (mm™1 0.752
F000) 1012

Crystal dimensions (mm) 0.4 x 0.05 x 0.02

0 range (deg) 3.02-28.28

hkl ranges —18<h <18,
—8<k<38,
-32<1<34

Data/parameters 2903/125

Goodness-of-fit on F* 0.969

Final R indices [I > 2o(1)] 0.0396

R indices (all data) 0.0713

Largest diff. peak and hole (e 10\’3) 0.718/—-0.573
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(3mM), streptomycin (100 pg/mL), and penicillin
(100 IU/mL), 10% fetal bovine serum (FBS) and 25 mM
Hepes, and was adjusted to pH 7.2 by bicarbonate solu-
tion. MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide was dissolved (5mg/mL) in phosphate
buffer saline pH 7.2, and filtered through Millipore filter,
0.22 um, before use. All reagents were purchased from
Sigma Chemicals.
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2.8.2. Cell culture

Human cervix adenocarcinoma HeLa and malignant
melanoma Fem-x cells were cultured as monolayers in
the nutrient medium, while human myelogenous leukemia
K562 cells were maintained as suspension culture. The cells
were grown at 37 °C in 5% CO, and humidified air atmo-
sphere. Peripheral blood mononuclear cells (PBMC) were
separated from whole heparinized blood from a healthy
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Fig. 1. Metallocene complexes used in the cytotoxicity analysis.
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Scheme 1.
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volunteer by Lymphoprep (Nycomed, Oslo, Norway) gra-
dient centrifugation. Interface cells, washed three times
with Haemaccel (aqueous solution supplemented with
145mM Na®, 5.1mM K, 62mM Ca*", 145mM Cl°
and 35 g/L gelatine polymers, pH 7.4) were counted and
resuspended in nutrient medium.

2.8.3. Cell sensitivity analysis

HeLa and Fem-x cells were seeded (2000 cells per well)
into 96-well microtiter plates and 20 h later, after the cell
adherence, five different concentrations of investigated
compounds were added to the wells. Final concentrations
were in the range from 25 to 300 uM for PBMC and 12.5
to 200 uM for all other cell lines. Only nutrient medium
was added to the cells in the control wells. Investigated
compounds were added to a suspension of leukemia
K562 cells (3000 cells per well) 2 h after cell seeding, in
the same final concentrations applied to HeLa and Fem-x
cells. All experiments were done in triplicate. Nutrient
medium with corresponding concentrations of compounds,
but void of cells was used as blank. PBMC were seeded
(150,000 cells per well) into nutrient medium or in nutrient
medium enriched with (5 pug/mL) phytohaemaglutinin
(PHA - Welcome Diagnostics, England) in 96-well micro-
titer plates and 2 h later, investigated compounds were
added to the wells, in triplicates, to five final concentra-
tions, except to the control wells where a nutrient medium
only was added to the cells. Nutrient medium with corre-
sponding concentrations of compounds, but void of cells
was used as blank.

2.8.4. Determination of target cell survival

Cell survival was determined by MTT test according to
the method of Mosmann [89] and modified by Ohno and
Abe [90], 72 h after the drug addition. Briefly, 20 pL of
MTT solution (5mg/mL in phosphate buffered saline)
was added to each well. Samples were incubated for further
4 h at 37 °C in humidified atmosphere with 5% CO,. Then,
100 pL of 10% SDS was added to the wells. Absorbance
was measured at 570 nm the next day. To achieve cell sur-
vival (%), absorbance at 570 nm of a sample with cells
grown in the presence of various concentrations of agent
was divided with absorbance of control sample (the absor-
bance of cells grown only in nutrient medium), having sub-

THF AN

tracted from absorbance of a corresponding sample with
target cells the absorbance of the blank.

3. Results and discussion
3.1. Synthesis and characterization

The  ansa-titanocene  complexes  [Ti{Me,Si(n°’-
CsMey)(n>-CsHy)}Clo] (1) [69], [Ti{Me,Ge(n’>-CsMey)(n’-
CsHa)}ClL] (2) [70], [Ti{Me(H)Si(n’-CsMea),}CL] (3)
[71], [Ti{MesSi(n>-CsMe,y)(n’-CsHsMe)}Cl]  (4) [72],
[Ti{Me,Si(n’-CsMes)(n*-CsHsBu')} Cly] (5) [72}, [Ti{Mex-
Si(1n°-CsMe,)(n°-CsH3{CMe,CH,CH,CH=CH,})}Cl,]
(8) [73], [Ti{Me(CH,=CH)Si(1n’*-CsMe,)(n*-CsH.)} CL] (9)
[74], [Ti{Me{(CH,=CH)Me,SiCH,CH,} Si(n’-CsMe4)(1’-
CsHy)} Cl,] (10) [71] and [Ti{Me{(CH,=CH);SiCH,CH,}-
Si(n°-CsMeg)(n>-CsHy) ClL] (11) [71] (Fig. 1) were
prepared according to the different synthetic methods
described by our research group.

[Ti{Me,Si(n’-CsMe4)(n°-CsH3{CHPr'Ph})}Cl,] (6) and
[Ti{Me,Si(n’-CsMe,4)(n°-CsH3{CHBu'Ph})}Cl,] (7) were
prepared by the reaction of the corresponding ansa-dilith-
ium salts Li>{Me,Si(CsMe,4)(CsH3{CHPr'Ph})} [75] and
Liy{ Me,Si(CsMey)(CsH3{CHBu'Ph})} [75] respectively
with [TiCly(THF),] (1:1) in THF under reflux overnight
(Scheme 1).

[Tl('l']S-C5H4{CMCzCHzCHz(:H:CHQ})zClz] (12) and
[Nb(n5-C5H4{CM62CH2CH2CH:CH2})2CIZ] (13) WweEre
synthesized wvia the reaction of Li(CsHy{CMe,CH,-
CH,CH=CH,}) [73] and [TiCl4THF);] or [NbCl4(THF),]
(2:1) in THF, respectively (Scheme 2). The NMR, mass and
IR spectra showed that all the complexes were isolated as
crystalline solids of high purity.

The planar chirality about the monosubstituted cyclo-
pentadienyl ring in 6 and 7 combined with the presence
of a chiral centre in the bulky substituent gives rise to the
possibility of the formation of two diastereoisomers.
NMR spectroscopy confirmed the presence of the two dia-
stereoisomers in the isolated products. The separation of
one of the isomers from the mixture was achieved by frac-
tional recrystallization. The '"H NMR spectra for 6 and 7
gave three multiplets for the protons of the monosubsti-
tuted Cs ring (between ca. 5.1 and 7.0 ppm), four singlets
for the methyl groups of the tetramethyl-substituted Cs
ring (between 1.7 and 2.3 ppm), and two singlets

2 L + [MCI,(THF),] MCI
-2 LiCl ~c¢
M =Ti, Nb m
M = Ti (12), Nb (13)
Scheme 2.
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corresponding to the methyl groups of the SiMe, bridging
unit (between 0.8 and 1.0 ppm). Additional signals were
observed for the alkyl substituent, thus, 6 has two doublets
at ca. 0.9 ppm and a multiplet at 2.49 ppm for the two dia-
stereotopic methyl groups and proton of the isopropyl frag-
ment, respectively. The proton bonded to the chiral carbon
atom gave a doublet signal at 4.41 ppm. Three multiplets
(between 7.1 and 7.3 ppm) were also recorded for the phe-
nyl moiety of 6. On the other hand, 7 shows the zertbutyl
signal as a singlet at 1.11 ppm, the proton bonded to the
chiral carbon atom gave a singlet signal at 4.41 ppm and
three multiplets (between 7.1 and 7.3 ppm) were assigned
to the phenyl moiety.

The 'H NMR spectrum for the non-ansa complex 12
showed a singlet at 1.39 ppm (assigned to the two methyl
groups) and two multiplets at 6.55 and 6.72 ppm for the
cyclopentadienyl protons. In addition the signals assigned
to the butenyl fragment were observed as two multiplets
at 1.56 and 1.76 ppm (corresponding to the CH, alkylic
protons), a multiplet at 5.70 ppm (for the proton of the
C-v) and two multiplets at 4.89 and 4.94 ppm (correspond-
ing to the terminal olefinic protons). 6, 7 and 12 were also
characterized by '*C{'H} NMR spectroscopy, MS and ele-
mental analysis (see Sections 2.2-2.4).

The successful synthesis of paramagnetic niobocene
complex 13 was confirmed by elemental analysis, mass
spectrometry (see Section 2.5) and also by single crystal
X-ray crystal diffraction studies (see Section 3.3).

3.2. Cytotoxic studies

Titanocene complexes from this study 1-4 and 8-12
have been used in order to understand the possible rela-
tionship between the different substituents, either on the
cyclopentadienyl ring or on the silicon-atom ansa-bridge,
and the cytotoxic activity. Unfortunately, the cytotoxicity
of titanocene 5-7 and niobocene 13 complexes could not
be studied due to their lack of solubility.

The in vitro cytotoxicities of complexes 1-4 and 8-12
against human adenocarcinoma Hela (Fig. 2), human
myelogenous leukemia K562, human malignant melanoma
Fem-x and on normal immunocompetent cells, i.e., on
human peripheral blood mononuclear cells were deter-
mined by MTT-based assays.

The investigated titanocene anti-tumour agents showed
a dose-dependent antiproliferative effect toward all cell
lines and on human PBMC and stimulated PBMC
(Fig. 3). Estimations based on the ICs, values show that

Fig. 2. Photographed under an inverted microscope. Untreated HeLa cells (control) and cells treated for 72 h with 200 uM of 1, 2, 4 and 12.
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Fig. 3. Representative graphs show survival of HeLa, K562, Fem-x, PBMC and PBMC + PHA (PBMC stimulated with PHA) cells grown for 72 h in the
presence of increasing concentrations of some investigated titanium complexes (1, 2, 4 and 12).

almost all complexes (except 11) are more active against
K562 (ICsq values from 24 + 3 to 155 + 9 uM) than against
HeLa and Fem-x cells, and that complex 4 is most active
against stimulated PBMC (ICsy 82 4+ 12 pM) compared
to activity on other cell lines used in this study (Table 2).

Table 2

ICso (uM) for the 72 h of action of investigated compounds and cisplatin
[91] on HeLa, K562, Fem-x cells, on PBMC and PBMC stimulated with
PHA determined by MTT test

Complex ICso 4+ SD
HeLa K562 Fem-x PBMC PBMC + PHA
1 1356  66+6 96 +4 112+7 77+6
2 154+4 73+1 106 + 5 101+6 83+11
3 109 +£9 59 +8 116+9 72+2 8742
4 11743 88 +4 101+£9 83+10 82412
8 84 +9 2443 89+9 55£8 70+6
9 79+7 64+9 134+18 140+1 151+10
10 189+13 155+£9  >200 >200 195+5
11 >200 >200 nd* nd nd
12 86+3 66 +4 9+6 96 +3 101 +5
Cisplatin  44+0.3 57+03 474+03 336 26+6
The values for complex 3, 8, 9 and 10 were previously communicated by us
[66].

# nd — not determined.

The silicon- (1) and germanium-bridged (2) analogues
have similar level of antiproliferative activity on each
tumour cell line. In addition, it could be noticed that while
1 has higher activity than 2 on HelLa, K652 and Fem-x
cells, 1 and 2 presented almost the same activity on normal
immunocompetent cells PBMC, although the differences in
the ICsq values for these two compounds were in the limits
of experimental errors. It seems that the bridge-atom has
no remarkable influence on the cytotoxic behaviour.

Complex 4, (with a methyl group in one of the cyclopen-
tadienyl rings) shows almost the same activity on tumour
cell lines as 1, with the only difference found for PBMC
on which 4 is more active (ICsq 83 + 10 uM for 4 and
112 £ 7 uM for 1). The influence of the methyl group is
only perceptible on this cell line.

The titanium complex with the most pronounced in vitro
antitumoral activity against K562 (ICsy 24 + 3 pM),
PBMC rested (ICsy 554+ 8 uM) and stimulated PBMC
(ICso 70 & 6 uM) is compound 8, which bears an alkenyl-
substituent on one of the cyclopentadienyl rings. The
presence of the alkenyl substituent leads to an increase of
activity on most cell lines (Table 2). On direct comparison
with the value for cisplatin (5.0 pM) [91], the IC5, value for
this titanocene shows an approximate five-fold increase on
the K562 cell line.
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Fig. 4. Molecular structure and atom-labelling scheme for 13 with thermal
ellipsoids at 50% probability (hydrogen atoms are omitted for clarity).

Alternatively, substitution of a methyl for a vinyl group
on silicon atom of 1 (complex 9) changed the order of
activity in all investigated cell lines, as has been previously
discussed for complex 8 (the most active against K562).
However, on direct comparison with 8, complex 9 shows
here ca. 2.7 times lower antitumoral activity against K562
(ICso values 24 +3uM and 64 +9uM for 8 and 9,
respectively).

The presence of a tetramethylcyclopentadienyl ring
instead of unsubstituted cyclopentadienyl ligand and

hydrogen instead of the methyl group bonded to silicon
on going from complex 1 to 3 has a similar effect on the
antiproliferative activity on the tumour cell lines as substi-
tuting the methyl with an alkenyl group on going from
complex 1 to 9.

Almost no antiproliferative effect under physiological
conditions was found for complex 10 (ICsy > 155 uM). It
seems that the bulky alkenyl-group bonded to the silicon
bridge atom deactivates dramatically the in vitro activity
of 1. This fact seems to be plausible due to the more pro-
nounced decreased activity (ICsy > 200 uM) found for 11,
which has a slightly bulkier alkenyl-group on the silicon
bridge atom. It may also be that the presence of a second
sterical hindered silyl group on the ansa-bridge substituent,
results in a decrease of cytotoxicity of the corresponding
titanocene complexes 10 and 11.

Table 3
Selected bond lengths (pm) and angles (°) for 13

13
Nb(1)-Cent(1)* 209.2
av Nb(1)-C(C(1)-C(5))° 240.9(3)
Nb(1)-C(1) 243.0(3)
Nb(1)-C(2) 238.1(3)
Nb(1)-C(3) 239.2(3)
Nb(1)-C(4) 242.5(3)
Nb(1)-C(5) 241.7(3)
C(9)-C(10) 151.9(4)
C(10)-C(11) 149.4(5)
C(11)-C(12) 128.0(5)
Nb(1)-CI(1) 246.37(7)
Cent(1)-Nb(1)-Cent(1A) 132.2
CI(1)-Nb(1)-Cent(1) 106.0
CI(1)-Nb(1)-CI(1A) 85.38(3)
C(9)-C(10)-C(11) 111.8(3)
C(10)-C(11)-C(12) 126.4(4)

# Cent(1) is the centroid of C(1)-C(5).
® Refers to the average bond distance between Nb(1) and the carbon
atoms of the C5 ring of the cyclopentadienyl moiety.

Table 4

Selected structural data of some niobocene complexes

Complex Nb-Cp (pm)* Nb-Cl (pm) Cp-Nb—Cp (°) CI-Nb-X (°)® Ref.

[Nb(n’-CsH4{ CMe,CH,CH,CH=CH5,}),Cl,] (13) 209.2 246.37(7) 132.2 85.38(3) This work

[Nb(n3-CsH,SiMe;) {n°-CsHy(B(Cl)(CeFs)2)} CL] 211.5 233.67(9) 130.0 97.90(4) [95]

236.15(11)

[Nb(n’-CsH4Bu'),Cl,] 209.4 247.7(2) 131.0 84.15(6) [96]
210.3 248.3(2)

[Nb(n3-CsH,SiMe;),CLJ 210(2) 247.5(8) 132.5(9) 83.8(3) [97,98]
207(3) 247.5(9) 129.909) 86.0(3)
207(3) 246.7(7
205(3) 245.0(10)

[Nb(n’-CsH,SiMes3),(=NPh)Cl] 217.6 245.27(10) 124.9 100.37(6) [99]
218.3

[Nb(n*-CsH,SiMes),(=NCsH,OMe-4)Cl] 218.8(1) 245.7(3) 125.23(2) 100.82(10) [100]
218.9(1)

& Cp refers to the CsH4R moiety.
® X refers to Cl or N in each case.
¢ Two independent molecules in the asymmetric unit.
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The non-ansa complex 12, which has an alkenyl substi-
tuent on each cyclopentadienyl ligand, showed worse anti-
proliferative activity against K562 and Fem-x cells than 8
(ca. 2.8 times less active than 8 on K562, and 1.1 times less
active than 8 on Fem-x). 12 also shows increased activity,
relative to 1, of ca. 1.6 times on HeLa (ICsy values
1354+ 6 uM and 86+ 3 uM for 1 and 12, respectively).
The activity of 1 relative to 12 decrease on resting PBMC
cells and the reverse order is found for stimulated PBMC
cells.

In general, the increase of the antitumoral activity of the
alkenyl-substituted titanocene complexes may be due to a
cooperative effect of those substituents, which may increase
the delivery of the Ti(IV) unit to the cell.

Table 5
Selected bond lengths (pm) and angles (°) for 8, 9 and 12

8 9 12
Ti(1)-Cent(1) 214.6 211.5 213.0
Ti(1)-Cent(2) 214.2 214.2 213.1
av Ti(1)-C(C(1)-C(5))* 246.1 243.6 244.7
av Ti(1)-C(C(1A)-C(5A))* 244.8
av Ti(1)-C(C(6)-C(10))* 246.3 246.2
Ti(1)-C(1) 236.4 241.5 255.9
Ti(1)-C(1A) 258.8
Ti(1)-C(2) 247.3 239.6 250.7
Ti(1)-C(2A) 248.0
Ti(1)-C(3) 262.4 248.0 242.5
Ti(1)-C(3A) 236.1
Ti(1)-C(4) 251.2 248.6 2332
Ti(1)-C(4A) 233.7
Ti(1)-C(5) 233.4 240.3 241.2
Ti(1)-C(5A) 2473
Ti(1)-C(6) 237.9 237.7
Ti(1)-C(7) 248.3 241.9
Ti(1)-C(8) 255.5 256.1
Ti(1)-C(9) 252.5 255.2
Ti(1)-C(10) 237.2 240.1
Ti(1)-CI(1) 233.6 234.2 235.5
Ti(1)-CI(1A) 234.2
Ti(1)-Cl1(2) 235.0 2343
C(11)-C(12) 1334
C(11A)-C(12A) 1334
C(16)-C(17) 134.0
C(22)-C(23) 1333
Cent(1)-Ti(1)-Cent(2) 131.05 130.32 132.05
CI(1)-Ti(1)-Cent(1) 105.52 105.88 106.39
CI(1)-Ti(1)-Cent(2) 104.88 106.21 104.62
Cl(2)-Ti(1)—Cent(1) 106.54 106.11
Cl1(2)-Ti(1)-Cent(2) 107.06 106.34
CI(1A)-Ti(1)-Cent(1) 105.84
CI(1A)-Ti(1)-Cent(2) 106.34
CI(1)-Ti(1)-C1(2) 96.49 97.16
CI(1)-Ti(1)-CI(1A) 95.85
Si(1)-C(16)-C(17) 124.18
C(10)-C(11)-C(12) 127.39
C(10A)-C(11A)-C(12A) 127.29
C(21)-C(22)-C(23) 125.30

Cent(l) and Cent(2) are the centroids of C(1)-C(5) and C(6)-C(10) or
C(1A)-C(5A), respectively.

* Refers to the average bond distance between Ti(1) and the carbon
atoms of the Cs ring of the corresponding cyclopentadienyl moiety.

3.3. Structural studies

Our efforts to crystallize some of the titanocene com-
plexes were unsuccessful. In order to circumvent this prob-
lem, we considered the possibility of synthesising
analogous biologically active complexes, to compare their
structures. As it has been previously reported by Kopf
and coworkers, niobocene complexes showed, as titano-
cene compounds, cytotoxic activity on tumour cell lines
[92-94]. Thus, we synthesised the niobocene complex
[Nb(nS-C5H4{CM62CH2CH2CH:CH2})2CIZ] (13), to
compare its cytotoxic activity with those found for titano-
cene complexes. Unfortunately due to the lack of solubility
of this complex 13, we were unable to study its activity,
however, we were able to obtain suitable crystals for the
X-ray diffraction analysis.

13 crystallizes in the centrosymmetric monoclinic I2/a
space group with four molecules in the unit cell, with only
half of the molecule being located in the asymmetric unit
and the other half being generated by symmetry opera-
tions. The niobium atom lies on a symmetry centre. The
molecular structure of 13 (Fig. 4) reveals that the niobium
atom has a distorted tetrahedral geometry with both Cs
rings bound to the metal in an 1° mode. The centroids of
the cyclopentadienyl rings form an angle with the niobium
atom of 132.2°, typical for niobocene dichloride complexes
[95-100]. The distance Nb—Cl (246.37(7) pm) and angle CI-
Nb-Cl ca. (85.38(3)°) are in the expected range [95-100].

C11 Cc12

Fig. 5. DFT-calculated structure of 8 (hydrogen atoms are omitted for
clarity).
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Fig. 6. DFT-calculated structure of 9 (hydrogen atoms are omitted for
clarity).

The butenyl moiety bond distances are C(9)-C(10)
151.9(4); C(10)-C(11) 149.4(5); C(11)-C(12) 128.0(5) pm.
The distance C(11)-C(12) is typical for terminal C—C dou-
ble bonds [73,74,101-103] and the angle C(10)-C(11)-
C(12), 126.4(4)°, confirms the sp” hybridization of C(12).
Selected bond lengths and angles for 13 are summarized
in Table 3. Selected structural data of 13 with similar
niobocene complexes can be compared using Table 4.

Fig. 7. DFT-calculated structure of 12 (hydrogen atoms are omitted for
clarity).

In addition, density functional theory (DFT) calcula-
tions were carried out for the most active titanocenes 8, 9
and 12 at the B3LYP level [80-83] using the 6-31 G™* basis
set [84-87]. Selected bond lengths and angles of the opti-
mized structure of the titanocenes are listed in Table 5.
The calculated structures of 8, 9 and 12 are presented in
Figs. 5-7, respectively.

The bond lengths between titanium and the cyclopenta-
dienyl carbons differ for the different Cs rings from 233.2 to
262.4 pm. The longest Ti—C lengths are found for the
substituted carbon atoms of the cyclopentadienyl ring
(especially for C(3) in 8 and 9 and for C(1) and C(1A) in
12). Nevertheless, the calculated distances Ti—Cent are all
close to 213 pm.

The Cent-Ti—-Cent angles of about 131° for the ansa-
titanocene 8 and 9 differ by only ca. 1° for that found for
12. The CI(1)-Ti(1)-Cl(2) angle for the calculated titano-
cene of ca. 96° are all similar, and comparable with those
recorded for the X-ray crystal structures of related ansa-
titanocene complexes [104-109].

The C-C distances for the double bonds of the alkenyl
chains reveal comparable distances (133.3-134.0 pm) and
are in very good agreement with others reported in X-ray
crystal structures of metallocene complexes with alkenyl
groups [73,74].

4. Conclusions and outlook

We have synthesized a family of titanocene and ansa-
titanocene complexes which have been tested as antitu-
moral agents in different tumour cell lines, in order to
understand the possible relationship between the different
substituents and the cytotoxic activity. Investigated titano-
cene anti-tumour agents showed a dose-dependent antipro-
liferative effect toward all cell lines and on human PBMC
and stimulated PBMC. It has been observed that there is
no remarkable difference in the cytotoxicity using germa-
nium instead of silicon as the bridging atom. The presence
of alkyl groups on the cyclopentadienyl rings leads to a
slight increase in the cytotoxicity in some studied cells.
However, this increase becomes much higher when an alke-
nyl fragment is included, in particular as a substituent of
the cyclopentadienyl moiety. These facts are reflected in
the highest activity being observed for 8. Other substituents
examined in this study on the cyclopentadienyl ring or the
silicon ansa-bridged titanocene had a negative influence on
the activity. 8 and 12 present similar activities, and some-
times even higher, than some of the previously analyzed
titanocene complexes which have polar substituents such
as alkoxo-, or amino-groups on the cyclopentadienyl ring.
The increased antitumoural activity of alkenyl-substituted
titanocene complexes may be due to a better delivery of
the Ti(IV) unit to the cell by “transferrin”, which may be
favoured by the alkenyl groups attached to the Cp-rings.

Future work, already in progress, will now focus on the
improvement of the cytotoxic nature of 8 and 12, by the
manipulation of the alkenyl groups and introduction of
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other amine- or alkoxy-groups. These structural variations
may have a positive effect in terms of increasing stability
in aqueous biological medium and in terms of cytoto-
xicity. Further studies on other cells will also be carried
out.

5. Abbreviations

Cent  centroid

Cpn’ cyclopentadienyl

DFT  density functional theory

EI-MS electronic impact mass spectrometry

FBS fetal bovine serum

MTT tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide)

PBMC peripheral blood mononuclear cells

PHA  phytohaemaglutinin

SDS  sodium dodecylsulfate

THF  tetrahydrofurane
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Appendix A. Supplementary data

Crystallographic data for the structural analysis of 13
have been deposited with the Cambridge Crystallographic
Data Centre, CCDC-670564. Copies of this information
may be obtained free of charge from The Director, CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (Fax: +44
1223 336033; E-mail: deposit@ccdc.cam.ac.uk or http://
www.ccde.cam.ac.uk). DFT data of the calculated struc-
tures are also included in the supplementary material. Sup-
plementary data associated with this article can be found,
in the online version, at doi:10.1016/].jinorgbio.2008.
02.001.
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Four titanium(IV) carboxylate complexes [Ti(1>-CsHs ),(0,CCH,SMes) ] (1), [Ti(1*-CsH4Me),(0,CCH,SMes ), |
(2), [Ti(M>-CsHs)(M>-CsH4SiMes)(0,CCH,SMes),] (3) and  [Ti(n°-CsMes)(0,CCH,SMes)s] (4; Mes =
2,4,6-Me3CgH,) have been synthesised by the reaction of the corresponding titanium derivatives
[Ti(M>-CsHs)2Cly], [Ti(M°-CsHaMe),CLy], [Ti(n>-CsHs)(n>-CsHaSiMes)Cly] and [Ti(n*-CsMes)Cls] and two
(for 1-3) or three (for 4) equivalents of mesitylthioacetic acid. Complexes 1-4 have been characterized
by spectroscopic methods and the molecular structure of the complexes 1, 2 and 4 have been determined
by X-ray diffraction studies. The cytotoxic activity of 1-4 was tested against tumor cell lines human
adenocarcinoma HeLa, human myelogenous leukemia K562, human malignant melanoma Fem-X, and
normal immunocompetent cells, that is peripheral blood mononuclear cells PBMC and compared with
those of the reference complexes [Ti(M>-CsHs),Cl,] (R1), [Ti(n>-CsH4Me),Cly] (R2), [Ti(n>-CsHs)
(n°-CsH,SiMes)Cly] (R3) and cisplatin. In all cases, the cytotoxic activity of the carboxylate derivatives
was higher than that of their corresponding dichloride analogues, indicating a positive effect of the
carboxylato ligand on the final anticancer activity. Complexes 1-4 are more active against K562 (ICsq
values from 72.2 to 87.9 uM) than against HeLa (ICso values from 107.2 to 142.2 uM) and Fem-x cells
(ICsp values from 90.2 to 191.4 uM).
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1. Introduction addition, there are other interesting studies that report potential

binding of a ligand-bound titanium(IV) complex to proteins

Since the pioneering work of Képf and Képf-Maier [1-3] and the
phase I clinical trials carried out for titanocene dichloride in 1993
[4-8], metallocene and non-metallocene titanium(IV) complexes
have been studied intensively due to their anticancer properties
[9-15], even though clinical trials in patients did not have a suc-
cessful outcome [16,17].

Mechanistic studies have indicated that one of the possible
pathways is that titanium may reach the cells assisted by the major
iron transport protein “transferrin” [18-21], binding to DNA which
may be the biological target of these complexes [22-24]. In

* Corresponding authors. Addresses: Departamento de Quimica Inorgdnica y
Analitica, E.S.CET., Universidad Rey Juan Carlos, Mdstoles (Madrid), Spain (S.
Goémez-Ruiz); Institut fiir Chemie, Martin-Luther-Universitit Halle-Wittenberg,
Kurt-Mothes-StraRe 2, D-06120 Halle, Germany (G.N. Kaluderovi¢). Fax: +34
914888143 (S. Gémez-Ruiz), tel.: +49 345 5525678; fax: +49 345 5527028 (G.N.
Kaluderovic).

E-mail addresses: santiago.gomez@urjc.es (S. Gomez-Ruiz), goran.kaluderovic@
chemie.uni-halle.de, goran@chem.bg.ac.rs (G.N. Kaluderovic).

0277-5387/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.poly.2009.05.068

[25,26].

Thus, one of the most active fields in titanium(IV) anticancer
chemistry is focused in the design of new compounds with differ-
ent substituents which may increase their cytotoxicity in compar-
ison with that of titanocene dichloride [9-15,27-29]. It has been
observed that titanocene complexes which present polar substitu-
ents or electron withdrawing groups in their structure, present
higher in vitro anticancer activity [11]. In addition, we have re-
cently reported an increase of the cytotoxicity in titanocene and
ansa-titanocene complexes that have pendant alkenyl substituents
on the cyclopentadienyl rings [27-29].

However, almost all the studied titanium(IV) complexes are
dichloride derivatives and the number of studies on the anticancer
activity of titanium(IV) alkoxo or carboxylate derivatives is still rel-
atively small [10,30-37].

In view of our good results on the synthesis, characterization
and evaluation of the cytotoxic activity of metal carboxylate
complexes [38-40], here we present the synthesis, characterization
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and study of the influence of the substituents on the
cyclopentadienyl ring and the carboxylato ligand in the stability
and cytotoxicity of four new titanium(IV) carboxylate complexes.

2. Experimental
2.1. General manipulations

All reactions were performed using standard Schlenk tube
techniques in an atmosphere of dry nitrogen. Solvents were dis-
tilled from the appropriate drying agents and degassed before
use. Na(CsHs) and Na(CsHsMe) were prepared according to liter-
ature procedures [41]. Li(CsH,SiMes) [42], [Ti(n>-CsHs)Cls] [43]
and [Ti(n>-CsMes)Cls] [44] were prepared as previously reported.
[Ti(n>-CsHs),Cl,] (R1) and [Ti(n*-CsH4Me),Cl,] (R2) were syn-
thesised by the reaction of two equivalents of Na(CsHs) or
Na(CsH4Me) with [TiCl4(THF),], respectively. [Ti(n°-CsHs)(n°-
CsH4SiMes)Cl,] (R3) was prepared by the reaction of [Ti(n’-
CsHs)Cl3] and Li(CsH4SiMes). Mesitylthioacetic acid was prepared
with slight modification of the literature procedure [45]. IR spec-
tra (KBr pellets prepared in a nitrogen-filled glove box) were re-
corded on a Perkin-Elmer System 2000 FT-IR spectrometer in the
range 350-4000cm~'. 'H and '3C{'H} NMR spectra were re-
corded on a Varian Mercury FT-400 spectrometer or on a Bruker
AVANCE-400 and referenced to the residual deuterated solvent.
Microanalyses were carried out with a Perkin-Elmer 2400 or
LECO CHNS-932 microanalyzer. FAB MS spectra were recorded
on a MASPEC II spectrometer with 3-nitrobenzylalcohol as
matrix.

2.2. Preparation of [Ti(1°-CsHs),(02CCH>SMes),] (1)

A solution of mesitylthioacetic acid [42] (0.84 g, 4.02 mmol) in
toluene (50 mL) was added dropwise over 15 min to a solution of
[Ti(M>-CsHs),Cl,] (0.50 g, 2.01 mmol) in toluene (50 mL) at room
temperature. The reaction mixture was stirred for 20 min, subse-
quently NEt; (0.58 mL, 4.02 mmol) was added dropwise. The
reaction was then stirred at 80 °C overnight. The mixture was
decanted and filtered and the filtrate concentrated (10 mL) and
cooled to —30 °C to give crystals of the title complex which were
isolated by filtration. Yield: 0.51 g, 43%. FT-IR (KBr): 1635 (s) (v,
CO07), 1334 (s) (vs COO7); 'H NMR (400 MHz, CDCls, 25 °C): &
2.23 (s, 6H, p-Me of mesityl), 2.55 (s, 12H, o-Me of mesityl),
3.38 (s, 4H, CH), 6.33 (s, 10H, CsHs), 6.92 (s, 4H, m-H of mesi-
tyl); *C{"H} NMR (100.6 MHz, CDCls, 25°C): 6 21.4 (p-Me of
mesityl), 22.0 (o-Me of mesityl), 41.6 (CH;), 118.5 (CsHs), 129.1
(C-4 of mesityl), 129.3 (C-3 and C-5 of mesityl), 138.4 (C-2 and
C-6 of mesityl), 142.9 (C-1 of mesityl), 186.4 (COO); FAB MS:
m/z (%) 596 (1) [M'], 531 (5) [M'-CsHs], 403 (8)
[M*—COCH,SMes], 387 (100) [M*—OOCCH,SMes]. Anal. Calc. for
C33H3604S,Ti: C, 64.42; H, 6.08. Found: C, 64.00; H, 6.01%.

2.3. Preparation of [Ti(1°-CsH4Me),(0,CCH,SMes )] (2)

The synthesis of 2 was carried out in an identical manner to 1
starting from mesitylthioacetic acid [42] (0.84 g, 4.02 mmol),
[Ti(m’-CsHsMe),Cl,] (0.56g, 2.01 mmol) and NEt; (0.58 mL,
4.02 mmol). Yield: 0.36 g, 55%. FT-IR (KBr): 1648 (s) (v, COO™),
1332 (s) (vs COO™); '"H NMR (400 MHz, CDCls, 25 °C): 6 1.96 (s,
6H, Me of Cp), 2.17 (s, 6H, p-Me of mesityl), 2.47 (s, 12H, o-Me
of mesityl), 3.34 (s, 4H, CH,), 6.05, 6.28 (m, 4H each, CsHsMe),
6.84 (s, 4H, m-H of mesityl); '3C{'H} NMR (100.6 MHz, CDCls,
25°C): 6 15.7 (Me of Cp), 20.9 (p-Me of mesityl), 21.9 (0-Me of
mesityl), 39.9 (CH,), 113.4, 115.7, 121.7 (Cp), 129.0 (C-4 of mesi-

tyl), 129.3 (C-3 and C-5 of mesityl), 138.3 (C-2 and C-6 of mesi-
tyl), 143.0 (C-1 of mesityl), 186.2 (COO); FAB MS: m/z (%) 625 (1)
[M*], 545 (13) [M"—CsHsMe], 415 (100) [M*—OOCCH,SMes]. Anal.
Calc. for C34H4004S,Ti: C, 65.37; H, 6.45. Found: C, 64.88; H,
6.31%.

2.4. Preparation of [Ti(1°-CsHs )(1°-CsH,4SiMe3)(0,CCH,SMes),] (3)

The synthesis of 3 was carried out in an identical manner to 1
starting from mesitylthioacetic acid [42] (0.84 g, 4.02 mmol),
[Ti(Mm°-CsHs)(n>-CsH4SiMes)Cl,] (0.64g, 2.01 mmol) and NEt;
(0.58 mL, 4.02 mmol). Yield: 0.94 g, 69%. FT-IR (KBr): 1645 (s) (v,
CO0™), 1335 (s) (vs COO~); 'H NMR (400 MHz, CDCls, 25 °C): 6
0.12 (s, 9H, SiMes), 2.16 (s, 6H, p-Me of mesityl), 2.47 (s, 12H, o-
Me of mesityl), 3.34 (s, 4H, CH,), 6.24 (s, 5H, CsHs), 6.51, 6.55 (m,
2H each, CsH,SiMes), 6.84 (s, 4H, m-H of mesityl); >*C{'"H} NMR
(100.6 MHz, CDCls, 25 °C): & 5.2 (SiMe3), 21.0 (p-Me of mesityl),
21.8 (0-Me of mesityl), 38.8 (CH,), 102.9, 113.7, 114.3 (CsH4SiMes),
118.3 (CsHs), 128.9 (C-4 of mesityl), 129.2 (C-3 and C-5 of mesityl),
138.6 (C-2 and C-6 of mesityl), 142.9 (C-1 of mesityl), 186.0 (COO);
FAB MS: m/z (%) 669 (1) [M'], 603 (5) [M"—CsHs], 531 (6)
[M*—CsH4SiMes], 459 (100) [M*—OOCCH,SMes]. Anal. Calc. for
C35H4404S,SiTi: C, 62.85; H, 6.63. Found: C, 62.69; H, 6.59%.

2.5. Preparation of [Ti(1>-CsMes)(0,CCH,SMes)s] (4)

A solution of mesitylthioacetic acid [42] (0.63 g, 3.00 mmol) in
toluene (70 mL) was added dropwise over 15 min to a solution of
[Ti(Mm>-CsMes)sCl] (0.29 g, 1.00 mmol) in toluene (30 mL) at room
temperature. The reaction mixture was stirred for 20 min, subse-
quently NEt; (0.43 mL, 3.00 mmol) was added dropwise. The reac-
tion was then stirred at room temperature overnight. The mixture
was decanted and filtered and the filtrate evaporated to dryness.
The resulting yellow oily solid was dissolved in diethyl ether
(30 mL), filtered, concentrated to 10 mL and cooled to —30 °C to
give crystals of the title complex which were isolated by filtration.
Yield: 0.61 g, 76%. FT-IR (KBr): 1556 (s) 1531 (s) (v, COO™), 1451
(vs) (vs COO™); "H NMR (400 MHz, CDCls, 25 °C): 6 1.92 (s, 15H,
CsMes), 2.13 (s, 9H, p-Me of mesityl), 2.51 (s, 18H, 0-Me of mesityl),
3.30 (s, 6H, CH,), 6.90 (s, 6H, m-H of mesityl); '3C{'H} NMR
(100.6 MHz, CDCl3, 25 °C): § 11.3 (CsMes), 20.9 (p-Me of mesityl),
21.9 (0-Me of mesityl), 38.6 (CH;), 129.1 (C-4 of mesityl), 132.6
(C-3 and C-5 of mesityl), 135.7 (CsMes), 138.3 (C-2 and C-6 of mesi-
tyl), 143.0 (C-1 of mesityl), 186.5 (COO); FAB MS: m/z (%) 811 (1)
[M*], 601 (100) [M*—OOCCH,SMes], 544 (35) [M"—0O0OCCH,SMes
- 4 x Me]. Anal. Calc. for C43H5406S3Ti: C, 63.69; H, 6.71. Found:
C, 63.45; H, 6.56%.

2.6. Data collection and structural refinement of 1, 2 and 4

The data of 1, 2 and 4 were collected with a CCD Oxford Xcalibur
S (A(Mo Kot) = 0.71073 A) using @ and ¢ scans mode. Semi-empir-
ical from equivalents absorption corrections were carried out with
sCALE3 ABSPACK [46]. All the structures were solved by direct methods
[47]. Structure refinement was carried out with sHeixi-97 [48]. All
non-hydrogen atoms were refined anisotropically, and hydrogen
atoms were calculated with the riding model and refined isotropi-
cally. Table 1 lists crystallographic details.

2.7. In vitro studies

2.7.1. Preparation of complex solutions

Stock solutions of the studied titanium complexes were made in
dimethyl sulfoxide (DMSO) at a concentration of 20 mM, filtered
through Millipore filter, 0.22 pum, before use, and diluted by nutri-
ent medium to various working concentrations. DMSO was used
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Table 1 dient centrifugation. Interface cells, washed three times with
Crystallographic data for 1, 2 and 4. Haemaccel (aqueous solution supplemented with 145 mM Na*,
1 2 4 5.1 mM K", 6.2 mM Ca?*, 145 mM Cl~ and 35 g/L gelatine polymers,
Formula CoaH3g04S5Ti  CaaHagOaS,Ti CyaH540cSTi pH 7.4) were counted and resuspended in nutrient medium.
Fw 596.63 624.68 810.94
T (K) 130(2) 130(2) 130(2) 2.7.3. Cell sensitivity analysis
Crystal system monoclinic monoclinic monoclinic HeLa and Fem-x (2000 cells per well) were seeded into 96-well
zp(i}\c)e Fremy I;;F;;/;(S) 11)23(]1 ;/;( 5) 222(3]) o microtitre plates and 20 h later, after the cell adherence, five differ-
b (A) 7.979(5) 7.934(5) 17.8397(3) ent concentrations of the studied compounds were added to the
c(A) 26.555(5) 28.594(5) 14.2823(2) wells. Final concentrations were in the range from 12.5 to
o (°) 90 90 90 200 pM. The studied compounds were added to a suspension of
B 3(7)'499(5) 33'286(5) 33'758(2) leukemia K562 cells (3000 cells per well) 2 h after cell seeding, in
‘//((n)ms) 2.91(1) 2.98(1) 2.07923(5) the same final concentrations applied to HeLa and Fem-x cells.
7 4 4 2 All experiments were carried out in triple triplicate. PBMC were
Dc (Mg m3) 1.364 1.392 1.295 seeded (150000 cells per well) in nutrient medium enriched with
f (mm") 0474 0.466 0.402 (5 ug/mL) phytohaemaglutinin (PHA - Welcome Diagnostics, Eng-
Eé?s?a?)dimension (mm) (1)'245 S 03 = 07 3)_33250X UGB -« G ggox Bl B land) in 96-well microtitre plates and.Z h l:ate_r, the studied com-
e () 2.67-28.28 2.67-25.35 2.70-26.02 pounds were added to the wells, in triplicate, to five final
hkl ranges -18<h<18 -15<h<15 -10<h<10 concentrations. Only nutrient medium was added to the cells in
-10<k<10  -9<k<9 —22<k<21 the control wells. Nutrient medium with corresponding concentra-
=Bl sl =17<l<17 tions of compounds, but void of cells was used as blank.
Data/parameters/ 7207/358/0 5453/378/0 8177/492/1
restraints
Goodness-of-fit on F2 0.823 0.833 0.821 2.7.4. Determination of target cell survival
Final R indices [I > 26(I)]  R; =0.0322, Ry = 0.0486, Ry =0.0353, Cell survival was determined by MTT test according to the
o WR;=0.0564  wR, =0.0657 WR; =0.0542 method of Mosmann [49] and modified by Ohno and Abe [50],
R indices (all data) 5\/1; 2'8%%11'5 ﬁj; 8‘83017358 l\:}; 2‘8506567’0 72 h after complex addition. Immediately afterwards, 20 pL of
Largest difference in peak 0,2?%3 a.nd 0.4318 a.nd —0.396 0.3?36 a.nd MTT solution (5 mg/mL in phosphate buffered saline) was added
and hole (e A—3) -0.327 —0.265 to each well. Samples were incubated for a further 4 h at 37 °C in
Absolute structure —0.010(17) a humidified atmosphere with 5% CO,. Then, 100 pL of 10% SDS

parameter

due to solubility problems. Nutrient medium was RPMI 1640
medium, without phenol red, supplemented with L-glutamine
(3 mM), streptomycin (100 pg/mL), penicillin (100 [U/mL), 10% fe-
tal bovine serum (FBS) and 25 mM Hepes, and was adjusted to pH
7.2 by bicarbonate solution. MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide) was dissolved (5 mg/mL) in
phosphate buffer saline pH 7.2, and filtered through Millipore fil-
ter, 0.22 pm, before use. All reagents were purchased from Sigma
Chemicals.

2.7.2. Cell culture

Human cervix adenocarcinoma HeLa and malignant melanoma
Fem-x cells were cultured as monolayers in the nutrient medium,
while human myelogenous leukemia K562 cells were maintained
as suspension culture. The cells were grown at 37 °C in 5% CO,
and humidified air atmosphere. Peripheral blood mononuclear
cells (PBMC) were separated from whole heparinized blood from
healthy volunteers by Lymphoprep (Nycomed, Oslo, Norway) gra-

R 0
Y S OH
TiACI

+2 NEt;

R=H,R'=H
R = Me, R' = Me;
R =H, R' = SiMe;

Toluene

was added to the wells. Absorbance was measured at 570 nm the
next day. To achieve cell survival percentages, absorbance at
570 nm of a sample with cells grown in the presence of various
concentrations of agent was divided with absorbance of control
sample (the absorbance of cells grown only in nutrient medium),
having subtracted from absorbance of a corresponding sample
with target cells the absorbance of the blank.

3. Results and discussion
3.1. Synthesis and characterization of the titanium(IV) complexes 1-4

Titanium(IV) carboxylate complexes [Ti(1°-CsHs ),(0,CCH,SMes), ]
(1), [Ti(n*-CsHaMe),(0,CCH,SMes),] (2) and [Ti(n®-CsHs)(1*-
CsH4SiMe3)(O,CCH,SMes),| (3) were synthesised by the reaction
of the corresponding titanium derivatives [Ti(M>-CsHs)2Cl,],
[Ti(T]S—C5H4Me)2C12] and [Ti(nS—C5H5)(nS—C5H4SiME3)C12], respec-
tively, and two equivalents of mesitylthioacetic acid in toluene at
80 °C (Scheme 1). Analogously, [Ti(n>-CsMes)(0,CCH,SMes)s] (4)
was prepared by the reaction of one equivalent of [Ti(n>-
CsMes)Clz] and three equivalents of mesitylthioacetic acid in

ﬁ\ /0)\\/ ;
~N

@)

Ti

-2 NHECl R'% 0
>

Scheme 1. Synthesis of 1-3.
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Toluene

+ 3 NEt;

_ =

- 3 NHEt:;Cl

Scheme 2. Synthesis of 4.

toluene at room temperature (Scheme 2). Complexes 1-4 were
isolated as orange (1-3) or yellow (4) crystalline solids of high
purity.

In the 'H NMR spectra of 1-4, the resonances of the carboxylato
ligand were observed as four signals at different chemical shifts.
Two singlets at ca. 2.2 and 2.5 corresponding to the protons of
the methyl groups of the mesityl moiety, one slightly broad singlet
at ca. 3.3 assigned to the methylene protons and one singlet at
6.9 ppm for the aromatic protons. In addition to these signals,
the protons of the cyclopentadienyl ligands show the expected dif-
ferent patterns for the four different complexes.

The >C{"H} NMR spectra of 1-4 show eight signals correspond-
ing to the carboxylato ligand. A signal at ca. 40 ppm corresponding
to the carbon atom of the methylene group and six signals, two be-
tween ca. 20 and 23 ppm and four between 128 and 144 ppm, cor-
responding to the carbon atoms of the mesityl moiety, finally the
signal assigned to the carbon atom of the COO moiety is observed
at ca. 186 ppm. In addition, the *C{'H} NMR spectra of 1-4 show
the expected signals for the Cp ligands.

The IR spectra of the complexes 1-3 show strong bands in two
different regions between 1648-1635 and 1335-1332 cm™!, which
correspond to the asymmetric and symmetric vibrations, respec-
tively, of the COO moiety. The differences, in all cases of more than
200 cm™!, between the asymmetric and symmetric vibrations,
indicate monodentate coordination of the carboxylato ligand
[51]. This phenomenon was also confirmed by single crystal
X-ray diffraction studies (see Section 3.2). In contrast, IR spectrum
of complex 4 show two strong bands at 1556 and 1451 assigned to
the asymmetric and symmetric vibrations of the COO moiety, in
this case the difference of less than 200 cm™!, indicate bidentate
coordination of the carboxylato ligand [51].

Complexes 1-4 were also characterized by FAB MS. The mass
spectra showed the molecular ion peaks. Fragments indicative of
the loss of different number of carboxylato or cyclopentadienyl li-
gands were also observed (see Section 2).

3.2. Structural studies

Molecular structure of complexes 1, 2 and 4 have been deter-
mined by X-ray diffraction studies. Selected bond lengths and an-
gles of 1, 2 and 4 are given in Table 2.

Molecular structure of 1 (Fig. 1) and 2 (Fig. 2) confirm the bent
metallocene conformation of these complexes. Titanium atoms are
in a distorted tetrahedral environment and present two O-mono-
dentate carboxylate groups [Ti-O 1.956(1) and 1.943(1) A for 1
and 1.907(2) and 1.904(2) A for 2]. These distances are in agree-
ment with the monodentate coordination indicated by the large
difference of about 300cm~! between the asymmetric and
symmetric vibration of the COO moiety in the IR spectra (see
Section 3.1).

0_____/

e

S

\/4(//\\))\/5
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These structural parameters are similar to those reported for
other titanocene carboxylate complexes with monodentate coordi-

nation [52-57].

Table 2
Selected bond lengths (A) and angles (°) for 1, 2 and 4.
1 2 4

Ti(1)-Cent(1) 2.042 2.035 2.063
Ti(1)-Cent(2) 2.053 2.025
Ti(1)-0(1) 1.956(1) 1.907(2) 2.173(2)
Ti(1)-0(2) 3.556 3.637 2.143(2)
Ti(1)-0(3) 1.943(1) 1.904(2) 2.161(2)
Ti(1)-0(4) 3.480 3.722 2.099(2)
Ti(1)-0(5) 2.178(2)
Ti(1)-0(6) 2.145(2)
0(1)-C(11) 1.287(2) 126.6(3)
0(2)-C(11) 1.219(2) 125.9(3)
0(1)-C(13) 1.271(4)

0(2)-C(13) 1.200(4)
0(3)-C(22) 1.299(2) 125.9(3)
0(4)-C(22) 1.211(2) 126.4(3)
0(3)-C(24) 1.283(4)
0(4)-C(24) 1.190(4)
0(5)-C(33) 125.9(3)

0(6)-C(33) 126.1(3)
Cent(1)-Ti(1)-Cent(2) 131.1 133.0
Cent(1)-Ti(1)-0(1) 106.6 104.3 101.9
Cent(1)-Ti(1)- 0(2) 92.2 104.3 106.8
Cent(1)-Ti(1)-0(3) 108.5 107.6 167.0
Cent(1)-Ti(1)-0(4) 91.9 84.2 106.6
Cent(1)-Ti(1)-0(5) 102.7
Cent(1)-Ti(1)-0(6) 105.3
Cent(2)-Ti(1)-0(1) 107.8 106.7
Cent(2)-Ti(1)-0(2) 97.4 86.5
Cent(2)-Ti(1)-0(3 ) 104.7 105.3
Cent(2)-Ti(1)-0(4) 94.8 115.5

0(1)-Ti(1)-0(2) 339 30.2 60.28(6)

0(1)-Ti(1)-0(3) 90.74(5) 92.7(1) 75.99(6)
0(1)-Ti(1)-0(4) 126.3 111.0 73.46(6)
0(1)-Ti(1)-0(5) 143.53(6)
0(1)-Ti(1)-0(6) 132.71(6)
0(2)-Ti(1)-0(3) 124.6 120.2 82.71(6)
0(2)-Ti(1)-0(4) 159.8 141.1 129.45(7)
0(2)-Ti(1)-0(5) 131.19(7)
0(2)-Ti(1)-0(6) 75.10(6)
0(3)-Ti(1)-0(4) 35.8 26.5 61.35(6)
0(3)-Ti(1)-0(5) 75.20(6)
0(3)-Ti(1)-0(6) 84.07(6)
0(4)-Ti(1)-0(5) 75.04(6)
0(4)-Ti(1)-0(6) 129.12(6)
0(5)-Ti(1)-0(6) 59.92(6)
0(1)-C(11)-0(2) 124.7(2) 118.3(2)
0(1)-C(13)-0(2) 126.6(3)
0(3)-C(22)-0(4) 124.2(3) 118.9(2)
0(3)-C(24)-0(4) 124.6(4)
0(5)-C(33)-0(6) 117.9(2)
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Fig. 1. Molecular structure and atom-labelling scheme for 1 with thermal ellipsoids
at 50% probability (hydrogen atoms are omitted for clarity).

Fig. 2. Molecular structure and atom-labelling scheme for 2 with thermal ellipsoids
at 50% probability (hydrogen atoms are omitted for clarity).

The distortion from regular geometry is evident from the Cent-
Ti-Cent angles of 131.1° for 1 and 133.0 for 2, and the O(1)-Ti-0(3)
angle of 90.74(5) for 1 and 92.7(1) for 2. The distances between
titanium atoms and the two non bound carboxylate oxygens,
0(2) and 0O(4), are longer than 3.5 A, indicating no interaction.

Monodentate coordination of the carboxylato ligand is also con-
firmed by the significant differences in C-O bond lengths depend-
ing whether the oxygen is coordinated to titanium (between
1.271(4) and 1.299(2) A) or not (between 1.190(4) and 1.219(2) A).

Both carboxylate groups are bound to titanium atoms in slightly
different manner, one carboxylato ligand has a slightly longer Ti-O
bond and a smaller Ti-O-C angle. This may imply the presence of a
differing extent of Ti-O m-interaction supporting the primary o-
bonding for the two carboxylato ligands [55]. The average Ti-C
and C-C bond lengths of the cyclopentadienyl groups in 1 and 2
are in a good agreement with the values from structure determina-
tions of other titanocene derivatives [56-58].

Interestingly, the X-ray structure of the complex 4 (Fig. 3)
shows the bidentate coordination of the three carboxylato ligands.
The Ti-O bond lengths are all similar between 2.099(2) and
2.178(2) A. In addition the distances C-O of the carboxylato ligands
are also very close with values of ca. 1.26 A, indicating some multi-
ple bond character.

The geometry around titanium is a distorted pentagonal
bipyramid and the metal attains the 18-electron configuration.

Fig. 3. Molecular structure and atom-labelling scheme for 4 with thermal ellipsoids
at 50% probability (hydrogen atoms are omitted for clarity).

The pentagon formed by O(1)-0(2)-0(4)-0(5) and O(6) is a bit dis-
torted and not regular as a consequence of the different distances
and angles O-Ti-0. The axial positions of this pentagonal bipyra-
midal geometry are occupied by the centroid of the cyclopentadi-
enyl ring and O(3) with an Cent(1)-Ti-O(3) angle of 168.0°.

3.3. Cytotoxic studies

Titanocene complexes from this study 1-4 have been used in
order to understand the possible relationship between the differ-
ent substituents, the auxiliary ligands (carboxylato or chloride)
and the cytotoxic activity.

The in vitro cytotoxicities of complexes 1-4 against human ade-
nocarcinoma HeLa, human malignant melanoma Fem-x, human
myelogenous leukemia K562 and on normal immunocompetent
cells (human peripheral blood mononuclear cells, PBMC) were
determined by MTT-based assays (Table 3).

The investigated titanocene anti-tumor agents showed a dose-
dependent antiproliferative effect toward all cell lines and on hu-
man PBMC and stimulated PBMC. Estimations based on the ICsq
values show that complexes 1-4 are more active against K562
(IC50 values from 72.2 to 87.9 uM) than against HeLa (ICs5o values
from 107.2 to 142.2 uM) and Fem-x cells (ICso values from 90.2
to 191.4 pM).

From all the studied complexes, 3 and 4 present the highest
cytotoxic activity. The results corresponding to complex 4 were to-
tally unexpected, because monocyclopentadienyl titanium(IV)
complexes have been usually discarded as potential anticancer
drugs due to possible hydrolysis problems. Thus, with the observed
cytotoxic activities for complex 4, new ways in the anticancer

Table 3
ICso (M) for the 72 h of action of the studied compounds and cisplatin on HeLa, Fem-
x, K562 cells, on PBMC and PBMC stimulated with PHA determined by MTT test.

Compound ICsp + SD

Hela Fem-x K562 PBMC-PHA PBMC + PHA
1 142.2+£5.8 1649+94 86.8x0.3 146.2+£3.8 148.0+1.3
2 139.4+12.7 191.4+5.5 782+0.7 162.0+3.7 156.1+7.4
3 107.2£6.9 90.2 £ 6.8 87.9+3.6 1046 £53 116.8+11.7
4 117.4+£8.1 123.0+£52 722%1.7 132.9+0.6 127314
R1 >200 177.7+4.9 >200 >200 199.8 £9.9
R2 >200 198.6+43 173.3+6.0 >200 180.9 £4.3
R3 >200 >200 >200 >200 >200
Cisplatin 44+03 5.7+03 4.7+0.3 33.6 266
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chemistry of monocyclopentadienyl titanium(IV) complexes can
be made out.

In order to determine the selectivity in the in vitro cytotoxicity
of 1-4, some additional experiments were conducted on normal
and stimulated PBMC cells. Generally, complexes 1-4 showed mar-
ginal or no selectivity on HeLa or Fem-x cell lines, however, slight
selectivity is observed on K562 cells, especially with complex 2.

Titanocene complexes 1-4 are in all cases more active than
the reference complexes R1, R2 and R3, indicating that the
substitution of the chlorides by carboxylato ligands has a positive
effect on the anticancer activity of the studied complexes.
Carboxylate complexes 1-4 are about ca. 1.5-3 times more active
than the chloride derivatives R1, R2 and R3. In view of the
difference of the cytotoxic activity, it seems that the carboxylate
derivatives (or their corresponding hydrolysis product) present
either higher affinity to the binding to transferrin or albumin
[25,26], or higher stability to the decomposition in the biological
medium, which leads to a more effective action against the tu-
mor cell.

The cytotoxic activities of complexes 1-4 are not as high as the
activity reported by Tacke and coworkers in their oxali-titanocene
derivatives [35,36], however, they are comparable to those de-
scribed for other titanium(IV) carboxylate complexes [10,37].

On direct comparison with cisplatin, the cytotoxic activity of
complexes 1-4 is significantly lower, however, a higher tolerance
of relatively high titanium amounts in biological systems may be
possible, in comparison with the high number of side-effects asso-
ciated to very low concentrations of platinum. This may make
these results very promising for further experiments which will
be focused on the modification of the nature and number of car-
boxylato and cyclopentadienyl ligands, in order to find titanocene
complexes with higher cytotoxic activities.

4. Conclusions

Four different titanium(IV) carboxylate complexes have been
synthesised and structurally characterized. The cytotoxic activity
of 1-4 was tested against tumor cell lines human adenocarci-
noma HeLa, human myelogenous leukemia K562, human malig-
nant melanoma Fem-X, and normal immunocompetent cells
peripheral blood mononuclear cells PBMC, observing that from
all the studied complexes, 3 and 4 present the highest cytotoxic
activity. An increment on the cytotoxic activity was observed
through the substitution of the chloride by carboxylate ligands.
In addition, the totally unexpected good results in the cytotoxic
activity of monocyclopentadienyl titanium(IV) complex 4, opens
up the possibility on further investigations on this kind of
complexes.

Supplementary data

CCDC 729913, 729914 and 729915 contain the supplementary
crystallographic data for 1, 2 and 4. These data can be obtained free
of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail:
deposit@ccdc.cam.ac.uk.
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Synthesis, characterization and biological
studies of alkenyl-substituted titanocene(lV)
carboxylate complexes

Goran N. Kaluderovi¢®®* , Valentina Tayurskaya€, Reinhard Paschke?,
Sanjiv Prashard, Mariano Fajardo? and Santiago Goémez-Ruiz9*

The carboxylate compounds [Ti(>-C5Hs)(y>-CsHa{CMe,(CH, CH, CH=CH3)})(0,CCH,SXyl),] (2; Xyl = 3,5-Me;CgHs) and [Ti(>-
CsHs)(n°-CsHga{CMe;(CH,CH,CH=CH,)})(0,CCH,SMesl),] (3; Mes 1 = 2,4,6-Me3CgH;) were synthesized by the reaction of
[Ti(n>-CsHs)(y°-CsHa{CMe(CH,CH,CH=CH,)})Cl,] (1) with 2 equivalents of xylylthioacetic acid or mesitylthioacetic acid,
respectively. Compounds 2 and 3 were characterized by spectroscopic methods. The cytotoxic activity of 1-3 was tested against
human tumor cell lines from four different histogenic origins —- 8505C (anaplastic thyroid cancer), DLD-1 (colon cancer) and the
cisplatin sensitive A253 (head and neck cancer) and A549 (lung carcinoma) - and compared with those of the reference complex
[Ti(»>-CsH5)2Clo]1 (R1) and cisplatin. Surprisingly, the cytotoxic activities of the carboxylate derivatives were lower than those of
their corresponding dichloride analogue (1). However, complexes 1-3 were more active than titanocene dichloride against all
the studied cells with the exception of complex 2 against A253 and A549 cell lines. DNA-interaction tests were also carried out.
Solutions of all the studied complexes were treated with different concentrations of fish sperm DNA, observing modifications of
the UV spectra with intrinsic binding constants of 2.99 x 10°, 2.45 x 10>, and 2.35 x 10° M~ for 1-3. Structural studies based
on density functional theory calculations of 2 and 3 were also carried out. Copyright (© 2010 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.

Keywords: anticancer agents; titanocene complexes; cytotoxic activity; carboxylato ligands; cyclopentadienyl ligands; DNA-binding
properties

Introduction

About 30 years ago, Kopf and Kopf-Maier observed interesting an-
ticancer properties of titanocene dichloride and other analogous
compounds.l" 3! Their studies led to subsequent phase | clinical
trials carried out for titanocene dichloride in 1993.4-8 All these
studies enhanced the exploration of the cytotoxic properties of
metallocene and non-metallocene titanium(lV) complexes,®~1!
even though clinical trials in patients did not have a successful
outcome 1617

Thus, the study of the anticancer mechanism of these complexes
has also been an active research field which has led to the
proposal that titanium may reach cells assisted by the major iron
transport protein ‘transferrin’,['8-2" binding to DNA and leading
to the cell death.?2-24 |n addition, recent experiments have
reported potential interaction of a ligand-bound Ti(IV) complex
to other proteins,?>=2”) which may be implicated in the cell
death.

However, this is not the only active field in titanium(lV) anti-
cancer chemistry; the search and design of new compounds with
different substituents with positive influence in the cytotoxicity
in comparison with that of titanocene dichloride is one of the
most active fields in this topic.°~1528-3% Many of the studied
titanium(lV) complexes are dichloride derivatives and the study of
the cytotoxic properties of alkoxo or carboxylate derivatives is still
relatively small.[8:1031-37]

In this context, in addition to the reported increase of
the cytotoxicity in titanocene and ansa-titanocene complexes

that have pendant alkenyl substituents on the cyclopentadi-
enyl rings,12873% our research group has recently reported a
study of the positive influence of carboxylato ligands in the
stability and cytotoxicity of several titanium(lV) carboxylate
complexes.38

As a continuation of our work on metal carboxylate
complexes,’3°~#1 we present here the synthesis, characterization
and study of the cytotoxicity of novel alkenyl-substituted ti-
tanocene(lV) carboxylate complexes with cytotoxic activity against
cancer cells.
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Experimental

General Manipulations

All reactions were performed using standard Schlenk tube tech-
nigues in an atmosphere of dry nitrogen. Solvents were distilled
from the appropriate drying agents and degassed before use.
[Ti(n°-CsHs)Cl31%2 was prepared as previously reported. [Ti(5°-
CsHs)(n°-CsHa{CMe,(CH,CH,CH=CH,)})Cl,] (1) was synthesized
as described previously by us.*3! [Ti(5°-CsHs),Cl,] was purchased
from Aldrich. Mesitylthioacetic acid and xylylthioacetic acid were
prepared with slight modification of the literature procedure.*4
IR spectra (KBr pellets prepared in a nitrogen-filled glove box)
were recorded on a Perkin-Elmer System 2000 FTIR spectrometer
in the range 350-4000cm~". "H and '3C{"H} NMR spectra were
recorded on a Varian Mercury FT-400 spectrometer or on a Bruker
Avance-400 and referenced to the residual deuterated solvent.
UV-vis measurements were performed at room temperature with
a Analytik Jena Specord 200 spectrophotometer between 190 and
900 nm. Microanalyses were carried out with a Perkin-Elmer 2400
or LECO CHNS-932 microanalyzer.

Preparation of [Ti (3°-CsHs)(5>-CsHa{CMe;(CH,CH,CH=
CH3)})(02CCH;SXyl)21(2)

A solution of xylylthioacetic acid (0.51 g, 2.60 mmol) in toluene
(50 ml) was added dropwise to a solution of [Ti(n>-CsHs)(n°-
CsH4{CMe,(CH,CH,CH=CH,)})Cl,] (1) (0.45g, 1.30 mmol) in
toluene (50 ml) at room temperature. The reaction mixture was
stirred for 20 min and NEt3 (0.38 mL, 2.60 mmol) was then added
dropwise. The reaction was then stirred at 80 °C overnight. The
mixture was filtered and the filtrate concentrated (10 ml) and
cooled to —30 °C. Microcrystals of the title complex were isolated
by filtration. Yield: 0.43 g, 49%. FT-IR (KBr): 1724 (m) (vci=cH2),
1645 (f) (v; COO™), 1410 (f) (vs COO~) cm~'. "TH NMR (400 MHz,
CDCl5,25°C): 8 1.19(s, 6 H, CMe,), 1.44,1.68 (m, 2 H each, CH,CH,),
2.29 (s, 12 H, m-Me of xylyl), 3.68 (s, 4 H, S-CH,), 4.88, 4.92 (cis
and trans, 1 H each, CH,-CH=CH,), 5.66 (m, 1 H, CH, -CH=CH,),
6.33 (s, 5 H, CsHs), 6.37, 6.46 (m, 2 H each, CsHy), 6.81 (m, 4
H, o-protons of xylyl) 7.04 (m, 2 H, p-protons of xylyl), ppm.
3C{"H} NMR (100.6 MHz, CDCls, 25°C): § 21.3 (m-Me of xylyl),
26.6, 28.7 (CH,CH,), 36.3 (CMe;), 38.4 (S-CH,), 45.1 (CpC), 112.8
(CH,-CH=CH,;), 114.4, 118.6, 120.0 (CsH,4), 118.0 (CsHs), 126.1
(C-3 and C-5 of xylyl), 127.9 (C-4 of xylyl), 136.1 (C-1 of xylyl), 138.5
(C-2 and C-6 of xylyl), 148.8 (CH,-CH=CH), 174.4 (COO) ppm.
Elemental analysis: C37H4404S,Ti: (664.74) calculated: C 66.85, H
6.67; found: C 66.59, H 6.45%

Preparation of [Ti (y°-CsHs)(5>-CsHs{CMe;(CH,CH,CH=
CH,)})(0,CCH,SMes),] (3)

The synthesis of 3 was carried out in an identical manner
to 2 starting from mesitylthioacetic acid (0.55g, 2.60 mmol),
[Ti(n®-CsHs)(n°-CsHa {CMey(CHyCHyCH=CH,)})Cla] (1) (045 g,
1.30 mmol) and NEt; (0.38 mL, 2.60 mmol). Yield: 0.72 g, 80%.
FT-IR (KBr): 1721 (m) (vcy=cn2), 1641 (f) (v; COO™), 1412 (f) (vs
COO~); "H NMR (400 MHz, CDCl3, 25°C): 8 1.16 (s, 6 H, CMey), 1.41,
1.66 (m, 2 H each, CH,CH,), 2.25 (s, 12 H, o-Me of Mes), 2.56 (s, 6
H, p-Me of Mes), 3.35 (s, 4 H, S-CH,), 4.86, 4.91 (cis and trans, 1 H
each, CH,-CH=CH,), 5.63 (m, 1 H, CH,-CH=CH,), 6.31 (s, 5 H,
CsHs), 6.31,6.44 (m, 2 H each, CsH,4), 6.93 (s, 4 H, m-protons of Mes)
ppm. 3C{"H} NMR (100.6 MHz, CDCls, 25 °C): § 21.2 (p-Me of Mes),
22.1 (0-Me of Mes), 26.8, 29.0 (CH,CH,), 36.5 (CMey), 40.1 (CH,-S),

454 (Cp(C), 112.1 (CH; -CH=CH,), 114.6,118.7,120.9 (CsH4), 118.3
(CsHs), 128.4 (C-4 of Mes), 129.3 (C-3 and C-5 of Mes), 138.6 (C-2
and C-6 of Mes), 143.2 (C-1 of Mes), 148.7 (CH,—CH=CH,), 175.1
(COO) ppm. Elemental analysis: C3gH4g04S,Ti: (692.79); calculated:
C67.61,H6.98; found: C 67.33, H 6.81%.

Computational Details

All density functional theory (DFT) calculations were performed
by employing the Gaussian 03 program packagel® using the
B3LYP functional.#6-0! The 6-31G** basis set was used for all
atoms.51-53! The appropriateness of the chosen functional and
basis set for titanium complexes has been stated elsewhere %
All systems were optimized without symmetry restrictions. The
resulting geometries were characterized as equilibrium structures
by the analysis of the force constants of normal vibrations (see the
Supporting Information).

In Vitro Studies
Preparation of drug solutions

Stock solutions of the investigated compounds (1-3) were pre-
pared in dimethyl sulfoxide (DMSO, Sigma Aldrich) at a concen-
tration of 20 mw, filtered through Millipore filter, 0.22 um, before
use, and diluted by nutrient medium to various working con-
centrations. Nutrient medium was RPMI-1640 (PAA Laboratories)
supplemented with 10% fetal bovine serum (Biochrom AG) and
penicillin/streptomycin (PAA Laboratories).

Cell lines and culture conditions

The cell lines 8505C, A253, A549 and DLD-1, included in this
study, were kindly provided by Dr Thomas Mueller, Department
of Hematology/Oncology, Martin Luther University of Halle-
Wittenberg, Halle (Saale), Germany. Cultures were maintained
as monolayer in RPMI 1640 (PAA Laboratories, Pasching, Germany)
supplemented with 10% heat-inactivated fetal bovine serum
(Biochrom AG, Berlin, Germany) and penicillin—streptomycin (PAA
Laboratories) at 37 °C in a humidified atmosphere of 5% (v/v) CO,.

Cytotoxicity assay

The cytotoxic activities of the compounds were evaluated using the
sulforhodamine-B (SRB, Sigma Aldrich) microculture colorimetric
assay.”® In short, exponentially growing cells were seeded into
96-well plates on day 0 at the appropriate cell densities to prevent
confluence of the cells during the period of experiment. After
24 h, the cells were treated with serial dilutions of the studied
compounds for 96 h. Final concentrations achieved in treated
wells were 0, 12.5, 25.0, 37.5, 50.0, 75.0, 100.0, 150.0, 200.0 and
300.0 um for 1-3. Each concentration was tested in triplicate on
each cell line. The final concentration of DMSO solvent never
exceeded 0.5%, which was non-toxic to the cells. The percentages
of surviving cells relative to untreated controls were determined
96 h afterthe beginning of drug exposure. After 96 h treatment, the
supernatant medium from the 96 well plates was eliminated and
the cells were fixed with 10% TCA. For a thorough fixation, plates
were then allowed to stand at 4 °C. After fixation, the cells were
washed in a strip washer. The washing was carried out four times
with water using alternate dispensing and aspiration procedures.
The plates were then dyed with 100 uL of 0.4% SRB for about
45 min. After dying, the plates were again washed to remove the
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dye with 1% acetic acid and allowed to air dry overnight. 100 pL of
10 mm Tris base solutions were added to each well of the plate and
absorbance was measured at 570 nm using a 96 well plate reader
(Tecan Spectra, Crailsheim, Germany). The ICsq value, defined as
the concentrations of the compound at which 50% cell inhibition
was observed, was estimated from the dose-response curves.

DNA Binding Experiments Monitored by UV -vis Spectroscopy

Fish sperm DNA (FS-DNA) was kindly provided by Departamento
de Ciencias de la Salud from Universidad Rey Juan Carlos
(Spain). The spectroscopic titration of FS-DNA was carried out
in the buffer (50 mm NaCl-5mm Tris—HCl, pH 7.1) at room
temperature. A solution of FS-DNA in the buffer gave a ratio
of UV absorbance 1.8-1.9:1 at 260 and 280 nm, indicating that
the DNA was sufficiently free of protein.*® Milli-Q water was used
to prepare the solutions. The DNA concentration per nucleotide
was determined adopting absorption spectroscopy using the
known molar extinction coefficient value of 6600 M~"cm™' at
260 nm.>”] Absorption titrations were performed by using a fixed
titanium(lV) complex concentration to which increments of the
DNA stock solution were added. Complex—DNA adducts solutions
were incubated at 37 °C for 30 min before the absorption spectra
were recorded.

Results and Discussion

Synthesis and Characterization of the Titanocene(IV)
Complexes 1-3

Titanocene(lV) carboxylate complexes [Ti(>-CsHs)(1°-CsHg
{CMe,(CH,CHyCH=CH,)})(02CCH,SXyh,] (2) and [Ti(5°-CsHs)
(US-C5 H4{CMez(CHzCHzCH:CHz)})(Oz(:CHzSMeS)z] (3) were
synthesized by the reaction of [Ti(>-CsHs)(5°-CsHs{CMe;
(CH,CH,CH=CH,)})Cl,1 (1) with two equivalents of xylylthioacetic
acid or mesitylthioacetic acid in toluene at 80°C (Scheme 1).
Complexes 2 and 3 were isolated as orange microcrystalline solids.

Inthe "H NMR spectrum of 2 the carboxylato ligands gave three
signals at different chemical shifts: a singlet at 2.29 corresponding

to the protons of the methyl groups of the xylyl moiety; a singlet
at 3.68 assigned to the methylene protons; and one broad singlet
at 6.81 ppm for the aromatic protons of the phenyl ring. In the 'H
NMR spectrum of 3, the resonances of the carboxylato ligands were
two singlets at 2.25 and 2.56 ppm corresponding to the protons of
the two different methyl groups of the mesityl moiety (o-methyl
and p-methyl): one singlet at 3.35 corresponding to the methylene
protons and one singlet at 6.93 ppm for the m-aromatic protons.
In addition to these signals, the protons of the cyclopentadienyl
ligands showed similar spectral patterns to that observedfor 1, that
is one singlet for the unsubstituted cyclopentadienyl ring protons
at ca 6.3 ppm, two multiplets between 6.3 and 6.5 ppm for the
substituted cyclopentadienyl ring protons, a singlet at ca 1.2 ppm
corresponding to the two methyl groups of the substituent and
four sets of signals for the alkenyl fragment (two corresponding
to the CH, alkylic protons consisting of two multiplets between
1.4 and 1.7 ppm, one multiplet at ca 5.7 ppm for the proton of the
C-y and two multiplets at ca 4.8 and 4.9 ppm corresponding to
the terminal olefinic protons).

The 3C{"H} NMR spectra of 2 and 3 showed the expected signals
for both carboxylato and cyclopentadienyl ligands. The IR spectra
of the complexes 2 and 3 showed strong bands in two different
regions at ca 1645 and 1410 cm™', which corresponded to the
asymmetric and symmetric vibrations, respectively, of the COO
moiety. The differences, in all cases more than 200 cm™', between
the asymmetric and symmetric vibrations, indicate monodentate
coordination of the carboxylato ligand.*® This phenomenon was
also confirmed by DFT calculations.

Structural Studies

We were unable to obtain crystals of 2 and 3 suitable for
characterization by X-ray diffraction studies. In order to circumvent
this problem, DFT calculations were carried out in the gas phase
for 2 and 3 at the B3LYP level®! using the 6-31G** basis
set.l*®! Geometry optimization without any symmetry restriction
led to the calculated equilibrium structures 2 and 3 which are
shown in Figs 1 and 2, respectively. For a detailed table with
selected bond lengths and angles of the optimized structure
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Scheme 1. Synthesis of titanocene complexes 2 and 3.
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Figure 1. DFT-calculated structure of 2 (hydrogen atoms are omitted for clarity).

of the titanocene compounds see the Supporting Information.
The calculated structures of 2 and 3 are presented in Figs 1 and 2,
respectively, and show the bent metallocene conformation of both
compounds observing that the cyclopentadienyl rings coordinate
the metal atom in an 5°>-manner.

TheaverageTi-Cand C-Cbondlengths of the cyclopentadienyl
groups in 2 and 3 are in a good agreement with the values from
structure determinations of other titanocene derivatives.3%>%

Titanium atoms are in a distorted tetrahedral environment and
present two O-monodentate carboxylate groups [Ti-O 1.941 and
1.935 A for 2 and 1.938 and 1.934 A for 3]. These distances are in
agreement with the monodentate coordination indicated by the
large difference of more than 200 cm~' between the asymmetric
and symmetric vibration of the COO moiety in the IR spectra (see
above) and similar to the crystallographic structural data reported
for other titanocene carboxylate complexes with monodentate
coordination.[60-64

The distances between titanium atoms and the two non
bound carboxylate oxygens, O(2) and O(4), are longer than 3.4 A,
indicating no interaction. There are also significant differences in
C-0 bond lengths which indicate monodentate coordination of
the carboxylato ligand (ca 1.31 A for coordinated O and ca 1.22 A
for non coordinated O).

Cytotoxic Studies

Previous studies carried out by our research group showed the
positive influence of the incorporation of an alkenyl substituent
on the cyclopentadienyl ligand, 28223065 a5 well as enhancement
of the cytotoxicity of titanocene(lV) carboxylate complexes in
comparison with their corresponding chloride derivatives.l3®
Titanocene complexes from this study 1-3 were used in order
to evaluate a possible cooperative effect of both ligands on the
final cytotoxic activity of the final complexes.

Figure 2. DFT-calculated structure of 3 (hydrogen atoms are omitted for
clarity).

Thus, the in vitro cytotoxicities of titanocene compounds 1-3
against human tumor cell lines 8505C anaplastic thyroid cancer,
A253 head and neck tumor, A549 lung carcinoma and DLD-1
colon carcinoma were determined using the SRB microculture

Appl. Organometal. Chem. 2010, 24, 656-662
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Table 1. ICso (uM) for the 96 h of action of 1-3, titanocene dichloride and cisplatin on 8505C anaplastic thyroid cancer, A253 head and neck tumor,

A549 lung carcinoma and DLD-1 colon carcinoma determined by sulforhodamine-B microculture colorimetric assay
Complex 8505C A253 A549 DLD-1
1 103.3+2.4 89.6 £ 0.5 96.0 + 2.9 70.6 1.7
2 182.3+2.5 182.6 £ 2.0 1925+ 1.1 151.2+4.2
3 190.8 £ 2.2 131.2+0.5 144.6 £2.9 115.7+£2.9
[Ti(n°-CsHs)2Cly] >200 188.71 £6.36 167.62 £ 3.31 >200
Cisplatin 5.0+0.2 0.81£0.02 1.51£0.02 5.1+0.1
8505C
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Figure 3. Representative graphs show survival of 8505C, A253, A549 and DLD-1 cells grown for 96 h in the presence of increasing concentrations of 1-3.

Standard deviations (all less than 10%) are omitted for clarity.

colorimetric assay.>>! In addition, cytotoxicity of cisplatin and
titanocene dichloride were included for comparison (Table 1).

The studied titanocene anti-tumor agents showed a dose-
dependent antiproliferative effect toward all the studied cancer
celllines (Fig. 3). Estimations based on the ICsg values showed that
complexes 2 and 3 are more active than titanocene dichloride,
with the exception of complex 2 against A253 and A549 cell lines.
However, they are less active against all the studied cells than their
corresponding dichloride derivative 1, indicating that there is
no summative effect of the alkenyl-substituted cyclopentadienyl
and carboxylato ligands on the cytotoxicity. However, as the
cytotoxicity of 1 is relatively high, the principal positive influence
on the cytotoxic activity may be due to the alkenyl-substituted
cyclopentadienyl ligand rather than the carboxylato ligand.

The cytotoxic activities of 2 and 3 (from 151.2 £ 4.2 to
192.5 £ 1.1um in 2 and from 115.7 & 2.9 to 190.8 &+ 2.2 um
in 3) were very similar; however, a higher activity was observed
for 3 compared with 2 in all the studied cells except against
8505C, in which 2 was slightly more active. In addition, the
cytotoxic activities of complexes 2 and 3 were not as high as
the activity reported by Tacke and coworkers in their oxali-
titanocene derivatives;3>3%! however, they were comparable to
those described for other titanium(lV) carboxylate complexes.3®
Allthe titanocene derivatives 1-3 showed higher cytotoxic activity

against DLD-1 cells (ICsp values up to 70.6 + 1.7 um) compared
with all the other studied cells, in which ICsq values from 96.0 £ 2.9
to 192.5 + 1.1 um were observed.

On direct comparison with cisplatin, the cytotoxic activity
of complexes 1-3 was significantly lower; however, a higher
tolerance of relatively high titanium amounts in biological systems
may be possible, in comparison with the high number of side-
effects associated with very low concentrations of platinum.

DNA-interaction Studies

Although recent experiments have reported potential interaction
of a ligand-bound Ti(IV) complex to other proteins which may be
implicated in cell death,?>~?7! it has been generally accepted that
DNA is the biological target in the anticancer action of titanocene
derivatives.[22-24

Thus, the binding behavior of the studied titanocene(lV)
complexes to DNA helix was followed through absorption spectral
titrations, because absorption spectroscopy is one of the most
useful techniques to study the binding of any drug to DNA,[06-6
The absorption spectra of the complexes in the absence and in
the presence of FS-DNA (fish sperm DNA) were recorded. With
increasing concentrations of FS-DNA, the absorption bands of
the complexes were affected, resulting in the tendency towards
hyperchromism and a very slight blue shift. The titanocene
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complexes 1-3 may bind to the DNA in different modes on the
basis of their structure and charge and type of ligands. Since DNA
possesses several hydrogen bonding sites in the minor and major
grooves, the titanocene complexes (1-3) may be protonated and
there could be hydrogen bonding between the complexes and
the base pairs in DNA.70-73] |n addition, classical electrostatic
interactions may be responsible for the hyperchromism and a very
slight blue shift observed in the study. In order to compare the
binding strengths of the complexes, the intrinsic binding constant,
Ky, was determined using the following equation:/74!

[DNA]

Ea — &f

[DNA] 1
Ki(eo — &f)

&0 — &f

where [DNA] is the concentration of DNA in base pairs, €, &f
and &g correspond to Agps/[Complex], the extinction coefficient
of the free titanium complexes and the extinction coefficient of
the complexes in the fully bound form, respectively, and K|, is the
intrinsic binding constant. The ratio of slope to intercept in the
plot of [DNA]/(e, — &) vs [DNA] gives the value of K}, (inset Fig. 4).
As an example, Fig. 4 shows the absorption spectra of complex 3
in the presence of increasing amounts of DNA

Thus, theintrinsic binding constants of 2.99 x 10°,2.45 x 10° and
2.35 x 10° M~ for 1-3, respectively, were successfully calculated,
observing that complex 1, which is the most cytotoxic compound,
gives a K, slightly higher than those of 2 and 3, indicating a slightly
higher affinity from DNA, which may be implicated in the higher
cytotoxic activity shown by 1.

Conclusions

New alkenyl-substituted titanocene(lV) complexes were synthe-
sized and characterized. The cytotoxic activity of these compounds
was tested against human tumor cell lines observing that the
dichloride derivative (1) shows the highest cytotoxic activity. A
decrease in the cytotoxic activity was observed on the substitu-
tion of the chlorido by carboxylato ligands. However, complexes
1-3 were more cytotoxic against the studied cells than titanocene

Ky (g0 — &f)

dichloride, with the exception of 2 on A253 and A549 cell lines.
In addition, DNA interaction tests were carried out, observing
classical electrostatic interactions of all the complexes with DNA
with intrinsic binding constants of of 2.99 x 10°, 2.45 x 10° and
2.35 x 10° M~ for 1-3, respectively.

Supporting Information

DFT data, fully labelled figures and selected bond lengths and
angles of the calculated structures are included in the Supporting
Information, which can be found in the online version of this
article.
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The organotin compounds, [SnPhs(CsH4R)] (R = Bu’ (1), CMe,(CH,CH,CH=CH,) (2)) and [SnPhs(CsMe4R)]
(R=H (3), SiMes (4)), were prepared by the reaction of SnPhsCl with the lithium derivative of the corre-
sponding cyclopentadiene. 1-4 have been characterized by multinuclear NMR spectroscopy (*H, *C{'H}
and 'Sn{'H}). In addition, the molecular structures of 1, 2 and 4 were determined by single-crystal X-
ray diffraction studies. The cytotoxic activity of the organotin(IV) complexes (1-4) was tested against
human tumour cell lines 8505C anaplastic thyroid cancer, A253 head and neck tumour, A549 lung carci-
noma, A2780 ovarian cancer, DLD-1 colon carcinoma. Compounds 1-4 present higher activities than cis-
platin in all the studied cells. The highest sensitivity of the synthesized tin(IV) complexes was observed
against A2780 ovarian cancer and DLD-1 colon carcinoma. Complex 3 presents the highest cytotoxic
activity of all the studied complexes in all the cancer cells, with ICsq values from 0.037 to 0.085 puM, how-
ever, its trimethylsilyl-substituted analogue (4), showed the lowest activity against all the studied cells
with ICs values from 0.163 to 0.351 pM. Complexes 1 and 2 presented very similar activities on all
the cancer cells (ICso values from 0.044 to 0.119 pM).

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Research on the synthesis and applications of metal-based
drugs are currently considered as one of the most expanding areas
in biomedical and inorganic chemistry [1-3]. Recent studies have
shown very promising in vitro antitumour properties of organotin
compounds against a wide panel of tumour cell lines of human ori-
gin [4-10]. In some cases, organotin(IV) derivatives have also
shown acceptable antiproliferative in vivo activity as new chemo-
therapy agents [11-16]. From all the studied tin(IV) derivatives,
di and triorganotin(IV) carboxylate [17-23], thiolate [24-30] and
dithiocarbamate [31] complexes have been studied extensively,
while cyclopentadienyltin(IV) derivatives have only recently been
studied very briefly [32].

In this context, and taking into account that the modification of
the cyclopentadienyl ligands has a notable effect on the antiprolifer-
ative effect of metallocene complexes in anticancer tests [33-39], we
decided to study the cytotoxic activity of cyclopentadienyltin(IV)
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derivatives, in order to observe the influence of the substituents at-
tached to the cyclopentadienyl ring on the final anticancer activity of
the organotin(IV) complexes. Thus, as a continuation of our work in
the synthesis of cyclopentadienyltin(IV) derivatives [40], we report
the synthesis, structural characterization and evaluation of the cyto-
toxic activity on human cancer cells of four triphenyltin(IV) com-
plexes with different cyclopentadienyl ligands (Fig. 1). One of the
studied complexes is [SnPh3{CsH4CMe,(CH,CH,CH=CH,)}], which
contains the alkenyl-substituted cyclopentadienyl ligand CsHg4-
CMe,(CH,CH,CH=CH,) that has proven to induce an increase in
the cytotoxic activity of titanocene complexes [36-38], however,
in this study with cyclopentadienyltin(IV) derivatives, this positive
effect of the alkenyl substituent is not observed and, in contrast to
the results obtained for titanocene complexes [36-38], the com-
pound [SnPh3(CsMe4H)] containing a tetramethylcyclopentadienyl
moiety is the most active of the studied compounds.

2. Experimental
2.1. General manipulations

All reactions were performed using standard Schlenk tube tech-
niques in an atmosphere of dry nitrogen. Solvents were distilled
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Fig. 1. Cyclopentadienyl derivatives used in this study.

from the appropriate drying agents and degassed before use.
SnPhsCl and Li(CsH4Bu') were purchased from Aldrich and used
without further purification. Li{CsH,CMe,(CH,CH,CH=CH,)} [41],
Li(CsMe4H) [42] and Li(CsMe4SiMes) [43] were prepared as previ-
ously reported. 'H, '*C{'H} and !'®Sn{'H} NMR spectra were re-
corded on a Varian Mercury FT-400 spectrometer and referenced
to the residual deuterated solvent or to SnMe, in the case of
119gn{'H} NMR. Microanalyses were carried out with a Perkin-EI-
mer 2400 microanalyzer. IR spectra (KBr pellets were prepared in
a nitrogen-filled glove box) were recorded on a Nicolet Avatar
380 FTIR spectrometer in the range 350-4000 cm ™. FAB-MS spec-
tra were recorded on a MASPEC II spectrometer with 3-nitroben-
zylalcohol as matrix.

2.2. Synthesis of [SnPh3(CsH4Bu')] (1)

Li(CsH4Bu") (0.75 g, 5.85 mmol) was added to a solution of
SnPhsCl (2.25 g, 5.85 mmol) in THF (50 ml) at —78 °C. The reaction
mixture was allowed to reach room temperature and stirred for
16 h. Solvent was removed by applying reduced pressure and hex-
ane (40 ml) added. The suspension was filtered and the filtrate con-
centrated (5 ml). Cooling to —30 °C yielded the title compound as a
yellow crystalline solid. Yield: 2.34 g, 85%. FT-IR (KBr): 3139 (m),
3065 (s), 2972 (s), 2912 (s), 2845 (s), 2723 (w), 1946 (m), 1887
(m), 1813 (m), 1615 (w), 1476 (s), 1432 (s), 1372 (m), 1301 (m),
1263 (w), 1190 (w), 1074 (s), 1022 (s), 997 (m), 975 (m), 890 (s),
850 (m), 829 (m), 805 (m), 725 (s), 697 (s), 669 (s), 658 (s), 643
(m), 447 (s); "H NMR (400 MHz, CDCls, 25 °C): 6 1.03 (s, 9H, Bu"),
5.65 (m, 2H, 3J('H-Sn) = 61.2 Hz, CsH,), 6.57 (m, 2H, CsH,) 7.42
(br m, 9H, m- and p-protons in SnPhs), 7.56 (br m, 6H, 3J('H-
Sn)=50.2 Hz, o-protons in SnPhs); '>C{'H} NMR (100.6 MHz,
CDCls, 25 °C): 6 30.8 (Me of Bu!, 3J(}3C-Sn) =9.2 Hz), 32.2 (C-ipso
of Bu® 2J('3C-Sn) not observed), 90.7 (C-1 of Cp, 'J(*3*C-Sn) not ob-
served) 125.0, 154.5 (C-2 and C-3 of Cp), 128.7 (C-3 and C-5 of
SnPhs, 3J(3C-Sn)=52.3Hz), 129.5 (C-4 of SnPhs;, ?4('3C-
Sn)=9.2 Hz), 137.2 (C-2 and C-6 of SnPhs, ?J('3C-Sn) = 38.4 Hz),
138.4 (C-1 of SnPhs 'J(*3C-Sn) not observed); ''°Sn{'H} NMR
(149.2 MHz, CDCls, 25 °C): 6 —101.7; MS FAB (m/e (relative inten-
sity)): 472 (1) [M*+H], 395 (10) [M*—Ph], 351 (100) [M*—CsH4Bu'],
241 (13) [M*=3 x Ph]. Anal. Calc. for C;7HgSn: C, 68.82; H, 5.99.
Found: C, 68.77; H, 5.81%.

2.3. Synthesis of [SnPh3{CsH,CMe,(CH,CH,CH=CH,)}] (2)

The preparation of 2 was carried out in an identical manner to 1.
Li{CsH4CMe,(CH,CH,CH=CH,)} (0.75 g, 4.46 mmol) and SnPhsCl
(1.72 g, 4.46 mmol). Yield: 1.64 g, 72%. FT-IR (KBr): 3138 (m),
3065 (s), 3049 (s), 3018 (s), 2922 (s), 1946 (m), 1887 (m), 1871
(m), 1813 (m), 1756 (w), 1640 (s), 1579 (s), 1480 (s), 1430 (s),
1377 (m), 1300 (s), 1260 (m), 1190 (m), 1156 (m), 1075 (s), 1022
(m), 997 (m), 977 (m), 906 (m), 806 (s), 725 (s), 698 (m), 675
(m), 658 (m), 644 (w), 567 (m), 525 (m), 447 (s); 'H NMR
(400 MHz, CDCls, 25 °C): s 1.00 (s, 6H, CMe,), 1.45, 1.78 (m, 2H
each, CH,CH;), 4.89 (cis), 4.95 (trans) (dd, 1H each,
3J("H-"H)gs = 11.7 Hz, 3J(*H-"H)yans = 16.9 Hz, CH,~CH=CH,), 5.64
(m, 2H, 3J('"H-Sn) = 53.1 Hz, CsHy4), 5.73 (m, 1H, CH,-CH=CH,),
6.55 (m, 2H, CsHy) 7.42 (br m, 9H, m- and p-protons in SnPhs),

7.56 (br m, 6H, 3J(*H-Sn) = 45.0 Hz, o-protons in SnPhs); *C{'H}
NMR (100.6 MHz, CDCls, 25°C): & 28.4, 29.4 (CH,CH,), 35.2
(CMe,), 42.5 (CpC), 113.7 (CH,-CH=CH,), 90.7 (C-1 of Cp, J(*3C-
Sn) not observed), 125.7, 153.0 (C-2 and C-3 of Cp), 128.8 (C-3
and C-5 of SnPhs, 3J(*3C-Sn)=52.5Hz), 129.5 (C-4 of SnPhs,
4(13C-Sn) = 12.1 Hz), 137.2 (C-2 and C-6 of SnPhs, ?J('3C-Sn)=
38.3Hz), 1384 (C-1 of SnPhs, 'J(*3C-Sn) not observed), 140.1
(CH,-CH=CH,); ''®Sn{'H} NMR (149.2 MHz, CDCl;, 25 °C):
6 —101.2; MS FAB (m/e (relative intensity)): 511 (2) [M"], 433 (7)
[M*—H-Ph], 380 (6) [M'-Ph—CH,CH,CH=CH,], 351 (100)
[M*—CsH4(CMe,(CH,CH,CH=CH,))]. Anal. Calc. for CsgH3,Sn: C,
70.47; H, 6.31. Found: C, 70.10; H, 6.20%.

2.4. Synthesis of [SnPh3(CsMe4H)] (3)

The preparation of 3 was carried out in an identical manner to 1.
Li(CsMe4H) (0.75 g, 5.85 mmol) and SnPh5Cl (2.25 g, 5.85 mmol).
Yield: 1.82 g, 67%. FT-IR (KBr): 3135 (m), 3063 (s), 3016 (s), 2960
(s), 2910 (s), 2854 (s), 2730 (w), 1952 (m), 1877 (m), 1817 (m),
1773 (w), 1619 (m), 1578 (m), 1480 (s), 1428 (s), 1384 (m), 1332
(m), 1258 (w), 1225 (w), 1109 (s), 1040 (m), 1022 (m), 997 (m),
908 (m), 727 (m), 670 (m), 658 (m), 555 (m), 453 (s); '"H NMR
(400 MHz, CDCls, 25°C): & 1.75 (s, 6H, “('H-Sn)=19.2 Hz,
CsMey), 1.82 (s, 6H, CsMey), 4.09 (s, 1H, 'J('H-Sn)=100.1 Hz,
CsMeyH), 7.39 (br m, 9H, m- and p-protons in SnPhs), 7.50 (br m,
6H, 3J('"H-Sn)=51.5Hz, o-protons in SnPhs); '>C{'H} NMR
(100.6 MHz, CDCl5, 25°C): & 11.8 (CsMeys, 3J(*3C-Sn)=9.0 Hz),
14.0 (CsMe,), 57.7 (C-1 of Cp, J(*3C-Sn) not observed), 128.3 (C-3
and C-5 of SnPhs, 3('3C-Sn)=50.4 Hz), 128.9 (C-4 of SnPhs,
4j(3C-Sn) = 11.6 Hz), 130.3, 134.2 (C-2 and C-3 of Cp), 137.0 (C-2
and C-6 of SnPhs, %J('3C-Sn)=38.7 Hz), 138.7 (C-1 of SnPhs,
1J(*3C-Sn) not observed); ''°Sn{'H} NMR (149.2 MHz, CDCls,
25°C): 6 —113.8; MS FAB (m/e (relative intensity)): 472 (6)
[M*+H], 395 (9) [M*—Ph], 351 (100) [M*—CsMesH], 241 (22)
[M*—3 x Ph]. Anal. Calc. for C,7H,Sn: C, 68.82; H, 5.99. Found: C,
68.69; H, 5.90%.

2.5. Synthesis of [SnPhs(CsMe,SiMes)] (4)

The preparation of 4 was carried out in an identical manner to
1. Li(CsMesSiMe3) (0.75g, 3.74mmol) and SnPhsCl (1.44¢g,
3.74 mmol). Yield: 1.56 g, 77%. FT-IR (KBr): 3133 (m), 3065 (s),
3020 (s), 2960 (s), 2920 (s), 2870 (s), 2725 (w), 1949 (m), 1877
(m), 1814 (m), 1772 (w), 1623 (m), 1603 (s), 1578 (m), 1481
(s), 1429 (s), 1376 (m), 1302 (s), 1247 (m), 1205 (m), 1155 (m),
1109 (w), 1073 (m), 1022 (m), 997 (m), 960 (s), 891 (w), 836
(m), 727 (s), 698 (s), 656 (m), 628 (m), 556 (m), 452 (s); 'H
NMR (400 MHz, CDCl3, 25°C): 6 —0.04 (s, 9H, SiMes), 1.86 (s,
6H, 4J("H-Sn) = 17.4 Hz, CsMey), 1.90 (s, 6H, CsMey), 7.37 (br m,
9H, m- and p-protons in SnPhs), 7.51 (br m, 6H, 3J('H-
Sn)=49.5Hz, o-protons in SnPhs); '>C{'H} NMR (100.6 MHz,
CDCls, 25°C): & —0.2 (SiMes), 11.4 (CsMes, 3J('3C-Sn) not ob-
served), 15.6 (CsMey), 61.2 (C-1 of Cp, 'J(*3C-Sn) not observed),
128.1 (C-3 and C-5 of SnPhs, 'J('3C-Sn) = 48.9 Hz), 128.7 (C-4 of
SnPhs, 4J(13C-Sn)=10.6 Hz), 129.0, 136.2 (C-2 and C-3 of Cp),
137.4 (C-2 and C-6 in SnPhs, ?J('*C-Sn) = 35.8 Hz), 139.9 (C-1 of
SnPh; YJ(*3C-Sn) not observed); ''°Sn{'H} NMR (149.2 MHz,
CDCls, 25°C): 6 —135.2; MS FAB (m/e (relative intensity)): 544
(5) [M*], 467 (8) [M"—Ph], 351 (100) [M*—CsMe,SiMes], 313 (9)
[M*"—3 x Ph]. Anal. Calc. for C3oHsSiSn: C, 66.31; H, 6.68. Found:
C, 65.97; H, 6.52%.

2.6. Data collection and structural refinement of 1, 2 and 4

The data of 1, 2 and 4 were collected with a CCD Oxford Xcalibur
S (A(Mo Ko) = 0.71073 A) using ® and ¢ scans mode. Semi-empir-
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ical from equivalents absorption corrections were carried out with
SCALE3 ABSPACK [44]. All the structures were solved by direct methods
[45]. Structure refinement was carried out with sHeLxL-97 [46]. All
non-hydrogen atoms were refined anisotropically, and hydrogen
atoms were calculated with the riding model and refined isotropi-
cally. Crystallographic details are listed in Table 1.

2.7. In vitro studies

2.7.1. Preparation of drug solutions

Stock solutions of the studied tin compounds were prepared in
dimethyl sulfoxide (1 and 2; DMSO, Sigma Aldrich) and dimethyl
formamide (3 and 4; DMF, Sigma Aldrich) at a concentration of
20 mM, filtered through Millipore filter, 0.22 pm, before use, and
diluted by nutrient medium to various working concentrations.
Nutrient medium was RPMI-1640 (PAA Laboratories) supple-
mented with 10% fetal bovine serum (Biochrom AG) and penicil-
lin/streptomycin (PAA Laboratories).

2.7.2. Cell lines and culture conditions

The cell lines 8505C, A253, A549, A2780 and DLD-1 that were
included in this study, were kindly provided by Dr. Thomas Muel-
ler, Department of Hematology/Oncology, Martin Luther University
of Halle-Wittenberg, Halle (Saale), Germany. Cultures were main-
tained as monolayer in RPMI 1640 (PAA Laboratories, Pasching,
Germany) supplemented with 10% heat inactivated fetal bovine
serum (Biochrom AG, Berlin, Germany) and penicillin/streptomy-
cin (PAA Laboratories) at 37 °C in a humidified atmosphere of 5%
(7]v) CO,.

2.7.3. Cytotoxicity assay

The cytotoxic activities of the tin complexes were evaluated
using the sulforhodamine-B (SRB, Sigma Aldrich) microculture
colorimetric assay [47]. In short, exponentially growing cells were
seeded into 96-well plates on day zero at the appropriate cell
densities to prevent confluence of the cells during the period of
the experiment. After 24 h, the cells were treated with serial dilu-
tions of the studied compounds for 96 h. Final concentrations

achieved in treated wells were 0.01, 0.03, 0.1, 0.3, 1, 3, 10, 30
and 100 pmol/l. Each concentration was tested in triple quadru-
plicate on each cell line. The final concentrations (<0.1%) of DMSO
and DMF, were non-toxic to the cells. The percentages of surviv-
ing cells relative to untreated controls were determined 96 h after
the beginning of drug exposure. After 96 h treatment, the super-
natant medium from the 96-well plates was thrown away and
the cells were fixed with 10% TCA. For a thorough fixation, plates
were now allowed to stand at 4 °C. After fixation the cells were
washed in a strip washer. The washing was carried out four times
with water using alternate dispensing and aspiration procedures.
The plates were then dyed with 100 pul of 0.4% SRB for about
45 min. After dyeing the plates were again washed to remove
the dye with 1% acetic acid and allowed to air dry overnight.
100 pl of 10 mM Tris base solutions was added to each well of
the plate and absorbance was measured at 570 nm using a 96-
well plate reader (Tecan Spectra, Crailsheim, Germany). The ICsq
values, defined as the concentrations of the compound at which
50% cell inhibition was observed, was estimated from the dose-
response curves.

3. Results and discussion

3.1. Synthesis and characterization of the cyclopentadienyltin(1V)
complexes 1-4

The preparation of tin complexes was achieved via the reaction
of one equivalent of the lithium cyclopentadienyl derivative with
SnPhsCl (Schemes 1 and 2).

Complexes 1-4 have been characterized by 'H, *C{'H} and
119gn{'H} NMR spectroscopy, mass spectrometry and elemental
analysis (see Sections 2.2-2.5). NMR spectral data for 1-4 indicated
that, in solution, only one of the possible double bond positional
isomers was present. This phenomenon differs from the observa-
tion of multiple isomers in analogous silicon and germanium
bridged cyclopentadiene ligands [48-52].

In the 'H NMR spectra of 1-4, two different multiplets, at ca. 7.2
corresponding to the m- and p-protons and at 7.5 ppm assigned to

Table 1
Crystallographic data for 1, 2 and 4.
1 2 4
Formula Cz7Hzgsﬂ C30H3251’1 C30H3SSiSn
Fw 471.18 511.25 543.37
T (K) 130(2) 130(2) 130(2)
Crystal system triclinic triclinic triclinic
Space group P1 P1 P1
a(A) 11.0569(7) 9.394(1) 8.4654(5)
b (A) 13.7460(8) 11.682(1) 9.8404(8)
c(A) 16.5966(9) 12.396(2) 17.866(1)
o (°) 80.945(5) 71.007(9) 93.486(6)
B(°) 88.554(5) 86.457(9) 101.221(6)
v (°) 66.918(6) 78.040(8) 111.870(7)
V (nm?) 2.2898(3) 1.2584(3) 1.3402(2)
z 4 2 2
Dc (Mg m~—) 1.367 1.349 1.346
 (mm™') 1.125 1.029 1.013
F000) 960 524 560
Crystal dimension (mm) 0.3 x 0.15 x 0.04 0.3 x 0.1 x 0.1 0.4 x 0.2 x 0.04
0 Range (°) 2.75-25.68 2.61-26.37 2.65-30.51
hkl Ranges -12<h<12 -11<h<11 -12<h<11
-16<k<16 -14<k<14 -14<k<13
-20<1<17 -15<1<15 -25<1<17
Data/parameters/restraints 8645/511/0 5152/282/0 8165/296/0
Goodness-of-fit (GOF) on F? 0.940 0.916 0.885

Final R indices [I > 2(I)]

R indices (all data)

Largest difference in peak and hole
(eA3)

Ry = 0.0530, wR; = 0.1045
Ry =0.1130, wR, = 0.1114
1.545 and —0.542

Ry = 0.0344, wR; = 0.0562
R, = 0.0538, WR, = 0.0588
1.196 and —0.583

Ry = 0.0324, wR; = 0.0544
Ry = 0.0456, WR, = 0.0558
0.885 and —0.353
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R Sn
+ SnPh,ClI T ©<R \©

Li®

R = Bu!, CMe;(CH,CH,CH=CH,) R = But (1), CMe,(CH,CH,CH=CH,) (2)

Scheme 1. Synthesis of complexes 1 and 2.

R = H (3), SiMe; (4)

R
+ SnPh,Cl

Li®

R =H, SiMes

Scheme 2. Synthesis of complexes 3 and 4.

the o-protons of SnPh; moiety respectively, were observed. In addi-
tion, satellite signals of the o-protons, due to coupling with the
117sn and !'°Sn isotopes at a three bond distance were observed,
however, we were unable to resolve the independent satellite sig-
nals corresponding to the two tin nuclei. Therefore, the observed
coupling constant for these protons of approximately 50 Hz is an
approximate value that can be applied to either nucleus.

In the 'H NMR spectra of 1 and 2, two multiplets, at ca. 5.6 and
6.6 ppm, were assigned to the four Cs ring protons. This indicates
that the symmetry of the molecule is such that the alkyl substitu-
ent is located in the C-1 position of the cyclopentadienyl ring. For
the equivalent cyclopentadienyl ring protons, C-2 and C-5, at three
bond distance to the tin atom, tin satellite signals were observed
with values of 3J("H-Sn) of ca. 30 Hz.

For 1, a singlet signal at 1.03 ppm was observed in the '"H NMR
spectrum and assigned to the protons of the tert-butyl group. For 2
a singlet due to the two methyl groups substituting the carbon
atom adjacent to the cyclopentadienyl ring was observed at
1.00 ppm. The alkenyl fragment exhibited five sets of signals, two
corresponding to the methylene protons (two multiplets at ca.
1.5 and 1.8 ppm), one for the proton of the C-y (a multiplet at ca.
5.6 ppm) and two for the terminal olefinic protons (multiplets at
4.89 and 4.95 ppm).

The 'H NMR spectra of 3 and 4 are very similar. Both spectra
show two singlets for the methyl substituents of the cyclopentadi-
enyl rings between 1.7 and 1.9 ppm, one of which corresponds to
the protons of the methyl groups in the C-2 and C-5 of the ring
and shows satellites with 4J('"H-Sn) of ca. 18 Hz, and the other to
the protons of the C-3 and C-4 methyl groups in the cyclopentadi-
enyl ligand. In the 'H NMR spectrum of 3 a signal, at 4.09 ppm,
with tin satellites (¥J '"H-Sn 100.1 Hz) was recorded for the proton
in the C-1 position, while in the "H NMR spectrum of 4 a singlet
was observed at —0.04 ppm and assigned to the trimethylsilyl
protons.

In the 3C{'H} NMR spectra of 1-4, four signals at ca. 128, 129,
137 and 139 ppm were observed for the C-3/C-5, C-4, C-1 and C-2/
C-6 carbon atoms of the phenyl groups. Tin-carbon coupling con-
stants for these signals gave values of approximately 2J(13C-Sn)
35 Hz, 3J(13C-Sn) 50 Hz, and #J(*3C-Sn) 10 Hz.

In addition to the signals assigned to the phenyl groups, three
signals were recorded for the cyclopentadienyl carbon atoms. The
C-1 atom gave a signal at ca. 100 ppm for 1 and 2 and 60 ppm
for 3 and 4. In all cases, the coupling constant at one bond distance,
between the 3C and ''7Sn and '°Sn nuclei was not observed due

to the low intensity of these signals, even when recording the spec-
tra at very long relaxation times. Two signals assigned to the
remaining carbon atoms of the cyclopentadienyl ring, were ob-
served at ca. 125 and 154 ppm for 1 and 2, and at ca. 130 and
135 ppm for 3 and 4.

The expected signals corresponding to the different substitu-
ents of the cyclopentadienyl moiety were observed in the 3C{'H}
NMR spectra of 1-4 (see Sections 2.2-2.5). One signal was ob-
served in the ''°Sn{'H} NMR spectra of 1-4 between —100 and
—135 ppm.

The '9Sn{'H} NMR characterization of all complexes was re-
peated with the solutions being prepared in an air atmosphere.
Spectra were recorded in DMSO/CDCl; or DMF/CDCl; at 2, 4, 12,
24 and 48 h and no evidence of decomposition or evolution to
other tin-containing products was observed.

Complexes 1-4 were also characterized by FAB-MS. The mass
spectra showed the molecular ion peaks. Fragments indicative of
the loss of different numbers of substituents were also observed
(see Sections 2.2-2.5).

3.2. Structural studies

The molecular structures of 1, 2 and 4 were established by sin-
gle-crystal X-ray diffraction studies. The molecular structures and
atomic numbering schemes are shown in Figs. 2-4, respectively.
Selected bond lengths and angles for 1, 2 and 4 are given in Table
2.

For 1, two almost identical crystallographic independent mole-
cules were located in the asymmetric unit, of which only one will
be discussed.

The molecular structures of 1, 2 and 4 are of a similar nature, all
of them crystallize in the triclinic space group P1 with four (1) or
two (2 and 4) molecules located in the unit cell. In the molecular
structures of 1, 2 and 4 the geometry around the tin atom is clearly
tetrahedral. The cyclopentadienyl units are essentially planar with
the C-1 atom located only 0.108 A for 1, 0.077 A for 2 and 0.011 A
for 4, out of the plane defined by the other four carbon atoms (C(2)
to C(5)). Three long bond lengths of about 1.47 A and two short
bond distances of ca. 1.35A are observed between the carbon
atoms of the Cs ring.

The hybridization of the C-1 atom of the cyclopentadienyl
moiety is sp> and the c-bond lengths with the tin atom of about
2.19 A are slightly longer than those recorded for the tin-phenyl
carbon distances (ca. 2.13A). The tin-C-1-ring plane angles
(110.90° for 1, 111.70° for 2 and 115.86° for 4) rule out an

Fig. 2. Molecular structure and atom-labelling scheme for one of the two symmetry
independent molecules of 1 with thermal ellipsoids at 50% probability (hydrogen
atoms are omitted for clarity).
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Fig. 3. Molecular structure and atom-labelling scheme for 2 with thermal ellipsoids
at 50% probability (hydrogen atoms are omitted for clarity).

Fig. 4. Molecular structure and atom-labelling scheme for 4 with thermal ellipsoids
at 50% probability (hydrogen atoms are omitted for clarity).

n-n' type interaction of the metal with the aromatic ring as has
been previously observed in beryllium and zinc metallocene com-
plexes [53-59].

In contrast to the observed spectroscopic data of the complexes
1 and 2 in solution, in which the obtained signals showed that the
substituent at the cyclopentadienyl ligand was located in the C-1
position, due the rapid sigmatropic migration in solution of the
tin atom around the cyclopentadienyl ring [60], in solid state, this
substituent is located in the C-3 position, probably in order to min-
imize steric impediments as has been previously observed for
other cyclopentadienyltin(IV) derivatives [60]. Thus, complex 1
presents the Bu' substituent at the C-3 position and shows typical
C-C bond lengths and angles. The alkenyl substituent of 2, is also
located at the C-3 atom of the Cs ring. The distance C(9)-C(10) is
typical for terminal C-C double bonds [41,61-63] and the angle
C(8)-C(9)-C(10), 126.2(3)° confirms the sp? hybridization of C(9).

Table 2
Selected bond lengths (A) and angles (°) for 1, 2 and 4.

1 2 4
Sn(1)-C(1) 2.183(7)/2.193(6) 2.197(3) 2.189(2)
Sn(1)-C(11) 2.127(7)[2.132(7) 2.137(3)
Sn(1)-C(21) 2.147(7)/2.126(8) 2.128(3) 2.147(2)
Sn(1)-C(31) 2.135(7)/2.135(7) 2.140(3) 2.143(2)
Sn(1)-C(41) 2.149(2)
Si(1)-C(1) 1.907(2)
C(1)-C(2) 1.454(9)/1.476(9) 1.466(4) 1.501(3)
C(1)-C(5) 1.459(9)/1.440(9) 1.470(4) 1.495(3)
C(2)-C(3) 1.363(9)/1.344(9) 1.346(4) 1.354(3)
C(3)-C(4) 1.435(9)/1.452(9) 1.442(4) 1.444(3)
C(4)-C(5) 1.352(9)/1.36(1) 1.344(4) 1.354(3)
C(3)-C(6) 1.49(2)/1.50(1) 1.522(4)
C(6)-C(7) 1.54(1)/1.50(2) 1.541(4)
C(7)-C(8) 1.530(4)
C(8)-C(9) 1.496(5)
C(9)-C(10) 1.296(5)
C(1)-Sn(1)-C(11) 109.4(3)/105.9(3) 105.7(1)
C(1)-Sn(1)-C(21) 113.2(3)/111.2(3) 112.2(2) 117.34(7)
C(1)-Sn(1)-C(31) 106.8(3)/111.1(3) 105.9(2) 110.10(7)
C(1)-Sn(1)-C(41) 109.79(7)
C(11)-Sn(1)-C(21) 105.9(3)/109.8(3) 111.2(1)
C(11)-Sn(1)-C(31) 108.4(3)/112.4(3) 111.1(2)
C(21)-Sn(1)-C(31) 113.0(3)/106.5(3) 110.5(1) 105.76(8)
C(21)-Sn(1)-C(41) 105.97(7)
C(31)-Sn(1)-C(41) 107.37(7)
C(1)-C(2)-C(3) 109.9(6)/110.1(6) 109.7(3) 109.3(2)
C(1)-C(5)-C(4) 109.0(7)/109.5(7) 108.0(3) 109.2(2)
C(2)-C(3)-C(4) 107.5(6)/107.3(7) 107.7(3) 109.1(2)
C(3)-C(4)-C(5) 109.3(6)/109.0(7) 110.3(3) 109.6(2)
C(5)-C(1)-C(2) 103.7(6)/103.8(6) 104.2(2) 102.8(2)
C(7)-C(8)-C(9) 113.3(3)
C(8)-C(9)-C(10) 126.2(3)

2 Values of the two symmetry independent molecules are given.

Selected structural data of 1, 2 and 4 can be compared with similar
cyclopentadienyltin(IV) compounds using Table 3.

3.3. Cytotoxic studies

The in vitro cytotoxicities of complexes 1-4 and cisplatin
against human tumour cell lines 8505C anaplastic thyroid cancer,
A253 head and neck tumour, A549 lung carcinoma, A2780 ovarian
cancer and DLD-1 colon carcinoma were determined by using the
sulforhodamine-B microculture colorimetric assay [47]. This study
has been carried out in order to understand the relationship be-
tween the different tin(IV) compounds and the cytotoxic activity.
The ICsq values of the studied compounds and cisplatin are sum-
marized in Table 4.

Triphenyltin(IV) complexes (1-4) showed a dose-dependent
antiproliferative effect toward all cancer cell lines (Fig. 5), present-
ing, in all cases, lower ICsq values than those of cisplatin. These re-
sults indicate their high activity against the tumoural cell lines
evaluated.

In contrast to the results obtained for titanocene complexes
with similar cyclopentadienyl ligands [36-38], 3 (which contains
the tetramethylcyclopentadienyl moiety) is the most active com-
pound with cytotoxic activities from 17 (against A253) to 104
times (against DLD-1) better than that of cisplatin, and ICsq values
between ca. 0.037 and 0.085 pM. Complexes 1 and 2, which con-
tain alkyl and alkenyl-substituted cyclopentadienyl ligands, pres-
ent comparable cytotoxic activities on all the studied cells,
showing ICsq values from 0.044 to 0.119 uM. However, their activ-
ities are, in all cases, lower than those observed for 3, indicating the
absence of the positive effect on the cytotoxic activity provided by
alkenyl-substituted cyclopentadienyl ligands [36-38], in tin(IV)
complexes.
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Table 3
Selected structural data of cyclopentadienyltin(IV) compounds.
Compound Sn-Clcp) (A) C-Ccp) (A) C=C(cp) (A) Si-Clepy (A) Reference
[SnPhs(CsH,BuY)] (1) 2.183(7) 1.435(9) 1.363(9) This work
2.193(6) 1.440(9) 1.344(9)
1.452(9) 1.352(9)
1.454(9) 1.36(1)
1.459(9)
1.476(9)
[SnPh3{CsH4CMe,(CH,CH,CH=CH,)}] (2) 2.197(3) 1.442(4) 1.344(4) This work
1.466(4) 1.346(4)
1.470(4)
[SnPhs(CsMe4SiMes)] (3) 2.189(2) 1.444(3) 1.354(3) 1.907(2) This work
1.495(3) 1.354(3)
1.501(3)
[SnMe,(CsMegH), |* 2.195(4) 1.457(6) 1.353(6) [40]
2.205(4) 1.459(5) 1.353(6)
2.206(4) 1.475(6) 1.356(5)
2.202(4) 1.480(5) 1.359(5)
1.480(6)
1.497(5)
[SnMe(CsMe,SiMes),] 2.190(2) 1.456(3) 1.350(3) 1.905(2) [40]
1.502(3) 1.358(3)
1.505(3)

2 Values for the two independent molecules found in the asymmetric unit are given.

Table 4

ICs0 (M) for the 96 h of action of the studied compounds and cisplatin on 8505C anaplastic thyroid cancer, A253 head and neck tumour, A549 lung carcinoma, A2780 ovarian
cancer and DLD-1 colon carcinoma determined by sulforhodamine-B microculture colorimetric assay.

Compound 1C50£SD
8505C A253 A549 A2780 DLD-1
1 0.103 £0.015 0.077 £0.012 0.079 + 0.002 0.042 £ 0.004 0.044 £ 0.007
2 0.110+£0.011 0.118 £0.028 0.108 £0.018 0.061 £ 0.002 0.119 £ 0.004
3 0.085 +0.007 0.045 + 0.004 0.038 £ 0.003 0.037 £ 0.007 0.048 +0.002
4 0.343 +0.046 0.351 +£0.045 0.384 +0.021 0.163 +0.002 0.309 £ 0.003
Cisplatin 5 0.8 1.5 0.55 5
8505C A253 A549
100 100 100
80 80 80
@ 60 " 60 v 60
=N 40 = 40 S 40
20 20 20
0 0 0
0.01 01 1 10 100 0.01 0.1 1 10 100 0.01 0.1 1 10 100
¢ [uM] c [uM] ¢ [uM]
A2780 DLD-1
100 100
80 80 —— 1
» 60 ” 60 S— 2
2 ES —— 3
40 40 A 4
20 20
0 0
0,01 0,1 1 10 100 0,01 0,1 1 10 100
¢ [uM] c [uM]

Fig. 5. Representative graphs showing survival of 8505C, A253, A549, A2780 and DLD-1 cells grown for 96 h in the presence of increasing concentrations of the studied
compounds (1-4). Standard deviations are omitted for clarity.

Interestingly, the trimethylsilyl-substituted complex 4 showed
lower in vitro antitumoural activity in comparison to other studied

derivatives, with ICsg values from ca. 0.163 to 0.351 uM. Again, the
enhancement of the antiproliferative activity of SiMes; groups
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reported by McGowan and coworkers using trimethylsilyl-substi-
tuted titanocene complexes [64], is not observed for tin(IV) com-
plexes. In addition, complexes 1-4 present substantially higher
cytotoxic activity on cancer cell lines (up to 5000 times) than other
reported cyclopentadienyltin(IV) derivatives [32].

With these data, one can conclude a ligand-dependent activity
of the studied complexes on the different cells. Complexes bearing
monosubstituted cyclopentadienyl ligands present different cyto-
toxic activities with respect to their tetra- and pentasubstituted
analogues. In addition, one can conclude a different behaviour in
the influence of the substituents of the cyclopentadienyl ligands
on the final cytotoxic activity of titanocene and organotin(IV) com-
plexes, indicating a substantial difference in the anticancer mech-
anism of these two class of metal-based drugs.

In addition, the cytotoxic activities of the previously reported
titanocene complexes bearing similar ligands presented ICso values
from 24 to 175 pM [36-38] which are much lower than those
found in the cyclopentadienyltin(IV) derivatives with ICsq values
from 0.037 to 0.384 uM.

4. Conclusions

A variety of cyclopentadienyltin(IV) compounds have been syn-
thesized and structurally characterized. Metal derivatives, were
tested in vitro against human tumour cell lines 8505C anaplastic
thyroid cancer, A253 head and neck tumour, A549 lung carcinoma,
A2780 ovarian cancer and DLD-1 colon carcinoma. The studied
tin(IV) compounds presented very high activity against the evalu-
ated tumoural cell lines, up to ca. 100 times higher than that of cis-
platin and up to ca. 5000 times higher than those reported for
similar cyclopentadienyltin(IV) derivatives [32].

3 (which contains the tetramethylcyclopentadienyl ligand) is
the most active compound against all the studied cancer cells, pre-
senting ICsq values between 0.037 and 0.085 pM.

Following on from these results, intensive studies on the mech-
anism of action of cyclopentadienyltin(IV) derivatives against the
different studied cancer cells are currently being carried out.

Supplementary data

CCDC 729606, 729607 and 729608 contain the supplementary
crystallographic data for 1, 2 and 4, respectively. These data can
be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/
retrieving.html, or from the Cambridge Crystallographic Data Cen-
tre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-
033; or e-mail: deposit@ccdc.cam.ac.uk.
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The triphenyltin(IV) carboxylate compounds [{SnPh3(0,CCH,SXyl)}s] (1) (Xyl = 3,5-Me;CgH3) and
[{SnPh3(0,CCH,SMes)} . | (2) (Mes = 2,4,6-Me3CgH;) have been synthesized by the reaction of SnPhsCl
with one equivalent of xylylthioacetic acid or mesitylthioacetic acid, respectively. 1 and 2 have been

Key\_/vords-' characterized by spectroscopic methods. The cytotoxic activity of 1 and 2 was tested against human
?_““Ci“‘cer agents tumour cell lines from four different histogenic origin: 8505C (anaplastic thyroid cancer), DLD-1 (colon
mn

cancer) and the cisplatin sensitive A253 (head and neck cancer) and A549 (lung carcinoma) and
compared with those of the reference complex cisplatin. Interestingly, the cytotoxic activities of the
carboxylate derivatives were higher than those of cisplatin against all the studied cells. DNA-interaction
tests have been also carried out. Solutions of all the studied complexes have been treated with different
concentrations of fish sperm DNA (FS-DNA), observing modifications of the UV spectra with intrinsic
binding constants of 1.68 x 10° and 1.02 x 10°, M~ ! for 1 and 2, respectively. In addition, the molecular
structure of 2 has been determined by single crystal X-ray diffraction studies, observing that 2 consists of
a 1-D coordination polymer in which the tin atoms present a five-coordinated geometry by coordination
of two different oxygen atoms of two crystallographically dependent carboxylato ligands.

© 2010 Elsevier B.V. All rights reserved.

Cytotoxic activity
Carboxylato ligands
DNA-binding properties

1. Introduction effect of di- or tri-alkyl or aryltin(IV) carboxylate complexes in

anticancer tests [11,21]. Usually, triorganotin(IV) compounds

Research on medicinal applications of metal complexes is an
area of current interest and one of the most studied facets in
biomedical and inorganic chemistry [1—3]. In this context, the
potential therapeutic properties of tin compounds were observed
as early as 1929 [4], however, the antiproliferative properties of
these complexes were not studied in detail until 1980 [5]. More
recently, different studies with very interesting results on the in
vitro antitumour properties of organotin compounds against a wide
panel of tumour cell lines of human origin have been reported
[6—12]. Thus, tin(IV) derivatives such as cyclopentadienyltin(IV)
derivatives have only recently been studied very briefly [13,14],
while other tin(IV) complexes such as those with carboxylato
[15—22], thiolato [23—29] and dithiocarbamato [30] ligands have
been extensively studied, observing that tin(IV) carboxylate
complexes present usually the highest cytotoxic activity [11].
Modification of the carboxylato ligands or the alkyl or aryl
substituents at tin(IV) has a notable effect on the antiproliferative

* Corresponding author. Tel.: +34 914888527; fax: +34 914888143.
** Corresponding author. Tel.: +49 345 5525678; fax: +49 345 5527028.
E-mail addresses: goran.kaluderovic@chemie.uni-halle.de, goran@chem.bg.ac.rs
(G.N. Kaluderovic¢), santiago.gomez@urjc.es (S. Gémez-Ruiz).

0022-328X/$ — see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jorganchem.2010.04.029

display a higher biological activity than their di- and mono-
organotin(IV) counterparts, which has been related to their ability
to bind to proteins [31—33]. Thus, as a continuation of our work on
the cytotoxic properties of metal carboxylate complexes
[21,34—37], we decided to synthesize novel triphenyltin(IV)
carboxylate complexes with the xylylthioacetato or mesitylth-
ioacetato ligands, which seem to have a positive influence on the
cytotoxicity of gallium [36] and titanium [34] complexes.

In this report we present the synthesis, characterization and
study of the cytotoxicity of the triphenyltin(IV) carboxylate
compounds [{SnPh3(02CCH,SXyl)}« ] (1) (Xyl = 3,5-Me,CgH3) and
[{SnPh3(0,CCH,SMes)}. | (2) (Mes = 2,4,6-Me3CgH>). In addition,
the molecular structure of 2 which consists of a 1-D coordination
polymer is described.

2. Experimental
2.1. General manipulations

All reactions were performed using standard Schlenk tube
techniques in an atmosphere of dry nitrogen. Solvents and NEt;
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were distilled from the appropriate drying agents and degassed
before use. SnPh3Cl and NEts were purchased from Aldrich.
Mesitylthioacetic acid and xylylthioacetic acid were prepared with
slight modification of the literature procedure [38]. IR spectra (KBr
pellets prepared in a nitrogen-filled glove box) were recorded on
a Perkin—Elmer System 2000 or on a Nicolet Avatar FT-IR spec-
trometer in the range 350—4000 cm . 'H, *c{'H} and ®sn NMR
spectra were recorded on a Varian Mercury FT-400 spectrometer or
on a Bruker AVANCE-400 and referenced to the residual deuterated
solvent. UV—vis measurements were performed at room temper-
ature with an Analytik Jena Specord 200 spectrophotometer
between 190 and 900 nm. Microanalyses were carried out with
a Perkin—Elmer 2400 or LECO CHNS-932 microanalyzer.

2.2. Preparation of [{SnPh3(0>CCH2SXyl)} o ] (1)

A solution of xylylthioacetic acid (0.26 g, 1.30 mmol) in toluene
(50 mL) was added dropwise to a solution of SnPh3Cl (0.50 g
1.30 mmol) in toluene (50 mL) at room temperature. The reaction
mixture was stirred for 20 min and NEt3 (0.19 mL, 1.30 mmol) was
then added dropwise. The reaction was then stirred at room
temperature overnight. The mixture was filtered and the filtrate
concentrated (10 mL) and cooled to —30 °C. Microcrystals of the title
complex were isolated by filtration. Yield (calculated for the
monomeric unit): 0.44 g, 62%. FT-IR (KBr): 1552 (s) (v, COO™), 1426
(s)(vsCOO™), 694 (s) (» Sn—C), 452 (m) (v Sn—0); 'H NMR (400 MHz,
CDCls, 25 °Q): 6 2.19 (s, 6H, m-Me of xylyl), 3.72 (s, 4H, CH>), 6.75 (s,
2H, o-protons of xylyl), 6.95 (s, 1H, p-proton of xylyl), 7.46 (br m, 9H,
m- and p- protons of SnPh3), 7.70 (br m, 6H, o-protons of SnPhs, 3]
("H-Sn) = ca. 50.2 Hz); *C{'H} RMN (100.6 MHz, CDCl3, 25 °C):
6 21.1 (m-Me of xylyl), 37.1 (CH), 128.9 (C-3 and C-5 of SnPhs, 3]
(3c—""7sn) = 62.1 Hz and 3J(13*c—"Sn) = 64.7 Hz), 130.2 (C-4 of
SnPhs, 4(13c-17119sn) = 13.1 Hz), 136.7 (C-2 and C-6 of SnPhs, %/
(Bc'H)-"71%p) 487 Hz), 1374 (C-1 of SnPhs, Y
(3c="sn) = 634.4Hz and 'J(**C—""9Sn) = 662.8 Hz),126.7 (C-2 and
C-6 of xylyl), 128.0 (C-4 of xylyl), 135.6 (C-3 and C-5 of xylyl), 138.0
(C-1 of xylyl), 175.5 (COO) ppm. ''®sn{'H} NMR (149.2 MHz, CDCls,
25 °C): 6 —101.9 ppm. FAB-MS (m/e (relative intensity)): 546 (1)
[M*], 367 (5) [MT—OCCH;SMes]. Elemental analysis, monomeric
unit: CygH602SSn (545.28) calculated: C 61.67, H 4.81, found: C
61.29, H 4.70%.

2.3. Preparation of [{SnPh3(0,CCH2SMes) ] (2)

The synthesis of 2 was carried out in an identical manner to 1
starting from mesitylthioacetic acid (0.27 g, 1.30 mmol), SnPh3Cl
(0.50 g, 1.30 mmol) and NEt3 (0.19 mL, 1.30 mmol). Yield: 0.51 g,
70%. FT-IR (KBr): 1547 (s) (v, CO0™), 1392 (s) (vs COO™), 695 (s) (v
Sn—C), 451 (m) (v Sn—0); 'H RMN (400 MHz, CDCls, 25 °C): § 2.24
(s, 3H, p-Me of mesityl), 2.39 (s, 6H, 0-Me of mesityl), 3.47 (s, 2H,
CH>), 6.82 (s, 2H, m-H of mesityl) 7.46 (br s, 9H, m- and p- protons of
SnPhs), 7.77 (br m, 6H, o-protons of SnPhs, 3J('"H-Sn) = ca. 51.0 Hz).
1Bc{'H} RMN (100.6 MHz, CDCl3, 25 °C): 6 21.0 (p-Me of mesityl),
21.7 (0-Me of mesityl), 37.1 (CHy), 128.8 (C-3 and C-5 of SnPhs, 3]
(Bc-1sn) = 61.7 Hz and 3(3c—1Sn) = 64.3 Hz), 130.2 (C-4 of
SnPhs, 4(13c-1171195n) = 13.4 Hz), 136.8 (C-2 and C-6 of SnPhs, %/
(3c-1719sn) — 48.3 Hz), 137.8 (C-1 of SnPhs, J(*c—1"7sn) =
614.7 Hz and J(3C—"19Sn) = 640.4 Hz), 125.3 (C-4 of mesityl), 129.0
(C3-C5 of mesityl), 138.2 (C2-C6 of mesityl), 143.0 (C-1 of mesityl),
176.1 (COO) ppm. 9sn{'H} NMR (149.2 MHz, CDCls, 25 °C):
6 —102.7 ppm. FAB-MS (m/e (relative intensity)): 483 (5) [M*—Ph],
351 (10) [MT—0OCCH,SMes], 195 (21) [M*—SnPh30]. Elemental
analysis, monomeric unit: CygHz80,SSn (559.31) calculated: C
62.28, H 5.05, found: C 62.11, H 5.09%.

2.4. Data collection and structural refinement of 2

The data of 2 were collected with a CCD Oxford Xcalibur S
(A(Mog,) = 0.71073 A) using w and ¢ scans mode. Semi-empirical
from equivalents absorption corrections were carried out with
SCALE3 ABSPACK [39]. All the structures were solved by direct
methods [40]. Structure refinement was carried out with SHELXL-
97 [41]. All non-hydrogen atoms were refined anisotropically, and
hydrogen atoms were calculated with the riding model and refined
isotropically. Crystallographic details are listed in Table 1.

2.5. In vitro studies

2.5.1. Preparation of drug solutions

Stock solutions of studied tin(IV) compounds (1-2) were
prepared, for solubility reasons, in dimethyl sulfoxide (DMSO,
Sigma Aldrich) at a concentration of 20 mM, filtered through
Millipore filter (0.22 pm) before use, and diluted by nutrient
medium to various working concentrations. Nutrient medium was
RPMI-1640 (PAA Laboratories) supplemented with 10% fetal bovine
serum (Biochrom AG) and 1% penicillin/streptomycin (PAA
Laboratories).

2.5.2. Cell lines and culture conditions

The cell lines 8505C, A253, A549 and DLD-1, included in this
study, were kindly provided by Dr. Thomas Mueller, Department of
Hematology/Oncology, Martin Luther University of Halle-Witten-
berg, Halle (Saale), Germany. Cultures were maintained as mono-
layer in RPMI-1640 (PAA Laboratories, Pasching, Germany)
supplemented with 10% heat inactivated fetal bovine serum
(Biochrom AG, Berlin, Germany) and penicillin/streptomycin (PAA
Laboratories) at 37 °C in a humidified atmosphere of 5% (v/v) CO,.

2.5.3. Cytotoxicity assay
The cytotoxic activities of the compounds were evaluated using

the sulforhodamine-B (SRB, Sigma Aldrich) microculture
Table 1
Crystal data and structure refinement for 2.
Formula C9H280,SSn
Fw 559.26
T (K) 130(2)
Cryst syst Monoclinic
Space group C2fc
a (pm) 2649.25(6)
b (pm) 992.66(2)
¢ (pm) 1945.19(4)
a (deg) 90
B (deg) 104.670(2)
y (deg) 90
V (nm?) 4.94871(18)
Z 8
Dc (Mg m~3) 1.501
w(mm1) 1.141
F(000) 2272
Cryst dimens (mm) 04 x 03 x 0.1
0 range (deg) 2.94-28.28
hkl ranges —35 < h < 35,
-13 <k<13,
-25<1<25
Data/parameters 6140/301
Goodness-of-fit on F? 0.984
Final R indices [I > 20(I)] Ry = 0.0210,
wR; = 0.0477
R indices (all data) R, = 0.0311,
WwR; = 0.0490

Largest diff. peak and hole (e.A~3) 0.719 and -0.318
Ry = X ||Fo| — |FC[|/S [Fol; wRy = [S[w(Fo? — Fc?)?)/ Yo[w(Fo?)*)|*?
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colorimetric assay [42]. In short, exponentially growing cells were
seeded into 96-well plates on day O at the appropriate cell densities
to prevent confluence of the cells during the period of experiment.
After 24 h, the cells were treated with serial dilutions of the studied
compounds for 96 h. Final concentrations achieved in treated wells
were 0.01,0.03,0.1,0.3,1.0, 3.0,10.0, 30.0,100.0 uM for 1 and 2. Each
concentration was tested in triplicates on each cell line. The final
concentration of DMSO solvent never exceeded 0.5%, which was
non-toxic to the cells. The percentages of surviving cells relative to
untreated controls were determined 96 h after the beginning of
drug exposure. After 96 h treatment, the supernatant medium from
the 96 well plates was eliminated and the cells were fixed with 10%
TCA. For a thorough fixation, plates were then allowed to stand at
4 °C. After fixation, the cells were washed in a strip washer. The
washing was carried out four times with water using alternate
dispensing and aspiration procedures. The plates were then dyed
with 100 pL of 0.4% SRB for about 45 min. After dying, the plates
were again washed to remove the dye with 1% acetic acid and
allowed to air dry overnight. 100 pL of 10 mM Tris base solutions
were added to each well of the plate and absorbance was measured
at 570 nm using a 96 well plate reader (Tecan Spectra, Crailsheim,
Germany). The ICs¢ value, defined as the concentrations of the
compound at which 50% cell inhibition was observed, was
estimated from the dose-response curves.

2.6. DNA binding experiments monitored by UV—visible
spectroscopy

Fish sperm DNA (FS-DNA) was kindly provided by the Depar-
tamento de Ciencias de la Salud of the Universidad Rey Juan Carlos
(Spain). The spectroscopic titration of FS-DNA was carried out in the
buffer (50 mM NaCl—5 mM Tris—HCI, pH 7.1) at room temperature.
A solution of FS-DNA in the buffer gave a ratio of UV absorbance
1.8—1.9:1 at 260 and 280 nm, indicating that the DNA was
sufficiently free of protein [43]. Milli-Q water was used to prepare

1885

the solutions. The DNA concentration per nucleotide was deter-
mined adopting absorption spectroscopy using the known molar
extinction coefficient value of 6600 M~! cm~! at 260 nm [44].
Absorption titrations were performed by using a fixed tin(IV)
complex concentration to which increments of the DNA stock
solution were added. Complex—DNA adducts solutions were
incubated at 37 °C for 30 min before the absorption spectra were
recorded.

3. Results and discussion

3.1. Synthesis and characterization of the triphenyltin(IV)
complexes 1 and 2

Triphenyltin(IV) carboxylate complexes [{SnPh3(0,CCH,SXyl)}« |
(1) (Xyl = 3,5-MeyCsH3) and [{SnPh3(0,CCHSMes)}.]| (2)
(Mes = 2,4,6-Me3CgH>) were synthesized by the reaction of SnPh3Cl
with one equivalent of xylylthioacetic acid or mesitylthioacetic acid
in toluene at room temperature in the presence of stoichiometric
amounts of NEt3 (Scheme 1). Complexes 1 and 2 were isolated as
colourless microcrystalline solids of high purity.

In the 'H NMR spectrum of 1 the xylylthioacetato ligand gave
a singlet at 2.19 ppm corresponding to the protons of the methyl
groups of the xylyl moiety, a singlet at 3.72 ppm assigned to the
methylene protons and a singlet at 6.75 ppm due to the aromatic
protons of the phenyl ring. On the other hand, in the '"H NMR
spectrum of 2, the mesitylthioacetato ligand gave two singlets at
2.24 and 2.39 ppm corresponding to the protons of the two
different methyl groups of the mesityl moiety (o-methyl and
p-methyl), one singlet at 3.47 corresponding to the methylene
protons and one singlet at 6.82 ppm for the m-aromatic protons. In
addition to these signals, two different multiplets, at ca. 7.5 ppm
corresponding to the m- and p- protons and at 7.7 ppm assigned
to the o-protons of SnPhs moiety, respectively, were observed.
Satellite signals of the o-protons, due to coupling with the '7Sn and

R R
R R
R R R S Ph, Ph O
\/
/,\o—ﬁm—o
R R o]
Phe / Ph
o OH ;€~ph S R
R S Ph, Ph O Ph
j/ \VAN
s K\O—Sn—o R' R
NEt; of |
R R+ SnPhsCl Ph / Ph

- NHEt;Cl

R = Me; R' = H; xylylthioacetic acid
R = H; R' = Me; mesitylthioacetic acid

~N,
AN
A
-------- Sn---------0 R' R
R'

R=Me; R =H (1)
R=H;R' = Me (2)

Scheme 1. Synthesis of triphenyltin(IV) complexes 1 and 2.
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Fig. 1. Molecular structure and atom-labelling scheme for the monomeric unit of 2 with thermal ellipsoids at 50% probability (hydrogen atoms have been omitted for clarity).

1196n isotopes at a three bond distance were also observed,
however, we were unable to resolve the independent satellite
signals corresponding to the two tin nuclei. Therefore, the observed
coupling constant for these protons of approximately 50 Hz is an
approximate value that can be applied to either nucleus.

In the '3C{'H} NMR spectra of 1-2, four signals at ca. 129, 130,
137 and 138 ppm were observed for the C-3/C-5, C-4, C-2/C-6 and
C-1 carbon atoms of the phenyl groups. Tin-carbon coupling
constants for these signals gave values of approximately 'J(**C—Sn)
610—660 Hz, 2J('3C—Sn) 48 Hz, 3j(*C—Sn) 65 Hz, and %J(>*C—Sn)
13 Hz. The J(13C—Sn) 610—660 Hz coupling constants show that
the C—Sn—C angles in solution may be similar to those found in the
solid state (see Section 3.2).

In addition to the signals assigned to the phenyl groups the
carboxylato ligands showed the expected signals.

The IR spectra of the complexes 1 and 2 show strong bands in
two different regions at ca. 1550 and 1400 cm™!, which correspond
to the asymmetric and symmetric vibrations, respectively, of the
COO moiety. The differences between the asymmetric and

symmetric vibrations of about 150 cm~! indicate bridging biden-
tate coordination of the carboxylato ligand [45]. This phenomenon
was also confirmed by X-ray diffraction studies (see Section 3.2).

3.2. Structural studies

2 crystallizes in the monoclinic space group C2/c with eight
molecules of the monomeric unit located in the unit cell. The
asymmetric unit of 2 (Fig. 1) consists of a carboxylato ligand coor-
dinated to a SnPhs unit by a single oxygen, which aggregates via
further Sn—O interactions to form a zig-zag 1-D coordination
polymer (Fig. 2). Generally, triorganotin(IV) carboxylates with
bulky R groups attached to the Sn atom favour tetrahedral mono-
meric structures, while sterically less demanding R groups favour
bridged polymeric structures [46]. However, the molecular struc-
ture of 2 reveals that the central tin atom is penta-coordinated in
slightly distorted trigonal bypyramidal geometry with the phenyl
groups in equatorial positions and two oxygen atoms of two
different carboxylato ligands in axial positions. This geometry is

Fig. 2. 1-D zig-zag chain structure of 2, propagation via O — Sn coordination.
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Table 2
Selected Bond Lengths (pm) and Angles (°) for 2.
2
Sn(1)—C(24) 211.9(2)
Sn(1)—C(18) 212.3(2)
Sn(1)—C(12) 212.3(2)
Sn(1)—0(1) 219.9(2)
Sn(1)—0(2) 233.7(1)
0(1)—C(1) 126.7(2)
0(2A)—C(1) 125.2(2)
C(24)—Sn(1)—C(18) 108.80(7)
C(24)—Sn(1)—C(12) 134.67(6)
C(18)—Sn(1)—C(12) 115.95(7)
C(24)—Sn(1)—0(1) 96.96(6)
C(18)—Sn(1)—0(1) 91.71(5)
C(12)—Sn(1)—-0(1) 88.77(5)
C(24)—Sn(1)—0(2) 90.32(5)
C(18)—Sn(1)—0(2) 88.05(5)
C(12)—Sn(1)—0(2) 84.51(5)
0(1)-Sn(1)—0(2) 172.39(4)

Symmetry transformations used to generate equivalent atoms: A = —x+1/2, y+1/2,
—z+3/2.

indicated by the sum of the angles C(24)—Sn(1)—C(18) 108.80(7)°, C
(24)—Sn(1)—C(12) 134.67(6)°, C(18)—Sn(1)—C(12) 115.95(7)° which
is 359.42° and shows that Sn(1), C(12), C(18) and C(24) are coplanar.
In addition, the angles C(24)—Sn(1)—0(1) 96.96(6)°, C(18)—Sn(1)—
0(1) 91.71(5)°, C(12)—Sn(1)—0O(1) 88.77(5)°, C(24)—Sn(1)—0(2A)
90.32(5)°, C(18)—Sn(1)—0(2) 88.05(5)°, C(12)—Sn(1)—0(2) 84.51
(5)° (close to 90°) and O(1)—Sn(1)—0(2) 172.39(4)° (close to 180°)
show that O(1) and O(2) are located in axial positions.

The Sn—0 bond lengths Sn(1)—0(1)219.9(2) Sn(1)—0(2) 233.7(1)
pm, and the Sn—C bond lengths, Sn(1)—C(24) 211.9(2), Sn(1)—C(18)
212.3(2),Sn(1)—C(12)212.3(2) pm are similar to those found in other
similar triorganotin(IV) carboxylate complexes [47—51]. With these
distances one can envisage that the carboxylato ligand chelates to two
symmetry related Sn atoms giving rise to different Sn—O bond
distances. The inequality in the Sn—O bonds is reflected in the asso-
ciated C—Obond distances (C(1)—0(2A) 125.2(2)and C(1)—0(1) 126.7
(2) pm), the longer C—0 bond (C(1)—0(1) 126.7(2) pm) is involved
with the shorter Sn—0 interaction (Sn(1)—0(1) 219.9(2) pm).

These structural parameters are in agreement with the differ-
ence of ca. 150 cm~! between the asymmetric and symmetric
vibration of the COO moiety in the IR spectra (see Section 3.1)
which indicates bridging behaviour [45,52].

Selected bond lengths and angles for 2 are given in Table 2.

According to the different IR and NMR data, the solid-state
structure of 1 should present a similar structure; however, we were
unable to obtain crystals suitable for their analysis by X-ray
diffraction studies.

Additionally, it seems that the polymeric chain is not retained in
solution of donor solvents such as DMSO, which coordinate to the
metal centre leading to a mononuclear species, as observed in NMR
spectroscopy.

Table 3

1887
3.3. Cytotoxic studies

The in vitro cytotoxicities of organotin(IV) compounds 1 and 2
against human tumour cell lines 8505C anaplastic thyroid cancer,
A253 head and neck tumour, A549 lung carcinoma and DLD-1 colon
carcinoma were determined by using the SRB microculture color-
imetric assay [42]. In addition, cytotoxicities of cisplatin and related
titanocene(IV) [37] and organogallium(Ill) [36] compounds with
the same carboxylato ligands have been included for comparison
(Table 3).

The studied organotin antitumour agents showed a dose-
dependent antiproliferative effect toward all the studied cancer
cell lines (Fig. 3). Estimates based on the ICs¢ values show that
the studied tin complexes are more active than cisplatin and all the
titanocene(IV) and organogallium(Ill) derivatives against all the
studied human cancer cell lines.

Taking into account the standard deviation, there is not
a substantial higher activity of any of the tin complex over the other,
with the exception of the DLD-1 cells where the ICs5q value for 1 is
0.060 + 0.001 puM while for 2 is much higher, 0.178 4+ 0.002 pM,
indicating a preference of complex 1 on DLD-1 cells.

On direct comparison with cisplatin, the cytotoxic activity of
complexes 1 and 2 is from 8 to 85 times higher. Again, the highest
activity ratio cytotoxicity of organotin complex/cisplatin activity
was observed for 1 in the DLD-1 cell. Also the fact that greater
tolerances of high tin concentrations in biological systems may be
possible (in direct contrast to the large number of side-effects
associated to very low concentrations of platinum), makes these tin
compounds ideal candidates for further studies.

In addition, 1 and 2 present activities up to 285 and 2520 times
higher than their gallium(Ill) and titanocene(IV) analogues,
respectively.

3.4. DNA-interaction studies

The R3Sn™ moieties have been observed to directly affect DNA
[53] as well as binding to membrane proteins or glycoproteins, or to
cellular proteins; e.g. to ATPase, hexokinase, acetylcholinesterase of
human erythrocyte membrane or to skeletal muscle membranes
[54]. In addition, a wide number of reports have been published
concerning the possible mechanisms for the interaction of alkyl or
aryltin moieties with the membrane or constituents within the cell
[55—58], although the exact mechanismiis still unclear. However, it is
generally agreed that the R3Sn™ fragments may bind to the phos-
phate groups in DNA [59—61], changing the intracellular metabo-
lism of the phospholipids of the endoplasmic reticulum [62,63].

Thus, the binding behaviour of the studied organotin(IV)
compounds to DNA helix has been followed through absorption
spectral titrations, because absorption spectroscopy is one of the
most useful techniques to study the binding of any drug to DNA
[64—67]. The absorption spectra of the complexes in the absence

ICso (uM) for the 96 h of action of 1, 2, [Ti(n°—CsHs)(n°—CsH4{CMe,(CH,CH,CH=CH,)})(0,CCH,SXyl),], [Ti(n°—~CsHs)(n°—CsH4{CMe,(CH,CH,CH=CH,)})(0,CCH,SMes), ]
[37], [{MeyGa(p—0,CCH,SMes)},] [36] and cisplatin on 8505C anaplastic thyroid cancer, A253 head and neck tumor, A549 lung carcinoma and DLD-1 colon carcinoma

determined by sulforhodamine-B microculture colorimetric assay.

Complex ICs0 + SD [uM]
8505C A253 A549 DLD-1

1 0.132 + 0.010 0.081 + 0.003 0.094 + 0.013 0.060 + 0.001
2 0.172 + 0.003 0.100 + 0.014 0.129 + 0.014 0.178 + 0.002
[Ti(m>—CsHs )(n°—CsHa{CMe(CH>CH,CH=CH,)})(0,CCH,SXyl),] 1823 +25 182.6 + 2.0 1925 + 1.1 1512 + 4.2
[Ti(n>—CsHs )(n3—CsHa{CMe(CHoCH,CH=CH,)})(0,CCH>SMes), ] 190.8 + 2.2 1312 + 05 144.6 + 2.9 1157 + 2.9
[{Me,Ga(p—0,CCH,SMes)}, ] 205 +23 7.7+03 269 + 7.0 124 +0.1
cisplatin 5.0+ 0.2 0.81 + 0.02 1.51 + 0.02 5.1 +0.1
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Fig. 3. Representative graphs show survival of 8505C, A253, A549 and DLD-1 cells grown for 96 h in the presence of increasing concentrations of 1 and 2. Standard deviations (all
less than 10%) are omitted for clarity.

and in the presence of FS-DNA (fish sperm DNA) have been recor- electrostatic interactions which may be responsible for the spectral
ded. With increasing concentrations of FS-DNA, the absorption changes observed in the study. However, other electrostatic effects
bands of the complexes were affected, resulting in the tendency of such as hydrogen bonding between the complexes and the base
hyperchromism and a very slight blue shift. The organotin(IV) pairs in DNA may also be present [68—71].

compounds 1 and 2 may bind to the DNA in different modes on the In order to compare the binding strengths of the complexes, the
basis of their structure and charge. The organotin(IV) compounds intrinsic binding constant, Kp, was determined using the following
(1 and 2) may be charged (R3Sn™) and there could be classical equation [72]:

14E-08 -
1,2E-08 A
1E-08
8E-09 - . *

6E-09

[DNA] /&~ &

4E-09 4

2E-09 A

0 002 004 006 008 01 012 0,14
[DNA] (mM)

Absorbance

350 400 450 500
Wavelength (nm)

Fig. 4. Absorption spectra of 1 in the presence of increasing amounts of DNA. Arrow indicates that absorbance changes upon increasing DNA concentrations. Inset: plot of
[DNAJ/eq — & = [DNAJ/eg — & + 1/Kp (9 — ¢f), experimental data points; solid line, linear fitting of the data.
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[DNA]  [DNA] 1
= +
€a — é\f € — 8f I(b (80 — 8f>

where [DNA] is the concentration of DNA in base pairs, €4, ¢rand ¢g
correspond to Aops/[Complex], the extinction coefficient of the free
tin complexes and the extinction coefficient of the complexes in the
fully bound form, respectively, and K is the intrinsic binding
constant. The ratio of slope to intercept in the plot of [DNA]/(es—¢y)
versus [DNA] gives the value of K}, (inset Fig. 4).

As an example, Fig. 4 shows the absorption spectra of complex 1
in the presence of increasing amounts of DNA.

Thus, the intrinsic binding constants of 1.68 x 10° and
1.02 x 10°, M~ ! for 1 and 2, respectively, have been successfully
calculated, observing that complex 1, which is the most cytotoxic
compound, gives a Kj slightly higher than that of 2, indicating
a slightly higher affinity from DNA, which may be implicated in the
higher cytotoxic activity shown by 1.

4. Conclusions

Two new triphenyltin(IV) carboxylate complexes have been
synthesized and characterized. The molecular structure of 2
consists of a carboxylato ligand coordinated to a SnPhs unit by
a single oxygen, which aggregates via further Sn—O interactions to
form a zig-zag 1-D coordination polymer, which is surprising
because generally, triorganotin(IV) carboxylates with bulky R
groups attached to the Sn atom favour tetrahedral monomeric
structures. The cytotoxic activity of these compounds has been
tested against human tumour cell lines observing that both tin(IV)
compounds present higher cytotoxic activity than cisplatin and
titanocene(IV) and organogallium(Ill) compounds with the same
ligands. From the studied cell lines compound 1 presents the
highest cytotoxicity (ICso of 0.060 & 0.001 uM) against DLD-1 cell
line. In addition, DNA-interaction tests have been carried out,
observing classical electrostatic interactions of all the complexes
with DNA with intrinsic binding constants of 1.68 x 10° and
1.02 x 10°, M~! for 1 and 2, respectively.
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772114 (2). Copies of this information may be obtained free of
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References

[1] Medicinal inorganic chemistry Special Thematic Issue. Chem. Rev. 99 (1999).

[2] J.L. Sessler, S.R. Doctrow, J. McMurry, S.J. Lippard (Eds.), Medicinal Inorganic
Chemistry; American Chemical Society Symposium Series 903, American
Chemical Society, Washington DC, 2005.

[3] M. Gielen, E.R.T. Tiekink, Metallotherapeutic Drugs and Metal-Based Diag-
nostic Agents: The Use of Metals in Medicine. Wiley, Chichester, 2005.

[4] W.A. Collier, Z. Hyg, Infektionskr 110 (1929) 169.

[5] AlJ. Crowe, PJ. Smith, G. Atassi, Chem.-Bid. Interact. 32 (1980) 171-178.

[6] M. Gielen (Ed.), Tin-Based Anti-Tumor Drugs, Springer-Verlag, Berlin, 1990,
pp. 139—145.

[7] M. Gielen, Coord. Chem. Rev. 151 (1996) 41—51.

[8] P. Yang, M. Guo, Coord. Chem. Rev. 185—186 (1999) 189—211.

[9] M. Gielen, M. Biesemans, D. De Vos, R. Willem, ]. Inorg. Biochem. 79 (2000).

[10] M. Gielen, Appl. Organomet. Chem. 16 (2002) 481—494.

[11] S.K. Hadjikakou, N. Hadjiliadis, Coord. Chem. Rev. 253 (2009) 235—249.

[12] M. Gielen, A.G. Davies, K. Pannell, E. Tiekink, Tin Chemistry: Fundamentals,
Frontiers, and Applications. John Wiley and Sons, Wiltshire, 2008.

[13] B. Gleeson, ]. Claffey, D. Ertler, M. Hogan, H. Miiller-Bunz, F. Paradisi, D. Wallis,
M. Tacke, Polyhedron 27 (2008) 3619—3624.

[14] S. Gémez-Ruiz, S. Prashar, T. Walther, M. Fajardo, D. Steinborn, R. Paschke, G.
N. Kaluderovi¢, Polyhedron 29 (2010) 16—23.

[15] AK. Saxena, F. Huber, Coord. Chem. Rev. 95 (1989) 109—123.

[16] ]. Susperregui, M. Bayle, G. Lain, C. Giroud, T. Baltz, G. Deleris, Eur. J. Med.
Chem. 34 (1999) 617—623.

[17] L. Pellerito, L. Nagy, Coord. Chem. Rev. 224 (2002) 111-150.

[18] T.S. Basu Baul, W. Rynjah, E. Rivarola, A. Lycka, M. Holcapek, R. Jirasko, D. de
Vos, RJ. Butcher, A. Linden, J. Organomet. Chem. 691 (2006) 4850—4862.

[19] L. Tian, Y. Sun, H. Li, X. Zheng, Y. Cheng, X. Liu, B. Qian, ]J. Inorg. Biochem. 99
(2005) 1646—1652.

[20] G. Han, P. Yang, ]. Inorg. Biochem. 91 (2002) 230—236.

[21] S. Gomez-Ruiz, G.N. Kaluderovi¢, S. Prashar, E. Hey-Hawkins, A. Eri¢, Z. Zizak,
Z.D. Juranié, J. Inorg. Biochem. 102 (2008) 2087—2096.

[22] D. Tzimopoulos, I. Sanidas, A.-C. Varvogli, A. Czapik, M. Gdaniec, E. Nikolakaki,
P.D. Akrivos, J. Inorg. Biochem. 104 (2010) 423—430.

[23] M.N. Xanthopoulou, S.K. Hadjikakou, N. Hadjiliadis, M. Schurmann,
K. Jurkschat, A. Michaelides, S. Skoulika, T. Bakas, ].J. Binolis, S. Karkabounas,
K. Charalabopoulos, J. Inorg. Biochem. 96 (2003) 425—434.

[24] M.N. Xanthopoulou, S.K. Hadjikakou, N. Hadjiliadis, E.R. Milaeva, ].A. Gracheva,
V.-Y. Tyurin, N. Kourkoumelis, K.C. Christoforidis, A.K. Metsios,
S. Karkabounas, K. Charalabopoulos, Eur. J. Med. Chem. 43 (2008) 327—335.

[25] M.N. Xanthopoulou, S.K. Hadjikakou, N. Hadjiliadis, M. Kubicki, S. Skoulika,
T. Bakas, M. Baril, LS. Butler, Inorg. Chem. 46 (2007) 1187—1195.

[26] M.N. Xanthopoulou, S.K. Hadjikakou, N. Hadjiliadis, N. Kourkoumelis, E.
R. Milaeva, J.A. Gracheva, V.-Y. Tyurin, LI Verginadis, S. Karkabounas, M. Baril,
LS. Butler, Rus. Chem. Bull. 56 (2007) 767—773.

[27] C. Ma, Q. Jiang, R. Zhang, Appl. Organomet. Chem. 17 (2003) 623—630.

[28] C. Ma, J. Zhang, Appl. Organomet. Chem. 17 (2003) 788—794.

[29] F. Barbieri, F. Sparatore, R. Bonavia, C. Bruzzo, G. Schettini, A. Alama, ]. Neuro-
Oncol. 60 (2002) 109—116.

[30] E.R.T. Tiekink, Appl. Organometal. Chem. 22 (2008) 533—550.

[31] A.G. Davies, PJ. Smith, Adv. Inorg. Chem. Radiochem. 23 (1980) 1-77.

[32] W.N. Aldridge, in: ].J. Zuckerman (Ed.), Organotin Compounds. New Chemistry
and Applications, Adv. Chem. Ser., vol. 168, Am. Chem. Soc., Washington,
1976, p. 157.

[33] B.M. Elliot, W.N. Aldridge, ].M. Bridges, Biochem. J. 177 (1979) 461—470.

[34] S. Gémez-Ruiz, B. Gallego, Z. Zizak, E. Hey-Hawkins, Z.D. Jurani¢, G.
N. Kaluderovi¢, Polyhedron 29 (2010) 354—360.

[35] S. Gémez-Ruiz, B. Gallego, M.R. Kaluderovi¢, H. Kommera, E. Hey-Hawkins,
R. Paschke, G.N. Kaluderovi¢, J. Organomet. Chem. 694 (2009) 2191—2197.

[36] M.R. Kaluderovi¢, S. Gdmez-Ruiz, B. Gallego, E. Hey-Hawkins, R. Paschke, G.
N. Kaluderovi¢, Eur. J. Med. Chem. 45 (2010) 519—525.

[37] G.N. Kaluderovi¢, V. Tayurskaya, R. Paschke, S. Prashar, M. Fajardo, S. Gomez-
Ruiz, Appl. Organomet. Chem., article, in press, doi:10.1002/aoc.1670.

[38] Q.F. Soper, C.W. Whitehead, O.K. Behrens, JJ. Corse, R.G. Jones, J. Am. Chem.
Soc. 70 (1948) 2849—2855.

[39] SCALE3 ABSPACK, Empirical absorption correction, CrysAlis — Software
package. Oxford Diffraction Ltd, 2006.

[40] G.M. Sheldrick, SHELXS-97, Program for Crystal Structure Solution, 1997,
Gottingen.

[41] G.M. Sheldrick, SHELXL-97, Program for the Refinement of Crystal Structures,
1997, Gottingen.

[42] P. Skehan, R. Storeng, D. Scudiero, A. Monks, J. McMahon, D. Vistica, J.
T. Warren, H. Bokesch, S. Kenney, M.R. Boyd, J. Natl. Cancer Inst. 82 (1990)
1107—1112.

[43] J.A. Marmur, J. Mol. Biol. 3 (1961) 208—218.

[44] M.F. Reichmann, S.A. Rice, C.A. Thomas, P. Doty, J. Am. Chem. Soc. 76 (1954)
3047—-3053.

[45] G.B. Deacon, RJ. Philips, Coord. Chem. Rev. 33 (1980) 227—-251.

[46] E.R.T. Tiekink, Appl. Organomet. Chem. 5 (1991) 1-23.

[47] N. Muhammad, Z. Rehman, S. Ali, A. Meetsma, F. Shaheen, Inorg. Chim. Acta
362 (2009) 2842—2848.

[48] R.R. Holmes, R.O. Day, V. Chandrasekhar, J.F. Vollano, J.M. Holmes, Inorg.
Chem. 25 (1986) 2490—2494.

[49] S.W. Ng, V.G. Kumar Das, A. Syed, J. Organomet. Chem. 364 (1989) 353—362.

[50] D.R. Smyth, ER.T. Tiekink, Z. Kristall, New Cryst. Struct. 215 (2000) 81—82.

[51] C. Ma, J. Sun, L. Qiu, ]J. Cui, ]J. Inorg. Organomet. Polym. Mater 15 (2005)
341-347.

[52] G. Eng, X. Song, A. Zapata, A.C. de Dios, L. Casabiana, R.D. Pike, ]. Organomet.
Chem. 692 (2007) 1398—1404.

162


mailto:deposit@ccdc.cam.ac.uk
http://dx.doi.org/10.1016/j.jorganchem.2010.04.029
http://dx.doi.org/10.1002/aoc.1670
Macak
Text Box
Reproduced from Ref. G.N. Kaluđerović, R. Paschke, S. Prashar, S. Gómez-Ruiz, J. Organomet. Chem. 2010, 695, 1883 
with permission from Elsevier. 


Appendix 10

1890 G.N. Kaluderovic et al. / Journal of Organometallic Chemistry 695 (2010) 1883—1890

[53] M.L. Falcioni, M. Pellei, R. Gabbianelli, Mutat. Res. 653 (2008) 57—62 and
references therein.

[54] L.Pellerito, L. Nagy, Coord. Chem. Rev. 224 (2002) 111—150 and references therein.

[55] C. Syng-Ai, T.S. Basu Baul, A. Chatterijee, J. Environ. Pathol. Toxicol. Oncol. 20
(2001) 333—342.

[56] F. Barbieri, M. Viale, F. Sparatore, G. Schettini, A. Favre, C. Bruzzo, F. Novelli,
A. Alema, Anticancer Drug 13 (2002) 599—604.

[57] H. Seibert, S. Moerchel, M. Guelden, Cell. Biol. Toxicol. 20 (2004) 273—283.

[58] N. Hoti, J. Ma, S. Tabassum, Y. Wang, M. Wu, J. Biochem. 134 (2003) 521-528.

[59] Q.Li, N.]Jin, P. Yang, J. Wan, W. Wu, ]. Wan, Synt. React. Inorg. Met.-Org. Chem.
27 (1997) 811—-823.

[60] Q. Li, P. Yang, H. Wang, M. Guo, ]. Inorg. Biochem. 64 (1996) 181—195.

[61] J.S. Casas, E.E. Castellano, M.D. Couce, ]. Ellena, A. Sanchez, ].L. Sanchez,
J. Sordo, C. Taboada, Inorg. Chem. 43 (2004) 1957—1963.

[62] Y. Arakawa, Biomed. Res. Trace Elem. 4 (1993) 129—130.

[63] Y. Arakawa, Biomed. Res. Trace Elem. 11 (2000) 259—286.

[64] T.M. Kelly, A.B. Tossi, D.J. McConnell, T.C. Strekas, Nucleic Acids Res. 13 (1985)
6017—6034.

[65] J.K. Barton, A.T. Danishefsky, J.M. Goldberg, J. Am. Chem. Soc. 106 (1984)
2172-2176.

[66] S.A. Tysoe, RJ. Morgan, A.D. Baker, T.C. Strekas, J. Phys. Chem. 97 (1993)
1707-1711.

[67] R.F. Pasternack, E.J. Gibbs, ]J. Villafranca, Biochemistry 22 (1983) 2406—2414.

[68] J.Liu, T. Zhang, T. Ly, L. Qu, H. Zhou, Q. Zhang, L. Ji, J. Inorg. Biochem. 91 (2002)
269-276.

[69] C.L. Liu, J.Y. Zhou, Q.X. Li, L]J. Wang, Z.R. Liao, H.B. Xu, ]J. Inorg. Biochem. 75
(1999) 233-240.

[70] S.Zhang, Y. Zhu, C. Tu, H. Wei, Z. Yang, L. Lin, ]. Ding, J. Zhang, Z. Guo, J. Inorg.
Biochem. 98 (2004) 2099—2116.

[71] M.T. Carter, M. Rodriguez, AJ. Bard, J. Am. Chem. Soc. 111 (1989) 8901—8911.

[72] A.M. Pyle, ].P. Rehmann, R. Meshoyrer, C.V. Kumar, N.J. Turro, J.K. Barton, J. Am.
Chem. Soc. 111 (1989) 3051—3058.

163


Macak
Text Box
Reproduced from Ref. G.N. Kaluđerović, R. Paschke, S. Prashar, S. Gómez-Ruiz, J. Organomet. Chem. 2010, 695, 1883 
with permission from Elsevier. 


Appendix 11

PAPER www.rsc.org/metallomics | Metallomics

Synthesis and biological applications of ionic triphenyltin(iv) chloride
carboxylate complexes with exceptionally high cytotoxicity

Goran N. Kaluderovi¢,**® Harish Kommera,” Evamarie Hey-Hawkins,
Reinhard Paschke” and Santiago Gomez-Ruiz*“?

Received 15th February 2010, Accepted 4th May 2010
First published as an Advance Article on the web 20th May 2010
DOI: 10.1039/c0mt00007h

The reaction of N-phthaloylglycine (P-GlyH), N-phthaloyl-L-alanine (P-AlaH), and
1,2,4-benzenetricarboxylic 1,2-anhydride (BTCH) with triethylamine led to the formation of

the corresponding ammonium salts [NHEt;][P-Gly] (1), [NHEt;][P-Ala] (2) and [NHEt;][BTC] (3)
in very high yields. The subsequent reaction of 1-3 with triphenyltin(iv) chloride (1:1)

yielded the compounds [NHEt;][SnPh;CI(P-Gly)] (4), [NHEt;3][SnPh;CI(P-Ala)] (5), and
[NHEt;][SnPh;CI(BTC)] (6), respectively. The molecular structure of 4 was determined by X-ray
diffraction studies. The cytotoxic activity of the ammonium salts (1-3) and the triphenyltin(1v)
chloride derivatives (4-6) were tested against human tumor cell lines from five different histogenic
origins: 8505C (anaplastic thyroid cancer), A253 (head and neck cancer), A549 (lung carcinoma),

A2780 (ovarian cancer) and DLD-1 (colon cancer). Triphenyltin(1v) chloride derivatives (4-6)
show very high activity against these cell lines while the ammonium salts of the corresponding
carboxylic acids (1-3) are totally inactive. The most active compound is 4 which is 50 times
more active than cisplatin. Compound 4 is found to induce apoptosis via extrinsic pathways on
DLD-1 cell lines, probably by accumulation of caspases 2, 3 and 8. Furthermore, compound 4
seems to cause disturbances in G1 and G2/M phases in cell cycle of DLD-1 cell line.

1. Introduction

The fight against cancer is one of the primary targets concerning
medicinal chemistry, in which bioorganometallic chemistry
has become an interesting and fruitful research field.! The
initial efforts in the evaluation of platinum-based anticancer
drugs, have been shifted to non-platinum metal-based
agents.2’14 Many different metals, for example Ti, Ga, Ge,
Pd, Au, Co, Ru and Sn have been already used for these
purposes and have helped in the minimization of the side
effects associated with the use of platinum compounds as
anticancer drugs.>'! In this context, many organotin(iv)
complexes have shown interesting in vivo anticancer activity
as new chemotherapy agents.”>2° However, the possible
application of the synthesized organotin derivatives was very
limited by their poor water solubility.” Thus, solubility seems
to be the one of the main problems for the use of tin(1v)
in anticancer drugs, however, with a rational design and
functionalization of the corresponding complexes, some new
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i CCDC reference number 759465. For crystallographic data in CIF

or other electronic format see DOI: 10.1039/c0mt00007h

tin(tv) complexes with higher water solubility have been
reported.ﬂ*23 Additional interest, due to solubility reasons,
have been paid to the synthesis and evaluation of the cyto-
toxicity of organotin(iv) compounds containing carboxylate
ligands.?*3! In addition, coordination of carboxylates to
organotin moieties offers the possibility of studying the
variations of the coordination mode from monodentate or
chelate (symmetric or asymmetric) to bridging which may give
rise to oligomeric or polymeric structures.’®> The moieties
R,Sn“™" (n = 2 or 3) may bind to membrane proteins or
glycoproteins, or to cellular proteins; e.g. to hexokinase,
ATPase, acetylcholinesterase of human erythrocyte membrane
or to skeletal muscle membranes®® or may interact directly
with DNA.*

Following our research on the synthesis, characterization
and cytotoxic properties of metal-based anticancer drugs,***
and using carboxylato ligands which have shown interesting
biological properties when bound to metals,>'**% here we
present the synthesis, characterization and the study of the
cytotoxicity of three different ionic triphenyltin(iv) chloride
complexes containing carboxylate ligands which present,
according to their ionic nature, higher solubility in polar
solvents. These compounds represent the first examples of
triethylammonium salts of triphenyltin(1v) carboxylates which
have shown an extremely high cytotoxic activity.

The carboxylic acids used in this study (Fig. 1) have
been previously used in the synthesis of different neutral
triorganotin(iv) carboxylates,** > however, the synthesis and
characterization of more convenient ionic tin(rv) complexes
containing these ligands have not yet been reported and their

This journal is © The Royal Society of Chemistry 2010

Metallomics, 2010, 2, 419-428 | 419

164


gkaluder
Schreibmaschinentext

gkaluder
Schreibmaschinentext

gkaluder
Schreibmaschinentext

gkaluder
Schreibmaschinentext

gkaluder
Schreibmaschinentext

gkaluder
Schreibmaschinentext

gkaluder
Schreibmaschinentext

gkaluder
Schreibmaschinentext
Reproduced from Ref. G.N. Kaluđerović, H. Kommera, E. Hey-Hawkins, R. Paschke, S. Gòmez-Ruiz, Metallomics 2010, 2, 419 
with permission from The Royal Society of Chemistry. 


Appendix 11

O [¢]
(@) (@)
jon OH
N N
(6] (0]
N-Phthaloylglycine (P-GlyH) N-Phthaloyl-L-alanine (P-AlaH)
Q
O
(0]
© OH

1,2,4-Benzenetricarboxylic 1,2-Anhydride (BTCH)

Fig. 1 Carboxylic acids used in the study.

cytotoxicity has not been studied. Thus, as numerous reports
show that there is not a single or a well-defined number of
pathways for the interaction of tin compounds with the
membrane or constituents within the cell®*® and many other
studies indicate the possible mechanisms of action of tin
compounds, the study of the biological properties and anti-
cancer mechanisms of this new group of anionic organotin
carboxylates, which may give rise to intermolecular inter-
actions with an effect on the overall and the local tin environ-
ment and in the final cytotoxicity, is very useful for gaining
novel insights on the cellular action of organotin complexes.

2. Experimental
2.1 General manipulations

All experiments were performed under an atmosphere of dry
nitrogen using standard Schlenk techniques. Solvents and
triethylamine were distilled from the appropriate drying agents
and degassed before use. NMR spectra were recorded
on a Bruker AVANCE DRX 400 spectrometer. '"H NMR
(400.13 MHz): internal standard solvent, external standard
TMS; "*C{'H} NMR (100.6 MHz): internal standard solvent,
external standard TMS; '"”Sn{'H} NMR (149.2 MHz): inter-
nal standard solvent, external standard tetramethyltin. The
splitting of proton resonances in the reported 'H NMR
spectra are defined as s = singlet, d = doublet, r = triplet,
q = quadruplet, br = broad and m = multiplet. IR spectra:
KBr pellets were prepared in a nitrogen-filled glove box and
the spectra were recorded on a Perkin-Elmer System 2000
FTIR spectrometer in the range 350-4000 cm~'. ESI MS were
recorded with a FT-ICR MS Bruker-Daltonics (APEX II,
7 Tesla, MASPEC II), and solutions of ca. | mg mL~! of the
compounds in a mixture of dry CHCI;-CH;CN (1:1) were
injected. All solvents were purified by distillation, dried,
saturated with nitrogen and stored over potassium mirror.
N-phthaloylglycine (P-GlyH), N-phthaloyl-L-alanine (P-AlaH),
and 1,2,4-benzenetricarboxylic 1,2-anhydride (BTCH) and
triphenyltin(iv) chloride were purchased from Alfa Aesar
or Acros Organics. All the commercial reagents were used
directly, without further purification.

2.2 Synthesis of [NHEt3][P-Gly] (1)

A solution of NEt; (1.76 mL, 12.19 mmol) in THF (20 mL)
was added dropwise over 15 min to a solution of P-GlyH

(2.50 g, 12.19 mmol) in THF (130 mL) at room temperature.
The reaction mixture was stirred under reflux overnight. The
solvent was then evaporated under reduced pressure and the
resulting white solid was washed twice with hexane (40 mL) to
give a white solid characterized as 1. Yield: 3.32 g, 89%.
FT-IR (KBr): 3491 (s) (v NH), 1720 (s) (v CO) 1616 (s)
(va COO™), 1383 (s) (v COO™); '"H NMR (400 MHz, CDCls,
25°C): & 1.25 (t, 9H, *J('"H-'H) = 7.6 Hz, CH; of Et), 3.01
(q, 6H, *J('H-'H) = 7.6 Hz, CH, of Et), 4.28 (s, 2H, CH, of
P-Gly), 7.67 (m, 2H, aromatic H in P-Gly), 7.83 (m, 2H,
aromatic H in P-Gly), 14.31 (br, 1H, NHEt;); '*C{'H} NMR
(100.6 MHz, CDCl;, 25 °C): 6 8.5 (CHj; of Et), 41.3 (CH, of
P-Gly), 44.9 (CH, of Et), 123.1, 133.5 (aromatic CH of P-Gly)
132.7 (aromatic ipso-C of P-Gly), 168.3 (CO of P-Gly), 172.3
(COO); ESI-MS (negative)(m/z): 203.8 [M"-NHEt;],
159.9 [M"-NHEt;-COO]; ESI-MS (positive)(m/z): 102.1
[M*-(P-Gly) + H]; elemental analysis for C;H,,N,0, (306.4):
calc. C, 62.73; H, 7.24; N, 9.14, found C, 62.40; H, 7.19; N 9.09%.

2.3 Synthesis of [NHEt;]|P-Ala] (2)

The synthesis of 2 was carried out in an identical manner to 1.
NEt; (1.65 mL, 11.46 mmol) and P-AlaH (2.50 g,
11.46 mmol). Yield: 3.41 g, 93%. FT-IR (KBr): 3460 (s)
(v NH), 1710 (s) (v CO) 1650 (s) (v, COO™), 1390 (s)
(vs COO7); '"H NMR (400 MHz, CDCl;, 25 °C): § 1.25 (t,
9H, *J('H-'H) = 7.2 Hz, CH; of Et), 1.56 (d, 3H, *J('H-'H) =
7.6 Hz, CH; of P-Ala), 3.08 (q, 6H, *J(‘"H-'H) = 7.6 Hz,
CH, of Et), 4.73 (q, 1H, *J('"H-"H) = 7.2 Hz, CH of P-Ala),
7.67 (m, 2H, aromatic H in P-Ala), 7.79 (m, 2H, aromatic H in
P-Ala), 11.88 (br, 1H, NHEt;); 3C{'"H} NMR (100.6 MHz,
CDCl;, 25 °C): § 8.9 (CHj3 of Et), 16.3 (CH; of P-Ala) 41.9
(CH of P-Ala), 44.8 (CH, of Et), 123.7, 133.2 (aromatic CH of
P-Ala) 132.9 (aromatic ipso-C of P-Ala), 168.9 (CO of P-Ala),
172.5 (COO0); ESI-MS (negative)(m/z): 217.9 [M " -NHEt;],
1742 [MT-NHEt;-COO]; ESI-MS (positive)(m/z): 102.1
[M-(P-Ala) + H]; elemental analysis for C;;H,4N,O4
(320.4): calc. C, 63.73; H, 7.55; N, 8.74, found C, 63.55; H,
7.39; N 8.79%.

2.4 Synthesis of [NHEt;][BTC] (3)

The synthesis of 3 was carried out in an identical manner to 1.
NEt; (1.88 mL, 13.01 mmol) and BTCH (2.50 g, 13.01 mmol).
Yield: 3.09 g, 81%. FT-IR (KBr): 3435 (s) (v NH), 1778, 1715
(s) (v CO) 1615 (s) (v, COO7), 1351 (s) (v COO7); '"H NMR
(400 MHz, CDCls, 25 °C): 6 1.39 (t, 9H, *J('"H-'H) = 7.2 Hz,
CH, of Et), 3.23 (q, 6H, *J('H-'H) = 7.2 Hz, CH, of Et), 7.99
(d, 1H, *J(‘"H-'H) = 8.0 Hz, aromatic H in BTC), 8.58 (d, 1H,
3J('H-'H) = 8.0 Hz, aromatic H in BTC), 8.64 (s, 1H,
aromatic H in BTC), 13.33 (br, 1H, NHEt;); *C{'H} NMR
(100.6 MHz, CDCl3, 25 °C): 6 8.6 (CHj; of Et), 45.6 (CH, of Et),
125.1, 126.8, 137.2 (aromatic CH of BTC), 145.5 (aromatic
C-COO of BTC), 162.8, 162.9 (C—CO of BTC), 169.3 (COO of
BTC), 170.7, 170.8 (C=0O of anhydride of BTC); ESI-MS
(negative)(m/z): 190.8 [M"-NHEt;], 164.9 [M "-NHEt;-0],
146.9 [M*-NHEt;-COO]; ESI-MS (positive)(m/z): 102.1
[MT-BTC + H]; elemental analysis for C;sH;oNOs (293.3):
calc. C, 61.42; H, 6.53; N, 4.78, found C, 61.21; H, 6.44;
N 4.79%.
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2.5 Synthesis of [NHE;][SnPh;CI(P-Gly)] (4)

A solution of [NHEt;][P-Gly] (1) (0.79 g, 2.59 mmol) in THF
(20 mL) was added dropwise over 15 min to a solution of
SnPh;Cl (1.00 g, 2.59 mmol) in THF (80 mL) at room
temperature. The reaction mixture was stirred under reflux
overnight. The solvent was then evaporated under reduced
pressure and the resulting white solid was washed twice with
hexane (40 mL) to give a white solid characterized as 4. The
product is totally soluble in EtOH, DMSO, CHCl;, CH,Cl,,-
CH;CN and in mixtures EtOH-—H->O and is partially soluble in
toluene. Crystallization in toluene afforded crystals suitable
for X-ray diffraction analysis. Yield: 1.32 g, 74%. FT-IR
(KBr): 3436 (s) (v NH), 1718 (s) (v CO) 1623 (s) (v, COO™),
1370 (s) (vs COO™), 457 (m) (v Sn—0); '"H NMR (400 MHz,
CDCls, 25 °C): § 1.05 (t, 9H, *J("H-"H) = 7.2 Hz, CH; of Et),
2.70 (q, 6H, *J(*H-'H) = 7.6 Hz, CH, of Et), 4.15 (s, 2H, CH,
of P-Gly), 7.35 (br m, 9H, m- and p-protons in SnPhs), 7.66
(m, 2H, aromatic H in P-Gly), 7.73 (br m, 6H, o-protons in
SnPhs, *J("H-Sn) = ca. 60 Hz); 7.80 (m, 2H, aromatic H in
P-Gly), 11.62 (br, 1H, NHEt;), *C{'"H} NMR (100.6 MHz,
CDCl;, 25 °C): § 8.4 (CH; of Et), 40.9 (CH, of P-Gly), 45.4
(CH, of Et), 123.2, 133.8 (aromatic CH of P-Gly), 128.6
(C-3 and C-5 of SnPhs, *J(13C-Sn) = 67.2 Hz), 129.4 C-4 of
SnPhs, *J('3C-Sn) = 46.5 Hz), 132.4 (aromatic ipso-C of
P-Gly), 136.4 (C-2 and C-6 of SnPhs, >J('*C-Sn) = 48.7 Hz),
140.4 (C-1 of SnPhs, 'J(**C-Sn) not observed), 167.9 (CO of
P-Gly), 171.9 (COO0); '"Sn{'H} NMR (149.2 MHz, CDCl;,
25°C): 6 —144.5; ESI-MS (negative)(m/z): 590.02 [M " -NHEt;];
elemental analysis for C34H37CIN,O4Sn (691.8): calc. C, 59.03;
H, 5.39; N, 4.05, found C, 58.59; H, 5.29; N 4.09%.

2.6 Synthesis of [NHEt;][SnPh;CI(P-Ala)] (5)

The synthesis of 5 was carried out in an identical manner to 4.
[NHEt;][P-Ala] (2) (0.83 g, 2.59 mmol) and SnPh;Cl (1.00 g,
2.59 mmol). Yield: 1.42 g, 78%. FT-IR (KBr): 3447 (s) (v NH),
1713 (s) (v CO) 1618 (s) (v, COO7), 1389 (s) (v, COO™),
455 (m) (v Sn—0); "H NMR (400 MHz, CDCls, 25 °C): 6 1.22
(t,9H, *J('"H-"H) = 7.2 Hz, CH5 of Et), 1.71 (d, 3H, *J('H-'H) =
7.2 Hz, CH; of P-Ala), 2.93 (q, 6H, *J(‘"H-'H) = 7.6 Hz, CH,
of Et), 4.99 (q, 1H, *J('"H-'H) = 7.6 Hz, CH of P-Ala), 7.44
(br m, 9H, m- and p- protons in SnP#3), 7.68 (m, 2H, aromatic
H in P-Ala), 7.70 (br m, 6H, o- protons in SnPhs, *J('"H-Sn) =
ca. 52 Hz); 7.83 (m, 2H, aromatic H in P-Ala), 11.70 (br, 1H,
NHEt;), *C{'"H} NMR (100.6 MHz, CDCl;, 25 °C): § 8.5
(CH; of Et), 16.0 (CH; of P-Ala) 45.6 (CH of P-Ala), 48.2
(CH, of Et), 123.3, 133.9 (aromatic CH of P-Ala), 129.0
(C-3 and C-5 of SnPhs, 3J(1*C-Sn) = 65.1 Hz), 130.2 (C-4
of SnPhs, *J(**C-Sn) = 13.6 Hz), 132.1 (aromatic ipso-C of
P-Gly), 136.3 (C-2 and C-6 of SnPhs, 2J(**C-Sn) = 48.7 Hz),
139.8 (C-1 of SnPhs, 'J('*C-Sn) not observed), 167.5 (CO of
P-Ala), 178.1 (COO); '"Sn{'H} NMR (149.2 MHz, CDCls,
25°C): § —94.0; ESI-MS (negative)(m/z): 604.03 [M " -NHEt;];
elemental analysis for C35H39CIN,O4Sn (705.9): calc. C, 59.56;
H, 5.57; N, 3.97, found C, 59.49; H, 5.48; N 3.98%.

2.7 Synthesis of [NHEt3][SnPh;CI(BTC)] (6)

The synthesis of 6 was carried out in an identical manner to 4.
[NHEt;][BTC] (3) (0.76 g, 2.59 mmol) and SnPh;Cl (1.00 g,

2.59 mmol). Yield: 1.16 g, 66%. FT-IR (KBr): 3433 (s) (v NH),
1780, 1719 (s) (v CO) 1616 (s) (v, COO™), 1362 (s) (v, COO™),
454 (m) (v Sn-0); "H NMR (400 MHz, CDCls, 25 3C): 6 1.33
(t, 9H, *J("H-"H) = 7.2 Hz, CH; of Et), 3.07 (q, 6H, *J('H-'H) =
7.2 Hz, CH, of Et), 7.46 (br m, 9H, m- and p- protons in
SnPhs), 7.75 (br m, 6H, o- protons in Sn P, J('H-Sn) = 61.1 Hz),
7.98 (d, 1H, *J("H-'"H) = 7.9 Hz, aromatic H in BTC), 8.56
(d, 1H, *J('H-'H) = 7.9 Hz, aromatic H in BTC), 8.65
(s, 1H, aromatic H in BTC), 12.67 (br, 1H, NHEt5); *C{'H}
NMR (100.6 MHz, CDCls, 25 °C): & 8.6 (CH; of Et), 45.9
(CH of Et), 125.3, 127.1, 137.5 (aromatic CH of BTC), 128.9
(C-3 and C-5 of SnPhs, J('3C-Sn) = 63.8 Hz), 130.1 (C-4 of
SnPhs, “J(*3C-Sn) = 13.6 Hz), 136.4 (C-2 and C-6 of SnPhs,
2J("3C=Sn) = 48.8 Hz), 138.9 (C-1 of SnPhs, 'J(**C-Sn) not
observed), 142.6 (aromatic C-COO of BTC), 162.5, 162.6
(C-CO of BTC), 168.7 (COO of BTC), 170.6, 170.8 (C—=0
of anhydride of BTC); '"”Sn{'H} NMR (149.2 MHz, CDCl;,
25°C): & —95.0; ESI-MS (negative)(m/z): 576.99 [M " -NHE;];
elemental analysis for C33H34CINOsSn (705.9): calc. C, 58.39;
H, 5.05; N, 2.06, found C, 58.10; H, 4.97; N 2.19%.

2.8 Data Collection and Structural Refinement of 4

The data of 4 were collected with a CCD Oxford Xcalibur S
(A(Mo-Ka) = 0.71073 A) using ® and ¢ scans mode. Semi-
empirical from equivalents absorption corrections were
carried out with SCALE3 ABSPACK.’” The structure was
solved by Patterson methods.’® Structure refinement was
carried out with SHELXL-97.%° All non-hydrogen atoms were
refined anisotropically, H atom bonded to nitrogen was
localized and refined freely and the other hydrogen atoms
were placed in calculated positions and refined with calculated
isotropic displacement parameters. Table 1 lists crystallo-
graphic details. Crystallographic data for the structural

Table 1 Crystallographic data for 4

4

Formula C34H37C1N204SH

Fw 691.80

T/K 130(2)

Cryst syst Monoclinic

Space group P2y/n

a/pm 990.82(5)

b/pm 3066.76(9)

¢/pm 1121.89(4)

o (%) 90

B () 107.661(5)

7 () 90

V (am®) 3.2483(2)

V4 4

Dc (Mg m™) 1.415

w/mm~! 0.908

F(000) 1416

Cryst dimens/mm 0.3 x0.2x02

0 range (°) 2.66 to 28.28

hkl ranges —13<h <13,
—37 < k < 40,
-4<i< 14

Data/parameters 8049/350

goodness-of-fit on F> 1.055

Final R indices [/ > 20(1)] R; = 0.0558,
wR, = 0.1264

R indices (all data) R; = 0.0837,
wWR, = 0.1352

largest diff. peak and hole/e A3

1.769 and —1.353
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analysis 4 have been deposited with the Cambridge Crystallo-
graphic Data Centre, CCDC-759465 (4).}

2.9. In vitro studies

2.9.1. Preparation of drug solutions. Stock solutions of
investigated compounds (1-6) were prepared in dimethyl
sulfoxide (DMSO, Sigma Aldrich) at a concentration of
20 mM, filtered through Millipore filter, 0.22 pm, before use,
and diluted by nutrient medium to various working concen-
trations. Nutrient medium was RPMI-1640 (PAA Laboratories)
supplemented with 10% fetal bovine serum (Biochrom AG) and
penicillin/streptomycin (PAA Laboratories).

2.9.2. Cell lines and culture conditions. The cell lines 8505C,
A253, A549, A2780 and DLD-1, included in this study, were
kindly provided by Dr Thomas Mueller, Department of
Hematology/Oncology, Martin Luther University of Halle-
Wittenberg, Halle (Saale), Germany. Cultures were maintained
as monolayer in RPMI 1640 (PAA Laboratories, Pasching,
Germany) supplemented with 10% heat inactivated fetal
bovine serum (Biochrom AG, Berlin, Germany) and penicillin/
streptomycin (PAA Laboratories) at 37 °C in a humidified
atmosphere of 5% (v/v) CO,.

2.9.3. Cytotoxicity assay. The cytotoxic activities of the
compounds were evaluated using the sulforhodamine-B
(SRB, Sigma Aldrich) microculture colorimetric assay.®® In
short, exponentially growing cells were seeded into 96-well
plates on day 0 at the appropriate cell densities to prevent
confluence of the cells during the period of experiment. After
24 h, the cells were treated with serial dilutions of the studied
compounds for 96 h. Final concentrations achieved in treated
wells were 0-100 uM for 1-3 and 0.008, 0.02, 0.04, 0.08, 0.12,
0.16, 0.2, 0.3 and 0.4 pM for tin(tv) complexes (4-6). Each
concentration was tested in triplicate on each cell line. The
final concentration of DMSO solvent never exceeded 0.5%,
which was non-toxic to the cells. The percentages of surviving
cells relative to untreated controls were determined 96 h after
the beginning of drug exposure. After 96 h treatment, the
supernatant medium from the 96 well plates was thrown away
and the cells were fixed with 10% TCA. For a thorough
fixation, plates were then allowed to stand at 4 °C. After
fixation, the cells were washed in a strip washer. The washing
was carried out four times with water using alternate dispen-
sing and aspiration procedures. The plates were then dyed with
100 pl of 0.4% SRB for about 45 min. After dying, the plates
were again washed to remove the dye with 1% acetic acid and
allowed to air dry overnight. 100 pL of 10 mM Tris base
solutions were added to each well of the plate and absorbance
was measured at 570 nm using a 96 well plate reader
(Tecan Spectra, Crailsheim, Germany). The ICs, value,
defined as the concentrations of the compound at which
50% cell inhibition was observed, was estimated from the
dose-response curves.

2.9.4 Apoptosis tests

2.9.4.1 Trypan blue exclusion test. Apoptotic cell death was
analyzed by trypan blue dye (Sigma Aldrich, Germany) on
DLD-1 cell line. The cell culture flasks with 70% to 80%
confluence were treated with 1Coy dose of 4 for 24 h. The

supernatant medium with floating cells was collected after
treatment and centrifuged to collect the dead and apoptotic
cells. The cell pellet was resuspended in serum free media.
Equal amounts of cell suspension and trypan blue were mixed
and this was analyzed under a microscope. The cells which
were viable excluded the dye and were colorless while
those whose cell membrane was destroyed were blue. If the
proportion of colorless cells is higher than the colored cells,
then the death can be characterized as apoptotic.

2.94.2 DNA fragmentation assay. Determination of
apoptotic cell death was performed by DNA gel electrophoresis.
Briefly, DLD-1 cells were treated with the respective ICoq dose
of 4 for 24 h. Floating cells induced by drug exposure were
collected, washed with PBS and lysed with lysis buffer
(100 mM Tris-HCI pH 8.0; 20 mM EDTA; 0.8% SDS; all
from Sigma Aldrich). Then they were treated with RNAse A at
37 °C for 2 h and proteinase K at 50 °C (both from Roche
Diagnostics chemical company, Mannheim, Germany).
DNA laddering was observed by running the samples on 2%
agarose gel followed by ethidium bromide (Sigma Aldrich)
staining.

2.9.5 Caspase 2, 3, 8 and 9 enzyme activity assay. Activity
of caspases 2, 3, 8 and 9 was measured using the caspase
substrate cleavage assay. After exposure to equitoxic I1Csg
concentration of 4, DLD-1 cells were sampled 2 and 6 h for
cleavage of caspases. To summarize, adherent cells were
washed with cold PBS, collected with a cell scraper, and
suspended in cell lyses buffer (50 mM Hepes pH 7.4, 1%
Triton X100, all from Sigma-Aldrich). After incubation for
10 min on ice and centrifugation, protein concentrations of the
supernatants were measured according to the method of
Bradford (Bio-Rad Laboratories). Samples (50 pg protein
extract respectively) were incubated on a microplate at 37 °C
overnight in reaction buffer (50 mM Hepes pH 7.4, 0.1%
CHAPS, 5 mM EGTA, 5% glycerol) containing 10 mM DTT
(all from Sigma-Aldrich) and a specific substrate of caspases
(2, Ac-VDVAD-pNA; 3, Ac-DEVD-pNA; 8, Ac-IETD-pNA;
9, Ac-LEHD-pNA, Axxora, Loerrach, Germany). Extinction
of released p-nitroaniline was measured at 405 nm (Tecan
Spectra, Crailsheim, Germany) and activity of caspases 2, 3, 8
and 9 was evaluated by OD ratio of treated/untreated
samples.®!

2.9.6 Cell cycle analysis. Cell cycle was assessed by flow
cytometry using a fluorescence-activated cell sorter (FACS).
For this assay, 1 x 10° DLD-1 cells, were seeded in 25 cm? cell
culture flasks, with 10 mL of medium. After 24 h of incuba-
tion, 4 was added at ICy, concentration. Following 24 h
of incubation, cells were harvested by mild trypsinization,
collected by centrifugation, washed with PBS and both
adherent and floating cells were resuspended in 100 pl of
PBS and fixed with 2 mL of 70% ethanol at 4 °C for at least
1 h. The fixed samples were then centrifuged, the cell pellet was
washed with 2 mL of staining buffer (PBS + 2% FCS +
0.01% NaN3) and again centrifuged. The cell pellet was
resuspended in 100 uL of RNase A (1 mg mL™!) and incu-
bated for 30 min at 37 °C. At the end of incubation
the samples were treated with propidium iodide (20 pg/1 mL
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of staining buffer) and allowed to stand in the dark at least for
30 min before analysis. The fluorescence intensity was
determined by a Facscalibur (Becton Dickinson, Heidelberg,
Germany). Each analysis was done using ca. 1 x 10* events.

3. Results and discussion

3.1 Synthesis and spectroscopic studies

The ammonium salts [NHEt;][P-Gly] (1), [NHEt;][P-Ala] (2)
(Scheme 1) and [NHEt;][BTC] (3) (Scheme 2) were prepared,
in very high yields, by the reaction of N-phthaloylglycine
(P-GlyH), N-phthaloyl-L-alanine (P-AlaH), or 1,2,4-benzene-
tricarboxylic 1,2-anhydride (BTCH) with triethylamine
respectively. The NMR, mass and IR spectra showed that
all the complexes, isolated as crystalline solids, were of high
purity. In the '"H NMR spectra of 1-3, a set of three signals
consisting in a triplet at ca. 1.3 ppm, a quadruplet at ca. 3.2
and a broad signal between 11 and 13 ppm corresponding to
protons of the triethylammonium cation were observed.
For each compound, signals corresponding to the different
carboxylate anions were recorded. For 1 one singlet at
4.28 ppm corresponding to the -CH,— protons and two multi-
plets at 7.67 and 7.83 ppm assigned to the aromatic protons of
the N-phthaloyl group were observed. In the case of 2, two
multiplets (at 7.67 and 7.79 ppm) were also recorded for the
phthaloyl group and a doublet at 1.56 and a quadruplet at
3.08 ppm were assigned for the CH-CHj; moiety of the
N-phthaloyl-L-alanine. In the 'H NMR spectrum of
compound 3, two doublets and one singlet between 7.9 and
8.7 ppm were assigned to the aromatic protons of the carboxylate,
in addition to the signals corresponding to the cation. The
BC{'H} NMR spectra of 1-3 showed the expected signals.
The IR spectra of the ionic ligands present strong bands in two
different regions between 1650-1610 and 1390-1350 cm™',
which correspond to the asymmetric and symmetric vibrations,
respectively, of the COO moiety. The difference between the
asymmetric and symmetric vibrations of more than 200 cm ™' in

O o

all cases, indicates monodentate coordination of the carboxylate
ligand,®® in addition to these signals, a typical band at
ca. 3450 cm™" assigned to the N—H vibration was observed
in all the spectra.®® The ESI-MS spectra of 1-3 recorded in
negative mode showed the peaks of the anionic part of these
molecules, while recorded in positive mode, presented a peak
corresponding to the triethylammonium cation.

The subsequent reaction of 1-3 with triphenyltin chloride
(1:1) yielded the compounds [NHEt;][SnPh;CI(P-Gly)] (4),
[NHEt;][SnPh;CI(P-Ala)] (5) (Scheme 1) and [NHEt;s]-
[SnPh;CI(BTC)] (6) (Scheme 2), respectively.

The organotin(iv) complexes 4-6 were characterized by
multinuclear NMR  spectroscopy, mass spectrometry, IR
spectroscopy and elemental analysis. In the 'H NMR spectra
of all the compounds a set of two signals at ca. 7.3 and 7.7 ppm
corresponding to the protons of the phenyl groups of the
SnPh;Cl moiety, was observed in addition to the signals
corresponding to the carboxylate ligands, which presented
similar spectral patterns to those observed in the 'H NMR
spectra of 1-3. 3C{'H} NMR spectra for 4-6 showed the
expected signals for the phenyl groups, as well as the signals
corresponding to the different carboxylate ligands. A typical
signal at low field (ca. 170 ppm) was observed in all the spectra
and assigned to the carbon atom of the carboxylate group.
Analogously to the IR spectra of the starting carboxylate 1-3,
the spectra of 4-6 present strong bands between 1630-1610
and 13901360 cm™', which correspond to the asymmetric and
symmetric vibrations, respectively, of the COO moiety. Again,
the difference between the asymmetric and symmetric
vibrations of more than 200 cm~! in all cases, indicates
monodentate coordination of the carboxylate ligand,** as
was also confirmed, in the case of complex 4, by single crystal
X-ray diffraction studies (see section 3.2). In addition, medium
absorptions corresponding to the Sn—O stretching mode of
vibration appeared at ca. 455 cm™'. 4-6 were also character-
ized by ESI-MS observing, in all cases in the negative mode;
the peaks corresponding to the anionic parts of 4-6
(see sections 2.2-2.7).

O —
oH SN
N +NEt3 —— [NI‘IEt3]+ NAg/
R
O

R
O
R=H, Me R=H(1), Me (2)
0. o _SnPh;CI |~
[NHEt;]* N
R
O
R=H4), Me (5)
Scheme 1
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Stability of the synthesized complexes in dg-DMSO and
de-DMSO/D,0 solutions has been followed by NMR spectro-
scopy. After several hours in dry dg-DMSO, the NMR spectra
of the studied compounds suffered apparent no changes,
indicating their relatively high stability. The analysis of the
spectra of 4-6 in d¢-DMSO/D,0 show a very slow decomposi-
tion process which over 72 h leads to the formation of a mixture
of tin-containing products which included Ph;SnOSnPhs;,
SnPh;OH, SnPh;L (L = P-Gly, P-Ala, BTC) and the free
carboxylic acids, between other unidentified compounds.

3.2 Structural studies

Complex 4 (Fig. 2) crystallizes in the centrosymmetric mono-
clinic space group P2,/n with four molecules in the unit cell.

N2

Fig. 2 Molecular structure and atom-labeling scheme for 4 with
thermal ellipsoids at 50% probability (hydrogen atoms, except at
nitrogen, are omitted for clarity).

The molecular structure of 4 reveals that the central tin
atom is pentacoordinated; presenting a almost ideal trigonal
bipyramidal geometry with the CI(1)-Sn(1)-O(1) angle of
177.23(8)° and O(1)-Sn(1)-Cpheny1 and CI(1)-Sn(1)~Cphenyi
close to 90°. The Sn—O bond lengths Sn(1)-O(1) 223.1(3)
and Sn(1)-O(2) 333.8(3) pm are quite different indicating
monodentate coordination to tin of the carboxylate ligand.
Weak interionic interactions (O(2)---H(2N) ca. 168 pm)
between the hydrogen atom of the ammonium cation and
the non-coordinated oxygen of the anion were observed. The
bond length N(2)-H(IN) yielded reasonable distances of
ca. 98 pm. The most interesting structural parameter of this
complex is the bond length Sn(1)-CI(1) of 256.5(2) pm which
is in agreement with other Sn—Cl bonds in zwitterionic
complexes and about ca. 10 pm longer than the expected
for a tryaryltin(iv) chloride derivative,**®® indicating some
repulsive effect of the carboxylate ligand on the Sn—Cl bond
which elongates the distance between the two atoms. Selected
bond lengths and angles for 4 are summarized in Table 2.

3.3 In vitro studies

3.3.1 Cytotoxic studies. The in vitro cytotoxicities of
triethylammonium carboxylates 1-3 as well as corresponding

Table 2 Selected Bond Lengths (pm) and Angles (°) for 4

4
Sn(1)-0(1) 223.1(3)
Sn(1)-0(2) 333.8(3)
Sn(1)-CI(1) 256.5(2)
C(19)-0(1) 125.8(5)
C(19)-0(2) 123.4(6)
C(22)-0(3) 119.5(5)
C(23)-0(4) 120.4(6)
NQ)-H(IN) 98(2)
0(2)- - -H2N) 168(2)
CI(1)-Sn(1)-O(1) 177.23(8)
CI(1)-Sn(1)-O(2) 141.45(9)
CI(1)-Sn(1)-C(1) 91.0(2)
CI(1)-Sn(1)-C(7) 92.7(1)
CI(1)-Sn(1)-C(13) 91.2(2)
O(1)-C(19)-0(2) 125.3(5)
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triphenyltin(iv) complexes 4—6 against human tumor cell lines
8505C anaplastic thyroid cancer, A253 head and neck tumor,
A549 lung carcinoma, A2780 ovarian cancer and DLD-1
colon carcinoma were determined by using the SRB micro-
culture colorimetric assay.®® In addition, cytotoxicity of
cisplatin have been included for comparison.
Triethylammonium salts of carboxylic acids were inactive
against the investigated panel of tumor cell lines (ICsy > 100 pM).
In this way is also proved that neither hypothetic activity of
the free thriethylammonium cation nor the uncoordinated
carboxylato ligand have influence on the activity of the studied
triphenyltin(iv) complexes. The ICsy values of the studied
compounds and cisplatin are summarized in Table 3. The
triphenyltin(tv) compounds showed a dose-dependent anti-
proliferative effect toward all the studied cancer cell lines
(Fig. 3). Triphenyltin(tv) compounds present lower ICsq
values than those of cisplatin. The difference in activity of
compounds 4-6 and cisplatin presents a maximum of up to
50 times, in cisplatin resistant cell line DLD-1. A similar
efficiency was found against anaplastic thyroid cancer cisplatin
resistant cell line 8505C, where triphenyltin(iv) compounds are
almost up to 40 times more active than cisplatin. These values
become lower in cisplatin sensitive A2780, A253 and A549 cell
lines where triphenyltin(iv) compounds are only between
3.2 and 14.8 times more cytotoxic than cisplatin.
Triphenyltin(iv) complexes 4 and 5 bearing very similar
moieties showed notable differences in the cytotoxic activity.
From those results one can envisage that small structural
changes, (replacement of H with Me group (4 to give 5)) led

to a significant decrease of the final cytotoxic activity. On
the other hand, triphenyltin(iv) compound substitution of
the phthaloyl aminoacids by 1,2,4-benzenetricarboxylic-1,2-
anhydride (6) led to further decreases in the cytotoxicity,
except in A2780 cell line, when compared with 4 and 5. Thus,
one can think that the incorporation of biocompatible
phthaloyl aminoacids as carboxylato ligands may have a
positive influence in the final cytotoxicity of the tin(iv)
complexes when compared with other different carboxylato
ligands.

3.3.2 Apoptosis studies

3.3.2.1 Dye exclusion test and DNA laddering. Apoptosis
and cell mediated cytotoxicity are characterized by a fragmen-
tation of the genomic DNA. These DNA fragments have a
length of about 180 base pairs or multiples of this number
(360, 540, 720, . ..), this is, the characteristic DNA-length of a
nucleosome (DNA-histone-complex). Endonucleases cleave
selectively DNA at sites located between nucleosomal units
(linker DNA). In agarose gel electrophoresis of these, DNA
fragments are resolved to a distinctive ladder pattern. To test
whether complex 4 induced cell death mediated by apoptosis,
floating cells from DLD-1 colon carcinoma cell line after 24 h
treatment with the ICg, concentration were collected and
analyzed by DNA laddering technique. In DLD-1 cell line
with triphenyltin(tv) compound 4, typical DNA laddering was
observed (Fig. 4). Furthermore, DLD-1 cells were exposed to
ICy dose of complex 4, the ability to exclude trypan blue and
detached cells were investigated. The treatment with ICyq dose

8505C A253 A549
120
100
80 -
= ® ®
w ) @ 60
40 4
20 -
1 1 0
0 0,1 02 03 04 0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
G [uM] ¢ [uM] ¢ [uM]
A2780 DLD-1
2 ——4
(2]
——5
—A—6
v - 0 0.1 0.2 0.3 0.4
0 0.1 0.2 0.3 0.4
¢ [uM]
¢ [uM]

Fig. 3 Representative graphs show survival of 8505C, A253, A549, A2780 and DLD-I1 cells grown for 96 h in the presence of increasing

concentrations of triphenyltin(iv) complexes 4-6.
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Table 3 ICs, [uM] for the 96 h of action of investigated compounds and cisplatin on 8505C, A253, A549, A2780 and DLD-1 cells determined by

SRB test
ICso/uM
Compound 8505C A253 A549 A2780 DLD-1
1-3 >100 >100 >100 >100 >100
4 0.129 £ 0.004 0.093 £ 0.003 0.102 £ 0.004 0.121 £ 0.002 0.103 £ 0.004
5 0.179 £ 0.003 0.139 £ 0.005 0.152 £ 0.003 0.170 £ 0.002 0.165 £ 0.003
6 0.241 £ 0.058 0.238 £ 0.002 0.236 £ 0.011 0.130 £ 0.003 0.210 £ 0.006
cisplatin 5.02 +£0.23 0.81 £ 0.02 1.51 £ 0.02 0.55 £ 0.03 5.14 £ 0.12
of 4 resulted in apoptotic cell death, in which floating cells 12 -
showed the ability to exclude the blue dye (Fig. 4). ' 2h _
[ control
3.3.2.2 Effect of 4 on the caspase 2, 3, 8 and 9 activities. In Hcisplatin

order to gain insights into the induced apoptosis mechanism
by the most active triphenyltin(iv) complex 4, we analyzed
whether caspases were involved as downstream effectors in the
induced cell death. The upstream caspases 2, 8 and 9, and the
downstream caspase 3 were used for the present study. DLD-1
colon carcinoma cell line was chosen for investigation of the
activity of caspases 2, 3, 8 and 9. When treated with compound
4 for 2 h, only caspase 8 was found to be upregulated.
Similarly to that, when cisplatin was used for the same time
period also activation of only caspase 8 was observed (Fig. 5).
The cells treated for 6 h with 4 show activation of caspase 2
and 8 (apoptosis activator) as well as caspase 3 (apoptosis
executioner). On the other hand, treatment for 6 h with
cisplatin showed activation of caspase 8 and 9 (apoptosis
activators). As shown here, complex 4 is activating apoptosis
faster than cisplatin within 6 h of action on DLD-1 cell line.
Furthermore, complex 4 and cisplatin seem to express a
different apoptosis pathway on DLD-1 cell line. In the case
of cisplatin, apoptosis is triggered by both internal (intrinsic or
mitochondrial pathway, caspase 9 dependent pathway) and
external signals (extrinsic or death receptor pathway), while
for triphenyltin(1v) complex 4 apoptosis is induced via extrinsic
receptor pathway on DLD-1 cell line.

3.3.2.3 Cell cycle perturbations. Cell cycle perturbations
were analyzed on colon carcinoma DLD-1 cell line. The cells
were treated with ICyq concentration of 4 for 24 h (Fig. 6).
When compared to control, compound 4 caused almost no

Fig.4 Dye exclusion test (right) and DNA laddering (left) for DLD-1
cell line treated 24 h with 4.

1.2 1
6h [ control
cisplatin
1,1 - @4

Cc2 C3 C8 Co

Fig.5 Activity of caspases 2 (C2), 3 (C3), 8 (C8) and 9 (C9) on DLD-1
colon cancer cell line treated for 2 and 6 h with 4 and cisplatin.

changes S phases, however, a decrease at around 46 and 40%
in the number of cells in G1 and G2/M phases, respectively,
with an increase in the number of apoptotic cells
(SubGl-peak), was observed. Those results indicate that
apoptosis caused by 4 on colon carcinoma DLD-1 cell line
may be due to disturbances caused in both G1 and G2/M
phases in the cell cycle.

4. Conclusions and outlook

Novel triethylammonium salts of triphenyltin(iv) chloride
carboxylate complexes have been synthesized and structurally
characterized. The complexes were tested for in vitro antipro-
liferative activity against five cell lines of different histogenic
origin. The triphenyltin(rv) complexes exhibited much higher
cytotoxicity than cisplatin, up to 50 times (4). Although
it seems that the active species of these mixtures beside
complexes 4-6 may be SnPh; " cations, based on the stability
studies carried out for these compounds in aqueous solutions.
In addition, a positive influence in the final cytotoxicity of the
tin(1v) complexes has been observed with the incorporation of

426 | Metallomics, 2010, 2, 419-428
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Fig. 6 Cell cycle analysis of DLD-1 cells untreated (control) and treated with the ICyy concentration of 4 for 24 h.

biocompatible phthaloyl aminoacids as ligands when
compared with other different carboxylato ligands.

Complex 4 seems to induce apoptosis via extrinsic or death
receptor pathway. The presented data clearly demonstrate a
cell-cycle dependence of triphenyltin(iv) compound 4 which
induced cell death in DLD-1 cell line. Following compound 4
exposure, cells undergo G1 and G2/M arrest and apoptosis is
finally induced in these phases of the cell cycle. Thus, while the
phases affected by the tin compounds are G1 (when organelles
are being synthesized resulting in a great amount of protein
synthesis and a high metabolic rate in the cell) and G2/M
(when the protein kinase plays a quite important role), the
action mechanism of these compounds seem to be related
either to the interaction of SnPh;* moieties with protein
kinases and DNA, as previously reported for other neutral
triphenyltin(1v) carboxylates,>** or to the possible binding to
the phosphate groups in DNA,* 7! changing the intra-
cellular metabolism of the phospholipids of the endoplasmic
reticulum.”>”® However, further studies, already in progress in
our laboratories, will try to clarify this fact.

Therefore, complex 4 seems to be a very promising
candidate for further in vivo tests which will be carried in the
near future.
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Formulation of liposome delivery system loaded with water insoluble 2-(4-(tetrahydro-2H-pyran-2-
yloxy)-undecyl)-propane-1,3-diamminedichloroplatinum(ll), LipoTHP—C11 was carried out. The
particle size distributions were determined by dynamic light scattering and asymmetrical flow field-flow
fractionation indicating size of around 120 nm. Stability study showed that LipoTHP—C11 was stable at
4 °C for more than two months. To test suitability of chosen formulation, LipoTHP—C11 was investigated
against several tumor cell lines: H12.1, 1411HP, 518A2, A549, HT-29, MCF-7 and SW1736. Furthermore,
toxicity against normal fibroblasts was examined. LipoTHP—C11 may be used as an attractive candidate
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for further assessment in vivo as antitumor agent.

© 2012 Elsevier Masson SAS. All rights reserved.

1. Introduction

In last few decades development of platinum based drugs gave
some promising candidates for the treatment of different cancer
types [1—6]. The well known drugs cisplatin and several other (e.g.
carboplatin and oxaliplatin) are the few of thousands platinum
compounds that are in clinical use [7—10]. The criteria for selecting
promising candidates to be evaluated in clinical trials are favorable
physicochemical properties such as solubility and stability and
possible therapeutic advantages in comparison to cisplatin, derived
from preclinical studies (high efficacy, favorable spectrum of
activity, high therapeutic index and low toxicity). The solubility
problem could be overcome by structural modification of the
platinum complex or including platinum complex in some carrier
system [11—17]. In contrast to structural modification, the inclusion
of platinum based drugs in lipid based micelles, liposomes and

* Corresponding author. Biozentrum, Martin-Luther-Universitit Halle-Wittenberg,
Weinbergweg 22, D-06120 Halle, Germany. Tel.: +49 345 5525678, +381 11 3336735;
fax: +49 345 5527028, +-381 11 636061.

E-mail addresses: goran.kaluderovic@chemie.uni-halle.de, goran@chem.bg.ac.rs
(G.N. Kaluderovic).

0223-5234/$ — see front matter © 2012 Elsevier Masson SAS. All rights reserved.
http://dx.doi.org/10.1016/j.ejmech.2012.06.004

hydrocolloids have received, until now, far less attention [18,19].
Although, investigations regarding incorporation poorly water
soluble platinum compounds into water compartment of liposomes
are known in literature (cisplatin, oxaliplatin; Fig. 1) [20—22], but
for water insoluble platinum based drugs up to our knowledge
there are no reports. It is well known that structural modification
may lead to the deactivation of antitumoral activity of compounds
[23,24]. Such deactivation was observed also in the case of 2-(4-
(tetrahydro-2H-pyran-2-yloxy)-undecyl)-propane-1,3-diamminedi
chloroplatinum(Il) complex (THP—C11) — potent antitumor
compound able to overcome cisplatin resistance in several tumor
cell lines [25]. Namely, compounds with a shorter spacer between
THP and cisplatin fragment (eg. THP—C4) are less active.

Herein, formulation of a novel liposome delivery system, loaded
with water insoluble THP—C11 compound is reported (Fig. 1).
The main reason using liposomes was to get an aqueous stable
formulation of the drug, thus solubilization of THP—C11 in
water. It is shown on one sample of platinum complexes with
excellent antitumoral properties idea how to overcome insolubility
problem. The principle can be adapted and equally well used with
other insoluble metal complexes exhibiting antitumoral activity.
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Fig. 1. Cisplatin (A), THP—C11 (B), empty (C) and loaded liposomes (lipoplatin, D; LipoTHP—C11, E).

2. Results and discussion
2.1. Formulation and characterization of the liposomes

The synthesis of THP—C11 was performed as described in liter-
ature [25]. Liposomes were composed of purified soybean lecithin
S75 and active liposomes (LipoTHP—C11), in which THP—C11 was
incorporated into the liposomal structures, and empty liposomes
were formulated. The liposomes were formulated by the lipid film
method followed by hydration [27]. Following hydration, the lipo-
somes were successfully extruded through a polycarbonate
membrane with a pore size of 400 and 100 nm. Both formulations
were macroscopically homogeneous after extrusion. Formulations
have been checked in a light microscope and relieved no presence
of larger particles neither drug precipitate. The concentration
THP—C11 in LipoTHP—C11 formulation was determined to be
4.75 mM (95% of the drug included in liposomes). As lipophilic
compound, the drug should be situated in the liposome bilayer and
not in the (aqueous) core.

Mean particle size was estimated by dynamic light scattering
and the data of the stepwise extrusion through 400 and 100 nm
membranes are shown in Table 1. After extrusion of LipoTHP—C11
through 100 nm a comparable size to unloaded liposomes was
observed, but with a larger PDI which indicates broader size
distribution in drug-loaded formulations. Comparison between
three batches indicates a good agreement for formulations
extruded through 100 nm.

To get more information about size distribution samples were
measured on asymmetrical flow field-flow fractionation (AF4)

system coupled with a MALLS instrument (Table 1). Size/size
distribution have been determined by the light scattering data. In
size distributions, fractions of vesicles with larger size are clearly
visible in both batches of drug-loaded liposomes.

In order to provide stable liposomal formulations in which
liposomes are distributed uniformly and their structure is
preserved, a storage stability study was performed. LipoTHP—C11
and empty liposomes were kept for 2 months at 4 °C. During
storage, the size distribution and the mean diameter of the lipo-
somes by dynamic light scattering were determined. Results pre-
sented in Fig. 2 demonstrate preservation of the original size
distribution of LipoTHP—C11 (100 nm) and empty liposomes. The
mean diameter of LipoTHP—C11 (100 nm) was 123 nm (immedi-
ately after extrusion). After 2 months of storage, the mean diameter
changed to 117 nm for LipoTHP—C11 (100 nm) but the distribution
remained almost unchanged. On the other hand storage over 2
months of the LipoTHP—C11 (400 nm) showed that the percentage
of smaller liposomes increased in number (Fig. 2). In addition, with
light microscopy no presence of drug precipitate over 2 months
period was observed. Results of PCS and AF4/MALLS cannot be
directly compared (e.g. different measurement principles, data
analysis etc.). Worth to note that even by using different instru-
ments (PCS) rather large differences in size can be obtained [26,27].

2.2. Cytotoxicity testings of LipoTHP—C11
Because of very promising in vitro antitumoral results of

THP—C11, against testicular germ cell tumors (TGCT), as a next step
and before in vivo activity in a nude mouse model, liposomal

Table 1
PCS and AA4F size results of three batches of liposomes.
Code? Batch PCS® A4F°
Z-average (nm) PDI D10 (nm) D50 (nm) Mean (nm) D90 (nm)
Liposome (100) a 118 +1 0.09 + 0.03 773 £1.1 97.5 +0.8 111.7 £ 15 123.8 £ 0.7
b 116 +£5 0.11 + 0.02 812 +04 110.8 + 0.3 1450+ 1.3 1434 + 03
c 119+ 3 0.10 + 0.02 nd
LipoTHP—C11 (400) a 163 + 1 0.27 + 0.01
b 197 +2 0.33 + 0.05
c 187 +3 0.35 + 0.06
LipoTHP—C11 (100) a 123+ 2 0.23 £ 0.01 67.3 £ 0.6 113.6 + 04 283.6 +£3.3 240.8 + 2.6
b 126 + 1 0.27 + 0.01 59.8 +1.7 107.6 + 2.6 290.5 £ 0.2 2293 £35
c 125+ 2 0.28 + 0.01 nd

2 Formulation code: Liposome (100) = plain liposomes extruded through a 100 nm membrane; LipoTHP—C11 (400) and LipoTHP—C11 (100) = drug-loaded liposomes
extruded through only a 400 nm and through both a 400 and 100 nm membrane, respectively.

b Measured after preparation.
€ Measured about 2 months (batch a) or 3 weeks (batch b and c) after preparation.
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Fig. 2. PCS z-averages and polydispersity indices of the different formulations (Batch a) over a storage time of 2 months. Results are given as averages of 3 repeated measurements.

formulation has been carried out. The motivation for liposomal
formulation will be shortly explained. THP—C11 is soluble in chlo-
roform and dimethyl formamide (DMF), but not soluble in water
and because of that not suitable for in vivo experiments. On the
other hand, structural variations (search for analog compound
soluble in water) leaded to in vitro deactivation of the THP—C11 [25].

The formed liposomes have a particle size of around 120 nm and
are stable for more than two months at 4 °C. Empty liposomes were
tested in order to evaluate is there influence on the final cytotox-
icity of LipoTHP—C11. Cisplatin and THP—C11 were used for
comparison. As shown in our previous paper THP—C11 is able to
overcome cisplatin resistance in TGCT cells and at first, the anti-
proliferative activity was tested against cisplatin sensitive H12.1
and cisplatin resistant 1411HP TGCT cell lines.

Liposomes alone are not toxic after 2 and 6 h of action in
investigated concentration range against selected TGCT cells
(Table 2). Following 96 h of treatment lisposomes are also found to
show low toxicity. After 2 h of action LipoTHP—C11 formulation has
been found to exhibit higher cytotoxicity in both cisplatin sensitive
and resistant TGCT cells than cisplatin, namely 1.5 and 9.0 times
lower concentration is needed for 50% inhibition of the cell growth
on H12.1 and 1411HP, respectively. On the other hand liposomal
formulation of THP—C11 is less active up to 96 h than drug dissolved
in DMF. At 96 h of treatment THP—C11 is 2.4 (1411HP) and 3.1 times

(H12.1) more active than LipoTHP—C11, but LipoTHP—C11 expressed
higher cytotoxicity than cisplatin on cisplatin resistant 1411HP
TGCT cells. The lower activity of liposomal formulation in compar-
ison to that of THP—C11 (DMF) can be caused by many effects and
one reasonable might be slow release of the drug from liposomes.

Furthermore, the liposomal formulations and platinum(Il)
complexes have been tested against cell lines from different tumor
entities: 518A2 (melanoma), A549 (lung carcinoma), HT-29 (human
colonic adenocarcinoma), MCF-7 (human breast adenocarcinoma)
and SW1736 (human anaplastic thyroid carcinoma). The results are
presented in Table 3. Empty liposomes were found to be not active.
THP—C11 showed better activity than cisplatin against MCF-7 and
SW1736, comparable against 518A2 and A549, but lower on colonic
adenocarcinoma HT-29. LipoTHP—C11 expressed similar in vitro
antiproliferative activity as THP—C11 on A549 and SW1736. In case
on other cell lines (518A2, HT-29 and MCF-7) LipoTHP—C11 was
found to be less active. Compared to cisplatin, LipoTHP—C11
exhibited similar activity against A549 and MCF-7, but lower on
518A2 and HT-29 cell lines. Outstandingly, LipoTHP—C11 was found
to be 2.9 times more active than cisplatin on anaplastic thyroid
carcinoma SW1736.

Beside cytotoxicity on several tumor cell lines, herein is reported
activity of formulations as well as THP—C11 and cisplatin on
fibroblast normal cells (NF). Toxicity after 96 h treatment with

Table 2
ICso [tM or pcm]? for the 2, 6 and 96 h of action of investigated drugs and liposomes on H12.1 and 1411HP TGCT cell lines determined by SRB assay.
Compound/ Formulation 1411HP H12.1
2h 6h 96 h 2h 6h 96 h
THP—C11 1.12 £ 0.02 0.94 + 0.12 0.88 + 0.03 1.39 £ 0.10 1.10 £ 0.07 1.02 £ 0.13
LipoTHP—C11 3.50 + 0.36 2.27 + 0.06 2.14 + 0.04 5.03 + 0.49 3.17 £ 0.27 3.15 £ 0.21
(4.4)° (2.9) (2.7) (6.3)° (4.0) (4.0)
Liposome > 120° > 120 87.2 + 44 > 120° > 120 44.0 + 5.6
cisplatin 317 £29 — 28 +04 77 +16 — 0.8 +0.1

@ Given are values for THP—C11 in uM and for liposomes in pcm (per cent mille).
b 95 uM LipoTHP—C11 < 120 pcm liposome.
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Table 3

ICsp [uM or pcm]? for the 96 h of action of investigated drugs and liposome on 518A2, A549, HT-29, MCF-7 and SW1736 determined by SRB assay.

Compound/ Formulation 518A2 A549 HT-29 MCF-7 SW1736
THP—C11 1.31 £ 0.08 1.32 £ 0.20 1.16 + 0.19 0.53 + 0.01 1.18 + 0.04
LipoTHP—C11 2.37 £ 041 145 +0.15 2.48 + 0.03 2.02 + 0.95 1.11 + 0.07
Liposome > 120° > 120 > 120 > 120 > 120
cisplatin 1.52 £ 0.19 1.51 £0.15 0.63 + 0.03 2.03 +£0.11 3.20 + 0.24
2 Given are values for THP—C11 in uM and for liposomes in pcm (per cent mille).
b 95 M LipoTHP—C11 «< 120 pcm liposome.

Table 4

Selectivity index.
Compound/ Formulation IC50(NF)/ICs0(cell line)

1411HP H12.1 518A2 A549 HT-29 MCF-7 SW1736

THP—-C11 243 £+ 0.33 2.10 £+ 0.51 1.63 + 0.24 1.63 + 033 1.84 + 0.39 4.04 + 0.53 1.81 £ 0.25
LipoTHP—C11 145 + 035 1.04 + 0.24 1.26 + 0.36 2.06 +0.52 1.21 +0.28 1.48 + 0.34 2.70 + 0.64
Cisplatin 0.63 £ 0.09 221 +£0.11 1.18 £ 0.16 1.18 £ 0.12 295+ 0.18 0.89 + 0.06 0.55 £ 0.05

LipoTHP—C11 and platinum(Il) complexes has been evaluated (ICsp:
2.14 4+ 0.28, THP—C11; 3.29 & 0.75, LipoTHP—C11; 1.77 &+ 0.06 pM,
cisplatin) and in Table 4 selectivity indices of the investigated
compounds/formulation are presented. Cisplatin expressed higher
selectivity than LipoTHP—C11 and THP—C11 on cisplatin resistant
1411HP and cisplatin sensitive HT-29 cell lines. Both liposomal
formulation and THP—C11 possesses higher selectivity than
cisplatin on other tumor cell lines than to fibroblasts (exception
518A2: LipoTHP—C11 and cisplatin comparable selectivity). The
highest selectivity was found between SW1736 and fibroblast with
both LipoTHP—C11 and THP—C11. On the other hand, cisplatin
showed higher tendency to kill normal than SW1736 tumor cells.
With cytotoxicity testings is shown that it is likely that water
insoluble drugs may be released in vitro, namely transfer of lipo-
philic drugs between liposomal membranes and biological inter-
faces might occur [28].

3. Conclusions

Herein, the formulation of new liposomes loaded with very
promising antitumoral compound against TGCT cells has been
described. The LipoTHP—C11 was characterized by light micros-
copy, dynamic light scattering and asymmetrical flow field-flow
fractionation. The particle sizes of LipoTHP—C11 were found to be
around 120 nm. Liposomal formulation of THP—C11 was stable at
4 °C for more than two months. Cytotoxicity was investigated on
seven tumor cell lines (H12.1, 1411HP, 518A2, A549, HT-29, MCF-7
and SW1736) and toxicity against normal fibroblasts. LipoTHP—C11
was found to be more effective than cisplatin against cisplatin
resistant TGCT 1411HP and anaplastic thyroid carcinoma SW1736
cell lines. The highest selectivity was found between SW1736 and
fibroblast with both LipoTHP—C11 and THP—C11, where cisplatin
showed higher tendency to kill normal than SW1736 tumor cells.
Results from this study indicates that the promising water insoluble
compound THP—C11 with potent antitumor activity may be used as
liposomal formulation and in this form is an attractive candidate for
further assessment in vivo as antitumor agent.

4. Experimental
4.1. Material and methods
THP—C11 was prepared by the method described in literature.

TH and '3C NMR (Varian Gemini 400 MHz) were used for structure
confirmation. Lipoid S75 was obtained as kind gift from Lipoid

GmbH Ludwigshafen, Germany. Polycarbonate membranes with
400 and 100 nm were obtained from Avestin, Mannheim, Germany.

4.1.1. Preparation of the liposomes

Liposomes were prepared by conventional well established lipid
film method followed by extrusion [29]. 300 mg lecithin (Lipoid
S75) were accurately weighted into a round bottom flask and dis-
solved in 5 ml of chloroform and 15 ml of a solution of THP—C11
(1 mg/ml) in chloroform was added. After gentle shaking to
assure homogeneity of the solution, the organic solvent was
evaporated under reduced pressure under constant rotation over
1 h and room temperature and for additional 1 h at 50 °C. The dry
lipid film containing the drug was dispersed in 5 ml of distilled
water by manual shaking until all of the film completely hydrated.
Afterwards the crude suspensions were extruded through poly-
carbonate membranes with 400 and 100 nm pore size 21-times
each with a Liposofast Basic Extruder (Avestin, D-Mannheim).
After extrusion, liposomes were filled into plastic tubes (Eppen-
dorf) and stored at 4 °C. Liposomes without the drug were prepared
for comparison. For all formulations, tree independent liposomes
batches were prepared.

4.1.2. Determination of platinum concentration in LipoTHP—C11

The platinum content in LipoTHP—C11 was determined by
inductively coupled plasma optical emission spectrometry at 214.4
and 203.6 nm (Wessling Laboratorien GmbH, Umweltanalytik
Oppin, Germany).

4.1.3. Light microscopy

Selected formulations were frequently examined under a light
microscope (DMRXP, Leica, D-Wetzlar) with crossed polarizers and
a A-sheet as well as in the differential interference contrast mode
with 100- to 1000-fold magnification for the presence of larger
aggregates and drug precipitates.

4.1.4. Size determinations

Photon Correlation Spectroscopy (PCS): Dynamic light scattering
was measured with an HPPS instrument (Malvern) at 25 °C in back
scattering mode (173°) and at fixed measurement position in the
middle of the cuvette. Prior measurements, liposomes were
appropriately diluted with filtered (Rotilabo Syringe Filter, regen-
erated cellulose, pore size 0.2 pm, Carl Roth GmbH & Co., D-Karls-
ruhe) purified water resulting in a laser attenuation of 7. Each
sample was measured 3 times with 10—15 runs over 10 s each. Z-
average diameters and the polydispersity indices were determined
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using the instruments cumulant analysis software (Dispersion
Technology Software version 4.20, Malvern Instr.) assuming
a sample viscosity of 0.890 mPa s.

Asymmetrical flow field-flow fractionation (A4F): Samples were
analyzed by an Eclipse A4F separation system (Wyatt Technology
Europe, D-Dernbach) coupled with a multi-angle laser light scat-
tering detector (DAWN EOS, Wyatt) as described earlier [30]. The
separation channel was equipped with a trapezoidal-shaped spacer
(Wyatt, height 350 um, length 265 mm, largest width 21 mm) and
a membrane of regenerated cellulose (MWCO 5 kDa, Microdyn-
Nadir, D-Wiesbaden) served as accumulation wall. Bi-distilled and
filtered (pore size 0.1 pum, VVLP, Millipore) water preserved with
0.02% w/v sodium azide (Fluka/Sigma) was used as eluent and for
sample dilution. 100 pl of the diluted liposome suspension (1:50 v/
v) were injected (injection flow 0.2 ml/min) into the channel during
focusing (focus flow 2 ml/min) over 2 min. After further focusing for
1 min the samples were eluted with a constant detector flow rate of
1 ml/min. A high cross flow gradient of 0.30 ml/min (cross flow
decreased from 2.0 to 0.5 ml/min within 5 min) was used in the
beginning of elution to assure baseline separation of the liposomes
from the void peak. The liposomes were then eluted with a cross
flow deceasing from 0.5 ml/min to 0 ml/min over 40 min. Data
analysis was done by the Astra software 4.90 using the particle
mode and assuming hollow spheres. The RMS (root mean square)
radius (being equal to the geometric radius for hollow spheres [31])
at each elution time was calculated applying the Rayleigh-Gans-
Debye (RGD) approximation [32]. Size results are given as mean
diameters (calculated from the mass weighted RMS radii deter-
mined over the defined peak areas) and mass weighted size
distributions were calculated using the binning method (sigma
spread factor of 20 [32]). The error of the RMS radii calculated by
MALLS over the peak areas was <5% in all measurements.

4.2. In vitro study

4.2.1. Preparation of drug solutions

Stock solutions of THP—C11 and cisplatin were prepared in
dimethyl formamide (DMF, Sigma Aldrich) at a concentration of
20 mM, filtered through Millipore filter, 0.22 pum, before use, and
diluted by nutrient medium to various working concentrations.
Empty (6%) and loaded liposomes (c(tup—c11) = 4.75 mM) were used
as prepared and diluted by nutrient medium to various working
concentrations. Nutrient medium was RPMI-1640 (PAA Laborato-
ries) supplemented with 10% fetal bovine serum (Biochrom AG) and
penicillin/streptomycin (PAA Laboratories).

4.2.2. Cell lines and culture conditions

The malignant cell lines 518A2 (melanoma), A549 (lung carci-
noma), HT-29 (colonic adenocarcinoma), MCF-7 (breast adenocarci-
noma), SW1736 (anaplastic thyroid carcinoma), cisplatin sensitive
H12.1 and cisplatin resistant 1411HP (testicular germ tumor) as well as
normal fibroblasts were included in this study. Cultures were main-
tained as monolayer in RPMI 1640 (PAA Laboratories, Pasching,
Germany) supplemented with 10% heat inactivated fetal bovine
serum (Biochrom AG, Berlin, Germany) and penicillin/streptomycin
(PAA Laboratories) at 37 °Cin a humidified atmosphere of 5% (v/v) CO-.

4.2.3. Cytotoxicity assay

The cytotoxic activities of the compounds were evaluated using
the sulforhodamine-B (SRB, Sigma Aldrich) microculture colori-
metric assay [33]. In short, exponentially growing cells were seeded
into 96-well plates on day O at the appropriate cell densities to
prevent confluence of the cells during the period of experiment.
After 24 h, the cells were treated with serial dilutions of the studied
compounds for 96 hor 2, 6 and 96 h in case of 1411HP and H12.1 cell

lines. Each concentration was tested in triplicates on each cell line.
The final concentration of DMF solvent never exceeded 0.5%, which
was non-toxic to the cells. The percentages of surviving cells rela-
tive to untreated controls were determined 96 h after the beginning
of drug exposure. After 96 h treatment, the supernatant medium
from the 96 well plates was thrown away and the cells were fixed
with 10% TCA. For a thorough fixation plates were then allowed to
stand at 4 °C. After fixation the cells were washed in a strip washer.
The washing was carried out four times with water using alternate
dispensing and aspiration procedures. The plates were then dyed
with 100 pl of 0.4% SRB for about 45 min. After dying the plates
were again washed to remove the dye with 1% acetic acid and
allowed to air dry overnight. 100 pl of 10 mM Tris base solutions
were added to each well of the plate and absorbance was measured
at 570 nm using a 96 well plate reader (Tecan Spectra, Crailsheim,
Germany). The ICsp value, defined as the concentrations of the
compound at which 50% cell inhibition was observed, was esti-
mated from the dose—response curves.
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Abstract: Dehydroxylated MCM-41
and SBA-15 surfaces were modified by
the grafting of two different titanocene
complexes  ([Ti(n’-CsH Me),Cl,] and
[Ti{Me,Si(n’-CsMe,)(0’-CsH,)}CL])  to
give new materials, which have been
characterized by powder X-ray diffrac-
tion, X-ray fluorescence, nitrogen gas
sorption, MAS-NMR spectroscopy,
thermogravimetry, SEM, and TEM.
The toxicity of the resulting materials
toward human adenocarcinoma Hel.a,
human myelogenous leukemia K562,
human malignant melanoma Fem-x,
and normal immunocompetent cells,
such as peripheral blood mononuclear
cells PBMC has been studied. Estima-
tion of the number of particles per
gram of material led to the calculation
of Qs values for these samples, which
is the number of particles required to
inhibit normal cell growth by 50%. In

Goran N. Kaluderovi¢+'© ¥

addition, Mj, values (quantity of mate-
rial needed to inhibit normal cell
growth by 50 %) of the studied surfaces
is also reported. Nonfunctionalized
MCM-41 and SBA-15 did not show no-
table antiproliferative activity, whereas
functionalization of these materials
with different titanocene based anti-
cancer drugs led to very promising an-
titumoral activity. The best Qs, values
correspond to titanocene functionalized
MCM-41 surfaces (MCM-41/[Ti(n’-
CsH,Me),Cl,] (1) and MCM-41/[Ti-
{Me,Si(n-CsMe,)(n’*-CsH,)}CL] (2)
with Qs, values between 3.8+0.6x10°
and 24.543.0x10° particles. Titano-
cene functionalized SBA-15 surfaces

Keywords: antitumor agents - bio-
inorganic chemistry - cytotoxicity -
mesoporous materials - titanium

(SBA-15/[Ti(n’-CsH,Me),Cl,] (3) and
SBA-15/[Ti{Me,Si(n’*-CsMe,)(n’*-
CsH,)}ClL,] (4)) gave higher Qy, values,
showing lower activity from 73.2+£9.9 x
10® to 362+7x10® particles. The best
response of the studied materials in
terms of My, values was observed
against Fem-x (309+42 pg for 4) and
K562 (338 +18 pg for 2), whereas mod-
erate activities were observed in HelLa
cells (from 508+63 ug of 2 to 912+
10 ug of 1). In addition, the analyzed
surfaces presented only marginal activi-
ty against unstimulated and stimulated
PBMC, showing a slight selectivity on
human cancer cells. Comparison of the
in vitro cytotoxicity in solution of the
titanocene complexes [Ti(n’-
CsHMe),Cl,] and  [Ti{Me,Si(v’-
CsMe,)(n’-CsH,)}CL,] and the corre-
sponding titanocene functionalized ma-
terials is also described.
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Introduction

Mesoporous materials are a new generation of substances
that show different geometric arrangements of channels and
cavities built up from SiO, units. The pore size (from 2 to
50 nm) can be controlled and modified reasonably well by
various methods."? Very extended examples of these mate-
rials are the 2D-hexagonal MCM-41F) and SBA-15 silicas,
which have pore sizes between 2 and 10 nm.

One of the main properties of mesoporous materials is
their capability of adsorbing small molecules.>® Thus, drug
delivery using nanomaterials is one of the most studied ap-
plications in recent years."'® The adsorption and release of
molecules with pharmacological interest has opened new di-
rections in medical research into drug release from mesopo-
rous matrixes.’?

However, only very recently, modified mesoporous mate-
rials have been used in anticancer therapy tests.*>3 Modifi-
cation of these materials by grafting with anticancer organic
drugs led to moderate cytotoxic activity of MCM-41 and
spherical silica.*"

As many of the most potent drugs used in cancer chemo-
therapy are based on metal complexes,** we used the ex-
perience that our research group has in the preparation of
new mesoporous materials with important applications,***
and in the design and applications of organometallic com-
plexes as anticancer drugs,>* for the synthesis, characteri-
zation, and in vitro evaluation of the cytotoxic activity of ti-
tanocene-modified MCM-41 and SBA-15. Thus, we mea-
sured the cytotoxicity of nonfunctionalized and functional-
ized MCM-41 and SBA-15 towards human adenocarcinoma
HeLa, human myelogenous leukemia K562, human malig-
nant melanoma Fem-x, and normal immunocompetent cells,
such as peripheral blood mononuclear cells PBMC. As these
materials are not soluble, we report the cytotoxicity using a
recently estimated Qs, scale (number of particles needed to
inhibit normal cell growth by 50 % ).

Results and Discussion

Preparation of modified surfaces: Dehydroxylated (at
500°C) MCM-41 or SBA-15 mesoporous silica were used in
this study, and titanocene complexes were immobilized by
direct anchoring on the support. MCM-41 and SBA-15 con-
tain silanol groups and siloxane bridges, which are relatively
inert, with the exception of siloxanes in very strained four-
membered rings. The concentration of hydroxy groups of
the mesoporous materials is expected to decrease substan-
tially at high temperatures. The surfaces were modified by
grafting of titanocene complexes [Ti(n>-CsH,Me),Cl,] and
[Ti{Me,Si(n>-CsMe,)(n’-CsH,)}Cl,] (Figure 1). The dehy-
droxylated surfaces were treated for 24 h with a solution of
the corresponding titanocene complex in toluene. Possible
reactions between one of the chlorine atoms of the corre-
sponding titanocene complexes with either the acidic silanol
groups or the reactive siloxane bridges may lead to p-oxido

Chem. Eur. J. 2009, 15, 5588 -5597
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Figure 1. Titanocene complexes used in the study:
CsH,Me),CL]; b) [Ti{Me,Si(n’-CsMe,)(n’-CsH,)}CL,].

a) [Ti(n’™-

surface species;**>!! however, adsorbed titanocene com-
plexes may also be located in the pores of the corresponding
materials.

In previous studies, it was observed that the maximum
loading of metallocene complexes on MCM-41 and SBA-15
surfaces was close to 1.6 % metal, even when starting from
high metal/SiO, ratios.”” In addition, treatment of the surfa-
ces with higher concentrations of metallocene saturated the
surface, and the maximum load was always very low, proba-
bly because of the weak basicity of the chlorido ligands and
the weak acidity of the Si—OH groups.”™ In this context, we
performed reactions using 3% Ti, and the X-ray fluores-
cence data revealed a Ti wt% of 1.32 and 1.43% for MCM-
4/[Ti(n’-CsHMe),Cl,] (1) and MCM-41/[Ti{Me,Si(n’-
CsMe,)(n’-CsH,)ICL,] (2), respectively. These values are
even lower in SBA-15/[Ti(n’-CsH,Me),Cl,] (3) and SBA-15/
[Ti{Me,Si(n*-CsMe,)(n’-CsH,)}CL,] (4) (0.65 and 0.76% Ti,
respectively), probably because of the lower superficial area
of SBA-15 relative to MCM-41. Table 1 shows the wt% of
Ti grafted on the silica support.

Table 1. Ti content (wt %) grafted on the silica support.

Surface Tiy [wt % ] Tiexpu [Wt %]
1 3 1.32
2 3 1.43
3 3 0.65
4 3 0.76

[a] Theoretical Ti content. [b] Experimental Ti content determined by X-
ray fluorescence.

Characterization of the modified MCM-41 and SBA-15 sup-
ports: The new materials have been characterized extensive-
ly. MAS-NMR spectroscopy has proven to be a useful tool
in monitoring surface reactions of organometallic re-
agents.’" All the new surfaces were characterized by 'H-CP
MAS NMR studies. The spectra showed signals correspond-
ing to the protons of the grafted titanocene complexes. For
the surfaces functionalized with [Ti(n’-CsH,Me),Cl,] (1 and
3) signals attributed to the protons of the methyl substitu-
ents of the cyclopentadienyl ligand were observed between
0=1.7 and 4.1 ppm. In addition, signals of the protons of
the cyclopentadienyl ligand were recorded between 0=6
and 9 ppm. Materials containing the ansa-titanocene com-
plex [Ti{Me,Si(1’-CsMe,)(’-CsH,))Cl,] (2 and 4) gave
'H CP MAS NMR spectra with signals at =1.64 ppm, at-
tributed to the protons of the methyl substituents of the sili-
con ansa bridge. Protons of the methyl groups of the substi-
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tuted cyclopentadienyl ligand were observed between 6=
3.3 and 6.3 ppm, and the signals of the protons of the cyclo-
pentadienyl ligand were recorded between 6=6.3 and
8.9 ppm. Figure 2 shows the 'H MAS NMR spectra of 1 and
4.

Cp hie

Cp Me

Cp

Cp Me

T T T T T T T T T T T T T T T 1

20 16 12 8 4 0 —4 -8

& (ppm)
Figure 2. '"H MAS NMR spectra of a) MCM-41/[Ti(n’>-CsH,Me),CL,] (1)
and b) SBA-15/[ Ti{Me,Si(1’-CsMe,)(1-CsH,)ICL] (4).

The "“CCP MAS NMR spectra of MCM-41/[Ti(n’-
CsHMe),Cl,] (1) (Figure3a) and SBA-15/Ti(r’-
CsH,Me),Cl,] (3) showed three sets of signals, one in the

Cp

c
P Me SiMe,

| LA I [SALEN EL R LA BRI WL A L SN B R SR B
250 200 150 100 50 0 -50

& (ppm)

Figure 3. ®C CP MAS NMR spectra of a) MCM-41/[Ti(n’-CsH,Me),Cl,]
(1) and b) SBA-15/[Ti{Me,Si(n*-CsMe,)(n’-CsH,)}CL,] (4).

region 0 =15-22 ppm corresponding to the carbon atoms of
the methyl substituents, a second attributed to the carbon
atoms of the cyclopentadienyl ligand in the region 0 =120-
130 ppm, and a third set of signals corresponding to the sub-
stituted carbon atoms of the cyclopentadienyl ligand be-
tween 0 =175 and 200 ppm.
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In case of the *C CP MAS NMR spectrum of MCM-41/
[Ti{Me,Si(n>-CsMe,)(n*-CsH,)}CL,] (2), four signals at 0=
—2.1, 12.8, 76.6, and 85.1 ppm were observed. The signals at
0=76.6 and 85.1 ppm were assigned to the carbon atoms of
the C; rings (CsMe, and CsH,, respectively) and the signal
observed at 6=12.8 ppm to the carbon atoms of the methyl
groups of the CsMe, moiety. Finally, the peak at 6=
—2.1 ppm refers to the carbon atoms of the SiMe, group. A
similar spectral pattern with different chemical shifts was
observed in the *C CP MAS NMR spectrum of SBA-15/[Ti-
{Me,Si(n’-CsMe,)(1’-CsH,)}CL] (4) (Figure 3b).

¥Si MAS NMR spectra of all the synthesized surfaces
were also recorded. The spectra show silicon atoms with hy-
droxy-bound groups, such as [Si(OSi),(OH),] (Q,, at 6=
—91.6 ppm), [Si(OSi),(OH)] (Q;, at 6=-100.6 ppm), and
[Si(OSi),] (Q,, at 6=—110 ppm). After grafting the metallo-
cene complex, a modification in the Q; and Q, sites was ob-
served; as a consequence of the functionalization, the inten-
sity of these peaks clearly decreases (Figure 4).

— T — T — T ™
-100 -150 —200 -250
& (ppm)

Figure 4. ”Si MAS NMR spectra of a) MCM-41 and b) MCM-41/[Ti-

{Me,Si(1’-CsMe,)(n*-CsH,)JCL] (2).

Structural features of the modified MCM-41 and SBA-15
supports: The main structural feature of MCM-41 and SBA-
15 gives rise to XRD reflections that are typical for hexago-
nally ordered mesoporous materials.””) MCM-41 displayed a
well-resolved pattern at low 26 values with a very sharp dif-
fraction peak at 2.54° and an additional weak peak at 4.77°.
These characteristic Bragg peaks, with d-spacings of 34.75
and 18.51 A, correspond to reflections from the (100) and
(110) planes, respectively (Table 2). Unmodified SBA-15 dis-
played a well-resolved pattern at low 26 values with a very
sharp (100) diffraction peak at 0.93°. This system can be in-
dexed as a hexagonal lattice with d-spacing values of
9470 A (Table 2).

No notable alterations were observed in the XRD pattern
after the grafting of the titanocene complexes. MCM-41/
[Ti(n’-CsH,Me),Cl,] (1) and MCM-41/[Ti{Me,Si(n’-CsMe,)-

Chem. Eur. J. 2009, 15, 55885597
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Table 2. XRD data.

Material Index (hkl) 26 [°] d-spacing [A]
100 2.54 34.75
MCM-41 110 4.77 18.51
SBA-15 100 0.93 94.70
1 100 2.54 34.75
110 4.90 18.02
2 100 252 35.11
110 491 17.98
3 100 0.92 95.44
4 100 0.92 95.54

(n’-CsH,)}CL,] (2) displayed a well-resolved pattern at low
26 value with a very sharp (100) diffraction peak at 2.54°
for 1 and 2.52° for 2 and an additional weak peak at 4.90°
for 1 and 4.91° for 2 corresponding to 110 (Table 2 and Fig-
ure 5a). These peaks can be indexed as a hexagonal lattice
with d-spacing values of 34.75 and 18.02 A, respectively, for
1 and 35.11 and 17.98 A for 2. Unit cell parameters, a,, of
40.12 A for 1 and 40.54 A for 2 were obtained from Equa-
tion (1).°

a = 2d,p
V3

(1)

The XRD pattern of the functionalized SBA-15/[Ti(n’-
CsHMe),Cl,] (3) and SBA-15/[Ti{Me,Si(n’-CsMe,)(1’-
CsH,)}CL,] (4) suggests that the structural order of the syn-

counts (cps)

10000 4

z

8000 4

6000 -

counts (cps)

4000 -

2000 4

0- Biiad, S ==
10 15 20 25 3.0 35 40 45 50
20(°)

Figure 5. Low-angle powder XRD patterns of a) MCM-41, MCM-41/
[Ti(n’-CsH,Me),Cl,] (1), and MCM-41/[Ti{Me,Si(n’-CsMe,)(n’-CsH,)}CL,]
(2); b) SBA-15, SBA-15/[Ti(n*-CsH,Me),CL] (3), and SBA-15/[Ti{Me,Si-
(7*-CsMe,)(1*-CsH,)JCL] (4).
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thesized material is maintained after functionalization.
Values for a, of 110.2 A for 3 and 110.3 A for 4 were ob-
tained (Figure 5b). The cell parameters for 1-4 are given in
Table 2.

Nitrogen adsorption/desorption isotherms are an efficient
tool for characterizing the nature of porous host systems.
The isotherms for the unmodified systems MCM-41 and
SBA-15 and all the modified mesoporous materials 1-4 are
of type IV according to the IUPAC classification™” and have
an H1 hysteresis loop that is representative of mesopores.
The volume adsorbed for all isotherms increased sharply at
a relative pressure (P/P,) of approximately 0.3 for (1-2) and
0.4 for (3—4), which represents capillary condensation of ni-
trogen within the uniform mesopore structure. The inflec-
tion position shifted slightly toward lower relative pressures
and the volume of nitrogen adsorbed decreased with func-
tionalization, which is indicative of a reduction in pore size
(Figure 6).

Table 3 shows the physical parameters of nitrogen iso-
therms, such as BET surface area (Sggr), (BJH) average
pore diameter, and wall thickness for the unmodified MCM-
41, SBA-15, and the modified surfaces 1-4. The effective
mean pore diameters of MCM-41/[Ti(n’-CsH,Me),Cl,] (1)
and MCM-41/[Ti{Me,Si(n’>-CsMe,)(n’-CsH,)}CL,] (2) were
21.2 and 21.0 A, respectively (Table 3), whereas for SBA-15/
[Ti(n*-CsH,Me),Cl,] (3) and SBA-15/[Ti{Me,Si(n’-CsMe,)-
(7>-CsH,)}CL,] (4) the values were 57.8 and 59.0 A, respec-
tively. As expected, the pores become slightly smaller as a
result of immobilization of the titanocene complexes.

The incorporation of molecules inside the pores of the
MCM-41 and SBA-15 may also be justified by the increase
in wall thickness (calculated data in Table 3) observed for
these surfaces relative to unmodified MCM-41 and SBA-15.

From these results, it seems plausible that some of the ti-
tanocene complexes in the surfaces are located within the
pores. To determine whether the size of the titanocene com-
plexes is appropriate to fit in the pore cavity, DFT calcula-
tions of the complexes [Ti(n’-CsH,Me),Cl,] and [Ti{Me,Si-
(n’-CsMe,)(n’-CsH,)}Cl,] were carried out (see the Support-
ing Information). According to the obtained geometrical pa-
rameters, titanocene derivatives exhibit, in both cases, dis-
tances of less than 8 A between the most remote atoms of
the structures, indicating that they are small enough to be
located inside the pore. In addition, the volume of these
complexes (0.6 nm® for [Ti(n>-CsH,Me),Cl,] and 0.73 nm®
for [Ti{Me,Si(n’-CsMe,)(’-CsH,)}CL]) is smaller than the
pores of MCM-41 and SBA-15. Therefore, these surfaces
would provide more than enough space for the metallocene
molecule to bind to the surface OH groups inside the cavi-
ties. The wall thickness for MCM-41 and SBA-15 were 18.8
and 43.0 A, respectively, and 18.3, 19.5, 52.4, and 51.3 A, for
surfaces 1-4, respectively. These values were calculated
from Equation (2).P"

2
Wall thickness = dio _ BJH average pore diameter  (2)

V3
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Figure 6. Nitrogen adsorption (m)/desorption (@) isotherms: a) MCM-41, b) SBA-15, ¢) MCM-41/[Ti(n’-CsH,Me),CL,], (1), and d) SBA-15/[Ti{Me,Si(n’*-

C5M84)(T|5‘C5H4)}C12] ).

Table 3. Physical parameters measured by N, adsorption—desorption
isotherms.

Sample BET surface area  Total pore  Pore Wall
[m*g™] volume diameter thickness
[em’g”"] (BIM[A]  [A]
MCM-41 776 0.87 213 18.8
SBA-15 700 0.65 66.0 43.0
1 700 0.75 212 18.9
2 770 0.79 21.0 19.5
3 623 0.61 57.8 52.4
4 637 0.64 59.0 513

[a] Barrett, Joyner, and Halenda

Moreover, the pore size distribution of the studied surfa-
ces is homogeneous, leading to a narrow distribution (see
the Supporting Information).

The thermogravimetric curves (TGA) for the modified
mesoporous silica samples (1-4) reveal information about
the thermal stability and also confirm the amount of immo-
bilized ligand (see TGA curves of the MCM-41, MCM-41/
[Ti(n’-CsH,Me),ClL,] (1), SBA-15, and SBA-15/[Ti(n’-
CsH,Me),Cl,] (3) in the Supporting Information). The pro-
files indicate that unmodified silica shows a loss in mass (ca.
3%) in a first step between room temperature and 100°C
attributed to the loss of physically adsorbed water (endo-
thermic process). A second decrease in mass of 0.2% (be-
tween 600 and 800°C) is attributed to the increase in the
number of siloxane bridges (Si-O-Si) as a result of isolated
silanol condensation (exothermic process).

The TGA curves of the modified material (1-4) show an
initial loss of mass of approximately 1.5 and 6 % attributed
to water physically adsorbed on the surface to modified
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MCM-41 materials (1-2) and modified SBA-15 materials
(3-4), respectively. In addition, a second loss of mass is ob-
served, which indicates a degradation process that occurs
between 250 and 500°C. The weight losses are of about 4.16,
3.5, 10, and 5.75% for surfaces 1-4, respectively. This phe-
nomenon is due to the decomposition of titanocene com-
plexes anchored on the silica surface (exothermic process).
Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were employed to assess mor-
phological differences on the studied surfaces. However, all
of the samples can be considered clusters of spheres with
average diameters of 845.1, 733.1, 291.4, and 365.8 nm for 1-
4, respectively. Figures7 (SEM) and 8 (TEM) show the
images of unmodified SBA-15 and modified surface 4.

Figure 7. Scanning electron microscope images of a) SBA-15 and b) SBA-
15/[Ti{Me,Si(n’-CsMe,)(0*-CsH,)}CL] (4).

Number of particles per gram of surface: SEM and TEM
provided information on the general shape and dimensions
of particles and BET-N, adsorption measurements gave the
surface area per gram of surface as well as the diameter of
its adsorptive pores. This information allowed calculation of
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Figure 8. Transmission electron microscope images of a) SBA-15 and
b) SBA-15/[Ti{Me,Si(n>-CsMe,)(n’-CsH,)}CL,] (4).

the number of particles per gram weight of MCM-41 using

the method of Di Pasqua et al.?¥

The studied particles were in
all cases quasi spherical and
were idealized to the spherical
geometry to facilitate the calcu-
lations. According to all the
necessary parameters such as
average of the diameter of par-
ticle, particle surface, unit cell
parameters, wall thickness, and
external surface, the number of
particles per gram of surface
were 6.86x10', 4.82x10%2,
4.20x 10", and 2.37x 10" for 1-
4, respectively.

Cytotoxicity studies: Titano-
cene-modified surfaces 1-4 and
unmodified MCM-41 and SBA-
15 were used to understand the
possible relationship between
the different surfaces and titano-
cene complexes and the corre-
sponding cytotoxic activity. The
in vitro cytotoxicities of surfaces
1-4 and MCM-41 and SBA-15
against human adenocarcinoma
HeLa, human myelogenous leu-
kemia K562, human malignant
melanoma Fem-x, and normal
immunocompetent cells, that is,
on human peripheral blood
mononuclear cells, were deter-
mined by MTT-based assays
(MTT =3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium
bromide). Table 4 shows the Qs
values of these materials.
Whereas the unmodified MCM-
41 and SBA-15 materials were
not active, the functionalized
surfaces (1-4) showed a dose-
dependent antiproliferative
effect towards all tumor cell

Chem. Eur. J. 2009, 15, 55885597

lines (Figure 9). MCM-41/[Ti(n*-CsH,Me),CL,] (1) is the best
of the studied materials against all the cancer cells in terms
of particles, showing Qs, values from 3.84+0.6x10% to 6.3+
0.1x10®%, whereas its analogue 2 has slightly lower activity
against the same cancer cells. As the cytotoxic activity of
[Ti(n’-CsH,Me),CL]™ (ICs, from 173.346.0 to>200 um) in
solution is lower than that of [Ti{Me,Si(n’-CsMe,)(1’-
CsH,)}CL]™! (ICs, from 6646 to 135+6 um), and the pres-
ent quantity of titanium in the surface is very similar
(1.32% for 1 and 1.43% for 2), it seems plausible that the
release of [Ti(n’-CsH,Me),Cl,] is easier than that of [Ti-
[Me,Si(n’-CsMe,)(n’-CsH,)}Cl,], which would favor the high
cytotoxic activity of 1. However, for modified SBA-15 surfa-
ces, the release of complex [Ti(n’-CsHMe),Cl,] may not be

Table 4. Cytotoxicity values (Qs, [particles] for surfaces and ICy, [um] for titanocene complexes) of the studied

samples on various cell lines."”!

Sample Qs (x 107%) [particles]

HeLa K562 Fem-x PBMC-PHA PBMC+PHA
1 63+£01 47403  38+06 >6.86 (NA)  >6.86 (NA)
2 245430 163+0.1 15.9+0.1 >48.2 (NA) 22.0£19
3 362+7 225+20 195+22 >420 (NA) 386 +55
4 159+11 108+10 732+£9.9 >237 (NA) 221442
MCM-41 NA NA NA ND ND
SBA-15 NA NA NA ND ND
[Ti(n’-CsH,Me),Cl] 200 1733460 1986443  >200 180.9+£4.3
[Ti{Me.Si(’-CsMe,)(1-CsHp)JCL] 13546 6646 964 11247 776

[a] NA =no activity detected in the studied range. ND =not determined.
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Figure 9. Representative graphs of the survival of a) HeLa, b) K562, ¢) Fem-x, d) PBMC, and ¢) PBMC+PHA
(PBMC stimulated with PHA) cells grown for 72 h in the presence of increasing amounts of the studied surfa-
ces (1: o,2:m,3: A, 4: o, MCM-41: O, and SBA-15: 0).
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favored, owing to the lower cytotoxic activity of the surface
3 reltive to that of 4.

With reference to the different cancer cells, all the studied
surfaces show the best activities on Fem-x cells, whereas
lower activities were observed on K562 and HeLa cells. The
cytotoxic activity of the studied surfaces on normal inmuno-
competent cells (stimulated PBMC) is marginal for 2-4, and
none of the complexes showed activity against unstimulated
PBMC in the examined range of concentrations. This phe-
nomenon indicates a good degree of selectivity of the stud-
ied materials 1-4.

Furthermore, the studied surfaces led to a higher cytotox-
ic activity (Qs, more than 100 times greater) of MCM-41
surfaces than those reported recently for mesoporous mate-
rials modified with organic drugs.®"!

As the Qs values are the consequence only of the correla-
tion between the calculated number of particles per gram,
which depends on the imprecise estimation of the average
particle size by SEM, we decided to discuss the anticancer
tests also in terms of mass by using an My, scale (quantity of
material needed to inhibit normal cell growth by 50%;
Table 5).

Table 5. Cytotoxicity values on the Ms, scale (quantity of material
needed to inhibit normal cell growth by 50%) of the studied surfaces on
various cell lines.”!

Material My, [ug]

HeLa K562 Fem-x ~PBMC-PHA PBMC+PHA
1 912410 683+50 5554+77 >1000 (NA) >1000 (NA)
2 508+63 338+18 328418 >1000 (NA) 457+40 (NA)
3 861+18 536451 464452 >1000 (NA) 918+130
4 671+48 456+36 309+42 >1000 (NA) 9344178
MCM-41 NA NA NA ND ND
SBA-15 NA NA NA ND ND

[a] NA =no activity detected in the studied range. ND =not determined.

The best response of the studied materials was observed
against Fem-x (with My, values from 309+42 ug for 4 to
555477 pg for 1) and K562 cells (with M, values from
338+18 pg for 2 to 683+50 pug for 1). Moderate activities
were observed in HeLa cells (from 508 +63 pg of 2 to 912+
10 pg of 1).

A slight selectivity on all the studied surfaces for human
cancer cells was observed, especially in material 4, which is
able to kill approximately 3 Fem-x cells per normal immu-
nocompetent cell (Table 5).

Thus, we observed a different tendency in the anticancer
activity to that found using the Qs, scale. Surfaces 2 and 4
are the most active on all the human cancer cells, whereas 1
and 3 are always less active than 2 or 4. This phenomenon
suggests that the anticancer activity is most likely due to the
release of the more active titanocene complex [Ti{Me,Si(n’-
CsMe,)(n’-CsH,)}CL,], taking into account that the grafted
titanium content (Ti %) is quite similar in 1 and 3 relative to
2 and 4, respectively.
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Conclusions

The cytotoxic activity and selectivity of titanocene-function-
alized MCM-41 and SBA-15 is reported. This is the first
study of cytotoxicity of mesoporous materials functionalized
with biologically active metal complexes. We observed that
unmodified MCM-41 and SBA-15 are only marginally
active, and therefore the cytotoxicity of the modified surfa-
ces is due to either the release of the grafted titanocene
complexes or the action of the functionalized particles. We
studied the cytotoxicity in terms of the recently reported Qs,
system (the number of particles required to reduce normal
cell growth by 50%).*¥ Modification of these materials by
grafting with anticancer organometallic drugs such as titano-
cene complexes, led to a higher cytotoxic activity of MCM-
41 surfaces relative to that reported previously for mesopo-
rous materials modified with organic drugs.*¥

As the estimation of the Qs, values may lead to a slight
uncertainty, we also discussed the anticancer activity of all
the studied surfaces in terms of Mj, values (quantity of ma-
terial needed to inhibit normal cell growth by 50 % ), which
seems to be a more precise comparative scale.

Surfaces 2 and 4 are the most active on all the human
cancer cells, whereas unmodified MCM-41 and SBA-15 ma-
terials were not active in the studied range. We observed a
slight selectivity of surface 4 for human cancer cells, suggest-
ing that the anticancer activity may be due to the release of
the more active titanocene complex [Ti{Me,Si(n’-CsMe,)(1’-
CsH,)}Cl,] and not to the particle as was reported by Di Pas-
qua et al.?¥

Future work, already in progress, will now focus on the
mechanism of action of the functionalized mesoporous ma-
terials with the aim to observe whether the grafted anticanc-
er drug or the mesoporous particle is responsible for the cell
death. Until this problem is solved, reports on anticancer
tests using this very novel method should include and dis-
cuss both Oy, and Mj, scales when comparing the different
studied materials.

We will also focus on improving the cytotoxic nature of
these surfaces by the grafting of many different anticancer
drugs based on titanocene complexes to increase the per-
centage of titanium in the surface and study the influence of
the different amounts of titanium on the final cytotoxicity.
Furthermore, modification of the surfaces with titanocene
complexes bearing alkenyl groups, which have proved to be
very active as antitumoural agents in solution,**! will be
investigated. The introduction of other functional groups at
the cyclopentadienyl ligand will also be studied.

In conclusion, this work opens up the possibility of study-
ing many promising organometallic complexes that because
of their lack of solubility have been disregarded in this field.
In addition, the support onto mesoporous materials may
avoid the problems associated with water solubility in the
application of organometallic complexes in biological media.
Finally, taking into account the observed tendency of the ac-
cumulation of some macromolecules in tumor regions,>*!
modification of surfaces with metal anticancer drugs may
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lead to better delivery and accumulation of the active spe-
cies in the cellular target.

Experimental Section

Materials and methods: All manipulations were performed under dry ni-
trogen gas using standard Schlenk techniques and a dry box. Solvents
were distilled from the appropriate drying agents and degassed before
use. Methylcyclopentadiene, CsH,Me,, [TiCl,(thf),], SiMe,Cl,, and LinBu
(1.6 ™ in hexane) were purchased from Aldrich and used without further
purification.

Preparation of mesoporous materials: MCM-41 was prepared according
to the method of Landau et al. using hydrothermal crystallization, dehy-
droxylated under vacuum (1072 mmHg) for 16 h at 500°C, cooled, and
stored under dry nitrogen./””’ SBA-15 was prepared using a poly(alkaline
oxide) triblock copolymer surfactant in an acidic medium according to
the method of Zhao et al.*

Synthesis of titanocene complexes: [Ti(n’-CsH,Me),Cl,] was prepared by
the reaction of [TiCly(thf),] and Na(CsHMe)!®! (1:2) in toluene. [Ti-
[Me,Si(n’-CsMe,)(n>-CsH,)}Cl,] was prepared according to literature pro-
cedures.[*!

Characterization of the materials: 'H, '*C CP, and *Si MAS NMR spectra
were recorded on a Varian-Infinity Plus Spectrometer at 400 MHz oper-
ating at 100.52 MHz proton frequency (4us 90° pulse, 4000 transients,
spinning speed of 6 MHz, contact time 3 ms, pulse delay 1.5 s). X-ray dif-
fraction (XRD) pattern of the silica samples were obtained on a Phillips
Diffractometer model PW3040/00 X'Pert MPD/MRD at 45kV and
40 mA using the wavelength of Cu Ka (1=1.5418 A). The thermal stabil-
ity of the modified mesoporous silica samples was studied using a Setsys
18 A (Setaram) thermogravimetric analyzer with a 100 pL platinum cru-
cible. A synthetic air atmosphere was used and the temperature in-
creased from 25°C to 800°C at a speed of 10°C per minute. N, gas ad-
sorption—desorption isotherms were recorded on a Micromeritics TriStar
3000 analyzer. Scanning electron micrographs and morphological analysis
were carried out on a XL30 ESEM Philips with an energy-dispersive
spectrometry system (EDS).

The samples were treated with a sputtering method with the following
parameters: sputter time 100 s, sputter current 30 mA, and film thickness
20 nm using sputter coater BAL-TEC SCD 005. Conventional transmis-
sion electron microscopy (TEM) was carried out on a TECNAI 20 Phi-
lips microscope operating at 200 kV.

Preparation of modified surfaces: MCM-41/[Ti(n*-C;H,Me),Cl,] (1): A
solution of [Ti(n>-CsH,Me),Cl,] (105 mg, 0.37 mmol) (to obtain a theoret-
ical level of 3% Ti/SiO,) in toluene (30 mL) was added to dehydroxylat-
ed MCM-41 (0.60 g) and the mixture was stirred at 60°C for 16 h. The
slurry was filtered through fritted disks, and the solid residue was washed
with toluene (3x200 mL). The resultant solid was dried under vacuum at
room temperature for 16 h to give a pale brown free flowing powder.
'H CP MAS NMR: §=1.78, 2.88 4.08 (Me), 7.02, 7.73 ppm (Cp); "*C CP
MAS NMR: 6 =14.0 (Me), 119.5, 178.8 ppm (Cp).
MCM-41/[Ti{Me,Si(n°-CsMe,)(n°-CsH,)}CL,] (2): The modified mesopo-
rous surface 2 was prepared by following the procedure described for 1,
but using MCM-41 (0.60g) and [Ti{Me,Si(n*-CsMe,)(n’-CsH,)}Cl,]
(131 mg, 0.37 mmol). '"H CP MAS NMR: 6=1.64 (SiMe,), 3.37 (Me of
Cp), 8.16 ppm (Cp); *C CP MAS NMR: 0=-2.1 (SiMe,), 12.8 (Me of
Cp), 76.6, 85.1 ppm (Cp).

SBA-15/[Ti(n’>-CsH,Me),CL,] (3): The modified mesoporous surface 3
was prepared by following the procedure described for 1, but using SBA-
15 (0.60 g) and [Ti(n>-CsH,Me),Cl,] (105 mg, 0.37 mmol). 'H CP MAS
NMR: 6=1.78, 2.88, 4.08 (Me), 7.02, 7.73 ppm (Cp); *C CP MAS NMR:
0=15.5, 21.4 (Me), 120.3, 128.8, 179.3 ppm (Cp).
SBA-15/[Ti{Me,Si(n’>-CsMe,)(n°>-CsH,)}Cl,] (4): The modified mesopo-
rous surface 4 was prepared by following the procedure described for 1,
but using SBA-15 (0.60g) and [Ti{Me,Si(n’-CsMe,)(n’-CsH,)}Cl,]
(131 mg, 0.37 mmol). '"H CP MAS NMR: 0=1.64 (SiMe,), 3.86 (Me of
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Cp), 6.34, 8.82 ppm (Cp); *C CP MAS NMR: 4 =—1.5 (SiMe,), 13.4 (Me
of Cp), 129.3, 139.4 ppm (Cp).

In vitro studies: Drug preparation: Stock suspensions of the mesoporous
materials modified with titanocene complexes were prepared in dimethyl
sulfoxide (DMSO) at a proportion of 50 mgmL~' (1-4) or 75 mgmL "
(MCM-41 and SBA-15), diluted by nutrient medium to various working
concentrations, and used immediately. The nutrient medium was RPMI
1640 medium, without phenol red, supplemented with L-glutamine
(3 mm), streptomycin (100 pgmL™), penicillin (100 IUmL™), 10% fetal
bovine serum (FBS), and 25 mm HEPES (2-[4-(2-hydroxyethyl)-1-pipera-
zinyl]ethanesulfonic acid) and adjusted to pH 7.2 with bicarbonate solu-
tion. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
was dissolved (5mgmL™") in phosphate buffered saline pH 7.2 and fil-
tered through a millipore filter (0.22 um) before use. All reagents were
purchased from Sigma Chemicals.

Cell culture: Human cervix adenocarcinoma HeLa and malignant mela-
noma Fem-x cells were cultured as monolayers in the nutrient medium,
whereas human myelogenous leukemia K562 cells were maintained as
suspension culture. The cells were grown at 37°C in 5% CO, and humidi-
fied air atmosphere. Peripheral blood mononuclear cells (PBMC) were
separated from whole heparinized blood from healthy volunteers by
Lymphoprep (Nycomed, Oslo, Norway) gradient centrifugation. Interface
cells, washed three times with Haemaccel (aqueous solution supplement-
ed with 145 mm Nat, 5.1 mmK*, 6.2 mm Ca’*, 145 mm CI, and 35 gL
gelatine polymers, pH 7.4) were counted and resuspended in nutrient
medium.

Cell sensitivity analysis: HeLa and Fem-x (2000 cells per well) were
seeded into 96-well microtiter plates. After the cell adherence (20h
later), four different proportions of the investigated compounds were
added to the wells. Final proportions were in the range 125-1000 pgmL ™
for 1-4 and 187.5-1500 uygmL™" for MCM-41 and SBA-15. The studied
compounds were added to a suspension of leukemia K562 cells (3000
cells per well) 2 h after cell seeding in the same final concentrations ap-
plied to HeLa and Fem-x cells. All experiments were carried out in tripli-
cate. PBMC samples were seeded (150000 cells per well) in nutrient
medium only or in nutrient medium enriched with phytohaemaglutinin
(PHA; 5 ugmL"'; Welcome Diagnostics, England) in 96-well microtiter
plates and 2 h later, the studied compounds were added to the wells, in
triplicate, to five final proportions. Only nutrient medium was added to
the cells in the control wells. Nutrient medium with corresponding con-
centrations of compounds, but void of cells was used as a blank.

Determination of target cell survival: Cell survival was determined by an
MTT test according to the method of Mosmann!®! and modified by Ohno
and Abe. MTT solution (20 uL; SmgmL™"' in phosphate buffered
saline) was gently added to each well. Samples were incubated for a fur-
ther 4 h at 37°C in a humidified atmosphere with 5% CO,. Then, 10%
SDS (100 pL) was added to the wells. The absorbance was measured at
570 nm the next day. Cell survival percentages were determined by the
absorbance at 570 nm of a sample of cells grown in the presence of vari-
ous concentrations of agent divided by the absorbance of a control
sample (the absorbance of cells grown only in nutrient medium), after
subtracting the absorbance of the blank from the absorbance of the cor-
responding sample with target cells.

Computational details: DFT calculations were performed with the Gaus-
sian03 program package!”” using the B3LYP functional.®7! The 6-
31G** basis set was used for all atoms.”>” The appropriateness of the
chosen functional and basis set for titanium complexes have been stated
elsewhere."®! All systems were optimized without symmetry restrictions.
The resulting geometries were characterized as equilibrium structures by
analysis of the force constants of normal vibrations (see the Supporting
Information). The radii of complexes were estimated by calculating the
molecular volume as defined by the contour of constant electron density,
equating this (nonspherical) molecular volume to the radius of an (ide-
ally spherical) cavity, and adding a constant increment for the closest pos-
sible approach of solvent molecules as implemented in Gaussian 03."!
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The reaction of [Ti(n’-C;H;5),CL,] (1), with 3-mercaptopropyltrimethoxysilane or 3-mercaptopropyltri-
ethoxysilane in the presence of triethylamine leads to the formation of the thiolate complexes
[Ti(n’-CsHs),{SCH,CH,CH,Si(OMe); },] (2) and [Ti(n*>-C;H;),{SCH,CH,CH,Si(OEt); },] (3),
respectively. Complexes 2 and 3 have been characterized by traditional methods, in addition, structural
studies based on DFT calculations are reported. 1-3 have been grafted onto dehydroxylated MCM-41
to give the novel materials MCM-41/[Ti(n*-C;Hs),CL,] (S1), MCM-41/[Ti(n’-CsHj;),-
{SCH,CH,CH,Si(OMe); },] (S2) and MCM-41/[Ti(n’-C;Hs),{SCH,CH,CH,Si(OEt); },] (S3) which
have been characterized by powder X-ray diffraction, X-ray fluorescence, nitrogen gas sorption,
multinuclear MAS NMR spectroscopy, thermogravimetry, UV spectroscopy, SEM and TEM. Materials
S2 and S3 present much higher values of Ti wt% (ca. 3%) than S1 (ca. 1%), indicating the higher
functionalization rate induced by the substitution of the chloro ligands by the thiolato ligands in the
starting titanocene derivatives. The cytotoxicity of the non-functionalized MCM-41 and S1-S3 toward
human cancer cell lines such as adenocarcinoma HelLa, human myelogenous leukemia K562 and
human malignant melanoma Fem-x has been studied. In addition the cytoxicity of these materials on
normal immunocompetent cells such as stimulated (PBMC+PHA) and non-stimulated (PBMC-PHA)
peripheral blood mononuclear cells have been also studied. M5, values (quantity of material needed to
inhibit normal cell survival by 50%) of the studied surfaces show that non-functionalized MCM-41 was
not active against any of the studied cells, while the functionalized surfaces S1-S3 were active against
all the tested human cancer cells. The cytotoxic activity of surfaces S2 and S3 were very similar,
however, S1 showed lower cytotoxic activity. This phenomenon indicates that the cytotoxicity of the
titanocene-functionalized materials strongly depends on the titanium content.

1. Introduction

Drug delivery systems based on biomaterials is a new research
field which has been developed during the last 20 years.?
In this context, nano-sized surfaces have been widely used to
maximize the efficacy of several anticancer drugs.* Nanostructured
materials such as mesoporous silica have been extensively studied,
observing their bioactive behaviour in simulated body fluids,’
which included, in some cases, an appearance of a carbonate
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hydroxyapatite layer® that supported their ability to be used
for possible medical applications.” In addition, their capability
of adsorbing small molecules of pharmacological interest have
attracted the attention of many research groups.®*

One of the possible applications of these nanostructured meso-
porous materials is the fight against cancer, especially against bone
tumors, due to the observed bioactivity on bone regeneration.’!-3
Thus, Asefa and coworkers modified MCM-41 by grafting with
organic compounds, obtaining new materials with a moderate
cytotoxic activity,® attributed to the cytotoxic activity of the
functionalized nanostructured particles.

Recent studies carried out by our research group on titanocene-
functionalized MCM-41 and SBA-15, have shown a dependence of
the grafted titanocene complex on the final cytotoxicity on several
human cancer cell lines.?° In addition, our studies showed a
marginal cytotoxic activity of unmodified MCM-41 and SBA-15.
In spite of the observations of Asefa and coworkers, we implied the
cytotoxic nature of the functionalized materials to be due to the
metal complex action, after a controlled release in the biological
medium.* However, many other parameters such as particle size
or pore diameter may also be influencing the cytotoxic activity
of this novel class of materials. Additionally, an increase of the
functionalization rate may also be essential for the improvement
of the anticancer activity and subsequent use of these materials

This journal is © The Royal Society of Chemistry 2010
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as bone fillers for in situ treatment of bone tumors such as
osteosarcoma or condroblastoma upon local implantations which
may avoid recurrence of the tumor.

As in previous studies carried out by our research group, a
relatively low titanium content (between 0.8 and 1.4% wt) of the
titanocene-functionalized MCM-41 or SBA-15 was observed,?-3°
we decided to study other functionalization reactions starting from
different titanocene derivatives containing ligands with —Si(OMe),
or —-Si(OEt); moieties, in order to achieve a higher titanium content
on the final surface.

Thus, we present herein the synthesis and characterization of
new titanocene(IV) thiolate complexes which have been used in
the preparation of novel mesoporous MCM-41 materials with
higher titanium contents of ca. 3%. All the surfaces with higher
functionalization rates, showed higher cytotoxic activity on all
the studied cancer cells indicating a dependence of the grafted
titanocene complex content on the final anticancer activity.

2. Materials and methods

All manipulations were performed under dry nitrogen gas using
standard Schlenk techniques and a dry box. Solvents were distilled
from the appropriate drying agents and degassed before use.

2.1 General remarks on the characterization of the titanocene
complexes

"H and "C{'H} NMR spectra were recorded on a Varian Mercury
FT-400 spectrometer and referenced to the residual deuterated
solvent. Microanalyses were carried out with a Perkin-Elmer
2400 microanalyzer. IR spectra (KBr pellets were prepared in a
nitrogen-filled glove box) were recorded on a Nicolet Avatar 380
FTIR spectrometer in the range 300-4000 cm™. FAB-MS spectra
were recorded on a MASPEC II spectrometer with 3-nitrobenzyl
alcohol as matrix.

2.2 General remarks on the characterization of the materials

'H, BC-CP and ¥Si MAS NMR spectra, were recorded on
a Varian-Infinity Plus Spectrometer at 400 MHz operating at
100.52 MHz proton frequency (4us 90° pulse, 4000 transients,
spinning speed of 6 MHz, contact time 3 ms, pulse delay 1.5 s).
X-ray diffraction (XRD) patterns of the silicas were obtained on
a Phillips Diffractometer model PW3040/00 X’Pert MPD/MRD
at 45 KV and 40 mA, using a wavelength Cu-Ko (1 = 1.5418 A).
Ti and S wt% determination by X-ray fluorescence were carried
out with a X-ray fluorescence spectrophotometer Phillips MagiX
with an X-ray source of 1 kW and a Rh anode using a helium
atmosphere. The quantification method is able to analyze from
0.0001% to 100% titanium and sulfur.

The thermal stability of the modified mesoporous silicas was
studied using a Setsys 18 A (Setaram) thermogravimetric analyzer,
using a platinum crucible of 100 uL. A synthetic air atmosphere
was used and the temperature increased from 25 °C to 800 °C
at a speed of 10 °C per minute. N, gas adsorption—desorption
isotherms were performed using a Micromeritics TriStar 3000
analyzer. Scanning electron micrographs and morphological anal-
ysis were carried out on a XL.30 ESEM Philips with an energy
dispersive spectrometry system (EDS).

The samples were treated with a sputtering method with the
following parameters: Sputter time 100 s, Sputter current 30 mA,
film thickness 20 nm using a Sputter coater BAL-TEC SCD
005. Conventional transmission electron microscopy (TEM) was
carried out on a TECNAI 20 Philips, operating at 200 kV.

2.3 Preparation of mesoporous materials

MCM-41 was prepared according to the method of Landau
et al. using a hydrothermal crystallization.*® The surface was
dehydroxylated under vacuum (102 mmHg) for 16 h at 500 °C,
cooled and stored under dry nitrogen.

2.4 Synthesis of titanocene complexes

3-mercaptopropyltrimethoxysilane  or  3-mercaptopropyltri-
ethoxysilane and triethylamine were purchased from Alfa Aesar
and used without further purification. [Ti(n’-C;H;s),Cl,] was
prepared with slight modifications to the literature procedures.***’

Synthesis of [Ti(n’-CsH;s),{SCH,CH,CH,Si(OMe);},] (2). A
solution of 3-mercaptopropyltrimethoxysilane (1.18 g, 6.02 mmol)
in toluene (15 mL) was added dropwise over 15 min to a
solution of [Ti(m’-CsHs),Cl,] (0.75 g, 3.01 mmol) in toluene (15
mL) at room temperature. The reaction mixture was stirred for
20 min, subsequently NEt; (0.87 mL, 6.02 mmol) was added
dropwise. The reaction mixture, which then turned violet, was
stirred overnight. The mixture was decanted and filtered and the
filtrate concentrated (5 mL) and cooled to =30 °C to give purple
crystals of the title complex which were isolated by filtration.
Yield: 0.89 g, 52%. FT-IR: v(Ti-S) = 387 cm™; 'H NMR
(400 MHz, CDCl;, 25 °C): 6§ 0.74, 1.61 and 3.05 (m, 4H each,
-CH,); 3.56 (s, 18H, OMe), 6.13 (s, 10H, C;H;); "C{'H} NMR
(100.6 MHz, CDCl;, 25 °C): 6 8.8, 26.4 and 47.9 (CH,), 50.6
(OMe), 111.4 (CsH;); FAB-MS (m/ z (relative intensity)): 568.7 (2)
[M*],373.1 (30) [M* — SCH,CH,CH,Si(OMe);], 297.0 (100) [M* —
SCH,CH,CH,Si(OMe); — Cp — Me]; C,,H4O,S,Si,Ti (568.72):
calc. C, 46.46; H, 7.09; found C, 46.27; H, 7.01%.

Synthesis of [Ti(n*-CsH;).{SCH,CH,CH,Si(OEt);},] (3).
The synthesis of 3 was carried out in an identical manner to 2.
3-mercaptopropyltriethoxysilane (1.43 g, 6.02 mmol) and [Ti(n’-
C;5H;),ClL,] (0.75 g, 3.01 mmol). Yield: 1.22 g, 62%. FT-IR: v(Ti—
S) =382 cm™; 'H NMR (400 MHz, CDCl;, 25 °C): 6 0.74, 1.63
and 3.04 (m, 4H each, -CH,); 1.22 (t, 18H, CH; of ethoxy), 3.82
(q, 12H, CH, of ethoxy), 6.12 (s, 10H, C;H;); "C{'H} NMR
(100.6 MHz, CDCl;, 25 °C): 6 10.2, 26.6 and 48.0 (CH,), 18.1
and 58.1 (OEt), 111.2 (CsH;); FAB-MS (m/z (relative intensity)):
652.8 (5) [M*], 415.0 (5) [M* — SCH,CH,CH,Si(OEt);], 321.0
(93) [M* - SCH,CH,CH,Si(OEt); — Cp — Et], 223.1 (100) [M* —
Cp,TiSCH,CH,CH,Si(OEt); — Me]; CxH;,0S,Si,Ti (652.88):
calc. C, 51.51; H, 8.03; found C, 51.33; H, 7.89%.

2.5 Preparation of modified surfaces

Preparation of MCM-41/Ti(n’-CsHs),CL,] (S1). A solution
of [Ti(m’-C;H;),Cl,] (1) (260 mg, 1.04 mmol) (to obtain a
theoretical level of 5% Ti/Si0,) in toluene (100 mL) was added
to dehydroxylated MCM-41 (1.00 g) and the mixture was stirred
overnight at 80 °C. The slurry was filtered through fritted discs and
the solid residue washed three times with toluene (5 x 200 mL).

2598 | Dalton Trans., 2010, 39, 2597-2608

This journal is © The Royal Society of Chemistry 2010

191


gkaluder
Schreibmaschinentext
Reproduced from Ref. G.N. Kaluđerović, D. Pérez-Quintanilla, Ž. Žižak, Z.D. Juranić, S. Gómez-Ruiz, Dalton Trans. 2010, 39, 2597 with permission from The Royal Society of Chemistry. 


Appendix 14

The resultant solid was dried under vacuum at room temperature
for 16 h to give a pale red free flowing powder. 'H-MAS NMR:
0 =4.18, 4.81 (Cp); "C- MAS NMR: ¢ = 120.7 180.8 (Cp). ¥Si-
MAS NMR: 6 =-109.1 (Q,).

Preparation of MCM-41/|Ti(n’-CsH;),{SCH,CH,CH,Si-
(OMe);},] (S2). The modified mesoporous surface 2 was
prepared following the procedure described for 1, using MCM-
41 (1.00 g) and [Ti(n’-C;H;),{SCH,CH,CH,Si(OMe);},] (2)
(591 mg, 1.04 mmol)."H-MAS NMR: § = —1.73, 0.32 and 0.94
(-CH,), 3.77 (OMe), 4.58 (Cp); *C-MAS NMR: § = 11.2 and
30.2 (-CH,), 52.8 (OMe), 115.7, 131.1 and 176.3 (Cp). ¥Si-MAS
NMR: 6 =-109.1 (Q,), —-60.4 (T,), =52.0 (T5).

Preparation of MCM-41/[Ti(n*-CsHs),{SCH,CH,CH,Si-
(OEt);},] (S3). The modified mesoporous surface 3 was
prepared following the procedure described for 1, using MCM-41
(1.00 g) and [Ti(n’-CsHs),{SCH,CH,CH,Si(OEt); },] (3) (647 mg,
1.04 mmol). '"H-MAS NMR: § = —-1.43 and -0.37 (-CH,), 1.20
and 3.62 (OEt), 4.48 (Cp); "C-MAS NMR: § = 13.5, 27.8 and
46.8 (-CH,), 18.2 and 61.0 (OEt), 116.9, 131.1 and 176.3 (Cp).
¥Si-MAS NMR: 6 = -109.1 (Q,), —60.4 (T,), =54.8 (T’).

2.6 In vitro studies

Drug preparation. Stock suspensions of the mesoporous ma-
terials modified with titanocene complexes, were prepared in
dimethyl sulfoxide (DMSO) at a proportion of 50 mg mL™" (S1—
S3) or 75 mg mL™ (MCM-41), and diluted by nutrient medium to
various working concentrations which were used immediately.

In all cases, nutrient medium was RPMI 1640 medium, without
phenol red, supplemented with L-glutamine (3 mM), streptomycin
(100 pg mL™), and penicillin (100 TU/mL), 10% fetal bovine
serum (FBS) and 25 mM Hepes, and was adjusted to pH 7.2
by bicarbonate solution. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide) was dissolved (5 mg mL™) in
phosphate buffer saline pH 7.2, and filtered through Millipore
filter, 0.22 um, before use. All reagents were purchased from Sigma
Chemicals.

Cell culture. Human cervix adenocarcinoma HeLa and ma-
lignant melanoma Fem-x cells were cultured as monolayers in
the nutrient medium, while human myelogenous leukemia K562
cells were maintained as suspension culture. The cells were
grown at 37 °C in 5% CO, and humidified air atmosphere.
Peripheral blood mononuclear cells (PBMC) were separated from
whole heparinized blood from healthy volunteers by Lymphoprep
(Nycomed, Oslo, Norway) gradient centrifugation. Interface cells,
washed three times with Haemaccel (aqueous solution supple-
mented with 145 mM Na*, 5.1 mM K*, 6.2 mM Ca**, 145 mM
CI" and 35 g L' gelatine polymers, pH 7.4) were counted and
resuspended in nutrient medium.

Cellsensitivity analysis. HeLa, Fem-x (2000 cells per well) were
seeded into 96-well microtitre plates and 20 h later, after the cell
adherence, four different proportions of investigated surfaces were
added to the wells. Final proportions were in the range from 125 ug
mL™" to 1000 pg mL™' for S1-S3 and from 187.5 ug mL™ to
1500 pg mL™" for MCM-41. The studied surfaces were added to a
suspension of leukemia K562 cells (3000 cells per well) 2 h after
cell seeding, in the same final concentrations applied to HelLa

and Fem-x cells. All experiments were carried out in triplicate.
PBMC were seeded (150000 cells per well) in nutrient medium
enriched with (5 ug mL™) phytohaemaglutinin (PHA - Welcome
Diagnostics, England) in 96-well microtitre plates and 2 h later,
the studied compounds or surfaces were added to the wells, in
triplicate, to five final proportions. Only nutrient medium was
added to the cells in the control wells. Nutrient medium with
corresponding concentrations of compounds, but void of cells was
used as blank.

Determination of target cell survival. Cell survival was deter-
mined by the MTT test according to the method of Mosmann?
and modified by Ohno and Abe.* Gently, 20 uL of MTT solution
(5 mg mL™" in phosphate buffered saline) was added to each well.
Samples were incubated for a further four hours at 37 °C in a
humidified atmosphere with 5% CO,. Then, 100 uL of 10% SDS
was added to the wells. Absorbance was measured at 570 nm
the next day. To achieve cell survival percentages, absorbance at
570 nm of a sample with cells grown in the presence of various
concentrations of agent was divided with absorbance of control
sample (the absorbance of cells grown only in nutrient medium),
having subtracted from absorbance of a corresponding sample
with target cells the absorbance of the blank.

2.7 DNA-binding studies

Fish sperm-deoxyribonucleic acid (FS-DNA) was purchased
from Aldrich. The stock solution of FS-DNA was prepared by
dissolving an appropriate amount of FS-DNA in phosphate buffer
(pH = 7.4) and storing at 4 °C in the dark. The concentration of
the DNA stock solution (2.4 x 10~ M) was determined from the
UV absorption spectrum at 260 nm using the molar absorption
coefficient &, = 6600 M~ cm™. The purity of the DNA was
checked by the measurement of the ratio of the absorbance at
260 nm to that at 280 nm. The resulting ratio indicated that the
DNA was sufficiently free from protein.***!

UV absorption spectroscopy experiments were conducted by
adding different concentrations (15, 20 and 25 mg mL™) of
suspensions of S2 and S3 in a mixture of DMSO/ phosphate buffer,
to the DNA solution (the final DMSO concentration was always
lower than 0.5%). The final suspensions were shaken during 30 min
at 35 °C and used immediately for the measurements. The changes
in the absorbance observed in the spectra were not due to the
experimental error, because baseline corrections were done for all
measurements. All measurements were performed at room tem-
perature with an Analytik Jena Specord 200 spectrophotometer
between 190 and 900 nm.

2.8 Computational details

All DFT calculations were performed by employing the Gaussian
03 program package* using the B3LYP functional.#**¢ The 6-
31G** basis set was used for all atoms.*”*° The appropriateness
of the chosen functional and basis set for titanium complexes
has been stated elsewhere.®® All systems have been optimized
without symmetry restrictions. The resulting geometries were
characterized as equilibrium structures by the analysis of the
force constants of normal vibrations (see ESIT). Calculating the
molecular volume as defined through the contour of constant
electron density, equating this (non-spherical) molecular volume
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to the radius of an (ideally spherical) cavity, and adding a constant
increment for the closest possible approach of solvent molecules
as implemented in Gaussian 03 was used to estimate the radii of
the complexes.*

3. Results and discussion
3.1 Preparation of titanocene thiolate complexes

The titanocene thiolate complexes [Ti(n’-C;Hs),{SCH,CH,-
CH,Si(OMe); },] (2) and [Ti(n’-C;sH;),{SCH,CH,CH,Si(OEt); },]
(3) have been prepared by the reaction of 3-mercaptopropyltri-
methoxysilane or 3-mercaptopropyltriethoxysilane, respectively
with [Ti(n’-CsH;),CL] (1), in the presence of triethylamine
(Scheme 1).

The NMR, mass and IR spectra showed that 2 and 3, isolated
as crystalline solids, were of high purity. In the 'H NMR spectra
of these complexes three multiplets at ca. 0.7, 1.6 and 3.0 ppm
corresponding to the methylene protons of the thiolato ligand,
and a singlet at ca. 6.1 ppm assigned to the cyclopentadienyl
protons were observed. In addition, the '"H NMR spectrum of
2 shows a singlet at 3.56 ppm corresponding to the protons of the
methoxy groups, while in the '"H NMR spectrum of 3 a triplet and
a quadruplet at 1.22 ppm and 3.82 ppm, respectively, attributed
to the protons of the ethoxy groups, were recorded. “C{'H}
NMR spectra for 2 and 3 showed the expected signals for the
cyclopentadienyl rings, as well as the signals corresponding to the
different thiolato ligands. The infrared spectra of the free thiolato
ligands show a band between 2480 and 2550 cm™ corresponding to
the vibration frequency v(S—H) of thiol groups.®> After reaction,
and formation of the Ti-S bonds, these bands are replaced by
others between 360-390 cm™, which correspond to the vibrations

of the Ti—S bonds. 2 and 3 were also characterized by FAB-MS
and elemental analysis (see Section 2.4).

3.2 Preparation of modified materials

Grafting of all the studied titanocene compounds [Ti(n’-
C;H;),CL] (1), [Ti(m*-CsH;s),{SCH,CH,CH,Si(OMe); },] (2) and
[Ti(m?*-CsH;5),{SCH,CH,CH,Si(OEt),},] (3) on a dehydroxylated
(at 500 °C) MCM-41 mesoporous silica have been carried out
by overnight treatment of the surfaces with a solution of the
corresponding titanocene complex in toluene at 80 °C.

For the reaction of 1 with MCM-41, a limited number of
possible reactions between one of the chlorine atoms of the
corresponding titanocene complexes, either with the acidic silanol
groups or with the reactive siloxane bridges, may lead to p1-oxo sur-
face species (Scheme 1, see synthesis of S1), due to the low concen-
tration of hydroxyl groups present on the dehydroxylated MCM-
412305355 However, in the functionalization reaction of 2 and 3
with MCM-41, elimination of 3-mercaptopropyltrimethoxysilane
and methanol or 3-mercaptopropyltriethoxysilane and ethanol,
respectively, was observed. These reactions resulted in the func-
tionalization of the surfaces by the binding of the trimethoxysilyl
or triethoxysilyl groups to the surface. In addition, the formation
of Ti—O-Si bonds due to the elimination of one of the thiolato
ligands was also possible (Scheme 1).

Thus, S2 and S3 may consist of a mixture of func-
tionalization possibilities which may include elimination of
both thiolato ligands and formation of “Cp,Ti(O-MCM-
41),” species (Fig. 1a), elimination of one thiolato ligand to
give “Cp,Ti{SCH,CH,CH,Si(OEt),0-MCM-41}(O-MCM-41)”
fragments (Fig. 1b), or direct functionalization leading to
“Cp,Ti{SCH,CH,CH,Si(OEt),0-MCM-41},” species (Fig. lc).
However, elemental analysis data obtained by X-ray fluorescence,
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Fig. 1 Different titanium-containing species in S2 and S3, obtained after functionalization.

Table 1 % of Tiand S grafted on the silica support

Surface Tiexy (Wt%)* Sexp (WE%0)"

MCM-41/Ti(n’-CsH;),Cl] (S1) L11 —

MCM-41/[Ti(n’-CsH;),-

{SCH,CH,CH,Si(OMe), },] (S2) 3.02 1.72
MCM-41/[Ti(n’*-CsH),-
{SCH,CH,CH,Si(OEt), }.] (S3) 3.27 2.09

“ Experimental Ti and S determined by X-ray fluorescence (wt%o)

showed an atomic Ti: S ratio of ca. 1 (Table 1) indicating that the
predominant species may be the one in which only one thiolato
ligand was eliminated (Fig. 1b).

This phenomenon was confirmed by the analysis of the mother
liquor and the washing fractions of the functionalization reactions
by 'H NMR spectroscopy. The spectra showed the signals corre-
sponding to 3-mercaptopropyltrimethoxysilane and methanol or
3-mercaptopropyltriethoxysilane and ethanol, respectively.

Additionally, adsorbed titanocene complexes may also be
located in the pores of the corresponding materials.

The functionalization reactions were carried out using a the-
oretical 5% Ti wt%. According to the data obtained by X-
ray fluorescence, the value of Ti wt% for the functionalized
surface S1 was 1.11, which is in in agreement with previous
studies on MCM-41. These analyses have shown a maximum
loading of metallocene complexes on the mesoporous surfaces
lower than 2.0% of metal. This low functionalization rate was
due either to the saturation of the surface or to the weak
basicity of both chloro ligands of the titanocene complexes and
the Si-OH groups of the MCM-41.2%35%5 However, following
previously reported functionalization procedures, which showed
higher functionalization rates with ligands with trimethoxysilyl or
triethoxysilyl moieties,***! S2 and S3 were prepared by the reaction
of 2 and 3 with MCM-41. These surfaces showed much higher Ti
content than S1 with values of 3.02 and 3.27%. Table 1 shows the
Ti and S wt% grafted on to the silica support.

3.3 Characterization of the modified materials

The new materials have been characterized by multinuclear MAS
NMR spectroscopy which is an useful tool in monitoring surface
reactions of organometallic complexes.®> The 'H-MAS NMR
spectra of S1-S3 showed the signals corresponding to the protons
of the grafted titanocene complexes. Thus, surfaces S1-S3 show
broad signals corresponding to the protons of the cyclopentadienyl
rings at ca. 4.5 ppm. In addition, protons of the thiolato ligands
attached to the titanocene complexes of the surfaces S2 and S3

were also observed. Furthermore, protons of the trimethoxysilyl
and triethoxysilyl groups gave intense broad signals in the 'H-
MAS NMR spectrum between ca. —2.0 and 2.0 ppm, which clearly
obscured the less intense signals of the methylene protons of the
alkylic chain which appeared in the same spectral region.

The C-CP MAS NMR spectra of S1-S3 presented two or
three signals between 100-200 ppm corresponding to the carbon
atoms of the cyclopentadienyl ligands of the grafted titanocene
derivatives. In addition, surfaces S2 and S3 showed a set of two
(for S2, due to the obscuration of an expected third signal by
the intense broad peak corresponding to the carbon atoms of
the methoxy groups) or three signals (for S3) at ca. 12, 28 and
47 ppm corresponding to the three carbon atoms of the alkylic
chain of the thiolato ligand. The “C-CP MAS NMR spectrum
of S2 also gave a broad signal at 52.8 ppm due to the carbon
atoms of the methoxy groups (Fig. 2a). On the other hand, the

a)

300 250 200 150 100 50 0 -50 -100 -150
8 (ppm)

b)

.

I 1 = T v T ¥ T 1 . T » 1 T
300 250 200 150 100 50 O  -50 100 -150
3 (ppm)

Fig. 2 "C-MAS NMR spectrum of (a) MCM-41/[Ti(n’-C;sHs),-
{SCH,CH,CH,Si(OMe),},] (S2) and (b) MCM-41/[Ti(n*-CsHs),-
{SCH,CH,CH,Si(OEt), },] (S3).
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BC-CP MAS NMR spectrum of S3 gave two broad signals at 18.2
and 61.0 ppm corresponding to the carbon atoms of the ethoxy
moieties (Fig. 2b).

In addition, ¥Si MAS NMR spectra of all the synthesized
surfaces were recorded. The spectra of the non functionalized
MCM-41 show silicon atoms with hydroxyl bound groups, such
as [Si(OSi),(OH),] (Q,, at -91.6 ppm), [Si(OSi),(OH)] (Q;, at
—100.6 ppm) and [Si(OSi),] (Q,, at =110 ppm). After grafting
the titanocene derivatives, a modification in Q; and Q, sites was
observed, as a consequence of the functionalization the intensity of
these peaks clearly decreases (see Fig. 3). In addition, the spectrum
of the functionalized MCM-41 S2 and S3 showed, two new peaks
of low intensity at ca. —53 and —60 ppm, which were assigned to 7',
((Si0),SiOH-R) and T}, ((Si0);Si-R) sites, respectively (Fig. 3).%

a) Q,

T, T,

Y T T Y T T T y T Y T
50 0 -50 -100 -150 -200 -250
3 (ppm)

Q,

T2 T3

50 0 50 100 150  -200  -250
8 (ppm)

Fig. 3 »Si-MAS NMR spectrum of (a) MCM-41/[Ti(n’-CsHs),-
{SCH,CH,CH,Si(OMe),},] (S2) and (b) MCM-41/[Ti(n’-CsHs),-
{SCH,CH,CH.Si(OEt), }.] (S3).

UV-vis spectra of the studied surfaces S1-S3, and the non-
functionalized MCM-41 were recorded. In the functionalized
surfaces, a broad peak at ca. 250 nm with a shoulder between ca.
300-350 nm, corresponding to the supported titanocene complex
were observed (see ESIT).

FT-IR spectra of the non-functionalized MCM-41 and the
titanocene-functionalized materials S1-S3 were also measured.
The main features of the non-functionalized MCM-41 spectra
included a large broad band between 3400 and 3200 cm™', which

Table2 XRD data of MCM-41, MCM-41/Ti(m*-CsH;),Cl,] (SI),
MCM-41/[Ti(n’-CsHs), {SCH,CH,CH,Si(OMe), },] (S2) and MCM-
41/[Ti(n’-C5H;),{SCH,CH,CH,Si(OE¢), },] (S3)

Material (hkl) 20/degrees d-spacing/A
MCM-41 100 2.54 34.75
110 2.86 30.87
200 4.71 18.51
S1 100 2.57 34.33
200 4.88 18.10
S2 100 2.54 34.75
S3 100 2.51 35.17

was attributed to O-H stretching of the silanol groups of the
surface and the remaining adsorbed water molecules. The signal
corresponding to the siloxane (Si-O-Si) groups appeared as a
broad strong band at ca. 1100 cm™. The stretching band of the
Si—O bonds of the silanol groups was observed at ca. 900 cm™. An
additional band at ca. 1630 cm™ due to deformation vibrations
of adsorbed water molecules was also observed.® Surfaces S1-
S3 showed characteristic bands for aliphatic C-H stretching
vibrations due to pendant alkyl chains at around 3000-2800 cm™
and bands at ca. 1600 for the cyclopentadienyl ligands (see ESIt).

3.4 Structural features of the modified materials

XRD spectrum of the non functionalized MCM-41 displayed typ-
ical reflections for a hexagonally ordered mesoporous material,*
that is, a well-resolved pattern at low 26 with a very sharp
diffraction peak at 2.54° and an additional weak peak at 4.77°.
These characteristic Bragg peaks, with d-spacing 34.75 and
18.51 A, are due to reflections from the (100) and (200) planes,
respectively (Table 2). For the titanocene-functionalized materials
S1-S3 a substantial decrease in the intensity of the (100) peak was
observed. In addition, the (200) peak was only observed for S1,
while for S2 and S3, the high degree of functionalization strongly
decreased the intensity of this peak, which was not observed
(Table 2, Fig. 4). Thus, the X-ray spectrum of S1 showed two
peaks at 2.57 and 4.88 degrees, while X-ray spectra of S2 and S3
showed only the (100) peak at 2.54 and 2.51 degrees, respectively
(Table 2, Fig. 4). These parameters can be indexed as hexagonal
lattices with d-spacing values of 34.33 and 18.10 A for S1, 34.75 A
for S2 and 35.17 A for S3. The unit cell parameters, a,, for

Cc

Counts (cps)

20 (degrees)

Fig. 4 Powder low-angle XRD patterns of (a) non-functionalized
MCM-41; (b) MCM-41/[Ti(n*-C;H;),{SCH,CH,CH,Si(OMe); }] (S2)
and (c) MCM-41/[Ti(m’-CsHs),{SCH,CH,CH,Si(OEt); },] (S3).

2602 | Dalton Trans., 2010, 39, 2597-2608

This journal is © The Royal Society of Chemistry 2010

195


gkaluder
Schreibmaschinentext
Reproduced from Ref. G.N. Kaluđerović, D. Pérez-Quintanilla, Ž. Žižak, Z.D. Juranić, S. Gómez-Ruiz, Dalton Trans. 2010, 39, 2597 with permission from The Royal Society of Chemistry. 


Appendix 14

Table 3 Physical parameters of MCM-41, MCM-41/Ti(n’-C;Hs),Cl,]
(S1), MCM-41/[Ti(n*-CsH;),{SCH,CH,CH,Si(OMe);},] (S2) and
MCM-41/[Ti(n*-C;Hs),{SCH,CH,CH,Si(OEt); },] (S3) measured by N,
adsorption-desorption isotherms

BET surface Total pore Pore diameter  Wall

Sample  area/m’> g’ volume/cm’®g' (BJH)“/A thickness/A
MCM-41 776 0.87 21.3 18.8
S1 645 0.73 20.8 18.9
S2 704 0.56 12.0 28.1
S3 691 0.56 13.9 26.7

“ Barrett, Joyner and Halenda.

S1-S3 were 39.64, 40.12, and 40.61 A, respectively. These pa-
rameters were calculated using the following equation:®®

2d,

— 100

a, =
BERNE]

Nitrogen adsorption/desorption isotherms were also recorded
for both unmodified MCM-41 and titanocene-functionalized
materials S1-S3 observing the formation of type IV isotherms
(according to the TUPAC classification)® which have an HI1
hysteresis loop indicating the mesoporous nature of all the studied
surfaces (Fig. 5). Table 3 shows the physical parameters of nitrogen
isotherms, such as the BET surface area (Sger), BJH average pore
diameter and wall thickness for the unmodified MCM-41 and the
modified surfaces S1-S3.

w] )
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Fig. 5 Nitrogen adsorption/desorption isotherms of (a) MCM-41/
[Ti(m’-CsH;5),{SCH,CH,CH,Si(OMe); },] (S2) and (b) MCM-41/[Ti(n’-
C;H;),{SCH,CH,CH,Si(OEt); },] (S3).

Capillary condensation of nitrogen within the uniform meso-
pore structure, indicated by the increase of the adsorbed volume
at a relative pressure (P/P,) of ca. 0.4, was observed for all the
studied surfaces. The inflection position shifted slightly toward
lower relative pressures and the volume of adsorbed nitrogen
decreased in S1-S3 relative to non-functionalized MCM-41. This
phenomenon indicates a reduction in pore size, which may be
due to the location of titanocene complexes inside those pores.
The effective mean pore diameters of S1-S3 were 20.8, 12.0
and 13.9 A, respectively, while that of non-functionalized MCM-
41 was 21.3 A. As expected, the pores become substantially
smaller as a result of functionalization of the surfaces with the
titanocene complexes. Comparing all the studied functionalized
surfaces, S1 has a much higher pore size than S2 and S3 (ca.
7 A higher) as corresponds to a lower functionalization rate.
In addition, the increase of the wall thickness of the modified
surfaces S1-S3 (18.9, 28.1 and 26.7, respectively) compared to
that of non-functionalized MCM-41 (18.8 A) indicated that the
functionalization reaction took place. The wall thickness was
calculated using the following equation:®

2 .
Wall thickness = d—;m — BJH average pore diameter

Furthermore, the pore size distributions of the studied surfaces
S1-S3 are homogeneous, giving a narrow distribution (see ESIT).

With all the above results, one can envisage that titanocene com-
plexes in the surfaces, may be located into the pores. DFT calcula-
tions of the complexes [Ti(n’-CsH;s),{SCH,CH,CH,Si(OMe); },]
(2) and [Ti(m’-CsHs),{SCH,CH,CH,Si(OEt); },] (3) were carried
out in order to determine whether the size of the titanocene
complexes is appropriate to fit into the pore cavity (see ESIT).
The geometrical parameters showed that titanocene derivatives
have distances of less than 6.75 A (3) between the most remote
atoms of the structures, indicating, in both cases, that they are
small enough to be located inside the pore. The volume of these
complexes (1.13 nm® for [Ti(n’-CsH;s),{SCH,CH,CH,Si(OMe); },]
(2) and 1.29 nm’® for [Ti(n’-C;Hs),{SCH,CH,CH,Si(OEt); },] (3))
is much smaller than MCM-41 pores. These calculations indicate
that MCM-41 provides enough space for the metallocene molecule
to bind to the surface OH groups inside the cavities.

The TGA curves of the modified materials (S1-S3) showed an
initial loss of mass of approximately 1.5% due to water physically
adsorbed on the surface. Subsequently, a second loss of mass of
ca. 3% for S1 and ca. 11% for S2 and S3 is observed between
250-500 °C. This loss of mass indicates the degradation of the
titanocene complexes anchored on the silica surface (exothermic
process). In addition, this loss of mass is, as expected, much higher
for materials S2 and S3 compared to S1, as corresponds to their
higher functionalization rate. Finally, a loss in mass of about 1%
between 500 and 800 °C attributed to the increase in the number
of siloxane bridges (Si—O-Si) due to isolated silanol condensation
(exothermic process), was also observed in the thermogravimetric
curves of S1-S3 (Fig. 6).

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were used for the exploration of morphology
of the studied surfaces observing that S1-S3 consists of clusters
of “quasi” spheres with uniform average diameters of ca. 900 nm.
TEM images of all materials demonstrated a clear arrangement of
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Fig. 6 Thermogravimetric curves and heat flow of MCM-41/[Ti(n°’-
C;sH;),{SCH,CH,CH,Si(OMe);},] (S2) and MCM-41/[Ti(n’-CsHs),-
{SCH,CH,CH,Si(OEt); },] (S3).

hexagonal pores with uniform size. Fig. 7a (SEM) and 7b (TEM)
shows the pictures of S2.

3.5 Cytotoxic studies

The functionalized materials S1-S3 have been prepared in order
to study the influence of the titanium content on the cytotoxic
activity. Taking into account that after release of the titanocene
derivatives by the functionalized surfaces, the titanium content
species may be converted into similar species with the same
“Cp,Ti” moiety, if there is an influence of the titanium content,

Table 4 Cytotoxicity values (Ms in pg) on HeLa, K562, Fem-
x, PBMC and PBMC stimulated with PHA of the nanostruc-
tured materials MCM-41, MCM-41/Ti(n’-CsH;),CL] (S1), MCM-
41/[Ti(m’-CsH;),{SCH,CH,CH,Si(OMe); },] (S2) and MCM-41/[Ti(n°*-
C,H;),{SCH,CH,CH,Si(OEt); },] (S3)

M 5,/ug for S1-S3 and MCM-41

I1Cs,/uM for titanocene complex 1

Sample HeLa K562 Fem-x PBMC-PHA PBMC+PHA
S1 897+£21 874+42 977+63 >1000 NA 670+ 68

S2 743+44  784+19 631+51 >1000 NA >1000 NA
S3 685+60 704+30 573+£76 >1000NA >1000NA
MCM-41 >1000 NA >1000 NA >1000 NA ND ND

1 >200 NA >200 NA 177.7+£4.9 >200 NA  >200 NA

NA = not active in the studied range. ND = not determined.

surfaces S2 and S3 (with ca. 3% Ti) should present a much higher
activity than S1 (with ca. 1% Ti).

Thus, the cytotoxicity of S1-S3 toward human cancer cell lines
such as adenocarcinoma HeLa, human myelogenous leukemia
K562 and human malignant melanoma Fem-x has been studied.
Additional studies on the toxicity of these materials on normal
immunocompetent cells such as stimulated (PBMC+PHA) and
non-stimulated (PBMC-PHA) peripheral blood mononuclear
cells has been also carried out. The final cytotoxicity of the studied
surfaces has been discussed in terms of mass, using an Ms, scale
(quantity of material needed to inhibit normal cell survival by 50%)
(Table 4), since the Qs, values, reported by Asefa and coworkers,’
are only the consequence of the correlation between the calculated
particle number/gram, which depends on the estimation of the
particle average size by SEM, which is not very precise. The M,
values show that all the functionalized materials S1-S3 showed a
dose-dependent antiproliferative effect towards all cancer cell lines
(Fig. 8), while the unmodified MCM-41 was unactive.

As expected, S2 and S3 are more active than S1 in all the studied
cancer cell lines with My, values for S2 and S3 from 150 up to
400 ug lower than S1, indicating a clear dependence of the titanium
content on the final anticancer activity.

All the studied modified surfaces, presented no activity
against unstimulated inmunocompetent cells PBMC and stim-
ulated PBMC (except S1 which is unexpectedly active against
PBMC+PHA), indicating a slight selectivity of S1-S3 on the
studied human cancer cells, however, these results are only of

Fig.7 (a)Scanningelectron microscope picture and (b) transmission electron microscope picture of MCM-41/[Ti(n’-CsH;s),{SCH,CH,CH,Si(OMe); },]

(S2).
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Fig. 8 Representative graphs showing survival of HeLa, K562, Fem-x, PBMC and PBMC+PHA (PBMC stimulated with PHA) cells grown for 72 h in
the presence of increasing amounts of the mesoporous materials MCM-41/Ti(n’-C;sH;),Cl,] (S1), MCM-41/[Ti(n*-C;sHs),{SCH,CH,CH,Si(OMe); },]

(S2) and MCM-41/[Ti(n*-CsHs), {SCH,CH,CH,Si(OE1); }] (S3).

in vitro tests and the behaviour of these surfaces in in vivo tests
may be different.

The most active material on all the cells is S3 with M, values
from 573 £ 76 ug (on Fem-x) to 704 £ 30 pg (on K562), while the
M, values of the less cytotoxic material (S1) are between 977
63 ug (on Fem-x) and 874 + 42 pg (on K562).

Interestingly, the cytotoxicity of S1-S3 could not be compared
to that of compounds 2 and 3, which due to their lack of solubility
in DMSO, DMF or water were not available for in vitro anticancer
tests, however, the same titanocene complexes supported onto
mesoporous materials (surfaces S2 and S3) were tested and showed
antiproliferative activity.

The proposed anticancer mechanism of these materials may be
similar to that suggested for titanocene complexes in solution,
with DNA the biological target®® of Ti(1v) ions which resulted
from the release from the titanocene complexes by the mesoporous
nanoparticles and the subsequent hydrolysis of the titanium-
containing species.

After hydrolysis reactions of the free titanocene compounds
and elimination of the ligands, titanium ions may reach the cells
assisted by transferrin, as was previously proposed by Sadler and
coworkers.”” Endosome action may release Ti(1v) ions, which
assisted probably by ATP would reach the DNA regions of the
cell nucleus (Fig. 9).™

3.6 Qualitative DNA-binding studies

The absorption spectra of DNA in the absence and presence of
S2 and S3 at various increasing concentrations has been recorded
(Fig. 10). In the presence of the surfaces, the absorbance of DNA

increases notably, without notable changes in the location of the
peaks. This may indicate that the addition of the materials to
the DNA solution, leads to the adsorption of the DNA on the
surface of the studied particles forming ground state adducts
DNA-particles. These adducts give an absorption peak at 260 nm.
This may be the reason for the increase in absorbance of DNA
with the addition of the studied materials, as supported by similar
observations in other reports.”

These results may indicate a possible electrostatic interaction
between titanocene-functionalized materials and DNA. A qual-
itative increase of the absorbance at increasing concentration of
the surfaces was recorded, indicating the interaction of materials
with DNA, however, the apparent equilibrium constant for the
formation of the complex between DNA and the materials could
not be satisfactorily calculated due to problems of quantification
of the absorbance of the suspensions.

Conclusions

Two novel titanocene(IV) thiolate complexes [Ti(n’-CsHs),-
{SCH,CH,CH,Si(OMe);},] (2) and [Ti(m*-CsH;),{SCH,CH,-
CH,Si(OEt);},] (3) have been synthesised, characterized and
grafted onto MCM-41 mesoporous silica. In addition, the sim-
plest titanocene compound [Ti(n’-C;H;),Cl,] (1) has also been
anchored onto MCM-41. We have observed an increase of the
functionalization rate by the incorporation of thiolato ligands with
-Si(OMe); or -Si(OEt), groups in their structure. While unmodified
MCM-41 is not active against the studied human cancer and
inmunocompetent cells, the functionalized surfaces S1-S3 were
active against all the studied cancer cells. The cytotoxicity of
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Fig. 10 UV-vis spectra of DNA-material adducts S2-DNA (left), S3-DNA (right).

surfaces S2 and S3 (with ca. 3% wt Ti) were very similar on all the
studied cancer cells, however, S1 (1.1% wt Ti) showed My, values
that indicated the lowest activity of all the analyzed materials on all
the studied cells. Thus, a clear dependence of the titanium content
of the functionalized MCM-41 on the cytotoxic activity on human
cancer cell lines has been reported.

This work has also shown the possibility of studying many
promising organometallic complexes which because of their lack
of solubility have been disregarded in this field.

Future work, already in progress, will now focus on the study
of the influence of the particle size and type of mesoporous sur-
faces on the final anticancer activity of titanocene-functionalized
materials. In addition, the possibility of applying this new class of

materials as bone fillers or additives for bone implants, will also
be biologically explored.
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