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A series of mononuclear and dinuclear alkylamine derivatives of [meso-1,2-bis(4-fluorophenyl)ethylenedi-
amine]platinum(II) (m-4F-PtL-R1 and(m-4F-PtL)2-R2; R1 ) alkylamine, R2 ) alkyldiamine, L) DMSO
or Cl) as well as the DAB(PA)4 polyimine dendrimer complex ((m-4F-PtDMSO)4DAB(PA)4; DAB(PA)4

) N,N,N′,N′-tetrakis(3-aminopropyl)butane-1,4-diamine) were synthesized and tested for cytotoxicity,
intracellular distribution, and DNA and protein binding. All compounds strongly bound to human serum
albumin by hydrophobic and electrostatic interactions. These inactivation reactions hindered the uptake into
tumor cells and prevented strong cytotoxic effects. If serum-free medium was used, a high accumulation
grade in MCF-7 breast cancer cells and a high DNA binding was observed. As most efficient compound
(m-4F-PtDMSO)4DAB(PA)4 was identified. It showed a 20-fold higher cellular uptake and a∼700-fold
higher DNA binding than cisplatin.

Introduction

Platinum complexes represent important cytostatics which are
used in the first-line therapy of several kinds of tumor diseases.1

However, the therapy is not without obstacles. Besides intoler-
able side effects such as nephrotoxicity and myelosuppression,
the major problem is the development of resistance during the
therapy.2 Unfortunately, most of the complexes investigated in
clinical trials so far showed cross resistance to cisplatin.
Therefore, the search for new metal based drugs is one of the
main topics in experimental oncology.

In recent years polynuclear platinum complexes were identi-
fied as a very promising class of antitumor active compounds.
They showed a different toxicity profile than cisplatin3 and a
slightly different mode of action; they cross-link the DNA in a
1 f 4 instead of a 1f 2 GG-pattern, as identified for cisplatin
or carboplatin. This led to a less distorted DNA structure and a
reduced recognition by the DNA repair system and the HMG
(high mobility group) proteins.4,5 The binding of this kind of
platinum complexes to DNA occurs in two steps: a very fast
electrostatic interaction with the DNA backbone due to a positive
charge of the molecule followed by coordination of DNA bases
at the platinum.6

Interestingly, most of the molecules reached the cytoplasm
of the tumor cells despite their ionic character. The trinuclear
platinum complex BBR 3464 ([µ-trans-Pt(NH3)2{trans-PtCl-
(NH3)2[NH2(CH2)6NH2]}2](NO3)4), e.g., was studied in a human
osteosarcoma cell system (U2-OS) and showed a higher
accumulation and DNA binding than cisplatin. In contrast to
L1210 cells, whose cellular accumulation depended in a linear
pattern on the drug concentration in the media, a saturation level
was found for the U2-OS cells.7,8

The tetranuclear complex [DAB(PA-trans-Pt(NH3)2Cl)4]Cl4
bearing the dendrimer DAB(PA)4 (N,N,N′,N′-tetrakis(3-amino-
propyl)butane-1,4-diamine) as linker resulted in a less active
compound although it possessed the high coulomb forces to
interact with DNA.9 It was postulated that the low cytotoxicity

may be caused by transport problems across the cell membranes
due to its charge and branched structure.

Furthermore, some investigations indicated a different activity
of the polynuclear platinum complexes depending on the used
cell line. Remarkable activity of polynuclear compounds was
noticed in a wide panel of tumor cells, but for breast cancer
cell lines, especially the MCF-7 cell line, a relatively low activity
was found.3,9 Therefore, we focused our attention to the design
of drugs with increased selectivity for breast tumors. In this
initial study, we combined the well-known [1,2-bis(4-fluorophe-
nyl)ethylenediamine]platinum(II) complex10,11with alkylamines,
alkyldiamines, and the DAB(PA)4 polyimine dendrimer. We
studied the significance of the charge and the alkyl chain length
of the molecules on their cytotoxicity, the cellular uptake, the
nuclear content, the binding to DNA in cells, and the binding
characteristics to human serum albumin (HSA).

Results and Discussion

Chemistry. Synthesis.The synthesis of the [alkylamine]-
platinum(II) complexes started with [meso-1,2-bis(4-fluorophe-
nyl)ethylenediamine][sulfinylbis[methane]-S]sulfatoplatinum-
(II) (m-4F-PtDMSO-SO4) obtained by dissolution of the
sulfatoplatinum(II) complexm-4F-PtSO4 in DMSO (see Scheme
1). Reaction ofm-4F-PtDMSO-SO4 in aqueous solution with
the respective alkylamine resulted in the [alkylamine][sulfinyl-
bis[methane]-S]platinum(II) complexes (m-4F-PtDMSO-R1; R1

) alkylamine) which can finally be transformed into the [alkyl-
amine]chloroplatinum(II) complexesm-4F-PtCl-R1 by treat-
ment with HCl (see Scheme 1). The same reaction course can
be used to synthesize the dinuclear complexes(m-4F-PtL)2-
R2 (R2 ) alkyldiamine, L) DMSO or Cl) as well as the DAB-
(PA)4 polyimine dendrimer complex(m-4F-PtDMSO)4DAB-
(PA)4 (see Scheme 1).

The characterization of the new complexes was performed
by 1H NMR spectroscopy. The coordination of an alkylamine
to platinum is accompanied by a diastereomeric split of the
amino (six signals) and the benzylic protons (two signals) due
to the asymmetry of the [alkylamine][sulfinylbis[methane]-S]-
platinum(II) moiety. Measurement in D2O led to a complete
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NH/ND exchange giving an AB system for the methine protons.
The coupling constants amounted to3J ) 5.5-6.2 Hz, indicating
for all complexes a restricted interconversion of the five-
membered ethylenediamineplatinum(II) chelate ring.

The exchange of the DMSO ligand by chloride led to a
collapse of the two characteristic DMSO signals atδ ) 3.71
and 3.74. The attempt failed to exchange all NH2 protons by
deuterium in them-4F-PtCl-R1 complexes. If possible only the
amino groups of the five-membered chelate ring allowed an
NH/ND exchange by addition of D2O.

Biological Properties. Stability under in Vitro Conditions.
For the interpretation of the biological properties it was
necessary to investigate the stability of the [alkylamine]-
[sulfinylbis[methane]-S]platinum(II) complexes under in vitro
conditions.

1,2-Diarylethylenediamines are stable bound to platinum in
a five-membered chelate ring as already demonstrated in earlier
studies.12,13The binding of alkylamines as realized in the mono-
or dinuclear complexes seems to be much weaker. Thus
substitution reactions can take place at both the Pt-alkylamine
and the Pt-L bond (L ) DMSO or Cl). These reactions are of
high relevance for the antitumor activity as well as the toxic
side effects because they allow a binding to bionucleophiles,
e.g., the DNA, enzymes, or HSA.14,15

We investigated the reactions of the complexes in physi-
ological NaCl solution, Delbecco’s buffer, and EMEM on the
example of(m-4F-PtDMSO)2-DAH by using capillary elec-

trophoresis (CE). This method represents a suitable and efficient
analytical tool for studying the stability of platinum complexes
and their reactivity toward biological relevant molecules.16

In physiological NaCl solution and Delbecco’s buffer (Cl-

concentration: 140 mM), only an exchange of the DMSO
leaving group at(m-4F-PtDMSO)2-DAH (tm ) 7.05 min) was
determined, resulting in the chloroplatinum(II) derivative(m-
4F-PtCl)2-DAH (tm ) 10.9 min) and the intermediate with a
PtDMSO and a PtCl unit (tm) 8.35 min) (Figure 1).

Although compounds with a concentration below 5µg/mL
(detection limit) or with a low electrophoretic mobility were
not detectable, an exchange of the alkylamine could be excluded.
As depicted in Figure 1, the area of the peaks remained nearly
constant during the experiment. In EMEM as well(m-4F-
PtDMSO)2-DAH showed exclusively a DMSO/Cl exchange.
Other reaction products could not be identified.

These findings contradict our earlier results with [meso-1,2-
bis(4-fluorophenyl)ethylenediamine]chloro[sulfinylbis[methane]-
S] (m-4F-PtDMSO-Cl).17 The DMSO leaving group of
m-4F-PtDMSO-Cl was stably bound in chloride containing
medium. A cleavage as observed for other leaving group
derivatives did not take place. This means that the third
nitrogen of the alkylamine weakened the Pt-DMSO bond in
the new compounds, and substitution reactions were made
possible.

Scheme 1.Synthesis of the [Alkylamine]platinum(II) Complexes
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This activation could explain the high cytotoxicity ofm-4F-
PtDMSO-Cl which was comparably found for cisplatin, too.17

We assume thatm-4F-PtDMSO-Cl hydrolyzed in the cytoplasm
into the aqua(DMSO)platinum(II)(m-4F-PtDMSO-OH2) due
to the low intracellular Cl- concentration, followed by a quick
monofunctional binding to the DNA. If a cisplatin-like mode
of action is realized, a destabilization of the Pt-DMSO bond
by the neighboring nucleobase will be required to achieve the
formation of intrastrand cross links.18,19

Binding to Human Serum Albumin. To evaluate whether
protein binding might inactivate the complexes, all [alkylamine]-
platinum(II) derivatives were incubated with HSA, and the
protein unbound fraction was quantified after ultrafiltration and
ethanolic precipitation by graphite furnace atomic absorption
spectroscopy (GF-AAS). In contrast to the ultrafiltration, which
isolates the amount of unbound drug, the ethanolic precipitation
is used to determine additionally the reversible lipophilic bound
drug amount.

Cisplatin,m-4F-PtDMSO-SO4, andm-4F-PtCl2 were used
as references. After ultrafiltration they respectively showed a
recovery rate of 76%, 58%, and 51%. The substitution of the
SO4

2- leaving group inm-4F-PtDMSO-SO4 for propylamine
and subsequent DMSO/Cl exchange did not influence the protein
binding. However, the elongation of the alkylamine chain
increased the affinity to HSA (m-4F-PtDMSO-PA (52%) ≈
m-4F-PtCl-PA (53%)< m-4F-PtDMSO-BA (36%)≈ m-4F-
PtCl-BA (43%)< m-4F-PtDMSO-HA (15%)≈ m-4F-PtCl-
HA (17%)). These data together with the high recovery of more
than 70% after ethanolic precipitation (see Table 1) indicated a
hydrophobic attachment at the HSA for mononuclear complexes.

The dinuclear platinum complexes bound to a much higher
extent to HSA. About 0.5-10% of free platinum was determined
after ultrafiltration independently of the kind of leaving group
(see Table 1), and 11-16% of PtDMSO complexes as well as
35-60% of PtCl complexes were recovered after ethanolic
precipitation. These data point to strong electrostatic interactions
or a covalent binding to HSA.

To get an insight into the mode of action we calculated the
reaction rate of irreversible protein binding. This attempt failed
in the case of the PtDMSO complexes. They reached a
maximum amount of free platinum after 30 min which decreased
during the following incubation time. A fitting to estimate the
reaction order and to determine the reaction rate was not
satisfying. We assume that the PtDMSO complexes were

electrostatically bound in a very fast first step. In a second step
the DMSO/Cl exchange could take place, followed by a covalent
binding to nucleophilic centers at the HSA.

The binding of the chloro complexes followed a reaction of
pseudo-first-order. The rate constants of the mononuclear
complexes were somewhat lower than the one calculated for
cisplatin while those of the dinuclear complexes were 2-fold
higher. As an example, Figure 2 illustrates the reaction kinetic
of (m-4F-PtDMSO)2-DAH and (m-4F-PtCl)2-DAH .

It should be noted that the platinum DAB(PA)4 polyimine
dendrimer conjugate(m-4F-PtDMSO)4DAB(PA)4 showed as
high HSA binding as the dinuclear PtDMSO complexes (11%
free platinum after ultracentrifugation and 23% after ethanolic
precipitation).

The interaction of platinum complexes with HSA is subject
of various investigations. From the available data it can be
deduced that the thiol group of the HSA molecule, namely
cysteine-34, is the major site involved in cisplatin interaction.20

Other chemically favorable platinum binding sites include the
methionine-298 residue.21 Keppler et al. investigated the binding
of oxaliplatin to HSA and determined a somewhat greater
binding compared to cisplatin.22 For both compounds it is
assumed that they initially coordinatively bind to HSA. This

Figure 1. Electrophoretical separation of the reaction products of (m-4F-PtDMSO)2-DAH in Delbecco’s buffer: lane 1, standard (m-4F-PtDMSO)2-
DAH ; lane 2, reaction mixture after 3 min; lane 3, reaction mixture after 20 min; lane 4, standard (m-4F-PtCl)2-DAH .

Table 1. Protein Binding Characteristics with Human Serum Albumina

compound

free amount
of Pt after

ultrafiltration
[%]

free amount
of Pt after
ethanolic

precipitation
[%]

reaction rate for
the irreversible

binding to
HSA k × 103

[min-1]

cisplatin 76( 4 100( 6 -5.35
m-4F-PtCl2 51 ( 6 92( 5 -6.81
m-4F-PtDMSO-SO4 58 ( 2 55( 2 -26.4
m-4F-PtDMSO-PA 52 ( 2 72( 1 ndb

m-4F-PtDMSO-BA 36 ( 1 92( 4 nd
m-4F-PtDMSO-HA 15 ( 4 101( 4 nd
m-4F-PtCl-PA 53 ( 3 76( 1 -3.13
m-4F-PtCl-BA 43 ( 4 100( 7 -4.56
m-4F-PtCl-HA 17 ( 1 71( 1 -4.84
(m-4F-PtDMSO)2-DAH 8.5( 0.4 13( 1 nd
(m-4F-PtDMSO)2-DAN 6.7( 0.1 11( 1 nd
(m-4F-PtDMSO)2-DAD 0.5( 0.2 16( 1 nd
(m-4F-PtCl)2-DAH 9.4( 0.7 60( 3 -9.51
(m-4F-PtCl)2-DAN 1.1( 0.1 35( 3 -9.18
(m-4F-PtCl)2-DAD 0.4( 0.1 36( 1 -8.75
(m-4F-PtDMSO)4DAB(PA)4 11 ( 1 23( 1 nd

a n ) 3 for the recovery experiments.b nd: not determinable.
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binding determined the kind of leaving group. The free platinum
amount of Carboplatin incubated with HSA was more than 90%.

cis-[Pt(NH3)2(H2O)2]2+, being a product of cisplatin and
carboplatin hydrolytic conversion in the body, exhibited a much
stronger reactivity toward nuclear targets, including human
serum albumin,23 than the parent drugs. The same effect was
observed form-4F-PtCl2, m-4F-PtDMSO-SO4, and m-4F-
PtSO4.11

Cellular Uptake Studies.To quantify the accumulation grade
in MCF-7 cells we incubated the cells for 24 h with the
respective platinum complex in a concentration of 5µM. The
intracellular platinum content was then measured using GF-
AAS. Experimental conditions were chosen to guarantee that
the compounds were not inactivated by protein binding. For
this purpose the cells were grown in FCS-free EMEM.

All complexes showed a time dependent accumulation grade
(see Figure 3). The references cisplatin andm-4F-PtCl2
accumulated 3.7- and 26.9-fold after 24 h. The exchange of the
leaving groups inm-4F-PtCl2 by DMSO and SO42- hampered
the uptake into the tumor cells. Only a 1.45-fold higher platinum
content was measured form-4F-PtDMSO-SO4 after 24 h of
incubation. This might be the consequence of the positive charge
of the molecule because the exchange of the SO4

2- group rapidly
took place in aqueous solution(m-4F-PtDMSO-H2O).

The exchange of the H2O ligand inm-4F-PtDMSO-H2O by
various alkylamines enhanced the lipophilicity of the complexes
without changing the molecules charge. This modification led
to an increase of intracellular platinum concentration in MCF-7
cells depending on the chain length. Accumulation grade after
24 h: m-4F-PtDMSO-PA (2.7) < m-4F-PtDMSO-BA (5.5)
< m-4F-PtDMSO-HA (43.8). The exchange of the DMSO by
Cl- reduced the charge of the complex but led only in the case
of m-4F-PtCl-HA to a significant higher intracellular Pt-
concentration (67.2-fold accumulation grade ofm-4F-PtCl-HA
after 24 h).

The linkage of two [1,2-bis(4-fluorophenyl)ethylenediamine]-
platinum(II) moieties by a diaminohexane spacer reduced the
uptake into the tumor cells compared to the mononuclear
hexylamine complex. The accumulation grade of(m-4F-PtCl)2-

DAH and(4F-PtDMSO)2-DAH respectively amounted to 21.5
and 30.6. Interestingly, the accumulation could be increased by
elongation of the diamine spacer ((m-4F-PtDMSO)2-DAH
(21.5)< (m-4F-PtDMSO)2-DAN (73.5)< (m-4F-PtDMSO)2-
DAD (125.6)). Analogously to the alkylamine complexes, the
influence of the charge is low according to the leaving groups.
The highest accumulation grade after a 24 h incubation showed
(m-4F-PtDMSO)2-DAD (125.6) and(m-4F-PtCl)2-DAD (122.5).

The comparison of the kinetic curves depicted in Figure 3
indicated for the mono- and the dinuclear complexes a fast
increase of the cellular platinum concentration during 6-7 h
resulting in a nearly constant saturation level. Only(m-4F-
PtCl)2-DAD showed its maximal cellular content already after

Figure 2. Decrease of free platinum after incubation of HSA with
(m-4F-PtDMSO)2-DAH and (m-4F-PtCl)2-DAH (n ) 2).

Figure 3. Cellular uptake of mononuclear (A) and polynuclear (B)
[alkylamine]platinum complexes by MCF-7 cells (n ) 3).
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6 h which is then reduced by about 30% during the following
19 h of incubation.

A different accumulation curve was observed with the DAB-
(PA)4 dendrimer-bound platinum complex. The platinum content
in the tumor cell continuously increased and reached its highest
amount after a 24 h incubation. Although(m-4F-PtDMSO)4-
DAB(PA)4 represented a molecule with eight positive charges
it was the one with the highest accumulation grade (190.7-fold
after 24 h).

To get more insight into the transport mechanism through
the cell membrane, we studied the validity of Fick’s law on the
example of m-4F-PtCl2, m-4F-PtDMSO-HA, and (m-4F-
PtDMSO)2-DAH . As depicted in Figure 4 there was a
dependence of the intracellular platinum amount on the drug
concentration in the medium. An excellent correlation withR2

> 0.95 was calculated for each of the incubation periods (up to
32 h). This means that the unchargedm-4F-PtCl2 complex as
well as its cationic derivativesm-4F-PtDMSO-HA and (m-
4F-PtDMSO)2-DAH might be taken up into the tumor cells
by a passive transport across the cell membrane. The involve-
ment of a cation transport system such as the copper transporter
as discussed for cisplatin1,24and its derivatives is not very likely.

Platinum Content in Nuclei and Binding to DNA. If the
mononuclear and dinuclear platinum(II) complexes cause cy-
totoxicity due to DNA binding, it is of interest to investigate
their uptake into the nuclei of tumor cells and their binding to
DNA. Therefore, MCF-7 cells were incubated with the respec-
tive platinum complex (concentration: 5µM) for 24 h, and the
platinum content in the nuclei was then quantified by GF-AAS.

The nuclear platinum content achieved with cisplatin and the
parent compoundm-4F-PtCl2 respectively amounted to 10.0
and 165.0 ng Pt/mg protein. The exchange of the chloride
leaving groups by DMSO and H2O in m-4F-PtCl2 reduced the
amount of platinum in the nuclei. Cells treated withm-4F-
PtDMSO-SO4 showed 47.5 ng Pt/mg protein in the nuclei. This
value decreased further by coordination of propylamine (m-
4F-PtDMSO-PA: 6.17 ng Pt/mg protein). However, the
elongation of the alkyl chain contradicted this “alkylamine
effect” (see Table 2).m-4F-PtDMSO-BA andm-4F-PtDMSO-
HA were taken up into the nuclei in significantly higher amounts
than cisplatin but not as effective asm-4F-PtCl2 (Table 2).
Interestingly, the dinuclear platinum complexes surpassed the
value ofm-4F-PtCl2, dependent on the length of the diamino

spacer:(m-4F-PtDMSO)2-DAH (395 ng Pt/mg protein)< (m-
4F-PtDMSO)2-DAN (535 ng Pt/mg protein)< (m-4F-Pt-
DMSO)2-DAD (1184 ng Pt/mg protein). The reduction of the
molecule charge enhanced the drug content in the nuclei 2- to
3-fold in each case. For(m-4F-PtCl)2-DAD even 9924 ng Pt/
mg protein was measured.

The DNA-bound fraction was calculated for all complexes.
For this purpose, the DNA was isolated from the nuclei, and
the platinum content was measured by GF-AAS. Cisplatin was
effectively bound to the DNA. The recovered platinum amounted
to 17.6 pg Pt/µg DNA and correlated with data from the
literature.25 m-4F-PtCl2, which was about 16-fold higher
accumulated in the nuclei than cisplatin, showed only a 2-fold
higher amount of DNA binding (35.0 pg Pt/µg DNA). This
might be the consequence of steric interaction of the 1,2-bis-
(4-fluorophenyl)ethylenediamine ligand during the attachment
to the DNA. Cisplatin binds in a two-step reaction to the DNA.
After hydrolysis, the aqua- and diaquaplatinum species attack
mainly neighboring guanine bases, resulting in intrastrand cross
links.26 The hydrolysis rate ofm-4F-PtCl2 (11.3× 10-5 s-1)
and cisplatin (8.4× 10-5 s-1) were comparable, but the attack
of nucleophilic agents was hindered due to the dynamic effects

Figure 4. Dependency of intracellular platinum content on the extracellular content of different compounds (m-4F-PtCl2 (A), m-4F-PtDMSO-
HA (B), and (m-4F-PtDMSO)2-DAH (C)) (n ) 3).

Table 2. Quantification of Platinum in the Nuclei and at the DNA of
MCF-7 Cellsa

compound

total amount
of platinum
in the nuclei

[ng Pt/mg protein]

DNA-bound
fraction

[pg Pt/µg DNA]

cisplatin 10.0( 1.12 17.6( 1.0
m-4F-PtCl2 165.0( 8.3 35.0( 7.2
m-4F-PtDMSO-SO4 47.5( 1.3 4.9( 1.2
m-4F-PtDMSO-PA 6.17( 0.27 0.56( 0.12
m-4F-PtDMSO-BA 13.7( 1.67 1.84( 0.12
m-4F-PtDMSO-HA 60.9( 6.2 1.30( 0.53
m-4F-PtCl-PA 15.3( 1.1 2.39( 0.43
m-4F-PtCl-BA 38.3( 3.1 2.93( 0.37
m-4F-PtCl-HA 191.5( 17 5.61( 0.66
(m-4F-PtDMSO)2-DAH 395( 55 19.6( 5.0
(m-4F-PtDMSO)2-DAN 535( 56 48.6( 8.0
(m-4F-PtDMSO)2-DAD 1184( 166 55.1( 5.3
(m-4F-PtCl)2-DAH 852( 57 24.4( 6.2
(m-4F-PtCl)2-DAN 1654( 197 78.4( 10.9
(m-4F-PtCl)2-DAD 9924( 1866 89.8( 1.7
(m-4F-PtDMSO)4-DAB(PA)4 5378( 661 12800( 680

a n ) 3.
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of the five-membered chelate ring (m-4F-PtCl2 interconverts
between aλ- and a δ-conformation).13,17 In each possible
conformation at least one aryl ring is oriented out of the planar
platinum plane and changed into an axial position. This aromatic
ring might hinder the approach to the DNA and reduce the
monofunctional binding to a nucleobase as well as the final
intrastrand cross link.

The successive exchange of the chloride leaving groups in
m-4F-PtCl2 by an alkylamine ligand or a DMSO leaving group
drastically reduced the DNA binding (2.39 to 5.61 pg Pt/µg
DNA and 0.56 to 1.30 pg Pt/µg DNA, respectively; see Table
2). The resulting complexes could only perform a monofunc-
tional binding to the DNA (alkylamine ligands are assigned as
non leaving groups), which was by far not as stable as the
bifunctional coordination.

In contrast to this, dinuclear complexes are major grove
binders and are able to cause interstrand cross links. This binding
mode seems to be true for(m-4F-PtDMSO)2-DAH (19.6 pg
Pt/µg DNA), (m-4F-PtDMSO)2-DAN (48.6 pg Pt/µg DNA),
and(m-4F-PtDMSO)2-DAD (55.1 pg Pt/µg DNA). The DNA
platination was even higher than the one obtained with cisplatin
or m-4F-PtCl2.

The decreased content in nuclei and the low DNA binding
of the PtDMSO complexes contradicted our assumption that
the DMSO-Cl substitution in [alkylamine]platinum(II) com-
plexes already took place in EMEM prior to the transport
through the cell membrane. We now have to consider that both
species were taken up into the tumor cells. In the cytosol the
hydrolysis of the chloro complexes seemed to be faster
compared to the PtDMSO complexes. As consequence a faster
DNA binding occurs.

The most promising result was obtained with the dendrimer
derivative(m-4F-PtDMSO)4DAB(PA)4. In the nuclei of MCF-7
cells, the platinum content amounted to 5378 ng Pt/mg protein
and a DNA binding of 12800 pg Pt/µg DNA was detected, about
700-fold higher than that of cisplatin. Information about the
binding mode, however, could not be given. It is very likely
that ionic interaction of the highly charged molecule especially
with the negatively charged phosphate backbone plays a major
role.27

Cytotoxicity against MCF-7 Cells. To evaluate if the above-
mentioned effects consequently lead to an inhibition of tumor
cell growth, we investigated all [alkylamine]platinum(II) com-
plexes for cytotoxicity at the MCF-7 cell line. The mononuclear

complexes were completely inactive up to a concentration of
50 µM, while the dinuclear complexes showed antiproliferative
effects with IC50 values more than 10 times higher than cisplatin
(IC50 ) 2.0µM). In this test, the PtCl complexes ((m-4F-PtCl)2-
DAH : IC50 ) 40.4µM; (m-4F-PtCl)2-DAN: IC50 ) 25.2µM;
(m-4F-PtCl)2-DAD: IC50 ) 33.5 µM) were somewhat more
active than the respective PtDMSO complexes ((m-4F-Pt-
DMSO)2-DAH : IC50 > 50µM; (m-4F-PtDMSO)2-DAN: IC50

) 42.0µM; (m-4F-PtDMSO)2-DAD: IC50 ) 43.7µM). Only
(m-4F-PtDMSO)4DAB(PA)4 showed stronger cytotoxicity and
reduced the cell growth in a concentration of 5µM by 50%
after an incubation time of 150 h (see Figure 5).

The inactivity of the mononuclear and the low activity of
dinuclear [alkylamine]platinum(II) complexes might be the
consequence of inactivation reactions prior to the transport into
the cells. Therefore, we performed a modified cell culture
experiment on the example of(m-4F-PtDMSO)2-DAN. Pre-
incubation of the cells with(m-4F-PtDMSO)2-DAN in FCS-
free EMEM for 6 h followed by incubation for 150 h under
common conditions strongly increased the cytotoxicity (IC50 )
12µM). It is therefore very likely that the strong protein binding
as discussed above prevented antiproliferative effects.

Conclusion
In this structure-activity study, we demonstrated that mono-,

di-, and tetranuclear [meso-1,2-bis(4-fluorophenyl)ethylenedi-
amine][alkylamine]platinum(II) complexes accumulated in tu-
mor cells and bound in high amount to the DNA if inactivation
reactions in the cell culture medium can be excluded. The
linearity between uptake and complex concentration in the
medium corresponds to an accumulation ratio independent from
initial concentration of the complex and demonstrates a passive
transport across the cell membrane. The most efficient com-
pound was(m-4F-PtDMSO)4DAB(PA)4. The DAB(PA)4 poly-
imine dendrimer seems to operate as a carrier for the shuttling
of platinum into the cell nuclei. The kind of DNA binding,
however, was not suitable to cause high cytotoxic effects.
Therefore, we will modify this concept in such a way that the
platinum complexes are bound to the dendrimer allowing a
release after the transfer into the cells.

Experimental Section
Synthesis. All reagents and solvents were purchased from

ACROS ORGANICS, Fluka Chemie, Lancaster, Merck, or Sigma-
Aldrich. 1H NMR: Avance DPX-400 spectrometer (Bruker,

Figure 5. Cytotoxicity of cisplatin (A), (m-4F-PtDMSO)2-DAH (B), and (m-4F-PtDMSO)2-DAB(PA)4 (C) on MCF-7-cells (9, 0.5 µM; b, 1.0
µM; 2, 5.0 µM) (n ) 16).
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Karlsruhe/Germany) at 400 MHz (internal standard: TMS). El-
emental analyses: Microlaboratory of the Free University of Berlin.
[meso-1,2-Bis(4-fluorophenyl)ethylenediamine][sulfinylbis[methane]-
S]sulfatoplatinum(II)(m-4F-PtDMSO-SO4) was prepared as al-
ready described.17

General Procedure for the Preparation of the [Alkylamine]-
platinum(II) Complexes. The solution of the respective amine
ligand (monoamine 0.1 mmol, diamine 0.05 mmol, and DAB(PA)4

0.025 mmol) and [meso-1,2-bis(4-fluorophenyl)ethylenediamine]-
sulfatoplatinum(II) (0.1 mmol) in 5 mL of DMSO was stirred for
24-36 h with protection from light. Subsequently, the precipitated
[alkylamine][sulfinylbis[methane]-S]platinum(II) complexes were
separated by suction filtration and dried under vacuum at 50°C.
The transfer into the [alkylamine]chloroplatinum(II) complexes was
performed by treatment of an aqueous solution of the respective
PtDMSO complex with 3 mL of 0.1 N HCl. The precipitate was
sucked off and dried at 50°C over P2O5.

[meso-1,2-Bis(4-fluorophenyl)ethylenediamine][sulfinylbis-
[methane]-S][propylamine]platinum(II)sulfate (m-4F-PtDMSO-
PA). Yield: 37.94 mg (0.056 mmol); 56.11% white powder.1H
NMR (D2O): δ 0.96 (t, 3H, CH3), 1.65-1.72 (m, 2H, CH2), 2.90
(t, 2H, N-CH2), 3.78 (s, 6H, CH3), 4.70 (m, 2H, CH-benzyl),
7.02-7.15 (m, 4H, Ar-H), 7.16-7.23 (m, 2H, Ar-H), 7.25-7.32
(m, 2H, Ar-H). Anal. (C19H29F2N3S2O5Pt) C, H, N.

[meso-1,2-Bis(4-fluorophenyl)ethylenediamine][sulfinylbis-
[methane]-S][butylamine]platinum(II)sulfate (m-4F-PtDMSO-
BA). Yield: 33.36 mg (0.048 mmol); 48.34% white powder.1H
NMR (D2O): δ 0.93 (t, 3H, CH3), 1.36-1.46 (m, 2H, CH2), 1.62-
1.76 (m, 2H, CH2), 2.96 (t, 2H, N-CH2), 3.68 (s, 6H, CH3), 4.62
(m, 2H, CH-benzyl), 7.04-7.14 (m, 4H, Ar-H), 7.17-7.23 (m,
2H, Ar-H), 7.24-7.31 (m, 2H, Ar-H). Anal. (C20H31F2N3S2O5-
Pt) C, H, N.

[meso-1,2-Bis(4-fluorophenyl)ethylenediamine][sulfinylbis-
[methane]-S][hexylamine]platinum(II)sulfate (m-4F-PtDMSO-
HA). Yield: 44.24 mg (0.062 mmol); 61.61% white powder.1H
NMR (D2O): δ 0.89 (t, 3H, CH3), 1.29-1.40 (m, 6H, CH2), 1.68-
1.79 (m, 2H, CH2), 2.95 (t, 2H, N-CH2), 3.70 (s, 6H, CH3), 4.60
(m, 2H, CH-benzyl), 7.04-7.13 (m, 4H, Ar-H), 7.15-7.22 (m,
2H, Ar-H), 7.23-7.30 (m, 2H, Ar-H). Anal. (C22H35F2N3S2O5-
Pt) C, H, N.

Di(meso-1,2-bis(4-fluorophenyl)ethylenediamine)di(sulfinylbis-
[methane]-S)(µ-1,6-diaminohexane-N:N′)diplatinum(II)disul-
fate (m-4F-PtDMSO-DAH). Yield: 33.04 mg (0.021 mmol);
42.73% white powder.1H NMR (D2O): δ 1.40-1.48 (m, 4H, CH2),
1.68-1.79 (m, 4H, CH2), 2.98 (t, 4H, N-CH2), 3.71 (s, 12H, CH3),
4.58-4.69 (m, 4H, CH-benzyl), 7.05-7.13 (m, 8H, Ar-H),
7.18-7.23 (m, 4H, Ar-H), 7.25-7.31 (m, 4H, Ar-H). Anal.
(C38H56F4N6S4O10Pt2) C, H, N.

Di(meso-1,2-bis(4-fluorophenyl)ethylenediamine)di(sulfinylbis-
[methane]-S)(µ-1,9-diaminononane-N:N′)diplatinum(II)disul-
fate (m-4F-PtDMSO-DAN). Yield: 56.85 mg (0.036 mmol);
71.57% white powder.1H NMR (D2O): δ 1.30-1.42 (m, 10H,
CH2), 1.63-1.77 (m, 4H, CH2), 2.98 (t, 4H, N-CH2), 3.72 (s, 12H,
CH3), 4.62-4.70 (m, 4H, CH-benzyl), 7.05-7.13 (m, 8H, Ar-
H), 7.18-7.23 (m, 4H, Ar-H), 7.25-7.31 (m, 4H, Ar-H). Anal.
(C41H62F4N6S4O10Pt2) C, H, N.

Di(meso-1,2-bis(4-fluorophenyl)ethylenediamine)di(sulfinyl-
bis[methane]-S)(µ-1,12-diaminododecane-N:N′)diplatinum(II)disulfate
(m-4F-PtDMSO-DAD). Yield: 50.85 mg (0.031 mmol); 62.37%
white powder.1H NMR (D2O): δ 1.33-1.46 (m, 12H, CH2), 1.61-
1.70 (m, 8H, CH2), 2.99 (t, 4H, N-CH2), 3.48 (s, 12H, CH3), 4.55-
4.67 (m, 4H, CH-benzyl), 6.99-7.09 (m, 8H, Ar-H), 7.17-7.28
(m, 4H, Ar-H), 7.32-7.43 (m, 4H, Ar-H). Anal. (C44H68F4N6S4O10-
Pt2) C, H, N.

Tetra(meso-1,2-bis(4-fluorophenyl)ethylendiamine)di(sulfinyl-
bis[methane]-S)(N,N,N′,N′-tetrakis(3-aminopropyl)butane-1,4-
diamine)tetraplatinum(II)tetrasulfate (m-4F-PtDMSO) 4DAB-
(PA)4. Yield: 52.44 mg (0.016 mmol); 63.26% white powder.1H
NMR (D2O): δ 1.51-1.68 (m, 4H, CH2), 2.20 (t, 12H, N-CH2),
2.72-2.88 (m, 8H, CH2), 2.92-3.05 (t, 8H, N-CH2), 3.65 (s, 24H,
CH3), 4.56-4.63 (m, 8H, CH-benzyl), 6.91-7.08 (m, 16H, Ar-

H), 7.09-7.20 (m, 8H, Ar-H), 7.21-7.35 (m, 8H, Ar-H). Anal.
(C80H120N14F8S8O20Pt4) C, H, N.

Chloro[ meso-1,2-bis(4-fluorophenyl)ethylenediamine]-
[propylamine]platinum(II)chloride (m-4F-PtCl-PA). m-4F-PtCl-
PA was prepared fromm-4F-PtDMSO-PA (0.1 mmol). Yield:
38.58 mg (0.067 mmol); 67.38% colorless powder.1H NMR ([D7]-
DMF): δ 0.94 (t, 3H, CH3), 1.73-1.80 (m, 2H, CH2), 2.82 (t, 2H,
N-CH2), 4.52-4.63 (m, 2H, CH-benzyl), 5.45 (br, 2H, NH2), 5.58
(br, 1H, NH), 6.41 (br, 2H, NH2), 7.04-7.11 (m, 4H, Ar-H), 7.12
(br, 1H, NH), 7.50-7.58 (m, 4H, Ar-H). Anal. (C17H23F2Cl2N3-
Pt) C, H, N.

Chloro[meso-1,2-bis(4-fluorophenyl)ethylenediamine][bu-
tylamine]platinum(II)chloride (m-4F-PtCl-BA). m-4F-PtCl-BA
was prepared fromm-4F-PtDMSO-BA (0.1 mmol). Yield: 45.50
mg (0.077 mmol); 77.59% colorless powder.1H NMR ([D7]-DMF):

δ 0.84 (t, 3H, CH3), 1.32-1.40 (m, 2H, CH2), 1.70-1.78 (m,
2H, CH2), 2.75 (t, 2H, N-CH2), 4.52-4.59 (m, 2H, CH-benzyl),
5.32 (br, 2H, NH2), 5.61 (br, 1H, NH), 6.36 (br, 2H, NH2), 7.08-
7.17 (m, 4H, Ar-H), 7.24 (br, 1H, NH), 7.53-7.59 (m, 4H, Ar-
H). Anal. (C18H25F2Cl2N3Pt) C, H, N.

Chloro[ meso-1,2-bis(4-fluorophenyl)ethylenediamine]-
[hexylamine]platinum(II)chloride (m-4F-PtCl-HA). m-4F-PtCl-
HA was prepared fromm-4F-PtDMSO-HA (0.1 mmol). Yield:
48.02 mg (0.078 mmol); 78.16% colorless powder.1H NMR ([D7]-
DMF): δ 0.83 (t, 3H, CH3), 1.25-1.40 (m, 6H, CH2), 1.70-1.80
(m, 2H, CH2), 2.80 (t, 2H, N-CH2), 4.50-4.61 (m, 2H, CH-
benzyl), 5.32 (br, 2H, NH2), 5.60 (br, 1H, NH), 6.31 (br, 2H, NH2),
7.08-7.19 (m, 4H, Ar-H), 7.24 (br, 1H, NH), 7.51-7.61 (m, 4H,
Ar-H). Anal. (C20H29F2Cl2N3Pt) C, H, N.

Di(meso-1,2-bis(4-fluorophenyl)ethylenediamine)dichloro(µ-
1,6-diaminohexane-N:N′)diplatinum(II)dichloride (m-4F-PtCl-
DAH). m-4F-PtCl-DAH was prepared fromm-4F-PtDMSO-DAH
(0.1 mmol). Yield: 50.33 mg (0.037 mmol); 37.56% colorless
powder.1H NMR ([D7]-DMF): δ 1.25-1.30 (m, 4H, CH2), 1.74-
1.83 (m, 4H, CH2), 2.52 (t, 4H, N-CH2), 4.51-4.59 (m, 4H, CH-
benzyl), 5.20 (br, 2H, NH), 5.41 (br, 2H, NH), 5.68 (br, 2H, NH),
6.21 (br, 3H, NH), 6.35 (br, 2H, NH), 7.03-7.15 (m, 8H, Ar-H),
7.24 (br, 1H, NH), 7.48-7.52 (m, 4H, Ar-H), 7.53-7.58 (m, 4H,
Ar-H). Anal. (C34H44F4Cl4N6Pt2) C, H, N.

Di(meso-1,2-bis(4-fluorophenyl)ethylenediamine)dichloro(µ-
1,9-diaminononane-N:N′)diplatinum(II)dichloride (m-4F-PtCl-
DAN). m-4F-PtCl-DAN was prepared fromm-4F-PtDMSO-DAN
(0.1 mmol). Yield: 65.79 mg (0.048 mmol); 47.61% colorless
powder.1H NMR ([D7]-DMF): δ 1.25-1.41 (m, 10H, CH2), 1.70-
1.83 (m, 4H, CH2), 2.95 (t, 4H, N-CH2), 4.53-4.66 (m, 4H, CH-
benzyl), 5.22 (br, 2H, NH), 5.40 (br, 2H, NH), 5.64 (br, 2H, NH),
6.27 (br, 6H, NH), 7.04-7.19 (m, 8H, Ar-H), 7.49-7.60 (m, 8H,
Ar-H). Anal. (C37H50F4Cl4N6Pt2) C, H, N.

Di(meso-1,2-bis(4-fluorophenyl)ethylenediamine)dichloro(µ-
1,12-diaminododecane-N:N′)diplatinum(II)dichloride (m-4F-
PtCl-DAD). m-4F-PtCl-DAD was prepared fromm-4F-PtDMSO-
DAD (0.1 mmol). Yield: 48.11 mg (0.034 mmol); 33.78% colorless
powder.1H NMR ([D7]-DMF): δ 1.22-1.45 (m, 12H, CH2), 1.70-
1.85 (m, 8H, CH2), 2.55 (t, 4H, N-CH2), 4.51-4.72 (m, 4H, CH-
benzyl), 5.30 (br, 4H, NH), 6.19 (br, 8H, NH), 6.99-7.15 (m, 8H,
Ar-H), 7.46-7.66 (m, 8H, Ar-H). Anal. (C40H56F4Cl4N6Pt2) C,
H, N.

Biological Methods. General.Chemicals were purchased from
Sigma and Fluka. Drugs were freshly prepared as stock solution in
dimethylformamide (DMF) or H2O and diluted with cell culture
media or buffer when used for the biochemical experiments (final
DMF concentration: 0.1% (v/v)). Platinum amounts were deter-
mined by graphite furnace atomic absorption spectroscopy (GF-
AAS) with deuterium background correction (AAS vario 6;
AnalytikJena AG) using a detection wavelength of 265.9 nm. The
used program consisted of drying at 105°C for 30 s (ramp rate)
10 °C/s) and at 120°C for 20 s (ramp rate) 15 °C/s), ashing at
500 °C for 30 s (ramp rate) 45 °C/s), at 1000°C for 10 s (ramp
rate) 100 °C/s), and at 1700°C for 10 s (ramp rate) 300 °C/s)
as well as atomizing at 2400°C for 4 s (ramp rate) 1500°C/s).
Purge gas flow-rate was 2 L Argon/min except at the atomization

1188 Journal of Medicinal Chemistry, 2006, Vol. 49, No. 3 Kapp et al.



where it was stopped. Limit of detection was approximately 0.005
mg/L (injection volume: 20µL).

Stability in Physiological Buffers. The model compound(m-
4F-PtDMSO)2-DAH (2 mg/mL) was incubated in physiological
NaCl solution (0.9% (w/v)), in Delbecco’s buffer (137.0 mM NaCl,
2.7 mM KCl, 0.9 mM CaCl2, 0.5 mM MgCl2, 1.5 mM KH2PO4,
8.0 mM Na2HPO4, pH 7.4) or EMEM at 37°C. An appropriate
aliquot was acidified to pH 2.7 with phosphoric acid and im-
mediately analyzed by capillary electrophoresis (Agilent 3D system
equipped with a diode array detector; running buffer: 0.02 M NaH2-
PO4 adjusted to pH 2.7 with H3PO4; the applied voltage was 30
kV and the cassette temperature was set to 20°C). Samples were
injected by pressure (50 mbar for 4 s). At the beginning of a
sequence, the capillary was flushed with 1 M NaOH for 5 min,
twice distilled water and running buffer. Between each run the
capillary was flushed with running buffer for 5 min.

Binding Behavior to HSA. A total of 3 µM of each compound
was incubated with HSA (40 mg/mL) in Delbecco’s buffer. Aliquots
were taken after appropriate incubation periods and were 2-fold
diluted with ice-cold ethanol. The probe was stored at-18 °C for
at least 4 h after vigorous stirring. Then the protein solution was
centrifuged (4000g, 4 °C, 10 min), and 300µL of the supernatant
was diluted with 100µL of bidistilled water and stabilized by
addition of 100µL of hydrochloric acid (18% w/v) for GF-AAS
determination. The recovery rate was calculated from three
independent experiments as the ratio of platinum found in the
supernatant and the total amount of platinum. Pseudo-first-order
kinetic fitting was done using Origin 7.0 after calculating the found
platinum as the percentage of the amount recovered at the beginning
of the experiment (n ) 2).

To determine the recovery by ultrafiltration, aliquots of 200µL
were transferred immediately after addition of the compounds into
centrifugal filter devices (Microcon YM-30 Millipore) and were
centrifuged (6000g, 4 °C, 10 min). A total of 50µL of the
ultrafiltrate was stabilized by addition of 350µL of Triton-X-100
(1% (w/w)) and 100µL of hydrochloric acid (18% w/v) for GF-
AAS determination. The experiments were performed in triplicate.
Calculations were done analogous to the ultrafiltration experiments.

Cell Culture. The human MCF-7 breast cancer cell line was
obtained from the American Culture Collection (ATCC, Rockville,
MD). The cells were maintained in Eagle’s minimal essential
medium (EMEM) containingL-glutamine, supplemented with
NaHCO3 (2.2 g/L), sodium pyrovate (110 mg/L), gentamycin (50
mg/L), and 10% fetal calf serum (FCS; Gibco Eggenheim,
Germany) using 75 cm2 culture flasks (Nunc) in a water-saturated
atmosphere (5% CO2) at 37°C. The cells were serially passaged
weekly following trypsinization using 0.05% trypsin/0.02% ethyl-
enediaminetetraacetic acid (EDTA). Mycoplasma contamination
was routinely monitored, and only mycoplasma-free cultures were
used.

In Vitro Chemosensitivity Assay. The in vitro testing of the
compounds for cytotoxic activity was carried out on exponentially
dividing cancer cells according to a previously published microtiter
assay.28 Briefly, in 96-well microtiter assay plates (Nunc), 100µL
of a cell suspension at 7000 cells/mL culture medium was plated
into each well and incubated at 37°C for 3 days in a water-saturated
atmosphere (5% CO2). The desired test concentration was obtained
by addition of an adequate volume of a stock solution of the
respective compound to the medium. Sixteen wells were used for
each test concentration and for the control, which contained the
corresponding amount of DMF or H2O (0.1% v/v), respectively.
After appropriate incubation periods, the medium was removed and
the cells were fixed with a glutaraldehyde solution and stored at 4
°C. Cell biomass was determined by a crystal violet staining
technique. The influence of the complexes on cell growth is
expressed as the correctedT/C value according to the following
equations

whereT (test) andC (control) are the optical densities at 590 nm

of the crystal violet extract of the cell lawn in the wells (i.e., the
chromatin-bound crystal violet extracted with ethanol 70%),C0 is
the density of the cell extract immediately before treatment, and

For the automatic determination of the optical density of the
crystal violet extract in the wells a microplatereader (Flashscan S19
AnalytikJena AG) was used. The IC50 values were determined as
previously described29 with the exception that the incubation time
under drug exposure was set to 150 h.

Cellular Uptake Studies. MCF-7 cells were seeded in 6-well
plates (Nunc). When the cells reached 50-60% confluency
(approximately after 5 days of incubation) the medium was
exchanged by serum-free EMEM containing the drugs. The medium
was removed after appropriate incubation periods, and the cells
were washed with ice-cold PBS. After trypsination, the cells were
harvested, washed two times with ice-cold PBS, and centrifuged
(2000g, 4 °C, 5 min) for storage at-18 °C till analysis. The cell
pellet was homogenized by sonification in a Triton X-100 solution
(1% (w/w)) and was adequately diluted for protein determination30

and for the platinum analysis (GF-AAS). Calibrations were done
under identical conditions with K2PtCl4 standard solutions. The
results were calculated as the average of three experiments. The
cellular concentration of the compounds in the MCF-7 cells were
determined as previously published.12 The accumulation grade was
the ratio of cell-associated platinum and the compound concentration
in the medium.

A modified procedure was performed to confirm the validity of
Fick’s law. Cells were incubated with four different concentrations
of the substance. After three or four time intervals, all four
concentrations were harvested and treated as described above.

Platinum Content in the Nuclei. MCF-7 cells were seeded in
175 cm2 flasks and incubated till 60-70% confluency was reached.
Then the cells were incubated for 24 h with serum-free medium
containing the respective drug. The cells were harvested by
trypsination, washed with ice-cold PBS, resuspended in ice-cold
RSB buffer (0.01 M Tris-HCl, 0.01 M NaCl, 1.5 mM MgCl2, pH
7.4), and incubated on ice for 5 min. Nonidet-P40 was added to
the swollen cells to a concentration of 0.25%, and the cells were
lysed by vigorous stirring. After 5 min incubation on ice the raw
nuclei were stirred once more and sedimented by centrifugation
(1000g) at 4 °C for 5 min. The nuclei pellet was resuspended in
0.25 M sucrose containing 3 mM CaCl2 and layered on a 0.88 M
sucrose solution. Nuclei were purified by centrifugation for 10 min
at 2500g. The supernatant was removed, and the nuclei were stored
at -18 °C till analysis. For analysis the nuclei were homogenized
in 300µL of Triton X-100 solution (1% (w/w)) by ultrasonification.
The homogenate was adequately diluted for protein assay by the
method of Bradford30 and for platinum determination by means of
GF-AAS. The results were expressed as the means of three
independent experiments as nanograms of platinum per milligrams
of nuclear protein.

Platinum Content of Nuclear DNA. MCF-7 cells were treated
as described above to yield a raw nuclei pellet, which was incubated
with proteinase K and RNAse A in a 0.5% (w/v) sodium
dodecylsulfonat containing TE-buffer (10 mmol Tris, 1 mmol
EDTA, pH 7.8) for 4 h at 55°C. Purification was performed by
using the chloroform phenol extraction method. DNA pellets were
obtained by adding 0.1 aliquots of 3 M sodium acetate solution
(pH 5.5) and 2 aliquots of ice-cold ethanol. For GF-AAS analysis
this pellet was dissolved in 100µL of water, and 50µL of DNA
solution was diluted with 50µL of 0.01 N HCl containing 0.05%
(w/w) Triton X-100. For calibration, equal amounts of salmon sperm
DNA was added to the K2PtCl4 standards. DNA content was
measured according to Vytasek in a miniaturized assay.31 Briefly,
the DNA was hydrolyzed by 1 M HClO4. The liberated ribose
reacted with 3,5-diaminobenzoic acid under alkaline conditions to
a fluorescent chinoline derivative. The reaction was stopped by
addition of ice-cold hydrochloric acid (1 M). The fluorescence was
measured using a microtiterplate reader (Victor2 1420 multilabel

cytostatic effect:T/Ccorr [%] ) [(T - C0)/(C - C0)] × 100

cytocidal effect:τ [%] ) [(T - C0)/C0] × 100
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counter Perkin-Elmer; filters: Exc. 405 nm; Em. 500 nm).
Calibration was done in a range of 0 to 2.5µg using salmon sperm
DNA. The purity of the DNA was determined by UV-spectroscopy.
Every working up showed a ratioE260/E280 higher than 1.8 and a
ratioE260/E230 higher than 2.2. The absorption minimum was always
lower than 232 nm.32 Results are expressed as the means of three
independent experiments as picograms of platinum per micrograms
of nuclear DNA.
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