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Introduction

In the search for metal-based therapeutic agents against
cancer, ruthenium plays a very important role[1–3] and is proba-
bly only surpassed by platinum in the number of studies re-
ported so far.[4–6] Most advanced toward clinical applications in
humans are some ruthenium ACHTUNGTRENNUNG(III) chlorido complexes such as in-
dazolium [trans-tetrachloridobis(1H-indazole)ruthenateACHTUNGTRENNUNG(III)] ,
KP1019, and imidazolium [trans-tetrachlorido(dimethyl
sulfoxide)(imidazole)ruthenate ACHTUNGTRENNUNG(III)] , NAMI-A. The former com-
pound shows promising effects in a variety of tumor models,
including colorectal carcinoma in rat, and has already success-
fully completed phase I clinical trials,[7] whereas the latter, al-
though inactive against primary tumor cells, efficiently decreas-
es the formation and growth of metastases.[8]

Ruthenium(II) complexes have also found widespread inter-
est in medicinal inorganic chemistry. Compounds carrying
labile ligands such as a-[RuACHTUNGTRENNUNG(azpy)2Cl2] (azpy=2-phenylazopyri-
dine) undergo hydrolysis and subsequently bind to the constit-
uents of bio ACHTUNGTRENNUNG(macro)molecules.[9] Some of them show a cytotox-
ic potential similar to or even better than that of cisplatin.[10–12]

Organometallic arene ruthenium compounds of the general
formula [Ru ACHTUNGTRENNUNG(h6-arene)(L)(L’) ACHTUNGTRENNUNG(L’’)]Xn, in which at least some of the
ligands L are labile, have also received a lot of attention re-
cently, with structure–activity studies against a variety of
cancer cells lines reported.[13–17] In addition to such complexes
capable of covalently binding to bio ACHTUNGTRENNUNG(macro)molecules, coordi-
natively saturated and substitutionally inert ruthenium(II) com-
pounds have also received enormous attention. Because they
can only form noncovalent adducts, a large number of studies
have been devoted to the investigation of their groove-bind-
ing and intercalative interactions with DNA.[18–20] Surprisingly,
however, little is known about their in vitro behavior. Only a

few studies have focused on their intracellular accumulation
and antiproliferative properties.[21–25] We therefore decided to
carry out a systematic evaluation of a series of ruthenium com-
plexes [Ru ACHTUNGTRENNUNG(bpy)2ACHTUNGTRENNUNG(N�N)]Cl2 1–5 (Figure 1) with aromatic biden-
tate ligands (N�N=bpy, phen, dpq, dppz, and dppn) to study
the influence of ligand surface area on cellular uptake efficien-
cy and cytotoxicity. Additionally, a chip-based sensor system
was used to continuously monitor three key metabolic param-
eters: oxygen consumption, extracellular acidification rate, and
impedance as an indicator of changes in cell morphology and
adhesion properties, to get more detailed insight into the bio-
logical mode of action of these compounds.
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A series of five ruthenium(II) polypyridyl complexes [Ru ACHTUNGTRENNUNG(bpy)2ACHTUNGTRENNUNG(N�
N)]Cl2 was tested against human HT-29 and MCF-7 cancer cell
lines. Cellular uptake efficiency and cytotoxicity were found to in-
crease with the size of the aromatic surface area of the N�N
ligand. The most active compound carrying the dppn ligand ex-
hibits a low micromolar IC50 value against both cell lines compa-
rable to that of cisplatin under similar conditions. Continuous
measurement of oxygen consumption, extracellular acidification

rate, and impedance of the cell layer with a chip-based sensor
system upon exposure to the complexes showed only small
changes for the first two parameters throughout the series. A sig-
nificant and irreversible decrease in impedance was, however,
found for the dppn compound. This suggests that its biological
activity is related to modifications in cell morphology or cell–cell
and cell–matrix contacts.
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Results

Synthesis

All five ruthenium complexes 1–5 (Figure 1) studied in this
work were prepared in a similar way by reaction of [Ru-
ACHTUNGTRENNUNG(bpy)2Cl2]·2H2O with bidentate N�N ligands bpy, phen, dpq,
dppz, and dppn in ethanol/water (1:1 v/v) at reflux for five
hours. They were then precipitated from an aqueous solution
with saturated ammonium hexafluorophosphate. This material
was redissolved in acetone and produced the chloride salts as
crystalline solids upon addition of tetra-n-butylammonium
chloride. All analytical data are in full accordance with the ex-
pected composition and in line with those reported in the lit-
erature.[26–32]

Cellular uptake

For coordinatively saturated and substitutionally inert rutheni-
ACHTUNGTRENNUNGum(II) polypyridyl complexes, noncovalent association with
DNA is generally assumed to be the primary mode of interac-
tion with biological systems. Especially compounds carrying li-
gands with an extended aromatic surface area such as dppz
and dppn, as in 4 and 5, are thought to predominantly bind
through intercalation into the DNA base stack.[18–20] To exert
this action in vitro and in vivo, efficient intracellular accumula-
tion is required. Cultures of human colon and breast cancer
cell lines HT-29 and MCF-7, respectively, were thus treated for
several hours with solutions of complexes 1–5. NAMI-A was
also evaluated under identical conditions as an established
ruthenium-containing reference drug. After replacement with
pure buffer and subsequent washing steps, the cellular ruthe-
nium content of the samples was determined by graphite fur-
nace atomic absorption spectroscopy (GF-AAS), and the pro-
tein content by the Bradford method. Results are reported
herein as ng ruthenium per mg cellular protein. Importantly,
this method gives reproducible results on metal association
with cells when applied to other metals as well,[33] but it does
not allow one to distinguish between the metal complexes
that are internalized in vesicles, released to the cytosol, or that
remain tightly associated with the cellular membrane.

Low uptake levels were noted for 1–4 and NAMI-A (Table 1).
An incubation concentration of 500 mm had to be used for

these complexes to reach detectable cellular Ru
levels. The result that clearly stands out, however, is
the elevated uptake of the dppn compound 5, which
shows Ru levels >100 ng Ru per mg cell protein in
both cell lines at exposure to 100 mm complex. In this
context it should be noted that cells treated with 5
could not be isolated following the established pro-
cedure based on enzymatic digestion of the extracel-
lular matrix with trypsin. Instead, the cells remained
attached to the bottom of the culture flasks and had
to be scraped off mechanically. This observation is a
first indicator that 5 probably modifies the cell–cell

or cell–matrix adhesion properties, which is also reflected in
the impedance measurements (see below). Evaluation of the
data obtained for 1–5 shows a clear correlation between the
size of the aromatic surface area of the N�N ligand and the
amount of ruthenium associated with the cells. Thus, enlarge-
ment of the aromatic ring system results in an increase in the
cellular Ru levels. A recent combined flow cytometry and con-
focal microscopy study on 4 and analogues with substituted
bipyridines as co-ligands using HeLa cells also showed efficient
cellular uptake. The latter method provided clear evidence that
at least part of the compound is indeed transported to the in-
terior of the cells instead of remaining associated only with the
cell membrane.[23] The immediate onset of effects on key cellu-
lar metabolic parameters (see below), however, suggests that
an intracellular or even intranuclear accumulation of com-
pound 5 is not required to exert its action.

Cytotoxicity

Having established an efficient cellular uptake in HT-29 and
MCF-7 cells at least for the largest member of the series of
compounds 5, we then proceeded to study the effect on cell
viability using crystal violet staining of the cell biomass after
incubation for up to 96 h in the presence of complexes 1–5.
IC50 values determined from these experiments are listed in
Table 1.

Figure 1. Ruthenium complexes 1–5 investigated in this study.

Table 1. Cellular uptake and cytotoxicity of ruthenium complexes 1–5,
NAMI-A, and cisplatin against HT-29 and MCF-7 human cancer cell lines.

HT-29 MCF-7
Compd Ru [ngmg�1][a] IC50 [mmolL�1] Ru [ngmg�1][a] IC50 [mmolL�1]

1 5.2�6.0[b] 32.3�8.4 8.5�3.3[b] 778.3�107.2
2 15.1�6.7[b] 119.4�10.8 15.0�9.3[b] 122.5�9.5
3 20.7�4.2[b] 62.1�3.9 9.9�4.8[b] 51.8�2.2
4 38.8�3.1[b] 26.9�0.4 47.8�8.8[b] 90.2�19.6
5 162.7�3.0[c] 6.4�1.9 128.2�2.7[c] 3.3�1.2

NAMI-A 12.8�7.7[b] 513�24 28.6�6.5[b] 591�63
cisplatin n.d.[d] 7.0�2.0[17] n.d.[d] 2.0�0.3[17]

[a] Ru concentration in ng per mg cell protein. [b] Ru exposure concentra-
tion: 500 mmolL�1. [c] Ru exposure concentration: 100 mmolL�1. [d] Not
determined.
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In good agreement with the cellular uptake data, low anti-
proliferative effects (IC50 values >25 mm) were noted for 1–4.
In contrast, the dppn compound 5 was significantly more
active in both cell lines studied (IC50 values <10 mm) and
showed an IC50 value similar to that of cisplatin under identical
conditions.[17] With the exception of 1 in HT-29, the cell growth
inhibitory potency increases with increasing aromatic surface
area of the bidentate N�N ligand. As expected, NAMI-A was
completely inactive (IC50 values >500 mm) in this in vitro assay.
This is in line with a series of previous studies which showed
that it acts only on metastases but not primary tumor cells.[8] It
is thus interesting to find a level of cytotoxicity for the most
active of these coordinatively saturated and substitutionally
inert ruthenium(II) polypyridyl complexes such as 5 that is simi-
lar to that of cisplatin, a classic anticancer agent which cova-
lently binds DNA after hydrolysis of its labile ligands. It should
be noted that high cytotoxicities against these two cell lines in
the low micromolar range were also recently reported for
dppn arene ruthenium and Cp* iridium complexes.[17]

Cellular metabolism

To gain insight into the mode of action of compounds 1–5, we
then studied the immediate effect on cellular metabolism and
morphology of HT-29 colon cancer cells in response to expo-
sure to each of the five compounds at 100 mm using a chip-
based sensor system (Bionas 2500). This allows one to monitor
important metabolic parameters of living cells such as oxygen
consumption, extracellular acidification rate, and changes in
cellular morphology and adhesion properties over an extended
time span. The chip contains ion-sensitive field effect transis-
tors (ISFETs) to measure extracellular pH, Clark-type oxygen
electrodes to follow cellular oxygen uptake, and interdigitated
electrode structures (IDES) for impedance measurements.[34–36]

The acidification rate of the medium is closely linked to cel-
lular energy metabolism, respiration, and glycolysis through
the dominant contribution of lactic acid production into the
extracellular environment. The rate of oxygen consumption is
an indicator of mitochondrial activity, dependent on the citrate
cycle, and ATP production in the respiratory chain. Finally, the
impedance of the cell layer growing on the chip surface is in-
fluenced by the insulating properties of the cell membrane.
This allows one to detect changes in cell morphology and ad-
hesion properties like cell–cell and cell–matrix contacts.

During analysis the medium was exchanged in cycles of
4 min while changes in the parameters were recorded. Treat-
ment with compounds 1–5 started after an equilibration
period of five hours and was continued for 24 h. Afterwards,
the cells were allowed to recover in pure growth medium for
another 21 h.

As shown in Figure 2, the HT-29 cells clearly respond to ap-
plication of all five compounds by changes in cell impedance.
Also, the onset of the recovery period results in a discontinuity
in the curves. Whereas the effects are very small for com-
pounds 1–4, a dramatic decrease in cell impedance by almost
70% is observed for dppn complex 5. This is a clear indication
of significant changes in cell morphology and adhesion prop-

erties. The modifications of the cells are irreversible in this
case, as the impedance hardly recovers when the cells are re-
supplied with pure growth medium. The data, however, do not
allow one to distinguish between either a direct membrane
effect or the interaction of 5 with membrane proteins.

The extracellular acidification rate, as shown in Figure 3,
slightly decreases during exposure to compounds 1–5 in a
comparable manner. While in the case of 1–4, cells somewhat

recover when growth medium without the compounds is re-
supplied after 24 h, treatment with dppn complex 5 has an ir-
reversible effect on this parameter of cellular metabolism as
well, as the acidification rate continues to decrease during the
recovery period.

Figure 2. Standard cell impedance expressed as percentage relative to a
non-treated control chip for HT-29 colon cancer cells exposed to medium
(gray shaded area) or medium containing compounds 1–5 (white area).

Figure 3. Standard extracellular acidification rate expressed as percentage
relative to a non-treated control chip for HT-29 colon cancer cells exposed
to medium (gray shaded area) or medium containing compounds 1–5
(white area).
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The respiration rate, which measures oxygen consumption
by the cells, shows a less clear picture (Figure 4). Whereas 2
and 3 only marginally differ from control, 1 and 4 show a

slight decrease over time. Compound 5 displays a very unsta-
ble behavior at the beginning of the treatment followed by a
continuous increase through most of the incubation. Although
the differences in the response allow no simple interpretation,
the changes in oxygen consumption confirm the special be-
havior of 5 also observed in the impedance and acidification
rate measurements.

Discussion

The cellular uptake efficiency of ruthenium complexes [Ru-
ACHTUNGTRENNUNG(bpy)2 ACHTUNGTRENNUNG(N�N)]Cl2 1–5 by HT-29 and MCF-7 human cancer cells in
general shows a positive correlation with the increasing aro-
matic surface area of the bidentate N�N ligand. This is in line
with the higher affinity of the more hydrophobic systems to
the cell membrane and in good agreement with previous re-
sults on structurally related complexes.[17] Compound 5, with
the dppn ligand, is particularly efficient in associating with
both types of cancer cells. Based on distinct cellular parame-
ters such as cell volume and cell protein content of the MCF-7
and HT-29 cells,[33,37] the molar cellular ruthenium concentra-
tion can be estimated from the measured ngmg�1 values; 1 ng
ruthenium per 1 mg cell protein corresponds to a complex
concentration of 1.1 mm in MCF-7 and 2.0 mm in HT-29 cells. Ac-
cordingly, 5 reaches a concentration of 141 mm in MCF-7 and
325 mm in HT-29 cells, which is well above the exposure con-
centration (100 mm) in both cases. In contrast, the cellular
levels obtained with 1–4 are significantly lower than the incu-
bation concentration (500 mm), which results in the lower anti-
proliferative potencies of these complexes. Thus, more efficient
cellular accumulation leads to higher cytotoxicity of the com-
pounds against both cell lines. Again, dppn complex 5 clearly

stands out, with IC50 values against HT-29 and MCF-7 cell lines
in the low micromolar range and comparable to those ob-
tained for cisplatin under identical conditions.

These results raise the question of the mode of action of
compound 5. Because it lacks labile ligands as found in many
other classes of metallopharmaceuticals, formation of covalent
adducts with bioACHTUNGTRENNUNG(macro)molecules seems unlikely. Therefore,
continuous profiling with a chip-based sensor system was
used to monitor changes in key metabolic parameters such as
oxygen consumption, extracellular acidification rate, and impe-
dance as a measure of changes in cellular morphology and ad-
hesion properties. The first two parameters underwent only
small changes upon treatment of the cells with 5, thus ruling
out a major influence on the cellular energy metabolism and
mitochondrial activity. On the other hand, the impedance de-
creased by almost 70% in an irreversible manner. The strong
effect of 5 and the extremely low activity of 1–4 in the impe-
dance measurements are in excellent agreement with the cyto-
toxicity and cellular uptake results of the complexes, indicating
that a direct interaction of compound 5 with the constituents
of the cell membrane or embedded membrane proteins could
significantly contribute to the mode of action of 5. This obser-
vation might also be relevant for other related cytotoxic ruthe-
nium(II) polypyridyl complexes.

Conclusions

We have identified a coordinatively saturated and substitution-
ally inert ruthenium(II) polypyridyl complex with an extended
aromatic ligand that exhibits cytotoxic activity against two
cancer cell lines at low micromolar IC50 values. Our data point
to a modification of cell membrane function and cell adhesion
properties as the main mode of action. This contrasts with the
conventional focus on the DNA-intercalating properties of
such complexes. Further experiments are required to elucidate
the precise mode of biological action of this complex and re-
lated compounds currently under study.

Experimental Section

General: Solvents were dried over molecular sieves and degassed
prior to use when necessary. All chemicals were obtained from
commercial sources and used without further purification. NMR
spectra were recorded on Bruker DPX 200 and DRX 400 spectrome-
ters (1H at 200.13 and 400.13 MHz, respectively). Chemical shifts (d
in ppm) indicate a downfield shift relative to tetramethylsilane
(TMS) and were referenced against the signal of the solvent.[38]

Coupling constants J are given in Hz. Individual peaks are marked
as: singlet (s), doublet (d), triplet (t) quartet (q), or multiplet (m).
ESI mass spectra were measured on a Bruker Esquire 6000 instru-
ment. The solvent flow rate was 8 mLmin�1 with a nebulizer pres-
sure of 20 psi and a dry gas flow rate of 7 Lmin�1 at a dry gas tem-
perature of 350 8C. MS peak positions are reported for the most in-
tense line of the isotope distribution observed.

Synthesis: The synthesis of [Ru ACHTUNGTRENNUNG(bpy)2ACHTUNGTRENNUNG(dpq)]Cl2 3 is described as an
example: bis(2,2’-bipyridine)dichloridoruthenium(II) dihydrate
(289 mg, 0.56 mmol) and dipyrido[3,2-f :2’,3’-h]quinoxaline (359 mg,
1.55 mmol) were suspended in a degassed mixture of EtOH/H2O

Figure 4. Standard respiration rate expressed as percentage relative to a
non-treated control chip for HT-29 colon cancer cells exposed to medium
(gray shaded area) or medium containing compounds 1–5 (white area).
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(1:1 v/v) and then heated at reflux under argon in the absence of
light for 5 h. The clear orange solution thus obtained was cooled
to room temperature and NH4PF6 (2.0 g) was added to precipitate
the complex, which was collected on a sintered glass filter, washed
with H2O and Et2O, and finally dried in air. The PF6 salt was dis-
solved in a minimum amount of acetone, filtered, and then precipi-
tated by the addition of a saturated solution of tetra-n-butylammo-
nium chloride in acetone. The product was collected on a sintered
glass filter, washed with a small quantity of ice-cold acetone, and
dried in air overnight. NAMI-A was prepared by the procedure re-
ported by Mestroni et al. , and showed analytical data in full ac-
cordance with the literature.[39]

[Ru ACHTUNGTRENNUNG(bpy)3]Cl2 1: orange solid (199 mg, yield 39%); MS (ESI+, H2O):
m/z=284.97 [Ru ACHTUNGTRENNUNG(bpy)3]

2+ ; 1H NMR (D2O): d=8.56 (d, 2H, 3J=
8.1 Hz, bpy H3), 8.06 (dt, 2H, 3J=7.9 Hz, 4J=1.6 Hz, bpy H4), 7.85
(d, 2H, 3J=5.7 Hz, bpy H6), 7.39 ppm (ddd, 2H, 3J=7.7 Hz, 3J=
5.8 Hz, 4J=1.3 Hz, bpy H5); [RuACHTUNGTRENNUNG(bpy)2ACHTUNGTRENNUNG(phen)]Cl2 2 :[26] orange solid
(224 mg, yield quantitative), MS (ESI+, H2O): m/z=297.00 [Ru-
ACHTUNGTRENNUNG(bpy)2 ACHTUNGTRENNUNG(phen)]2+ ; 1H NMR ([D6]DMSO): d=8.91 (d, 2H, 3J=8.4 Hz,
bpy H3’), 8.86 (d, 2H, 3J=8.4 Hz, bpy H3), 8.81 (d, 2H, 3J=8.0 Hz,
phen H4+H7), 8.39 (s, 2H, phen H5+H6), 8.22 (t, 2H, bpy, 3J=

7.8 Hz, bpy H4’), 8.13 (d, 2H, 3J=5.2 Hz, phen H2+H9), 8.10 (d,
2H, 3J=8.0 Hz, bpy H4), 7.89 (dd, 2H, 3J=8.0 Hz, 3J=5.2 Hz, phen
H3+H8), 7.85 (d, 2H, 3J=5.6 Hz, bpy H6’), 7.55–7.65 (m 4H, bpy
H5’, H6), 7.35 ppm (dd, 2H, 3J=7.2 Hz, 3J=6.0 Hz, bpy H5); [Ru-
ACHTUNGTRENNUNG(bpy)2 ACHTUNGTRENNUNG(dpq)]Cl2 3 :[27–29,31] red solid (294 mg, yield 73%), MS (ESI+,
H2O): m/z=323.01 [RuACHTUNGTRENNUNG(bpy)2ACHTUNGTRENNUNG(dpq)]2+ ; 1H NMR (D2O): d=9.47 (dd,
2H, 3J=8.4 Hz, 4J=1.2 Hz, dpq H5+H12), 9.21 (s, 2H, dpq H2+
H3), 8.67 (d, 2H, 3J=8.0 Hz, bpy H3’), 8.64 (d, 2H, 3J=8.0 Hz, bpy
H3), 8.37 (dd, 2H, 3J=5.4 Hz, 4J=1.4 Hz, dpq H7+H10), 8.19 (dt,
2H, 3J=8.0 Hz, 4J=1.2 Hz, bpy H4’), 8.09 (dt, 2H, 3J=8.0 Hz, 4J=
1.6 Hz, bpy H4), 8.02 (dd, 2H, 3J=5.6 Hz, 4J=0.8 Hz, bpy H6’), 7.92
(dd, 2H, 3J=8.4 Hz, 3J=5.2 Hz, dpq H6+H11), 7.81 (dd, 2H, 3J=
5.6 Hz, 4J=0.8 Hz, bpy H6), 7.54 (ddd, 2H, 3J=7.6 Hz, 3J=5.8 Hz,
4J=1.4 Hz, bpy H5’), 7.32 ppm (ddd, 2H, 3J=7.7 Hz, 3J=5.9 Hz, 4J=
0.7 Hz, bpy H5); [Ru ACHTUNGTRENNUNG(bpy)2ACHTUNGTRENNUNG(dppz)]Cl2 4 :[30,32] dark red solid (88 mg,
yield quantitative); MS (ESI+, H2O): m/z=348.01 [Ru ACHTUNGTRENNUNG(bpy)2 ACHTUNGTRENNUNG(dppz)]2+

; 1H NMR (D2O): d=8.98 (d, 2H, 3J=8.0 Hz, bpy H3’), 8.62 (dd, 4H,
3J=8.2 Hz, 3J=4.2 Hz, dppz H1+H8, bpy H3), 8.23 (dd, 2H, 3J=
5.2 Hz, 4J=0.8 Hz, bpy H6’), 8.13 (dt, 2H, 3J=8.0 Hz, 4J=1.2 Hz,
bpy H4’), 8.06 (dt, 2H, 3J=8.0 Hz, 4J=0.8 Hz, bpy H4), 7.91–8.00
(m, 4H, bpy H6, dppz H11+H12), 7.88 (d, 2H, 3J=5.2 Hz, dppz
H3+H6), 7.82 (dd, 2H, 3J=6.6 Hz, 3J=3.4 Hz, dppz H10+H13),
7.64 (dd, 2H, 3J=8.2 Hz, 3J=5.4 Hz, dppz H2+H7), 7.47 (dt, 2H,
3J=6.7 Hz, 4J=0.7 Hz, bpy H5’), 7.37 ppm (t, 2H, 3J=6.6 Hz, bpy
H5); [Ru ACHTUNGTRENNUNG(bpy)2ACHTUNGTRENNUNG(dppn)]Cl2 5 : brown solid (204 mg, yield 76%), MS
(ESI+, H2O): m/z=373.01 [Ru ACHTUNGTRENNUNG(bpy)2 ACHTUNGTRENNUNG(dppn)]2+ ; 1H NMR ([D6]DMSO):
d=9.63 (dd, 2H, 3J=8.2 Hz, 4J=1.4 Hz, dppn H1+H8), 9.26 (s, 2H,
dppn H10+H15), 8.90 (m, 4H, bpy H3, H3’), 8.46 (dd, 2H, 3J=
6.6 Hz, 3J=3.4 Hz, dppn H11+H14), 8.21–8.25 (m, 4H, bpy H4’,
dppn H3+6), 8.15 (dt, 2H, 3J=7.9 Hz, 4J=1.3 Hz, bpy H4), 8.03
(dd, 2H, 3J=8.2 Hz, 3J=5.4 Hz, dppn H2+H7), 7.78–7.84 (m, 6H,
dppn H12+H13, bpy H6+H6’), 7.61 (ddd, 2H, 3J=7.6 Hz, 3J=
5.8 Hz, 4J=1.4 Hz, bpy H5’), 7.41 ppm (ddd, 2H, 3J=7.4 Hz, 3J=
5.8 Hz, 4J=1.4 Hz, bpy H5).

Cell culture: HT-29 human colon carcinoma and MCF-7 human
breast cancer cells were maintained in cell culture medium (mini-
mum essential Eagle’s medium supplemented with 2.2 g sodium
hydrogen carbonate, 110 mgL�1 sodium pyruvate, and 50 mgL�1

gentamicin sulfate adjusted to pH 7.4 and treated with 10% (v/v)
fetal calf serum (FCS) prior to use) at 37 8C under 5% CO2, and pas-
saged twice a week according to standard procedures.

Cellular uptake: For cellular uptake studies, cells were grown to at
least 70% confluency in 175-cm3 cell culture flasks. Stock solutions
of the complexes in dimethyl sulfoxide (DMSO) were freshly pre-
pared and diluted with cell culture medium to the desired concen-
trations (final DMSO concentration: 0.1% v/v, final complex con-
centrations: 100 and 500 mm). The cell culture medium of the cell
culture flasks was replaced with 10 mL of the cell culture medium
solutions containing the compounds, and the flasks were incubat-
ed at 37 8C under 5% CO2 for 4 h. The culture medium was re-
moved, the cell layer was washed with 10 mL phosphate buffered
saline (PBS) at pH 7.4, treated with 2–3 mL trypsin solution (0.05%
trypsin, 0.02% EDTA in PBS), and incubated for 2 min at 37 8C
under 5% CO2 after removal of the trypsin solution. Cells were re-
suspended in 10 mL PBS (in the case of 5, the cells had to be
scraped off using a flexible natural-rubber scraper attached to a
glass rod—“rubber policeman”) and isolated by centrifugation
(room temperature, 2000 g, 5 min). The cell pellets were resus-
pended in 1.0 mL doubly distilled water, lysed by treatment with a
sonotrode (Bandelin Sonoplus GM70, 60 W, 20 kHz, operated at
70% maximum power for 6–8 cycles), and appropriately diluted
with doubly distilled water. The ruthenium content of the samples
was determined by AAS (see below), and the protein content was
determined by the Bradford method. Results were calculated as ng
ruthenium per mg cellular protein from the data obtained in two
independent experiments.

AAS measurements: A Vario 6 graphite furnace atomic absorption
spectrometer (AnalytikJena AG) was used for ruthenium quantifica-
tion. Ru was detected at a wavelength of 349.9 nm with a band-
pass of 1.2 nm. A deuterium lamp was used for background correc-
tion. Standards for calibration purposes were prepared as aqueous
dilutions of a commercially available ruthenium standard stock so-
lution (Acros, 1 mgmL�1 ruthenium in 5% HCl). Triton X-100 (20 mL,
1%) and HCl (40 mL, 1m) were added to each 160-mL sample or
standard solution. A volume of 25 mL thereof was injected into the
graphite tubes. Drying, pyrolysis, and atomization in the graphite
furnace was performed according to the conditions listed in
Table 2. The detection limit for the method was 4.8 mg RuL�1. The
mean AUC (area under curve) absorptions of duplicate injections
were used throughout the study.

Cytotoxicity measurements: The antiproliferative effects of the
compounds were determined following an established procedure.
In short, cells were suspended in cell culture medium (HT-29:
2850 cellsmL�1, MCF-7: 10000 cellsmL�1), and 100-mL aliquots
thereof were plated in 96-well plates and incubated at 37 8C under
5% CO2 for 48 h (HT-29) or 72 h (MCF-7). Stock solutions of the
compounds in DMSO were freshly prepared and diluted with cell
culture medium to the desired concentrations (final DMSO concen-
tration: 0.1% v/v). The medium in the plates was replaced with

Table 2. Graphite furnace program for ruthenium AAS measurements.

Step T [8C] Ramp [8Cs�1] Hold [s]

drying 90 10 40
drying 105 7 30
drying 120 15 20
drying 500 50 30
pyrolysis 900 200 20
AZ (zeroing) 900 0 6
atomization 2200 maximum 4
tube cleaning 2600 1000 6
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medium containing the compounds in graded concentrations (six
replicates). After further incubation for 72 h (HT-29) or 96 h (MCF-7)
the cell biomass was determined by crystal violet staining, and the
IC50 values were determined as concentrations that elicit 50% in-
hibition of cell proliferation. Results were calculated from two to
three independent experiments.

Cell cultivation on the chip: HT-29 human colon carcinoma cells
were kept in Dulbecco’s modified Eagle’s medium (DMEM) with
penicillin/streptomycin and 10% (v/v) FCS. Cells were maintained
at 37 8C under 5% CO2 and 95% humidity. The same conditions
were used to culture cells on the biosensor chips before insertion
in the Bionas 2500 analyzer. During analysis, cells were fed with
DMEM running medium (PAA, T15-178) without sodium bicarbon-
ate, low buffered with 1 mm Hepes, supplemented with penicillin/
streptomycin and 0.1% FCS. Approximately 1.5R105 cells were
seeded directly onto each chip in 450 mL medium and incubated
at 37 8C under 5% CO2 and 95% humidity. The cell concentration
used results in approximately 80% cell confluence on the chip sur-
face after 24 h. This was the starting condition for online monitor-
ing.

Bionas 2500 analyzing system and sensor chip: A Bionas 2500
analyzing system was used to continuously record three important
physiological cellular parameters over time: oxygen consumption,
change in medium pH, and the impedance between two electro-
des on the chip surface. After short incubation periods the
medium was exchanged. In this series of experiments, stop-and-go
cycles of 4 min were used. The metabolic sensor chips (SC1000) in-
clude ion-sensitive field effect transistors (ISFETs) to record pH
changes, oxygen electrodes to monitor oxygen consumption, and
interdigitated electrode structures (IDES) to measure impedance
under the cell layer.[33–35] For drug activity testing we included the
three following steps: a) 4 h equilibration with running medium
and 4-min stop/flow incubation intervals, b) drug incubation with
substances freshly dissolved in medium at the indicated concentra-
tions for treatment periods of up to 24 h, and c) a regeneration
step in which cells are again fed with running medium only. At the
end of each experiment, the cells were killed by addition of 0.2%
Triton X-100 to get a basic signal without living cells on the sensor
surface as a negative control.
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