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Abstract 

Metal complexes bind to a wide variety of biomolecules and the control of the reactivity is essential when designing anticancer 
metallodrugs with a specific mode of action in mind. In this study, we used the highly cytotoxic compound [Ru II ( cym ) ( 8-HQ ) Cl] 
( cym = η6 - p -cymene, 8-HQ = 8-hydroxyquinoline ) , the more inert derivative [Ru II ( cym ) ( 8-HQ ) ( PTA ) ] ( SO 3 CF 3 ) ( PTA = 1,3,5-triaza-7- 
phosphaadamantane ) , and [Ru II ( cym ) ( PCA ) Cl]Cl ( PCA = pyridinecarbothioamide ) as a complex with a different coordination envi- 
ronment about the Ru center and investigated their stability, interactions with proteins, and behavior in medium ( αMEM ) and human 

serum by capillary zone electrophoresis. The developed method was found to be robust and provides a quick and low-cost technique 
to monitor the interactions of such complexes with biomolecules. Each complex was found to behave very differently, emphasizing 
the importance of the choice of ligands and demonstrating the applicability of the developed method. Additionally, the human serum 

albumin binding site preference of [Ru II ( cym ) ( 8-HQ ) Cl] was investigated through displacement studies, revealing that the compound 
was able to bind to both sites I and site II, and the type of adducts formed with transferrin was determined by mass spectrometry. 

Keywords: anticancer compounds, capillary electrophoresis, mass spectrometry, metallomics, organoruthenium complexes, serum 

proteins 

Graphical abstract 

Tracking the binding of [Ru ( cym ) ( 8-HQ ) Cl] to human serum albumin over time using capillary electrophoresis. 

 

 

 

 

 

 

 

 

 

 

 

We have reported the biological activity of several derivatives 
including [Ru II ( cym ) ( 8-HQ ) Cl] 1 and its more water-soluble PTA 

derivative [Ru II ( cym ) ( 8-HQ ) ( PTA ) ] ( SO 3 CF 3 ) 2 ( PTA = 1,3,5-triaza-7- 
phosphaadamantane ) , as well as [Ru II ( cym ) ( PCA ) Cl]Cl 3 ( Fig. 1 ) . 8 –11 

Complexes 1 and 3 have shown promising antiproliferative prop- 
erties with IC 50 values in the low micromolar range,7 , 9 whereas 
complex 2 is less cytotoxic, which can be attributed to its lower 
lipophilicity and thereby lower ability to cross the cell mem- 
brane.10 Furthermore, complex 3 has shown potential as a tumor 
invasiveness inhibitor as it has been confirmed to specifically tar- 
get the scaffold protein and cytolinker plectin.8 

Overall, the mechanisms of action of organoruthenium com- 
pounds are still not entirely understood, and additional studies 
Introduction 

Pt-based anticancer drugs are among the most widely used
chemotherapeutics.1 , 2 Although cisplatin, oxaliplatin, and carbo-
platin are very potent, they are also associated with severe side
effects and acquired or intrinsic resistance. Over recent decades,
there has been a high interest in developing Ru-based anticancer
complexes, as they offer novel mechanisms of action and re-
duced toxicity, 3 –5 and some Ru complexes have shown efficacy
in tumors resistant to treatment with Pt-based drugs.6 Ru piano-
stool organometallics based on the [Ru ( cym ) Cl] moiety ( cym = η6 -
p -cymene ) of bioactive 8-oxyquinoline ( 8-HQ ) -derived ligands or
with a N -substituted 2-pyridinecarbothioamide ( PCA ) ligand have

recently attracted attention as potential new anticancer agents.7 
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Fig. 1 Chemical structures of [Ru II ( cym ) ( 8-HQ ) Cl] 1 , 
[Ru II ( cym ) ( 8-HQ ) ( PTA ) ] ( SO 3 CF 3 ) 2 , and [Ru II ( cym ) ( PCA ) Cl]Cl 3 . 
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nvestigating the interactions of these complexes in biological en-
ironments are therefore highly relevant. Many chemotherapeu-
ic drugs are developed for intravenous administration and it is
herefore important to study their interactions with some of the
rst potential binding partners the drugs will encounter when
ntering the blood stream, in particular the abundant human
erum proteins albumin ( HSA ) and transferrin ( Tf ) .12 For Pt an-
icancer compounds, the binding to proteins such as albumin has
argely been interpreted as an inactivation of the drug by reducing
he bioavailability.13 , 14 For Ru complexes, it has been questioned
hether binding to proteins can actually enhance the cellular up-
ake of the drug through specific transporters or if protein binding
ight act as a reservoir, which could allow the complex to remain

n the bloodstream for longer.6 , 15 Several studies have investigated
hether the binding of a Ru anticancer complex to Tf is an ad-
antage for targeting tumor cells, as rapidly growing cells have a
igher demand for iron and display more Tf receptors, but have
o far been unable to verify that Tf plays a role in the activity
f these complexes.6 , 16 , 17 Albumin, which is the most abundant
erum protein, transports several different biomolecules such as
atty acids, amino acids, steroids, and metals, and additionally has
he ability to transport many pharmaceuticals.18 , 19 Albumin con-
ists of three similar domains ( I, II, and III ) , with each domain
aving two subdomains ( denoted a or b ) .18 , 19 Ligand binding of-
en occurs at the hydrophobic cavities in subdomains IIa ( site I )
r IIIa ( site II ) . By using well-established binding site markers for
lbumin, such as warfarin ( Wf; site I ) 18 and dansylglycine ( Ds; site
I ) ,20 displacement studies provide information on preferred bind-
ng sites.21 

Capillary electrophoresis ( CE ) is a very attractive technique for
tudying the speciation of metallodrugs in biological media, as it
s a powerful separation technique and compatible with aqueous
onditions, which makes it possible to monitor reactions under
imulated physiological conditions.22 CE and CE hyphenated to
ass spectrometry ( MS ) have been used to investigate the bind-

ng of metal-based anticancer agents to different biological tar-
ets such as DNA or proteins such as albumin, ubiquitin, and
f .21 , 23 –26 

In this study, a CE method applicable for investigating the
nteractions of anticancer organoruthenium compounds with
iomolecules was developed and validated. The developed
ethod provides a quick and low-cost technique to monitor the
nteractions of new potential metal-based anticancer complexes
ith biomolecules, which can be a first step toward understand-

ng their mechanisms of action. Additionally, the HSA binding site
reference of [Ru II ( cym ) ( 8-HQ ) Cl] 1 was investigated through dis-
lacement studies and the types of adducts formed with Tf were
etermined by MS. 

aterials and methods 

eagents and materials 
Ru II ( cym ) ( 8-HQ ) Cl] 1 , [Ru II ( cym ) ( 8-HQ ) ( PTA ) ] ( SO 3 CF 3 )
 , [Ru II ( cym ) ( PCA ) Cl]Cl 3 , and the internal standard
tris ( acetylacetonato ) cobalt ( III ) ] [Co ( acac ) 3 ] were prepared
ccording to literature procedures. 8 –10 , 27 Water ( 18 M �) used
hroughout these experiments was obtained from a Millipore
illi-Q Gradient Water Purification System. Methanol was
urchased from Macron Fine Chemicals TM . The background elec-
rolyte ( BGE ) for the CE studies was a 20 mM phosphate buffer
 pH 7.4 ) which was prepared from H 2 O ( 18 M �) , NaH 2 PO 4 ·2H 2 O
 99%, AK Scientific ) , and Na 2 HPO 4 ·2H 2 O ( ≥99.5%, Sigma-Aldrich ) .
eagents used for CE conditioning were NaOH ( 1.0 M, Agilent
echnologies ) and HCl ( 36.5-38%, J.T. Baker ) . 
Protein interaction studies were carried out using HSA ( ≥99%,

igma-Aldrich, A3782 fatty acid free ) and Tf ( ≥98%, Sigma-
ldrich ) . Interactions with cell medium and human serum were
nvestigated using αMEM cell culture medium ( Life Technologies )
piked with 5% fetal bovine serum ( FBS ) ( Moregate BioTech ) , and
uman serum ( from human male AB plasma, US origin, sterile
ltered, Sigma-Aldrich ) , respectively. HSA binding site displace-
ent studies were conducted with Wf ( ≥97%, Sigma-Aldrich ) ,
s ( ≥99.5%, Sigma-Aldrich ) , and HSA ( lyophilized powder, ≥96%,
igma-Aldrich, A1653 ) . 

tability studies 
tability studies of complexes 1 –3 were carried out in both H 2 O
nd 20 mM phosphate buffer ( pH 7.4 ) . Stock solutions for the com-
lexes were prepared in methanol ( 2 mM ) . The samples were di-
uted just before the first measurement to a final complex concen-
ration of 200 μM. Tris ( acetylacetonato ) cobalt ( III ) [Co ( acac ) 3 ] was
dded as an internal standard to all samples at a final concentra-
ion of 100 μM. The stability was studied for 24 h by monitoring
hanges in the peak areas over time. 

nteractions with serum proteins, cell culture 

edium, and human serum 

tock solutions of HSA and Tf in BGE were prepared ( 400 μM ) .
tudies were performed for 1 and 2 at complex ( 200 μM ) :protein
atios of 1:1, 10:1, and 20:1. The PCA complex 3 was investigated
t complex ( 200 μM ) :protein ratios of 20:1 and 50:1 for HSA and
t 10:1 and 20:1 for Tf. Samples were prepared just before the
rst measurement. BGE was used for dilution and [Co ( acac ) 3 ] was
dded as the internal standard to all samples at a final concen-
ration of 100 μM. 
The interactions of complexes 1 –3 with cell culture medium

 αMEM with 5% FBS ) were investigated. The αMEM was diluted
:10 with BGE and the complex concentrations were kept at
00 μM and [Co ( acac ) 3 ] at 100 μM. The dilution corresponded to a
omplex:albumin ratio of 133:1. 
The interactions of complexes 1 –3 with human serum were in-

estigated after diluting the serum 1:100 with BGE and the com-
lex concentrations were kept at 200 μM and for [Co ( acac ) 3 ] at
00 μM. The dilution corresponded to a complex:protein ratio of
bout 50:1 with regard to albumin content. 
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Competitive displacement study for HSA binding 

sites 
The affinity of complex 1 for binding sites I and II on HSA was
investigated with Wf as the site marker for binding site I and Ds
for site II by tracking the peak area for unbound Wf and Ds, re-
spectively. Stock solutions of Wf, Ds, and HSA were prepared in
H 2 O at concentrations of 800, 800, and 200 μM, respectively. Wf
or Ds were incubated with HSA ( 100 μM ) at a ratio of 2:1 for at
least 1 h at room temperature before complex 1 was added at fi-
nal concentrations of 200, 400, or 800 μM. The final concentration
of methanol was 10% in all samples. Calibration curves for Wf or
Ds in the range of 50–300 μM were determined before the start of
each displacement study, to allow for accurate quantification of
the amounts of Ds or Wf displaced by complex 1 . 

Capillary electrophoresis 
All measurements were performed in at least triplicate on a CE
system G7100 ( Agilent, Waldbronn, Germany ) equipped with a
long-life deuterium lamp ( 8 pin ) with an radio-frequency identi-
fication ( RFID ) tag. A capillary ( fused silica, 50 μm ID, Polymicro
Technologies ) with a total length of 50 cm and an effective length
of 40 cm was installed for the separation with ultraviolet ( UV )
detection. The capillary zone electrophoresis ( CZE ) –UV data and
peak areas presented were recorded at 200 nm, while the internal
standard signal was recorded at 254 nm in the samples containing
αMEM and human serum, as other neutral species were overlap-
ping the signal at 200 nm. For HSA binding site studies, 210 nm
was selected as the evaluation wavelength. 

New capillaries were conditioned with HCl ( 0.1 M ) and H 2 O
followed by NaOH ( 1.0 M ) and H 2 O for 10 min each followed by
flushing with BGE [phosphate buffer ( 20 mM, pH 7.4 ) ] for 20 min.
The same procedure was carried out as daily conditioning. The
capillary was flushed with BGE ( 3 min ) before each run and was
rinsed with HCl ( 0.1 M; 30 s ) , H 2 O ( 30 s ) , NaOH ( 1.0 M, 2 min ) , and
H 2 O ( 2 min ) after each separation. The sample tray and the cap-
illary were kept at 25°C. Samples were injected hydrodynamically
( 50 mbar for 5 s ) and the voltage applied was + 20 kV for 5 min.
The current reading was 23–24 μA. 

For the binding site studies with HSA, a modified version of a CE
method was applied.21 Before each run, the capillary was flushed
with BGE ( 2 min ) , then + 28 kV voltage was applied for 30 s followed
by 1 min of flushing with BGE and the capillary was rinsed with
HCl ( 0.1 M; 2 min ) , H 2 O ( 2 min ) , NaOH ( 1.0 M, 2 min ) , and H 2 O
( 2 min ) after each separation. The sample tray and the capillary
were kept at 25°C. Samples were injected hydrodynamically ( 30
mbar for 5 s ) and the voltage applied was + 28 kV for 5 min. The
current reading was 34 μA. 

Method validation 

Calibration curves for complexes 1 –3 were recorded for con-
centrations ranging from 50 to 300 μM. The limit of detection
( LOD ) was defined as three times the random error in the y -
direction ( S y / x ) of the calibration curve divided by the slope of
the calibration curve.28 The limit of quantification ( LOQ ) was
defined as 10 times the random error in the y -direction ( S y / x )
of the calibration curve divided by the slope of the calibration
curve.28 Precision and accuracy for analysis of complexes 1 –3
were determined at three different validation levels ( 100, 200, and
300 μM ) . 
Fourier transform–ion cyclotron resonance–mass 
spectrometry ( FT–ICR–MS ) 
The adduct formation between complex 1 and Tf was further 
studied using a Bruker Solarix XR 7 T FT–ICR–MS. A mixture of
1 and Tf in ratio 5:1 in H 2 O ( 18 M �, Millipore ) was incubated
for 24 h. A sample was collected after 0 and 24 h, and the sam-
ples were frozen until analysis. The samples were diluted 1:100 
with 0.1% formic acid in H 2 O ( 18 M �, Millipore ) prior to analy-
sis, producing a final concentration of 2 μM for complex 1 and
0.4 μM for Tf. A separate standard of Tf at 0.4 μM was also pre-
pared and analyzed. 

Results and discussion 

The Ru complexes [Ru II ( cym ) ( 8-HQ ) Cl] 1 , [Ru II ( cym ) ( 8-
HQ ) ( PTA ) ] ( SO 3 CF 3 ) 2 , and [Ru II ( cym ) ( PCA ) Cl]Cl 3 are highly
cytotoxic against human cancer cells. 8 –10 1 H NMR stability stud- 
ies have shown that complex 1 and a close derivative of 3 undergo
halido/aqua ligand exchange quickly in aqueous environment,
while complex 2 is inert. 8 –10 Complex 3 may form subsequently 
dimeric structures with the S donor acting as a bridging ligand.
In these hydrolyzed forms, the complexes are stable in aque- 
ous environment for at least 3 days. However, there is limited
knowledge about their interactions with biological molecules 
and in particular their behavior in biological environment. CZE 
has been used before to simulate biological conditions and in- 
vestigate the stability of the compounds in an environment that 
resembles physiological conditions, i.e. in phosphate buffer at 
pH 7.4.3 , 21 , 23 During the CZE method development, the pre- and 
post-conditioning procedures were optimized to produce stable 
migration times over long sequences while keeping the overall 
run time short. We found that a sequence of washing steps with
HCl, H 2 O, NaOH, and again H 2 O ensured stable migration times
when running samples with a higher protein content. 

Due to the limited aqueous solubility especially of complex 
1 , the compounds were dissolved in methanol and then diluted
with water or BGE for stability investigations. Under the condi- 
tions used and independent of the sample being diluted with 
water or BGE, the only peaks detected in the electropherograms 
( Supplementary Fig. S1 ) were found for species that migrated 
faster than the charge-neutral Co complex used as the internal 
standard and as the electroosmotic flow ( EOF ) marker. For the 
charge-neutral complex 1 , this indicates that it underwent ligand 
exchange to form a cationic species, which is in accordance with
NMR spectroscopic data that suggested immediate halido/aqua 
ligand exchange upon dissolution in water.9 Both 2 and 3 feature 
complex cations in their structures, and are therefore expected to 
migrate before the EOF. While complex 2 does not feature a labile
halido ligand, complex 3 can undergo halido/aqua exchange reac- 
tions and was also found to form dimeric products with the sul-
fur donor acting as the bridging ligand.8 The same samples were 
analyzed several times over 24 h and the peak areas assigned to
the cationic species detected remained constant over this period,
suggesting that the complex cations of 2 and 3 , or initial aqua-
tion products of complexes 1 and 3 are stable for at least 24 h
in water, which is in accordance with previous 1 H NMR stability
studies. 8 –10 

The CZE method was validated for the samples diluted with 
BGE and the LOD and LOQ were determined. The method gave 
linear calibration curves for standards ranging from 50 to 300 
μM for complexes 1 –3 ( Table 1 ) with the LODs and LOQs as low
as 19 and 62 μM for complex 1 , respectively. The accuracy of the
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Table 1 LODs, LOQs, and correlation coefficients ( R 2 ) for com- 
plexes 1 –3 

Complex LOD ( μM ) LOQ ( μM ) R 2 

1 19 62 0.996 
2 76 252 0.945 
3 42 140 0.983 

Fig. 2 Electropherograms recorded at 200 nm in time-dependent 
interaction studies of complex 1 ( 200 μM ) with HSA at a molar ratio of 
10:1. The insets show the complex peak in electropherograms ( left ) and 
the peak area relative to the internal standard ( right ) declining over 2 h. 
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Fig. 3 Mass spectra recorded after 0 and 24 h for a reaction mixture of 
[Ru II ( cym ) ( 8-HQ ) Cl] 1 and Tf in water at a molar ratio of 5:1. 
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nalysis for all complexes was found acceptable ( Supplementary
able S1 ) , with some limitations for complex 1 at higher con-
entrations, which are however not physiologically relevant and
ere not used in any of the further studies. The precision for the
nalyses of complexes 1 and 3 were adequate with RSD values
 8% and < 6%, respectively, while again at higher concentration
he precision of the method for complex 2 decreased. 
As the mode of action of metal-based anticancer agents often

nvolves the interaction with proteins, the binding to the highly
bundant serum proteins HSA and Tf was investigated using the
ame CZE method as for the stability studies. The electrophero-
rams featured peaks for the respective protein, which are neg-
tively charged at pH 7.4 and therefore migrate after the EOF,
nd a peak for the complex as observed in the stability stud-
es ( Fig. 2 ) . For the protein-binding studies, we tracked the peak
f the cationic species observed in the stability studies, as the
eak area for the protein peak was considered too large relative to
he change in peak area expected upon binding. Time-dependent
tudies over 2 h showed that complex 1 bound to HSA and Tf very
uickly when incubated at a molar ratio of 1:1 ( Fig. 2 and Supple-
entary Fig. S2 ) . In fact, the reactions at a molar ratio of 1:1 were

oo quick to collect kinetic data, as the complex peak was not de-
ectable in the first run. At a molar ratio of 10:1, the majority of
omplex 1 was found attached to either protein; however, the re-
ction reached completion significantly quicker for HSA than for
f. Increasing the ratio to 20:1 resulted in about a quarter to a
hird of the complex to remain unbound after 2 h of reaction time
 Supplementary Fig. S2 ) . As the reaction with proteins proceeds
ery quickly at low complex:protein ratios, larger variations of the
ata are not surprising. In general, the rapid development of the
SA and Tf adducts is similar to the reported behavior for the Ru-
ased drug candidate KP1019, which, however, was found to bind
uicker to Tf than HSA.23 

Since mass spectra for HSA usually show very broad peaks,
nly the adduct formation between complex 1 and Tf ( molar ra-
io of 5:1 ) was further investigated with FT-ICR-MS to character-
ze the nature of adducts formed. FT-ICR–MS recorded immedi-
tely after mixing and after 24 h incubation suggest a quick reac-
ion with the chlorido ligands displaced by proteinaceous amino
cids ( Fig. 3 ) . The mass spectrum recorded immediately indicates
dducts with one, two, and three Ru ( cym ) ( 8-HQ ) moieties attached
o the protein formed, i.e. [Tf + Ru ( cym ) ( 8-HQ ) ], [Tf + 2 Ru ( cym ) ( 8-
Q ) ], and [Tf + 3 Ru ( cym ) ( 8-HQ ) ], while unreacted protein was
till detectable. The mono-adduct [Tf + Ru ( cym ) ( 8-HQ ) ] was the
ost abundant species in the mass spectrum. After 24 h, no
eak assignable to free Tf was observed and the adduct species
Tf + 3 Ru ( cym ) ( 8-HQ ) ] was dominant, with a general shift to
igher adducts. 
The binding studies between [Ru II ( cym ) ( 8-HQ ) ( PTA ) ] ( SO 3 CF 3 )

 and HSA or Tf showed that the complex does not interact
ith either protein. While the peak area was found to vary be-
ween measurements, these variations are most likely due to
ystem instabilities rather than binding of the complex to pro-
eins ( Supplementary Figs. S3 and S4 ) . Unfortunately, the use of
he internal standard did not improve the data. However, overall
hese analyses confirm that [Ru II ( cym ) ( 8-HQ ) ( PTA ) ] ( SO 3 CF 3 ) does
ot undergo ligand exchange for donor atoms of proteins, as was
lready anticipated from stability studies. 
An equivalent series of studies with [Ru II ( cym ) ( PCA ) Cl]Cl 3 and
SA as its proteinaceous binding partner resulted in electrophero-
rams with signals of very low intensity or peaks were entirely ab-
ent. Visual observation of the vials revealed precipitation, which
as most likely the cause of the missing signals. Reducing the
oncentrations and changing the incubation ratios did not pre-
ent precipitation, making any analysis of the data impossible.
owever, no precipitation was visible upon incubation of complex
 with Tf ( 20:1 and 10:1 ) although the peak areas for complex 3
nd in particular Tf were relatively small compared to the stabil-
ty studies. The decrease in peak area of complex 3 may indicate
inding to Tf and in particular the difference in peak area for incu-
ation mixtures at 10:1 and 20:1 molar ratios compound:protein,
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Fig. 4 Relative peak area for [Ru II ( cym ) ( 8-HQ ) Cl] at different times and 
varying complex:protein ratios ( n = 3 ) . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2 Addition of different concentrations of [Ru II ( cym ) ( 8- 
HQ ) Cl] 1 to displace Ds from HSA ( n = 3 ) a 

% Ds bound Concentration 
of complex 
1/ μM 0 h 24 h 48 h 

200 44 ± 6 50 ± 7 45 ± 7 
400 35 ± 7 19 ± 11 33 ± 7 
800 Fully displaced Fully displaced Fully displaced 

% Wf bound 

0 h 24 h 48 h 

200 58 ± 4 59 ± 4 51 ± 4 
400 26 ± 9 23 ± 5 33 ± 8 
800 Fully displaced Fully displaced Fully displaced 

a Before addition of complex 1 as the competitive binder, 50% Ds or 69% Wf were 
bound to HSA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

i.e. 64% to 37% supports this hypothesis. However, the decrease
in Tf peak areas for the two incubation ratios ( 62% versus 82%,
respectively ) suggests at least some protein precipitation. There-
fore, the method does not allow drawing conclusions for com-
plexes like 3 and its protein-binding ability, as it may induce pre-
cipitation of the protein. 

Moving from incubations with isolated proteins to more com-
plicated matrices, we studied the interactions of the complexes
with αMEM spiked with 5% FBS ( diluted 1:10, corresponding to
a complex:albumin ratio of 133:1 ) and human serum ( diluted
1:100, corresponding to a complex:albumin ratio of about 50:1 ) to
simulate the behavior after administration to the blood stream,
as well as in cell biological investigations. While proteins such
as albumin are a major component, this matrix also contains
a variety of small molecules that may interact with the metal
complex. Complex 1 after incubation with αMEM spiked with 5%
FBS and human serum showed a similar behavior in terms of
binding as found for the incubation with HSA at a ratio of 20:1
( complex:protein; Fig. 4 ) . This is despite using a much higher
concentration of complex 1 relative to HSA, which demonstrates
that in both matrices there are other potential binders in ad-
dition to HSA. However, in neither matrix was all of complex
1 completely consumed as found for the 10:1 complex-to-HSA
incubation ( Fig. 4 ) . For complex 2 , the PTA derivative of complex
1 , the binding studies with αMEM spiked with 5% FBS or serum
resembled the data obtained with the isolated proteins and no
interactions were observed ( Supplementary Fig. S5 ) . Similarly
for complex 3 , as in the HSA binding studies, precipitation was
observed shortly after adding the complex to the diluted αMEM
or human serum and therefore the data could not be evaluated. 

Since [Ru II ( cym ) ( 8-HQ ) Cl] 1 was the only complex to show bind-
ing to HSA, it was chosen for further studies to identify its binding
site ( s ) on HSA. Displacement studies with the site markers Wf and
Ds for sites I or II on HSA, respectively, were carried out by CZE. For
the displacement studies, Ds and HSA ( 100 μM ) were preincubated
at a ratio of 2:1, which resulted in ca. 50% of the Ds bound to HSA
and still allowed detection of a peak for unbound Ds. Addition of
200, 400, or 800 μM of complex 1 displaced Ds to different degrees
( Table 2 ) . While incubation with 200 μM of [Ru II ( cym ) ( 8-HQ ) Cl] 1
had hardly any effect on the level of bound Ds, increasing the con-
centration to 400 and 800 μM of complex 1 resulted in an increase
of the Ds peak in the electropherograms, indicating displacement
of Ds by complex 1 , with the highest concentration sample caus-
ing immediate and quantitative release of the site marker. 

The same series of experiments was conducted with Wf. The in-
cubation of Wf and HSA ( 100 μM ) at a molar ratio of 2:1 resulted
in 69% of the Wf being bound to HSA. The addition of complex 1
displaced Wf to different degrees, similar to the studies with Ds 
( Table 2 ) . While the addition of 200 μM of complex 1 did not af-
fect the Wf loading, 400 μM of complex 1 was not able to fully
displace Wf, even after 48 h of incubation. Increasing the concen- 
tration to 800 μM of 1 , however, fully displaced Wf immediately,
as was seen with Ds. These results clearly show that [Ru II ( cym ) ( 8-
HQ ) Cl] 1 was able to displace both Wf and Ds from HSA, indicat-
ing that the complex binds to both sites I and II on HSA at higher
molar ratios, making HSA a potential binder after intravenous ad- 
ministration. The binding to HSA has been suggested to result in
deactivation of drugs; 13 , 14 however, this may not apply to metal- 
lodrugs like complex 1 as the compound still showed significant 
anticancer activity despite cell culture medium containing con- 
siderable amounts of protein. This is similar to the observations 
we made before for Ru drug candidates 29 , 30 and others for Pt ( IV )
prodrugs,31 where the binding to HSA may contribute to the accu- 
mulation in the tumor by exploiting the enhanced permeability 
and retention effect.32 

Conclusions 

A CZE method was developed, validated, and applied to study 
the stability and biomolecule interactions of the anticancer 
organoruthenium complexes [Ru II ( cym ) ( 8-HQ ) Cl] 1 , [Ru II ( cym ) ( 8-
HQ ) ( PTA ) ] ( SO 3 CF 3 ) 2 , and [Ru II ( cym ) ( PCA ) Cl]Cl 3 . The stability
studies resembled those done by other methods and demon- 
strated long-term stability upon initial ligand exchange reactions 
occurring in aqueous media. [Ru II ( cym ) ( 8-HQ ) Cl] 1 was found to
quickly bind to the serum proteins HSA and Tf. Similarly, analy- 
sis of incubation mixtures with αMEM and human serum showed 
a rapid decline of the peak assigned to the complex. FT-ICR-MS 
investigations on the adduct formation of [Ru II ( cym ) ( 8-HQ ) Cl] 1
with Tf indicated binding of several [Ru ( cym ) ( 8-HQ ) ] moieties to
the protein and virtually no unbound [Ru II ( cym ) ( 8-HQ ) Cl] 1 was
detected after 24 h. Through displacement studies by CZE, it was 
shown that [Ru II ( cym ) ( 8-HQ ) Cl] 1 can bind to both sites I and II
on HSA. [Ru II ( cym ) ( 8-HQ ) ( PTA ) ] ( SO 3 CF 3 ) 2 was designed to be in-
ert and, unsurprisingly, did not react with any of the proteins. In
contrast, the incubation of HSA or Tf with [Ru II ( cym ) ( PCA ) Cl]Cl 3
caused precipitation, which does not allow to draw conclusions 
on the protein-binding ability of this compound. 
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This study with a series of organometallic compounds using a
ewly developed and validated CE method verifies its applicability
s a quick way to investigate the stability and biomolecule interac-
ions of potential anticancer agents under conditions simulating
he biological environment. The difference in behavior observed
etween the complexes shows how important the choice of lig-
nd is in the design of novel compounds and allows the control of
nteractions with serum proteins, which will have a major impact
n the mode of action. 
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