
Microchemical Journal 120 (2015) 51–57

Contents lists available at ScienceDirect

Microchemical Journal

j ourna l homepage: www.e lsev ie r .com/ locate /mic roc
Study of dinuclear Rh(II) complexes of phenylalanine derivatives as
potential anticancer agents by using X-ray fluorescence and
X-ray absorption
Zsuzsa Majer a, Szilvia Bősze b, Ildikó Szabó b, Victor G. Mihucz c,d,⁎, Anikó Gaál c, Gábor Szilvágyi a,
Giancarlo Pepponi e, Florian Meirer f, Peter Wobrauschek g, Norbert Szoboszlai c,⁎,
Dieter Ingerle g,⁎⁎, Christina Streli g

a Laboratory for Chiroptical Structure Analysis, Institute of Chemistry, Eötvös Loránd University, H-1117 Budapest, Pázmány Péter stny. 1/A, Hungary
b MTA-ELTE Research Group of Peptide Chemistry, H-1117 Budapest, Pázmány Péter stny. 1/A, Hungary
c Laboratory for Environmental Chemistry and Bioanalytics, Institute of Chemistry, Eötvös Loránd University, H-1117 Budapest, Pázmány Péter stny. 1/A, Hungary
d Hungarian Satellite Trace Elements Institute to UNESCO, H-1117 Budapest, Pázmány Péter stny. 1/A, Hungary
e Micro Nano Analytical Laboratory, Centre for Materials and Microsystems, Fondazione Bruno Kessler, Povo, Via Sommarive 18, I-38123 Trento, Italy
f Inorganic Chemistry and Catalysis, Debye Institute for Nanomaterials Science, Utrecht University, Universiteitsweg 99, 3584 CG Utrecht, Netherlands
g Atominstitut, Technische Universitaet Wien, A-1020 Vienna, Stadionallee 2, Austria
⁎ Corresponding authors at: Laboratory for Environmen
Institute of Chemistry, Eötvös Loránd University, H-1117
1/A, Hungary. Tel.: +36 1 372 2500x6430.
⁎⁎ Corresponding author. Tel.: +43 1 58801 14130.

E-mail addresses: vigami72@yahoo.es (V.G. Mihucz), s
(N. Szoboszlai), dingerle@ati.ac.at (D. Ingerle).

http://dx.doi.org/10.1016/j.microc.2015.01.002
0026-265X/© 2015 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 12 December 2014
Received in revised form 7 January 2015
Accepted 7 January 2015
Available online 14 January 2015

Keywords:
Amino acid ligand
Anticancer drug
Cellular
Dinuclear rhodium
Elemental uptake
TXRF–XANES
In vitro antitumor efficacy of several dinuclear bridgings and one chelate structure dirhodium(II) complex of
N-protected phenylalanine derivatives were tested on HT-29 cells. The following synthesized and previously
characterized complexes were applied in the present work: Rh2(OAc)4−n(O-Phe-Z)n (n = 1–4, −O-Phe-Z =
N-benzyloxycarbonyl-L-phenylalaninate), Rh2(OAc)4−n(O-Phe-Ac)n (n = 1–4, −O-Phe-Ac = N-acetyl-L-
phenylalaninate), Rh2(OAc)2(N-Me-D-Phe-O)2 corresponding to N-methyl-D-phenylalaninate as well as
Rh2(OAc)4 (−OAc = acetate). Depending on the complex ligand type and its coordination number, the
intracellular rhodium (Rh) content determined by total reflection X-ray fluorescence (TXRF) spectrometry in the
HT-29 cells varied between 25 and 2500 ng/106 cells. In vitro cytotoxicity and cytostatic evaluations of the com-
pounds on HT-29 human cell culture were performed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
assay. Compared to Rh2(OAc)4, the Rh compounds containing one or two -O-Phe-Z moieties proved to be the
most effective on theHT-29 cells.Moreover, synchrotron radiation TXRF–X-ray absorption near edge structuremea-
surements suggested a change of the molecular symmetry of the dirhodium(II) center for the moderately in vitro
cytotoxic, lipophilic L-phenylalanine derivative complexes, characterized also by low ligand exchange rate when
they were studied on HT-29 cells.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The successful application of cis-Pt(NH3)2Cl2 as metal-based
antitumor drug has paved the way to the development of other
chemotherapeutic anticancer agents with improved specificity, re-
duced toxicity and cell resistance. In recent years, interactions of
dinuclear, frequently acetato-bridged metal species of molybdenum,
rhenium, ruthenium (Ru) and rhodium (Rh) with nucleobases have
been intensively studied [1] following early reports of considerable
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antitumor effects of dirhodium(II) carboxylates [2,3]. The main
mode of action of many antitumor drugs consists of the disruption
of transcription and related processes. Generally, the inhibition of
transcription by these drugs is achieved through modification or
damage of the DNA template. Metal species can interact with
DNA in one of the two following ways: i) directly via coordination
to phosphate oxygen atoms, sugar oxygen atoms, atoms of the
heterocyclic bases (N, C, O) or combination of thereof; ii) indirectly
via its other ligands. This latter possibility includes H-bond forma-
tion (between aqua or amine ligands and suitable acceptors of the
nucleic acids) or π–π interactions such as intercalation and groove
binding (between nucleic acid and metal entity containing
heteroaromatic auxiliary ligands) [1]. The platinum-based drugs
existing so far in clinical use are DNA-targeted metal containing
compounds that are believed to bind DNA coordinatively [4,5]. The
main concerns with cisplatin, such as high systemic toxicity, limited
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range of activity [6], and development of tumor resistance [7] have led
to the need of designing alternative anticancer drugs, i.e., transition
metal complexes. RutheniumandRh complexes (with their different ox-
idation states and also di- or trinuclear compounds) may be expected to
exhibit different reactivity towards cellular targets as compared to
cisplatin.

Dirhodium(II, II) compounds play an important role in the field of
metal–metal chemistry [8]. Formation of a dinuclear Rh–Rh single bond
is a key factor in stabilizing the Rh24+ units. According to the molecular
orbital theory, eight of the 14 electrons are distributed in the σ-, π- and
δ-orbitals and the remaining six electrons occupyπ*- and δ*- antibonding
orbitals, resulting in a net Rh–Rh bond order of one andno unpaired elec-
trons. Complexes with Rh24+ cores have a stable paddlewheel (~ lantern)
structure and, generally, they possess one or two Lewis base-type axial
ligands [9] usually weakly binding one or two nucleophilic solvent
molecules (i.e., dimethyl sulfoxide (DMSO), acetonitrile, water) in axial
position, as well (Fig. 1a). Dirhodium(II) μ-carboxylate complexes are
most commonly obtained by reduction of Rh(III) compounds in alcohols
but the most efficient synthesis method involves refluxing of Rh(III) salt
in a carboxylic acid solution or an alcohol and carboxylic acid mixture
[10]. By rapid ligand exchange reactions, the acetate ions of Rh2(OAc)4
(Fig. 1a) can be replaced by mono- and other bidentate ligands. Since
axial ligands are quite labile, bridging or chelating complexes may be
A B

C

D

Fig. 1. Structural formulae of the investigated dirhodium(II) complexes: A) Rh2(OAc)4D2, wh
phenylalaninate)n (n = 1–4); C) Rh2(OAc)4−n(N-acetyl-L-phenylalaninate)n (n = 1–4); D) Rh
type, while complex indicated at D has a chelate type of structure.
formed by a slow rearrangement [8,11]. Adduct formation starting with
Rh2(OAc)4 is a stepwise process where the initial interaction is axial,
which is followed by a shift of the newly incorporated axial ligand to
an equatorial position [12]. Several papers have been published on
synthesis and characterization of dinuclear Rh complexes with amino
acids as ligands [13–17]. Lately, the more specific syntheses with unpro-
tected [18,19] and protected amino acids [20,21] have been also
reported. Other articles focused on dirhodium(II) complexes serving as
reagents for cross-linking of proteins [22] or inhibition of protein
synthesis [23].

The studies on the in vitro cytotoxicity of Rh complexes have been
focused on dirhodium(II) compounds, mainly on carboxylates, which
are among the most promising non-platinum antitumor complexes
[9]. Early studies in the 1970's showed that Rh2(O2CR)4 (R = Me, Et,
Pr) exhibit in vivo antitumor activity against L1210 tumors [24], and
Ehrlich ascites [25]. In some cases, the antitumor activity in vitro was
reported to be of the same order of magnitude as that of the anticancer
drug cisplatin [26,27]. The antitumor activity increased with the
lipophilicity of the alkyl group but further lengthening of the carboxylate
moiety reduces the therapeutic efficacy of the compound [9]. It was also
shown that the partially oxidized species in the solution, [Rh2(OOR4)]+,
are also active against tumors [28]. The availability of the axial coordina-
tion site is presumably responsible for their biological activity [29,30].
ere D = nucleophilic ligands in axial position; B) Rh2(OAc)4−n(N-benzyloxycarbonyl-L-
2(OAc)2(N-methyl-D-phenylalaninate)2. Complexes illustrated in figures A–C are bridging
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Steric hindrance is a key factor for lower biological activity, since it
precludes the access of biological targets to the axial and equatorial
sites of the dirhodium(II) core [9]. Fine tuning of other features
such as charge, solubility, lability of bridging groups, etc. has led to
the design of additional dirhodium(II) complexes to reach a compro-
mise between in vitro and/or in vivo antitumor activity [9]. For exam-
ple, Rh2(L-Phe)2(OAc)2 had a strong activity towards human colon
adenocarcinoma cells and its effect was not accompanied by genera-
tion of reactive oxygen species neither by activation of caspase-3
[18]. Dirhodium(II) compounds interact with DNA [30], bind to
DNA [31] and potent inhibitors of transcription [29,32,33] although
their precise mechanism of action has not yet been elucidated. In
1976, by studying the amino acid coordination to dirhodium(II)
tetraacetate complex, it was suggested that binding was achieved
through the amino acid side chains with hetero atoms [34].

Previously, several chiral complexes with amino acid ligands having
different hydrophobic properties were synthesized and chemically
characterized [21]. The aims of the present study were: i) investigation
of the cellular Rh content originating from dirhodium(II) complexes of
D- and L- isomers of phenylalanine derivatives and chelate and bridging
type of geometry, respectively, as potential anticancer drugs; ii) determi-
nationof in vitro cytotoxicity and cytostatic activities of these compounds;
iii) characterization of the chemical environment of these Rh containing
complexes in HT-29 cells. In order to achieve these goals, total-
reflection X-ray fluorescence (TXRF) spectrometry [35] complemented
with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT)
assay and X-ray absorption near edge structure (XANES) analysis were
performed for quantitative determination and elemental speciation of
cellular samples [36,37], respectively.

2. Materials and methods

2.1. Chemicals

Throughout the experiments, deionized Milli-Q (Millipore, Billerica,
MA, US) water with a relative conductivity of 18.2 MΩ cmwas used. All
chemicals were of analytical grade, if not stated otherwise. The stock
solution of 1000 mg L−1 Ga was purchased from Merck (Darmstadt,
Germany). Concentrated nitric acid (65%) and hydrogen peroxide
(30%) of Suprapur quality needed for sample preparation of cells were
purchased from Merck (Darmstadt, Germany). Phosphate buffered
saline (PBS), prepared from Sigma-Aldrich reagents, had the following
composition: 0.2 g L−1 KCl, 8 g L−1 NaCl, 2.2 g L−1 Na2HPO4·7H2O
and 0.2 g L−1 KH2PO4. Rhodium(III) chloride (RhCl3) hydrate and
dirhodium(II) μ-tetracarboxylate were purchased from Sigma-Aldrich
(Budapest, Hungary). Fetal calf serum (FCS), RPMI-1640 (Roswell Park
Memorial Institute), L-glutamine, gentamicin and trypsin were supplied
by Sigma-Aldrich (Budapest, Hungary).

2.2. Synthesis of the dirhodium(II) complexes

The Rh2(OAc)4−n(O-Phe-Z)n complexes (n = 1–4 and −O-Phe-Z
corresponding to N-benzyloxycarbonyl-L-phenylalaninate) were pre-
pared in different solvents and identified according to our previous
work [21]. The same procedure was applied for the synthesis of
Rh2(OAc)4−n(O-Phe-Ac)n complexes (n = 1–4 and −O-Phe-Ac corre-
sponding to N-acetyl-L-phenylalaninate [38] and Rh2(OAc)2(O-D-
Phe-Me-N)2 corresponding to N-methyl-D-phenylalaninate) [20].
All representatives of these complexes are illustrated in Fig. 1b–d.

2.3. Cell culture and sample preparation for TXRF and TXRF–XANES

The adherent, epithelial-like humanHT-29 colorectal adenocarcinoma
cells (HT-29, ATCC® number: HTB-38) were cultured in a complete
medium prepared from RPMI-1640 supplemented with 10% v/v FCS,
2 mM L-glutamine and 160 μgmL−1 gentamicin; at 37 °C in 5% v/v CO2

and water saturated atmosphere [39,40]. Twenty-four hours prior to
treatment, the cells were plated into a 6-well culture plate (with initial
106 cell/1000 μL complete RPMI-1640 medium/well). Cells were washed
with serum-free RPMI-1640medium before the treatment and then they
were treated for 3 h with 100 μM of each of the following compounds in
serum-free medium: RhCl3 hydrate, Rh2(OAc)4, Rh2(OAc)4−n(O-Phe-Z)n,
Rh2(OAc)4−n(O-Phe-Ac)n and Rh2(OAc)2(N-Me-D-Phe-O) for TXRF and
TXRF–XANES measurements, respectively. Simultaneously, control cells
were also cultured in serum-free RPMI-1640medium. For TXRFmeasure-
ments, cells were harvested with a trypsin solution after incubation.
Trypsinization was stopped by complete RPMI-1640 medium and then,
the cells were washed twice with 1 mL of PBS. The cells were subjected
to an acidic microdigestion method as described before [41]. For the
TXRF–XANES measurements, HT-29 cells were treated for 3 h separately
with 20 μMRh2(OAc)3(O-Phe-Z)1 and Rh2(O-Phe-Z)4 each. Then, treated
cells were further processed according to our previously published
method [37]. Briefly, cells were harvested by trypsin, washed twice with
an isotonic NaCl solution and centrifuged at 7000 rpm. After the second
centrifugation, the cells were resuspended in 100 μL of an isotonic NaCl
solution and 5 μL of cell suspension was pipetted onto quartz carrier
plates for XANES analysis. The final suspension volume corresponded to
5000–10,000 cells/TXRF carrier plate.

All standards for TXRF–XANES were dissolved in water and hexane,
except for RhCl3 hydrate and Rh2(O-Phe-Z)4, whichwere dissolved only
in water and hexane, respectively. All aqueous/organic phase standard
solutions and cellular samples were evaporated to dryness prior to
XANES analysis.

2.4. Cell culture and evaluation of in vitro cytoxicity and cytostatic effects of
the compounds using MTT assay

HT-29 cells were cultured as described in Section 2.3. Twenty-four
hours before the treatment, cells were plated into a 96-well flat bottom
culture plate (with initial 5000 cells/100 μL complete RPMI-1640
medium/well and 10,000 cells/100 μL complete RPMI-1640 medium/
well for cytostasis and cytotoxicity, respectively) [39,40]. After 24 h
incubation at 37 °C, cells were treated with the compounds in 100 μL
of serum-free medium having a final concentration of 1.0% v/v DMSO.
Cells were incubated with the compounds from 5 × 10−2 to
2.5× 102 μMconcentration range for overnight. Control cellswere treat-
ed with serum-free medium only or with 1.0% v/v DMSO. After washing
the cells twice with serum-free medium, cell viability was tested using
MTT test [42–44]. Briefly, 45 μL of MTT solutions were added to each
well (2 mgmL−1, dissolved in serum-free medium). Following a 4 h of
incubation, plates were centrifuged at 2000 rpm for 5 min, and the
supernatant was carefully removed. The precipitated purple crystals
were dissolved in 100 μL DMSO, and after agitation for 10 min, the
absorbance was determined at λ = 540 nm and 620 nm using ELISA
plate reader (iEMS Reader, Labsystems, Finland).

In the case of cytostatic effect determination, cells were cultivated
for further 72 h in serum containing RPMI-1640 medium at 37 °C after
the washing steps. After 72 h, viability was determined by the MTT
assay. The 50% inhibitory concentration (IC50) value is defined as the
concentration of a compound required to achieve half maximal activity,
a parameter that is indicative of cytotoxic or cytostatic potency. The
higher the IC50 value means lower in vitro cytotoxic or cytostatic effect.
The IC50 values were determined from the dose–response curves using
Microcal™ Origin 8.6 software and they were expressed as the mean of
three independent experiments (each one performed with four
replicates).

The percent of cytotoxicity or cytostasis was calculated using the
following equation:

cytoxicity=cytostasis %ð Þ ¼ 1− ODtreated

ODcontrol

� �
� 100;
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Fig. 2. Comparison of intracellular Rh content after treatment of HT-29 cell lines (n = 6)
with different Rh compounds.
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where ODtreated and ODcontrol correspond to the optical densities of the
treated and the control cells, respectively. In each case, three indepen-
dent experiments were carried out with four replicates.

2.5. Determination of intracellular Rh content by TXRF

Samples were analyzed by TXRF spectrometry according to our
previous method [41]. Briefly, a TXRF 8030C spectrometer (Atomika
Instruments GmbH, Oberschleissheim, Germany), equipped with a
3 kW fine focus X-ray tube containing a Mo/W alloy anode, a W/C
multi-layer monochromator, adjusted to obtain an excitation energy
of 33 keV selected out from the Bremsstrahlung was used. A Si(Li)
detector with an active area of 80 mm2 was in operation with a resolu-
tion of 150 eV at 5.9 keV. Tenmicroliter of 100mg L−1 Ga was added to
the samples prior to the TXRF analysis as an internal standard for the
quantification procedure. Due to the imprecision of cell counting, the
Rh results were normalized to the Zn or S content of the samples. Appli-
cability of TXRF for the elemental analysis of human cells has been
demonstrated earlier [35].

2.6. Rh speciation by synchrotron radiation TXRF–XANES

The K-edge XANES measurements in fluorescence mode and
grazing incidence geometry were carried out using the setup with
an 8-stage sample changer at the beamline L at the Hamburger
Synchrotronstrahlungslabor (HASYLAB) at DESY. All measurements
were performed in vacuum. A Si(311) double crystal monochromator
was used for selecting the energy of the exciting beam from the
continuous X-ray spectrum emitted by the 1.2 T bending magnet at
beamline L. The primary beamwas collimated horizontally and vertical-
ly by a cross-slit system. The incident X-ray intensity was monitored
with an ionization chamber. During the measurements, the excitation
energy of the incident beam was tuned in varying steps (10–0.5 eV)
across the K-edge of Rh at 23,220 eV. At each energy increment, the
fluorescence spectra were recorded by a 50 mm2 silicon drift detector.
For each specimen (n = 8), not less than three consecutive scans
were performed. Spectra of highly substituted Rh complexes were
recorded in hexane due to their low water solubility. Due to the time
demand of the synchrotron radiation–TXRF–XANES measurements,
only the cells of mono- and tetrasubstituted Rh complexes of
Rh2(OAc)4−n(O-Phe-Z)n were measured.

The evaluation of the XANES spectra was done using the Athena
program of the IFEFFIT software suite [45]. The energy calibration of
each spectrumwasperformedby aligning the simultaneouslymeasured
XANES edge of a reference foil. Normalized spectra of the samples were
compared to those of prepared standards, whichweremeasured during
the same beam time.

3. Results and discussion

3.1. Intracellular Rh content after treatment with dirhodium(II) complexes
determined by TXRF

Depending on the type of Rh compounds used for the incubation of
HT-29 colorectal adenocarcinoma cells, considerable differences were
observable in the Rh content (Fig. 2). Thus, the intracellular Rh content
in the HT-29 cancer cell line varied between approximately 25 and
2500 ng/106 cells. There were large differences in the Rh content of
investigated samples. Therefore, due to its high dynamic range for quan-
titative determination, TXRF is an ideal tool to evaluate the Rh uptake by
HT-29 cells, since alternative instrumental analytical techniques such
as atomic absorption spectrometry and inductively coupled plasma
mass spectrometry suffer from limited dynamic range and molecular
ionic interferences, respectively. The lack of sensitivity of the Rh deter-
mination by TXRF was not a critical issue in the present study, since
the Rh content of the cells was relatively high.
Complexes of Rh2(OAc)4−n(O-Phe-Z)n with different acetate
ligand displacement showed the highest Rh content. Nevertheless,
the Rh content of the cells from Rh2(OAc)4 was also considerable
(Fig. 2). By relating the intracellular Rh content of the complexes
to that of the Rh2(OAc)4, the increase in the Rh content ranged be-
tween 3.8 and 4.3. The intracellular Rh content was lower for the
Rh2(OAc)4−n(O-Phe-Ac)n than that of the treatments performed
with Rh2(OAc)4 complexes by a factor of 0.4–0.8 (Fig. 2).

In order to understand the differences in the Rh content, several fac-
tors had to be considered: i) chemical nature of ligand; ii) lipophilicity
of the ligands; iii) the presence of open coordination sites or the steric
hindrance caused by the ligands found in axial position; iv) type of com-
plex (bridging vs. chelate); v) lability of the ligands bound to the metal
core or the leaving groups. It was expected that the increase of the
ligand displacement of the complex would increase its non-polar
character and, consequently, the Rh uptake by cells. However, an
unequivocal relationship between the ligand displacement of the
original Rh2(OAc)4 molecule with either Z-protected L-phenylalanine
or N-acetyl-L-phenylalanine and the intracellular Rh content could not
be established.

By comparing the Rh content of HT-29 cells treated with different
Rh2(OAc)4−n(O-Phe-Z)n and Rh2(OAc)4−n(O-Phe-Ac)n species, a
considerable difference was observed. One possible explanation is
that the polarity of the −O-Phe-Ac moiety is higher than that of
the−O-Phe-Z one. Moreover, an additional π interaction between
the benzyl groups of the Rh2(OAc)4−n(O-Phe-Z)n with cellular mem-
brane compounds, compared to the series of compounds containing
acetate groups, seems to corroborate the increased lipophilicity and
subsequent Rh content.

Contrary to the above-mentioned bridging type of complexes, the
treatment of HT-29 cells with Rh2(OAc)2(O-D-Phe-Me-N)2, a chelating
complex, resulted in a very low Rh content. The low Rh content of the
cells in the case of Rh2(OAc)2(O-D-Phe-Me-N)2 seems to be related to
the fact that this complex forms a chelate ring with one of the Rh
atoms of the original dinuclear complex after the ligand exchange reac-
tion. L-phenylalanine [18] and N-methyl-D-phenylalanine [20] built up
dirhodium complexes with two amino acid units where the binding
generally occurs in equatorial positions in a chelating structure through
the N atom of the amino and the O atom of the carboxyl groups, respec-
tively. In the ligand exchange procedure, only one product was formed,
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namely Rh2(OAc)2(O-D-Phe-Me-N)2 [20], due to the special directing
influence of thefirst−O-D-Phe-Me-N ligand on the subsequent substitu-
tion steps [46]. This chelate type of binding is quite different because of
the formation of a bridging bidentate structure where the carboxylic
groups are in equatorial positions like in the case of Rh2(OAc)4. Besides
the steric hindrance, the chelate type of complex seems to be more sta-
ble than the equatorially bound ligand in the bridging type of structure.
Furthermore, the ligand binding in chelating complexes is achieved
through mixed hetero donor atoms, so the −O-D-Phe-Me-N ligands
are not labile enough. Similarly, thehigher toxicity of Rh2(OAc)4 as com-
pared to the toxicity of N–N diimine part containing complexes may be
attributed to the greater lability of the carboxylate groups as compared
to the chelating N–N diimine groups [47]. Thus, their properties are
more complex with respect to their electronic and/or structural effects
than those of the dirhodium(II) carboxylates. For example, this struc-
ture is more rigid than the bridging one decreasing the possibility to
cross the flexible cell membranes. These phenomena can be the reason
for the low Rh content of the investigated cells and our results are in
good agreement with literature data [47].

3.2. In vitro cytotoxicity and cytostatic activities of the dirhodium(II)
complexes

After the incubation of HT-29 cellswith different Rh containing com-
pounds, the viability was determined by the MTT assay (Table 1). An
IC50 of approximately 50 μM after an overnight incubation of cells was
an indicator of a moderate cytotoxicity. The higher the IC50 value
means lower in vitro cytotoxic or cytostatic effect. The tetrasubstituted
dirhodium(II) complexes (both ligands −O-Phe-Z and −O-Phe-Ac)
have no in vitro cytotoxic activity on HT-29 cells at the concentration
up to 500 μM (Table 1).

The in vitro cytostatic activity of the trisubstituted compounds is
considerably lower than that of the monosubstituted complexes.
Thus, the mono- and disubstituted compounds can be considered as
the most effective in both series of the bridging complexes. These
observations can be explained with several reasons: i) the ligand dis-
placement rate of complex by exchanging the acetate ions with
protected L-phenylalanine derivatives increases the steric hindrance in
axial position and decreases the possibility of the binding of the newer
ligand, ii) acetate ligand is a better leaving group than the −O-Phe-Z
and −O-Phe-Ac, thus the number of the acetate groups and,
consequently, the possibility of the ligand exchange decrease. The
different in vitro cytotoxic activity in the case of n = 1–4 of the
Rh2(OAc)4−n(O-Phe-Z)n complexes is related to the steric hindrance
of the coordination site(s), especially in the axial positions. It was
shown that the benzyl group of the urethane protecting group (Z−) is
less fixed in the case of monosubstituted Rh2(OAc)3(O-Phe-Z)1 and it
can interact in axial position with nucleophilic reagents by ligand
exchange reaction [38]. Furthermore a π–π interaction between the
aromatic moieties is supposed to result in the formation of dimers
that may decrease the efficacy.

According to our conformational calculations, a further explanation
for the efficacy of the Rh2(OAc)3(O-Phe-Z)1 and Rh2(OAc)2(O-Phe-Z)2
complexes is that the phenyl ring of the Z protecting group interacts
Table 1
In vitro cytotoxicity and cytostatic activities of the dirhodium(II) complexes using MTT assay.

Compound IC50 ± SD (μM)

Cytotoxicity Cytostasis

Rh2(OAc)4 56.7 ± 5.7 10.9 ± 1.9
Rh2(OAc)3(O-Phe-Z)1 60.3 ± 6.0 18.3 ± 1.8
Rh2(OAc)2(O-Phe-Z)2 70.2 ± 8.5 15.3 ± 1.3
Rh2(OAc)1(O-Phe-Z)3 97.2 ± 12.4 45.8 ± 6.7
Rh2(O-Phe-Z)4 N500a N100a

IC50 = cytotoxicity and cytostasis values (μM) through half maximal inhibitory concentration.
a Not toxic (see explanation in text).
in the vicinity of the ligand entering in the axial coordination site of
the dirhodium core through either σ–π or π–π interactions depending
on the nature of this ligand [38].

The in vitro cytotoxicity and cytostatic activities for 4 h of the
Rh2(OAc)2(O-D-Phe-Me-N)2 complexwere lowbut slightly higher com-
pared to the −O-Phe-Z and −O-Phe-Ac tetrasubstituted bridging com-
plexes. The in vitro inactivity may be explained with the low Rh
content of the treated HT-29 cells. However, Frade et al. found that a
similar chelating complex showed antiproliferative activity on HT-29
cells [18]. According to our experience, the D and L isomers of amino
acid derivatives did not show different biological activity. Thus, the
cytostasis on HT-29 cells expressed as IC50 was higher than 100 μM
for Rh2(OAc)2(O-L-Phe-Me-N)2 as well as for D and L isomers of
unprotected amino acids such as phenylalanine, valine, proline,
homoproline (data not shown). This is in high contrast to the relative
activities of the geometric isomers of platinum(II) and Ru(II) complexes.
For example, it was found that the trans-[RuCl2(DMSO)4] complex was
much more cytotoxic than its cis-counterpart [48].

3.3. Rh speciation in HT-29 cells treated with responsive and
non-responsive dirhodium(II) complexes by TXRF–XANES

The evaluation of the XANES spectra was performed by comparing
the measurements of the samples to those of the standards. The
XANES of the Rh2(OAc)4−n(O-Phe-Z)n and Rh2(OAc)4 complexes were
almost identical (Fig. 3). Prior to the TXRF–XANES spectra acquisition,
the compounds of interest had to be dissolved. The shape of the spectra
of these complexes did not depend on the solvent (water or n-hexane)
used for the dissolution of the investigated compounds (Fig. 3). The
XANES of the tetrasubstituted compound of the aforementioned com-
plex series are missing from Fig. 3, since it is hardly soluble in water.
However, the XANES of this tetrasubstituted complex recorded in n-
hexanewere identical to those shown in Fig. 3 (results not shown). Sim-
ilar spectra were recorded for the Rh2(OAc)4−n(O-Phe-Ac)n and
Rh2(OAc)2(O-D-Phe-Me-N)2 complexes (results not shown). Besides
the different types of dirhodium(II) complexes, the TXRF–XANES spec-
tra of RhCl3 hydrate standard were also recorded (Fig. 4). The TXRF–
XANES spectra of the dirhodium(II) complexes were different to those
of RhCl3 ones. This difference can be related to the symmetry of these
compounds: Rh2(OAc)4 molecule has a D4h symmetry [21], while
Rh(H2O)63+ has an octahedral geometry with a regular (Oh) symmetry
in water, the latter having three chloride ions as counterpart after crys-
tallization. Thus, the TXRF–XANES spectra of the RhCl3 hydrate standard
were used as a reference for further comparisons. Given the difference
in the toxicity of the investigated Rh2(OAc)4−n(O-Phe-Z)n complexes,
the cellular samples of the mono- and tetrasubstituted compounds
were further investigated by TXRF–XANES. Clear differences could be
observed between TXRF–XANES spectra of in vitro effective and ineffec-
tive dirhodium(II) complexes characterized by a high Rh content
(Fig. 5). Interestingly, the TXRF–XANES spectra of the cells treated
with the cytotoxic Rh2(OAc)3(O-Phe-Z)1 complex and that of the
RhCl3 were found to be very similar (Fig. 5a). This indicated a modifica-
tion of the chemical environment of the Rh(II) center whichmay be re-
lated to the change of the molecular symmetry or cleavage of the
Compound IC50 ± SD (μM)

Cytotoxicity Cytostasis

Rh2(OAc)2(O-D-Phe-Me-N)2 395 ± 50.6 N100a

Rh2(OAc)3(O-Phe-Ac)1 87.0 ± 11.7 32.6 ± 4.8
Rh2(OAc)2(O-Phe-Ac)2 82.0 ± 18.3 48.8 ± 3.7
Rh2(OAc)1(O-Phe-Ac)3 197 ± 20.7 78.3 ± 6.8
Rh2(O-Phe-Ac)4 N500a N100a



Fig. 3. XANES of Rh2(OAc)4 and Rh2(OAc)3(O-Phe-Z)1, Rh2(OAc)2(O-Phe-Z)2, and
Rh2(OAc)1(O-Phe-Z)3 standards recorded in water and hexane. Adequate amounts from
each compound were pipetted onto the carrier in order to investigate 10 ng of Rh. b)

a)

Fig. 5. a) XANES of RhCl3 hydrate and Rh2(OAc)3(O-Phe-Z)1 standards as well as HT-29
cells treated with Rh2(OAc)3(O-Phe-Z)1 as sample; b) XANES of RhCl3 and Rh2(O-
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dinuclear bond. The similarity in the shape of the spectra of the cells treat-
ed with Rh2(OAc)3(O-Phe-Z)1 and RhCl3 indicates that a change in the
molecular symmetry occurred in the cytosol but it cannot beunequivocal-
ly related to the protein orDNAbinding. On the contrary, theXANES spec-
tra recorded for the cells treated with the non-cytotoxic tetrasubstituted
complex did not resemble that of RhCl3 (Fig. 5b). Apart from a small
shift in the edge position, the features of the spectral shape for this sample
was similar to all dirhodium(II) complex standards (Fig. 5b) suggesting
that the dinuclear Rh(II) core remained intact.

Nevertheless, no difference was found in the edge energy of the
RhCl3 and any of the investigated dirhodium(II) complex could be
observed. This implies that other oxidation states could not be demon-
strated within resolution limits of the applied TXRF–XANES analysis.

4. Conclusions

The structure–activity relationship resulting from the comparative
analysis of the intracellular Rh content and in vitro evaluation of
dirhodium(II) compounds with antitumor actions on HT-29 human
Fig. 4. XANES of RhCl3 hydrate, Rh2(OAc)3(O-Phe-Z)1 and Rh2(O-Phe-Z)4 standards. Ade-
quate amounts from each compoundwere pipetted onto the carrier in order to investigate
10 ng of Rh.

Phe-Z)4 standards as well as HT-29 cells treated with Rh2(O-Phe-Z)4 as sample.
colon adenocarcinoma cells was performed. The Rh content of HT-29
cells treated with several dirhodium(II) complexes may be in a strong
relationship with the cellular Rh uptake. Among the compounds
reported in this contribution, the derivatives exerted a dose–dependent
in vitro antitumor activity at micromolar concentrations. The treatment
of HT-29 cells with Rh2(OAc)4−n(O-Phe-Z)n has resulted in the same
cellular Rh content independently of the substitution rate and approxi-
mately four times higher than the cellular uptake rate of Rh2(OAc)4.
Among the Rh2(OAc)4−n (O-Phe-Ac)n, the internalization rate was sig-
nificantly lower. In contrast, there was a low internalization in the
case of the N-methyl-D-phenylalanyl moiety containing compound.
Among the protected amino acid derivatives, Rh2(OAc)4−n(O-Phe-Z)n
compounds (n = 1 or 2) proved to be active on the HT-29 cells. In the
case of −O-Phe-Ac derivatives, the in vitro antitumor activity was
gradually diminished with the increasing number of incorporated
ligands in contrast with similar internalization rate.

The presence of the N-methyl-D-phenylalanyl moiety as ligand
destroyed the in vitro internalization and biological activity. Our results
suggest that a certain level of cellular Rh uptake is required. However,
this was insufficient to ensure higher in vitro efficacy per se.

Image of Fig. 4
Image of Fig. 5
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Speciation studies by TXRF–XANES on selected HT-29 cells incu-
bated with dirhodium(II) complexes characterized by high intracel-
lular Rh content and low acetate ligand displacement rate indicated a
possible change of the molecular symmetry of the dirhodium(II)
center or cleavage of the dinuclear bond. The results obtained by
TXRF and TXRF–XANES could be useful for supporting biochemical,
in vitro and complex chemistry knowledge on these dirhodium(II)
complexes.
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