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Metals in medicine are bridging the areas of inorganic chem-
istry and medicine. Metal-based materials, metallodrugs, and
agents for treating and detecting diseases, their synthesis,
structure, and general properties, as well as biological appli-
cations on cellular and living system level, are of great impor-
tance. The mechanisms of action and the roles of these metal
compounds in cellular regulation and signaling in health and
diseases are of principal interest. These areas are linked by
the need to involve researchers having a deep understanding
of inorganic chemistry in medically relevant research. This
special issue presents a collection of papers dealing with dif-
ferent compounds/materials investigated for antitumoral,
antimicrobial, and antifungal activity as well as DNA binding
study.

Y. Li et al. reported on the efficient and specific method
for the determination of diphenyl-di-(2,4-difluobenzohy-
droxamato)tin(IT), DPDFT, in rat plasma. Their prelimi-
nary studies indicated nonlinearity pharmacokinetics in the
investigated dose ranges in rats and that the concentration-
time curves of DPDFT in rat plasma could be fitted to
two-compartment model. Additionally, results hinted that
DPDEFT might accumulate in certain organs, thus producing
the toxicity, or could be quickly metabolized in the plasma
into active antitumoral constituents.

The synthesis and characterization of novel salicylalde-
hyde-derived ligands and corresponding Cu(II), Co(II),
Ni(II), and Zn(II) complexes are described by Kursunlu et
al. Ligands bearing chlorine, bromine and —OH substituents

showed moderate inhibition activity against some Gram-
positive and Gram-negative bacteria including methicillin-
resistant Staphylococcus aureus. Ni(I1I) and Zn(II) complexes
were generally more effective against tested bacteria than
Cu(II) and Co(II) complexes.

In the work of A. A. Al-Amiery et al., significant
antifungal activity of Cu(II), Co(II), and Ni(II) complexes
with (Z)-2-(pyrrolidin-2-ylidene)hydrazinecarbothioamide
and chloride ligands is described. The complexes were found
to be superior antioxidants compared to ascorbic acid.

Zietz et al. evaluated Cu release characteristics from Cu
doped titanium alloy (TisAl;V) of antimicrobial implant
surfaces in vitro according to the storage fluid and surface
roughness. Plasma immersion ion implantation of Cu (Cu-
PIII) and pulsed magnetron sputtering process of a titanium
copper film (Ti-Cu) were applied to TicAlV samples
with different surface finishing of the implant material
(polished, hydroxyapatite, and corundum blasted). The Cu
concentration in the supernatant was measured using atomic
absorption spectrometry.

M. Rezaee et al. investigated the optimum experimental
conditions to prepare dry thin films of Pt compounds bound
to plasmid DNA on a Ta substrate. Their results show that
used conditions can induce damage to DNA and highly
sensitize them to manipulations required to form thin films
and recover DNA from the Ta substrate. The concentration
of intact DNA increases significantly in the film samples
when used lower incubation temperature and shorter incu-
bation time. Thus, the optimum condition is obtained from
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equilibrium between temperature, time, and Pt-compounds
concentration during the DNA platination reaction.

In the review by S. Gémez-Ruiz et al., the mode of action
of cisplatin against tumor cells as well as a brief outlook on
the metallocene compounds as antitumor drugs and future
tendencies for the use of the latter in anticancer chemother-
apy are summarized. The authors reported on the molecular
mechanisms of cisplatin interaction with DNA, DNA repair
mechanisms, and cellular proteins. Molecular background
of the sensitivity and resistance to cisplatin as well as its
influence on the efficacy of the antitumor immune response
were evaluated. Moreover, the use and mechanism of
some metallocenes (titanocene, vanadocene, molybdocene,
ferrocene and zirconocene) with high antitumor activity are
reported.
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The purpose of this paper is to summarize mode of action of cisplatin on the tumor cells, a brief outlook on the metallocene
compounds as antitumor drugs as well as the future tendencies for the use of the latter in anticancer chemotherapy. Molecular
mechanisms of cisplatin interaction with DNA, DNA repair mechanisms, and cellular proteins are discussed. Molecular
background of the sensitivity and resistance to cisplatin, as well as its influence on the efficacy of the antitumor immune response
was evaluated. Furthermore, herein are summarized some metallocenes (titanocene, vanadocene, molybdocene, ferrocene, and

zirconocene) with high antitumor activity.

1. Cisplatin

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

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

1.1. Cisplatin and DNA. Although it is known that DNA
is a major target for cisplatin, only 5-10% intracellular
concentration of cisplatin is found in DNA fraction while 75—
85% binds to nucleophilic sites of intracellular constituents
like thiol containing peptides, proteins, replication enzymes,
and RNA [6, 15-17]. This preferential binding to non-DNA
targets offers the explanation for cisplatin resistance but
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Ficure 1: Cisplatin.

also its high toxicity. Prerequisite of efficient formation of
cisplatin DNA adducts is hydratization of cisplatin enabled
by low chloride ions content inside the cells [18]. N7 of
guanine and in less extend adenine nucleotide are targeted by
platinum [19]. Binding of cisplatin to DNA is irreversible and
structurally different adducts are formed. The adducts are
classified as intrastrand crosslinking of two nucleobases of
single DNA strand, interstrand crosslinking of two different
strands of one DNA molecule, chelate formation through N-
and O-atoms of one guanine, and DNA-protein crosslinks
[20, 21]. Cisplatin forms about 65% pGpG-intrastrand
crosslinks, 25% pApG-intrastrand crosslinks, 13% inter-
strand or intrastrand crosslinks on pGpXpG sequences,
and less than 1% of monofunctional adducts (Figure 3)
[22]. Crucial role of 1,2-intrastrand crosslinks in antitumor
potential of the cisplatin is supported by two facts. First,
high mobility group proteins (HMG) specifically recognize
this type of cisplatin-DNA interaction and second, these
adducts are less efficiently removed by repair enzymes [17].
In addition, important mediators of cisplatin toxicity are
ternary DNA-platinum-protein crosslinks (DPCL) whose
frequency is dependent from the cell type as well as the
type of the treatment. DPCLs inhibited DNA polymerization
or their own removal by nucleotide excision repair system
more potently than other DNA adducts [17]. In fact,
cisplatin DNA adducts can be repaired by nucleotide excision
repair proteins (NER), mismatch repair (MMR), and DNA-
dependent protein kinases protein [17].

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

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

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

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

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

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

Protein marked as the most important in signaling of the
DNA damage is c-Abl which belongs to SRC family of non-
receptor tyrosine kinases [31, 33]. This molecule acts as tran-
smitter of DNA damage triggered by cisplatin from nucleus



to cytoplasm [48]. Moreover, sensitivity to cisplatin induced
apoptosis is directly related with c-Abl content and could be
blocked by c-Abl overexpression [33]. Key role of c-Abl in
propagation of cisplatin signals is confirmed in experiments
with ABL deficient cells [49]. It was found that cisplatin failed
to activate p38 and JNK in the absence of c-Abl. Homology
of this kinases with HMGB indicated the possibility that c-
Abl recognized and interact with cisplatin DNA lesions like
HMGBI protein [31].

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

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

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

1.7. On the Mode of Cell Death Induced by Cisplatin. The
net effect of intracellular interaction of cisplatin with DNA
and non-DNA targets is the cell cycle arrest and subsequent
death in sensitive clones. There are two type of death signals
resulting from cellular intoxication by this drug (Figure 4).
Fundamentally, the drug concentration presents the critical
point for cell decision to undergo apoptotic or necrotic
cell death [62]. Primary cultures of proximal tubular cells
isolated from mouse died by necrosis if they were exposed
to high doses of cisplatin just for a few hours while apoptotic
cell death is often triggered by long-term exposure to signif-
icantly lower concentrations [63]. However, the presence of
necrosis in parallel with apoptosis in tumor-cell population
indicated that type of cell death is not just the question of
dose but also is defined by cell intrinsic characteristics and
energetic status of each cell at the moment of the treatment.
In fact, it was considered that intracellular ATP level dictate
cell decision to die by necrotic or apoptotic cell death
[64, 65]. One of the signals which are provoked with DNA
damage is PARP-1 activation and subsequent ATP depletion
caused by PARP-1 mediated cleavage of NAD+. This event is
a trigger for necrotic cell death. However, activated caspases
cleaved the PARP-1, preventing necrotic signal and favor
the execution of apoptotic process. On the other hand, the
inhibition of caspases by intracellular inhibitors IAP together
with continual PARP activity and ATP depletion resulted
in necrosis [31]. As numerous biological phenomena, this
one is not unidirectional. It was found that failure in PARP
cleavage may also serve to apoptosis [66]. This paradox
was ascribed to changes in pyridine nucleotide pool as
well as in pool of ATP/ADP responsible for regulation
of mitochondrial potential [67]. Atypical apoptosis was
observed in L1210 leukemia cell line exposed to cisplatin.
Different death profiles in cisplatin treated cells confirmed
plasticity of signals involved in cell destruction and focus
the attention to the molecules responsible for resistance to
death as possible targets for the therapy. Having in mind that
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F1GURE 4: Mode of cell death induced by cisplatin: apoptosis (left) and necrosis (right).

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

1.8. Cisplatin in Immune Senzitization. One of the rarely
mentioned but very important aspects of antitumor activity
of cisplatin is based on the experimental data about its
potential to amplified the sensitivity of malignant cells to
one or the most potent and selective antitumor immune
response mediated by TNF-related apoptosis inducing ligand
TRAIL [68, 69]. This molecule is produced by almost all
immune cells involved in nonspecific as well as adoptive
immune response. Unfortunately, in the moment when
tumor is diagnosed, its sensitivity to natural immunity is
debatable. In most of the situations, malignant cells became
resistant to TRAIL-mediated cytotoxicity [70]. Moreover,
it was confirmed that cisplatin promoted their sensitivity
to TRAIL. Nature of its immune sensitizing potential is at
least partly due to upregulation of expression of TRAIL
receptors—DR4 and DRS5 on the cellular membrane glioma,

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

1.9. Resistance to Cisplatin and How to Surmount It. Resis-
tance to cisplatin could be established at multiple levels, from
cellular uptake of the drug through interaction with protein
and DNA and finally activation of signals which lead the cell
to death. Disturbed drug uptake, drug scavenging by cellular
proteins, upregulation of prosurvival signals together with
upregulated expression of antiapoptotic molecules such as
Bcl-2 and BcIXL, overexpressed natural inhibitors of caspases
like FLIP and XIAP, diminished MAP signaling pathway or
deficiency in proteins involved in signal transferring from
damaged DNA to cytoplasm, enhanced activity of repair
mechanisms and efficient redox system are features mainly
responsible for unsuccessful treatment with cisplatin [33].
Well defined molecular background of the resistance to
cisplatin point out the way on how to surmount it. It was



already known that some of combined treatments of cis-
platin with other chemotherapeutics such as 5-fluorouracil
improved therapeutic response rates in patients with head
and neck cancer [71, 72]. Furthermore, inhibition of NER
DNA repair system, cotreatment with histone deacetylase
inhibitors (HDAC) such as trichostatin A (TSA) or suberoy-
lanilide hydeoxamic (SAHA) [73], small molecules inhibitors
of FLIP and XIAP as well as topoisomerase inhibitors
strongly synergized with cisplatin, elevating its therapeutic
potential.

2. Metallocenes in Anticancer Chemotherapy

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

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

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

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

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

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

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

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

However, after the recent work of many groups such
as Tacke, Meléndez, McGowan, Baird, and Valentine the
interest in this field has been renewed [81-85]. In this con-
text a wide variety of titanocene derivatives with amino acids
(86, 87], benzyl-substituted titanocene or ansa-titanocene
derivatives [81], amide functionalized titanocenyls [88, 89],
titanocene derivatives with alkylammonium substituents on
the cyclopentadienyl rings [90-92], steroid-functionalized
titanocenes [93], and alkenyl-substituted titanocene or
ansa-titanocene derivatives (Figure 5) [94-96], have been
reported with very interesting cytotoxic properties which
enhance their applicability in humans. In particular, [Ti{#’-
CsH4(CH,CsH4OCH3)},Cly] (titanocene Y, Figure 5(b))
and its family, reported by Tacke and coworkers, have
demonstrated to have extremely interesting anticancer prop-
erties which need to be highlighted.

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

2.2. Zirconocene Derivatives. An alternative to titanium com-
plexes may be zirconium(IV) derivatives which are in a very
early stage of preclinical experiments. Already in the 1980’
Kopf and Kopf-Maier showed the potential of zirconocene
derivatives as anticancer agents and very recently, two
different studies on zirconocene anticancer chemistry have
been reported [106, 107]. These studies by Allen et al. [106]
and Wallis et al. [107]have described the cytotoxic activity of
different functionalized zirconocene complexes, observing
an irregular behavior in the anticancer tests, from which only
the complexes [Zr{n>-CsH4(CH,),N(CH,)s},Cl,-2HCI]
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FIGure 5: Titanocene derivatives used in preclinical and clinical trials: (a) titanocene dichloride; (b) titanocene-Y; (c) alkenyl-substituted
titanocene derivative; (d) titanocenyl complex; (e) titanocene derivative with alkylammonium substituents; (f) steroid-functionalized

titanocene derivative.

(Figure 7(a)) and [Zr{#>-CsH4(CH,CsHsOCH3)},Cl,] (zir-
conocene Y, Figure 7(b)) have shown promising activity that
needs to be improved in order to apply them in anticancer
chemotherapy.

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

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

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

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

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

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

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

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

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

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

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

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

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

OH

04

(a)

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

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

3. Conclusions

One of the most potent antitumoral drugs cisplatin deserves
special attention as exceptional of few with healing effect.
Important role in the action of cisplatin is interaction
with nuclear DNA and unfeasibility of the cell response to
repair DNA strain containing covalently bonded diammine-
platinum(II) moiety (nucleotide excision repair mecha-
nism). Beside DNA, cisplatin might interact with other
biomolecules (thioproteins, RNA) and in that way could be
deactivated or even may possibly tune different signaling
pathways involved in mediation of cell death, which is
cell type specific. Namely, cisplatin has intense effects on
signaling pathways facilitated by MAPs (e.g., ERK, JNK, p38).
In recent years information on the cellular processing of
cisplatin has essentially arisen. Knowledge collected from
studies about biological effects of cisplatin and development
of cisplatin resistant phenotype afford important clues for
the design of more efficient and less toxic platinum and
nonplatinum metal based drugs in cancer therapy. It is
to be expected that nonplatinum metal compounds may
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demonstrate anticancer activity and toxic side effects notice-
ably different from that of platinum based drugs. Thus
titanocene, vanadocene, molybdocene, ferrocene, and zir-
conocene revealed encouraging results in in vitro studies.
These compounds might enter by different transport mech-
anism through cell membrane and distinctly interact with
biomolecules than cisplatin. Notwithstanding the extensive
applications of cisplatin in the new investigations will
provide us with powerful facts for finding a novel efficient
and nontoxic metallotherapeutics in anticancer treatment.
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Di-phenyl-di-(2,4-difluobenzohydroxamato)tin(IV)(DPDFT), a new metal-based arylhydroxamate antitumor complex, showed
high in vivo and in vitro antitumor activity with relative low toxicity, but no data was reported regarding its pharmacokinetics and
dependent toxicity. In this paper, a rapid, sensitive, and reproducible HPLC method in vivo using Diamonsil ODS column with
a mixture of methanol and phosphoric acid in water (30:70, V/V, pH 3.0) as mobile phase was developed and validated for the
determination of DPDFT. The plasma was deproteinized with methanol that contained acetanilide as the internal standard (L.S.).
The photodiode array detector was set at a wavelength of 228 nm at room temperature and a linear curve over the concentration
range 0.1~25ug-mL™! (r = 0.9993) was obtained. The method was used to determine the concentration-time profiles for DPDFT
in the plasma after single intravenous administration with doses of 5, 10, 15 mg-kg™! to rats. The pharmacokinetics parameter
calculations and modeling were carried out using the 3p97 software. The results showed that the concentration-time curves of

DPDFT in rat plasma could be fitted to two-compartment model.

1. Introduction

Metals offer potential advantages over the more common
organic-based drugs, including a wide range of coordination
numbers and geometries, accessible redox states, “tuneabil-
ity” of the kinetics of ligand substitution, as well as a wide
structural diversity. Medicinal inorganic chemistry is a thriv-
ing area of research [1, 2], initially fueled by the discovery of
cisplatin, a metal-based antitumor drug about 40 years ago.
Since the discovery of cisplatin and its introduction in the
clinics, metal compounds have been intensely investigated in
view of their possible application in cancer therapy. Platinum
anticancer agents, such as cisplatin, have been highly success-
ful but there are several disadvantages associated with their
clinical use. What needs to be recognized is that there are
many other nonplatin metal-based antitumor drugs in the
periodic table with therapeutic potential. Diorganotin(IV)
complexes are potential antitumor agents mainly active
against P388 lymphocytic leukemia and other tumors [3-5].

Lately, these antitumor agents are actually being studied
widely. Among diorganotin(IV) compounds, dibutyltin(IV)
derivatives of hydroxamic acid have received more attention
due to their structural and biological importance [6-8].
Recently, we reported a series of diorganotin(IV) aryl-
hydroxamates which exhibit in vitro antitumor activities
(against a series of human tumor cell lines) which, in some
case, are identical to, or even higher than, that of cisplatin
[3, 5]. Di-phenyl-di-(2,4- difluobenzohydroxamato)tin(IV)
(DPDFT, its structure was shown in Figure 1), a kind
of efficient diorganotin(IV) patent compound (number:
7101135148 and 102826Z) with lower toxicity, is a potential
antitumor candidate for the clinical application due to its
high in vivo and in vitro activity mainly against hepatoma,
gastric cancer, nasopharyngeal carcinoma and other tumors
(data not shown here). However, its antitumor molecular
action mechanism is still unclear. In order to study the
precise action mechanism and toxicity of this metal-based
antitumor diorganotin(IV) compound, its fate should be



first elucidated in vivo, including their absorption, distri-
bution, metabolism, and elimination. However, nothing is
known about the pharmacokinetic behavior of DPDFT in
body. Therefore, it is essential to establish a rapid, sensitive,
and accurate method to determine the pharmacokinetic of
organotin compound DPDFT in a body.

For medical care, practical, robust, simple, and efficient
analytical methods are needed. Several methods have been
reported for the determination of organotin compounds,
including HPLC-MS [9, 10], HPLC-ICP-MS [10, 11], GC
[12], GC-MIP AED [12-14], GC-MS [15-17], GC-ICP MS
[18, 19], and so on. However, these methods have obvious
disadvantages. For examples, GC methods have complicated
pretreatments for the samples and seem to be unsuitable
for quantitative determination in rat plasma because only a
small amount of blood is normally used in pharmacokinetic
studies. HPLC-MS is superior method and should be used
whenever is possible. MS methods were used for mentioned
analysis in order to increase selectivity of detection of
DPDEFT from complex matrixes. However, in this study, the
HPLC-MS method was not used because the mass spec-
trometry conditions were still not ripe for DPDFT detection,
and the high analysis cost and the expensive apparatus
required were other considerations. So far, to the best of our
knowledge, no method has been reported for determination
of the diorganotin(IV) patent compound DPDFT by HPLC
method with UV detection in the pharmacokinetic studies
in rat plasma. Therefore, in this research, we chose DPDFT
as a typical antitumor diorganotin(IV) arylhydroxamate to
develop a simple, sensitive, and specific HPLC assay for its
quantitative determination in rat plasma and to investigate
its preliminary pharmacokinetic properties.

2. Experimental

2.1. Materials and Reagents. DPDFT used in analysis was
synthesized by the same method as described in [20]. Its
purity was 99.9%. Acetanilide used as an internal standard
(I.S.) was purchased from Sigma Laboratories (St. Louis,
MO). The chromatographic solvents and reagents such as
methanol and phosphoric acid were obtained from the
National Institute for the Control of Pharmaceutical and
Biologic Products (Beijing, China). All substances were of
chromatographic grade. Deionized water was prepared using
a Milli-Q water purifying system from Millipore Corp.
(Bedford, MA).

2.2. Animal Treatment. Laboratory bred adult Wistar albino
rats (200-250g), which were supplied by the Animal Re-
search Center at Shanxi Medical University (Taiyuan, Shanxi
Province, China), were housed at 25+2°C in a well-ventilated
animal house under 12:12h light dark cycle. The animals
drank sterilized drinking water, and standard chow diet was
supplied ad libitum to each cage. The animal experiments
were performed in accordance with the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research and
were approved by the Animal Ethics Committee of Shanxi
Medical University.

Bioinorganic Chemistry and Applications

annil] =

o
=}

\,
~.” o
N
/

N\
NH—O ‘ O—NH
Ph

FiGUure 1: Chemical structure of DPDFT.

2.3. Instrumentation and Chromatographic Conditions.
HPLC analysis was carried out using a Waters 2695 HPLC
system (Waters Associates, Milford, MA) which consisted of
a photodiode array detector, an autosampler, and a degasser.
The apparatus was interfaced to a DELL PC compatible
computer using Empower Pro software for data acquisition.
The sensitivity was 0.2 AUFS. The autosampler was cooled
to 10°C. The column was maintained at room temperature.
Chromatographic separation of DPDFT and the LS. was
achieved on a Diamonsil Cjg column (250 mm X 4.6 mm,
5um) from Dikma Technologies (Beijing, China) protected
by a SHIMADZU LC guard column at 25°C. The mobile
phase for HPLC analysis consisted of phosphoric acid in
water (solvent A)/methanol (solvent B) (30:70, V/V, pH
3.0) with a flow rate of 0.8 mL-min~!. A sample volume
of 20 uL was injected. Prior to use, the mobile phase was
filtered through a 0.45um hydrophilic membrane filter.
The photodiode array detector was set at a wavelength of
228 nm at room temperature. Under the chromatographic
condition mentioned above, DPDFT and the I.S. acetanilide
could be separated completely in the chromatograms
(R > 1.5), and there was no endogenous interference with
the chromatographic peak of DPDFT and the L.S.acetanilide.
Besides, the retention time of acetanilide (g = 15.67 min)
was very suitable as the 1.S. compared to that of DPDFT
(tr = 8.34 min).

2.4. Preparation of Plasma Samples. Blood samples collected
from rat blood plasma were immediately transferred to
1.5 mL heparinized microcentrifuge tubes from fossa orbi-
talis of rats, and then processed for plasma by centrifugation.
The supernatant plasma (0.2mL) was then vortex-mixed
with methanol (0.4mL) containing acetanilide (0.2 mL,
50.0 ug-mL~!) as internal standard (I.S.) for 30s. After
vortex-mixing, the mixture was centrifuged at 13000 rpm
for 10 min 4°C to separate precipitated proteins. The super-
natant solution of methanol layer was filtered through a
0.45um membrane filter. Twenty microliters of filtrate
were injected into the chromatography. The same sample
processing was also applied to the recovery and to the
precision study in plasma. All harvested samples stored at
—4°C were brought to room temperature before use and
analyzed within one week. No significant differences were
found between the samples stored at —4°C and those stored
at —20°C (data not shown).



Bioinorganic Chemistry and Applications

2.5. Bioanalytical Method Validation

2.5.1. Preparation of Stocks, Calibration Standards, and Qual-
ity Control Samples. A stock solution of DPDFT was pre-
pared in methanol at the concentration of 100 mg-mL~! and
was further diluted in HPLC mobile phase to make working
standards. The 1.S. stock solution was prepared and diluted
to 50.0 ug-mL~! working solution with HPLC mobile phase.
All the stock solutions were maintained at 4°C until use.

The linearity of HPLC method for the determination of
DPDFT was evaluated by a calibration curve in the range
of 0.1~25 ug-mL~1. Calibration standard samples were pre-
pared by adding different concentrations of the standards of
DPDFT and 0.2 mL of the L.S. working solution to the blank
plasma. The final concentrations of DPDFT standard sam-
ples of plasma (0.1, 0.5, 1.0, 2.5, 5.0, 10.0, and 25.0 yg-mL™!,
resp.) were prepared by spiking control rat plasma with
appropriate amounts of the standard stock solution pre-
pared above. The LS. was added to each standard sample
immediately before sample processing. For the evaluation of
the linearity of the standard calibration curve, the analyses
of DPDFT in plasma samples were performed on three
independent days using fresh preparations. Fach calibration
curve consisted of a double blank sample (without internal
standard), a blank sample (with internal standard), and
seven calibrator concentrations. Each calibration curve was
constructed by plotting the analyte to internal standard
peak area ratio (y) against analyte concentrations (x). The
calibration curves were fitted using a least-square linear
regression model y = ax + b. The resulting a, b parameters
were used to determine back-calculated concentrations,
which were then statistically evaluated. All calibration curves
of DPDFT were constructed before the experiments with
correlation coefficient (r2) of 0.99 or better.

2.5.2. Bioanalytical Method Validation. The specificity was
defined as non-interference when DPDFT was being retained
from the endogenous plasma components, and no crossin-
terference between DPDFT and the L.S. using the proposed
extraction procedure. Six different lots of blank (DPDFT-
free plasma) were evaluated both with and without internal
standard to assess the specificity of the method.

Quality control (QC) samples were used to determine the
accuracy and precision of method and were independently
prepared at low (0.8 ug-mL~!), medium (4 ug-mL"!), and
high (20 ug-mL™!) concentrations. To evaluate the accuracy
and precision, we used at least five QC samples of three
different concentrations of DPDFT. The intraday and inter-
day accuracies were expressed as the percentage difference
between the measured concentration and the nominal con-
centration in rat plasma. The intraday precision and accuracy
were calculated using replicate (n = 6) determinations for
each concentration of the spiked plasma sample during a
single analytical run. The interassay precision and accuracy
were calculated using replicate (n = 6) determinations
of each concentration made on three separate days. The
variability of determination was expressed as the relative
standard deviation (RSD) which should be <15%, covering
the range of actual experimental concentrations.

The extraction efficiency of DPDFT was determined
by analyzing replicate sets (n = 6) of QC samples: 0.4,
8, 20 ug-mL~! for rat plasma, representing low, medium,
and high QCs, respectively. The recoveries were calculated
by comparing the peak areas of DPDFT added into blank
samples and extracted using the protein precipitation proce-
dure, with those obtained from DPDFT spiked directly into
postprotein precipitation solvent at three QC concentration
levels.

The stability of DPDFT in rat plasma was assessed by
analyzing replicates (n = 6) of QC samples at concentrations
0f 0.8, 4, 20 ug-mL~!, respectively. The investigation covered
the expected conditions during all of the sample storage
and process periods, which included the stability data from
freeze/thaw cycle and long-term stability tests. The con-
centrations obtained from stability studies were compared
with the freshly prepared QC samples, and the percentage
concentration deviation was calculated. In each freeze—thaw
cycle, the samples were frozen and stored at —20°C for 10
days, then thawed at room temperature. The stability of the
fresh plasma samples was tested after keeping the samples
at —4, —20°C and room temperature for 72 h. The stability
of deproteinized samples at 10°C in the autosampler was
evaluated up to 24 h.

To determine the limit and quantification of detection,
we prepared the dilutions of 1, 2.5, 5, 10, 15, 20, and
30ng-mL~! DPDFT in plasma. The results were evaluated
by analyzing each plasma sample spiked with the analyte at
a final concentration at which the signal-to-noise ratio (S/N)
was 10 and 3.

2.5.3. Pharmacokinetic Study. To evaluate the suitability
of the assay for pharmacokinetic studies, 7.5, 15, and
30mg-kg™! of DPDFT were intravenously administered to
rats (half males and half females, resp.). Six animals were
used in each dosage by direct injection into a lateral tail
vein, with a duration of infusion less than 1 min. Heparinized
blood samples (0.5 mL) were collected at 0, 1, 3, 5, 10, 30,
60, and 120min after injection. Eighteen rats were used
for each time point. After each sampling, the removed
volume of blood was supplemented with an equal volume
of sodium chloride. The blood samples were immediately
centrifuged and the resulting plasma was prepared according
to the procedure given for the calibrators. Pharmacokinetic
calculations were performed using the observed data. Phar-
macokinetic analysis of DPDFT concentrations in plasma
was performed using two-compartment model methods via
the 3p97 software package (Chinese Pharmacology Society).
All values obtained were expressed in mean =+ standard
deviation.

3. Results and Discussion

A deproteinized method to detect DPDFT, an typical antitu-
mor diorganotin(IV) compound in plasma, was first devel-
oped in this paper. Diverse proportional solvents (methanol
and acidified water) were selected in the deproteinizing
process. The plasma deproteinized with double volume of



methanol could produce the minimal dilution, optimum
peak shape, and an increase of detector sensitivity along with
the satisfactory recovery.

3.1. Wavelength Selection Results. The Waters 2695 HPLC-
DAD measurement was performed under the chromato-
graphic condition mentioned above. Chromatographic sep-
aration of DPDFT was achieved on a Diamonsil C;3 column
(250mm X 4.6mm, 5um) protected by a SHIMADZU
guard column at 25°C. The mobile phase for HPLC analysis
consisted of phosphoric acid in water (solvent A)/methanol
(solvent B) (30:70, V/V, pH 3.0) with a flow rate of
0.8 mL-min~'. A sample volume of 20 L was injected. The
DAD wavelength range was set on 190~400 nm with a slid
width of 1nm and a response time of 2.0s at room tem-
perature. As shown in Figures 2(a), 2(b), and 2(c), the
peaks were detected with good baseline separation. Peak
identification was confirmed by comparison of UV spec-
tra. The maximum absorption wavelength of DPDFT was
228 nm, and there was no endogenous interference with the
chromatographic peak of DPDFT.

3.2. Validation Data of Bioanalytical Method. The method
was validated using the criteria described above. The data
were found to be linear over a concentration range of
0.1~25 ug-mL™! in blood samples. The regression equation
was y = 32.001x + 0.31, with the correlation coefficient r =
0.9993 (n = 7), where y represented the peak-area ratio of
DPDFT to the LS. in rat plasma and x was the concentration
of DPDFT. The limit of quantitation (LOQ) was 10 ng, which
can be determined with a relative error (RE) and precision
(RSD) of <15% at a signal to-noise ratio of 10. The limits of
detection (LOD) were 3.5 ng, based on a signal-to-noise ratio
of 3.

Under the chromatographic condition, the number of
theoretical plates was 5000. The degree of interference by
endogenous plasma with DPDFT and the 1.S. was assessed
by inspection of chromatograms derived from a processed
blank plasma sample. The results show that there were no
endogenous interfering peaks with the I.S. and DPDFT in the
rat plasma. Typical chromatograms of blank plasma, blank
plasma spiked with DPDFT QC sample (3 ug-mL™!) and the
LS., and a rat plasma sample after dosing with 15 mg-kg™!
DPDFT are presented (Figure 3). DPDFT and the 1.S. were
eluted at 15.67 and 8.34 min, respectively. The total run time
was less than 30 min. A good separation of the LS. and
DPDEFT was obtained under the specified chromatographic
conditions.

The recoveries of the assay were assessed by comparing
the peak-area ratios (analyte/the 1.S.) obtained from spiked
plasma samples of three DPDFT standard concentrations
(0.4, 8,20 mg/mL) with the peak-area ratios (analyte/the I.S.)
for the samples containing the equivalent analyte and the L.S.
which were directly dissolved in methanol. The recoveries
were approximately 90.0-97.0% in the rat plasma, as shown
in Table 1, the mean extraction recovery and the coefficient
of variation RSD of DPDFT at three various concentrations
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TABLE 1: Recoveries of the assay for determining DPDFT in rat
plasma (n = 6).

Spiked concentration Recovery (%, mean = SD) RSD (%)

(ug/mlL)

0.8 90.8 + 7.0 7.7
4 95.7 +12.9 13.5
20 96.2 +10.8 11.3

from the rat plasma were 94.2%= 10.3% and 10.9% (n =
18), respectively.

The precision and accuracy of this method were evalu-
ated by assaying each low, middle, and high concentration
QC sample. The reproducibility of the method was assessed
by examining both intraday and interday variance. Accuracy
(%) = [(Cobs — Cnom)/Cnom] X 100. The precision
(%RSD) was calculated from the observed concentrations
as follows: RSD = [standard deviation (SD)/Cobs] x100. As
shown in Table 2, the data showed that the intraday and
interday precisions (% RSD) of the three QC samples in rat
plasma were <15%. The RSD values of the intraday and the
interday for rat plasma samples ranged from 3.8% ~9.0%
and 4.0% ~9.0%, respectively. These validations demon-
strated the reliability of the assay.

Stability of DPDFT during storage and processing was
checked using quality control samples. The DPDFT and
L.S. stock solutions were stable for at least 2 months when
stored at 4°C. The deviation of the mean test responses was
within £10% of appropriate controls in all stability tests
of DPDFT in rat plasma. After three freeze-thaw cycles,
the concentration changes of DPDFT were less than 7%.
The analyte was stable in the matrices at 4, —20°C and
room temperature for 72 h without significant degradation
(<8%). The run-time stability study showed that DPDFT in
deproteinized rat plasma was stable at 10°C for up to 24 h
(<6%). These results suggested that the rat plasma samples
containing DPDFT can be handled under normal laboratory
conditions without significant loss of the compound. All
stability results are summarized in Table 3.

3.3. Pharmacokinetic Applicability. The developed RP-HPLC
analytical method has been successfully used for the phar-
macokinetic study after a single intravenous administration
of DPDFT within 120 min. The mean plasma concentration-
time curves of DPDFT after administration of 7.5, 15, and
30 mg-kg~! in rats are shown in Figure 4, the concentration-
time data conformed to a two-compartment model and
the major mean pharmacokinetic parameters (mean + SD)
are summarized in Table 4. The RP-HPLC method satisfied
the requirement of this study and demonstrated its general
suitability for pharmacokinetics studies of DPDFT in rats.

3.4. The Pharmacokinetics Features of DPDFT in Rat Plasma.
HPLC analysis for amphoteric, polar substances with low
wavelength ultraviolet absorption is always associated with
some difficulties, especially when high sensitivity is required.
The results showed that this classic liquid extraction HPLC
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Figure 2: HPLC-DAD profiles of DPDFT in plasma sample. (a) Blank plasma; (b) DPDFT (2 ug-mL™!) standard; (c) blood sample
containing DPDFT (2.4 ug-mL™!) collected at 3 min after administration of DPDFT (15 mg-kg™!, i.v.).
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FiGUre 3: Chromatograms of DPDFT in plasma sample. Separation was performed using Waters 2695 HPLC system. The mobile phase
consisted of phosphoric acid in water (solvent A)/methanol (solvent B) (30:70, V/V, pH 3.0) using Diamonsil C;3 column at 25°C with a
flow rate of 0.8 mL-min~!. (a) Blank plasma; (b) blank plasma spiked with DPDFT (3 ug-mL™!) and the LS. (8 yg-mL™!); (c) blood sample

containing DPDFT (2.4 ug-mL™!) collected at 3 min after administration of DPDFT (15mg-kg™!, i.v.).

with UV detecting method was sensitive (the limit of
detection was 3.5ng) enough for pharmacokinetics studies
of DPDFT in rats and did not require any forms of analyte
derivatization or special columns or instruments. The most
important factor for achievement of high sensitivity was
the clean baseline owing to appropriate sample preparation
on the chromatograms. Thus, a high signal/noise ratio was
achieved, which constituted the base for the high sensitivity.
The second factor was the high recovery of DPDFT from
plasma during the extraction process. Methanol was used
not only for deproteination, but also as extractive solvent
for assay. So, the high recoveries of DFDPT (90.8, 95.7, and
96.2% for three determinations, resp.) were obtained. Dur-
ing the process of method development, it was discovered
that DPDFT spiked with aqueous 1.S. showed a symmetric
single peak in the chromatograms at a pH around 3.0.

With high sensitivity, small sample requirement, and simple
sample treatment procedures, this method was successfully
applied to the analysis of rat plasma samples and the
pharmacokinetic study of DPDFT in rat.

The mean pharmacokinetic parameters (mean + SD)
are summarized in Table 4. There were no significant differ-
ences in all pharmacokinetic parameters between male and
female rats at dose of 7.5, 15, and 30 mg-kg~!. The results
showed that there was significant difference for AUC(0-t),
they were calculated to be 7.56, 37.15, 81.25 mg-kg ™! -min~!
at doses of 7.5, 15, and 30 mg-kg™!, respectively, and for
the value of Vy after three dosages, 2.13, 1.13, 0.62 L-kg™!,
respectively. These results suggested that the pharmacoki-
netics of the complex is a nonlinear process from 7.5 to
30 mg/kg. Otherwise, the distribution half-life ¢, (1.04,
1.01, 1.12 min, resp.) and elimination half-life t,/,5 (17.68,
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TaBLE 2: Intra- and interday precision and accuracy for DPDFT in rat plasma (n = 6).

Matrix Nominal concentration (ug-mL~!) Observed concentration (g-mL™') + SD  Precision (%RSD) Accuracy (%)
0.8 0.73 £ 0.05 6.8 -8.75
Intra-day 4 3.73 +0.14 3.8 -6.75
20 19.21 + 1.02 5.3 -3.95
0.8 0.69 = 0.06 8.7 —13.75
Inter-day 4 3.80 +0.15 4.0 -5.00
20 19.02 + 1.11 5.9 —-4.90

Notes: accuracy (%) = [(Cobs — Cnom)/Cnom] x 100, RSD = [standard deviation (SD)/Cobs] x 100.

TABLE 3: Stability results of DPDFT at different conditions in rat plasma (n = 6).

. .. Nominal concentration Observed concentration
0, 0
Storage period and storage condition (ug-mL-1) (ug-mL-) + SD Accuracy (%)  RSD (%)
0.8 0.85 + 0.07 6.25 8.2
Concentration of fresh preparation 4 3.91+0.12 —2.205 3.1
20 21.06 + 1.33 5.30 6.3
0.8 0.76 = 0.05 —5.00 6.6
Three freeze and thaw cycles 4 3.79 + 0.13 ~5.25 35
20 18.97 + 1.17 -5.15 6.2
0.8 0.87 +£0.04 8.75 4.6
Stability for 72h at 4°C 4 3.70 = 0.16 ~7.50 4.3
20 21.14 + 1.27 5.70 6.0
0.8 0.74 = 0.05 —7.50 6.8
Stability for 72 h at —20°C 4 422 +0.12 5.50 2.9
20 19.13 + 1.53 —4.35 7.9
0.8 0.78 £ 0.05 —2.50 6.4
Stability for 72 h at room temperature 4 3.87 +0.19 —~3.25 4.9
20 19.46 + 1.19 —-2.75 6.1
0.8 0.83 +0.04 3.75 4.8
Autosampler stability for 24 h at 10°C 4 383 +0.18 —4.25 4.7
20 19.19 + 1.08 —4.05 5.6

Notes: accuracy (%) = [(Cobs — Cnom)/Cnom] X 100, RSD = [standard deviation (SD)/Cobs] x 100.

TaBLE 4: Mean pharmacokinetic parameters in rats after intravenous administration of 7.5, 15, and 30 mg-kg™! of DPDFT (mean + SD,
n==6).

Parameter (unit) Dosage/mgkg

7.5 (low) 15 (middle) 30 (high)
A/min~! 2.21 +£0.03 7.94 +3.12 22.36 + 8.12
B/mg-kg’1 0.15 + 0.04 0.92 +0.04 1.85 + 0.44
ﬁ/min’l 0.04 + 0.003 0.04 +0.003 0.04 + 0.003
V,;z/L-kg_1 2.13 £ 0.07 1.13 £ 0.08 0.62 +0.08
t1/24/mMin 1.04 = 0.01 1.01 £ 0.01 1.12 £ 0.1
tl/zﬁ/min 17.68 = 2.6 19.38 + 3.6 16.81 + 3.6
K>1/min~! 0.08 + 0.004 0.11 +£0.01 0.09 +0.01
Kio/min~! 0.32 +£0.05 0.24 +0.08 0.30 £0.18
Ki>/min~! 0.26 = 0.04 0.38 £0.01 0.28 = 0.11
AUC/mg-kg’1 min~! 7.56 = 1.02 37.15 = 3.06 81.25 +15.3

CL(s)/mg-mL™!, mgkg™! 0.66 = 0.05 0.27 = 0.02 0.018 = 0.02
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FIGURE 4: Mean plasma concentration-time profiles of DPDFT in
rats after intravenous administration of 7.5, 15, and 30 mg-kg!.
Each point represents the mean concentration of six rats.

19.38, 16.81 min, resp.) have no significant difference when
the administration dosage of DPDFT was increased from
7.5 to 30mg/kg, indicating that DPDFT distributed and
eliminated very quickly.

4. Conclusions

In this paper, a simple, economical, sensitive, and specific
method for the determination of DPDFT, a typical antitumor
diorganotin(IV) compound in rat plasma, was first reported.
The assay was validated for linearity, specificity, accuracy,
precision, recovery, and stability, and good results were
obtained. The results of preliminary pharmacokinetic studies
indicated that DPDFT showed nonlinear pharmacokinetics
in the studied dose ranges in rats and the concentration-
time curves of DPDFT in rat plasma could be fitted to
two-compartment model. These results hinted that DPDFT
might accumulate in certain organs, thus produce the
toxicity or could be quickly metabolized in the plasma into
active constituent for antitumor. In order to study the precise
toxicity mechanism of this metal-based antitumor diorgan-
otin(IV) compounds, we should further elucidate their in
vivo absorption, distribution, metabolism, and elimination.
Meanwhile, based on the structure of DPDFT as a lead com-
pound, structure reconstitution and optimization should be
carried out to explore the better antitumor diorganotin(IV)
compounds with higher activity, relative lower toxicity, and
good pharmacokinetics features in the future.

Abbreviations

DPDEFT: Di-phenyl-di-(2,4-
difluobenzohydroxamato)tin(IV)

LS.: Internal standard

HPLC: High performance liquid chromatography

QC:  Quality control

S/N:  The signal-to-noise ratio

LOQ: The limit of quantitation

LOD: The limits of detection

RE: Relative error

Cobs: Observed concentration

Cnom: Nominal concentration

SD: Standard deviation

RSD: Relative standard deviation

t124:  Distribution half-life

tipp:  Elimination half-life

AUC: Area under the plasma concentration-time curve

Ky1:  First order transfer from compartment 2 to
compartment 1

Kijo:  First order elimination from compartment 1

Kij,:  First order transfer from compartment 1 to
compartment 2

Cl: Clearance.
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Metal complexes of (Z)-2-(pyrrolidin-2-ylidene)hydrazinecarbothioamide (L) with Cu(II), Co(II), and Ni(II) chlorides were tested
against selected types of fungi and were found to have significant antifungal activities. The free-radical-scavenging ability of the
metal complexes was determined by their interaction with the stable free radical 2,2"”-diphenyl-1-picrylhydrazyl, and all the
compounds showed encouraging antioxidant activities. DFT calculations of the Cu complex were performed using molecular
structures with optimized geometries. Molecular orbital calculations provide a detailed description of the orbitals, including spatial
characteristics, nodal patterns, and the contributions of individual atoms.

1. Introduction

Schiff bases have often been used as chelating ligands in the
field of coordination chemistry, and their metal complex-
es have been of great interest to researchers for many years.
It is well known that N and S atoms play a key role in the co-
ordination of metals at the active sites of many metallo-
biomolecules [1]. The importance of metal ions in biological
systems is well established. One of the most interesting fea-
tures of metal-coordinated systems is the concerted spatial
arrangement of the ligands around the metal ion. Among
metal ions of biological importance, the Cu(II) ion involved
in a large number of distorted complexes [2]. Over the past
two decades, considerable attention has been paid to metal
complexes of Schiff bases containing nitrogen and other
donor atoms [3, 4]. Bioorganometallic chemistry is dedicat-
ed to the study of metallic complexes and their biological ap-
plications [5], including the design of new drugs that are
more effective than those already known. The development
of the field of bioinorganic chemistry has increased the inter-
est in Schiff base complexes, because it has been recognized
that many of these complexes may serve as models for biolog-
ically important species [6-9]. Antioxidants are extensively
studied for their capacity to protect organisms and cells from

damage induced by oxidative stress. Scientists in various dis-
ciplines have become more interested in new compounds,
either synthesized or obtained from natural sources, that
could provide active components to prevent or reduce the
impact of oxidative stress on cells [10].

Thiosemicarbazones are well established as an important
class of sulfur-donor Schiff base ligands that are particularly
useful for transition metal ions. This is due to the remarkable
biological activities observed for these compounds, which
have been shown to be related to their metal-complexing
ability. Thiosemicarbazone Schiff bases are an important
class of compounds in the medicinal and pharmaceutical
fields [11].

The work discussed herein describes the in vitro antioxi-
dant and antifungal activities for metal complexes derived
from (Z)-2-(pyrrolidin-2-ylidene)hydrazinecarbothioamide
(L) [12].

2. Experimental

2.1. General. All chemicals used in this study were of reagent
grade (supplied either by Sigma-Aldrich or Fluka) and used
without further purification.



The FTIR spectra were recorded in the 4.000-200 cm™!
range on cesium iodide windows using a Shimadzu FTIR
8300 spectrophotometer. Proton NMR spectra were recorded
on a Bruker-DPX 300 MHz spectrometer using TMS as an
internal standard. The UV-VIS spectra were measured in
ethanol using the Shimadzu UV-VIS -160A spectrophotome-
ter in the range 200-1.000 nm. Magnetic susceptibility mea-
surements for the complexes were obtained at room temper-
ature using a Magnetic Susceptibility Balance Model MSB-
MKI. Flame atomic absorption spectra from the Shimadzu
AA-670 elemental analyzer were used for metal determina-
tion. Elemental microanalysis was performed using a CHN
elemental analyzer model 5500-Carlo Erba. A Gallenkamp
M.EB.600.010 F melting point apparatus was used to mea-
sure the melting points of all the synthesized compounds.

2.2. Chemistry. The ligand and metal complexes were syn-
thesized according to reference [12], and the structures of the
compounds were confirmed with elemental analyses, spectral
analyses (IR, UV-VIS, 'H-NMR), conductance experiments,
and magnetic measurements.

2.2.1. DFT. The molecular sketches of the reference com-
pounds were plotted using Visualization Materials Studio 5.5
software. All quantum chemical calculations were performed
using density functional theory (DFT) methodology. The
DMol3 model was employed to obtain quantum chemical
parameters and optimization of the molecular geometry.
Molecular atomic charges were calculated by Mulliken pop-
ulation analysis [13].

2.3. Pharmacology

2.3.1. Evaluation of Antifungal Assay. All tests with the mi-
croorganisms (Aspergillus niger and Candida albicans) were
obtained from the Biotechnology Division, Department of
Applied Science, University of Technology.

Antifungal activity [14-16] was determined based on
the growth inhibition rates of the mycelia of Aspergillus
niger and Candida albicans strains grown in potato dextrose
broth medium (PDB). Under aseptic conditions, one mL
of spore suspension (5 x 10° cfu/mL) of the fungus being
tested was added to 50 mL of PDB medium in a 100 mL
Erlenmeyer flask. Appropriate volumes of tested metal
complexes were added to produce concentrations ranging
from 10 to 100 ugmL~!. The flasks were incubated at 27 +
1°C in the dark for 5 days, at which time the mycelia were
collected on filter papers. The filter papers were dried to a
constant weight, and the level of inhibition relative to the
control flasks was calculated from the following formula:

C-T
C

percentage of inhibition = % 100, (1)
where T is the weight of mycelia from the test flasks and C
represents the weight of mycelia from the control flasks.

A note on statistical analysis is that significant differences

between values were determined by a multiple-range test
(P < 0.05) following one-way ANOVA.
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2.3.2. Evaluation of Antioxidant Activity. A stock solution
(I1mg/mL) was diluted to final concentrations of 20-
100 yg/mL. An ethanolic DPPH solution (1 mL, 0.3 mmol)
was added to sample solutions in DMSO (3mL) at vari-
ous concentrations (50-300 yg/mL) [17]. The mixture was
shaken vigorously and allowed to stand at room temperature
for 30 min. The absorbance was then measured at 517 nm
using the UV-VIS. spectrophotometer. Less absorbance by
the reaction mixture indicates higher free-radical-scavenging
activity. Ethanol was used as the solvent and ascorbic acid
as the standard. The DPPH radical scavenger effect was
calculated using the following equation:

Ayp — Ay
Ay

scavenging effect (%) = % 100, (2)

where Ay is the absorbance of the control reaction and A; is
the absorbance in the presence of the samples or standards.

3. Results and Discussion

3.1. Chemistry. The ligand was synthesized according to
[12]. Reaction could be explained by a Schiff base mecha-
nism.

The complexes (Scheme 1) were then synthesized by the
reactions of hot ethanolic solutions of the ligand (L) with the
metal ions. The ligand behaves as a bidentate ligand via both
the thione sulfur and the azomethine nitrogen [12].

3.1.1. Density Functional Theory (DFT). DFT calculations
were performed for L and CuL,Cl,. The optimized molecular
structure of the most stable form for the Cu complex is
shown in Figure 1. Orbital calculations provide a detailed
description of the orbitals, including spatial characteris-
tics, nodal patterns, and individual atomic contributions.
Contour plots of the frontier orbitals for the ground state
of the ligand are shown in Figure 2, including the hi-
ghest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) [18]. It is interesting
that both orbitals are substantially distributed over the plane
of conjugation. It can be seen from Figure 2 that HOMO
orbitals are located on the substituted molecule where-
as the LUMO orbitals resemble those obtained for the
unsubstituted molecule. Therefore, the substitution has an
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FiGgure 1: Optimized 3D structure of CuL,Cl,.
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LUMO+1-0.0725 hartree

(d)

FIGURE 2: HOMO-LUMO energies for ligand (the energy in hartrees).

influence on the electron donation ability but only a small
impact on the electron acceptance ability. The orbital energy
levels of the HOMO and LUMO for the ligand are listed. It
can be seen that the energy gap between the HOMO and
LUMO is 0.0984 Hartrees for the ligand. The low value for
the HOMO-LUMO energy gap explains the eventual charge
transfer interaction taking place within these molecules.

3.1.2. Stereochemistry of the Metal Complexes. A thiosemicar-
bazone was first used in this study with the expectation that it
would bind to the metal ion as a bidentate N,S-donor. From
the preliminary characterization data, it was evident that the
thiosemicarbazone ligand does indeed serve as a bidentate
ligand, but the coordination mode of the ligand was not clear.
The two ligands that are in the coordination sphere around
the metal are significantly distorted from the ideal octahedral
geometry [19]. To determine the coordination mode of the
thiosemicarbazone ligand in these complexes, the structure
shows that the thiosemicarbazone ligand is again coordi-
nated to the metal in the same fashion as before. Due to

the restricted rotation around the C=N bond, the ligand
may exist as two different geometric isomers. The structural
determination of one representative ligand (Scheme 2) shows
that the free ligand exists in the thione form.

The absence of a thiol group in both the IR and NMR
spectra indicates that the ligand exists predominantly as the
thione tautomeric form in solution, as shown in Scheme 2.
None of the synthesized ligands or metal complexes have
any bands between 2,000 and 2,500 cm™!, suggesting that the
ligand and metal complexes in the solid state are not in the
thiol form, as shown in Scheme 2.

3.2. Pharmacology

3.2.1. Antifungal Activities. Metal ions are adsorbed on the
cell walls of the microorganisms, disturbing the respiration
processes of the cells and thus blocking the protein synthesis
that is required for further growth of the organisms. Hence,
metal ions are essential for the growth-inhibitory effects [20].
According to Overtone’s concept of cell permeability, the
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FIGURE 4: Effect of the metal complexes on Candida albicans, *P <
0.05, one-way ANOVA.

lipid membrane that surrounds the cell favors the passage of
only lipid-soluble materials, so lipophilicity is an important
factor controlling the antifungal activity. Upon chelation, the
polarity of the metal ion will be reduced due to the overlap
of the ligand orbitals and partial sharing of the positive
charge of the metal ion with donor groups. In addition,
chelation allows for the delocalization of m-electrons over
the entire chelate ring and enhances the lipophilicity of
the complexes. This increased lipophilicity facilitates the
penetration of the complexes into lipid membranes, further
restricting proliferation of the microorganisms. The vari-
ation in the effectiveness of different compounds against
different organisms depends either on the impermeability
of the microbial cells or on differences in the ribosomes
of the cells [21]. All of the metal complexes possess higher
antifungal activity than the ligand [22, 23]. Although the
exact biochemical mechanism is not completely understood,
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FIGURE 5: Scavenging effect of metal complexes and ascorbic acid at
various concentrations, using the DPPH method.

the mode of action of antimicrobials may involve various tar-
gets in the microorganisms.
These targets include the following.

(i) The higher activity of the metal complexes may be
due to the different properties of the metal ions
upon chelation. The polarity of the metal ions will be
reduced due to the overlap of the ligand orbitals and
partial sharing of the positive charge of the metal
ion with donor groups. Thus, chelation enhances the
penetration of the complexes into lipid membranes
and the blockage of metal binding sites in the en-
zymes of the microorganisms [24].

(ii) Tweedy’s chelation theory predicts that chelation
reduces the polarity of the metal atom mainly because
of partial sharing of its positive charge with donor
groups and possible electron delocalization over the
entire ring. This consequently increases the lipophilic
character of the chelates, favoring their permeation
through the lipid layers of the bacterial membrane
[25].

(iii) Interference with the synthesis of cellular walls, caus-
ing damage that can lead to altered cell permeability
characteristics or disorganized lipoprotein arrange-
ments, ultimately resulting in cell death.

(iv) Deactivation of various cellular enzymes that play a
vital role in the metabolic pathways of these micro-
organisms.

(v) Denaturation of one or more cellular proteins, caus-
ing the normal cellular processes to be impaired.

(vi) Formation of a hydrogen bond through the azome-
thine group with the active centers of various cellular
constituents, resulting in interference with normal
cellular processes [26].

In vitro antifungal effects of the investigated compounds
were tested against two fungal species (Aspergillus niger and
Candida albicans). The results showed that the ligand itself



Bioinorganic Chemistry and Applications

S
NN
N N
<_>/ S am,
H

NH, NH;

H H N )\
N N N
\/&S#W\ SH
<_/\/ ﬁ\f N

SCHEME 2

«

a B ps
N
S
H

NH, NH,

N /K _— N\/K
CE s | = O
NH | NH
H

ScHEME 3: Suggested mechanism for the antioxidant activity of the ligand.

does not exhibit any antifungal activity, but all metal-ligand
complexes exhibit good activities. The CuL,Cl, shows more
activity than NiL,Cl, and CoL,Cl, which may be due to the
higher stability of the CuL,Cl, complex (DFT studies, [12],
Figures 3 and 4).

The mode of action of the compounds may involve for-
mation of a hydrogen bond through the azomethine group
(>C=N-) with the active centers of various cellular constit-
uents, resulting in interference with normal cellular processes
(27, 28].

3.2.2. Radical-Scavenging Activity. DPPH is a stable free
radical that is often used for detection of the radical-scav-
enging activity in chemical analysis [29, 30]. The reduction
capability of DPPH radicals was determined by the decrease
in its absorbance at 517nm which can be induced by
antioxidants. [31]. A graph may be plotted with percentage
scavenging effects on the y-axis and concentration (yg/mL.)
on the x-axis. The metal complexes used in the study
showed good activities as a radical scavenger compared to the
scavenging ability of ascorbic acid, which was used as a
standard (Figure 5). These results were in agreement with
previous studies of metallic complexes [32, 33] in which the
ligand has antioxidant activity and it is expected that the
metal moiety will increase its activity.

A postulated mechanism for the antioxidant ability of the
ligand is shown in Scheme 3. The mechanism depends on the
hydrogen atom of the secondary amine, which is influenced
by both the allylic double bond and inductive effects. The
allylic stabilization facilitates the release of hydrogen as a free
radical, whereas the inductive effect from sulfur and nitrogen
pushes electron density toward the free radical, resulting in a
relatively stable molecule.

4. Conclusions

In this study, a ligand and its metal complexes were tested
for antioxidant and antifungal activities. Of the complexes
studied, CuL,Cl, showed significant antifungal activities
compared to either CoL,Cl, or NiL,Cl,. In addition, all
complexes were found to be superior antioxidants compared

to ascorbic acid. The synthesized compounds were studied
theoretically, and the atomic charges, heat of formation, and
stereochemistry were estimated. Furthermore, it was found
that the compounds are not planar.
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New developments of antimicrobial implant surfaces doped with copper (Cu) ions may minimize the risk of implant-associated
infections. However, experimental evaluation of the Cu release is influenced by various test parameters. The aim of our study
was to evaluate the Cu release characteristics in vitro according to the storage fluid and surface roughness. Plasma immersion
ion implantation of Cu (Cu-PIII) and pulsed magnetron sputtering process of a titanium copper film (Ti-Cu) were applied to
titanium alloy (Ti6Al4V) samples with different surface finishing of the implant material (polished, hydroxyapatite and corundum
blasted). The samples were submersed into either double-distilled water, human serum, or cell culture medium. Subsequently,
the Cu concentration in the supernatant was measured using atomic absorption spectrometry. The test fluid as well as the surface
roughness can alter the Cu release significantly, whereby the highest Cu release was determined for samples with corundum-blasted

surfaces stored in cell medium.

1. Introduction

Total joint replacement (TJR) meets high quality and safety
standards and has become a frequent surgical procedure in
order to restore joint function [1]. However, implant revision
remains a relevant problem in clinical use. Failure of TJR
is mainly due to aseptic loosening caused by inflammatory
reactions due to wear particles [2]. Postoperative implant-
associated infections are rare but considered devastating
complications after TJR. Although surgical techniques and
environmental conditions during the surgical intervention
have improved over the years, infections occur with a fre-
quency of 0.5-2% with incisive consequences for the patients
and medical costs [3]. Most implant-associated infections
are caused by Staphylococcus aureus and Staphylococcus
epidermidis [4, 5].

Immediately after implantation bacteria, and human
host cells compete for the implant surface in the so-called

“race for the surface” [6]. If bacteria adhere to the implant
surface prior to human bone cells, biofilm formation might
occur and osseous integration of the implant is precarious. In
terms of biofilms, the treatment of implant-associated infec-
tions can be further hindered by the thus increased bacterial
resistance against antibiotics [7]. Novel developments of ion-
based antimicrobial implant surfaces such as silver (Ag) [8]
or copper (Cu) [9] might offer a possible solution to this
problem. Various in vitro and in vivo studies confirm the
antibacterial properties and cytocompatibility of Cu [10-13].
Other alternative antibacterial materials and agents are in
development or already in use to prevent or treat implant-
associated infections [14-18]. In vitro investigations of the
antibacterial effects are usually performed on simplified
samples and under simplified testing conditions, whereas in
vivo tests are usually closer to the final application. In vitro
conditions are often adjusted according to the respective test,
that is, cell biological and microbiological tests are performed



with regard to their specific test protocols. Test fluids,
storage times and fluid volume are essential parameters
to characterise the antibacterial behaviour as well as the
cytocompatibility and release kinetics of the antibacterial
agents. Furthermore, the surface characteristics, such as
the surface roughness, are an important aspect for coated
surfaces with regard to the ion release properties [19].
Moreover, the ion release of ion-based antimicrobial coatings
is of essential interest for the bactericidal activity and the
cyto-compatibility of the coating.

The aim of the present study was to evaluate the
Cu release characteristics of two different plasma surface
treatments doped with Cu according to the storage fluid
and surface roughness of the samples in order to provide
an approach for possible standardised investigations in the
future.

2. Materials and Methods

Titanium alloy (Ti6Al4V) discs (11 mm in diameter, 2 mm
in height) were used as specimens for the investigation
of ion release characteristics of Cu-doped plasma implant
treatments. Two different plasma processes applying Cu were
used: a plasma immersion ion implantation process (Cu-
PIII) [20] and a pulsed magnetron sputtering process of a
Ti-Cu film [21].

To analyse the influence of the composition of the test
fluid on the Cu release, the Cu-PIII, and Ti-Cu-coated
test samples were placed in 24-well plates and covered
with 700 uL test fluid. Additionally, uncoated Ti6Al4V test
samples were submersed as a reference. The following test
fluids were used: double-distilled water (TKA Wasserauf-
bereitungssysteme GmbH, Niederelbert, Germany), human
serum (invitrogen, Darmstadt, Germany), and Dulbecco’s
Modified Eagle’s medium (DMEM, Invitrogen, Carlsbad,
USA) with 10% fetal calf serum (FCS Gold, PAA Laboratories
GmbH, Pasching, Austria) as well as 1% gentamicin (Ratio-
pharm GmbH, Ulm, Germany). Subsequently, the samples
were incubated at 37°C in a humidified atmosphere with
5% CO, for 24h to simulate physiological conditions. All
samples were corundum-blasted before plasma treating and
exhibited a surface roughness after plasma treatment of Ra
=3.76 = 0.7 ym and 2.02 + 0.1 ym for the Cu-PIII and Ti-
Cu coatings, respectively. Three samples of each coating were
submersed for each test fluid configuration.

In addition, to evaluate a possible influence on the Cu
release due to surface topology and roughness, three different
surface treatments of the Ti6Al4V samples were performed
before Cu-PIII plasma treatment: polishing (Ra = 0.09 +
0.09 ym), hydroxyapatite (HA) blasting (Ra=1.17 + 0.2 ym),
and corundum blasting (Ra = 4.44 + 0.5 ym). Subsequently
three Cu-PIII treated samples of each surface roughness, were
immersed in double-distilled water for 5 days. Furthermore,
roughness was investigated after storage in DMEM for 24
hours.

After the lapse of submersion time, the supernatants
were removed from the samples and 1% nitric acid (HNO3)
was added to stabilize the released Cu ions. In addition,
the supernatants were diluted for the following atomic
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absorption spectrometry (AAS) analysis. By means of an AAS
with electrothermal atomization (ZEEnit 650, Analytik Jena
AG, Jena, Germany), the concentration of Cu ions released
into the supernatants from the Cu plasma treatments was
determined.

Thereby, the solutions of the different samples were
evaporated in a three-step process (90°C for 205, 105°C for
20s, 110°C for 10s) followed by a pyrolysis phase at 850°C
(10s) in a platform tube. The pyrolysis phase eliminates
residual organic material and combusts solid particles from
the solution into ash. Using a rapid heat increase (1500°C/s),
the tube was heated to 2000°C for 4 s to vaporize and convert
solid particles into free atoms. This step also included the
element analysis using a hollow cathode lamp with a Cu
cathode radiating at 324.8 nm. Parts of the total emitted
intensity were absorbed by the Cu atoms present in the tube
from the diluted solution samples of the release experiments.
The measured intensity was compared with the intensity of
a standard Cu reference allowing the determination of the
Cu concentration in the supernatants. In a final step the
platform tube was cleaned by heating up to 2300°C for 4.

All data were stored and analyzed using the SPSS
statistical package 15.0 (SPSS Inc. Chicago, Ill, USA).
Descriptive statistics were computed for continuous and
categorical variables [22]. The statistical data included mean
and standard deviations of continuous variables, frequencies,
and relative frequencies of categorical factors. Comparisons
within the independent groups were achieved using the
ANOVA test (Post Hoc LSD). All P values resulted from two-
sided statistical tests, and values of P < 0.05 were considered
to be significant.

3. Results

The uncoated Ti6Al4V control test samples showed no traces
of copper in the supernatant. However, specific release char-
acteristics were found for the analysed Cu-doped Ti6Al4V
samples in different supernatants (Figure 1). Hereby, DMEM
provoked the highest Cu ion release with a significant
increase compared to double-distilled water (P < 0.001), but
no statistical significance was observed when compared to
human serum (P > 0.068). Higher Cu concentrations were
released from the Ti-Cu films than from the Cu-PIII-treated
surfaces in human serum (4.96 + 0.22 mmol/l versus 1.25 +
0.01 mmol/l) and in DMEM (5.27 + 0.90 mmol/l versus 2.00
+ 0.63 mmol/l), respectively. Using double-distilled water,
the observed concentration of released Cu was significantly
lower (P < 0.019) compared to human serum and DMEM
and approximately the same for all samples with different
Cu treatments (Ti-Cu: 0.20 = 0.01 mmol/l, Cu-PIII: 0.25 =+
0.02 mmol/1).

The surface roughness did not reveal a significant
influence on the Cu release in double-distilled water (Fig-
ure 2). Polished surfaces resulted in a Cu concentration
in the supernatant of 0.23 + 0.0l mmol/l. For the HA
and corundum-blasted surfaces the Cu concentration is in
the same dimension at 0.16 + 0.0l mmol/l and 0.20 +
0.01 mmol/l, respectively. In comparison to DMEM, the Cu
concentrations were significantly lower (P < 0.007) for all
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Ficure 1: Copper concentration of Cu-PIII- and Ti-Cu-coated
corundum-blasted Ti6Al4V surfaces submersed in 700 uL of dif-
ferent supernatants (human serum, double-distilled water, and
DMEM) for 24 h at 37°C and 5% CO,; ANOVA (Post Hoc LSD)
test, *P < 0.05, ***P < 0.001.
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F1GUre 2: Copper concentration of Cu-PIII-treated Ti6Al4V sam-
ples with varying substrate surface roughness (polished, HA blasted,
corundum blasted), submersed for 5 days in double-distilled water
and 24 h in DMEM at 37°C and 5% CO,. ANOVA (Post Hoc LSD)
test, *P < 0.05, ***P < 0.001.

surface topologies using double-distilled water. Corundum-
blasted samples submersed in DMEM showed the highest Cu
levels in the supernatant (2.00 + 0.63 mmol/l, P < 0.004). A
decrease in Cu concentration was observed for the polished
samples in comparison to the HA-blasted (P = 0.156) and
corundum-blasted (P < 0.004) samples.

4. Discussion

In order to enhance implant survival, bioactive coatings have
moved into the focus of research and development. Due to
the increasing risk of implant infections from multiresistant
bacteria such as MRSA (multiresistant Staphylococcus aureus)

[10, 11, 23] or ESBL (enterobacteria producing extended
spectrum beta-lactamases) [24], different antimicrobial
coatings [17, 25-28] are being developed. However, the
mechanical, biological and chemical properties of such inno-
vative coatings have to be investigated thoroughly. Cu ions
can be an effective antimicrobial agent to inhibit bacterial
growth and biofilm formation on endoprosthetic surfaces
[10, 29]. Analyses of the ion release are strictly necessary for
the determination of relevant Cu concentrations required in
order to regulate both antimicrobial effects and compatibility
to human cells. Furthermore, the release kinetics of copper-
doped surfaces needs to be investigated in standardised tests
in order to ensure effective and valid ion concentrations. In
this context, however, standardised test conditions have not
been established so far.

The AAS is a suitable device to measure Cu concentra-
tions in supernatants. Uncoated samples did not show any
Cu in any of the analysed supernatants, whereas the Cu-
treated samples revealed differences in Cu concentration.
Nevertheless, using an AAS, both Cu* and Cu?' ions are
assessed at the same time without any distinction. However,
only Cu®" ions cause an antimicrobial effect [30]. Hence, the
concentration alone is not enough to predict the effectiveness
of the coating and should be supported by microbiological
tests.

Investigations of the ion release of an antimicrobial coat-
ing should coincide with cell biological tests using human
cells to study biocompatibility of the coating. Furthermore,
test fluid volumes should be the same for all studies, ensuring
similar Cu concentrations. A test fluid volume of 700 yL was
chosen to represent in vivo conditions. After conventional
implantation technique, Wu et al. [31] observed that 40%
of an uncemented femoral stem showed no bone contact
with an average gap width between the bone and the femoral
stem of 0.77 mm. In relation to the test samples deployed
in this study, a volume of approximately 200 4L would be
adequate to simulate the gap volume at the uncemented
stem. However, 200 L is not enough to cover the test samples
completely, which would make in vitro testing impossible.
Therefore, a volume of 700 yL was chosen as a compromise,
which was the smallest possible volume that assured proper
cell and bacterial growth in the supernatant.

The results of this study show that the amount of Cu ions
released into the supernatant depends on various factors.
The supernatant and its properties to dissolve Cu ions
plays an important role. Surprisingly, the Cu concentration
in double-distilled water for the Cu-PIII coating after 24
hours did not differ from the Cu concentration after 5
days. Therefore, double-distilled water showed an early Cu
saturation for both tested coatings, whereas human serum
and DMEM revealed a much higher Cu concentration in the
supernatant. In fact, the highest concentration was obtained
in DMEM for the Ti-Cu coating. The presence of serum
proteins increases the solubility of Cu in the supernatants
significantly compared to the double-distilled water because
of the complex compounds between copper and amino
groups found in the proteins in human serum and DMEM.
Wu et al. [32] showed a higher concentration of Ag* ions
after 24h in cell culture medium as in simulated body



fluid, which coincides with the Cu concentrations found in
our present study. However, based on the current results,
it is not possible to appoint a Cu ion saturation level for
neither human serum nor DMEM. Repeated and cumulative
investigations at different time periods need to be carried out
and could provide a precise saturation level.

Surface roughness increases the surface area in contact
with the supernatant. With rising surface roughness, an
increase of the Cu concentration in the supernatant was
observed. Compared to a polished surface, the corundum-
blasted surface released approximately three times as many
Cu ions within 24 h. In double-distilled water, the Cu con-
centration levels remained constant after 5 days regardless
of the surface roughness, since the Cu saturation has set in
within the first 24 h.

Temperature may also influence the ion release char-
acteristic of an implant material. Therefore, the release
studies should be carried out at 37°C body temperature. A
time-dependant Cu release behaviour, cumulative and non
cumulative, of the analysed coatings is currently under inves-
tigation. First results show that most of the Cu is released
during the first 24 h, followed by a highly reduced release
rate during the succeeding days. Furthermore, the effect of
copper ions on human cells and tissue is currently under
investigation provided by cell biological and microbiological
tests as well as animal studies using an infection model.

5. Conclusion

When testing antimicrobial Cu-coated implant surfaces, it
is important to apply appropriate test conditions regarding
the ion release into the surrounding tissue. With respect to
future clinical applications of the coated implants, a suitable
test fluid such as human serum or DMEM should be used
to coincide with cell biological and microbiological studies;
otherwise, false conclusions may be drawn. Furthermore,
it is important to use test samples with adequate surface
properties close to those needed in the final application, since
the surface roughness can affect the ion release dramatically.
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Dry films of platinum chemotherapeutic drugs covalently bound to plasmid DNA (Pt-DNA) represent a useful experimental
model to investigate direct effects of radiation on DNA in close proximity to platinum chemotherapeutic agents, a situation of
considerable relevance to understand the mechanisms underlying concomitant chemoradiation therapy. In the present paper we
determine the optimum conditions for preparation of Pt-DNA films for use in irradiation experiments. Incubation conditions for
DNA platination reactions have a substantial effect on the structure of Pt-DNA in the films. The quantity of Pt bound to DNA as
a function of incubation time and temperature is measured by inductively coupled plasma mass spectroscopy. Our experiments
indicate that chemical instability and damage to DNA in Pt-DNA samples increase when DNA platination occurs at 37°C for 24
hours, the condition which has been extensively used for in vitro studies. Platination of DNA for the formation of Pt-DNA films is
optimal at room temperature for reaction times less than 2 hours. By increasing the concentration of Pt compounds relative to DNA
and thus accelerating the rate of their mutual binding, it is possible to prepare Pt-DNA samples containing known concentrations

of Pt while reducing DNA degradation caused by more lengthy procedures.

1. Introduction

Clinical studies have shown that concomitant treatment with
chemotherapeutic drugs and radiotherapy often leads to a
higher rate of survival and local tumor control compared
to nonsynchronous treatments [1, 2]. Platinum chemother-
apeutic drugs are commonly used in concurrent chemora-
diation therapy (CRT) for treatment of solid tumors [3].
Although it is clear that platinum drugs and radiation in
CRT modalities increase tumor cell killing, improve lo-
coregional control of tumors, and enhance patient survival
[4, 5], the optimum schedule of the combination and
the underlying mechanisms of their synergistic action have
not been yet defined [6, 7]. Since DNA is the common
target of both radiation and platinum chemotherapeutic
agents, most studies have focused on the structural and
functional alteration of DNA resulting from the combination
[8, 9]. One possible mechanism responsible for the observed
synergy is enhancement in immediate (secondary) species

induced by primary radiation in the vicinity of the binding
site of the platinum compounds (Pt compounds) to DNA
[10, 11]. The most abundant of these secondary species
are electrons with the most probable energy of 9-10eV
[12]. Studies on the interaction of secondary low energy
electrons (LEEs) with DNA have elucidated some of the
fundamental mechanisms leading to DNA damage [13].
However, owing to the short range (~10nm) of LEE in
biological matters, such studies must be performed on very
thin DNA films of similar thickness. Pt-DNA thin films could
provide an experimental approach to investigate the direct
effects of the secondary electrons and other short-range
particles (or secondary species) on DNA in the presence of Pt
compounds. Such investigations could disclose mechanisms
underlying the synergistic effect between the radiation and
the drug, which may have implications for the optimization
of protocols in CRT as well as in the design and development
of new chemotherapeutic and radiosensitizing drugs [14].



Dry thin films of bacterial plasmid DNA in supercoiled
conformation are widely used in low-energy irradiations
with LEEs [15, 16], photons [17], and ions [18]. They pro-
vide a simple system to evaluate the direct interaction of
short-range radiations with DNA, despite the complexity of
the molecule. Although purified prokaryotic DNA differs
from eukaryotic DNA in terms of supercoiling and the
presence of N6-methyladenine [19, 20], supercoiled plasmid
DNA offers the advantage of very high sensitivity for the
detection of single- and double-strand breaks. One of the
main concerns with plasmid DNA films is maintenance of
the DNA integrity during film preparation [21]. When the
irradiation target is supercoiled DNA, the proportion of the
supercoiled configuration is often used as a measure of DNA
integrity. The DNA molecule is very sensitive to conditions
such as temperature, humidity, and pH, hence, the DNA
films must be prepared under well-controlled conditions to
minimize damage. The concentration of ions in the solution
of DNA has also a considerable influence in maintaining
the DNA during film preparation [21, 22]. Furthermore,
the type of substrate on which DNA is deposited affects
the integrity of the molecule. Among the various substrates
tested including tantalum (Ta), gold and graphite, Ta induces
the least damage to DNA [23].

Pt compounds such as cisplatin and carboplatin bind
to the N7 atom of purine bases and produce the Pt-DNA
adducts including mainly intrastrand cross-links, interstrand
cross-links, and monofunctional binding to guanine [24].
The adducts distort the DNA conformation and reduce the
structural stability of DNA [24, 25]. Moreover, DNA must
tolerate the incubation conditions required to react with
Pt compounds. In most in vitro studies, a DNA solution
is mixed with a solution of the Pt compounds at 37°C
for 24 or 48 hours [26-30]. These conditions affect the
integrity of the DNA as a result of depurination and
oxidation processes [31]. To maximize the amount of the Pt
compounds bound to DNA while keeping the DNA intact, all
parameters involved in the preparation of the films must be
known and carefully controlled. In particular, experimental
conditions for the reaction of Pt compounds with DNA must
be determined as well as the effect of chemical binding of Pt
compounds on the stability of DNA.

In the present study, we investigate the parameters of the
Pt compounds and platination reactions on DNA integrity
in the preparation of cisplatin/DNA and carboplatin/DNA
films. Optimum experimental conditions are determined to
retain a high proportion of the supercoiled form of plasmid
DNA in Pt-DNA films.

2. Experimental Section

2.1. Preparation of Plasmid DNA. Plasmid DNA (pGEM-
37f(-), 3197 base pairs, ca. 1968966 amu per plasmid) was
extracted from Escherichia coli JM109 and purified with
a HiSpeed plasmid Maxi kit (QIAGEN) [32]. The purified
plasmid DNA consisted of 96% supercoiled, 2% cancate-
meric, and 2% nicked circular forms. The concentration of
DNA and the relative quantity of proteins in the plasmid
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DNA solution was then calculated by measuring the ratio
of ultraviolet (UV) absorption of DNA and protein at
260 nm and 280 nm, respectively, with a Synergy HT-I spec-
trophotometer. The ratio was 1.98 which corresponds to a
purity greater than 85% [33]. The TE buffer (Tris-EDTA:
10 mM-1mM) was separated from DNA by gel filtration
with a Sephadex G-50 medium [34]. Thus the final solution
consisted of DNA and ddH, O after the filtration. To evaluate
the effect of Tris on the binding of Pt compounds to DNA,
two different groups of the DNA solutions were prepared. In
the first group, Tris buffer was added to the DNA solution at
the ratio of the one tris molecule per nucleotide, and in the
second group, the DNA solution was prepared with ddH,O
alone. The DNA concentration was the same in both groups.
In each group, control samples were kept in the temperature
of —20°C and quantified for the analysis of temperature
effect on DNA.

2.2. Platination of Plasmid DNA. The Pt compounds, cis-
platin [cis-diamminedichloroplatinum(II)] and carboplatin
[cis-diammine(1,1-cyclobutanedicarboxylato)platinum(II)],
were purchased from Sigma-Aldrich with a stated purity of
99.9% and =98%, respectively, and used without further
purification. Their solutions were prepared in ddH,O in dif-
ferent concentrations based on their molar solubility. Reac-
tions of cisplatin and carboplatin with the DNA solutions
were performed under diverse experimental conditions.
These consisted of (1) two different incubation temperatures,
that is, 37°C and 25°C, (2) incubation times varying from
40 minutes to 24 hours, and (3) molar ratios between Pt
compounds and DNA varying from ratios 2: 1 up to 200: 1.
DNA platination reactions were performed in the dark to
inhibit photoaquation processes as aqueous solutions of
cisplatin and carboplatin are degraded via illumination, es-
pecially at wavelengths below 500 nm [35, 36]. To terminate
the reactions after a given incubation time, the solutions
were passed through a gel filtration medium packed into a
column. By the filtration, the unbound Pt compounds, tris
molecules, and complexes of tris with Pt compounds were
separated from the Pt-DNA solutions. The solutions passed
through the homemade column packed with Sephadex-G50
gel on a glass bead bed. Sephadex G-50 is a suitable medium
for separation of the molecules having a molecular weight
larger than 3 x 10* gmol~! from molecules with a molecular
weight smaller than 1500 g mol~'. Such filtration is expected
to produce clean solutions of Pt-DNA in ddH,O because
the molecular weights of most undesired compounds and
complexes found in the solutions during platination have
the molecular weight smaller than 1500 g mol~.

2.3. Analysis of Platinum-DNA Binding. The concentration
of platinum in the solutions was measured by Elan DRC
I inductively coupled plasma mass spectroscopy (ICPMS,
from Perkin Elmer) which has been used as a suitable method
for measurement of platinum in many biomedical appli-
cations [37, 38]. Additionally, three control samples con-
sisting of the Pt compounds dissolved in ddH,O at known
concentrations were also prepared to calibrate the ICPMS
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measurements of Pt-DNA samples. The DNA concentration
was measured by spectrophotometry. It was determined
from the optical density of DNA in solution measured by UV
absorption at a wavelength of 260 nm. The concentration of
DNA was calculated from the reference optical density.

2.4. Preparation of Substrate, DNA, and Pt-DNA Films.
The DNA and Pt-DNA samples were deposited on a Ta
substrate. As shown in previous studies, the stability of
supercoiled plasmid DNA on Ta substrate is acceptable for
vacuum experiments on LEE-induced damage [23, 39]. The
Ta substrates in the current work consist of a thin film of
Ta of thickness 450 + 50 nm evaporated onto a 0.4 mm thick
silicon wafer. The surface of Ta was cleaned in pure ethanol
and ddH,O and dried with a flow of dry nitrogen. Before
deposition of DNA and Pt-DNA samples onto the substrate,
the TE buffer was added to the DNA and Pt-DNA solutions
in the ratio of 3:1 (three organic ions per nucleotide). It
has been shown that this ratio protects the supercoiled form
of DNA during the process of DNA film preparation [22].
The volumes of 7uL of the latter solutions of DNA and
Pt-DNA consisting of 250 ng of each complex (DNA and
TE molecules as well as Pt-DNA and TE molecules) were
deposited onto the cleaned Ta surface. These quantities were
calculated to allow formation of a five-monolayer film (about
10 nm thickness) on the Ta substrate. Such a thickness has
been widely used in DNA-LEE experiments because it is
smaller than the effective range of these electrons (12—14 nm)
for damaging DNA [40]. After freezing at —65°C for 10
minutes in a glove box, the samples were lyophilized (freeze-
dried) under a pressure of 7mTorr by a hydrocarbon-free
turbomolecular pump for 2 hours.

2.5. Quantification of the DNA and Pt-DNA Films. The DNA
and Pt-DNA films were recovered from the Ta substrates with
10 L of TE buffer. Comparison of the amount of recovered
DNA with the original DNA solution used for deposition
showed that approximately 98% of DNA was recovered
by the TE buffer. Quantification of the different structural
forms (e.g., supercoiled, nicked circular, linear, etc.) in the
DNA and Pt-DNA samples was performed by agarose gel
electrophoresis. The DNA samples and the agarose gels were
stained with SYBR Green I in the concentration of 100x
and 10000x, respectively. The samples were run on 1%
agarose gel in 1x TAE buffer at 100 volts for 7 minutes
following by 75 volts for 68 minutes (5V cm™!). The gels
were then scanned by Typhoon-Trio laser scanner (from
GE Healthcare) adjusted for the blue fluorescent mode at
an excitation wavelength of 488 nm and filter type 520 nm-
bandpass (520 BP 40) in the normal sensitivity mode. Var-
ious forms of the DNA such as supercoiled, nicked circular,
etc. were analyzed by ImageQuant 5.0 (Molecular Dynamics)
software. To accurately quantify, the binding efficiencies of
SYBR Green I for the same amount (75 ng) of supercoiled
and linear DNA were measured, and then the correction
factor was determined. This factor arises from the weaker
binding of SYBR Green I to supercoiled DNA than to the

nicked circular and linear forms. A correction factor of 1.2
was obtained and applied to the quantification of plasmid
DNA.

2.6. Statistical Analysis. OriginPro 8.1 SR1 (OriginLab Cor-
poration) software was used for statistical and mathematical
analysis. Paired t-test was the statistical test in which a
probability of 0.05 (5%) has been considered significant.

3. Results and Discussion

3.1. Effects of Incubation Temperature on DNA and Pt-DNA
Samples. Figure 1 (panels a and b) shows a comparison of
the percentage of supercoiled and nicked circular forms of
the DNA in the samples that had been incubated for 24 hours
at three different temperatures: —20°C, 25°C, and 37°C. For
each incubation temperature, DNA analysis was performed
for two types of samples: (i) “DNA solutions”, that is, samples
obtained directly from the incubated solutions, and (ii)
“DNA films”, that is, samples that had, after incubation, been
deposited and recovered from a Ta substrate. TE buffer was
added to the samples at a concentration corresponding to
three organic ions per nucleotide. Increasing the incubation
temperature resulted in a reduction of the supercoiled form
of DNA in both the solution and the film samples. The
decrease is relatively small for the DNA solution samples;
the samples incubated at 25°C and 37°C show a decrease
of 3.8% and 9.5%, respectively, relative to that seen in the
sample maintained at —20°C. At each temperature, the DNA
samples recovered from Ta show a greater loss of supercoiled
DNA than do the samples analyzed directly from solution. A
fraction of the supercoiled loss in the film samples is related
to the damages which were induced during the incubation
in solution. Consequently, for DNA recovered from Ta, a
decrease in the supercoiled form with increasing temperature
is also observed, and the decrease is very large for the samples
incubated at 37°C. The decreases in the supercoiled form are
not statistically significant among the DNA solution samples
with different incubation temperatures (P value: 0.314,
0.106). However, the difference is statistically significant
between the DNA film samples incubated at 37°C and the
DNA films from samples incubated at 25°C and —20°C (P
value: 0.012 and 0.009). Additionally, there is no significant
difference between the DNA films incubated at 25°C and
—20°C (P value: 0.136).

As expected, there are enhancements in the formation
of the nicked circular form with increasing incubation
temperature. The increase is small except for the DNA film
samples which were incubated at 37°C. In these samples
the nicked circular form increases by factors of 3.7 and 3.4
compared to those kept at —20°C and 25°C, respectively.
These differences are statistically significant (P value: 0.02
and 0.011). The high proportion of the nicked circular form
in the DNA recovered from films introduces considerable
inaccuracy in the evaluation of radiation-induced DNA
damage.

In vitro studies have shown that heat can induce various
types of DNA damage such as depurination and guanine
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FIGURE 1: Comparison of the percentages of DNA supercoiled (a), DNA nicked circular (b), and Pt-DNA supercoiled (c) forms in the
solution and film samples after incubation at —20°C, 25°C, and 37°C for 24 hours. Data in (a)—(c) are means from three independent
experiments; three samples at each temperature are analyzed in each experiment; error bars show standard deviations. *indicates P value

>0.05, **indicates P value <0.05.

oxidation mediated by reactive oxygen species (ROS) [31,
41]. Reaction rate constants for formation of 8-oxoguanine
and guanine depurination at 37°C are 4.7 x 107 '%s~! and
1.3 x 1077 s7! in DNA solutions, respectively [41]. In our
experiment, each plasmid sample contained 0.065 pmole of
DNA bases in a volume of 7 uL. After a 24-hour incubation
of the plasmid DNA at 37°C, we can estimate that approx-
imately 7% and 18% of the plasmid contain 8-oxoguanine
molecules or have undergone guanine depurination, respec-
tively. Such DNA molecules are more susceptible to strand
breakage than the original DNA. Furthermore, evacuation

and lyophilisation during film preparation induce physical
stress and can damage DNA [21]. Therefore, the DNA mol-
ecules, which have been kept at 37°C for 24 hours or more, do
not have sufficient structural stability to tolerate the process
of film preparation. Our results suggest that the samples
incubated at 37°C are more sensitive and vulnerable to the
film preparation and recovery processes than DNA samples
incubated at 25°C and —20°C.

Figure 1(c) shows the comparison of the percentage
concentration of supercoiled forms in samples of cisplatin-
DNA complexes incubated at 25°C and 37°C for 24 hours.
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FiGure 2: Kinetics of binding of Pt compounds to plasmid DNA. The Pt compounds are: (a) cisplatin with the initial ratios in the solution
of20:1, (b) 200: 1, and (c) carboplatin with the initial ratios of 40: 1 and (d) 200: 1. The curves show the quantity of bound Pt compounds
per DNA molecule at different incubation times at 25°C. Data in (a)—(d) are means from three measurements; error bars show standard

deviations. The continuous black lines are exponential fits to the data.

Again, the analyses were performed for two groups of
samples: (i) Pt-DNA solutions and (ii) Pt-DNA films on a Ta
substrate. In the solution and film samples, the proportion
of the supercoiled form of Pt-DNA is less than those for
DNA alone. The molar ratio of cisplatin to DNA in the
solutions was 2:1. TE buffer was added to the samples
in the concentration of three organic ions per nucleotide.
Predictably, in both samples the supercoiled form of DNA
decreased when the incubation temperature increased. The
decrease is small (4.2%) in the samples of Pt-DNA solution.
In contrast, there is a large decrease in the supercoiled form
of the Pt-DNA film samples (20.5%). Statistical analysis
also showed that the decrease is significantly different for
the Pt-DNA films with different incubation temperatures
(P value: 0.0049). According to our results, the incubation

temperature during preparation of the Pt-DNA solution is
a substantial factor in determining the composition of Pt-
DNA films on Ta substrate for use in irradiation experiments.
Moreover, the results suggest that a film composed of
cisplatin-DNA complexes with a high proportion of intact
DNA molecules (supercoiled form) on a Ta substrate can be
obtained when DNA platination occurs at 25°C.

3.2. Kinetics of Binding Pt Compounds to DNA. Following
platination at 25°C, DNA has much less damage during the
process of deposition and recovery from the Ta substrate.
However, the DNA platination reaction proceeds with a
slower rate. Increasing the concentration of the Pt com-
pounds can compensate for this lower rate. Figure 2 shows
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the ratios of bound Pt-compound to DNA for different
incubation times at 25°C when the initial concentration
ratios of Pt compounds to DNA in solution are 200:1,40: 1,
and 20: 1. The solution consists of plasmid DNA, cisplatin
or carboplatin, and tris with the ratio of 1:1 nucleotide.
This amount of tris was considered as the minimum amount
of buffer which can preserve the stability of DNA during
the preparation process. It is clearly seen that the binding
kinetics of cisplatin and carboplatin to DNA are similar and
exhibit exponential behavior. These curves generally reach
saturation prior to 8 hours and show a linear behaviour
prior to 2 hours. For the initial concentration ratio of 200
cisplatin molecules per DNA, it is possible to have Pt-DNA
samples with the ratios of bound cisplatin to DNA from
16:1to 37:1 in 40-minute to 120-minute incubation times,
respectively. For the same incubation times, the ratiosare 2 : 1
and 3: 1 when the initial ratio of cisplatin to DNA decreases
an order of magnitude (20:1). The results demonstrate that
various ratios of bound cisplatin or carboplatin to DNA can
be obtained in the incubation times of less than 2 hours by
increasing the initial concentration of the Pt compounds.
Since the kinetics curves obey a linear fit for these incubation
times, it is possible to simply extrapolate a variety of Pt-DNA
ratios from this part of the curves.

Since Pt compounds can react with most buffers [42],
their concentration is also a relevant parameter in the DNA
platination process (i.e., buffers compete with DNA for
binding Pt compounds). Tris is widely used as a buffer, es-
pecially for solutions of nucleic acids. It also reacts with
Pt compounds to produce cis-[Pt(NH;3),(N-Tris)(OH)]*
and cis-[Pt(NH3)2(N,O-TrisH-;)]* [43]. The bar graphs in
Figure 3 show a comparison of bound Pt compounds to
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DNA ratios for three different incubation times at 25°C
for two different solutions: (i) a mixture of DNA, cisplatin,
and ddH,O0, and (ii) a mixture of DNA, cisplatin, ddH,O,
and tris with the concentration ratio of 1: 1 nucleotide. The
initial concentration ratio of cisplatin to the DNA was 20: 1
in the solutions. The results demonstrate that the ratio of
bound cisplatin to the DNA is more than double when the
platination reaction occurs in a ddH, O solution without tris
molecules.

3.3. Effects of Incubation Time on DNA and Pt-DNA Films.
The bar graphs in Figure4 show a comparison of the
percentage of supercoiled DNA and Pt-DNA samples that
were incubated at 25°C for 2, 4, and 8 hours. The analyses
were performed for samples that had been recovered (i) from
solution, immediately after incubation (Figure 4(a)), and
(ii) from films deposited on Ta (Figure 4(b)). The Pt-DNA
samples were prepared with either cisplatin or carboplatin.
The initial concentration ratio of the Pt compounds to DNA
was 200:1 and that of the TE buffer was three organic
ions per nucleotide. As seen from Figure 4, more than 90
percent of the DNA, in samples incubated for 2 hours, is in
the supercoiled form. The proportion of supercoiled form
decreases when the samples are incubated for 4 hours or
more. The decrease is statistically significant in all samples
except for the pure DNA solution sample. As might be
expected, the decrease is greater in Pt-DNA films than in
DNA samples. Thus, it is possible to prepare Pt-DNA films
with a high proportion of supercoiled DNA at various
ratios of bound Pt to DNA, by mixing DNA with high
concentrations of Pt-compound solution and restricting the
length of the incubation to less than 2 hours, as long as the
incubation temperature does not exceed 25°C.

3.4. Effects of Bound Pt to DNA on Pt-DNA Samples Analysis.
The distortion of the DNA structure resulting from the
formation of Pt-DNA cross-links must be considered in
quantification methods such as electrophoresis. Figure 5(a)
shows the migration of different forms of cisplatin-DNA
in the electrophoresis gel. The mobility of the nicked cir-
cular, cancatemeric, and supercoiled bands is changed with
increasing numbers of bound Pt molecules per nucleotide
(Rp). The change is due to distortion of the different forms
of DNA by cisplatin since Pt-DNA crosslinks are known to
cause conformational changes in DNA including shortening
(bending) and unwinding [44, 45]. The distortion becomes
greater as a function of the quantity of bound Pt molecules.
Figure 5 shows the dependence of the mobility of the super-
coiled, nicked circular, and cancatemeric forms of cisplatin-
DNA samples as a function of the ratio R, in a 1% agarose
gel. The mobility of each form of Pt-DNA is normalized to
the same form of an unmodified DNA sample (Figure 5(b)).
As seen from Figure 5(b), the migration of the nicked
circular and supercoiled configurations generally increases
with rising Ry,. However, the mobility of the nicked circular
form increases with a faster rate than that of the supercoiled
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FIGURE 5: Mobility of cisplatin-DNA molecules in agarose gel. (a) Migration of the different configurations of cisplatin-DNA molecules
separated by electrophoresis. Lane 1 is for a DNA sample and lanes 2-5 are for cisplatin-DNA samples with the number of bound cisplatin
molecules per nucleotide, R, of 0.0057, 0.008, 0.0091, and 0.0219, respectively. (b) Normalized mobility of the nicked circular, supercoiled,
and cancatemeric forms of Pt-DNA samples at different R;, in gel electrophoresis.

form. Mobility of the cancatemeric configuration decreases
with rising in R, up to 0.009 and then increases for higher

Ry.

Since the number of Pt molecules per plasmid probably

represents a Poisson distribution for each Pt-DNA ratio, this

would be expected to reduce the resolution of the agarose
gels by increasing the dispersion within each band (ie.,
the band width). The linear plasmid band lies between the
nicked circular and cancatemeric bands; thus an increase in
band width could hinder precise quantification of the linear



band which usually is weaker than the others. Furthermore,
the nicked circular and cancatemeric bands merge owing to
increased band width and form one band at R, = 0.022. Our
results show that the mobility changes are substantial for Ry,
greater than 0.005.

4. Conclusion

Thin films of platinum-DNA adducts can be considered
as useful models in irradiation experiments to study the
molecular mechanisms of radiosensitization which underlie
concomitant chemoradiation therapy. We have investigated
the optimum experimental conditions to prepare dry thin
films of Pt compounds bound to plasmid DNA on a Ta
substrate. Incubation conditions in DNA platination re-
actions have substantial effects on the stability of Pt-DNA,
particularly in the thin film samples preparation. In most
in vitro experiments, reaction of Pt compounds with DNA
solutions has been performed at 37°C for incubation times
varying from 24 to 48 hours. However, our results show
that these conditions can induce damage to the DNA
and highly sensitize them to manipulations required to
form thin films and recover DNA from the Ta substrate.
The concentration of intact DNA increases significantly in
the film samples when the incubation temperature during
reaction with the Pt is reduced to 25°C and the time of
incubation is 2 hours. By increasing the concentration of
the Pt compounds, it is possible to compensate for the
reduced reaction rate at lower temperature. High levels of
plasmid platination however affect the quantification of Pt-
DNA samples in agarose gel electrophoresis, because Pt-
DNA adducts distort the conformation of DNA molecules.
Therefore, the optimum condition is obtained from an
equilibrium between temperature, time, and Pt compounds
concentration during the DNA platination reaction.

By recording the kinetics of binding Pt compounds to
DNA, it is possible to extrapolate different Pt-DNA ratios
from the kinetics curves. We have found that the proportion
of supercoiled DNA is more than 90% in the Pt-DNA film
when the DNA platination reaction is performed at 25°C for
less than 2 hours in solutions containing the Pt compound
with quantities of less than 3 x 107 Pt molecules per
nucleotide and the minimum concentration of Tris buffer
(one tris molecule per nucleotide). Under these conditions,
agarose gel electrophoresis is an accurate method for quan-
tification of DNA damage. We have also determined that the
maximum number of bound Pt-compound per nucleotide
is about 5 x 107 under our optimum conditions. This
ratio is an order of magnitude higher than those found in
biological studies and clinical applications [46]. These high
ratios, however, are useful for in vitro mechanistic studies in
which substantial quantities of product are required. Hence,
we have found that by adjusting the initial concentration of
Pt compounds in solution, Pt-DNA films having a known
controlled ratio of platinum chemotherapeutic agents to
DNA can be obtained while maintaining DNA integrity.
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A V-shaped ligand Bis(2-benzimidazolymethyl)amine (bba) and its nickel(II) picrate (pic) complex, with composition
[Ni(bba),](pic),-3MeOH, have been synthesized and characterized on the basis of elemental analyses, molar conductivities, IR
spectra, and UV/vis measurements. In the complex, the Ni(II) ion is six-coordinated with a N, Oy ligand set, resulting in a distorted
octahedron coordination geometry. In addition, the DNA-binding properties of the Ni(II) complex have been investigated by
electronic absorption, fluorescence, and viscosity measurements. The experimental results suggest that the nickel(II) complex

binds to DNA by partial intercalation binding mode.

1. Introduction

Binding studies of small molecules to DNA are very impor-
tant in the development of DNA molecular probes and new
therapeutic reagents [1]. Transition metal complexes have
attracted considerable attention as catalytic systems for use in
the oxidation of organic compounds [2], probes in electron-
transfer reactions involving metalloproteins [3], and interca-
lators with DNA [4]. Numerous biological experiments have
demonstrated that DNA is the primary intracellular target of
anticancer drugs; interaction between small molecules and
DNA can cause damage in cancer cells, blocking the division
and resulting in cell death [5-7].

Since the benzimidazole unit is the key-building block
for a variety of compounds which have crucial roles in
the functions of biologically important molecules, there is
a constant and growing interest over the past few years
for the synthesis and biological studies of benzimidazole
derivatives [8-10]. Since the characterization of urease as a
nickel enzyme in 1975, the knowledge of the role of nickel
in bioinorganic chemistry has been rapidly expanding [11].
The interaction of Ni(II) complexes with DNA appears to be
mainly dependent on the structure of the ligand exhibiting
intercalative behavior [12-14].

In this context, we synthesized and characterized a novel
Ni(II) complex. Moreover, we describe the interaction of the
novel Ni(II) complex with DNA using electronic absorption
and fluorescence spectroscopy and viscosity measurements.

2. Experimental

2.1. Materials and Methods. Calf thymus DNA (CT-DNA)
and Ethidium bromide (EB) were purchased from Sigma
Chemicals Co. (USA). All chemicals used were of analytical
grade. All the experiments involving interaction of the ligand
and the complexes with CT-DNA were carried out in doubly
distilled water buffer containing 5 mM Tris and 50 mM NaCl
and adjusted to pH 7.2 with hydrochloric acid. A solution
of CT-DNA gave a ratio of UV absorbance at 260 and
280 nm of about 1.8-1.9, indicating that the CT-DNA was
sufficiently free of protein [15]. The CT-DNA concentration
per nucleotide was determined spectrophotometrically by
employing an extinction coefficient of 6600 M~!cm™! at
260 nm [16].

Elemental analyses were performed on Carlo Erba
1106 elemental analyzer. The IR spectra were recorded
in the 4000-400 cm™! region with a Nicolet FT-VERTEX
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ScHeME 1: The synthesis of ligand bba and its Ni(II) complex.

70 spectrometer using KBr pellets. Electronic spectra were
taken on a Lab-Tech UV Bluestar spectrophotometer. The
fluorescence spectra were recorded on a 970-CRT spec-
trofluorophotometer. '"HNMR spectra were obtained with
a Mercury plus 400 MHz NMR spectrometer with TMS
as internal standard and DMSO-ds as solvent. Electrolytic
conductance measurements were made with a DDS-11A type
conductivity bridge usinga 1073 mol-L~! solution in DMF at
room temperature.

2.2. Electronic Absorption Spectra. Absorption titration
experiment was performed with fixed concentrations of the
complexes while gradually increasing concentration of CT-
DNA. While measuring the absorption spectra, a proper
amount of CT-DNA was added to both compound solution
and the reference solution to eliminate the absorbance of CT-
DNA itself. From the absorption titration data, the binding
constant (Kj) was determined using [17]

[DNA] _ [DNA] + 1

& — &f Kb(e;,fef)’ ()

&q —&f

where [DNA] is the concentration of DNA in base pairs, the
apparent absorption coefficient, &,, €7, and &, correspond to
Agbsd/[M], the extinction coefficient of the free compounds
and the extinction coefficient of the compound when fully
bound to DNA, respectively. In plots of [DNA]/(e;, — &f)
versus [DNA], K, is given by the ratio of slope to the
intercept.

2.3. Fluorescence Spectra. EB emits intense fluoresence in
the presence of CT-DNA due to its strong intercalation
between the adjacent CT-DNA base pairs. It was previously
reported that the enhanced fluorescence can be quenched

by the addition of a second molecule [18]. The extent
of fluorescence quenching of EB bound to CT-DNA can
be used to determine the extent of binding between the
second molecule and CT-DNA. The competitive binding
experiments were carried out in the buffer by keeping
[DNA]/[EB] = 1 and varying the concentrations of the
compounds. The fluorescence spectra of EB were measured
using an excitation wavelength of 520 nm and the emission
range was set between 550 and 750 nm. The spectra were
analyzed according to the classical Stern-Volmer equation
(19],

Io

7 = 1+st[Q]> (2)
where Iy and I are the fluorescence intensities at 599 nm in
the absence and presence of the quencher, respectively, Ky
is the linear Stern-Volmer quenching constant, [Q] is the
concentration of the quencher.

2.4. Viscosity Measurements. Viscosity experiments were
conducted on an Ubbelohde viscometer, immersed in a
thermostated water-bath maintained at 25.0 + 0.1°C. DNA
samples approximately 200 bp in average length were pre-
pared by sonicating in order to minimize complexities arising
from DNA flexibility [20]. Titrations were performed for the
compounds (3mM), and each compound was introduced
into the CT-DNA solution (50 M) present in the viscometer.
Data were presented as (7 — 70)"> versus the ratio of the
concentration of the compound to CT-DNA, where 7 is
the viscosity of CT-DNA in the presence of the complex,
and 7o is the viscosity of CT-DNA alone. Viscosity values
were calculated from the observed flow time of CT-DNA
containing solutions corrected from the flow time of buffer
alone (), # = (t — ty)/to.
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2.5. Synthesis. The synthetic route for the ligand bba and its
Ni(II) complex are shown in Scheme 1.

2.5.1. Bis(2-benzimidazolymethyl)amine (bba). The ligand
bba was synthesized according to the procedure reported
by Berends and Stephan [21]. The infrared spectra and UV
spectra of the bba were almost consistent with the literature.
Elemental analysis: C;¢Hj5N5 (Mr = 277.33 g-mol~!) calcd:
C 69.30; H 5.45; N 25.26%; found: C 69.35; H 5.47; N
25.16%. IR (KBr, pellet, cm™!): 1270s (vc_n), 1620s (vcn),
UV-vis (A, nm): 277, 283, &77 = 5.99 X 10*L-mol~'-cm™!,
&85 = 573 X 10*L-mol '-ecm~!. 'HNMR (DMSO-dj,
300 MHz) 8: 12.3 (1H, N-H); 7.144 (m, 4H); 7.5 (d, 4H); 4.0
(s, 4H). Ap (DMEF, 297 K): 1.29 S-cm?-mol 1.

2.5.2. [Ni(bba),](pic),-3MeOH. The ligand bba (0.4 mmol)
and Ni(II) picrate (0.2 mmol) were dissolved in methanol
(I5mL). A blue-green crystalline product which formed
rapidly was filtered off, washed with methanol and abso-
lute Et,O, and dried in vacuo. The dried precipitate was
dissolved in DMF resulting in a blue-green solution that
was allowed to evaporate at room temperature. Blue-green
crystals suitable for X-ray diffraction studies were obtained
after one week. C47H36N16Ni O17 (Mr = 1155.63 g-mol~!)
caled: C 48.85; H 3.14; N 19.39%; found: C 48.79; H
3.16; N 19.53%. IR (KBr, pellet, cm™!): 1272s (von),
1434 (VC=N7C=C)a 1487s (VC=N)) UV-vis (/1, nm): 275,
280, 407, &75 = 6.55 x 10*L-mol!-cm™!, &g = 6.50 X
10°L-mol'-cm™!, &407 = 7.99 x 10°L-mol'-cm™!. Ay
(DME, 297 K): 128.5S-cm?-mol~!.

2.6. Crystal Structure Determination. A suitable single crystal
was mounted on a glass fiber and the intensity data were
collected on a Bruker Smart CCD diffractometer with
graphite-monochromated Mo Ka radiation (A = 0.71073 A)
at 296 K. Data reduction and cell refinement were performed
using the SMART and SAINT programs [22]. The structure
was solved by direct methods and refined by full-matrix least
squares against F? of data using SHELXTL software [23]. All
H atoms were found in different electron maps and were
subsequently refined in a riding-model approximation with
C-H distances ranging from 0.95 to 0.99 A. Basic crystal data,
description of the diffraction experiment, and details of the
structure refinement are given in Table 1.

3. Results and Discussion

The ligand bba and its Ni(II) complex are very stable
in the air. They are remarkably soluble in polar sol-
vents such as DMFE, DMSO, and MeCN; slightly soluble
in ethanol, methanol, ethyl acetate, and chloroform. The
molar conductivities in DMF solution indicate that bba
(1.29S-cm?-mol~!) is nonelectrolyte compound and its
Ni(II) complex is 1 : 2 electrolyte compound [24].

3.1. Spectral Characterization. In the bba ligand, a strong
band is found at ca. 1270 cm™! together along with a broad
band at 1436 cm™'. By analogy with the assigned bands of

TaBLE 1: Crystallographic data and data collection parameters for
the Ni(IT) complex.

Complex [Ni(bba),](pic),-3MeOH

C47H361\116I\HC)17

Molecular formula

Molecular weight 1155.63
Crystal system Triclinic
Space group P-1

a(h) 10.4758 (9)

b (A) 16.1097 (13)
c(A) 17.2302 (14)
a(°) 107.5590 (10)
B () 107.5880 (10)

y () 96.9150 (10)

V (A3 2570.1 (4)

Z 2

Peald (Mg m™) 1.493
Absorption coefficient (mm™) 0.467

F (000) 1188
Crystal size (mm) 0.41 x 0.38 x 0.31
0 range for data collection (°) 2.04-25.00
h/k/l (max, min) —12,12/-16, 19/-20, 20
Reflections collected 18579
Independent reflections 8974 [R(int) = 0.0203]
Data/restraints/parameters 8974/6/746
Goodness-of-fit on F? 1.097

Final Ry, wR; indices [I > 20(I)]
Ry, wR, indices (all data)
Largest differences peak and hole (eA~?)

0.0383,0.1135
0.0466, 0.1194
0.734 and —0.384

imidazole, the former can be attributed to »(C=N-C=C),
while the latter can be attributed to »(C=N) [25-27]. One
of them shift to the higher frequency by around 41 cm™! in
the complex, which implies direct coordination of all three
imine nitrogen atoms to metal ions. This is the preferred
nitrogen atom for coordination as found for other metal
complexes with benzimidazoles [28]. Information regarding
the possible bonding modes of the picrate and benzimidazole
rings may also be obtained from the IR spectra, such as 709,
744, 1272, 1363, 1434, 1487, and 1633 cm~! [29]. This fact
agrees with the result determined by X-ray diffraction.

DMF solutions of ligand bba and its complexes show, as
expected, almost identical UV spectra. The UV bands of bba
(275, 280 nm) are only marginally blue shifted (1-2nm) in
the complexes, which is clear evidence of C=N coordination
to the metal ions center. The absorption bands are assigned
to # — 7w* (imidazole) transitions. The bands of picrate
(407 nm) are assigned to w — 7* transitions.

3.2. Crystal Structure of [Ni(bba),](pic),-3MeOH. The
molecular structure of the Ni(II) complex is shown in
Figure 1, selected bond lengths and angles are summarized
in Table 2. The Ni(II) atom is six-coordinate with a NiN,O,
environment. The bba ligand acts as a tridentate N-donor
and O-donor. The coordination geometry of the Ni(II)
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FIGURE 1: The molecular structure of the Ni(II) complex showing displacement ellipsoids at the 30% probability level. Hydrogen atoms have
been omitted for clarity.
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F1GURE 2: Electronic spectra of the Ni(II) complex (30 uM) in the presence of 0, 5, 10, 20, 30, 40, 50, 60, 70, 80, and 90 uL CT-DNA. [DNA]
=2.5 x 107> M. Arrow shows the absorbance changes upon increasing CT-DNA concentration. Plots of [DNA]/(e, — & 1) versus [DNA] for
the titration of the Ni(II) complex with CT-DNA.

TaBLE 2: Selected bond lengths (A) and angles (deg) of the Ni(II) complex.

Bond lengths
Ni-N(1) 2.1647 (19) Ni-N(4) 2.0793(18) Ni-N(6) 2.1788(19)
Ni-N(3) 2.0899 (19) Ni-N(7) 2.0667 (18) Ni-N(9) 2.0628 (19)
Bond angles
N(1)-Ni-N(6) 94.12 (7) N(9)-Ni-N(7) 173.40 (7) N(9)-Ni-N(4) 98.11 (7)
N(3)-Ni-N(7) 173.40 (7) N(3)-Ni-N(1) 79.29 (7) N(7)-Ni-N(4) 166.55 (7)
N(9)-Ni-N(3) 107.52 (7) N(7)-Ni-N(3) 98.95 (7) N(3)-Ni-N(4) 89.98 (7)
N(1)=Ni-N(9) 173.19 (7) N(7)=Ni-N(1) 90.23 (7) N(1)-Ni-N(4) 81.52 (7)

N(9)-Ni-N(6) 79.07 (8) N(7)-Ni-N(6) 81.11 (7) N(4)-Ni-N(6) 88.87 (7)
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FiGURE 3: Emission spectra of EB bound to DNA in the presence of the complex. [Complex] = 3 X 107> M; Ay = 520 nm. The arrow shows
the intensity changes upon increasing concentrations of the complex. Fluorescence quenching curves of EB bound to CT-DNA by the Ni(II)

complex. (Plots of Iy/I versus [Complex]/DNA.).

may be best described as distorted octahedral with four
coordination nitrogen atoms from an ideal equatorial plane.
The maximum deviation (N9) from the plane containing
these four N atoms is 0.764 A. The bond average length
between the Ni ion and the apical N atom (N1, N6) is
2.171 A, which is about 0.097 A longer than the bond average
length between the Ni ion and four coordination N atoms
from an equatorial plane. This geometry is assumed by the
Ni(II) to relieve the steric crowding. Therefore, compared
with a regular octahedron, it reflects a relatively distorted
coordination octahedron around Ni(II).

3.3. Spectral Studies of the Interactions with DNA

3.3.1. Electronic Absorption Titration. Electronic absorption
spectroscopy is universally employed to determine the bind-
ing characteristics of metal complexes with DNA [30-32].
The absorption spectra of the Ni(II) complex in the absence
and presence of CT-DNA are given in Figure 2. There are two
well-resolved bands at about 272, 278 nm for the complex.
The A for the ligand increases only from 272 to 273, and for
the complex from 278 to 279 nm, a slight red shift about 1 nm
under identical experimental conditions. The slight red shift
suggests that the Ni(II) complex interacts with DNA [33].

The binding constant K;, for the complex has been
determined from the plot of [DNA]/(e, — &) versus [DNA]
and was found to be 1.12x 10° M ~!. Compared with those of
the so-called DNA-intercalative ruthenium complexes (1.1 X
10*—4.8 x 10* M) [34], the binding constants (Kj) of the
Ni(II) complex suggest that the complex with DNA with an
affinity is less than the classical intercalators.

3.3.2. Fluorescence Spectroscopic Studies. intensity in the EB-
DNA adduct allows determination of the affinity of the
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FIGURE 4: Effect of increasing amounts of the Ni(II) complex on the
relative viscosity of CT-DNA at 25.0 + 0.1°C.

complex for DNA, whatever the binding mode may be.
If a complex can replace EB from DNA-bound EB, the
fluorescence of the solution will be quenched due to the
fact that free EB molecules are readily quenched by the
surrounding water molecules [35]. For all the compounds,
no emission was observed either alone or in the presence
of CT-DNA in the buffer. The fluorescence quenching of
EB bound to CT-DNA by the Ni(II) complex is shown in
Figure 3. The quenching of EB bound to CT-DNA by the
Ni(II) complex is in good agreement with the linear Stern-
Volmer equation, which provides further evidence that the
Ni(II) complex bind to DNA. The quenching plots illustrate
that the quenching of EB bound to DNA by the complex is
in good agreement with the linear Stern-Volmer equation,
which also proves that the complex binds to DNA. The K,



value for the Ni(II) complex is 3.12 x 10* M~!. The data
suggest that the Ni(II) complex interacts with DNA.

3.3.3. Viscosity Studies. Optical photophysical techniques are
widely used to study the binding model of the ligand,
metal complexes, and DNA but not to give sufficient clues
to support a binding model. Therefore, viscosity measure-
ments were carried out to further clarify the interaction of
metal complexes and DNA. Hydrodynamic measurements
that are sensitive to the length change (i.e., viscosity and
sedimentation) are regarded as the least ambiguous and
the most critical tests of a binding model in solution in
the absence of crystallographic structural data [15, 20]. A
classical intercalative mode causes a significant increase in
viscosity of DNA solution due to increase in separation
of base pairs at intercalation sites and hence an increase
in overall DNA length. By contrast, complexes that bind
exclusively in the DNA grooves by partial and/or nonclassical
intercalation, under the same conditions, typically cause
less pronounced (positive or negative) or no change in
DNA solution viscosity [20]. The values of (n — #9)"3
were plotted against [compound]/[DNA] (Figure 4). For the
Ni(II) complex, as increasing the amounts of compound, the
viscosity of DNA decreases steadily. The decreased relative
viscosity of DNA may be explained by a binding mode which
produced bends or kinks in the DNA and thus reduced its
effective length and concomitantly its viscosity. The results
suggest that the Ni(II) complex may bind to DNA by partial
intercalation.

4. Conclusions

In this paper, a new Ni(II) complex has been synthesized and
characterized. Moreover, the DNA-binding properties of the
Ni(II) complex were investigated by electronic absorption,
fluorescence, and viscosity measurements. The experimental
results indicate that the Ni(II) complex can bind to CT-
DNA by partial intercalation mode. Information obtained
from our study will be helpful to understand the mechanism
of interactions of benzimidazoles and their complexes with
nucleic acids and should be useful in the development of
potential probes of DNA structure and conformation.

Appendix
Additional Data

CCDC 825141 contains the additional crystallographic data
for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
http://www.ccdc.cam.ac.uk/data_request/cif.

Acknowledgments

The authors acknowledge the financial support and a grant
from “Qing Lan” Talent Engineering Funds by Lanzhou
Jiaotong University. The grant from “Long Yuan Qing Nian”
of Gansu Province is also acknowledged.

Bioinorganic Chemistry and Applications

References

[1] M. Mrksich and P. B. Dervan, “Antiparallel side-by-
side heterodimer for sequence-specific recognition in the
minor groove of DNA by a distamycin/1-methylimidazole-2-
carboxamide-netropsin pair,” Journal of the American Chemi-
cal Society, vol. 115, no. 7, pp. 2572-2576, 1993.

[2] C. Kokubo and T. Katsuki, “Highly enantioselective catalytic
oxidation of alkyl aryl sulfides using Mn-salen catalyst,”
Tetrahedron, vol. 52, no. 44, pp. 13895-13900, 1996.

[3] S. Schoumacker, O. Hamelin, J. Pécaut, and M. Fontecave,
“Catalytic asymmetric sulfoxidation by chiral manganese
complexes: acetylacetonate anions as chirality switches,” Inor-
ganic Chemistry, vol. 42, no. 24, pp. 8110-8116, 2003.

[4] C. M. Dupureur and J. K. Barton, “Structural Studies of A-
and A-[Ru(phen),dppz]** Bound to d(GTCGAC),: character-
ization of Enantioselective Intercalation,” Inorganic Chemistry,
vol. 36, no. 1, pp. 3343, 1997.

[5] C.Hemmert, M. Pitié, M. Renz, H. Gornitzka, S. Soulet, and B.
Meunier, “Preparation, characterization and crystal structures
of manganese(II), iron(III) and copper(II) complexes of the
bis[di-1,1-(2-pyridyl)ethyl] amine (BDPEA) ligand; evalua-
tion of their DNA cleavage activities,” Journal of Biological
Inorganic Chemistry, vol. 6, no. 1, pp. 14-22, 2001.

[6] V. S. Li, D. Choi, Z. Wang, L. S. Jimenez, M. Tang, and H.
Kohn, “Role of the C-10 substituent in mitomycin C-1-DNA
bonding,” Journal of the American Chemical Society, vol. 118,
no. 10, pp. 2326-2331, 1996.

[7] G. Zuber, J. C. Quada, and S. M. Hecht, “Sequence selective
cleavage of a DNA octanucleotide by chlorinated bithiazoles
and bleomycins,” Journal of the American Chemical Society, vol.
120, no. 36, pp. 9368-9369, 1998.

[8] A. Gellis, H. Kovacic, N. Boufatah, and P. Vanelle, “Synthesis
and cytotoxicity evaluation of some benzimidazole-4,7-diones
as bioreductive anticancer agents,” European Journal of Medic-
inal Chemistry, vol. 43, no. 9, pp. 1858-1864, 2008.

[9] O. O. Giiven, T. Erdogan, H. Goker, and S. Yildiz, “Synthesis
and antimicrobial activity of some novel phenyl and benzim-
idazole substituted benzyl ethers,” Bioorganic and Medicinal
Chemistry Letters, vol. 17, no. 8, pp. 2233-2236, 2007.

[10] K. Kopanska, A. Najda, J. Zebrowska et al., “Synthesis and
activity of 1H-benzimidazole and 1H-benzotriazole deriva-
tives as inhibitors of Acanthamoeba castellanii,” Bioorganic
and Medicinal Chemistry, vol. 12, no. 10, pp. 2617-2624, 2004.

[11] K. C. Skyrianou, E. Perdih, I. Turel, D. P. Kessissoglou, and G.
Psomas, “Nickel-quinolones interaction—part 2: interaction
of nickel(II) with the antibacterial drug oxolinic acid,” Journal
of Inorganic Biochemistry, vol. 104, no. 2, pp. 161-170, 2010.

[12] K. C. Skyrianou, C. P. Raptopoulou, V. Psycharis, D.
P. Kessissoglou, and G. Psomas, “Structure, cyclic
voltammetry and DNA-binding properties of the
bis(pyridine)bis(sparfloxacinato)nickel(II) complex,”
Polyhedron, vol. 28, no. 15, pp. 3265-3271, 2009.

[13] Y. Jin, M. A. Lewis, N. H. Gokhale, E. C. Long, and J. A.
Cowan, “Influence of stereochemistry and redox potentials
on the single- and double-strand DNA cleavage efficiency of
Cu(II)-and Ni(II)-Lys-Gly-his-derived ATCUN metallopep-
tides,” Journal of the American Chemical Society, vol. 129, no.
26, pp. 8353-8361, 2007.

[14] E Bisceglie, M. Baldini, M. Belicchi-Ferrari et al.,, “Metal
complexes of retinoid derivatives with antiproliferative activ-
ity: synthesis, characterization and DNA interaction studies,”
European Journal of Medicinal Chemistry, vol. 42, no. 5, pp.
627-634, 2007.



Bioinorganic Chemistry and Applications

[15] J. B. Chaires, “Tris(phenanthroline)ruthenium(II) enantiomer
interactions with DNA: mode and specificity of binding,”
Biochemistry, vol. 32, no. 10, pp. 2573-2584, 1993.

[16] J. Marmur, “A procedure for the isolation of deoxyribonucleic
acid from microorganisms,” Methods in Enzymology, vol. 6, pp.
726-738, 1963.

[17] A. Wolfe, G. H. Shimer, and T. Meehan, “Polycyclic aromatic
hydrocarbons physically intercalate into duplex regions of
denatured DNA,” Biochemistry, vol. 26, no. 20, pp. 6392—-6396,
1987.

[18] M. Chauhan, K. Banerjee, and F Arjmand, “DNA bind-
ing studies of novel copper(II) complexes containing L-
tryptophan as chiral auxiliary: in vitro antitumor activity of
Cu-Sn, complex in human neuroblastoma cells,” Inorganic
Chemistry, vol. 46, no. 8, pp. 3072-3082, 2007.

[19] J. R. Lakowicz and G. Weber, “Quenching of fluorescence

by oxygen. A probe for structural fluctuations in macro-

molecules,” Biochemistry, vol. 12, no. 21, pp. 4161-4170, 1973.

S. Satyanarayana, J. C. Dabrowiak, and J. B. Chaires, “Neither

A- nor A-tris(phenanthroline)ruthenium(II) binds to DNA by

classical intercalation,” Biochemistry, vol. 31, no. 39, pp. 9319—

9324, 1992.

[21] H. P. Berends and D. W. Stephan, “Copper(I) and copper(II)
complexes of biologically relevant tridentate ligands,” Inorgan-
ica Chimica Acta, vol. 93, no. 4, pp. 173-178, 1984.

[22] Bruker, Smart Saint and Sadabs, Bruker Axs, Inc., Madison,
Wisc, USA, 2000.

[23] G. M. Sheldrick, SHELXTL, Siemmens Analytical X-Ray
Instruments, Inc., Madison, Wisc, USA, 1996.

[24] W.J. Geary, “The use of conductivity measurements in organic
solvents for the characterisation of coordination compounds,”
Coordination Chemistry Reviews, vol. 7, no. 1, pp. 81-122,
1971.

[25] C. Y. Su, B. S. Kang, C. X. Du, Q. C. Yang, and T. C. W.
Mak, “Formation of mono-, bi-, tri-, and tetranuclear Ag(I)
complexes of Cs-symmetric tripodal benzimidaxole ligands,”
Inorganic Chemistry, vol. 39, no. 21, pp. 4843-4849, 2000.

[26] R. J. Sundberg and R. B. Martin, “Interactions of histidine
and other imidazole derivatives with transition metal ions in
chemical and biological systems,” Chemical Reviews, vol. 74,
no. 4, pp. 471-517, 1974.

[27] V. McKee, M. Zvagulis, and C. A. Reed, “Further insight into
magnetostructural correlations in binuclear copper(II) species
related to methemocyanin: X-ray crystal structure of a 1,2-
p-nitrito complex,” Inorganic Chemistry, vol. 24, no. 19, pp.
2914-2919, 1985.

[28] T. J. Lane, I. Nakagawa, J. L. Walter, and A. J. Kandathil,
“Infrared investigation of certain imidazole derivatives and
their metal chelates,” Inorganic Chemistry, vol. 1, pp. 267-276,
1962.

[29] H. Wu, R. Yun, K. Li, K. Wang, X. Huang, and T. Sun,
“Synthesis, crystal structure and spectra properties of the
nickel (II) complex with 1,3-bis(1-benzylbenzimidazol2-yl)-
2-oxopropane,” Synthesis and Reactivity in Inorganic, Metal-
Organic and Nano-Metal Chemistry, vol. 39, no. 9, pp. 614—
617, 2009.

[30] H. Li, X. Y. Le, D. W. Pang, H. Deng, Z. H. Xu, and
Z. H. Lin, “DNA-binding and cleavage studies of novel
copper(II) complex with L-phenylalaninate and 1,4,8,9-tetra-
aza-triphenylene ligands,” Journal of Inorganic Biochemistry,
vol. 99, no. 11, pp. 2240-2247, 2005.

[31] V. G. Vaidyanathan and B. U. Nair, “Synthesis, characteriza-
tion, and DNA binding studies of a chromium(III) complex

Ie)
=)

containing a tridentate ligand,” European Journal of Inorganic
Chemistry, no. 19, pp. 3633-3638, 2003.

[32] V. G. Vaidyanathan and B. U. Nair, “Nucleobase oxidation

of DNA by (terpyridyl)chromium(III) derivatives,” European
Journal of Inorganic Chemistry, no. 9, pp. 1840-1846, 2004.

J. Liu, T. Zhang, T. Lu et al., “DNA-binding and cleavage
studies of macrocyclic copper(Il) complexes,” Journal of
Inorganic Biochemistry, vol. 91, no. 1, pp. 269-276, 2002.

[34] A. M. Pyle, J. P. Rehmann, R. Meshoyrer, C. V. Kumar,

N. J. Turro, and J. K. Barton, “Mixed-ligand complexes of
ruthenium(II): factors governing binding to DNA,” Journal of
the American Chemical Society, vol. 111, no. 8, pp. 3051-3058,
1989.

B. C. Baguley and M. Le Bret, “Quenching of DNA-ethidium
fluorescence by amsacrine and other antitumor agents: a
possible electron-transfer effect,” Biochemistry, vol. 23, no. 5,
pp. 937-943, 1984.





