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Abstract

Cisplatin and its analogues display common drawbacks such as unfavorable toxicological profile, short blood
circulation time and non-specific bio-distribution. Besides that, in biological fluids cisplatin is inactivated by nitrogen-
and sulphur-containing biomolecules. Drug conjugation to a water soluble polymer is a feasible approach to enhance
therapeutic efficiency. Examples of carboxylate-containing polymer carriers of cisplatin and the effect of macromolecular

architecture on the behavior of conjugates are discussed.

Since early 1970’s when cisplatin was successfully commercialized
and introduced clinically thousands of platinum coordination
compounds have been synthesized and evaluated as antineoplastic
agents. The result is five cisplatin analogues approved for clinical use
and only two of them, carboplatin and oxaliplatin, have obtained
widespread application [1]. Unfortunately none of the successors of
cisplatin could be considered superior to the prototype in terms of lower
toxicity, superior clinical efficacy and bypassing resistance mechanisms.
Cisplatin and its analogues display common drawbacks such as
unfavorable toxicological profile, limited spectrum of antitumour
activity, short blood circulation time and non-specific biodistribution.
Besides that, in biological fluids cisplatin reacts irreversibly with a
variety of nitrogen- and sulphur-containing biomolecules that reduce
its therapeutic concentration [2,3].

An alternative approach to the development of cisplatin-superior
platinum drugs is the application of drug delivery systems capable of
modulating the bio-disposition of the immobilized platinum drugs
and to enhance their tumor uptake. It has been demonstrated that
long-circulating polymeric carriers can preferentially and effectively
accumulate in solid tumors-a phenomenon known as the “Enhanced
Permeability and Retention (EPR) effect” [4,5]. The EPR effect occurs
because of the imperfect angiogenesis upon tumor formation, creating
leaky blood vessels. A mechanism similar to the infection induced
vascular permeability also operates in the tumor tissue [6]. Further,
the dysfunctional lymphatic drainage additionally facilitates the EPR
effect. Thus, the result is macromolecular drug accumulation inside
of the tumor (passive targeting) and decrease of the systemic toxic
effects compared to the administration of low molecular-weight drugs
which have no tumor selectivity. Besides these general features, the EPR
phenomenon is influenced by the heterogeneity of the tumor tissues,
surrounding stroma, patient characteristics, etc. which poses the problem
of unpredictable drug accumulation [7]. Nevertheless, most polymer
anticancer-drug conjugates rely on passive tumor targeting [8].

For treatment of solid malignancies [9] platinum drugs are usually
administered intravenously. Therefore conjugation to a water soluble
polymer is a rational choice of route for delivery. The concept, proposed
by Ringsdorf [10], has been developed and proven for polymer
conjugates of anticancer compounds that entered clinical trials [11,12].
The properties of the hydrophilic polymer are directly responsible for
defining the circulation half-life, rate of cellular uptake and the rate of
drug release thus reducing the toxic side effects. Moreover, the polymer
can impart favourable physicochemical properties, e.g. increasing
solubility of lipophilic drugs or stability of agents prone to hydrolytic
or proteolytic degradation [13,14]. Therefore, the macromolecular
carrier should meet a set of requirements: biocompatibility and non-
immunogenicity, repeated administration, appropriate molecular mass

characteristics, presence of active sites for drug binding and a suitable
linker chemistry affording drug release in a sustained manner. Synthetic
polymers are attractive candidates as delivery vehicles because of the
great flexibility regarding the type and size of the bioactive molecules/
agents delivered and possibility for chemical attachment of further
components with additional properties enhancing the therapeutic
efficiency.

The therapeutic conjugates are tailor-made structures taking into
account the nature of the loaded drug. Specifically, cisplatin possesses
two chloride ligands and undergoes ligand exchange reactions even
with weak nucleophiles, i.e. carboxylate ions (Figure 1). The resulting
species are able to undergo the reverse exchange reaction with chloride
ions to regenerate cisplatin at physiological salt concentrations [15].
The property of carboxylate ligand as a good leaving group has been
exploited to design cisplatin delivery systems based on carboxylate-
containing polymers. Macromolecules with different composition and
architecture have been studied as cisplatin carriers. Their behavior
in terms of stability of the nanocolloidal solution, drug payload, rate
of drug release, etc. differs considerably though one and the same
exchange reaction has been applied for drug conjugation.

It was observed that conjugation of cisplatin to a carboxylate-
containing homopolymer resulted in the formation of poorly soluble
drug-polymer conjugates. For example, binding of cisplatin to the
side chains of poly(L-glutamic acid) through ligand substitution
caused precipitation when the molar ratio of cisplatin to L-glutamic
units in the polymer exceeds 0.2 [16]. However, when cisplatin
was added to poly(ethylene oxide)-b-poly(aspartic acid) (PEG-b-
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Figure 1: Reversible ligand exchange reactions of cisplatin.
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PAsp) or poly(ethylene oxide)-b-poly(glutamic acid) (PEG-b-PGlu)
block copolymers solution in distilled water, complex micelles were
spontaneously formed [17-19]. Drug loading capacity of about 40%
w/w was achieved. The cisplatin-incorporated micelles had a size of
20-30 nm and narrow size distribution. They were extremely stable in
distilled water whereas in physiological saline the micelles disintegrated
to single chains, accompanied with sustained release of platinum
(II) complexes. The micelles formed from poly(ethylene oxide)-b-
poly(aspartic acid) underwent faster structural decay (about 30 h) that
those from poly(ethylene oxide)-b-poly(glutamic acid) copolymers.
The latter were stable for about 50 h and displayed improved selectivity
and efficiency in tumor targeting [18].

Bonta etal. [20] used poly(ethylene oxide)-b-poly(methacrylic acid)
copolymer in the design of a stable micelles for cisplatin immobilization.
Their approach included micelle formation via metal complexation
followed by crosslinking of the core of the micelles and removal of the
metal ions. Thus prepared micelles were loaded with cisplatin again
applying the metal ligand coordination. The size of the loaded micelles
was about 150 nm and the drug content was determined to be 22%
(w/w). In physiological saline slow release of platinum complexes was
measured. More than 20 h were required for 40% of the loaded Pt(II)
to be released from the micelles. In vitro studies using human A2780
ovarian carcinoma cells demonstrated that the cross-linked micelles
rapidly internalized and delivered cisplatin into cells.

Dendrimers are alternative to the micellar systems in drug delivery.
Dendrimers are synthetic macromolecules composed of multiple layers
with large number of tunable surface functional groups which can be
used for drug conjugation [21]. The low level of polydispersity of these
macromolecules is a prerequisite for reproducible pharmacokinetic
and biodistribution behavior [21]. Carboxylated polyamidoamine
(PAMAM) dendrimers were studied as cisplatin carriers [22-24].
A dendrimer G 2.5 was loaded with 26 % (w/w) of cisplatin [23].
Nanoparticles below 30 nm in diameter were visualized by TEM. Bigger
particles were also formed due to crosslinking of nanocomplexes with
cisplatin as a crosslinker. The drug was slowly release - 40% cisplatin
was released over a period of 50 h. Besides, dendrimers possess
advantageous properties; their synthesis is tedious stepwise procedure.

Microspheres bearing malonate moieties were designed as a
cisplatin drug delivery system for the treatment of liver cancer via
transarterial chemoembolization [25]. The microspheres were obtained
via suspension polymerization of ethyleneglycol dimethacrylate
resulting in an excess of vinyl functionalities. The latter were modified
through Michael Addition of diethyl malonate. The hydrolysis of the
ester groups yielded carboxylate functionalized carrier suitable for
cisplatin conjugation. Loaded microspheres (9 wt% of platinum) were
found to be highly toxic to liver cancer cells (ATCC, HepG2) while the
carrier itself was non-toxic [25].

Other candidates present the core-shell type star polymers with
hyperbranched cores and shells of linear polymers with functional
groups. The structural stability and multifunctionality of the stars
display potential for conjugation or encapsulation of active compounds
[26]. A core-shell nanocarrier was designed as a delivery vehicle of
cisplatin. The macromolecules composed of a highly branched core
and covalently attached linear arms of poly(acrylic acid) [27]. The
high density of carboxylate groups in the shell allowed exceptionally
high drug payload (45% w/w), stability in aqueous milieu upon storage
and sustained release of the agent under physiological conditions. The
average size of the loaded particles varied between 17 nm and 23 nm for
macromolecules bearing arms of 38 and 58 degree of polymerization,

respectively. The system displayed prominent capability for intracellular
uptake and exhibited concentration and time- dependent cytotoxicity
in a panel of human tumor cell lines [27]. Unfortunately, star coupling
via ligand exchange with drug molecules lead to increase of particle
size distribution. Therefore, the macromolecular carrier was further
developed via modification with PEG [28]. The synthetic strategy
was based on an original approach of PEGylation via incorporation
of cisplatin as a reversible linker. The formation of PEG shell reduced
inter-stars cross-linking, increased the stability of the nano-colloidal
solution and allowed higher drug payload to be achieved. The in vitro
bioassay in a panel of human tumor cell lines confirmed that the
PEGylated conjugates exhibited superior growth inhibitory activity
compared to the cisplatin-loaded nonPEGylated carrier.

The structural peculiarities of the carrier and the drug release
profiles are factors determining the drug disposition in the body.
Biodistribution studies carried out with cisplatin-loaded micelles
administered intravenously to LLC-bearing mice revealed higher level
of platinum in the bloodstream for the more stable micelles. Cisplatin-
PEG-b-PGlu system maintained 13% of the injected dose after 24 h
[29] compared to 1.5% for the cisplatin-PEG-b-PAsp micelles [30].
The micellar drug systems displayed advantageous tissue distribution
in comparison with the free drug. The prolonged blood circulation
time favored drug accumulation in tumor. PEG-b-PGlu micelles were
found to be more efficient than the PEG-b-PAsp system displaying 20-
fold and 4.9-fold higher accumulation, respectively, than free cisplatin.
Moreover, the micellar systems did not show rapid accumulation in
kidney which is related with nephrotoxicity side effects. Though the
incorporated cisplatin exhibited 4.0-fold higher accumulation in the
liver compared to the free drug, 24 h after injection the ratio of the liver
to tumor accumulation was less than one [29]. Considering the above
findings it is expected the stability of the delivery system to correlate
with an enhanced accumulation in tumor, i.e. less undesirable damage
to the normal tissues. On the other side, favorable accumulation
does not quantitatively accounts for the antitumor activity. Cellular
internalization of the drug is a critical step to therapeutic effectiveness.
The prolonged blood circulation requires nanomedicines with
hydrophilic surfaces, i.e. PEGylated conjugates. However, such stealth
nanosystems are poorly taken up by cancer cells [31]. The reversible PEG
modification can provide improved control over the pharmacological
behavior of the entity without hampering the interaction between the
nanomedicine and cell surfaces [32].

In conclusion, the examples of cisplatin-polymer conjugates
demonstrate that the design of the macromolecular carrier can be used
to control key characteristics of the delivery systems though one and the
same chemistry of conjugation is used. The structural characteristics of
the carrier might facilitate drug delivery to tumors affording selectivity
and passing over many barriers before the molecular targets are
reached.
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