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a b s t r a c t

Core–shell type star polymer bearing carboxylate functions was designed and evaluated as nanocarrier
of cisplatin. The synthetic route to the star macromolecules involved the “core first” method to yield a
precursor star polymer with a highly branched poly(styrene) core and poly(tert-butyl acrylate) arms. Two
polymers derived from a common core of Mn = 2400 g/mol and degrees of polymerization of the linear
arms 38 and 58 were subjected to acidic hydrolysis to obtain stars with a hydrophilic and multifunc-
tional shell. Diffusion ordered NMR spectroscopic study revealed that the two products presented single
populations of stars with values of the apparent hydrodynamic radii 12.9 nm and 14.0 nm, respectively.
isplatin
tar-shaped carrier
ustained release
iffusion ordered NMR spectroscopy
ytotoxicity

The stars were loaded with cisplatin via ligand exchange reaction achieving remarkable high drug pay-
load of 45% (w/w). The conjugates were stable in an aqueous solution exhibiting no precipitation for a
prolonged period of time. The release profile of the platinum (II) complexes in phosphate buffered saline
and RPMI-1640 liquid medium at 37 ◦C indicated sustained manner of drug release with no initial burst
effect. In vitro cell viability study, using four human tumor cell lines proved that the conjugates exhib-

ompa
anoco
ited lower cytotoxicity c
indicated uptake of the n

. Introduction

Drug conjugation to a macromolecular carrier is a promis-
ng strategy especially in the field of cancer therapy. It has been
emonstrated that long-circulating polymeric carriers can prefer-
ntially and effectively accumulate in solid tumors – a phenomenon
nown as the “Enhanced Permeability and Retention (EPR) effect”
Matsumura and Maeda, 1986; Maeda et al., 2003). Besides pro-
iding passive drug targeting to tumor tissue, polymer–drug
onjugates have the potential to increase the therapeutic effective-
ess of a drug through optimization of the rate and duration of drug
elivery, increasing the solubility of lipophilic drugs or protecting

abile agents from chemical or proteolytic degradation. In addition,

he release control of highly toxic drugs is as an effective way to

inimize their adverse side effects.
Cis-dichlorodiamminoplatinum (II) ([PtCl2(NH3)2], cisplatin) is

he most widely used platinum-based antineoplastic agent. It
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03 Acad. Georgi Bonchev Str., 1113 Sofia, Bulgaria. Tel.: +359 2 979 6630;
ax: +359 2 870 0309.
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red to the free agent. The established cellular accumulation of cisplatin
njugates by the cells through endocytosis.

© 2010 Elsevier B.V. All rights reserved.

is a potent drug that is usually administered intravenously for
treatment of solid malignancies (Sherman and Lippard, 1987).
However, a major obstacle to more widespread use of cisplatin is
the persistence of severe toxic side effects (Farrell, 1989). Other
disadvantages associated with cisplatin clinical use include short
circulation period in the blood due to glomerular excretion (LeRoy
et al., 1979), intrinsic or acquired resistance of some tumors to
the drug and limited aqueous solubility (1 mg/ml) (Wong and
Giandomenico, 2000; Ohya et al., 2000).

Cisplatin undergoes ligand exchange reactions kinetics of which
is largely determined by the nature of the leaving groups. In biologi-
cal fluids cisplatin reacts irreversibly with a variety of nitrogen- and
sulphur-containing biomolecules (Gullo et al., 1980; Vermorken
et al., 1984) that reduce its therapeutic concentration. However,
cisplatin also reacts with weaker nucleophiles, i.e. carboxylate ions,
and the resulting species are able to undergo the reverse exchange
reaction with chloride ions to regenerate cisplatin at physiological
salt concentrations (Howe-Grant and Lippard, 1980).

The property of carboxylate ligand as a good leaving group

has been exploited to design cisplatin delivery systems based on
carboxylate-containing polymers. Polymer–drug complex micelles
were spontaneously formed on mixing of cisplatin with PEO-
poly(aspartic acid) or PEO-poly(glutamic acid) block copolymers in
an aqueous solution (Yokoyama et al., 1991, 1996; Nishiyama et al.,

dx.doi.org/10.1016/j.ijpharm.2010.11.004
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:koseva@polymer.bas.bg
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999; Nishiyama and Kataoka, 2001). The cisplatin-incorporated
icelles were extremely stable in distilled water whereas in phys-

ological saline the micelles showed dissociation into unimers,
ccompanied with sustained platinum (II) complexes release. The
icelles formed from PEG-b-poly(aspartic acid) underwent fast

tructural decay (∼30 h) that caused liver and spleen accumula-
ion and comparable antitumor activity to free cisplatin despite
estrained nephrotoxicity (Kwon et al., 1994). The time scale of
ecaying of the micelles was prolonged to 50 h when PEO-b-
oly(glutamic acid) copolymers were used for cisplatin conjugation
hich improved the selectivity and efficiency in tumor targeting

Nishiyama et al., 1999).
The metal ligand coordination was also utilized to incorporate

he drug into the cross-linked micelles with ionic poly(methacrylic
cid) cores and a hydrophilic shell of PEO chains (Bontha et al.,
006). The size of the loaded micelles was about 150 nm and the
rug content was determined to be 22% (w/w). Cisplatin was encap-
ulated in stealth liposomes (Allen et al., 2006; Juı̌nior et al., 2007)
nd nanoparticles formed by hydrophobically modified chitosan
Kim et al., 2008) or thermosensitive poly(N-isopropylacrylamide-
o-acrylamide)-b-poly(d,l-lactide) copolymer (Ding et al., 2007).

In contrast to the particulate carriers such as micelles or lipo-
omes, water-soluble polymers allow drug molecules to interact
ith a single macromolecule rather than a large particle. The poly-
er carriers take advantage of EPR effect without accumulating

nto the liver and spleen. However, linear polymers have limited
rug payload capacity. Studies have shown that hyperbranched
olymers and dendrimers can carry a higher drug payload due to
he large number of tunable surface functional groups (Perumal
t al., 2009; Kolhe et al., 2004). A recent patent reported drug
ayload of 20–25 wt.% for cisplatin loaded polyamidoamine den-
rimer with a sodium carboxylate surface (Malik and Duncan,
003). Besides, dendrimers are well-defined and monodisperse,
ith a controlled branching architecture but their synthesis is

edious stepwise procedure.
Another alternative are the core–shell type star polymers

ith hyperbranched cores and the shell of linear polymers with
unctional groups. These new macromolecules based upon var-
ous branched core architectures reveal “unimolecular micelle”
ehavior in solution, where covalently linked interior and shell
arts remain stable independently of concentration, solvent and
emperature (Kitajyo et al., 2007). The structural stability, mul-
ifunctionality and the presence of cavities in the interior of the
tars display potential for conjugation or encapsulation of active
ompounds (Wang and Lippard, 2005).

Here, we report the synthesis of a new core–shell type star poly-
er whose interior presents hyperbranched polystyrene bearing

rms of poly(acrylic acid). Macromolecular carrier was charac-
erized applying both conventional and diffusion ordered NMR
pectroscopy (DOSY). The applicability of the star polymer as cis-
latin carrier was explored addressing two challenging aspects: (i)
chieving high drug payload, and (ii) evaluating the therapeutic
ctivity of the cisplatin-star polymer conjugates in vitro towards
ifferent cancer cell lines. The obtained conjugates were water
oluble and carried a 45 wt.% platinum complex payload. The con-
ugates were also less toxic than cisplatin, displayed sustained drug
elease and revealed potential as a novel antitumor therapeutic
ystem.

. Materials and methods
.1. Materials

p-(Iodomethyl)styrene was synthesized from p-
chloromethyl)styrene via the Finkelstein reaction (Gozdz and
ntoni, 1981). tert-Butyl acrylate (Aldrich, 98%) was distilled
f Pharmaceutics 404 (2011) 220–230 221

over CaH2 prior to use. The initiator: �,�′-azobis(isobutyronitrile)
(AIBN) (Fluka, >98%) was recrystallized from diethyl ether.
Trifluoroacetic acid (Aldrich, 99+%) was used as received. Cis-
dichlorodiamminoplatinum (II) (cisplatin) (99.9+%) was purchased
from Sigma–Aldrich. Benzene and methanol were purified by
distillation at atmospheric pressure. Dichloromethane was used
as received. Dialysis membranes with MWCO 1000, 3500 and
1200–1400 were supplied by SpectraPor. Buffer solutions were
supplied by POCH SA Poland.

2.2. Synthesis of star polymer with poly[p-(iodomethyl)styrene]
core and poly(acrylic acid) arms

The synthesis of the precursor star polymers with poly[(p-
iodomethyl)styrene] core and poly(tert-butyl acrylate) arms
(PScorePtBuAarm) was carried out using iodine mediated con-
trolled radical polymerization as described by Kowalczuk-Bleja
et al. (2005) yielding copolymers of Mn = 52,000 g/mol and
Mn = 77,000 g/mol with average degrees of polymerization of the
arms 38 (PScorePtBuAarm38) and 58 (PScorePtBuAarm58), respec-
tively.

1H NMR (C6D6, 300 MHz): ı 1.2–1.6 ppm (CH3), 1.6–1.9 (CH2),
3.7–4.7 (CHI and CH2I), 5.2, 5.9 and 6.3 (CH2 , –CH ), 6.6–7.4
(CHarm).

The PScorePtBuAarm polymer (1.00 g) was dissolved in 10 ml
of dichloromethane. The trifluoroacetic acid in a five-fold molar
excess of acid with respect to ester groups was added. The reaction
was carried out for 24 h at the room temperature. The precipitated
polymer was washed with dichloromethane, dried and dissolved
in 10 ml of water. The repeated portion of trifluoroacetic acid was
added to the reaction mixture and the hydrolysis was continued for
next 24 h. Afterwards the reaction mixture was neutralized using
NaOH and dialyzed to remove low molar mass products using Spec-
traPor membrane with MWCO 1000 g/mol. Subsequently water
was evaporated and the obtained product was dried under vacuum.
It was assigned as PScorePAarm.

1H NMR (D2O, 600 MHz), ı ppm: 7.2–6.6 (H-atoms from the
benzene rings), 2.1–1.7 (CH in the chains) and 1.7–1.0 (CH2 in the
chains).

2.3. Loading of star copolymers with cisplatin

Cisplatin was added to an aqueous solution of the star copoly-
mers (2 mg/ml) at pH 9.0 at a molar ratio of cisplatin to carboxylate
groups 1:3 followed by stirring of the mixture for 24 h at room
temperature. Unbound cisplatin was removed by dialysis against
deionized water for 2 days using membrane with MWCO 3500.

For the NMR measurements PScorePAarm38 was loaded with
cisplatin stepwise by addition of certain amount of the drug to poly-
mer solution in D2O. During the first step 2 mg cisplatin were added
to 1 ml copolymer solution containing 6.5 mg carrier. The mixture
was stirred until the initial turbid yellowish solution became trans-
parent and afterwards colorless. At the second and the third step
the amount of cisplatin added to the same solution was 1.3 mg
and 1 mg, respectively. The feeding ratio [acrylate units]:[cisplatin]
was 10:1 at the first loading step, then decreased to 6:1 at the sec-
ond step and to 4.5:1 after the third addition. At each loading step
the system was stirred for 24 h and afterwards 1H NMR and DOSY
spectra were measured.

2.4. Platinum (II) complexes release from the loaded stars
The release of platinum (II) complexes from the copolymer car-
rier in phosphate buffered saline (10 mM PBS, pH 7.4, 0.14 M NaCl)
and in RPMI-1640 liquid medium supplemented with 10% fetal
bovine serum (FBS) and 2 mM l-glutamine was studied by dialysis
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ethod using a membrane with MWCO 3500. A copolymer solution
4 ml) of known platinum drug concentration was placed into a dial-
sis tube and dialyzed against phosphate buffered saline (200 ml)
t 37 ◦C and gentle stirring. Aliquots of 10 ml were taken from the
olution outside of the dialysis bag at defined time periods and
resh solution of the same volume was added. The concentrations
f platinum present in the dialysate aliquots were measured and
he concentration of Pt(II) released from the stars was expressed as
accumulative percentage of the total Pt(II) available and plotted

s a function of time.

.5. Analytical methods

.5.1. NMR spectroscopy
All NMR spectra were measured on Bruker Avance II+ 600

MR spectrometer using 5 mm direct detection dual broadband
robe, with a gradient coil delivering maximum gradient strength
f 63 G/cm. The experiments were performed at a temperature of
93 K. 1H NMR spectra were acquired with 32 K time domain points,
pectrum width of 9600 Hz and 128 scans. The DOSY measurements
ere performed with copolymer samples dissolved in KOD/D2O

pH 9) at concentration of 6.5 mg/ml.
The DOSY spectra were acquired with the double stimulated

cho pulse sequence (Jerschow and Müller, 1997), to eliminate
ossible convection during the experiments. Monopolar smoothed
quare shaped gradient pulses and two spoiling gradients were
sed. All spectra were recorded with 16K time domain data points

n t2 dimension and 32 t1 increments, 16 transients for each t1
ncrement, and a relaxation delay of 3 s. Diffusion delay (�) of
50 ms and gradient pulse length (ı) of 10 ms were used. The gra-
ient strength G was varied in 32 linear steps from 6 to 95% of the
aximum gradient output of the gradient unit to ensure complete

ignal attenuation. The spectra were processed with an exponential
indow function (line broadening factor 10) and 16K data points in

2 dimension and 1K data points in the diffusion dimension, using
he fitting routine integrated in Topspin2.1 package. The evalua-
ion of the diffusion coefficients was performed by fitting the sum
f the columns along the chemical shift of each signal in the DOSY
pectrum with the Gaussian distribution curve.

Further, assuming spherical shape approximation the apparent
ydrodynamic radius, Rh, of the polymer particles can be estimated
sing the Stokes–Einstein equation and the obtained value of the
iffusion coefficient:

h = kT

6��D
(1)

here k is the Boltzmann constant, T is the temperature (K)
nd � is the solvent viscosity. In the present experiment:
(D2O) = 1.2518 × 10−3 Pa s at 293 K (NIST, USA).

.5.2. Gel permeation chromatography
The molar mass and the dispersity of the precursor poly-

ers with poly(tert-butyl acrylate) arms (PScorePtBuAarm) was
etermined by GPC with a differential refractive index detec-
or (Dn-2010 from WGE Dr. Bures) and a multiangle light
cattering detector (DAWN EOS from Wyatt Technologies). Mea-
urements were performed using Polymer Standard Service
PSS) columns (SDV 1 × 105 Å, 1 × 103 Å, or 2 × 102 Å) in THF
t 35 ◦C with a nominal flow rate of 1.0 ml/min. The results
ere evaluated using ASTRA software from Wyatt Technology

nd WINGPC software from PSS. Refractive index increment

dn/dc) for the poly[p-(iodomethyl)styrene] in THF was 0.205 ml/g
Kowalczuk-Bleja et al., 2004). For poly(tert-butyl acrylate) it
as measured in THF: (dn/dc)P(t-BuA) = 0.055 ml/g. The refrac-

ive index increments for the PScorePtBuAarm copolymer samples
ere estimated assuming the simple additive relationship:
f Pharmaceutics 404 (2011) 220–230

dn/dc = fPS(dn/dc)PS + fP(t-BuA)(dn/dc)P(t-BuA), where fi is the mass
fraction of the PS core or P(t-BuA) arms, correspondingly. Where
conventional calibration was used, it was established using
poly(tert-butyl acrylate) (PSS) standards.

2.5.3. Light scattering measurements
Dynamic light scattering (DLS) measurements were performed

at 25 ◦C on a Brookhaven BI-200 goniometer with vertically polar-
ized incident light of wavelength � = 632.8 nm supplied by a He–Ne
laser operating at 35 mW and a Brookhaven BI-9000 AT digital auto-
correlator. Measurements of the scattered light from the aqueous
solutions were made at angle 90◦ to the incident beam. The autocor-
relation functions were analyzed using the constrained regularized
algorithm CONTIN to obtain distributions of relaxation rates (� ).
The decay rates give distributions of the apparent diffusion coeffi-
cients (D = � /q2), where q is the magnitude of the scattering vector
q = (4�n/�)sin(�/2) and n is the refractive index of the medium.
The apparent hydrodynamic radius is obtained by the equation of
Stokes–Einstein (1).

2.5.4. Atom force microscopy
For the atom force microscopy (AFM) analyses, a multimode

instrument equipped with a NanoScope 3D controller (MultiMode,
Veeco Instruments Inc., USA) operating in tapping mode in air with
standard 125 �m single-crystal silicon cantilevers (Model TESP;
Veeco Instruments Inc., USA) was used. The piezoelectric scanner
had a scan range of approximately 10 �m × 10 �m. The aqueous
solutions were spin-coated onto mica wafers in air at 1500 rpm for
8 min. All samples were imaged at room temperature and measured
24 h after coating.

2.5.5. Other analytical methods
Gas chromatography was used to measure the residual

monomers content, and p-xylene was used as an internal standard.
Measurements were performed on a VARIAN 3400 gas chromato-
graph with a J&W Scientific DB-5 (30 m × 0.32 mm) column.

The concentrations of platinum (II) present in the dialysate or in
the loaded polymer solutions were measured using electrothermal
atomic absorption spectrometry (Perkin Elmer AAS Zeeman 3030
with graphite furnace HGA 600) or inductively coupled plasma
atomic emission spectroscopy (ULTIMA 2, Jobin Yvon).

2.6. Cell lines and culture conditions

The cell lines used in this study namely HL-60 (acute myelocyte
leukemia), K-562 (chronic myeloid leukemia), HUT-78 (T-cell lym-
phoma) and MDA-MB-231 (breast cancer) were purchased from
the German Collection of Microorganisms and Cell Cultures (DSMZ
GmbH, Braunschweig, Germany). They were cultured under stan-
dard conditions – RPMI-1640 liquid medium supplemented with
10% fetal bovine serum (FBS) and 2 mM l-glutamine, in cell culture
flasks, housed at 37 ◦C in an incubator ‘BB 16-Function Line’ Her-
aeus (Kendro, Hanau, Germany) with humidified atmosphere and
5% CO2. Cell cultures were maintained in logarithmic growth phase
by supplementation with fresh medium two or three times weekly.

2.7. Cytotoxicity assessment (MTT-dye reduction assay)

Cellular viability after exposure to free cisplatin or its poly-
meric formulations (as indicated in Section 3) was assessed using
the standard MTT-dye reduction assay as previously described by

Mosmann (1983) with some minor modifications (Konstantinov
et al., 1999). The method is based on the biotransformation of
the yellow tetrazolium dye MTT to a violet formazan product
via the mitochondrial succinate dehydrogenase in viable cells.
Exponentially growing cells were seeded in 96-well flat-bottomed
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Table 1
The characterization of star polymers.

Sample Precursors: PScorePtBuAarm DP of arm Hydrolyzed polymers:
PScorePAarm Mn calculateda

Mn (GPC-MALLS)b (g/mol) Mw/Mn Mn (GPC with poly(tBuA) calibration) (g/mol)

PScorePtBuAarm38 52,000 2.30 26,500 38 38,120
PS PtBuA 58 77,000 1.83 36,000 58 56,920
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a Mn of the star polymers with arms of sodium salt of poly(acrylic acid) was ca
egments.

b The refractive index increments were calculated using dn/dc value calculated fr

icroplates (100 �l/well) at a density of 1 × 105 cells per ml
nd after 24 h incubation at 37 ◦C they were exposed to various
oncentrations of the tested compounds (free or formulated cis-
latin) for 72 h or 96 h. For each concentration at least 8 wells
ere used. After the incubation with the test compounds 10 �l
TT solution (10 mg/ml in PBS) aliquots were added to each
ell. The microplates were further incubated for 4 h at 37 ◦C

nd the MTT–formazan crystals formed were dissolved by adding
00 �l/well 5% HCHO-acidified 2-propanol. The MTT–formazan
bsorption was determined using a microprocessor controlled
icroplate reader (Labexim LMR-1) at 580 nm. Cell survival frac-

ions were calculated as percentage of the untreated control. In
ddition IC50 values were derived from the concentration–response
urves.

.8. Data processing and statistics

The cell survival data were normalized as percentage of the
ntreated control (set as 100% viability). The statistical process-

ng of biological data included the Student’s t-test whereby values
f p ≤ 0.05 were considered as statistically significant.

. Results and discussion

.1. Synthesis of star polymers with a branched
oly[p-(iodomethyl)styrene] core and poly(acrylic acid) arms
PSPA)

Star polymers, macromolecules with many arms emanating
rom a common central point or object, are subject of numerous
nvestigations both because of their unusual behavior in the solu-
ion and in the condensed phase, which differs strongly from that
f the linear macromolecules, and because of their potential appli-
ations e.g. physical incorporation or chemical binding of guest
olecules. The synthetic routes to such polymers consist in most

ases in the initiation of the living polymerization of arms by a mul-
ifunctional initiator (“core first”) or by termination of the living
olymerization of the arms by a proper multifunctional terminating
gent (“arm first”).

In this work, the “core first” method was applied as the syn-
hetic route towards star polymers with a polystyrene core and
oly(acrylic acid) arms. The procedure included two main steps: (i)
he synthesis of precursor star macromolecules with active ester
unctionalities and (ii) conversion of the latter to carboxylic groups.
he star polymers with poly(tert-butyl acrylate) arms were syn-
hesized as described previously (Kowalczuk-Bleja et al., 2005) and
ere only a brief explanation is given for the closer presentation of
he structure of the star polymer precursors used in this study.

The core constructing p-(iodomethyl)styrene monomer was

olymerized via degenerative chain transfer mechanism using self
ondensing vinyl polymerization (Frechet et al., 1995; Gaynor
t al., 1996), yielding highly branched product of the degree of
ranching 0.36. The molar mass of the core was determined
n = 2400 g/mol using gel permeation chromatography with light
ed on the basis of 1H NMR data for the complete hydrolysis of tert-butyl acrylate

e copolymer composition (see Section 2.5.2).

scattering detection (GPC-MALLS). According to the polymeriza-
tion mechanism every macromolecule contains in its structure one
double bond (Gaynor et al., 1996; Weimer et al., 1998) and in
average up to 10 active iodomethyl or iodomethine groups. The
details are given in Kowalczuk-Bleja et al. (2004). Afterwards, an
iodine mediated controlled radical polymerization of the tert-butyl
acrylate monomer in the presence of the branched polystyrene
core was carried out yielding well-defined star polymers. Polymers
of Mn = 52,000 g/mol (PScorePtBuAarm38) and Mn = 77,000 g/mol
(PScorePtBuAarm58) (Table 1) and monomodal distribution of molar
masses have been obtained (Suppl. 1). The star structure of
the products has been proven by its hydrodynamic properties
(Table 1), where the molar masses from GPC-MALLS evaluation
were compared to those based upon the calibration with lin-
ear poly(tert-butyl acrylate) standards. The much more compact
structure of the obtained polymers, as compared with their linear
counterparts, supported the star formation.

The second step involved acidic hydrolysis of the linear
poly(tert-butyl acrylate) arms to polyacids (Fig. 1). The hydroly-
sis of the ester groups of PScorePtBuAarm polymers in the presence
of trifluoroacetic acid proceeded smoothly at the ambient temper-
ature, yielding polymers with a branched hydrophobic interior and
hydrophilic shell from poly(acrylic acid) chains. The new polymers
are assigned as PScorePAarm. The 1H NMR spectra evidence the total
removal of the ester groups. The spectrum of PScorePAarm38 in the
region from 2.8 ppm to 0.2 ppm is presented in Fig. 2a (the entire
spectrum is given in Suppl. 2a). It displays two intensive signals
in the region 2.1–1.0 ppm that correspond to the CH– and CH2–
fragments from the poly(acrylic acid) chains. The H-atoms of the
styrene rings from the hydrophobic core, difficult to be accessed by
the solvent, give a broad low intensity signal at about 7 ppm.

Diffusion ordered NMR spectroscopy was used to determine
the size of the core–shell type star particles of PScorePAarm38 and
PScorePAarm58 polymers. Diffusion NMR exploits the differences in
translational diffusion coefficients of various species present in a
mixture, thus allowing discrimination between components with
different sizes. Fig. 3a shows the DOSY spectrum of PScorePAarm38
in an aqueous solution at pH 9. DOSY spectrum represents a 2D map
with chemical shifts of the signals in the horizontal dimension and a
logarithm of the diffusion coefficient in the vertical dimension. The
top of the 2D spectrum shows the 1H NMR spectrum of the system.
The left hand side of the vertical dimension represents the diffu-
sion profile of the studied system, taken as a sum of the columns
along the chemical shifts of the signals between 5 and 0.5 ppm. The
maximum of the peak in the diffusion profile corresponds to the
diffusion coefficient of the respective component (Suppl. 2b).

The DOSY spectrum indicates the presence of one major compo-
nent at the chemical shifts of the CH2 and CH groups (1.5–2.5 ppm)
of the polymer with diffusion coefficient D = 1.32 × 10−11 m2/s.
Assuming spherical shape approximation the apparent hydro-

dynamic radius, Rh of the polymer particles can be estimated
using the Stokes–Einstein equation (1). The calculated value of
the PScorePAarm38 stars is Rh = 12.9 nm. Similarly, the following
values were obtained for PScorePAarm58: D = 1.23 × 10−11 m2/s and
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Fig. 1. The route to cispl

h = 14.0 nm. In addition to the defined structure of the nanopar-
icles and the monomodal distribution of their size, the high local
oncentration of functional groups, i.e. COO− residues, is an advan-
ageous property for the PScorePAarm polymers to be studied as
isplatin delivery vehicles.

.2. Loading of star polymers with cisplatin

The star copolymers were loaded with cisplatin by mixing of
he aqueous copolymer solution with the drug. The appropriate
onditions for cisplatin immobilization in terms of pH, concentra-
ion of cisplatin and time of incubation were selected based on a
ew preliminary experiments and on the results reported by other
esearchers working in the field (Bontha et al., 2006; Nishiyama
t al., 1999, 2001; Nishiyama and Kataoka, 2001; Schechter et al.,
989). Bontha et al. (2006) concluded that polymer micelles with
ross-linked poly(methacrylic acid) cores and PEG shells could be
aturated with cisplatin for 48 h at pH 9.0 and 37 ◦C. Having in
ind the pKa value of 4.75 for poly(acrylic acid) (Salamone, 1996;
reenwald and Luskin, 1980) we assumed that the appropriate

H value is above 7 where complete ionization of the carboxylic
unctions and maximum swelling of the ionic shell of the stars
s gained. Upon drug loading changes in the solution properties,
.e. turbidity and color, were monitored by naked eye. The sol-
bility of cisplatin in aqueous media is limited – approximately
tar polymer conjugates.

1 mg/ml at ambient temperature (Wong and Giandomenico, 2000).
Our observations were that at a starting cisplatin concentration in
the reaction feed mixture between 1 mg/ml and 2 mg/ml, the tur-
bid yellow mixture became transparent and colorless after 5–10 h
stirring at room temperature. These simple observations were an
undoubted evidence for drug solubilization through complexation
with the macromolecules. Applying an initial cisplatin concentra-
tion higher than 2 mg/ml (at the same carboxylate:cisplatin ratio)
the solution maintained its turbidity for more than 24 h. Incuba-
tion of the mixture at higher temperatures could accelerate the
exchange reaction and increase drug solubility but it is known
that Pt(II) can undergo a two-electron disproportionation to give
solid Pt(0) and soluble Pt(IV) complexes, especially when they are
heated in non-acidic solutions (Peleg-Shulman et al., 2001). There-
fore, in view of drug stability and time saving the preferred cisplatin
concentrations in the reaction mixtures were equal or lower than
2 mg/ml.

Changes of star size and mobility upon drug complexation were
followed by NMR measurements. PScorePAarm38 was loaded with
cisplatin by stepwise addition of certain amount of the drug to

the polymer solution in D2O. The feeding ratio [cisplatin]:[acrylate
units] changed as follows: 1:10 at the first loading step, 1:6 at the
second step and 1:4.5 after the third addition. The NMR spectra
(Fig. 2b–d) clearly indicate broadening of the two signals for CH and
CH2– groups of the polyacrylic arms upon increasing the quantity
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Fig. 2. 1H NMR spectra of the PScorePAarm38 star polymer (a) before loading and after step-wise addition of cisplatin to the feed mixture resulting in [acrylate units]:[cisplatin]
ratio as follows: (b) 10:1; (c) 6:1; and (d) 4.5:1.

Fig. 3. DOSY spectra of the PScorePAarm38 star polymer (a) before loading and after step-wise addition of cisplatin to the feedmixture resulting in [acrylate units]:[cisplatin]
ratio as follows: (b) 10:1; (c) 6:1; and (d) 4.5:1.

Table 2
Data about the star copolymer loading with cisplatin in an aqueous solution at a drug concentration of 2 mg/ml, temperature 22 ◦C, pH 9 and incubation time 24 h.

Sample Feeding molar ratio [carboxylate]:[cisplatin] Loading efficiency (%) Drug mass fraction in the loaded particles (%)

PScorePAarm38 3 80 45
PScorePAarm58 3 84 46
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Fig. 4. AFM image of PScorePA

f the drug. These spectral data evidenced the immobilization of
he platinum complex at the coordination sites of the polymer via
igand exchange reaction. The result is reduced chain mobility and
ignal broadening. Another effect that could contribute to the signal
roadening is the formation of some larger particles which most
robably are formed as a result of cisplatin induced crosslinking.
o further prove this suggestion DOSY spectra were also measured
ach time after addition of cisplatin to the polymer solution. The
esults are presented in Fig. 3b–d. The position of the main diffusion
eak used to calculate the diffusion coefficient is indicated with a
ash line. As already discussed the DOSY spectrum of the polymer
hows only one well defined diffusion peak with diffusion coeffi-
ient D = 1.32 × 10−11 m2/s. The results undoubtedly indicate that
ncreasing the quantity of cisplatin leads to an increase of the appar-
nt diffusion coefficient for the main fraction, meaning a decrease
f particle size. The measured diffusion coefficients calculated from
he DOSY profiles in Fig. 3b–d increase from 2.0 × 10−11 m2/s to
.5 × 10−11 m2/s up to 3.8 × 10−11 m2/s for the polymer solution
ith the highest amount of cisplatin. These values correspond to a
ecrease of particle sizes from 8.6 nm, to 6.8 nm down to 4.5 nm.
he only reason for the star contraction could be the binding of cis-
latin which lead to a decrease in the negatively charged groups and
hange in the chain conformation. Similar behavior was detected
or polymer micelles with ionic core upon loading with cisplatin
Bontha et al., 2006).

The spectra also display the appearance of slowly diffusing
articles upon increase of the amount of cisplatin. The diffusion
oefficients calculated for these particles decrease roughly from
.1 × 10−12 m2/s to 6.4 × 10−12 m2/s, down to 5.62 × 10−12 m2/s at
ach loading step. Although the trend is well defined the preci-
ion of the calculated D values is not very good due to the limiting
echnical capacity of the used standard NMR gradient equipment.
evertheless, the results imply that larger particles are also formed

n the mixture, which is in agreement with the observed signal
roadening in the 1H spectra. The progressive neutralization of
he polyacrylic arms due to the binding of cisplatin and the com-
aratively high polymer concentration could favor star coupling
ia ligand exchange with drug molecules. The absence of diffusion
eaks along the chemical shift lines of the other signals in the DOSY
pectrum could be explained with the significant broadening of the
ignals corresponding to the fragments at the crosslinking sites, due

o their immobilization and hence very low signal intensity. How-
ver, the solution remained transparent and no precipitation was
etected.

Our experimental results and those reported by other
esearchers point out that the ratio of cisplatin to the coordinating
Pt conjugate on mica surface.

groups of the carrier is an important factor governing the stabil-
ity of the loaded carrier. For instance, binding of cisplatin to the
side chains of poly(l-glutamic acid) through ligand substitution
caused precipitation when the molar ratio of drug to l-glutamic
acid residues in the polymer exceeded 0.2 (Schechter et al., 1989).
Higher molar ratios of the drug to the carboxylate functions were
achieved when block copolymers built up from PEG and polycar-
boxylic chains were used for drug complexing (Nishiyama et al.,
2001).

Taking the above into consideration the selected conditions for
the drug binding to the star macromolecules were: cisplatin con-
centration – 2 mg/mL; molar ratio [acrylic units]:[cisplatin] = 3:1;
temperature 22 ◦C; pH 9 and reaction time 24 h. The unbound
drug was removed by dialysis against deionized water for 48 h.
The obtained conjugates are assigned as PScorePAarm38-Pt and
PScorePAarm58-Pt. Their solutions were colorless and transparent.
Under these experimental conditions drug loading efficiency equal
or higher than 80% was achieved (Table 2). The corresponding
amount of the immobilized cisplatin was determined to be 45%
of the mass of the loaded particles.

The size of the loaded nanoparticles was measured in their
aqueous solution after dialysis using the light scattering experi-
ment at the angle 90◦ and polymer concentration of 1.6 mg/ml.
The results display one population of particles for the two con-
jugate solutions and values of the apparent hydrodynamic radius
as follows: R90◦

h = 8.7 nm for PScorePAarm38-Pt and R90◦
h = 10.1 nm

for PScorePAarm58-Pt. Though the size distribution remained
monomodal the dispersity of the particles size (PDI) strongly
increased and an average value of PDI = 0.20 was measured for the
two conjugates (Suppl. 3). The increase in the size distribution of
the stars indicate the formation of larger nanoparticles from stars
linked together when COO− ligands from different macromolecules
have reacted with one cisplatin molecule.

The PScorePAarm38-Pt and PScorePAarm58-Pt loaded particles
were visualized by atomic force microscopy (AFM). An AFM
image of PScorePAarm58-Pt is shown in Fig. 4 (the AFM image of
PScorePAarm38-Pt is given in Suppl. 4). Spherical in shape particles
were observed for the two systems. Their dimensions calculated
from the AFM images in horizontal direction are in the range
from 17 nm to 23 nm, while in the Z-direction do not exceed 5 nm.
Most probably, the observed broadenning in the features could be

ascribed to tip convolution effects. Additionally, flattering of the
particles caused by electrostatic repulsion between the negatively
charged polyacrylate arms of the stars could be also assumed.

It seems that the length of the polyacrylic arms of the stars
does not influence the loading capacity of the particles. It is likely
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Fig. 5. Release of Pt(II) complexes from drug loaded star copolymers at 37 ◦C: (�) PScorePAarm58-Pt in phosphate buffered saline (pH 7.4, 0.14 M NaCl); (�) PScorePAarm38-Pt in
phosphate buffered saline (pH 7.4, 0.14 M NaCl); (�) PScorePAarm38-Pt in RPMI-1640 liquid medium supplemented with 10% fetal bovine serum (FBS) and 2 mM l-glutamine.
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Fig. 6. Intracellula

hat the drug molecules could be immobilized through exchange
f one or both chloride ligands with carboxylate ions and presum-
bly intramolecular or intermolecular cross-linking through the
ormation of –COO–Pt–OOC– bridges between acrylic arms may
ake place (Fig. 1). In addition, the star macromolecules possess

omparable or higher loading capacity to the reported in literature
arriers (Bontha et al., 2006; Malik and Duncan, 2003) and there
s no need to comply with a critical degree of complexation as it

as the case with the formation of stable metal–polymer micelles
Nishiyama et al., 1999, 2001). From a pharmaceutical point of view
ls of platinum (II).

such a remarkably high capacity of drug loading might be con-
sidered as a valuable precondition for development of a cisplatin
delivery system.

3.3. Release of platinum (II) complexes
The platinum (II) species release from the loaded star macro-
molecules was evaluated by dialysis method under physiological
conditions. The dialysis bags containing a solution of loaded par-
ticles with known drug content were immersed in phosphate
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Fig. 7. Cytotoxic effect of (�) free cisp

uffered saline (PBS, pH 7.4, 0.14 M NaCl) at 37 ◦C. The obtained
elease profiles (Fig. 5) indicate sustain manner of drug release
rom the macromolecular carrier. One-third of the loaded drug was

eleased within 9 days and no clearly expressed initial burst effect
as observed. During the first 8 h of incubation only 4% of the

mmobilized drug was released. This could be an indication that the
hole amount of drug was complexed to the copolymer via ligand
(�) PS PA 38-Pt and (�) PS PA 58-Pt.

exchange. For that reason, no platinum release was evident in dis-
tilled water on storage. It was pointed earlier (Bontha et al., 2006;
Nishiyama et al., 1999, 2001) that the presence of chloride ions

in the physiological solution was essential for the release process,
affording conditions for the inverse ligand substitution reaction.
Formation of aqua or hydroxo platinum (II) complexes is also pos-
sible (Martin, 1999).
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Table 3
IC50 values for the free cisplatin and its polymer conjugates.

Cell line IC50(�mol/l)

Cisplatin PScorePAarm58-Pt PScorePAarm38-Pt

72 h 96 h 72 h 96 h 72 h 96 h

MDA-MB-23a 9.2 4.8 >200.0 107.2 >200.0 145.2
K-562b 10.9 3.2 148.3 69.2 185.4 117.9
HL-60c 7.3 3.4 94.0 53.3 145.2 80.4

HUT-78d 4.1 2.03 49.7 20.9 71.2 28.4

a

A. Kowalczuk et al. / International Jou

An experiment performed in RPMI-1640 liquid medium sup-
lemented with 10% FBS and 2 mM l-glutamine revealed a release
rofile very close to that obtained in a buffered saline solution.
esides inorganic salts, mainly KCl and NaCl, the RPMI-1640 liq-
id medium contains variety of amino acids. It is well known that
isplatin and aquachloroplatinum (II) complexes react with sulfur
ontaining amino acids (cysteine, methionine) and proteins thus
nfluencing the ratio between the platinum (II) species (Stefánka
t al., 2004; Nagai et al., 1996). Unfortunately, the analytical meth-
ds used for determination of Pt content do not differentiate
etween the platinum (II) species in the solution.

The release of the Pt(II) complexes from both PScorePAarm38-
t and PScorePAarm58-Pt conjugates occurred at a similar rate. The
ncrease in the length of the polyacrylic arms influenced insignifi-
antly the release rate of the drug. It is worth mentioning that the
bserved sustained release of the Pt(II) complexes in physiologi-
al saline, also confirmed in RPMI-1640 liquid medium, can be of
great advantage for the passive drug targeting to solid tumors,

ecause of the prolong time periods known to be required for
acromolecular drugs to accumulate in solid tumors through the

loodstream (Matsumura and Maeda, 1986).

.4. Cellular uptake

As the ultimate pharmacological target for cisplatin is the
enomic DNA its cellular internalization and hence attaining
ufficient intracellular levels is a crucial prerequisite for opti-
al activity. On this ground we sought to determine whether

he polymeric carriers allow intracellular localization of the
ntrapped drug. To meet this objective exponentially growing K-
62 and Hut-78 cells were seeded in sterile Petri dishes and were
xposed to cisplatin, as free drug and macromolecular conjugate
ScorePAarm58-Pt at equimetal concentrations (corresponding to
0, 30 or 60 �M cisplatin) for 30, 60 or 120 min. Thereafter the

ntracellular levels of platinum were determined using atomic
bsorption spectroscopy and presented as ng Pt/106 cells.

It is evident from the results obtained the free drug was more
apidly and completely internalized by both cell lines, as com-
ared to the corresponding polymer-based formulation of cisplatin
Fig. 6). Nevertheless, the level of platinum uptake was not com-
atible with the established slow rate of drug release, especially
aving into consideration the short incubation periods. Hence, the
easured cellular accumulation of cisplatin can be ascribed to the

ptake of both pre-released complexes and endocytosed drug con-
ugates.

.5. Cytotoxicity

In order to evaluate whether cisplatin loaded into the designed
ano-carriers exerts cytotoxic effects we carried out an in vitro
ell viability study, using a panel of four human tumor cell lines,
epresentative for some clinically important types of neoplastic dis-
ase, namely HL-60 (acute promyelocyte leukemia), K-562 (chronic
yeloid leukemia), Hut-78 (T-cell lymphoma) and MDA-MB-231

estrogen receptor-negative breast cancer). Exponentially growing
ells were exposed to varying concentrations of free cisplatin and
ts polymeric formulations (corresponding to 3–200 �M free drug)
or either 72 or 120 h. Thereafter, the cellular viability was assessed
y the MTT-dye reduction assay and the corresponding IC50 values
ere calculated from the dose–response curves, using non-linear

egression analysis.

It is evident from the data presented in Fig. 7 and Table 3 the

mmobilization of cisplatin in the polymeric nano-carriers results
n a shift of the dose response curves to higher concentrations
nd respectively with an increase of the IC50 values. This could be
scribed to the fact that it is the free drug which interacts with
Breast cancer (ER-negative).
b Chronic myeloid leukemia.
c Acute promyelocyte leukemia.
d T-cell lymphoma.

DNA to trigger cell death, and hence the established lower cyto-
toxicity of loaded cisplatin is expected and is consistent with the
sustained manner of drug release shown in Fig. 5. Both polymers
PScorePAarm38 and PScorePAarm58 were not toxic at the concentra-
tions used for the conjugates. Nevertheless, by virtue of the EPR
effect and the reduced reactivity towards non-pharmacological tar-
gets (e.g. serum proteins and low molecular weight thiols), the
polymeric conjugates are expected to attain higher intra-tumoral
levels of platinum in vivo, as compared to the free cisplatin.

4. Conclusions

A new core–shell nanocarrier was designed as a delivery vehicle
of cisplatin. The macromolecules have star geometry with a highly
branched core and covalently attached linear arms. These con-
structs display a combination of key features for drug conjugation,
such as hydrophilic shell with high density of functional groups –
carboxylate ions that are able to reversibly exchange ligands with
cisplatin and therefore to regenerate the agent at physiological salt
concentrations. A high drug payload was achieved – higher than
the one obtained with the linear homopolymers and alternating
copolymers, or dendrimer macromolecules. Diffusion ordered NMR
spectroscopy was used to determine the size of the star particles, as
well as the changes in their size and mobility upon drug complex-
ation. At the initial stage of cisplatin loading star contraction was
monitored. The increase of the drug amount resulted in appearance
of larger particles probably due to star coupling via ligand exchange
with drug molecules and consequently increase of particle size dis-
tribution was observed. However, this cross-linking is reversible
in nature under the conditions of drug release. The platinum (II)
complexes were released in sustained manner without initial burst
effect. In vitro studies reveal lower cytotoxicity of the conjugates
consistent with the sustained release of the agent and slower cellu-
lar uptake of the conjugated drug compared to that of free cisplatin.
Nevertheless, the intracellular levels of platinum (II) complexes
indicate that a considerable fraction of the nanoconjugates were
endocytosed.
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