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’ INTRODUCTION

Platinum drugs are one of the most efficient drugs currently
utilized to suppress the growth of a number of solid tumors
including ovarian, bladder, testicular, head and neck, small-cell,
and non small-cell lung cancers.1�3 The activity of cisplatin [cis-
dichlorodiamine platinum(II); CDDP], the parent of all the
platinum drugs, and its second-generation analogues (i.e., oxali-
platin and carboplatin) have been well studied, and the results are
summarized in the literature over the years.2,4�7 However, their
clinical toxicity and the development of drug resistance can cause
major problems.2,8,9 Cisplatin undergoes a range of nonselective
binding events with a vast number of biomolecules including
phospholipids and proteins in the body that reduce the activity of
the drug on its way to the tumor. Despite adequate serum con-
centrations achieved from intravenous infusions, only a small
proportion finds its way to the tumor to ultimately induce
apoptosis by binding to DNA.10,11 Moreover, the drug is dis-
tributed throughout the whole body upon administration and
this produces dose-limiting nephro- and hepatoxicities. Hence,
better targeting of the drug to the DNA of cancerous cells would
be highly advantageous, at least theoretically.

One of the most promising strategies to enhance targeting is to
employ polymeric nanocarriers to achieve passive targeting via the
enhanced permeation retention effect (EPR).12�14 Nanoparticles

enable protection of cisplatin from undesirable binding events
during drug distribution in the body, while facilitating the tran-
sport of the drug across the cell membrane via endocytosis at the
site of action. Polymeric micelles, self-assembled block copoly-
mers with a core�shell structure, are well-known as potential
vehicles to target drugs, proteins, genes, and imaging agents to
tumors.12

Platinum drugs consist typically of two permanently bound
ligands, usually amines, and two labile leaving ligands, which are
based on chlorides or carboxylate functional groups (Figure 1).
Earlier research efforts in creating carrier-bound platinum com-
plexes were aimed at the development of conjugates in which the
two amine ligands were donated by the polymer either as main
chain components or as side chain moieties. However, if the drug
is tightly bound to the polymer, release is only possible via
degradation of the polymer, and therefore, a macromolecular
platinum drug, and not a drug carrier, has been created.15 A dif-
ferent drug binding strategy involves the coordination via car-
boxylato ligands, thus permitting drug release via hydrolytically
cleaved carboxyl leaving groups.16 A range of polymers with inherent
ligating groups such as poly(aspartic acid),17,18 poly(glutamic acid),19
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ABSTRACT: A new monomer with a neighboring carboxylate
functional group was prepared via carbon Michael addition
between ethylene glycol dimethacrylate and malonate. The
monomer, 1,1-di-tert-butyl 3-(2-(methacryloyloxy)ethyl) bu-
tane-1,1,3-tricarboxylate (MAETC), was polymerized in a con-
trolled manner using RAFT polymerization. After deprotection
and the conjugation of platinum drugs, a macromolecular Pt
complex was created, which was found to be insoluble in water.
195Pt NMR revealed that the desired complex has been formed
next to a minor fraction of other Pt complexes. Block copoly-
mers were prepared using poly[oligo(ethylene glycol) methyl ether methacrylate] (POEGMEMA) as macroRAFT agent for chain
extension with the synthesized monomer to yield three different block copolymers with varying PMAETC block lengths.
Subsequent conjugation to platinum resulted in amphiphilic block copolymers, which can ultimately generate micelles. The length
of the core block had significant contribution to the micelle sizes with the micelle size increasing with an increase of the hydrophobic
block length. The polymers prior to platinum conjugation were found to be nontoxic when in contact with A549, a lung cancer cell
line. After conjugation with the platinum drug, the micelle with the shortest PMAETC block length was found to have the highest
toxicity, which may be due to the fastest cisplatin release when compared to the longer PMAETC block lengths.
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and poly(methacrylic acid)20 have been employed to generate
platinum�polymer complexes. The common feature of these poly-
mers is that two ligands coordinate to platinum in nonspecific
geometry, thus allowing cross-linking of polymer chains to take place.

More recent developments in platinum drug carrier design has
shifted from monodentate carboxylato ligands to well-defined
bidentate carboxylato ligands with usually 1,1- or 1,2-geometry
resulting in the formation of chelate rings after coordination with
platinum. The formation of 6�8 member rings with platinum
promotes stability of the complex in solution resulting in struc-
turally better defined platinum complexes. Polymers with biden-
tate ligands should therefore be more likely to result in soluble
polymers with cross-linking being absent. Furthermore, this
configuration of platinum complex is similar to carboplatin
(Figure 1B), which shows reduced nephrotoxicity, is less toxic
to the gastrointestinal tract, and is less neurotoxic compared to
cisplatin (Figure 1A).2 Although the adducts between carbopla-
tin and DNA are exactly the same as those formed by cisplatin,
20�40 fold higher concentration of carboplatin are required, and
the rate of binding to DNA is around 10-fold slower.21 The
design of AP5346, polymeric drug delivery system for platinum
drugs, was inspired by this type. In this elegant approach, a
statistical copolymer with 1,2-carboxylato ligands were created,
although the subsequent Pt complex formation did not involve
the form carboplatin derivatives but N,O-chelates were formed
involving amide functionalities from the polymer side chain.22 In
our previous study, attempts to generate O,O0-chelates using 1,
2-dicarboxylate ligand, which were clicked via thiol�ene chem-
istry to the backbone, led to the probable involvement of the
thioether in the complex formation.23

So far, however, there has been little investigation on well-
defined polymer architectures such as block copolymers with
controlled molecular weight and bidentate ligands.

Two different approaches can be used for the synthesis of the
requisite carrier polymer: polymerization of a dicarboxylato-con-
taining monomer or postfunctionalization of preformed poly-
mers using dicarboxylato moieties. In the previous study, a full
investigation of postfunctionalized polymers with dicarboxylato
groups and subsequent conjugation to platinum drugs were
carried out. However, postfunctionalization leads to introduction
of linkers that can potentially bind to platinum.23 In contrast, the
direct polymerization of a dicarboxylato-containingmonomer could
offer several advantages such as resulting in a fully functionalized
polymer and fewer side-reactions.

The aim of this work was the preparation of monomers with
bidentate carboxylato groups with the prerequisite to have any
groups absent, which can potentially form complexes with Pt
(Figure 2). To ensure the formation of carboplatin derivatives,
malonates were conjugated to the polymers via the formation of
C�C bonds and therefore any nitrogen and sulfur ligands were
absent. The base-catalyzed Michael addition of a nucleophile

such as an enolate anion (Michael donor) to an activated α,β-
unsaturated carbonyl-containing compound (Michael acceptor)
were chosen as a suitable avenue to create monomers with
bidentate carboxylate ligands while other strongly ligating groups
are absent.24 RAFT polymerization was subsequently employed
to synthesize block copolymers carrying bidentate carboxylato
ligands with different varying block lengths. Platination can
generate six-membered ring structures, which promotes the
stability of the complex in the solution16,25 while different block
copolymers may produce a variety of micelle sizes (Figure 2).26

’EXPERIMENTAL PART

Materials. Unless otherwise specified, all chemicals were reagent
grade and were used as received: di-tert-butyl malonate (Aldrich, 98%),
ethylene glycol dimethacrylate (EGDMA, Aldrich, 98%), potassium
carbonate (Univar, anhydrous), 18-crown-6 (Sigma-Adrich, 99%), tetra-
hydrofuran (THF, anhydrous, 98%, Aldrich), diethyl ether (Et2O anhydrous,
Ajax Finechem, 99%), petroleum ether (BR 40�60 �C; Ajax Finechem,
90%), ethyl acetate (ETOAc, AjaxFinechemicals, 99.5%),N,N-dimethyl-
acetamide (DMAc; Aldrich, HPLC grade), magnesium sulfate (Ajax
Finechem, 70%), toluene (Aldrich; purum), 1,4-dioxane (Sigma-Aldrich,
99%), chloroform-d (CDCl3; Cambridge Isotape Laboratories), cis-
Dichlorodiaminoplatinum(II) (CDDP; Sigma-Aldrich; 99.9%), o-phe-
nylenediamine (o-PDA; Hopkin and Williams).

2,2-Azobis(isobutyronitrile) (AIBN; Fluka, 98%) was purified by recrys-
tallization from methanol. Oligo(ethylene glycol) methyl ether metha-
crylate (OEGMEMA; MW = 300 g mol�1; Aldrich) was deinhibited by
passing through a column of basic aluminum oxide.

The RAFT agent (4-cyanopentanoic acid)-4-dithiobenzoate (CPADB)
was synthesized according to literature27,28 and recrystallized from toluene.
Deionized (DI) water produced by aMili-Qwater purification system has a
resistivity of 17.9 mΩ/cm.
Analyses. Size Exclusion Chromatography (SEC). SEC was im-

plemented using a Shimadzu modular system comprising a DGU-12A
degasser, a LC-10AT pump, aSIL-10AD automatic injector, a CTO-10A
column oven, a RID-10A refractive index detector, and a SPD-10A
Shimadzu UV/vis detector. A 50� 7.8mmguard column and four 300�
7.8 mm linear columns (500, 103, 104, and 105 Å pore size, 5 μm particle
size) were used for the analyses. N,N0-dimethylacetamide (DMAc)
(HPLC grade, 0.05% w/v of 2,6-dibutyl-4-methylphenol (BHT), 0.03% w/v
of LiBr) with a flow rate of 1 mL min�1and a constant temperature of
50 �C was used as the mobile phase with an injection volume of 50 μL.
The samples were filtered through 0.45 μm filters. The unit was calibrated
using commercially available linear polystyrene standards (0.5�1000 kDa,
Polymer Laboratories). Chromatograms were processed using Cirrus
2.0 software (Polymer Laboratories).

Nuclear Magnetic Resonance (NMR) Spectroscopy. 1H and 13C
NMR spectra were recorded using a Bruker ACF300 (300 MHz) spec-
trometer, with (CD3)2SO, CD3OD, or CDCl3 used as solvents. All
chemical shifts are stated in ppm (δ) relative to tetramethylsilane (δ = 0
ppm), referenced to the chemical shifts of residual solvent resonances
(1H and 13C). The number of scan was 16 as default for all polymer
samples. For 195Pt NMRmeasurement, 195Pt resonances were externally
referenced to Na2PtCl6 at 0 ppm. Spectra were obtained using a broad-
band observe 5 mm probe with z-axis gradient capability. The Bruker
pulse program zgmultiscan was modified to execute a very short delay
time (set at d1 = 2ms) followed by a hard 90� pulse. The experiment was
run in increments of 20 000 scans (ns =20 000) over a 130 kHz sweep
width (9 ms acquisition time). A loop counter parameter 13 = 100 was
incorporated such that the initial iteration of 20 000 scans was repeated
90 times to give an accumulated number of 2 000 000 scans (FIDs from
each iteration were automatically combined and Fourier transformed to
produce the frequency domain spectrum).

Figure 1. Cisplatin (A) and its second generation analogue carboplatin (B).
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Dynamic Light Scattering (DLS). The average hydrodynamic
diameters Dh and size distributions of the prepared micelle solution
in an aqueous solution (1 mg mL�1) were measured using a Malvern

ZetasizerNano ZS instrument equipped with a 4 mV He�Ne laser
operating at λ = 632 nm, an avalanche photodiode detector with
high quantum efficiency, and an ALV/LSE-5003 multiple-τ digital

Figure 2. Monomer synthesis via Michael addition and subsequent synthesis of block copolymers via RAFT polymerization, followed by the
conjugation of Pt drugs and the formation of micelles, and release of platinum from polymeric platinum micelles.
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correlator electronics system. The samples were filtered to remove dust
using a microfilter (0.45 μm) prior to measurement.
Transmission Electron Microscopy (TEM). Analyses were performed

using a JEOL 1400 TEM with a beam voltage of 100 kV and a Gatan
CCD for acquisition of digital images. Samples were prepared by placing
a droplet of a 1 mgmL�1 polymer solution on a formamide and graphite
coated copper grid and draining the excess using filter paper after 60 s.
To negatively stain the samples a droplet of 2% (w/v) phosphotungstic
acid solution was placed on the copper grid for 30 s before being drained
with filter paper.
Thermo Gravimetric Analysis (TGA). Thermal decomposition proper-

ties of polymers were recorded using a Perkin-Elmer thermogravimetric
analyzer (Pyris 1 TGA). Analyses were conducted over a temperature
range of 30�700 �C with a programmed temperature increment of 20 K
per min.
Inductively Coupled Plasma-Mass Spectrometer (ICP-MS). The

Perkin-Elmer ELAN 6000 inductively coupled plasma-mass spectro-
meter (Perkin-Elmer, Norwalk, CT) was used for quantitative determi-
nations of platinum. All experiments were carried out at an incident ratio
frequency power of 1200 W. The plasma argon gas flow of 12 L min�1

with an auxiliary argon flow of 0.8 L min�1 was used in all cases. The
nebulizer gas flow was adjusted to maximize ion intensity at 0.93 L min�1

as indicated by themass flow controller. The element/mass detected was
195Pt and the internal standard used was 193Ir. Replicate time was set to
900 ms and the dwell time to 300 ms. Peak hopping was the scanning
mode employed and the number of sweeps/readings was set to 3. Ten
replicates were measured at a normal resolution. The samples were
treated with aqua regia solution at 90 �C for 2 h to digest platinum.
Synthesis. Synthesis of 1,1-di-tert-Butyl 3-(2-(Methacryloyloxy)ethyl)

Butane-1,1,3-tricarboxylate (MAETC). In a typical experiment, ethylene gly-
col dimethacrylate (EGDMA, 2.657 g, 13.4 mmol, 3 equiv), potassium
carbonate (0.679g, 4.9mmol, 1.1 equiv), and18-crown-6 (0.039g, 0.15mmol,
0.033 equiv) as a catalyst were added to 0.7 mL of anhydrous THF and the
mixturewas cooled to 0 �C in an ice bath before degassing under nitrogen for
30 min. Di-tert-butyl malonate (0.966 g, 4.5 mmol, 1 equiv) was added
dropwise with vigorous stirring. The slurry suspension was stirred for 30min
while maintaining the temperature at 0 �C then stirred for a further 48 h at
40 �C. The color changed from no color to yellowish. The deionized (DI)
water (15 mL) was added into the slurry before being washed three times
with diethyl ether (3� 30 mL) using a separation funnel. The diethyl ether
phases were combined and evaporated using the rotary evaporator. The
residual oily liquid was purified by silica gel column chromatography using
petroleum spirit/ethyl acetate mixture as gradient eluent with the ratio from
20:1 to 8:1, v/v. The collected fractions were examined by TLC (stained by

permanganate solution). The product (Rf = 0.3) was obtained as an oily
yellowish liquid (61% in yield) and characterized by 1H and 13CNMR spec-
troscopy (Figure 3) andESI�MS.The liquid solidified into crystals when left
in a freezer overnight. 1H NMR (300.17 MHz, CDCl3, 25 �C): δ (ppm) =
6.12 (s, 1H,H1), 5.58 (s, 1H, H2); 4.34 (t, 4H, H4 and H5, J = 1.08 Hz);
3.2�3.25 (dd, 1H, H9, J = 6.45 Hz, J = 8.91 Hz); 2.45�2.57 (qq, 1H, H6,
J = 6.99 Hz); 2.15 (dd, 1H, H8, J = 6.54 Hz); 1.9 (dd, 4H, H8 and H3, J =
6.12 Hz); 1.43 (s, 18H, H10); 1.18 (d, 3H, H7, J = 7.02 Hz).

13C NMR (75.48 MHz, CDCl3, 25 �C): δ(ppm) = 175.37(Cg),
168.41(Cn), 168.21 (Cp), 166.99 (Cd), 135.79 (Cc), 126.01 (Ca), 81.50
(Co), 62.33 (Ce), 61.99 (Cf), 51.64 (Cm), 37.08 (Ch), 31.96 (Cl), 27.79
(Cq), 18.18 (Cb), 17.30 (Ck). See ESI-Figure S1 in Supporting Infor-
mation for full spectra.

ESI�MS: calcd for C21H34O8, 414.23; found 437.1 (Na+).
Polymer Synthesis. RAFT Polymerization of MAETC Using CPADB

RAFT Agent.MAETC (0.866 g, 2.09� 10�3mol), CPADB (5.84� 10�3 g,
2.09 � 10�5 mol) as RAFT agent, and AIBN (0.69 � 10�3 g, 4.18 �
10�6 mol) as initiator were dissolved in toluene (1.73 mL) in a 10 mL vial
to give [MAETC]:[CPADB]:[AIBN] = 100:1:0.2 and [MAETC] = 1.21
mol L�1. The solution was divided into seven small vials, which were deoxy-
genated using nitrogen purging. The small vials were placed into a constant
temperature oil bath at 70 �C. Each vial was collected at regular time intervals
and plunged immediately into an ice bath to cease the polymerization. The
final solutionwas precipitated into chilled hexane, followed by centrifuging to
give a pinkwaxypolymer. After a polymerization timeof 7h, 1HNMRreveals
amonomer conversion of 70% (Mn,theo = 29,294 gmol

�1,Mn,SEC = 19300 g
mol�1, PDI= 1.12). 1HNMR(300.17MHz, acetone-d6, 25 �C):δ (ppm) =
8.0�7.4 (aromatic ring of CPADB), 4.5�4.0 (4nH,OCH2CH2O), 3.4�3.2
(nH, tert-Bu�OOCCH(CH2)COO�Bu-tert), 2.7�2.4 (nH, (CdO)CH-
(CH3)�CH2), 2.3�2.1 (nH, (CdO)CH(CH3)�CH2CH), 2.1�1.8 (nH,
(CdO)CH(CH3)�CH2CH), 1.6�1.4 (18nH, (CdO)�OCH(CH3)3),
1.4�1.2 (3nH, CH3 of the main chain), 1.2�0.9 (2nH, CH2 of the main
chain). n is the degree of polymerization (DPn) of PMAETC.

Deprotection of the t-Bu Group from Block Copolymer of PMAETC
and POEGMEMA. In a typical experiment, POEGMEMA-block-PMAETC
(10 mg, 4.57� 10�7 mol) and trifluoroacetic acid (4� 10�5 mg, 4.57�
10�6 mol) were added to dichloromethane (0.8 mL) in the Schlenk tube.
The tube was sealed and reacted at room temperature with stirring for
72 h. The final reaction mixture was then dialyzed in a 1000 molecular
weight cutoff (MWCO) dialysis membrane against acetone�water (1:1)
as solvent. The solvent was replaced in regular intervals of 3 h during the
dialysis course, followed by dialysis against pure water. Subsequently, the
remaining solution inside the bag was freeze-dried to yield a white waxy
polymer. The deprotected copolymers were characterized by GPC and
1H NMR. 1H NMR (300.17 MHz, acetone-d6, 25 �C): δ (ppm) =
4.5�4.0 (4nH, OCH2CH2O), 3.6�3.4 (nH, HOOCCHCH2COOH),
2.7�2.4 (nH, OOCCHCH3CH2), 2.3�2.1 (nH, OOCCHCH3CH2CH),
2.1�1.8 (nH, OOCCHCH3CH2CH), 1.4�1.2 (3nH, CH3 of the main
chain), 1.2�0.9 (2nH, CH2 of the main chain). n is the degree of poly-
merization (DPn) of PMAETC.

RAFT Polymerization of OEGMEMA Using CPADB RAFT Agent. OEG-
MEMA (7.0 g, 2.3 � 10�2 mol), CPADB (0.065 g, 2.3 � 10�4 mol) as
RAFT agent, and AIBN (0.0077 g, 4.67 � 10�5 mol) as initiator were
dissolved in toluene (46.62 mL) in a 100 mL round-bottom flask to give
[OEGMEMA]:[CPADB]:[AIBN] = 100:5:0.2 and [OEGMEMA] =
0.5 mol L�1. The solution was divided into aliquots, sealed by rubber
septum and thoroughly deoxygenated using nitrogen purging for 45 min
before placed in a constant temperature oil bath at 70 �C. Samples were
taken out at regular time intervals and analyzed via 1H NMR to determine
the conversion, followed by precipitating in petroleum spirit. The final
macroRAFT agent was characterized by GPC and 1H NMR. 1H NMR
(300.17MHz, CDCl3, 25 �C): δ (ppm) = 4.4�4.2 (2nH, CH3COOCH2-
CH2O), 4.0�3.8 (11nH, CH2 of OEGMEMAmonomer), 3.6�3.4 (3nH,
CH3 of chain end ofOEGMEMA), 1.4�1.2 (3nH,CH3 of themain chain),

Figure 3. Monomer with 1H NMR (left) and 13C NMR (right) label.
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1.2�0.9 (2nH, CH2 of the main chain). n is the degree of polymerization
(DPn) of POEGMEMA.
Chain Extension of Poly(OEGMEMA) as MacroRAFT Agent with

MAETC. A batch of POEGMEMA (4 g) was synthesized using acetonitrile
as a solvent to target a theoretical molecular weight of 12 000 g mol�1 by
polymerizingOEGMEMA for 3 h using CPADBunder identical conditions
as those described previously (XNMR =50%, Mn,theo = 15,279 g mol�1,
Mn,SEC= 11100 g mol�1, PDI = 1.06). MAETC (0.1225 g, 3.03 � 10�4

mol), POEGMEMA (Mn,theo =15,279 g mol
�1,Mn,SEC = 11100 g mol�1,

PDI = 1.06, 0.046 g, 3.03 � 10�6 mol) as MacroRAFT agent, and AIBN
(10�4 g, 6.06 � 10�7 mol) were dissolved in 0.6 mL of dioxane to result
in [MAETC]:[POEGMEMA]:[AIBN] = 100:1:0.2 and [MAETC] =
0.5 mol L�1. The vial was capped with a rubber septum, paraffin film,
and copper wire. Six vials of the solution were thoroughly deoxygenated
using nitrogen purging for 45 min and then placed in a oil bath at 70 �C.
Samplewere taken every 1 h up to 6 h and quenched in an ice bath. The final
copolymer was characterized by GPC and 1H NMR. 1H NMR (300.17
MHz, CDCl3, 25 �C): δ (ppm) = 4.3�4.0 (4mH,OCH2CH2O), 4.0�3.8
(2nH, COOCH2CH2OCH2CH2O), 3.8�3.5 (11nH, COOCH2CH2-
OCH2CH2O), 3.5�3.3 (3nH, OCH2CH2OCH2CH2OCH3), 3.3�3.1
(mH, tert-Bu�OOCCHCH2COO�Bu-tert), 2.6�2.4 (mH, OOCCH-
CH3�CH2), 2.3�2.0 (mH, OOCCHCH3CH2CH(COO�Bu-tert)2),
2.0�1.6 (mH + 3mH + 3nH, OOCCHCH3CH2CH(COO�Bu-tert)2,
CH3 attached to the backbone of MAETC, CH3 attached to the backbone
of OEGMEMA, respectively), 1.5�1.3 (18mH, OOCCHCH3CH2CH-
(COO(CH3)3)2), 1.3�1.1 (3nH,CH3of themain chain), 1.1�0.7 (2nH+
2mH,CH2 of themain chain of OEGMEMA andCH2 of themain chain of
MAETC, respectively). n andm are the degrees of polymerization (DPn) of
POEGMEMA and PMAETC, respectively.
Deprotection of Block Copolymers. Deprotection of tert-butyl

groups of block copolymers was carried out similar to the procedure
mentioned above. The deprotected copolymer was characterized by 1H
NMR, COSY�NMR, and HSQC�NMR. 1H NMR (300.17 MHz, ace-
tone-d6, 25 �C):δ (ppm) = 4.3�4.0 (4mH,OCH2CH2O), 4.0�3.8 (2nH,
COOCH2CH2OCH2CH2O), 3.8�3.5 (11nH, OCOCH2CH2OCH2-
CH2OCH3), 3.5�3.3 (3nH, OCH2CH2OCH2CH2OCH3), 3.3�3.1
(mH, tert-Bu�OOCCHCH2COO�Bu-tert), 2.6�2.4 (mH, OOCCH-
CH3CH2), 2.3�2.0 (mH, OOCCHCH3CH2CH(COO�Bu-tert)2),
2.0�1.6 (mH + 3mH + 3nH, OOCCHCH3CH2CH(COO�Bu-tert)2,
CH3 attached to the backbone of MAETC, CH3 attached to the back-
boneofOEGMEMA, respectively), 1.5�1.3 (18mH,OOCCHCH3CH2CH-
(COO(CH3)3)2), 1.3�1.1 (3nH, CH3 of the main chain), 1.1�0.7
(2nH + 2mH, CH2 of the main chain of POEGMEMA and CH2 of the
main chain of PMAETC, respectively). n and m are the degrees of poly-
merization (DPn) of POEGMEMA and PMAETC, respectively.
Polymer�PlatinumConjugates.Conjugation of cisplatin to the

polymer was described in previous works, but some modifications have
been introduced here.29,30 In a typical experiment, CDDP (10 mg) was
suspended in 10 mL distilled water and mixed with silver nitrate
([AgNO3]/[CDDP] = 1.955) to form the aqueous complex. The
solution was stirred in the dark at room temperature for 4 h. A white
precipitate of silver chloride was observed indicative of the proceeding
reaction. The mixture was then centrifuged at 9000 rpm for 20 min to
remove the AgCl precipitates and the supernatant was purified by
passing through a 0.22 μm filter. Polymers with carboxyl functional
groups (25 mg, dissolved in 2 mL of NaOH (1 mg mL�1)) were added
to above CDDP aqueous solution and left to react in a water bath at
37 �C for 12 h with gentle shaking to result in polymer-CDDP con-
jugates. The prepared conjugate was purified by Ultrafiltration using
Sartorius Vivaspin 6 centrifugal filter devices with a molecular weight cut
off of 3000 Da and then freeze-dried. The final product was a yellow
powder.
Release of Platinum Drug from Polymeric Platinum Con-

jugates. Polymeric platinum conjugates (10 mg) was dissolved in

saline water 0.9% NaCl (pH 7.0) and dialyzed (cellulose tubing with
molecular weight cut off approximately 3500 Da) against saline 0.9%
solution (250 mL) at 37 �C. Aliquots of 1 mL were taken in regular time
intervals from the dialysate over 168 h. The amount of released Pt was
determined using inductively coupled plasma mass spectroscopy
(ICP�MS). To a 10mL centrifuge tube, 1mL of the dialysate was diluted
five times by aqua regia 2% (HCl:HNO3 = 3:1). The solution was then
digested at 60 �C for 3 h before cooled down to room temperature. The
concentration of Pt released from the conjugate was expressed as a ratio
of the amount platinum in the releasing solution and that in the initial
sample. The percentage of Pt released was calculated using

% release ¼ VtotalðtÞ � C þ Y
Z

where Vtotal(t) is the remaining volume in the releasing container at time
t in mL; C is the concentration of platinum determined from ICP-MS in
μgmL�1, Y is the the amount of platinum that has already been collected
in μg, and Z is the total amount of platinum at t = 0 present in the dialysis
bag in μg
Cytotoxicity Assay. All micelle solutions of Pt�polymer conju-

gates were prepared using dialysis method. In a typical experiment,
10 mg of polymer (BP-E27/Pt) was fully dissolved in DMF, followed by
adding dropwise 3 mL of DI water. Subsequent dialysis against DI water
yield ∼2.5 mg mL�1 micelle solution. The solutions were diluted with
DI water to obtain the desired concentrations.

The Sulforhodamine B (SRB) assay established by the U.S. National
Cancer Institute for rapid, sensitive, and inexpensive screening of
antitumor drugs in microplates was employed to screen the cytotoxicity
and antitumor activities of polymers and polymeric platinum drugs,
respectively.31 Human nonsmall lung cancer cells (NSCLC, A549)
diluted in 100 μL of RPMI-1640 medium (2 mM L-glutamine, 1.5 g L�1

sodium bicarbonate, 10 mM HEPES, 4.5 g L�1 glucose, 1 mM sodium
pyruvate) were seeded into the wells with 2000 cells/well. The micro-
titer plates were left for 24 h at 37 �C and then exposed to various doses
of polymers and micelles for 72 h. Cell cultures were fixed with TCA
(10%, w/v) and incubated at 4 �C for 1 h. The wells were then washed
five times with tap water to remove TCA, growth medium and low
molecular weight metabolites. Plates were air-dried and then stored until
use. TCA-fixed cells were stained for 30 min with 0.4% (w/v) SRB
dissolved in 1% (v/v) acetic acid. At the end of the staining period, SRB
was removed and cultures were quickly rinsed five times with 1% (v/v)
acetic acid to remove unbound dye. Subsequently, the cultured plates
were air-dried until no conspicuous moisture was visible before bound
dye was shaken in 100 μL of 10 mMTris base for 5 min. The absorbance
at 570 nm of each well was measured using microtiter plate reader
Scanning spectrophotometer (Bio Tek’s PowerWave HT Microplate
Reader and KC4 Software). Each sample was replicated three times.

’RESULTS AND DISCUSSION

Synthesis of Homopolymer and Conjugation to Platinum
Drugs. Focus of this project is the design of polymers with
pendant bidendate carboxylato ligands, which can be utilized as
macromolecular ligand. Since metals are inherently susceptible
to undergo coordination complex formation with a range of
functional groups, a pathway was chosen to generate structures
with mainly C�C bonds leaving only ester groups as potentially
interfering groups. Therefore, we opted for the efficient Michael
Addition between malonates and vinyl functionalities to achieve
this goal. The mechanism of this reaction, where every step is in
equilibrium and thermodynamically dependent on the relative
strengths of the base and the types of Michael donor, is well
documented in the literature.32 The acetoacetate is deprotonated



7893 dx.doi.org/10.1021/ma2016503 |Macromolecules 2011, 44, 7888–7900

Macromolecules ARTICLE

by strong base to form an enolate anion (Michael donor) in
equilibrium. The enolate anion then reacts in a 1,4-conjugate
addition to the olefin of the acrylate (Michael acceptor).32 Many
parameters (i.e., base strength,33 solvents,34,35 subtracts36) been
well studied over the years and have significant effects on the
reaction rate.
A very simple and cheap way is the reaction of di-tert-butyl

malonate with ethylene glycol dimethacrylate (EGDMA). Excess
EGDMA leads to functionalization of only one methacrylate
group while the remaining methacrylate group is available for the
subsequent polymerization. TheMichael addition betweenmalo-
nate and cross-linker to generate polymers via step-growth
polymerization has been reported earlier as an efficient high yield
process to polymers.32 Here, this procedure was adopted for
the reaction between di-tert-butylmalonate andEGDMA to gene-
rate a new monomer. Di-tert-butyl malonate was deprotonated in
the presence of strongly alkaline condition prior to reaction with
the double bond of EGDMA. Excess base (1.1 equiv compared to
mole of the malonate) ensures the efficient deprotonation of the
methylene group yielding the complete nucleophilic addition of
all malonates. Interestingly, while the carbonate anion (pKa = 8.5)
is not very alkaline in aqueous media, it is reactive enough in
organic solvents to remove the proton from the active methylene
of the malonate. To aid the low solubility of potassium carbonate
in organic solvent, a phase transfer catalyst, 18-crown-6, was
added. The crown ether plays an important role in this reaction as
a result of its ability to solvate alkali metal in nonpolar or aprotic
solvents such as THF.37,38 The final yield of the monomer
synthesis after purification was 61% and the monomer structure
was confirmed by ESI�MS, 1H NMR, 13C NMR, DEPT-135,
and DEPT-90. Visible changes in the 1H NMR spectra include a
doublet of doublet at 3.25 ppm (Figure 4), which refers to the
methine group between two carboxylates. It is also worth noting
that the protons of methylene next to malonate have different
chemical shifts (1.9 and 2.15 ppm, respectively). In addition to
1H NMR, 13C NMR, DEPT-135, and DEPT-90 confirmed the

structure as shown (ESI, Figure S1, Supporting Information).
Themolecular weight ESI�MSof themonomer was 437.1 (Na+),
which is in agreement with the calculated molecular weight of
414.23 (437.23 Na+).
Although the synthesis of block copolymers were the main aim

of this work, the RAFT homopolymerization of this new mono-
mer was investigated to evaluate the feasibility of this monomer
to undergo a living process. In order to understand the polym-
erization behavior of the this monomer, MAETC was polymer-
ized at 70 �C using the [MAETC]:[CPADB]:[AIBN] ratio of
100:1:0.2 and a monomer concentration of 1.2 mol L�1 in
toluene. The conversion of the monomer was calculated using
1H NMR spectroscopy comparing the intensity of vinyl proton
peaks (6.12 and 5.58 ppm) to that of aliphatic proton peaks
(1.1�1.3 ppm). As depicted in Figure 5, an inhibition period of
about 30 min was observed before the polymerization proceeded
with pseudo first order kinetics. This indicated that the radical
concentration was constant during the course of polymerization
and the conversion reached nearly 70% within 7 h. Interestingly,
this inhibitionperiodwas only observed in theRAFTpolymerization

Figure 4. 1H NMR of the monomer 1,1-di-tert-butyl 3-(2-(methacry-
loyloxy)ethyl) butane-1,1,3-tricarboxylate (MAETC).

Figure 5. First order kinetic plot of the polymerization of MAETC at
70 �C in the presence of RAFT agent CPADB and macro RAFT agent
POEGMEMA50 ([MAETC]= 0.5mol L�1, [RAFT] or [MacroRAFT]=
0.5 � 10�2 mol L�1, [AIBN] = 0.1 � 10�2 mol L�1 in dioxane).

Figure 6. Number-average molecular weight Mn obtained by SEC and
polydispersity index (PDI) against monomer conversion x for the
polymerization of MAETC at 70 �C in the presence of RAFT agent
CPADBandmacroRAFTagentPOEGMEMA50 ([MAETC] =0.5molL�1,
[RAFT] = 0.5� 10�2 mol L�1, [AIBN] = 0.1� 10�2 mol L�1 in dioxane).
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of MAETC in the presence of CPADB as RAFT agent, but not in
the case of POEGMEMA (molecular weight of 15300 g mol�1).
This is typical for the slow fragmentation of the initial of the
initial RAFT agent since the stability of the leaving group is
different to the methacrylate radical. In contrast, the leaving
group of the macroRAFT agent is of similar stability since both,
macroradical and leaving group, are methacrylate.39

The SEC chromatograms in ESI-Figure S2 (Supporting
Information) confirm the shift of the molecular weights toward
higher values with increasing reaction time. The measured and
theoretical molecular weights and PDI in dependency on the
monomer conversion are displayed in Figure 6. The SEC mole-
cular weight increased almost linearly with conversion while the
molecular weight distribution remain narrow (PDI < 1.13).
PMAETC, which was prepared by polymerizingMAETC for 4 h

using CPADB under identical conditions as those described
previously, was isolated for further analysis. The final PMAETC
homopolymer has a theoretical molecular weight of 33 000 gmol�1

(∼79 repeating units), SEC molecular weight of 21,200 g mol�1

and PDI of 1.09 (ESI, Figure S3, Supporting Information). The
tert-butyl groups of PMAETC were removed by using concen-
trated trifluoroacetic acid (TFA) and dichloromethane as
solvent at room temperature for 72 h. The subsequent purifica-
tion was carried out by dialysis against a mixture of acetone and
water followed by pure water. The polymer was freeze-dried
before characterization by 1H NMR. The 1H NMR confirms the
full deprotection of tert-butyl group. The methyl peak at 1.5
ppm was absent after deprotection and a slight shift of the
methine peak from 3.25 to 3.45 ppm was observed (ESI, Figure
S4, Supporting Information). More importantly, the removal of
the tert-butyl group did not affect the integrity of polymer
structures. The potential hydrolysis of ester bonds could not
be detected.
Platinum�polymer conjugation has been intensively investi-

gated using UV�vis in a previous study.23 Briefly, CDDP was
converted to its aquo form prior to conjugation to the polymer
using the dicarboxylic acid group as ligand. The homopolymer
was initially insoluble in aqueous solution. The necessary treat-
ment with NaOH (2.5M) prior to the complexation to generate
carboxylate ions gave highly water-soluble polymers. The sub-
sequent conjugation of the polymer with cis-diamminediaqua
platinum(II) complex was carried out at 37 �C for 12 h. The

homopolymer showed a conjugation efficiency of around 60%.
Complete conjugation was prevented by the occurring precipita-
tion of the Pt-containing polymer in water (Figure 7). The
increase in hydrophobicity is indicative for the attachment of
platinum drugs. While the Pt�polymer conjugate appears to be
insoluble in water or even NaOH solution, it shows good
solubility in polar solvents such as DMF or DMAc. Therefore,
cross-linking can be considered absent suggesting that the
chelating ligand supports the formation of a stable six-membered
ring (Figure 7). A list summarizing the solubilities of the polymer
before and after conjugation can be found in Table S1, Support-
ing Information, ESI.
The investigation of the platinum�homopolymer conjugate

highlighted the low water-solubility of PMAETC after platina-
tion in agreement with previous studies.23 The hydrophobicity of
this polymer inspired the subsequent formation of block copo-
lymers with a water-soluble block in order to form micelles
containing platinum drugs inside the core.
Synthesis of Block Copolymers and Conjugation to Plati-

numDrugs.RAFT polymerization40�44 was demonstrated to be

Figure 7. Formation of macromolecular Pt complexes confirmed by the change of solubility in water.

Figure 8. Molecular weight distribution obtained from SEC of the
polymerization of PMAETC at 70 �C in the presence of macro RAFT
agent POEGMEMA50 ([MAETC] = 0.5 mol L�1, [RAFT] = 0.5 �
10�2 mol L�1, [AIBN] = 0.1 � 10�2 mol L�1 in Dioxane).
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a suitable method to prepare block copolymers, which can be
subsequently assembled into micelles. There is only little concern
in terms of toxicity of the RAFT end group.44�46 In addition, the
RAFT end group can be easily cleaved via aminolysis or other
means allowing conjugation of a range of molecules.47

OEGMA has been chosen as the building block of the water-
soluble shell due to its high biocompatibility. The high hydration
of the PEG side chains prevents opsonin adsorption and the
subsequent clearance and therefore results in long�long circu-
lating carrier.48

In order to synthesize POEGMEMA-block-PMAETC, a macro-
RAFT agent (POEGMEMA)was first prepared by polymerization
of OEGMEMA in acetonitrile at 70 �C with the presence of
4-cyanopentanoic acid dithobenzoate (CPADB) as RAFT agent.
The conversion of the monomer was determined via NMR
spectroscopy by comparing the intensity of vinyl proton peak
(6.1 and 5.6 ppm) to that of aliphatic proton peaks (1.1�
1.3 ppm). An increase in the monomer conversion with reaction
time according to pseudo first order kinetic and a narrow mole-
cular weight distribution were observed (ESI-Figures S5�S7,
Supporting Information). This finding is in agreements with
literature.49,50 The resulting polymer was purified by precipitation
in anhydrous diethyl ether to remove all residual monomer, RAFT
agent and AIBN.
POEGMEMA macroRAFT agent (Mn,theo= 15 279 g mol�1,

Mn,SEC = 11 100 g mol�1, PDI of 1.06) was employed in the
subsequent polymerization of MAETC. The rate of polymeriza-
tion was slightly faster than the homopolymerization while an
inhibition period was absent (Figure 5). The SEC chromato-
grams in Figure 8 clearly depict the shift of the polymer peaks
toward higher molecular weight. Themeasuredmolecular weight
increased approximately linearly with conversion, although it
deviated from the theoretical value due to the SEC calibration,
and the PDI remained low (<1.2) throughout the polymerization
(Figure 6), indicating that the polymerization proceeded with
good control.

Three POEGMEMA�PMAETC block copolymers, all with
the same POEGMEMAblock (Mn,theo = 15 279 gmol

�1, DPn = 50)
but various PMAETC block lengths were deprotected and
purified. The absence of the signals at 1.5 ppm (tert-butyl group)
and a shift of the methine signal from 3.3 to 3.6 ppm were
observed by COSY-NMR (Figure 9), which confirmed the suc-
cessful deprotection. 2D NMR was deemed necessary since the
methine signal was covered by the signal belonging to the PEG
chain. After deprotection, a shift to higher molecular weight was
observed (Figure 10), which is in opposition to the expected
molecular weight loss and can only be explained by the altered
hydrodynamic diameters. Table 1 summarizes the block copoly-
mers used for further studies.
The three deprotected block copolymers from Table 1 (BP-E27,

BP-E54, and BP-E80) were conjugated to platinum in a

Figure 9. COSY of diblockcopolymers before and after deprotection using trifluoroacetic acid (TFA) in dichloromethane at room temperature for 72 h.

Figure 10. Molecular weight distribution obtained from SEC of block
copolymers with variation of hydrophobic block length and their
deprotection of di-tert-butyl groups: (1) BP-E27; (2) BP-E54; (3) BP-
E80; (4) BP-E54 after deprotection; (5) BP-E27 after deprotection;
(6) BP-E80 after deprotection.
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procedure similar to that described above.23 The platinum
loading of the block copolymers was determined by TGA (ESI,
Figure S8, Supporting Information) and ICP�MS. Table 2
summarizes the loading efficiencies for all block copolymers.
While the loading efficiency of BP-E27 was around 83%, longer
block length led to lower platinum loading. The Pt content in BP-
E54 and BP-E80 decreased by 10% and even 20%, respectively.
This is not surprising and is also in agreement with the low
conjugation of the homopolymer. During the process, the
carboxylic groups are deprotonated in the presence of NaOH
creating fully water-soluble polymers. With the addition of
platinum drugs, a hydrophobic polymer is formed causing in
the case of the homopolymer precipitation and in the case of the
block copolymer micelle formation. The polymers are dehy-
drated and further conjugation has been prevented.
An important analytical step is the investigation of the con-

figuration of the attached complex. 195 Pt NMR can act here as
a suitable tool to identify the different types of Pt complexes
occurring (Figure 11). The signal at �2120 ppm of cisplatin
shifted to lower field upon reaction with the polymer. The main
species at �1710 ppm is indicative of the targeted structure
although a small fraction with only one carboxylate ligand is in
addition present. The shift is in agreement with literature
values,51 but even more important is that the measured low field
shift in our earlier work23 is indeed due to the involvement of
other functional groups while here only the polymeric equivalent
of carboplatin has been created.
Several factors were known to influence on the morphology

of self-assembled aggregates including absolute and relative
block length, the water content of the solvent mixture, the nature
and the presence of additives such as ions, homopolymers,
and surfactants, and the polydispersity of the block copolymer.52

A focus of this work is the dependency of the block length
of the hydrophobic block on the characteristics of the drug
carrier.
The solubility of the PMAETC homopolymer is found to be

pH dependent. In other words, it fully dissolves in aqueous
solution at alkaline pH (∼8�9), but the block is not soluble at
neutral pH. Micelles from three POEGMEMA-b-PMAETC
block copolymers of different hydrophobic block lengths
(POEGMEMA50-b-PMAETC27, POEGMEMA50-b-PMAETC54,

and POEGMEMA50-b-PMAETC80) were prepared by dissolving
in DMF followed by dialysis against deionized water.
The size and shape of the aggregate was analyzed using DLS

and TEM.DLS reveals an increase inmicelle size with an increase
of the PMAETC block length (Table 2), which was confirmed
by. TEM, although the sizes were slightly smaller (Figure 12).
The difference in micelle size between DLS and TEM is
attributed to the dehydrated state of the micelles. The increase
in micelle size with increasing block length is in good agreement
with the theory. With increasing ratio of the hydrophobic block
the aggregation number increases to prevent entropically un-
favorable excessive chain stretching.53

After Pt conjugation, the sizes increase significantly (Table 2)
owing to the volume increase of the hydrophobic block. The
presence of platinum is directly visible under the TEM. The
heavy platinum signposts the location of the micelles clearly and
no staining is required (Figure 12). The inset shows one micelle
with a Janus-type structure.54 Although a small ratio of these
structures can be found throughout the sample, we are not
confident enough to exclude that this is not only the result of the
sample preparation only.
Release of CDDP in Physiological Medium. The release of

the platinum drug from the polymer can be triggered by the
presence of chloride ions, which will lead to ligand exchange of
the platinum complex from carboxylato ligand to chloride ligand.
The drug is then cleaved from the polymer as cis-diamminedi-
chloroplatinum(II) (CDDP), which is the commercially available
and FDA approved drug cisplatin. This process is favored in the
presence of high amounts of chlorides, but not in chloride free
buffers. Buffers such as the chloride containing phosphate buffered
saline (PBS) or simple saline (0.9%) can force the release of CDDP.

Table 1. Molecular Weights and Number of Repeating Units of Polymers Used for Platinationa

code copolymers Mn
theo (g mol�1) Mn

GPC (g mol�1) PDI no. of RU, NOEGMEMA no. of RU, NMAETC

BP-E27 POEGMEMA50-b-PMAETC27 26 457 18 100 1.09 50 27

BP-E54 POEGMEMA50-b-PMAETC54 37 635 24 100 1.10 50 54

BP-E80 POEGMEMA50-b-PMAETC80 48 399 29 800 1.12 50 80
aMn

GPC determined by DMAc GPC using PSt calibration; Mn
NMR calculated by the following equation: Mn

NMR = [Ippm/Ippm] � MWMAETC +
MWMacroRAFT, where Ii are the integrals of peak at i ppm, MWMAETC corresponds to molar mass of MAETC, and MWMacroRAFT corresponds to molar
mass of homopolymer of POEGMEMA.

Table 2. Loading Efficiency of Pt Drugs into Block
Copolymers

polymeric platinum micelles conjugation efficiency (%)c

BP-E27/Pt 82.9

BP-E54/Pt 75.0

BP-E80/Pt 64.9
cThe mol % of malonate with Pt attached.

Figure 11. 195Pt NMR of copolymer conjugated to aquated cis-plati-
num drug and free platinum complex (CDDP). The Pt�polymer
conjugate was dissolved in DI water and used D2O as a solvent to lock.
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The macromolecular platinum complex reveals a high stability in
distilled water and only insignificant fractions of platinum complex
have been released over a prolonged period of time. However, in a
physiological medium with 0.9% of sodium chloride the release of
CDDP is immediately initiated. ICP-MS was used to investigate the
amount of CDDP released. This method has been applied in
previous studies23 and is among the most common instrumental
methods used for the analysis of trace elements including platinum.
The release of the CDDP from micellar solutions containing

BP-E27/Pt, BP-E54/Pt, and BP-E80/Pt has been monitored over
1 week (Figure 13). No initial burst of the drug was observed in all
polymeric platinum conjugates and the release appears to reach a
plateau at around 50�70%. Similar results were also observed in our
previous study, only that the release plateaued already at 40% of
drug released.23The incomplete release of all conjugatedCDDPcan
be attributed to the resulting polymer structure after release, which
contains a high content of negative charges due to the presence of
carboxylic groups. In other words, further release of CDDPyields an
unfavorable increase in charge density. In addition, the maximum
amount of drug released here is noticeable higher to the previous
data (40%), where the structure of the complex probably involved a
sulfur ligand.23 The better release in this work could then be due
to the absence of stronger bond of Pt�S, but it also needs to be
considered that the block sizes are different and therefore direct
comparison is difficult. Interestingly, the release of platinum drug

was accompanied by the formation of carboxylate groups, which
increases thewater solubility of the block copolymers. This eventu-
ally led to fully soluble polymers as proven by DLS measurement
of the hydrodynamic diameter (∼6 nm) after 1 week (Table 3).
Another noteworthy result was a considerable difference in

release rate (Table 4) from the micelles prepared from block
copolymers with varying hydrophobic length. The shorter hy-
drophobic length was found to lead to a faster release. Around
70% of conjugated platinum drug was released from BP-E27/Pt
after 3 days, while the rate of release is noticeably slower from
micelles with bigger hydrophobic cores (Figure 13). The faster
rate of release can be assigned to the lower stability of the micelle.
After a shorter period of time enough CDDP has been released to
significantly increase hydrophilicity of the core allowing faster
penetration of saline solution.
Although investigation at blood pH value is important, it needs

to be considered that micelles will go through a cascade of different
localization traveling from the cell exterior to the cytosol. Upon
uptake via endocytosis, the micelle is located in the slightly acidic
endosomes (pH 5.0�5.5) and lysosomes (pH 4.0�4.5).56�58

Therefore, the release of polymeric platinummicelles (BP-E27/Pt)
was investigated in pH7.4 and pH5 sodium chloride solution.
Initially, the effects of pH on the release properties can be neglected
during the first 48 h. After a few days, a slight increase of the amount
of released CDDP can be observed, which can be attributed to
higher protonation degree and thus, lower charge density.
For a more quantitative assessment of the data, the curves in

Figure 13 were fitted with a simple model assuming first-order
kinetics:

% CDDP Release ¼ A exp �t
τ

� �
þ yo ð1Þ

(t is time in hours, τ is the release constant)
The release constant τ of all systems as summarized in Table 5.

The fitted curves were included in Figure 13.

Figure 12. Transmission electron microscopy (TEM) of block copo-
lymer before platination (BP-E27) and block copolymer after platina-
tion (BP-E27/Pt). Scale bar is 50 nm (left), 500 nm (right), and 200 nm
for the small image.

Figure 13. Release of CDDP from polymeric micelles in buffer saline
solution (0.9%). The straight lines were fitted according to % CDDP
Release = A exp (�(t)/(τ)) + yo.

Table 3. Hydrodynamic Diameter Obtained via DLS before
and after Pt Conjugation

hydrodynamic diameter/nm

code micelles

before conjugation

in water

after conjugation

in water

BP-E27 POEGMEMA50-b-

PMAETC27

31.92 ( 1.32 76.67 ( 0.30

BP-E54 POEGMEMA50-b-

PMAETC54

42.53 ( 1.69 98.19 ( 1.35

BP-E80 POEGMEMA50-b-

PMAETC80

52.79 ( 1.20 175.77 ( 3.78

Table 4. Hydrodynamic Diameter of Micelles, Measured by
DLS in Water, before and after Platinum Release

hydrodynamic diameter/nm

code micelles

before Pt

released

after Pt

released

BP-E27 POEGMEMA50-b-PMAETC27 76.67 ( 0.30 6.39 ( 0.88

BP-E54 POEGMEMA50-b-PMAETC54 98.19 ( 1.35 5.97 ( 0.70

BP-E80 POEGMEMA50-b-PMAETC80 175.77 ( 3.78 6.38 ( 0.19
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Cytotoxicity of Polymers. The biocompatibility of copoly-
mers including BP-E27, BP-E54, and BP-E80 was tested prior to
platinum conjugation on a human lung cancer cell line (A549).
All samples were sterilized under UV light for 30 min before
incubating with the cancer cell lines. The sulforhodamine B (SRB)
assay was employed to determine the cytotoxicity of the polymers
after an incubation time of 72 h. Different concentrations of the
polymers ranging from 0 to 0.8 mg mL�1 were exposed to A549.
The IC50 values (the concentration at which there is 50% growth
inhibition relative to control), are around 0.7 mg mL�1, which is
well above the concentration typically used for drug delivery
systems (Figure 14). This is in agreement with many previous
studies, in which the RAFT end group (CPADB) is only of little
concern in regards to cytotoxicity.45,46,59�62

Polymeric platinummicelles obtained by conjugation of platinum
drugs to BP-E27, BP-E54, or BP-E80 were used to assess the anti-
cancer activity. The cell viability was recorded against the platinum
concentration in each micelle solution (Figure 15). Micelles based
on BP-E27/Pt were the most active in suppressing cancer cell
growth among the tested micelles. This can be explained by the fast
platinum release during the first 72 h according to Figure 13. The
IC50 values were determined using the logarithmic concentration63

of the polymer before and after platinum conjugation. To be able to
compare these data with cisplatin and carboplatin, the amount of Pt
in each polymerwere calculated (Supporting Information, Table S2).
None of the polymeric platinum micelles was found to be more

effective than CDDP itself, but BP-E27/Pt is more effect than
carboplatin, which is the parent drug of this macromolecular
system (Table 5). There are several reasons for the lower toxicity
compared to cisplatin. The most obvious is that after 72 h, the
release of CDDP from the micelles is not yet complete. Although
prior experiments cannot exactly mimic the environment in the
cell, platinum release results showed that only a maximum of
50�70% of platinum release can be achieved. Therefore, the
actual amount of available platinum was much lower than the
initial platinum concentration. The drug release experiments can
indeed act as an indication for the toxicity of the drug carrier.
Listed in Table 5 are the IC50 values side by side with t, the release
parameter. Indeed, the fastest release coincides with the highest
toxicity while the slowest rate of cisplatin release led to the
highest IC50 values. In addition, the cell line chosen, A549, is
highly responsive to the treatment with CDDP. Nanoparticles
would be expected to have more effect in platinum resistant cell
lines where they can help bypassing resistance mechanisms.
More detailed in vitro evaluations are currently being under-

taken to investigate the biological effects of these polymeric
micelles.

’CONCLUSION

A novel monomer with a neighboring carboxylato functional
group was synthesized via Michael addition. Subsequently,
RAFT polymerization was employed to generate different block
copolymers composed of POEGMEMA and the synthesized
monomer, MAETC. The polymerization was well controlled and
a range of block copolymers were obtained. The block length was

Figure 14. Percentage of living A 549 cell after being exposed to block
copolymer micelle solutions including BP-E27, BP-E54, and BP-E80
for 72 h.

Figure 15. Living cell percentage after being exposed to free platinum
drug and platinum polymeric micelles, namely BP-E27/Pt, BP-E54/Pt,
and BP-E80/Pt, for 72 h.

Table 5. Determination of Released Constant τ by Fitting Equation 1 To Release Data Displayed in Figure 13 Compared with
IC50 Values of the Polymer Only and the Pt-Conjugated Polymer

samples τ (h) R2 IC50 (polymer) (μg mL-1) IC50 (Pt�polymer) c[Pt] (μM) IC50 (Pt�polymer) c[polymer] (μg mL-1)

BP-E27 at pH 5 37.5 0.990 - - -

BP-E27 at pH 7.4 39.2 0.989 730 19.7 23.5

BP-E54 at pH 7.4 56.27 0.946 a 82.3 76.5

BP-E80 at pH 7.4 44.13 0.989 a 54.1 50.2

CDDP - - - 7.2 -

carboplatin from ref 55 - - - 27 -
aCannot be determined from Figure 14, but IC50 values are estimated to be within similar range to BP-E27.
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found to play an important role in the preparation of the drug
carrier. While a shorter PMAETC block led to higher Pt�drug
loading, it also enabled better and faster drug release. In addition,
the micelles were typically smaller. This combination led to a
more toxic carrier when testing the cell viability of A549 lung
cancer cells. These initial biological evaluations should only
indicate the feasibility of this approach. More detailed investiga-
tions are underway to understand better the cellular uptake of
these micelles in dependency of the micelle stability.
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