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Poly(ethylene glycol)-block-poly(4-vinyl pyridine)
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nanoaggregates of superparamagnetic iron oxide
nanoparticles†
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Carlos F. G. C. Geraldes,bcd Arménio Serraae and Jorge Coelho*a

This work reports an efficient method for the preparation of aqueous dispersions of superparamagnetic iron

oxide nanoparticles (SPIONs), involving the use of an amphiphilic block copolymer, poly(ethylene glycol)-

block-poly(4-vinyl pyridine) (mPEG-b-P4VP). The iron oxide nanoparticles are easily and efficiently

dispersed due to the strong direct interaction of the hydrophobic P4VP segments, through complexation

with pyridine units of the copolymer. Well-defined block copolymers, having different compositions and

molecular weights, were prepared by atom transfer radical polymerization (ATRP). The aqueous self-

assembly behavior of each system has been compared based on the method of preparation. The results

revealed that the addition of ionic species has a significant effect on the size and type of formed

nanostructures, the magnitude of which is dependent on the block copolymers' molecular design. When

similar self-assembly strategies were used in the presence of SPIONs, the same type of nanostructures

was formed. The hybrid SPION nanoaggregates were investigated using NMR relaxometric techniques,

whereby high r2/r1 relaxivity ratios were achieved, making these materials potentially efficient T2-

weighted MRI contrast agents.
1. Introduction

The encapsulation of inorganic species by the self-assembly of
amphiphilic block copolymers is a powerful technique for the
preparation of inorganic-based nanoparticles having controlled
structures and properties.1,2 Controlled/living radical polymer-
ization (CLRP) methods3,4 are powerful methods for preparing
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tailor-made telechelic polymers and related amphiphilic block
copolymers that have well controlled molecular weights, compo-
sition and architecture, under mild reaction conditions.5–9 In the
presence of inorganic species, the self-assembly of amphiphilic
block copolymers can be used to afford hybrid nanoparticles that
possess controlled nanostructured morphology.10

The coating of magnetic nanoparticles with polymers has
oen been assumed to be an efficient means of avoiding
agglomeration on the basis of electrostatic or static repul-
sion.11,12 This process enhances the particle stability that is of
great importance when, for instance, the magnetic nano-
particles are intended to be used in biomedical applications.13–19

This aspect is critical for the determination of blood circulation
pathways, since the biodistribution of nanoparticles depends
on their hydrodynamic sizes and their stability.18

Block copolymers have been regarded as an efficient means
to prepare size-controlled and aqueous-stable clusters of
magnetic nanoparticles, as long as they include, at least, one
hydrophilic block for steric stabilization and one anchoring
block with affinity for the nanoparticles.20–22 The possibility of
preparing block copolymers with an efficient control of their
molecular structure through CLRP methodologies may be of
great signicance to control the nal structure of the magnetic
nanoparticle aggregates. In fact, depending on the block
copolymer molecular design and on the self-assembly
J. Mater. Chem. B, 2014, 2, 1565–1575 | 1565
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conditions, in the presence of the magnetic nanoparticles, it
has been shown that it is possible to obtain nanoaggregates
with different morphological properties, such as aggregation
number, size and shape, and, therefore, with different magnetic
performances.21,23,24

For the preparation of stable superparamagnetic iron oxide
nanoparticle (SPION) agglomerates by co-micellization in the
presence of block copolymers, the selection of the anchoring
segment has been mainly based on the chemical nature of the
surface of the original SPIONs. Therefore, the nature of the
block copolymer that is used to form the SPION nanoaggregates
through the self-assembly of block copolymers is determined by
the type of interactions that are established between SPIONs
and the block copolymer. Amphiphilic block copolymers are
usually used when the SPIONs have a hydrophobic coating,
being encapsulated into core–shell structures through van der
Waals interactions with the hydrophobic polymeric
segment.25–27 Additionally, double hydrophilic block copolymers
can be used to form SPION nanoaggregates, if one of the
hydrophilic blocks can establish electrostatic interactions with
the SPIONs' surface, such as cationic polymers for negatively
charged stabilized SPIONs24,28 or anionic polymeric segments
for positively charged uncoated iron oxide nanoparticles.20,29

Alternatively, the possibility of chemisorbing poly(glycerol
(meth)acrylate) onto the SPION's surface through 1,2-diol
groups30 has been used to form aggregates of block copolymers
with SPIONs, but these were limited to self-assembly at the
hydrophilic surface of the block copolymers.30,31 These SPIONs'
agglomerates have been found to be excellent contrast agents
for magnetic resonance imaging (MRI) applications.25–28,31

Although poly(4-vinyl pyridine) (P4VP) is known to be a
strong coordinator for metallic species,32–35 it has not yet been
used for the stabilization of SPIONs in aqueous medium. We
thought that the use of P4VP segments may offer the possibility
of direct complexation of pyridyl groups with iron oxide moie-
ties and further interaction through van der Waals forces with,
if existing, hydrophobic groups at the SPIONs' surface. When
P4VP is combined with a hydrophilic segment in a block
copolymer, well-dened core–shell nanoparticles can be formed
through a self-assembly mechanism in aqueous medium.36,37

Moreover, the strong coordinating nature of the pyridyl moie-
ties in P4VP-based amphiphilic block copolymers has been
explored for the preparation of complex structures such as the
hydrophilic coating of capillary walls38 or J- and H-aggregates
with anionic porphyrins.39 In addition, the aqueous self-
assembly of P4VP-based amphiphilic block copolymers has
been used to prepare water dispersions of hybrid metal–poly-
mer nanoparticles.40 The micellization of these amphiphilic
P4VP-based block copolymers in the presence of SPIONs,
through a self-assembly mechanism, can, thus, be expected to
lead to uniformly sized and highly stable nanoaggregates. The
possibility of tuning the type of structures that are formed based
on the molecular design of the block copolymer and on the self-
assembly conditions may be particularly relevant for the prep-
aration of new magnetic-responsive materials, such as for
coating applications or for the preparation of MRI contrast
agents.41
1566 | J. Mater. Chem. B, 2014, 2, 1565–1575
In this paper, we report a novel approach for preparing
SPION hybrid core–shell nanoparticles, based on the self-
assembly of amphiphilic poly(ethylene glycol)-block-poly(4-vinyl
pyridine) (mPEG-b-P4VP) and on the transition metal
complexation of the pyridyl groups with iron. In addition, the
hydrophobic character of the P4VP block, at pH values above its
pKa, can provide an efficient way to form core–shell nano-
structures even with hydrophilic SPIONs or to provide enhanced
stabilization for hydrophobic-coated SPIONs, making mPEG-b-
P4VP a versatile block copolymer to prepare magnetic nano-
aggregates for a broad range of SPIONs. This paper compares
the aggregation behavior depending on the composition and
molecular weight of the block copolymers and on the original
SPION surface functionality. In addition, the inuence of the
self-assembly methodology (titration and solvent exchange
method) is investigated. The in vitro performance of the
prepared SPIONs' nanoaggregates as potential MRI contrast
agents was further assessed and qualitatively related to the
structure of their aggregates.

2. Experimental
2.1 Materials

Each poly(ethylene glycol) methyl ether (mPEG) (mPEG113: Mw

¼ 5000 Da, and mPEG45: Mw ¼ 2500 Da; Sigma-Aldrich) was
dried by azeotropic distillation from toluene. 2-Chloropropionyl
chloride (CPC) (97%; Sigma-Aldrich) and CuCl2 (+99% + extra
pure, anhydrous; Acros) were used as supplied. Cu(0) wire (99%;
Acros) was activated with nitric acid, washed with acetone and
dried before use. Isopropanol (IPA) (99.97%; Fisher Chemical),
ethanol (96%; Panreac), diethyl ether (>99.8%; Sigma-Aldrich),
methanol (>99.85%; Aldrich), chloroform (99.99%; Fisher
Chemical), dimethylformamide (DMF) (+99.8%; Sigma-
Aldrich), deuterated chloroform (CDCl3) (+1% tetramethylsilane
(TMS); Euriso-top), sodium hydroxide (pellets QP; Panreac) and
hydrochloric acid solution (HCl) (37%; Aldrich) were used as
received. Milli-Q water (Milli-Q®, Millipore) was obtained by
reverse osmosis. 4-Vinylpyridine (4VP) (96%; Fluka), triethyl-
amine (TEA) (96%; Sigma-Aldrich) and dichloromethane (DCM)
(+99.6%; Fisher Scientic) were dried and distilled under
reduced pressure, prior to use. 4-Dimethylaminopyridine
(DMAP) (99%; ACROS) was previously recrystallized. Tris(2-
dimethylaminoethyl)amine (Me6TREN) was synthesized
according to procedures described in the literature.42 For Gel
Permeation Chromatography (GPC), poly(methyl methacrylate)
(PMMA) standards (Polymer Laboratories) (Acros, 99%, �70
mesh) and high performance liquid chromatography (HPLC)
DMF (HPLC grade; Panreac) were used as received. Fe(III) chlo-
ride hexahydrate (FeCl3$6H2O, >99%), Fe(II) chloride tetrahy-
drate (FeCl2$4H2O, >99%), and 1-butanol were purchased from
Merck Chemicals Inc.; toluene, acetone, and ethanol were
purchased from Ghataran Shimi T. Co. Cetyl-
trimethylammonium bromide (CTAB) was purchased from
Sigma-Aldrich and used as received. Oleic acid-coated hydro-
phobic SPIONs (OaSPIONs) with a 5 � 1 nm (TEM conform)
average particle size and with 10.1 wt% of oleic-content, as
determined by thermogravimetric analysis, were used as
This journal is © The Royal Society of Chemistry 2014
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received (5 mg mL�1 in toluene; Aldrich reference no. 700320).
The synthesis of poly(ethylene glycol) monomethyl ether chlo-
ride (mPEG-Cl) was through an adaptation of amethod reported
previously.43 An illustrative procedure for the preparation of
mPEG113-Cl is presented in the ESI.† mPEG113-b-P4VP block
copolymers were prepared by Atom Transfer Radical Polymeri-
zation (ATRP), using the previously reported Cu(0) and [CuCl2]/
[Me6TREN] ¼ 1/1 catalytic system,44 (the procedure is presented
in the ESI†). Hydrophilic Fe3O4 SPIONs (hSPIONs) were
synthesized using a micro-emulsion technique in which two
water in oil microemulsions of the same composition (water/
toluene/CTAB–butanol) were prepared, according to our
previous work,45 (detailed procedure in the ESI†).

2.2 Procedures

2.2.1 Self-assembly of mPEG-b-P4VP block copolymers.
The self-assembly of the mPEG-b-P4VP block copolymers was
carried out by titration and solvent exchange methods to afford
1 mg mL�1 of aqueous solutions. In the titration method, the
block copolymer was previously dissolved in an aqueous solu-
tion of HCl (0.01 M). The solution was then titrated using a very
slow dropwise addition of 0.1 M NaOH aqueous solution. The
change in the pH with respect to the added volume of the NaOH
solution was recorded. The titration was stopped when the pH
stabilized at 11.5.

In the solvent exchangemethod,21,27 the block copolymer was
previously dissolved in DMF at a concentration of 10 mg mL�1.
200 mL of the block copolymer solution were then added drop-
wise to 1.8 mL of Milli-Q water, under vigorous stirring. The
sample was then dialyzed against Milli-Q water for 2 days
(MWCO ¼ 1000 Da).

2.2.2 Self-assembly of mPEG-b-P4VP block copolymers in
the presence of SPIONs. The self-assembly of the mPEG-b-P4VP
block copolymers, in the presence of SPIONs, was carried out
using the procedures described for the block copolymers, to
afford 1 mg mL�1 of aqueous solutions containing a 10 : 1
weight ratio of the block copolymer to SPIONs. The titration
method was applied only to the hydrophilic SPIONs, because of
the non-dispersibility of the hydrophobically coated OaSPIONs.
In this method, the block copolymer and the SPIONs were dis-
solved at an acidic pH at a weight ratio of block copolymer to
SPIONs of 10 : 1.

In the solvent exchange method, for the hydrophilic SPIONs,
200 mL of each block copolymer solution in DMF (10 mg mL�1)
were added dropwise to 1.8 mL of a previously prepared
dispersion containing 0.11 mgmL�1 of SPIONs in Milli-Q water.
For the hydrophobic SPIONs, a mixture of 40 mL of SPION
solution in toluene (5 mg mL�1) and 200 mL of the block
copolymer in DMF (10 mg mL�1) was initially prepared. The
required dropwise addition was carried out under vigorous
stirring in an ultra-sound bath.

2.3 Characterization

Gel permeation chromatography (GPC) was carried out using
high performance size-exclusion chromatography (HPSEC),
with refractive index (RI) (Knauer K-2301) detection. The
This journal is © The Royal Society of Chemistry 2014
column set consisted of a PL 10 mL guard column (50 � 7.5
mm2), followed by twoMIXED-B PL columns (300� 7.5 mm2, 10
mL). The HPLC pump was set with a ow rate of 1 mLmin�1 and
the analyses were carried out at 60 �C using an Elder CH-150
heater. The eluent was DMF, containing 0.3% of LiBr. Before
injection (100 mL), the samples were ltered through a poly-
tetrauoroethylene (PTFE) membrane with 0.2 mm pore size.
The system was calibrated against PMMA standards.

400 MHz 1H NMR spectra of the reaction mixture samples
and recovered products were recorded on a Bruker Avance III
400 MHz spectrometer, with a 5 mm TXI triple resonance
detection probe, in CDCl3 using tetramethylsilane (TMS) as an
internal standard. NMR measurements were carried out using
an acquisition time of 9 s and a T1 of 1 s (total relaxation delay of
10 s). The conversion of the monomers was determined through
the integration of the monomer peak and polymer peak using
MestReNova soware version: 6.0.2-5475.

Transmission electron microscopy (TEM) was used to
observe the size and morphology of the nanoaggregates that
were prepared under different self-assembly conditions. Each
aqueous dispersion was mounted on a 400 mesh copper grid
and examined using a Jeol JEM 1400 transmission electron
microscope. Images were digitally recorded using a Gatan SC
1000 ORIUS CCD camera.

Dynamic light scattering (DLS) measurements were per-
formed on a Malvern Instruments Zetasizer Nano-ZS (Malvern
Instruments Ltd.). The particle size distribution (in intensity),
average hydrodynamic particle size average (z-average) and
polydispersity index (PDI) were determined with Zetasizer 6.20
soware. Measurements were made at 25 �C and at a backward
scattering angle of 173�. All of the samples were ltered before
measurements through a membrane of poly(propylene) (PP)
(0.45 mm pore size), to remove any existing dust. At least, 4
measurements were taken for each sample.

Atomic Absorption Spectroscopy (AAS) was used to evaluate
the residual copper catalyst content in the block copolymers
and the content of iron in the prepared hybrid samples. AAS was
performed on a Perkin Elmer (Model 3300). For the copper
content determination, the block copolymers were dissolved in
a 0.1 M HCl solution at a known concentration between 0.5 and
1 mg mL�1. The iron content in each self-assembled block
copolymer and SPION samples was measured from dilutions of
the nal dispersion in a 0.1 M HCl solution. At least, ve
measurements were taken for each sample.

For the relaxivity measurements of the different SPIONs and
block copolymer formulations, the water proton longitudinal
(T1) and transverse (T2) relaxation times were measured using a
Bruker Minispec mq20, operating at a magnetic eld of 0.47 T,
corresponding to a Larmor frequency of 20 MHz, and at a
temperature of 25 �C. T1 and T2 relaxation times were obtained
using the inversion-recovery (IR) and Carr–Purcell–Meiboom–

Gill (CPMG) pulse sequences, respectively. The accuracy of the
relaxation time determinations was better than �1%. For T1
determinations, for eachmeasurement a relaxation delay longer
than ve times T1 was used and the interpulse delay was varied
between the shortest and longest values, in order to cover the
full range of longitudinal magnetization recovery. For T2
J. Mater. Chem. B, 2014, 2, 1565–1575 | 1567
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determinations, the same care was taken to choose relaxation
delays longer than ve times T2 and an array of echo times was
selected to allow full sampling of the transverse magnetization
decay. The paramagnetic contribution to the water proton
inverse relaxation times, Ri,p, varied linearly with the analytical
Fe concentration [Fe], according to eqn (1).12

Ri,p ¼ Ri,obs � R0
i ¼ ri[Fe] (i ¼ 1, 2). (1)

In eqn (1), Ri,obs and R0
i are, respectively, the inverse relaxa-

tion times determined experimentally and the inverse relaxa-
tion times of aqueous solutions of the block copolymer alone at
a concentration corresponding to that existing in the hybrid
sample, while the relaxivities ri (i¼ 1, 2) are dened as the water
proton relaxation rate enhancements per mM Fe concentration.
Different iron concentrations were obtained by the sequential
dilution of the original sample. This dilution was performed 3
times to obtain four concentrations.
Scheme 1 Representation of mPEG-b-P4VP self-assembly in
aqueous media via titration and solvent exchange methods.
3. Results
3.1 Synthesis and characterization of mPEG-b-P4VP block
copolymers

Block copolymers of mPEG-b-P4VP with different compositions
and molecular weights were prepared by the ATRP of 4VP using
a Cu(0)/CuCl2/Me6TREN catalytic system, in isopropanol at 50
�C (ref. 44) using mPEG-Cl macroinitiators. Table 1 summarizes
the polymerization parameters that were used and the charac-
teristics of the obtained block copolymers. The results indicate
that mPEG-Cl macroinitiators were successfully initiated to
afford mPEG-b-P4VP block copolymers, with narrow molecular
weight distributions, for the different compositions and
molecular weights (see GPC traces in Fig. S1, ESI†). The 1H NMR
spectrum of the mPEG45-b-P4VP56 block copolymer (Fig. S2,
ESI†) shows the mPEG's terminal C–(CH3) protons, at 0.80–1.00
ppm, the P4VP characteristic protons at 1.20–2.00 ppm (d, 3H),
and its aromatic ring at 6.00–6.90 ppm (e, 2H) and 7.70–8.90
ppm (f, 2H). The average number molecular weight (Mn) of the
P4VP blocks was determined through the comparison of the
NMR peak integrals and from GPC measurements. The
obtained narrow molecular weight distributions and the kinetic
results of polymerizations4 (Fig. S3, ESI†) suggest the success of
the ATRPmethod that was adopted. One possible drawback that
can be associated with the use of ATRP to prepare P4VP-con-
taining structures may be the presence of copper in the nal
Table 1 �Mn and �Mn/ �Mw values determined by 1H NMR and GPC and resid
P4VP block copolymer products

Block copolymer DP Reaction time 4VP conversion

mPEG45-b-P4VP32 50 1.5 h 62.0%
mPEG45-b-P4VP56 200 2.5 h 26.7%
mPEG45-b-P4VP96 100 3.0 h 89.0%
mPEG113-b-P4VP40 100 5.0 h 38.1%
mPEG113-b-P4VP78 200 3.0 h 51.1%
mPEG113-b-P4VP124 250 1.5 h 41.4%

1568 | J. Mater. Chem. B, 2014, 2, 1565–1575
product. However, as can be observed in Table 1, the amount of
copper in the block copolymers is residual, with values ranging
from 0.55 and 0.94%. As an example, for the copolymer
mPEG45-b-P4VP32, this corresponds to only 2.5% of the existing
pyridyl groups complexed with the copper ions (1 : 1 complex).
3.2 Preparation and characterization of mPEG-b-P4VP
micellar structures

Considering the pH-responsive character of P4VP, one way of
preparing the block copolymer micelles involves aqueous self-
assembly as a function of pH change, as previously described
for amphiphilic P4VP-based block copolymers.36,37 As repre-
sented in Scheme 1, these block copolymers are soluble under
acidic conditions, but form core–shell micelles when the pH is
above the pKa of P4VP (�pH 4.5)37, at which point the P4VP
chains are deprotonated and the P4VP segments become
hydrophobic. Another route for particle formation is via a
solvent exchange method, as schematically represented in
Scheme 1. In this method, the block copolymer is initially dis-
solved in a good solvent for both blocks (such as DMF) and, due
to dispersibility changes caused by dropwise addition into
water, the particles are formed and are further subjected to
dialysis against distilled water. The self-assembly of mPEG-b-
P4VP could be monitored by the titration of HCl-acidic aqueous
ual copper content determined by elemental analysis for the mPEG-b-

�Mn,th

[g mol�1]
�Mn,NMR

[g mol�1]
�Mn,GPC

[g mol�1]
�Mn/ �Mw

(GPC) Cures. (wt%)

5349 5340 11 167 1.16 0.94
7713 7917 13 493 1.19 0.55
11 503 12 004 26 943 1.42 0.97
9153 9175 19 126 1.24 0.66
15 836 13 194 26 752 1.22 0.88
15 959 18 062 43 835 1.27 0.57

This journal is © The Royal Society of Chemistry 2014
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dispersions of the block copolymer, using a NaOH solution.
Change from unimers to the micellized state was indicated by
an increase in the solution turbidity when the pKa of P4VP was
reached, and could be conrmed by the signicant increase in
their hydrodynamic size, as determined by DLS (Fig. S4, ESI†). A
similar process of particle formation was observed for nano-
particles produced through the use of solvent exchange process.
The particle size distributions were determined by DLS and the
average hydrodynamic diameters (Dh) and polydispersity index
(PDI) of the nanoparticles obtained are listed in Table 2.

The results presented in Table 2 for the titration method
show a tendency towards an increase in the hydrodynamic size
with increase in the length of the P4VP block, while maintaining
a narrow particle size distribution. The narrow size distributions
can be related to the narrow molecular weight distributions of
the block copolymers, which are essential for the self-assembly
into uniform structures.46 When a greater P4VP to mPEG ratio is
used, larger particles with broader distributions were formed.
This behavior was less pronounced when a longer mPEG
segment was used, with particles of similar sizes being formed.
The destabilization of micellar structures by increasing the P4VP
block length was also previously observed when the titration
method was used for P4VP block copolymers having poly(-
glycidol) as the steric stabilizer.37 For the solvent exchange
method, the self-assembly of block copolymers with greater P4VP
to mPEG chain length ratios led to particles that were signi-
cantly smaller than those obtained by the titration method.

It should be noted that, in the titration method, the hydro-
dynamic size of the self-assembled block copolymers is only
slightly affected by pH changes. In fact, specically for the
block copolymer mPEG45-b-P4VP56, the slight variation of the
measured hydrodynamic size of the particles at different pH
values (Fig. S5†) points out for only a negligible effect of the pH
on the particle size of the self-assembled SPIONs' aggregates
using the titration method. Previous studies on the self-
assembly of capsules that were formed from P4VP and poly-
(methacrylic acid)47 have shown that, when the ionic strength
was increased, the stability of the capsules decreased, leading to
an increase in swelling and even to the precipitation of P4VP at
higher pH values.

To further inspect the effect of the ionic strength on the
self-assembly of the block copolymers, mPEG45-b-P4VP56
Table 2 Dh and PDI of aqueous block copolymer dispersions, as
determined by DLS, prepared by titration and by solvent exchange
methods

Block copolymer

Titration Solvent exchange

pH ¼ 11.5 pH ¼ 6.0

Dh (nm) PDI Dh (nm) PDI

mPEG45-b-P4VP32 24.7 0.08 17.8 0.15
mPEG45-b-P4VP56 93.4 0.19 29.7 0.22
mPEG45-b-P4VP96 613.2 0.29 17.6 0.21
mPEG113-b-P4VP40 34.0 0.21 32.0 0.18
mPEG113-b-P4VP78 50.9 0.10 35.7 0.09
mPEG113-b-P4VP124 55.1 0.12 25.1 0.26

This journal is © The Royal Society of Chemistry 2014
nanoparticles were prepared by solvent exchange at different
NaCl ionic strengths. The hydrodynamic size was found to
increase from 29.7 nm (see Table 2) to 110.3 nm and 93.7 nm at,
respectively, 10 mM and 200 mM of NaCl. These results support
the conclusion that the observed increase in the particle size of
the samples prepared by the titration method is due to the
increase in the ionic strength of the medium.

Fig. 1 presents the TEM micrographs of the self-assembled
block copolymers prepared by titration and solvent exchange
methods. As shown in Fig. 1a, aer titration the block copol-
ymer molecules are seen to be self-assembled into reasonably
similar structures, with particle sizes in the 20–40 nm range.
These structures seem to incorporate voids that can be attrib-
uted to a swelling effect arising from an increase in the ionic
strength that occurs during titration. When the solvent
exchange method was applied, only small and compacted
aggregates (20–30 nm) were formed. Interestingly, these struc-
tures did not show evidence of large voids that were identied in
Fig. 1a. This difference in self-assembled structures suggests
that the formation of ionic species during titration interferes
signicantly with the particle formation process and is
responsible for the increased swelling of the nanoparticles.

3.3 Preparation and characterization of SPION aggregates
based on mPEG-b-P4VP self-assembly

Hydrophilic SPIONs (hSPIONs) with an average size of 10 nm
and a cubic morphology were synthesized according to our
reported work.45 The ability of mPEG-b-P4VP to form micellar
structures in water can be used to prepare core–shell SPION
aggregates that have the SPIONs in their core (Scheme 2). The
coordination capacity of P4VP, combined with its hydropho-
bicity at the self-assembled state, enables the transport of the
hSPIONs into the core during micelle formation.

Table 3 presents the hydrodynamic diameter and poly-
dispersity of the aggregates that were obtained by the self-
assembly of mPEG-b-P4VP in the presence of hSPIONs. The
increase in the hydrodynamic size, compared to that corre-
sponding to the block copolymer alone, suggests that the
hSPIONs are in the micelle core.

The results that were obtained when the hSPION aggregates
were prepared by the titration method followed the same trend
as those obtained from the titration of the block copolymers
alone (compare with Table 2), since there was a tendency
towards a signicant increase in the particle size of the self-
Fig. 1 TEM images of self-assembled block copolymers of (a)
mPEG113-b-P4VP40 obtained by the titration method and (b) mPEG45-
b-P4VP96 prepared by solvent exchange.
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Scheme 2 Schematic representation of the self-assembly of mPEG-
b-P4VP in the presence of Fe3O4-based SPIONs, via titration and via
solvent exchange methods.

Table 3 Dh and PDI values for mPEG-b-P4VP, self-assembled in the
presence of hSPIONs

Block copolymer

Titration Solvent exchange

z-Average
Dh (nm) PDI

z-Average
Dh (nm) PDI

mPEG45-b-P4VP32 66.7 0.27 66.8 0.19
mPEG45-b-P4VP56 113.1 0.20 70.2 0.25
mPEG45-b-P4VP96 Precipitates 55.2 0.27
mPEG113-b-P4VP40 71.8 0.25 160.0 0.36
mPEG113-b-P4VP78 78.5 0.19 69.9 0.26
mPEG113-b-P4VP124 86.5 0.22 68.8 0.28

Fig. 2 TEM micrographs of self-assembled block copolymers with
hSPIONs prepared with (a and c) mPEG113-b-P4VP40 by titration and (b
and d) mPEG45-b-P4VP32 by solvent exchange. (a and b) Micrographs
were taken at Mag. �60 000 and highlight the presence of the
nanoaggregates (black circles), whereas (c and d) micrographs were
taken at Mag. �200 000.

Fig. 3 Particle size distributions, determined by DLS, for mPEG-b-
P4VP block copolymers that were self-assembled in the presence of
OaSPIONs. The block copolymers were based on (a) mPEG45 and (b)
mPEG113 respectively as the steric stabilizer.
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assembled structures as the P4VP to mPEG molar ratio was
increased. This observation was particularly relevant for the
block copolymer with the lowest mPEG molecular weight. In
fact, mPEG45-b-P4VP96 could not even form stable aggregates of
hSPIONs. This effect may be attributed to the formation of a
large core that could not be stabilized by a small hydrophilic
segment (recall large structures obtained by titration of
mPEG45-b-P4VP96).

When the solvent exchange method was used there was also
a tendency for more compacted structures to be formed when
the P4VP to mPEG ratio was increased, while maintaining the
low polydispersity. The only exception was obtained for the
nanoaggregates prepared with mPEG113-b-P4VP40. This increase
in the particle size of the hybrid nanoparticles suggests that, at
lower P4VP to mPEG chain length ratios, the reduced amount of
pyridyl groups that are available leads to an inferior capacity for
coordination with the hSPIONs. Therefore, less compacted
micelles including non-coordinated aggregates of hSPIONs are
expected to be formed.

Fig. 2 provides microscopic evidence for the aggregation of
hSPIONs that can be achieved by the two self-assembly meth-
odologies. It is interesting to notice that, similar to what
1570 | J. Mater. Chem. B, 2014, 2, 1565–1575
occurred for the self-assembly of block copolymers, the disap-
pearance of the swelled and void-including structures is
observed, when the preparation method is changed from the
titration to the solvent exchange method. Another signicant
point is the presence of small particles outside the self-assem-
bled structures. This presence can be attributed to the hydro-
philic nature of the hSPIONs, which may favor some particles
being outside the self-assembled structures.

To understand the inuence of the original coating of the
SPIONs on the formation of hybrid nanoaggregates with mPEG-
b-P4VP block copolymers, hydrophobic oleic acid-stabilized
SPIONs (OaSPIONs) were evaluated. It should be noted that the
hydrophobic nature of OaSPIONs makes it impossible to pre-
disperse the nanoparticles in water and, therefore, only the
solvent exchange method could be used. Fig. 3 gives the particle
size distributions that were obtained. Similar to what occurred
for the self-assembly with hSPIONs, there is an increase in the
size of the particle formed by the mPEG-b-P4VP self-assembly
(compare with Table 2), suggesting an efficient encapsulation of
This journal is © The Royal Society of Chemistry 2014
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the SPIONs in the micellar core. The size distribution of
mPEG113-b-P4VP40 could not be determined because of the
presence of large aggregates. In fact, this block copolymer gave
larger hybrid nanoaggregate particle sizes when the solvent
exchange method was used and such behaviour was attributed
to the reduced amount of P4VP. Thus, the precipitating
behavior that was observed for this particular copolymer may be
explained by a reduced ability to stabilize the core of the
aggregates, when the SPIONs have a hydrophobic coating.

Additionally, when the OaSPIONs were used, bimodal size
distributions were found in most of the samples. Since OaS-
PIONs cannot be dispersed in water, because of their hydro-
phobic character, the smaller sized population (20–30 nm) can
be attributed to the formation of block copolymer micelles with
no incorporation of OaSPIONs (compare values with those of
Table 2). To support this conclusion, aggregates with 1 : 1
weight ratios were prepared for the block copolymer mPEG45-b-
P4VP32. The DLS analysis showed only one particle size distri-
bution, with amaximum intensity peak at 163 nm, showing that
increasing the block copolymer to OaSPION ratio can favor the
formation of block copolymer micelles without OaSPIONs.

These results show that larger particles were formed when
the hydrophobic SPIONs were used. The variation in the size
distribution with the composition and with the molecular
weight of the block copolymers seems to follow the same trend
as that of the hybrid nanoaggregates prepared from hSPIONs by
solvent exchange. For the block copolymer having smaller
mPEG, there is a maximum particle size in the intermediate
P4VP to mPEG molar ratio (mPEG45-b-P4VP56). Block copoly-
mers with a greater molecular weight and a greater P4VP to
mPEG molar ratio seem to lead to compacted structures, whose
particle sizes are similar to those of mPEG45-b-P4VP32.

Fig. 4 presents TEM micrographs of SPION aggregates that
were prepared from the self-assembly of the mPEG45-b-P4VP32
copolymer with OaSPIONs. Compared with the aggregates that
were prepared with the hSPIONs, these SPIONs tend to be more
densely packed into the core of the aggregates. This effect can
be attributed to greater water repulsion by the original coating
of these SPIONs.

These results show that with this type of block copolymer it is
possible to disperse nanoaggregates of SPIONs in water, if they
have either hydrophilic or hydrophobic surfaces. Moreover, the
most signicant disadvantage in using non-coated iron oxide
Fig. 4 TEM micrographs of SPION aggregates, prepared with oleic
acid-coated SPION nanoaggregates based on the self-assembly of
mPEG45-b-P4VP32. (a) was taken at a Mag. �60 000 and (b) at Mag.
�300 000.

This journal is © The Royal Society of Chemistry 2014
nanoparticles is their instability in an aqueous dispersion when
kept for long periods of time. This instability arises because of
the occurrence of progressive agglomeration.14,18,19 In fact, the
nanoaggregates prepared by self-assembly with mPEG-b-P4VP
remained stable for months, independent of the preparation
method or the type of SPIONs that were used. However, for
further application of these nanoaggregates in specic biolog-
ical systems, one should evaluate the inuence of other
medium components in the colloidal stability.
3.4 Relaxometry of self-assembled mPEG-b-P4VP and
SPIONs as aqueous dispersions

SPIONs have been clinically used as T2-type (negative) MRI
contrast agents, being commercially available under several
brand names.48 The performance of SPION aggregates, based on
their mPEG-b-P4VP self-assembly behaviour, as potential MRI
contrast agents has been evaluated on the basis of relaxometric
measurements. Fig. 5 shows that the paramagnetic contribu-
tion to the relaxation rates, R1,p and R2,p,varied linearly with the
Fe concentration and also displays the measured r1 and r2
relaxivities for a representative dispersion of the hSPION-loaded
mPEG113-b-P4VP78 and mPEG45-b-P4VP32 micelles, prepared
respectively by the solvent exchange method and the titration
method.

The relaxivity values that were obtained at 20 MHz for
different self-assembled systems are summarized in Table 4.

The r1 values for mPEG-b-P4VP, self-assembled in the pres-
ence of SPIONs, are signicantly lower than those reported for
commercially available standards and for ultrasmall SPIONs
(respectively, SSPIONs and USPIONs).28,31,48,49 Values of r1 are
usually interpreted through the use of the outer-sphere Curie
relaxation theory, where the accessibility of water molecules to
the surface of the nanoparticle is depicted to be a dominant
factor, represented by the distance of closest approach.12,50,51

The hSPION-based micelle dispersions, with constant 10 nm
SPION diameter and hydrodynamic diameters in the 55.8–78.5
nm range (Table 3), had r1 values in the range of 5.1–8.7 s�1

mM�1 Fe. Using citrate-coated single hSPIONs stabilized in
water31 and other USPIONs in Table 4 as a reference, a
Fig. 5 The paramagnetic contribution to the water proton relaxation
rates (20 MHz, 25 �C) (a) for T1 and (b) for T2 relaxation rates (repre-
sented, respectively, as R1,p and R2,p in s�1) as a function of iron
concentration (in mM) for hSPION-loaded-mPEG45-b-P4VP32 and
mPEG113-b-P4VP78 micelles, prepared, respectively, by the titration
(Tit) and solvent exchange (SE) methods.
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Table 4 Longitudinal (r1) and transverse (r2) relaxivities, and relaxivity ratios (r2/r1), obtained from relaxometry measurements, for different block
copolymers and SPION-self-assembled samples (at 20 MHz, 25 �C, 0.47 T)

Block copolymer SPIONs Method r1 � s [s�1 mM�1] r2 � s [s�1 mM�1] r2/r1

SSPIONs48,49 20–40 150–160 4.0–6.0
USPIONs28,31,48,49 20–30 20–50 1.8–2.1

mPEG45-b-P4VP32 hSPIONs Tit 7.7 � 0.3 83.0 � 1.7 10.8
mPEG113-b-P4VP78 hSPIONs Tit 7.2 � 0.6 92.8 � 7.2 12.8
mPEG45-b-P4VP32 hSPIONs SE 8.7 � 0.4 148.3 � 7.2 17.1
mPEG113-b-P4VP78 hSPIONs SE 5.1 � 0.4 96.7 � 2.4 19.1
mPEG45-b-P4VP32 OaSPIONs SE 2.8 � 0.1 58.0 � 1.4 20.4
mPEG113-b-P4VP78 OaSPIONs SE 3.3 � 0.0 97.5 � 0.8 29.1

Fig. 6 Comparison of aqueous dispersions of hSPION-loaded
mPEG45-b-P4VP32 micelles (a) before, (b) during, and (c) after being
subjected to an external magnetic field.
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signicant reduction in r1 was observed for the studied nano-
aggregates. They are also smaller than that of ferucarbotran
(12.3 s�1 mM�1 Fe) and other SPIONs coated with dextran12 (10–
15 s�1 mM�1 Fe) or other sugars52 (15–40 s�1 mM�1 Fe at 20
MHz) reported in the literature. The reduction in r1 that was
observed for the studied nanoaggregates is mainly attributed to
a signicant decrease in the accessibility of water to the surface
of the hSPIONs because of their encapsulation in the hydro-
phobic mPEG-b-P4VP micelle core. For those aggregates that
were prepared using the hydrophobic OaSPIONs (of constant 5
nm size), there was a very signicant reduction in r1 values,
which could be expected due to the increased water hindrance
of the original SPIONs. This r1 decrease has been observed
using other types of polymer-based SPION aggregates.25,27,53–55

The hSPION mPEG-b-P4VP micelle formulations have r2
values in the range of 83.0–148.3 s�1 mM�1 Fe, which are
considerably larger than those reported for single hSPIONs
stabilized in water, such as citrate-coated single 6.3 nm
hSPIONs (r2 ¼ 39 s�1 mM�1 Fe)28 or CTAB-stabilized SPIONs
(23.8 s�1 mM�1 Fe),31 or for some USPION formulations, such as
some dextran-coated SPIONs (30–50 s�1 mM�1 Fe).49 However,
they have values that are comparable to or lower than those
obtained for other dextran-coated SPIONs (38–189 s�1 mM�1

Fe),12 SPIONS coated with other sugars,52 or for systems
prepared by self-assembly methodologies.25,27,28,31,53–57 They are
also much lower than the value (239 s�1 mM�1 Fe) reported for
ferucarbotran.12 However, a quantitative comparison of pub-
lished data is difficult due to the different experimental
parameters used, such as magnetic eld and temperature,
which strongly inuence the r2 values.

Previous studies have established that large r2 values are
related to a large magnetization of the iron oxide nanocrystals
and, thus, with their size.12,58 This was experimentally proven for
individually encapsulated iron oxide nanocrystals with sizes up
to 20 nm (USPIONs).59 As the maximum relaxivity for USPIONs
is only expected by theory at a particle size of 25–27 nm,60 which
so far cannot be synthesized, higher r2 values can only be ach-
ieved through clustering of USPIONs to larger clusters. Large r2
increases have been achieved for commercially available prod-
ucts (SSPIONs, such as Resovist or Endorem, Table 4),48,49 and
for SPION aggregates encapsulated in liposomes,61 or within
polymeric micellar cores, due to the collective magnetic effects
of the nanoparticle assemblies. This effect is enhanced by the
increased SPIONs' diameter and an increased loading density
1572 | J. Mater. Chem. B, 2014, 2, 1565–1575
and varies in a complex way with the size of the nanocluster,58 as
shown by recent theoretical descriptions.12,50,60,62–64 The
observed r2 values may have a complex dependence on the
extent of SPION encapsulation in the micelle core and on their
water accessibility, which is determined by the adopted self-
assembly methodology. The increased dispersibility of the
aggregates prepared by the solvent exchange method relative to
the titration method signicantly increased r2 when the block
copolymers containing shorter mPEG blocks were used, but had
no signicant effects for the micelles with the longer mPEG
blocks.

The nanoaggregates that were prepared with OaSPIONs gave
r2 values in the range of 58.0–97.5 s�1 mM�1 Fe. These results
suggest that, in spite of the extensive SPION aggregation
observed for these systems, the greater hindrance of the iron
oxide particles in OaSPION-based dispersions, resulting from
their stronger hydrophobic character, may decrease r2.

The relaxivity ratio, r2/r1, is another important parameter to
evaluate the efficiency of T2-type contrast agents, which
increases with the value of this ratio by limiting T1-weighting
effects. The r2/r1 ratio of the micelle preparations studied is
relatively high, making these systems potentially very efficient
T2 MRI contrast agents. These studies conrm that SPION
clustering, arising from their incorporation into the hydro-
phobic mPEG-b-P4VP micelle's core, enhances r2 and r2/r1
relaxivity ratios, but this effect may be inuenced by the
This journal is © The Royal Society of Chemistry 2014
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hindered water accessibility to the micelle core and the degree
of clustering.25,27,28,53–55

Moreover, the SPIONs' nanoaggregates were shown to
remain stable in the aqueous dispersions aer being subjected
to a magnetic eld. Fig. 6 demonstrates the susceptibility of the
hSPION-loaded mPEG45-b-P4VP32 micelles to the inuence of
an applied external magnetic eld. When themagnetic eld was
removed, the particles became well dispersed in water again.
Also, there was no evidence of differences in the quality of the
dispersion, when compared to the dispersions that had not
been subjected to the external magnetic eld.
4. Conclusions

It has been shown that mPEG-b-P4VP block copolymers can be
used to prepare hybrid nanoaggregates of SPIONs, independent
of their original hydrophilic or hydrophobic coating, by self-
assembly in aqueous media. Well-dened block copolymers
having different compositions and molecular weights were
prepared by ATRP methodologies and were successfully used to
prepare micelle structures in aqueous media. The type of
structures that were formed was dependent on the preparation
method, giving rise to much larger structures when prepared
using a titration method (from 24.7 to 613 nm) than by a solvent
exchange method (from 17.6 to 35.7 nm). Similar behavior was
observed when the self-assembly was carried out in the presence
of SPIONs. The block copolymer was capable of encapsulating
the SPIONs with hydrophilic or hydrophobic nature in the
micelle's core. The obtained hybrid SPION nanoaggregates
perform as efficient T2-weighted magnetic resonance imaging
contrast agents, their r1 values being signicantly lower and r2
in a similar range to those of commercially available SPIONs,
giving rise to SPION aggregates that possess large relaxivity
ratios (r2/r1). The aggregates prepared in this study maintained
a good stability in water for long periods of time, contrary to
what occurs with native SPIONs, and aer being subjected to an
external magnetic eld.
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