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ABSTRACT: We have prepared magnetite nanoparticles (Fe;O4_NPs) almost spherical in shape with average particle size of 10 nm and
successfully encapsulated them in an envelope of polypyrrole (PPY) chains via an emulsion polymerization route using sodium dodecyl
sulfate as surfactant. The resulting PPY-coated Fe;O, NPs (Fe;O, NPs/PPY) suspensions were stable with particles exhibiting a trian-
gular prismatic morphology and an average diameter below 100 nm. In fact, all colloidal solutions were stable in aqueous media with
typical (-surface potential values of —33.9 mV (Fe;O, NPs) and —20.0 mV (Fe;O, NPs/PPY). Although X-ray diffraction studies
revealed the presence of a magnetic phase Fe;O,, the identified diffraction peaks are consistent with the presence of a spinel structure
of magnetite. A ferromagnetic behavior, such as lower coercive force (H, = 0.065 T), was observed for all magnetic nanoparticles
examined. The "H NMR relaxation times T; and T, of selected Fe;0, NPs/PPY samples were also measured and their relaxivities r;
(1.1 s ' mM™") and 7, (61.9 s ' mM ") compare favorably to those of contrast agents commercially used in human examinations.
We suggest that the present results indicate that these hybrid nanocomposites are promising materials for the development of a plat-
form of specialized contrast agents for "H Magnetic Resonance Imaging. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION

Polypyrrole (PPY), one of the best-studied conducting poly-
mers, has received large attention as active component of nano-
composites owing to the high environmental stability of its
conducting oxidized form. Although biological and health appli-
cations of this polymer include its use for the immobilization
of enzymes, antibodies, and nucleic acids,! there has been an
increased interest in exploiting the excellent in vivo biocompati-
bility of this material.>™ At the same time, Fe;O, particles,
named magnetite, have been widely studied because of their
large range of possible applications in the preparation of ferro-
fluids and catalytic materials, and as active elements in biologi-
cal assays and chemical sensors.”® However, magnetite micropar-
ticles do not seem appropriate for use in magnetic resonance
imaging (MRI) owing to the lack of sufficient contrast-to-noise
ratio associated to the limited signal intensity. Things are differ-
ent for iron oxide nanoparticles as substantial changes in the
magnetic properties occur in this domain size as consequence of
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quantum confinement effects related to their large surface to
volume area. In fact, iron oxide nanoparticles have been shown
to play an important role as MRI contrast agents in many in
vivo applications owing to the capability of allowing a better
differentiation between healthy and pathological tissues.” As the
parameters T (spin—lattice or longitudinal relaxation time) and
T, (spin—spin or transverse relaxation time) may differ from
one tissue to the next, they can be used as a source of contrast
in MRI images. The enhanced image definition obtained with
the use of contrast agents of different T,/T; ratios enables par-
ticular tissues to be visualized by increasing or decreasing the
signal level of the particular area of interest relative to that of
its surroundings. Contrast agents increase both longitudinal T,
and transverse T, ' relaxation rates; those that raise the signal
level of the target site relative to that of its surroundings are
termed positive contrast agents, whereas those lowering the sig-
nal level relative to their immediate vicinity are termed negative
contrast agents.® Although the former causes a reduction in the
T, relaxation time, resulting in brighter images, negative
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contrast agents (such as the superparamagnetic iron oxides)
enhance the local field inhomogeneity that favor spin—spin
relaxation effects (leading to shorter T; and T, relaxation times)
and appear predominantly dark on MRI. Manganese, gadolin-
ium complexes, or iron is widely used as positive contrast agent
for routine MRI, whereas magnetite nanoparticles (ultrasmall
particles iron oxide nanoparticles [USPION] and small particles
iron oxide nanoparticles [SPION]) belong to the second cate-
gory of negative agents for MRI.’

Use of a contrast agent X at a concentration [X] affects each
relaxation rate R; = T; ! through the relationship

Z
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—~
3
N>
Il

(T) ' +rilX] (1)

where i = 1,2, (R;), = (T),"
rate in the absence of the contrast agent and 7; its relaxivity.
For proton-based MRI, the number, relative position, and
residence time of water molecules in the innermost internal struc-
ture of the particles are determining factors of the corresponding
relaxivity, a fact of special relevance to the present study. Hence,
control of the relaxivity value can be achieved by varying different
factors, such as the nature, overall size, and internal structure of
the particles of the contrast agent.'" For instance, the transverse r,
of superparamagnetic nanoparticles is far greater than their longi-
tudinal r;, a fact that explains the reason why they are used
mainly as negative contrast agents for improved visualization of
organs such as the liver, spleen, and brain.’

is the corresponding relaxation
10,11

Recently, use of surfactants for the preparation of hybrid micro-
composites of PPY and Fe;O, by wet chemistry methods has
been reported,'” and the electric and magnetic properties of these
(iron oxide)/(conducting polymer) composites have been exten-
sively investigated.”™'® Extensive research has been focused on
the synthesis of polymeric nanocomposites and on the evaluation
of their potential applications as MRI contrast agents.'” "’

One should also note that Wuang and coworkers have synthe-
sized Fe;O, nanoparticles encapsulated in a PPY envelope via
an emulsion polymerization technique that used polyvinyl
alcohol as a surfactant.' The resulting nanocomposites not
only exhibited typical superparamagnetic characteristics but
were also cytocompatible and have been used to identify the
presence of human breast cancer cells, after surface functionali-
zation with folic acid (an efficient cancer cell targeting agent).
Hence, the use of (conducting polymer)/Fe;O,_NPs nanocom-
posites opens up not only the possibility of more specialized
target imaging, but also brings a little closer the futuristic idea
of “theranostic” particles,’ that is, contrast agents that could
play the additional role of drug delivers at specially localized
sites.

In the present study, we initially report the method of synthesis
of Fe;O,_NPs/PPY composites based on the chemical polymer-
ization of pyrrole in aqueous media in presence of Fe;O0, NPs
and sodium dodecyl sulfate (SDS), an anionic surfactant. Then,
we first discuss the characterization of these hybrid nanocompo-
sites by structural analyses (X-ray diffraction [XRD], dynamic
light scattering (DLS), {-potential measurements, and transmis-
sion electron microscopy [TEM]), the determination of mag-
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netic properties, and use of spectroscopic (Fourier transform
infrared [FTIR] and nuclear magnetic resonance) techniques.
Finally, we present a first evaluation of the potential applicabil-
ity of the Fe;O4 NPs/PPY hybrid composites as MRI contrast
agents, a possibility that, to the best of our knowledge, has not
been yet discussed in the literature.

MATERIALS AND METHODS

Chemicals

Pyrrole and high-purity SDS were purchased from Sigma-Aldrich
(USA). Although pyrrole was previously distilled under vacuum
and subsequently stored in a dark recipient under refrigeration
before use, SDS and the other analytical-grade reagents needed
for the preparation of the magnetic particles (FeSO,-7H,O
[Reagen, Brazil], FeCl;-6H,O [Synth, Brazil] and NH,OH [Quimex,
Brazil]) were used as received.

Synthesis of Fe;O, NPs and Fe;0, NPs/PPY

Initially, magnetite nanoparticles were obtained by chemical
coprecipitation method, a technique that we have previously used
for obtaining Fe;0, microparticles.'” First, we prepared a 1M
FeCl;-6H,0 and 1.5M FeSO,-7H,0 solution using ultrapure water
obtained from a Nanopure system (Barnstead, USA). A volume
equal to 50 mL of this solution was then transferred to a three-
necked round-bottomed flask and maintained under intense stir-
ring at room temperature for 10 min and then 50 mL of NH,OH
(50%) was quickly added to the bottom flask until the liquid
turned blackish. The system was then stirred for an additional
period of 2 h. The precipitate separated by magnetic decantation
was washed with deionized water several times, and twice with
ethanol, and finally evaporated to dryness to yield the final mag-
netic nanoparticle iron oxide powder.

After this, Fe;0,_NPs/PPY composites were prepared via in situ
chemical polymerization in an aqueous solution containing
Fe;O, NPs and SDS. The polymerization was carried out in a
100-mL two-necked round-bottomed flask equipped with a me-
chanical stirrer. Typically, 20 mL of deionized water, 12 mM of
SDS and 21 mM of Fe;O,_NPs were initially placed in the flask
and stirred at room temperature for 20 min. Then, 250 mM of
pyrrole was added and the mixture was stirred for 1 h after which
the polymerization was started by the addition of 400 puL of a 1M
aqueous solution of FeCls. Finally, the system was kept under stir-
ring for 24 h.

For a better understanding of the properties of the above samples,
we have also prepared pure PPY colloidal solutions. The corre-
sponding samples were obtained by following the same procedure
described for the case of the preparation of Fe;0, NPs/PPY but
in the absence of Fe;O,_NPs. The corresponding DRX and FTIR
were used for a comparative analysis to those of the other
samples.

Characterization

A ZS890 NanoZetasizer instrument (Malvern, United Kingdom)
was used to determine the properties of the colloidal samples dis-
persed in water at a temperature of 25°C; particle size distribu-
tion was estimated by the DLS of a 4 = 633 nm laser at a 90°
scattering angle, whereas the electrophoretic method was used for
the determination of the (-potential of the colloidal suspension.
All reported results correspond to the average of three independ-
ent measurements.
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The size and shape distributions of the resulting nanoparticles
were assessed from TEM micrographs obtained using carbon
coated 400 mesh copper grids at an accelerating voltage of 80 kV
in a Tecnai G* Spirit microscope (FEI, USA) equipped with a
CCD camera. The corresponding size distribution of the particles
was estimated by use of Image] software.”” FTIR spectra of the
KBr compressed thin disks of the desired samples were recorded
on an ABB FTLA 2000 spectrometer (Bomem, Canada), under
transmission mode at the 400-1800 cm™ ' region, with a resolu-

tion of 4 cm ™.

XRD diagrams were obtained with a Siemens D5000 (Siemens,
Germany) using CuKa radiation. Magnetic characterization of the
samples was carried out at room temperature at Prof. J. H. de
Araujo’s laboratory at the Universidade Federal do Rio Grande do
Norte (Brazil), by use of a homemade vibrating sample magne-
tometer operating with applied magnetic fields up to 1.17 T.*' We
have assessed the possibility of using this material as a contrast
agent for MRI by implementing nuclear magnetic resonance
(NMR) measurements where the relevant data were acquired by a
Unity Inova NMR spectrometer (Varian, USA) at a fixed value
(By = 2.04 T) of the magnetic field. The spin-lattice T and
spin—spin T, NMR relaxation times were obtained from inver-
sion-recovery and Carl-Purcell-Meiboom-Gill pulse sequence,”
respectively, as a function of iron concentration for the
Fe;O,_NPs and Fe;O,_NPs/PPY composites in aqueous solutions.

RESULTS AND DISCUSSION

TEM and DLS

In Figure 1 we show the morphology of both pure Fe;O, NPs
and Fe;O4_NPs/PPY composites, as revealed by TEM. Samples
of Fe;O, NPs were nearly uniformly spherical, with average
particle size 10.2 = 3.9 nm [Figure 1(a)]; the presence of some
aggregates, which probably result from mutual magneto—dipole
interactions, could be identified.”> On the other hand, the TEM
images of PPY-coated Fe;O,_NPs [Figure 1(b)] reveal that they
present a triangular morphology, with easily recognized inde-
pendent Fe;O, NPs cores [Figure 1(c)], and size of particle
seem to be mostly below 100 nm, an average size that should be
compared with those of commercial SPION contrast agents:
ENDOREN™ (156 nm) and RESOVIST™ (75 nm).** Surfac-
tant self-assemblies have been employed as soft templates to
control the size and shape of nanoparticles with particular mor-
phologies in solution because of their hydrophilic and lipophilic
properties in what it is called a wet chemical method.” Surfac-
tant micellar solutions have been used to synthesized nanostruc-
tures with morphology of triangles,” rings, and hexagons.*®
Recently, conducting polymer samples in various forms of hier-
archic nanostructures of different morphology (rhomboids, cor-
als, dish like, globules, and nanowires shape) have been success-
fully synthesized and, by varying the synthesis parameters, it is
possible to obtain various nanostructures and materials with
different properties.””

Sui et al.?® have already discussed the use of surfactant micelles
and microemulsions as nanoreactors, in an example of a shape-
control method, when nanocomposites of polyaniline/TiO, with
triangular morphology were successfully synthesized in reverse
micelles with sodium bis(2-ethylhexyl) sulfosuccinate as the
surfactant.
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Figure 1. TEM images of pure Fe;0,_NPs (a), Fe;0,_NPs/PPY nanocom-
posites (b) and high-magnification TEM images of Fe;O,_NPs/PPY nano-
composites (c). Insets in (a) and (b) show particle size distribution of the
samples obtained from the respective TEM images.

The particle size distribution for the colloids as characterized
by DLS is shown in Figure 2. Although for the pure Fe;O,_NPs
the average particle diameter was found to be 9.7 * 3.1 nm,
with a relatively narrow distribution, a value of be 63.1 = 23.1
nm was found in the «case of the Fe;O,_NPs/PPY
nanocomposites.
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Figure 2. Particle size distribution of pure Fe;O, NPs (a) and
Fe;0,_NPs/PPY (b) colloidal suspensions characterized by DLS.

{-Potential Measurements

The (-values of the particles present in the aqueous colloidal
solutions were determined to be negative and the corresponding
average values obtained were —33.9 mV (for Fe;O, NPs) and
—20.0 mV (Fe;0,_NPs/PPY). The {-values of the Fe;O4 NPs/
PPY colloidal solutions decreased with increasing pH values
(Figure 3). In addition, the Fe;0, NPs/PPY composites
presented a good stability with no evidence of precipitates or
formation of agglomerates at the pH range from 3 to 11. The
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Figure 3. (-Potentials of Fe;O,_ NPs/PPY colloidal dispersions at different
pH values.
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Figure 4. Diffractogram of Fe;O, NPs (a), Fe;O4 NPs/PPY composites
(b), and pure PPY (c). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

importance of preparing these hybrid nanoparticles accordingly to
a previously stipulated synthesis becomes evident if one recalls that
in iron-oxide materials the transverse relaxation rate T, ' of pro-
tons shows a broad maximum for particles with size ~ 100 nm*
and also that the average diameter of these nanoparticles plays a
crucial role in reducing their toxicity and in improving their tis-
sular diffusion.”® In fact, polymers have been used to coat iron
oxide particles as a manner to inhibit the in vivo adsorption of
biological elements, especially proteins, which is the first step for
activation of the mononuclear phagocyte system.”!

X-ray Diffraction

The XRD patterns of pure PPY sample, Fe;O, NPs, and
Fe;0,_NPs/PPY nanocomposites are shown in Figure 4. The
main peak characteristics of Fe;O, NPs were found at 20 =
30.2° (d = 0.297 nm), 35.6° (d = 0.253 nm), 43.1° (d = 0.209
nm), 53.6° (d = 0.171 nm), 57.3° (d = 0.162 nm), and 62.8°
(d = 0.147nm), which correspond to the (220), (311), (400),
(422), (511), and (440) Bragg reflections, respectively; this set of
results allows the identification of the Fe;O, NPs as disposed
in a cubic spinel structure.”> The average diameter of the
Fe;0,_NPs as measured in Angstroms can be found according
to Scherrer’s equation®®: choosing the reflecting peak at 20 =
35.6°, the estimated average size of the Fe;0,_NPs is 10 nm, a
value consistent with the TEM results. Figure 4(c) shows the
presence of the amorphous phase characteristic of pure PPY
samples as the features visualized in the 15.8-27.2° 20 interval,
which is typical of a doped PPY structure.’*

FTIR Spectroscopy

FTIR measurements of the nanocomposites show the presence
of peaks at 1546 and 1467 cm™', corresponding to the C—C
and C—N pyrrole ring stretching vibration, respectively®® (Fig-
ure 5). The peak near 1216 cm ™' corresponds to the breathing
vibration of the pyrrole ring and the peaks at 1046 and 965
cm ™' can be assigned to the =C—H in-plane and out-of-plane
vibrations, respectively’®; the peaks at 921 and 794 cm™'
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Figure 5. FTIR spectra of Fe;O,_NPs (a), Fe;0,_NPs/PPY composites
(b), and pure PPY (c) [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

correspond to the band of C—H out-of-plane deformation
vibrations of the pyrrole ring, and the peak at 678 cm™ ' can be
attributed to the C—C out-of-plane ring deformation. Finally,
the band at 626 cm™' corresponds to a sulfate group band
(attributed to SDS),*” whereas the peak at 576 cm ! is attrib-
uted to the Fe—O bond vibration in the Fe;O, group.38 The
observed shift of the 1546, 1216, and 921 cm™ ' peaks toward
lower wavenumbers is suggestive of the existence of hydrogen
bonds between the nitrogen atoms in the PPY chains and the
magnetic nanoparticles in the Fe;O,_NPs/PPY hybrid nanocom-
posite. Other authors reported similar results for Fe;O,/PPY
nanoparticles with core-shell structure.”®

Magnetic Characteristics

A ferromagnetic behavior is observed in the magnetization
curves of the samples shown in Figure 6. Owing to their size
(diameter, <30 nm), the individual Fe;O, NPs were expected
to be superparamagnetic at room temperature®’; instead, a small
coercivity of 0.065 T was detected (inset of Figure 6). This can
be attributed to a residual magnetic interaction between adja-
cent nanoparticles.”’ True superparamagnetic materials do not
retain magnetic behavior after the removal of the applied mag-
netic field,"! a convenient property in terms of preventing the
formation of aggregates. The values of saturation magnetization
(M,) were 2.7 and 23.5 emu gf1 for the Fe;O,_NPs/PPY and
Fe;0,_NPs, respectively (Figure 6). The M, values of the nano-
composites are lower than the corresponding values of the
Fe;0,_NPs, probably because the former is embedded into a
nonmagnetic polymer matrix.*>*> In addition, the obtained
Fe;0,_NPs/PPY nanocomposite and Fe;O,_NPs presented lower

M, values compared to bulk magnetite (84 emu g~ *).**

NMR measurements of the Fe;O, NPs and Fe;O, NPs/PPY
nanocomposites are shown in Figure 7. All measurements were
carried out at 22°C. Accordingly to eq. (1), the r; and r, relax-
ivities were calculated from the angular coefficient of the relaxa-
tion rates as function of iron concentration.'*> From the data
shown in Figure 7(a, b), we obtained r, = 1.1 s mM~! and
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Figure 6. Magnetization curves at room temperature of Fe;O4_ NPs (a),
Fe;0,_NPs/PPY composites (b). Inset: Blow-up of these curves for the
zero-field region. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

r, = 619 s7' mM™' for the Fe;0, NPs/PPY nanocomposite.
As for the pure Fe;0,_NPs sample, the corresponding results
are 1, = 8.76 s ' mM ' (inset of Fig. 7(a)) and r, = 68.5 st
mM ™" (inset of Fig. 7(b)).
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Figure 7. Plot of the relaxation rates r; (a) and r, (b) as a function of
iron concentration for the Fe;O,_NPs/PPY composites. Inset: r; (a) and r,
(b) as a function of iron concentration in the case of Fe;O,_ NPs.
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Our results are in general agreement with those values obtained
from a theory describing water proton relaxation via magnetic
interactions with nanoparticles.*® These values could be com-
pared with the r, relaxivities of commercial contrast agents
commonly used in human MRI examinations, such as USPION
(or MION-46, approximately 19.6 s~ mM™"),*’ Clariscan (or
NC100150, 36.4 s ' mM Y)* and Sinerem (or AMI-227, 53.1
s ' mM™1).* In fact, the Fe;0,_NPs/PPY nanocomposites pres-
ent a core diameter smaller than 20 nm and total diameter
ranging from 40 to 100 nm, resulting in an association distance
between the enclosed Fe;O,_NPs and the water molecules that
is greater than the equivalent distance for the case of pure
Fe;0,_NPs. (note, however, that the r, value remains high for
Fe;O,_NPs/PPY nanocomposite). We believe that these results
are suggestive of the possibility of synthesizing high r, values
PPY-coated Fe;0, NPs with a total diameter greater than ~ 100
nm. It is important to consider that a beneficial characteristic
of an iron-based MRI contrast agent is to have a coated shell as
thick as possible to avoid the poisoning of the patient by even-
tual side reactions with iron. Considering the magnetic behavior
and the biocompatibility of Fe;O, and PPY, these Fe;O, NPs/
PPY nanocomposites appear as promising candidates for the
development of negative MRI contrast agents and related
biomedical applications.

CONCLUSIONS

In this study, we have discussed the synthesis of pure Fe;O, NPs
by a chemical coprecipitation method and reported the prepara-
tion of conducting Fe;0, NPs/PPY nanocomposites via chemi-
cal polymerization of pyrrole in the presence of Fe;0, NPs and
SDS. TEM revealed that the Fe;O, NPs with small size (average
size, 10.2 * 3.9 nm), and that the resulting Fe;O, NPs/PPY
nanocomposites with triangle-shaped morphology and have av-
erage particle diameter below 100 nm. A ferromagnetic behavior
was observed for all magnetic nanoparticles examined such as
lower coercive force and the saturated magnetization is influ-
enced by the polymeric coating of the Fe;O, NPs. Our relaxiv-
ity measurements reveal that although both pure Fe;O, NPs
and Fe;0, NPs/PPY composites have high transverse relaxivities
15, the r; values are substantially affected by the presence of the
PPY coating; hence, at least in principle, one has the possibility
of controlling the T,/T; ratio of the hybrid magnetite/PPY
nanocomposites over a larger range of values. The magnetic
properties and 'H NMR relaxation times of these hybrid nano-
composites suggest that they are suitable for use as negative
contrast agents for MRI of varying contrast ratios.

We have recently initiated studies related to the application of
these materials to obtain images of biological tissues.
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