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A magnetic polyaniline nanohybrid for MR imaging
and redox sensing of cancer cells†
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A synthetic process for constructing an organo-metal nanohybrid is

described. This process uses polyaniline as a ligand in order to fabri-

cate magnetic nanoparticles. This nanohybrid shows imaging poten-

tial uses as a magnetic resonance imaging contrast agent and a

redox-sensing probe simultaneously both in vitro and in vivo.

Recently, multifunctional nanostructures have been designed
by researchers.1–4 In particular, magnetic nanoparticles
(MNPs) composed of iron have been used for magnetic reson-
ance (MR) imaging as drug delivery carriers.5 The MR imaging
potential of MNPs occurs from their remagnetization response
to a magnetic field.6 On the other hand, one of the most
reported conducting polymers, polyaniline (PAni), has
attracted significant interest due to its easy synthesis and high
conductivity, the reversibility of its oxidation/reduction pro-
cesses, the facile controllability of its redox state by doping,
and the varying colors of its different redox states.7,8 PAni is
especially interesting as a material for biosensors, because it
can act as an effective mediator for electron transfer in redox
and enzymatic reactions.9 The role of PAni as a mediator is
due to the presence of delocalized redox charges over a series
of conducting grains (polarons) in its crystallite emeraldine
salt-I phase.10 PAni is considered to be an attractive polymer

since it exhibits two redox couples in the appropriate range to
facilitate an enzyme–polymer charge transfer and thereby acts
as a self-contained electron transfer mediator.

Herein, we suggest the use of bifunctionally magnetic PAni
nanohybrids (MPNHs) for MR imaging and redox sensing of
the cancer cell microenvironment. MPNHs consist of MNPs
that function as MR contrast agents, and PAni acts as a redox-
sensing agent. The sensing of the redox state in biological
systems occurs because the redox state is related to the regu-
lation of protein activity, cell signaling, gene transcription,
and various cellular events in response to reactive oxygen
species.11–14 To synthesize water-soluble nanoprobes, MPNHs
are functionalized with maleimidyl-TWEEN 80 (MPNHm), and
MPNHm shows potential as an MR contrast agent by solution
MR imaging. Moreover, the synthesized MPNHm shows the
reversibility of its color changes with changing pH conditions
as also an original characteristic of PAni. Subsequently,
MPNHm was conjugated with a peptide (MPNHm–P), which
can be targeted toward one of the representative biomarkers of
invasive cancer cells, membrane type 1-matrix metalloprotei-
nase (MT1-MMP). MPNHm–P confirmed the redox-sensing
potential and targeting ability in an MT1-MMP-overexpressing
cell line (HT1080) compared to a low-expressing cell line
(MCF7). Furthermore, MPNHm–P was injected into the tumor
site of a xenograft mouse model directly. In vivo MR and optical
images were used to show the potential of the MR contrast
agent and the redox-sensing agent, respectively (Scheme 1).

To verify the fabrication of MPNHs in the steady state,
transmission electron microscopy (TEM) imaging was prefer-
entially conducted. Fig. 1a–d show TEM images of MPNHs syn-
thesized by various molar ratios of iron(III) acetylacetonate(I),
and PAni (P). The synthetic process for MPNHs is derived from
the thermal decomposition method, one of the methods for
the synthesis of magnetic nanoparticles. Briefly, iron(III) acetyl-
acetonate and PAni acted as a precursor and a ligand, respect-
ively. Other synthetic parameters were adjusted to the previous
thermal decomposition method, such as solvents, temperature,
and reaction time. A detailed synthetic method is described in
the ESI.† In Fig. 1a, without using PAni (I : P = 10 : 0), single
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MNPs of 10.3 ± 4.3 nm were irregularly clustered and showed
no PAni coating. In Fig. 1b, an increased molar ratio of PAni
(I : P = 10 : 0.25) induced the regular self-assembly of single
MNPs with PAni coating and showed a narrow size distribution
of MPNHs of 71.3 ± 5.6 nm. In Fig. 1c, it can be seen that the

clustering tendency between single MNPs decreased, and
MPNHs lost their spherical shapes due to the increased PAni
molar ratio (I : P = 10 : 0.75). In Fig. 1d (I : P = 10 : 1), the spheri-
cal shape of the particles was not found by TEM, and MPNHs
formed a large area of the PAni cloud containing MNPs. From
these results, we decided that the conditions in Fig. 1b were
ideal for the synthesis of MPNHs, and the following experi-
ments were conducted using this approach. The presence of
PAni in MPNHs was shown using a solubility test for MPNHs,
with deionized water (DW), ethanol (EtOH), and N-methyl-
2-pyrrolidone (NMP). As described in Fig. 1e, with either DW
or EtOH, MPNHs had poor solubility and aggregated and pre-
cipitated. In contrast to this result, with NMP, MPNHs were
well dispersed and had a higher solubility than either DW or
EtOH. These effects seem to be caused by one of the represen-
tative characteristics of PAni, which involves MNP. As
described in a previously published report,8 PAni has better
solubility in NMP than in DW, and we also observe this solubi-
lity property in MPNHs. The absorbance spectra also show the
presence of PAni as well as the solubility of MPNHs toward
DW, EtOH, and NMP. Because of the aggregation and precipi-
tation of MPNHs in DW and EtOH, the absorbance spectra of
MPNHs in those cases cannot be measured, but in NMP, the
correct absorbance spectrum can be obtained. These results
are proof of the involvement of PAni with MNP, and are con-
sistent with a previously published report.4 The chemical
structure of MPNHs was confirmed by peaks in the Fourier
transform infrared (FTIR) spectra: 1580 cm−1 (CvC and
NvQvN stretching of the quinoid ring, denoted as (i), 1400
and 1495 cm−1 (CvN stretching of the quinoid ring, denoted
as (ii), and 1300 cm−1 (aromatic C–N stretching of benzenoid
rings, denoted as (iii) (Fig. 1f). The results in Fig. 1 show that
MPNHs can be successfully fabricated in a nanohybrid form,
and PAni is well contained in the MPNH as we expected.

In order to increase the capability of MPNHs as MR contrast
agents and redox-sensing agents in biological systems, a nano-
precipitation method was applied to improve the solubility
and stability of MPNHs in water.8 Maleimidyl-TWEEN 80 was
used as a surfactant; as a result, the surface of the MPNH was
modified with a maleimidyl group (MPNHm). To investigate
the influence of the doping property by PAni, the MPNHm was
doped using various pH solutions (pH 1–10). Fig. 2a shows the
effect of pH on the optical properties of the MPNHm. At low
pH (pH < 2), MPNHm was converted into the ES (green color)
state. At higher pH (pH > 3), MPNHm transitioned to an EB
state (blue color). The absorbance spectra of MPNHm over a
range of pH values were measured (Fig. 2b). At pH 1, PAni
nanoparticles were in the doped state (ES), as indicated by the
presence of the π–π* transition of the benzenoid rings as well
as the polaron band transitions at about 2.95 and 1.30–1.55
eV. With decreasing HCl concentrations, the polaron bands at
2.95 and 1.30–1.55 eV gradually decreased in intensity, and a
strong absorbance band at about 2.14 eV was observed. The
absorbance band at 2.14 eV is attributed to excitation from the
highest occupied molecular orbital of the three-ring benzenoid
structure of PAni to the lowest unoccupied molecular orbital of

Scheme 1 Schematic illustration of the synthesis of a magnetic poly-
aniline nanohybrid (MPNH) as an MR imaging and redox-sensing agent.

Fig. 1 TEM images of MPNH in the following ratios for iron(I) and PAni
(P): (a) 10 : 0, (b) 10 : 0.25, (c) 10 : 0.75, and (d) 10 : 1. All sale bars
are 100 nm. (e) Absorbance spectra for MPNHs dispersed in the
indicated solvents. Inset is a photograph for solutions containing PAni in
the indicated solvents. (f ) FTIR spectra for MPNHs. The Roman charac-
ters (i, ii, and iii) represent interesting peaks described in more detail in
the text.
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the localized quinoid ring and the two surrounding imine
nitrogens in the EB state of the PAni nanoparticles. In order to
distinguish more quantitatively between the EB and ES states
of MPNHm, the absorbance ratios (E1.55/E2.14) were calculated
at the representative energies of the peaks for the EB (E1.55)
and ES (E2.14) states (Fig. 2c). As the pH value increased from 1
to 6, the absorbance ratio decreased also, but it did not
change further at the higher pH value (pH > 7). Additionally,
to confirm the capability of redox sensing of MPNHm in bio-
logical systems, scattering spectra of a single MPNHm mole-
cule were measured, and darkfield imaging of MPNHm was
also conducted by varying the pH. As shown in Fig. 2c, scatter-
ing intensity ratios dramatically transited between pH 2 and
pH 3. Visualizing darkfield microscopic images of MPNHm,
the EB state of MPNHm appeared as a bright orange color,
and the ES state of MPNHm appeared as a dark red color.
These darkfield imaging results are consistent with the results
of the absorbance spectra. Generally, objects can be said to
have the color of light leaving their surfaces, that is, the
human eye can perceive the color of objects by receiving the
reflected energy of light from the object. The absorbance
spectra demonstrate that the energy of the valley is related to
the reflected energy; in MPNHm, the valley energy of the EB
state (pH 3–10) corresponds to 2.91 eV. This energy value rep-
resents a blue color, and for pH values 1 and 2, the valley ener-
gies match the color of each solution, respectively. In the
darkfield microscopic images, on the other hand, the reflected
light does not reach the eyepiece, but only the scattered light
reaches our eye; therefore, we can show the complementary
color of the object in the darkfield microscopic images. As
shown in the insets of Fig. 2c, on the darkfield microscopic
images, the color of MPNHm in the ES state (pH 1) is shown
as a dark red color, which corresponds to the complementary
color of green, and the color of MPNHm in the EB state (pH
10) is shown as a bright orange color, which corresponds to

the complementary color of blue, respectively. Collectively,
these results indicate that MPNHm can be doped with H+ ions
and their counterions, and also suggests that the spectral
changes and darkfield images of MPNHm can be used to
determine the specific redox state of a biological system.

For the in vitro and in vivo MR imaging and redox sensing
of cancer, hydrophobic MPNH was coated by MPNHm and dis-
persed in water (Fig. 3a). To study the redox-sensing ability,
the MPNHm solution underwent repetitive doping and de-
doping processes, and showed reversible green (ES) and blue
(EB) changes (Fig. 3b). For the confirmation of successful
coating of maleimidyl-TWEEN 80 on the surface of MPNH, the
hydrodynamic diameter was measured via the dynamic light
scattering method. MPNH was also coated with plain TWEEN
80 (MPNHt) as a control nanoparticle toward MPNHm. The
hydrodynamic diameter showed no significant changes
(MPNHt: 62.2 ± 9.7 nm, MPNHm: 57.4 ± 2.3 nm) (Fig. 3c).
X-ray diffraction (XRD) was used to obtain the structural infor-
mation of Fe3O4 in MPNHm (Fig. 3d). The XRD patterns of
MPNHm showed that the MNPs contained in MPNHm were of
a highly crystalline inverse spinel structure. The position diffr-
action peaks matched well with those of the magnetite
powder. The magnetic hysteresis curves of MPNHm in the EB
and ES states support the potential of MPNHm as an MR con-
trast agent (Fig. 3d).

To confirm the magnetic property of MPNHm, a vibrating
sample magnetometer (VSM) was used. MPNHm in the EB
state showed a superparamagnetic property with saturation
magnetization at 3.8 emu g−1. However, in the ES state,
MPNHm shows a diamagnetic property, because MNPs con-
tained in MPNHm dissolved and only PAni remained. As
described in previously published reports, it is a well-known
phenomenon that iron oxide dissolves in acidic environ-
ments,15,16 and this phenomenon was also confirmed in the
case of the MPNHm via VSM in Fig. 4a. To confirm the poten-

Fig. 2 (a) A photograph of MPNHm in the indicated pH solutions. (b)
Absorbance spectra for MPNHm in pH 1–10. (c) Absorbance ratio (E1.55/
E2.14, triangle) and scattering intensity ratio (E1.82/E2.07, circle) for
MPNHm as a function of pH. Insets represent light scattering images of
MPNHm in the state of ES (pH 1) and EB (pH 10), respectively.

Fig. 3 (a) A TEM image of MPNHm after the conjugation of maleimidyl-
TWEEN 80. (b) A photograph of MPNHm solutions changing state. (c)
Size and zeta potential for MPNHt and MPNHm. (d) XRD pattern of
MPNHm. The peaks of the Fe3O4 nanocrystal structure are marked with
asterisks (*).
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tial of MPNHm as an MR imaging contrast agent, R2 relaxivity
values are plotted as a function of the Fe concentration of
MPNHm (Fig. 4b), as the R2 relaxivity of MPNHm linearly
increased according to the increase of Fe concentration in
MPNHm. Furthermore, solution MR imaging of MPNHm
under EB and ES states after washing was also performed
(Fig. 4c). In the EB state, MPNHm successfully showed an
increasing darkening contrast effect on T2 MR imaging with
increasing iron concentrations, but no changes were seen on
T1 MR imaging. In the ES state, MNPs contained in MPNHm
were dissolved in acid; the iron ions showed no T2 contrast
enhancing effect but showed significant brightening on T1 MR
imaging. After washing in the ES state, MPNHm had no MNPs
or iron ions, and showed no contrast enhancement effects on
either T2 or T1 MR imaging. From the results of Fig. 3 and 4,
we confirmed that MPNHm contained both PAni and iron
oxide, and MPNHm shows potential as a redox-sensing agent
via reversible doping experiments, as well as potential as a MR
imaging contrast agent via VSM and solution MR imaging
results.

To prepare the cancer MR imaging and redox-sensing
probes based on MPNHm, an MT1-MMP-specific peptide was
selected as a targeting moiety. MT1-MMP is a kind of specific
metalloproteinase and plays a key role in cancer metasta-
sis.17,18 An MT1-MMP-targeting peptide was designed to
include a cysteine, which contains a thiol functional group
and can be conjugated simply with the maleimidyl group of
MPNHm at a suitable pH.19 MT1-MMP-targeting peptide-

conjugated MPNH (MPNHm–P) was synthesized by simply
mixing the MT1-MMP-targeting peptide and MPNHm. To
evaluate the biocompatibility of MPNHm–P, a cytotoxicity ana-
lysis was conducted (Fig. 5a). HT1080 and MCF7 cells were
selected as the highly expressing MT1-MMP group and control
group, respectively, because of their different MT1-MMP
expression levels.20 The cytotoxicities of MPNHm–P in HT1080
and MCF7 cells were evaluated using the MTT assay for three
different concentrations; the highest concentration, 3.17 mM,
was diluted 10-fold twice. Neither HT1080 nor the MCF7 cells
were damaged significantly by the treatment with the range of
MPNHm–P concentrations used in this study. In Fig. 5b,
images were obtained after a 24 h treatment of HT1080 and
MCF7 cells with EB state-MPNHm–P. MPNHm–P was observed
as the ES state color (green) in HT1080 cells, but in MCF7
cells, the EB state (blue) of MPNHm–P was maintained. This
result demonstrates that MPNHm–P has cell-redox-state
sensing and MT1-MMP targeting abilities. To precisely
examine the ability of MPNHm–P as a colorimetric probe on a
microscopic scale, darkfield microscopy was carried out
(Fig. 5c). In HT1080 cells, MPNHm–P bound to the surfaces of
HT1080 cells and appeared in an ES state as in Fig. 2c. In
MCF7 cells, however, few or no MPNHm–P was observed,
because MCF7 cells have a relatively lower expression level of
MT1-MMP than HT1080 cells. The ES state of PAni allows PAni
to receive biological dopants from biological systems, and
these biological dopants (i.e. H+ ions) are a representative
material participating in redox reactions. In addition to this
finding, PAni is also known as a nanoprobe that can sense
various biological dopants, including one of the products of
cancer metabolism, such as lactic acid or oxidative species, as
well as H+ ions.7,8 In HT1080 cells, these biological dopants

Fig. 4 (a) Magnetic hysteresis loops for MPNHm in EB (black circle) and
ES (red triangle) states. (b) R2 relaxivity of MPNHm in the EB state. (c) T2-
and T1-MR images for MPNHm in EB, ES, and ES states after washing at
the indicated concentrations.

Fig. 5 (a) Cell viability test of MPNHm–P in HT1080 and MCF7 cells.
(b) Photographs of MCF7 and HT1080 cells with or without MPNHm–P.
(c) Darkfield microscopic images of MCF7 (first row) and HT1080
(second row) cells with (the first column) or without (the second
column) MPNHm–P. Scale bar is 10 μm. (d) Absorbance ratios (E1.55/
E2.14) for MCF7 and HT1080 cells treated with MPNHm–P.
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from cancer cells may participate in changes in PAni from the
EB to the ES state. The absorbance ratio (E1.55/E2.14) of HT1080
cells was also observed to be higher than in MCF7 cells, that is,
MPNHm–P is in a ES-like state in HT1080 cells (Fig. 5d). These
results show that MPNH is suitable for the sensing of the redox
state of cancer cells using changes in its color via various
methods (naked eye, spectrophotometer, and darkfield micro-
scopic analysis). Collectively, the results from Fig. 3–5 show that
MPNHs are suitable as in vitro MR contrast agents and in vitro
redox-sensing agents, because MPNHs have properties of both
MNPs (MR contrast agent) and PAni (redox-sensing agent).

To investigate the in vivo MT1-MMP-targeting ability of
MPNHm–P using MR or optical imaging, we prepared xeno-
graft mice models via the implantation of HT1080 cells at the
proximal thigh. MR imaging of MT1-MMP-expressing fibrosar-
comas was obtained after the injection of MPNHm–P into the
tail vein of the mice (200 μg iron) (Fig. 6a and b). Before the
injection of the solution (pre-injection), each T2-weighted MR
imaging of the tumor site appeared characteristically bright,
with a low R2 value. Following the injection of MPNHm–P, we
observed that the tumor sites showed darkened images caused
by the presence of magnetic components. These results
demonstrate that MPNHm–P was effectively targeted and

bound to MT1-MMP in the tumor tissue. To quantify these
results, MR imaging was evaluated quantitatively by a R2 relax-
ivity calculation (Fig. 6c). The R2 value increased in compari-
son with the pre-injection state. In vivo near infrared (NIR)
imaging studies were also performed to evaluate the possibility
of using MPNHm–P as a redox-sensing probe to detect HT1080
cells based on MT1-MMP expression (data not shown), and the
total photon counts of NIR absorbance images in the tumor
site were estimated (Fig. 6d). The total photon counts indicate
the number of photons received from the reflected light of
examined materials at the photon detector, and lower photon
counts in absorbance images suggest that photons reaching
the detector are also low; in other words, lower photon counts
also indicate that the absorbance of the measured object is
high in the absorbance image. As described in Fig. 5d, after
the MPNHm–P injection, the total photon counts were lower
than those at pre-injection. This phenomenon indicates that
reflected photons from the tumor site post-injection are lower
than pre-injection, that is, the tumor site after MPNHm–P
injection has a higher absorbance than pre-injection. To deter-
mine the precise regions detected by MPNHm–P, histological
analysis was performed on the harvested HT1080 tumor
tissues after MPNHm–P treatment and MR imaging. The dark
purple region in the H&E-stained tissues clearly outlines the
tumor (Fig. 6e), as the tumor tissue has dense, large cancer
cells, with much nuclear material. The selective accumulation
of MPNHm–P within the cells was verified using Prussian blue
staining (Fig. 6f). Iron ions from MPNHm–P bound to the
HT1080 tumors combined with the ferrocyanide result in the
formation of a bright blue pigment called Prussian blue.
These results demonstrate that HT1080 cells, which express
high levels of MT1-MMP, were successfully targeted by
MPNHm–P in vivo.

Conclusions

In conclusion, we designed a multifunctional nanohybrid that
could act as an MR imaging contrast agent and a redox-
sensing agent; this nanohybrid was successfully used for dual
modal imaging. The nanohybrid has a magnetic property as
well as the characteristics of PAni, and we verified that the
nanohybrid could be used as an MR contrast agent and redox-
sensing agent both in vitro and in vivo. We suggest that this
nanohybrid could potentially lead to diagnoses of cancer by
various methods, such as MR imaging or redox sensing.
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Fig. 6 (a) A HT1080 xenograft mouse. The arrow points to the tumor
site. (b) In vivo T2-weighted MR images both pre-injection and
120 minutes after injection of MPNHm–P. (c) T2 relaxation time (bar) and
R2 for images in (a). (d) Photon counts corresponding to tumor specifi-
city of MPNHm–P. (e) H&E and (f ) Prussian blue staining images for
tumor tissue sections. Scale bars are 100 μm. Insets are magnified
images of the rectangular regions.
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