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ABSTRACT: We report in this work the formation of fluorescence and
MRI bimodal imaging nanoparticles achieved by electrostatic self-
assembly. The nanoparticles are micelles formed with Gd3+ ion, a
bisligand that contains aggregation induced emission (AIE) group, and a
block copolymer. The coordination between the Gd3+ ion and the
bisligand produces a negatively charged coordination complex, which
interacted with the positive-neutral block copolymer to form polyion
micelles. The micelles exhibit considerable fluorescence owing to the
rotation restriction of the AIE group; meanwhile, the longitudinal
relaxation of water was significantly slowed down which provide T1
contrast for magnetic resonance imaging. In vitro fluorescence imaging
and in vivo MRI measurements verified this micelle indeed exhibit dual
imaging ability. We expect that this orthogonal imaging may provide
more accurate diagnosis in practical applications and will pave the way
for the development of an advanced technique for diagnosis.

■ INTRODUCTION
The past decades have witnessed the thriving of molecular
imaging for disease detection because of its noninvasive, real
time, and three-dimensional imaging of physiological con-
ditions.1,2 Up to date, there are already various kinds of imaging
methods, such as magnetic resonance imaging (MRI),3,4

fluorescence imaging (FI),5 computed tomography (CT),6

ultrasound,7 nuclear imaging,8 and so on. However, one should
be careful with diagnosis based on one imaging method since
each imaging modality has its specific advantages and
drawbacks. For instance, the method of MRI is characterized
by high resolution but low sensitivity, whereas FI has high
sensitivity but low resolution.9,10 A recent trend is therefore to
develop bi- or multimodal imaging systems, which fuse the
advantages of different molecular imaging methods into one
probe.11,12 This concept is essentially important for more
accurate diagnosis since no single modality is perfect and
sufficient for both high resolution and sensitivity.
Herein we report an advanced micellar system which exhibits

MRI/FI dual ability. The micelles were electrostatic assemblies
between a negatively charged coordination complex and a
positively charged block copolymer. The coordination complex
was built with Gd3+ and a bisligand which contains an
aggregation induced emission (AIE) group in water.13−15

Since Gd3+ significantly shortens the T1 mode relaxation of
nearby water molecules,16 the contrast between areas with and
without Gd3+ is greatly increased.17 For this reason, various
complexes containing Gd3+ are widely used as T1 contrast
agents in practical applications.18−21 On the other hand, the
AIE phenomenon has gained increasing attention in the field of
bioimaging.22,23 Different from the fluorescence quenching of

most planar fluorophores, the propeller-like AIE molecules do
not emit or emit weakly in the molecular state due to the
intramolecular rotation which consumes the absorbed en-
ergy.13,14,24−26 However, strong emission may occur upon
aggregation since the intramolecular rotations are restricted.
Our study shows that, upon assembling the coordination
complex of the Gd3+-AIE ligand with a block copolymer,
nanoparticles with MRI and FL dual performance may be
produced.
In contrast to the employment of self-assembly in obtaining

the dual-imaging nanoparticles, a lot of effort was made to
fabricate various nanoparticles for single-mode MRI. Excellent
examples include the dendronized iron oxide nanoparticles
reported by Basly et al., the functionalized carbon nanotubes
reported by Lamanna and Delogu et al., and so on. Obviously,
these approaches require complicated preparation procedures,
which is unfavorable for their applications. Moreover, the
recent tendency in fabrication of dual MRI/FI dual imaging
nanoparticles was to incorporate fluorescent quantum dots
(QDs)27 or organic dyes into iron oxide nanoparticles2 or
gadolinium chelates,1,2,28 which further increases the difficulty
in fabrication. On the contrary, the strategy of self-assembly
reported in this work may greatly simplify the preparation
procedure. We have reported in our previous work the
formation of MRI/FI dual imaging micelles where the MRI
and FI functions are originated from the coexistence of Gd3+

and Eu3+.18 In that case, the fluorescence is from the europium
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ion, which requires excitation with UV light of 280 nm.18 In the
present work, the fluorescence is from the organic tetraphenyl
ethylene (TPE) group, which allows excitation with visible light
in practical biological operation.29 Moreover, the dimension of
the micelles is only about 40 nm, which is expected to facilitate
their in vitro or in vivo applications.27,30−33

■ EXPERIMENTAL SECTION
1. Materials. Synthesis of the Bifunctional Ligand TPE-(EO)4-L2.

TPE-(EO)4-L2 (L: dicarboxypyridine group) used in this work was
synthesized according to previously reported procedures.34

Other Materials. Diblock polyelectrolyte poly(N-methyl-2-vinyl-
pyridinium iodide)-b-poly(ethylene oxide) (PMVP41-b-PEO205, Mw =
19K, PDI = 1.05, about 90% quaternized) used in this work was
prepared following a procedure described elsewhere.35 Gadolinium
nitrate, Gd(NO3)3·6H2O, was purchased from Aldrich and used
without further purification. The other chemicals were obtained from
Beijing Chemical Reagents Co. and all of A.R. grade. Distilled water
was purified through a Milli-Q Advantage A10 ultrapure water system.
Sample Preparation. The desired amounts of TPE-(EO)4-L2 and

Gd(NO3)3 were mixed in water in a glass vial. The final concentration
of TPE-(EO)4-L2 and Gd3+ were 0.3 and 0.2 mM, respectively, to
keep the ligand and metal ion at stoichiometric mixing ratio of ([TPE-
(EO)4-L2]/[Gd3+] = 3/2). In this way, each Gd3+ ion is expected to
coordinate with three L groups, where L represents one head of the

TPE-(EO)4-L2. The net charge calculated for each coordination
center is −3, which means the concentration of negative charge [−] =
0.6 mM in the final mixtures. Then an equal volume of aqueous
solution of PMVP41-b-PEO205 with positive charges [+] = 0.6 mM was
added, which made the [+] = [−] = 0.3 mM in the mixed systems. The
pH for the final micellar system was adjusted to ∼7.4 using HCl and
NaOH. All experiments were performed at room temperature (∼25
°C) unless otherwise specified.

2. Methods. Transmission Electron Microscopy (TEM). A FEI
Tecnai G2 T20 TEM was employed to observe the morphology of
micelles. Drops of samples were put onto 230 mesh copper grids
coated with Formvar film. Excess water was removed by filter paper,
and samples were then allowed to dry in ambient air at room
temperature before TEM observation. The radius of the particles can
be obtained directly on the basis of the given scaling bar. The average
radius was obtained by averaging over 20 particles in the same figure.

Fluorescence Spectrometer Measurements. Steady-state fluores-
cence spectra were obtained with a Hitachi F-7000 fluorescence
spectrometer. The emission wavelength was set at 480 nm, and the
excitation wavelength was set at 366 nm. Emission spectra were
recorded in the range of 375−700 nm. Excitation spectra were
recorded in the range of 200−500 nm. The slit was set at 2.5 mm. The
PMT voltage was 700 V, and the scan speed was 240 nm/min.

Dynamic Light Scattering Measurements. DLS measurements
were carried out using a spectrometer of standard design (ALV-5000/
E/WIN multiple tau digital correlator) with a Spectra-Physics 2017 22

Figure 1. TEM images of the aggregates formed in the (a) TPE-(EO)4-L2 system, (b) TPE-(EO)4-L2/PMVP41-PEO205 [+]/[−] = 1/2 system; (c)
Gd3+/TPE-(EO)4-L2 system; (d, e) [TPE-(EO)4-L2/Gd3+/PMVP41-PEO205]−micelles system at different magnifications. In all these systems,
[TPE-(EO)4-L2] = 0.3 mM.
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mW Ar laser (wavelength: 632.8 nm). The temperature was controlled
at 25 ± 0.5 °C using a Haake C35 thermostat. To prepare dust-free
solutions for light scattering measurements, the solutions were filtered
through a 0.45 μm membrane of hydrophilic PVDF filter into light
scattering cells before the measurements. The scattering angle was 90°,
and the intensity autocorrelation functions were analyzed by using the
method of CONTIN.36,37

Water Proton Relaxation Measurements. The longitudinal
relaxation rates 1/T1 (R1) were measured on the Bruker Avance 600
MHz spectrometer at 25 °C. The data points were collected with 16
transients and a recycle delay of 25 s. The delays used for R1
experiments were 1, 50,100, 200, 300, 500, 800, 1000, 1500, 2000,
2500, 3000, 3500, 4000, 4500, and 5000 ms. The relaxation rate
constants were obtained by fitting the peak intensities to a single-
exponential function using the nonlinear least-squares method.
Confocal Fluorescent Images of Living Cell. All cells were

incubated in complete medium (Dulbecco’s modified Eagle’s Medium,
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin−
streptomycin) at 37 °C in an atmosphere containing 5% CO2. For
imaging, HeLa cells were grown in poly-D-lysine-coated dishes and
incubated in 2 mL of complete medium for 24 h. Cells were washed
with PBS, and the stocked [TPE-(EO)4-L2/Gd3+/PMVP41-PEO205]
mixed system was added to obtain a final concentration of 5 μM. The
treated cells were incubated for another 12 h in the dark at 37 °C. A
few minutes prior to confocal imaging cells were washed twice with
PBS. A confocal laser scanning microscope (A1R-si, Nikon, Japan) was
used to obtain images. Cells were imaged via the fluorescence mode
with a 60× immersion lens with the following parameters: laser power
100%, pinhole 2.0 AU, excitation wavelength 405 nm, detector slit
425−475 nm and 552−617 nm, resolution 1024 × 1024, and a scan
speed 0.5 frame/s.
Cytotoxicity Assay. Cell viability was determined by MTT assay.38

Hela cells were seeded into a 96-well culture plate at a density of 5 ×
103 cells well−1 and cultured for 24 h in a 5% CO2 incubator at 37 °C.

Stock solutions of [TPE-(EO)4-L2/Gd3+/PMVP41-PEO205]-micelles
was prepared. The cells were treated with[TPE-(EO)4-L2/Gd3+/
PMVP41-PEO205] micelles at 0−50 μM or vehicle control for 12 h; the
cell viability was measured by a microplate reader at 490 nm with the
MTT staining assay. Optical density (OD) was read at 490 nm and
subtracted background at 630 nm using a spectrophotometer
(Multiskan MK3, Thermo Scientific, USA). Cell viability was
expressed as a percentage of the corresponding control value. The
data are expressed as the average of five replicates ± standard
deviations (SD).

Magnetic Resonance Imaging (MRI). A 7T MRI system (Agilent,
USA) was used for imaging. A spin-echo sequence was used with TR
500 ms and TE 14.7 ms to get T1 image.

■ RESULTS AND DISCUSSION
1. Formation of Hierarchical Micelles in the [TPE-

(EO)4-L2/Gd3+/PMVP41-PEO205] Mixed Systems. First we
studied the solution behavior of TPE-(EO)4-L2. Although this
bisligand molecule contains eight EO groups, it can be
solublized in water only at pH >10.0. The “solution” of TPE-
(EO)4-L2 exhibits Tyndall phenomenon, suggesting the
presence of colloidal particles. TEM observations indicate the
particles are ill-defined (Figure 1a). Meanwhile, fluorescence
detection suggests the system is weakly emissive. These
information indicates that the TPE-(EO)4-L2 molecules are
not closely aggregated in the particles. We expect that the
aggregates are probably loose clusters of TPE-(EO)4-L2 since
the K+ ions in the system may act as cross-linkers between the
EO groups. However, upon addition of Gd3+, precipitates form
gradually which gives intensive emission. Obviously, the
coordination between Gd3+ and TPE-(EO)4-L2 had triggered
the aggregation of TPE-(EO)4-L2 which led to AIE. TEM

Scheme 1. (a) Structure of TPE-(EO)4-L2; (b) Structure of PMVP41-PEO205; (c) Formation of [TPE-(EO)4-L2/Gd3+/PMVP41-
PEO205 ]−Micelles (Red Dots Represent Gd3+ Ions)
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image reveals that the precipitates are network structures,
suggesting the formation of coordination polymers between
TPE-(EO)4-L2 and Gd3+ (Figure 1c). However, this network
precipitates can be avoided if the same amount Gd3+ solution is
added into the TPE-(EO)4-L2/PMVP41-PEO205 mixed sol-
ution. Without Gd3+, ill-defined structures are formed in this
mixed system (Figure 1b), but well-defined micelles are formed
immediately upon addition of Gd3+ (Figure 1d,e). This is in
clear contrast with the precipitates in the coordinating system
of TPE-(EO)4-L2/Gd3+. It should be noted that the
precipitates cannot be changed into micelles if PMVP41-
PEO205 is added to the TPE-(EO)4-L2/Gd3+ mixed system.
Obviously, this three-component system has strong history
effect that depends on the mixing order, as is completely
different from the micelles based on coordination polymers in
our previous study.39−43 The formation of the hierarchical
micelles is illustrated in Scheme 1.
The hydrodynamic radius of the micelles is further analyzed

with DLS. Two groups of particles with average radius around
20 and 100 nm are observed. (Figure 2a). Since the scattering
intensity is proportional to R4, where R is the particle radius,
the number of larger particles is actually negligible. This is
confirmed by the number-averaged analysis (Figure 2b), where
the peak for the particles around 100 nm vanishes completely;
the particles with average radius around 20 nm are predominant
in this system. The narrow peak width at 20 nm suggests that
the micellar size is very homogeneous, which is in good
agreement with the TEM observations. According to the TEM,
the radius of the micellar core is about 7 nm, suggesting the
thickness of the PEO corona surrounding the core is about 13
nm. This is also in good agreement with our previous
results.41,42 It can be inferred that the larger particles are
produced by the deviation from the charge balance or
coordination stoichiometry due to experimental errors.
2. Fluorescence Performance of the [TPE-(EO)4-L2/

Gd3+/PMVP41-PEO205)] System. First, we checked the effect
of Gd3+ and PMVP41-PEO205 on the excitation spectrum of
TPE-(EO)4-L2. The excitation maximum for both systems
appears at 366 nm, suggesting both the Gd3+ and PMVP41-
PEO205 have not interacted with the ground state of the TPE
group (Figure 3a).
The emission spectra of TPE-(EO)4-L2 at various conditions

are shown in Figure 3b. In all cases, the spectra display a broad
peak centered at around 475 nm (Figure 3b), but the emission
intensity varies in the presence of Gd3+ and PMVP41-PEO205. It
is noted that the emission of TPE-(EO)4-L2 is enhanced
significantly upon addition of Gd3+, but the emission in the
TPE-(EO)4-L2/Gd3+ system is decreased about 10% after
addition of PMVP41-PEO205 block copolymer to balance the
charges in the coordinating system. We infer that this is

probably caused by the different structures of the coordination
complex in these two states. It is known that the AIE property
is originated from the RIR (restriction of intramolecular
rotations). Without the presence of PMVP41-PEO205, TPE-
(EO)4-L2/Gd3+ complexes exist in the form of giant network
structures up to several micrometers, yet the size of the
network has been reduced to within 10 nm in the core of the
micelles in the presence of PMVP41-PEO205. Obviously, the
rotation of TPE-(EO)4-L2 molecules in the giant network
structure is more difficult than that in the micelles, since the

Figure 2. (a) Scattering intensity and (b) the number of particles as a function of hydrodynamic radius (Rh) distributions.

Figure 3. (a) Excitation fluorescence spectra of TPE-(EO)4-L2
(emission wavelength = 480 nm, [TPE-(EO)4-L2] = 0.3 mM) and the
excitation fluorescence spectra of TPE-(EO)4-L2/Gd3+/PMVP41-
PEO205 (emission wavelength = 480 nm, [TPE-(EO)4-L2] = 0.3
mM). (b) Emission fluorescence spectra of systems with different
components, in which the [TPE-(EO)4-L2] was all fixed at 0.3 mM.
Excitation wavelength = 366 nm.
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latter allows more lateral TPE-(EO)4-L2 which has more
rotation freedom. It is also possible that the formation of
micelles may scatter some light which is to excite the TPE
groups. Nevertheless, the emission in the micelles is strong
enough to obtain a visible signal at micromolar level.
3. Cellular Fluorescence Imaging. In this section, we

explored the fluorescence imaging property of the [TPE-
(EO)4-L2/Gd3+/PMVP41-PEO205]−micelles system. These
micelles can be taken up by HeLa cells. Figure 4b shows that

upon excitation with the 405 nm laser blue emission (425−475
nm) can be observed after the HeLa cells were incubated in the
micellar system. Most interestingly, we found dual-channel
fluorescence in the incubated HeLa cells under the same
excitation. It is show in Figure 4c that red fluorescence (552−
617 nm) can be obtained as well. Recently, dual fluorescence
has attracted intensive attention toward improved fluorescence
imaging.43,44 Usually, dual-channel fluorescence can only be
obtained by incorporating different fluorophores into the
fluorescence probes.43−45 Yet the mechanism of this two-
channel fluorescence is probably caused by scattering of the
micelles, since the appeared reports for TPE fluorophores never
show such a phenomenon.29,46−49 Anyway, this two-channel
fluorescence in our [TPE-(EO)4-L2/Gd3+/PMVP41-PEO205]−
micellar systems is very interesting since it allows a more
accurate imaging.
It should be mentioned that the [TPE-(EO)4-L2/Gd3+/

PMVP41-PEO205]−micelles systems could still form stable
micelles in PBS solution which is the cell culture at low
concentration (even 5 μM) (Figure 5a). Since cytotoxicity of
[TPE-(EO)4-L2/Gd3+/PMVP41-PEO205]−micelles systems is
negligible to cells (Figure 5b), they are expected to be
potentially used in in vitro applications.
4. Magnetic Resonance Imaging (MRI). Next we

examine the magnetic resonance imaging (MRI) ability of the
micelles. In general, with the same imaging parameters, the
higher the concentration of the contrast agent is the larger the
change of water relaxation in tissue is. At low concentrations,

contrast agent-induced tissue relaxivity obeys the linear
relationship (take T1-weighted MRI for example),17 i.e.

= +R R r CA1 1
0

1 (1)

where R1
0 is the tissue relaxivity in the absence of contrast agent

(CA). R1
0 varies with tissue type and the applied field. The ionic

relaxivity rate, r1 (with units in mM−1 s−1), of a contrast agent
describes its capacity for contrast enhancement. It is known
that Gd3+ is the strongest paramagnetic species owing to the
presence of seven unpaired electrons. It is found that the spin−
lattice relaxation time T1 of water was considerably decreased in
the TPE-(EO)4-L2/Gd3+/PMVP41-PEO205 micellar system.
Figure 6 demonstrates that 1/T1 increases linearly with
increasing the concentration of the Gd3+-micelles (expressed
in the concentration of Gd3+ ions).

Figure 4. Confocal fluorescence images of living HeLa cells incubated
with [TPE-(EO)4-L2/Gd3+/PMVP41-PEO205]−micelles systems: (a)
bright-field image, (b) detector slit 425−475 nm, (c) detector slit
552−617 nm, (d) overlap of (b) and (c). [TPE-(EO)4-L2] = 5 μM.

Figure 5. (a) TEM image of [TPE-(EO)4-L2/Gd3+/PMVP41-
PEO205]−micelles in PBS solution which is the cell culture at 5 μM.
(b) Cytotoxicity of [TPE-(EO)4-L2/Gd3+/PMVP41-PEO205]−micelles
to HeLa cells.

Figure 6. NMR relaxation times of the protons in water influenced by
the [TPE-(EO)4-L2/Gd3+/PMVP41-PEO205)]−micelles.
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From Figure 6 we can find that the [TPE-(EO)4-L2/Gd3+/
PMVP41-PEO205)]−micelles are T1-weighted contrast agents.
According to eq 1

= + =+ −R r0.284 2.37[Gd ] 2.37 (mM s)1
3

1 Gd
1

The relaxivity was found to be 2.37 mM−1 Gd−1 s−1(600 MHz,
25 °C). Since one micelle always contains hundreds of ions, the
relaxivity of one micelle could be ∼103 mM−1 micelle−1 s−1

(600 MHz, 25 °C), which is comparable with literature
reports.17,50

The effective change of the T1 value of water using the [TPE-
(EO)4-L2/Gd3+/PMVP41-PEO205]−micelles allows us to per-
form in vitro MRI experiments. Figure 7a,b compares the T1

contrast MRI image of water without and with the presence of
TPE-(EO)4-L2/Gd3+/PMVP41-PEO205-micelles. It can be
clearly observed in Figure 7 that the MRI contrast in map b,
which corresponds to the micellar system, is fairly good,
whereas that for map a, which is made with pure water, is rather
poor. Obviously, the contrast with the presence of [TPE-
(EO)4-L2/Gd3+/PMVP41-PEO205]−micelles (Figure 7b) is
significantly enhanced, confirming the effective MRI ability.
5. Salt Effect. The MRI-FL dual imaging [TPE-(EO)4-L2/

Gd3+/PMVP41-PEO205]−micelles hold great promise from the
application point of view, so we further investigated the stability
of the micellar structures at high salt concentrations. Polyion
micelles typically strongly respond to ionic strength; hence, we
studied the effect of salt on the micelles. Figure 8 shows the
light scattering intensity and hydrodynamic radius of micelles as
a function of salt concentration. Remarkably, the intensity and
the radius nearly do not change up to 200 mM NaCl for a

micellar solution with [TPE-(EO)4-L2] as low as 5 μM. It is
thus likely that the high stability of [TPE-(EO)4-L2/Gd3+/
PMVP41-PEO205]−micelles is due to the branched structure
and the high negative charge of Gd3+/TPE complexes formed
at a 2/3 ratio with three tridentate ligand moieties coordinating
to a single Gd3+ion. Since the biological salt concentration is
about 150 mM, the excellent stability of the micelles at 200 mM
NaCl suggests the robust potential of the [TPE-(EO)4-L2/
Gd3+/PMVP41-PEO205]−micelles in future applications such as
advanced MRI/FL dual imaging.

■ CONCLUSION
In conclusion, we reported a new micellar system that exhibits
fluorescence and MRI bimodal functions via combining the
Gd3+ and aggregation induced emission (AIE) group into the
micelles. The micelles display excellent stability in biological
salt environment and show negligible cytotoxity toward HeLa
cells. Upon endocytosis into the HeLa cells, the micelles display
dual channel fluorescence in the range of 425−475 and 552−
617 nm, respectively. Meanwhile, the presence of micelles can
considerably increase the T1 signal of water. Taking into
account the easy preparation nature of the electrostatic self-
assembly, we expect this micellar system may have great
potential in biomedical applications, given that in vivo imaging
experiments were successful as the in vitro ones in this work.
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