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ABSTRACT: In this study, a novel polymerizable CT contrast agent integrating iodine with europium(III) has been developed
by a facile and universal coordination chemistry method. The Fe;O, nanoparticles are then incorporated into this iodine-
containing europium complex by seed-emulsifier-free polymerization. The nanocomposites combining the difunctional complex
and superparamagnetic Fe;O, nanoparticles, which have uniform size dispersion and high encapsulation rate, are suitable for
computed X-ray tomography (CT), magnetic resonance imaging (MRI), and optical imaging. They possess good paramagnetic

properties with a maximum saturation magnetization of 2.16 emu/g and a transverse relaxivity rate of 260 mM ™" s~

!, and they

exhibit obvious contrast effects with an iodine payload less than 4.8 mg I/mL. In the in vivo optical imaging assessment, vivid
fluorescent dots can be observed in the liver and spleen by two-photon confocal scanning laser microscopy (CLSM). All the
results showed that nanocomposites as polymeric trifunctional contrast agents have great clinical potential in CT, MR, and

optical imaging.

KEYWORDS: computed X-ray tomography imaging, magnetic resonance imaging, rare-earth fluorescent,

iodine-containing contrast agents, polymeric nanocomposites

1. INTRODUCTION

Polymeric nanocomposites have gained much attention in
recent years in biomedicine especially diagnostic imaging. They
are used as contrast agents to enhance the imaging effect in
magnetic resonance imaging (MRI),l fluorescent imaging,
computed X-ray tomography (CT),‘?”4 and positron emission
computed tomography (PET).

CT is a common diagnostic tool to obtain high-resolution
3D structural details of tissues with high efficiency.’ The
patterns of CT are plain CT scan and contrast enhancement
(CE). Until recently, the widely used CT contrast agents were
mainly based on small iodine-containing molecules because of
the large atomic number.”® The clinically used small iodine

-4 ACS Publications  © 2015 American Chemical Society

contrast agents are classified as ionic (e.g, Angiografin,
Urografin, and Hapaque) and nonionic (e.g, Omnipaque,
Iopamiro, Ultravist, and Isovist). A major indicator is the iodine
payload (mg I/mL). The same amount of contrast agent with a
larger iodine payload shows better imaging effects. However,
the small iodine contrast agents have a short circulation time
and may cause side-effects in patients because of the different
osmolality and viscosity. Hence, new contrast agents with
higher contrast and smaller side effects are being devel-
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oped.”™"* For instance, de Vries et al. developed micelles as
blood-pool CT contrast agents by combining 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC) with octan-2-yl 2,3,5-
triiodobenzoate,'” and deKrafft et al. used 2,3,5,6-tetraiodo-
1,4-benzenedicarboxylic acid (I,-BDC-H,) bridging ligands and
metal connecting points of Cu(II) or Zn(II) to develop the
nanoscale metal—organic frameworks (MOFs) as CT contrast
agents.'® In addition, polymeric CT contrast agents that
combine the small iodine contrast agent with a polymer by
covalent bonding have some unique merits. © Aviv et al
synthesized iodine-containing copolymeric NPs P(MAOETIB-
GMA) with the monomer of MAOETIB (HEMA and 2,3,5-
triiodobenzoic acid incorporated) and glycidyl methacrylate
(GMA)."® Compared to the ordinary iodine-containing
contrast agents, the polymeric CT contrast agents tend to
obtain better imaging effects, lower toxicity, and longer blood
circulation time. It is also relatively easy to incorporate
functional groups into the polymeric CT contrast agents to
produce multifunctional contrast agents.

MRI is a powerful diagnostic technique providing non-
invasive, high spatial resolution, and real-time detection of
diseases.'” On the basis of the relaxation in different directions
(longitudinal and transverse), researchers have developed many
different types of MRI contrast agents.””~>* Superparamagnetic
iron oxide nanoparticles (SPIONs) such as Fe;O, and y-Fe,O4
are significant T, contrast agents because of their controllable
size, shape, and surface characteristics.>™° These super-
paramagnetic nanoparticles can deliver the desirable contrast
effect at low concentrations and be rapidly cleared from
organisms afterward. Besides, SPIONs have high relaxivity,
good chemical stability, low toxicity, and biocompatibility
rendering them to be suitable for the magnetic core in contrast
agents.”” In general, SPIONs tend to be swallowed by the
reticuloendothelial system (RES) of healthy cells so that they
can conveniently distinguish the tumors lacking effective RES
from the surrounding healthy cells.*’

Nanoparticles (NPs) with fluorescent properties are used as
fluorescence probes to track target delivery and controlled-
release delivery system.’” Thereinto, lanthanides possess many
outstanding properties such as photostability, unique narrow
emission bands, long excited-state lifetime, large Stokes shift,
and high quantum yield.>>** For example, the europium
complex has gained tremendous research interest in lanthanide
materials.”

To achieve higher diagnostic accuracy, researchers tend to
combine the advantages of various imaging methods, for
instance, CT/optical imalging,2 MRI/PET,”® and PET/CT.*’
The development of nanocomposites for multifunctional
imaging diagnosis is of great clinical importance. Many
prominent achievements of MRI/CT/optical imaging contrast
agents have been reported. Xing et al. combined the up-
conversion materials (NaY/GdF,: Yb, Er, and Tm) with Au
NPs to prepare trifunctional nanocompositesf’8 and Xiao et al.
employed a similar method to combine gadolinium-ion-doped
up-conversion nanoparticles with tantalum oxide (TaO,, x ~ 1)
to achieve triple functions.*® However, the preparation method
and decoration of up-conversion nanoparticles tend to be
complex and expensive. It is thus of both scientific and
technological interest to integrate SPIONs and rare-earth
fluorescence with a small iodine contrast agent to produce
multifunctional polymeric contrast agents, although reports on
polymeric nanocomposites with polymerizable complexes
containing iodine and rare earth elements have been rare.

The use of lanthanide elements is another option to enhance
the CT contrast;*" in fact, the CT imaging effects are usually
better for smaller iodine payloads.

We have recently reported the preparation of functional
nanocomposites by integrating polymerizable fluorescent
complexes with Fe;O, NPs by means of two-step seed-
emulsifier-free emulsion polymerization.41 This nanocomposite,
which has excellent fluorescent and magnetic properties, can be
used as a contrast agent in MRI/optical imaging. In this paper,
based on previous research, we report a new difunctional
polymerizable CT contrast agents and a novel polymer
nanocomposite with triple functionalities, namely CT, MR,
and fluorescent imaging, via a new, simple, and versatile
method.

2. MATERIALS AND METHODS

2.1. Materials. Sodium diatrizoate hydrate (98%), europium oxide
(Eu,03, 99.9% metals), iron chloride hexahydrate (FeCl;:6H,0), and
iron chloride tetrahydrate (FeCl,-4H,0) were purchased from Aldrich
and used directly. Styrene (St), acrylic acid (AA), and glycidyl
methacrylate (GMA) were purified by distillation under reduced
pressure and stored at S °C. Potassium peroxydisulfate (KPS) was
purified by recrystallization in distilled water and dried under vacuum.
Oleic acid (OA), undecylenic acid (UA), hydrochloric acid (HCI),
anhydrous sodium hydroxide (NaOH), ammonium hydroxide (NH;-
H,0, 25—28%), 1,10-phenanthroline (Phen), and absolute ethanol
were purchased from Sinopharm Chemical Reagent Co., Ltd., China,
and used without purification, and 3-(4,5-dimethyl thiazol-2-y1)-2,5-
diphenyl tetrazolium bromide (MTT) was bought from Sigma-Aldrich.

2.2. Synthesis of Eu** Complex: Eu(AA),(DTA)Phen. The
EuCl; solution in ethanol (0.1 mol L™') was prepared by a method
described previously.”” Sodium diatrizoate hydrate (1 mmol), AA (2
mmol), and Phen (1 mmol) were added to a two-necked flask and
dissolved in S0 mL of ethanol. The mixture was stirred at 60 °C for 30
min, and 10 mL of the EuCl; solution was added slowly. The final
mixture solution was stirred for 15 h and purified by filtering, washed
repeatedly with ethanol at 60 °C, and dried in vacuum at 50 °C for 12
h.

2.3. Preparation of Fe;0,/Poly(St-GMA-Eu(AA),(DTA)Phen)
Trifunctional NPs. Modification of Fe;O, NPs with oleic acid and
sodium undecylenate (Fe;0,/(OA/NaUA), solid content of 14 wt %)
was performed by a common method.*' The FeCl;-6H,0 (23.1 g) and
FeCl,-4H,0 (10.3 g) were added into 80 mL of deionized water at 40
°C under mechanical stirring for 15 min. Then, 70 mL of NH;-H,O
was quickly injected into the mixture solution under vigorous stirring
for 30 min. The solution was heated to 70 °C for 1 h and Fe;O, NPs
were separated from it by a powerful magnet. The Fe;O, NPs were
then washed by distilled water to neutral. The purified Fe;O, NPs
were mingled with ethanol (50 mL) and distilled water (50 mL) and
heated to 80 °C under stirring. A 4 g mass of OA was added into
reactor, and the reaction was maintained for 1 h. The Fe;0,/OA NPs
were magnetically separated from the mixture and excess OA was
removed by multiple alcohol washings. The purified Fe;0,/OA NPs,
20 mL of chloroform, and 30 mL of an aqueous solution of NaUA (8
g) were added into the reactor under stirring at 40 °C for 2 h and
sonicated for 30 min. Finally, the mixture was kept under stirring until
its weight was no longer changing. Thus, the aqueous solution Fe;O,/
(OA/NaUA) NPs were obtained. All the above experimental
procedures needed a nitrogen atmosphere.

The trifunctional nanoparticles (TFNPs) were synthesized by seed-
emulsifier-free polymerization. The aqueous solution of modified
magnetic Fe;O, NPs (4.5 g), St (2 g), GMA (0.3 g), and distilled
water (40 mL) were added into a four-necked flask and mechanically
mixed for 30 min at room temperature. The aqueous solution of KPS
(0.1 g/5 mL) was added dropwise into the flask as the initiator. The
system was heated to 75 °C under stirring. After reacting for 1 h, S mL
of the Eu(AA),(DTA)Phen (complex, 0.2 g) solution (1 mL DMSO
and 4 mL deionized water) was added within 15 min, and the

DOI: 10.1021/acsami.5b08802
ACS Appl. Mater. Interfaces 2015, 7, 24523—24532


http://dx.doi.org/10.1021/acsami.5b08802

ACS Applied Materials & Interfaces

Research Article

Figure 1. Schematic illustration of the preparation of Eu(AA),(DTA)Phen and TFNPs.

polymerization reaction proceeded for another 4 h. The experiments
were conducted in a nitrogen environment. The end product was
dialyzed against distilled water (4—6 days, replenished every 8 h) for
further purification. The solid sample was obtained by putting the
saturated calcium chloride/methanol solution into latex. Then the
precipitate was collected by centrifugation and rinsed with methanol
and distilled water. This process was repeated several times, and the
product was acquired by vacuum drying at 50 °C for 15 h.

2.4. In Vitro Cytotoxicity Test. The biocompatibility of the
TFNPs was assessed by the MTT assay. The HeLa cells were seeded
on 96-well plates (10* cells per well) and incubated in the DMEM
culture medium at 37 °C and 5% CO, for 24 h. Half of the culture
medium was removed, and DMEM containing different concentrations
of TFNPs (dose diluted by complete medium, 0—1.8 mg/mL) was
injected to every well. After incubation for 24 h incubation at 37 °C, all
media was discarded, and PBS (pH 7.5) was used to wash cells several
times. The MTT solution (30 xL, S mg/mL) was added to each well,
and the cells were further incubated at 37 °C for additional 4 h. The
MTT medium was discarded, and DMSO (200 L) was added to each
well. After dissolving the residual crystals, the optical density (OD) of
the samples at 570 nm was obtained via microplate reader. The cell
viability was assessed by the formula: viability = (OD\;eqtea/ OD control) X
100%, where ODy,q corresponds to the OD of experimental cells
treated with TFNPs and OD_., is the OD from control group
without treatment.

2.5. In Vitro CT Characterization. To explore the effectiveness of
the complex and TFNPs in CT imaging, the in vitro CT images were
acquired on a Dynamic Volume CT (Aquilion ONE 640, Toshiba,
Japan) with a tube voltage of 120 kV and current of 250 mA. The
samples were diluted with distilled water on the basis of the iodine
payload and transferred to a 0.5 mL centrifuge tube. The important
instrumental parameters were: field of view = 90 mm X 140 mm, rot.
time =1.0 s, and D-FOV = 220.3 s. The linear fit was based on the CT
value (unit: Hounsfield unit, HU) and iodine payload.

2.6. In Vitro and in Vivo MRI Characterization. To confirm the
relativity of MRI in vitro, the TFNPs were diluted with distilled water
on the basis of the iron concentrations from 0 to 0.11 mmol/L. All
samples were infused into a 0.5 mL centrifuge tube and placed in a
clinical 3T MR scanner. The T, relaxation time of the latex was
calculated by the software (MATLAB V7.1), and the relativity values
of r, were plotted versus the linear fit between 1/T), relaxation time
and Fe concentration.

The in vivo MR imaging was carried out on Sprague—Dawley (SD)
rats (weight of nearly 220 g). These experiments followed the
protocols of the Institutional Animal Care and were approved by the
Use Committee at Hubei University and the Institutional Animal Care.
All rats were anaesthetized by trichloroacetaldehyde hydrate (10%) on
the basis of weight (35 mg/kg) before the experiments. The in vivo
scan was measured before and after tail vein injection of TFNPs
solution with the concentration of 5.4 mg Fe/kg body weight. The
images were obtained on the MR scanner using continuous time
points. The signal intensity (SI) of the liver, spleen, kidney, and muscle
was measured by system program from the T,-weighted coronal MR
images. The relative SI was calculated as follows: SL,.. /SL o, X 100%.
The SI,,. and S, are SI measurements before and after injection of
the TFNPs, and the SI,; values were measured at continuous times of
30, 60, 120, 180, and 300 min.

All MR images (in vitro and in vivo) were acquired at 25 °C on the
3.0T whole-body MR scanner (MAGNETOM Trio, A Tim System
3T, Siemens, Munich, Germany) in combination with an eight-channel
wrist joint coil. The parameters of the in vitro MR were: field of view
(FOV) = 120 mm, base resolution = 384 X 384, slice thickness = 1.5
mm, multiple echo times (TE) = 20, 40, 60, 80, 100, 120, and 140 ms,
repetition time (TR) = 2000 ms, and scanning time = 13—14 min. In
the in vivo MR, the FOV was 100 mm, base resolution was 192 X 192,
slice thickness was 3.0 mm, TE was 62 ms, TR was 3000 ms, and flip
angle was 120°.

2.7. Histological Analysis and Optical Imaging. The liver,
spleen, kidney, and muscle of rats were removed 9 h after injection of
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Figure 2. (a) "H NMR spectra of complex (a—f, correspondence between H in chemical structures and spectra) and (b) HPLC profile of complex.

TENPs and drenched in 4% paraformaldehyde for 24 h. The tissues
were placed in paraffin for histological analysis and optical imaging via
ion staining with Prussian blue. Optical imaging was performed by
confocal laser scanning microscopy (CLSM). The CLSM figures of the
TENPs in the liver and spleen were acquired on the Spectra Physics
MaiTai HP tunable two-photon (690—1040 nm) laser confocal
microscopy (Carl Zeiss LSM710).

2.8. Materials Characterization. The chemical structure of the
complex was determined by '"H NMR on the UNITY INVOA 600
MHz spectrometer (Varian, USA) with DMSO-d6 as the solvent. The
purity and molecular weight of complex was obtained by high-
performance liquid chromatography (HPLC, SHIMADZU LC-6AD,
Japan) and electrospray ionization mass spectrometry system (ESI-
MS, Thermo-Finnigan LCQ-Advantage, USA). The HPLC system was
set up with a C18 column with the mobile phase of 50% CH;CN/50%
CH;0H under the detection wavelength of 220 nm. The elemental
analysis was performed on the elemental analyzer (Vario MICRO
cube, Elementar, Germany), and XRF-1800 (WD-XRF, SHIMADZU,
Japan). Fourier-transform infrared spectroscopy (FTIR) was con-
ducted on complex, modified magnetic and TFNPs powders via the
PerkinElmer Spectrum one Transform Infrared spectrometer (USA).
The morphology of the TENPs was observed by transmission electron
microscopy (TEM, Tecnai G20, FEI Corp., USA) and scanning
electron microscopy (SEM, JSM6510LV, JEOL, Japan). Prior to SEM,
the diluted solution of TENPs was dropped onto a glass slide, dried at
room temperature, and vacuum metallized. The hydrodynamic size
and size distribution of the TFNPs were measured by dynamic light
scattering (DLS, Autosize Loc-Fc-963, Malvern Instrument). The X-
ray diffraction (XRD, X'PertPro, Philips Corp., Nederland) spectra
were acquired from the modified magnetic Fe;O, nanoparticles and
TENPs using Cu Ko radiation at a scanning range between 20 and 80°
(10°/min). Thermogravimetric analysis (TGA) was carried out by
heating the powder of test samples on the PerkinElmer TGA-7 from
40 to 660 °C at a rate of 20 °C/min in a nitrogen atmosphere. The
magnetic properties were determined on a vibrating sample magneto-
meter (VSM, HH-1S, China) at 298 K under an applied magnetic
field, and the fluorescence property of samples were obtained on the
F-2500 spectrometer (Hitachi High Technologies Corporation,
Japan). The Fe concentration in the TFNPs latex was acquired by
inductively coupled plasma atomic emission spectrometry (ICP-AES,
Optima 8000, PerkinElmer), and the sample was prepared by
dissolving the nanoparticles in a solution of HNO; at 120 °C.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Eu(lll) Com-
plex: Eu(AA),(DTA)Phen and TFNPs. Figure 1 illustrates the
synthesis procedures of the Eu(Ill) complex and TFNPs. The

Figure 3. FTIR spectra: (a) DTA, (b) Eu(AA),(DTA)Phen, and (c)
TENPs.

Figure 4. (a and b) TEM and (c) SEM images as well as (d) size
distribution of the TFNPs.

polymerizable iodine-containing rare-earth complex is synthe-
sized using a coordination of DTA, EuCl;, AA, and Phen. The
modified magnetic Fe;O, nanoparticles are obtained by
modifying the Fe;O, NPs with OA and NaUA (Fe;0,/(0A/
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Figure S. TGA curves of Fe;0,/(OA/NaUA), Eu(AA),(DTA)Phen,
and TFNDPs.

Figure 6. X-ray powder diffraction patterns of Fe;0,/(OA/NaUA)
and TFNPs.

Figure 7. Magnetic hysteresis loops of the Fe;0,/(OA/NaUA) and
TFNPs.

Figure 8. Cell viability of HeLa cells cocultivated with different
concentrations of TFNPs in MTT assay.

NaUA)). St, GMA, and Fe;0,/(OA/NaUA) are added to
water (dispersing solvent) in emulsifier-free emulsion polymer-

Figure 9. (a) T, weight MR images of the aqueous solution containing
TENPs with different iron concentrations and (b) T, relaxation rate
(1/T,) as a function of iron concentrations in the TFNPs.

ization in which the monomers diffuse into the hydrophobic
layer formed by OA and NaUA under mechanical mixing.
Polymerization via double bonds form the monomers and
NaUA produced the core—shell Fe;0,/poly(St-GMA) seeds.
Finally, the solution with the iodine-containing rare-earth
complex is added, and the TFNPs are obtained by polymer-
ization of the complex and the rest of monomers. The
interlayer of the polymer can effectively reduce fluorescence
quenching of the complex caused by the magnetic core.

The chemical structures of Eu(AA),(DTA)Phen determined
by '"H NMR in DMSO-dg are presented in Figure 2a. The
characteristic signals of this complex are as follows: b, § = 9.11
ppm, ¢, 6 = 8.53 ppm, d, 5 = 8.02 ppm, and e, 6 = 7.79 ppm,
belonging to Phen; a, 6 = 9.94 ppm, and f, 6 = 2.03 ppm,
belonging to DTA; and the peak at 3.37 ppm, associated with
water protons in the complex. The weak peaks n, 6 = 5.91—6.04
ppm, and m, 6 = 6.16—6.24 ppm, stem from the protons of
—CH,=CH, on AA, which have a signal expression in DMSO-
dg lower than those in D,0O; nevertheless, the reactive hydrogen
of -NHCO— on DTA will be invisible in D,0. Thus, we utilize
HPLC (Figure 2b) and ESI-MS (Figure S1) for further
verification. The single peak on Figure 2b reflects purity of
complex (93.4%). In Figure S1, the molecular weight of sample
(1085.0 (100) [M — H]~, calculated 1086.7), which is in
accord with the theoretical value of the expected structure. The
HPLC data of sodium diatrizoate hydrate and Phen are also
provided as experimental controls in Figure S2.

The structure of the complex is further assessed by elemental
analysis and WD-XRF. The weight ratios of C, H, and N in the
complex as measured on the elemental analyzer are 31.94, 2.4,
and S5.14%, which are in line with the theoretical values of
31.57, 2.3, and 4.78%. The relative mass ratios of Eu and I in
the complex (Eu: 28.6732%, I: 71.3268%) as determined by
WD-XRF are also consistent with those of the expected
structure. The relative mass ratios of Fe, Eu, and I in the
TFNPs based on WD-XRF are Fe: 80.8272%, Eu: 15.3082%,
and I: 3.8647%, indicating successful aggregation of the
complex in TFNPs.

The FTIR spectra of sodium diatrizoate hydrate, complex,
and TENPs are depicted in Figure 3. As shown in Figure 3b,
the C=0 stretching bands of AA at 1730 cm™" are absent from
the complex. The antisymmetric and symmetric stretching
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Figure 10. (a) T,-weighted MR images of rats at different time points before and after injection of TFNPs. (b) Relative signal enhancement values of

the liver, spleen, kidney, and muscle before and after injection of TFNPs.

Figure 11. Prussian blue stained images (400X): (a) liver, (b) spleen, (c) kidney, and (d) muscle 9 h after tail vein injection of TFNPs.

vibrations of COO™ at 1543 and 1427 cm™ and C=C
vibration of AA at 1624 cm™" indicate coordination of AA with
the Eu ion. The peak at 1660 cm™" corresponding to stretching
vibration of C=O (acylamino) confirms that sodium
diatrizoate hydrate coordinates with the Eu ion, whereas
coordination of Phen is proven by the C=N stretching
vibration and C—H bent vibration at 848 and 673 cm™ in the
complex, respectively. In the spectrum of the TFNPs (Figure
3c), the peak at 1729 cm™" arises from the carbonyl groups in
PGMA, and those at 842 and 907 cm ™! derive from the oxirane
ring asymmetrical expansion and contraction vibrations. The
flexural vibration (8¢_y) peaks of the benzene ring from PSt are
at 757 and 697 cm™l. In addition, the peaks at 539 cm™!
correspond to the Fe—O vibration in Fe;O, NPs, and that at
416 cm™ is due to Eu—O vibration. These results indicate
successful preparation of the trifunctional nanoparticle TENPs.

The morphology of the TFNPs is shown in Figure 4. The
hydrodynamic size of the TFNPs is about 130 nm with a
polydispersity index (PDI) of 0.017. Meanwhile, the TFNPs
show a good uniform dispersion according to TEM and a
regular spherical structure as based on SEM. The majority of

the TFNPs have a dark core with Fe;O, NPs. Furthermore, the
polymer shell between the Fe;O, NPs and luminescent shell
can effectively prevent fluorescence quenching.

The TGA curves of the modified magnetic Fe;O, NPs,
complex, and TFNPs in a nitrogen atmosphere are shown in
Figure 5. The complex shows a weight loss of 3.6% at 100 °C
because of the disappearance of crystal water from the complex.
The thermal-decomposition temperature of the TFNPs is about
270 °C, thus revealing good thermal stability. The residue
weight percentage of the TFNPs at 700 °C is about 7.66%
because of the presence of Fe and Eu oxide.

The XRD spectra reveal the crystal structures of the modified
magnetic Fe;O, NPs and TFNPs. As shown in Figure 6, the
Fe;0,/(OA/NaUA) NPs show the main peaks at 26 of 30, 35,
43, 57, 62.5, and 74.5°, corresponding to the crystal plane
indices of (220), (311), (400), (511), and (440). These peaks
match the face-centered cubic Fe;O, crystal structure of the
reference inorganic crystal structure database (ICSD). The
XRD pattern of the TENPs is in accord with that of the Fe;O,
NPs, and the broad diffusion pattern at low 26 indicates that
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Figure 12. In vitro CT images: (a) sodium diatrizoate hydrate, (b) complex Eu(AA),(DTA)Phen, and (c) TFNPs and plots of corresponding CT

value (HU) as a function of iodine payloads in a—c.

Figure 13. Excitation spectra of (a) TFNPs fixed-emission spectrum (A, = 619 nm). Emission spectra of (b) complex and (c) TFNPs fixed-

excitation spectrum (Aex = 257 nm).

parts of the Fe;O, particles are coated on the amorphous
polymer layer.

Figure 7 displays the magnetic properties of TFNPs and
Fe;0,/(OA/NaUA) magnetofluid characterized by the VSM at
room temperature. Both samples show superparamagnetism
with no magnetic remnants. The saturation magnetization
values (M,) of Fe;0,/(OA/NaUA) and TFNPs are 30.09 and
2.16 emu/g, respectively. The saturation magnetization of the
TENPs has a loss mainly because of the nonmagnetic polymer
layer that reduces the total magnetization.

3.2. In Vitro Cytotoxicity. The MTT assay is applied to
evaluate the in vitro cytotoxicity of TFNPs. The relative cell
viability of the HeLa cells with different concentrations of
TENPs is shown in Figure 8. The cell viability is greater than
80% for most of the samples, and even if the concentration of
TENPs reaches 270 ug/mL, a cell viability higher than 70% can
still be obtained. These results indicate that TENPs would have
good cell biocompatibility and thus may be suited to clinical
applications in animal models.

3.3. In Vitro Relaxivity and in Vivo MRI. The feasibility of
the TENPs as a T, contrast agent is characterized by measuring
the T, relaxation time and the T,-weighted MR images of the

TFENPs with different iron concentrations on a clinical 3T MR
scanner. The MR images of the TENPs solutions in Figure 9
show an obvious signal loss (concentration-dependent
darkening). The precise effect of transverse relaxation is
represented by the transverse relativity (r,). The relationship
of the inverse relaxation time 1/T, versus iron concentrations is
plotted in Figure 9b, and the linear fitting between 1/T, and
iron concentration is based on the following equation: 1/T, =
1/T,° + r,[Fe], where 1/T,° is the inverse relaxation time of
deionized water and [Fe] is the iron concentration of TFNPs.
The transverse relativity (r,) of TFNPs is calculated to be 260
mM™" s, which is obviously higher than that of clinically used
RESOVIST (132—154 mM~" s!) and FERIDEX/ENDOREM
(87—99 mM ™" s71).** This value also indicates a great potential
of TFNPs as a T,-weighted MRI contrast agent.

The in vivo T,-weighted MR imaging capability of the
TENPs is evaluated using SD rats as the animal model. Figure
10a depicts the T,-weighted MR images based on different time
points after tail vein injection of the TFNPs, and the relative
signal intensity is displayed in Figure 10b. The liver exhibits
obvious darkening, and the minimum relative MRI signal
intensity of 10.14% is observed 60 min after injection. The
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Figure 14. (a and b) CLSM images of liver under two-photon 690 nm laser irradiation and natural light. (c) Overlap image of a and b. (d and e)
CLSM images of the spleen under two-photon 690 nm laser irradiation and natural light. (f) Overlap image of d and e.

relative SI from the liver is low between 15.12 and 18.47% at 30
to 300 min postinjection, and that from the kidney and muscle
remains the same. The observation from the spleen is similar to
that from the liver, indicating that most TFNPs are engulfed by
macrophages of the reticuloendothelial system (RES) in the
liver and spleen. The kidney and muscle show no significant
changes because of the lack of macrophages.

The liver, spleen, kidney, and muscle of the SD rat undergo
biopsy and are stained with Prussian blue at 9 h postinjection.
As shown in Figure 11, the TFNPs manifest as blue dots and
aggregate in the liver and spleen. However, blue dots are hardly
observed from the kidney and muscle, indicating that the
TENPs are good T, contrast agents in these organs.

3.4. In Vitro CT Characterization. The clinical potential of
the complex and TFNPs pertaining to CT imaging is evaluated
as shown in Figure 12. Sodium diatrizoate hydrate is diluted
with distilled water to obtain the same iodine payload as that of
the solution of the complex, 14 mg I/mL. It is important to
note that the iodine payload of the TFNPs is the ideal value,
but the actual value is lower and difficult to determine exactly
because of the loss of the complex during preparation and the
small complex content. The main objective is to evaluation the
functionality in CT imaging. The brightness of the CT images
increases with iodine payload and the CT values (HU) increase
linearly. In general, the complex exhibits better contrast than
sodium diatrizoate hydrate with the same iodine payload. The
latex of the TFNPs retains the obvious contrast effect at the
iodine payload of 4.8 mg I/mL.

3.5. Luminescence Properties and in Vivo Optical
Imaging. The fluorescence properties of the complex and
TENPs are determined by the excitation and emission spectra.
Figure 13a displays the excitation spectra of the complex and
TFNPs by setting the emission intensity of Eu(III) at 619 nm.
Both samples show the same excitation peak at 257 nm because
of the 7—n* transitions of Phen. Figure 13b,c depicts the
emission spectra of the complex and TFNPs excited by 257 nm.
The peaks at 593 and 619 nm are the characteristic emission

peaks of Eu(IIl) stemming from the D, — "F, and D, — F,
transitions. The emission spectra of TFNPs also indicate
successful polymerization of the complex.

The in vivo optical properties of TENPs are measured by
analyzing the liver and spleen slices on two-photon laser
confocal microscopy (Carl Zeiss LSM710, 690—1040 nm). The
CLSM images are shown in Figure 14. The TFNPs exhibit
characteristic vivid fluorescence dots under two-photon 690 nm
laser irradiation (Figure 14a,d), but there is no fluorescence
under natural light illumination (Figure 14b,e). Obvious
fluorescence still is observed from the overlapping images
using the two light sources (Figure 14cf). The organic layer
between the magnetic center and complex curbs fluorescence
quenching in the TFNPs, thereby confirming the excellent
fluorescent properties of the TFNPs as an optical probe in
clinical applications.

4. CONCLUSIONS

An iodine-containing Eu(III) complex and TFNPs with
multiple optical and imaging functionalities are synthesized
under mild conditions. The TFNPs, which have a narrow size
distribution with a hydrodynamic diameter of 130 nm, are
effective MRI contrast agents. The Eu’* ions in TFNPs exhibit
characteristic red luminescence on CLSM imaging, and the
complex shows better CT contrast effects for the same iodine
payload as sodium diatrizoate hydrate. Both the TFNPs and
complex deliver good CT contrast performance in vitro,
suggesting their large potential in multifunctional biomedical
applications. In particular, DTA just is a simple derivative of
1,3,5-triiodobenzene, which is derived from the currently most-
used iodinated contrast agent. Therefore, we could directly use
or simply modify more clinical CT contrast agents to develop
polymerizable multiple functional CT contrast agents in the
same way. These new types of polymerizable CT contrast
agents also can use various chemical syntheses for more
function and applied range than those included of emulsion
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polymerization in this paper. From this perspective, TENPs and
the complex are worth further research.
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Figure S1. ESI-MS spectra of Eu(AA),(DTA)Phen
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Figure S2. HPLC profile of (a) sodium diatrizoate hydrate and (b) Phen




