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ABSTRACT: We herein report a novel dual-modal MRI contrast
agent, TPE-2Gd, for both magnetic and fluorescence imaging. TPE-2Gd
consists of a hydrophobic tetraphenylethene (TPE) fluorophore and
two hydrophilic gadolinium (Gd) diethylenetriaminepentaacetic acid
moieties. As an amphiphilic molecule, TPE-2Gd aggregates into
micelles at a high concentration in aqueous medium. These aggregates
are highly emissive, showing an aggregation-induced emission (AIE)
characteristic. TPE-2Gd is used as a fluorescent agent for cell imaging,
which demonstrates negligible cytotoxicity and excellent photostability
owing to its AIE property. As a magnetic resonance imaging (MRI)
contrast agent, TPE-2Gd exhibits similar longitudinal relaxivity in water
(RypE2ca = 3.36 £ 0.10 s~ ! per mM of Gd*") as those commercial
agents (e.g,, Magnevist, R, magnevist = 370 £ 0.02 s~ per mM of Gd*"). Compared with Magnevist, the circulation lifetime of TPE-
2Gd nanoaggregates in living rats is extended from 10 min to 1 h. With relatively high specificity to the liver, the MR imaging
could remain hyperintense in liver even after 150 min post injection. These TPE-2Gd nanoparticles can be excreted gradually via
renal filtration due to the disassembly of the nanoparticles into small molecules during circulation. TPE-2Gd could thus
potentially be used as a liver specific MRI contrast agent for clinical diagnosis.
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1. INTRODUCTION

The magnetic resonance imaging (MRI) technique is a
noninvasive tool that has been widely used in clinical diagnosis
in the past three decades.' This is because MRI is free of
penetration depth limitation and radiation harm, which are the
biggest obstacles of using optical and computed tomography
methods, respectively. Globally, there are more than 60 million
diagnostic MRI scans carried out per year;” the MRI contrast
agent market was worth 1.1 billion U.S. dollars in 2010. The most
commonly used MRI contrast agents are based on paramagnetic

however, can easily pass through the renal pores and be
eliminated via the rapid blood pool clearance by the kidney.
Short circulation lifetime in blood intrinsically limits the
improvement of image resolution.” Alternatively, macromolec-
ular and nanostructured MRI contrast agents, such as polymers,
dendrimers, and supramolecular-based self-assembled structures,
are attracting increasing attention in recent years.“_8 These
contrast agents, with large size, could improve the pharmacoki-
netics and allow the application of more high-resolution imaging
techniques and modalities to enhance the resolution and

metal ion chelates with unpaired electrons, which can decrease
the T) and T, relaxation time of the nearby spins. Gadolinium
(Gd) chelates are representative T contrast agents that can
effectively decrease T. All clinically approved Gd contrast agents
are small molecules. Small molecules with size less than 5 nm,
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accuracy for early stage diagnosis. Furthermore, macromolecular
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and nanostructured contrast agents possess enhanced perme-
ability and retention (EPR) effects on solid tumors due to the
increased leaky vasculature associated with fast-growing
malignancies,” showing improved specificity to the tumors.
However, despite the poor reproducibility, the macromolecular
MRI contrast agents are excreted with difficulty after
administration, posing potential chronic toxicity. Because of
this concern, few macromolecular contrast agents are commer-
cialized. Ideally, a MRI contrast agent with a circulation lifetime
long enough for high resolution imaging and short enough for
body clearance is desirable. Self-assembled or aggregated
nanostructures of small molecular MRI contrast agents may
fulfill these requirements. Their nanoscaled size could enhance
the blood pool retention and thus the circulation lifetime; the
self-assembled nanoaggregates could be gradually disassembled
and eliminated thoroughly after administration.*”®

On the other hand, optical techniques especially fluorescence
microscope provides better visibility and higher resolution, while
fluorescent microscope is limited for depth problem. Materials
which can provide both MRI and fluorescence signals would be
perfect ima§in§ agents providing high resolution and no depth
limitation.'”~'* The first MRI-fluorescent dual-modal probes
were reported by Meade et al. in 1998, which contain both a Gd
chelator and a fluorophore tetramethylrhodamine."® Although
the agent exhibited both MRI and fluorescence signals in vitro,
only fluorescence signals were detectable in vivo in Xenopus laevis
embryos. This was explained by the accumulation of the
molecules in fatty tissues where little or no water exchange can
take place, as a result, no MRI signals. Later on, most multimodal
MRI contrast agents reported are based on the modification of
polymers; the molecular design for small molecule multimodal
MRI contrast agent is rare and less reported."*"

Our group has discovered a novel aggregation-induced
emission (AIE) phenomenon on a series of propeller shaped
molecules. These molecules are nonemissive in solution and
highly fluorescent upon aggregate formation, which is contra-
dicted to the expected aggregation caused quench (ACQ) effect
of most traditional fluorophores.'® Restriction of intramolecular
rotation was proposed as the main cause of the AIE effect.'”'®
Fluoregens bearing the AIE characteristic have been widely
explored in OLED, sensing, and bioimaging applications.'” "
Tetraphenylethene (TPE) is one of the most famous AIE
fluorogens because of its high emission efficiency and accessible
synthesis. To achieve the dual functionalities, in this work, we
synthesized a TPE derivative containing Gd-diethylenetriamine
pentaacetic acid (DTPA) chelates (TPE-2Gd). The utilization of
TPE-2Gd for cell imaging was examined and the feasibility of
using TPE-2Gd as a MRI contrast agent was demonstrated.
Because of the formation of nanoaggregate, TPE-2Gd displays
prolonged blood circulation lifetime and thus enhance MRI
resolution and biodistribution in live rats.

2. EXPERIMENTAL SECTION

2.1. Materials. 1,2-Bis(4-ethynylphenyl)-1,2-diphenylethene (1)
and 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethanamine (2) were syn-
thesized according to the methods provided in the literature.*>*!
Copper(I) bromide, pentamethyldiethylenetriamine (PMDETA),
dicyclohexyl-carbodiimide (DCC), 4-(dimethylamino) pyridine
(DMAP), triethylamine, diethylenetriamine pentaacetic dianhydride
(4), gadolinium(III) acetate hydrate, sodium acetate, trifluoroacetic
acid, and other chemicals and solvents (Analytical grade) were all
purchased from Aldrich and used as received without further
purification. Distilled water was used throughout the experiments.
Human cervical cancer HeLa cells were obtained from the American

Type Culture Collection (ATCC; Rockville, MD). Culture medium and
fetal bovine serum were purchased from Gibco Laboratories (Grand
Island, NY). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) and propidium iodide (PI) were purchased from Sigma.
Commercial contrast agent Magnevist was purchased from Schering AG
(Berlin, Germany). Male Sprague—Dawley (SD) rats were purchased
from the Center of Experimental Animals (Tongji Medical College,
Huazhong University of Science and Technology).

2.2. Instruments. 'H and *C NMR spectra were measured on
Bruker ARX 400 NMR spectrometers using DMSO-d4 or D,O as the
deuterated solvent with TMS as the internal standard. IR spectra were
recorded on a Bruker spectrophotometer (Tensor 27). High-resolution
mass spectra (HRMS) were recorded on a Finnigan MAT TSQ_ 7000
mass spectrometer system operating in MALDI-TOF mode. Melting
points (mp) were measured on an electrothermal digital melting point
apparatus (Barnstead Electrothermal, 9100). X-ray photoelectron
spectroscopy (XPS) experiments were carried out for the elemental
composition analysis of TPE-2Gd on surface analysis Kratos Axis Ultra
system (Axis Ultra DLD) with Al Ka radiation (ho = 1486.6 V)
operated at 150 W calibrated using the peak of adventitious carbon (C 1s
peak at 285.0 eV). Wide scan spectra were recorded at a resolution pass
energy of 160 eV and elemental peaks at a resolution pass energy of 40
eV. UV—vis absorption spectra were recorded on a Cary 50 Conc UV—
visible spectrometer. Photoluminescence (PL) spectra were recorded
on a PerkinElmer spectrofluorometer LS 55. The quantum yield value of
solid powder was determined using an integrating sphere method.
Particle sizes were measured on a zeta potential analyzer (Brookhaven,
ZETAPLUS). The morphology of TPE-2Gd aggregates was inves-
tigated using transmission electron microscopy (TEM; Japan, JEOL
JEM 100CXII) at an accelerating voltage of 100 kV. For cell imaging
experiments, HeLa cells were imaged under a LSM7 DUO confocal laser
scanning microscope (CLSM; Carl Zeiss, Germany). For cytotoxicity
experiments, cells were treated with MTT and the absorbance was
measured on a 1420 Victor Multi-Label Counter (PerkinElmer Life
Science). The in vitro and in vivo MRI imaging was carried out on 3.0 T
Siemens Tim Trio MRI scanner (Siemens Medical Solutions, Erlangen,
Germany) equipped with a human head coil.

2.3. Synthesis. 3 was synthesized via click reaction with the feed
ratio of reagents [1]/[2]/[CuBr]/[PMDETA] (1:2.2:2.2:2.2). 1 (380.5
mg, 1 mmol) and 2 (479.9 mg, 2.2 mmol) were added to a 50 mL
Schlenk flask and dissolved in 30 mL of dimethylformamide (DMF).
CuBr (315.6 mg, 2.2 mmol) and PMDETA (9.72 mL, 2.2 mmol, diluted
by 10 mL DMF) were then added as catalysts. The reaction was
conducted at 35 °C for 36 h. Then the reaction mixtures were diluted
with water (300 mL) and the aqueous solution was extracted with
dichloromethane (DCM) four times. The combined organic phases
were further washed with brine six times and dried over Na,SO,. After
solvent evaporation, the resulting residue was dissolved in 30 mL of
DCM and then precipitated in ethyl ether three times to give the
corresponding desired yellow solid compound 3 in 64% yield (mp 65.3
+ 1.4 °C). 'H NMR (400 MHz, DMSO-d, §): 841 (m, 2H, H of
triazole), 7.60 (m, 4H; H—Ar—triazole), 7.12—7.01 (m, 14H; H—Ar),
4.51 (s, 4H; CH,—triazole), 3.81 (m, 4H; CH,C—triazole), 3.54—3.13
(m, 24H; OCH, and NCH,); *C NMR (100 MHz, DMSO-d,, §):
145.9, 143.0, 142.6, 140.4,131.3,130.7,129.0, 127.9, 126.7, 124.6, 121.8,
69.6, 68.6, 49.6; IR (KBr): v = 3440.9, 2868.1, 1647.2, 1492.9, 1454.3,
13521, 1294.2,1253.7, 1226.7, 1109.1,972.1,927.8, 844.8, 813.9, 761.9,
700.2, 628.8, 596.0, 572.9 cm™'; HRMS (MALDI-TOF) m/z: calcd,
852.4534 [M+2H,0]; found, 852.5995 [M + 2H,0].

Into 30 mL of DMF, 3 (163.3 mg, 0.2 mmol), 4 (214.4 mg, 0.6
mmol), DCC (136.2 mg, 0.66 mmol), and DMAP (80.6 mg, 0.66 mmol)
were added and well dissolved. After adding 3 mL of triethylamine, the
mixture was stirred at room temperature under N, for 48 h. The
resulting mixture was then acidified by 10 mL of trifluoroacetic acid for
30 min, and then filtrated and precipitated in hexane three times to give
the corresponding desired yellow solid compound, §, in 92% yield (mp
77.0 + 1.1 °C). "H NMR (400 MHz, DMSO-d, 8): 8.45 (m, 2H, H of
triazole), 8.05 (m, 2H, H of amide), 7.60 (m, 4H; H—Ar—triazole),
7.12—=7.01 (m, 14H; H—Ar), 4.53 (s, 4H; CH,—triazole), 3.83 (m, 4H;
CH,C—triazole), 3.57—3.13 (m, 20H; OCH,), 3.02 (s, 20H; CH,C=
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Figure 1. Synthetic route to dual-modal TPE-2Gd.
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0), 2.90 (s, 20H; NCH,); '*C NMR (100 MHz, DMSO-d,, §): 172.6,
169.2,145.9, 143.0, 142.6, 140.4, 131.3, 130.7, 129.0, 127.9, 126.7, 124.6,
121.8, 69.6, 68.6, 64.9, 55.1, 51.7, 49.6; IR (KBr): v = 3437.2, 2954.9,
1726.3, 1635.6, 1460.1, 1396.4, 1226.7, 1089.8, 974.1, 908.5, 700.2
cm™'; HRMS (MALDI-TOF) m/z: calcd, 1670.5896 [M — 4H + 3Na +
KJ; found, 1669.1871 [M — 4H + 3Na + K— HJ; caled, 1698.5795 [M —
6H + 6Na]; found, 1697.1949 [M — 6H + 6Na — H]; calcd, 1724.8194
[M — SH + 2Na + 3K]; found, 1724.2223 [M — 5H + 2Na + 3K — H].

Then § (78.0 mg, 0.05 mmol), GdAc; (35.7 mg, 0.11 mmol), and
NaAc (43.7 mg, 0.55 mmol) were dissolved into 20 mL of DMF. After
stirring at 70 °C overnight, the resulting mixture was filtered and
precipitated in hexane three times to give the desired yellow solid
compound TPE-2Gd in 55% yield (mp 74.8 + 1.6 °C). IR (KBr): v =
3439.1, 1595.1, 1409.9, 1330.9, 1273.0, 1220.6, 1095.6, 933.5, 707.9,
653.9 cm™'; HRMS (MALDLTOF) m/z: caled, 1984.5525 [M +
6H,0]; found, 1984.4323 [M + 6H,0].

2.4. Cell Culture and Imaging. HeLa cells were incubated in
minimum essential medium (MEM), containing with 10% FBS, 100 U/
mL penicillin G, and 100 p¢g/mL streptomycin in a 5% CO,, 90% relative
humidity incubator at 37 °C. TPE-2Gd was dissolved in 1X PBS with the
concentration of 10 mM as stock solution. For cell imaging, HeLa cells
were seeded overnight on a coverslip mounted onto a 35 mm Petri dish
and then stained with 30 yuM TPE-2Gd for 4 h. The cells were rinsed
three times with 1X PBS prior to imaging under the microscopes. For
fixed cells, the cells were fixed with 75% ethanol solution for 30 min at 4

10785

°C. The nuclei were stained with 10 M PI for 15 min. After washing
three times with 1X PBS, the cells were observed under the LSM7 DUO
CLSM.

2.5. Cell Proliferation Assay. HeLa cells were seeded into a 96-well
plate at a density of 8 X 10° cells per well overnight before treatment
with TPE-2Gd in different concentrations. After 4 h incubation, the cells
were washed three times with 1X PBS and fresh culture medium was
added for additional 24 h incubation. The cell proliferation was
measured using MTT assay according to the manufacturer’s
instructions. Briefly, the culture medium was replaced with 100 uL of
freshly prepared MTT solution (0.5 mg/mL) in culture medium in each
well. After incubation for 4 h, the MTT solution was gently removed and
then 100 yL of DMSO was added into each well. After incubation at 37
°C for 10 min, the absorbance of individual wells at 490 nm was
measured on a 1420 Victor Multi-Label Counter. All experiments were
repeated three times.

2.6. In Vitro Relaxometry. The longitudinal relaxation rates (1/T})
of TPE-2Gd and commercial contrast agent Magnevist in physiological
saline at varying concentrations (0, 0.025, 0.2, 0.4, and 0.8 mM) of Gd**
were recorded using 3.0 T Siemens Tim Trio MRI scanner equipped
with a human head coil. Instrumental parameters were set as follows:
pulse repetition time/echo time (TR/TE) = 400 ms/S.7 ms, field of
view (FOV) = 225 X 225 mm?, matrix size = 512 X 512 mm? slice
thickness = 5 mm, at 25 °C.

dx.doi.org/10.1021/am502282f | ACS Appl. Mater. Interfaces 2014, 6, 10783—10791



ACS Applied Materials & Interfaces

Research Article

2.7.InVivo MR Imaging. All animal experiments were approved by
the Animal Care and Use Committee of Tongji Medical College. Male
SD rats (approximately 200 g, n = 6) were randomly assigned into two
groups for TPE-2Gd and Magnevist imaging, respectively. The rats were
anesthetized with 10% chloral hydrate at a dose of 3 mL/kg (ip). With
rats in the prone position, MR imaging was performed at baseline
(preinjection) and subsequent intervals after intravenous injection via
caudal vein, at a dose of 0.1 mmol Gd*/ kg body weight of the agent in
500 uL of physiological saline, using scan sequences with TR/TE = 5.15
ms/1.96 ms, FOV = 100 X 200 mm?, matrix size =100 X 280 mm?, slice
thickness = S mm. MR images were then analyzed using Syngo fastView
software (Siemens, Munich, Germany).

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of TPE-2Gd. The
synthetic route to TPE-2Gd is shown in Figure 1, and the
detailed procedure is described in the Experimental Section.
Briefly, 1,2-bis(4-ethynylphenyl)-1,2-diphenylethene (1)** and
2-{2-[2-(2-azidoethoxy)ethoxy]ethoxy}ethanamine (2)*' were
synthesized according to the literature. Click reaction of 1 and 2
via azide—alkyne cycloaddition catalyzed by Cu(I) yielded 3,
which was further modified with DTPA.** TPE-2Gd was
obtained through the reaction between gadolinium acetate and
s¥8 Compounds 3, 5, and TPE-2Gd were characterized by FT-
IR, 'H and *C NMR, and high-resolution MS (Figures S1—54,
Supporting Information).

The FT-IR spectrum of 1 shows strong C—H and C=C
stretching peaks at 3274 and 2105 cm ™", respectively, while 2 has
a characteristic -Nj stretching band at 2115 cm™ (Figure S1).
These peaks disappear in the spectrum of 3, indicative of the
successful click reaction. In compound §, a new vibration band at
1722 cm™ is observed, suggesting the functionalization of 3 with
the DTPA ligands. Similar results are obtained from the 'H and
3C NMR spectra (Figure S2 and S3). The proton resonance
peak of C=C—H of 1 at 4.15 ppm disappears and a new peak at
8.41 ppm emerges upon formation of the triazole rings.
Meanwhile, the proton resonance peaks adjacent to the azide
group of 2 at 2.66 ppm disappear, while new peaks at 4.51 and
3.81 ppm occur for 3 (Figure S2). In the spectrum of S, proton
resonance peaks at 8.06 ppm corresponding to CON—H appear
owing to the amidation reaction. In *C NMR spectrum, the
acetylene carbon atoms resonate at 76.8 and 83.1 ppm in 1,
which disappear completely in the spectrum of 3 (Figure S3).
The emergence of new peaks in the aromatic region indicates the
formation of the triazole rings, while the peak at 49.6 ppm is
corresponding to the carbon next to the triazole ring. In the *C
NMR spectrum of S, new peaks at 172.6, 169.2, 64.9, 55.1, and
51.6 ppm are recorded, which correspond to the COOH,
CONH, C-HNC=0, C—-C=0, and C—-N from DTPA
moieties, respectively, which confirm the successful linking of
DTPA with TPE. Upon chelating Gd*" with §, all proton and
carbon resonances of TPE-2Gd disappear because of the strong
relexation effect of Gd*" ion. XPS spectrum shows that peaks
142.4, 285.0, 400.1, and 531.6 eV corresponding to Gd (4d), C
(1s), N (1s), and O (1s) are visible in Figure S5, respectively.
Quantitative analysis was calculated from the normalized areas of
the Gd (4d), N (1s), and O (1s) peaks by using appropriate
relative sensitivity factors (RSFgy = 2.484, RSFy = 0.477 and
RSFg = 0.780). The atomic ratio of Gd/N/O was found to be
0.052/0.324/0.624, consistent with theoretical calculation values
(0.05/0.35/0.60).

3.2. AIE Properties of TPE-2Gd. We then examined
photophysical properties of TPE-2Gd. UV—vis spectrum
shows a maximum absorption of TPE-2Gd is located at ~330

nm, which is similar to that of the parental fluorophores-TPE
(Figure S6). When excited at 330 nm, TPE-2Gd is weakly
fluorescent when the water fraction (f,,) in THF/water mixture
is less than 50%. With the increase of f,, the fluorescence of the
solution is gradually enhanced and become highly emissive in
pure aqueous solution, showing a typical AIE effect (Figure 2).
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Figure 2. (A) Photographs taken under 365 nm UV irradiation and (B)
emission spectra of TPE-2Gd in THF/H,0 mixtures with different
water fractions (f,,). Concentration: 100 yM. Excitation wavelength:
330 nm. (C) Plot of relative PL intensity (I/I,) versus the composition
of the THF/H,O mixtures of TPE-2Gd at different concentrations (1
and 100 uM).

The photograph in Figure 2A clearly shows the fluorescence
enhancement of TPE-2Gd along with the increase of f,, in THF/
water mixture. The solid-state quantum yield of TPE-2Gd is 15%
measured with the integral-sphere technique.

From Figure 2C, we noticed that when the dye concentration
is increased from 1 to 100 uM, the fluorescence of TPE-2Gd in
pure water is increased by 1-fold. We speculated that the
amphiphilic TPE-2Gd molecules may form micelles in high
concentration. Thanks to the AIE property, the critical micelle
concentration (CMC) of TPE-2Gd can be estimated using its
fluorescence intensity (Figure 3). When the concentration is
below the CMC, the dye molecules are well dissolved in solution
and thus nonluminescent. The solution becomes emissive when
the dye concentration is higher than 10 uM. Plotting the
fluorescence intensity versus the dye concentration generates
two lines, the intersection of which gives the CMC of 70 uM
(Figure 3C). This value is much lower than that of sodium
dodecyl sulfate (CMC = 8.2 mM),>® mainly due to the strong
hydrophobic interaction of the TPE moieties. The CMC value
(50 uM, Figure S7) becomes even lower in PBS solution due to
ionic strength effect. Owing to the amphiphilic nature of TPE-
2Gd, numbers of TPE-2Gd molecules spontaneously come
together and form TPE-2Gd nanoaggregates or micelles at
concentrations above 70 yM in water and 50 uM in PBS
solutions. Such low CMC ensures the formation of nano-
aggregates in vivo even under dilution of bloodstream. The
formation of nanoaggregates at high dye concentration is verified
by means of transmission electron micrographs and zeta
potential particle size analyzer (Figure 4). The effective diameter
of the hydrated micelle is 164.9 nm, which shrinks to ~70 nm
upon dehydration. The size of the nanoaggregates is appropriate
both for in vitro cell uptake and in vivo circulation and
biodistribution.*”
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Figure 3. (A) Photographs taken under UV irradiation and (B) emission
spectra of TPE-2Gd in aqueous solution at different concentrations.
Excitation wavelength: 330 nm. (C) Plots of PL intensities versus
concentrations of TPE-2Gd in water. The CMC of TPE-2Gd is 70 uM.
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Figure 4. (A)Transmission electron micrographs and (B) particle size
analysis of TPE-2Gd in water (100 uM).

3.3. In Vitro Fluorescent Imaging and Magnetic
Relaxivity. Magnevist, a common Gd-based MR contrast
agent approved by the United States Food and Drug
Administration, is a typical extracellular fluid agent which could
rapidly circulate in extracellular regions or tissue space. TPE-
2Gd, on the other hand, is capable of entering tumor cells, which
is demonstrated by live cell imaging. HeLa cells were incubated
with 30 uM TPE-2Gd for 4 h. TPE-2Gd can enter the cells and
light up the cytoplasmic regions with blue fluorescence (Figure
S8). To further confirm the staining region of TPE-2Gd, PI is
used as a counterstain. PIis a nucleus dye that stains the nuclei of
fixed cells. As shown in Figure S, blue fluorescence surrounding
the nuclei clearly indicates that TPE-2Gd selectively stains the
cytoplasmic regions only. TPE-2Gd was internalized into living
cells via the endocytosis pathway,”* which enables TPE-2Gd to
be used to track tumors at the cellular level, compensating to the
tissue level by Magnevist.

The toxicity of TPE-2Gd was evaluated in HeLa cells using
MTT assay. The cells were exposed to varying concentrations (0,
15, 30, 45, and 60 uM) of TPE-2Gd for 4 h and then incubated
for 24 h in fresh culture medium for the assessment of
internalization effect on cell proliferation. As depicted in Figure
6, TPE-2Gd is generally noncytotoxic when the concentration is
lower than 30 uM; around 98.8% of the cells are viable upon the
dye treatment. Even when the concentration is increased to 60

Figure 5. Fluorescence images of HeLa cells stained with (A) TPE-2Gd
and then (B) PL (C) Overlay of panels (A) and (B). (D) Bright-field
images of the cells. [TPE-2Gd] = 30 uM.
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Figure 6. Cell proliferation of TPE-2Gd on HeLa cells evaluated by
MTT assay. The cells were exposed to various concentrations of TPE-
2Gd for 4 h and continued to grow for 24 h after replacement with fresh
culture medium.

M, which is two times higher than the working concentration in
cell imaging experiments, the cell viability is still around 87.8%.
This result indicates that TPE-2Gd is biocompatible for cell
imaging and promising for further in vivo investigation.

On the other hand, to determine whether TPE-2Gd is an
efficient MRI contrast agent, the longitudinal relaxation time or
spin—lattice (T,) of TPE-2Gd in aqueous solution was
investigated as a function of Gd** concentration using 3.0 T
MRI instrument at room temperature. As shown in Figure 7, the
signal intensity (brightness) of mixture is enhanced with
increased concentration of TPE-2Gd in buffer solution, similar
to that of Magnevist at the same Gd** concentration. The
longitudinal relaxivity (R,), which refers to the paramagnetic
component of the spin—lattice per unit concentration of the
contrast agent, was determined to be 3.36 + 0.10 mM 57! for
TPE-2Gd and 3.70 + 0.02 mM "s™' for Magnevist (Figure
8).'"'*?> TPE-2Gd possesses high relaxation rate comparable to
Magnevist, suggesting TPE-2Gd can enhance the relaxation rate
of water protons in its vicinity and lead to an increase of signal
intensity.

dx.doi.org/10.1021/am502282f | ACS Appl. Mater. Interfaces 2014, 6, 10783—10791
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Figure 7. T|-weighted MR images of TPE-2Gd and commercial contrast
agent Magnevist at various concentration of Gd**. The samples are
diluted with physiological saline.
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Figure 8. Water proton longitudinal relaxation rate (1/T)) of TPE-2Gd
and Magnevist at various concentration of Gd*". According to the
equation: 1/T, = 1/T, + Ri[Cgq]. Relaxation rate: R; rpg 164 = 3.36 +
0.10 mM ™5™ Ry magnevise = 3.70 £ 0.02 mM s 7",

3.4. In Vivo MR Imaging. In vivo MRI experiments were
performed on live rats. Figure 9 shows dynamic coronal T)-
weighted MR images acquired in vivo before and after the

intravenous injections of TPE-2Gd or Magnevist at a dose of 0.1
mmol Gd*'/kg body weight. The signal intensity at baseline
(before injection) was recorded for comparison with that of
postcontrast enhancement. The regions of interest (ROIs) were
delineated in the heart, liver, and bladder with different style lines
as shown in Figure 9. All circulating blood is rhythmically
pumped to each organ by the heart; therefore, the signal intensity
of blood flow in cardiac chambers can reflect the residual quantity
of Gd*. At baseline (before injection), cardiac chambers are
hypointense. The cardiocoelomic contrast enhancement is
observed in the first image after injection of TPE-2Gd or
Magnevist (1 min). However, the hyperintense signal of
Magnevist is rapidly decreased (<S5 min) because of its high
glomerular filtration rate, whereas for TPE-2Gd administration
the signal still remains much brighter than that of baseline. As
shown in Figure 10A, upon injection of the contrast agent, the
signal intensity in heart returned to the level of baseline within 60
min for Magnevist, while TPE-2Gd can still maintain 42% of the
initial signal even after 150 min. The in vivo T)-weighted MR
imaging also shows that TPE-2Gd has an intravascular half-life up
to 60 min, which is much longer than that of Magnevist (about 10
min). This result demonstrates the long circulation lifetime of
TPE-2Gd in blood, which can be attributed to the low filtration
rate of the large nanoaggregates via glomerular filtration
membrane.

Another organ in which we were interested is the liver. Liver is
avital organ involved in blood supply. Many species of occupying
lesions are derived from liver cells and metastasized to other
organs, such as focal nodular hyperplasia (FNH), hepatic
hemangioma, adenoma, hepatocellular carcinoma (HCC), liver
metastasis of colon cancer, and so forth. Thus, liver specific
contrast imaging is of great importance for distinguishing
between lesion and normal tissues. Similar to that in heart, the
intensity in liver is enhanced upon Magnevist injection and
decreases rapidly to the baseline within 60 min. In contrast, the
signal from TPE-2Gd remains hyperintense in comparison with

1 min

Baseline

TPE-2Gd

Magnevist®

5 min

45 min 150 min

Heart

Liver

Bladder

Figure 9. Coronal T)-weighted MR images of rat after intravenous injection of TPE-2Gd and Magnevist with concentration of 0.1 mmol/kg Gd*".

10788

dx.doi.org/10.1021/am502282f | ACS Appl. Mater. Interfaces 2014, 6, 10783—10791



ACS Applied Materials & Interfaces

Research Article

900
800 ll Al
700 f Q - TR
600 ‘J " N,
500 ‘f“ o

4004 | o

—l— TPE-2Gd
—@ Magnevist ®

300

200

T -weighted intensity of heart

100

T T T T T T T
Pre 1 2 3 510 1520 3045 60 90 150
Time (min)

700
5
2 600
— (]
S - I
] [ |
2 5004 e o
= .
§ 400 ‘ T
£ i
°
4]
= 300+ —— TPE-2Gd
D —@— Magnevist®
]
3 200
o

Pre 1 2 3 5 1015 20 3045 60 90 150
Time (min)

Figure 10. Quantitative analysis of T-weighted image of (A) heart and (B) liver.

baseline, up to 150 min after TPE-2Gd administration (Figure
9). Meanwhile, axial images could exhibit the anatomical
structure and enhancement effect of liver in detail (Figure 11).
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Figure 11. Axial T)-weighted MR images through the liver of rat after
intravenous injection of TPE-2Gd and Magnevist with concentration of
0.1 mmol/kg Gd*.

During the early phase of TPE-2Gd administration, the aorta,
inferior vena cava, and intrahepatic vena cava possess higher
intensity over the peripheral tissue; the signal intensity from the
liver parenchyma is increased gradually after injection. However,
after Magnevist administration, the enhancement of the MRI
signal in liver is not as remarkable as that of TPE-2Gd. The
longer circulation time and the higher contrast achieved by TPE-
2Gd can be ascribed to its ability to form nanoaggregates and to
enter the intracellular regions.

Quantitative analysis of the signal intensity in the liver
demonstrates that the intensity after administration of the
contrast agent increases to the maximum within 1 min and then
decreases gradually. Interestingly, for TPE-2Gd, the intensity
decreases by ~20% in the first 20 min after injection and then
increases by ~10% afterward (Figure 10B); for Magnevist, after
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reaching the maximum in 1 min, the intensity just decreases
monotonically. Because TPE-2Gd molecules form nanoaggre-
gates in bloodstream, they could be trapped specifically and
predominantly in the macrophages of a reticuloendothelial
system (RES).* Kupfler cells, locating in the liver, are specialized
macrophages as an integral part of the sinusoids. The Kupffer
cells remove TPE-2Gd from bloodstream through phagocytosis
pathway, resulting in the accumulation of TPE-2Gd nano-
aggregates in the liver tissue. Therefore, the signal intensity in
liver is re-enhanced after 20 min of injection and kept at a high
level above the baseline. Based on this hypothesis, TPE-2Gd
could be used to discriminate lesion and normal tissue. Since
hepatic metastases lack Kupffer cells, they would not show any
contrast-enhancement after TPE-2Gd administration. On the
other hand, focal liver lesions with Kupffer cells such as FNH,
adenoma, and well-differentiated HCC would exhibit a
significant enhancement in signal intensity on T)-weighted
images, which can reveal the uptake and accumulation of the
nanoaggregates.

In vivo elimination is an important parameter for animal
experiments and preclinical applications. Magnevist is rapidly
eliminated from body into urine, which is illustrated by the
hyperintense signal in the bladder at S min after injection. The
images shown in Figure 9 show that TPE-2Gd can also be
excreted through kidney and accumulated in the bladder at 150
min after injection. The foregoing analysis indicates TPE-2Gd
exhibits prolonged circulation time of Gd** in blood owing to the
formation of nanoaggregates. These nanoaggregates can be
disassembled into smaller particles or individual molecules
slowly and then be eliminated via the kidney.>” All the results
indicate that TPE-2Gd is a promising T'-weighted contrast agent
for liver specific imaging.

4. CONCLUSION

In summary, we have designed and synthesized a remarkable
dual-modal fluorescent-MRI contrast agent, TPE-2Gd, as
positive blood pool and liver specific MRI contrast agents. The
amphiphilic TPE-2Gd molecules can form nanoscaled micelles
in aqueous solution. These nanoaggregates are highly emissive,
showing a typical AIE effect. With excellent photostability and
biocompatibility, TPE-2Gd is well suited for use as a fluorescent
agent for live cell imaging. As a MRI contrast agent, TPE-2Gd
possesses comparable magnetic relaxivity as the commercial Gd-
based MRI contrast agent Magnevist. The in vivo MRI imaging
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of live rats demonstrates the long circulation time and good body
elimination of TPE-2Gd, owing to the formation and
dissociation of the nanoaggregates of TPE-2Gd, respectively.
The specificity to the liver also implies TPE-2Gd could be used to
discriminate lesion and normal tissues. This work represents new
generation of materials which combine the AIE property and
magnetic relaxivity to generate a dual-modal, MRI and
fluorescent agent for clinical diagnosis. The synthesis of red
AIE emitters conjugated to DTPA-Gd is ongoing in our
laboratory to enhance in vivo both MRI and fluorescent imaging.
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