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Coupling of Luminescent Terbium Complexes to Fe;O, Nanoparticles

for Imaging Applications**
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Coupling optically active components to magnetic nano-
particles (NPs) is an attractive way to develop multifunctional
probes for highly sensitive biological imaging and recogni-
tion.'! While iron oxide NPs have been explored as robust
magnetic contrast and therapeutic agents,”! semiconducting
quantum dots, fluorescent organic dyes, and metal complexes
are now commonly sought after for sensitive optical imaging
applications.’)’ Among all molecular optical probes studied
thus far, lanthanide-based complexes have attracted partic-
ular interest due to their unique long luminescence lifetimes
(micro- to milliseconds), sharp emission bands, and insensi-
tivity to photobleaching! Despite numerous efforts
researching magnetic NPs and lanthanide-based complexes
for biomedical applications, conjugates containing both
magnetic NPs and lanthanide complexes have not been
synthesized and studied. Such conjugates with both magnetic
and optical imaging capabilities should serve as new bifunc-
tional probes for highly sensitive biorecognition applications.

We have now designed and prepared a luminescent
lanthanide nanoparticle label based on sensitization of an
organic chromophore. The particle is made up of Fe;O, NPs
coated with a lanthanide complex (Scheme 1). Ligand 1b is
comprised of a quinolone-based dye acting as light-absorption
antenna and a polyethylene glycol 3,4-dihydroxybenzylamine
(DBI-PEG-NH,) moiety, which enables binding to the sur-
face of Fe;O, NPs to give water-soluble NPs. These Fe;O, NPs
are strongly luminescent in aqueous solution and have a long
fluorescence lifetime.

Folic acid (FA) is a high-affinity ligand for folate receptor
(FR), and has been widely used for targeted delivery of FA-
conjugated molecular probes or nanoparticles to FR-over-
expressing cancer cell lines (e.g., HeLa and KB cell lines)."”!
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Since salicylic acid has excellent coordination ability with
rare-earth metal ions and can sensitize their luminescence,”!
we used folate-(salicylic acidyl)-amine as cell-targeting agent
for further application in bioimaging based on Tb:1b.

Synthesis of the luminescent Fe;O, NPs is presented in
Scheme S1 (Supporting Information). The PEG amine 1a was
prepared from 1,w-diaminopolyoxyethylene (M =4000) and
3,4-dihydroxybenzaldehyde. 7-Amino-4-methyl-2(1H)-qui-
nolinone (cs124) was covalently coupled with diethylenetria-
minepentaacetic acid (DTPA) by means of its dianhydride,
and the product was then treated with 1a to obtain 1b.
Complex Tb:1b was formed by stirring 1b with TbCl;
overnight in DMF, and then treated with folate-(salicylic
acidyl)-amine in DMF to give Tb:1b-FA. Monodisperse
Fe;O, NPs coated with oleylamine with a size of 12 nm were
synthesized by a previously published procedure.[”’ Exchange
of oleic acid and oleylamine on the surface of Fe;O, NPs with
Tb:1b or Tb:1b-FA was easily achieved by mixing Tb:1b or
Tb:1b-FA and Fe;0, NPs monodispersed in water (Figure S1,
Supporting Information); the NPs showed little change in
core size after surface modification. According to the Tb/Fe
weight percentage (105 %), about 2312 Tb units are bound to
each Fe;04 NP, corresponding to about 2312 ligands per Fe;O,
NP.®l Magnetization of as-synthesized Fe;O, NPs and Tb:1b-
FA-NPs was measured as a function of applied magnetic field
(Figure S2, Supporting Information). Little change in mag-
netic properties was observed between the as-synthesized
Fe;O, NPs and Tb:1b-FA-NPs. None of the samples showed
hysteresis, that is, the nanoparticles retain superparamage-
tism. The saturated magnetization (M,) of as-synthesized
Fe;O, NPs and Tb:1b-NPs are 54.8 and 17.8 Am’kg !,
respectively.

The dispersibility of Tb:1b-FA-NPs was tested by meas-
uring the change of their hydrodynamic size during incuba-
tion under different conditions. Figure S3 (Supporting Infor-
mation) shows that Tb:1b-FA-NPs are stable to dispersion in
phosphate buffered saline (PBS) and show no change in the
statistical hydrodynamic size over the incubation time, and
little change in the size of Tb:1b-FA-NPs occurs with varying
temperature. The measured size increase from about 129 to
about 219 nm in the presence of fetal bovine serum (FBS) is
attributed to adsorption of FBS onto the NP surface, as
reported previously.”) On the other hand, at lower pH 6
(Figure S4, Supporting Information), the particles can be
stabilized for only 2h before serious aggregation occurs.
After 8h, the size of the clustered nanoparticles reaches
190 nm, due to chemical bond cleavage between iron oxide
and the catechol unit of 3,4-dihydroxybenzaldehyde under
low-pH incubation conditions, which destabilizes the nano-
particle dispersion.['”)
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Scheme 1. Structures and schematic illustrations of 1a, 1b, Tb:1b, Tb:1b-FA, Tb:1b-NPs, and Tb:1b-FA-NPs.

Since the crystal structure of the Tb™ complex has not
been obtained yet, we characterized the complex and
determined its possible structure by mass spectrometry,
fluorescence spectroscopy, and IR spectroscopy. The struc-
ture of the complex that is likely—based on the spectroscopic
data and the literature!''—is shown in Figure 1. The mass
spectrum of the complex shows a peak at m/z 706 which can
be assigned to the ion pair [Tb-DTPA-cs124+H]* (Figure S5,
Supporting Information).

Figure S6 (Supporting Information) shows fluorescence
spectra of Tb:1b in deionized (DI) water at an excitation
wavelength of 1., =325. The linelike emission peaks of
Tb:1b at 490, 546, 585, and 621 nm arise from transitions of
Tb from its °D, state to its Fg, 'Fs, 'F,, and "F; ground states,
respectively.”? The same fluorescence spectra were also
obtained for Tb:1b-FA, Tb:1b-NPs, and Tb:1b-FA-NPs
(Figures S7-S9, Supporting Information). Tb:4-amino-sali-
cylic acid also emits the characteristic fluorescence of Tb*"
(Figure S10, Supporting Information). Interestingly, the emis-
sion intensity of Tb:1b increases with increasing concentra-
tion of folate-(salicylic acidyl)-amine (Figure S11, Supporting
Information).

The structures of Tb:1b, Tb:1b-FA, Tb:1b-NPs, and
Tb:1b-FA-NPs were further confirmed by IR spectroscopy.
The C=O stretching vibration of 1b appeared at 1646 cm™
(Figure S12, Supporting Information), and was the strongest
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absorption in the IR spectrum. After coordination, this peak
partly disappeared, and the v,(COO~) mode of a carboxy
group appeared at 1615 cm™, and the v,(COO™) mode at
1383cm™". The A¥ value [7,(COO")—(COO7)] was
232 cm™'. The A# value of Tbh:1b was higher than that of
sodium/1b, that is 1b bonds to Tb™ ions through a mono-
dentate carboxy oxygen atom."! For Tb:1b-FA, both asym-
metric (v,,) and symmetric (v,) carboxy stretching vibrations
were redshifted relative to those of Tb:1b (Figure S13,
Supporting Information), and the difference A7 between 7,
and 7, was 212 cm ™. The absorption of the phenolic hydroxy
group appeared at 1458 cm™" in the IR spectrum of Tb:1b-
FA. The above characteristics were also found for the Tb:4-
aminosalicylic acid complex (Figure S14, Supporting Infor-
mation). This indicates that folate-(salicylic acidyl)-amine
coordinates to Tb*" through carboxy and phenolic hydroxy
oxygen atoms. For Tb:1b-NPs and Tb:1b-FA-NPs, peaks at
679, 689, and 601 cm™! are typical Fe—O absorption bands.!'*!

The excited-state lifetime of Tb:1b-NPs of 1.15ms is
almost identical to that of its complex (1.25 ms),['! which is
long enough for complete decay of the various nonspecific
fluorescence and elimination of the background emission
from a biological matrix. The quantum yield of Tb:1b-NPs is
0.096 in aqueous media.

To evaluate possible cytotoxic effect of Tb:1b-NPs, an
MTT assay [MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-

Angew. Chem. Int. Ed. 201, 50, 30633066
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tetrazolium bromide] with HeLa cells was used to determine
the effect of Tb:1b-NPs on cell proliferation after 24 and 48 h
(Figure 1 A and Figure S15, Supporting Information). No
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Figure 1. A) Cytotoxic activity of Tb:1b-NPs against Hela cancer cell lines.

B) Cell uptake of Tb:1b-NPs (left-hand bars) and Tb:1b-FA-NPs (right-
hand bars) against HeLa cancer cell lines.

significant differences in cell proliferation were observed in
the absence or presence of 10-160 um Tb:1b-NPs. Thus,
Tb:1b-NPs can be considered to have low cytotoxicity.
Furthermore, crystal violet staining experiments (Figure S16,
Supporting Information) also indicated that Tb:1b-NPs has
low cytotoxicity in the range of 100-2000 pm.

HelLa cells were incubated with different concentrations
of Tb:1b-NPs or Tb:1b-FA-NPs for 4 h at 37°C; then they
were washed with cold PBS to remove excess nanoparticles.
As shown in Figure 1B, uptake of Tb:1b-FA-NPs increased
with increasing concentration of Tb:1b-FA-NPs in the
incubating system. Furthermore, association of Tb:1b-FA-
NPs with HeLa cells was significantly higher than that of
Tb:1b-NPs. Similar uptake enhancement is also observed for
Tb:1b-FA-NPs with HeLa cells over Tb:1b-FA-NPs with
MCEF-7 cells (Figure S17, Supporting Information). There-
fore, we speculated that Tb:1b-FA-NPs were taken up by
HelLa cells via the folate receptor.

To evaluate the targeting capability of the luminescent
labels of Tb:1b-FA-NPs, HeLa (FR-positive) and MCF-7
(FR-negative) cells were incubated in PBS containing
25 gmL"" of Tb:1b-FA-NPs at 37°C for 4 h. For comparison,
HelLa cells were also incubated in the presence of Tb:1b-NPs
(25 gmL™). After washing the cells with PBS to remove
excess nanoparticles, they were imaged with a confocal
fluorescence microscope. As shown in Figure 2B and Fig-
ure S18 (Supporting Information), HeLa cells treated with
Tb:1b-FA-NPs displayed strong green fluorescence, which

50 ym

50 ym 50 pm

Figure 2. Fluorescence images of Hela cells after incubation with

A) Tb:1b-NPs for 5 h and B) Tb:1b-FA-NPs for 5 h. C) Fluorescence image

of MCF-7 cells after incubation with Tb:1b-FA-NPs for 5 h. Emission at
(526 +£19) nm and excitation at (360=+40) nm.
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can be attributed to the strong specific interaction between

FA on Tb:1b-FA-NPs and FR on the HeLa cells. In contrast,

both MCF-7 cells incubated with Tb:1b-FA-NPs (Figure 2C
and Figure S19, Supporting Information) and HeLa cells
incubated with Tb:1b-NPs (Figure 2A and Figure S18,
Supporting Information) display weak luminescence, sug-
gesting weak nonspecific binding with the nanoparticles.
These results establish that Tb:1b-FA-NPs could be used
for targeting and imaging HeLa cells with overexpressed
FR.

To confirm the magnetic properties of Tb:1b-FA-NPs
after entering cells, their effect on the relaxation time 7, of
free water within the HeLa cells was further tested with
magnetic resonance imaging (MRI). Figure 3 shows MRI
images obtained from HeLa cells treated with Tb:1b-FA-
NPs at different concentrations. The images from the cells

[Fe]/ um
0.10

Figure 3. T,-weighted MRI images of Hela cells containing Tb:1b-FA-
NPs.

containing Tb:1b-FA-NPs become darker with increasing
iron concentration, that is, the nanoparticles in the cells do
provide contrast enhancement in MRIL.

In summary, we have developed a simple method,
involving a three-step reaction pathway, to covalently attach
luminescent lanthanide complexes to the surface of Fe;O,
magnetic nanoparticles. The resulting Fe;O, NPs show a
strong fluorescence and have a long lifetime in DI water.
Furthermore, we have shown that this approach using folic
acid conjugated Tb:1b-FA-NPs enables targeted fluorescent
imaging of FR-overexpressing HeLa cell lines in vitro. Due to
its superparamagnetic property, low cytotoxicity, and high
uptake, Tb:1b-FA-NPs could be used as an agent for both
fluorescence cell imaging and magnetic resonance imaging.

Experimental Section

Iron(IIl) acetylacetonate, dibenzyl ether, oleic acid, oleylamine,

polyethylene glycol, and 7-amino-4-methyl-2(1H)-quinolinone were
purchased from Sigma-Aldrich. Folic acid, dicyclohexylcarbodii-
mide (DCC), 4-aminosalicylic acid, and 3,4-dihydroxybenzalde-
hyde were obtained from Aladdin in China. All chemicals were
used without further purification. 1,w-Diaminopolyoxyethylene
4000 and diethylenetriaminepentaacetic anhydride (DTPAA) were
synthesized according to published methods.'*!” Cytotoxicity
assay and uptake experiments were conducted according to the
literature.™!

HelLa and MCF-7 cell lines were purchased from the Biology
Preservation Center in Shanghai Institute of Materia Medica and
cultured with Dulbecco’s modified Eagle’s medium (DMEM,
Gibco) supplemented with 10% FBS (Gibco), 2 mM L-glutamine,
100 unitsmL™" penicillin, and 100 mgmL™" streptomycin and
incubated at 37°C in a humidified atmosphere of 5% CO, and
95 % air.
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"H NMR spectra were acquired with a Varian 200 MHz NMR
spectrometer. TEM images were taken on a Philips EM 420 (120 kV)
and fluorescence images on a Zeiss Leica inverted epifluorescence/
reflectance laser scanning confocal microscope. The UV/vis spectra
were recorded on a Varian Cary 100 Conc spectrophotometer and the
fluorescence spectra on a Hitachi RF-4500 spectrofluorophotometer.
IR spectra (4000-400 cm™') were determined with KBr disks on a
Therrno Mattson FTIR spectrometer.

Details on the syntheses of the compounds and the experiments
on their anticancer activity can be found in the Supporting
Information.
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