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High-resolution imaging is powerful in theranostic and staging of tumors. Dual-modal imaging using lanthanide hybrid

nanoparticles as probes have been attracting increasing attention based on their specific and intrinsic physical properties

www.rsc.org/

The present work reports a novel water-soluble micelle of an amphiphilic block copolymer with diketone pendants

chelating gadolinium (Gd>") and europium (Eu®") cations as a dual probe of magnetic resonance imaging (MRI) and

fluorescent imaging for clinical detection. The Gd* and Eu™* hybrid micelles have a homogeneous size distribution anc

hydrodynamic diameters tunable between 80 and 220 nm. Macromolecular diketone ligand enhances relaxation rate of

Gd*> and sensitizes Eu®" luminescence efficiently. Further sensitized by the co-doped Gd**, Eu*" complex exhibits a long-

lived emission with large Stokes shift. A strong red light at wavelength of 615 nm is observed with an excitation in the

range of 350 and 405 nm. Cellular uptake experiments reveal excellent biocompatibility and rapid uptake of the

nanoparticles by MCF-7 cells. The robust dual-modal probes are promising in applications on early diagnosis of tumor,

presurgical planning, and intraoperative fluorescence-guided surgery.

Introduction

In the past years, dual modality imaging probes within a single
molecule are attracting increasing attention in the field of
molecular imaging since they offer synergistic advantages over
any single outputs.l‘ 2 Among the commonly used molecular
bioimaging modalities, some are characterized by superb
spatial resolution but low sensitivity and requiring high
concentration of the contrast agents to be detected, for
instance, magnetic resonance imaging (MRI). Others endow
with high sensitivity and high contrast images but low
resolution such as fluorescence imaging. MRI/Fluorescence
bimodal imaging offers the merits of coupling the high
sensitivity of fluorescence with the high resolution of MR1.>*°
Lanthanide chelates are well known as molecular imaging
agents because of their unique magnetic and photophysical

properties that can yield multi-modal signatures including line-

like emission, long-living fluorescence and magnetic resonance.

In lanthanide ions, Gd*" is an attractive candidate for MRI
to the fact of its
paramagnetism. The long electronic relaxation time of 10® to

contrast agents and probes due
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107 s coupled with a high magnetic moment (7.9 ug) makes
Gd*" available for increasing and controlling the magnetic
relaxation of water protons.10 Eu®* ions have remarkable
luminescence characteristics, such as non-overlapped, easily
recognizable and line-like emission bands in the visible region
(500 to 700 nm), large stokes shift, as well as inherent long-
lived excited states (ms domains) that prevent the interference
from any spontaneous background emission sources.’ It
becomes promising fluorescence bioprobe over conventional
organic dyes.12 Many europium complexes with various [-
diketones as sensitizer'> ' have received great interest due tc
the high absorbance coefficient of the ligand and efficient
intramolecular energy transfer to Eu®

interestingly, a co-doped Gd/Eu in a matrix can readily

cations. More
" . 3+ . . 15, 16 .
sensitize the emission of Eu™ efficiently. In Gd/Eu hybrid
probes for MRI and fluorescent imaging, various ligands have
been developed for their magnetic or optical properties.17

Recently, many research groups developed different
molecules to chelate Ln*" for MRI/fluorescent imaging
including aminopolycarboxylic open-chain ligands and

macrocyclic derivatives of 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid (DOTA).ls’ ¥ For example, Petoud and
Téth
complexes that addressed requirements for both MRI and
luminescence imaging and demonstrated that the presence of

two H,0 molecules bound to the Gd** beneficial for MR!
3,20

reported two prototype pyridine-based lanthanide

applications analogue. Similarly, Laurent et al. prepared Gd
and Eu complexes of PMN-tetraacetic acid showing interesting
properties both for a high proton relaxivity with favorable
residence time and long lifetime.”

water luminescence
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Meanwhile, as the gadolinium based MRI technique suffers
from low sensitivity in small molecules. One common method
to lower the tumbling rate of Gd** is conjugating Gd*>' to
macromolecules like polymers or 2226
Another approach to the the
accumulation of Gd** agents in a small volume by introducing
Gd*> like
Iiposomes.27 Making a bimodal probe of MRI/fluorescent
imaging in macromolecules is a new strategy to reduce the

linear dendrimers.

improve sensitivity is

into supramolecular aggregates micelles or

tumbling rate of Gd* and to encapsulate many Gd* ions in a
nano-scaled volume at the same time.

Parac-Vogt succeeded in using novel
diethylenetriaminepentaacetic acid (DTPA) based amphiphilic
derivatives as model contrast agents for bimodal imaging.27
Among the reported organic ligands, B-diketone ligands are
well known as a sensitizer utilized for lanthanide complexes.
Furthermore, B-Diketone containing ligands are easy to
synthesize and can chelate both Gd*" and Eu®*". By this
approach, high resolution of magnetic resonance imaging of
gadolinium and the high sensitivity of europium fluorescent
imaging are combined in one single probe for combined
diagnostic technique.

Herein, we report the synthesis of novel well-defined
diblock copolymers poly[4-(3-oxo-3-phenylpropanoyl)phenyl
methacrylate]-b-poly[oligo(ethylene glycol) methyl ether
methacrylate] (PDKMA-b-POEGMA) with tunable chain lengths
by reversible addition fragmentation chain transfer (RAFT)
polymerization. Both the monomer and block copolymers can
be easily prepared. The amphiphilic block copolymers self-
assemble into micelles in aqueous solution and chelate
lanthanide cations (both Gd*>* and Eu®") at the same time to
realize bimodal imaging of MRI and fluorescence. Due to the
hydrophobic core of micelle, the non-radiative deactivation of
Eu®* fluorescence is suppressed. The cochelated Gd* also
sensitizes Eu®" fluorescence. Meanwhile, high longitudinal
relaxivity values are obtained attributed to outer sphere

interactions of micelles.

Experimental

Materials

Methacryloylchloride (Mingxing Chemical Co.) was distilled under

reduced pressure before use. 1-(4-Hydroxyphenyl)ethanone
(Energy Chemical), methyl benzoate (Sinopharm Chemical Reagent),
triethylamine (TEA) was distilled over CaH,. Tetrahydrofuran (THF)
was refluxed over potassium/benzophenone ketyl prior to use. 2,2'-
Azoisobutyronitrile (AIBN, 98%, Aldrich) was recrystallized from
ethanol. Cumyl dithiobenzoate (CDB) was synthesized as reported.28
Oligo(ethylene glycol) methyl ether methacrylate (OEGMA, M, =
500 g/mol, Aldrich) was deinhibited by passing through basic
alumina columns before polymerizations. Rare earth metal oxides
(Gd,03, Eu,03) were purchased from Beijing Founde Star Science

and Technology Co. Ltd. and transformed to corresponding rare

2 | Polym. Chem., 2015, 00, 1-3

earth metal ions (Ln3+) through reaction with acid at elevated
temperature. All other solvents and chemicals were of analytic
grade and used as received.

Cells

Human breast carcinoma MCF-7 cells were cultured in tissue
culture flasks with medium RPMI 1640 supplemented with 10%
fetal bovine serum (FBS) under a 5% CO, atmosphere at 37 °C.
After reaching 80% confluence, the cells were collected from
flasks with trypsin/EDTA treatment. Cell suspensions were
seeded into 96-well cell culture plates at a cell density of 8000
cells/well. After incubation for 24h, the cells were used for the
cytotoxicity tests.

Instruments and Measurements

Nuclear magnetic resonance spectroscopy (NMR) were recorded
on a Bruker Avance Il 400 spectrometer (1H: 400 MHz and *C: 100
MHz) at
tetramethylsilane

room temperature solvent and
(TMS) as Gas
chromatography-time of flight mass spectrometry (GC-TOFMS)
spectrum was measured by GCT Premier, WATERS. MWs and b

were determined by size exclusion chromatography (SEC) on a

using CDCl; as

internal reference.

Waters-150C apparatus equipped with Waters Styragel HR3 and
HR4 columns and a Waters 2414 refractive index detector. THF was
used as the eluent with a flow rate of 1.0 mL/min at 40 °C. Triple-
Chromatography (Triple-SEC)
measurements were conducted on SEC system equipped a Waters

detection Size Exclusion
515 pump, an autosampler and two MZ gel columns (103 A and 104
A) with a flow rate of 0.5 mL/min in THF at 25 °C. The MALS
detector was used to determine the molecular weight. ASTRA
software (Version 5.1.3.0) was utilized for acquisition and analysis
of data. Differential scanning calorimetry (DSC) analyses were
performed on a TA Q20 instrument. PDKMAs and PDKMA-b-
POEGMAs were heated from room temperature to 175 °C at a rate
of 10 °C/min under a nitrogen purge, held for 3 min to erase the
thermal history, cooled to -50 °C at a rate of 40 °C/min, and finally
subjected to a second scan at a rate of 10 °C/min. The second
heating -50 to 175 then
Thermogravimetric analysis (TGA) was performed on a TA Q50

scan from °C was recorded.
instrument. Samples were heated from 50 °C to 500 °C at a rate of
10 °C/min. Dynamic light scattering (DLS) study of aqueous micellat
nanoparticle solutions was determined using a particle size analyzer
(Zetasizer Nano Series, Malvern Instruments) at 25 °C. Zeta
potential studies of aqueous polymer micellar nanoparticle
solutions were determined using a Nano-ZS 90 Nanosizer (Malvern
Instruments Ltd.). Each reported measurement was conducted for
three runs. Transmission electron microscopy (TEM) images of Ln®*
hybrid micellar nanoparticles were obtained using a HITACHI
HT7700 instrument. FT-IR spectra were recorded on Bruker VECTOR
22. The measurements were performed on tablets containing KBr
and sample. The absorbance spectra of the block copolymers and
nanoparticles were recorded in the range of 3500-400 em™.
Inductively coupled plasma optical emission spectrometry (ICP-OES)

was applied to determine the Ln®*" contents of the nanoparticles.

This journal is © The Royal Society of Chemistry 20xx
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The measurements were conducted on a Thermo i CAP6300.
Standard solutions of free rare earth metal cations were prepared
as the references for the measurements. UV-Vis spectra were
conducted on a UV-2450 UV-Vis spectrophotometer (SHIMADZU).
The absorbance and transmittance spectra of the Ln*"-loaded
in the range of 250-600 nm.
Photoluminescence (PL) excitation and emission spectra of the

the Eu3+—containing hybrid micellar
recorded by

nanoparticles were recorded

aqueous solutions of

nanoparticles were using a FluoroMax-4
spectrofluorometer (HORIBA). The Ln** concentration of each
sample was previously determined by ICP-OES, as described above.
A UV lamp operating at 350 nm was applied to record the
luminescence images of hybrid nanoparticles. Magnetic resonance
imaging (MRI) study was performed using a 3.0-T MRI system (Signa
HDxt, GE Medical Systems, Milwaukee, WI, USA). The absorbance of
CCK-8 was measured by using a microplate reader (BioRad, model
680, USA). The uptake Ln**-loaded
nanoparticles in MCF-7 cells was visualized under confocal laser

scanning microscopy (CLSM) (OLYMPUS, BX61W1-FV1000).

cellular behavior of

Methods

Synthesis of 4-(3-oxo-3-phenylpropanoyl)phenyl methacrylate
(DKMA).
(Intermediate) was synthesized as reported.29 Intermediate (10.0 g,
40.8 mmol) was dissolved in 100 mL dry THF followed by adding
TEA (6.8 mL, 50.1 mmol). A 20 mL THF
methacryloylchloride (4.73 mL, 48.9 mmol) was added dropwise at
0 °C, and the reaction was carried out for 30 min followed by

1-(4-Hydroxyphenyl)-3-phenylpropane-1,3-dione

solution of

another 8 h at room temperature. A dilute ammonium chloride
solution was added. After stirred for another 30 min, the mixture
was evaporated, extracted 3 times with ethyl ether, and washed
with 1 mol/L HCI, saturated sodium bicarbonate and brines,
successively. The organic layer was dried by sodium sulfate and
evaporated. The residue was purified by column chromatography
(10% EtOAc/Hexanes) subsequent recrystallization to afford DKMA
(10.56 g, yield = 87%) as white crystal. This compound existed as a
mixture of two isomers according to "H NMR spectra (keto-A/enol-B
= 0.06:0.94), Enol form as the major configuration. See the ESIt for
NMR characterization.

Preparation of poly[4-(3-oxo-3-phenylpropanoyl)phenyl
methacrylate] (PDKMAs) with different lengths. PDKMA was
synthesized via RAFT using CDB as the chain transfer agent (CTA)
and AIBN as the initiator. In a typical homo-polymerization, DKMA
(1.0 g, 3.24 mmol), CDB (7.06 mg, 0.026 mmol), and AIBN (1.42 mg,
0.009 mmol) were dissolved in 7 mL anisole to form a crimson
transparent solution, and the monomer concentration was 0.5 M.
After deoxygenated by three freeze—pump-thaw cycles, the flask
was sealed and immersed into a preheated oil bath at 70 °C to start
the polymerization. After a predetermined time, the reaction
mixture was cooled to room temperature and precipitated into cold
diethyl ether. The precipitate was separated by centrifugation and
dried in vacuum at 30 °C for 24 h (475 mg, 47.2%). See the ESIt for
NMR characterization.

This journal is © The Royal Society of Chemistry 20xx
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Synthesis of poly[4-(3-oxo-3-phenylpropanoyl)phenyl
methacrylate]-b-Ploy[oligo (ethylene glycol) methyl ether
methacrylate] (PDKMA-b-POEGMASs) diblock copolymers. PDKMA
was used as macroRAFT agent, In a typical block copolymerization
example, PDKMAsy (Mp, ome = 15.7 kDa, 152.2 mg ) OEGMA (478.4
mg, 0.956 mmol), and AIBN (0.523 mg, 0.003 mmol) as radical
initiator were dissolved in anisole (10.0 mL) in a Schlenk vial and a
monomer concentration of 0.8 M. After deoxygenated by three
freeze—pump—thaw cycles, the tube was placed in an oil bath at
60 °C. After a predetermined time, the reaction mixture was cooled
to room temperature and precipitated three times into cold diethyl
ether and dried in vacuum at 30 °C to give a pink powder. (106 mg,
27.0%) See the ESIT for NMR characterization.

Gd/Eu(lll)-Chelated Micellar Nanoparticle Assembly. Polymer
micelles were prepared by a solvent switching method at initia!
concentrations of 3.3 mg/mL. PDKMA;5,-b-POEGMA3,o, PDKMAgs-b-
POEGMA,; and PDKMA;y-b-POEGMA;, was dissolved in 2 mL THF in
a spawn bottle, 1 mL of Ln(NO3); THF solution which containing 1.5
mg Eu(NO3); and 15.2 mg Gd(NOs); was added with continuous
stirring, after which 10 mg C,HsONa was added. After another 30
min vigorous stirring, the mixture was dialyzed against deionized
water for 24 h by changing dialysis medium every 4h to remove THF.
After dialysis, the mixture was filtered through a filter (0.45um),
and the volume was adjusted to 50 mL. Nanoparticles containing
Ln(NOs); were labeled as PDO1, PDO2, and PDO3, respectively.

MRI Phantom Study of Gd3+Containing Hybrid nanoparticles.
The T;-weighted MRI images of hybrid nanoparticles containing
Gd* were performed using a 3.0-T MRI system with a specialized
one-inch quadrature mouse coil (Shanghai Chenguang Medical
Technologies Co., Ltd.) at 20 °C. Samples of NPDO1 were prepared
in phosphate buffered saline (PBS) with a series of concentrations
of 0.15, 0.20, 0.25 and 0.30 mM of total Gd3+, respectively. PBS was
measured as control.

The Cytotoxicity assay of Ln3+ hybrid nanoparticle was
evaluated in MCF-7 cells. To assess the biocompatibility of hybrid
nanoparticles, NPDO1 was used as example for cytotoxicity assay.
MCF-7 cells were seeded in 96-well culture plates at a density of
0.8x10" cells per well in 1640 medium containing 10% FBS for 24 h.
The culture medium was removed and replenished with 200ul of
of Ln*" hybrid
nanoparticles. After 48 h incubation, 20 uL CCK-8 was added in ana

fresh medium containing various amounts
the cells were incubated for another 1-3 hours at 37°C. Then the
absorbance at a wavelength of 450 nm of each well was measured
by using a microplate reader.

Confocal Laser Scanning Microscopy (CLSM) Studies. MCF-7 cells
were plated on coverslips in 24-well plates at a 5x10° per well
density. Maintained in 1640 supplemented with 10% FBS at 37 °Cin
a humidified atmosphere containing 5% CO, for 24 h, the cells were
incubated with 100 pL block copolymer dispersions (1mg/mL) for 2h,
4h, 12h and 24h at 37 °C. Then removed cell culture medium and
every well was also rinsed with PBS for twice and fixed with 4%
After the
paraformaldehyde, the coverslips were placed under a confoca!

paraformaldehyde for 15  min. discarding

Polym. Chem., 2015, 00, 1-3 | 3
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laser scanning microscope to observe and record fluorescent
images.

Results and discussion

Synthesis

A B-diketone monomer, 4-(3-oxo-3-phenylpropanoyl)phenyl
methacrylate (DKMA), was prepared using an esterification
The 1-(4-
hydroxyphenyl)-3-phenylpropane-1,3-dione, was synthesized
It was directly converted into DKMA monomer

reaction (Figure 1). phenol intermediate,
as reported.29
by treatment with methacryloylchloride in a facile substitution
reaction. The crude product was purified by column
chromatography and subsequent recrystallization to become
spectroscopically pure monomers as white crystalline solids.
The yield 74% 1-(4-
hydroxyphenyl)ethanone. DKMA was fully characterized by '

NMR (Figure 1A and S1 ESIt). The characteristic signals of

overall was ca. from

methacrylate protons are observed at 6.39, 5.80 and 2.08 ppm.

The singlet signals at 16.87 and 6.84 ppm belong to enol Hee
and methyne H® protons presenting an equilibrium with
diketone. The enol form is the major isomer with the fraction
of 94%, i.e. the ratio of [enol] /[keto] is 0.94: 0.06 in monomer
according to the integration. 3¢ NMR spectrum of DKMA is

shown in Figure S2 ESIT.
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Figure 1. (I) Synthesis of diketone-containing monomer and
block copolymers from 1-(4-hydroxyphenyl)ethanone. (II) !
NMR spectra of DKMA (A), PD2 (B) and PDO3 (C) with the
assignments in (1), *: residue CHCIlz in solvent CDCls. (lll) SEC
traces of homo-polymers of PD1 (D), PD2 (E) and PD3 (F) in
solid lines, and block co-polymers of PDO1 (G), PDO2 (H) and
PDO3 (J) in dash lines.
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RAFT polymerization with chain transfer agent (CTA) of
cumyl dithiobenzoate (CDB) was chosen to polymerize DKMA
in a controlled way while ATRP is not applicable due to strong
coordination of copper catalyst by diketone side groups of the
monomer. Well-defined homo-polymers poly[4-(3-ox0-3-
phenylpropanoyl)phenyl] (PDKMA) and diblock copolymers
poly[4-(3-oxo-3-phenylpropanoyl)phenyl methacrylate]-b-
poly[oligo(ethylene glycol) methyl ether methacrylate]
(PDKMA-b-POEGMA) named as PD and PDO in Table 1,
respectively, were synthesized with different chain lengths.
The MWs measured by SEC and "H NMR spectroscopy (Table 1,
Figures 1, S3 and S4 ESIt) agreed well with the corresponding
RAFT
polymerizations. As shown in Figures 1B and S3, the ratio of
enol/kitone in PDKMA is calculated as 94.6:5.4 by the integrals

of proton signals at 16.87 and 4.50 ppm indicating the

theoretical values indicating well controlled

equilibrium is not changed after polymerization. The protons
of aromatic rings (Hf" EMIT 5t 7.86-7.18 ppm) and backbone
(Hb' and H” between 2.44 and 1.43 ppm) of PDKMA are
observed.

PDKMAs with MWs ranging from 12.8 to 33.8 kDa and
moderate polydispersity indices (P < 1.30) were obtained by
varying the feed ratio of [DKMA]/[CDB] (Table 1). We kept
monomer conversions low (40-65%) for better polymerization
control. In all SEC measurements, the polystyrene-calibrated
MWs significantly than theoretical
consistent with the structural difference between PDKMA and
the polystyrene standards.’® Indeed, the absolute M, of
PDKMA 5, was determined by multi-angle laser light scattering

were lower values

(MALLS) as 47.1 kDa quite close to the expected value (Figure
S5 ESIT).

Homo-polymer PDKMAs containing dithioester chain end
were used as macro-CTA in the RAFT polymerizations of
OEGMA to produce PDKMA-b-POEGMAs. Figure 1C illustrates a
typical 'H NMR spectrum of the block copolymers and the
details are shown in Figure S4 ESIT. Both the typical proton
signals of DKMA and OEGMA units are found. The signal at
16.90 ppm indicates enol proton of PDKMA and the signals
among 7.89-6.74 ppm are attributed to the aromatic protons.
OEGMA segment shows the characteristic signals at 4.08 ppm,
3.65 ppm and 3.38 ppm. PDKMA-b-POEGMAs have been
successfully synthesized. The block lengths and compositions
are calculated from the intensities of the ethyl groups of
POEGMA (H™) and the aryl group of PDKMA (H” & ™" "1
Figure 1 illustrates the SEC profiles of the PDKMA-b-POEGMAs
with MWs ranging from 18.2 to 79.8 kDa and the
corresponding PDKMA precursors. Obvious MW increase of
PDKMA-b-POEGMAs compared with PDKMA precursors, as
well as the symmetrical and mono-modal peaks, indicates that
all PDKMA chain ends propagated with OEGMA monomers.
According to TGA under inert atmosphere (Figure S6 ESIT),
decomposition temperatures (Tys, the temperature at 5%
weight loss) of PD1, PD2 and PD3 are 262.8, 277.0 and
214.6 °C, respectively, showing good thermal stabilities of the

This journal is © The Royal Society of Chemistry 20xx
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polymers. In a typical DSC profiles of PD1 (Figure S7 ESIt),
PDKMAs have two glass transitions at Tgs of about 117.0 and
150.3 °C. The former responds to side chain slip associated
with the destruction of -t stacking between aromatic groups
and hydrogen bonding between diketone groups. The latter is
a movement of polymer backbone. Corresponding block

Polymer ‘Chemistry

copolymers also exhibit two T, at 122.6 and 149.6 °C
indicating that the block copolymers are phases separating in
the bulk. Melting temperatures (7,,) at -5.5 °C (sample PDO1
Figure S7 ESIT) are slightly near the homo-polymer of POEGMA.

Table 1. RAFT homo- and block co-polymerization of DKMA.

a) Time Temp. Conv.” M, caic M, sec d)
Sample Polymers [M]/[CTA/[1] h) 0) (%) (kDa)c) (kDa)d) b

PD1 PDKMA;s," 900/3/1 10.5 70 52 47.1 33.8 1.28
PD2 PDKMAgs” 300/3/1 10.0 70 69.3 215 16.3 1.30
PD3 PDKMAs,” 300/3/1 7.5 70 495 15.7 12.8 1.30
PDO1 PDKMA;5,-b-POEGMA3;," 900/3/1 3.7 70 77.4 202.1 79.8 1.33
PDO2 PDKMAgy-b-POEGMA 5" 375/3/1 11.2 60 29 43.0 20.8 1.33
PDO3 PDKMAsy-b-POEGMAS," 300/3/1 6.0 60 30 40.7 18.2 1.36

a) Molar ratio of monomer (M), CTA (CDB or PDKMAs) and AIBN (I) in feed. b) Trioxymethylene was taken as an initial sample tc
monitor the conversion by "H-NMR spectroscopy, and DP was measured by comparing the experimental conversion with desired
conversion. ¢) My, caic = Mmonomer X ([M]/[CTA]) x Conversion + Mcra. d) Determined from SEC in THF calibrated by PS standards. e)
M, was determined by MALLS. f) PDKMA-b-POEGMAs composition determined by 'H NMR according to [DKMA]/[OEGMEMA] =

I(ArH)/I(OCH,CH,0).

Micellization

The amphiphilic block copolymers self-assemble into
micelles in aqueous solution with PDKMA core and POEGMA
shell with a typical solvent-switching method. The critical
micelle concentration (CMC) values of PDO1, PDO2 and PDO3
are 2.63><10'2, 1.59x10™ and 1.67x10™ mg/mL, respectively, as
monitored by the fluorescent method using pyrene as a probe
(Figure S8 ESIt).?"* The high CMC value of PDO1 contributes
to the high ratio of hydrophobic PDKMA segment and water-
soluble POEGMA fraction. Higher ratios of hydrophobic and
hydrophilic fractions, i.e. relatively shorter POEGMA segments,
decrease the CMC values of PDO2 and PDO3
magnitude of 10* mg/L facilitating stable formation of
aqueous micelles.

into the

The chelation of lanthanide (Ln) cations was done by
nanoprecipitation method. Into a THF solution of PDKMA-b-
POEGMA, Eu(NO3); and Gd(NO3)3; mixture was added dropwise
under continuous stirring and followed by C,HsONa/THF
solution. The mixtures were dialyzed against deionized water
to form Ln-hybrid nanoparticles that were denoted as NPDO1,
NPDO2 and NPDO3 obtained from PDO1, PDO2 and PDO3,
respectively. The hydrodynamic volumes and morphologies of
the nanoparticles were analyzed by dynamic light scattering
(DLS) and transmission electron microscopy (TEM) in Figure 2.
NPDO1 and NPDO3 micelles obtained from PDO1 and PDO3
have the diameters of 222 nm (PDI = 0.084) and 87 nm (PDI =
0.145), respectively, with uniform sizes and homogeneous
distributions. The zeta potential of NPDO1 and NPDO3 is -0.5
mv and -19 mv, respectively. In contrast, a few large and
polydisperse aggregates in NPDO2 indicate unstable assembly
after chelation of Ln®*" cations of PDO2 (Figure S9 ESIT). The

This journal is © The Royal Society of Chemistry 20xx

hydrophilic POEGMA segment in PDO2 is the shortest among
the three that is not long enough to stabilize micelles stably. In
contrary, micelles (NPDO1 and NPDO3) show clear contrast
between the dark staining background and white spots in TEM
confirming remarkably uniformly sized spheres with nearly
average diameters of 30 and 20 nm. It is reasonable that the
diameters of the micelles obtained from TEM are smaller than
the corresponding DLS data since POEGMA shell cannot be
observed in TEM. In addition, TEM pictures nanoparticles in
dehydrated solid states while DLS measures hydrodynamic
diameters of micelles swollen in an aqueous environment.>

H &

Intensity (%)

-

10 100 1000 10000
Size (d.nm)

Intensity (%)

1 100 1000 10000
Size (d.nm)

Figure 2. Size distributions histograms (A and C) and TEM images (B
and D) of NPDO1 (A and B) and NPDO3 (C and D) nanoparticles in
aqueous media at 25 °C. The scale bars in B and D are 100 and 50
nm, respectively.

Polym. Chem., 2015, 00, 1-3 | 5
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The chelation of lanthanide assemblies is confirmed by
comparing block copolymer PDO1 and the corresponding NPDO1
nanoparticles using FT-IR analysis (Figure S10 ESIt). Strong
absorbent bands at 1601 and 1490 cm™ in PDO1 attributes to the
stretching vibrations of C=0 and C=C (enol isomer) in B-diketone
groups, respectively.35 Their red shift to 1596 and 14737cm'1 in
NPDO1 suggests the coordination of carbonyl group to lanthanide
cations. The C-0O vibration from C=C—0O-H(Ln) exhibits medium
intensity absorption at 1301 em™ in PDO1 which dramatically red
shifts to 1259 cm™ after the deprotonation of enol hydroxyl group
and reaction with Ln** jons. A medium-to-weak band at 437 cm™ is

observed as an additional evidence of the Ln—O formation.*®

The inductively coupled plasma optical emission spectrometry
(ICP-OES) quantitatively reveals the Ln®" concentration in the NPs
solution (Table S1 ESIt). The contents of Gd** are 52.88 and 14.72
ug/L in NPDO1 and NPDOS3, respectively. As fluorescent imaging is
more sensitive than MRI and Gd*" also sensitizes Eu®* efficiently, we
control the concentration of Eu*" lower than Gd*" in half to one
magnitude on purpose.

The chelation stability of Ln*" ions takes the risk of leaking from
micelles whose shell is non-crosslinked and hydrophilic POEGMA
shell. To measure the leakage of Ln** cations, NPDO1 and NPDO3
nanoparticles were dialyzed against deionized water for a week and
the dialysis fluids were submitted to ICP-OES. The free Gd* and
Eu® concentrations were far below the detection limit of the ICP-
AES (i.e., 1 pg/L). Our hybrid NPs provide a very stable chelation of
Ln*, indicating application potential as safe nanomaterials.

MRI Phantom Study

Gadolinium  species well-known candidates as
longitudinal (T;-type) relaxation MRI contrast agent which can
vastly improve the diagnostic sensitivity toward malignant
7-39 . .
Meanwhile, the gadolinium

40, 41
In an effort

are

tissues over normal ones.?
complex often suffers from limited sensitivity.
to improve the contrast performances, the macromolecular
Gd* complexes which are covalently conjugated onto
polymers or polymer assemblies have been reported by
several previous literature.*”” We herein synthesize a novel kind
of Gd** hybrid polymer micelle with increased T; relaxivity for
MRI. From the plots of the 1/T; against the Gd3+—concentration,
as shown in Figure 3, the longitudinal relaxivity (r,) of NPDO1
was determined as 11.2 mM's " using a 3.0 T magnetic field at
20 °C. It is noteworthy that the r; value of this Gd*"-chelated
polymer micelle reaches nearly 3-fold enhancement compared
with commercial small molecular contrast agent Gd-DOTA (3.8
mM™7s ™) or Gd-DTPA (4.0 mM s™).** with higher T,
contrast efficiency, a lower dose of NPDO1 can achieve a
comparable T; contrast enhancement. Same polymer-based
enhancements have been reported with careful designs.
Compared with other polymeric Gd*"-based nanoparticles
reported, the r; value of NPDO1l is comparable and
moderate.?*>° Typical T;-weighted spin-echo MR images
recorded for Gd*'-chelated polymer micelle (NPDO1) at
various concentrations in phosphate buffered saline (PBS) are
shown in the inset of Figure 3. By gradually increasing the
concentration of NPDO1, a lightly positive enhancement spot

6 | Polym. Chem., 2015, 00, 1-3

brightness can be observed. PBS was measured as a control
showing a darkest spot.

0.20 0.24 0.28
Gd**-concentration (mM)
Figure 3. Plots of longitudinal (1/T;) for aqueous solutions of
Gd*'-chelated polymer micelle (NPDO1) at
concentrations, inset: Ti-weighted spin-echo MR images
recorded in versus Gd>*-concentrations of NPDO1 and PBS was

measured as references.

0.16 0.32

various

UV and fluorescence

The UV-Vis absorption spectra of PDO1 micelles with and
without lanthanide cations in aqueous solution were recorded
in Figure 4A (similar results of PDO3 and NPDO3 are shown in
Figure S11 ESIT). A broad absorption band between 295 and
420 nm with maximum at 340 nm is expected as the m-m *
singlet-singlet transition to the excited state. The mn-m*
transition bands centered on the diketone moiety experience a
red shift of ca. 10-20 nm compared with that of the free
diketone chromophore, implying an electronic interaction
between the light-absorbing diketone and the light-emitting
center (Ln*").>?

)= 355 0m

Absorbance(a.u.)

= 340 am

a

250 300 350 400 450
Wavelength (nm)

2000000

1600000

1200000

800000

Intensity (CPS)

400000

400 450 500 850
Wavelength (nm)

Figure 4. (A) UV-Vis of 0.04 mg/mL PDO1 (a) and 0.073 mg/mL
PDO1 with Ln*' (b) in aqueous media; (B) Photographs of solution
NPDO1 under sunlight; (C) PL spectra of PDO1 (4><10'4 mg/mL, curve
a) and NPDO1 (6.6><10'4 mg/mL, curve b) in aqueous solution under

This journal is © The Royal Society of Chemistry 20xx
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excitation at 350 nm at 25 °C; (D) Photographs of solution NPDO1
under UV lamp at 365 nm.

The emission spectra of the hybrid nanoparticles give out typical
narrow-band Eu®" luminescence in the region 570680 nm after
excitation at 350 nm (Figures 4C and S12 ESIt). The hydrophobic
character of PDKMA core prevents quenching by water accessing to
the coordinated lanthanide ions and therefore keeps efficient
fluorescence output. The luminescence and the corresponding
emission spectra demonstrating that energy transfer from the
aromatic B-diketonate ligand to Eu®* center is responsible for the
sensitized europium emission of narrow bands at 579 (J = 0), 590 (J
=1), 614 (J = 2) and 650 (J = 3) nm correspond to the 5D097FJ ff
transitions in Eu®".>?> The aromatic ligand is first excited to its S;
state, after intersystem crossing, energy transfers to the triplet
state, then the energy transfers to 5D1 state of Eu®" via the ligand
triplet state. Since the 5D1 state finally emits fluorescence via 5Do,
the fluorescent spectra of Eu®is always the same and independent
from the ligands. The electronic dipole transitions 5D097F2 at 614
nm is the strongest, so-called “hypersensitive” transition being the
most intense.” The lanthanide-polymer complexes possess a large
Stokes shift (Aem—Aexc) Of Over 200 nm while that of organic dyes is
typically less than 50 nm. The effect of Gd* ions as a heavy atom on
the luminescence properties of Eu®* which can efficiently enhance
the luminescence of Eu** ions, so the intensity of characteristic Eu®
emission is largely increased.” ™1

Cytotoxicity assay

The cytotoxicity of lanthanide hybrid nanoparticles was evaluated
in  MCF-7 cells (human breast adenocarcinoma cell line) by
measuring the inhibition of cell growth using CCK-8 assay. The
relative cell viability was determined by comparing the absorbance
at 450 nm with that of control wells containing only cell culture
medium. Data are presented as average (SD (n = 5)). Figure 5
illustrates MCF-7 cells cultivated for 48 h with various
concentrations of Ln®" hybrid nanoparticles from 0 to 800 pg/mL.
The high cell viability over 90% indicates very low toxicity with MCF-
7 cells.
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Figure 5. Relative cell viability of NPDO1 for MCF-7 cells after 48 h
incubation at a concentration between 0 to 800 pg/mL.
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Cellular uptake studied by confocal microscopy

The NPDO1 nanoparticles can be absorbed by MCF-7 cells
observed by confocal laser scanning microscope (CLSM) with
the excitation wavelength of 405 nm and emission wavelength
of 620 nm probed by Eu®* fluorescent imaging. As shown in
Figure 3, the intensity of cellular uptake was time-dependently
increasing from 2 h to 24 h of incubation. Low cytotoxicity and
excellent cellular uptake ability make the lanthanide hybrid
nanoparticles a favorable vector applied in biomedical imaging,
especially suitable for assessing thin biopsies in confocal
imaging.

.

Figure 6. CLSM images of MCF-7 cells incubated with NPDO1 for
2~24 h at 37 °C under excitation at 405 nm.

Conclusions

In this study, we synthesized a series of innovative B-diketone
micelles with a homogeneous size distribution based on
amphiphilic block copolymer (PDKMA-b-POEGMA) chelating
Gd*" and Eu®" cations. The sizes of lanthanides hybrid micelles
are in the range of 87 and 222 nm capable for accumulation in
tumors via the enhanced permeability and retention effect.
They exhibit combined properties of both MRI and rec
fluorescence imaging demonstrated by CLSM and in vitro
relaxivity studies. The large Stokes shift in fluorescence can
background. Eu®
luminescence outputs efficiently and suffers less from non-

avoid the overlapping with biological

radiative deactivation. Meanwhile, the relaxivity values are 3-
folded higher than commercial DOPA- and DTPA-Gd** agents,
which can be attributed to outer sphere water exchange with
Gd* and conjugated to macromolecules. The hybrid micelles
are kinetically stable with negligible leaching of Ln** ions into
solution. Biocompatibility studies evidenced the non-toxicity
and the safe use of such lanthanide chelated nanoparticles in
cell studies. In short, the Gd/Eu micelles constitute a highly

versatile platform and highly contrast agent for the

Polym. Chem., 2015, 00, 1-3 | 7
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simultaneous optimization of both MRI and fluorescence
properties in one single probe suggesting endless potential
applications for theranostics, early diagnosis of tumor, and
intraoperative fluorescence-guided surgery.
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