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FOLATE-TARGETED OPTICAL AND MAGNETIC RESONANCE DUAL-
MODALITY PCL-5-PEG MICELLES FOR TUMOR IMAGING"
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Center for Bionanoengineering and the State Key Laboratory for Chemical Engineering,
Department of Chemical and Biological Engineering, Zhejiang University,

Hangzhou 310027, China

Abstract A biodegradable tumor targeting nano-probe based on poly(e-caprolactone)-b-poly(ethylene glycol) block
copolymer (PCL-b-PEG) micelle functionalized with a magnetic resonance imaging (MRI) contrast agent
diethylenetriaminepentaacetic acid-gadolinium (DTPA-Gd*") on the shell and a near-infrared (NIR) dye in the core for
magnetic resonance and optical dual-modality imaging was prepared. The longitudinal relaxivity (7,) of the PCL-b-PEG-
DTPA-Gd*" micelle was 13.4 (mmol/L)™'s™", three folds of that of DTPA-Gd®", and higher than that of many polymeric
contrast agents with similar structures. The in vivo optical imaging of a nude mouse bearing xenografted breast tumor
showed that the dual-modality micelle preferentially accumulated in the tumor via the folic acid-mediated active targeting
and the passive accumulation by the enhanced permeability and retention (EPR) effect. The results indicated that the dual-
modality micelle is a promising nano-probe for cancer detection and diagnosis.
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Early detection and accurate diagnosis are critical for successful cancer therapy. Recently, noninvasive imaging
techniques including optical and magnetic resonance imaging (MRI) in combination with nano-probes have
demonstrated great potentials in cancer detection and diagnosis'"*, because the nano-probes can preferentially
accumulate in solid tumors due to the enhanced permeability and retention (EPR) effect’®). MRI can visualize
deep regions of body with high spatial resolution™!, but suffers low sensitivity, high cost and lack of quantitative
capability”™. On the other hand, optical imaging is an inexpensive and sensitive technique with relatively low
spatial resolution, but its application is limited by poor light penetration and disturbance from auto-fluorescence
of tissues!®. The two complementary techniques can be combined by designing nano-probes with optical and
magnetic resonance dual imaging modality to achieve high spatial resolution and high sensitivity,
simultaneously. This combination will significantly improve the accuracy and sensitivity of cancer detection and
diagnosis.

Several nano-probe systems based on iron oxide magnetic nanoparticles and fluorescent dyes with dual
imaging modalities have been reported *!. However, the magnetic nanoparticles belong to T, contrast agents,
which, compared with T, contrast agents, have much less applications in clinic. Talanov et al. prepared a
nanoprobe with dual magnetic resonance and fluorescence imaging modalities by conjugating T, contrast,
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namely, Gd(III) complex and fluorescence dye onto polyamidoamine (PAMAM) dendrimer, which
demonstrated efficient visualization of sentinel lymph nodes in mice!”. However, its non-biodegradability and
poor biocompatibility limit its application in clinic!"”. To our best knowledge, no polymer micelle based dual-
modality nanoprobe with Gd(III) complex and fluorescence dye has been reported. Herein, we developed a
biodegradable nano-probe using a biocompatible PCL-b-PEG micelle functionalized with a T, contrast agent
DTPA-Gd*" and a tumor targeting group folic acid (FA) on the shell, and a near infrared (NIR) dye in the core
for magnetic resonance and optical dual-modality imaging. Its good imaging capability coupled with its
excellent biocompatibility makes it superiority over other macromolecular dual-modality nanoprobes.
s
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Scheme 1 Schematic illustration of the dual-modality micelle

The structure of the nano-probe is shown in Scheme 1. The nano-probe was prepared through the self-
assembly of PEG and PCL block copolymer with a DTPA-Gd®" or folic acid ending group (PCL-b-PEG-DTPA-
Gd*'/PCL-b-PEG-FA) in the presence of a NIR dye 1,1-dioctadecyl-3,3,3,3-tetramethyl indotricarbocyanine
iodide (DiR), which is a near-infrared lipophilic fluorescent dye with strong fluorescence in hydrophobic
environment. PCL-b-PEG-DTPA-Gd*" was prepared as follows. First, the PCL-PEG block copolymer with a
terminal amino group (PCL-b-PEG-NH,) was synthesized by sequential anionic ring-opening polymerization of
EO and e-CL using potassium bis(trimethylsilyl)amide as an initiator according to literature!'"!. The molecular
weights (M,s) of PEG and PCL in the block copolymer were determined by "H-NMR (Bruker ARX 400). The
PCL and PEG had the M, of 1800 and 2300, respectively. The overall M, of the block copolymer were measured
by a gel permeation chromatography (GPC, Schambeck SFD GmbH) equipped with two Shodex columns (GPC
KF-402.5 HQ and GPC KF-404 HQ) and a Schambeck RI 2000 differential refractometer detector using
polystyrene standards. The measured M, was 9800 with a polydispersity index of 1.20. PCL-b6-PEG-DTPA
conjugates were then prepared from PCL-b-PEG-NH, and a reactive DTPA ligand 2-(4-isothiocyanatobenzyl)-
diethylenetriaminepentaacetic acid via the reaction between the amino group in polymer and the isothiocyanate
group in the ligand with triethylamine as a catalyst''?. PCL-b-PEG-FA was synthesized from PCL-b-PEG-NH,
and folic acid via the reaction between the amino group in the polymer with the carboxylic acid group in the
folic acid.

PCL-b-PEG-DTPA-Gd*" and PCL/DiR-b-PEG-DTPA-Gd**/FA micelles were finally prepared by a dialysis
method. Briefly, 10 mg of PCL-b-PEG-DTPA or 10 mg PCL-h-PEG-DTPA, 1 mg PCL-b-PEG-FA and 1 mg
DiR were dissolved in 0.5 mL of DMSO and stirred for 20 min. The resultant solution was then added dropwise
into a 0.1 mol/L sodium acetate buffer solution (pH 6.0) (1 mL) with violently vortexing at room temperature.
Gd(acetate); (3 mg, 9 x 107 mol) in 0.1 mol/L sodium acetate solution (0.1 mL) was added into the micelle
solution and stirred at room temperature for 30 min. The excessive Gd*" and DMSO were removed by dialysis
against 0.01 mol/L PBS (pH 7.4, 3 x 500 mL) for 12 h. The sizes of the micelles were determined by a dynamic
light scattering instrument (DLS, Malvern Instruments) at an angle of 173° under room temperature, indicating
that the volume-average hydrodynamic diameters of PCL-b-PEG-DTPA-Gd®>" and PCL/DiR-b-PEG-DTPA-
Gd*"/FA micelles were 40 and 56 nm, respectively. Gd®* concentrations were determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES, Perkin Elmer Optima 3100XL).
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Gd chelates are T, contrast agents that shorten the longitudinal relaxation time (77) of the proton in water
molecules. The T's of PCL-b-PEG-DTPA-Gd®" micelle solutions and small molecule contrast agent DTPA-Gd*"
solutions at different concentrations were measured using an NMR analyzer (0.52 T Micro MR system,

Shanghai Niumag Corporation). The data were plotted as %VGI‘SUS [Gd] (Fig. 1). The longitudinal relaxivities
1

(718), reflecting the contrast efficiency of contrast agents, were calculated from the slopes. The 7| of DTPA-Gd**
was 4.7 (mmol/L)'s™, which was close to that reported in literature!"”. The r, of PCL-b-PEG-DTPA-Gd*
micelle was 13.4 (mmol/L)™'s™', three folds of that for DTPA-Gd®", and higher than that of many polymeric
contrast agents''* ', For example, the linear polymer PEG-DTPA-Gd®* with similar structure had a r; of
6.0 (mmol/L)'s™", only slightly higher than that of DTPA-Gd*"!. These results indicated that the micellization
could significantly increase the 7, of contrast agents. The speculated mechanism was that the micellization
substantially increased the rotational correlation lifetime of the contrast agent, while it did not change the water-
exchange rate because the Gd*" chelates were on the surface of the micelles''> ',
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Fig. 1 The reciprocal of T} for the PCL-b-PEG-DTPA-Gd** micelle and
DTPA-Gd*" at different concentrations
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Fig. 2 Optical imaging of a mouse bearing tumor with PCL/DiR-b-PEG-DTPA-Gd**/folic
acid micelle: (a) in vivo imaging and (b) imaging of anatomized organs and tissues

The in vivo optical imaging of a nude mouse bearing xenografted breast tumor was observed using in vivo
Imaging System FX Pro (Kodak) with 720 nm excitation and 780 nm emission filters. The animal study was in
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strict accordance with the China legislation on the use and care of laboratory animals and with the guidelines
established by the Institute for Experimental Animals of Zhejiang University. After the nude mouse was
anesthetized with 1% pelltobarbitalum natricum, the PCL/DiR-b-PEG-DTPA-Gd*'/FA micelle solution
(10 mg/mL, 0.2 mL) was intravenously injected into the mouse. The images were acquired at different intervals.
It was found that the intensity of fluorescence at the tumor site reached the maximum at 8 h after the injection.
Figure 2(a) shows the image taken at 8 h after the injection. A strong fluorescence was only observed at the
tumor site, indicating that the dual-modality micelle strongly preferentially accumulated at the tumor site in vivo.
This was further confirmed by imaging the dissected tissues and organs. As shown in Fig. 2(b), the fluorescence
in main organs, such as lung, heart, spleen, intestine and kidney was very weak compared with that in the tumor.
These results indicated that with the mediation of folic acid and the EPR effect, the dual-modality micelle
successfully targeted the solid tumor, which made the dual-modality micelle a promising nano-probe for cancer
detection and diagnosis.

In summary, a biodegradable nano-probe based on PCL-PEG micelles with T, contrast agent DTPA-Gd**
and a tumor targeting group folic acid on the shell, and a near infrared (NIR) dye in the core for the magnetic
resonance and optical dual-modality imaging was prepared. The r; of PCL-b-PEG-DTPA-Gd”" micelle was
13.4 (mmol/L)'s™", 3 folds of that for DTPA-Gd**. The in vivo optical imaging of a nude mouse bearing tumor
was measured, indicating that the dual-modality micelle preferentially accumulated in the tumor with the
mediation of folic acid and the EPR effect. The results indicated that the dual-modality micelle is a promising
nano-probe for the cancer detection and diagnosis.
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