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Multifunctional nanoparticles have the potential to integrate therapeutic and diagnostic
functions into a single nanodevice.[2~%1 To date, several types of hybrid nanosystems
containing multiple different types of nanoparticles have been developed that allow multi-
modal imaging. For example, formulations containing quantum dots (QD) and magnetic iron
oxide nanoparticles (MN) provide a means to perform simultaneous fluorescent optical
imaging and magnetic resonance imaging (MR1).[10-15] While these nanocomposites have
been used for in vitro magnetic cell separation and in vitro cell targeting, there are limited in
vivo studies, particularly for cancer imaging and therapy, due to poor stability or short
systemic circulation times generally observed for these more complicated

nanostructures.[16: 171 Herein, we introduce long-circulating, micellar hybrid nanoparticles
(MHN) that contain MN, QD, and the anti-cancer drug doxorubicin (DOX) within a single
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polyethylene glycol (PEG)-phospholipid micelle and provide the first examples of
simultaneous targeted drug delivery and dual-mode NIR-fluorescent and MR imaging of
diseased tissue in vitro and in vivo.

Micellar preparations of hydrophobic drugs and nanoparticles using diblock polymers hold
great potential for biomedical applications.[18-24] Such micellar coatings can display
excellent stability, reducing the cytotoxicity of the hydrophobic drug or nanoparticle
contents. Previous in vitro studies have demonstrated that drug molecules and MN can be
incorporated within a micelle, allowing the corroboration of drug delivery by MRI.[21. 23]
Furthermore, micellar preparations containing single-component nanomaterials such as QD
and carbon nanotubes have been shown to be sufficiently stable for in vivo

applications.[18 24]

The synthesis of MHN is derived from a previously reported method for micellar
encapsulation of QD.[28] Briefly, spherical oleic-acid coated MN with a size of 11 nm and
elongated TOP-coated QD with a longitudinal size of 10~12 nm and NIR emission
wavelength were encapsulated simultaneously within a micelle composed of a PEG-
modified phospholipid, (Scheme 1). The MHN were removed from the micellar MN
(MMN), micellar QD (MQD) and empty micelle byproducts produced in the synthesis by
magnetic separation and centrifugation. Transmission electron microscope images and
dynamic light scattering measurements reveal that the MHN consist of clusters of both MN
and QD within a micellar coating with a hydrodynamic size of 60—70 nm (Figure 1a—d). The
MN:QD ratio within the individual micelles can be adjusted by changing the mass ratio of
MN to QD during the synthesis. By contrast, MMN or MQD prepared by encapsulating
either MN or QD alone with PEG-phospholipids appear to be either individually
encapsulated or encapsulated as dimers, respectively (Figure 1e and 1f). When relatively
concentrated solutions (> 2 mg/mL) of MN and QD are added to the PEG-phospholipid
solution during micelle formation, aggregates rather than isolated nanoparticles are observed
to form. All preparations that produced concentrations of ~ 1 mg/mL MHN were stable in
deionized water or in phosphate buffered saline (PBS) solutions, with no observable
aggregation or dissociation for at least 1 month. Unlike dispersed arrangements of MN and
QD reported in previous hybrid systems,[13. 14] the MN and QD in the MHN appear to be
closely packed within a single micelle, similar to the clustering of MN that have been
observed inside poly(caprolactone)-PEG copolymer systems.[22]

To examine the ability to remotely image MHN preparations, fluorescence spectra were
measured using blue (450 nm) and NIR (680 nm) excitation (Figure 2). In both cases, as the
ratio of MN to QD within a micelle increases, the intensity of fluorescence from the MHN
assembly decreases with no significant spectral shift or line broadening of the emission
spectrum observed. The loss of fluorescence intensity can be attributed to a decreased
number of QD per micelle and to optical absorption by the MN, consistent with previous
observations.[13. 141 Additionally, the proximity of MN and other QD in the MHN is likely
to cause fluorescence quenching through non-radiative energy or charge transfer.[10. 23]
Despite the quenching, fluorescence is intense enough to allow detection of MHN at sub-
nanomolar QD concentrations. These inorganic QD-containing hybrid systems can be
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excited and observed in the NIR spectral region with high photostability,[26. 271 providing
significant advantages over MN labeled with organic fluorophores.[28. 291

The MHN materials can also be imaged with MRI. The MR characteristics of MHN with
varying MN:QD ratios were compared to MMN (Figure 2b and 2c). The T,-weighted
images of MHN1 and MHNS3, containing MN clusters, display significantly larger MR
contrast compared to MMN which contain only a single MN (T> relaxation rates R, = 244.9,
187.5, and 104.9 mMFe~1S71, respectively). The increased T relaxivity for coalesced MN
has been observed in several previous studies,[?: 22. 301 and it highlights an unexpected
benefit of co-encapsulating both materials that is not observed in nanohybrids containing
single MN.[5: 28,31, 32] SQUID magnetic measurements confirm that MHN retain the
superparamagnetic characteristics of individual MN (see Supporting Information, Figure
S1). The MHN are thus detectable via both MRI and fluorescence at sub-micromolar Fe and
sub-nanomolar QD concentrations (Figure 2b), highlighting their utility for bimodal
applications.

The ability of MHN to target and dual-mode image tumor cells was tested on MDA-MB-435
human cancer cells. To allow the nanoassemblies to specifically target tumor cells, the MHN
were conjugated with the targeting ligand F3, a peptide known to target cell-surface
nucleolin in endothelial cells in tumor blood vessels and in tumor cells and to become
internalized into these cells[33. 341, This peptide is capable of transporting payloads such as
nanoparticles or oligonucleotides into tumor vasculature in vivol35-37]. Cells incubated with
F3-conjugated MHN (F3-MHN) display dramatically increased NIR fluorescence and MRI
contrast while cells incubated with unmodified MHN exhibit no significant fluorescence or
MRI contrast (Figure 3a and 3b).

Simultaneous imaging and drug delivery was demonstrated using the anti-cancer drug DOX,
which was incorporated into MHN during synthesis (~0.093 mg of DOX per mg of MHN,
see Supporting Information, Figure S2). The intrinsic fluorescence of DOX allows the
independent imaging of both DOX and QD contained in the MHN, which are observed to
co-localize in some areas of MDA-MB-435 cells in vitro after 2 h of incubation (Figure 3c).
During a 24-h period, F3-MHN were observed to chaperone DOX into cancer cells and
release it endosomally into the nuclei following tumor cell internalization (Inset in Figure
3c, see Supporting Information, Figure S3). After 30 min of incubation with DOX-loaded
F3-MHN (DOX-MHN-F3), the DOX fluorescence signal appeared mainly in the cytoplasm
and co-localized with endosomes, whereas when free DOX was added, almost all of the
DOX fluorescence signal was observed in the cell nuclei. As incubation time increased, the
DOX in the cytoplasm was observed to translocate into the nuclei.

Although they are composed of relatively toxic QDs, no significant toxicity of the MHN
assemblies was observed in this study, consistent with previous in vitro and in vivo studies
with MQD and liposomal hybrid particles containing QD and MN.[17. 18] By contrast, DOX-
incorporated F3-MHN display cytotoxicity which is significantly greater than that of
equivalent quantities of free DOX or DOX-incorporated untargeted MHN (see Supporing
Information Figure S4).
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We next investigated the utility of MHN for multimodal in vivo imaging applications. We
synthesized MHN containing QD that emit at a wavelength of 800 nm [MHN(800)]. This
NIR wavelength is appropriate for imaging of organs in vivo and ex vivo because it
maximizes tissue penetration while minimizing optical absorption by physiologically
abundant species such as hemoglobin (see Supporting Information, Figure S5).[381 We find
that these PEG-coated MHN exhibit substantial blood circulation times (~3 h half-life),
comparable to other PEG-nanomaterial formulations (0.5~2 h half-life for PEGylated carbon
nanotubes and 0.2~2.2 h for PEGylated QD).[24. 39. 401 We confirmed that MHN survive
circulation in the blood stream without dissociation into individual MN or QD by TEM (see
Supporting Information, Figure S6a).

Long-circulating nanoparticles in the size range of 20-200 nm have been shown to
accumulate preferentially at tumor sites through an enhanced permeability and retention
effect.[41: 42] Nude mice bearing MDA-MB-435 tumors were imaged prior to injection of
MHN and then 20 h after injection. In these optical images, significant fluorescence was
observed in the tumors 20 h after MHN injection (Figure 4a). Biodistribution measurements
indicate that MHN mainly accumulate in the liver, while the quantity of MHN observed in
other organs is not significant (see Supporting Information, Figure S6b). To evaluate the
efficacy of combined MR and optical imaging, the tumors were harvested 20 h after
injection and immediately imaged with a 4.7T MRI scanner and with a NIR optical imaging
system. Significant differences in both fluorescence and MRI contrast, were observed
between tumors injected with PBS and those injected with MHN (Figure 4b and see
Supporting Information, Figure S6c). The differences observed in the fluorescence images
are much more substantial than in the MR images, due to the low background signals
associated with NIR imaging. Although these in vivo results are preliminary, the data
provide promise for further in vivo applications due to the prolonged residence time in blood
circulation displayed by MHN relative to similar liposomal hybrid systems(17]

In summary, micellar hybrid nanoparticles that contain MN, QD, and anti-cancer drug DOX
within a single PEG-modified phospholipid micelle have been prepared. The hydrophobic
chains of the PEG-phospholipids interact strongly with hydrophobic chains attached to the
MN and QD, providing high dispersibility and stability for in vitro and in vivo applications.
The MHN enable dual-mode imaging for cells in vitro and organs in vivo or ex vivo,
combining the advantages of optical imaging (for microscopic resolution and in vivo
fluorescent imaging) and MRI (for determination of full anatomical distribution in vivo).
This approach may be applicable to the synthesis of other hybrid nanodevices that combine
the dissimilar functions of two or more nanomaterials such as MRI, photo-thermal therapy,
Raman imaging, and fluorescence imaging. Simultaneous dual-mode diagnosis and therapy
with the hybrid system reported here may allow for more effective early detection and
treatment of various types of cancers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Transmission electron microscope images of &) micellar hybrid nanoparticles (MHN) with a mass ratio of 1:5 magnetic

nanoparticles (MN): quantum dots (QD) (inset: TEM image of an individual MHN that has been treated with a 1.3%
phosphotungstic acid negative stain. The brighter regions are associated with the micellar coating). b—d) magnified images of
MHN with a mass ratio of b) 1:1 MN:QD (MHN1); ¢) 1:3 MN:QD (MHN3); d) 1:5 MN:QD (MHNS5). €) micellar magnetic
nanoparticles. f) micellar quantum dots (emission Amax = 705 nm). Scale bar in (a) is 100 nm. Scale bar in (b) is 20 nm; images
(b—d) and the inset of (a) are displayed at the same magnification. Scale bar in (¢) is 20 nm and (f) is displayed at the same
magnification. In these formulations the QD have an elongated shape (2:1 aspect) and the MN are spherical.
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Figure2.
a) Photoluminescence spectra of micellar quantum dots (MQD, emission Amax = 705 nm), micellar magnetic nanoparticles

(MMN) and micellar hybrid nanoparticles (MHN) containing different ratios of MN:QD. The particle samples were excited with
450 nm light. The intensity (I) of each spectrum is normalized by total mass of each particle type. b) Multimodal imaging of
MMN and MHN as a function of iron concentration in MRI (upper panel, T,-weighted mode) and NIR fluorescence (lower, in
the Cy5.5 fluorescence channel, Aqy = 680 Nm, Agps = 720 nm). ¢) Relaxivity Ry values of MMN and MHN in the To-weighted
MR images.
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Figure3.
a) Intracellular delivery of F3-conjugated micellar hybrid nanoparticles (F3-MHN) into MDA-MB-435 human carcinoma cells.

In both panels the F3-MHN or the MHN control particles appear red in the images. 2 h after incubation with the cells, the F3-
MHN particles are strongly associated with the cells, while the control nanoparticles (MHN) without the F3 species do not
penetrate. b) Multimodal images (NIR fluorescence in Cy5.5 channel and MRI) of the cells in (a) compared with PBS control
and with untreated cells. ¢) Targeted drug delivery of doxorubicin (DOX)-incorporated F3-MHN into MDA-MB-435 human
carcinoma cells. The DOX-loaded F3-MHN were incubated with the cells for 2 h. Arrowheads indicate co-localization of DOX
and MHN. The inset shows co-localization of some DOX (red) and endosome marker (green) 30 min after incubation with
DOX-loaded F3-MHN. Nuclei were stained with DAPI.
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Figure4.
a) NIR fluorescence images showing passive accumulation of micellar hybrid nanoparticles containing QD (emitting at 800 nm,

MHN(800)) in a mouse bearing MDA-MB-435 tumors. The mouse was imaged pre-injection and 20 h post-injection (injection
dose: 10 mg/kg). b) Image table representing multimodal imaging (by MRI and NIR fluorescence) of tumor harvested from the
mouse in (a). PBS indicates a control in which a tumor-bearing mouse was injected with phosphate buffered saline. Column
headings NIRFI and MRI(T>,) indicate near-infrared fluorescence image and T values from T,-weighted MRI, respectively.
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Scheme 1.
The synthetic procedure used to prepare micellar hybrid nanoparticles that encapsulate magnetic nanoparticles and quantum dots

within a single PEG-modified phopholipid micelle.
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