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Functionalized-quantum-dot–liposome (f-QD-L) hybrid nanoparticles are

engineered by encapsulating poly(ethylene glycol)-coated QD in the

internal aqueous phase of different lipid bilayer vesicles. f-QD-L maintain

the QD fluorescence characteristics as confirmed by fluorescence

spectroscopy, agarose gel electrophoresis, and confocal laser scanning

microscopy. Cationic f-QD-L hybrids lead to dramatic improvements in

cellular binding and internalization in tumor-cell monolayer cultures.

Deeper penetration into three-dimensional multicellular spheroids is

obtained for f-QD-L by modifying the lipid bilayer characteristics of the

hybrid system. f-QD-L are injected intratumorally into solid tumor models

leading to extensive fluorescent staining of tumor cells compared to

injections of the f-QD alone. f-QD-L hybrid nanoparticles constitute a

versatile tool for very efficient labeling of cells ex vivo and in vivo,

particularly when long-term imaging and tracking of cells is sought.

Moreover, f-QD-L offer many opportunities for the development of

combinatory therapeutic and imaging (theranostic) modalities by

incorporating both drug molecules and QD within the different

compartments of a single vesicle.
1. Introduction

Fluorescent cell labeling allows monitoring of cell

migration and behavior (e.g., differentiation) in vitro and in

vivo.[1] Many approaches have been developed to label cells by

microinjection with organic fluorophores or by transfecting

cells with reported genes that code for luciferase or fluorescent

proteins such as GFP.[2] Quantum dots (QD) are considered
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promising fluorescent nanoprobes due to their fluorescence

intensity, narrow emission, tunable spectra, and higher

photostability compared to conventional organic fluoro-

phores.[3] QD have been increasingly explored for various

biomedical applications,[4,5] including cell labeling and track-

ing.[6–10] Much effort has been made to improve the cellular

uptake of QD in vitro and in vivo by functionalization of the

QD surface using biological molecules by noncovalent,

electrostatic adsorption onto the QD surface[11] and by

covalent attachment.[12]

The need for effective approaches to label cells has

emerged since minimum cell labeling was observed with

nonfunctionalized QD.[13,14] Jaiswal and co-workers reported

nonspecific labeling of HeLa cells incubated for 2–3 h with

400–600 nM dihydrolipoic acid (DHLA)-coated QD.[11] How-

ever, better cell labeling was obtained at lower QD doses via

electroporation,[13,15] microinjection[9,13] or by using surface-

functionalized QD.[16–23] A wide variety of QD surface

functionalizations have been reported by conjugation of

different ligands such as proteins,[24] antibodies,[20,21,25]
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peptides,[6,17,19] endosome-disruptive polymers,[23] apta-

mers,[16] and cell-penetrating peptides.[18,22,26–29]

In an alternative approach, preformed liposomes of

cationic surface character have been electrostatically com-

plexed with functionalized QD (f-QD) to enhance the cellular

uptake of f-QD for cell labeling and tracking purposes.[10,13]

These studies attempted simple mixing protocols between

commercially available liposome-based transfection agents

(such as Lipofectamine 2000) and f-QD in order to translocate

enough QD particles intracellularly.

Towards applications that aim at in vivo tumor cell labeling

and tracking, a critically important problem is the limited

retention of QD in the tumor volume even after intratumoral

administrations[30] and their translocation and drainage to the

lymphatic system. Such strategies currently require high does

of injected QD to maintain adequate fluorescence contrast in

the tumor[30] increasing toxicological burden from cadmium

accumulation. A few studies have also achieved QD targeting

of tumor xenografts by intravenous administration, by either

active or passive targeting strategies;[6,8,17,21,25] however, in all

previous studies very high doses of QD had to be injected to

achieve efficient tumor cell labeling.

In the present work we report the engineering of a new

type of nanoparticle by encapsulating COOH–PEG–QD

(PEG: poly(ethylene glycol)) into small unilamellar lipid

vesicles (SUV) of various lipid compositions. Such f-QD–

liposome hybrid nanoparticles (f-QD-L) have been developed

with the specific aims of enhancing internalization into tumor

cells, achieving a high degree of penetration through the tumor

interstitium, and increasing retention within the tumor mass in

vivo, which will allow for efficient labeling of cancer cells and

dramatically reduce the dose of QD needed. Moreover, such

hybrid systems are designed to take advantage of the

physicochemical and pharmacodynamic versatility offered

by the liposome structure[31] combined with the wide range of

photochemical characteristics of the different available types

of f-QD.

2. Results

2.1. Preparation and Characterization of f-QD-L

f-QD-L hybrids were prepared by following well-estab-

lished liposome preparation protocols and incorporation of

the nanocrystals at various stages. Film hydration followed by

bath sonication was chosen as the preferred method of f-QD-L

preparation. Minimal changes in the average particle size and

fluorescence intensity of COOH–PEG–QD were observed

from such processing as confirmed by dynamic light scattering

(DLS), fluorescence spectrophotometry, and agarose gel

electrophoresis (see Supporting Information, Figure S1).

DLS was used to determine the average size and surface

charge of f-QD and the f-QD-L hybrids using zwitterionic

[DOPC] and cationic [DOPC:DC-Chol (10:1)] lipids (Figure 1).

The aqueous dispersion of f-QD alone exhibited an average

diameter of 40nm and a weak negative surface charge

(�7.63mV; Figure 1A). Cryo-transmission electronmicroscopy

(cryo-TEM) revealed individualized 15–20-nm COOH-PEG-

QD particles, indicating that each f-QD consisted of 2–3
small 2008, 4, No. 9, 1406–1415 � 2008 Wiley-VCH Verlag
nanocrystals coated by the lipopolymer (Figure 1B). Such

discrepancies between the hydrodynamic diameter determined

by DLS and the average f-QD size determined by cryo-TEM

have also been previously reported by others[32,33] and are due

to the measured hydrodynamic diameter in the case of DLS.[34]

Incorporation of the hydrophilic f-QD into different vesicles

resulted in f-QD-L hybrid nanoparticles 80–100 nm in average

diameter, as determined by both DLS and cryo-TEM (Figure

1C and D, respectively) with a wide size distribution, as

expected from such preparation protocols. The surface charge

characteristics of the f-QD-L hybrids were in accordance with

the characteristics of the lipid molecules used to form the

bilayers (Figure 1C and Table 1).

Cryo-TEM of the f-QD-L hybrids (Figure 1D) indicated

clearly that vesicular structures were formed and that several

f-QD were incorporated into each vesicle. It was also

consistently observed that the f-QD were interacting with

the lipid bilayer (see black arrows in Figure 1D) rather than

being simply encapsulated into the vesicle inner aqueous

compartment, suggesting some degree of lipid mixing between

the bilayer lipids and the lipopolymer on the f-QD surface.

Interestingly, the incorporation of the f-QD into liposomes led

to vesicular structures that were fluorescent (Figure 2). The

fluorescence intensity of f-QD-L hybrids was lower than that

of f-QD alone in water (for the same total concentration of

QD) and the peak shifted slightly towards the red emission

wavelengths. These changes in the f-QD optical properties

upon incorporation with the liposomes are thought to be due

to the ensuing interaction between the f-QD and the lipid

bilayer (as evidenced by cryo-TEM).

2.2. f-QD Loading Efficiency in the Hybrid
Nanoparticles

The effect of different molar ratios between lipids and

f-QD on f-QD-L formation was investigated using agarose gel

electrophoresis. Migration in the gel matrix is dependent on

the size and the surface charge of the particle of interest. f-QD

alone showed distinctive fluorescent band migration in the gel

toward the positive electrode (Figure 3A, lane I). The

formation of f-QD-L hybrid nanoparticles was evidenced

(Figure 3A) by the lack of f-QD migration in the agarose gel.

The fluorescent f-QD-L were immobilized into the well of the

gel, while free f-QDmigrated toward the positive electrode. In

a control experiment, simple mixing at the same molar ratios

between preformed DOPC SUV with f-QD did not produce

hybrid nanoparticles, as evidenced by the presence of the free

f-QD band across the gel (Figure 3B).

Moreover, this technique was used to reveal the f-QD:lipid

molar ratio to obtain maximum loading of the f-QD within the

f-QD-L system. Lipid concentrations of 0.4mM and 4mM

resulted in the presence of free f-QD (Figure 3A, lanes II and

III, respectively), while lipid concentrations of 8mM and 20mM

led to complete lack of f-QD migration (Figure 3A, lanes IV

and V, respectively). Similar retardation of f-QD in agarose

gels has been previously reported by others[15,35] following

conjugation or coating with uncharged polymers or proteins. A

recent study by Srinivasan et al. also reported that simple

mixing of PEGylated QD with DNA did not prevent
GmbH & Co. KGaA, Weinheim www.small-journal.com 1407
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Figure 1. f-QD and f-QD-L nanoparticle characteristics. Average diameter found by DLS and j potential of A) f-QD and C) f-QD-L (DOPC, black filled

curve; DOPC-DC-Chol (10:1), striped curve). (B) and (D) show cryo-TEM images of f-QD and f-QD-L (DOPC), respectively.
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migration of the f-QD in agarose gels; however, once the f-QD

were covalently attached to DNA, immobilization was

observed due to the high molecular weight of the QD-DNA

conjugate.[5] In the present study, we believe that lack of

migration is due to the larger average size of the resulting

f-QD-L hybrids, since neither zwitterionic nor cationic

fluorescently (DiI)-labeled SUV could migrate in the agarose

gel under these conditions (data not shown).

2.3. Tumor-Cell Internalization of f-QD-L Hybrid
Nanoparticles

f-QD and f-QD-L were allowed to interact with human-

lung epithelial carcinoma A549 cells, incubated with increas-

ing final concentrations of 1.8, 3.6 and 7.2mM of total lipid
Table 1. Size and surface-charge characteristics of different f-QD-L hybrid
surface charge of f-QD-L were obtained using the Nanosizer ZS.

QD-L Nanoparticle type Average diameter [nm�S.

DOPC 87.4� 0.91

DOPC:Chol (2:1) 92.3� 1.28

DOPC:DOPE:Chol (2:1:1.5) 87.2� 0.298

DOPC:DC-Chol (10:1) 81.6� 0.579

DOPC:DOPE:Chol:DC-Chol (2:1:1.5:0.3) 87.6� 0.882

[a] Mean� standard deviation; n¼ 3.
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loaded with 40, 80 and 145 nM f-QD, respectively (Figure 4).

For this study, the cationic analogue of cholesterol was

incorporated in the f-QD-L bilayers to enhance the interaction

with the plasma membrane. f-QD alone at this concentration

range did not show any intracellular signal, indicating that no

uptake by A549 cells took place even after 3 h of incubation

(Figure 4A–C).

This was attributed to the steric hindrance by the PEG coat

that reduced the nonspecific f-QD cell binding and the low

concentration of f-QD used. In contrast, the cationic f-QD-L

(DOPC:DC-Chol) hybrids were internalized by A549 cells

very efficiently. This uptake was shown to be dose- and time-

dependent (Figure 4D–F). Within 1 h, f-QD-L were bound to

the cell membrane (see Supporting Information, Figure S2).

After 3 h incubation, f-QD-L were capable of intracellular
s used in this study. The average diameter, polydispersity index, and

D.][a] Polydispersity index�S.D.[a] Surface charge [mV�S.D.][a]

0.349�0.036 �7.86� 0.721

0.270�0.002 �10.3� 1.99

0.298�0.001 �16.7� 0.319

0.287�0.002 þ56.1� 1.48

0.276�0.004 þ51.9� 1.28
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Figure 2. The fluorescence emission spectra of COOH-PEG-QD (con-

tinuous line) and f-QD-L (DOPC) nanoparticles (dashed line) and the

equivalent schematic depiction of f-QD and f-QD–L hybrids. Note that

the structures depicted schematically are not drawn to scale.
trafficking presumably via endosomal uptake (as has been

described in numerous studies for positively charged

liposomes) and could be imaged throughout the cell volume

and close to the nucleus (Figure 4F). Contrary to that, the f-

QD-L in the absence of a positive surface charge (DOPC

alone) did not show high levels of cellular uptake even after 3 h

of incubation with the same cells (data not shown). Similar

observations were reported by others when QD coated with

cationic surfactants, such as di-dodecyl (C12) or di-hexadecyl
Figure 3. Encapsulation of f-QD (COOH-PEG-QD) into lipid vesicles at

different molar ratios. Migration profile in 1% agarose and 0.5� TBE

buffer of A) f-QD-L and B) f-QD and SUV mixed controls at 0 mM DOPC

(lane 1), 0.4 mM (lane II), 4 mM (lane III), 8 mM (lane IV), and 20 mM (lane

V). The free f-QD band in the gel disappears at 8 mM DOPC, indicating

complete f-QD incorporation into the f-QD-L vesicles.

small 2008, 4, No. 9, 1406–1415 � 2008 Wiley-VCH Verlag
(C16) di-methylammonium bromide, showed high cellular

uptake compared to lecithin coated QD.[26] Our studies herein

suggest that the positive charge is a key parameter responsible

for increased cellular uptake of the f-QD-L hybrid system.

2.4. Three-Dimensional Multicellular Tumor Spheroid
Penetration of f-QD-L Hybrid Nanoparticles

Inorder todesign f-QD-Lhybrid for efficient tumoruptake,

localization, and labeling, apart from efficient tumor-cell

internalization the capability of f-QD-L to penetrate and

diffuse into tumormasshas tobemodulated.Despite efforts for

thedevelopmentofQDfor tumor-cell targetingand tagging, no

study has previously reported the interaction between

nonfunctionalized or functionalized QD and the solid tumor

mass. Multicellular tumor spheroids (MCS) are particularly

useful models that mimic the avascular interstitial tumor

space[36] that nanoparticles, such as the f-QD-L developed

here, need to transport through in vivo.Toexplore this,weused

three-dimensional (3D) MCS cultures from melanoma cells

(B16F10). f-QD were incubated with the tumorMCS for 4 h at

37 8C, followed by thorough washing to remove any unbound

nanoparticle prior to confocal laser scanning microscopy

(CLSM) imaging. Similar to the observed interactions between

f-QD and cells in monolayer cultures (Figure 4), steric

hindrance from the PEG coat prevented f-QD interaction and

penetration with the tumor cells cultured as MCS (Figure 5B).

Despite the small size of the f-QD (15–30 nm), the lack of any

binding, association, or diffusion throughout the MCS volume

is in full agreement with previous studies that reported

complete lack of interaction between PEGylated nanoscale-

sized (below 100 nm) empty liposomes and MCS.[37]

In order to obtain optimum binding and penetration into

the MCS mass, we engineered the f-QD-L characteristics

according to previous findings for liposomes alone,[37] and

more relevant to the clinical setting. The f-QD-L that were

allowed to interact with the tumor spheroids consisted of

cholesterol (Chol) to enhance the liposome stability in vivo,[38]

and the fusogenic lipid DOPE. After 4 h of incubation,

cationic f-QD-L consisting of DOPC:DOPE:Chol:DC-Chol

(2:1:1.5:0.3) and a final concentration of 145 nM QD, with an

average diameter of 90 nm and a surface charge of þ51mV

(Figure 5C), strongly interacted with the MCS. The f-QD-L

localized 30–50-mm deep within the MCS mass, as shown by

CLSM. Zwitterionic f-QD-L that contained DOPC:DOPE:-

Chol (2:1:1.5) and a similar average diameter but a weak

negative surface charge of �16mV (Figure 5D) were able to

diffuse deeper into the spheroids; therefore, a less intense

fluorescence signals but more uniform distribution was

observed within MCS.

2.5. Intratumoral Administration of f-QD-L Hybrid
Nanoparticles In Vivo

In order to translate the findings obtained from the

interaction of f-QD-L hybrids with the avascular in vitro

tumormicroenvironmentmodel (MCS) to avascularized,more

complex in vivo solid tumor model, syngeneic solid tumor

models were implanted subcutaneously and grown in C57Bl6
GmbH & Co. KGaA, Weinheim www.small-journal.com 1409
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Figure 4. Tumor-cell internalization of f-QD-L hybrid nanoparticles. CLSM images of A549 monolayer after 3 h incubation with f-QD at A) 40 nM,

B) 80 nM, C) 145 nM, and f-QD-L [DOPC:DC-Chol (10:1)] at D) 40 nM, E) 80 nM, and F) 145 nM. Cells were fixed with 4% PFA and nuclei were

counterstained with PI. Scale bar is 10mm in all images.

1410
mice. f-QD, f-QD-L and fluorescently DiI-labeled SUV alone

were injected intratumorally into a fully grown, B16F10

melanoma tumor model. The animals were injected with a

dose of 33 pmol of f-QDalone orwithin zwitterionic or cationic
Figure 5. 3D multicellular tumor spheroid penetration of f-QD-L hybrid na

(MCS) incubated for 4 h with A) serum-free DMEM and 145 nM f-QD, B) alone

zwitterionic f-QD-L [DOPC:DOPE:Chol (2:1:1.5)]. Optical sections at 0, 16, 3

equatorial plane are shown (left to right). The images are representative

www.small-journal.com � 2008 Wiley-VCH Verlag Gm
f-QD-L and compared with control DiI-labeled liposomes

alone. The animals were killed 5min and 24 h after injection,

tumorswere snap frozen, cryosectioned, fixed, and imaged.The

cell nuclei were counterstained with PI to evaluate the QD
noparticles. Light and CLSM images of B16F10 multicellular spheroids

, C) in cationic f-QD-L [DOPC:DOPE:Chol:DC-Chol (2:1:1.5:0.3)], and D) in

2, 48, 64, and 80-mm thickness from the top towards the tumor spheroid

of at least 30 spheroids imaged. Scale bar is 100mm throughout.

bH & Co. KGaA, Weinheim small 2008, 4, No. 9, 1406–1415
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Figure 6. In vivo solid tumor model penetration and labeling by f-QD-L hybrid nanoparticles. CLSM images of B16F10 tumors dissected 5 min (top

panel) and 24 h (lower panel) after intratumoral injection with A) 5% dextrose, 33 pmol B) f-QD alone, C) zwitterionic f-QD-L [DOPC:Chol], D) cationic

f-QD-L [DOPC:DOPE:Chol:DC-Chol], and E) DiI-labeled SUV alone [DOPC:DOPE:Chol:DC-Chol]. Scale bar is 10mm.
tumor localization, retention, anddistributionwithin the tumor

volume under the CLSM of the sectioned tissue.

Low fluorescence signals were detected in tumor sections

injected with f-QD and zwitterionic f-QD-L (DOPC:Chol)

hybrids as soon as 5min post-injection (Figure 6B and C). In

contrast, high-intensity green-fluorescence signals were

obtained from the tumors injected with cationic f-QD-L

(DOPC:DOPE:Chol:DC-Chol) after both 5min and 24 h.

After 5min, the cationic f-QD-L were localized into the

intercellular space of the tumor interstitium or bound to the

tumor cell membranes (Figure 6D, upper panel). At 24 h post-

administration, the f-QD-L were uptaken by tumor cells and

close to the nucleus (Figure 6D, lower panel). Remarkable

similarity was therefore found between the in vivo solid tumor

model sections and the in vitro tumor cellular internalization

of f-QD-L. Moreover, both empty Dil-labeled liposomes

(Figure 6E) and f-QD-L hybrid nanoparticles consisting of the

same lipid composition (Figure 6D) exhibited very similar

intratumoral binding, retention, and distribution profiles.

3. Discussion

Quantum dots have been used as fluorescent tags of cells

for in vitro and in vivo imaging of different cell types without

affecting cell viability and function.[8,11,39] Many ex vivo

techniques have been employed to achieve efficient QD cell

labeling such as microinjection,[9,13] electroporation,[13,15] and

lipid-mediated transfection.[10,13] Electroporation, even

though effective, is not a convenient technique to label large

numbers of cells and generally suffers from extensive cell

death. Moreover, electroporation has also been found to

induce QD aggregation (500 nm) on application of the

electrical field.[13] Although microinjection has been shown

to be superior to electroporation for individual cell labeling by

QD, each cell needs to be manipulated separately.[9,13]

Preformed cationic liposome complexes with nucleic acids,
small 2008, 4, No. 9, 1406–1415 � 2008 Wiley-VCH Verlag
magnetic nanoparticles[40,41] as well as f-QD[4,5,10,13,14] can

bind to the plasma membrane, mediate endocytosis, and have

been shown to lead to intracellular delivery. Previous studies

have only reported mixing of water-soluble f-QDs with

preformed cationic liposomes to enhance plasma-membrane

translocation. Derfus et al. and Hsieh et al. showed high

labeling efficiency using f-QD complexed with Lipofectamine

(a commercially available cationic lipid-based reagent)

compared to other carriers.[13,14] More recently, our labora-

tory and others reported hydrophobic QD that self-assembled

as part of the lipid bilayer of vesicles, suitable for cell

labeling.[42–44] However, such QD vesicles are only feasible

with QD that have average sizes smaller than the thickness of

the lipid bilayer (approximately 4 nm), while larger QD do not

lead to vesicle self-assembly.[43,44] Engineering f-QD-L

hybrids described in the present study offers more flexibility

since functionalized QD up to 50 nm in diameter can be used,

with a wide variety of lipid combinations, such as pH-sensitive

lipids or other endosome disruptive agents.

Several groups have functionalized QD surfaces with

ligands that promote receptor-mediated endocytosis[11,45] and,

more recently, intracellular translocation of QD via peptide-

mediated delivery.[18,22,26,27,46] However, decorating the QD

surface with certain ligands can quench QD fluorescence as

previously described.[47] Moreover, very recent investigations

by Clarke et al. [48] indicate that QD fluorescence intensity,

surface charge, colloidal stability, and interaction with cells

depend on the ligand density at theQD surface. This study also

reported significant variations during ligand conjugation

among QD of different sizes and surface characteristics.

PEGylated QD that are the most relevant to in vivo

applications have been reported to exhibit minimum non-

specific cellular binding.[5,12–14] Hsieh et al. reported no cell

labeling when human bone marrow stem cells (hBMSC) were

incubatedwithCOOH-PEG-coatedQD.Derfus et al. reported

green-fluorescence aggregates of low intensity at the extra-

cellular border once the cells were incubated with PEG-coated
GmbH & Co. KGaA, Weinheim www.small-journal.com 1411
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QD. Generally, the need for a versatile approach to label cells

efficiently in a modular fashion that can be adapted easily for

both in vitro and in vivo applications has emerged as many

different types of QD systems are being developed with

potentially interesting biomedical applications.

In this work, we attempted to fulfill that need by describing

a general methodology for the engineering of f-QD-L hybrid

nanoparticles by incorporation of f-QD into lipid vesicles.

These systems can be used to deliver intracellularly a wide

range of QD regardless of the QD core size and without the

need for conjugation chemistry on the QD surface. Moreover,

f-QD-L hybrid systems were shown to interact, penetrate,

localize and be retained by tumor cells in vivo.

Several studies have also reported QD targeting to tumors

by intravenous administration.[6,8,17,19,21,25,49] Conjugations of

specific antibodies onto the QD surface increased tumor

targeting contrary to nonfunctionalized QD.[17,19,25,49] How-

ever, such strategies have not yet shown penetration of QD

from the regions close to tumor vasculature deeper into the

tumor mass.[6,17,49] Intratumoral (i.t.) administration offers an

alternative in order to either label solid tumor cells (tomonitor

their migratory patterns) or deliver cytotoxic agents locally at

the tumor site, and is clinically relevant for well-localized solid

tumors (e.g., head and neck, cerebral carcinomas). However,

rapid clearance by the lymphatic drainage system is still the

main obstacle for widespread clinical use, as has been recently

validated by injecting radiolabeled colloids into breast-cancer

patients to map their sentinel lymph nodes.[50,51] Very

recently, a study has reported direct injection of neutral

(methoxy), negatively (carboxy), and positively (amine)

charged PEG-coated QD into solid tumor xenografts,

reporting their rapid clearance to the lymph nodes[30] and

use of QD for lymph-node imaging. In fact, the most clinically

developed studies are using QD as potential lymph-node

contrast agent markers.[52–58] Frangioni and colleagues have

studied extensively near-infrared (NIR) QD as imaging agents

for sentinel lymph nodes (SLN) in small and large animals, and

mapped SLN of the pleural space,[54] oesophagus,[55] and

lung.[58] Interestingly, all such studies have successfully shown

that 15–20-nm NIR QD were immediately uptaken by SLN

after local injection. They were more selective for localization

to the first draining lymph nodes and no migration to distant

nodes was observed;[53,54] therefore, NIRQDwere considered

superior to vital blue dye and 99mTc colloids[54] as lymph-node

contrast agents.

Localization and retention of different anticancer drugs

and delivery systems in the tumor mass by i.t. administration

has also been extensively studied.[59–62] The clearance rate

from the tumor volume is highly dependent on the

nanoparticle molecular weight and surface charge. Nomura

et al. studied the correlation between the particle size and

surface charge and the retention into tissue-isolated tumors

after intratumoral injection.[60] They found zwitterionic

delivery systems (emulsions and liposomes) around 100 nm

in diameter were leaking from the tumor immediately after

administration. On the other hand, positively charged particles

with similar sizes significantly increased tumor retention.[62]

Similar results were obtained following intratumoral admin-

istration of low-molecular-weight mitomycin C conjugated to
www.small-journal.com � 2008 Wiley-VCH Verlag Gm
cationic dextran.[62] In the case of f-QD, Ballou et al. reported

indistinguishable drainage of 20–40 nm PEGQDwith neutral,

negative, and positive surface charges to the lymph nodes

immediately after intratumoral administration.[30] Due to

their small size PEG QD localized in the lymphatic tissue

within 3–4min after injection.[53] Such data is in direct

agreement with our observations herein, whereby small, PEG-

coated QD were shown not to be uptaken by tumor cells in

monolayers (Figure 4), not interacting or penetrating tumor

cell spheroids (Figure 5), and not retained or localized within

solid tumormodels in vivo (Figure 6). This is thought to be due

to the steric hindrance of the lipopolymer coat at the QD

surface, as has been previously described for PEGylated

liposomes.[37] Overall, these results indicate that uncharged f-

QDor f-QD-L hybrid nanoparticles do not interact with tumor

cells in vitro and are drained rapidly from the tumor

interstitium (presumably through the lymphatic drainage

system) in vivo. In the present work we engineered cationic

and fusogenic f-QD-L hybrid nanoparticles to electrostatically

interact with the tumor cell membrane in vitro, localize, and be

retained within the tumor interstitium and tumor cells in vivo.

4. Conclusions

The hybrid f-QD-L nanoparticles engineered in this study

were shown to be efficiently uptaken by living cells in the

absence of cell death and can therefore be used as fluorescent

probes for ex vivo cell-labeling studies with most types of

water-soluble QD without further modification. Most impor-

tantly though, f-QD-L exhibited enhanced penetration and

retention into the tumor interstitium both in vitro (tumor

spheroids) and in vivo (subcutaneous solid tumors). This

hybrid system offers further opportunities as a platform for

fabrication of combinatory therapeutic (if drug molecules can

be encapsulated in the f-QD-L) and imaging (via the f-QD)

modalities. Further work is also needed to evaluate the

pharmacokinetic profile and systemic toxicity of such hybrid

systems in vivo after local and systemic administration before

any clinical development.
5. Experimental Section

Materials: Carboxyl-functionalized PEG-coated QD (COOH-PEG-

QD), Evident Technologies (New York, USA). Dioleoylphosphati-

dylcholine (DOPC), Lipoid GmbH (Germany). DC-cholesterol and

DOPE, Avanti Polar Lipid (USA). 1,1(, dioctadecyl-3, 3,3(, 3(-
tetramethyl-indocarbocynine perchlorate (DiI); propidium iodide

(PI), Molecular Probes (USA). Dulbecco’s modified Eagle medium

(DMEM); HAM F12; Advanced RPMI-1640; foetal bovine serum

(FBS); penicillin/streptomycin; phosphate buffer saline (PBS),

Invitrogen (UK). Cholesterol (Chol); RNAse A enzyme, Sigma (UK).

f-QD-L preparation: DOPC, DOPC:DC-Chol (10:1), DOPC:Chol

(2:1), DOPC: DOPE:Chol (2:1:1.5), and DOPC:DOPE:Chol:DC-Chol

(2:1:1.5:0.3) molar ratio were dissolved in chloroform: methanol

(4:1 v/v). Multilamellar vesicles (MLV) were prepared by evaporat-

ing the organic solvent using a rotovaporator (BÜCHI, Switzerland)
bH & Co. KGaA, Weinheim small 2008, 4, No. 9, 1406–1415
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under vacuum for 30 min at 40 -C then flushed with N2 stream to

remove any residual traces of organic solvent. The dried lipid film

was initially hydrated with (13.7mL) of f-QD (stock concentration

12mM) suspension, followed by addition of (200mL) fractions of

dH2O up to a final volume of (1 mL). f-QD-L hybrids were prepared

by bath sonication (Ultrasonic cleaner, VWR) for 10 min at 30 -C.

Final lipid concentrations were 0.4, 4, 8, and 20 mM, correspond-

ing to a final QD concentration of 1T 1014 p mLS1 (160 nM). The

f-QD-L mean average diameter and surface charge in dH2O were

measured by Zetasizer Nano ZS, Malvern (UK).

Agarose gel electrophoresis: 40mL aliquot of freshly prepared

COOH-PEG-QD, f-QD-L, and QD SUV mixture at different lipid

concentrations of DOPC was mixed with 8mL of 30% (w/v) glycerol

in 0.5T TBE buffer, and loaded to 1% agarose gel (0.25T TBE) in

0.5T TBE buffer. The gel was run for 60 min at 80 V using a subcell

GT agarose gel electrophoresis system (BioRad, USA) and then

photographed under UV light using GeneGenius system, Perki-

nElmer Life, and Analytical Sciences (USA).

Cryo-TEM: Sample preparation for cryo-TEM was carried out in

a temperature- and humidity-controlled chamber using a fully

automated (pc-controlled) vitrification robot (Vitrobot, patent

applied), as previously described.[63] The grids with vitrified thin

films were analyzed in a CM-12 transmission microscope (Philips,

Eindhoven, The Netherlands) at S170 -C using a Gatan-626 cryo-

specimen holder and cryotransfer system (Gatan, Warrendale, PA).

Interaction of f-QD-L hybrid nanoparticles with mammalian cell

cultures: Human-lung adenocarcinoma cell line A549 (ATCC, USA),

was grown to confluency on glass coverslips in 24-well tissue

culture dishes (Corning B.V., The Netherlands) at a density of

50 000 cells per well in F12 Ham media supplemented with 10%

FBS and 1% penicillin/streptomycin. Cells were incubated with

0.5 mL of COOH-PEG-QD or f-QD-L of DOPC: DC-Chol (10:1), at

7.2 mM (145 nM QD), 3.8 mM (80 nM QD), and 1.8 mM (40 nM QD)

lipid concentrations for 1 and 3 h. To remove unbound f-QD-L,

cells were washed with warm PBS, fixed with 4% paraformalde-

hyde (PFA) in PBS for 15 min at room temperature, and rinsed with

PBS. For nuclear staining, cells were permeabilised with 0.1%

Triton X-100 in PBS for 10 min at room temperature, RNAase

treated (100mg mLS1) for 20 min at 37 -C, and incubated with

propidium iodide (1mg mLS1) in PBS for 1–5 min, then rinsed

three times with PBS. Cover slips were mounted with aqueous

poly(vinyl alcohol) Citiflour reagent mixed with AF100 antifade

reagent (1:10) prior use (Citiflour, UK). Slides were studied with a

confocal laser scanning microscope (Zeiss LSM 510 Meta). The

lasers used were a 30 mW Argon laser (488 nm for green channel)

and a 1 mW 543-nm HeNe laser (for red channel). The emission

was collected using a band-pass filter between 505–530 nm for

green QD and 560-nm long-pass filter for PI. Slides were visualized

under 63T oil-immersion lens.

Spheroid penetration study: B16F10, a melanoma murine

cancer-cell line, was grown to confluency in a T-75 tissue culture

flask (Corning B.V., The Netherlands) in advanced RPMI-1640

supplemented with 10% FBS, 2 mM L-Glutamine and 1% penicil-

lin/streptomycin. Multicellular spheroids (MCS) were prepared

randomly according to the liquid overlay technique of Yuhas

et al.,[64] approximately 2T106 cells, obtained by trypsinization

from a growing monolayer culture, were seeded into 100-mm

dishes coated with a thin layer of 1% agar (Bacto Agar; Difco,
small 2008, 4, No. 9, 1406–1415 � 2008 Wiley-VCH Verlag
detroit, MI) with 15 mL of the complete media. After 3–5 days in

the agar culture, spheroids 150–200mm in diameter were

observed under an inverted phase-contrast microscope with an

ocular graticule. Spheroids were subsequently used for penetra-

tion experiments. Approximately, 200 spheroids were incubated

with COOH-PEG-QD or f-QD-L, prepared as mentioned previously,

at a final lipid concentration of 7.2 mM (145 nM QD) for 4 h.

Spheroids were rinsed with warm PBS before transfer to a glass-

bottom 24-well plate and viewed using CLSM using 40T oil-

immersion lens.

Animals and tumor model: All animal experiments were

performed in compliance with the UK Home Office Code of

Practice for the Housing and Care of Animals used in Scientific

Procedures. 10–12-week-old female C57bl6 mice (Harlan UK

Limited, UK) were caged in groups of 5 with free access to water. A

temperature of 19–22 -C was maintained with a relative humidity

of 45–65%, and a 12 h light–dark cycle. Animals were acclima-

tized for 7 days before each experiment. Mice were inoculated

subcutaneously with 1T106 B16F10 melanoma cells in a volume

of 100mL PBS into the shaved right flank using 26G needles. The

tumor volume was estimated by measuring three orthogonal

diameters (a, b, and c) with calipers; the volume was calculated as

(aT bT c)T 0.5 mm3. Intratumoral injections were performed

when the tumor reached 500 mm3.

Intratumoral administration and tissue analysis: Mice were

anaesthetized using isofluorane, and 50mL of the COOH-PEG-QD,

f-QD-L composed of DOPC: Chol (2:1), DOPC:DOPE: Chol:DC-Chol

(2:1:1.5:0.3), prepared as described earlier, or DiI-labelled DOPC:

DOPE: Chol: DC-Chol (2:1:1.5:0.3) prepared as described else-

where[37] and used here as a positive control. The needle was

inserted into the longitudinal direction from the tumor edge into

the centre of the tumor and 50mL was administered slowly over

1 min and the needle was left in the tumor for another 5 min to

prevent sample leakage. 5 min and 24 h later, the mice were killed

and tumor tissue was harvested and snap-frozen immediately into

liquid-nitrogen-cooled isopentane. Samples were stored at S80 -C
prior to frozen sectioning. Frozen tumors were embedded into OCT

and plunged into a liquid-nitrogen bath for at least 30 s. Samples

were retrieved from the bath then sectioned using the cryostat at

S18 -C into 5–6-mm-thick sections. The sections were mounted

on a superfrost slide and left to dry at room temperature for 15–

30 min. For tumor visualization, the sections were fixed for 3 min

in cold acetone at S20 -C, rinsed with PBS for 15 min at room

temperature, followed by PI nuclear staining as described

previously and visualized under 63T oil immersion lens using

CLSM.
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