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Abstract

Quantum dots (QDs) are attracting intense interest as fluorescence labeling agents for biomedical
imaging because biocompatible coatings and relatively non-toxic rare earth metal QDs have
emerged as possible options. QD photoemissions are bright, of narrow wavelength range, and very
stable. We sought to encapsulate QDs within targeted PEGylated liposomes to reduce their
propensity for liver uptake and to amplify the already strong QD emission signal. A novel lipid-
QD conjugate initialized a process by which lipids in solution coalesced around the QDs. The
liposomal structure was confirmed with size measurements, SEM, and IR spectroscopy.
PEGylated QD liposomes injected into a xenograft tumor model largely cleared from the body
within 24 hours. Residual liver labeling was low. Targeted QD liposomes exhibited robust tumor
labeling compared with controls. This study highlights the potential of these near IR emitting QD
liposomes for preclinical/clinical applications.

INTRODUCTION

Nanoparticles are increasingly being explored as labeling agents in fluorescence-based
biomedical imaging. Fluorescence label-based laparoscopic/endoscopic imaging of the
blood vessels, bronchi, esophagus, stomach, intestines, skin, and oral cavity, along with
intra-operative fluorescence imaging, have the potential to facilitate the detection and
assessment of pathological structures such as tumors, inflamed and/or infected tissue, ulcers
and fibrotic lesions~>. Quantum dot (QD) nanoparticles in particular are attracting
considerable interest as imaging labels, as they produce a very intense, narrow wavelength
band photoemission, and they are two-orders of magnitude more photostable than
conventional fluorophores®.

Newer QD variants such as the rare earth metal compositions are relatively non-toxic, while
the toxic cadmium-based QDs can be coated with polyethylene glycol (PEG) to possibly
render them sufficiently inert for uneventful clearance from the body, if they are less than 15
nm in size and not too densely PEGylated’~11. In the absence of UV irradiation QDs with a
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SUPPORTING INFORMATION
We characterized the effects of conjugation in terms of emission wavelength and liposomal toxicity. We found that the QD emission
peak wavelength was unchanged by the lipid conjugation. Moreover, encapsulating the QDs within liposomes did not make them
more toxic at the doses typically used in vitro. This information is available free of charge via the Internet at http://pubs.acs.org/.
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stable coating have been found to be essentially nontoxic, so IR fluorescence may be
preferable for cadmium-based QDs!2. However, when they are intravenously injected both
non-targeted, targeted and micelle-encapsulated QDs concentrate in the liver, spleen and
bone marrow and may clear slowly if at all, and this accumulation is undesirable from the
standpoint of toxicological and pharmacokinetic considerations’~12,

Liposomes offer an attractive potential solution to coating QDs to prevent liver
accumulation. Liposomal nanoparticles are stable and long circulating when PEGylated!3.
They are comparatively large (*100 nm) and have favorable charge characteristics even
with a payload. They can be made multifunctional by at the same time accommaodating any
combination of QDs, a drug payload, a MRI or PET labeling agent, and a targeting
ligand14-16. Gel core liposomes have favorable loading of all drug chemotypes’.
Liposomes are already FDA approved for human use and there are currently two liposome-
based products, Doxil® and Depocyte® that are used clinically, making liposomes an
appealing and readily translatable potential platform for QD delivery in patients.

The goal of the present study was to address two key issues to support further investigations
of QD liposomes as labeling agents for preclinical and clinical fluorescence imaging. First,
various strategies of loading QDs into liposomes can be problematic for various reasons; (1)
the approach of simply entrapping particles such as QDs and iron oxide within the liposomal
bilayer may lead to leaching of these hydrophobic molecules in vivol8, (2) conjugation of
QDs to the external liposome surface only via PEG would not be expected to result in the
most extensive QD loading, (4) the use of long PEG chains (PEG2000) to bind the QDs to
the external liposomal surface may expose the QDs and result in heavy liver concentrations
even >24 hours after intravenous injection, and (3) additional moieties used to encapsulate
the QDs can affect their emission spectrum1920, The second major issue is that poor signal-
to-noise in vivo is a limitation of virtually all labeling fluorophores?. The strong emission
generated by QDs helps overcome this signal degradation by tissue autofluorescence, but
further enhancement of signal by concentrating the QDs at the target is clearly an important
objective.

Liposomal QD encapsulation was achieved using a novel and efficient linking of the QDs to
a lipid anchor by covalent binding, so that initiation of the liposomal outer shell began at the
lipid-QD conjugate and extended in all directions to effect complete QD encapsulation
(Figure 1). This allows a higher density of QDs to be loaded, and this specific approach has
been attempted previously but for micelles which have drug loading limitations and stability
issues?2:23, The signal-to-background issue was addressed by preparing QD liposomes
targeted to the avp3 integrin expressed exclusively on angiogenic microvessels242526_ Qur
hypothesis was that unbound QD liposomes would wash out after several hours while
targeted liposomes would remain bound to the target to generate a readily discriminated
signal?’.

We present physical measurements confirming the predicted structure of the QD liposomes
with our assembly approach. Furthermore in a xenograft tumor model targeted QD
liposomes (near IR 800 nm; non-UV emission) 24 hours after intravenous injection robustly
labeled the tumor but not the liver, as they showed significant clearance. These results
highlight the potential of QD liposomes as biomedical labeling agents and support
subsequent, more comprehensive investigations of QD-based multifunctional particles for
clinical diagnostic-therapeutic applications.

Bioconjug Chem. Author manuscript; available in PMC 2012 August 17.
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EXPERIMENTAL PROCEDURES
Preparation of QD-lipid Conjugates

Synthesis of QD-Lipid Conjugate and Assembly of Lipsomes—The final
structure of the liposomal nanoparticle is shown in Figure 1A. Note the QD - lipid
conjugates adorning the exterior and interior. To accomplish this, initially the amino-QD800
(1 uM; Invitrogen) in 300 pl water was conjugated to a short linker, succinimidyl ester-
(PEQ)4-maleimide (2.5 uM) in DMSO, as shown in the reaction scheme in Figure 1B. The
reaction mixture was stirred at room temperature for one hour. Then DOPE-SH (2.5 pM;
Avanti Polar Lipids, Inc, Alabaster, Alabama)) containing the free thiol group in 200 pl
chloroform was reacted with the QD-(PEO)4-maleimide for one hour at room temperature in
a biphasic solution to produce the QD-lipid conjugate. We performed thin layer
chromatography of the QD-lipid conjugate, and then acquired the IR spectroscopic profile in
order to prove the presence of the QD to lipid amide bond thus confirming conjugation.

The liposomal formulation comprised cholesterol/DOPE/DSPC/DOPE-(PEO)4-QD/DSPE-
mPEG2000 (3:3:3:0.5:0.5 molar ratio) dissolved in chloroform and was evaporated under
argon gas. The dried lipid film was hydrated in sterile water to create large multilamellar
vesicles (LMVs). Liposomes were vortexed for 2—3 minutes to remove any adhering lipid
film and sonicated in a bath sonicator (Ultrasonik 28X) for 2—-3 minutes at room
temperature. MLVs were then sonicated with a Ti-probe (Branson 450 sonicator) for 1-2
minutes to produce small unilamellar vesicles (SUVSs) as indicated by the formation of a
translucent solution. To reduce the size of the SUVSs, stepwise extrusion was performed with
the final step being extrusion through a polycarbonate filter with 100-nm pore size
(Whatman). Unencapsulated QDs were separated from the QD liposomes by size exclusion
chromatography using Sepharose CL-4B column, with PBS as an eluent.

Physical Characterization of Bioconjugates

Particle size and net charge (Zeta potential)—The liposome suspension was diluted
in 1/10 in MilliQ water, and 100 pl of the dilution was sized using light backscattering
(Malvern Zetasizer, ZEN 3600). The same instrument was used to measure the particle net
charge which was expressed in mV. The QD liposome size and surface {-potential were
obtained from three repeat measurements with a backscattering angle of 173°. Liposome
morphology and size were further characterized using scanning electron microscopy (SEM).
Samples were prepared by dropping 5 pl of QD liposome suspension onto a polished silicon
wafer. After drying the droplet at room temperature overnight, the sample was coated with
chromium and then imaged by SEM.

Electron microscopy (SEM) for structure confirmation—Further confirmation of
liposome size and structure was obtained with SEM. The particle samples were diluted 1/10
in milliQ water, drying 5 pl onto polished silicon wafers overnight, coating with chromium,
and then imaged on a Philips XL-30 electron microscope to 30,000X. Particular emphasis
was placed on confirming that the liposomes were spherical.

Fluorescent emission peak and IR spectrum—For the emission peak QDs alone and
QD800-lipsomes were prepared using known volumes and concentrations, followed by
purification with size exclusion chromatography. A Tecan fluorescence spectrophotometer
was used to measure the peak emission of the intact nanoparticles at an excitation
wavelength of 405 nm, and to confirm that the emission peak (780 nm) was that expected
for the QD800 nanocrystals. For the IR spectrum the QD-lipid conjugate and the QDs alone
were prepared in solution and the emitted IR was measured using a Thermo Scientific
Nicolet 6700 FT-IR spectrometer.

Bioconjug Chem. Author manuscript; available in PMC 2012 August 17.
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Particle Stability—Liposomal nanoparticles encapsulating QDs were prepared and were
characterized in terms of size and charge using a Malvern Zetasizer. The particles were
stored at room temperature for 7 days and then were rescanned, and changes quantified in
terms of percent change from the pre-storage data.

Biological Characterization

RESULTS

Cell viability study—U87 cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% Fetal bovine serum (FBS), cells were cultured at 37°C in
a humidified atmosphere containing 5% CO,_For cell viability study 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction assay was
performed. For MTT assay 2000 cells (U87) per well were seeded into a 96 well plate and
cultured overnight, then incubated with 10 different concentrations of the QD liposomes
starting from 0.2 uM to 0.39 nM. 10 ul of MTT was added 72 hr after addition of the QD
particles to the cells. Results were expressed as percent viability = {[Asgo(treated cells) —
background]/[As4g(untreated cells) — background]} x 100.

In vitro imaging of targeted QD liposomes—U87 cells were seeded on to a 6 well
culture plate at a density of 200K cell per well and incubated in DMEM with 10% FBS for
24 hrs, QD encapsulated particles or native QDs were added to the wells at a final
concentration of 0.5 nM. Cells were incubated for 4 hr, washed with PBS twice and
observed with a laser scanning confocal microscope. QD conjugates in the cytoplasm
excited with 450 nm and fluorescence emission was observed at 780 nm.

In vivo Imaging of native QDs, and targeted vs non-targeted QD-lipsomes—
Athymic nude mice were anesthetized with ketamine/medetomidine and subcutaneously
inoculated in the left flank with 4x106 cells/100 ul PBS of the U87 glioblastoma cell line.
When the flank tumors grew to a volume of 60 mm3, the animals were anesthetized with
isofluorane administered via a nose cone, and imaged in an Advanced Research
Technologies (ART) Optix-MX2® imaging system. This apparatus includes four pulsed
lasers (picoseconds pulse, 80 MHz duty cycle) of different wavelengths to excite a variety of
fluorophores with corresponding emission filters and a time-correlated single photon
counting (TCSPC) photomultiplier tube for fluorescence time domain detection which can
provide both fluorescence intensity and fluorescence lifetime imaging. Here 470 nm/780 nm
excitation/emission wavelengths were employed to image the nanoparticles. The
nanoparticles were intravenously injected via the tail vein and the mice were imaged before
injection, and at 2 and 24 hours after injection. A brightfield image was acquired first,
followed by fluorescence intensity images based on single photon counting. The image data
were saved directly on a PC for later processing. Images were acquired both before and after
nanoparticle injection.

Data Processing—The data was processed using ART Optix analysis software and the
counts represented as heat maps superimposed on the brightfield grayscale image. Identity
of the fluorophore (QD800) was confirmed by fluorescence lifetime determination.

Physical Characterization of QD-lipid Conjugates

Confirmation of conjugation—Thin layer chromatography revealed the presence both a
QD and QD conjugate in the mobile phase (shown in supporting data). IR spectroscopy
clearly indicated the amide bond linking the QD with the lipid (DPPE-SH) and therefore
confirmed the existence of the QD-lipid conjugate (Figure 1C). The QD emission peak
wavelength was unchanged by the lipid conjugation (shown in supporting data).
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Particle size and net charge (Zeta potential)—Figure 2A, left panel, shows that the
average particle size was 100 nm indicating that fully formed liposomes were present in the
suspension mixture, since this was the final extrusion pore size. The right panel of Figure 2A
indicates the zeta potential, or net charge, which was close to the desired neutrality,
consistent with complete QD encapsulation. We found that the zeta potential and average
particle size were not significantly changed after storage in PBS at 4°C for 7 days (not
shown).

Electron microscopy (SEM) for structure confirmation—Figure 2B is the SEM of
the QD liposomes. The white bar indicates 100 nm, and the SEM confirmed that the
particles were 100 or greater in size, that they had a spherical shape, and were intact.

Biological Characterization

Cell viability study—We found that the QD liposomes and the QDs were non-toxic in the
concentrations tested (0.01 to 0.20 uM) when applied to U87 cells in culture (shown in
supporting data). This data shows that encapsulating the QDs within liposomes did not make
them toxic at physiologically relevant doses.

In vitro Imaging—The QD targeted QD liposomes were taken up more avidly by U87
cells than non-targeted QD liposomes. In Figure 3 panels A — C depict the uptake of
particles in cultured U87 glioblastoma cells. Panel A is the phase contrast image, while B is
the fluorescence acquisition. Panel C shows the merge and it can be seen that a significant
proportion of the cells have internalized the targeted QD liposomes. In comparison panels D
— F which are arranged according to the same format, reveal the lower uptake of non-
targeted QD liposomes into U87 cells. The merge of D and E, denoted by panel F, reveals
that endocytosis alone of the non-targeted QDs resulted in considerably less internalization
than was the case with targeted particles. This data suggests that that targeting avp3
integrins, which are expressed by U87 cells, confers a delivery advantage with tumor cells.
The targeted QD liposomes are most probably being taken up via the avp3 receptor and
internalized, while the non-targeted liposomes are mostly being taken up via endocytosis.

In vivo Imaging of native QDs, and targeted vs non-targeted QD-liposomes—
Targeted and non-targeted QD liposomes were widely distributed at two hours after
injection of the mice as shown in Figures 4A-D. The photon counts were high in images
taken with the animal in both the prone and supine positions. Peaks counts for both targeted
and non-targeted QD liposomes were measured in the liver, kidney and bone marrow. After
24 hours the unbound QD liposomes had washed out of most body areas and the liver
labeling has substantially declined (Figures 4E-F). However these PEGylated QD liposomes
had evidently cleared the liver. In view of the extensive clearance and the finding that QD
liposomes were not toxic in cell culture, there exists the possibility that even cadmium-based
QD liposomes may be practicable in terms of some cancer related clinical applications.

The targeted particles remained bound to the tumor and produced strong labeling that could
be cleanly discriminated from background. The identity of the QD800 liposomes was
unambiguously confirmed by measuring the species specific fluorescence lifetime, which as
expected was much longer than the surrounding tissue autofluorescence (inset in Figure
4G) 28-30_ The mouse which received non-targeted QD liposomes had a low degree of liver
labeling and no tumor labeling. None of the acquired images were filtered or modified from
the original.

Bioconjug Chem. Author manuscript; available in PMC 2012 August 17.
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DISCUSSION

QDs have attracted attention owing to their photoemission qualities which include the
generation of an intense narrow wavelength band of fluorescent light and resistance to
photobleaching. Cadmium-based QDs unfortunately are toxic to cultured human cells and
little is known about their clearance from the human body. Several reports have indicated
that coating cadmium-based QDs with inert materials renders them essentially non-toxic as
long as exposure to UV light is avoided!1-12, Newer rare earth metal and organic QDs are
much less toxic, but encapsulation is still desirable for purposes of targeting, stealth, and
drug loading!2. Micelles tend to be unstable and drug uptake into a micelle already
containing a QD would be challenging?3. Liposomes are ideal QD coating candidates but
liposomal encapsulation is technically comlex.

The present study was designed to develop a practicable and reliable liposomal QD
encapsulation protocol to create a fluorescence labeling platform that could be targeted and
also used as a drug delivery vehicle. We sought to determine whether lipid encapsulation
reduced toxicity in vitro, and facilitated targeting for amplification of the QD signal using an
in vivo system. A novel chemistry was implemented to allow conjugation of the QD to a
lipid anchor which acted as an initiation site for lipid encapsulation. Conjugation rather than
simple encapsulation alone is required as otherwise the hydrophobic QDs will prematurely
leach out from between the liposomal bilayer.

The PEG2000 is represents an optimized PEG variant in terms of toxicity and increasing
circulation stability. PEG2000 has been chosen as it is not toxic and because it is used in
many clinical liposomal formulations, such as Doxil®. It prevents opsonization and removal
from the circulation and thereby enhancing liposomal circulation half-life. At the same time
PEG2000 is non-toxict/:25:31,

A near IR emitting QD (QD800) was tested to demonstrate that near IR fluorescence
imaging of QDs in vivo was feasible, since avoidance of UV light prevents coated QDs from
becoming toxicl2. The targeted QD liposomes largely cleared the test mice within 24 hours,
suggesting that coated QDs may be cleared rapidly and thus represent a lower toxicity
hazard. Since the QD liposomes were too large (100 nm plus) for kidney clearance it is
possible that the route of excretion was through the liver and the intestines and then finally
via the feces’8. Importantly the targeting results suggest that targeting allowed for washout
to reduce unbound, background QDs2’. This may have facilitated an amplification of the
target labeling with enhanced signal-to-noise.

The focus of future studies will be to more comprehensively characterize QD liposomal
clearance and toxicity, and to combine target fluorescence labeling with drug
delivery16:32-35 This ‘theranostic’ combination within a single nano-platform would
potentially allow the tumor to be located, and drug delivery to be chronicled and related to
the response of the tumor. Some reports describe the loading of doxorubicin into lipsomes,
but this is an older compound and relatively straightforward to load into liposomes. Newer
agents such as taxol are more challenging owing to their hydrophobicity36. Gel core
liposomes allow drug compounds of virtually all chemotypes to be loaded
effectively16:36-39,

In summary the present study has shown that QD encapsulation within a large (100 nm plus)
liposome can be accomplished and that such a QD liposome may be targeted. Moreover the
lipid coating and PEGylation renders the QD essentially non-toxic and coupled with rapid
clearance may allow both cadmium-based and less toxic rare earth metal and organic QDs to
be feasible for patient use. The data provide a basis for pursuing subsequent, comprehensive
studies involving the targeted delivery of a therapeutic agent using a QD bearing liposomal
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platform, the chronicling of the therapeutic effect of such a nanoparticle on an in vivo
implanted tumor, and the detailed characterization of particle biodistribution and clearance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1A Cutaway drawing showing liposomal nanoparticle lipid bilayer (inset) and cyclic
RGD peptides bound to the exterior liposomal surface. The QDs denoted by filled red circles
are conjugated to a lipid moiety and reside inside and external to the bilayer. The liposome
is in effect initiated at these QD-lipid conjugates and forms around them. The interior
volume of this liposome is aqueous, but can be filled with a hydrogel to facilitate the loading
of a broad range of drug chemotypes.

Figure 1B Schematic diagram depicting the conjugation of the QD and the DPPE-SH lipid
prior to liposomal nanoparticle assembly. The first step is to couple the QD to the linker.
The maleamide group of the linker reacts with the lipid-thiol to create a stable thioether
bond.

Figure 1C IR spectroscopy, the lower tracing shows the spectrum for QDs alone. The top
tracing shows the spectrum of the putative lipid-QD conjugate. The doublet resulting from
stretch of the amide bond is clearly indicated and is not present within the QD alone tracing.
This data provides strong evidence that QD-lipid conjugation was successful. Fluorescence
intensity of the QD800 nanocrystals was not diminished by encapsulation (data not shown).
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Figure 2.

Figure 2A Left panel is the Zetasizer plot of a QD liposome suspension and reveals an
average QD liposome size of 109 nm and a symmetrical size distribution. This data confirms
that the nanoparticles containing QDs are of the desired size, which indicates that the
encapsulation of the relatively large QDs did occur. The right panel is the plot of charge
distribution indicating that the liposomal nanoparticles containing QDs were neutral,
indicating that encapsulation of the QDs was complete. The lack of charge allows for a
much longer in vivo circulation time.
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Figure 2B Electron microscope image of liposomal nanoparticles containing QDs. The
spherical shape of the nanoparticles is clearly visible and they are the correct size,
approximately 100 nm, as indicated by the white bar which denotes 100 nm.

Bioconjug Chem. Author manuscript; available in PMC 2012 August 17.

Page 13



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Mukthavaram et al. Page 14

--
--

Figure 3.

Panels A — C depict the uptake of particles in cultured U87 glioblastoma cells. Panel A is the
phase contrast image, while B is the fluorescence acquisition. Panel C shows the merge and
it can be seen that significant proportion of the cells have internalized the targeted QD
liposomes. In comparison panels D — F show the uptake of non-targeted QD liposomes by
U87 cells. The merge of D and E, denoted by panel F, reveals that endocytosis of the non-
targeted QDs resulted in considerably less internalization than was the case with targeted
particles.
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Figure 4.

Panels A-D above and E-H below. Series of brightfield grayscale images fused with
fluorescence intensity images. Panels A through D were obtained at 2 hours after the
intravenous injection of either targeted or non-targeted QD liposomes. The tumor site is
indicated by a yellow circle on the prone images. Note that there is considerable liver uptake
of both targeted and non-targeted QD liposomes resulting in strong liver labeling. At 24
hours after injection, denoted by panels E though H the QD liposomes, or at least the QDs
have cleared the body either from renal clearance or via the feces. However, in 4G the
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targeted QD liposomes have bound to the tumor and/or its blood vessels to generate robust,
clearly defined labeling. The identity of this fluorescence is confirmed to be the nanoparticle
by the characteristic long fluorescence lifetime. The tumor site in the mouse that received
non-targeted liposomes is shown by the yellow circle in 4E. In 4F and 4H the decline in
liver labeling is quite substantial. The images were not processed and are original.
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