Lipid—Quantum Dot Bilayer Vesicles
Enhance Tumor Cell Uptake and
Retention in Vitro and in Vivo
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ABSTRACT We report the construction of lipid —quantum dot (L—QD) bilayer vesicles by incorporation of
the smallest (2 nm core size) commercially available CdSe/ZnS QD within zwitterionic dioleoylphosphatidylcholine
and cationic 1,2-dioleoyl-3-trimethylammonium-propane lipid bilayers, self-assembling into small unilamellar
vesicles. The incorporation of QD in the acyl environment of the lipid bilayer led to significant enhancement of
their optical stability during storage and exposure to UV irradiation compared to that of QD alone in toluene.
Moreover, structural characterization of L— QD hybrid bilayer vesicles using cryogenic electron microscopy revealed
that the incorporation of QD takes place by hydrophobic self-association within the biomembranes. The L—QD
vesicles bound and internalized in human epithelial lung cells (A549), and confocal laser scanning microscopy
studies indicated that the L—QD were able to intracellularly traffick inside the cells. Moreover, cationic L—QD
vesicles were injected in vivo intratumorally, leading to enhanced retention within human cervical carcinoma
(€33a) xenografts. The hybrid L—QD bilayer vesicles presented here are thought to constitute a novel delivery
system that offers the potential for transport of combinatory therapeutic and diagnostic modalities to cancer cells

in vitro and in vivo.
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emiconducting nanocrystals known

as quantum dots (QD) are fluorescent

nanoparticles of 1-10 nm diameter,'
which offer distinct spectrofluorometric ad-
vantages over traditional fluorescent or-
ganic molecules. QD exhibit fluorescence
characteristics that are 10-20 times brighter
than those of conventional organic dyes,
greater photostability, a broad excitation
wavelength range, a size-tunable spectrum,
and a narrow and symmetric emission spec-
trum, ranging from 400 to 2000 nm de-
pending on their size and chemical compo-
sition. Due to these photophysical
characteristics, they are being explored as
potential imaging agents primarily in
fluorescence-based diagnostic
applications.>*

Most QD types are originally prepared
in organic solvents;> therefore, their hydro-
phobic shells compromise their water solu-
bility and consequently their compatibility
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with the biological milieu. In addition, their
hydrophobic surface results in an unfavor-
able toxicity profile, introducing serious
limitations in the potential biomedical and
clinical applications of QD. Many strategies
are being developed to overcome this limi-
tation. The most successful approach has
been to functionalize QD with polar moi-
eties and ligands with specific receptor-
recognition signals (such as peptides and
monoclonal antibodies or their
fragments)."®~® However, this surface modi-
fication often leads to decreases in QD fluo-
rescence intensity and photostability,®™""
which for in vivo applications requires
higher doses of administered QD and there-
fore increases potential toxicity burden

and risk.

Liposomes constitute the most clinically
established type of nanoparticle today, with
an extensively investigated pharmacologi-
cal profile for various therapeutic and diag-
nostic applications.'? They consist of a lipid
bilayer (hydrophobic region) surrounding
an aqueous phase (hydrophilic compart-
ment) and can be engineered to carry differ-
ent drug molecules of polar or apolar char-
acter. Moreover, liposomes offer
exceptional engineering versatility because
their physicochemical characteristics such
as lipid vesicle size, lamellarity (number of
concentric lipid bilayers), and surface
charge can be easily modified with estab-
lished methodologies. Preformed lipo-
somes of cationic surface character have
been electrostatically complexed with func-
tionalized QD to enhance the cellular bind-
ing and internalization of QD for ex vivo cell
labeling.’>'* However, these studies sim-
ply mixed commercially available,
liposome-based transfection agents with
hydrophilic QD in order to translocate
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Figure 1. Fluorescence emission spectra (A.,,, = 517 nm) of different concentrations of CdSe/ZnS core/shell QD immediately after prepa-
ration (red), at 24 h (blue), and after 7 days (green) in toluene: (a) 5.6 X 10" p/mL, (b) 2.3 X 10" p/mL, and (c) 2.3 x 10" p/mL. (d) Per-
centage of remaining QD fluorescence in toluene after 24 h for different QD concentrations: 5.6 X 10'* p/mL (red), 2.3 X 10" p/mL (blue),
and 2.3 x 10"3 p/mL (green) (p/mL denotes particles per milliliter).

enough QD particles intracellularly to achieve efficient
levels of mammalian cell fluorescent labeling.

In the present work, we report the engineering
of hybrid lipid—quantum dot (L—QD) bilayer vesicles
by incorporation of organic QD within the vesicle
lipid bilayer. Incorporation of QD within liposome
membranes retains all the QD fluorescent character-
istics and makes hydrophobic QD compatible with
aqueous phases, and therefore biological environ-
ments. Moreover, we hypothesized that the tight
packing of QD within the lipid bilayer will diminish
QD shell shedding that commonly leads to
photodegradation,®'>'® impeding the widespread
diagnostic use of QD due to weak fluorescence sig-
nals. Furthermore, we studied the ability of the
L—QD hybrids to label tumor cells in vitro and in
vivo. Lipid—QD hybrid bilayers were engineered in
order to retain the lipid bilayer biocompatibility,
lipid vesicle structural, and surface versatility and at
the same time preserve the exemplary luminescent
characteristics of QD, altogether offering a novel sys-
tem for potential combinatory therapeutic and diag-
nostic applications in oncology.
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RESULTS

CdSe/ZnS QD Stability in Toluene. The fluorescence inten-
sity of serially diluted CdSe/ZnS QD dispersions in tolu-
ene (2 nm core size according to the manufacturer) was
monitored over 24 h at 4 °C and in darkness for up to
7 days. As expected, the observed QD fluorescence in-
tensity was found to be concentration-dependent.
Higher QD concentrations led to higher fluorescence in-
tensity, as can be seen in Figure 1a—c. Fluorescence in-
tensity decreased in toluene rapidly for dilute QD tolu-
ene suspensions, reaching less than 10% of the original
intensity within 24 h at a QD concentration of 2.3 X
10'3 particles (p)/mL (Figure 1d). Fluorescence inten-
sity for the 2.3 X 10'* p/mL sample decreased to 50%,
and for 5.6 X 10"* p/mL QD suspension in toluene, 75-
80% of the initial fluorescence intensity was main-
tained after 24 h (Figure 1d). No change in the fluores-
cence emission maxima (blue shift) of these samples
was detected, which excluded the possibility of QD sur-
face photoxidation.'”'® No precipitation, aggregation,
or other changes in the colloidal properties of the QD
toluene dispersions were observed during the storage
period of 7 days. These results indicated that QD degra-
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Figure 2. (a) Methodology for the formation of L—QD vesicles. (Bottom) Photographs of (b) 5.6 X 10'*
p/mL CdSe/ZnS core/shell QD in toluene, (c) L—QD containing 1 mM DOPC suspended in dH,0, (d) QD
in dH,0 (negative control), and (e) DOPC lipid vesicles alone in dH,0. All photographs were captured
by placing the samples, immediately upon preparation, under a UV lamp (312 nm) (Vilber Lourmat,

dation in toluene occurred at low concentrations, as de-
scribed previously.®

Incorporation of QD into Lipid Bilayers. In order to pre-
serve the high fluorescence intensity of QD and obtain
aqueous solubility of the hydrophobic QD used in this
study, 5.6 X 10"*p/mL CdSe/ZnS QD were mixed with
lipid molecules (dioleoylphosphatidylcholine, DOPC) in
chloroform, and vesicles were formed following the
lipid film hydration methodology. After evaporation of
the solvent in a rotary evaporator, a thin QD-containing
lipid film was formed, effluxed with a stream of N,,
and kept until further use. Upon hydration of the L—QD
film, multilamellar vesicles (MLV) self-assembled, incor-
porating the QD into their lipid bilayers. Sonication us-
ing an ultrasonic bath led to formation of QD-
containing small unilamellar vesicles (SUV). Figure 2a
depicts the simple, stepwise methodology followed in
this study for the formation of L—QD hybrid bilayer
vesicles.

In order to confirm that QD fluorescence is pre-
served after incorporation into the lipid bilayer environ-
ment and that the L—QD bilayers were fluorescent,
samples were placed under a UV lamp (312 nm wave-
length) immediately upon formation. Figure 2b,c shows
that QD in toluene and L—QD in dH,O exhibited strong
fluorescent signals, whereas green QD in dH,O (nega-
tive control) emitted almost no fluorescence (Figure
2d), similar to unlabeled lipid vesicles (Figure 2e).

Fluorescence Properties of L—QD Hybrid Vesicles. The quali-
tative observations from Figure 2 were further studied
quantitatively by fluorescence spectrophotometry. As
can be seen from Figure 3, at 350 nm excitation wave-
length, the spectral characteristics of QD in MLV (Fig-
ure 3b) and SUV (Figure 3c) were not affected compared
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to those obtained for QD in
toluene (Figure 3a). Interest-
ingly, incorporation of QD
within the lipid bilayer to form
L—QD hybrid vesicles led to
enhanced photostability of
these systems compared to
that of QD (of the same con-
centration) in toluene. Only
30-40% reduction of the ini-
tial fluorescence intensity was
observed when the QD were
embedded within the MLV
and SUV lipid bilayers (Fig-
ures 3b,c, red curve), com-
pared to more than 70% loss
of fluorescence intensity in
the case of QD in toluene sus-
pensions (Figure 3a, red
curve). Furthermore, the ef-
fect of UV radiation was stud-
ied by intermittent exposure
of QD in toluene and L—QD to
a UV light source (A = 312 nm, Vilber Lourmat,
France) 3, 7, and 14 days after preparation. QD in tolu-
ene were photochemically unstable when exposed to
UV light, witnessed as a sharp reduction in fluorescence
intensity and a marked blue shift from 517 to 507 nm
(Figure 3d, green curve) at 7 days. Complete loss of fluo-
rescence was obtained for QD in toluene after 14 days
of UV exposure (Figure 3d, orange curve). On the other
hand, the L—QD exhibited improved photostability af-
ter both 7 and 14 days of UV exposure (Figure 3e, green
and orange curves). These results indicated that the
L—QD improved the photostability of QD on storage
and against UV light exposure, which can be attributed
to the tight packing of the QD within the lipid bilayer,
leading to minimization of trioctylphosphine oxide
(TOPO) shell shedding and oxygen accessibility to the
QD surface.®'>™'8

Structural Characteristics of L—QD Hybrid Vesicles. Figure 4
depicts cryogenic electron microscopy (cryo-EM) im-
ages of aqueous dispersions of L—QD, using DOPC as
the lipid component of the hybrid bilayer. L—QD
vesicles with 1,2-dioleoyl-3-trimethylammonium-
propane (DOTAP, see Supplementary Figure 3d) and
DOPC were well formed, as confirmed by cryo-EM im-
ages and verified by transmission electron microscopy
(TEM, data not shown), indicating the predominance of
SUV (for higher resoultion images, see Supplementary
Figure 3). Two different concentrations of DOPC lipid
molecules were allowed to self-assemble into vesicles
in the absence and in the presence of QD. At low lip-
id:QD ratios (approximately 1000 phospholipid mol-
ecules per QD), some degree of deformation of the
vesicle structures was observed, resulting in elongated
and deformed vesicular structures (white arrows in Fig-

QD-abelled
small unilamellar
vesicles (SUV)
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Figure 3. (Top) Fluorescence emission spectra of 5.6 X 10" p/mL CdSe/ZnS core/shell QD immediately after preparation (blue) and after
7 days (red) of storage in (a) toluene (A,,,, = 517 nm), (b) 1 mM DOPC MLV (A, = 524 nm), and (c) 1 mM DOPC SUV (A.,,, = 524 nm). (Bot-
tom) Fluorescence emission spectra of 5.6 X 10'* p/mL CdSe/ZnS core/shell QD 3 days (purple), 7 days (green), and 14 days (orange) af-
ter preparation and UV exposure (A, = 312 nm) (d) stored in toluene and (e) as L—QD (1 mM DOPC) in dH,0.

ure 4c). Moreover, at specific locations, increased lipid
bilayer thickness was observed, similar to a protrusion,
which was thought to indicate that incorporation of the
QD was taking place in “pockets” rather than being
evenly distributed throughout the bilayer (Figure 4c).
As the lipid:QD ratio was increased (to approximately
10 000 phospholipid molecules per QD), the structure
of the L—QD vesicles resembled more that of liposomes
alone, with perfectly spherical vesicles being formed
(Figure 4d—f). Interestingly, joined vesicles, connected
by a shared region of their bilayer, were observed
throughout the L—QD samples (see black arrows in Fig-
ures 4d,e). Higher resolution images of such paired
vesicles indicated that these regions connecting the
vesicles may be bilayer regions shared between vesicles
containing the incorporated hydrophobic QD (Figure
4f).

The hydrophobic CdSe/ZnS QD were then success-
fully incorporated in two types of lipid bilayer vesicles
having different surface and bilayer characteristics, the
zwitterionic DOPC and the cationic DOTAP liposomes
(approximately 1000 phospholipid molecules per QD).
The structural characteristics of these L—QD were fur-
ther studied by dynamic light scattering (Table 1). The
mean L—QD vesicle diameter and surface charge were
in the range of that obtained for lipid vesicles consisting
of the equivalent lipids alone. However, further studies
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will be required (such as neutron scattering of the
L—QD bilayers) to elucidate those structures at the mo-
lecular level. All L—QD that have been constructed in
our laboratory have consistently produced a mean di-
ameter between 100 and 160 nm (polydispersity index
between 0.3 and 0.4). Moreover, these physicochemical
characteristics did not change for more than 7 days of
storage after preparation, indicating structural and col-
loidal stability.

Binding and Internalization of L—QD Hybrid Vesicles in Tumor
Cells in Vitro. In order to study the compatibility and inter-
action of the novel L—QD hybrid vesicles with the bio-
logical milieu, the L—QD were incubated at 37 °C with
live mammalian cell cultures. Figure 5a,b depicts confo-

TABLE 1. Size and Surface Charge Characteristics of Lipid
Vesicles and L—QD Hybrid Vesicles: Mean Diameter,
Polydispersity Index, and Surface Charge of Zwitterionic
(DOPC) L—QD and Cationic (DOTAP) L—QD As Obtained
Using the Nanosizer ZS

nanoparticle mean diameter polydispersity surface charge
type (nm)? index? (mV)*
DOPC liposomes 102 £ 1.06 0.379 = 0.001 —89*+1.13
L—QD (DOPQ) 91.3 = 6.90 0.369 = 0.053 —9.52 = 1.55
DOTAP liposomes 104 £ 0.19 0.265 = 0.011 +61.7 = 4.84
L—QD (DOTAP) 115 £291 0.312 = 0.053 +59.8 £ 0.16

“Mean = standard deviation; n = 3.
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Figure 4. Cryo-transmission electron microscopy images of lipid vesicles
at (@) 1 mM and (b) 10 mM DOPC and L—QD hybrid vesicles at (c) 1 mM and
(d—f) 10 mM DOPC. Scale bars are 100 nm.

cal laser scanning microscopy (CLSM) images of L—QD
vesicles using DOTAP and DOPC lipids, respectively.
Both types of L—QD exhibited an intense fluorescent
signal in the green channel from the CdSe/ZnS QD
present in the lipid bilayer. Human lung epithelial carci-
noma A549 cells were cultured, and the L—QD vesicles
were added to cells for a 60 min incubation period. The
L—QD were bound and internalized within A549 cells,
as shown in the CLSM images (Figure 5c—f). Figure
5c—e shows the intracellular uptake for increasing con-
centrations (0.05-0.2 mM) of the cationic (DOTAP)
L—QD vesicles. The L—QD intracellular signal was found
to be concentration-dependent for both L—QD types.
It is also evident from the CLSM images obtained that
L—QD are capable of intracellular trafficking, presum-
ably through endosomal compartments, as they could
be imaged throughout the cell volume and close to the
nucleus. However, more systematic work needs to be
carried out to reveal the exact intracellular trafficking
mechanisms for L—QD in comparison to liposomes and
QD alone. As expected, the binding and uptake of cat-
ionic L—QD (Figure 5e) was much more effective com-
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pared to that of DOPC-containing L—QD of neutral sur-
face charge (Figure 5f). These data indicated that L—QD
hybrid vesicles were compatible with live cells, capable
of cellular uptake and intracellular trafficking.

Uptake and Retention of L—QD Hybrid Vesicles in Tumor
Xenografts in Vivo. The results from the cell internalization
studies in vitro led us to investigate how L—QD vesicles
would interact with tumor cells in living animals. The
L—QD bilayers were engineered with added features to
make them more suitable for in vivo studies. Choles-
terol was incorporated into the lipid bilayer during
L—QD hybrid formation to enhance the liposome stabil-
ity in vivo,'®2° and the fusogenic lipid DOPE was also in-
corporated to increase L—QD vesicle diffusion within
the tumor mass, as previously described for lipid
vesicles.?’ Human cervical carcinoma (C33a) xenografts
were implanted subcutaneously and grown in CD-1
nude mice. Two different L—QD types were compared,
the cationic DOTAP:DOPE:Chol (2:1:1.5) and the zwitte-
rionic DOPC:Chol (2:1), both approximately 100 nm in
average diameter and having surface charges of +47.5
and —4.5 mV, respectively. The L—QD were injected in-
tratumorally into fully grown C33a tumor xenografts
with a dose of 400 nmol of lipid containing 48 pmol of
QD. Mice were killed 5 min or 24 h after injection, and
tumors were snap-frozen, cryo-sectioned, fixed, and im-
aged. The cell nuclei were counterstained with propid-
ium iodide (PI) to evaluate the L—QD localization, reten-
tion, and distribution within the tumor volume.

Almost no fluorescent signal was detected in tumor
sections injected with the zwitterionic L—QD (DOPC:
Chol) vesicles as early as 5 min post-injection (Figure
6b). In contrast, high-intensity green fluorescent sig-
nals were obtained from all sections of the tumors in-
jected with cationic L—QD (DOTAP:DOPE:Chol), after
both 5 min and 24 h (Figure 6c,d). After 5 min, the cat-
ionic L—QD were mainly localized into the interstitial
space of the tumor or bound onto the tumor cell mem-
branes (Figure 6c). At 24 h post-administration, the
L—QD vesicles were uptaken by tumor cells and had
translocated closer to the nucleus (Figure 6d).

DISCUSSION

Semiconducting nanocrystals are developed as opti-
cal probes for a variety of biomedical applications.?>%*
The optical and colloidal stability of QD in aqueous en-
vironments is essential to allow development of QD-
based, clinically relevant diagnostics. The present study
showed that commercially available TOPO-capped
CdSe/ZnS QD were optically unstable when stored in
toluene kept in the dark or under UV light exposure.
Similar observations have been previously reported by
Kalyuzhny et al. and Bullen et al. using TOPO-capped
CdSe QD dispersed in chloroform (QD concentration
between 10~7 and 10~ M)*>"* and in toluene (QD con-
centration 2 uM)."> The optical instability of QD is
thought to occur due to desorption of the hydropho-

www.acsnano.org
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Figure 5. (Top) CLSM images of L—QD with (a) DOTAP and (b) DOPC lipids. (Bottom) Confocal and DIC images of A549 cells after 60 min
incubation with different concentrations of cationic (DOTAP) L—QD at (c) 0.05 mM, (d) 0.1 mM, and (e) 0.2 mM and (f) L—QD at 0.2 mM
DOPC. Cell nuclei were counterstained with TO-PRO 3. Scale bars are 20 um.

bic TOPO ligand from the QD surface.®*>" TOPO de-
sorption is dependent on the degree of its solubility to
the organic solvents, with higher QD optical stability re-
ported in octane than in toluene.’® Moreover, TOPO de-
sorption also affects the colloidal stability of QD disper-
sions,” leading to instability.

Attempts to modify the nanocrystal surface to achieve
greater aqueous solubility by substitution of the TOPO or-
ganic ligand with hydrophilic moieties resulted in
changes in the QD absorption and emission spectra and
their chemical stability.>~"" Alternative methodologies
that have preserved QD optical properties include coat-
ing QD with amphiphilic polymers®”2*2> and phospho-
lipid micelles.?>~2° Very recently, lipid bilayer incorpora-
tion of hydrophobic QD has been described
independently by others.3° The present study, carried

Www.acsnano.org

out almost simultaneously with the studies by Go-
palakrishnan et al., is in complete agreement that con-
struction of L—QD bilayer vesicles by incorporation of hy-
drophobic QD within the lipid bilayer of unilamellar
vesicles is possible, further extending the utilization of
such hybrid systems to an in vivo setup. Moreover, the
present study illustrates that incorporation of QD in the
acyl environment of the bilayer leads to significant en-
hancement of their optical stability during storage com-
pared to that of QD in toluene. This enhanced stability can
be attributed to minimization of the QD photoxidation
and TOPO desorption from the nanocrystal surface. Other
studies have reported mixing of water-soluble, function-
alized QD with preformed liposomes to enhance plasma
membrane translocation. Derfus et al. and Hsieh et al.
showed the high labeling efficiency of water-soluble QD
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Figure 6. In vivo tumor xenograft uptake and retention of L—QD hybrid vesicles. CLSM images of human cerivcal carcinoma
(C33a) tumors dissected 5 min after intratumoral injection with (a) 5% dextrose, (b) zwitterionic L—QD (DOPC:Chol; 2:1), and
(c) cationic L—QD (DOTAP:DOPE:Chol; 2:1:1.5), and (d) 24 h post-injection of cationic L—QD hybrids. Left panels, L—QD fluo-
rescence; middle panels, Pl-stained nuclei; and right panels, the merged green and red channels. Scale bars are 10 um.

complexed with lipofectamine (commercially available
cationic liposome-based reagent) compared to other
carriers;'>3'33 however, those studies did not attempt
the construction of L—QD bilayer vesicles. In the present,
study structural characterization by cryo-EM of the L—QD

VOL.2 = NO.3 = AL-JAMAL ET AL.

hybrid vesicles revealed that unilamellar vesicles are
formed by incorporation of the hydrophobic QD in their
lipid bilayer. Interestingly, QD incorporation was evi-
denced as electron-dense (high contrast, dark) pockets
or overall darker bilayers (Figure 4 and Supplementary

www.acsnano.org




Figure 3) but was not identical for all vesicles in the
sample.

Quantum dots have been successfully used as fluo-
rescent tags of implanted cells for in vitro and in vivo im-
aging of different cell types without affecting cell viabil-
ity and function.>?%3* More recently, functionalized
QD have been explored as markers of intracellular com-
partments®> or sensors of intracellularly localized
molecules.>®3” Many techniques have been employed
to achieve efficient QD cell labeling, such as microinjec-
tion, electroporation, and liposome transfection.'®'*3’
Electroporation is a robust technique; however, it is in-
convenient for labeling large numbers of cells and gen-
erally leads to a high percentage of cell death. Also,
the application of an electrical field has been found to
induce QD aggregation (500 nm)." Although microin-
jection has been shown to be superior to electropora-
tion for individual cell labeling by QD, each cell needs to
be manipulated separately.’*?” It has been shown that
cationic liposomes can bind to the negatively charged
plasma membrane, mediate endocytosis, and be used
for intracellular delivery of QD,"*"%3137:38 puyt function-
alized QD are still required to be complexed with pre-
formed cationic liposomes.

In this work, we report efficient uptake of L—QD hy-
brid vesicles by cancer cells in vitro and, more impor-
tantly, retention and uptake by tumor cells in vivo by in-
tratumoral administration directly into xenografts.
Intratumoral (i.t.) administration offers an alternative way
to either label solid tumor cells (to monitor their migratory
patterns) or deliver cytotoxic agents locally at the tumor
site, and it is clinically relevant for well-localized solid tu-
mors (e.g., head and neck, cerebral carcinomas). However,
rapid clearance by the lymphatic drainage system is still
the main obstacle for widespread clinical use of such pro-
cedures, as has been recently validated by injecting radi-
olabeled colloids into breast cancer patients to map their
sentinel lymph nodes.>**° Localization and retention of
different anticancer drugs and delivery systems in the tu-
mor mass by i.t. administration has also been extensively
studied.*'~*° 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 particle size and surface charge with their reten-
tion in tissue-isolated tumors after i.t. injection.*® They re-

METHODS

CdSe/ZnS core/shell trioctylphosphine oxide (TOPO)-capped
quantum dots (QD) were obtained from Evident Technologies
(USA), supplied in toluene with a reported CdSe core size of 2 nm
diameter and an overall QD diameter of 4-5 nm, including the
1-2 nm thickness of the organic coat.” They exhibited an absorp-
tion peak at 502 nm and an emission peak at 517 nm. Red-
emitting (600 nm) CdSe/ZnS QD with a core size of 4 nm diam-
eter and an overall size of 6-7 nm diameter were also studied.
However, these QD could not be successfully incorporated into
the lipid bilayer due to the overall QD size being larger than the
lipid bilayer thickness (approximately 4 nm) (see Supplemen-
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ported that 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 of average size be-
tween 100 and 200 nm significantly increased tumor re-
tention from 10—40% to 70-90% after 2 h.** Similar re-
sults were obtained following i.t. administration of low-
molecular-weight mitomycin C conjugated to cationic
dextran.** Such data are in full agreement with our obser-
vations herein, where cationic L—QD vesicles were up-
taken by tumor cells in monolayers (Figure 5) and re-
tained within tumor xenografts in vivo (Figure 6), in
contrast to zwitterionic L—QD vesicles that were drained
out of the xenografts within 5 min following i.t. adminis-
tration. Toward clinical translation of L—QD hybrid
vesicles as an imaging modality, the issue of background
tissue autofluorescence will be particularly important. The
construction of L—QD hybrids using a lead sulfide core,
near-infrared-emitting QD with core diameters between
2 and 9 nm, which are now commercially available, can of-
fer great advantages for deep tissue imaging applications.

CONCLUSION

In conclusion, we engineered cationic L—QD hybrid
vesicles that electrostatically interacted with the tumor
cell membrane in vitro, localized, and were retained
within the tumor interstitium and tumor cells in vivo
upon intralesional administration. Such L—QD hybrid
vesicles are thought to constitute a facile tool for more
efficient labeling of cells using hydrophobic QD without
the need of prior QD functionalization to achieve wa-
ter solubility. Moreover, we envisage that such L—QD
hybrid vesicles can be targeted to tumor cells by cou-
pling binding ligands onto the lipid bilayer surface us-
ing established lipid-based conjugation chemistry. In
this way, QD optical stability and high levels of emit-
ted fluorescent signals will be maintained by minimiza-
tion of the required injected QD doses to allow effec-
tive in vivo detection. Furthermore, the vesicular
morphology of L—QD hybrids allows loading of their in-
ternal aqueous phase with therapeutic molecules (for
example, anthracycline molecules such as doxorubicin)
toward a potential bimodal (theragnostic) system for
the simultaneous delivery of therapeutic and diagnos-
tic agents in malignant tissues.

tary Figures 1 and 2). Dioleoylphosphatidylcholine (DOPC, 98%)
was obtained from Lipoid GmbH (Germany); 1,2-dioleoyl-3-
trimethylammonium-propane (chloride salt) (DOTAP, 99%) from
Avanti Polar Lipid (USA); Dulbecco’s modified eagle medium
(DMEM), fetal bovine serum (FBS), penicillin/streptomycin, and
phosphate buffered saline (PBS) from Gibeco (Invitrogen); hu-
man epithelial lung cells A549 and human cervical carcinoma
C33a from ATCC (USA); TO-PRO 3 in dimethyl sulfoxide solution
and propidium iodide (PI) from Molecular Probes (USA); 16-
chambered slide from Nunc (USA); RNase A enzyme, Triton
X-100, chloroform, and methanol from Sigma (UK); toluene (low
in sulfur) from Fisher Scientific (UK); and 1.5-2.5 mm glass beads
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from BDH (UK). Deionized water (dH,O) was used in all
preparations.

QD Stability in Toluene. QD stock dispersion in toluene was fur-
ther diluted t0 5.6 X 10'%,2.3 X 10™,and 2.3 X 10'® p/mL (p/mL
denotes particles per milliliter). The dispersion were flushed
with a N, stream to reduce the QD oxidation and stored in the
dark at 4 °C. The fluorescence intensity was monitored for the
freshly prepared dispersion for periods ranging between 1 and
14 days.

Lipid —Quantum Dot Hybrid Vesicle Preparation. DOPC, DOPC:Chol
(2:1), DOTAP, and DOTAP: DOPE:Chol (2:1:1.5 molar ratios) were
dissolved in chloroform:methanol (4:1 v/v). Multilamellar vesicles
(MLV) were prepared by evaporating the organic solvent in a ro-
tary evaporator under vacuum at 40 °C for 30 min and then flush-
ing with a N, stream to remove any residual traces of organic sol-
vent. The dried lipid film was hydrated with 1 mL of 0.2 um
filtered dH,0. The hydrated film was vortexed with 1.5-2.5 mm
glass beads for 6 min. Small unilamellar vesicles (SUV) were pre-
pared by further bath sonication (ultrasonic cleaner, VWR) at 30
°C for 5-10 min. The final lipid concentration was 1-10 mM. For
L—QD preparation, the organic QD in toluene were incorporated
within the lipid bilayer by evaporating 10 uL of QD in toluene
under a N, stream at room temperature, to avoid the phase
separation between toluene and chloroform and to achieve a
homogeneous distribution of QD within the lipid film. The green
residue was resuspended in the chloroform solution containing
the phospholipid, and the process proceeded as above. The final
QD concentration in all L—QD preparations was 5.6 X 10" p/mL.
All L—QD samples were flushed with N, and stored at 4 °C. The
L—QD mean diameter and surface charge were measured by us-
ing a Zetasizer Nano ZS instrument (Malvern, UK).

Spectrophotometry and Spectrofluorometry. The QD absorbance
spectrum in toluene was collected with a Varian Cary 3E
UV—visible spectrophotometer. The scanning rate was 600 nm/
min with a 1 cm path length; a 300 uL quartz cuvette was used
(Hellma, Scientific Laboratory Supplies Ltd., UK). The emission
spectra of CdSe/ZnS core/shell QD in toluene or within lipid bi-
layers were obtained at a scan rate of 1200 nm/min with a 1 cm
path length, in a 300 uL quartz cuvette (Hellma, Scientific Labo-
ratory Supplies Ltd., UK), with excitation and emission slit widths
5and 10 nm or 10 and 3 nm, respectively, depending on the
sample fluorescence, using a Perkin- Elmer LS 50B luminescence
spectrometer. All samples were excited using 350 nm wave-
length light.

Cryo-Transmission Electron Microscopy. Sample preparation for
cryo-transmission electron microscpy (cryo-TEM) was carried
out in a temperature- and humidity-controlled chamber using a
fully automated (PC-controlled) vitrification robot (Vitrobot,
patent applied).*® A specimen grid was dipped into a suspen-
sion and withdrawn, and excess liquid was blotted away. Thin
films were formed between the bars of the grids. To vitrify these
thin films, the grid was shot into melting ethane. The grids with
vitrified thin films were analyzed in a CM-12 transmission micro-
scope (Philips, Eindhoven, The Netherlands) at —170 °C using a
Gatan-626 cryo-specimen holder and cryotransfer system (Gatan,
Warrendale, PA). The vitrified films were studied at 120 kV and
at standard low-dose conditions, and micrographs were taken.
Some of the high-resolution cryo-TEM images (Supplementary
Figure 3) were obtained using the FEI Life Science TITAN (Eind-
hoven, The Netherlands), a 300 kV FEG microscope designed for
high-contrast imaging. This microscope is equipped with a Ga-
tan 2048 X 2048 CCD camera and a Gatan energy filter.

Interaction of L—QD with Mammalian Cell Cultures. A total of 2 X
10* human epithelial lung cells (A549) were seeded in a 16-
chamber slide in DMEM supplemented with 10% FBS and 1%
penicillin/streptomycin. Cells were allowed to attach overnight.
A 1T mM L—QD solution was diluted by dH,O further to 0.5 and
0.25 mM. Twenty microliters of each sample was diluted in 80 ulL
of serum-free DMEM medium and then added to each well.
A549 cells were incubated with the L—QD for 60 min at 37 °C
and 5% CO, and then washed three times with 200 uL of PBS,
pH 7.4. The cells were fixed with 150 uL of 2% paraformaldehyde
in PBS for 60 min at 4 °C and then washed three times with
PBS. A549 cells were perameabilized with 100 uL of 0.1% Triton
X-100 in PBS for 10 min at 4 °C and then washed. The nucleus

0
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was counterstained with 100 uL of nuclear stain (1 wg/mL TO-
PRO 3 and 100 pg/mL RNase A in PBS) for 30 min at 37 °C and
then washed. The cells were mounted with citifluor AF1 antifade
(Citifluor, UK) and examined under confocal laser scanning mi-
croscopy (CLSM).

Animal and Tumor Xenograft Implantation Studies. All animal experi-
ments were performed in compliance with the UK Home Office
Code of Practice for the Housing and Care of Animals Used in Sci-
entific Procedures. Six-week-old female CD-1 nude mice (Charles
River Laboratories, UK) were caged in groups of five with free ac-
cess to water. A temperature of 19-22 °C was maintained, with a
relative humidity of 45-65%, and a 12 h light/dark cycle. Mice
were inoculated with 1 X 107 C33a human cervical carcinoma
cells in a volume of 100 L PBS, subcutaneously into the shaved
right flank, using 26G needles. The tumor volume was esti-
mated by measuring three orthogonal diameters (a, b, and ¢)
with calipers; the volume was calculated as (a X b X ¢) X 0.5
mm?>. Intratumoral injections were performed when the tumor
reached 62.5 mm?>, For intratumoral administration and tissue
analysis, mice were anesthetized using isofluorane and injected
with 50 uL of L—QD (equivalent to 400 nmol of lipid and 48 pmol
of QD) prepared in 5% dextrose composed of DOPC:Chol (2:1)
or DOTAP:DOPE:Chol (2:1:1.5), prepared as described earlier. The
needle was inserted in the longitudinal direction from the tu-
mor edge into the center of the tumor, 50 uL of the solution was
administered slowly over 1 min, and the needle was left in the tu-
mor for another 5 min to prevent the sample leakage. Either 5
min or 24 h later, the mice were killed, and tumor tissue was har-
vested and snap-frozen immediately into liquid-nitrogen-cooled
isopentane. Samples were stored at —80 °C prior to frozen sec-
tioning. Frozen tumors were embedded into OCT and plunged
into a liquid nitrogen bath for at least 30 s. Samples were re-
trieved from the bath and then sectioned using the cryostat at
—18 °Cinto 5-6 um thick sections. The sections were mounted
on superfrost slides 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 —20 °C, rinsed with PBS for 15 min at
room temperature, followed by Pl nuclear staining [RNAase
treatment (100 wg/mL) for 20 min at 37 °C and incubation with
Pl solution (1 wg/mL) in PBS for 1-5 min], and then rinsed three
times with PBS. Coverslips were mounted with aqueous poly(vi-
nyl alcohol) Citifluor reagent mixed with AF100 antifade reagent
(1:10) prior use (Citifluor, UK) and visualized under an X63 oil im-
mersion lens using CLSM.

Confocal Laser Scanning Microscopy. All confocal images were cap-
tured with CLSM using a Zeiss LSM 510 Meta instrument. The la-
sers used were a 30 mW, 488 nm argon laser (for green QD), a 1
mW, 543 nm HeNe laser (for Pl), and a 5 mW, 633 nm HeNe laser
(for TO-PRO 3). The emission was collected using a band-pass fil-
ter between 505 and 530 nm for green QD, a 560 nm long-pass
filter for PI, and 649-735 nm for TO-PRO 3.
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