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a  b  s  t  r  a  c  t

A  few  studies  have  attempted  to combine  the  physicochemical  versatility  offered  by the  liposome  struc-
ture with  the  superior  optical  characteristics  of  quantum  dots  (QD)  for the  construction  of  multifunctional
nanoparticles.  We  are  reporting  the  construction  of  drug-loaded  liposome-QD  hybrid  vesicles (L-QD)  by
incorporating  TOPO-capped,  CdSe/ZnS  QD into  the  two  types  of  lipid  bilayers:  the ‘rigid’  disteroylphos-
phatidylcholine  (DSPC:Chol:DSPE-PEG2000) and  a  fluid-phase  bilayer  of egg  PC  (EPC:Chol:DSPE-PEG2000).
Structural  characterization  of  L-QD  hybrid  vesicles  using  atomic  force  microscopy  (AFM)  revealed  that
the incorporation  of  QD took  place  by  hydrophobic  self-association  within  the  membranes.  The  encapsu-
lation  of hydrophilic  small  molecules  in  the  internal  aqueous  phase  of  the L-QD  hybrids  showed  different
degrees  of  carboxyfluorescein  (CF)  release  in  buffer  and  serum,  depending  on  the  type  of  lipid  used.  The
presence  of  QD  in  the  lipid  bilayer  increased  the  CF  release  from  EPC  fluid  bilayer.  On  the  other  hand,
(DSPC)  L-QD  hybrids  showed  a higher  stability  under  the  same  conditions  with  minimal  CF  leakage.  Fur-

◦ ◦
thermore,  (DSPC)  L-QD  hybrids  showed  a  stable  mean  diameter  up  to three  weeks  stored  at  4 C,  25 C,
and  40 ◦C, determined  by  photo  correlation  spectroscopy  (PCS)  analysis.  Finally,  doxorubicin  (Dox)  was
loaded into  L-QD  hybrids  using  the  osmotic  gradient  technique  and  with  at least  97%  loading  efficiency.
The  fluorescence  spectrum  of  Dox  was  simultaneously  detected  with  that  of  green-emitting  QD  that
indicated  the  coexistence  of  QD  and  Dox  in a single  vesicle  system.  In conclusion,  the  drug-loaded  L-
QD-Dox  hybrid  vesicles  presented  here  constitute  a promising  multifunctional  delivery  vector  capable

ions  o
of transporting  combinat

. Introduction

QD have been extensively investigated as optical probes for a
ariety of biomedical applications in vitro and in vivo (Alivisatos
t al., 2005; Alivisatos, 2004; Gao et al., 2004; Kim et al., 2004;
hyner et al., 2006; Smith et al., 2008; Wu et al., 2003). However,
he low hydrophilicity of QD is considered a major obstacle that
mpedes their widespread use in biology. Many strategies have
een proposed to improve the QD hydrophilicity and biocompat-

bility, including exchanging the surface ligands with hydrophilic
oieties (Bruchez et al., 1998; Chan and Nie, 1998; Gerion et al.,

001), encapsulation within amphiphilic copolymers (Gao et al.,
004; Larson et al., 2003; Wu  et al., 2003) and phospholipid micelles

Dubertret et al., 2002). Our group previously presented an alterna-
ive strategy based on the self-assembly of lipids and hydrophobic
non-functionalised) quantum dots (L-QD) into hybrid bilayers,
eading to the formation of nanometer scaled hybrid vesicles (Al-
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Jamal et al., 2008). The embedding of QD into the bilayers rendered
hydrophobic QD biocompatible and efficiently labeled tumor cells
in vitro and in vivo. These findings have been also confirmed by
others (Gopalakrishnan et al., 2006). In the present work, we offer
further systematic characterization of the L-QD hybrid vesicles,
such as surface topography and colloidal stability of the L-QD
hybrids, and developed these delivery systems a step further by
loading their internal aqueous phase with doxorubicin molecules.
In this way, explore the potential use of L-QD hybrids as theranostic
devices for the simultaneous delivery of therapeutic and diagnostic
agents.

2. Results and discussion

L-QD hybrids were prepared following the thin lipid film
hydration protocol as previously described (Al-Jamal et al., 2008).

Briefly, 1.68 × 1015 p/ml CdSe/ZnS QD (green emitting (520 nm)
Evidot®, Evident Technologies, USA) were mixed with 8 �mol
of DSPC:Chol:DSPE-PEG2000 (1.8:1:0.2) phospholipid molecules in
chloroform, and the organic solvent was evaporated using the
rotovaporator (BUCHI, Switzerland). (DSPC) L-QD hybrid vesicles

dx.doi.org/10.1016/j.ijpharm.2011.01.057
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
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ig. 1. Size and surface charge characteristics of (DSPC) L-QD hybrid vesicles. The
ybrids, DSPC:Chol:DSPE-PEG (1.8:1:0.2 molar ratio) as obtained using the Nanosiz

ere formed by hydrating the lipid film in 1 ml  of dH2O and bath
onication for 10 min  at 60 ◦C (ultrasonic cleaner, VWR, UK). The
-QD hybrid vesicles exhibited 100 nm average diameter and neg-
tive surface charge (−15 mV)  (Fig. 1b), similar to liposome alone
Fig. 1a).

The structure of L-QD hybrids has been previously elucidated
y our laboratory and others using cryo-EM (Al-Jamal et al., 2008;
opalakrishnan et al., 2006). In the present study we  hypothesized

hat if the QD were incorporated within the lipid bilayer of lipo-
omes, they could be detected on the surface of dehydrated L-QD
esicles using atomic force microscopy (AFM), as has been done for
he elucidation of the surface topography of other nanoparticles
Spyratou et al., 2009). A droplet of L-QD sample was  deposited
n freshly cleaved mica surface (Agar Scientific, Essex, UK) for 30 s
nd then washed with dH2O, followed by drying with a nitrogen
tream. (DSPC) L-QD hybrids were structurally elucidated in air,

sing tapping-mode AFM in order to avoid sample damage (see
upplementary information). Fig. 2 depicts the structural elucida-
ion of L-QD hybrid vesicles by AFM. Interestingly, the amplitude
mage showed that the incorporation of QD into DSPC:Chol:DSPE-
EG2000 lipid bilayers resulted in a rough surface. This was  in sharp
 average diameter (nm), polydispersity index and surface charge of (DSPC) L-QD

contrast to the liposome control which showed a smooth sur-
face. 3D image analysis indicated that QD associated with the lipid
bilayers and distributed throughout the vesicle surface. Further-
more, the cross-section analysis suggested that QD incorporation
increased the height of the liposome from 8 nm to almost 20 nm.
All this was  considered evidence that confirmed the previously
reported cryo-EM data and indicated that QD were mainly incor-
porated throughout the lipid bilayers of the vesicle population
by hydrophobic self-association within the lipid molecules. How-
ever, we  cannot exclude the possibility of QD aggregation in the
bilayer as different heights were observed in the case of L-QD
hybrids.

To further investigate the effect of QD on the mem-
brane integrity of the hybrid vesicles, QD were incorporated
into two  types of lipid bilayers, disteroyl phosphatidylcholine
(DSPC:Chol:DSPE-PEG2000) and egg PC (EPC:Chol:DSPE-PEG2000).

The hydrophilic, membrane-impermeable carboxyfluorescein (CF)
dye was encapsulated in these two types of L-QD vesicles, and
CF release was  monitored from L-QD in either HBS buffer, pH
7.4 or 50% serum at room temperature for 6 h. Fig. 3 depicts the
cumulative release (%) of CF from the L-QD hybrid vesicles. The
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tation wavelength. The spectral features of green-emitting L-QD
were not dramatically affected compared to that obtained for QD
in toluene, except the few nanometer shift in the emission peak
as previously reported (Al-Jamal et al., 2008), whereas green QD

Table 1
Mean average diameter and polydispersity index of (DSPC) L-QD hybrids suspen-
sions stored at 40 ◦C, 25 ◦C and 4 ◦C in HBS buffer, pH 7.4.

4 ◦C 25 ◦C 40 ◦C
ig. 2. Surface characterization of (DSPC) L-QD hybrid vesicles by atomic force m
iposome alone and (b) L-QD hybrids. Scale bars are 250 nm.

esults show that QD incorporation destabilized EPC lipid mem-
rane, as evidenced by the dramatic CF release from (EPC) L-QD
52%) compared to EPC liposome (7%) (Fig. 3a, squares and dia-

onds, respectively) in HBS buffer over 6 h. In agreement with
F release in HBS buffer, CF release in 50% serum was found to
e constantly faster from (EPC) L-QD than EPC liposomes (Fig. 3b,
quares and diamonds, respectively). The presence of serum, which
as been reported to destabilize fluid lipid bilayers (Ravily et al.,
996) was found to further accelerate CF release from both (EPC)
-QD hybrids and EPC liposomes in 50% serum compared to those
n HBS buffer, especially at the initial period of time (Fig. 3, squares
nd diamonds, respectively). As CF is membrane impermeable
t neutral pH, these results indicated that although QD can be
ncorporated into EPC liposomes by self-assembly with the lipid

olecules, this embedding can lead to disruption in the pack-
ng of the lipid bilayer in the case of fluid phase membranes. In
omparison, QD incorporated into DSPC bilayers demonstrated
o CF release, similar to the liposome control (Fig. 3, triangle
nd axis, respectively) in both HBS buffer and 50% serum. L-QD
ybrids constructed from (DSPC) bilayers, in contrast to (EPC), can
aintain lipid membrane tight packing, high stability and encapsu-

ation of hydrophilic small molecule cargos in their inner aqueous
ore. Further biophysical studies are warranted to explore in more
etail the molecular interactions between hydrophobic nanopar-
icles, such as QD, and lipids self-assembled into hybrid lipid
ilayers.

The stable CF encapsulation observed from the (DSPC) L-QD
ncouraged us to further investigate the colloidal stability of the

ybrid over a long period of time at different temperatures (4◦C,
5◦C and 40◦C) in HBS buffer, pH 7.4. In Table 1, (DSPC) L-QD hybrids
emonstrated pronounced colloidal stability and no mean vesi-
le diameter increase at both 4◦C and 25◦C over three weeks. A
inor increase in mean diameter was observed after three weeks
opy. Amplitude image, 3D image, and cross-section analysis (left to right) of (a)

at 40◦C (from 125 nm to 135 nm in diameter). Overall, this study
indicated that (DSPC) L-QD hybrid vesicles were stable and no
aggregation was observed, presumably due to effective steric stabi-
lization offered by the polyethylene glycol chains on the liposome
surface (Torchilin, 2005).

Following the observation that the L-QD hybrid vesicles were
stable in serum, (DSPC) L-QD hybrids were loaded with the
anticancer drug doxorubicin (Dox) using the osmotic gradient tech-
nique as previously described (Haran et al., 1993; Ishida et al., 2001;
Lasic et al., 1995; Li et al., 1998; Mayer et al., 1990). Free Dox was
removed after loading using a desalting column, and Dox encap-
sualtion efficiency was  quantified by measuring UV absorbance
at 480 nm following lysis of liposomes with 1% Triton, pH 7.4.
Dox was successfully encapsulated into L-QD hybrid vesicles with
a loading efficiency up to 97%, similar to liposomes alone (data
not shown). The fluorescence characteristics of Dox-loaded L-QD
hybrid (L-QD-Dox) were investigated using fluorescence spec-
trophotometry (Perkin Elmer Luminescence Spectrometer LS 50B).
Fig. 4a depicts the emission spectra of L-QD hybrids at 350 nm exci-
Size (nm) PI Size (nm) PI Size (nm) PI

Week 1 122 0.151 124 0.167 125 0.161
Week 2 120 0.130 125 0.132 128 0.177
Week 3 119 0.123 129 0.206 135 0.217
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ig. 3. CF release from L-QD hybrid vesicles. CF release from (DSPC) and (EPC) L-QD
ybrids and corresponding empty liposomes was monitored in (a) HEPEs buffer and
b)  50% serum by dialysis tubing assay. L-QD hybrids were prepared at 8 mM lipid
ith 1.68 × 1015 particles/ml of QD.
n dH2O emitted almost no fluorescence. The fluorescence spec-
ra of doxorubicin-loaded L-QD hybrids (L-QD-Dox) showed that
oth Dox and QD could be simultaneously detected (Fig. 4b, green

ine), indicating the coexistence of both QD and Dox in the hybrid
esicle population. This was the first evidence we  obtained that

ig. 4. Fluorescence characterization of (DSPC) L-QD hybrid vesicles. L-QD were prepared
les/ml of QD in 1 ml  dH2O. The fluorescence spectra of (DSPC) L-QD hybrids (a) before an
ere  excited at the wavelengths of 350 nm,  Dox at 480 nm and L-QD-Dox at 450 nm.
armaceutics 416 (2011) 443– 447

the L-QD hybrid vesicles could be further explored as theranostic
systems with a capability to carry both imaging (QD) and therapeu-
tic (Dox) agents in their lipid bilayer and internal aqueous phase
simultaneously.

Previously, Bagalkot et al. (2007) reported quantum
dot–aptamer–Dox conjugates as a first attempt to construct a
targeted imaging and therapy system against cancer. However,
in that system Dox fluorescence was quenched due to the con-
jugation onto PSMA aptamers. Only upon release of Dox from
the QD surface was its fluorescence restored. In another attempt
closer to the design currently described in this study, Weng et al.
have covalently conjugated hydrophilic, polymer-functionalised
QD at the outer tips of the polyethylene glycol chains coating the
surface of liposomes and then loaded Dox into the aqueous core
of these vesicles (Weng et al., 2008). Although such construct
exhibited improved prolonged blood circulation half-life and
therapeutic efficacy compared to QD-Dox alone, conjugation of
such polymer-coated QD to the liposome surface also adversely
increased liposome size (from 112 nm to 212 nm)  and greatly
lowered Dox loading efficiency (30%). In comparison to such
previous attempts to design drug-loaded liposome-QD conju-
gates, we have demonstrated in this study that incorporation
of hydrophobic QD into the lipid bilayer of liposomes maintains
the mean vesicle diameter consistently between the desirable
100–120 nm range (Fig. 1), allows loading efficiencies of Dox
using the established osmotic gradient technique, above 95%,
and has minimal effects on the Dox fluorescence characteris-
tics (Fig. 4). The improved Dox loading efficiency achieved for
this L-QD-Dox hybrid vesicle system may  allow opportunities
for greater therapeutic efficacy. Further studies are needed to

assess the cytotoxic activity and the pharmacokinetic profile
of such Dox-loaded L-QD hybrids. Also, such vesicle systems
can be further modified with different targeting ligands on the
liposome surface to offer binding specificity and target cancer cell
receptors.

 at 8 mM lipid DSPC:Chol:DSPE-PEG (1.8:1:0.2 molar ratio) with 1.68 × 1015 parti-
d (b) after Dox loading were analyzed by spectrofluorometry. QD and L-QD hybrids
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. Conclusion

Hybrid Dox-loaded, PEGylated L-QD vesicles were successfully
ngineered in an attempt to combine the physicochemical proper-
ies and flexibility offered by liposomes in order to carry QD (optical
maging) and Dox (therapeutic) for combinatory applications. This
s the first attempt to design drug-loaded hybrid L-QD vesicles in
he 100 nm diameter range with diagnostic and therapeutic capa-
ilities.
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