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ABSTRACT
The construction o f theranostic nanoscale constructs integrating
imaging and therapy into one unit has attracted enormous interest for various
biomedical applications. Quantum dots have been explored as fluorescent
probes for optical imaging with superior fluorescent properties to traditionallyused organic dyes. Liposomes are one of the most clinically established
nanometer-scale delivery systems. In the present work, we report the
construction of liposome-quantum dot (L-QD) hybrid systems (100 nm in
diameter) and the engineering of multifiinctional theranostic modalities for
integrated targeted imaging and therapy against cancer. This was accomplished
stepwise, as follows: (a) the incorporation o f hydrophobic TOPO-capped,
CdSe/ZnS QD (< 5 nm) into the lipid bilayer of liposomes; (b) the loading of
doxorubicin (an anthracycline) using the osmotic gradient technique in the
internal liposome aqueous phase; (c) the design of targeted antibody-PEGDSPE (antibody-conjugated lipids) inserted into the liposome surface by the
post-insertion technique. The resulting L-QD systems were systematically
characterised by dynamic light scattering (DLS, size and zeta potential), atomic
force microscopy (ATM), cryogenic electron microscopy (cryo-EM),
fluorescent microscopy and surface plasmon resonance (SPR).
Structural elucidation using AFM in air and water revealed that the
incorporation of QD took place by hydrophobic self-association within the
lipid membranes. To further equip L-QD hybrids with a therapeutic capability,
doxorubicin (Dox) was loaded into L-QD using the osmotic gradient technique
and loading efficiencies above 95%. Structural elucidation by cryo-EM showed
that Dox formed crystal-like stuctures inside of L-QD, as reported for
liposomes, and was also confirmed by AFM. MUCl antibody-PEG-DSPE
micelles were post-inserted into the L-QD surface and the specific binding to
MUCl receptors was evidenced by SPR, demonstrating irreversible binding to
the epitope due to a multivalent effect. In biological studies, MUCl antibodytargeted L-QD could target MUCl positive cells (MCF7 and DU 145), leading
to significant enhancement in cellular uptake compared to MUCl negative
cells (Calu6). Antibody-targeted, Dox-loaded L-QD hybrids significantly
improved cell kill of MCF7 and DU 145 compared to Calu6. The IVIS camera
was used to image QD fluorescence following intratumoral (i.t.) administration
of L-QD and L-QD-Dox in DU 145 tumours. Overall, this project has
demonstrated a strategy for the engineering of a targeted theranostic system
based on liposome-quantum dot hybrid vesicles for tumour imaging and
therapy in vitro and in vivo.
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CHAPTER /: INTRODUCTION

1.1 Liposom es

Liposomes are phospholipid self-assembled vesicles, in which an aqueous
compartment is entirely enclosed by single or multiple concentric lipid bilayer
(lamellae) (Figure I.IA), as first described by Alec Bangham (Bangham and
Home, 1964). Thanks to research of more than 40 years into phospholipid
vesicles, liposomes have been established as the most-developed nanometerscaled delivery system, used for delivery of various cytotoxic, antibiotics,
antifungal drugs, genes, vaccines, and imaging agents. Since Doxil was first
approved by the FDA for cancer therapy in 1995, liposomal products have
been used for various disease indications in the clinic (Table 1.1). Numerous
new liposome-based products are currently undergoing clinical trials (DrulisKawa and Dorotkiewicz-Jach, 2009; Felnerova et al., 2004; Torchilin, 2005).

Figure I.IB represents the multifunctional character of liposomes for
dmg delivery. Hydrophilic dmgs can be encapsulated into the aqueous core and
hydrophobic drugs in the lipid bilayer. The lipid bilayer of liposomes functions
as a chemical and mechanical membrane, which protects cargos (e.g. peptide
(Hanato et al., 2009), insulin (Chono et al., 2009) from potential degradation
(e.g. enzymatic degragation) by external environment and allows small
molecules (e.g. dmgs) to be released in a sustained manner (He et al., 2010;
Niu et al., 2010). The liposome surface can be modified with hydrophilic
polymers, such as polyethylene glycol (PEG), to dramatically prolong blood
circulation half-life (Allen, 1998; Dmmmond et al., 1999; Klibanov et al.,
1990). The attachment of targeting ligands (e.g. antibodies, peptides and
aptamers) to the liposome surface enables targeted delivery into organs of

interest (e.g. tumour) (Brignole et al., 2010; Cheng and Allen, 2010; Kuai et
al., 2010).

(A)

M LV

H y drophilic h e a d
H y d ro p h o b ic tail

/y
Iw ate r

SUV

iC

f

w ate r

LUV

Lipid b ilay er

(B)
T argeting ligand

H ydrophilic drug

'

H y d ro p h o b ic drug

Steric stabilization o f
po ly e th y le n e glycol

F ig u re 1.1: M u ltifu n c tio n a l liposom es fo r d ru g d eliv ery . (A) W ith respect to the size and
num ber o f bilayers, liposom es can be defined as large m ultilam ellar vesicles (M LV) and
unilam ellar vesicles, including small (SUV) and large (LUV). (B) Drug m olecules o f
hydrophilic or hydrophobic properties can be loaded into the aqueous core or lipid bilayer o f
liposom es, respectively. The liposom e surface can be m odified with polyethylene glycol (steric
stabilization) and targeting ligands for drug delivery.

T able 1.1: C om m ercially available liposom al products.

Doxorubicin
(D o x il/ C aelyx)

Ortho Biotech (Doxil*^)
Schering Plough
(Caelyx®), 1997

A voidance o f
cardiotoxicity

Kaposi sarcoma,
ovarian cancer

Daunorubicin
( DaunoX om e)

Gilead, 1995

Lower heart and bone
marrow toxicity

A dvanced K aposi’s
sarcoma associated
with HIV

Doxorubicin
(M yocet)

Zeneus Phanna,2000

A voidance o f
cardiotoxicity

A dvanced stage
or metastatic breast
cancer

Cytarabine
(D epoC yt)

Skyephanna, 1999

Sustained release

Lymphomatous
m eningitis *

V incristine
(O nco-TC S)

IN EX and Enzon,
approved

Lower peripheral
neuropathy

Non-hodgkin
lymphoma

Amphotericin
(A m B isom e)

Gilead, 1997

Sustained release, less
nephrotoxicity

System ic fungal
infections

Hepatitis A virus
encapsulated
proteins (Epaxal)

B em a Biotech, 1994

adjuvant

Hepatitis A virus
infections

Influenza
v iru s(ln flex a rV )

B em a Biotech AG, 1999

adjuvant

Influenza prophylaxis

Verteporfin
(V isudyne)

N ovartis, 2000

Enhanced accumulation
in abnormal blood
vessels

Photodynamic therapy
for macular
degeneration

"Lymphomatous meningitis: cancer o f the lymph system that has spread to the brain

1.1.1 Liposome composition and characteristics
With respect to size and number of bilayers, liposomes can be defined
as large multilamellar vesicles (MLV or LMV) and unilamellar vesicles,
including small (SUV), large (LUV) or giant (GUV, >1 pm) (Figure I.IA).
The lipid bilayer is around 4 nm in thickness and can be modified with surface
grafted polymers (e.g. DSPE-PEG2000) to an extent of several nanometers
above the surface. Liposome composition and surface modification are critical
to liposome characteristics, such as surface charge, steric stability, membrane
rigidity and biofunction.

Liposomes are typically composed of phospholipids, which have a
hydrophilic head and a hydrophobic tail. The charge of lipids depends on the
hydrophilic head, and with respect to the charge of lipids we distinguish them
as (a) zwitterionic phospholipids, such as phosphotidylcholines (PC) and
phosphatidylethanolamines (PE); (b) anionic lipids, such as phosphatidic acid
(PA), phosphatidylserine (PS), phosphatidylglycerol (PG), phosphatidylinositol
(PI),

cardiolipin

(CL);

(c)

cationic

lipids,

trimethylammoniumpropane (DOTAP) (Lasic,

such

as

dioctadecenoyl

1993; New,

structure o f some of the lipids is shown in Figure 1.2A.

1989). The

(A)
Z w itterionic lipid
H yd ro p h ilic h e a d
H y d r o p h ilic h e a d
T

H yd rop h ob ic tail

I.

DOPC

DSPC
C ationic lipid

DOTAP

PEG

C holesterol
(chol)

(B)

DSPE-PEG2000

PEG-Upid

r

P E G ylated C h ol-con tain in g lip id b ila y er

Figure 1.2: The structure o f lipids. (A) The chem ical structure o f lipids, chol and PEG -lipids.
(B) PEG ylated chol-containing lipid bilayer o f liposom es used for drug delivery.

One important characteristic of a lipid bilaycr is phase transition temperature,
Tc, which is characterized by bilayer transition from the ordered crystalline to
the disordered fluid membrane (Figure 1.3). The temperature depends on the
length and degree of saturation of hydrophobic tail (acyl chain), and varies
from approximately -20

(DOPC) to 55 °C (DSPC) for phosphatidylcholine.

Lipids with high phase transition temperature (>37 °C) are preferred for in vivo
applications due to minimum changes in the state of lipid hi layer. Cholesterol
is often added to improve the rigidity of the lipid membrane and also decrease
the release of the encapsulated cargos (Figure 1.2B). Among all the lipids,
DSPC (CIS chains) interacts with cholesterol to form the most rigid membrane
at a lipid to cholesterol ratio of 2:1 (50 mole%) (Lasic and Needham, 1995).

<Ordered crystalline phase

->

Disordered fluid phase

Figure 1.3: Phase transition o f lipid bilayer. O rdered crystalline phase transform s to
disordered fluid phase at tem perature above phase transition tem perature Tc.

1.1.2 Liposome types
With respect to surface charge, liposomes can be divided as zwitterionic,
anionic and cationic liposomes. Liposomes are categorized as sterically
stabilized liposomes (PEGylated) and targeted liposomes based on surface
modification. Cationic liposomes, sterically stabilized liposomes and targeted

liposomes will be encountered in this thesis and introduced briefly in the
following manner.

Cationic liposomes: These liposomes are used as non-viral vectors for gene
delivery (Bragonzi et ah, 1999; Lasic, 1997; Pathak et ah, 2009). DNA and
RNA can be condensed with cationic liposomes forming a positively-charged
complex (known as lipoplex), which enhances interactions with the cell plasma
membrane leading to improved cellular uptake and gene transfection. However,
cationic liposomes interact non-specifically with negatively charged blood
components

(e.g.

proteins)

and

are

thus

rapidly

cleared

by

the

reticuloendothelial system (RES) following intravenous administration (Liu et
ah, 1997). Therefore, the use of cationic liposomes is limited to in vitro or local
delivery in vivo (e.g. intratumoural injection), together with lung delivery due
to high accumulation in the lung following systemic administration (Barron et
ah, 1999; Ito et ah, 2004; Liu et ah, 1997; Nomura et ah, 1997; Scheule, 1998;
Wang et ah, 2007).

Sterically stabilized liposomes: Conventional liposomes are rapidly taken up
by the RES system and preferentially accumulate in the liver and spleen (New
et ah, 1978). Surface modification with polyethylene glycol (PEG) has shown
to prolong blood circulation half-life up to 2 days (Allen, 1998; Drummond et
ah, 1999). This is due to minimization of uptake of PEGylated liposomes by
the reticuloendothelial system (RES) (Allen, 1994a; Lasic et ah, 1991;
Torchilin, 2005). Sterically stabilized liposomes are used for passive targeting
malignant tissues (e.g. inflammation, infection and tumour) in vivo by
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enhanced permeation and retention effect (EPR) (Allen, 1998; Maeda et al.,
2000; Sugarman and Perez-Soler, 1992; Torchilin, 2005). Many amphiphilic
polymers have been explored for this purpose, such as gangliosides (GMi),
polyoxazolines, polyethylene glycol (PEG), poly (hydroxyethyl L-glutamine)
(PHEG), polyvinyl and polyglycerols (Allen and Chonn, 1987; Maruyama et
al., 1994; Metselaar et al., 2003; Torchilin et al., 1994; Woodle et al., 1994;
Zalipsky et al., 1996). Among all the polymers polyethylene glycol (PEG) is
currently the most used. Two important factors are the length of PEG and
molar ratio used, which affect the steric layer configuration on the liposome
surface (e.g. mushroom or brush) (Allen, 1994b; Marsh et al., 2003). 5-10 mol
% of PEG-DSPE with molecular weight ranging from 1000-2000 are optimum
ratios used for liposomes (Allen, 1994b).

Targeted sterically stabilized liposomes: Targeting ligands can be conjugated
to the distal end of PEG, which enables specific binding to receptors over
expressed by the targeted tissues (Allen, 2002; Park et al., 2004). Different
kinds o f targeting ligands have been utilized for tumour targeting, such as
antibodies and antibody fragments, transferring, folate and peptides (Allen,
2002; Duncan, 2006; Torchilin, 2005). Nowadays, targeted liposomes have
attracted enormous interests and will be introduced in detail in section 1.1.3.2.

1.1.2 Liposomes targeting tumours

Liposomes are well-known for efficient delivery of drugs into tumours mainly
via two mechanisms: a), passive targeting by enhanced permeation and
retention (EPR) effect; b), active targeting, guided by tumour-targeted ligands
(antibodies and peptides) conjugated to liposome surface. These two
mechanisms form the basis for liposomes targeting tumours and will be
introduced as follows.

1.1.2.1 Passive targeting of solid tumours using PEGylated liposomes

It is well established that the fast growth of a solid tumour results in a
disorganized vasculature with porous and leaky endothelium (Jones and Harris,
1998). Moreover, solid tumours have a dysfunctional lymphatic system and
cannot efficiently drain out macromolecules (Jang et al., 2003), thereby
facilitating nanoparticle retention in the tumour. This phenomenon, known as
the enhanced permeation and retention (EPR) effect (Maeda, 2001; Maeda et
al., 2000), allows for efficient passive targeting to tumours, provided that
nanoparticles are smaller than the pore size of the leaky vasculature (Figure
1.4). Notably, the efficiency of passive tumour targeting through EPR effect is
greatly affected by the physiological characteristics of solid tumour, such as the
pore size of the leaky vasculature and the degree of tumour vascularisation
(low accumulation in poorly vascularised tumours) (Maeda et al., 2000).
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targeting tum ours through the EPR effect. Targeted nanoparticles (surface conjugation with
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Liposomes can take advantage of the EPR effect to achieve passive targeting of
solid tumours. This is exemplified by one liposomal product Doxil, which
loads the first-line anticancer drug doxorubicin into PEGylated liposomes (80
nm to 100 nm in diameter) for cancer therapy. Doxorubicin is loaded into
liposomes using the osmotic gradient technique achieving a loading efficiency
up to 100% (Haran et ah, 1993). Moreover, doxorubicin forms crystal-like
structures inside liposomes leading to stable reside of the drug (Lasic, 1996). In
humans, the PEGylated liposomal doxorubicin has demonstrated a significant
reduction in doxorubicin-associated cardiotoxicity and myelosuppressionthe.
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which are the main concerns for the use of doxorubicin in the clinic (Berry et
ai., 1998; Saffa et al., 2000). Gabizon et a l (1994) reported that Doxil showed
up to 16-fold enhancement of drug levels in malignant tissues due to passive
targeting against tumour through the EPR effect (Gabizon et al., 1994). In the
clinic, Doxil is currently used for the treatment of ovarian cancer and AIDSrelated Kaposi’s Sarcoma at the injected dose of 50 mg/m^ and 20 mg/m^ every
4 weeks and 3 weeks, respectively. The most common side effects observed are
Hand-Foot Syndome (HFS), such as burning, redness and or small sores on
palmes of hands or soles of feet.

1.1.2.2 Active targeting of tumours using targeted liposomes

It has been found that tumour cells overexpress membrane-associated
proteins (receptors) that can be used as tumour-specific markers (e.g. HER-2
and CD20). Targeting ligands such as antibodies can specifically target tumour
receptors, for example FDA-approved Trastuzumab (Herceptin) for the
treatment of HER-2 breast cancer (Baselga, 2000) and Rituximab (Mabthera)
for the treatment of CD20 expressing lymphoproliferative cells (McLaughlin et
al., 1998). Tumour specificity (active targeting) can be achieved by
conjugating targeting antibodies to the liposome surface, as first described by
Leserman et al. in 1981 (Leserman et al., 1981). Subsequent studies have
constructed targeted liposomes using various targeting ligands, such as RGD
(Zhao et al., 2009) and cell-penetrating peptides (Kuai et al., 2010), folate (Li
et al., 2010), transferring (Suzuki et al., 1997), antibodies and antibody
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fragments such as a single-chain variable fragment (scFv) (Cheng and Allen,
2010) and Fab'(Kirpotin et al., 2006).

One important characteristic of targeted liposomes is the significant
enhancement in the cellular internalization by tumour cells through receptormediated endocytosis (Cheng and Allen, 2010; Torchilin, 2007). Because of
that, targeted liposomes loaded with drugs have been found to greatly improve
therapeutic effects for cancer therapy, compared to non-targeted liposomes.
One example is anti-HER2 targeted liposomes, which were originally
developed by Park and colleagues in 1995 (Park et al., 1995) and have been in
large-scale production paving the way for the clinical use (Nellis et al., 2005).
Park et al. (2002) reported that anti-HER2 (Fab' targeted) liposomes loaded
with doxorubicin significantly improved therapeutic effect in four HER2
overexpressed tumour models (BT-474, MDA-MB-453, MCF-7, and MCF7/HER2) in vivo after systematic administration (Park et al., 2002). This was
due to the targeted delivery into tumour cells in vivo, as evidenced by histology
analysis showing that the targeted liposomes were primarily internalized by
tumour cells in (BT-474) tumour model (Kirpotin et al., 2006). This was in
clear contrast to non-targeted liposomes that were located predominantly in
extracellular domain or macrophages, but not internalized by tumour cells
(Kirpotin et al., 2006).

The question of whether targeting ligands direct liposomes to tumours
is currently under intense debate. The question originates from contradicting
reports regarding tumour accumulation efficiency compared to non-targeted
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liposomes. Kirpotin et a l (2006) reported that ^^Ga-labeled anti-HER2 (Fab'
targeted) liposomes showed similar tumour accumulation to non-targeted
PEGylated liposomes (8%ID/g), in breast cancer xenografts (BT-474 and
MCF-7) after 24 hour intravenous administration in nude mice (Kirpotin et al.,
2006). On the other hand, Hussain et al. (2007) reported that ^H-labeled scFvtargeted liposomes against EpCAM (epithelial cell adhesion molecule)
achieved tumour accumulation

twice

that of non-targeted PEGylated

liposomes (13.0%ID/g Vs. 7.7%ID/g, respectively), in tumour xenografts (SW2)
24 hour post-injection in CD-I mice (Hussain et al., 2007). Notably, the
difference in the use of targeting ligands and tumour model may result in
different tumour accumulationin their experiments. As both studies only used
radiolabelling technique, the results obtained may need to be further validated
using other detection techniques (e.g. fluorescent imaging), in order to fully
understand the behaviour of targeted liposomes in vivo.
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1.2. Quantum dots (QD)

1.2.1 Optical imaging
Optical imaging is a noninvasive, reliable and highly sensitive technique with
nanometer-scale

resolution

for

exploring

various

biological

activities

(Ntziachristos, 2010; Pan et aL, 2010a). Fluorescent imaging methods are
based on the detection of emission light from fluorophores when the
fluorophores are excited by using a light source with specific wavelength.
Therefore, the fluorescent properties of the fluorophores are of utmost
importance in the successful application of such techniques, and ideal
fluorophores require strong emission, high photostability, no toxicity and ease
of chemical modification (e.g. linking with targeting ligands). Furthermore, for
in vivo imaging, both excitation and emission light require efficient penetration
through the tissues. NIR (near infrared, 700-1000 nm) imaging (Frangioni,
2003) has recently attracted enormous interests due to deep tissue fluorescence
imaging compared to short light (< 700 nm), and can offer image-guided
operation in the clinic (Gioux et al., 2010). The recent development of
fluorescence

molecular

tomography

(Mohajerani

et

al.,

2009)

and

photoacoustic tomography (Zhang et al., 2006a; Zhang et al., 2007) will
promote the applications of optical imaging in life sciences.

Fluorophores can be divided as inorganic (QD (Michalet et al., 2005), carbon
dots (Sun et al., 2006), gold nanoparticles (Li et al., 2009)), hybrids (lanthanide
chelates (Xu and Li, 2007)) and organic dyes (Cyanine (Bouteiller et al..
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2007)). QD are one of the most promising probes, which can revolutionize the
fluorescent detection techniques given QD’s superior fluorescent properties.

1.2.2 Quantum fluorescence characteristics
Over the past years, quantum dots (also known as QD) have been extensively
utilized as fluorescent probes for a variety of fluorescence-based imaging
applications in biology (Alivisatos et al., 2005; Alivisatos, 2004; Gao et al.,
2004; Kim et al., 2004; Rhyner et al., 2006; Smith et al., 2008; Wu et al., 2003).
QD are fluorescent, semiconductor, nanocrystals with diameters ranging from
1 to 10 nm (Alivisatos, 1996). One important fluorescent characteristic of QD
is size-dependant colour (Figure 1.5). By simply adjusting QD size, along with
composition, QD spectrum can be tuned from being visible to inffared-red
(Bailey and Nie, 2003; Hines and Scholes, 2003; Pietryga et al., 2004; Zhong
et al., 2003). QD fluorescence and photostability can be further improved by
the growth of a zinc sulphur (ZnS) shell (Alivisatos, 1996; Dabbousi et ah,
1997; Hines and Guyot-Sionnest, 1996). These core/shell QD, for example
CdSe/ZnS, are prominent candidates for long-term fluorescence imaging
applications. Compared to traditionally-used organic dyes, QD possess
narrower emission spectra and broader absorption spectra, which enable
simultaneous detection o f QD with different emission wavelengths using one
single excitation light source (Bailey and Nie, 2003; Hines and Scholes, 2003;
Kim et al., 2003; Pietryga et al., 2004; Qu and Peng, 2002; Zhong et ah, 2003).
This, in practice, has enabled multiplex imaging to be used for tracking cancer
cell metastasis (Voura et al., 2004) and differentiating tumour tissue (Stroh et
al., 2005b) in vivo. Moreover, QD are much brighter and 100 to 1000 times
16

more stable against photobleaching than organic dyes (Jaiswal et al., 2003;
Medintz et al., 2005). All these fluorescent characteristics form the basis for
QD-based imaging applications; for example, for cell labelling (Alivisatos et
al., 2005; Wu et al., 2003), tumour vessels (Cai et al., 2006), lymph nodes
(Ballou et al., 2007; Pellegrino et al., 2004) and solid tumours (Akerman et al.,
2002; Gao et al., 2004) in vivo.

#

Â

From 2 to 10 nm in d iam eter

B

750

F ig u re 1.5: Size d ep e n d e n t co lo u r of QD. (A) Schem atic representation o f QD colour change
along with size increase. (B) QD o f different sizes are exposed under ultraviolet illum ination
(top panel) and their em ission spectra (bottom panel) (Zrazhevskiy et al., 2010).
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1.2.3 QD synthesis and composition

In 1982, Efros and Ekimov first described the synthesis of semiconductor
microcrystals in glassy dielectric matrices (Effos AL, 1982; Ekimov AI, 1981).
In 1993, Bawendi and co-workers successfully synthesized high-quality
monodisperse QD (CdS, CdSe and CdTe), which for the first time
demonstrated size-dependant fluorescence (Murray CB, 1993). Nowadays,
CdSe QD are the most widely used in biological applications due to a well
established synthetic chemistry (Smith et al., 2008). In a typical CdSe QD
synthesis,

selenium

(commonly

trioctylphosphine-selenide

or

tributylphosphine-selenide) and cadmium precursors (dimethycadmium or
cadmium oleate) are injected into a high temperature (300°C) organic solvent
containing coordinating polymers (trioctylphosphine oxide or hexadecylamine)
under inert conditions (nitrogen or argon) (Dabbousi et al., 1997; Murray CB,
1993; Talapin, 2001). Upon injection, selenium and cadmium precursors react
fast to form CdSe core while coordinating ligands are attached to the QD
surface to maintain colloidal stability. Cadmium and selenium continuously
grow on the existing CdSe core as temperature decreases, until the growth of
QD reaches a desired size as monitored by the absorption spectrum (Yu et al.,
2003). A ZnS shell can be grown on the CdSe surface to enhance QD
photoluminescence efficiency (Alivisatos, 1996), stability against oxidative
photobleaching (Alivisatos, 1996; Dabbousi et al., 1997; Hines and GuyotSionnest, 1996), and colloidal stability (Xie et al., 2005). Due to coordinating
polymer coating (e.g. trioctylphosphine oxide, TOPO), QD are extremely
hydrophobic and require further engineering to be dispersible in water. Figure
1.6 represents the structure of the CdSe/ZnS core/shell QD.
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F ig u re 1.6: Schem atic re p re s e n ta tio n o f C d S e/Z n S core/shell QD. The QD is coated with
hydrophobic coating such as trioctylphosphine oxide.

Until now, QD have been synthesized in aqueous solutions, high-temperature
organic solvents, and solid substrates (Smith et ah, 2008) using various
materials, mainly from II -IV (e.g. ZnS and CdS) and III-V (e.g. InP and InAs)
group semiconductor materials (Table 1.2). One example is alloyed QD that
tune emission wavelengths by manipulating compositions, but keep size the
same (Bailey and Nie, 2003; Zhong et ah, 2003). Very recently. Pons et al.
(2010) synthesized cadmium free QD of CuInS], which emit fluorescence in
NIR range and greatly minimize toxicity compared to traditionally used
cadmium containing QD (e.g. CdSe) (Pons et ah, 2010).
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Table 1.2: Core composition, size, and emission wavelength of QD.

(Bruchez et al., 1998; Murray C B , 1993;
1 to 10

V isib le (450 to 650)

Peng and Peng, 2001; Qu, 2001; Talapin,
2001)

I to 6

U V , V isible (320 to 450)

(Murray C B , 1993; Peng and Peng, 2001;

2 to 8

V isible, Near IR (500 to 750)

(Murray C B , 1993; Peng and Peng, 2001)

4.3 to 6.0

U V , V isible (350 to 420)

(D aw ood and Schaak, 2009; Hines and

2.8 to 6.0

Near IR (850 to 1400)

(Peng et al., 1998)

2.6 to 4.6

V isible (650 to 720)

(G uzelian et al., 1996)

3 to 12

Near IR (740 to 990)

(D u et al., 2002; Pietryga et al., 2004)

2 to 6.5

Near IR (850 to 1500)

(H ines and Scholes, 2003; Zhao et al., 2008)

2.6 to 8.3

Near/m id IR (1020 to 2070)

(Murphy et al., 2006)

2.7 to 6.3

U V , V isible (380 to 420)

(Norris et al., 2001)

2.4 to 4.0

V isible (391 to 474)

(Zhong et al., 2003)

3.5 to 6.5

Near IR (741 to 800)

(B ailey and N ie, 2003)

3.0 to 4.0

Near IR (8 0 0 )

(Pons et al., 2010)

2.7 to

Near IR to IR (N /A )

(X u et al., 2009)

Yu and Peng, 2002)

Guyot-Sionnest, 1998; Yu and Peng, 2002)
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1.2.4 QD solubilisation and functionalization

In 1998, both Nie and Alivisatos groups first engineered water-soluble
QD for biological applications. This was achieved by coating hydrophobic QD
with mercaptoacetic acid (Chan and Nie, 1998) or silica (Bruchez et al., 1998).
Until now, two typical strategies have been developed to make water-soluble
QD, namely ligand exchange or amphiphilic polymer coating (Figure 1.7A).
For

ligand

exchange,

hydrophobic

coordinating

polymers,

such

as

trioctylphosphine oxide (TOPO), are replaced by bifunctional ligands with a
thiol group, while the other hydrophilic group of the ligand is exposed to
interaction with hydrophilic molecules (Bruchez et al., 1998; Chan and Nie,
1998; Jaiswal et al., 2003). This strategy has been explored using various
ligands, including (i) thiol-containing molecules, such as mercaptoacetic acid
(MAA), dihydrolipoic acid and mercaptopropyltris (methoxy) silane (MPS)
(Bruchez et al., 1998; Chan and Nie, 1998; Jaiswal et al., 2003), (ii) peptides
(Pinaud et al., 2004), (iii) dendron (Huang and Tomalia, 2005), (iv) oligomeric
phosphine (Kim and Bawendi, 2003) and (v) silica (Kirchner et al., 2005a).
However, the replacement of TOPO coating results in unfavourable effects on
QD fluorescence and colloidal stability (Bruchez et al., 1998; Chan and Nie,
1998; Gerion et al., 2001).

Alternatively, amphiphilic polymer coating, which interacts with TOPO
through the hydrophobic domain of amphiphilic polymers (Figure 1.7, B and
C) (e.g. phospholipid micelles, triblock copolymer and amphiphilic diblock),
has preserved QD fluorescence and colloidal stability (Dubertret et al., 2002;
Gao et al., 2004; Larson et al., 2003; Wu et al., 2003). This has been the most
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commonly used method for engineering water-soluble QD due to stable coating.
However, amphiphilic polymer coating leads to significant size increase
compared to ligand exchange (Smith et al., 2008).

QD have been functionalized through electrostatic absorption, covalent
conjugation and straptavidin-biotin linking (Chan and Nie, 1998; Mattoussi et
al., 2000; Smith et al., 2008) with various materials, such as antibodies (Gao et
al., 2004; Jaiswal et al., 2003; Lee et al., 2010; Liu et al., 2008; Xing et al.,
2007), peptides (Anas et al., 2009; Cai et al., 2006; Mulder et al., 2006; Zhang
et al., 2006c), endosome-disruptive polymers (Duan and Nie, 2007), aptamers
(Bakalova et al., 2004; Chen et al., 2008b; Zhang et al., 2010), radionuclides
(Cai et al., 2007; Patt et al., 2010; Schipper et al., 2007), magnetic resonance
imaging (MR!) agents (Fan et al., 2010; Mulder et al., 2006) and therapeutic
molecules (Bakalova et al., 2004; Chakravarthy et al., 2010; Chen et al., 2005;
Jung et al., 2010; Manabe et al., 2006). Moreover, the QD surface modified
with polyethylene glycol (PEG) can greatly prolong QD blood circulation half
life in vivo, and minimize immunogenicity and cytotoxicity (Ballou et al., 2007;
Ryman-Rasmussen et al., 2007; Zhang et al., 2006b). Figure 1.7D shows a
schematic structure of functionalized QD for in vivo targeted imaging.
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F ig u re 1.7: QD solubilisation in w ate r. Schem atic diagram represents TO PO -capped QD
(m iddle) solubilised into aqueous solutions by (A) ligand exchange using bifunctional lignd
with a thiol group attached to QD surface; am phiphilic polym er coating using (B)
phospholipids and diblock copolym ers (C). (D) M ultifunctional QD w ith PEG and targeting
ligand attached to QD surface for in vivo targeted imaging.
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1.2.5 QD in biomedical application

QD have been successfully used in fluorescent-based imaging and diagnostic
applications in vitro and in vivo. For instance, (a) in vitro cell labelling
(Alivisatos et al., 2005; Wu et al., 2003), fluorescent nanoprobes (Mathur and
Kelso, 2010; Smith et al., 2006; Smith and Giorgio, 2009), biosensors based on
the fluorescence resonance energy transfer (FRET) (Medintz et al., 2003;
Prasuhn et al., 2010; Zhang et al., 2005), and (b) in vivo tumour vascular
imaging (Cai et al., 2006; Chen et al., 2008a), tracking cells (Dubertret et al.,
2002; Voura et al., 2004; Yoshioka et al., 2010), lymph nodes (Ballou et al.,
2007; Liu et al., 2010; Parungo et al., 2005a) and solid tumours (Akerman et al.,
2002; Al-Jamal et al., 2009; Gao et al., 2004; Papagiannaros et al., 2010). Due
to the broad excitation spectra of QD, simultaneous detection using different
coloured QD have enabled multiplex imaging to be used for tracking cancer
cell metastasis (Voura et al., 2004) and differentiating tumour tissue (Stroh et
al., 2005b) in vivo.

Nowadays, fluorescent imaging using QD in vivo offers direct visualized
evidence, but is mostly semi-quantitative. For accurate quantitative analysis,
QD require to combine fluorescence with other detection methods (e.g.
radiolabelling). Recently, QD have been engineered to equip with magnetic
(Mulder et al., 2006), paramagnetic (van Tilborg et al., 2006) or radioactive
properties (Cai et al., 2007; Patt et al., 2010; Schipper et al., 2007) for more
sensitive

and

quantitative

diagnostic

applications.

Such

dual-function

nanoprobes allow detection using multiple techniques, such as MRI, positron
emission tomography (PET) and single photon emission computed tomography
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(SPET), along with fluorescence techniques such as IVIS camera (Cai et al.,
2007; Cai and Chen, 2007; Patt et al., 2010; van Tilborg et al., 2006). For
instance, tumour targeting of ^"^Cu-labeled QD was directly visualized by NIR
fluorescence imaging of QD. With radiolabelling of ^"^Cu, the tumour targeting
efficiency of the QD was accurately quantified by the means of ultrahigh
sensitivity of the radionuclide using PET (Cai et al., 2007). Interestingly, Cai et
a l (2007) fiirther found that the tumour-to-muscle ratios obtained tfom NIR
imaging were in agreement with PET analysis for the liver and spleen (Cai et
al., 2007).

1.2.6 QD biodistribution and pharmacokinetics in vivo
Most studies have shown that QD are rapidly taken up by the RES
system with high accumulation in the liver and spleen after systemic
administration (Ballou et al., 2004; Choi et al., 2007a; Choi et al., 2009;
Fischer et al., 2006; Schipper et al., 2007; Schipper et al., 2009). Studies, so
far, have shown that PEGylation, size and surface coating are the three critical
factors to determine QD biodistribution and pharmacokinetics.

With respect to PEGylation, Ballou et a l have reported by noninvasive
fluorescent imaging that the QD surface modified with PEG5000 (5000 Da)
greatly prolongs blood circulation half life {im= 140 min) compared to short
PEG750 and PEG3400 (ti/2 < 12 min) (Ballou et al., 2004). However, high uptake
by the liver, spleen, lymph nodes, and bone marrow was observed up to 4
months(Ballou et al., 2004). Consistently, PEG5000 conjugated QD achieved
25

long blood circulation half-life and thus facilitated targeting to the desired
tissues in vivo (Akerman et al., 2002; Gao et al., 2004). In 2009, Choi and co
workers reported that the biodistribution and pharmacokinetics of QD can be
manipulated by surface modification using different lengths of PEG (Choi et
al., 2009). Choi et a l (2009) found that QD conjugated with PEG2 (2
monomers) primarily accumulate in the liver; PEGS accumulates in the
pancreas; PEG3 and PEG4 are excreted via renal clearance; and PEG22
circulate in the vasculature.

With respect to QD size, Fischer et a l have reported that QD linked to proteins
(bovine serum albumin, BSA), 80 nm in diameter, were prominently
accumulated in the liver compared to small QD (crosslinked with lysine, 25 nm
in diameter) (99%lD/g Vs. 36%ID/g, respectively) after 90 min post-injection
(Fischer et al., 2006). This finding indicates that the interaction between QD
and blood proteins leads to QD size increase and thus would result in rapid
clearance by the RES system in vivo, similar to QD-BSA conjugates. In 2007,
Choi et a l reported that zwitterionic QD showed biodistribution and clearance
in a size-dependent manner. QD of 5.5 nm in hydrodynamic diameter can be
efficiently excreted via urine, whereas larger QD (8.65 nm in diameter) showed
high liver uptake but no urine clearance (Choi et al., 2007a).

Moreover, it is evident that the extent of QD migration in the lymphatic system
depends on QD size. QD with an average diameter of 15-20 nm migrate rapidly
to the sentinel lymph nodes (SEN), but primarily accumulate in the first lymph
node, when administrated through subcutaneous, intradermal, intraperitoneal
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and intraparenchymal routes (Gopee et al., 2007; Kim et al., 2004; Parungo et
al., 2005a; Parungo et al., 2005b; Soltesz et al., 2006; Soltesz et al., 2005;
Zimmer et al., 2006). In comparison, smaller QD with mean diameter o f 9 nm
migrate further into the lymphatic system up to 5 nodes (Zimmer et al., 2006).

Very recently, Schipper et a l (2009) attempted to investigate the effect of
particle size, surface coating and PEGylation on QD biodistribution and
pharmacokinetics in nude mice after intravenous administration (Schipper et
al., 2009). Schipper et a l (2009) injected polymer or peptide coated ^"^Culabeled QD, 2 and 12 nm in diameter, with or without surface conjugated
PEG2000 , and analyzed using both PET and ICP-MS (inductively coupled
plasma mass spectrometry). It was found that PEG2000 conjugation to the large
QD (12 nm) surface delayed accumulation in the liver and spleen, whereas
such delayed uptake by the RES system was not observed from PEG 2000 conjugated small QD (2 nm). Moreover, unlike polymer coating, peptide
coating enhanced QD excretion, with higher accumulation in the bladder
observed from small QD compared to large QD (7.6%ID/g Vs. 2.5%ID/g,
respectively).

Overall, it can be seen that QD biodistribution and pharmacokinetics in living
animals is affected by many factors, such as hydrodynamic diameter, surface
charge, PEG length, and the route of administration. Furthermore, it has been
shown that only very small neutral and zwitterionic QD (<5.5 nm in diameter)
can be excreted efficiently via urine (Choi et al., 2007a; Choi et al., 2009),
while larger QD have a tendency to accumulate in the body (Fischer et al..
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2006; Yang et aL, 2007b), which will consequently raise the toxicity issue of
QD.

1.2.7. Toxicity profiles of non-functionalized QD
The concern over QD toxicity is mainly derived from their intrinsic
core compositions, such as cadmium (e.g. CdSe and CdTe). The correlation
between cytotoxicity and free Cd^^ ions has been established (Derfus et al.,
2003; Kirchner et al., 2005a; Kirchner et al., 2005b) with the occurrence of
significant cell death in the range of 100 to 400 pM Cd^^ ions (Ballou et al.,
2007). Derfus et a l reported that CdSe QD are toxic due to the release of
cadmium ions (Cd"^^) initiated upon photolysis and/or oxidation. This was
evidenced by the blue-shifr in QD absorbance spectra due to size deduction and
subsequent release of Cd^^(Derfus et al., 2003). Furthermore, the process in the
production of Cd^^ ions has been found to be accompanied by the formation of
reactive oxygen species (ROS), such as singlet oxygen (O2 ) due to QD
electron donation to oxygen (Choi et al., 2007a; Clarke et al., 2006; Lovric et
al., 2005a). Cho et a l observed significant lysosomal damage due to the
presence of both Cd^^ ions and ROS after 24 hour cell incubation (Cho et al.,
2007).

Studies, so far, has demonstrated that QD cytotoxicity is attributed to the use of
core QD (e.g. CdTe), without ZnS coating, especially those solubilised by
ligand exchange method, such as mercaptopropionic acid (MPA-QD) (Cai et
al., 2007; Hoshino et al., 2004; Lovric et al., 2005a; Lovric et al., 2005b;
Shiohara et al., 2004), mercaptoacetic acid (MAA-QD) (Derfus et al., 2003),
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mercaptoundecanoic acid (MUA-QD) (Shiohara et al., 2004), cysteamine (QDNH 2 ) (Cho et al., 2007; Hoshino et al., 2004)

and thioglycerol (QD-OH)

(Kirchner et al., 2005b). Those ligands have weak electrostatic interactions
with QD and are found to detach from QD surface (Boldt et al., 2006;
Dollefeld et al., 2002). Such ligand detachment may be worse in harsh
conditions like endosomal compartment (Bruchez et al., 1998) leading to
severe cell death (Choi et al., 2007a; Hoshino et al., 2004; Kirchner et al.,
2005a; Lovric et al., 2005a; Lovric et al., 2005b).

In comparison, QD coated with ZnS shell (CdSe/ZnS (Derfus et al.,
2003) and CdTe/ZnS (Cho et al., 2007)) can protect the QD core from
oxidation, thereby minimising Cd^^ leakage and subsequently reducing the
QD-induced cytotoxicity (Cho et al., 2007; Hoshino et al., 2004; Kirchner et
al., 2005a). Moreover, QD solubilised with a stable coating, such as silica,
were shown to be non-toxic up to a high Cd^^ surface concentration (Kirchner
et al., 2005a), and highly resistant to chemical and metabolic degradation
(Pellegrino et al., 2004), as well as non-toxic even if translocated to the cell
nucleus (Chen and Gerion, 2004) or at the gene level (Zhang et al., 2006b).

Nowadays, most biological investigations selected core/shell QD with stable
amphiphilic polymer coating and used at relatively low concentrations (nmole
to pmole), therefore no obvious toxicity observed from QD. For example,
Xenopus embryos (Dubertret et al., 2002) and zebrafish embryos (Rieger et al.,
2005) microinjected with QD did not exhibit any sign of toxicity until a high
concentration was used, leading to abnormalities in embryos. Furthermore,

29

QD injected systemically in mice and rats has shown no apparent toxicity in
pmol-nmol range, even after four months (Ballou et al., 2007; Fischer et al.,
2006; Manabe et al., 2006; Stroh et al., 2005a). Moreover, large animals (e.g.
Yorkshire pigs) injected with 200-400 pmol of QD for the sentinel lymph
nodes (SLN) mapping, showed no physiological changes in the heart rate,
blood pressure and oxygen level even after several hours (Kim et al., 2004;
Parungo et al., 2005b; Soltesz et al., 2006; Soltesz et al., 2005).

Overall, cytotoxicity studies have shown that the toxicity of QD can be
minimized by coating with ZnS shell and solubilising using amphiphilic
polymer coating, especially when low dose is used during the period of
experiments. However, heavy metal containing (e.g. cadmium) in QD
composition would be a major obstacle for the clinical use.
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Table 1.3: 7/i vivo studies of QD.

PEG75(),PEGj4,K)PEG5,K)o-PAA-CdSe/ZnS QD

Fluorescence

•PEGs(xx) (ti/2 = 140 min) prolonged blood circulation h alf life 11/2 compared
to PEG 7 W, PEGi4(xi ti/2 < 12 min
.PEG;,XX) reduced liver and spleen uptake
•no excretion up to 133 days

LM -QD, B SA -Q D

Cadmium analysis

90% ID Q D -B SA (H D = 80 nm) Vs. 40% ID QD-LM (H D = 25 nm ) in the
liver after 90 min post-injection

PE G ),m -CdTe/ ZnS Q D (H D =13 nm)

Cadmium analysis

•29% to 42% ID in the liver and 4.8 to 5.2% ID in the spleen from 1 to 24
h
•no urine or faecal excretion up to 28 days

wniTc-iabelled cysteine- C dSe/ZnS QD

R adiolabelling,
Fluorescence

•Zetweronic and neutral Q D < 5.5 nm HD excreted rapidly via urine in
4 8 min
•Q D (H D =8.65 nm) accumulated in the liver (26.5% ID), lung (9.1% ID)
and spleen (6.3% ID)

wniTc.iabelled PEG m onom ers cysteineInAs/ZnS Q D

Radiolabelling,
Fluorescence,

•QD-PEG4 (H D = 5.6 nm) excreted via urine (bladder 47.0% 1D) compared
to Q D-PEG 14 (H D = 8.7 nm ) (bladder 0%1D, liver 18.6% ID, Intestine
2 1.4)
•PEG4 t|/ 2 :395 min Vs. PEG14: 922 min

*^Cu-labeled polym er or peptide coated InAs
Q D (H D = 2n m and 12 nm .respectively), with
or w ithout PEG 2000

GEE. F3 o r , LyP-1 Peptide -PEG_s(kk)
C dSe/ZnS Q D

R adiolabelling

Fluorescence

(B allou et al., 2004)

(Fischer et al., 2006)

(Y ang et al., 2007b)

(C hoi et al., 2007b)

(C hoi et al , 2009)

•PE G 2(xx) delayed accumulation in the liver and spleen
•peptide coating enhanced QD excretion, with higher accum ulation in the
bladder observed from small Q D compared to large Q D (7.6% lD /g Vs.
2.5% lD /g, respectively)

(Schipper et al., 20 0 9 )

Peptide directed specific targeting o f Q D to lung (GFE), tumour
vasculatures (F3 and LyP-1) o f human breast carcinoma (M D A -M B -435)

(Akerman et al., 2002)
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PSM A antibody targeted PEGmxi copolym er
coated C dSe/Z nS Q D (H D =10 to 15 nm)

Fluorescence

PSM A achieved faster accumulation (0.4 nm ole, 2 h post-injection) in
human prostate cancer (C 4-2) xenograft compared to non-targeted Q D (6
nm ole 24 h)

'^Cu-DOTA- RGD peptide targeted PEGii**,QD

R adiolabelling
Fluorescence

EG F targeted C dTe Q D

Fluorescence

RGD peptide-targeted InA s/lnP/ZnSe QD
(H D = 1 5 .9 nm)

Fluorescence

RGD targeted QD show ed high tumour accumulation up to 10%1D
compared to nontargeted 2.9%ID

PEGMXKrCdSe/ZnS Q D , CQQH-PEGjooo
Q D ,N H 2-PEGsooo Q D (H D = 22.6 nm, 30.4 nm
and 4 1 .2 nm, respectively)

Fluorescence,
necropsy

All Q D rapidly migrate to SLN in tw o tumour m odels M21 human
melanoma and the M FI-15 m ouse teratocarcinoma

O ligom eric phosphine- coated C dTe QD
(H D = 15 to 20 nm)

Fluorescence (N IR )

(G ao et al., 2004)

RGD increased tumour accumulation up to 4% ID compared to
nontargeted < 1% ID 18 h post-injection

•Both EGF-QD and Q D accumulated in the tumour in 2 m ins post
injection
•Fast tumour clearance and no fluorescence detected from the both after
Ih.
•O nly EGF-QD show ed continuous tumour accum ulation 1-6 h post
injection

Q D can map the lymph nodes o f the lung, oesophagus, pleural space and
GIT

(Cai et al., 2007)

(Diagaradjane et al., 2008)

(Gao et al., 2010)

(B allou et al , 2007)

(Parungo et al., 2005a; Parungo et al.,
2005b; Soltesz et al., 2006; Soltesz et
a l.,2 0 0 5 )

PAA: polyacrylic a c id ; Q D -LM : Q D c o a te d w ith m e rc a p to u n d e c a n o ic a c id c ro s s lin k e d w ith lysine; Q D -B S A : QD-LM c o n ju g a te d to b o v in e s e ru m alb u m in;
g ly c in e -a s p a rtic ac id ; E O F : e p id e rm a l g ro w th facto r; GIT: g a s tro in te s tin a l tract.
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T c : T e c h n e tiu m -9 9 m ; P S M A : p ro s ta te -s p e c ific m e m b r a n e a n tig e n ; R G D : a rg in in e -

1.3 The strategy o f constructing theranostic modalities

Nowadays, the construction of theranostic nanoconstructs integrated
with imaging and therapy into one unit has attracted enormous interests for
cancer (Bagalkot et ah, 2007; Kim et ah, 2010; Rowe et al., 2009; Weng et al.,
2008). One apparent advantage of theranostic modalities is simultaneous cancer
imaging and therapy. Besides, the presence of imaging agent in the theranostic
modalities allows for the visualization of their behaviour in real time after
systematic administration, thereby offering important feedbacks regarding drug
biodistribution, the percentage of drugs in the target site and therapeutic effect.
This is believed to be very helpful for better understanding and further
optimizing drug delivery in vivo.
For the construction of theranostic modalities, nanomaterials possessing
diagnostic properties (e.g. quantum dot and iron oxide) can be directly surface
conjugated with therapeutic molecules and targeting ligands (Bagalkot et al.,
2007; Kim et al., 2010; Rowe et al., 2009). One of the most successful QDbased theranostic modalities is reported by Bagalkot et a l in 2007, who
covalently conjugated PSMA targeted aptamers to the surface of hydrophilic
QD and allowed doxorubicin loading through intercalation with the aptamers
(Bagalkot et al., 2007). In this QD-aptamer(Apt)-doxorubicin(Dox) conjugates,
QD and Dox formed a FRET pair (donor-receptor) and the loading of Dox
quenched QD fluorescence. This multifunctional QD demonstrated enhanced
therapeutic effect in the targeted cells (LNCAP), and the gradual recovery of
QD fluorescence inside of the cells indicated Dox release. Such theranostic
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modality showed promise for cancer targeting, imaging, therapy and traceable
drug delivery simultaneously in vitro.

Alternatively, nano-scaled delivery systems (e.g. liposomes) can be
used as a nanoplatform for the construction of theranostic modalities (Kim et
al., 2010; Weng et al., 2008). By the use of liposomes as a nanoplatform,
various targeting ligands, diagnostic and therapeutic agents of interests can be
integrated into liposomes for cancer diagnosis and therapy. This is particularly
the case when liposome-nanoparticle constructs are used as one nanoplatform
(discussed in section 1.). For example, Weng et al. (2008) covalently
conjugated both anti-HER2 targeted scFv and hydrophilic QD to the liposome
surface and loaded doxorubicin into the aqueous core of the liposomes for
cancer imaging and therapy (Weng et al., 2008). By tracking QD fluorescence,
high drug delivery into (MCF-7/HER2) tumour in vivo was evidenced by the
visualization of strong QD fluorescence in the tumour site after systemic
administration.
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1.4 Liposom e-nanoparticle constructs
With the rapid development of nanotechnology, numerous novel nanomaterials
characterized by extraordinary properties have been prepared, like quantum
dots and magnetic superparamagnetic iron oxides (SPIO). These nanoparticles
offer great promise for the engineering of novel probes that are capable of
revolutionizing current existing detection methodologies. Moreover, for the
best use of such nanoparticles, biocompatibility, colloidal stability, long blood
circulation and specificity are o f essence, for biological applications. One
strategy to obtain such desired properties can be accomplished by the
construction of liposome-nanoparticle hybrids. Hydrophobic nanoparticles can
be incorporated into the lipid bilayer of liposomes, and hydrophilic ones are
encapsulated in the aqueous core. Such hybrids not only combine the unique
properties o f nanoparticles with the physicochemical and pharmacokinetics of
liposomes into one single vesicle, but also allow further surface modification
with polyethylene glycol and various targeting ligands (e.g. antibody). Some of
the structures formed by liposome-nanoparticle hybrid strategies and their
applications in biology with highlights on the advantages offered by the
liposomes are summarized in Table 1.4.
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Table 1.4: L iposom e-nanoparticle hybrids.
Nanoparticle

M ethods o f Hybrid formation

Liposome utility

A p p lication

Reference

Enhanced cellular uptake

Hyperthennia for cancer

(Shinkai et al., 1996; Yanase et
a!., 1997, 1998)

Dextran-magnetite

Cell labelling

MRI im aging

(B u lt e e ta l., 1993)

Q D (hydrophilic)

Enhanced tumour retention

Tumour im aging

(Al-Jam al et al., 2008a)

Protect antigen degradation

Oral vaccine

(O gue et al., 2006)

Sustained release

Improved therapeutic
effects

(Y am abe et al., 2003)

Restrain U V A -induced
skin dam ages

(Kato et al., 200 9 )

Photodynam ic therapy

(Doi et al., 2008)

G old nanoparticle

Light triggered release

(Paasonen et al., 2010)

Q D (hydrophobic)

C ell labelling. Tumour
im aging

(Al-Jamal et al., 2008b)

M agnetite (F eiO d

Encapsulation into liposom es

C ationic liposom e

FuIIerene(C 60)
Incorporation hydrophobic nanoparticles into the lipid bilayer o f liposom e
FuIIerene (C 60 and C 70)
Improved hydrophilicity,
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M esoporous silica
particle

(Liu et a l.,2 0 0 9 )

N egatively charged silica nanoparticles absorb to the cationic liposom e surface,
follow ed by liposom e rupture and sealing silica nanoparticles

D eveloping new delivery
vesicle

N ovel delivery strategy

(Carmona-Ribeiro and
Midmore, 1991 )

A m idine polystyrene
microspheres

Calcium ions induces lipid sheets formation which can be unwrapped by EDTA

Formation o f multicompartment
liposom es

A nion ic liposom es

MRI: magnetic resonance im aging; ED TA : ethyienediam inetetraacetic acid; M C L: inulticompartment liposomes; Pictures are reprinted from Al-Jamal and Kostarelos, 2007.
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N ovel encapsulation
strategy

(Evans and Zasadzinski, 2003)

CHAPTER II: AIM & HYPOTHESIS OF THE
PROJECT
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We have previously reported the engineering of liposome-QD hybrid vesicles
by incorporating hydrophobic QD into the lipid bilayer of liposomes(Figure
2.1), for cancer cell imaging in vitro and in vivo (Al-Jamal et al, 2008b). The
striking advantages granted by the construction of liposome-QD hybrids are:

> Transforming hydrophobic QD into a hydrophilic environment with
minimal modification o f the QD nanocrystal;
> Flexibility in the loading of various hydrophilic drugs, such as
doxorubicin into the aqueous core for cancer therapy and multi-modal
imaging (theranostic);
> Ease of surface manipulation to construct long-circulation (e.g.
polyethylene glycol, PEG) and targeted modalities (e.g. antibodies)

The aim of this project is to fulfil the potential of liposome-QD hybrid vesicles
by loading doxorubicin (Dox, anthracycline) into the aqueous core of
liposomes (theranostic) and, ultimately, to develop targeted Dox-loaded
liposome-QD vesicles for cancer imaging and therapy.
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AIM & HYPOTHESIS

F u n c tio n a liz a tio n

Liposom e-QD hybrids

#

QD

iK

Doxorubicin

PEG

Y antibody

A ptam er

Figure 2.1: Schem atic representation o f m ultifunctional liposom e-Q D hybrid vesicles.

Figure 2.1 illustrates multifunctional targeted Dox-loaded liposome-QD
hybrids. Imaging agents (QD) are incorporated into the lipid bilayer and
therapeutic drugs (Dox) are loaded into the aqueous core. Surface modification
equips liposome-QD hybrids with long-circulating (PEG) and targeting (e.g.
antibodies) capabilities.

The hypothesis o f this project is that liposome-QD hybrids can be used to
develop novel targeted theranostic nanocomposites, for combinatory delivery
o f therapeutic (Dox) and diagnostic modalities (QD) into cancer in vitro and in

vivo. This project attempts to prove this hypothesis, and to explore the potential
o f such liposome-QD delivery systems for cancer therapy and imaging.
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CHAPTER HI: MATERIALS & METHODS
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3.1.M A T E R IA L S
N-[maleimide(polyethylene
PEG 2000 -DSPE)

was

1 ,2

-distearoyl-5 «-glycero-3 -phosphoethanolamine-

glycol)2000]

purchased

Distearoylphosphatidylcholine

from

(DSPC

(ammonium
Avanti

98%);

phosphoethanolamine-N-[methoxy(polyethylene

salt)

Polar

(maleimideLipid,

USA.

l,2-distearoyl-sn-glycero-3glycol)-2000]

(ammonium

salt) (DSPE-PEG 2000 98%) were kind gifts from Lipoid GmbH, Germany. 313[N-(N',N'-dimethylaminoethane)-carbamoyl] cholesterol hydrochloride (DCcholesterol HCl 99%); cholesterol (Choi) and all solvents and reagents were
purchased from Sigma, UK.

All QD types used in this thesis were supplied by Evident
Technologies, USA. CdSe/ZnS core/shell TOPO-capped QD with a reported
core diameter size of 2.2 nm (green-emitting QD-520 nm) and PbS core oleic
acid-capped QD with a reported core diameter size of 2 nm (NIR-emitting QD850 nm) were supplied in toluene.

CTMOl MUCl targeted IgG antibody (180 kDa) was kind gifts from
UCB (UK). Aptamers (ssDNA, 25 bp) and scrambled aptamers (ssDNA, 25
bp) were synthesized by Integrated DNA Technologies (Leuven, Belgium).
The sequence of aptamers is 5 -GGG GTA CGG TAG GCG GGG TCA ACT
G-3’. The sequence of the scrambled aptamers is 5’-CTG CGG AGT TGT
GAG CGG AGG GAG C-3’. Both sequences have a 3’-disulfide linker. The
fiuorescently labeled aptamers have a 5’-Cy3.
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'Nt

DSPC

J.

'^ ^ ^ ^ " ^ (O C H jC H a U s O C H a

NH4*

DSPE-PEG 2000

O
x

maleimide-PEG 2ooo-DSPE

HO’ i

Choi

Figure 3.1: C hem ical stru ctures o f lipids used.
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3.2. METHODS

3.2.1. Liposome-QD hybrid preparation

Phospholipids were dissolved in 2 ml chloroform: methanol (4:1 v/v)
mixtures in a 25 ml round bottom flask. The organic solvent was removed by
evaporation using a rotovaporator (BÜCHI, Switzerland) under vacuum for 30
min at 40 ®C. The resulting dried lipid film was flushed with N2 stream and
hydrated with 1 ml of 0.2 pm filtered distilled water (dH2 0 ) or HBS buffer
(20mM HEPEs, 150 mM NaCl, pH 7.4) for in vivo studies. Small unilamellar
vesicles (SUV) were prepared around 100 nm in diameter by bath sonication
(Ultrasonic cleaner, VWR) at 30 °C (EPC) or 65 °C (DSPC) for 5-10 min. The
temperatures were chosen based on the phase transition temperature of
phospholipids.

Liposome-QD (L-QD) hybrids preparation: L-QD was prepared
following previously established protocol in our lab (Al-Jamal et al., 2008b).
For the incorporation of hydrophobic QD into the lipid bilayer of liposomes,
1.68x1 o'^ p/ml of CdSe/ZnS QD (2 nm core size) were mixed with

8

mM lipid

molecules in chloroform/methanol. The organic solvent was evaporated using a
rotary evaporator, resulting in a dried QD-lipid film. Upon hydration,
multilamellar vesicles (MLV) self-assembled and QD were incorporated into
the lipid bilayer due to hydrophobic self-association within the membrane. QDincorporated small unilamellar vesicles (SUV) were obtained by further
downsizing MLV using the sonication method, and the resulting vesicles 100
nm in diameter were named liposome-quantum dot (L-QD) hybrid vesicles.
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Figure 3.2 depicts the simple, stepwise methodology applied in this study for
the the construction o f L-QD hybrid vesicles.

Evaporation

Q D + lipids in chlorofonn

Hydration

Dried lipid s-QD film
l.iposom e-Q I) hybrid
vesicle (L -Q D )

Figure 3.2: Schem atic representation o f liposom e-Q D hybrid vesicles preparation.

3.2.2. Dynamic light scattering

Dynamic light scattering (DLS), also known as photon eorrelation
spectroscopy (PCS), is the most widely used technique for the size
measurement of submicron particles in solution (Dahneke, 1983; Xu, 2000).
Basically, DLS measures Brownian motion of nanoparticles. DLS uses a
monoehromatie light beam to hit nanoparticles in Brownian motion, and the
light scattered by nanoparticles fluctuates at a rate dependent on partiele size.
Typically, small particles move faster compared to large partieles. Analysis of
fluctuates yields the velocity of nanoparticle Brownian motion and hence the
hydrodynamic diameter is calculated using the Stokes-Einstein equation:

d (H) = kT
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SnrjD

where:
d (H) : hydrodynamic diameter (nm)
D

: translational diffusion coefficient

K

: Boltzmann’s constant

T

: absolute temperature

T)

: viscosity

In this thesis the mean hydrodynamic diameter of liposome-quantum
dot (L-QD) hybrids and liposomes at 1 mM lipid concentration in dH2 0 was
measured with the Zetasizer Nano ZS (Malvern, UK, 4 mW He-Ne laser, 633
nm) at 25 °C, using Zetasizer version 6.20 softwareAll the date presented were
satisfied with the quality report o f the software, and the average of three
measurements was used and the results expressed as mean diameter (nm) ±
S.D.

3.2.3. Zeta potential

The net surface charge of particles forms an electrical field, which
attracts counterions closely to the surface. This leads to the formation of an
electrical double layer surrounding particles. This double layer consists of two
parts: an inner region that includes counterions bound tightly to the particle
surface (Stem layer), and an outer region (Diffuse layer) where reaches a
balance in ion distribution (Figure 3.3). Zeta potential is the charge difference
between dispersion medium and the slipping plane, within which ions are
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tightly attracted under the electrical field o f the particles (Andrei and Philip,
2002; Hunter, 1981).

Negatively charged
particles

Slipping Plane

o

Diffuse Double
Layer
Stern Layer
(counter ions
surrounding
particles)

^

S u rrou n d in g
m edium

Figure 3.3: Schem atic representation o f the double layer and zeta potential in solution.

When applying an electric field, partieles will move along with the
tightly attached ions, and the potential at slipping plane is known as the zeta
potential. This potential can be caleulated by the velocity o f the complex under
an electrie field using the Henry equation:

Ue = 2 e z f (Ka)
3 ti
where:
: zeta potential
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Ue

: electrophoretic mobility

s

: dielectric constant of the media

T|

: viscosity of the media

/ (Ka)

: / (Ka)= 1 (referred as the Huckel approximation, used for small

particles in low ionic strength medium).

The significance of zeta potential is to determine the colloidal stability
o f particles dispersed in solution. In the present work the zeta potential of LQD hybrid and liposomes in dH2 0 was determined by Zetasizer Nano ZS
(Malvern, UK) using a disposable zeta cuvette (DTS 1060, Malvern, UK). The
average of five measurements was used and the results expressed as zeta
potential (mV) ± S.D.

3.2.4. Spectrophotometry

The absorbance spectra of organic QD in toluene, respectively, were
transferred to quartz cuvette and studied with Varian Cary 3E-UV- Visible
Spectrophotometer (Varian Inc, USA). Sample scanning was carried out
between 350-700 nm, with scanning rate of 600 nm/ min.
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3.2.5. Fluorescence spectrophotometry

Fluorescence is a light emission after a fluorophore absorbs lights (or
other electromagnetic radiation) o f a different wavelength. During this process,
a photon of certain energy (hv; h = Planck's constant, v = frequency o f light)
supplied by external light (such as mercury vapour lamp or laser) is absorbed
by the fluorophore. Because o f it, the electron transfonns to an excited state
(Si) and, within 10'^ sec the excited electron returns to its ground state (So) and
in the meanwhile emits the energy in form of light (Figure 3.4). Emission
occurs at longer wavelengths than the excited wavelength, due to energy loss
during this process. Fluorescence spectrophotometers are used to measure the
fluorescence characteristics of fluorophores in solutions (Guilbault, 1990).

Higher energy sta te

s,
A b sorb
excitin g

Em it
flu orescen ce

light

s„
ground state
Figure 3.4: Schem atic representation o f fluorescence process.

To study the emission spectra o f organic QD and L-QD hybrid (1.68xl0'^p/m l
QD), the suspensions

were transferred to 250 pi Hellma a quartz ultramicro

cell (Hellma, Scientific Laboratory Supplies Ltd, UK), and the emission
spectra

were

collected

with

PerkinElmer
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LS-50B

Luminescence

Spectrophotometer (PerkinElmer, USA). The excitation wavelength used was

350 nm for QD, 480 nm for doxorubicin, and scanning rate o f 1200 nm/ min at
25°C.

3.2.6 Fluorescence microscopy

Fluorescence microscopy is an optical microscopy used to study specimen
fluorescent properties. The specimen is excited with light of a specific
wavelength which is absorbed by the fluorophore that emits light o f longer
wavelengths. Typical components of a fluorescence microscopy are the light
source, the excitation filter, the dichroic mirror, and the emission filter (Figure
3.5). The emission filter allows emission light of specific wavelength
(correspondence to the emission wavelength o f fluorophores used) to pass
through and to be detected.

O cular

A
Eim ission
filter

%

L igh t source

D ich roic

%

m irror

Excitation
filter

objective

f
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,

specim en

Figure 3.5: Schem atic diagram o f the structure o f fluorescence m icroscopy.

All fluorescence images in this thesis were captured with Zeiss XI
(Obserkochen, Germany), using a band pass filter between 480-530 nm for QD.
The slides were visualized using 40X lens.

3.2.7. Confocal laser scanning microscopy

The basic concept of confocal laser scanning microscopy (CLSM) was
originally described by Marvin Minsky in the mid-1950s (patented in 1961)
(Minsky, 1961). It has been applied to biological and medical applications
since the late 1980s (Amos and White, 2003).The principle o f CLSM is
diagrammatically presented in Figure 3.6. The presence o f a pinhole is

D etector

P inhole ap ertu re
O u t-of-F ocu s
em ission light

E im ission filter

D ich roic m irror
E xcitation
filter

O bjective

F ocal
specim en

p lane

Figure 3.6: Schem atic diagram of the optical pathw ays and m ain com ponents o f CLSM .
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considered the key feature of CLSM. The pinhole only allows the fluorescence
emitted from points on the specimen (in the same focal plane) to pass through
the detector pinhole aperture. This excludes fluorescence emission at points
above and below the objective focal plane. Therefore, most of irrelevant light
(e.g. autofluorescence) is not detected, thereby improving imaging quality.

All confocal images in this thesis were captured with Zeiss LSM 510 Meta
CLSM (Obserkochen, Germany). The lasers used were 30 mW 488 nm Argon
laser (green),
1 mW 543 nm HeNe laser (red), and 5 mW 633 nm HeNe laser (infrared). The
emission was collected using a band pass filter between 505-530 nm for Cy3labeled antibody. The slides were visualised using 63X oil immerse lens. The
confocal investigations in this thesis were prepared with the assistance of Dr.
Wafa Al-Jamal and Dr. Chang Guo in our laboratory.

3.2.8. Cryogenic-transmission electron microscopy

Sample preparation for cryogenic-transmission electron microscopy
(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 the sample dispersions, 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 liquid ethane (188°C). The grids with vitrified thin films were analysed in a CM-12
transmission microscope (Philips, Eindhoven, The Netherlands) at -170 °C
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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, micrographs were taken. All cryo-TEM images presented
in this thesis were acquired by Dr. Wafa Al-Jamal in our laboratory, in
collaboration with Dr. Marc Stuart (Physical Organic Chemistry Unit,
Stratingh Institute, University of Groningen, The Netherlands).

3.2.9 Atomic force microscopy (AFM)

The atomic force microscopy (AFM) is a high resolution type o f scanning
probe microscopy for studying the surface topography of nanoparticles,. AFM
is capable o f characterizing particles in three dimensions {x, y and z) and being
applied either in ambient and liquid environment. The AFM consists o f a
cantilever with a sharp tip (generally with radius of 10 nm) at its end that is
used to scan the specimen surface (Figure 3.7). When the tip is reaching a
sample surface, forces between the tip and the

P h o to d io d e

L aser

C antilever & Tip
Sam ple surface
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F igu re 3.7: Schem atic diagram o f the structure o f atom ic force m icroscopy.

sample lead to a deflection of the cantilever, which can be calculated according
to Hooke's law (F = -kx where F is force, k is the spring constant, and x is the
cantilever deflection). During scanning, a feedback loop controls the cantilever
deflection constant (namely a constant force between the tip and the sample
surface), the distance that the tip moves in the z direction, relative to spatial
variation in the x-y direction, generates a topological image of sample
surface(Binnig et al., 1986; Sergei N. Magonov, 1996).

In this thesis, all the images were taken in tapping-mode. In this mode, the tip
of the cantilever intermittentcontact the sample surface, thereby avoiding
sample damage by the tip. The cantilever is oscillated at a frequency slightly
above its resonance frequency, in order to offset decrease in the resonance
frequency of the cantilever induced by the van der Waals forces (strongest
from 1 nm to 10 nm above the surface), or any other long range force. The
feedback loop system maintains a constant oscillation amplitude

(< 1 0

nm) or

frequency by adjusting the tip-to-sample distance (Binnig et al., 1986; Sergei N.
Magonov, 1996).

In this thesis, for AFM in water imaging, a glass fluid cell was used without an
O-ring for imaging under buffer. Imaging was carried out in tapping-mode
using a Multimode AFM, E-type scanner. Nanoscope IV controller. Nanoscope
5.3 Irl control software (all from Bruker Surface Nano, Cambridge, UK) and a
silicon nitride tip (NP-10, Bruker Surface Nano, Cambridge, UK) of 10 nm
curvature radius, mounted on a tapping-mode silicon cantilever with a typical
resonant frequency o f 50 kHz and a force constant of 0.58 N/m, to image 3 pm
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X 3 fxm square areas of the mica surface with a resolution of 512 x

512

pixels

and a scan rate of 1 Hz.

For AFM in air imaging, twenty pL of a liposome suspension was deposited
on the surface of freshly cleaved mica (Agar Scientific, Essex, UK), and
liposomes were allowed to adsorb for 30 seconds. Unbound liposomes were
removed by washing with filtered dH20. Samples were then dried under a
nitrogen stream. Imaging was carried out in tapping-mode using a Multimode
AFM, E-type scanner. Nanoscope IV controller. Nanoscope 5.3 Irl control
software (all from Bruker Surface Nano, Cambridge, UK) and a silicon tapping
tip (NSGOl, NTI-Europe, Apeldoom, The Netherlands) o f 10 nm curvature
radius, mounted on a tapping-mode silicon cantilever with a typical resonant
frequency o f 150 kHz and a force constant of 5.5 N/m, to image 5 pm x
square areas of the mica surface with a resolution of 512 x

512

5

pm

pixels and a

scan rate o f 1 Hz.

3.2.10 Surface Plasmon Resonance (SPR)

Surface plasmon resonance (SPR) is used to investigate MUCl antibody
binding to MUCl epitopes. In order to detect the binding, MUCl epitope is
immobilised onto the sensor surface. As antibodies bind to the ligand (MUCl
epitopes), the accumulation of antibodies on the surface results in an increase
in the refractive index. This experiment was conducted using Biacore 3000
(GE Health) using a sensor chip CM4 (-COOH), in the collaboration with Dr.
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John Raynes from the London School of Hygiene andTropical Medicine,
University of London.

Immobilization of MUCl epitope on the sensor chip: 1-ethyl-3-(3dimethylaminopropyl)

carbodiimide

(EDCI)

(0.4

M)

and

N-

hydroxysuccinimide (NHS) (0.1 M) were injected to activate the sensor chip,
followed by the injection of 2-(2-pyrdinyldithio) ethaneamine (PDEA) (80
mM), at the rate of 10 pL/min. Peptide (20 pg/ml) with a thiol group was
injected and immobilized on the sensor chip (Figure 3.8). The sensor chip was
finally saturated by the injection of excessive cysteine.

^

EDCI, NHS

T

PDEA

Peptide-Cys

Y”
F igu re 3.8: Im m obilization ch em istry o f M U C l ep itope on the sensor chip.

3.2.11 Aptamer conjugation to maIeimide-PEG2 ooo-DSPE micelles
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'Peptide

Disulfide aptamers were thiolated by mixing with TCEP beads at 1 to 1000
molar ratios in TE buffer, pH 8.0 (Tris 10 mM and EDTA 1 mM) for 30 min at
room temperature (RT), The mixture was flushed with nitrogen and rotated
during the reaction using the Stuart Rotator SB3 (Stuart Scientific, Essex, UK)
to disperse TCEP beads in the solution. Once the reaction was completed, the
TCEP beads were precipitated by centrifuge at 1000 r.p.m using the Hettich
Universal 320 R (DJB Labcare, Buckinghamshire, UK), and the supernatant
solutions containing thiolated aptamers were collected. Extra wash of TCEP
beads were required to achieve high recovery of aptamers. The aptamer
recovery was above 90% by UV absorbance at 260 nm using a Varian Cary 3E
UV-visible spectrophotometer. The scanning rate was 600 nm/min with 1 cm
path length; a 300 pi quartz cuvette was used (Hellma, Scientific Laboratory
Supplies Ltd., UK).

The thiolated aptamers were immediately mixed with maleimide-PEGioooDSPE micelles at 1 to 1 molar ratio in TE buffer, pH 8.0 for 15 h at RT. The
unreacted maleimide groups were quenched with cysteine at the end of reaction
and the excessive cysteine was removed using spine column 10,000 MWCO
(Sigma-Aldrich). The aptamer-PEGiooo-DSPE micelles were dispersed in TE
buffer, pH 8.0 and stored at 4 °C till further application.

TBE-Urea gel electrophoresis. 5 pi aliquot of samples were mixed with the
same volume of Novex® TBE-Urea sample buffer (2X) then incubated at 70°C
for 3 min. The samples (10 pi) were added to Novex® TBE-Urea
polyacrylamide gel (15%) and then the gel was run for 60 min at 180 V in 0.5X
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Novex TBE running buffer. The gel was stained with ethidium bromide and
visualized under UV light using GeneGenius system, PerkinElmer life, and
Analytical Sciences (USA). For PEG stain, protocol used was described
previously with slight modification.(Kurflirst, 1992)

Briefly, the gel was

incubated with a mixture of 20 ml perchloric acid (O.IM) and 50 ml 5% barium
chloride solution for 10 min followed by the addition of 2 ml of a 0.1 M iodine
solution for another 5 min. Following the appearance of PEG band (yellow
colour), the gel was rinsed in water for 10 min then scanned using a CanoScan
LiDESO scanner (Canon, Uxbridge, UK).

3.2.12 MUCl aptamer liposome preparation.

Aptamer-PEG 2 ooo-DSPE micelles were mixed with preformed liposomes at
aptamer to lipid 1 to 1000 molar ratios (Mamot et al., 2005) The mixture was
flushed with a nitrogen stream to remove oxygen then incubated in a water
bath at 60°C for 10 min. Free aptamers and non-inserted micellar aptamers
were removed with Sepharose CL-4B size exclusion chromatography column.
Liposomes were eluted with HEPES buffer pH 7.4.

Liposome and aptamer

recovery in each fraction were assessed using Stewart assay (Stewart, 1980)
and spectroflurometery, respectively. Aptamer fluorescence was measured
using Cy3-labelled aptamers or ssDNA staining (oligreen®). MUCl aptamer
liposomes were collected and concentrated to the original volume using
Vivaspin 4 concentrators MWCO 10,000 (Vivascience, Sartorus, Germany) by
centrifugation at 9000 rpm for 10 min.
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Agarose gel electrophoresis. 30 pi aliquot of samples were mixed with 6 pi of
Orange DNA Loading Dye (6 X). The samples were loaded to 1% agarose gel
then the gel was run for 45 min at 75 mV in IX TBE buffer using a subcell GT
agarose gel electrophoresis system (BioRad, USA). The gel was visualized
under UV light using GeneGenius system, PerkinElmer life, and Analytical
Sciences (USA).

Post-insertion efficiency of M U Cl aptamer-FEGiooo-DSFE micelles into
preform ed liposomes. Oligreen solution was diluted 200 times with HEPEs
buffer before use. Samples were then mixed with the diluted oligreen solution
at equal volume and incubated for 5 min. The emission spectra of samples were
obtained at a scan rate of 1200 nm/min with 1 cm path length, in a 300 pi
quartz cuvette (Hellma, Scientific Laboratory Supplies Ltd., UK) using a
Perkin-Elmer LS 50B luminescence spectrometer. The samples were measured
using excitation wavelength of 480 nm and emission wavelength of 529 nm at
the settings of excitation and emission slit widths

(1 0

and

10

nm, respectively),

to optimize the signal detected. Cy3-labled aptamers were measured using
excitation wavelength of 550 nm and emission wavelength of 568 nm at the
settings of excitation and emission slit widths (5 and 5 nm, respectively).

3.2.13 M U Cl antibody conjugation to maleimide-FEGiooo-DSFE micelles

Antibodies were mixed with Traut’s reagent at 1 to 10 molar ratios in HBS
buffer, pH 8.0 for 1 h. The mixtures were then running through a Sephadex G-
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50 desalting column and then mixed with maleimide-PEG 2 ooo-DSPE micelles
in HBS buffer, pH 7.4 for 24 h at room temperature. All the chemical reactions
were controlled in an inert environment (e.g. nitrogen). After that, the samples
were concentrated using a Vivaspin 4 concentrators MWCO 10,000
(Vivascience, Sartorus, Germany) by centrifugation at 9000 rpm for 10 min.

SDS-PAGE gel analysis: 15 pi aliquot of samples were mixed with of 15 pi
Novex® LDS sample buffer (4x). The samples (20 pi) were added to Nupage®
Novex® Bis-tris polyacrylamide gel (4-12%) and then the gel was run for 40
min at 220 V in Nupage® MOPS (20X) running buffer diluted to Ix. The gel
was stained with SimplyBlue^"^ and then scanned using a CanoScan LiDESO
scanner (Canon, Uxbridge, UK).

PEG staining followed a previously reported protocol with slight modification
(Kurfurst, 1992).

Briefly, the gel was incubated with a mixture of 20 ml

perchloric acid (O.IM) and 50 ml 5% barium chloride solution for 10 min
followed by the addition of 2 ml of a 0.1 M iodine solution for another 5 min.
Following the appearance of PEG band (yellow colour), the gel was rinsed in
water for 10 min then scanned using a CanoScan LiDESO scanner (Canon,
Uxbridge, UK).

3.2.14. Post-insertion efficiency of MUCl Ab-PEG2000-DSPE micelles into
preformed liposomes

Antibody-PEG2ooo-DSPE micelles were mixed with preformed liposomes at Ab
to lipid 1 to 1000 molar ratios(Mamot et ah, 2005). The mixture was flushed
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with a nitrogen stream to remove oxygen then incubated in a water bath at
60°C for 10 min. Free antibody and non-inserted antibody micelles were
removed with Sepbarose CL-4B size exclusion chromatography column.
Liposomes were eluted with HEPES buffer pH 7.4.

Liposome and antibody

recovery in each fraction were assessed using the Stewart assay(Stewart, 1980)
and BCA assays, respectively.
3.2.15. Doxorubicin loading into L-QD hybrid and liposomes

Doxorubicin was loaded into liposomes and L-QD using the osmotic gradient
tecbnique(Haran et al., 1993). In brief, DSPC:Cbol:DSPE-PEG (2:1:0.1 molar
ratio) were dissolved in cbloroform/metbanol (4:1 v/v) and then evaporated
using a rotovaporator (BUCHI, Switzerland), resulting in a lipid film. This
dried lipid film was hydrated using 250 mM ammonium sulphate (pH 8.5) and
then further engineered using bath sonication (ultrasonic cleaner, VWR, UK) at
65 °C, followed by desalting using Sepbadex G-50 column eluted with HBS
buffer (HEPEs 20 mM, NaCl 150 mM), pH 7.4. The sample suspension was
then mixed with a doxorubicin saline solution, followed by incubation in 65 °C
water bath for 1 hr. The loading efficiency was determined after removing
unloaded doxorubicin using a spin column of Sepbadex G-50. The loading
efficiency o f doxorubicin was quantified by the UV absorbance at 480nm after
lysis of liposome using 1% Triton X-100.

3.2.16 Release Study

The dried lipid-quantum dot film was hydrated with CF solution (150
mM), followed by running through a sepbadex G-50 column (Sigma, UK). To
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monitor CF release from liposomes and L-QD, samples were diluted to a final
lipid concentration of 0.5 mM using HEPEs buffer (25 mM HEPES, 150 mM
NaCl, pH 7.4) or 50% serum (mouse CDl). The diluted sample (1 ml) was then
loaded into a dialysis tubing (10,000 WMCO) and the tubing was immersed
into a 250 ml beaker filled with HEPEs buffer. At designated time points, 1 mL
sample was collected from the beaker for measurement and then returned to the
beaker after in order to keep the volume of the buffer the same. At 0 time point,
fluorescence intensity of the sample was monitored twice before (f) and after
addition of Triton X-100 (F); at other time points, sample was measured once
(ft). The release o f CF was calculated by the equation:
CF release (%) = (fr-f)/ (F-f)
This protocol was also used for doxorubicin release study.

3.2.17. Cell lines and cell culture

Human breast cancer cells (MCF7) and glioblastoma tumor cells (U87)
were grown in MEM (Gibco) supplemented with 10% foetal bovine serum
(FBS) and 1% penicillin/streptomycin. Prostatie cancer cells (DU 145) and
human pulmonary adenocarcinoma cells (Calu6 ) were cultured in advanced
RPMI

(Gibco)

media,

supplemented

with

10%

FBS

and

1%

penicillin/streptomycin. The cells were incubated in a humidified atmosphere
at 37°C in 5% C02. Cells were routinely grown in 75 cm^ tissue flask (TPP,
Switzerland), split twice weekly using sterile phosphate buffer saline (PBS) pH
7.4 (Gibco) for washing and trypsin-EDTA (Ca^^ and Mg^^ free) (Gibco) for
trypsinisation after the formation of a 70% confluent layer.

62

3.2.18. Cellular uptake study

MCF-7, DU145, Calu6 , U87 cells were grown to confluency on glass
eoverslips in 24 well tissue culture dishes (Coming B.V., The Netherlands) at a
density of 50,000 cells per well in the protocol discussed previously. Serumfree DMEM medium was chosen for cell uptake studies to provide nutrient to
the cells in the absence of semm component. Cells were incubated for 1 h with
L-QD, Dil-labelled liposomes at 3 pM, 30 pM and 300 pM at lipid
concentration in semm free MEM or RPMI media, depending cell lines. To
remove unbound material, cells were washed three times with warm PBS, fixed
with 4% paraformaldehyde (PEA) (Sigma, USA) in PBS for 15 min at room
temperature, then rinsed with PBS. For nuclear staining, cells were incubated
with DAPI (0.5 pg/ml) (Molecular Probes, USA) in PBS for 2 min, and then
rinsed three times with PBS. Cover slips were mounted with aqueous poly
vinyl alcohol Citifiour reagent mixed with AFIOO anti fade reagent (10:1) prior
use (Citifiour, UK). Slides were examined under the fluorescence microscopy
using 40X lens.

3.2.19 Cell viability (MTT assay)

MTT assay is a colorimetric assay to assess cell viability (Mosmann,
1983). MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,
tetrazole] is reduced by mitrochondrial reductase in living (viable) cells to
formazan (Mosmann, 1983), which is a purple, water-insoluble crystal.
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Therefore, a solubilising solution such as detergent or dimethyl sulfoxide
(DMSO) is used to solubilise formazan crystals, and then the absorbance of the
coloured solution is measured between 500 and 600 nm wavelengths.

Mitochondrial
reductase
►

MTT, yellow

Formazan, purple

Preparation of MTT solution: MTT solution (Sigma, USA) was prepared as
5 mg/ ml solution in sterile PBS. The solution was bath sonicated under sterile
conditions to solubilise MTT crystals. MTT solution was further sterilised by
filtration through 0.2 pm membrane filter, stored in 2 ml aliquots at -20 °C and
protected from light until use.

MTT assay: MCF7, DU 145, Calu 6 and U87 cell lines were seeded overnight
into a 96-well plate (Coming Costar Corporation, USA) at a density of 8,000
cells per well. The next day, the cell medium was aspirated, and the cells were
incubated with samples at 0.6 pM and

6

pM Dox concentration (equal to 3 pM

and 30 pM lipid concentration) in semm-ffee medium. After 2 h, cells were
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washed with warm PBS and replaced with complete medium for 48 hrs at
37°C.

To assess cell viability, the old media was aspirated and the cells were
incubated with 120 pi fresh medium (20 pi of 5mg/ml MTT and 100 pi serumcontaining media) for 3.5 hrs at 37°C and protected from light. The plates were
inverted to remove the media and gently tapped on absorbent tissue before 150
pi o f DMSO solution (Fisher Scientific, USA) a using multichannel pipette
were added to each well to solubilise the formazan crystals, then the plate was
incubated for 15 min at 37°C to remove the air bubbles. The formazan
absorbance (A) was read at 570 nm in the Victor® Multilabel plate reader
(PerkinElmer, USA). The results were expressed as the percentage of cell
viability (n= 8 ±S.D) compared to untreated wells. The percentage cell viability
was calculated using this formula:

A 570 nm of treated wells
% Cell viability

=

x 100%
A 570 nm of untreated wells

3.2.20. Animals and tumour xenograft implantation

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. Six to eight-weeks old male CD-I nude mice (Charles
River Laboratories, UK) were caged in individually vented cages (IVC;
Allentown, USA) in groups of four with free access to food and water, A
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temperature of 19-22 °C was maintained, with a relative humidity of 45-65%,
and a 12 h light/dark cycle. Mice were inoculated subcutaneously with 7x10^
andlxlO^ of DU 145 and U87 cells, respectively, in 100 pi on the right and left
flanks using 26G syringe.

The tumour volume was estimated by bilateral

Vernier caliper measurement three to four times per week and calculated using
the formula (width x width) x (length) x (tt/ ô), where length was taken to be
the longest diameter across the tumour. Intratumoral injections were performed
when the tumor volume reached 0.2-0.4 cm^. Tumour model was prepared by
Dr. Wafa Al-jamal in our laboratory.

3.2.21. In vivo optical fluorescence imaging

Live animal fluorescence optical imaging was studied using the IVIS Lumia II
imaging system (Caliper Life Sciences Corp., Alameda, CA). Images were
acquired and analyzed using Living Image software 3.2 (Caliper Life Sciences
Corp.).

All images were acquired using the following settings: binning=4,

exposure time= 10-20 sec, field of view=24, f-stop=2 and filters with an
excitation o f 500 nm and emission of 575-650 nm for DOX, and excitation of
640 nm and emission of 810-875 nm for NIR QD.

Data are displayed in the unitless value of efficiency and represent the ratio of
light emitted to light incident. Mice were anesthetized using isofluorane and
injected intra-tumorally with 50pl of targeted and nontargted L-QD-DOX
liposomes (EPC:Chol:DSPE-PEG2oooL8:l:0.2 molar ratio) containing 80nmol
DOX (47 pg), 290 pmol NIR QD, and 400 nmol lipid. Free DOX was also
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injected as a control. The needle was inserted in the longitudinal direction from
the tumor edge into the center o f the tumor, 50 gl of the dispersion was
administered slowly over 1 min, and the needle was left in the tumor for
another 5 min to prevent sample leakage. Injections were carried out once for
all groups and the fluorescence was monitored over 60min. This experiment
was in collaboration with Dr. Wafa Al-jamal and Mrs. Zahraa Al-Ahmady in
our laboratory.

3.2.22. Statistical analysis

Data were analysed using two samples, single sided, student's t-test.
Differences were considered significant at p< 0.05 (* p < 0.05, ** p< 0.01,
***p <0.001)
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CHAPTER IV: LIPOSOME-QD HYBRIDS
PREPARATION
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In this chapter, we are reporting the construction of liposome-quantum dot
(L-QD) hybrids by incorporation hydrophobic TOPO-capped CdSe/ZnS
¥
core/shell QD into the lipid bilayer o f liposomes. The fluorescent properties,
size and zeta-potential, structure, membrane integrity and colloidal stability
of L-QD were investigated.
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4.1 Organic QD characterisation

Fluorescence characteristics of organic QD: The fluorescence characteristics
of organic TOPO-capped CdSc/ZnS core/shell QD in toluene were studied
using spectrophotometry and fluorescence spectrophotometry, respectively.

Figure 4.1 depicts the absorption and emission spectra o f QD in toluene. The
results showed that QD had a broad excitation spectrum with the excitation
peak at 499 nm, and a narrow emission spectrum with the emission peak at 518
nm.
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Figure 4.1: A bsorbance and em ission spectra o f T O PO -capped C dSe/ZnS core/shell QD
in toluene.
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Core size determ ination by QD fluorescence: One of the most striking
fluorescence properties that QD offer is the size dependent colour (Alivisatos,
1996). Yu et al. (2003) reported an empirical equation that can be used to
correlate the fluorescent core size of QD to their absorption and emission
properties (Yu et al., 2003). Based on the fluorescence characterization of QD
in Figure 4.1, the core size of CdSe/ZnS core/shell QD was calculated to be
2.4 nm in diameter (Table 4.1), which is consistent with the reported core size
from the manufacturer (2.2 nm in diameter).

T able 4.1: Physicochem ical and optical p roperties o f organic C dSe/Z nS QD. Absorption
and em ission peak and core size o f TOPO -capped CdSe/ZnS core/shell QD used in this study.

Surface

Solvent

Coating
TOPO

Toluene

Absorption

Emission

Reported Core

Calculated Core

Peak (nm)

Peak (nm)

Size (nm)*

Size (nm)**

499

518

2.2

2.4

* QD core size as reported by the manufacturer.
* * QD core size was calculated using the follow ing equation:

QD structural elucidation by AFM: The size of organic nanoparticles has
been proved to be critical for successful incorporation into the lipid bilayer of
liposomes (Al-Jamal et al., 2008b; Doi et al., 2008; Gopalakrishnan et al.,
2006; Paasonen et al., 2010). Previous studies from our group and others have
shown that organic QD which are smaller than the lipid bilayer (4 nm in
diameter), can be incorporated into the lipid bilayer of liposomes (Al-Jamal et
al., 2008b; Gopalakrishnan et al., 2006).
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TOPO-capped CdSe/ZnS core/shell QD were further structurally elucidated in
air, by AFM, after being dried on mica. As shown in Figure 4.2, QD were
visualized as spherical nanocrystals with homogeneous size distribution. No
QD aggregates were observed, indicating colloidal stability by TOPO-capping
(Smith et al., 2008). Cross-section analysis suggested that the size o f QD was
4.08 ± 1.28 nm (n=10) in diameter (Figure 4.2D); compared to the core size

(Table 4.1), the slight size increase observed by AFM was thought to be due to
the presence of TOPO coating and ZnS shell, consistent with previous studies
(Gao et al., 2004; Luecardini et al., 2006).

A m plitude im age

3D im a g e

^

C ross-section a n alysis

2 5 0 nm

Figure 4.2: Structural characterization o f QD by AFM in air. A droplet o f QD in toluene
w as dried on mica surface and scanned by AFM in air. The images o f QD (A) was zoom ed and
analyzed in am plitude image (B), 3D image (C) and cross-section analysis (D). The diam eter
o f one single QD was determ ined to be 4.08 ± 1.28 nm (n=10) by cross-section analysis (D).

4.2. Incorporation o f QD into the lipid bilayers of liposomes

For the incorporation o f hydrophobic QD into the lipid bilayer of
liposomes, 1.68x10*^ p/ml of CdSe/ZnS QD (2 nm core size) were mixed with
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lipid molecules and formed a dried QD-lipid film after evaporation o f the
organic solvent. Upon hydration, lipids self-assembled into liposomes and QD
were incorporated into the lipid bilayer due to hydrophobic self-association
within the membrane. The resulting vesicles (around 100 nm in diameter) were
named liposome-quantum dot (L-QD) hybrid vesicles. Figure 4.3 depicts the
simple, stepwise methodology applied in this study for the construction o f LQD hybrid vesicles.

Hydration

Evaporation

Dried lipids-QD film

0 0 + lipids in chiorofonn

Liposom e-Q D hybrid
vesicle (L -Q D )

Figure 4.3: Schem atic representation o f liposom e-Q D hybrid vesicles preparation.

4.3. Characterization of L-QD

Fluorescence

characteristics

characteristics

of

L-QD

of

L-QD

hybrids:

were

investigated

hybrids

The

fluorescent

by

fluorescent

spectrophotometry. Interestingly, the incorporation o f QD into the lipid bilayer
resulted in fluorescent vesicles in dH20 (Figure 4.4, blue line), slightly redshifted compared to QD control in toluene (Figure 4.4, pink line). Since QD in
dHiO were quenched (Figure 4.4, purple line), the fluorescence signals
detected from L-QD strongly indicated QD incorporation into the lipid bilayer
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due to hydrophobic self-association within the lipid membrane.

The

construction of L-QD vesicles enables hydrophobic QD to be dispersible in
water and, at the same time, preserved QD fluorescence, enabling L-QD
potentially applied in a biological environment. L-QD vesicles exhibit stable
fluorescence as previously shown by our group (Al-Jamal et al., 2008b), and
superior photostability under UV exposure to organic dyes (see Chapter VI).
Furthermore, in order to achieve high fluorescence signals and better lipid
bilayer labelling, we have increased QD concentration from 5.6x10'"^p/ml (AlJamal et al., 2008b) up to 1.68xl0'^p/m l in this project.

600
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L-QD in water

/
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560

W a v elen g th (nm )

Figure 4.4: Fluorescence characterization o f (DSPC) L-QD hybrid vesicles.

Size and surface charge of L-QD hybrids in water: To investigate the effect
of QD incorporation on physicochemical properties o f liposomes, L-QD
hybrids were investigated by dynamic light scattering (DLS). QD were
incorporated

into

two

types

of
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lipid

bilayers,

namely

DSPC

(DSPC:Chol:DSPE-PEG 2ooo

1.8:1:0.2

molar

ratio)

and

egg

PC

(EPC:Chol:DSPE-PEG 2ooo 1.8:1:0.2 molar ratio). DSPC has high phase
transition temperature compared to EPC (55°C Fs. -20°C, respectively).
Therefore, DSPC forms a rigid bilayer compared to fluid bilayer o f EPC at
room temperature (25®C).

(b)L -Q D

(a) liposom e

@

SiFft CMiribifton Dy tnterttrv

Size

StKdnrrt

Z eta potential (Q

N a n o p a r ticle

M ean d ia m eter

P oly d isp ersity

S u r fa c e c h a r g e

Type

(n m f

Index*

(m V)*

D SP C liposom e

10 3±1.87

0 .2 1 4 ± 0 .0 1 2

-1 3 .5 ± 0 .4 2

L -Q D [D SP C ]

1 2 3±8.50

0 .2 5 9 ± 0 .0 1 6

-1 5 .8 ± 1 .7 6

EPC liposom e

119±1.12

0.208± 0.011

-8.9 ± 0 .8 5

L -Q D [EPC]

132±6.21

0 .2 7 7 ± 0 .0 3

-10.6± 2.01

^Mean ± standard de\ iation, n = 3. M ean diam eter is the hydrodynam ic diam eter; polydispersity index (PI) indicates size
distribution o f the sam ple population.; Zeta potential (Q indicates average surface charge

Figure 4.5: Size and surface charge characteristics o f L-Q D hybrid vesicles. The mean
average

diam eter

(nm),

polydispersity

index

and

surface

charge

o f L-QD

hybrids,

D SPC:C hol:D SPE-PEG (1.8:1:0.2 m olar ratio) and E PC :C hol:D SPE-PEG (1.8:1:0.2 m olar
ratio) as obtained using the N anosizer ZS.
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Figure 4.5 depicts the size and surface charge of L-QD engineered using two
types of lipids, DSPC and EPC. The DLS study showed that the size and
surface charge of L-QD vesicles were determined to be consistent with their
corresponding liposome vesicles. All L-QD vesicles constructed have
consistently produced a mean diameter between 100-130 nm (polydispersity
index between 0.2-0.3). This confirmed that QD incorporation does not alter
the physicochemical properties o f liposomes.

Membrane integrity of L-QD hybrids: To further investigate the effect of
QD on the membrane integrity of liposomes, the 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.
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F igure 4.6: C F release from L -Q D hybrid vesicles. CF release from (DSPC) and (EPC) LQD hybrids and corresponding empty liposom es was monitored in (a) HBS buffer and (b) 50%
serum by dialysis tubing assay. L-QD hybrids were prepared at 8mM lipid with 1.68 x 10*^
particles/ml o f QD.

Figure 4.6 depicts the cumulative release (%) of CF from L-QD hybrid
vesicles. The results show that QD incorporation destabilized the fluid EPC
lipid membrane, as evidenced by dramatic CF release from (EPC) L-QD (52%)
compared to EPC liposome (7%) (Figure 4.6a, square and diamond,
respectively) in HBS buffer over 6 h. In agreement with CF release in HBS
buffer, CF release in 50% serum was found to be constantly faster from (EPC)
L-QD than EPC liposomes (Figure 4.6b, square and diamond, respectively).
The presence of serum, which has been reported to destabilize fluid lipid
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bialyer (Ravily et al., 1996), was found to further accelerate CF release from
both (EPC) L-QD and EPC in 50% serum compared to those in HBS buffer,
especially at the initial period of time (Figure 4.6, square and diamond,
respectively). As CF is membrane-impermeable at neutral pH, the present
result strongly indicated that although QD can be incorporated into the fluid
bilayer of EPC liposomes due to hydrophobic self-association, such
hydrophobic force was not sufficient to tightly incorporate QD in the lipid
membrane, as evidenced by the fast CF release from (EPC) L-QD compared to
EPC liposomes. In comparison, QD incorporated into the rigid DSPC bilayer
demonstrated a stable CF encapsulation, similar to the liposome control
(Figure 4.6, triangle and axis, respectively) in both HBS buffer and 50% serum.
Notably, L-QD constructed using “rigid” lipids (DSPC) did not exhibit fast CF
release as observed from “fluid” lipids (EPC) L-QD, indicating that the rigid
lipid bilayers can offer QD strong hydrophobic interactions to incorporate QD
stably into the lipid bilayer, to maintain lipid membrane stability and to stably
encapsulate cargos in the aqueous core of L-QD hybrid.

Colloidal stability of DSPC-based L-QD

hybrids: The stable CF

encapsulation observed from the DSPC-based L-QD encouraged us to further
investigate the colloidal stability o f the hybrid over a long period of time at
different temperatures (4 °C, 25 °C and 40 °C). In Table 4.2, L-QD hybrids
demonstrated high colloidal stability and no size increase was observed at 4 °C
and 25 °C over three weeks. However, a slight size increase was noticed after
three weeks of storage at the high temperature of 40 °C (from 125 nm to 135
nm in diameter). Overall, this study indicated that (DSPC) L-QD hybrid
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vesicles were stable and no aggregations were observed due to the steric
stabilization offered by the polyethylene glycol on the liposome surface
(Torchilin, 2005).

T able 4.2: M ean average diam eter and polydispersity in dex o f D SP C -based L -Q D
hybrids suspensions stored at 40 ®C, 25 ®C and 4 ®C in H B S buffer.

25®C

4®C
Size (nm )

PI

Size (nm )

40®C
PI

Size (nm )

PI

W eek 1

122

0.151

124

0.167

125

0.161

W eek 2

120

0.130

125

0.132

128

0.177

W eeks

119

0.123

129

0.206

135

0.217

Size: hydrodynamic diameter. PI: polydispersity

4.4. Structural elucidation o f L-QD hybrid vesicles
The structure o f L-QD has been previously elucidated using cryoEM(Gopalakrishnan et al., 2006). However, it failed to identify the exact
location of QD in the lipid bilayer (Gopalakrishnan et al., 2006). It was
hypothesized here that if QD were incorporated into the lipid bilayer of
liposomes, they would be detected on the surface of L-QD vesicles. Therefore,
AFM was used to scan the surface of L-QD vesicles, since it has been widely
used for the elucidation of surface topography of various nanoparticles
(Spyratou et al., 2009). A droplet o f sample solution was deposited on a freshly
cleaved mica surface for 30 sec and then washed with dH20, followed by
drying with a nitrogen stream. DSPC-based L-QD were structurally elucidated
in air, using tapping-mode AFM in order to avoid sample damage. The surface
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of freshly cleaved mica was first scanned by AFM, which showed a smooth
surface with the height variation less than 2 nm across the surface by crosssection analysis (Figure 4.7).

3 D im a g e

C r o ss-se c tio n a n a ly sis
Section Analy;

Z: 5n m

Figure 4.7: AFM scanning o f freshly cleaved mica surface.

Structural elucidation of L-QD in air: Figure 4.8 depicts the structural
elucidation of DSPC-based L-QD hybrid vesicles by AFM. Interestingly, the
incorporation of QD into the lipid bilayer resulted in a rough surface (Figure
4.8, lower panel), in marked contrast to liposome control which showed
smooth surface without any features (Figure 4.8, top panel).

3D image

analysis indicated that QD resided in the lipid bilayer (Figure 4.9), confirming
the existence of QD in the lipid bilayer. Further, cross-section analysis
suggested that QD incorporation increased the height of the liposome from 8
nm to almost 20 nm (Figure 4.9). All these observations indicates that the
structure of L-QD can be successfully elucidated by AFM, offering direct proof
that QD can be incorporated into the lipid bilayer due to hydrophobic self
association.
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2 5 0 nm

Figure 4.8: Surface characterization o f (DSPC ) L-QD hybrid vesicles in air by atom ic
force m icroscopy. Scale bars are 250 nm.
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Figure 4.9: AFM analysis of squared area in Figure 4.8. Liposomes (top panel) and L-QD
(lower panel) were analyzed from left to right, using amplitude image, 3D image and crosssection analysis.

Structural elucidation of L-QD in water: Immobilization of nanoparticles is
prerequisite for AFM imaging in liquids (Thomson et al., 2000).

In this

experiment, the mica surface was treated with aminopropylsilane to form
positively charged AP-mica (Thomson et al., 2000), on which negatively
charged DSPC-based L-QD vesicles can be immobilized due to electrostatic
interactions. To avoid fusion caused by excessive vesicles absorption to APmica, lipid concentration was optimized to be 2 mM and unbounded vesicles
were removed immediately by HBS washing after 2 min deposition time. The
AFM scanning was applied using tapping-mode to avoid vesicles damage by
minimizing the interactions between samples and AFM tip (Casals et al., 2003;
Thomson et al., 2000).
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Figure 4.10 shows that L-QD hybrids collapsed on positively-charged APmica in HBS buffer, forming individualized lipid patches. Cross-section
analysis (Figure 4.10A, yellow line) indicated that most of the lipid patches
was around 3 nm to 4 nm in height. This is in agreement with the thickness of
one lipid bilayer studied previously by AFM in liquid (Egawa and Furusawa,
1999; Reviakine and Brisson, 2000) and X-ray analysis (Harroun et al., 1999).

H e ig h t im a g e

3 D im a g e

DÜOniîi
Section Analysis

Figure 4.10: Surface characterization o f (DSPC ) L-QD hybrid vesicles in w ater by atom ic
force m icroscopy. (A) H eight image and section analysis along the yellow line. (B) 3D
reconstruction o f particles (a and b).

Interestingly, QD incorporation into the lipid bilayer was witnessed due to a
height increase up to 20 nm (Figure 4.10A, a and b), compared to 4 nm of lipid
bilayer. Such height increase after QD incorporation was also observed in air
scanning by AFM (Figure 4.9). 3D images of the two featured L-QD vesicles
(Figure 4.IDA, a and b) showed that QD were tightly associated with the lipid
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membrane (Figure 4.10B), compared to liposomes without QD which formed
flat lipid patches.

84

4.6. DISCUSSION
QD have been extensively investigated as fluorescent probes for a variety of
biomedical applications in vitro and in vivo (Alivisatos et al., 2005; Smith et
al., 2008). However, high-quality QD are synthesized in organic solvent and,
thus, require further surface modification to be hydrophilic, in order to be used
in contact with the biological milieu. Furthermore, numerous studies have
reported that the behaviour of QD in vitro and in vivo is highly dependent on
surface modification, which in general dominates QD colloidal stability, size
and surface charge (Ballou et al., 2004; Choi et al., 2007a; Choi et al., 2009;
Fischer et al., 2006). Many studies have shown that QD solubilization by the
replacement of TOPO capping with a bi-ligand (e.g. mercaptoacetic acid) has
been found to alter QD absorption, emission spectra and their colloidal stability
(Bruchez et al., 1998; Chan and Nie, 1998; Gerion et al., 2001). Instead,
encapsulating QD into phospholipid micelles and amphiphilic polymers have
preserved QD fluorescence properties (Dubertret et al., 2002; Gao et al., 2004;
Larson et al., 2003; Wu et al., 2003). As an alternative method, Gopalakrishnan
et a l and Al-Jamal et a l first reported the incorporation of organic QD into the
acryl environment of lipid bilayer of liposomes (Al-Jamal et al., 2008b;
Gopalakrishnan et al., 2006). The present study, in complete agreement with
both studies, shows that the construction of lipid-QD hybrid vesicles (L-QD)
by incorporation of TOPO-capped QD within the lipid bilayer is feasible and
reproducible (Figure 4.4 and 4.5).
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Gopalakrishnan et a l and Al-Jamal et a l have engineered L-QD vesicles by
incorporating TOPO-capped QD with diameters of 4 to 5 nm (including QD
core and hydrophobic coating) into the lipid bilayer of liposomes (Al-Jamal et
ah, 2008b; Gopalakrishnan et ah, 2006). For cell labelling, both studies chose
cationic lipids in order to enhance cellular uptake. Cationic L-QD have
achieved

efficient

cell

labelling

in

human

embryonic

kidney

cells

(Gopalakrishnan et al., 2006) and human lung epithelial cells in vitro and in
human cervical carcinoma xenografts (mice) in vivo (Al-Jamal et al., 2008b).
However, it is notable that cationic L-QD interact non-specifically with
negatively charged cell plasma membrane or blood proteins, thereby limiting
their applications in vitro (Al-Jamal et al., 2008b; Bothun et al., 2009;
Gopalakrishnan et al., 2006) or local delivery in vivo (e.g. intratumoural
injection) (Al-Jamal et al., 2008b). In order to develop L-QD for tumour
targeting in vivo, we have chosen zwitterionic liposomes (e.g. DSPC and EPC)
which have been utilized for drug delivery in vivo following systematic
administration (e.g. DaunoXome® and Myocet®). Moreover, in order to
achieve high fluorescence signals and better lipid bilayer labelling, QD
concentration is increased up to 1.68 x 10^^ p/ml, compared to previous studies
of 2.91x10^^ p/ml (Gopalakrishnan et al., 2006) and 5.6 x 10*"^ p/ml (Al-Jamal et
al., 2008b). At such high QD concentration, L-QD exhibit bright fluorescence
in water (Figure 4.4). The structural elucidation of L-QD hybrid vesicles by
AFM proves that TOPO-capped QD (4 nm in diameter) can be incorporated
into the lipid bilayer o f liposomes, as shown in three-dimensional images
where QD were clearly observed associated with the lipid membrane (Figure
4.8).
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Very recently, the development of multifunctional QD for therapy and imaging
(theranostic) has attracted enormous interest (Bagalkot et al., 2007; Bakalova et
al., 2004; Chen et al., 2005; Manabe et al., 2006). However, the method of
conjugating therapeutic molecules directly to the QD surface has been found to
suffer from its low drug carrying capacity (e.g. 10 doxorubicin molecules per
QD) (Bagalkot et al., 2007). The present study demonstrates that L-QD
vesicles composed o f rigid lipids (DSPC) can stably encapsulate CF molecules
in their aqueous core (Figure 4.6). Therefore, L-QD may offer an alternative
delivery system that can be used to load drugs (e.g. doxorubicin) into the
aqueous core, for the transport of diagnostic (QD) and therapeutic modality
(drugs) simultaneously into cancer cells.
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CHAPTER V: THE DEVELOPMENT OF
THERANOSTIC L-QD HYBRIDS

In this chapter, we report the construction of theranostic L-QD hybrids by
loading doxorubicin into the aqueous core of L-QD using the osmotic
gradient technique. The loading efficiency, size and zeta potential,
structures, and doxorubicin release from L-QD were investigated.
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5.1 Doxorubicin loading into L-QD hybrid vesicles using the osmotic
gradient technique

Dox loading into liposomes using various osmotic gradient reagents: In
order to equip L-QD with therapeutic capabilities, the anticancer drug
doxorubicin (Dox) was loaded into L-QD using the osmotic gradient technique.
Numerous studies have reported high Dox loading efficiency (>95%) into the
aqueous core of liposomes using such techniques (Haran et al., 1993; Ishida et
al., 2001; Lasic et al., 1995; Li et al., 1998; Mayer et al., 1990). Prior to Dox
loading into L-QD, the Dox loading efficiency into liposomes was
comparatively studied using different osmotic gradient reagents of citrate acid,
pH 4.0 and ammonium sulphate, pH 5.5 and pH8.5, respectively. As illustrated
in Table 5.1, Dox loading efficiency over 95% was achieved for all the
reagents used, which is consistent with previous studies (Haran et al., 1993;
Ishida et al., 2001; Li et al., 1998).

Table 5.1: D oxorubicin load in g efficien cy into liposom es using different osm otic gradient
reagents.

R eagent

pH

C oncentration (m M )

L oad in g E fficiency
(% )

Citrate acid

4.0

250

98.23 ± 3.68

Ammonium sulphate

5.5

250

97.62 ± 2.59

Ammonium sulphate

8.5

250

99.62 ± 3.74

20 mM liposom es DSPC:Chol:DSPE-PEG (1.8:1:0.2 molar ratio) were m ixed with 4 mM D ox
at 1:5 molar ratio. D ox loading efficiency was quantified by measuring U V absorbance at 480
nm after lysis o f liposom es by 1% Triton, pH 7.4.
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Dox loading into L-QD hybrids: Following these previously established
protocols, Dox was loaded into L-QD using the osmotic gradient technique of
ammonium sulphate, pH 8.5.

The free Dox was removed after loading by a

desalting column, and loading efficiency was quantified by measuring UV
absorbance at 480 nm after the lysis of liposomes by 1% Triton at pH 7.4.

Table 5.2: D oxorubicin loading into L-QD and liposom es using the osm otic gradient
technique o f am m onium sulphate, pH 8.5.

Type

Lipid Con.

Dox Con. (mM )

QD (particle/m l)

(mM )

Loading Efficiency
(% )

L

8 .0

1 .6

-

99.88 ± 3.24

L

5.0

1.0

-

98.20 ± 2.91

L

2.5

0.5

-

91.32 ± 2.65

L

1 .0

0 .2

-

75.72± 6.25

L-QD

8 .0

1 .6

1 .6 8 X 1 0 '^

97.70 ± 2 .2 4

L-QD

5.0

1.0

1.05

X

10'^

95.12 ± 3.66

L-QD

2.5

0.5

0.53

X

10'^

87.67 ± 4 .3 8

L-QD

1 .0

0 .2

0 .2 1

X l o '^

74.84± 7.31

Dox was loaded into liposom es and L-QD at 1:5 m olar ratio. Dox loading efficiency was
quantified by m easuring UV absorbance at 480 nm after lysis o f liposom es by 1% Triton, pH
7.4. L: liposom es D SPC:C hol:D SPE-PEG (1.8:1:0.2 m olar ratio). L-QD: 8 mM
D SPC:C hol:D SPE-PEG (1.8:1:0.2 m olar ratio) w ith 1.68 x lo '^ p/ml o fQ D in HBS buffer.

As shown in Table 5.2, Dox was successfully loaded into L-QD using the
osmotic gradient technique with the highest loading efficiency achieved of
97%, similar to liposome control (99%). The comparable Dox loading
efficiency between L-QD and liposomes indicated that QD incorporation into
the lipid bilayer did not affect Dox loading through the lipid membrane of
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liposomes using the osmotic gradient technique. Despite loading Dox at a fixed
lipid to Dox ratio (5:1 molar ratio), it was found that high Dox loading
efficiency was achieved at a certain Dox concentration (>0.5 mM). There was a
marked difference in Dox loading between Dox concentration of 0.5 mM
(>90%) compared to 0.2 mM (75%). This can be explained by the fact that
Dox forms crystals only inside liposomes at high concentration (>0.5 mM), as
previously reported (Li et al., 1998).

5.2 Characterization of Dox-loaded L-QD hybrids

Size and surface charge of Dox-loaded L-QD hybrids: In order to
investigate the effect o f Dox loading on the physicochemical properties of LQD vesicles, the size and surface charge of Dox-loaded L-QD (L-QD-Dox)
was investigated by dynamic light scattering (DLS). As shown in Figure 5.1,
no difference was observed after Dox loading, in the size and surface charge of
both L-QD vesicles and liposome control. The size and surface charge of LQD-Dox (129.2 nm in diameter, -21.8 mV) compared to L-QD (129.5 nm in
diameter, -18.6 mV) were almost identical. The DLS study strongly indicated
that Dox loading did not affect the physicochemical properties of L-QD
hybrids.
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Figure 5.1: D ox-loaded L-QD hybrid vesicles characterized by DLS. Dox was loaded into
L-QD using the osmotic gradient technique at the lipid to Dox ratio o f 5:1 m olar ratio.

Fluorescence

characterization

of

Dox-loaded

L-QD

hybrids:

The

fluorescence characteristics of L-QD after Dox loading were extensively
investigated using fluorescence spectrophotometry. The control group o f Dox,
QD and L-QD was shown in Figure 5.2A, where Dox exhibited a broad
emission wavelength (530 nm to 640 nm). Interestingly, the emission spectrum
of QD (500 nm to 540 nm) overlapped with the absorbance spectrum of Dox
(440 nm to 540 nm) (Figure 5.2B), indicating that Dox can be used as a photon
acceptor to QD due to fluorescence resonance energy transfer (FRET)
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(Bagalkot et al., 2007). In order to minimize the FRET effect between QD and
Dox, the amount of Dox loaded into L-QD was further optimized.
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Figure 5.2: Fluorescence characterization o f L-Q D -D ox. Excitation w avelength o f 350 nm
(QD), 480 nm (Dox), and 450 nm (QD and Dox).

Figure 5.2C depicts the emission spectra o f L-QD-Dox excited at different
wavelengths, namely 350 nm (QD), 480 nm (Dox), and 450 nm (QD and Dox).
The wavelengths used were carefully chosen; for example, the use of
wavelength 350 nm for QD in order to avoid the excitation o f Dox.
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As

illustrated in Figure 5.2C (green line), both Dox and QD can be
simultaneously detected from L-QD-Dox, strongly indicating the coexistence
of QD and Dox in the liposome vesicles.

5.3 Structural elucidation of Dox-loaded L-QD hybrids
Structural elucidation of Dox-loaded L-QD hybrids by cryo-EM: Previous
studies have reported the formation of Dox crystals in liposomes by cryo-EM
(Lasic, 1996). In the present work, L-QD-Dox and L-Dox were first
structurally elucidated by cryo-EM. Figure 5.3 shows that Dox forms crystal
like structures inside of liposomes and L-QD. This confirms the Dox loading
into L-QD hybrids. Interestingly, QD are visualized to be randomly
incorporated into liposomes. Both individual and a group of QD are observed
(Figure 5.3, white arrows). QD seems to be associated with the lipid bilayer,
and no free QD are observed. Cryo-EM imaging further indicated that QD are
completely incorporated into the lipid bilayer of liposomes. This is believed to
be due to hydrophobic self-association.
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Figure 5.3: Structural elucidation of L-Q D -Dox by cryo-EM . Dox formed crystal-like
structures inside liposomes. QD (pointed by w hite arrows) were associated with the lipid
bilayer o f liposom es in L-QD-Dox. Scale bars are 100 nm.

Structural elucidation by AFM: The Dox crystals have been only visualized
by eryo-EM since 1992. In the present study, we attempted to apply AFM as an
alternative technique to image Dox crystals in L-Dox and L-QD-Dox in air. A
droplet of sample solution was deposited on a freshly cleaved mica surface for
30 seconds and then washed with dHiO, followed by drying with a nitrogen
stream. L-QD-Dox and L-Dox were structurally elucidated in air, using
tapping-mode AFM to avoid sample damage.
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Figure 5.4: Structural elucidation o f liposom es, L-D ox and L-Q D -D ox by A FM in air. Ail
the sam ples were dried on m ica and then scanned using tapping-m ode AFM in air. The images
were show n from left to right in am plitude image, 3D im age and cross-section analysis. W hite
arrow s pointed out Dox crystals in L-Dox and L-QD-Dox.

Figure 5.4 depicts the structural elucidation of liposomes, L-Dox and L-QDDox by AFM in air. It is notable that prominent globular objects (Figure5.4,
white arrows) were only observed in L-Dox and L-QD-Dox (Figure5.4, middle
and bottom panel, respectively). This is in clear eontrast to empty liposomes

97

(Figure5.4, top panel) which formed flat lipid patches. Cross-section analysis
revealed that the height of such globular objects within liposomes (Figure5.4,
white arrows) was almost 20 nm, much higher than empty liposomes of 8 nm
in height. Such height increase indicated that the globular objects are Dox
crystals.

In 3D images, Dox crystals were found to be surrounded by lipid

layer with rough surface, where spots-like structures (around several
nanometers) were witnessed (Figure 5.4, bottom panel). This was due to QD
incorporation in the lipid bilayer, as discussed previously (Figure 4.8).
Structural elucidation of L-QD-Dox by cryo-EM (in their native state) and
AFM (being dried on mica surface) confirmed the formation of Dox crystals
inside of L-QD.

5.4 Dox release from L-QD hybrid vesicles

To investigate the effect of QD incorporation in the lipid bilayer on Dox
release, Dox was loaded into L-QD prepared using two different types of lipid
bilayers; namely, the ‘rigid’ bilayer vesicles of DSPC and the ‘fluid’ bilayer
vesicles of EPC, as described in section 4.3. High Dox loading efficiency
(>95%) was achieved in both (DSPC) L-QD and (EPC) L-QD vesicles.
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Figure 5.5: Dox release from L-QD and liposom es in HBS buffer and 50% serum at 37 ®C.
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As illustrated in Figure 5.4, DSPC-QD can stably load Dox. Only 3% of Dox
was released from these liposomes over 6 h in both HBS buffer and 50% serum
(Figure 5.5, A and C). This was consistent with that of liposome control,
indicating that incorporation of QD did not affect the stability of the rigid
DSPC bilayer. For fluid bilayer vesicles of EPC-QD, significant and fast Dox
release was observed in serum (Figure 5.5D), with 50% of Dox released from
EPC-QD compared to EPC liposomes ( 10%) over 6 h. This is consistent with
our previous CF release study (Figure 4.6), suggesting that the incorporation of
QD destabilized the fluid lipid bilayer of EPC, particularly at longer timepoints. As both (EPC) L-QD and EPC showed a faster release in 50% serum,
than that in HBS buffer, this suggested that the presence of serum interacted
with the fluid EPC bilayer (Ravily et ah, 1996) and may further destabilize the
lipid bilayer of (EPC) L-QD. This also suggests indirectly that the QD are
incorporated in the lipid bilayer.
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5.5 Discussion

Recently,

many

studies

have

attempted

to

develop

multifunctional

nanostructures by combining the superior fluorescence properties of QD with
targeted and therapeutic capabilities within a single vesicle, for sensitive and
specific diagnosis and therapy in vitro and in vivo (Bagalkot et al., 2007; Kim
et al., 2008; Zrazhevskiy et al., 2010). Until now, different types of therapeutic
molecules (e.g. Dox, siRNA) have been linked to the surface of hydrophilic
functionalized QD through covalent conjugation or electrostatic interactions
(Bagalkot et al., 2007; Chen et al., 2005; Derfus et al., 2007; Manabe et al.,
2006; Walther et al., 2008). However, the method of simply utilizing QD as
drug delivery system often suffers from low drug loading capacity, poor
pharmacokinetics and, ultimately, greatly compromises QD therapeutic
efficacy.

For example, Bagalkot et a l covalently conjugated aptamers to the surface of
hydrophilic QD and allowed Dox loading through intercalation with RNA
aptamers (1 to 1 molar ratio) (Bagalkot et al., 2007). This showed promise for
cancer targeting, imaging and therapy at the same time. However, due to the
low amount of Dox loaded (10 Dox per QD), it would unavoidably require the
use of large amounts o f QD in order to achieve any desired therapeutic effect.
In comparison, much higher drug loading has been reported by encapsulating
both hydrophilic QD and drug into polymeric PLGA nanoparticles (Kim et al.,
2008; Pan et al., 2010b). In the present study, we are reporting the construction
of multifunctional L-QD-Dox nanoparticles by loading Dox into the aqueous
core of L-QD hybrid vesicles for cancer therapy and imaging. Such system
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achieved high efficiency in drug loading up to 100% into L-QD, compared to
the previously reported PLGA nanoparticles (1.4%) (Pan et al., 2010b).

Liposomes are one of the most established nanometer-scaled delivery systems
with a well-established pharmacokinetic profile (Torchilin, 2005). Previously,
Weng et al. have covalently conjugated hydrophilic QD to the liposome
surface and then loaded Dox into the aqueous core of liposomes. They further
functionalized with anti-HER2 single chain Fv to be used for targeted imaging
and therapy for cancer (Weng et ah, 2008). Although such construct prolonged
the blood circulation half-life and improved the therapeutic effect compared to
fi-ee QD, conjugating hydrophilic 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 the reported liposome-QD
conjugates, we have demonstrated, here, that incorporation of hydrophobic QD
into the lipid bilayer of liposomes not only does not lead to size increase
(Figure 5.1), but also can load Dox using the same osmotic gradient technique,
with loading efficiencies up to 100% (Table 5.2). Furthermore, AFM has been
successfully used to image Dox crystals in L-QD in air. This offers further
structural proof for Dox loading into L-QD (Figure 5.3). Moreover, the Dox
release study in HBS buffer and 50% serum at 37 °C confirmed stable Dox
loading into L-QD (Figure 5.5), indicating that the incorporation of QD does
not destabilize the stability of the rigid liposome bilayer (DSPC).
The construction of L-QD-Dox successfully combines the physicochemical
versatility of liposomes with the possibilities of QD optical properties and Dox
therapeutic activity. It also enables adoption of many established protocols of
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liposomes to be used for conjugation various targeting ligands (e.g. antibody
and antibody fragments) to the liposome surface for the targeted delivery of
cargos in cancer cells (Gabizon et al., 2003; Hatakeyama et al., 2004; Marty et
al., 2002; Mastrobattista et al., 2002).
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CHAPTER VI: ENGINEERING TARGETED L
QD-DOX HYBRIDS
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6.1 Engineering MUCl aptamer targeted liposomes
Aptamers are DNA or RNA sequences that bind to target molecules with
high binding affinity and specificity (Ellington and Szostak, 1990; Tuerk
and Gold, 1990). In contrast to antibodies, aptamers have shown higher
stability upon storage and lower immunogenicity in vivo. MUCl antigens
are known markers that are overexpressed and aberrantly glycosylated on
the membrane of various cancer cells (Limacher and Acres, 2007; Yang et
al., 2007a). In section 6.1, we report the construction of MUCl aptamer
liposomes (Apt-L) by one-step conjugation between thiolated aptamers and
commercially available maleimide-terminated PBG2000 -DSPE micelles in
water, followed by post-insertion into preformed liposomes. The engineered
Apt-L were characterized using gel electrophoresis, size exclusion
chromatography and DLS, and their targeting capabilities were investigated
using human breast cancer cells (MCF-7) that overexpress MUCl receptors.
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6.1.1 Conjugation of MUCl aptamers to maleimide-PEGiooo-DSPE
micelles

To conjugate MUCl aptamers to maleimide-PEGiooo-DSPE micelles, disulfur
aptamers (aptamer-S-SH, ssDNA, 25 bp) were first thiolated using TCEP for
30 minutes and then mixed with maleimide-PEGiooo-DSPE micelles (1:1 molar
ratio) to react for 15 h in TE buffer, pH 8.0 (Figure 6.1A). Unreacted
maleimide groups were quenched with cysteine. Excessive cysteine was
removed using spine column 10,000 MWCO.

The conjugation of aptamers to maleimide-PEG2 ooo-DSPE micelles was
investigated using TBE-Urea PLGE (Figure 6.1B) The gel was double-stained
with ethidium bromide and barium iodide to visualize aptamers and PEG2000 ,
respectively. Following ethidium bromide staining, MUCl aptamer-PEG2 oooDSPE micelles showed a retarded migration in the gel (Figure 6.1B, lane 4,
left) compared to free aptamers (Figure 6.1B, lane 2, left). The presence of
urea in the gel can destroy the hydrogen bonding and prevent the formation of
base pairing between or within DNA aptamers. Therefore, the shift confirmed
the chemical conjugation of MUCl aptamers to maleimide-PEG 2ooo-DSPE
micelles. Following barium iodide staining, complete co-localization between
aptamers and PEG2000 was only visualized with the aptamer-PEG 2ooo-DSPE
conjugates, (Figure 6.1B, lane 4, right), compared to non-thiolated aptamers
simply mixed with maleimide-PEG 2 ooo-DSPE micelles (Figure 6.1B, lane 5,
left). Similar co-localization between interferon and PEG 2000 conjugates was
previously reported using PLGE gel analysis (Shaunak et al., 2006).
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6.1.2 Construction and characterization of MUCl aptam er liposomes

MUCl

aptamer liposomes were prepared following the post-insertion

technique (Uster et al., 1996).

Briefly, MUCl aptamer-PEGzooo-DSPE

micelles were mixed with preformed DSPC:Chol (2:1) liposomes (1 to 1000
molar ratios) and incubated at 60 °C water bath for 10 minutes. Non-inserted
106

aptamer

micelles

were

subsequently

removed

by

size

exclusion

chromatography. Dynamic light scattering (DLS) was used to determine the
average size and surface charge of MUCl aptamer-PEG2ooo-DSPE micelles,
preformed liposomes and MUCl aptamer liposomes (Figure 6.2A). AptamerPEG2000-DSPE micelles showed an average diameter of 34.8 nm (Figure 6.2A,
top), much smaller than liposomes of 154.5 nm in diameter (Figure 6.2A,
middle).
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Interestingly,

post-insertion

of

aptamer-PEGiooo-DSPE

into

preformed

liposomes (Figure 6.2A, bottom) did not change the liposome size. MUCl
targeted liposomes showed a similar size to non-targeted liposomes with an
average diameter of 151.9 nm and 154.5 nm, respectively. MUCl aptamerPEG 2 0 0 0 -DSPE micelle showed a negative surface charge of -32.6 mV (Figure
6.2A, top). It is notable that DSPCiChol liposomes (Figure 6.2A, middle)
showed a surface charge of -2.82 mV but decreased to -11.3 mV after MUCl
aptamer post-insertion (Figure 6.2A, bottom). The decrease of surface charge
after post-insertion indicated the presence of aptamer (ssDNA) on the liposome
surface.

Agarose gel electrophoresis was used to visualize the formation of MUCl
aptamer liposomes. Interestingly, the migration of MUCl aptamers through the
gel showed a size-dependant character (Figure 6.2B). The formation of MUCl
aptamer liposomes was evidenced by the immobilization of MUCl aptamers in
the well of the gel (Figure 6.2B, lane 5), compared to MUCl aptamerPEG 2 0 0 0 -DSPE micelles (Figure 2B, lane 2) and free aptamers (Figure 6.2B,
lanel). Post-insertion of MUCl aptamer-PEG 2 ooo-DSPE resulted in a stable
insertion of the aptamer into the lipid bilayer since similar fluorescence signals
were detected in the gel well before and after purification (Figure 6.2B, lane 5
and lane 7, respectively). On the other hand, mixing MUCl aptamer-PEG2 oooDSPE micelles with preformed liposomes at room temperature (as a control),
indicated non-specific interaction between MUCl aptamer-PEG2 ooo-DSPE
micelles and liposomes (Figure 6.2B, lane 4). However, such non-specific
interaction resulted in aptamer absorption into the liposome surface rather than
complete insertion into the lipid bilayer (Willis et al., 1998), as confirmed by a
108

complete removal of MUCl aptamers from the mixing sample after
purification (Figure 6.2B, lane 4 and lane 6, respectively).

Post-insertion efficiency of MUCl aptamer-PEGiooo-DSPE micelles into
preformed liposomes: Willis et al. reported around 34-60 aptamers per
liposome as determined by UV absorbance (260 nm). However, anchoring the
aptamer into liposomes during the sonication process resulted in approximately
one third of the aptamers inside the liposomes (as observed by gel
electrophoresis) (Willis et al., 1998). Therefore, the exact number of aptamers
on the liposome surface has yet to be reported. In our work, aptamer-PEGioooDSPE micelles were post-inserted into preformed liposomes at 60 °C, without
sonication, to ensure the intactness of liposomes. Thus aptamers can only be
inserted into the liposome surface. Non-inserted MUCl aptamer DSPEPEG2000 micelles and free aptamers were removed using size exclusion
chromatography (Figure 6.3). DSPE-PEG 2000 was quantified using nuclear
magnetic resonance (NMR) and MUCl aptamer by fluorescence measurements
using Cy3-lablled aptamers and single stranded DNA staining.
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Table 6.1: Post-insertion efficiency o f M U C l aptamer-PEGzooo-DSPE m icelles into
preform ed D SPC iC hol liposom es.

T echnique

R eference in M icelle

% post-insertion efficien cy ± S.D

NMR

PEG2000

2 4 .9 2 ± 2 .6 8

C y 3 -la b elled M U C l a p ta m er

M U C l ap ta m e r

1 5 .2 9 1 4 .0 8

N ucleic acid staining(O ligreen® )

ssD N A M U C l a p ta m er

1 2 .5 6 1 3 .5 6

Table 6.1 summarizes the post-insertion efficiency of

DSPE-PEG2000

and

MUCl aptamers into liposomes. MUCl aptamer post-insertion efficiency was
ranging from 12.56% (nucleic acid staining) to 15.29% (Cy3-labelled
aptamers), a little less than

DSPE-PEG2000

micelles of 24.92% by NMR. The

number of aptamers was calculated to be approximately 12 to 16 aptamers on
the surface of one single liposome vesicle, consistent with previous reports of
13 to 21 antibody (Ab) on liposome surface, following

A b-PE G 2ooo-D SPE

micelles post-insertion into liposomes (Iden and Allen, 2001).

6.1.3 Cellular binding and internalization of MUCl aptam er liposomes

To evaluate the expression of MUCl receptors on cancer cells, human breast
cancer cells (MCF7) and human pulmonary adenocarcinoma cells (Calu6) were
incubated with 100 nM of Cy3-labelled MUCl aptamers. Following incubation
the cells were washed, fixed, stained and visualized under the confocal laser

111

scanning microscope (CLSM). MCF7 cells exhibited a high level of MUCl
receptors, where MUCl aptamers were internalized inside the cells after 3 h
incubation (Figure 6.4A, top panel), compared to Calu6 cells (Figure 6.4A,
bottom panel).

To investigate the binding specificity and the cellular uptake of MUCl
aptamer, following conjugation to maleimide-PEGzooo-DSPE micelles and
post-insertion into liposomes, MCF7 and Calu6 cells were incubated with 100
nM of MUCl aptamer post-inserted into Dil-fiuorescently labeled liposomes.
Cells were incubated under the same conditions with scrambled aptamer
liposomes and non-targeted liposomes, for comparison. Interestingly, similar to
free MUCl aptamers, our results showed that MUCl aptamer liposomes
specifically bound and internalized by MCF7 cells (Figure 6.4B, top panel),
which was not observed in Calu6 cells (Figure 6.4B, bottom panel). This high
level of cellular uptake of Dil-labelled liposomes was not observed in MCF7
cells treated with the scrambled aptamer liposomes and non-targeted DSPC:
Choi liposomes (Figure 6.4C, top panel). These findings indicated that the
MUCl aptamer binding specificity was preserved even after conjugation to
PEG2000 -DSPE micelles and post-inserted into liposomes.
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MCF-7 cell

C a lu -6 ceD

Figure 6.4: C ellular binding and internalization o f M U C l aptam er liposom es. Confocal
images o f M CF-7 (top panel) and Calu-6 (bottom panel) cells incubated for 3h with 100 nM o f
(A) Cy3-labelled M U C l

aptamers.

(B) M U C l

aptam er post-inserted into D il-labeled

liposom es (equivalents to 0.8m M lipid). (C) Cells were incubated with the D il-labeled, nontargeted (DSPC: Choi) liposomes. The cells were w ashed, fixed with 4% PFA and the nuclei
were counterstained with T 0 -P R 0 3 . Scale bar is 10 pm.
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6.2 Engineering MUCl antibody-targeted L-QD
In section 6.2, we report the construction of MUCl antibody-targeted L-QD
by one-step conjugation between tbiolated antibodies and commercially
available maleimide-terminated PEG2000 -DSPE micelles in water, followed
by post-insertion into the L-QD surface. The engineered antibody-targeted
L-QD were characterized using gel electrophoresis, size exclusion
chromatography and DLS, and their targeting capabilities were investigated
in vitro and in vivo. Moreover, antibody-targeted Dox-loaded L-QD were
utilized for cytotoxicity study in vitro in various cancer cell lines.

114

6.2.1 M UCl antibody conjugation to maleimide-PEGiooo-DSPE micelles

To engineer anti-MUCl antibody-targeted L-QD, anti-MUCl antibodies (Ab)
were

first conjugated to maleimide-PEGiooo-DSPE micelles following

previously established protocols (Figure 6.5A) (Allen et al., 2005).
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Ab conjugation to maleimide-PEGiooo-DSPE micelles was investigated using
SDS-PAGE gel (Figure 6.5B) that was double stained to visualize Ab and
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PEGiooo, respectively. As evidenced by Ab staining, the conjugates (AbPEG 2 0 0 0 -DSPE) exhibited an apparent upward shift (lane 3) due to molecular
weight increase compared to Ab alone (lane 1). Correspondingly, much less
free maleimide-PEGzooo-DSPE (visualized as yellow band) appeared in AbPEG 2 0 0 0 -DSPE conjugates compared to the mixing control at the bottom of the
gel (lane 4), after PEG 2 0 0 0 staining (Shaunak et al., 2006).

Ab-PEGzooo-DSPE post-insertion into the liposome surface: Ab-PEG 2 oooDSPE were post-inserted into the liposome surface (
following the post-insertion technique (Uster et al., 1996). Ab-PEG 2 oooDSPE micelles were mixed with liposomes (at antibody to lipids 1 to 1000
molar ratios) and incubated at 60 °C (or RT as a control) for 10 minutes. This
was followed by a run through a Sepharose CL-4B column to remove non
inserted A b - P E G 2 o o o - D S P E micelles. Figure 6.6 depicts the size exclusion
chromatography data of A b - P E G 2 o o o - D S P E post-insertion into liposomes,
where lipids were quantified by the Stewart assay and antibodies by BCA assay.
Notably,

A b -P E G 2 o o o -D S P E

micelles showed a clear translocation in the lipid

fraction after post-insertion at 60 °C. This was in marked contrast to the mixing
control at RT where liposomes and A b - P E G

io o o -D S P E

micelles were

completely separated. The post-insertion efficiency of A b - P E G 2 o o o - D S P E
micelles into liposomes was determined to be 26.7 %, consistent with previous
studies of 20-30% (Iden and Allen, 2001).

116

60 “C
50
40

ï

30

^

L ip o s o m e

g

A b m ic e lle

5

c

20
10

0
0

1

2

3

4

5

6

7

8

9

10 11

12 13 14 15

E lu tio n v o lu m e (m l)

30

a

C

20

10

0

0

1

2

3

4

5

6

7

8

9

10 11 12 13 14 1

E lu tion v o lu m e (m l)

Figure 6.6:

Size exclusion chrom atography o f A b-P E G 2ooo-DSPE m icelle post-insertion

into liposom es. C hrom atography o f Ab-PEGiooo-DSPE m icelles post-insertion into liposom es
at 60

°C, and

RT as a control. A ntibody was quantified by BCA assay and lipids by Stew art

assay.

6.2.2 Characterization of MUCl antibody-targeted L-QD systems

Physicochemical characteristics of Ab-targeted L-QD: To investigate the
effect

of

A b -P E G 2 o o o -D S P E

characteristics of
investigated by
P E G 2 0 0 0 -D S P E

L -Q D ,

D L S

post-insertion

on

the

the size and surface charge of

(Figure 6.7).

A

post-insertion into both

physicochemical
A b -L -Q D

size increase was witnessed after
L -Q D

was
A b-

and liposomes. The size of L - Q D

increased from 115 to 125 nm in diameter and liposomes from 129 to 133 nm.
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The surface charge was also determined by DLS and no difference was
observed before and after A b -P E G iooo-D S P E post-insertion (see Table below).
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Figure 6.7: The size and surface charge o f M U C l antibody-targeted L-QD hybrid
system s characterized by DLS.

Dox release from Ab-targeted L-QD: Dox was loaded into L-QD using the
osmotic gradient technique, followed by post-insertion of
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A b -P E G iooo-D S P E

into the liposome surface. There was no detectable Dox release from L-QD
during the post-insertion process (60 °C for 10 mins). Dox release was
monitored from Ab-L-QD in 50% serum at 37 °C. As illustrated in Figure 6.8,
Ab-L-QD can stably load Dox, with only 3% of Dox released over 6 h in 50%
serum at 37 °C (Figure 6.8). This was consistent with that of liposome control,
indicating that

A b -P E G iooo-D SP E

post-insertion did not affect the Dox release

from both L-QD and liposomes. The Dox release was further monitored for a
longer period of time. Notably, Dox release from L-QD was constantly slow,
with only 4% of Dox released over 48 h and up to 12% over 96 h.
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Figure 6.8: Dox release from antibody-targeted L-QD and liposom es in 50% serum at 37
"C. Dox release was m onitored in 50% serum by dialysis tubing assay.
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6.2.3 Surface Plasmon Resonance study of MUCl antibody-targeted L-QD

The binding capability of antibody after conjugation to maleimide-PEGioooDSPE micelles was then investigated by Surface Plasmon Resonance (SPR).
A b -P E G io o o -D S P E

micelles were run through a sensor chip surface, on which

the MUCl epitope was immobilized. Figure 6.9 depicts the binding o f
antibody and

micelles to MUCl epitope by

A b -P E G io o o -D S P E

showed that both antibody and

SP R .

This

micelles can bind to MUCl

A b -P E G 2 o o o -D S P E

epitope, as evidenced by the response unit (RU) increase, in a concentrationdependent manner (at 2, 10 and 50 nM
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Figure 6.9: M U C l antibody and antibody m icelles binding to M U C l epitope by Surface
Plasm on Resonance. Both antibody and Ab-PEGiooo-DSPE m icelles show ed concentrationdependent binding to M U C l epitope at Ab concentration o f 2, 10 and 50 nM.
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Moreover, antibody was visualized to continuously bind to MUCl epitope
when injecting antibody (Figure 6.9a, black bar), but showed fast dissociation
during the buffer wash (Figure 6.9a, blue bar). It was notable that compared to
free antibody,

A b -P E G z o o o -D S P E

micelles showed irreversible binding to

MUCl epitope and did not dissociate during buffer wash (Figure 6.9b, blue
bar). The marked difference, observed, indicated a stronger binding to MUCl
receptors o f

A b -P E G io o o -D S P E

micelles than antibody, due to multivalent

effects as previously reported (Laukkanen et al., 1994).

Ab-L-QD binding to M U Cl epitope by SPR;

A b -P E G 2 o o o -D S P E

micelles

were post-inserted into liposomes, L-Dox L-QD and L-QD-Dox. Following the
same protocol, the four samples were investigated by

SP R

compared to their

corresponding non-targeted ones (Figure 6.10). As shown in Figure 6.10,
similar to

A b -P E G 2 o o o -D S P E

micelles, all the targeted vesicles engineered

exhibited irreversible binding to MUCl epitope, due to multivalent effects. The
non-targeted ones, however, showed no binding at all. This finding indicated
that

A b -P E G 2 o o o -D S P E

post-insertion into the liposome surface preserved the

capacity o f the antibody to bind efficiently to M UCl. Therefore, the
engineering of MUCl

antibody-targeted L-QD delivery systems were

considered to be potentially used for targeting cancer cells that overexpress
MUCl receptors in vitro and in vivo.
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Figure 6.10: M U C l antibody-targeted liposom es and L-QD binding to M U C l epitope by
Surface Plasm on R esonance. Ab-PEGiooo-DSPE m icelles were post-inserted into (A)
liposom es, (B) L-Dox, (C) L-QD and (D) L-Q D -Dox at 1 to 1000 Ab to lipids ratios. A fter a
sepharose colum n purification, the sam ples were diluted to 0.3, 6 and 15 nM Ab concentration
and studied by SPR, com pared to the non-targeted ones.

6.2.4 Cellular binding and internalization of MUCl antibody-targeted LQD in vitro

To evaluate the expression o f MUCl receptors on cancer cells, different cell
lines were incubated with Cy3-labelled antibody for 3 h at RT. Following
incubation the cells were washed, fixed and visualized using confocal laser
scanning microscopy (CLSM). As shown in Figure 6.11, based on the
fluorescence intensity observed from the internalized Cy3-labelled antibody.
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the level of MUCl receptor expression by the cells used was shown as follows:
MCF7 > LS147T > A549 > Calu6 > CT26.

A549

M C F-7

C alu6

LS147T

C T 26

Figure 6.11: C ellular binding and internalization o f M U C l antibody. Confocal im ages o f
various cell lines were incubated with C y3-labelled antibodies for 3 h at RT. (Courtesy o f Dr.
Guo, N anom edicine lab)

The cellular uptake of MUCl antibody-targeted liposomes: The cellular
uptake of MUCl antibody-targeted liposomes was first investigated in three
cancer cell lines: namely, human breast cancer (MCF7); prostate cancer
(DU 145) and human pulmonary adenocarcinoma (Calu6). MCF7 (Zaretsky et
al., 2006) and Du 145 (Schut et al., 2003) were selected as MUCl positive cell
lines, compared to Caluô (Berger et al., 1999) as MUCl negative cell lines.
Liposomes were fluorescently labeled with Dil in the lipid bilayer. MUCl
antibody-targeted Dil-fluorescently labeled liposomes were incubated with the
cells for 1 h at 37 °C and at 3, 30 and 300 pM lipid concentration. Following
incubation the cells were washed, fixed, stained and visualized by fluorescence
microscopy. High cellular uptake o f antibody-targeted liposomes were
visualized in MUCl positive cell lines MCF7 and DU 145 cells (Figure 6.12A
and Figure 6.13A, respectively), compared to Calu6 cells that were MUCl
negative (Figure 6.14A).
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Figure 6.12: C ellular uptake of M U C l antibody-targeted liposom es in M C F7 cell lines.
The cells were treated with A b-targeted liposom es (A) and non-targeted liposom es (B) at 3, 30
and 300 pM (a, b and c) lipid concentrations. The nuclei w ere counterstained with DAPI. Scale
bar is 20 pm.
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Figure 6.13: C ellular uptake of M U C l antibody-targeted liposom es in D U 145 cell lines.
T h e c e lls w ere treated w ith A b -targeted lip o so m e s (A) and n o n -targeted lip o so m e s (B ) at 3, 3 0
and 3 0 0 p M (a, b and c) lip id c on cen tration s. T h e n u cle i w e re cou n terstain ed w ith D A P I. S c a le
bar is 2 0 pm .

125

C ells

DU

DU + n u clei stain

(a)

(b)

(c)

(a)

(b)

(c)

Figure 6.14; C ellular uptake of M U C l antibody-targeted liposom es in Calu6 cell lines.
T h e c e lls w ere treated w ith A b -targeted lip o so m e s (A) and n on -targeted lip o s o m e s (B ) at 3, 3 0
and 3 0 0 pM (a, b and c) lip id con cen tration s. T h e n u cle i w e re cou n terstain ed w ith D A P I. S c a le
bar is 2 0 pm .
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In comparison, such high level cellular uptake of MUCl antibody-targeted Dillabeled liposomes was not observed in MCF7 and DU 145 cells treated with
non-targeted liposomes (Figure 6.12B and Figure 6.13B). These findings
indicated that MUCl antibody binding specificity was preserved after
conjugation to malimide-PEG2 ooo-DSPE micelles and post-inserted into
liposomes. Also, at high lipid concentration (300 pM), nonspecific interactions
with all three cell lines was observed from non-targeted liposomes (Figure

6.12, 6.13 and 6.14, B(c)). Therefore, in attempt to visualize targeting effect in
the absence of such non-specific effects, high lipid concentration will be
avoided.

The cellular uptake of MUCl antibody-targeted L-QD: Following the same
protocol, the binding specificity and the cellular uptake of antibody-targeted LQD were incubated with MCF7, DU 145 and Calu6. As shown in Figure 6.15A

and 6.16A, similar to antibody-targeted liposomes, Ab-L-QD can specifically
bind and be internalized by MUCl positive cell lines of MCF7 and DU 145
cells. This is in contrast to Calu6 cells (Figure 6.9, C and D) that are MUCl
negative. This level cellular uptake of MUCl antibody-targeted L-QD was not
observed in MCF7 and DU 145 cells treated with non-targeted L-QD (Figure

6.17A). This was considered as evidence that Ab-L-QD can specifically bind to
and be internalized by cancer cells that overexpress MUCl receptors.
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Figure 6 .1 5 : C ellular uptake o f M U C l antibody-targeted L-QD in M C F7 cell lines. T he
c e lls w e re treated w ith A b -ta rg e ted L -Q D (A) and n on -ta rg eted L -Q D (B) at 3 and 30 |iM (a
and b) lip id con cen tration s. T h e n u cle i w ere c o u n tersta in ed w ith D A P I. S c a le bar is 2 0 pm .
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Figure 6.16: C ellular uptake o f M U C l antibody-targeted L-QD in D U 145 cell lines. T h e
c e ils w e re treated w ith A b -ta rg eted L -Q D (A) and n o n -ta rg eted L -Q D (B) at 3 and 3 0 pM (a
and b) lip id con cen tration s. T h e n u cle i w e re cou n terstain ed w ith D A P I. S c a le bar is 2 0 pm .
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Figure 6.17: C ellular uptake o f M U C l antibody-targeted L-QD in C alu6 cell lines. The
cells were treated with A b-targeted L-QD (A) and non-targeted L-QD (B) at 3 and 30 pM (a
and b) lipid concentrations. The nuclei were counterstained w ith DAPI. Scale bar is 20 pm.

Notably, both antibody-targeted Dil-labeled liposomes and Ab-L-QD exhibited
marked difference in terms of cellular distribution inside the cells, as visualized
by the fluorescence of Dil and QD, respectively. However, it needs to be
pointed out the high amount of Dil used compared to QD (1 mole% Fs. 3.6 x
10'^ mole%, respectively).
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Photostability of L-QD Vs. Dil-labeled liposomes: QD are known for their
superior photostability in contrast to traditionally used organic dyes. For that
reason, the photostability of antibody-targeted L-QD in comparison to Dillabeled liposomes was investigated under UV light exposure following
internalization into cells. The fluorescence change o f Dil and QD under UV
exposure was constantly monitored using fluorescence microscopy. As shown
in Figure 6.18B, Dil-labeled liposomes showed very fast fluorescence
decrease and completely quenched after 3 seconds UV exposure.

In

comparison, even after 30 seconds UV exposure, L-QD did not show any
fluorescence deduction (Figure 6.18A). The pronounced photostability
observed, thus, enables L-QD to be a prominent candidate for long-term
fluorescence imaging applications in a biological environment.

A . L-Q D

B . D il-labeled liposom es

F igure 6.18: Photostabiltiy o f D il-labeled liposom es

Vs.

L-QD. Fluorescence m icroscopy

im ages o f M CF7 treated with M U C l antibody-targeted (A) D il-labeled liposom es and (B) LQD at 30 pM lipid concentration.

Both were exposed under UV light and the fluorescence

change was m onitored under fluorescence m icroscopy.
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6.6 C ytoxicity assay o f L-QD system

Cytoxicity of liposome systems: The cytotoxicity of the engineered drugloaded, antibody-targeted and non-targeted liposome systems was investigated
in MCF7, DU 145 and Calu6 cell lines. The cells were treated at Dox
concentrations of 0.6 and 6 pM (equal to 3 and 30 pM lipid) in serum-ffee
medium for 2 hours. After that, the cells were washed to remove unbound
vesicles and replaced with complete medium for 48 h incubation, before
performing the MTT assay. As shown in Figure 6.19, there was improvement
in the cytotoxicity from Ab-L-Dox compared to non-targeted ones in MUCl
positive cell lines (MCF7 and DU 145). In contrast, Ab-L-Dox did not cause
cytotoxicty in MUCl negative cell lines (Calu6). The caused cytotoxicity by
Ab-L-Dox varied in MCF7 (20%) and DU 145 (5%) at 0.6 pM Dox. This was
thought to be due to the difference in the cellular uptake of Ab-L-Dox between
the two cell lines (as observed in Figure 6.12 and 6.13). The significant
difference observed at lower concentration (0.6 pM) was considered to be due
to combinatory effects o f antibody targeting and avoidance of lipid non
specific interactions with cells.
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Figure 6.19: C ytotoxicity o f M U C l antibody-targeted liposom es by M TT assay.
C ytotoxicity assays were perform ed after exposure o f cells to 0.6 and 6 pM D ox concentrations.
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Cytoxicity of L-QD hybrid systems: Following the same protocol, the
cytotoxicity of L-QD delivery systems (L-QD, L-QD-Dox, Ab-L-QD, Ab-LQD-Dox) was studied in MCF7, DU 145 and Calu6 cell lines. As shown in

Figure 6.20, similar to liposomes, Ab-L-QD-Dox improved the cytotoxicity in
MUCl positive cell lines (MCF7 and DU 145), whereas such improvement was
not observed in MUCl negative cell lines (Calu6). It is noteworthy that L-QD
and Ab-L-QD were not toxic to all three cell lines used. This finding further
confirmed that the improved cytotoxicity observed from Ab-L-QD-Dox,
compared to the non-targeted, was due to antibody targeting to MUCl
receptors. Therefore, the construction of Ab-L-QD-Dox has been shown to
offer advantages in potential targeting (Figure 6.10), imaging (Figure 6.15

and 6.16) and therapy (Figure 6.20) all combined within one single vesicle.
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Figure 6.20: C ytotoxicity o f M U C l antibody-targeted L-QD hybrids by M TT assay.
C y to to x ic ity a ssa y s w ere p erform ed after e x p o su re o f c e lls to 0 .6 and 6 p M D o x co n cen tra tio n s.
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6.7 In vivo imaging using the L-QD hybrid vesicles

The L-QD hybrid vesicles were further investigated in pilot imaging
experiments using living animals. The tumour model (DU 145) used was
developed by Dr. Wafa Al-Jamal, nanomedicinelab, and IVIS imaging
application was conducted by Dr. Wafa Al-Jamal and Mrs. Zahraa Al-Ahmady
from our laboratory.

As shown in Figure 6.21, subcutaneous injection of L-QD into mice failed in
the detection of QD fluorescence. This may be due to the fact that QD (green in
colour, emission wavelength of 510 nm) with short wavelength cannot
efficiently pass through the mice skin. Therefore, it may require the use of
longer wavelength QD (>800 nm), such as infrared QD, for deeper tissue
penetration (see appendixVl).
A

B

’.A20100505I52924 001 • 0 340K

;A20100505153404_001 ♦ 0 531

o
L
Figure 6.21: Subcutaneous injection o f L-QD into mice. (A) before and after (B) injection.
The injection point was circled.
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6.7.1 L-QD-Dox imaging following intratumoural injection

Free Dox, L-QD-Dox and Ab-L-QD-Dox were injected intratumourally and
monitored by Dox fluorescence (emission wavelength of 600 nm) using IVIS
camera. Figure 6.22A depicts the injection of Dox and L-QD-Dox in DU145
tumour bearing mice. In DU 145, Ab-L-QD-Dox showed clear increase in Dox
fluorescence

with time, indicating increased number of Ab-L-QD-Dox

vesicles accumulated in the tumour due to antibody targeting against MUCl
receptors expressed by DU 145 cells. In comparison, DU 145 tumours injected
with free Dox showed continuous fluorescence decrease throughout the
experiment, while L-QD-Dox remained relatively the same. Quantitative
analysis of Dox fluorescent signals from free Dox, L-QD-Dox and Ab-L-QDDox following i.t. administration was in agreement with IVIS observations
(Figure 6.22B).
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Figure 6.22: Intratum our injection o f Dox and L-Q D -D ox in DU145 tum our bearing mice.
Different D ox-containing systems w ere injected intratum ourally to the two tum ours on the
right and left flanks o f CD I nude mice, (A) from left to right; control, ft-ee Dox, L-Q D -D ox
and A b-L-Q D -D ox. The Dox fluorescent signal was im aged throughout the experim ent
observed was from Dox. (B) Q uantification o f Dox fluorescent signals.
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6.8 Discussion

6.8.1 The engineering aptamer-targeted liposomes

MUCl antigens are cancer markers of great interest explored for cancer
targeting (Limacher and Acres, 2007; Singh and Bandyopadhyay, 2007; Yang
et al., 2007a). They are overexpressed and aberrantly glycosylated on the
membrane of various cancer cells (Limacher and Acres, 2007; Singh and
Bandyopadhyay, 2007; Yang et al., 2007a). In the present work MUCl
aptamer (ssDNA 25 bp) with a sequence of 5’-GGG GTA CGG TAG GCG
GGG TCA ACT G-3’was selected by SELEX to bind to the glycosylated form
of MUCl receptors with high binding affinity and specificity (Gariepy et al.,
2007). Our results show that Cy3-labelled MUCl aptamers can be internalized
by human breast cancer MCF7 cells that overexpress MUCl receptors (Figure
6.4A, upper panel). This finding was in agreement with cellular uptake using
rhodamine-labeled MUCl aptamers by MCF7 cells (Ferreira et al., 2006).
Furthermore, Ferreira et a l reported that the binding of aptamers to MUCl
receptors could not be displaced by MUCl antibody (C595), indicating the
high affinity between MUCl aptamers and their receptors. Similar high
selectivity and binding affinity of aptamers have been also observed with
PSMA aptamers (Bagalkot et al., 2007) and CCRP-CEM aptamers (Huang et
al., 2009). Very recently, Pieve et a l reported that ^^"'Tc-labelled MUCl
aptamers could achieve tumor accumulation (MCF7 xenografts) following
systemic administration(Pieve et al., 2009). MUCl aptamers were found to be
completely excreted via the urine after 22 h of administration. All these

139

findings indicated that MUCl aptamers can be used as excellent targeting
molecules for cancer in vitro and in vivo.

Different types o f aptamers have been conjugated to various delivery systems
for active targeting o f cancer. Aptamer-drug conjugates have shown selective
targeting in vitro, but achieved minimum improvement in cancer therapeutic
effect, due to a limited drug carrying capacity (e.g. one doxorubicin chemically
conjugated to one aptamer) (Bagalkot et al., 2007; Huang et al., 2009).
Alternatively, aptamers have been explored to target nanometer-sized delivery
systems with high drug loading capacity, such as PLGA nanoparticles (Cheng
et al., 2007; Dhar et al., 2008; Farokhzad et al., 2006; Farokhzad et al., 2004)
and liposomes (Gao et al., 2009; Kang et al., 2009; Willis et al., 1998).
Aptamer-conjugated

polymer

nanoparticles

(PLGA-PEG)

have

shown

improved therapeutic effect of cancer in vitro and in vivo (Cheng et al., 2007;
Dhar et al., 2008; Farokhzad et al., 2006; Farokhzad et al., 2004). The targeting
capabilities of aptamer-conjugated liposomes was first described by Willis et
al., where vascular endothelial growth factor (VEGF) aptamers were anchored
into the lipid bialyer to modulate the aptamer pharmacokinetics in vivo (Willis
et al., 1998). VEGF-targeted liposomes showed a prolonged blood profile
compared to free VEGF aptamers with a high binding affinity to VEGF
receptors (Willis et al., 1998). Very recently, Cao et al. (2009) reported
aptamer targeted liposomes that bind to nucleolin receptors (overexpressed by
breast cancer cells) (Cao et al., 2009). In the present work, we selected MUCl
aptamers that can specifically and efficiently bind to MUCl receptors in cancer
cells (Ferreira et al., 2006; Gariepy et al., 2007). MUCl aptamer liposomes
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can specifically bind and be uptaken by human breast cancer cells (MCF-7)
(Figure 6.4B, top panel) which overexpress MUCl receptors, in contrast to
human pulmonary adenocarcinoma cells (Calu6) (Figure 6.4B, bottom panel).
This enhanced cellular uptake was not observed in MCF-7 cells treated with
scrambled aptamer liposomes (see appendix), indicating the high specificity of
MUCl aptamers. Furthermore, MUCl aptamer liposomes, similar to free
MUCl aptamers, have been found to be distributed in the cytoplasm of MCF-7
cells (Figure 6.4B, top panel), indicating that these targeted liposomes are
internalized via MUCl surface receptors. However, further cellular trafficking
and uptake studies are still warranted to understand the cellular uptake
mechanism.

For the construction of aptamer-functionalized liposomes, Willis et a l
synthesized a dialkylglycerol lipid derivative of VEGF aptamers then anchored
the aptamer into the DSPC:Chol lipid bilayer (Willis et al., 1998). Similarly,
Cao et a l conjugated nucleolin aptamers to cholesterol molecules using an
extra twelve nucleotide bases between the aptamer and the cholesterol to
ensure that the binding domains of the aptamers were away from the lipid
bilayer (Cao et al., 2009). Both studies highlight the necessity of a chemical
conjugation of the aptamer to a lipid, in order to be anchored in the lipid
bilayer of liposomes. Our approach to engineer aptamer liposomes involved a
one-step

conjugation

between

aptamers

and

commercially

available

maleimide-terminated PEG 2000 -DSPE micelles in water. This constitutes a
clean and straightforward approach to the construction of aptamer liposomes,
compared to previously published examples (Cao et al., 2009; Willis et al..
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1998). Similar conjugation approaches using maleimide-terminated PEG 2000DSPE micelles have been widely reported for the construction of targeted
liposomes (e.g. Ab(Allen et al., 2005), Fab (Kirpotin et al., 2006), scFv (Cheng
et al., 2007), transferring (Wu et al., 2007), peptide (Terada et al., 2007)).

The present work describes for the first time engineering MUCl aptamer
liposomes following the post-insertion approach. This novel aptamer liposome
system was extensively characterized using gel electrophoresis, size exclusion
chromatography and DLS. The number of aptamers was determined to be
around 12 to 16 on the surface per liposome vesicle (Table 6.1). The result was
consistent with previous reports of 13 to 21 Ab on the liposome surface
following Ab-PEG2 ooo“DSPE post-insertion into preformed liposomes (Iden
and Allen, 2001). Interestingly, this approach maintains the aptamer binding
affinity since all the aptamers are on the liposome outer surface. Incorporating
aptamer-lipid conjugate in the initial lipid mixture, prior to the liposome
preparation, resulted in a reduction in the aptamer binding affinity, since a high
proportion o f aptamers are in the inner lipid bilayer, thus inaccessible to the
cell surface receptors (Cao et al., 2009). The post-insertion method used here
also proves that targeting capabilities can be achieved with a minimum amount
of aptamers per liposome (12 to 16), much less than previously reported 250
aptamers per liposome by conjugating aptamers directly to maleimide-carrying
liposomes (Kang et al., 2009). Finally, our approach further confirmes that the
post-insertion is a lipid-oriented process and not affected by the presence of
aptamers at the end of PEG 2 0 0 0 -DSPE. It can be a facile tool to sterically
stabilize and functionalize the liposome surface with different aptamer
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sequences, simply by conjugating the aptamer to maleimide-PEG 2 ooo-DSPE
micelles, followed by post-insertion into different types of liposomes.

In conclusion, we report the construction of MUCl aptamer liposomes which
were capable of targeting MUCl receptors and following a MUCl receptormedicated endocytosis pathway into cancer cells.

We envisage that the

aptamer-conjugated liposomes can offer a new class of targeted liposomes to
deliver intracellularly a wide range of therapeutics for in vitro and in vivo
applications. Furthermore, the conjugation chemistry used constitutes a facile
approach to construct a wide range of aptamer liposome systems that can be
exploited in cancer delivery. However, systematic investigations in vitro and in
vivo are still needed prior to its applications in the clinic.
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6.8.2 The engineering antibody-targeted L-QD systems

Great efforts have been made to develop multifunctional nanostructures that
combine targeting, therapy and imaging into a single vesicle (Bagalkot et al.,
2007; Kim et al., 2008; Zrazhevskiy et al., 2010). In the present work, we
engineered an antibody-targeted L-QD system that can be loaded with Dox for
targeted therapy and imaging of cancer. The targeted L-QD systems were
engineered by incorporation of hydrophobic QD into the lipid bilayer of
liposomes. Dox was then loaded into the aqueous core, followed by post
insertion of the antibody-PEG 2ooo-DSPE. The antibody-targeted L-QD-Dox
hybrids were around 100 nm in diameter (Figure 6.7) and can specifically bind
to the MUCl receptor with multivalent effects as was observed by Surface
Plasmon Resonance (Figure 6.10).

Until now, QD have been efficiently delivered into cells using electroporation,
microinjection, transfection (cationic liposomes) and targeting ligands
(Delehanty et al., 2009). However, electroporation (applied electrical field) and
microinjection (mechanically piercing cell membrane) require intrusion to cell
physiology compared to the methods of cationic liposomes and targeting
ligands. Cationic liposomes facilitate enhanced interaction with the cell
membrane via electrostatic interactions, but suffer from a lack of specificity
and selectivity (Al-Jamal et al., 2008b; Bothun et al., 2009; Gopalakrishnan et
al., 2006).

For example, Gopalakrishnan et a l and Al-Jamal et a l have

engineered cationic L-QD hybrid vesicles that can be used for efficient cell
labelling in human embryonic kidney cells (Gopalakrishnan et al., 2006) and
human lung epithelial cells in vitro and in human cervical carcinoma
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xenografts (mice) in vivo (Al-Jamal et al., 2008b). However, it is notable that
cationic L-QD could interact non-specifically with negatively charged blood
proteins after systemic administration, thereby limiting their applications in
vitro (Al-Jamal et al., 2008b; Bothun et al., 2009; Gopalakrishnan et al., 2006)
or local delivery in vivo (e.g. intratumoural injection) (Al-Jamal et al., 2008b).

In comparison, conjugating biofunctional ligands to QD can allow specific
binding to the cells of interests, and be internalized via receptor-mediated
endocytosis (Gao et al., 2004; Sigot et al., 2010; Weng et al., 2008). Such a
strategy has been extensively explored using various targeting ligands
including antibodies (Gao et al., 2004; Jaiswal et al., 2003; Liu et al., 2008;
Xing et al., 2007), peptides (Anas et al., 2009; Cai et al., 2006; Mulder et al.,
2006; Zhang et al., 2006c) and aptamers (Bakalova et al., 2004; Chen et al.,
2008b). Numerous studies have proved that targeted QD are capable of
improving tumour accumulation compared to non-targeted QD, after systemic
administration (Table 1.3). Gao et al. (2004) reported that PSMA antibodytargeted PEGsooo coated QD (CdSe/ZnS) achieved faster tumour accumulation
in human prostate cancer (C4-2) xenograft at lower injected dose (0.4 nmole,
2h post-injection) than non-targeted QD (6 nmole, 24h post-injection) (Gao et
al., 2004). Cai et. al. (2007) quantitatively studied the tumour accumulation
efficiency using ^"^Cu-DOTA-RGE peptide-targeted PEG 2000 QD and found that
the targeted QD increased tumour accumulation up to 4% ID compared to nontargeted (<1% ID) 18 h post-injection(Cai et al., 2007).
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Although cancer targeted therapy has been proved effective, clinical studies
have found that cancer cells develop resistance (e.g. molecular evolvement) to
bypass therapy (Pohlmann et al., 2009; Wilken and Maihle, 2010). One
example is Herceptin® (trastuzumab, monoclonal antibodies) targeting Her2
receptors, where cancer has been found to develop resistance to bypass Her2
receptors after treatment. To solve this problem, Arpino et al. (2007) have
found that combined treatment by co-injection of pertuzumab (Her2 inhibitor),
trastuzumab, and gefitinib (EOF inhibitor), is more effective than single
antibody therapy (Arpino et al., 2007). Allen and colleagues recently reported
that the co-injection of APA- (targeting the perivascular tumour cell) and APN(targeting tumour vasculature) targeted Dox-loaded liposomes significantly
prolonged survival in human neuroblastoma-bearing mice after systemic
administration, compared to each treatment injected separately (Loi et al.,
2010 ).

MUCl antigens have been found to be overexpressed and aberrantly
glycosylated on the membrane of various cancer cells (Limacher and Acres,
2007; Singh and Bandyopadhyay, 2007; Yang et al., 2007a). However, to our
best knowledge, there is only one paper reporting MUCl antibody-targeted
liposomes, which loaded with Dox could prevent tumour growth in two
metastatic breast tumour models (GZHI and 4T1, respectively) after systemic
administration (Moase et al., 2001). In the present work, we further explore the
cancer cell targeting through MUCl receptors by conjugating the anti-MUCl
antibody and aptamer to the liposome and L-QD. Cellular uptake studies
demonstrated that targeted L-QD can specifically bind and be internalized by
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breast cancer cells (MCF7) and prostate cancer cells (DU 145) that overexpress
MUCl receptors in vitro (Figure 6.15 and 6.16). Negligible uptake was
observed in Calu6 that are MUCl negative (Figure 6.17). The cytotoxic
activity of the antibody-targeted L-QD-Dox hybrids was also investigated.
Table 5.2 demonstrated that Dox can be loaded into L-QD with a loading
efficiency of 100%. The antibody-targeted L-QD-Dox exhibited significantly
improved cytotoxic activity in MCF7 cells compared to non-targeted L-QDDox (Figure 6.20). Therefore, the construction of Ab-L-QD-Dox has been
shown to offer advantages in potential targeting (Figure 6.10), imaging
(Figure 6.15 and 6.16) and therapy (Figure 6.20) all combined within one
single vesicle.

Nowadays, the construction of theranostic nanoconstructs integrated with
imaging and therapy into one unit have been utilized for simultaneous cancer
imaging and therapy (Bagalkot et al., 2007; Kim et al., 2010; Rowe et al., 2009;
Weng et al., 2008). Moreover, the presence of an imaging agent in the
theranostic modalities allows for the visualization of their behaviours in real
time after systematic administration, thereby offering important feedbacks
regarding drug biodistribution, the percentage of drugs in the target site and
therapeutic effect. However, conjugating therapeutic molecules directly to the
surface o f diagnostic modalities (e.g. quantum dot and iron oxide) has been
found to suffer from low drug loading capacity (Bagalkot et al., 2007; Kim et
al., 2010; Rowe et al., 2009). For example, Bagalkot et a l (2007) covalently
conjugated

PSMA

targeted

aptamers

to

the

surface

of hydrophilic

functionalized QD and allowed doxorubicin loading through intercalation with
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the aptamers at 1 to 1 molar ratio (Bagalkot et al., 2007). Compared to the
previously reported QD-aptamer (Dox), the antibody-targeted L-QD-Dox can
achieve comparable therapeutic effect at much reduced QD concentration
relative to aptamer-QD conjugates (1.07 xlO'^ pM Vs. 1.6 pM, respectively).
This indicates one advantage o f the L-QD hybrid system over QD-drug
conjugates (Bakalova et al., 2004; Chen et al., 2005; Manabe et al., 2006) in
the capacity to carry clinically relevant Dox. Also, the QD concentration used
in the present work was low, therefore, no inherent toxicity effects were
observed from the L-QD systems in any of the three cancer cell lines (MCF7,
DU 145 and Calu6) (Figure 6.20). The improved therapeutic effect exhibited
by the antibody-targeted L-QD-Dox hybrid represents a step forward in the
design o f multifunctional nanoparticles with potential clinical applicability in
combinatory cancer targeting, imaging and therapy.

In conclusion, we have demonstrated that the engineering of MUCl antibodytargeted L-QD system can be used for targeted cancer imaging at the single cell
level. When loaded with anticancer drug Dox, such antibody-targeted L-QD
system can be used to deliver drugs intracellularly and achieve improved
therapeutic effect compared to non-targeted L-QD-Dox. This represents a
rational design of multifunctional liposome-based nanostructures, which offers
flexible choices of various targeting ligands, small hydrophobic nanoparticles
(e.g. gold, magnetic) and cancer drugs to be combined into one liposome
vesicles in a customized manner, for clinical applications.
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CHAPTER VII: SUMMARY & FUTURE WORK
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The construction of liposome-QD hybrids (L-QD) by incorporation of
hydrophobic QD (2 to 4 nm in diameter) is considered as a versatile
nanoplatform that can be potentially used for the development of combinatory
therapeutic and imaging (theranostic) modalities. However, until now, previous
studies have only applied L-QD for imaging applications, as summarized
below in a chronological order.

In 2006, Gopalakrishnan et a l engineered the first L-QD vesicles and applied
cationic L-QD (composed of cationic lipids) for cancer cell labelling in vitro
(Gopalakrishnan et al., 2006).
In 2008, Al-Jamal et a l constructed cationic L-QD and further explored their
potential for cancer cell labelling in vivo by intratumoural administration (AlJamal et al., 2008b).
In 2009, Bothun et a l incorporated hydrophobic QD (in the lipid bilayer) and
hydrophilic polymer-functionalized QD (in the aqueous core) into single
liposomes vesicles for cell labelling in vitro (Bothun et al., 2009).
Compared to previous studies, the advance of this project lies in the
design, preparation and characterization of the targeted L-QD-Dox systems
(100 nm in diameter). The incorporation of hydrophobic QD into the lipid
bilayer of liposomes resulted in the formation of fluorescent L-QD hybrid
vesicles (Chapter 4). Structural elucidation using AFM in air and water
revealed that the incorporation of QD took place by hydrophobic self
association within the lipid membranes. To further equip L-QD hybrids with a
therapeutic capability, doxorubicin (Dox) was loaded into L-QD using the
osmotic gradient technique and loading efficiencies above 95% (Chapter 5).
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Structural elucidation by cryo-EM showed that Dox formed crystal-like
structures inside L-QD, as reported for liposomes, which was confirmed by
AFM in this study. Dox was stably encapsulated in L-QD hybrids, with very
low release rate (< 10%) in 50% serum over 6 hrs at 37 °C. Finally, MUCl
antibody-PEG-DSPE micelles were post-inserted into the L-QD surface and
the specific binding to MUCl receptors was evidenced by SPR (Chapter 6),
demonstrating irreversible binding to the epitope due to a multivalent effect.

In biological studies, MUCl antibody-targeted L-QD could specifically
bind to and be internalized by MUCl positive cells (MCF7 and DU 145),
leading to significant enhancement in cellular uptake compared to MUCl
negative cells (Calu6) (Chapter 6). Antibody-targeted, Dox-loaded L-QD
hybrids significantly improved cell kill of MCF7 and DU 145 compared to
Calu6. For proof-of-principle in vivo imaging studies, hydrophobic infrared
PbS QD (2 nm in diameter) were incorporated into the lipid bilayer of
liposomes. The IVIS camera was used to successfully image QD fluorescence
following intratumoral (i.t.) administration of L-QD in DU 145 tumours.
Overall, this project has demonstrated a strategy for the engineering of a
targeted theranostic system based on liposome-quantum dot hybrid vesicles for
tumour imaging and therapy in vitro and in vivo.

Future work will focus on biological applications of the targeted L-QD-Dox for
cancer therapy and imaging in vivo by systemic administration. For in vivo
tumour imaging, incorporation of near-inffared QD would be ideal due to deep
tissue penetration. In this way, it would allow visualization in real time after
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administration,

offering

important

feedbacks

on

drug

biodistribution.

Moreover, the study of pharmacokinetics and biodistribution of targeted L-QDDox would offer important parameters that can be used for further
optimization. For example, it may require conjugating longer PEG lipids or
manipulating PEG ratio to achieve long blood circulation half-life. The
ultimate goal is to develop targeted theranostic modalities based on liposomehydrophobic nanoparticle system, leading to the development of personalized
medicine for clinical usage.
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APPENDIX I
Structural elucidation of lipid-enveloped adenovirus by AFM in air
Recombinant adenovirus (Ad) is a powerful tool in gene therapy. However, the
ability to deliver Ad by systemic administration is limited due to rapid
clearance from blood circulation, transfection o f nontarget tissues, toxicity, and
immunogenicity. To address these limitations, we developed an artificially
enveloped Ad vector prepared by self-assembly o f lipid bilayers around the Ad
capsid. The physicochemical and structural features o f the enveloped Ad vector
can be altered according to the type of lipid used without the need for genetic
modification or conjugation chemistry. Here we engineered different types o f
artificially enveloped Ad using cationic, neutral, PEGylated (Figure 1) and
pH-sensitive lipids (Figure 2) to forni the envelopes in order to obtain
extended blood circulation times following i.v. administration and reduced
vector immunogenicity. This provides the basis for the development o f a novel
vector platform for systemic delivery o f Ad to disseminated targets.
Furthermore, the artificial envelopment o f Ad presented herein is an illustration
of a general strategy to modulate the biological function o f nonenveloped
viruses and may have implications broader than gene therapy.

+ + +
Adenovirus
Alone

Adenovirus in
DMPCrChol
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Adenovirus in
DOTAP:Chol

Section Analysis

S ection Analy

Section Analysis

Figure 1. A FM o f enveloped Ad. Sam ples (20 pi, lO " Ad particles/m l) w ere deposited on
m ica and allow ed to dry. The im ages for each o f the follow ing sam ples, scanning from left to
right, are the am plitude im age, the height im age, and the cross-section analysis through the
height im age for Ad alone

(a); D O T AP :Choi -en veloped Ad (b); and

D M PC :C hol:D SPE PE G 2 ooo-enveloped Ad (c).
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H eigh t im age

3D im age

A m p litu d e im age

C ro ss-sectio n an aylsis
Section Ara)y5

Section Analysis

Section Analyw

F igu re!: AFM im ages o f adenovirus, liposom es and enveloped adenovirus. (A) AD (lO ’^
particles/m l), (B) Liposom e (D O PE:Chem s 3:2 molar ratio) and (C) Enveloped Ad (2mM
D O PEiC hem s w ith 10’° particles/m l AD. The images o f each sam ple are show n in height
images, 3D im ages, am plitude images and cross-section analysis. The scale bar is 100 nm.

APPENDIX II

Structural elucidation of carbon nanotube-siRNA complex by AFM in air
One of the major obstacles to the clinical development o f gene silencing by
small interfering RNA (siRNA) is its effective cytoplasmic delivery. Carbon
nanotubes have been proposed as novel nanomaterials that can offer significant
advantages for the intracellular delivery of nucleic acids, such as siRNA. We
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recently demonstrated in a proof-of-principle study that amino- (Figure 1) and
polycationic dendron- (Figure 2) functionalized multiwalled carbon nanotubes

(f-MWNT) and can effectively deliver in vivo an siRNA sequence, triggering
cell apoptosis that results in human lung xenograft eradication and prolonged
survival.

Figure 1. AFM am plitude im ages of M W N T -N H / (top panel) and M W N T -N H j :siR j\A
com plexes at 8:1 mass ratio (bottom panel). Final M W N T-N H 3 " concentration is 50mg/ml
for AFM . Scale bars lOOnm in all panels.

Figure 2. C haracterization of/-M W N T rsiR N A com plexes. AFM im ages (from left to right)
o f M W N T-2.0D N (C H 3))' alone or com plexed to siR N A at 1:8 and 1:16 mass ratios. Scale
bars are

10 0

nm.

157

A P P E N D IX III
Structural elucidation of/-QD-L by AFM in air
Functionalized-quantum-dot-liposome (f-QD-L) hybrid nanoparticles (Figure

1) are engineered by encapsulating poly(ethylene glycol)-coated QD in the
internal aqueous phase o f different lipid bilayer vesicles, for efficient tumour
targeting in vitro and in vivo.

F ig u re 1: A FM o f /-Q D -L h y b rid vesicles. A m plitude im ages o f 2mM D SPC: Chol:DSPEPEG 2000 (1.8:1:0.2) (A) em pty liposom es and ( B ) /Q D - L hybrid vesicles.
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f-QD-L hybrid nanoparticles also 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. /^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.

APPE N D IX IV

Structural elucidation of doxorubicin-loaded liposomes by atomic force
microscopy in air and water

In this section, we take doxorubicin-loaded liposomes as an example to explain
the mechanisms o f AFM scanning fo r liposomal delivery systems, in water and
air.

Doxil is a clinically used, FDA-approved liposomal product against
cancer(Lasic, 1996). Structural elucidation of liposomal doxorubicin (L-Dox)
by cryo-EM showed that Dox formed crystal-like structures in liposomes
(Lasic et al., 1992; Lengyel et al., 2008). Since 1992, cryo-EM has been the
only technique used to visualize Dox crystals inside liposomes. AFM has many
advantages over electron microscopy since it does not require special sample
processing (drying and staining) and can be operated both in air and water to
resolve three-dimensional images(Ruozi et al., 2007; Spyratou et al., 2009).
However, AFM imaging of soft liposome vesicles in liquid is a very
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challenging task. For successful imaging in liquid, liposome vesicles are
required to be immobilized on a solid support (e.g. mica)(Thomson et al., 2000)
and at the same time to avoid vesicle fusion (to form supported lipid bilayer) in
order to allow structural elucidation of individualized vesicles(Dagata et al.,
2008; Li and Palmer, 2004). So far, AFM imaging in liquid has been mainly
used for the characterization of the supported lipid bilayer (SLB) formed by
liposome vesicle fusion(El Kirat et al., 2009; Jass et al., 2000; Reviakine and
Brisson, 2000). Very recently, several studies have proved that the structure of
nanoparticle-loaded liposomes (Dagata et al., 2008; Li and Palmer, 2004) can
be imaged in fluid using tapping-mode AFM, provided that individualized
liposome vesicles can be managed.

In this section, we report the use of tapping-mode AFM to elucidate the
structure o f L-Dox in both ambient conditions (air) and in liquid buffer on two
surfaces, namely, negatively-charged mica and positively-charged AP-mica.
The optimized conditions we used to image PEGylated liposomes successfully
avoid fusion between adjacent lipid vesicles, enabling individualized vesicles
to be fully characterized. Dox crystals formed inside liposomes were visualized
for the first time by AFM in both water and air.

L-Dox characterization by DLS, Cryo-EM and fluorescence
spectrophotometry: DLS study showed that liposomes did not change size
and surface charge after Dox loading (Figure lA). Consistent with previous
cryo-EM observations, (Lasic, 1996; Lasic et al., 1992; Lengyel et al., 2008)
crystal-like structures were visualized inside liposomes (Figure IB). The Dox
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fluorescence was monitored using fluorescence spectrophotometry. It is clearly
shown that Dox quenched after loading into liposomes and their fluorescence
recovered to a level similar to the drug control after lysis of liposomes by 1%
triton (Figure 1C), proving high loading efficiency of Dox.
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Figure 1: C haracterization of L-Dox by DLS (A), cryo-EM (B) and fluorescence
spectrophotom etry(C ).

Structural characterization of L-Dox by AFM in water: Immobilization of
nanoparticles is prerequisite for AFM imaging in liquids (Thomson et al.,
2000). In our experiment, the mica surface was treated with aminopropylsilane
to form positively charged AP-mica (Thomson et al., 2000), on which
negatively charged liposome vesicles can be immobilized due to electrostatic
interactions. To avoid fusion caused by excessive vesicles absorption to APmica, lipid concentration was optimized to be 2 mM and unbounded vesicles
were removed immediately by MBS washing after 2 min deposition time. The
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AFM scanning was applied using tapping-mode to avoid vesicles damage by
minimizing the interactions between samples and AFM tip (Casals et al., 2003;
Thomson et al., 2000).

Figure 2A shows that liposomes collapsed on positively-charged AP-mica in
HBS buffer, forming individualized lipid patches. Cross-section analysis
indicated that the resulting lipid patches was around 3 nm to 4 nm in height
(Figure 3C), in agreement with the thickness of one lipid bilayer studied
previously by AFM in liquid (Egawa and Furusawa, 1999; Reviakine and
Brisson, 2000) and X-ray analysis (Harroun et al., 1999). We hypothesised that
the collapse of liposomes would lead to the exposure of Dox crystals and allow
direct imaging of such crystals. As expected, Dox crystals were clearly
observed as globular structures which are always associated with lipid patches
by AFM imaging in liquid (Figure 2C). Figure 3F represents cross-section
analysis through three typical features where Dox crystals (globular structures)
were between 10 nm to 20 nm in height, much higher than the surrounding
lipid patches of 4 nm in height. Furthermore, the surface mechanical
difference in the properties of Dox crystals and lipid patches lead to distinct
interactions with the AFM tip, as shown in phase images (Figure 2D).
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Phase image

Amplitude im age

IJposom e

L iposom al
d o z o r a b id n

Figure 2: L iposom es and L-Dox scanned in w ater w ere presented in am plitude im ages (A,
C) and phase im ages (B, D), respectively.

Uaght image

3D image

Cross-sectioB anaiysb

ijp o so m e

/I

L-Dox

1\

J

Figure 3: A nalysis o f liposom es and L-Dox from squared area in Figure 2, by height
im age (A, D), 3D im age (B, E) and cross-section analysis (C, F).
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Structural characterization of L-Dox by AFM in air: The untreated mica
with a negatively charged surface was used for in air scan. Samples were dried
after 30 second deposition by a nitrogen stream and then scanned using
tapping-mode AFM.

Figure 4A shows that liposomes formed individualized lipid patches in air,
which were around 10 nm in height by cross-section analysis (Figure 5C).
This is almost as twice as the height of one lipid bilayer, suggesting that
liposomes did not rupture on negatively charged mica and were merely dried
on the surface intact. For this reason, Dox crystals were observed to be
encapsulated in the dried liposome vesicles which showed homogeneous
globular structures on mica surface (Figure 4C). Cross-section analysis
indicated that the presence of Dox crystals inside led to the height increase up
to 30 nm (Figure 5F), compared to 10 nm of liposome control (Figure 5C).
The presence of Dox crystals resulted in distinct interactions with the AFM tip
compared to liposome control in phase image (Figure 4D), consistent with in
liquid imaging (Figure 2D).

164

Phase Image

Amplitude Image

U posom e

Liposomal
doiom bldm

1

1t

'—..................... ' *

^ * I(

‘

;,50()nm .^

/

«I * , ’

I u

I

V:'
:
* { «

{\

V

Figure 4: Liposom es and L-D ox scanned in air were presented in am plitude im ages (A, C)
and phase im ages (B, D), respectively.
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Figure 5: A nalysis of liposom es and L-D ox from squared area in F igure 2, by height
im age (A, D), 3D im age (B, E) and cross-section analysis (C, F).
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Discussion:
In our study, we found that liposomes collapsed on positively-charged APmica (Figure 2A), not on negatively-charged mica (Figure 4A). Several studies
have previously reported that liposomes collapsed on mica by AFM. (Dagata et
ah, 2008; Egawa and Furusawa, 1999; Li and Palmer, 2004; Reviakine and
Brisson, 2000). Seifert and Lipowsky have theoretically studied the collapse
process of liposomes and concluded that this is a combinatory result of vesicle
properties (such as bending modulus) and the adhesive interactions between
vesicles and solid support (Lipowsky and Seifert, 1991; Seifert, 1997).
Reviakine and Brisson further proposed a critical radius (75 nm) required for
zwitterionic liposomes collapse on mica; however, in the condition of strong
adhesive interactions (such as in the presence of calcium ions), the radius
required would be much smaller (15 nm) (Reviakine and Brisson, 2000).
Consistent with previous studies, we also found that liposomes collapsed on
positively charged AP-mica immediately after deposition (Figure 2) due to
strong adhesive interactions.(Lipowsky and Seifert, 1991; Reviakine and
Brisson, 2000; Seifert, 1997) However, in the absence of such adhesive
interactions, the same liposome vesicles were found to absorb to, but did not
collapse on, negatively charged mica in air (Figure 4). Our observations are in
complete agreement with previous studies and further emphasize the
importance of adhesive interactions required for liposome vesicle collapse on
mica surface.

Several studies have attempted to elucidate the structure of liposome-based
delivery systems in liquid using tapping-mode AFM, such as iron oxide166

encapsulated liposomes and action-containing liposomes in fluid(Dagata et al.,
2008; Li and Palmer, 2004). Both studies have pointed out that the collapse of
liposomes on mica in fluid resulted in the encapsulated entities exposure.
(Dagata et al., 2008; Li and Palmer, 2004) Therefore, we hypothesised that the
collapse of liposomes would result in Dox crystals exposure and allowed direct
imaging of such crystals in water by AFM. As expected, L-Dox were found to
collapse on AP-mica (Figure 2C) and exhibited prominent globular structures
which were always associated with lipid patches, distinct from that of liposome
control (Figure 2A). such globular structures were thought to be Dox crystals
as their height was between 10 nm to 20 nm by cross-section analysis (Figure
3F), much higher than that of lipid patches formed by liposome control (Figure
3C). This is consistent with previous studies that iron oxide nanoparticles
exhibited prominent height increase when iron oxide-encapsulated liposomes
collapsed on mica. Furthermore, phase image (Figure 2D) offered another
proof as a distinct change in the phase data was observed with the Dox crystals
(globular structures), compared to the surrounding lipid patches (Figure 2D).
The different interactions in phase image (Figure 2D) were believed due to the
hardness nature of Dox crystals compared to soft lipid bilayer. All these
evidenced Dox crystals formed inside of liposomes were visualized for the first
time by AFM in water.

We found that liposomes and L-Dox were dried intact on mica in air (Figure 3).
However, the lipid patches formed by L-Dox was much smaller than liposomes
in air (Figure 4 A and C). This is contradicting with our DLS results which
showed similar size between L-Dox and liposomes in buffer (Figure lA). We
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hypothesized that the volume of spherical vesicles, after being dried or
deformed, can be calculated by the surface area of lipid patches formed
multiplied by their height to correlate with its original size. As shown in Figure
4, the height o f L-Dox was higher than liposomes due to the presence of Dox
crystals inside, and correspondingly the lipid patches formed by L-Dox was
smaller than liposomes. This is in agreement with our DLS studies.

In conclusion, we found that the structure of liposomes formed in air was more
dependent on the deposition time and the drying process applied. In contrast,
the structure of liposomes in water was determined by the electrostatic
interactions between solid support and liposomes, consistent with previous
fmdings(Thomson et al., 2000). In conclusion, Dox crystals formed inside
liposomes following encapsulation were visualized by AFM in water and air
for the first time. These optimized conditions in our study allow the structural
elucidation of individualized liposome vesicles and indicate that AFM can be
applied as a routine technique for the structural characterization of soft
nanoparticles such as hydrated lipid bilayer vesicles.
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APPENDIX V

Cellular binding and internalization of scrambled aptamer liposomes

MCF-7

Calo-6

Figure 1: Cellular binding and internalization of scrambled aptamer
liposomes. Confocal images of MCF7 (top panel) and Calu6 (bottom panel)
eel Is incubated for 3h with 100 nM of (A) Cy3-labelled scrambled aptamers or
(B) scrambled aptamer post-inserted into Dil-labeled liposomes. The cells were
washed, fixed with 4% PFA and the nuclei were eounterstained with TOPR03. Scale bar is 10 pm.
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Cellular binding and internalization of MUCl aptamer PEGylated
liposomes

MCF-7 cell

Calu-6 cell

Figure 2: C ellular binding and internalization o f M U C l aptam er PEG ylated liposom es.
Confocal im ages o f M CF7 (top panel) and Calu6 (bottom panel) cells incubated for 3h with
(A) M U C l aptam er D il-labeled liposom es (equivalents to 0.8mM lipid) and (B) the Dillabeled, non-targeted (DSPC: Choi: D SPE-PEG 2 0 0 0 ) liposomes. The cells w ere washed, fixed
w ith 4% PEA and the nuclei were counterstained w ith T 0 -P R 0 3 . Scale b ar is 10 pm.

We have found that post-insertion of aptamer-PEGzooo-DSPE into PEGylated
liposomes (5mole% PEG) did not show enhanced cellular uptake compared to
non-targeted (Figure 2). This observation indicated that the presence of PEG
had negative effects on cancer targeting using aptamers.
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Many studies have shown that the presence of PEG 2000 on the liposome surface
has a negative effect on the binding of immunoliposomes to target molecules
(Gabizon et al., 1999; Klibanov et al., 1991; Kurihara et al., 2009), mainly due
to the steric hindrance of PEG2000 . Our results, in agreement with previous
studies, show that aptamer-conjugated liposomes were subject to significant
reduction in targeting capacity with the addition of 5 mole% PEG2000 on the
liposome surface. To achieve better binding, several studies have pointed out
that targeting ligands were needed to be extended from PEG 2000 coating. This
strategy has been widely used for folate-conjugated liposomes, as reported by
Gabizon et a l (Gabizon et al., 1999). They state that a longer arm (folatePEG3400-DSPE) enabled better binding compared to a shorter arm (folatePEG2000-DSPE) in the presence of PEG2000 . Cao et al. adopted the same
strategy for NCL aptamer-targeted liposomes by extending aptamers out of
PEG2000 coating with the addition of 12 extra T bases to the aptamer sequence
(aptamer-Tn) (Cao et al., 2009). Therefore, we thought aptamers used here
needed to be extended from PEG2000 coating in order to achieve better binding
to MUCl antigens.
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Determination of DSPE-PEG post-insertion efficiency into liposomes by
NMR
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F ig u re 3: D e te rm in a tio n o f P E G y la tio n o f liposom es by N M R . A) C alibration curve o f PEG
integrals determ ined by 400 M hz NM R at different DSPE-PEG concentrations using t-BuO H
as an internal standard. The resulting standard curve was used to calculate the am ount o f post
insertion. B) N M R spectrum o f lyophilised D SPE-PEG m icelles after dissolving in CHC13. C)
NM R spectrum o f lyophilized D SPE-PEG in CHC13, follow ing post-insertion into liposom es,
and lyophilisation. The am ount o f post-inserted m aterial was assessed to be 24.92 %.
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A P P E N D IX VI

NIR L-QD imaging of tumours following intratumour injections:

The L-QD system was further investigated in living animals. As a proof-ofprinciple study, commercially-available hydrophobic near-inffared (NIR) QD
(PbS, 2 nm in diameter) were incorporated to liposomes (EPC;Chol:DSPEPEG2000), for deeper tissue penetration.

As shown in Figure 6.13, the

fluorescent signals of NIR QD can be visualized inside of tumours by IVIS
camera following intratumourally administration.

3 fl

I.

20
ilO

in

Figure I: Intratum our injection of NIR L-QD into DU145 tum our bearing m ice. N IR Q D
w e r e in jected intratum ourally to the tw o tum ou rs o n the right and left flan k s o f C D l nu d e m ic e
(b, the tw o tum our are c ir c le d ) com p ared to the co n tro l (a, the tw o tum ou rs are p o in ted b y
arrow s).
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