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ABSTRACT

ABSTRACT
In this thesis, efforts have been made to investigate and optimize the aqueous
synthesis route in order to prepare high quality QDs. Reaction for high quality CdTe
QD preparation was firstly investigated. It was found that, species and concentration
of surfactants are important factors which greatly influence the growth dynamics,
optical properties and stability of the QDs. A mix-ligands system composed of
mercaptopropionic acid (MPA) and Cysteine (Cys) was then optimized to generate
high quality CdTe QDs.
To avoid the heavy metal related toxicity issues, high quality Mn-doped ZnSe
QDs (d-dots) were synthesized as an alternative to Cd-based QDs. The d-dots are
characterized with large Stokes shift and long PL lifetime, and found to be
biocompatible for biological applications. A sandwiched core/shell QD (SQD,
Mn:ZnSe/ZnS/ZnMnS) was also formulated as high quality contrast agent for both
optical fluorescence imaging and magnetic resonance imaging (MRI).
After proper surface modification and bio-functionalziation, the d-dots were
developed as theranostic agents for in vitro cancer diagnosis and therapy. Two types
of nanocarriers, namely d-dot/polymer nanoplex and d-dot/liposome hybrid, were
developed as optically traceable nanocarrier for cancer cell targeted gene delivery.
The therapeutic effect was confirmed by the significantly suppressed expression of
the targeted gene sequence (mutant K-Ras) at mRNA level. The SQD/liposome
hybrid was also developed as a multifunctional platform for MR/optical dual mode
imaging and gene/drug co-delivery.
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Chapter 1 Introduction
1.1 General Introduction
Quantum dots (QDs) are semiconductor nanocrystals whose electrons and holes are
quantum-confined in all three spatial dimensions. They have attracted much attention
during the past few decades due to their unique physical properties as distinguished
from the corresponding bulk materials and have shown great potential in the
fabrication of next generation optoelectronic devices[1-3]. Since their first
demonstration as optical probes for cell labeling in the late 90s[4, 5], QDs have
emerged as a new class of fluorescent contrast agents for biomedical applications. In
contrast with conventional organic dyes or fluorescent proteins, QDs possess unique
optical properties. They have broad absorption band, narrow emission band,
composition- or size-tunable emission from visible to near infrared (NIR) range,
superior brightness, long fluorescent lifetime and more importantly, they are highly
resistant to photo-bleaching[6] and have a relatively large surface area ready for
functionalization[7]. Based on these advantages, lots of novel applications have been
developed for biosensing and bioimaging, such as cell tracking, multi-channel and
multi-modal imaging.
The solution phase synthesis method has revolutionized the QD fabrication
technology for its capability of molar scale production. Colloidal QDs prepared using
the organometallic methods have been widely reported with high quantum yield,
narrow emission bandwidth and extraordinary optical and colloidal stability in solvent
dispersions. To date, these high qualities have been successfully achieved on
compound QDs based on II-IV (e.g. CdSe, CdTe, CdS, PbS and HgS) or III-V
elements (e.g. InP, InAs). However, in the organometallic method, hazardous
2
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precursors and high temperature reaction are normally involved, while complicated
post-synthesis phase transfer steps have to be carried out to make the QDs dispersible
in aqueous environment before using them for biomedical applications. Recently,
aqueous route for synthesizing high quality QDs has attracted considerable research
attention, as it is more economic, environment-friendly and simple to operate. More
importantly, the QDs synthesized in aqueous phase are initially dispersible in
biological environment and ready for biofunctionalizations, therefore show great
advantage over the traditional organmetallic method in biomedical applications.
For most of the biosensing and bioimaging applications, biocompatibility of the
QD is another fundamental issue of concern. Although the potential toxicity of the
particles is to some extent complicated by the surface modification, size and shape
effect, delivery site/route and dosage, the dominant issue is thought to be the toxicity
of its intrinsic compositions. So far, cadmium-based QDs had caught most of the
attention and subsequently dominated the research field for quite a few years. It was
found that, oxidation or degradation of the QDs can take place in biological
environments, and the heavy metal ions released from the particle surface were found
to cause acute toxic effects. Although lots of efforts have been directed to improve the
compatibility of QDs in biomedical applications through proper surface modification
(e.g. organic or inorganic capping), their potential toxicity still remains a major
debating and unsettle issue. For this reason, preparation of high quality QDs that do
not contain any toxic heavy metal components is extremely desirable for biomedical
applications.
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1.2 Concept of This Thesis
The overall goal of this work is to investigate the aqueous route to synthesize high
quality, biocompatible and multifunctional colloidal quantum dots (QDs) and explore
their applications in biomedical field.
In Chapter 2, a brief review is given to introduce the basic concepts of quantum
dots, as well as the research background for their biomedical applications. In
particular, the physical properties, chemical methods for synthesis and surface
modification of QDs are described. Then, the biomedical applications of the QDs are
introduced in terms of biosensing, in vitro and in vivo imaging, while novel
applications for multimodal imaging are also highlighted. Finally, problems and
research barriers related to toxic effects are briefly described.
Chapter 3 describes how CdTe QDs are synthesized via an aqueous method and
the reaction conditions were optimized to achieve high qualities. In this CdTe QD
reaction model, the growth dynamic of colloidal QD and the influence of the
surfactants (i.e. concentration and species) in an aqueous synthesis reaction were
investigated. A mixed-surfactant system consisting of mercaptopropionic acid (MPA)
and cysteine (Cys) ligands was then investigated to control the QD's colloidal
synthesis reaction and to fabricate QDs with tunable properties.
Chapter 4 explores the aqueous phase synthesis of high quality Mn-doped ZnSe
QDs for replacing the commonly used heavy-metal based nanocrystals in bioimaging
applications. Because the doped QDs do not contain any toxic heavy metal
components, they should be more favourable for biomedical applications. In this
chapter, a sandwiched core/shell QD (Mn:ZnSe/ZnS/ZnMnS, SQD) was also
constructed as a high quality dual-mode probe for MR/optical imaging.
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Chapter 5 demonstrates the applications of aqueous phase synthesized manganese
doped zinc selenide QDs (which will henceforth be abbreviated as Mn:ZnSe d-dots,
or simply d-dots) for in vitro gene delivery and therapy of pancreatic cancer cells. For
this purpose, two types of nanocarriers, d-dot/polymer nanoplex and d-dot/liposome
hybrid, were developed as theranostic agents for optically traceable siRNA delivery.
The siRNA transfection caused RNA interference (RNAi) and significant silencing of
the target mutant K-Ras gene. The d-dot/liposome hybrid was also demonstrated as a
flexible nanoplatform for combined gene/chemotherapy of pancreatic cancer cells.
Because the d-dots are free of heavy metal ions, they are promising candidates to
develop safe and applicable contrast agents for theranostic applications.
The conclusions and suggestions for future work are presented in Chapter 6.
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2.1 Introduction
Quantum dots (QDs) are semiconductor nanocrystals with electrons and holes
quantum-confined in all three spatial dimensions. Due to their unique physical/optical
properties as distinguished from the corresponding bulk materials, QDs have attracted
great attention during the past few decades. Since the first demonstration of using
QDs as optical probes for cell imaging in the late 90s, QDs have been intensively
employed as fluorescent contrast agents for biological applications. In contrast with
conventional organic dyes and fluorescent proteins, QDs possess broad absorption
band, size-tunable emission covering from visible to near infrared (NIR) range,
superior brightness, long fluorescence lifetime and more importantly, they are highly
resistant to photo-bleaching. Based on these advantages, numerous novel imaging
techniques have been developed in the field of biophotonics, including deep tissue
imaging and single molecule monitoring with multi-channel capabilities. Although the
fabrication of highly luminescent colloidal QDs with narrow emission bandwidth has
been realized by organic solution phase synthesis method, the QDs capped with
hydrophobic ligands cannot be applied in biological systems directly and tedious steps
are needed to make them water-dispersible. On the contrary, QDs prepared by using
aqueous phase synthesis are highly appreciated since they can be directly used for
bioconjugation and bioimaging without the need of using complex reaction
parameters such as toxic precursors and high temperatures.
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2.2 Physical Properties of QDs
2.2.1 Structure and General Properties
It is well known that for semiconductor materials, scaling down the physical size to
nanometer range (1~100 nm), at least in one spatial dimension, can induce a set of
new electronic and optical properties different from their bulk counterpart without
changing

the

composition

and

lattice

Fig.2.1 (A) Schematic illustration of the density of states in metal and semiconductor
clusters. (B) Density of states in one band of a semiconductor as a function of
dimension[10].
structures. In nano-sized materials, a narrow potential well, with a dimension
comparable with the de Broglie wavelength of the electron wave function, can confine
the motion of electron/hole strongly and therefore results in quantized energy states.
For this reason, this size-dependent electronic band structure modulation is widely
known as the "quantum confinement effect"[8, 9]. Quantum dots are semiconductor
nanocrystals spatially confined in all three dimensions (Fig.2.1). Due to the quantum
confinement effect, the original quasi-continuous states of the material turn into
discrete levels, corresponding to hybridization of finite number of atomic orbitals.
The energy gap between the bottom of the conduction band and the top of the valance
band in QDs expands as their size decreases, and therefore, greater energy is involved
7
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in the process of exciton generation/recombination, which may cause a blue-shift of
the absorption/photoluminescence (PL) peaks. For this three-dimensionally confined
semiconductor materials, a "particle-in-a-sphere model" has been developed to
describe the energy states[9]. Because of the atomic-like discrete structure in optical
and electrical characteristics, QDs are sometimes referred as artificial atoms[9], and
the strongly size-tunable properties make them unique nanomaterials for applications
ranging from optoelectrical device to bioimaging.
Additionally, single QDs tend to show a blinking behavior (intermittent emission),
which is thought to be a barrier for continuous imaging and tracking at single
molecule level. It was reported that, this blinking behavior is related to surface traps
and Auger ionization of QDs[11]. Auger recombination of exciton may eject carriers
trapped in surface states into surrounding matrix. The emission will restore if only the
ejected carriers return and neutralize the QDs. To minimize the Auger recombination
effect, wide bandgap materials (e.g. ZnS, CdS) are typically used to overcoat the QD
core to form a Type I core-shell structure. The wide bandgap shell can remove the
surface trap states and also act as barrier to QD ionization[11]. For the same reason,
some thiol-containing compounds (e.g. β-mercaptoethanol, BME) are also used for
surface passivation to suppress the QD blinking and improve the emission
efficiency[12].
To better understand other properties of QDs, such as size-dependent Stokes shift,
polarized photoluminescence and long lifetime of band-edge luminescence and
magnetic field induced lifetime shortening, other factors should be taken into
consideration, including the shape, lattice asymmetry, electron-hole exchange
interaction, impurities, defects and external field. These factors have great effects on
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the fine structure of energy states and spectrum, especially in strong confinement
region (size smaller than the exciton Bohr radius)[8, 13].

2.2.2 Type I and Type II QDs
Examples of Type I structure include CdSe/CdS, CdSe/ZnS and InAs/CdSe, while
some other configurations such as CdTe/CdSe, CdS/ZnSe are usually categorized as
Type II QDs. Fig.2.2 illustrates the energy band alignment of the two types. In Type I
dots, excitons (electron and hole pairs) are effectively confined in the core, since both
conduction and valence band edges of the core are located within the shell bandgap.
In case of Type II dots, the band edges of the core are higher or lower than those of
the shell. As a result, a significantly red-shifted emission can be observed due to the
shrinking offset between electron and hole-occupied states[14]. Additionally, the
spatially separated carriers at the heterostructures interface produce a strong local
electric field, which induce a great transient Stark shift of the absorption spectrum
with respect to the emission. As a result, Type II dots have a advantage to be applied
as

laser

gain

media

to

reduce

absorption

losses

due

to

Auger

Fig.2.2 Schematic illustration of the energy band alignment of Type I and Type II
core/shell QDs.
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Fig.2.3 Strain-tuning of the band alignment and optical properties of CdTe/ZnSe
heterostructures[15].
process and lower the lasing threshold[1]. However, recent research works have also
revealed that, the lattice mismatch induced strain may alter the band alignment of the
core/shell structure and, therefore, influence the optical and electronic properties[15].
For example, Fig.2.3 illustrates band energy changes in CdTe/ZnSe core/shell QDs
induced by lattice strain that may cause conversion of the standard Type-I
heterojunctions to Type-II band alignment when the core is 'squeezed' and the shell is
'stretched'.

2.2.3 Doped QDs
Similar with bulk semiconductor materials, introducing dopants ions is another way to
tailor the optical and electronic properties of the QDs. By doping the wide band gap
host with various transition (Mn2+, Cu2+, Co2+ and Ni2+) or lanthanide ions (Cr3+, Eu3+,
Tb3+, and Er3+), doped QDs (d-dots) can be prepared with tunable emission colors[16].
So far, Mn- and Cu-doped ZnSe/S QDs are the most frequently reported d-dots. Mn
dopant typically introduce orange-red emission peaks at 575~610nm, and PL of Cu-
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doped ZnSe can be tunable between 470~550 nm. As for Mn-doped QDs, excitons
generated in host will transfer energy to the Mn dopant states, where recombination
known as d-d transition (commonly 4T1-6A1 transition) occur causing Mn dopant
emission and a significant Stokes shift. Unlike the band edge emission, the PL color
of the d-d transition is not size-tunable, while a longer lifetime, on the order of
milliseconds, is normally characterized, since the transition is spin forbidden[17]. As
for Cu-doped QD, the recombination is between the host conduction band and the dorbital of a copper ion, therefore the emission wavelength is tunable with the host
size[18]. In comparison to conventional QDs, the enhanced ensemble Stokes shift in
d-dots is desired for many applications including opto-electronic devices and
biomedical imaging, as it eliminates self-quenching due to Fӧrster resonance energy
transfer or re-absorption[19, 20]. Additionally, with further coating layer of ZnS shell,
emission of Mn d-dots are reported to be less sensitive to chemical, photochemical
and even thermal disturbances, because the inner core atomic-like dopant states do not
couple to the lattice phonon strongly[19].

2.3 Chemistry of Quantum Dots
2.3.1 Organic Phase Synthesis of QDs
Fabrication of high quality QDs with high crystallinity, well-passivated surface and
monodispersed size was first presented by Murray and coworkers[21, 22]. Synthesis
of metal chalcogenide (II-VI) QDs is completed using pyrolysis of the organometallic
precursors

at

high

temperature,

where

metal

alkyls

(dimethylcadmium,

diethylcadmium, dibenzylmercury) and organophosphine chalcogenide (selenium–
organophosphine) are employed as metal and group VI sources, respectively. The
reaction is carried out in a solution of trioctyphosphine oxide (TOPO) or
trioctyphosphate (TOP) with the metal precursor. The TOPO or TOP acts as steric
11
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barriers on QD surface to modulate the growth rate and prevent aggregation due to
van der Waals force. The chalcogenide precursor is then injected rapidly to raise the
precursor concentration above the threshold of nucleation, leading to the formation of
crystal nucleus with a large quantity. After the precursor concentration falls below the
threshold, the growth of QDs continues and samples with a series of different colors
can be obtained by quenching the reaction at different time points. As illustrated in
Fig.2.4, the growth rate of the QDs is related to the monomer concentration and
particle size. These two parameters have generated a concept of “focusing” and
“defocusing” modes for the growth process of QDs[23]. Since increasing the radius of
large crystals requires incorporation of more atoms, at high monomer concentration,
smaller particles show faster growth rate than that of the larger ones and
monodispersed particle sizes can be obtained. In contrast, a low concentration of
precursor leads to a slow growth rate and broad size-distribution due to the Ostwald
ripening process, in which QDs smaller than critical size dissolute and the “released
materials” support further growth of larger ones with lower surface energy. In order to

Fig.2.4 ‘Focusing’ and ‘defocusing’ growth modes of QDs, and growth rate
determined by particle size and concentration of the monomer present[23].
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solve this problem, an improvement of the synthesis method has been made by Peng
and coworkers[24], in which additional precursor with calculated dosage was injected
after the nucleation stage to accelerate the growth process and maintain a narrow size
distribution of the resulting QDs.
Furthermore, the development of the core/shell structure is another additional
major improvement required to obtain high quality QDs. For instance, coating a CdSe
core with a mono or multilayer of wide band gap materials (ZnS or CdS) will provide
high quantum yield (QY), less toxicity, and high resistance to photoxidation[25-27].
The synthesis method of the shell structure is similar to that of the core, except that
the reaction temperature as well as the addition rate of the shell precursors should be
adjusted carefully to prevent Ostwald ripening of the QD cores and homogeneous
nucleation[26]. Additionally, a size-selective precipitation process can also be
introduced to produce mono-sized QDs. For example, titration of nonsolvent[21] or
preferential evaporation of solvent[28] can induce aggregation and precipitation of
QDs with larger sizes due to van der Waals forces.

2.3.2 Phase transfer of QDs
Although high quality QDs can be produced in organic phase as mentioned above, the
dots

capped

with

hydrophobic

surfactants

such

as

TOPO,

TOP

or

tertiarybutylphosphine (TBP), are not water-soluble and therefore, cannot be directly
utilized in bioimaging or biosensing applications, which usually have strict
requirements of water solubility, biocompatibility, targeting ability, etc. For this
reason, subsequent careful engineering of the QD surface is necessary, and to some
extent more important than the fabrication of QDs themselves. In order to integrate
biological functions, functional groups on QD surface, such as carboxyl (-COOH) or
amino (-NH2) groups, are also required as a bridge to crosslink functional molecules,
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such as antibody, DNA segment, peptide, etc. For these reasons, complex postprocessing procedures are generally required to make the hydrophobic QDs waterdispersible. Typical schemes for phase transfer include: 1) ligands exchange with
bifunctional thiolated molecules or oligomeric phosphines[4, 5], 2) encapsulation in
amphiphilic polymer or phospholipids[29, 30], and 3) coating with a hydrophilic
silica shell[31, 32]. Since different capping methods are developed for specific uses,
their general applicability is limited[6].
The first method, ligand exchange, is a conventional, easy-to-perform method in
which aliphatic TOPO or TOP surfactants on the QD surface are replaced with
bifunctional ligands by mass action. For binding with QDs the ligands should exhibit
at least one anchoring moiety reactive to QD surface metal atoms. To render QDs
water-soluble, functional groups on the other end should be hydrophilic, which would
also cause Coulomb repulsion between the QDs to avoid aggregation or flocculation
in biological medium[4, 33]. For example, thiolated molecules -such as mercapto acid,
cysteine, cysteine containing peptides and oligomeric phosphines- are frequently
employed for phase transfer[4, 5, 34-39].
However, although this strategy is easy to perform, mono-mercapto ligands cannot
stay on the QD surface permanently due to the dynamic nature of the binding between
thiol groups and QD surface atoms, and this consequently results in unstable colloidal
dispersions[40]. This situation can be improved by using dihydrolipoic acid or
oligomeric phosphine, which are reported to keep the QD dispersion stable for more
than one year[33, 37, 40]. Furthermore, the ligand exchange process replacing the
original coating with new capping ligands, may cause formation of surface defects
and deteriorate the chemical stability and fluorescence efficiency[6].
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Encapsulation of the dots with a layer of amphiphilic polymers is the second
strategy to achieve water solubility. Different from ligand exchange, in this method,
the original protective TOPO/TOP layer is not removed but kept in place. Driven by
hydrophobic attraction, the hydrophobic parts of the amphiphilic polymers interleave
the TOPO/TOP coating to form a bilayer structure while the hydrophilic parts stretch
out into the aqueous environment mediating the solubility[29, 41, 42]. In this case, dior tri-block copolymers and phospholipids are commonly used, while the hydrophilic
ends can be functionalized and serve as anchor points for further conjugation with
possible biomolecules to integrate biological functions[29, 30, 41-45]. Beside
copolymers and phospholipids, there are also reports on QDs encapsulated in a
polysaccharide coating[43]. Because the native hydrophobic protective layer is
sustained, the electron and hole trapping states on QD surface are effectively
passivated and therefore, higher fluorescence efficiency could be obtained as
compared with the ligand exchange methods. This bilayer structure may also
contribute to an improved chemical stability[7, 46]. However, multiple QD coencapsulation is normally observed for this method and consequently results in a
relatively large particle size[6, 47], which may hinder their uses in sensitive sensing
and imaging applications[6].
Using a silica shell functionalized with hydrophilic groups is the third choice for
surface modification. Owing to the versatile silane chemistry, QDs can be
functionalized with various bio-functional groups[5, 31]. However, similar with the
polymer encapsulation, the silica shell could dramatically raise the overall particle
size.
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2.3.3 Aqueous Phase Synthesis of QDs
In comparison to conventional phase transferring method, water-soluble QDs directly
prepared via an aqueous synthesis method exhibit better biocompatibility, colloidal
stability[48] and smaller hydrodynamic sizes. More importantly, the aqueous phase
strategy does not require high temperature conditions, use of highly toxic chemical
precursors or complicated reaction steps. In view of these considerations, the
preparation of high-quality QDs directly in aqueous phase is highly preferable,
especially for biological applications.
Similar to the organometallic method, the preparation of QDs in aqueous phase
requires a stabilizing agent to mediate the growth kinetics of QDs and prevent them
from aggregation. Typically, short chain thiolated molecules are employed as
surfactants in the reaction process. The thiolated molecules, which contain a carbonbonded sulfhydryl, are generally terminated with either carboxyl or amino groups at
the other end of the molecules. With thiol groups (or refered as sulfhydryl group, -SH)
acting as anchor moieties, the thiolated molecules bind to the QD surfaces and
generally exhibit either negatively charged carboxyl or positively charged amino
groups, which induce formation of an electrical double layer (EDL) structure
(diffusion layer and adsorption layer) around the dots and keep them dispersible in the
polar solvent due to electrostatic repulsions [49, 50]. Taking CdTe QDs as an example,
cadmium precursor (Cd-ligands complexes) with proper reactivity can be achieved
through complexation of Cd2+ ions and thiolated ligands in water solution at suitable
pH and thermal environment. After that, addition of TeH gas or oxygen free NaHTe
solution as Te2- source will result in the formation of CdTe nuclei, which will grow to
QDs with the desired size at the expense of thermal treatment[51]. Similar to QDs in
organic phase, growth of QDs in aqueous phase initially proceeds via a cluster–
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molecule aggregation mechanism and is then governed by Ostwald ripening (OR) at
the depleted precursor concentration. Despite the precursor concentration and
reactivity, the properties and growth kinetics of the QDs are also affected by the EDL
structure, because the growth of the QDs requires diffusion of monomers to the QDs
surface, while small Cd containing species are thought to passivate the surface defects
more effectively without disturbing the existing coordination. However, the EDL
structure is greatly influenced by solution surroundings, including precursor
concentrations/molar ratios, pH value and, most importantly, the species of the
precursor and stabilizing agent.
To date, there remain a few challenges in synthesizing QDs in aqueous phase. For
example, the process is time-consuming and the QDs have a broad size distribution.
Standard protocols are required to overcome these drawbacks. In recent works[52], a
high degree of precursor supersaturation was applied to cause accelerated nucleation
rate and decelerated growth at the same time, which means a better separation
between nucleation and growth process. As a result, particles with monodispersed
sizes can be achieved. On the other hand, because the size defocusing is more
pronounced during a long time reaction for larger particle growth, reaction conditions
should be optimized to obtain a fast growth rate. For example, microwave irradiation
and hydrothermal processes were employed for thermal reactions[53, 54]. Accelerated
growth rates at high temperature (180oC) generate QDs with narrow FWHM spectrum
and bright luminescence, because the elevated temperature favors a high crystallinity
and reduces the surface trap states. Additionally, the addition of optimized stabilizing
agents may also contribute to a controllable synthesis process and improved
properties of the QDs. In comparison to the more hydrophobic long chain length
mercpato acids (such as MHA and MUA), which cause compact packing layer and
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slow down monomer diffusion[55, 56], shorter chain thiols (such as MPA or TGA)
enable the dots growth at faster rates and therefore, are widely employed as stabilizing
agents. On the other hand, hydrolysis of unstable ligands (GSH and Cys) during high
temperature reactions may cause drastic deterioration of the PL emission and colloidal
stability, because the surfactants become inadequate to passivate QD surface states
and prevent aggregations[57]. Nevertheless, it has been argued that, excessive
stabilizers in the reaction mixture could distort the surface and cause generation of
new nonradiative defects[58].

2.3.4 Biofunctionalization of QDs
A bioconjugation process usually couples QDs with biomolecules, such as peptide,
proteins, DNA segments, which extend the applications of QDs in medical and life
science. In comparison with traditional organic dyes and fluorescence proteins, the
large surface area of a QD allows conjugations with multiple biomolecules for
multiple functions[6], such as recognition moieties for targeted imaging and sensing,
drugs for therapy, enzymes to catalyze bioluminescent reactions, chemical
transfectants to assist membrane-crossing and cell-internalization, electron or energy
acceptors (e.g. organic dyes) for fluorescence energy transfer (FRET) based
immunoassay and photodynamic therapy (PDT). The strategies for bioconjugation are
flexible and vary with diverse QDs surface conditions and also the functional entities
to link with.
QDs with capping layer exhibiting -COOH or -NH2 can be conjugated with
biomolecules through covalent crosslink. For instance, EDC (1-ethyl-3-(3dimethylaminopropyl) carbodiimide)-based condensation reaction can be employed to
crosslink carboxylated QDs to the molecules exhibiting primary amine groups[29, 38,
59]. This method has been widely used for QD-streptavidin preparation[60, 61].
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Similarly, QDs capped with amine groups could be crosslinked to thiolated molecules
or molecules containing active ester moieties[5, 62]. As an example, the standard
scheme for preparing QD-antibody conjugates was achieved by maleimide-catalyzed
condensation between amine-modified QD and sulfhydryl groups on reduced
antibody[63, 64]. It should be noted that, these crosslinking methods may cause
problems, such as poorly controlled orientation or number of the conjugated
molecules on a QD surface, which may reduce their bioactivity and weaken the
performance as biofunctional materials.
To date, optimization of the molecule immobilization on nanoparticle surface is
still an active research area[46, 65, 66]. It is worth mentioning that protein or peptide
bearing functional groups with high binding affinity to QD surface atoms (e.g. thiolate
residues) could be directly conjugated to the dots by replacing the original capping
ligands. This direct binding strategy makes it possible to achieve surface protection,
water-phase solubility and biofunctionalization of the dots in a simple one-step
surfactant exchange process[67-69]. Furthermore, attributed to the development of
peptide toolkit, modulation of the QD surface properties can be realized by
customization of the peptides, while different functions can be integrated[59, 70-72].
Electrostatic binding is another choice to prepare QD-bioconjugates. Because of
Coulombian interaction, molecules or proteins engineered with charged domains
could be self-assembled onto a QD surface bearing opposite charges[37, 73, 74]. In
addition to these methods, more complex schemes such as noncovalent biotin–avidin
binding[61, 62], nickel-based histidine tagging[75] and using of adaptor proteins as
bridging ligands[73] have been reported for flexible and versatile QD surface
modification. Although multiple bioconjugation methods have been established and
showed great value in applications, problems related to potential immunogenicity[76]
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and impairment of the molecule’s bio-functions still need to be evaluated[30, 65, 66,
77].

2.4 Biological Applications of Quantum Dots
2.4.1 Functionalized QDs for Biosensing
In comparison with organic dyes and protein fluorophores, QDs exhibit unique
photophysical and photochemical properties and thus enjoy great advantages as
fluorescence probes in sensitive optical biosensing applications. Developments in
surface engineering and bioconjugation strategies will keep on benefiting the
specificity and versatility of QD-based in vitro sensing methods.
The immunoassay is a useful tool for clinical tests, disease diagnostics and other
biomedical applications. Developments in QD surface engineering have enabled them
to be used as novel fluorescent probes for sensing and analyzing of a wide variety of
chemical and biological analysts. For example, a competitive fluoroimmunoassay
based on QD-antibody conjugates has been developed for detection of diverse targets,
from small molecules to proteins, virus and bacteria[78-81]. For example, on
ultrasensitive Western blot analysis based on QD-monoclonal antibody conjugates
was carried out with electrophoresis to screen protein expression in cell or tissue with
ultrahigh specificity and throughput[79, 82, 83]. It is worth noting that, in order to
obtain ultrahigh sensitivity or rapid screening capability, novel readout methods, such
as electrochemiluminescence (ECL) assay, barcode, micro fluidics technique and
other readout strategies are widely applied[84-88]. In addition, multichannel detection
of toxins, drug chemical residues or cancer biomarkers, has been demonstrated with
QD-based sandwich immunoassays employing different multicolored antibody-QD
conjugates[87, 89, 90]. Although multichannel detection can be easily achieved by
introducing different color QDs with narrow emission spectra, efforts are still required
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Fig.2.5 Schematic representation of intracellular c-Myc mRNA detection based on the
wireless ECL biosensor. CdSe@ZnS QD-DNA conjugates provided an intracellular
hybridization process that correlated with the relative levels of intracellular c-Myc
mRNA[91].
to address the possible cross-reaction between molecule probes and other non-specific
issues, which may limit the number of analyte species in a simultaneous detection.
DNA or RNA segments, acting as recognition moieties, can also be conjugated on
QD surface to form fluorescent probes for genetic targets analysis. The high
specificity of hybridization between QD-DNA probes and the target strand with
complementary sequence essentially benefits the accuracy and number of multiplexed
detections which can be achieved. For example, in a barcode configuration, polymeric
microbeads functionalized with different oligonueleotide probes are optically coded
with distinguishable fluorescence colors or intensity levels by loading with different
QD populations[92-95]. Presence of target analytes pre-labeled with organic
fluorophores lead to colocalization of the target signal and the coding signal from
microbeads. In a recent study, up to nine different gene fragments from pathogens
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such as syphilis, HIV, malaria, hepatitis B and C, were simultaneously detected with
high fidelity by using nine barcodes[92]. This result suggests that QD barcodes may
be powerful toolkits for rapid gene mapping and infectious disease detection.
Besides those analytical applications, QDs-based optical probes have also been
developed to study cellular and subcellular gene expression[34, 96, 97]. Fluorescence
in situ hybridization (FISH) assays performed with hydroxylated QDs-oligonucleotide
probes was firstly introduced by Pathak and coworkers for the labeling of Y
chromosome in human sperm cells[34]. After that, multiplex FISH assay for mRNA
subcellular localization has also been reported by Chan and coworkers, and sensitive
determination of housekeeping genes with QD-DNA conjugates was demonstrated by
Han and Song[96, 97]. Most recently, an on-chip ECL protocol has been developed
for detection of mRNA targets in tumor cells, which exhibits ultrahigh sensitivity
compared to FISH method[91]. As shown in Fig.2.5, QD was employed as an optical
traceable transfection carrier to mediate the cellular internalization of reporter DNA
probes. After intracellular hybridization process, expression of target mRNA in tumor
cell can be indirectly evaluated by the ECL detection of reporter DNA liberated from
cell lysates.
Förster (or Fluorescence) resonance energy transfer (FRET) describes a
mechanism of energy transfer from donor excited states to a proximal acceptor
chromophore molecule through nonradiative dipole-dipole coupling. The energy
transfer efficiency depends on the donor-acceptor distance, relative orientation, and
the overlap between donor emission and acceptor absorption spectra[98]. Classical
FRET sensing strategies based on fluorescent proteins have been developed as tools
for fundamental biochemical research, such as analyst detection and molecular level
interaction monitoring (e.g. molecule binding or conformation change)[99, 100]. In
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comparison to those conventional fluorophores, QDs are considered as spectacular
FRET donor candidates for bio-sensing applications. Because of the broad absorption
spectrum and narrow emission profile, QDs with different colors can be
simultaneously excited using a single excitation source to provide multichannel
detecting ability. More importantly, excitation can be selected wisely to avoid any
direct excitation and photobleaching of the acceptor dyes[101]. Also, because of the
size-tunable photoluminescence (PL) of QDs, the energy transfer efficiency can be
optimized of by tuning the overlap between donor emission and acceptor absorption
profiles[102]. Furthermore, due to the large two-photon absorption cross-sections of
QDs, NIR two-photon excitation can be applied to drive intracellular FRET detection
with higher signal-to-background ratio[103]. Fig.2.6a illustrates an example of typical

Fig.2.6 TNT titration of the QD-TNB2-45 nanosensor assembly. A) Schematic of the
assay. Addition of TNT displaces the quencher TNB-BHQ10 and thus the QD
recovers its emission. The data resulting from the increase in QD PL are plotted as the
difference signal versus concentration, both in B) linear and C) logarithmic
scales[104].
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FRET design[104]. A sandwich structure is formed between quencher-labeled targetanalogs and QDs functionalized with recognition moieties, such as nucleic acid,
peptides or antibodies. Target analytes present in solution will compete with the
analog-quencher complex and restore the photoluminescence of the initially quenched
QDs. In this case, QD-anti-TNT antibody (TNB2-45) conjugates was developed for
TNT (2,4,6-trinitrotoluene) detection. QDs exposure to soluble TNT induced a
systematic and concentration-dependent QD PL recovery, which demonstrated a high
sensitivity of the detection scheme (see Fig.2.6b&c).
Although QDs have been extensively used for FRET sensing, several limitations
should be mentioned. For instance, using QDs with larger size or inappropriate
capping strategy may lead to large center-to-center distance between the QD and the
attached acceptor molecules, which substantially cause a relatively low energy
transfer efficiency and degrade the sensitivity[105]. To improve the situation, a twostep FRET is developed. By introducing a ‘mediator fluorophore’ between donor and
acceptor, a long distance step-wise energy transfer was demonstrated with high
efficiency[105]. This limitation can also be circumvented by increasing the number
ofacceptor linked to QD[106] or by use of multichromophore protein as acceptor[107].
It is worth highlighting that, in addition to organic dyes or fluorescent proteins, Au
nanoparticles (AuNPs) can also act as a quencher being paired with the QD to form an
energy transfer structure[108, 109]. The size-tunable absorption of the AuNP is
favorable towards a more controllable donor quenching rate[102]. On the other hand,
because of the broad absorption band and long lifetime, QDs are normally not ideal
FRET acceptors[110]. However, these properties benefit QDs being used as energy
acceptors in developing self-illuminating optical probes for in vivo imaging. In this
case, bioluminescence resonance energy transfer (BRET) or chemical energy transfer
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(CEF) can be activated without external light excitation, and the energy transferred to
QDs is generated by chemical reactions (e.g. luciferase mediated oxidation of
substrates)[111-113]. Due to the absence of back ground noise caused by excitation
illumination, these self-illuminating probes enjoy high sensitivity for molecule
detection and could be promising contrast agents for in vivo imaging, where the tissue
autofluorescence is a major impediment towards high contrast and deep tissue
imaging[102].

2.4.2 Bioconjugated QDs for In Vitro Cell maging
Since the first demonstrations using QDs for cell labeling in 1998[4, 5], a variety of
QD probes have been developed. After conjugation with recognition moieties, such as
ligands or antibodies, QDs can be highly specific to label the corresponding ligand
receptors and antigens on cell membrane, which enables us to visualize and optically
monitor the movement of single membrane protein/lipids[61, 65, 114-120]. For
example, QDs coupled with antibodies against Her2 receptor, which is over-expressed
on many kinds of breast cancer cells, were prepared for specific targeting of Her2positive cancer cells[42, 121]. QDs conjugated with EGF (epidermal growth factor)
were reported to exhibit specificity to EGFR membrane receptors over-expressed on
various cancer cells[122-124]. Other ligands such as folic acid, RGD peptide, and
aptamers have been demonstrated for labeling of folate receptor, αvβ3 integrin, PSMA
and other membrane proteins[115, 125, 126].
In addition to cell labeling and membrane protein tracking, numerous cell
organelles and components have been labeled and monitored by QDs, such as
intracellular molecules, nuclear antigens, microtubules, actin filaments, etc.[42, 127133]. For example, in a work by Wu, specific labeling of subcellular structures by
QDs was achieved, with the QD-based probes showing substantial advantages over
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organic dyes in multiplexed target detection[42]. More recently, monitoring of
intracellular molecules motion, such as EB1 (microtubule-associated protein) and
single myosin V (actin-associated protein), has also been demonstrated with high
spatial and temporal resolution[127, 130]. As shown in Fig.2.7, after conjugation with
QDs, continuous movements of individual EB1 protein along the microtubule
structure were monitored optically, while the mean velocity was also evaluated[127].
This result suggests the ability of QD for monitoring dynamic behavior of
biomolecule over long time, and the potential to study the complex biological
structures or functions based on single-molecule events.
Several methods can be used to deliver the nanoparticles into the cells through the
lipid bilayer cell membrane. In addition to the native low-efficient nonspecific
endocytosis[43, 134], targeted and enhanced cellular uptake can be achieved by
receptor-mediated process when the dots are immobilized by membrane receptors[124,
135]. In order to facilitate escaping of the particles from the endosomes, cationic
lipid/peptides, such as lipofectamine and nona-arginine penetrating peptide (CCP),
was also introduced for QDs surface monification[136, 137]. For example, Duan et al.
have developed cell-penetrating QDs employing hyperbranched copolymer PEI-gPEG (PEG-grafted-polyethylenimine) as surface coating[138]. In this method, the
cationic coating will induce a proton sponge effect, which increases the osmotic
pressure, swells and ruptures the endosomes, and in turn release the QDs into
cytoplasm. Mechanical delivery by microinjection and electroporation are alternative
methods to deliver homogeneously dispersed QDs into cytoplasm[133, 139].
However, these methods are either infeasible for large sample sizes or associated with
cell death and aggregations165, 170.
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Fig.2.7 Tracking of QD-ND/EB1 on spindle structures following incubation of the
QDs (λ=545nm) with cell extracts. (a) Rhodamine-labeled spindle structure (red
channel) with QD-ND/EB1 (green channel) and the overlay of the two channels
(shown in yellow). (b) Temporal image sequence (5s/frame) of a single QD-ND/EB1
moving on a microtubule (see arrow). (c) A switch between a fast and slow movement.
(d) Mean velocity histogram extracted from a collection of individual QD-ND/EB1
moving on the spindle structures (3 independent experiments, 3 structures)[127].
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2.4.3 Bioconjugated QDs for in vivo applications
In vivo imaging is another important application area of QDs. Comparing with
conventional imaging approaches in clinical dignostics, such as MRI (magnetic
resonance imaging), PET (positron emission tomography), X-Ray CT (X-Ray
computed tomography) and ultrasonography, in vivo optical imaging provides a more
cost-effective way and potentially offers a high resolution. To date, numerous in vivo
imaging applications using functionalized QDs have been demonstrated, such as in
vivo cell tracking[41, 136, 140, 141], vasculature imaging[142-154], tumor imaging
and targeted therapy[41, 59, 63, 119, 121, 135, 142, 145, 148, 155-159]. Most
importantly, these are in most cases non-invasive and enable real time imaging of cell
activity monitoring.
Because of the outstanding chemical and optical stability, QDs labeling allows
researchers to visualize in vivo activities in real time even for a relatively extended
period of time, on the order of months. In the first demonstration performed on single
frog (Xenopus) embryo, which was microinjected with QDs, development of the
embryo and QD distribution were monitored in real-time under continuous
excitation[29]. Additionally, QDs have also been introduced directly into the blood
stream for vasculature imaging. In the work by Larson et al, green-emitting QDs has
been intravenously administered to mice and dynamically visualized in capillaries
hundreds of micrometers deep in the skin[148]. In comparison with conventional
contrast agents for vasculature imaging (e.g. FITC-dextran), QDs provide better
contrast between vessels and the surrounding matrix, require much lower
concentration[150, 156], or even provide a chance to image single molecule targets in
vessel[157]. Imaging of sentinel lymph nodes (SLNs) with QDs has caught great
attention in the past decades since they play an important role in the immune system

28

Chapter 2 Literature Review
and cancer metastasis[143, 147, 149, 151, 153, 158, 160]. Kim et al have reported the
use of NIR QDs for labeling the SLNs in cancer surgery on animal models (mouse
and pig), which provided the surgeon with direct visual guidance throughout the SLN
mapping and resection procedure[145] (Fig.2.8). It should be noted that the size and
surface coatings of QDs greatly affect their migration in the lymphatic system. In
comparison with larger ones (>10 nm), QDs with smaller hydrodynamic size can
drain to a long distance[151], thereby are more suitable for lymphatic drainage
mapping or image-guided resection.

Fig.2.8 Images of the surgical field in a pig injected intradermally with 400 pmol of
NIR QDs in the right groin. Top to bottom: before injection (autofluorescence), 30 s
after injection, 4 min after injection and during image-guided resection. Color video,
NIR fluorescence and color-NIR merge images are shown from left to right[145].
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Tumor imaging has been the most important in vivo application of QDs during the
past decade, for which numerous configurations have been employed to improve the
targeting efficiency. The first demonstration was carried out by Akerman and
coworkers in 2002, in which visible QDs conjugated with three different peptides
were intravenously injected into nude mice bearing breast cancer[59]. After several
minutes circulation, fluorescence of histological sections suggested specific
distributions of QDs in tumor vasculature and organs. The first whole animal scale
targeted imaging was reported by Gao et al in 2004[41]. In this work, antibody against
PSMA was coupled with the QD for cancer targeting due to its high binding affinity
to cancer-specific cell surface biomarkers. After intravenous injection and circulation,
fluorescence image of the mice suggested an efficient accumulation of QDs in the
subcutaneously implanted prostate tumor. In addition to these active targeting
approaches, where specific ligands against cancer biomarkers are employed[63, 135,
154, 161, 162], targeted tumor imaging can also be achieved via a passive mode
mediated by EPR effect (enhanced permeability and retention)[163-165]. As a result
of porous blood vessels formed in tumor tissue and also non-effective lymphatic
drainage,

QDs

without

bioaffinity

can

passively

accumulate

in

tumor

microenvironment and fluorescently label the tumor. Furthermore, attribute to their
optical property and tumor targeting ability, QDs have been incorporated with drug
formulations, by either surface linkage or loading in polymer particles, to form a
traceable drug delivery system[159, 166, 167]. These studies suggest that QDs are
nano-platforms with great potential for in vivo imaging and future cancer
diagnostics/therapy.
Because of the tissue scattering and absorption, the penetration depth of the light
is wavelength dependent. It was found that two spectral windows are preferred for in
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vivo imaging, namely 700-900 nm and 1200-1600 nm, where the tissues have
minimal absorption, autofluorescence and decreased Rayleigh scattering[7, 160, 168]
(Fig.2.9). For this reason, recent in vivo imaging studies were mostly carried out using
NIR QDs, while multi-photon excitation of QDs using low intensity NIR light can
further suppress the tissue autofluorescence[148, 158, 169-171]. Additionally,
polyethylene glycol (PEG), a bioinert polymer, has become a popular QD coating to
reduce non-specific interaction, immune response and accumulation in the
reticuloendothelial system (RES). Reduced QD trapping in liver, spleen, bone marrow
and lymphatic system has been reported for PEG coated QDs, as well as enhanced
targeting specificity due to longer circulation lifetime in the blood[154, 158, 164, 172].
Detailed studies also showed that molecular weight, chain length and coverage degree
of the PEG polymer greatly affect the in vivo behavior of QDs[45, 174, 175]. In
addition to surface chemistry, biodistribution and clearance behavior are also
associated with the overall hydrodynamic diameters of the nanoparticles. For example,

Fig.2.9 The NIR window is ideally suited for in vivo imaging because of minimal
light absorption[168].
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Fig.2.10 Blood half-life (hours) of GNPs/mPEG as a function of particle size (nm)
and mPEG molecular weight (kDa). Half-life generally improved as particle diameter
decreased and mPEG molecular weight increased[164].

Fig.2.11 Left: Schematic depiction of a multistage nanoparticle drug delivery system.
The initial 100-nm multistage nanoparticle delivery system accumulates preferentially
around leaky vessels in tumor tissue. By cleaving away the gelatin scaffold with
MMP-2, 100-nm QDGelNPs change size to 10-nm QD NPs, which can deeply
penetrate the dense collagen matrix of the interstitial space. Right: In vivo images of
QDGelNPs and silica QDs (diameter = 105 nm) after intratumoral coinjection into the
HT-1080 tumor. (Scale bar: 100µm)[173].
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size-dependent circulation lifetime of PEG-QD has been presented by Chan’s group
(Fig.2.10). Since nanoparticles with large and small sizes have distinct preferences for
tumor tissue accumulation and penetration respectively, the author provided design
parameters of nanoparticles for either optimized tumor diagnosis or drug
delivery[164]. More recently, a multistage delivery system was demonstrated by
Wong et al, where size-changing nanoparticle facilitate delivery of QDs to tumor
tissue with both sufficient quantity and deep penetration[173]. In this case, after
efficient accumulation of large particles in tumor vascular and the following
extravasation, a size ‘shrinking’ of the QD gelatin nanoparticle (~100 nm) was
triggered

by

proteases

(MMP-2),

which

is

highly

expressed

in

tumor

microenvironment (Fig.2.11, left). The released QDs with smaller sizes (~10 nm)
exhibit better diffusion in dense collagen matrix of the interstitial space (Fig.2.11,
right).
Accumulation of QDs in the organs due to lack of excretion and the consequent
toxic risks may be the main reasons why successful examples of in vivo clinic
applications are absent. Although renal clearance can be helpful to avoid the
accumulation effects, the process is highly complicated by particles’ size and surface
conditions, while a renal clearance threshold of 5~6 nm has been reported, which
means QDs with larger size may not be excreted effectively[176]. Recent encouraging
results have been published, where nanoparticles with suitable size and surface
coating exhibited both good biocompatibility and tumor targeting ability, and
excretion of QDs via kidney could be confirmed by ICP-MS analysis or even
fluorescence of the urine sample(Fig.2.12)[154, 172].
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Fig.2.12 Renal clearance of QD710-Dendron. (A) Fluorescence imaging of mice
ventral before and after tail-vein injection of QD710-Dendron (200 pmol) or PBS at
30, 60, and 120 min, respectively. (B) The fluorescence imaging of urine samples
collected after 90 min and the urine from the mice injected with QD710-Dendron had
a strong fluorescent signal. (C) UV−vis absorption and (D) Fluorescence emission
spectra of the urine samples show the characteristic spectra of QD710-Dendron[154].
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2.4.4 Multimodal Imaging with QDs
As important tools for medical diagnosis and analysis, imaging techniques such as
magnetic resonance imaging (MRI), positron emission tomography (PET), computed
tomography (CT) and optical imaging (OI) are widely employed in clinic applications.
Because each single imaging modality may have its own specific advantages and
limitations for particular applications, the design and fabrication of multimodal
imaging probes has recently become an active research topic, where probes of
complementary modalities could be united to compensate the deficiencies of the
single modes. Among them, fusion of OI with MRI is one of the most active research
fields for multimodal imaging. Offering high in vivo spatial resolution and deep tissue
penetration, MRI is one of the most popular tools for noninvasive anatomy analysis
and pre-surgical diagnosis in human body[177, 178]. Typical clinical contrast comes
from tissue-specific differences in the proton density, while Type-T1 and T2 contrast
agents

based

on

paramagnetic

chelates

(e.g.

Gd

and

Mn-chelate)

and

superparamagnetic nanoparticles (MNP, e.g. FePt and iron oxide (SPIO)),
respectively, are usually administered orally or intravenously to receive enhanced
visibility[179-182]. On the other hand, optical imaging is cost-effective and more
powerful to offer a high resolution, especially at subcellular levels. Since QDs have
lately been emerging as a new class of optical contrast agents, the preparation and
application of semiconductor QDs have received considerable research attention. In
contrast with conventional fluorophores used for bioimaging, such as organic dyes or
fluorescent proteins, QDs exhibit unique advantages including broad absorption bands,
tunable emission colour, high resistance against photobleaching and relatively large
surface area for biofunctionalization[183]. Consequently, they have been developed
as novel optical probes in applications such as long term cellular imaging, and
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multiplexed molecule sensing[5, 183, 184]. More recently, magnetic QDs have
become attractive nanoscaffolds in developing MRI/optical dual-mode imaging
probes.
So far, several strategies have been reported for magnetic QDs fabrication,
including: 1) Co-encapsulating QDs and MNP (e.g. SPIOs) within silica or polymer
carrier materials to create QD/MNP composites[185-190]; 2) Fusing QDs and MNP
directly as a core/shell or hetero-dimer structure[191-194]; and 3) Conjugating the
dots with paramagnetic chelates (e.g Gd, Dy or Mn chelates)[195-197]. In view of the
tunability of NPs integration (different types and payload ratios), the first strategy is
clearly the most versatile one for MRI/optical probe preparation. However, the
relatively large size (>50 nm) of the hybrids likely imposes limits on their in vivo and
clinic applications. Although, much smaller single nanoparticle based probes (~10 nm)
can be achieved via the other two approaches, direct combination of QD and MNP
generally causes quenching of QD PL, and paramagnetic chelates adherence has
limited payload[179], of which the relaxivity is also complicated by the surface
chemistry (e.g. number of Gd coordination sites on chelants, tumbling rate on surface,
the water-exchange rate and water coordination)[195, 198]. Doping QDs with
paramagnetic transition metal ions is another straightforward method to incorporate
magnetic properties into single QDs, which will be discussed in Chapter 4.

2.4.5 Quantum Dot Toxicity
The toxicity issue has been raised and received more and more attention not long after
the QDs have been introduced into biomedical research. Since toxicity assessment of
QDs is critically important for their practical application in biomedical fields, lots of
studies have been carried towards a better understanding of their adverse effects.
However, due to the discrepancy in the available reports of QDs toxicity assessments,
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it is difficult to draw an unambiguous conclusion on the exact mechanism of the toxic
effects. For example, QDs with different surface coating and sizes may experience
different local conditions due to the discrepancy in cellular uptake, intracellular
interaction and localization, and in turn show different toxic effects[199]. Sometimes,
the toxicity may also come from the surface-covering molecules themselves[200].
Moreover, besides the inconsistent results from the many parameters used to evaluate
QDs toxicity, such as proliferation, apoptosis, genetic variations, cellular morphology
or metabolic activity, toxicity assessment may also be complicated by the cell lines
for modeling, which may exhibit varying tolerances to QD-induced toxicity[201].
Although there are still several ongoing debates in this area and more systematic
studies are still required, the release of heavy metal ions was frequently mentioned to
explain the toxic effects, according to most reported results. For QDs containing
heavy metals, such as cadmium, lead and mercury, the risk from the degradation is
quite obvious. Although the heavy metal core material can be encapsulated in an
organic coating to enhance its chemical stability, degradation and heavy metal release
from these particles due to surface oxidation were found when exposure to photolytic
and intracellular oxidative conditions[27, 202-204].
The particle size is another concern when evaluating the QDs toxicity. Since
particle size affects the surface-volume ratio and the risk of ion release, there is a
claim that the dosing parameter should be described in terms of surface area, rather
than simply in mass or concentration basis[200, 205]. In some recent work, toxicity
assessments of QDs and soluble Cd salt at similar Cd concentrations are compared to
confirm the Cd ion induced cytotoxicity. The distinctly different effects observed
between free Cd and QD suggest that, toxicity of the dots is further complicated by
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effects of bioaccumulation, abnormal local concentration and nanoscale effects of the
particles[201, 206-209].
In addition to chemical degradation, free radical generation is another concern for
QD toxicity. Photosensitive QD transfers energy or electrons to molecular oxygen and
cause the formation of singlet oxygen, which in turn reacts with water or other
molecules and catalyzes production of reactive oxygen/nitrogen species (ROS)/(RNS),
such as hydroxyl radical (·OH), superoxide anion (-O2), hydrogen peroxide (H2O2)
and peroxynitrite (-ONOO)[210-213]. Generation of these free radicals was reported
to cause DNA nicking and breaking[210, 214], cell apoptosis and loss of metabolic
functions[215]. However, recent study suggested that oxidative stress is the principle
mechanism of QD toxicity only when the concentration is low. With increasing
concentration, Cd release becomes the major reason of adverse effects[216]. Also, it
is worth mentioning that there are reports taking the advantage of this free radical
generation process and using it for photodynamic therapy (PDT) aiming at targeted
cancer treatment[217-219] .
Strategies have been explored to reduce the potential toxicity from the degradation
and the free radical generation. The ZnS shell coating method is usually introduced,
which slows down the oxidation process by limiting the transport of oxygen to the
core surface. However, this method along with other coating strategies using small
molecules, polymers, proteins or silicon dioxide do not fully solve the problem while
ROS generation and degradation of the shells and consequently the core material still
occurs[27, 199, 212, 220]. Nevertheless, for those applications where long term
toxicity is not a major concern, the coating strategies offer a variety of possibilities to
improve the biocompatibility and other performances of the QDs. More recently,
progresses have been made in developing cadmium-free QDs, such as III-V (e.g.
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InP)[118, 146, 221, 222], Mn/Cu doped Zinc chalcogenide[126, 223-226], Si[158,
227-229] and others material based QDs (e.g. CuInS2, CuInSe2, AgInS2)[230-232].
These QDs, given the name “new generation QDs”, provide competitive properties
and make themselves as promising candidates for a wide range of future applications.
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Chapter 3 Aqueous Phase Synthesis of CdTe
Quantum Dots using Mixed-ligands System
Quantum dots (QDs) exhibit unique optical properties including size-tunable
fluorescence, superior brightness, broad absorption and tiny emission bandwidth.
These properties have made QDs promising candidates for bioimaging and biosensing
applications. In this work, CdTe QDs were synthesized in aqueous phase using both
mercaptopropionic acid (MPA) and cysteine (Cys) as capping agents. Growth kinetics
and optical properties of the resulted QDs were found to be dependent on both species
and concentration of surfactant molecules. Considering the distinct nature and
advantages of MPA and Cys, a mixed-ligands system was proposed as a potential
approach to fabricate QDs with specific optical property and functions for in vitro and
in vivo bioimaging applications.

3.1 Introduction
Highly luminescent QDs with narrow emission bandwidths have been realized by
organometallic method[21]. However, the reaction is complicated by use of hypertoxic precursors, a high temperature environment, and more importantly, the QDs
capped with hydrophobic TOPO/TOP ligands are not able to be applied in biological
systems directly and tedious post-processing procedures are needed to make them
water dispersible. These phase transfer steps are always accompanied with either
deteriorated quantum yield (QY) or an increase in the overall hydrodynamic size of
QDs[6, 233, 234].
On the contrary, QDs prepared using aqueous phase methods with hydrophilic
thiols or polyphosphates[48] as stabilizing agents are highly appreciated since they
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are ready for bioconjugation and can be directly used in biological system[46].
Stabilizing agents, also known as surfactants, play significant roles in QD fabrication,
including growth rate control, surface dangling bonds passivation and stabilizing the
particles in polar solvent[7]. Generally, in comparison to long chain length mercapto
acids (such as mercaptoundecanoic acid (MUA) or Mercaptohexanoic acid (MHA))
which are hydrophobic, short chain length thiol ligands such as mercaptopropionic
acid (MPA) or thioglycolic acid (TGA) are widely employed as stabilizing agents,
since they enable high growth rate of the nanoparticles and also provide better
solubility in polar solvents[55, 235]. More recently, cysteine (Cys) has been reported
as a new surfactant used to mediate QDs growth in an aqueous phase preparation
method[236]. In this case, QDs capped with Cys exhibit both carboxyl and amino
functional groups on the surface that can be used for bioconjugation[237]. Also, using
Cys is a convenient way to fabricate QDs with positively charged surfaces[48] for
applications such as DNA imaging and gene delivery. However, results from the
literature demonstrated that Cys is unstable and susceptible to hydrolysis and
oxidation[57, 238, 239]. Without effective passivation and protection by the capping
layer, QDs may lose fluorescence or even degrade in the biological environment and
in turn cause toxic effects[200].
In this work, CdTe QDs with emission ranging from 500 to 700 nm were directly
synthesized in aqueous phase by using both Cys and MPA as surfactants. We aimed
to investigate the effects of these two different thiol ligands on the growth kinetics
and optical properties of CdTe QDs in aqueous phase. We began our study by using
MPA and Cys individually to prepare QDs and comparison was made between these
two different surfactants capped QDs with respect to their growth rate, QY and
emission bandwidth. The results suggested that both species and concentration of
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surfactant molecules applied in the reaction mixture strongly influence the growth
kinetics and optical properties of the QDs. These findings have prompted us to
investigate the use of a mixed ligands system containing both MPA and Cys for
synthesizing CdTe QDs. Based on our findings, the mixed-ligands system for CdTe
QDs synthesis can be optimized by carefully adjusting the concentration ratio
between MPA and Cys, which allows one to specifically tailor QDs with desirable
emission wavelength, reasonable brightness, narrow bandwidth, enhanced photostability and biocompatibility for bioimaging applications.

3.2 Experimental Section
3.2.1 Chemicals
Cadmium perchlorate hydrate (Cd(ClO4)2•6H2O), sodium borohydride (NaBH4),
tellurium (Te) powder (99.8%, 200 mesh), L-cysteine (99.5%, Cys), 3mecaptopropionic acid (MPA) and thiazolyl blue tetrazolium bromide (MTT assay)
were purchased from Sigma-Aldrich. All the chemicals are used as received.
Ultrapure water with 18.2 MΩ/cm was used for sample preparation in all steps.

3.2.2 Synthesis Method
In our experiment, Te powder and NaBH4 were used for Te2- precursor preparation
[240]. Briefly, 48 mg of tellurium powder and 30 mg of sodium borohydride were
mixed with 5 ml nitrogen-saturated DI water. Then, the mixture was stirred for 3~8
hours until all the Te powder dissolved and the solution become either colorless or
light pink. The chemical reaction that took place in this step can be expressed as[240]:
4NaBH

2Te

7H O

2NaHTe

Na B O

14H ↑

(Eq.3.1)

Owing to the strong reducing ability of H-1, Te can be reduced to valence of -2 while
even H+ ions in water could be reduced with generation of H2. To ensure an efficient
reduction of Te, the reaction must be kept away from oxygen. In our strategy, the
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water was heated (50~70oC) and then saturated with nitrogen for 40 mins to remove
dissolved oxygen, and the vessel for reaction was sealed away from air while an outlet
was left open for releasing the H2 gas generated in the process. On the other hand,
Cd(ClO4)2•6H2O was employed as Cd2+ source in the reaction, before which, Cys
and/or MPA were introduced to prepare the Cd-ligand complex as the Cd precursor.
Specifically, a mixture of Cd(ClO4)2•6H2O and surfactants were loaded into a threenecked flask and dissolved in 100 ml of DI water. The pH value of the mixture was
adjusted to 12 by dropwise titration with a 2M NaOH solution. Furthermore, in our
research, the molar ratio between the Cd2+ and the surfactants was investigated as an
important factor for QDs growth control. The molar ratio between Cd and Te was
fixed at 4.2 throughout all the experiments in this work[237]. In practice, 672 mg of
Cd(ClO4)2•6H2O and Cys (MPA) with varied concentrations were used in the parallel
reactions. After a quick injection of the fresh NaHTe precursor, the reaction solution
was vigorously stirred and heated to 100 °C. The chemical reaction can be expressed
as below[241]:
Cd ClO
Cd

H Te
SR Te

Cd
CdTe

SR Te

2HClO

nanocrystals

(Eq.3.2),
(Eq.3.3).

Within hours, a series of QDs emitting with different wavelengths, varying from
500 to 700 nm, can be produced at different time intervals during the reaction (10 min
~ 8 h). In order to remove unreacted precursors, excess surfactants and byproducts,
purification of the as-prepared QDs was performed. Basically, an equal volume of
ethanol was mixed with the as-prepared QDs solution, leading to precipitation of the
hydrophilic QDs. The precipitate was collected by centrifugation (6000 rpm, 10 min)
and re-dispersed in DI water for further characterization or in vitro cell experiments.
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3.2.3 Characterization
UV-visible absorption spectra were obtained from a spectrophotometer (Shimadzu
UV-2450). Photoluminescence (PL) spectra were measured at room temperature using
a spectrofluorometer (Fluorolog-3 spectrofluorometer) with an excitation at 470 nm.
The quantum yield (QY) of the QDs was estimated based on a standard procedure
described in literature[242], where Rhodamine 123 (Rh123) in ethanol, having a QY of
96%, was selected as the reference. The optical densities (OD) of both the sample and
the reference were adjusted to 0.05 ~ 0.06 OD at the excitation wavelength (470 nm).
Based on UV-vis absorption and PL emission measurements, QY can be calculated
using Eq.3.4 and Eq.3.5. To investigate the photostability of the QDs, a 10 W UV
lamp was employed for irradiation.
(Eq.3.4),
1

10

(Eq.3.5).

The subscripts 'S' and 'R' refer to our QD sample and the reference dye Rh123,
respectively. A is the integrated area under the corrected fluorescence spectrum; D is
the optical density at the excitation wavelength; n is the refractive index of the solvent.

3.2.4 Cell Culture and Cell Viability Test
Human pancreatic cancer cells, Panc-1 (CRL-1469, American Type Culture
Collection), were maintained in culture with Dulbecco's Modified Eagle's Medium
(DMEM, Hyclone), supplemented with 10% fetal bovine serum (FBS, Hyclone), 100
μg/mL penicillin (Gibco) and 100 μg/mL streptomycin (Gibco). Cells were cultured at
37°C in a humidified atmosphere with 5% CO2. Cell viability was tested by the MTT
(3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) (Sigma) assays.
Briefly, panc-1 cells seeded in a 96-well plate at a density of 5000 cells/well were
incubated with different concentrations of CdTe QDs for 24 hours. For each assay, 20
44

Chapter 3

Aqueous Phase Synthesis of CdTe QDs using Mixed-ligands System

μL of 5 mg/ml MTT in PBS was added followed by incubation for another 4 hours.
After removing the culture medium, 150 μL of 100% dimethylsulfoxide (DMSO,
Sigma) was added followed by 5 minutes gentle shaking to dissolve the precipitate.
Absorbance was then measured with a microplate reader (Bio-Rad) at the wavelength
of 490 nm. The cell viability was obtained by normalizing the absorbance of the
sample well against that of the control well and expressed as a percentage, assigning
the viability of non-treated cells as 100%.

3.3 Results and Discussion
3.3.1 Using L-Cysteine and MPA Individually to Prepare CdTe QDs
Based on the synthesis method described above, L-cysteine (Cys) or 3mecaptopropionic acid (MPA) capped CdTe QDs were successfully synthesized in
aqueous phase, and tunable emission color ranging from green to red can be obtained
by manipulating the reaction time and the reaction conditions (Fig.3.1a, photograph of
the

QDs

solution

under

UV

irradiation).

Representative

absorption

and

photoluminescence spectra of the QDs obtained at different reaction time are shown
in Fig.3.1b&c. As can be observed from the spectra, both the band-edge absorption
(Abs) peaks and PL emission (PL) profiles can be detected shortly after injection of
Te precursor (5 min after injection), which indicates the formation of the CdTe QDs.
As the reaction time increases, the red-shifting peak wavelengths of the Abs and PL
profile imply the growth of the QDs in size. It is worth noting that, growth of red
emitting QDs (PL peak wavelength > 600 nm) was thought to be mainly supported by
an Ostwald Ripening process, which can be evidenced by the broadening of the Abs
and PL profiles. In Fig.3.1d, we present the time evolution profiles of the Abs and PL
peak wavelengths of the QDs shown in Fig3.1b&c. As the reaction continues, the redshifts of the Abs and PL peaks followed a similar trend. In addition, a global Stokes
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Fig.3.1 (a) Photograph of QDs under UV irradiation. (b) UV-vis absorption spectra
and (c) PL emission spectra of the QDs prepared with different reaction time. (d)
Time evolution of the Abs and PL peak wavelengths of the QDs.
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shifts about 40~50 nm were observed (involve energy offset 25~30 mV), which can
be attributed to a combined effect of band-edge fine-structure splitting, phononassisted emission and size polydispersity[243].
In addition, we have systematically investigated the effects of surfactants on QD
PL properties. For this purpose, parallel experiments with surfactant/Cd ratios = 1.3,
1.6, 1.9, 2.2 and 2.5 were carried out with a same pH value (~12) and Cd/Te molar
ratio (4.2). As shown in Fig.3.2A, for MPA mediated reactions, a rapid red-shift in the
QDs emission peak was observed during the first two hours of reaction in case of
MPA/Cd=1.3, while NIR-emitting QDs (PL wavelength >700 nm) can be obtained
after 8 hours of reaction. However, increasing the MPA/Cd ratio dramatically slowed
down the kinetic growth rate of the QDs. For example, when a MPA/Cd ratio of 2.5
was applied, only green and yellow-emitting QDs (PL wavelength < 590 nm) were
obtained during the 8 hours reaction. In this case, in order to obtain QDs with
emission peak above 630 nm, a reaction with duration more than 20 hours was
required. It was reported that upon adjusting the MPA/Cd ratio to be above 1.5, the
majority of the Cd precursors exists in the form of Cd-MPA dithiol-complex instead
of monothiol-complex[244, 245]. Because the release of the Cd2+ from the dithiolcomplex is less effective in comparison to that from the monothiol-complex, further
increasing the MPA concentration can reduce the QD nucleation activity and slow
down the growth rate[246]. However, an opposite trend was observed when Cys was
used as the capping agent, i.e., higher growth rates of QDs can be achieved by
increasing the Cys surfactant concentration applied in the reaction solution. As shown
in Fig.3.2B, when a Cys/Cd ratio of 2.5 was used, the QDs emission peak red-shifted
to 600 nm within the first 2 hours of reaction and QDs with NIR emission can be
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Fig.3.2 Time evolution profiles of the emission peak wavelengths of MPA-capped (A)
and Cys-capped (B) CdTe QDs. Surfactant/Cd ratio = 1.3, 1.6, 1.9, 2.2 or 2.5.

Fig.3.3 Three-dimensional plot of the data in Fig.3.2, showing the emission peak
wavelength versus reaction time and surfactant/Cd molar ratio.
obtained after 8 hours of reaction. When the Cys/Cd ratio was reduced from 2.5 to 1.6,
a decelerated growth of the nanocrystals was observed.
In Fig.3.3, 3D plots of temporal evolution of the PL peak wavelengths are
presented to summarize the growth kinetics of CdTe QDs mediated by MPA or Cys.
The data was fitted with the equation,

,
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which is provided for empirical predictions of the emission peak in various conditions
but has no physical meaning. In this expression, the emission peak wavelength is
referred as z, while x and y are reaction time and surfactant/Cd ratio, respectively.
Thebest fit was obtained when A0=1016, A1=0.6338, A2=-497.6, A3=-0.0004542,
A4=-0.1216 and A5=117.8 for surfactant MPA, and A0= 461.9, A1= 0.1072, A2= 52.02,
A3= -0.0002978, A4= 0.1394 and A5= -7.448 for Cys-mediated reactions. A more
obvious comparison between the impacts of these two surfactants on the growth
kinetics of the QDs is shown in Fig.3.4, where the QDs' emission peaks resulted after
the 8 hours synthesis are plotted against the surfactant/Cd ratio.
To explain the opposite trend observed in Cys mediated reactions, we propose that
both the concentration and species of the surfactants affect the Cd precursor reactivity,
which has a strong influence on the nucleation rate and growth kinetics of the
nanocrystals. It has been reported that the reactivity of Cd precursors is dramatically
affected by the bonding strength as well as the steric effects of the thiol ligands[247,
248]. In our case, when a low Cys/Cd ratio was used (such as 1.3), it is reasonable to

Fig.3.4 Emission peak wavelength obtained for QDs fabricated after 8 hours of
reaction versus thiols/Cd molar ratio.
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hypothesize that the Cd precursors are mainly in form of Cd-Cys monothiolcomplexes. As a result of the weak Cd-thiol bonding, these highly reactive monothiolcomplexes can initiate formation of a large population of nuclei during the nucleation
stage, while the precursors in the reaction solution could be over-consumed and
become inadequate to support the subsequent growth process. On the other hand, the
Cd precursors can also be in form of dithiol-complex, when the Cys/Cd ratio was
increased to a higher value (e.g. 2.5). In these cases, because of the lower reactivity of
the Cd precursors, a smaller number of nuclei would be generated during the
nucleation process. As a result, there will be more Cd precursors that can survive the
nucleation step to promote the growth process, and therefore cause the rapid shift of
the QDs emission peak to longer wavelengths. On the contrary, as for MPA mediated
reactions, because of the strong binding between Cd and MPA, when a high MPA/Cd
ratio was applied, formation of dithiol-complexes will lead to very low precursor
reactivity and consequently slowing down the growth of QDs. In addition, we also
speculate that disulfide bonds may form between Cys molecules at high concentration
and this will lower the total concentration of “active” Cys molecules to passivate the
QD surface. This may allow more monomers to access the QDs surfaces and result in
an accelerated growth process at the Cys/Cd ratio of 2.5.
The quantum yield of the samples synthesized in different reactions was also
studied. Fig.3.5a shows the evolution of QY of the samples with respect to their
emission peak wavelengths. From this Figure, one can suggest that the QY of the
aqueous-phase synthesized QDs is greatly affected not only by the types of surfactant
species, but also by the concentration of the surfactant used. It is noticeable that the
QY of MPA-capped QDs increases as the particles size grow larger, and higher QY
can be obtained by lowering the ratio of MPA/Cd. Tuning the ratio from 2.5 to 1.6
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significantly enhances the QY two to four-fold. However, further reduction of
MPA/Cd to 1.3 did not raise the QY of QDs. On the contrary, poor QY was observed.
Although, a molar ratio of 1.3 favors a high growth rate, QDs with longer emission
wavelength beyond 640 nm suffer a dramatic decrease in QY, and more importantly,
a less stable QDs dispersion was observed. This poor QY and stability of QDs should
be attributed to the hydrolysis of the capping ligands at high reaction temperatures,
which results in insufficient ligands left to passivate QDs with larger sizes[57]. We
noticed that, if enough MPA is present in the reaction, the effect of hydrolysis is
negligible and good QY and colloidal stability of QDs can be obtained. However, in

Fig.3.5 Quantum yield versus emission wavelength peak of: a) MPA- and b) Cyscapped CdTe QDs. Surfactant/Cd = 1.3, 1.6, 1.9, 2.2 or 2.5.
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comparison with MPA, the effect of hydrolysis is apparent at any given ligands
concentrations when L-cysteine is used as stabilizer. Fig.3.5b shows the QY of
Cysteine-capped CdTe QDs. Typically, as the particle size grows larger, QY firstly
increases and then decreases quickly after reaching a maximum at certain
wavelengths. It is also interesting to observe that the peak wavelength at which QDs
exhibit the highest QY shifts to larger wavelengths as the concentration of Cys
increases in the reaction mixture. For example, a change of the Cys/Cd ratio from 1.3
to 2.5 caused a shift of the brightest emission wavelength from 550 nm to 660 nm.
These results suggest that fabrication of QDs with larger peak emission wavelengths
and high QY efficiency can be achieved by using a high Cys/Cd molar ratio. It is
worth mentioning that further coating the CdTe QDs with high bandgap ZnS or ZnTe
shell improves the QY by 30 to 50%. However, in this study, we are focusing on
investigating the impact of ligands on the growth kinetics and optical property of the

Fig.3.6 Emission bandwidth of QDs prepared with different surfactant concentrations
and species. Generally, using cysteine as stabilizer leads to smaller FWHM (full width
at half maximum) compared with MPA.
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“base” CdTe QDs. The effect of the coating shell on the CdTe QDs will be reported
separately.
Besides the QY analysis, the emission bandwidth is another important factor to
assess the quality of QDs. Two types of QDs emission bandwidth broadening have
been reported, namely homogeneous and inhomogeneous broadening[249], and the
latter one is due to size-distribution defocusing, which should be suppressed in the
synthesis process. The emission bandwidths of the CdTe QDs synthesized in different
reaction conditions are presented in Fig.3.6. It is obvious that, in our reaction
condition (pH=12, Cd precursor concentration=16 mM, Cd/Te molar ratio=4.2 and
ligands/Cd=1.3~2.5) Cysteine shows an advantage over MPA as surfactant in
fabricating QDs with narrower emission bandwidths. This phenomenon can be
ascribed to the suppression of the Ostwald ripening process due to the higher
monomer activity of Cd-Cys than that of Cd-MPA.
The results shown in this section proved that the species and concentration of
surfactant molecules applied in the reaction have great influences on QDs growth
kinetics as well as their final optical properties. Using these surfactants independently,
MPA and Cys have their own advantages to obtain desirable QDs with specific
optical property. Specifically, good chemical stability against hydrolysis and
degradation make MPA a good candidate to synthesize red to near infra-red QDs with
good brightness, preferable photo- and colloidal-stability. On the other hand, narrower
emission bandwidths can be achieved by using cysteine to mediate the growth of QDs.
Also using cysteine as surfactant is a popular way to fabricate QDs with pH-tunable
surface charge and they can be used for gene delivery application. To further probe
the advantages offer by these two surfactants for making QDs, a mixed-ligands
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system consisting of MPA and Cys was developed to prepare QDs dispersion and the
results will be disused in the following section.

3.3.2 Synthesis of CdTe QDs Using Mixed Stabilizing Agents
Similar with the preparations of MPA- or Cys-capped CdTe QDs, QDs with stable
fluorescent emission were successfully fabricated using a mixed MPA-Cys ligands
system in this study. In order to investigate optimal conditions high quality CdTe QDs
preparation, reactions with varied Cys/MPA molar ratio were carried out in parallel
experiments. Fig.3.7 shows the time evolution of the emission peak wavelength of the
CdTe QDs at different Cys/MPA ratios. For convenience purpose, the ratio between
Cys and MPA is expressed in terms of percentage of the total Cys concentration.
/

When the molar ratio of

was adjusted to 2.2, the discrepancy in

growth kinetics between pure MPA- and Cys-based reaction can be observed in
accordance with previous results. Meanwhile, we noticed that the growth rate can be
tailored in our mixed-ligand system by simply varying the ratio between the two thiol
ligands.

On

the

contrary,

with

the

condition

Fig.3.7 Time evolution of the peak emission wavelength of QDs when Cys and MPA
are employed in combination with different ratios. Surfactant/Cd = 2.2 (A) or 1.6 (B).
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Fig.3.8 (a) Quantum yield of QDs versus emission peak wavelength. Surfactant/Cd =
1.6. (b) Bandwidth of QDs emission versus emission peak wavelengths. Surfactant/Cd
= 2.2.
of

⁄

1.6, variations in the Cys/MPA ratio exhibited no obvious influence

on the growth kinetics and this is because of the similar growth rates of MPA- and
Cys-based reactions at

/

1.6 (see Fig.3.4).

Although Tian et al have been reported that QY can be enhanced when the dots
are capped by both glutathione and thioglycolic acid[250], a similar result was not
observed in our experiments. Instead, a 1:1 mixture of the two surfactants resulted in
moderate brightness and bright range of QDs (Fig.3.8a). On the other hand, although
MPA is more stable against hydrolysis and therefore can withstand longer reaction
time to support growth of red-emitting QDs, the growth of the QDs was accompanied
with significant bandwidth broadening, which could be due to the Ostwald ripening
process. However, in our MPA-Cys co-mediated reactions, broadening of the
bandwidth can be slowed by introducing more Cys ligands, while the bright PL
emission can also be maintained due to the presence of stable MPA ligands (Fig.3.8b).
Based on these observations, it is expectable that the reaction parameters of the
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mixed-ligands system can be tuned to tailor the brightness and color pureness of the
QDs for specific applications.
To evaluate the effects of the surfactants on QD photostability, diluted
samples (OD = 0.05) in cuvettes were continuously illuminated by UV light and the
PL intensity was monitored over 45 mins. As shown in Fig.3.9, the fluorescence of
QDs capped with Cys dropped quickly to almost 0 within 15 mins of irradiation,
while QDs capped with mixed Cys-MPA showed excellent photostability for 45 mins.
The most stable PL emission was obtained when the QDs were capped with mixed
MPA-Cys (1:1).
When compared to the branched Cys ligands, MPA has higher chemical stability,
stronger binding with the surface Cd atoms, and more compact capping layer due to
its linear structure. For these reasons, it can passivate the surface defects and protect
the QD from photo-oxidation more effectively. On the other hand, photochemical

Fig.3.9 Photostability measurement of QDs capped with mixed stabilizing ligands.
Surfactant/Cd=1.6. The samples are irradiated by UV light (350nm) with power of
10W. Photoluminescent (PL) intensity of the samples is measured at different time
points.
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degradation of the vulnerable Cys molecules on the QD surface may cause
incorporation of sulfur atoms to form a wide band gap CdS shell over the CdTe core,
which can enhance the PL intensity[48]. However, excessive degradation of the
surfactant protection layer will lead to oxidation or even degradation of the QD. The
excellent photostability observed from the mixed-ligands capped QDs implies that the
photochemical degradation process can be controlled or optimized via mixed-ligands
capping, so as to obtain high resistance against photobleaching.

3.3.3 Cytoxicity of CdTe QDs
The cytotoxicity of the QDs was evaluated with a Panc-cell viability assay using MTT
reagent. The CdTe QDs synthesized with emission peak at 560 and 585 nm (that will
henceforth be denoted as QD560 and QD585) were tested in our experiment. As
shown in Fig.3.10, the toxicity of the QDs is not only dosage-dependent, but also
affected by particle size and surface properties. QDs-Cys25% was observed to be less

Fig.3.10 Cell viability of Panc-1 cells treated with CdTe QDs with different
concentrations for 24 hours.
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toxic than QDs-Cys75%. Excluding the toxic effects caused by the stabilizer itself,
since Cys is much safer than MPA, chemical degradation and release of the Cd
components can be the reason for the toxic effects. Because Cys is unstable and the
Cys-Cd binding affinity is less than that for MPA-Cd, a MPA capping layer can
provide better protection of the core against the harsh conditions in a biological
environment. On the other hand, toxicity of QD560 is remarkably higher than Q585.
Because of the quantum confinement effects, QD560 emitting at shorter wavelength
should have smaller sizes as compared to QD585. Smaller particles with higher
surface-to-volume ratio were thought to have more surface atoms risking oxidation
and desorption from the lattice. Also, it might be easier for smaller dots to pass
through the cell membrane and give rise to a dosage-dependent effect. For these
reasons, toxicity of the QDs should also be size-related. Similar results have been
published by Shiohara et al[205].

3.4 Conclusion
Aqueous phase synthesis of CdTe QDs has been conducted in pure- and mixedstabilizing agents systems. The growth process and properties of as-prepared QDs
have been studied. It was found that the species used as surfactants as well as their
concentrations are important factors which greatly influence the growth dynamics and
the final properties of the resulting QDs. MPA-capped QDs have better stability and
higher QY, and using L-cysteine as surfactant determines a narrow bandwidth and
flexibility in bioconjugations. Considering the distinct nature and advantages of MPA
and Cys, a mixed-ligands system was studied as a potential way to fabricate QDs with
desired qualities and functions. The results suggest that the usage of mixed-ligands
with a proper synthesis process design can be employed to fabricate QDs with
optimized brightness, color pureness and enhanced photo-stability. Cellular studies
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indicate that the cytotoxic effect of the QDs was affected by both the capping ligands
and the particle size.
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The use of cadmium-based QDs in biomedical applications has made substantial
progress during the past few years. However, many research groups have revealed the
breakdown and degradation of QDs in biological systems[27, 176, 251]. Release of
heavy metal ions from the particle surface to the biological environment may induce
severe acute toxic effects. Although, several in vitro and in vivo studies have
demonstrated that proper protective inorganic and organic coatings on QDs surface
will significantly reduce the nanoparticle toxicity[200, 252], their potential toxicity
remain a major debating and unsettled issue for in vivo and clinical research. In this
chapter, we explore the aqueous phase synthesis of high quality Mn-doped ZnSe QDs
for replacing the commonly used heavy-metal based nanocrystals in bioimaging
applications. Because the doped QDs do not contain any toxic heavy metal
components, they should be more favourable for biomedical applications. In this
chapter, a sandwiched core-shell QD (Mn:ZnSe/ZnS/ZnMnS, SQD) was also
constructed as a high quality dual-mode probe for MR/optical imaging. Biomedical
applications of the prepared Mn:ZnSe QDs will be discussed in Chapter 5.

4.1 Introduction
Mn2+ doped II−VI QDs (d-dots, principally Zn chalcogenides) have attracted
significant research attention because of their unique optical, magnetic and electronic
properties induced by exciton-dopant coupling[253, 254]. In comparison to those
undoped counterparts, which are normally characterized by band-edge emission, PL
of d-dots is generally determined by the atomic-like emission states introduced by the
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Mn dopants. The fast energy transfer from the host to the dopant states cause
quenching of the host PL but lead to a red-shifted emission corresponding to a 4T1-6A1
transition. The substantial Stokes shift shows great advantages in LED or bioanalysis
applications, as it avoids the issue of self-quenching[20, 223]. Furthermore, owing to
the 4T1-6A1 transition which is spin-forbidden and local field-dependent, the d-dots
exhibit a much more stable PL emission against temperature and environment
changes[223, 255]. Additionally, this stable PL emission is also much longer-lived, i.e.
it has a decay time much longer than that of the scattered light and autofluorescence
of the background tissue, which is favourable for time-resolved imaging, as it can
eliminate the background interferences in biosensing and bioimaging applications[17,
256].
Mn-doped QDs with superior brightness have been synthesized by using
nucleation doping strategies[223] or forming Type I core/shell structures in which the
Mn2+ ions are mostly located close to the centre of the dots[257]. Recently, these high
quality doped dots have been demonstrated as stable and biocompatible optical labels
in some bioimaging applications. On the other hand, because of the paramagnetic
nature of the Mn ions, Mn doped QDs also attracted research attention in developing
new types of contrast agents for magnetic resonance imaging (MRI) or MR/optical
dual mode imaging.
Because optical or MR imaging modality has its own specific advantages and
limitations, design and fabricate nanoprobes that can combine the two imaging
modalities within a single nanosystem enable cross-evaluation of the same
nanoparticle through different imaging platforms. When optical imaging has the
advantages of low-expense and offering high resolution at subcellular level, MRI is a
popular tool for noninvasive anatomy analysis and pre-surgical diagnosis in human
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body as it can offer high in vivo spatial resolution and deep tissue penetration. In
typical MRI scanning, spins of water protons aligned with the external magnetic field
are forced into the transverse plane by an RF pulse excitation at the resonant
frequency. After that, longitudinal magnetization (Mz) of the water protons recovers to
the equilibrium state (Mz,eq, lower energy) progressively. As described in Eq.4.1,
,

/

1

(Eq.4.1)

T1 which generates the contrast in T1-weighted imaging reflects the relaxation time of
the protons' spins. Although the imaging contrast typically comes from the tissuespecific differences in proton density, Type-T1 agents based on paramagnetic chelates
(e.g., Gd and Mn-chelate) are usually applied to achieve enhanced sensitivity, which
can speed up the spin-lattice relaxation process significantly.
Although the magnetic properties of core-doping type d-dots have been explored
in some research papers[258, 259], MRI applications have seldom been reported.
Firstly, high quality d-dots with bright emission were mostly reported with low Mn
doping level (typically ~5 atom. %), while incorporation of large amount of impurities
will quench the PL[260, 261]. Secondly, unlike T2 contrast agents, the T1 imaging
mode requires direct and fast interaction of the paramagnetic Mn with surrounding
water protons so as to alter their relaxation time effectively[182]. For these reasons,
these luminescent core-doping type d-dots may not be ideal T1 probe applicants to
produce a strong MRI contrast. More recently, shell-doping type QDs, in which Mn2+
ions were introduced to provide the QDs with paramagnetic properties instead of PL
emission, have been established as novel MR/optical dual-mode imaging probes. In
these cases, a Mn-doped ZnS shell has been deposited over a highly emissive CdSe or
CdTe core[262, 263], and the relaxivity of the dots can be enhanced by increasing the
shell doping concentration. Because of the direct interaction between the surface Mn
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ions and water protons, these shell doped QDs should be more desirable for T1 mode
MRI applications than the core-doped d-dots. However, significant deterioration of
the core emission was observed upon direct deposition of the heavily doped shell,
where the Mn2+ ions at the surface were thought to serve as quencher states. This is a
limiting effect in our study aimed at improving the QDs' performance in both MR and
optical imaging modes. Furthermore, the toxicity concerns due to the Cd-based core
are additional key issues hampering their translation to clinical applications.
To explore the complementary advantages of the Mn dopant emission (e.g.
stability, long lifetime, large stoke shift) and MRI ability, in this work we describe
aqueous phase preparation of a MR/optical dual-mode probe based on Mn-doped QD.
Firstly, high quality Mn-doped ZnSe QDs were synthesized via a modified nucleation
doping strategy, while the optimal reaction conditions were investigated in terms of
doping concentration, precursor/surfactant ratios, temperature and reaction time.
Based on the d-dots characterized by bright and stable Mn dopant emission,
Mn:ZnSe/ZnS/ZnMnS sandwiched QDs (SQDs) were constructed to prepare high
quality MR/optical dual-mode probes. In this design, the paramagnetic Mn2+ ions
fixed at the SQDs surface are able to alter the relaxation time of surrounding water
protons efficiently, and, therefore, generate strong T1 signals in MRI. Relaxivity of the
QDs can be enhanced by increasing the shell doping level. More importantly, it was
observed that a thick un-doped ZnS transition layer sandwiched between the emissive
core and the doped cap-shell was helpful to avoid deterioration of the core emission
after the ZnMnS shell capping, and thus eliminating the contradiction in achieving
high quality performance in both MR and optical imaging modes.
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4.2 Experiment
4.2.1 Chemicals
Zinc acetate (Zn(OAc)2), manganese acetate tetrahydrate (Mn(OAc)2·4H2O),
selenium (Se), sodium borohydride (NaBH4), 3-mercaptopropionic acid (MPA),
sodium hydroxide (NaOH) and sodium sulfide nonahydrate (Na2S·9H2O) were
purchased from Sigma-Aldrich. 18.2 MΩ·cm ultrapure water was used throughout the
experiments.

4.2.2 Characterization
The UV-visible absorption spectra were obtained from a spectrophotometer
(Shimadzu UV-2450). Photoluminescence (PL) spectra and lifetime were collected
using a Fluorolog-3 spectrofluorometer. Quantum yields (QYs) of the Mn:ZnSe QD
were determined by comparing the integrated emission of diluted d-dots to CdSe QDs
with matched absorbance. The QY of the CdSe reference sample was calibrated by
rhodamine123. The hydrodynamic size distribution profile and the zeta potential of
the nanoparticle formulation were measured by a particle size analyzer system
(90Plus, Brookhaven Instruments). Transmission electron microscopy (TEM) images
were obtained using a JEOL JEM 2010 microscope.

4.2.3 Synthesis of Mn Doped ZnSe Core
Synthesis of Mn doped ZnSe QD was carried out in aqueous phase, in which shortchain thiol ligand MPA was used as surfactant to mediate the nucleation and growth
of the nanoparticles. To prepare the Se2+ precursor, Se powder was reduced by NaBH4
in oxydron-free environment. Briefly, Se and NaBH4 with a molar ratio of 1:1.5 were
mixed in nitrogen-saturated DI water and gently stirred under N2 atmosphere. After
1~3 hours reaction at room temperature, colorless Se2+ solution of 0.02M was
obtained and kept at 4oC in dark before use. In a typical procedure for Zn and Mn
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precursors preparation, 0.01 mmol Mn(OAc)2·4H2O and 0.19 mmol Zn(OAc)2) were
mixed together with 0.4 mmol MPA in 200 mL DI water in three-neck flask at room
temperature followed by titration with 2 M NaOH to pH=11. To investigate the
effects of Mn dopant concentration in forming high quality MnxZn1-xSe QDs, x was
adjusted from 0 to 16%. After a quick injection of the fresh NaHSe precursor
(Zn/Se=1:0.9) at 100oC with vigorous stirring, the reaction solution was slowly cooled
to 80oC and kept refluxing. Samples collected at different time intervals were purified
by ethanol and centrifugation to remove excess surfactants and by products.

4.2.4 Epitaxial Growth of Mn-doped ZnS Shell
In order to construct the core/shell structure, Zn(OAc)2 and Na2S·9H2O were
employed to support the growth of the ZnS shell. According to the method described
in Reference [264], amount of the shell precursors were calculated so as to achieve
desired shell thickness. To avoid homogeneous nucleation, the precursors were added
via multiple slow injections. Similarly, a mixture of Mn and Zn precursor was
introduced for epitaxial growth of the Mn-doped ZnS shell, while the Mn feeding
ratio was varied to adjust shell doping level. Finally, multistep purifications and
ligand exchange of the samples were performed to ensure that physical absorbed Mn2+
ions on the QD surface can be thoroughly removed before characterization.

4.3 Results and Discussion
4.3.1 Preparation of Mn:ZnSe/ZnS QDs
Water-soluble Mn:ZnSe d-dots were directly synthesized in aqueous solutions using
MPA as stabilizing agent[19, 257]. As for the previously described doped-QDs
synthesis, controllable distribution of the dopants in the host is essential to achieve
reproducible and desirable optical properties, because the dopants can act as effective
electron-hole recombination centers only if they are incorparated into the host lattice
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and isolated from surface[19]. For this reason, a modified nucleation-doping strategy
(Fig.4.1a) was adapted to separate nucleation and host growth[265]. Specifically,
formation of the d-dots commenced with nucleation-doping initialized by NaHSe
injection at 100oC. Because Mn2+ is less reactive towards Se2- than Zn2+, the high
temperature was necessary to activate the incorporation of Mn2+ into the host lattice at
the nucleation stage. Once nucleation completed, the reaction temperature was cooled
down to 80oC, and a small amount of Zn precursor was added to support the host
growth. Fig.4.2 shows a typical temporal evolution of UV-vis absorption and PL
emission of the d-dots. The appearance of the Mn emission peak at 590 nm in the PL
spectrum (Fig.4.2b) shortly after the NaHSe injection indicates the successful
incorporation of Mn ions into the host lattice. The efficient energy transfer from band

Fig.4.1 Illustration of the preparation process for: (a) Mn-doped ZnSe/ZnS QDs, and
(b) sandwiched QDs (SQDs).

Fig.4.2 (a) UV-vis absorption, and (b) PL emission of the d-dots obtained at different
refluxing time (nucleation temperature = 100oC).
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excitons to Mn states quenched the band-edge emission (400 nm) and trap emission
(480 nm) of the host (Fig.4.3). The PL decay curve of the Mn emission at 590 nm can
be fitted with a single exponential function with an estimated lifetime of τ = 0.815 ms
(Fig.4.4). This long luminescent lifetime further confirms that the 590 nm emission is
originated from the spin-forbidden 4T1-6A1 transition.
On the contrary, d-dots prepared at lower injection temperature (80oC) exhibit
very week Mn emission but strong band-edge emission (Fig.4.5), implying that the
Mn incorporation at a milder nucleation condition was less effective. Unlike the bandedge emission, the peak wavelength of the 4T1-6A1 transition remained unaltered at
590 nm, which is independent of the reaction time or size change. The intensity of the
emission increased steadily and reached the maximum value after 1~2 h refluxing,
whereas refluxing beyond 3 h resulted in significant decrease of the Mn emission.
This could be due to the Ostwald ripening process, which is evidenced by the
broadening of the absorption profile (Fig.4.2a). It was known that, in the absence of

Fig.4.3 Energy band structure of Mn-doped ZnSe QDs and the recombination
pathways of the photo-excited excitons.
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Fig.4.4 Time-resolved PL decay of 590 nm-emitting d-dots. τ is estimated to be 0.815
ms.

Fig.4.5 PL emission of the d-dots obtained at a nucleation temperature of 80oC.
sufficient precursors, growths of the nanocrystals are primarily supported by
sacrificing the smaller ones. We suppose that the Mn dopants in those shrinking ddots may lose their PL when they come close to the surface trap states. Moreover, for
those growing dots, re-deposition of the released Mn2+ may also generate surface
states serving as deep electron traps or nonradiative recombination centers[266].
These alternative exciton relaxation pathways are in competition with the radiative
decay at the band-edge or the isolated Mn2+ centers, and therefore cause quenching of
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the d-dots.
Furthermore, consistent with earlier publications[260, 267], the PL of the d-dots
was found to be greatly affected by the Mn doping concentration. Although increasing
the Mn2+ contents allows more efficient energy transfer from the ZnSe host to
dopants[268, 269], Mn phosphorescence with high quantum yield (QY, 17%) was
only achievable in lightly doped QDs (initial Mn doping ratio ~4%), while raising the
doping level beyond 6% resulted in significant PL deterioration (Fig.4.6). The
explanation for this concentration quenching effect involves the formation of defects
due to: 1) Changes of the reaction conditions, 2) Shift of crystalline phase[260], 3)

Fig.4.6 (a) PL spectra and (b) QY of d-dots prepared with different Mn doping levels.
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Creation of Mn doping-induced quencher states (e.g. Mn3+ or Mn4+)[267], and 4) A
fast resonant energy transfer between Mn2+ neighbors (excited Mn2+ to unexcited
Mn2+) via dipole-dipole interaction. It is worth noting that the multi-step energy
migration among the Mn2+ ions via dipole-dipole interaction can drastically increase
the probability of energy lost at traps or quencher centers located close to the
excitation path[270, 271]. Although heavily doped d-dots (>10%) could be more
desirable for high contrast MR imaging, their optical emission was found to be totally
quenched. Based on these results, we deduce that it is unfeasible to prepare high
quality MRI/optical dual-mode probes by simply raising the doping level of these
core-doping type QDs. Other reaction conditions (i.e. precursor concentrations,
MPA/Zn ratio, Zn/Se ratio) were also optimized following the investigation method
described in Chapter 3 to obtain high quality d-dots (data not shown).
Enhancement of the quantum efficiency was accessible via epitaxial growth of a
wide band gap ZnS shell over the Mn-doped core. It is known that, by forming a Type
I core/shell structure, charge carrier trapping due to the surface states can be partially
eliminated, because the wavefunctions of electron and hole are principally confined in
the core region. In this work, the thickness of the ZnS shell was adjusted by supplying
different amounts of precursors (Zn2+ and S2-) during the shell growth reaction. In
order to obtain hetero-epitaxial growth of the shell, the addition of the precursors was
divided into multiple low-dose injections to avoid homogeneous nucleation of the
shell species. TEM images of the d-dot (S0) and the d-dot/ZnS (S1~3) with varying
shell thickness are presented in Fig.4.7a, from which the proposed ZnS epilayer
growth can be evidenced by the remarkable size increase of the nanocrystals (7.0, 7.5,
8.1 and 8.7 nm for S0, 1, 2, 3). Based on an approximation that one monolayer (ML) of
ZnS has the average thickness of 0.31nm (i.e. the (111) interplanar spacing for zinc
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Fig.4.7 (a) TEM images of the d-dot (S0) and the d-dot/ZnS (S1~3) with varying shell
thickness. (b) Electron diffraction patterns of S0 and S3. (c) Size histograms of the
sample S0~3 shown in (a).
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blende ZnS)[264], the ZnS shells in S1~3 were estimated to be about 0.8, 1.8 and 2.7
MLs, respectively. The resulted d-dot/ZnS QDs were characterized by a single set of
diffraction rings with a zinc blend lattice (Fig.4.7b), which further confirm the
epitaxial growth of the core/shell structures instead of homogeneous ZnS nucleation.
Fig.4.8a shows the UV-vis and PL spectra of the d-dots prepared with different
shell thickness. As expected, PL intensity of the d-dots was greatly enhanced after
shell capping, and the QY of Mn emission reached a maximum value of 27% when
1.8 MLs of ZnS was deposited (Fig.4.8b). Although surface trap states can be wellpassivated by the wide band gap ZnS, further growth of the shell was found to

Fig.4.8 (a) UV-vis and PL spectra of the d-dots prepared with different shell thickness
(S0=0 nm, S1=0.25 nm, S2=0.55 nm, S3=0.85 nm, S4=1.14 nm); (b) Revolution of QY
against the shell thickness.
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remarkably lower the QY. This observation is in agreement with former studies[234,
272]. It is believed that the lattice mismatch (5% for ZnSe/ZnS) can induce interactive
straining in a heteroepitaxial core/shell structure. Because of the poor elastic nature of
ZnS shell (Bu=77.1 GPa) and also the low compressibility of the large size core (7
nm)[15], relaxation of the stretched shell as it grows in thickness will cause the
formation of lattice defects at the core-shell interface. Additionally, the growth of the
ZnS shell was accompanied with gradual shifts of the absorption and band-edge
emission peaks to longer wavelengths. These slight red-shifts can be attributed to the
partial leakage of the excitons into the shell region. It is also worth noting that,
because of the localized nature of the Mn states, which are only sensitive to the
changes in local ligand field[273], the peak wavelength of the Mn emission remained
at 590 nm and was not influenced by the core/shell structure. Moreover, the reduction
in wavefunction overlap between the less confined excitons and the core Mn2+
dopants should also be responsible for the Mn emission decrease, since the energy
transfer rate is determined by the exciton-dopant electronic coupling efficiency[273].

4.3.2 Preparation of SQDs as MR/optical dual mode probes
For MR/optical dual-mode probes preparation, a mono-layer of ZnMnS (doped-shell,
d-shell) was deposited over the premade Mn:ZnSe/ZnS QDs, whereby forming a QD
with Mn:ZnSe/ZnS/ZnMnS sandwiched structure (SQD). For example, SQD5 and
SQD30 are produced by growing a ZnMnS shell over the sample S2, while the Mn
feeding ratio applied for d-shell growth are 5 and 30%, respectively. Representative
TEM images of SQD5 and SQD30 and the corresponding size histograms are shown in
Fig.4.9.
Longitudinal relaxation time (T1) measurements were performed on a 3.0 T MRI
instrument at room temperature. Acting as paramagnetic centers, the Mn ions are
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Fig.4.9 TEM images and size histograms of SQD5(left) and SQD30(right).
expected to shorten the longitudinal relaxation time of surrounding water protons, so
as to generate MR signals in T1 weighted imaging. To investigate the effectiveness of
the paramagnetic d-dots or SQDs as T1 agents, as shown in Fig.4.10, the
concentration-independent relaxivity (r1) was derived from the slope of the
longitudinal relaxation rates of water protons (R1=1/T1) against the molar
concentrations of the particles (particle relaxivity, r1QD). r1QD of the Mn:ZnSe core
(d-dot), d-dot/ZnS, SQD5% and SQD30% were estimated to be 242.6, 97.2, 532.7 and
1030.6 mM-1s-1, respectively. When compared to the d-dot core, SQDs capped with
ZnMnS shell exhibited a much higher relaxivity, and the value was tuneable by
varying the shell doping level. On the other hand, a very low value of r1QD was
obtained for d-dots capped with un-doped ZnS shell. These results suggest that, in
comparison with those identical ions isolated from the surface which can generate a
bright and stable dopant emission, the Mn2+ ions present at the surface have a direct
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Fig.4.10 Longitudinal relaxation rate (R1) plotted against QD concentration.
and more efficient interaction with the spin of water protons, and therefore play the
dominant role in r1QD enhancement. According to these results, a heavily doped shell
should be applied to receive higher relaxivity, although spin-spin interaction between
Mn2+

ions

at

high

Mn

concentration

may

partially

counteract

the

r1

enhancement[263].
Although a heavily Mn-doped shell is favourable for enhanced r1 relaxivity and
robust signal in T1-mode imaging, however, PL deterioration induced by the shell
dopants compromise the use of high doping levels and become a major hindrance to
develop high quality MR/optical dual-mode probes. In line with the reported shell
doped CdSe or CdTe QDs, direct epitaxial growth of a Mn-doped ZnS shell over the
d-dot core resulted in a significant reduction of the core-emission. In order to
investigate the influences of the surface Mn dopants on the PL property of the QDs,
PL spectra of ZnSe QD capped with a Zn95%Mn5%S shell were measured in parallel
experiments (Fig.4.11). It is worth noting that the shell-located dopants failed to
generate the 4T1-6A1 transition-related PL emission; instead, they caused deterioration
of the ZnSe core emission. As compared to the core-doped Mn2+ ions, the electronic
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Fig.4.11 PL spectra of ZnSe QD capped with ZnMnS shell.
coupling between the exciton and the surface dopants can be too weak to cause an
efficient energy transfer, the strength of which has been reported to depend on the
spatial distribution of the wavefunctions of both charge carriers of the exciton and
dopant ions[273]. However, the excited Mn states may lose the energy to adjacent
non-recombination surface states, and therefore quench the band gap emission
without giving the dopant emission. Furthermore, because of the lattice constant
difference between Mn-S and Zn-S, non-uniform growth of the ZnMnS may produce
plenty of lattice defects at the core-shell interface, and consequently quench the longlived core emission.
Fortunately, according to our results, this shell doping-induced PL quenching
effect can be effectively eliminated via a sandwiched structure. The PL spectra of
SQDs prepared with different transition-shell thickness are shown in Fig.4.12. It is
noticeable that, as the sandwiched un-doped ZnS shell thickness increases, the
emission of the core is less likely to be affected by the shell dopants. Because of the
potential barrier introduced by a thick ZnS layer, the photo-generated excitons could
be properly confined inside the core region without interacting with the non76
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Fig.4.12 PL spectra of SQDs prepared with different transition-shell thickness.

Fig.4.13 Energy structure illustration of the doped Type II core/shell SQD.
recombination states located at the surface (Fig.4.13). More importantly, a thick ZnS
sandwich layer may also serve as a buffer zone to shield the emissive core from local
lattice distortions and defects that may arise due to non-uniform growth of the heavily
doped shell.
Fig.4.14a shows the T1-weigted MR image, as well as photograph of the SQDs
under UV excitation. Images of d-dots QDs and Mn:ZnSe/ZnS core/shell QDs with
same molar concentration are also presented for comparison. As compared to
Mn:ZnSe/ZnS QDs, enhanced T1 signals were visible for SQDs, which present more
Mn ions at the surface. Increasing the Mn concentration in the SQD shell produces a
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Fig.4.14 (a) T1-weighted MR images and photograph of d-dots, d-dot/ZnS, SQD5%
and SQD30%. (b) T1-weighted MR images and photographs of SQD30% with varying
solution concentrations. The photos show the PL emission under UV excitation at
350nm with a power of 10 W.
higher MR intensity, and more importantly, it has little obvious adverse effects on the
PL brightness. Since these SQDs possess high relaxivity and bright PL emission at the
same time, they should be promising MRI/optical probes for dual mode imaging
applications.

4.4 Conclusion
In this work, Mn-doped ZnSe/ZnS sandwiched core/shell QDs (SQDs) were
developed as dual-mode imaging probes with high PL efficiency and MRI ability. To
obtain a highly efficient PL emission, an aqueous synthesis method was firstly
optimized to prepare orange-emitting Mn-doped ZnSe quantum dots (d-dots). The Mn
doped ZnSe core could be capped with a wide bandgap ZnS shell to obtain enhanced
quantum efficiency and improved photo- and chemical stability. Because of the
paramagnetic nature of Mn2+ ions, a Mn-doped ZnS cap-shell was deposited over the
emissive core to enhance the T1 contrast in magnetic resonance imaging (MRI).
Because of the to direct and fast interaction between Mn and the surrounding water
protons, the presence of a large quantity of Mn2+ ions at the QDs surface determines a
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high MR relaxivity. However, a high level Mn shell doping was found to cause severe
quenching of the core emission. To overcome the incompatibility in obtaining high
quality dual-mode probes with both a desirable high PL efficiency and enhanced MRI
contrast, SQDs were constructed with an un-doped ZnS layer sandwiched between the
Mn:ZnSe core and the ZnMnS cap-shell. A thick ZnS shell can confine the photogenerated excitons inside the core region and, therefore, suppresses the non-radiative
transition pathway in the doped shell. Furthermore, the ZnS shell may also serve as a
transition layer to shade the emissive core from the lattice strain of the doped shell,
eliminating lattice defects formation at the core surface. In vitro cellular experiments,
including biocompatibility test and biomedical applications of the d-dots, will be
discussed in Chapter 5.
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Chapter 5 Quantum Dot Based Theranostic Agents
for Pancreatic Cancer Therapy
In this chapter, we demonstrate the applications of aqueous phase synthesized
manganese doped zinc selenide QDs (Mn:ZnSe d-dots) for in vitro gene delivery and
therapy of pancreatic cancer cells. For this purpose, d-dot/polymer nanoplex and ddot/liposome hybrids were developed as theranostic agents for optically traceable
siRNA delivery. The siRNA transfection caused RNA interference (RNAi) and
significant silencing of the target mutant K-Ras gene. The d-dot/liposome hybrid was
also demonstrated as a flexible nanoplatform for combined gene/chemotherapy of
pancreatic cancer cells. Because the d-dots are free of heavy metal ions, they are
promising candidates to develop safe and applicable contrast agents for theranostic
applications.

5.1 Introduction
Pancreatic cancer is one of the most common cancers with a 5-year survival rate less
than 5%[274]. As this disease is extremely difficult to treat with conventional
therapies, development of novel therapeutic approaches is urgently needed. Due to the
advancement of cancer biology in the past few decades, RNA interference (RNAi),
which is a sequence specific post-transcriptional gene silencing mechanism induced
by double-stranded RNA (dsRNA), has been developed as a novel platform for gene
therapy of disease[275]. Chemically synthesized small-interfering RNAs (siRNAs)
can be delivered to tumor cells for initiating specific degradation of target messenger
RNA (mRNA) of complementary sequence thereby inhibiting the expression of the
corresponding cancer-promoting genes[275, 276]. However, application of naked
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siRNA molecules is challenged by limited uptake efficiency and short half-life due to
nuclease-mediated degradation[277]. Recently, viral vectors and synthetic materials,
such as liposomes, peptide dendrimers, polymers and inorganic nanoparticles (e.g.
noble metals, metal oxides, nanocarbons and mesoporous silica), have been
investigated as potential carriers for gene delivery[278-287]. Because of the novel
optical properties of the semiconductor QDs, such as broad excitation profile, tunable
colour and high resistance to photobleaching[6, 29, 67, 148], in the last few decades,
extensive research works have been published exploring their potential applications in
biomedical field. In some recent research works, serving as diagnostic agents, the
QDs have been integrated with therapeutic agents (e.g. drugs and siRNA) to develop
multifunctional theranostic (diagnostic therapy) nanomedicines, which have the
potential to visualize the delivery process in the long term, therefore enable us to
investigate and optimize the delivery dynamics to achieve improved therapeutic
efficacy with reduced side effects[166, 288].
However, most of the reported QD-based gene vectors are developed by using
cadmium-based QDs synthesized in organic phase, and their potential toxicity
remains a major debating and unsettled issue for them to be translated for in vivo and
clinical research. To overcome this challenge, in this study, we developed manganese
doped zinc selenide QDs (d-dots) as a biocompatible nanocarrier for in vitro gene
delivery. Because the Mn:ZnSe d-dots do not contain any heavy metal compositions,
they are more acceptable for real-life biomedical applications compared to the
traditional types of QDs (e.g. CdSe, CdTe, PbS, PbSe and InAs)[289].
For genetic therapy of pancreatic cancers, we designed a siRNA sequence
specifically targeting the mutant K-Ras gene with a point mutation at codon 12, which
is present in approximately 90% of all types of pancreatic cancers and associated with
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increased cell proliferation and resistance to apoptosis[290-292]. Two types of gene
carriers were developed based on the Mn:ZnSe QDs, namely d-dot/polymer
nanoplexes and d-dot/liposome hybrids. For d-dot/polymer nanoplex preparation, a
layer-by-layer (LBL) assembling method was adopted to modify the d-dots surface
with cationic polymer poly(allylamine hydrochloride) (PAH) or polyethylenimine
(PEI) in generating positive surface potential for complexing with K-Ras siRNA
molecules. The nanoplexes were colloidally stable for weeks while the d-dots were
highly stable against photobleaching. Owing to the unique and stable PL properties of
the d-dots, siRNA transfection and the subsequent intracellular release profile were
monitored by fluorescence imaging. Furthermore, the amine-terminated surface could
be further modified to obtain multiple bio-functions, including cancer cell targeting
ability. For d-dot/liposome preparation, a solvent dispersion method was used. In this
strategy, d-dot and siRNA molecules are co-encapsulated in spherical vesicles of
amphiphilic lipid bi-layers. Flow cytometry studies suggested that cancer cell targeted
delivery can be achieved after surface functionalization by folic acid (FA). The
expression of the mutant K-Ras mRNA in transfected cells was observed to be
significantly suppressed, confirming the therapeutic effects. More importantly, in
comparison to the d-dot/Polymer nanoplex, the liposome structure is more versatile
for theranostic applications, since the therapeutic agents can be either enclosed in the
internal aqueous compartment or embedded within the lipid membrane. Tunable
combinations of therapeutic agents could benefit the development of personalized
nanomedicines. For example, we demonstrated a gene-drug co-delivery system based
on the d-dot/liposome hybrids, in which the hydrophobic drug camptothecin (CPT)
was incorporated as an example for chemotherapy. Cell viability studies showed that
both the d-dot/PAH nanoplex and d-dot/liposome hybrid are biocompatible, and thus
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can be promising platforms in developing and optimizing the next generation
nanocarriers for targeted gene(chemo) therapy of pancreatic cancer in vivo.

5.2 Experiments and Results
5.2.1 Materials
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide

(EDC),

Poly(allylamine

hydrochloride) (PAH, Mw =15 kDa), Polyethylenimine (PEI, Mw=1.8 kDa),
chloroform

(CHCl3),

methanol

(CH3OH),

cysteamine

hydrochloride

(2-

aminoethanethiol hydrochloride, AET·HCl), folic acid (FA), phosphate buffered
saline (PBS, pH = 7.4), and N-Hydroxysuccinimide (NHS) and camptothecin (CPT)
were

purchased

from

Sigma-Aldrich.

1,2-Distearoyl-sn-Glycero-3-

Phosphoethanolamine-N-PEG-Methoxy (DSPE-MPEG, MW = 2000) and 1,2Distearoyl-sn-Glycero-3-Phosphoethanolamine-N-PEG-Amine

(DSPE-PEG-NH2,

MW = 2000) were obtained from Laysan Bio Inc. FAM-labeled small interference
RNA

(K-Ras

siRNAFAM,

sense

GUUGGAGCUGAUGGCGUAGUU-3’;

strand:
Antisense:

5’-FAM5’

CUACGCCAUCAGCUCCAACUU-3’, italic bold indicates the K-Ras mutation site)
were purchased from Shanghai GenePharma (China). 18.2 MΩ·cm ultrapure water
was used throughout the experiments.

5.2.2 Preparation of SiRNA Bector Based on QD/polymer
Nanocomplexes
The d-dots were developed as siRNA vectors through a Layer-by-Layer (LbL)
assembly method. Cationic polyelectrolyte PAH was employed to modify the surface
potential of the dots. 50 μl of d-dots stock solution (1mg mL-1) were washed with
ethanol and centrifuged at 10,000 rpm. Next, 250 μl of PAH solution of different
concentration (0.05~1 mg mL-1, in DI water) were added to re-disperse the d-dots
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precipitate, followed by short sonication and vortex for 20 min. After that, the ddot/PAH0.05~1 particles were collected by centrifugation at 15,000 rpm for 10 min to
remove the non-adsorbed PAH. The resulting d-dot/PAH particles were dispersed in
200 μl of DEPC-treated water while aggregates were removed by centrifugation at
2000 rpm for 1 min. For siRNA loading, 100 μl of 10 μM K-Ras siRNAFAM solution
were then introduced to the d-dot/PAH particles dispersion with gentle vortex and left
undisturbed for 40 min. Subsequently, the d-dot/PAH/siRNAFAM complex was further
incubated with 8 μl of PAH solution (1 mg mL-1, in DI water) for 1 h to form ddot/PAH/siRNAFAM/PAH nanoplexes. Centrifugation was used to remove the excess
PAH from the nanoplexes dispersion. The nanoplexes were redispersed in 100 μl of
DEPC-treated water for cell transfection experiments. In a parallel experiment, PEI, a
frequently reported polymeric gene transfecting material, was employed to form ddot/PEI nanoplexes. To serve as a reference for d-dot/PAH, the d-dot/PEI nanoplexes
were prepared following the same preparation method.
Covalent conjugation of the d-dot/PAH nanoplexes with folic acid (FA) was
conducted using the standard EDC/NHS condensation method. Firstly, 1.5 mg of FA
was dissolved in 2 mL PBS (pH 7.4), followed by mixing with 200 µL EDC (0.1 M in
PBS) and 200 µL of NHS (0.2 M in PBS) for 1 h, allowing the carboxyl groups of FA
to be activated. Subsequently, a 250 µl nanoplexes solution was added and the
mixture was gently stirred at room temperature for 2 hours. The FA-conjugated
nanoplexes were obtained by centrifugation and washed with PBS for 3 times to
remove unreacted chemicals.

5.2.3 Preparation of SiRNA Vector Based on SQD-liposome Hybrids
In this strategy, the MPA surfactant present on QDs surface was firstly replaced by
NH2-terminated AET molecules to obtain a positively charged surface. For this
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purpose, the QDs solutions were dialyzed in semi-permeable membranes for 48 hours
to remove the MPA molecules in the QD solution and reduce the number of MPA
molecules dynamically attached on the QDs surface. When the QDs precipitated, the
supernatant was removed, followed by addition of an AET solution (0.5 M, in DI
water) to re-disperse the QDs precipitates. After gentle vatex for 30 mins, the QDs
were purified by ethanol and centrifugation to remove excess AET molecules.
Formation

steps

of

liposomes

incorparating

SQD/siRNA

clusters

are

schematically illustrated in Fig.5.14, 9 mg DSPE-mPEG and 1 mg DSPE-PEG-NH2
were dissolved in a 3:1 (v/v) chloroform/methanol mixture. The organic solvent was
evaporated under N2 flow, and multilamellar vesicles (MLV) were produced after
drying in vacuum for 1 hour at room temperature to remove any residual traces of
organic solvent. The dried lipid film was sealed and stored at 4oC until use. The dried
lipid film was hydrated with a SQD/siRNA suspension (200 µl) for 2 min at 50oC,
followed by addition of 800 µl DEPC treated water to make a final volume of 1 ml
(final lipid concentration 10 mM). Formation of SQD/siRNA-liposome (LSQD/siRNA) was achieved by bath sonication of the suspension at 10oC for 5 min. It
was visible that the cloudy MLV suspension became optically clear after sonication,
signifying the complete transformation of MLV into small unilamellar vesicles (ULV)
which shift the Mie-scattering maximum to the UV range. Prior to measurements or
surface functionalizations, purification of the d-dots-liposome hybrid was repeated
twice to remove excess lipids, empty vesicles or un-encapsulated QDs. For this
purpose, the suspension was centrifuged at 12000 rpm for 5 min, and the precipitates
were then redispersed in 500 µl DI water (final SQD concentration: 1 mg mL-1).
Covalent conjugation of folic acid (FA) to SQD-liposome was conducted using
the standard EDC/NHS reaction. Firstly, 1.5 mg of FA were dissolved in 2 mL PBS
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(pH 7.4), followed by mixing with 200 µL EDC (0.1 M in PBS) and 200 µL of NHS
(0.2 M in PBS) for 1 h, allowing the carboxyl groups of FA to be activated.
Subsequently, 500 µl of L-SQD stock solution were added and the mixture was gently
stirred at room temperature for 3 hours. The f-L-SQD obtained by centrifugation was
washed with PBS for 3 times to remove unreacted chemicals. The purified FAconjugated SQD-liposome (f-L-SQD) solution was redispersed in 500 µl DI for
further application and characterization.

5.2.4 Preparation of CPT Drug Carrier and Gene/drug Co-delivery
System Based on QD-liposome Hybrids
As for drug carrier preparation, SQD-liposomes were constructed similar as the LSQD siRNA vectors, except that the hydrophobic drug camptothecin (CPT) was
incorporated in between the liposomal bilayers, rather than the encapsulated vesicles
(Fig.5.14c). Specifically, 9 mg DSPE-mPEG and 1 mg DSPE-PEG-NH2 were
dissolved in a 3:1 chloroform/methanol solution, combined with a 100 µl CPT
chloroform solution. Incorporation of the hydrophobic CPT into MLV was achieved
by evaporating the organic solvent by N2 flow and vacuum. After hydration with QDs
water solution, d-dots-L-CPT hybrids were produced by bath sonication at 4oC for 5
min. The hybrids were purified by centrifugation at 12000 rpm for 5 min, and then
redispersed in 500 µl DI water.

5.2.5 Characterizations
The UV-visible absorption spectra were obtained from a spectrophotometer
(Shimadzu UV-2450). Photoluminescence (PL) spectra and lifetimes were collected
using a Fluorolog-3 spectrofluorometer. Quantum yields (QYs) of the Mn:ZnSe QDs
were determined by comparing the integrated emission of diluted d-dots to CdSe QDs
with matched absorbance. The QY of the CdSe reference sample was calibrated by

86

Chapter 5

Quantum Dot Based Theranostic Agents for Pancreatic Cancer Therapy

rhodamine 6G. The hydrodynamic size distribution profile and the zeta potential of
the nanoparticle formulation were measured by a particle size analyzer system
(90Plus, Brookhaven Instruments). Fourier transform infrared (FT-IR) spectra were
measured by a Shimadzu FT-IR spectrometer. All measurements were performed at
room temperature. Transmission electron microscopy (TEM) images were obtained
using a JEOL model JEM 2010 microscope at an acceleration voltage of 200 kV. The
specimens were prepared by drop-casting the sample dispersion onto an amorphous
carbon-coated 300 mesh copper grid, which was placed on filter paper to absorb
excess solvent.

5.2.6 SiRNA Transfection and Gene Expression Analysis Study
Panc-1 (ATCC® CRL-1469™) cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM), supplemented with 10% fetal bovine serum (FBS, Hyclone), 100
μg mL-1 penicillin (Gibco) and 100 μg mL-1 streptomycin (Gibco). Cells were
cultured at 37°C in a humidified atmosphere with 5% CO2. Panc-1 cells were seeded
in 6-well plates to approximately 30% cell confluence, and the culture medium was
replaced with DMEM prior to the treatment. Then d-dot/PAH (PEI)-siRNAFAM
nanoplexes dispersion was added to the cell plates to give a final incubation
concentration of the nanoplexes around 10 μg mL-1. After 4 h incubation at 37oC in
humidified atmosphere with 5% CO2, the cells were washed with PBS for three times
and harvested for transfection efficiency determination. The cellular uptake efficiency
was quantitatively evaluated by using a FACS Calibur flow cytometer (Becton
Dickinson, Mississauga, CA). For gene expression analysis at 48 h post-transfection,
the treated cells were continuously cultured in DMEM with 10% FBS. The cells were
harvested and washed by PBS. The total RNA was extracted using TRIzol reagent
(Invitrogen) and quantitated by a spectrophotometer (Nano-Drop ND-1000). After
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that, RNA was reverse transcribed to cDNA using the reagent kit from Promega
according to the vendor’s instructions. Real time quantitative RT-PCR was then
carried out for quantitative analysis of K-Ras relative mRNA expression by
normalizing against the expression of Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), which is one of the most commonly used housekeeping genes adopted for
gene expression comparisons. Forward and reverse primers used in RT-PCR were 5'AGAGTGCCTTGACGATACAGC-3', 5'-ACAAAGAAAGCCCTCCCCAGT-3' for
K-Ras

mRNA,

and

5'-ACCACAGTCCATGCCATCAC-3',

5'-

TCCACCACCCTGTTGCTGTA-3' for GAPDH, respectively. In parallel experiments
d-dot/PAH complex and free siRNAFAM with the same dosage level were introduced
as negative controls while the commercial transfection reagent Oligofectamine™
(Invitrogen) coupled siRNAFAM was used as positive control.

5.2.7 Cell Viability Evaluation
Cell viability was measured by the MTT (3-(4,5-dimethylthiazol-2-yl)-2, 5
diphenyltetrazolium bromide) assays. The toxic effects of the d-dot nanocarriers were
tested on different cell lines, including two human pancreatic cancer cell lines (Panc-1
and Miapaca-2), human breast cancer cells (MDA-MB-231) and mouse leukaemic
monocyte macrophage cells (RAW 264.7). The cells were seeded in a 96-well plate at
a density of 5000 cells/well and incubated with different concentrations of d-dot/PAH
nanoplexes for 48 h. In parallel experiments, different types of particles (i.e. d-dot,
CdTe and CdTe/ZnS QDs, d-dot/PEI nanoplexes and d-dot/PAH-FA) were tested on a
RAW 264.7 macrophage cell line and the biocompatibility of these particles was
compared at the same dosage addition. In each assay, 20 µl of 5 mg mL-1 MTT in
PBS were added and the cells were incubated for 4 h. Subsequently, 150 µl of 100%
dimethylsulfoxide (DMSO, Sigma) was added to dissolve the precipitate with 5 min
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gentle shaking. Absorbance was then measured with a microplate reader (Bio-Rad) at
the wavelength of 490 nm. The cell viability was calculated as the ratio of the
absorbance of the sample well to that of the control well and expressed as a
percentage, assigning the viability of non-treated cells as 100%.

5.3 Results and Discussion
5.3.1 QD/polymer nanoplex for SiRNA delivery
The d-dots were developed as siRNA vectors through a Layer-by-Layer (LbL)
assembly method. Fig.5.1a illustrates the preparation steps, in which the cationic
polymer poly(allylamine hydrochloride) (PAH) was employed for complexing with
K-Ras siRNA molecules through electrostatic absorption. In comparison with some
other polymeric transfecting materials, such as PDDAC, and PAMAM dendrimers,
which have been reported with acute in vitro toxic effects, the PAH polymer could be
more feasible for in vivo applications owing to its biocompatibility[280].
It is worth noting that, by varying PAH concentration (Fig.5.2), the d-dot/PAH
clusters can be prepared with varying hydrodynamic sizes (47~200 nm), and the
surface zeta-potential was also tunable over a wide range (+20 to +48 mV). As shown
in Fig.5.3, agarose gel electrophoresis was applied to examine the loading of siRNA
molecules onto d-dot/PAH particles. The bright band A, B and C correspond to the
free and the unbound siRNA. Because of the electric field applied, the unbound
negatively charged siRNA shifted to bottom (anode) and was stained by the
fluorescent ethidium bromide in gel. The results suggest that d-dots without PAH
coating cannot absorb negatively charged siRNA, while a higher loading efficiency
was observed for d-dot/PAH clusters with higher zeta potential. In parallel
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Fig.5.1 (a) Schematic illustration of the preparation steps of the d-dot/polymer
nanoplex-based siRNA vectors. (b) TEM images of d-dots and d-dots/PAH
nanoplexes.

Fig.5.2 (a) Hydrodynamic size, and (b) Surface zeta potential of the d-dot/PAH and ddot/PEI clusters prepared using polymer solution of different concentrations.
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Fig.5.3 Agarose gel electrophoresis examining the binding between d-dot/PAH
clusters and siRNAs. (I) d-dot/PAH0.1 (+31 mV) only, (II) free siRNA only, and
siRNA mixed with (III) MPA stabilized d-dot (-17 mV), (IV) d-dot/PAH0.05 (+24 mV)
or (V) d-dot/PAH0.1 (+31 mV).
experiments, d-dot/PEI nanoplexes prepared under same conditions generally
exhibited a higher zeta potential (+35 to +58 mV) than the d-dot/PAH. The higher
charge density of PEI can be more beneficial for loading of the oppositely charged
gene material. After siRNA loading, a second PAH coating layer was applied,
generating a surface with positive charges (~+30 mV). Because of the primary amine
groups present by PAH, the capping layer can promote cellular uptake or provide
anchor moieties for further modification with functional molecules. In Fig.5.4, we
monitored the hydrodynamic size and zeta potential changes of the particles during
the LbL assembly. The surface charge reversals clearly indicated deposition of
alternating layers of the positively charged PAH and negatively charged siRNAs. It is
noticeable that hydrodynamic size of the particles increases dramatically after coating
of the first PAH layer. This observation, together with the TEM image (Fig.5.1b),
indicates that multiple d-dots have been co-encapsulated to form a relatively large ddot/PAH cluster. The hydrodynamic size change of the as-produced nanoplex
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formulations was monitored over a period of 2 weeks (Fig.5.5). Result suggests that
the nanoplex possesses an excellent colloidal stability.

Fig.5.4 Monitoring the change in particle hydrodynamic size and zeta potential during
the LBL construction steps to prepare d-dot/PAH0.1/siRNAFAM/PAH nanoplexes.

Fig.5.5 (a) Hydrodynamic size distribution of d-dot/PAH0.1/siRNAFAM/PAH
nanoplexes measured by DLS. (b) Colloidal stability of d-dot/PAH0.1/siRNAFAM/PAH
nanoplexes dispersed in DEPC treated water at 25oC. The hydrodynamic size of the
complexes was monitored over a period of 2 weeks.
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Fig.5.6 Photoluminescence (PL) spectra of d-dot/PAH, free siRNAFAM and ddot/PAH/siRNAFAM nanoplexes excited by UV (λ=350 nm) or blue (λ=450 nm) light
sources. Real image of d-dot/PAH/siRNAFAM under different excitations are shown in
inset pictures.

Fig.5.7 Photostability comparison between d-dots and FAM fluorophores. Panc-1
cells transfected with d-dot/PAH-siRNAFAM under continuous irradiation by a
mercury light source. Fluorescent images of the cells were taken at different time
intervals. Evolution of the relative PL intensity of the d-dot and FAM signals were
plotted.
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As shown in Fig.5.6, we investigated the PL capability of the prepared ddot/PAH-siRNAFAM nanoplexes, while PL spectra of d-dot/PAH and free siRNAFAM
are also presented for comparison. The clustering of the nanoplexes seems cause a
decrease in the d-dots and FAM emission efficiency, yet it has little influence on the
characteristic peak wavelengths. More importantly, fluorescence resonance energy
transfer (FRET) between the d-dots and FAM was not observed. This is quite
different from the red-emitting CdSe QDs previously reported for gene release
monitoring[293]. For multichannel imaging purpose, narrow band-pass filter are
normally employed to avoid crosstalk between adjacent channels, while the PL
bandwidth of the fluorescent labels are requested to be narrow. Actually, in our case,
crosstalk between the FAM labels (520 nm) and d-dots (590 nm) signals was
fundamentally avoided by employing excitations of different wavelengths (i.e. UV
and blue light for d-dot and FAM, respectively), because neither of the excitations can
activate the two labels simultaneously. More importantly, owing to the large Stokes
shift of the d-dots, the wavelength of the light source for FAM excitation can be
selected in a wide range (theoretically 400 to 500 nm) without activating the d-dots.
Consequently, the d-dots have an advantage over conventional band-edge emitting
QDs, as they may simplify the requirements for the optical system and provide a
chance to include more optical channels. Additionally, the photostability of the
nanoplex was also investigated. Fluorescent images shown in Fig.5.7 suggest that,
compared with FAM fluorophores, the inorganic d-dots are more suitable probes for
long term optical tracing, because they exhibit increased resistance against
photobleaching.
The d-dot/PAH nanoplexes were applied to deliver siRNAs that target the mutant
oncogenic K-Ras gene in pancreatic cancer cells. In Fig.5.8a, the successful delivery
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of the siRNAs can be easily identified through the green fluorescence from the FAM
label at 4 h post transfection. Similar results were also observed in d-dot/PEIsiRNAFAM treated cells and the positive control group using commercially available
transfection reagent Oligofectamine™. As a comparison, there is no fluorescent signal
in the cells treated with free siRNAs, suggesting that the naked siRNAs are not able to
penetrate the cell membrane without the assistance of transfection agents. More
interestingly, the overlay of the FAM and the d-dots channels shows both colocalization (yellow, a merge of green and red) and delocalization within the ddot/polymer-siRNAFAM treated cells. This indicates that siRNAs were slowly released
from the d-dots nanoplex surface. By further monitoring cells for 72 h post
transfection, a variation in the intracellular distribution of d-dots can be observed.
Furthermore, unlike Oligofectamine™ formulation, where no FAM signals were
detected at 72 h post transfection, the FAM fluorescent signals remained visible in the
cells transfected by the d-dot/polymer nanoplexes (Fig.5.8b). This suggests that a
fraction of siRNAFAM molecules that are tightly bound to the d-dot/PAH (PEI) cluster
surface have survived from degradation process within cells, and they may need
longer time to be released to the cytoplasm. The cationic polymer coating plays an
essential role in siRNA loading and release kinetics. Insufficient coating will result in
less positively charged nanoplex and relatively weak siRNA surface binding. On the
contrary, a higher siRNA loading efficiency can be achieved by using a highly
charged polymer coating. However, this approach will cause reduced siRNA release
rate since the siRNA will be tightly bound by the strong electrostatic force. This
situation will certainly influence the therapeutic activity of the nanoplex formulation.
Our results suggest that a zeta potential between +20 mV and +40 mV is an optimum
range for the nanoplex to successfully and effectively deliver siRNAs to the cells.
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Fig.5.8 (a) Fluorescent image of Panc-1 cells treated with: (i) free siRNAFAM, (ii)
Oligo-siRNAFAM, (iii) d-dot/PAH-siRNAFAM and (iv) d-dot/PEI-siRNAFAM for 4
hours. (b) After 4 hours transfection with (v) Oligo-siRNAFAM, (vi) d-dot/PAHsiRNAFAM, and (vii) d-dot/PEI-siRNAFAM, the Panc-1 cells were further incubated in
DMEM, and the images were taken at 72 hours post-transfection.
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Fig.5.9 Transfection efficiency of Panc-1 cells determined by flow cytometry analysis.
(A) Representative pictures, where cells were treated with (i) blank, (ii) free
siRNAFAM, (iii) d-dot/PAH, (iv) Oligo-siRNAFAM (v) d-dot/PAH-siRNAFAM and (vi)
d-dot/PEI-siRNAFAM for 4 hours. (vii), (viii) and (ix) were collected at 72hours posttransfection, corresponding to (iv), (v) and (vi), respectively. (B) Percentage of cells
transfected after 4 h treatment, evaluated from experiments shown in (A). The shown
points are average values±SD. *, P-value < 0.005 vs blank, siRNA and d-dots. (C)
Average FAM fluoresence intensity of the treated cells (4- and 72 hours posttransfection) counted from experiments shown in (A).
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The transfection efficiency of the siRNA into Panc-1 cells was quantitatively
evaluated by flow cytometry analysis. Fig.5.9a shows the representative plots of the
FAM intensity in cells treated with different formulations. After 4 hours incubation,
strong FAM signals were detected in cells transfected by Oligo agent, d-dot/PAH and
d-dot/PEI nanoplexes. These results are consistent with the fluorescent imaging
analysis, indicating considerable accumulation of siRNAs inside the cells. The
fractions of cells detected with strong FAM signals were counted to be 73.7%, 72.3%
and 71.3%, respectively (Fig.5.9b). On the contrary, no evident FAM signal was
detected for the cases of free siRNAFAM, d-dot nanoplexes only and blank cell groups.
Fig.5.9c shows the average fluorescence intensity per cell count recorded in the flow
cytometry evaluation. Because the average FAM intensity is two times higher than
that of Oligo-siRNAFAM, we consider that siRNA transfection by d-dot/PAH
nanoplexes is more effective. Comparatively, even higher transfection efficiency was
achieved by using PEI as the polymer coating. The enhanced siRNA accumulation
could be attributed to the high surface charge density of d-dot/PEI nanoplex. It is also
noticeable that, after 72 hours of incubation, the fluorescence signals almost
disappeared in Oligo transfected cells (Fig.5.9a and c). In contrast, around 56% and
77% of intensity still remained for d-dot/PAH and d-dot/PEI transfected cells. These
observations are in accordance with our imaging results (Fig.5.8b), suggesting the
protection and the partial release of siRNAs inside the cells.
Regulated expression of the targeted mRNA, regarded as the direct proof of
successful RNAi process, was carried out to evaluate the therapeutic capability of the
nanoplex formulation. Fig.5.10 shows the relative expression levels of mutant K-Ras
mRNA in Panc-1 cells treated with different formulations after 72 hours of
transfection. No evident differences in the expression levels were observed in the cells
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treated with d-dot/polymer complexes only or free siRNAs. In contrast, the expression
level of the mutant K-Ras mRNA in cells transfected by Oligo-siRNA and ddot/PAH-siRNA was found to be significantly suppressed to 34% and 43%,
respectively. In comparison with d-dot/PAH, the silencing effect was not further
promoted by using d-dot/PEI (46%), although it induced higher transfection
efficiency. These results, together with the residual FAM intensity detected by flow
cytometry at 72 h post-transfection, imply that the d-dot/PAH complex with lower
zeta potential could be more favourable than d-dot/PEI for gene release. Since the zeta
potential of the d-dot/polymer complex is essential for siRNA binding and its value is
tunable over a wide range, the release kinetics of siRNA should be optimized in the
future to obtain improved knockdown efficiency or sustained release for long term
gene treatment.

Fig.5.10 K-Ras mRNA relative expression levels in Panc-1 cells detected by real-time
RT-PCR: (a) Blank, (b) Free siRNA, (c) d-dots, (d) Oligo-siRNA, (e) d-dot/PAHsiRNA and (f) d-dot/PEI-siRNA complexes. Data are presented as average values±SD.
*, P-value < 0.005 vs blank, siRNA and d-dots.
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MTT assays were conducted to evaluate the cytotoxicity of d-dots and ddot/polymer complexes. As shown in Fig.5.11a, in addition to the d-dots, cytotoxicity
evaluation for MPA-stabilized CdTe and CdTe/ZnS core/shell QDs, which have
similar physical and optical properties, were also performed in this study as positive

Fig.5.11 (a) Cytotoxicity tests of four types of nanoparticles, i.e. d-dots, PAH-coated
d-dots, CdTe QDs and CdTe/ZnS core/shell QDs. RAW 264.7 cells were treated with
different concentrations of the particles for 48 hours. The particles were MPAstabilized except for d-dot/PAH complexes. (b) Cytotoxicity tests of the ddot/polymer nanocomplexes and d-dot/PAH-FA. Data for d-dot/MPA was presented
as reference.
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controls. The test was firstly conducted using macrophage cell line (RAW 264.7).
Because macrophage cells internalized foreign particles nonspecifically through the
phagocytosis process, the cytotoxicity evaluation could be less sensitive towards the
discrepancy in internalization/accumulation rate of the particles with different surface
modifications. At 48 h post treatment, CdTe QDs without ZnS shell capping exhibit
severe toxicity. The 50% cell viability (IC50, half maximal inhibitory concentration)
was determined to be less than 10 µg mL-1. Comparatively, the ZnS-capped CdTe
QDs were found to be less toxic. The IC50 was greatly improved to above 40 µg mL-1
although the influence of the particles on cell viability was still pronounced,
especially at high dosage concentrations. Thus, the ZnS capping layer may protect the
Cd-core from fast degradation, however, it cannot prevent the release of heavy metal
ions to the biological environment, especially when the QDs are exposed to
intracellular oxidative conditions.

Fig.5.12 Cytotoxicity tests of the d-dot/PAH nanoplex on four different cell lines, i.e.
RAW 264.7, Panc-1, Miapaca-2 and MDA-MB-231. The cells were treated with
different concentrations of d-dot/PAH for 48 hours.
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In stark contrast, after 48 h of incubation with d-dots, the viability of the treated
cells were maintained over 90% for concentrations as high as 160 µg mL-1. These
results indicate that the d-dots are highly biocompatible. Furthermore, the viabilities
of the RAW 264.7 cells treated with d-dot/polymer nanoplexes are shown in
Fig.5.11b clearly indicate that the toxicity of the d-dot
nanoplexes was mainly determined by the polymer coating, rather than the inorganic
d-dots. In comparison with the d-dot/PEI reference group, higher viabilities were
evaluated for cells treated with an equal amount of d-dot/PAH nanoplexes. To further
confirm the biocompatibility of the d-dot/PAH, we investigated the toxic effects of
the d-dot/PAH complexes on different cell lines, including human breast cancer cells
(MDA-MB-231) and two human pancreatic cancer cell lines (Panc-1 and Mipaca-2).
Fig.5.12 shows that, at 48 hours after exposure, all the four cell lines maintained over
80% viability across a wide range of dosages up to 160 µg mL-1. These results
suggested that the as-prepared d-dot/PAH complexes (zeta potential of ~+30 mV) are
highly biocompatible. Given that our d-dots formulations are free of heavy metals
substance, they will be a promising optical contrast agent for biomedical applications
ranging from imaging to drug delivery.
Because the PAH polymer exhibits plenty of primary amino groups which can
serve as anchor moieties to conjugate with different functional molecules, the d-dot
complexes capped with a second PAH layer could be further modified to receive
multiple bio-functions. For example, we conjugated folic acid (FA) on the d-dot/PAH
to obtain ability for cancer cell targeted gene delivery. Fig.5.13a schematically
illustrates the preparation of folic acid conjugated nanoplexes, where EDC/NHS
condensation method was applied for crosslinking. According to our results, after
conjugation with FA, the zeta potential of the nanoplex changed from +30 mV to a
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negative value (-18 mV). Compared with positive charges, a negatively charged
surface helps to reduce non-specific internalization of the particle by cells[294]. The
MTT results shown in Fig.5.11b confirm the biocompatibility of these d-dot/PAH-FA
formulations. Surface characterization of the FA conjugated d-dot/PAH were studied
by using FT-IR spectroscopy. For comparison, spectra of PAH, d-dot/PAH, FA and ddot/PAH-FA are shown in Fig.5.13b. The d-dot/PAH complexes exhibit the
characteristic peaks of the amine group in PAH polymer, including the N-H stretching
mode at 3433 cm-1 and the NH2 deformation vibration at 1627 cm-1. The two bands at
2924 and 2862 cm-1 correspond to asymmetric and symmetric stretching vibration of CH2, respectively. Compared with the PAH polymer in hydrochloride form, the NH3+
deformation vibration at 1512 cm-1 disappeared in d-dot/PAH after forming the
complexes, accompanying with presence of a new band at 1095 cm-1 which is
assigned to the C-N stretching mode. Conjugation of folic acid onto d-dot/PAH was
substantiated by the emergence of both the amide I band at 1635 cm-1 and the amide II
band at 1512 cm-1, which are attributed to C=O stretch and NH deformation in the
secondary amides, respectively. Meanwhile, a series of characteristic IR absorption
peaks of FA located at 1697 cm-1 (carboxyl), 1605 cm-1 (benzene), and 1481 cm-1
(hetero-ring) were also visible in the spectra of d-dot/PAH-FA. All these results
substantiated that the folic acid molecules were successfully conjugated on d-dot/PAH
surfaces.
To demonstrate the ability of the d-dot/PAH-FA for cancer cell targeted siRNA
delivery, fluorescent images of Panc-1 cells treated with non-conjugated and FAconjugated complexes are compared in Fig.5.13c. Prior to transfections, Panc-1 cells
in (ii) and (iv) were pre-saturated with free folic acid to block FA receptors (FAR)
available on cell surface. As shown in the fluorescent images, Panc-1 cells were
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Fig.5.13 (a) Schematic illustration of the method to prepare FA conjugated ddot/PAH nanoplexes. (b) FT-IR spectra of PAH, d-dot/PAH, folic acid and ddot/PAH-FA nanocomposites. (c) Fluorescence image of Panc-1 cells treated with
unconjugated (i, ii) and FA-conjugated (iii, iv) nanoplexes. The cells in (ii) and (iv)
were pre-saturatured with free FA before incubation with the nanocomposites.
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stained with FA conjugated nanoplexes after 2 hours incubation (iii), whereas
minimal signal was observed from cells pre-saturated with FA (iv). These results
suggested that the uptake of the particles involves the interaction between FA and
FAR. In contrasts, accumulations of the particles were observed in both unsaturated
and FAR-blocked cells for unconjugated nanoplexes, suggesting a non-specific nature
of their uptake due to their positive surface charges. Considering that the FAR is
overexpressed on many human cancer cell lines, these results indicate that the
particles can be functionalized with folic acid for cancer cell targeted gene delivery.
More importantly, these results exemplified that the amine groups present on the
second PAH layer could be employed to link with molecules to obtain multiple biofunctions. For example, to explore the applications for in vivo gene delivery and
tumor therapy, PEG should be conjugated for improved stability in serum and
prolonged circulation time of the particles after intravascular administration[295].

5.3.2 SQD Loaded Liposome for Co-delivery of SiRNA and
Hydrophobic Drug
A solvent dispersion method was adapted to prepare the liposome-SQD (L-SQDs)
assemblies (Fig..5.14a)[296]. To form the liposome structure, a mixture of
phospholipid and organic solvent (chloroform/methanol=3:1) was firstly evaporated
in vaccum until a lipid thin film was obtained. The formation of SQD-encapsulated
multilamellar vesicles (MLV) was accomplished by hydration of the dry lipid film by
aqueous solution of the SQDs at 50oC. After that, the MLV was disrupted by sonic
energy to produce small unilamellar vesicles (SUV), which typically have much
smaller size (20~100 nm). The SQD-loaded SUVs were purified and recollected by
centrifugation. The hydrodynamic size of the L-SQDs was estimated to be around 57
nm via DLS measurement (Fig.5.15a). The successful encapsulation of multiple QDs
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Fig.5.14 Schematic illustration of preparation steps of the L-QDs based siRNA (drug)
carriers.
in one SUV liposome was verified by TEM image shown in Fig.5.15b, which also
reveals the uniform size distribution of the L-SQDs (40 ~ 50 nm). The phospholipid
layer consists of PEG-functionalized DSPE (DSPE-mPEG, 90%) and PEG-DSPE
modified with -NH2 (DSPE-PEG-NH2, 10%), and the molar ratio was optimized to
receive proper surface charge (Fig.5.15c). The negative zeta-potential (~ -30 mV) and
the PEG present at the surface may provide a good colloidal stability in biological
environment or a prolonged circulation lifetime after intravenous administrations, as
they help to suppress non-specific molecule absorption on the surface and reduce nonspecific cellular uptake. Additionally, the primary amine groups introduced by the
NH2-functionalized lipids at the surface can be further modified, allowing for
biofunctionalization of the L-SQDs assemblies. As illustrated in Fig.5.14, a standard
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Fig.5.15 (a) Hydrodynamic size distribution of the L-SQDs measured by DLS; (b)
TEM image of the L-SQDs. The SUV lipid membrane fragments can be visualized in
HRTEM image (inset); (c) Zeta-potential of L-SQD is tunable by varying the molar
ratio between DSPE-mPEG and DSPE-PEG-NH2.
EDC/NHS coupling method was adapted to conjugate L-SQDs with folic acid (FA).
Because folate receptors (FRs) are over-expressed on the surface of many tumor cell
lines but shows limited expression on normal cells[297, 298], the FA-functionalized
L-SQDs (f-L-SQDs) was prepared to achieve cancer cell targeting affinity.
Labeling of pancreatic cancer cells (Panc-1) with the f-L-SQDs was demonstrated
in Fig.5.16. After 4 hours incubation, the cellular uptake of the f-L-SQDs was clearly
evidenced by the robust PL emission from the SQDs, while a minimal signal was
observed from cells treated with unconjugated L-SQDs and cells pre-saturated with
FA before the incubation with f-L-SQDs. These results demonstrate the specific
nature of the cellular uptake, which involves the interaction between FA and FR, and
therefore indicate the cancer cell targeting affinity of the f-L-SQDs. Furthermore,
owing to the dual-mode ability of the SQD, accumulations of the L-SQDs inside the
cells were also detectable via T1-weighted MR imaging of the cell lysates (Fig.5.16,
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Fig.5.16 Fluorescent images of Panc-1 cells. (a) Blank cells, (b) Cells treated with LSQD, (c) Cells treated with FA functionalized L-SQD and (d) Cells presatureated
with excess FA before incubation with f-L-SQD. T1-weighted MR images of the cell
lysis in centrifuge tubes are presented in the insets.

Fig.5.17 Cytotoxicity tests of the SQD and f-L-SQD hybrids upon Panc-1 cells after
48 h incubation.
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insets). In accordance with the fluorescence images, stronger MR signals were
observed from the f-L-SQDs treated group, indicating the enhanced cellular uptake
after FA-functionalization.
The biocompatibilities of the SQDs and FA-L-SQD hybrids were verified using a
MTT cell viability assay. In comparison with the conventional high quality QDs (e.g.
CdSe, CdTe, PbS), which have the concerns of toxicity due to heavy metal ions
release, SQDs are free of toxic heavy metal components and therefore should be more
suitable for biomedical applications. As can be observed in Fig.5.17, SQDs and f-LSQDs with a concentration up to 160 µg mL-1 exhibited no noticeable influence on
the viability of the Panc-1 cells after 48 h of treatment. These preliminary results
suggest that the f-L-SQD hybrids can be non-toxic and biocompatible materials for
biological applications, although long-term and in vivo investigations are still required
to exclude any other potential risks before moving forward to clinic research.
The biocompatible L-SQD assemblies were then developed as versatile
theranostic tools for traceable gene- and chemotherapy of pancreatic cancer cells. As
a model therapeutic gene material, small-interfering RNAs (siRNAs) targeting the
mutant K-Ras gene with a point mutation at codon 12 was selected for genetic therapy
of Panc-1 cells, which is associated with increased cell proliferation and resistance to
apoptosis. Fig.5.14b illustrates the preparation steps of the L-SQD based gene
vehicles. Prior to siRNA loading, the MPA molecules on QDs surface were replaced
by -NH2 terminated cystemine (AET) via a simple ligand replacement process.
Because of the dynamic nature of the binding between MPA and the QD surface Zn
atom, the addition of excess AET will replace the MPA ligand via a mass action.
However, the direct addition of AET will cause aggregation (flocculation) of the QD
dispersion and block reaction, because there is a transition stage when the MPA are
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insufficiently replaced. In this stage, the neutral surface charges cannot keep the QDs
well dispersed, because the Coulomb force is too weak. For this reason, in our
procedure, a dialysis treatment was conducted to remove the MPA molecules in the
QD solution and reduce the number of MPA molecules dynamically attached on the
QDs surface. When the QDs precipitated due to the lack of surfactants, excess AET
was added to re-disperse the QDs, which dramatically raise the zeta-potential,
skipping the transition stage. With this method, the zeta potential of the SQD was
changed from -22 mV to a positive value (+23 mV), and its water dispersion is stable
for months. More importantly, the bright PL emission of SQDs was maintained after
the ligands replacement (Fig.5.14), while a similar reaction process was found to
cause significant PL deterioration in both un-doped ZnSe/ZnS QDs and Mn:ZnSe
QDs without ZnS capping. We tend to attribute the stable PL emission of the SQD to
a collective effect of ZnS shell protection and the localized nature of Mn emission,
which is less sensitive towards environment changes [273].
The results of the chemical characterization of the particles' surface by FT-IR
measurement is shown in Fig.5.18. The new bands at 3200 cm-1 and 1085 cm-1 are
assigned to the

and

respectively. Although

stretching modes of the primary amine group,
(NH2 deformation) and

around 1556 cm-1 cannot be distinguished, the weakening of
1413 cm-1),

(1648 cm-1) and

(antisymmetric stretch)
(symmetric stretch,

(3433 cm-1) is still observable after the

replacement. These results confirm that the carboxyl-terminated MPA ligands were
effectively replaced by the primary amine-terminated AET.
Because the backbone of nucleic acids is negatively charged, the positive zeta
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Fig.5.18 FT-IR spectra of SQD/MPA and SQD/AET.

Fig.5.19 Fluorescent images of Panc-1 cells treated with f-L-SQD/siRNAFAM. (a)
Channel of FAM; (b) Channel of SQD; (c) The overlay of (a) and (b); (d) The overlay
of (a), (b) and bright field image.
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potential facilitates the binding of siRNA molecules onto SQD surfaces, which was
confirmed by electrophoresis (Fig.5.14). After siRNA attachment, the zeta potential of
the QDs decreased to a negative value (~ -20 mV). The SQD/siRNAFAM compositions
were then encapsulated by phospholipid bilayer membrane followed by FA
functionalization to generate f-L-SQD/siRNA assemblies. It is worth noting that,
using the positively charged SQDs as gene 'sorbents', almost all the siRNAFAM
molecules can be encapsulated and recollected, while limited loading efficiency was
observed by PL measurement of the supernatant for free siRNAFAM encapsulation.
The results of siRNA transfection of Panc-1 cells using f-L-SQD as delivery agent
are illustrated in Fig.5.19, where 3’-Fluorescently labeled siRNA (siRNAFAM) was
used for visualization. Because of the robust PL signals from SQDs (red channel) and
FAM labels (green channel), the effective accumulation of SQDs and siRNAFAM
inside the cells can be visualized via fluorescence imaging. At the same time, no
fluorescent signal could be visualized in the cells treated with free siRNAs, showing
that the naked siRNAs cannot penetrate the cell membrane without transfection agents
(Fig.5.8a, i).
The siRNA transfection efficiency was further quantitatively evaluated by flow
cytometry analysis. The obtained results, shown in Fig.5.20, are consistent with the
fluorescent imaging results, and no evident FAM signals were detected in blank cells,
cells treated with free siRNA or L-SQDs without siRNA loading. In contrast, 9.2% of
the cells were transfected when L-SQDs were used as gene carriers, and the
transfection efficiency was enhanced to 70% after FA conjugation. Additionally, for
cells pre-saturated with excess amount of FA, transfection efficiency was found to be
greatly suppressed to 16.9%. These results suggest that the f-L-SQD assemblies can
be developed as traceable and multifunctional vehicles to facilitate cancer cell
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Fig.5.20 Transfection efficiency of Panc-1 cells determined by flow cytometry
analysis, expressed as percentage of cells transfected after 4 h treatment.

Fig.5.21 K-Ras mRNA relative expression levels in Panc-1 cells were detected by
real-time RT-PCR. (a) Blank, (b) Free siRNA, (c) L-SQD, (d) f-L-SQD/siRNA.
targeted siRNA delivery. As a direct proof of sequence specific post-transcriptional
gene silencing induced by the siRNA, regulated expression of the targeted mRNA
was monitored. The relative expression levels of mutant K-Ras mRNA in treated
Panc-1 cells are shown in Fig.5.21. The mRNA expression level in f-L-SQD/siRNA
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transfected cells was significantly suppressed to 46%, which demonstrate the
therapeutic effect through RNA interfering (RNAi).
With respect to drug delivery for cancer chemotherapy, camptothecin (CPT),
which showed remarkable anticancer activity by inducing DNA damage and apoptosis,
was selected as a model drug. As shown in Fig.5.14c, CPT-loaded SUV was obtained
via solvent evaporation followed by hydration and probe sonication. Because of the
CPT's hydrophobic nature, the evaporation of the organic solvent causes the
formation of dry lipid-CPT films with CPT molecules embedded in the hydrophobic
leaflets of phospholipid membranes. Hydration of the lipid-CPT films by SQD
solutions, followed by probe sonication, finally produce the drug-QD co-encapsulated
liposomes. It is worth noting that the liposome encapsulation is necessary for CPT
delivery, since direct administration of any hydrophobic drug is limited due to its low
solubility in aqueous medium. The liposomes were then conjugated with FA to
receive receptor-mediated cancer cell uptake. Finally, co-delivery of drug and gene
materials were explored by forming a SQD-gene-drug co-encapsulated system.

Figure 5.22 Cell viability of Panc-1 cells after a 48 hrs treatment with f-L-SQD, f-LSQD /siRNA, f-L-SQD/CPT and f-L-SQD/siRNA-CPT.
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MTT cell viability assays were conducted to evaluate therapeutic effects of the LSQD based gene and drug carriers. Fig.5.22 presents the viabilities of cells exposed to
different formulations with same incubation duration and concentration. In contrast to
SQD and f-L-SQDs, significant reductions in cell viability were observed in f-LSQD/siRNA and f-L-SQD/CPT treated groups. The siRNA molecules delivered by fL-SQD induce sequence-specific silencing of the mutated K-ras gene, therefore
hinder the proliferation of the cells and result in lower cell viability as compared to
the untreated group. Free siRNA treatment failed to trigger RNAi and therapeutic
effects because of the poor transfection efficiency. On the other hand, after loading
with CPT, the f-L-SQD/CPT hybrids were found to cause considerable cytotoxic
effects. More importantly, even lower cell viability was observed in cells treated with
siRNA-CPT co-encapsulated together with f-L-SQD, which suggests the feasibility of
using the f-L-SQD hybrid as a drug-gene co-delivery system for chemo-gene therapy.

5.4 Conclusions
In this Chapter, in order to explore biomedical applications of the QDs, the Mn-doped
ZnSe QDs were developed to be used as theranostic agent for pancreatic cancer cell
imaging and therapy. Specifically, two types of gene carriers were developed based
on the d-dots, namely d-dot/polymer nanoplexes and d-dot/liposome hybrids. Owing
to the unique and stable PL properties of the d-dots, siRNA transfection was optically
traceable. Cancer cell-targeted siRNA delivery was achieved by functionalizing the
nanocarriers with cancer targeting ligands (FA). The therapeutic effect was confirmed
by the significantly suppressed expression of the targeted gene sequence (mutant KRas) at mRNA level. More importantly, the d-dot/liposome hybrid based on the SQDs
was demonstrated to be a promising multifunctional platform for MR/optical dual
mode imaging and gene/drug co-delivery. Owing to the flexibility of the d115
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dot/liposome hybrid, applications could be extended to in vivo tumour diagnosis and
targeted gene-chemo therapy, while tunable combinations of therapeutic agents could
benefit the development of personalized nanomedicines.
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Chapter 6 Conclusions and Future Work
6.1 Conclusions
In summary, this thesis investigates a few aqueous phase synthesis methods to
develop high quality and multifunctional colloidal quantum dots (QDs) and explore
their applications as theranostic agents for pancreatic cancer diagnosis and therapy.
In comparison with the traditional organometallic method, the preparation of
colloidal QDs directly in aqueous phase has been attracting increased attention, since
the procedure is more economic, more environmental-friendly and easy to perform.
More importantly, because the QDs are initially water dispersible and ready for
bioconjugation, the aqueous synthesis methods are highly desirable for biological
applications. In this thesis, efforts have been made to investigate and optimize the
aqueous synthesis route in order to prepare high quality QDs, which should have
bright and stable PL emission with narrow bandwidths. Specifically, the reaction for
synthesizing high quality CdTe QDs was firstly investigated. It was found that the
used surfactant species and their concentration are important factors which greatly
influence the growth dynamics, optical properties and stability of the resulting QDs. A
mixed-ligands system composed of mercaptopropionic acid (MPA) and cysteine (Cys)
was then optimized to generate high quality CdTe QDs.
Although high quality CdTe QDs with size-tunable color can be synthesized using
an aqueous method, these cadmium-based QDs are associated with Cd2+ ion release
in the biological environment and were found to cause serious cytotoxic effects
according to our in vitro cell viability test. To avoid the heavy metal related toxicity
issues, high quality Mn-doped ZnSe QDs (d-dots) were synthesized as an alternative
to Cd-based QDs. The d-dots are characterized by a large Stokes shift and long PL
117

Chapter 6

Conclusion and Future Work

lifetime, which are unique optical properties desirable for bioimaging applications.
Most importantly, the d-dots were found to be biocompatible, and thus, should be
promising candidates for biological applications. Furthermore, in order to develop
multifuntional probes for multi-modal imaging, a sandwiched core/shell QD (SQD,
Mn:ZnSe/ZnS/ZnMnS) was formulated as high quality contrast agent for both optical
fluorescence imaging and magnetic resonance imaging (MRI). The paramagnetic
Mn2+ ions dopants present in core and shell produce a 4T1-6A1 PL transition and at the
same time also enhanced T1 MRI signals, respectively. Quenching of PL due to heavy
doping of shell was observed and resolved by employing a thick ZnS sandwiched
transition shell layer.
To explore potential biomedical applications of the biocompatible QDs, after
proper surface modification and bio-functionalization, the d-dots were developed as
theranostic agents for in vitro cancer diagnosis and therapy. Specifically, two types of
nanocarriers, namely d-dot/polymer nanoplex and d-dot/liposome hybrid, were
developed as theranostic agents for small interfering RNA delivery into pancreatic
cancer cells. Because of the unique optical properties of the QDs, the gene
transfection process is optically traceable. Cancer cell targeted gene delivery was
achieved by functionalizing the nanocarriers with cancer targeting ligands (FA). The
therapeutic effect was confirmed by the significantly suppressed expression of the
targeted gene sequence (mutant K-Ras) at mRNA level due to the RNAi process.
More importantly, the d-dot/liposome hybrid based on the SQDs was demonstrated as
a promising multifunctional platform for MR/optical dual mode imaging and
gene/drug co-delivery. In this liposome structure, hydrophobic anti-cancer drug can
be co-encapsulated with siRNA molecules and the dual-mode SQDs. Due to their
flexibility, the applications of the d-dot/liposome hybrid could be extended to in vivo
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tumour diagnosis and targeted gene-chemo therapy, while tunable combinations of
therapeutic agents could benefit the development of personalized nanomedicines.

6.2 Ongoing and Future work
6.2.1 Synthesis of Cd-free QDs With Tunable or NIR Emission
As described in previous chapters, we have successfully prepared high quality
Mn:ZnSe QDs as an alternative to replace the Cd-based QDs used in biomedical
applications. However, the Mn-doped QDs normally requires UV light for excitation,
while the emission color is not tunable to some extent. These intrinsic properties will
limit its performance in some applications, such as deep tissue imaging and
multiplexed sensing. For this reason, Cd-free QDs with tunable emission color and or
NIR emission are considerably needed. To solve these problems, our ongoing projects
aim to synthesis high quality and biocompatible Cu-doped ZnS QDs, CuInS2 QDs and
Ag2S QDs as alternatives to Cd-based QDs, which have the size-tunable emission
color covering the visible-NIR range.

Fig.6.1 Photograph of Cu:ZnS QDs, Mn:ZnSe QDs and CuInS2 QDs excited by UV
light.
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Fig.6.2 Representative UV-vis and PL spectra of Cu:ZnS QDs and CuInS2 QDs.
Some preliminary results are presented in Fig.6.1 and Fig.6.2. We have
synthesized a series of Cd-free QDs based on Cu-doped ZnS and ternary alloyed
CuInS2. The emission color of these QDs ranges from blue (420 nm) to NIR (720 nm),
which has already covered the emission range of the conventional CdTe QDs. As
compared to Mn-doped QDs, Cu-doped QDs synthesized via growth doping method
exhibit size-tunable emission color, because the radiative recombination involves the
host conduction band and the d-orbital of a copper ion. More importantly, the CuInS2
QD exhibits tuneable absorption/emission in visible-NIR range, thus can be promising
candidates for in vivo and deep tissue imaging. So far, aqueous synthesis of high
quality Cu-doped, CuInS2 and Ag2S QDs are seldom reported. In our future work,
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based on these preliminary results, efforts will be made to optimize the synthesis
chemistry to achieve improved optical properties.

6.2.2 In vivo Applications
In Chapter 4 and 5, we have prepared high quality Mn-doped ZnSe QDs based
theranostic agents for in vitro cancer cell diagnosis and therapy. Specifically, the ddot-liopsome hybrids are highly biocompatible and are flexible platforms to integrate
diagnostic agents and therapeutic materials. Furthermore, because of the MRI ability
of the encapsulated SQDs and the PEG functional groups present on the phospholipid
bi-layers, which can prolong the circulation time of the liposome in blood stream, the
SQD-liposome hybrids are promising for in vivo applications. In our future work
plans, FA- or antibody-functionalized liposome formulations will be investigated as
gene or drug carriers for targeted tumor therapy in vivo. Since the SQDs can be
visualized in both MR and optical modes, the accumulation of the carriers is supposed
to be traceable via both real-time MRI and fluorescent image of tissue sectioning.
Biodistribution and metabolism of the nanocarriers can also be investigated, while
optimization of the nanocarrier design can also be carried out to improve the
specificity of the tumor targeted drug delivery.
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AET
BRET
CPT
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d-dot
DEPC
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DLS
ECL
EDC
EDL
EPR
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FAM
FISH
FRET
FRs
FT-IR
FWHM
GNP
IC50
LBL
MHA
ML
MLV
MNP
MPA
MR
MRI
MUA
mRNA
NIR
NP
OD
PAH
PBS
PDT
PEI
PEG
PL
QD
QY

Absorption
Aminoethanethiol
Bioluminescence Resonance Energy Transfer
Camptothecin
Cysteine
Doped Quantum Dot
Diethylpyrocarbonate
Deionized
Dynamic light scattering
Electrochemiluminescence
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
Electrical Double Layer
Enhanced Permeability And Retention
Folic Acid
Fluorescein Amidite
Fluorescence In Situ Hybridization
Fluorescence Resonance Energy Transfer
Folate Receptors
Fourier Transform Infrared Spectroscopy
Full Width At Half Maximum
Gold Nanoparticle
Half Maximal Inhibitory Concentration
Layer By Layer
Mercaptohexanoic Acid
Monolayer
Multilamellar Vesicle
Magnetic Nanoparticle
Mercaptopropionic Acid
Magnetic Resonance
Magnetic Resonance Imaging
mercaptoundecanoic acid
Messenger RNA
Near Infrared
Nanoparticle
Optical Density
Poly(allylamine hydrochloride)
Phosphate-buffered Saline
Photodynamic Therapy
Polyethylenimine
Polyethylene Glycol
Photoluminescence
Quantum Dot
Quantum Yield
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RNAi
ROS/RNS
RT-PCR
siRNA
SQD
TBP
TGA
TOPO
TOPO
TEM
NHS
ULV
UV

Reticuloendothelial System
RNA Interference
Reactive Oxygen/Nitrogen Species
Reverse Transcription Polymerase Chain Reaction
Small Interfering RNA
Sandwiched Quantum Dot
Tertiarybutylphosphine
Thioglycolic Acid
Trioctyphosphate
Trioctyphosphine Oxide
Transmission Electron Microscopy
N-Hydroxysuccinimide
Unilamellar Vesicles
Ultraviolet
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