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ABSTRACT

Imaging techniques have become much more in demand in modern medicine,
especially in fields of disease prognosis, diagnosis and therapeutics. This is because a
better understanding of different diseases, characteristics of each patient and further
optimizing treatment planning, are all enhanced by advanced imaging technigues. Since
each imaging modality has its own merits and intrinsic limitations, combining two or

more complementary imaging modalities has become an interesting research area.

In this study, gadolinium (Gd*") doped CdTe quantum dots (QDs) were synthesized and
used as multimodal imaging probes of two highly complementary imaging modalities:
optical imaging and magnetic resonance imaging. The new imaging probes were
characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM),
UV-vis absorbance spectra, fluorescence spectra (FL) and magnetic resonance imaging

(MRI).

The optical / MRI imaging probes were further functionalized by conjugating with the
axonal tracer dextran amine (10 kDa) for non-invasive axonal tracing observations.
Biocompatibility and MRI contrast effect of prepared multimodal imaging probes were
investigated by in vitro cell experiments and MRI scanner. Ultimately, it is hoped that
this imaging probe will help us better understand the regeneration mechanisms in real

time without sacrificing animals at intervening time-points.



RESUME

Les techniques d’imagerie sont beaucoup plus en demande dans la médecine moderne,
en particulier dans les domaines du pronostic, du diagnostic et de la thé&apeutique des
maladies. Cela s’explique par le fait qu'une meilleure compréhension des différentes
maladies, les caractéristiques de chaque patient et I’optimisation continue des plans de
traitement dépendent toutes des techniques d’imagerie de pointe. Etant donné que
chaque modalité d’imagerie comporte des avantages et des limites intrinséques, la
combinaison de deux modalités d’imagerie complémentaires ou plus constitue

pré&entement un domaine de recherche inté&essant.

Dans cette éude, des points quantiques de CdTe (QDs) dopé&s au gadolinium (Gd®*) ont
été synthétisés et utilisés comme les sondes d’imagerie multimodale de deux modalités
d’imagerie fortement complémentaires: 1’imagerie optique et I’IRM. Les nouvelles
sondes d’imagerie €taient caractérisées par la diffraction des rayons x (DRX), la
microscopie électronique a transmission (TEM), les spectres d’absorption UV-visible,

les spectres de fluorescence (FL) et ’imagerie par résonance magnétique (IRM).

Des sondes optiques/d’imagerie IRM ont été encore plus fonctionnalisées en les
conjuguant avec un traceur axonal de dextran amin€&(10 kDa) pour observer le tracé
axonal de maniere non invasive. Par la suite, la biocompatibilité et I’effet de contraste

en IRM des sondes d’imagerie multimodales préparées ont fait 1’objet d’une analyse



premic¢rement au moyen d’une expérience cellulaire in vitro puis d’un scanner IRM. En
fin de compte, il faut espérer que cette sonde d’imagerie nous aidera a mieux
comprendre les mé&anismes de réénéation en temps rél sans sacrifier des animaux

entre-temps.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Imaging technologies, such as MRI, optical imaging and ultrasound imaging, have
become much more significant in modern medicine, especially in fields of disease
prognosis, diagnosis and therapeutics. However, the intrinsic limitations associated
with each imaging modality hinders their potential applications, making it a challenge
to choose a well-suited imaging modality for target disease [1]. To solve this problem,
the revolutionary concept of integrating two or more complementary imaging
modalities has triggered a significant amount of attention in studies on multimodal

imaging probes [2]. To date, the commercialized PET/CT and PET/MRI instruments



have been adopted clinically [3], and more merged instruments and multimodal
imaging probes are on the way [4-6]. This trend facilitates a blooming development of

multimodal imaging probes design.

Generally speaking, the design of multimodal imaging probes starts from rationally
selecting appropriate imaging modalities based on the final purpose and
complementarity of selected imaging modalities. This is followed by integrating
corresponding imaging agents, usually by either encapsulation, doping, or
bioconjugation. In this work, our objective is to accomplish non-invasive axonal tracing
to better assess the state of nerve regeneration in real time, and better design nerve
regeneration strategies. Non-invasive means our imaging probes do not need to destroy
healthy tissue and are not limited for penetration depth. MRI is considered superior for

central nervous system (CNS) imagig

ng due to its demonstrated good tissue contrast, non-invasive imaging ability and
unlimited tissue penetration [7-9]. Therefore, MRI is widely used in studies correlated
with CNS, such as tracing molecules in brain and spine [10], monitoring inflammatory
cellular activity in brain [11] and displaying features of primary central nervous system
lymphomas [12]. The relatively low sensitivity and lack of resolution at the cellular
level, however, are the limitations of the MRI modality. In contrast, optical imaging has
high sensitivity and ability to provide detailed biological information at the cellular or

subcellular levels [3, 13]. Therefore, combining these highly complementary imaging



modalities could accomplish non-invasive axonal tracing associated with precise

anatomical and physiological information.

In comparison with conventional fluorophores (e.g. lanthanide chelates, organic dyes
and fluorescent proteins) [14], semiconductor nanocrystals (QDs) have many unique
optical properties including broad absorption spectra, tunable emission wavelength,
good resistance to metabolic degradation as well as high photostability [15]. In addition,
they are easy to be functionalized due to the existence of large amount of ligands on the
surface. As a result, QDs have been used as a versatile fluorescent probes in various
areas, such as targeted deliveries (e.g. sSiRNA delivery) [16, 17], multiplexed biological
applications (e.g. multiplexed detection of protein sequences) [18], and optoelectronic
devices (e.g. LED and photodiodes ) [19, 20], and offers a promising platform to

combine optical imaging with MRI, if the QDs can be magnetized.

Currently, there are four major synthetic methods to prepare magnetic QDs [3]: (1)
attaching magnetic chelates on the QDs surface [21]; (2) co-encapsulating QDs and
magnetic particles [22], (3) growth a heterocrystalline structure [23], and (4) doping
paramagnetic ions within QDs [24]. Among all methods, QDs produced by doping
paramagnetic ions generates smaller products. Small sizes are beneficial to cell uptake
in order to increase the imaging sensitivity and reduce the toxicity associated with
imaging probes. Moreover, small sized particles are known to have accelerated

excretion rate from our body, which also reduces the risk caused by imaging probes



[25]. In addition, most paramagnetic ion-doped QDs are prepared by one-step synthetic
methods [26-28]. The simple synthesis method increases the reproducibility and makes
their products easy to be commercialized. Therefore in this study, QDs (CdTe) were
prepared as fluorescent probes, and doped by gadolinium (Gd**) with the goal of

producing novel optical/ MRI multimodal imaging probes (CdTe:Gd QDs) .

Nerve system consists of central nervous system (CNS) and peripheral nervous system.
In peripheral nervous system, nerves have capacity for regrowth due to the facilitation
of some cytokines [29] and the regeneration rate is about 2-5 mm/day [30].
Unfortunately, CNS axons lack of regrowth ability due to the inhibition of several
glycoproteins [31-33] and the formation of glial scars [34]. However, synthetic scaffold
provides a promising therapy for CNS axons regeneration [35]. In the studies related to
nerve or neural tissue repair, neuronal tracing techniques are widely used to monitor the
state of regenerated neurons [36, 37]. However, currently used neuronal tracers such as
dextran amine conjugates [38, 39], fluoro-gold [40, 41], as well as 1,1'-dioctadecyl-
3,3,3'3'-tetramethylindocarbocyanine perchlorate (Dil) [42, 43] do not offer non-
invasive visualization. The lack of reliable non-invasive techniques to monitor the state
of nerve regeneration over time has been considered as a factor resulting in the failure
of some clinical trials [44]. For example, in neuroma treatment, lack of reliable
techniques to explore the state of nerve injury or repaired nerves is considered to

mislead the surgeon to do unnecessary operation to evaluate whether sufficient



regeneration is occurred or not [45]. On the other hand, insufficient evidence makes the

surgeon miss the good timing for operation [46].

To accomplish the non-invasive axonal tracing effect, CdTe:Gd QDs were conjugated
with dextran amine (DA, 10 kDa). Dextrans with low molecular weight (3 kDa) are
preferred for transporting in the retrograde direction and for labeling neuronal cell
bodies. Dextrans with higher molecular weights (>10 kDa) yield exquisitely detailed
labelling of axons and terminals. Ten kDa dextrans have better transport efficiency than

higher weight forms [47].

In summary, there is an immediate need for non-invasive neuronal tracing for pre-
clinical and clinical studies. Therefore, the focus of this thesis is to develop a novel
multimodal imaging probe, DA-CdTe:Gd QD, that can be detected non-invasively by

both MRI and optical imaging techniques.

1.2 Objectives
The objectives of this project are as follows:

¢ Prepare CdTe:Gd QDs optical/MRI multimodal imaging probes and optimize

the synthesis conditions, including pH and Gd / Te molar ratio

% Characterize the as-prepared CdTe:Gd QDs under optimal synthesis conditions
with X-ray diffraction (XRD), transmission electron microscopy (TEM), UV-

Vis absorbance spectra, fluorescence spectrum and magnetic resonance imaging



(MRI)

% Surface functionalize the CdTe:Gd QDs by conjugating DA molecules on the
surface to acquire axonal tracing properties, and explore the effect of varying
initial DA to CdTe:Gd QDs molar ratios on the final amount of conjugated DA

molecules;

% Investigate the biocompatibility and MRI contrast effect of prepared DA-

CdTe:Gd QDs

1.3 Thesis structure

The main body of this thesis includes five chapters: introduction, background and
literature review, experimental, results and discussions and conclusions and future work.

Detailed description of each chapter is shown below:

% Chapter 1: Introduction

Relevant background information, significance, objectives and structure of the project

have been introduced.

s Chapter 2: Background and literature review

A general literature survey and significance related to this project are discussed.

% Chapter 3: Experimental



Synthesis procedure and characterization methods of CdTe:Gd QDs are described.
Furthermore, DA conjugation procedure and cytotoxicity evaluation of DA modified

CdTe:Gd QDs is introduced.

% Chapter 4: Results and Discussion

Optimal synthesis conditions of CdTe:Gd QDs have been determined and the as-
prepared CdTe:Gd QDs under optimal synthesis conditions are characterized. The
relationship between initial DA to CdTe:Gd QDs molar ratio and final amount of
conjugated DA molecules per QDs have been reported. The cytotoxicity and MRI

contrast effect of DA-CdTe:Gd QDs are evaluated.

«* Conclusions and Future Work

Conclusions and some recommended future work are described.



CHAPTER 2

BACKGROUND AND LITERATURE REVIEW

2.1 Quantum dots

Quantum dots (QDs) are semiconductor nanocrystals, ranging in diameters between 1-
10 nm, containing roughly 200-10,000 atoms [48]. Since the first synthesis of QDs three
decades ago, their attractive intrinsic properties of the QDs have motivated increasing
research efforts on their applications in optoelectronic devices [49], bio-imaging [50],
labeling techniques [51] and sensing [52]. These attractive properties include size-
dependent electrical and optical properties. In the early 1980°s, these unique properties
were first reported by Ekimov and Efros [53-55] via a theoretical framework based on
the quantum confinement effect. This pioneering works drove research to explore the
field of QDs. In 1986, Reed et al. first proved the fully quantized crystalline structure
of QDs and created the word “quantum dot” to describe the systems in which electrons

are restricted in all three dimensions [56]. After a decade, the Nie [57] and Alivisatos



groups [58] almost simultaneously accomplished fabrication of water-soluble QDs and
capping QDs with biomolecules to make them functional optical probes. These
groundbreaking studies highlighted the potentials of QDs in the biomedical field,
especially in biomedical imaging. Water-soluble QDs feature unique optical properties;
this make them one of the most promising fluorescent probes. To date, advanced optical
properties of QDs have been widely utilized in intracellular single particle tracking, cell
labeling, cancer diagnosis and therapeutics, in vivo molecular imaging, and drug

delivery [51, 59-63].

2.1.1 QDs Fluorescence Mechanism

The existence of a band gap between the valence band and conduction band is an
important feature of semiconductors. Once a semiconductor is activated by a photon
with an energy larger than band gap energy (Eg), an electron (e) can be excited above
the valence band energy to the conduction band leaving a hole (h) in the valence band.
These opposite charges can bond by Coulombic attraction, and form an electron-hole
pair (e-h), which is also known as an exciton. The interaction between e-h pairs is weak
and the recombination of the e-h pairs can release energy in the form of a photon, which

is called radiative recombination.

Interestingly, the situation is different when the physical size of the bulk semiconductor
is reduced to a critical size, called the Bohr exciton diameter. The continuous energy

gap of a bulk semiconductor becomes discrete, similar to the discrete energy levels of



electrons in an atom. As a result, QDs are also known as artificial atoms. Secondly, the
band gap energy increases with the reduction of the particle radius (R). The band gap
energy is roughly proportional to 1/R? [64]. For this reason, there is a blue shift of the
absorption and corresponding emission wavelengths that correlates with a reduction in
QD size. These differences are caused by the quantum-size effect [64]. Schematics of

the electronic energy states of bulk crystal and QDs are shown in Figure 1.
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Figure 1. Electronic energy states of bulk crystal and QDs (reproduced from [65]).

2.1.2 Optical Properties of QDs

The optical properties of QDs are determined by their composition, size and surface
states that are influenced by the number of dangling bonds on the surface that result in

nonradioactive recombination [66]. As a consequence of their numerous unique optical

10



properties, QDs have become a prominent fluorescent material compared with
conventional fluorophores [14, 15]. The optical properties of QDs are summarized

below.

2.1.2.1 Broad and continuous absorption spectra

QDs with broad absorption spectra, can be excited by a wide range of wavelengths
which are shorter than the wavelength of first exciton absorption peak. While organic
dyes such as fluorophores can only be excited by a range of wavelengths above and
below specific wavelength (Figure 2 (A)). Therefore, multiply colored QDs can be
excited simultaneously by the same excitation wavelength. This can dramatically

simplify the instrument used for multiplexed detection [18].
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Figure 2. Absorption (A) and emission (B) spectra of rhodamine 6G and CdSe QDs (reprinted from

Ref. [67] with permission from Elsevier).

2.1.2.2 Narrow and symmetric emission spectra

Compared with fluorescent dyes, QDs have a narrower and symmetric emission profile
(Figure 2 (B)) than the fluorophores, which can effectively eliminate the signal
interference caused by spectral overlap and ‘red tails’. Therefore, QDs with different
emission wavelengths can tag different molecules allowing for simultaneous distinction
of differently tagged molecules, with high detection sensitivity. For instance, Nie et al.
group that 6 colored QDs with 10 intensity levels could encode 1,000,000 nucleic acid
or protein sequences [68].

2.1.2.3 QD Stability

Organic dyes are limited by poor photostability [69-71] and thermal instability [72]
which hamper their applications in long-term imaging, and reduce detection sensitivity

under intense excitation. In contrast, QDs are resistant to metabolic degradation or

12



photobleaching owing to their inorganic composition, and adequately passivated
surface by shell or capping ligands. This extraordinary advantage of QDs has been
discussed in the literature [73-75]. QDs stabilities up to 100 times higher than that of

commonly used organic fluorescent dyes [57].

2.1.3 QD Synthesis Methods

2.1.3.1 Development of an aqueous synthesis method

The synthesis method plays an important role in controlling the properties of prepared
QDs, and their applications. The most widely used strategies for QD preparation are the
organometallic and the aqueous synthesis methods. The organometallic method
employs high-boiling-point and toxic solvents (e.g. trioctylphosphine or
trioctylphosphine oxide (TOP or TOPQ)) [76-78], and in general the QDs lack the
intrinsic aqueous solubility [78] which hinders their biological applications. In contrast,
the aqueous fabrication method has the following advantages: (a) it uses water, the most
environmentally-friendly solvent (b) it is simple and offers high reproducibility; (c) it
is easily scalable; (d) it can be performed in ambient conditions, and (e) it provides
versatile applications by using appropriate capping ligands to be further linked with
other biomolecules. Thus QD preparation with the aqueous synthesis method has

become a promising alternative to the conventional organometallic fabrication method.

In 1993, Nozik et al. [79] first synthesized QDs in aqueous solutions . In their report,

13



3- mercapto-1, 2-propanediol capped CdTe QDs were synthesized with CdSO4 and
NaHTe as Cd?* and Te? sources. To stabilize the QDs in the aqueous solution,
hexametaphosphate (HMP) and 3-mercapto-1, 2-propane-diol (RSH) were used as
stabilizers. After this milestone work, subsequent efforts were reported by Weller’s [80,
81] and Rogach’s [82] groups that reported various effects that thiol stabilizers had on
QDs. Since then, a variety of short-chain thiol stabilizers provide desired surface groups
such as -COOH, -NH, and -OH were studied. The most commonly used thiols are
shown in Figure 3 [82]. Zhou et al. [83] recently utilized a conical flask as the only
reaction equipment required to synthesize CdTe QDs, which significantly simplified
the previous aqueous synthesis methods. In their experiment, no pretreatments such as
N2 protection, pH adjustment or Te precursor preparation were required. Sequential
addition of water, CdCly, thiol stabilizer, Na,TeOs, NaBHa, and N2Hs*H>O produces
QDs. The particle size was controlled by altering the molar ratio of reagents. While
promising, this synthesis method is potentially limited by the use of a large amount of

toxic and less biocompatible hydrazine monohydrate (N2Hs*H20).

In the following sections, several aqueous synthesis methods of CdTe QDs are

presented in detail.
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2.1.3.2 Refluxing method

In a conventional aqueous refluxing procedure, cadmium salt is dissolved in water
containing an appropriate stabilizer, usually a thiol, followed by the injection of a Te
precursor. The Te precursor is prepared by reducing Te powder by NaBH4 [84] or
chemical decomposition of Al>Tes upon inert gas protection [85]. Subsequently,
nucleation and crystal growth are initiated by heating and refluxing. Note that the size

of QDs increases gradually with an increase of refluxing time.

In comparison with the organometallic route, QDs synthesized by the conventional
aqueous refluxing process have aqueous solubility that is useful for bioapplications.
However, the conventional refluxing route still has some drawbacks, such as a relatively
low growth rate at 100<C, use of unstable Te precursors (NaHTe or H>Te) which could
oxidize easily and complicated multistep process steps, especially the Te source
injection, may vary between operators. As a result, a series of systematic studies have
been carried out to improve this method during the past two decades, and the improved

method is referred to as the aqueous refluxing method.

Zou et al. [86] have made a significant improvement in changing the time-consuming
conventional refluxing process by increasing the pH of the reaction mixture to greater
than 11.5 and reducing the Te to Cd molar ratio to less than 1:10. These changes resulted
in a CdTe QD growth rate increase of approximately 100 times. CdTe QDs with

emission wavelengths from 542 nm to 807 nm required 90 min while the quantum
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yields (QYs) were as high as 50%. The QY's of near- infrared QDs reached 25%. These

were the best QDs production results with the aqueous method at that time.

In order to simplify the synthesis process and avoid the use of unstable Te precursors,
the “one-step” or “one-pot” refluxing method was introduced by Sheng et al. [87]. In
their article, Na,TeO3z was used as a Te precursor and glutathione (GSH) was stabilizer.
CdTe QDs with emission wavelengths from 520 nm to 625 nm in 1.5 h of refluxing
were obtained. The QDs showed relatively low cytotoxicity and high QYs (84%).
Subsequently, the one-step synthesis of doped QDs was reported. Qisui et al. [88]
reported a one-step growth of CdTe QDs doped with Zn?* with QY's up to 72%. Figure
4 shows the difference between the conventional refluxing equipment and a one-step

refluxing method with GSH as a stabilizer.
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Figure 4. Schematic of the conventional refluxing method (a) and one-step refluxing method with
GSH as a stabilizer (b) (reproduced from Ref. [87] with permission from the Royal Society of

Chemistry).

2.1.3.3 Hydrothermal method

Compared with refluxing method, hydrothermal method can produce QDs with better
monodispersion [89]. In the hydrothermal method, all reactions take place in an
autoclave under high pressure and high temperature in the presence of water as a solvent.
In 2003, Zhang et al. [89] first use the hydrothermal method to synthesize aqueous QDs.
In their experiment, previously prepared CdTe precursors were transferred into a

Teflon-lined autoclave and then heated to 160~180<C to accelerate the growth rate of
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CdTe QDs. Low precursor concentration resulted in a higher QY of the green-yellow
emission which was attributed to excess cadmium monomers that were favored for
surface reconstruction and ordering. When the Cd precursor concentration was 1.25
mM, the molar ratio of Cd / Te / TGA (Thioglycolic acid) was 1: 0.2: 2.4, the pH was
9.0 and the reaction temperature was 180 <C, the QY was greater than 30%, and the
emission wavelength was 550 nm. On the basis of Zhang’s work, Guo et al. [90]
systematically studied the effect of TGA to cadmium molar ratio, the cadmium to
tellurium molar ratio, and reaction temperature on CdTe QDs synthesis. According to
their results, the QY was strongly dependent on the molar ratio of TGA/Gd. An
increased TGA to cadmium molar ratio decreased the QY, changing it from 40.8% to

3% when the TGA to cadmium molar ratio was 1.2 or 4.8.

Although CdTe QDs prepared by the hydrothermal method have an improved
crystalline structure and narrower size distribution, the use of this method has been
limited because of its poor scalability due to special equipment requirements, such as

high temperature and pressure.

2.1.3.4 Microwave-assisted aqueous synthesis method

Microwave irradiation, which involves electromagnetic waves with frequencies
ranging from 300 MHz to 300 GHz, has been widely used in chemical catalysis,
nanomaterials synthesis and organic reactions as an assisted heating method [91]. The

microwave-assisted heating method has three advantages: (a) a small thermal gradient
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because of homogeneous heating, (b) selective heating due to the different dipole
constants of different of substances, and (c) high utilization efficiency of microwave
energy leading to a rapid heating. On account of these advantages, the microwave-
assisted heating method was first applied to aqueous QDs synthesis in 2005 [91]. In this
protocol, a CdTe precursor was prepared by mixing CdCl,, NaHTe and MPA in water.
The reaction mixture was put into a vessel and microwaved. By optimizing the reaction
time and temperature, a series of different-sized CdTe QDs were obtained. To date, the
microwave-assisted aqueous synthesis method has been used to synthesize CdSe [92]
and ZnSe [93] QDs, and core/shell QDs such as CdTe/CdS [94], CdTe/CdS/ZnS [95]

and CdSe/ZnS [96] QDs.

2.1.3.5 Biosynthesis method

This method is considered the most environmentally-friendly approach and has
attracted increasing attention in recent years. A study published by Bao et al. [97] used
yeast cells as a matrix to synthesize size-tunable CdTe QDs under a relatively mild
condition (25~35<C). Their approach consists of two pathways: an extracellular growth
pathway and an endocytosis pathway (Figure 5), accomplished by adding inorganic
metal precursors to yeast cell culture media. The emission wavelength of as-prepared
CdTe QDs was reported between 490 nm to 560 nm due to the tunable size from 2.0
nm to 3.6 nm. In addition to the good optical properties, these biosynthetically prepared

QDs were protein-capped and could be further functionalized if needed. It should be
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noted that QDs synthesized using living organisms not only are considered ‘green’, but

also show excellent biocompatibility and lower cytotoxicity [97].
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Figure 5. Schematic of the biosynthesis method: (a) extracellular growth pathway and (b)

endocytosis pathway. (reprinted from Ref. [97] with permission from Springer Publisher).

2.2 Applications of QDs

2.2.1 QDs-based Multimodal Imaging Probes

2.2.1.1 Multimodal imaging and multimodal imaging probes

Disease prognosis, diagnosis and even further treatment plans all rely on advanced
imaging [98]. However, each imaging modality has its limitations, which hinder its full
potential in clinical applications [1]. Advantages and limitations of frequently used
imaging modalities are summarized in Figure 6. To acquire more precise biological
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information about the disease, two or more imaging modalities are used, which
increases diagnosis time. Also, the side-effects caused by multiple dosages of agents is

harmful to the patient [99].

Optical imaging (1-2 mm) MR imaging (50 pum)

Advantages: Advantages:
 Clinical translation
* High resolution and soft-tissue contrast
* No tissue penetrating limit
Disadvantages

¢ Cost
* Relatively low sensitivity
¢ Long imaging time

» High sensitivity

» Easy, non-damaging technique readily
adapted to study specific molecular
events

Disadvantages

Ultrasound imaging (50 p SPECT imaging (1-2 mm)

Advantages:

Advantages:
* Clinical translation * Clinical translation
* High . & « Unlimited depth penetration
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* Limited spatial resolution
* Requires radioactivity
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*  High spatial resolution
(bone/lung)
¢ Clinical translation
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* No target-specific imaging
* Radiation
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Figure 6. Advantages and limitations of frequently used imaging modalities (Reproduced from Ref.

[98] with permission from the Royal Society of Chemistry).

To solve above problems, the idea of integrating two or more complementary imaging
modalities has triggered a sharp rise in the manufacture of hybrid medical equipment

and studies related to multimodal imaging probes design [2]. Since the first appearance
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of merged PET/CT instrument in 1998 by Townsend and colleagues [100], the market
of multimodal imaging probes has been expanded rapidly to include products such as
liposome-encapsulated probes [101, 102], dendrimers-coupled probes [103, 104], iron
oxide nanoparticle-based probes [105-107], silica-based nanoparticles [108-110], QDs-
based probes [111-113]. Among them, QDs become competitive optical probes due to
their unique optical properties and abilities to be integrated with other imaging

modalities to form hybrid imaging probes.

2.2.1.2 QDs-based optical/MRI multimodal imaging probe

MRI and optical imaging modalities are a nearly ‘perfect’ match for each other. Optical
imaging has high sensitivity and the ability to image at cellular and even subcellular
levels but suffers from low tissue penetration and spatial resolution [114]. In contrast,
MRI has unlimited depth penetration and high spatial resolution; however, it lacks
sufficient sensitivity and visualization at the cellular level [4, 98]. It is possible to
combine these two modalities together, and generate more detailed anatomic
information and precise imaging of target tissues, such as optical/MRI imaging probes
for target tumor imaging [17]. Due to the highly complementary properties between
optical and MRI imaging modalities, QDs-based optical/MRI dual imaging probes have

been intensely researched recently [115-118].

A commonly used model of optical/MRI dual imaging probes consist of Gd-lipids and

QDs that are prepared by coating the QD surface with a layer of Gd chelates as shown
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in Figure 7 [119]. This micelle structure is also widely used as a typical structure of QD
used in neuroscience [120, 121]. The synthesis process of these construct involves self-
assembly of amphiphile (e.g. PEG-lipids), inserting paramagnetic bonded lipid (e.g.
Gd-lipids), and further functionalizing the resulting lipid with biomolecules (e.g. RGD
peptide). However, this method has low reproducibility and yield because the process
of linking a new type of ligand usually results in detachment of previously attached
ligands. This is because both covalent bonds and secondary hydrophobic or hydrophilic
interactions are sensitive to temperature, pH, solvents and other factors [122].
Additionally, attaching multiple ligands leads to complicated synthesis procedures,
especially when attaching more than two ligands simultaneously. In comparison with
the conventional optical/ MRI multimodal imaging probe [119], Gd doped QDs or
enrolling Gd ions as a component of a QD matrix is a promising approach to use optical

imaging and MRI together with one probe [17, 123].
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Figure 7. Schematic drawing of a quantum dot (QD) (green) encapsulated in PEG-lipids (red) and
paramagnetic (yellow) lipids. A small fraction of the paramagnetic lipids was functionalized by an
arginine-glycine-aspartic acid (RGD) peptide, which enables targeting to a cell surface receptor

(reprinted from Ref. [119] with permission from the American Chemical Society).

2.2.2 QDs Applications in Cancer Therapy and Neuroscience

Due to their strong fluorescence intensity, good photostability and easy to be
functionalized, QDs have entered neuroscience and cancer therapy area for target
delivery, and tracking, labeling, and visualizing cellular events recently [120, 124, 125].
Evelyn et al. applied QDs to track the metastasis of tumor cells in vivo by fluorescence
emission-scanning microscopy [126]. They found QDs are well-suited to visualize
single cells and track tumor cell extravasation in living animals because QDs have no
detectable effect on the behavior of labeled tumor cells and host animal. In addition,
QDs with different emission wavelength can examine the multicellular interactions
simultaneously. Because folate receptors are expressed on the surface of a variety of
cancers, folate-QDs conjugates are widely used as therapeutic carriers or targeted
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fluorescent probes in cancer diagnosis or therapy [125].

QDs are also widely used in neuroscience [120, 124]. A study by Michael et al.
combined QDs with gradient index (GRIN) lenses to visualize in vivo deep tissue. Their
research provides a new approach for microangiography in deep brain tissue with high
penetration depth up to 2 mm. Robert et al measured brain extracellular space via the
in vivo diffusion of QDs [127]. A representative width of 38-64 nm was reported based
on their results, which is more than 2 times larger than the width measured from a fixed
tissue. Therefore, they suggested the size limit of a drug delivery vector is 64 nm for
uniform and effective diffusion in most of brain tissue. Maxime and coworkers used
glycine functionalized QDs to track the lateral mobility of glycine receptors in living
neurons for 20 min [128]. Their study indicates that QDs are allowed for tracing

dynamic cellular processes with high sensitivity.

All the studies above demonstrate that QDs are promising tools in various research
areas owing for the unique semiconductor fluorescence property and special

physiochemical properties.

2.3 Neuronal tracers

Since Kristensson and Olsson successfully deposited the enzyme horseradish
peroxidase (HRP) as tracer into rats in 1971 [129, 130], neuronal tracers have been

widely studied. To date, commonly used neuronal tracers include HRP, fluorescent
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substances, biotinylated dextran amine (BDA), viruses, and plant lectins.

The enzyme horseradish peroxidase (HRP) was identified in the roots of the horseradish
plant. It is applied in organic synthesis and biotransformation reactions[131]. It has
been successfully developed for use in early neuron tracing, and has been combined
with light microscopic (LM) and electron microscopic (EM) techniques [132]. However,
the limitations of HRP used as a neuronal tracer includes slow delivery speed,

impermanent labelling, instability [131].

While HRP is widely used in the field of neuron tracing, fluorescent dyes are also used.
Evans Blue, a fluorescent dye was injected into the gastrocnemius muscle of rats. A
fluorescence signal was later in spinal motoneurons, indicating the feasibility of using
fluorescent substances as neuronal tracers [133]. Compared with HRP, the most
outstanding property of fluorescent dyes is the immediate visualization of labelled
neurons by fluorescence microscopy, instead of requiring histochemistry post treatment
for HRP labeled neurons. To date, a variety of fluorescents tracers have been reported,
including Fast Blue (FB) [134], Fluoro-Gold (FG) [135], Bisbenzimide [136],
propidium iodide [137], Granular Blue [138], True Blue [138], DAPI-primuline [139],
Nuclear Yellow [140] , and Diamidino Yellow (DY) [141]. Benjamin summaried
properties of the most used fluorescent tracers [142]. The disadvantages of the
fluorescent tracers applied in neuron tracing are rapid fading which makes the result

collection difficult [143], as well as the detailed mapping of neuronal projection
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systems [39].

Alternatively, dextran amine, used as biotinylated dextran amine or with fluorescent
dextran, is regarded as an alternative approach for permanent labelling and detailed
mapping of axons and terminals. It is a sensitive tracer to label both anterograde and
retrograde pathways, depending on the molecular weight and pH of the delivery vehicle.
Dextran amine (10k) tend to sensitively and exquisitely mark details of axons and
terminals, while dextran amine (3K) yields sensitive retrograde labelling of neuronal
cell bodies. Dextran amines are visualized by either light microscopy (LM) or electron
microscopy (EM), and could be integrated with other neuronal tracing methods.

Detailed protocols were comprehensively summarized elsewhere [144].

Dextran amine is transported within neurons through an inherent flow of axoplasm
which is also known as axonal flow. This continual intracellular flow was first reported
by Paul Weiss in 1948 [145] and enables bidirectional transport of macromolecules
within neurons. Therefore, dextran amines with different molecular weights are
transported anterogradely or retrogradely. The uptake mechanism of dextran amines
appears to be endocytosis by intact neurons [146]. Furthermore, dextran amines tolerate
awide variety of endogenous cellular glycosidases, and remains stable for up to 4 weeks
after injection [147] because of their poly-(a-D-1,6-glucose) linkages [148]. Therefore,
the use of dextran amine in this project can provide long-term and precise identification

of regenerated axons.
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In this project, the novel DA-CdTe:Gd QDs can be detected by both MRI and optical
imaging techniques. Although the emission wavelength of my image probe can not
provide deep tissue penetration ability, the emergence of near infrared (NIR) emitting
QDs increases the optical penetration depth up to several centimeters [149]. My
imaging probe provides a model for non-invasive neuronal tracer. In further studies,
Gd-doped NIR emitting QDs can eventually achieve non-invasive neuronal tracing.
Therefore, after the injection of magnetic QDs into injury area, we can observe
regenerated neurons by both optical imaging and MRI. Although the use of QDs for

neuronal tracing is still in the early stages, the future of this tool is bright.
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CHAPTER 3

EXPERIMENTAL

3.1 Materials

Glutathione (GSH), CdCl+2.5H,0, NazTeOs, NaBH4, Gd(NO3)3*6H20, 2-Propanol,
Rhodamine 6G, HyClone™ DMEM/High glucose, fetal bovine serum (FBS), trypsin-
EDTA and penicillin/streptomycin were purchased from Fisher Scientific (Ottawa, ON).
N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC), and phosphate buffered saline (PBS) were purchased from
Sigma-Aldrich (Oakville, ON). Dextran amine (DA, 10,000 MW), biotinylated dextran
amines (BDA, 10,000 MW), and Wbrant® MTT cell proliferation assay kit, were
purchased from Thermo Fisher Scientific (Burlington, ON). Mouse fibroblast cell line
NIH/3T3 was purchased from American Type Culture Collection (ATCC, Manassas,

USA). Quant*Tag™ Biotin quantitation kit (BDK-2000) was purchased from Vector
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Laboratories Inc. (Burlington, ON). All other reagents were purchased from VWR

International (Mississauga, ON) and used as received unless indicated otherwise.

3.2 Synthesis of CdTe:Gd QDs and Quantum Yield

Measurements

Gadolinium doped CdTe QDs (CdTe:Gd QDs) were synthesized based on a previously
published one-step refluxing route with minor modifications [150]. The molar ratios of
reagents are slightly modified based on the previous study [150]. Specifically, 50 mL
CdCl22.5H,0 (9X 10* mol) was first mixed with 20 mL GSH (1.2X 10 mol) in a 250
mL four-necked flask at room temperature. Subsequently 2 X 10 mol Na,TeOs, 6 X 10°
¥mol NaBH4 and 6 X 10° mol Gd(NO3)3*6H20 were added. The pH of the final reaction
mixture was adjusted to 8.5 by dropwise adding NaOH. The pH value was measured
by pH stripe. This resulting mixture was heated to 100 €. To monitor the progress of
the reaction, small aliquots (approximately 15 mL) from the reaction were sampled at
predetermined refluxing time intervals of 0, 5, 10, 20, 30, 50, 70, 90, 120, and 150 min.
At the end of the reaction (refluxing time = 150 min), sampled QDs were washed and
precipitated for 3 times by the addition of approximate 35 mL 2-Propanol to remove
unreacted reagents. After adding 2-propanol, the polarity of solvent became weaker, so
the QDs can gradually precipitate. Subsequently, samples were centrifuged at 3,724 g
(Allegra® X-15R Centrifuge equipped with SX4750 router, Beckman Coulter,

Pasadena CA) for 10 min. The resulting QD pellets were dried at 40 under vacuum
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for 24 h.

To test the effects of reaction pH on the properties of the precipitated QDs, reactions
were also carried out at pH 9, 9.5 and 10 using the same methodology as described
above. In a separate set of experiments, CdTe:Gd QDs with different Gd vs. Te feed
ratios at 1:10, 3:10 and 5:10 were also synthesized (pH=9.5). All the experiments above

are repeated for 2 times.

The optical properties (emission wavelength and QY) of prepared QDs were tested by

UV-Vis absorbance spectrum and fluorescence spectrum

To determine the quantum yield (QY) of the resulting QDs, rhodamine 6G (R6G) was
used as a reference with a known QY of 95% at an excitation wavelength of 490 nm

[151]; the QY of CdTe:Gd QDs was evaluated using Eq.1:

QYp = Qe (22) () () Eq. [1]

MR

where QY is the quantum yield; A is the absorbance at the excitation wavelength of 490
nm; F is the area under the fluorescent spectra peak, and n is the refractive index of the
solvent (R6G: ethanol; QD: water). Subscripts D and R indicate CdTe:Gd QD and R6G,

respectively.

The peak intensity at the excitation wavelength of 490 nm can be read from absorption

spectrum. The area under the fluorescent spectra peak can be calculated by Origin 8
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(Origin Lab Corporation).

3.3 Surface Functionalization of CdTe:Gd QDs with DA and

Characterization

DA molecules and CdTe QDs were conjugated via EDC and NHS as reported elsewhere
with some modifications [52, 152]. In this project, all reagents were added
simultaneously to prevent the self-polymerization of QDs. Amino groups of the DA
molecules were used to react with the carboxyl groups on the QDs, as shown in Figure
8. Briefly, 2 mg/mL CdTe:Gd QDs were mixed with DA (MW 10,000) in PBS (pH =
7.4) at a DA to QDs molar ratio of 1:1 (DA: CdTe:Gd QDs = 1:1) on shaker.
Subsequently, a solution of 0.2 M NHS and 0.08 M EDC was used to active the
carboxylate groups on the CdTe:Gd QDs surface. To each milliliter of QDs solution,
100 pi of the EDC/NHS stock solution was added and the reaction mixture was allowed
to react for 2 h at room temperature with gentle agitation. The resulting solution was
purified by a 0.2 pm syringe filter and then further purified by Amicon® Ultra 0.5mL
filters (100kD, Millipore Ltd., Etobicoke, ON) by ultracentrifugation at 14,000 g for 5
min to remove unreacted QDs and residual chemicals. The as-purified DA-CdTe: Gd

QDs were stored at 4 <C for further experiments.
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Figure 8. Schematic illustration for the synthesis of DA-CdTe:Gd QDs.

In order to investigate the effect of initial DA to CdTe:Gd QDs molar ratio on the final
amount of conjugated DA molecules, biotinylated dextran amine (BDA, MW = 10,000)
was used as a model molecule for DA so that it could be readily quantified using a
commercial biotin kit. The biotin residue of BDA can react with kit reagents forming a
colored product which can be quantified spectrophotometrically [153]. Therefore, the

molar concentration of BDA on the coated QDs can be obtained by comparing the
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absorbance between test sample and standard biotin sample.

The molar concentrations of CdTe:Gd QDs and BDA-CdTe:Gd QDs were estimated
according to Peng’s empirical equation [154, 155] (Eqg. [2]) and Lambert-Beer’s law

(Eqg. [3]) as shown below:

D = (9.8127 X 10~7)23 — (1.7147 x 1073)A% + (1.0064)1 — (194.84)
Eq. [2]
£ = 10043(D)%12

A= eCL Eq. [3]

Where D (nm) is the size of QDs and /1 (nm) and A are the wavelength and absorbance
value of the absorption peak of corresponding QDs, respectively. & (L/(molscm)) is the
extinction coefficient per mole of QDs (both uncoated and coted QDs), and L (cm) is
the path length of the beam of light used for recording UV-Vis absorbance spectrum.
The value of L equals to 1 cm in our experiment. The molar concentration (C, mol/L)
of samples can be derived eventually based on Lambert-Beer’s law. This empirical
equation has also been utilized elsewhere [156-158] to deduce the concentration of
CdTe-based QDs. Lambert-Beer’s law is considered valid under the experiment

conditions.

3.4 Characterization

Optical properties were performed by UV-Vis absorbance spectrum with a Lambda 25

Perkin-Elmer spectrophotometer (Woodbridge, ON) and the fluorescence spectrum via
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a Horiba FluoroMax-4 Spectrofluorometer (Burlington, ON). X-ray powder diffraction
(Rigaka Ultima IV Diffractometer) pattern was collected with Cu-Ka radiation from
10-80< 26. A high-resolution transmission electron microscope (HRTEM) was
performed with JEM-2100F FE-TEM (JEOL) (Montreal, QC) to image the QDs’
morphologies. The Acceleration voltage was 200 kV. Before HRTEM test, QDs were

dispersed in ddH20 and exposed to ultrasound for 10 min.

In order to test the magnetic behavior of prepared CdTe:Gd QDs and DA-CdTe:Gd QDs,
T1- and T2- weighted MR images were recorded using a 7T Discovery MR901 pre-
clinical MRI Scanner (GE/Agilent, Germany). For Ti measurements, inversion
recovery Look-Locker sequence with spoiled gradient echo was used (TE <1 ms, TR=

2.4 ms). For T2 measurements, spin-echo with multi-echo was used (TR = 6,000 ms).

During the XRD test, water protons were excited by a radiofrequency pulse.
Subsequently, excited protons can return to their ground states in the magnetic field,
which is referred as relaxation [159]. This process can be classified into two types: T1
(longitudinal) relaxation and T (transverse) relaxation [160]. The relaxivities (r; and
r2) are the measurement of the efficiency of an MRI contrast agent [161]. Relaxivity

can be determined by Eq. [4]:

1 1
T1,2,obs T1,2,dia 1'2[ ] q [ ]

where 1/T1 diaand 1/T2 gia are the intrinsic longitudinal relaxation rate (R1) and transverse
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relaxation rate (R2) of water without the contrast agent, respectively. 1/T1 obsand 1/T2,0bs
represent the longitudinal relaxation rate (R1) and transverse relaxation rate (Rz) of
water in the presence of contrast agent. [CA] is the concentration of contrast agent. The
relaxation rates are proportional to the concentration of contrast agent and the slope of

a plot of Ry,» versus [CA] is the relaxivity rq 2.

3.5 Cytotoxicity Experiment

To study the cytotoxicity of the synthesized QDs, the mouse fibroblast cell line
NIH/3T3 was used and the nanoparticles were sterilized by filtration which is
recommended as a preferable sterilization technique for nanoparticles [162]. The cells
were routinely cultured in HyClone™ DMEM/high glucose culture medium
supplemented with 10% FBS and 1% penicillin/streptomycin at 37 <C with 5% CO2 air
atmosphere. A MTT cell proliferation assay kit was use to evaluate the cytotoxicity of
prepared DA-CdTe:Gd QDs with different initial DA to CdTe:Gd QDs molar ratios.
Specifically, NIH/3T3 cells were seeded at a density of 1104 cells per well in a 96-
well culture plate and incubated for 24h. DA-CdTe:Gd QDs obtained at different initial
DA to CdTe:Gd QDs ratios were dispersed in cell culture medium and added to each
well to achieve the final concentrations of 0.0025, 0.01, 0.039, 0.156, 0.625 and 2.5
M. As a control, the concentration of nanoparticle is 0 M. Subsequently, cells were
incubated in the presence of the nanoparticles for another 24 h. Finally, the cells were

gently washed with fresh cell culture medium, and a MTT assay was performed to
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evaluate cell viability based on the vendor’s protocol. Each experiment was performed
at least 5 times. Error bars indicate mean =SD. ANOVA followed by t-test are applied
to analyze statistical significance between groups and the control group (# P<0.05). For
pairwise comparison, t-test was used and the results are shown by the asterisk (P<0.05)

if the two groups are significantly different.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 The Effect of pH on QD’s Quantum Yield

The relationship between QY's of the QDs and emission wavelength at different pH are
shown in Figure 9. The QY profiles show similar parabolic shapes for pH values of 8.5,
9.0 and 9.5, all peaking at a similar QY value of about 80%. In contrast, the profile for
pH 10 does not exceed a QY of 50%. This result agrees well with a previous report that
also studied CdTe QDs capped with GSH [163]. The effect of pH demonstrated in
Figure 9 is likely due to the presence of GSH, a stabilizer used in the synthesis
procedure, that forms a thiol-cadmium (GSH-Cd?*) complex upon reacting with Cd?".
This is mainly affected by pH [164]. For example, it is known that from alkalinity to
pH 4 [165], GSH is more likely to complex with Cd on the surface of QDs, rather than

with free Cd ions in reaction solution [164]. As a result, the formed Cd?*-GSH complex
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on the QD surfaces occupies trap sites that have not been fully coordinated with Te
atoms (Te atoms with dangling bond), which are mainly responsible for fluorescence
quenching [163, 166]. Therefore, more defect sites are passivated by the Cd?*-GSH
complex and the QY is dramatically improved when pH is lower than 9.5. Furthermore,
when the pH is less than or equal to 9.5, excess GSH could release S* gradually due to
hydrolysis and combine with Cd?* to form a CdS layer on the surface of QDs. The shell
acts as a wide-bandgap material analogous to the CdS shell of CdSe/CdS core/shell
QDs reported in [167, 168]. Therefore, the inorganic passivation effect of this CdS shell
could eliminate dangling bonds of both Cd and Te atoms on the surface. Thus, the QY
was improved with pH < 9.5. The formation of a CdS shell on the CdTe:Gd QDs is

confirmed by the XRD test.
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Figure 9. QY versus emission wavelength profiles for CdTe:Gd QDs synthesized at different pH

values: (a) pH=8.5; (b) pH=9; (c) pH=9.5; (d) pH=10.
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Although the sizes of QDs cannot be acquired directly from the experiment, QDs have
size-dependent properties, for example larger QDs have narrower band gap and longer
emission wavelength. Therefore, their size and growth rate can be estimated by their
emission wavelength. As observed in Figurel0, the higher the pH used in CdTe:Gd QDs
synthesis was, the greater growth rate was based on the change of emission peak
wavelength. It is because Gd:CdTe QDs are more tightly capped by the Cd?*-GSH at
lower pH values; the increased tight capping leads to a slower growth rate [163]. When
pH value is 10, the QDs grow too quickly to have the quantum confinement effect when
refluxing time of 150 min. Therefore, no fluorescence was observed for QDs prepared

under refluxing time longer than 120 min at pH 10.
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Figure 10. Growth rate of CdTe:Gd QDs in different synthesis pH values: (a) pH=8.5; (b) pH=9; (c)

pH=9.5; (d) pH=1
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In addition, as shown in Figure 11, the size of QDs that produced the maximum QY
increased with increasing pH values. This result could be attributed to the Ostwald
ripening mechanism. The reaction mixture, at any point during the reaction, is in
constant growth and dissolution. The monomers prefer to occupy the positions at the
surface and the large particles tend to dissolve from energetically favorable sites (e.g.
defects, kinks) [166]. Therefore, when the growth and dissolution rate reach a
equilibrium is where the maximum surface defects are eliminated and the highest
quality QDs are produced [166]. Through affecting the tightness of the thiol-cap, the

increasing pH seems to result in a shift of the dynamic equilibrium in our system.
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Figure 11. The highest QY under different pH values and their corresponding emission wavelength

Based on the results, it could be concluded that a decrease in QY's of QDs was observed
as the reaction pH was increased from 9.5 to 10. However, when pH was within 8.5 to

9.5, the maximum QY value increased 4% only (from 84% to 80%). Thus, no obvious
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discernment can be made within that range. In clinical applications, auto-fluorescence
(usually blue, green and yellow fluorescence) from tissue is the major obstacle of
optical imaging. Therefore, pH=9.5 was chosen as the optimal pH condition, which
generate relatively higher emission wavelength as the optimal pH. Under this pH value,
the high emission wavelength will enhance fluorescence contrast, reduce the
interference form auto-fluorescence and eventually effectively increase the sensitivity

of optical imaging.

4.2 Determination of Optimal Gd/Te Molar Ratio

Gd/Te molar ratio is also an important factor that influenced the optical properties and
MRI contrast effect of CdTe:Gd QDs [88, 169]. Low doping ratio could slightly
enhance the florescence property of QDs, while large doping ratio could reduce the
QYs of QDs [88]. As for the contrast effect, larger Gd doping ratio could theoretically
increase the contrast effect [160]. The QY and the emission wavelength of QDs
prepared under different Gd / Te ratios are shown in Figure 12. The Gd/Te ratios shown
in Figure 12 are the feed ratios, however, the actual ratios in QDs can be assumed to be
same based on previous study [88]. The QY profiles of QDs obtained at different Gd/
Te molar ratio have a parabolic shape when plotted as a function of emission

wavelength (Figure 12 (A)).
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Figure 12. (A) QY of CdTe:Gd QDs with different Gd/Te molar ratios (B) The highest QY under

different Gd/Te molar ratios and their corresponding emission wavelength.

Interestingly, as indicated in Figure 12 (B) when the Gd/Te ratio is 0.1, the maximum
QY slightly increases from 76% to 80% with the increasing concentration of Gd to 0.3
ratio of Gd/Te. However, at Gd/Te ratios higher than 3/10, increasing Gd/Te ratio
resulted in a decrease in the QY at a ratio of 0.5. When the Gd/Te ratio was to 1/2, the

corresponding QY was 70%. Thus, when the Gd/Te ratio varied for 3 ratios, the QY
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maximum was for Gd/Te = 3/10. It has been demonstrated that oxidized Te atoms with
dangling bonds on the surface are known to quench fluorescence and decrease QY [163,
166]. Therefore, at lower Gd concentrations, Gd atoms may reduce the number of Te
atoms with dangling bonds by reduce the ratio of surface Te atoms. However, due to
the different ionic radius of Gd®* (0.938A) and Cd?* (0.97A), the excessive Gd atom
fraction in the QDs may result in an increasing surface roughness of QDs, which could
generate more defects on the surface. [17, 123]. Therefore, when the Gd concentration
is high, more defects could be created on the surface of QDs and correspondingly lead

to the decrease of QY.

CdTe:Gd QDs exhibit not only fluorescence properties but also MRI contrast effects.
The content of Gd is the critical factor that influences the MRI contrast effect. Gd:CdTe
QDs in their role as MRI contrasting agents, relax the hydrogen atoms of water in the
surrounding tissue. This relaxation enhances the contrast, and thus produces a better

MR image [170].

The liner relationship between relaxation rate (R1, R2) and Gd concentration of CdTe:Gd
QDs with different Gd/Te ratios, and relaxivities (r1, r2) of CdTe:Gd QDs with different
Gd/Te ratios are demonstrated in Figure 13. Figures 13(A-F) indicate that the
introduction of the Gd atom into the QD can accelerate both the longitudinal relaxation
process (R1) and the transverse relaxation process (R2) of water protons. The

longitudinal and transverse relaxivities (r1 and rz) of CdTe:Gd QDs are also increased
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with the increasing molar ratio of Gd to Te. Since Gd-based contrast agents are
commonly T1 contrast agents, thereby the effect on accelerating longitudinal relaxation
process (r1) will be studied. Gd-DTPA (Magnevist®) is a widely used gadolinium-based
commercial MRI contrasting agent. At 7T, Magnevist® has an ry and r, values of
3.10#0.01 and 5.4 mMZes? respectively [171]. Figure 13 (G) shows that the
longitudinal relaxivity (r1) exceeds that of Magnevist when Gd to Te ratio is 1:2. r
values ranged from 2.9 mMes? with a Gd/Te ratio of 1:10 to 3.8 mM™es? with a
Gd/Te ratio of 1/2. The basic principle of Gd-based contrast agents is the coupling
between electrons of Gd** and protons of surrounding water molecules. This interaction
fades rapidly with distance [159]. Therefore, the higher Gd/Te ratio increase the

interaction between Gd atoms and water molecules, resulting in a higher ry.

Since r1 value of CdTe:Gd QDs was higher than that of commercial contrast agents
when Gd/Te = 1/2, the optimal Gd/Te ratio is chosen as 1/2 as the compromise for the
QD to have both optical properties and MRI contrast effect. However it is notable that
the highest QY of CdTe:Gd QDs obtained for Gd/Te=1/2 (69%) is higher than other
magnetic doped QDs prepared by other groups, with QY< 40% [17, 123, 169].
Additionally, using CdTe:Gd QDs with the highest r1 value (Gd/Te = 1/2) in pre-clinical
trials would theoretically reduce the dosage of contrast agent [161], because there is a
direct relationship between the dose of a contrast agent and its relaxation enhancement

effect [161]. Thereby, the potential toxicity of CdTe:Gd QDs and cost of MRI scan can
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be reduced simultaneously [161].
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Figure 13. (A-F) R: (left) and Rz (right) of CdTe:Gd QDs with different Gd/Te ratios at various Gd
concentrations. The inset: T2-weighted MR image of the corresponding Gd:CdTe QDs (distilled
deionized water was used as control). Comparison of relaxivities of CdTe:Gd QDs with different

Gd/Te ratios: r1(G) and rz (H).

4.3 Characterizations of CdTe:Gd QDs Prepared Under

Optimal Conditions

Aiming to have a better understanding of CdTe:Gd QDs obtained at optimal synthesis
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conditions (pH=9.5 Gd/Te=1/2), UV-Vis absorbance spectrum, fluorescence spectrum,
HRTEM and XRD were used to investigate the optical properties, morphologies and
crystalline structures of prepared uncoated QDs. The optical properties of prepared
CdTe:Gd QDs are presented in Figure 14. As shown in Figure 14 (A), the absorption
peaks are relatively narrow compared with other studies [172], which illustrate the fine
particle size dispersion. Moreover, there is an evident red-shift of absorption
wavelength from 457 nm to 600 nm with increasing refluxing time. Due to quantum
confinement effect [173, 174], the bandgap of QDs become narrower as the size of QD
increases. As a result, QDs can absorb and emit light with lower energy (longer
wavelength). Therefore, the red-shift of absorption wavelength in Figure 14 (A) reveals

that the sizes of CdTe:Gd QDs are growing with increasing refluxing time.

Similarly, the red-shift of emission wavelength shown in Figure 14 (B) further confirms
that sizes of CdTe:Gd QDs could be tuned by adjusting refluxing time. The transparent
solution of CdTe:Gd QDs in Figure 14 (C) indicated that prepared QDs are well-
dispersed in double distilled deionized water without any post-treatment. Moreover,
under UV excitation, these QDs emit intense fluorescence (Figure 14 (D)) which further

confirms their excellent optical properties.
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Figure 14. Absorption (A) and florescence, (B) spectra of CdTe:Gd QDs obtained at different

refluxing time (1ex=420 nm); (C) images of prepared QDs under visible light and (D) 365nm UV

irradiation.

Figure 15 provides a typical HRTEM image of CdTe:Gd QDs with an emission

50



wavelength at 551 nm. It is evident that as-prepared QDs have a dot shape and good
monodispersity compared with other studies [172]. The observed particle size is 2.5 +
0.3 nm which is close to the size calculated from Peng’s equation (3.25 nm) [155].
Furthermore, the existence of well resolved lattice planes also demonstrate good

crystalline structure and high quality of synthesized CdTe:Gd QDs

Figure 15. Representative HRTEM image of CdTe:Gd QDs (4em=551 nm).

As shown in Figure 16, the XRD pattern of prepared CdTe:Gd QDs is located between
peak of bulk cubic CdTe and bulk cubic CdS. This is likely due to the formation of CdS
shell on the surface of CdTe:Gd QDs. As mentioned in Section 4.1, partially coated
GSH can slowly release S ions from thiol group (-SH) over a prolonged refluxing time.
Due to the electrostatic interaction, the released sulfur ion can combine with Cd?* to
form a CdS shell on prepared QDs [150, 163]. This shell can effectively eliminate the

surface defects of the CdTe:Gd QDs and prevent the leaching of heavy metals (e.g. Cd,
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Te and Gd). As a result, reagent GSH not only serves as a stabilizer but also releases
sulfur to be incorporated in the crystal of CdTe:Gd QDs. The XRD pattern agrees well

with the XRD patterns obtained from other groups [88, 163, 175].
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Figure 16. XRD pattern of CdTe:Gd QDs

4.4 The Effect of Initial DA to CdTe:Gd QDs Molar Ratio on

the Final Amount of Conjugated DA Molecules

To acquire a non-invasive axonal tracing property, dextran amine (10,000 MW), a
neuron tracer, was covalently linked to CdTe:Gd QDs. CdTe: Gd QDs used in this
experiment were prepared under optimized synthesis conditions (pH=9.5, Gd/Te = 1/2).
Based on previous studies, the number of coated molecules on the QDs surface plays
an important role in the cytotoxicity of nanoparticles [176, 177]. Therefore, the number
of conjugated DA molecules was investigated under different conjugation ratio of DA
to CdTe:Gd QDs. The DA molecules and CdTe:Gd QDs were conjugated using

EDC/NHS chemistry as reported previously with some modifications [52, 152, 178].
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This method is competitive within variety bioconjugation methods because the

resulting conjugates have the highest bioactivity [179-181].

In this part of the experiment, BDA was used as a model molecule for DA to investigate
the effect of the initial DA to CdTe:Gd QDs molar ratio on the final amount of the
conjugated DA molecules, as BDA can be easily quantified (Figure 17). As expected,
the amount of conjugated BDA molecules per coated CdTe:Gd QDs ([BDA]/[BDA-
CdTe:Gd QDs]) increased linearly as the initial BDA/CdTe:Gd QDs molar ratio
increased from 1 to 20. However, further increase in the initial BDA/CdTe:Gd QDs
molar ratio did not lead to a significant increase in the number of the conjugated BDA
molecules on the nanoparticle surface. This saturation is most likely due to the limited
number of carboxyl groups per CdTe:Gd QDs. It is interesting to note that commercially
available carboxyl-functionalized QDs, Lake Placid Blue QDs (Evident Technologies)
with similar size, are reported to have a similar number of carboxyl groups on the
commercial QDs [182]. Furthermore, it is also likely that the steric hindrance of the
bulky BDA molecules could also prevent further contact between unreacted BDA
molecules and BDA-CdTe:Gd QDs. Thus, the number of the conjugated BDA

molecules reached a plateau when the initial BDA/CdTe:Gd QDs molar ratio was 20.
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4.5 Cytotoxicity of Prepared Multimodal Imaging Probe

The cytotoxicity is a critical factor to evaluate the feasibility of a new nanomaterial. In
this project, the cytotoxicity of CdTe:Gd QDs and DA-CdTe:Gd QDs were assessed by
using mouse fibroblast NIH/3T3 cells as a model with the MTT (methyl thiazolyl
tetrazolium) assay. Since NIH/3T3 cells are commonly used for cytotoxicity experiment
[183-186], so results comparison within these studies are easy and reliable. Compared
with similar material [186], our nanoparticles have similar cell viability when the initial
DA/CdTe:Gd QDs ratio is 20. Unless specified otherwise, conjugation ratio means

initial DA/CdTe:Gd QDs ratio.

Nanoparticles were able to enter cells by receptor-mediated endocytosis which involves

a variety of mechanisms such as caveolae-mediated endocytosis, clathrin-mediated
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endocytosis, clathrin- and caveolin-independent endocytosis [187]. The internalization
mechanism of QDs might be mostly governed by clathrin-mediated endocytosis [188]
and cellular uptake kinetics is size-dependent [189-191]. Based on previous studies
[192, 193], the cellular uptake and exocytosis (removal process) of nanoparticles in the
sub-100nm range reaches an equilibrium after 10 h. The cytotoxicity was therefore
investigated after incubation of NIH/3T3 cells in the presence of QDs over 10 hours
(usually 24h) as reported elsewhere [194] to acquire sufficient interactions between

cells and as-prepared QDs (see Figure 18).
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Figure 18. Cell viability of NIH/3T3 cells after incubated with CdTe:Gd QDs and DA-CdTe:Gd QDs

obtained at different initial DA/CdTe:QDs ratios for 24 h by MTT assay. Groups significantly

different from the control group (by ANOVA followed by t-test) are shown by # (P<0.05). Groups

significantly different from the coated QDs (initial DA/CdTe:QDs=20) are shown by * (P<0.05).
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It is evident that DA coated CdTe:Gd QDs demonstrate a better biocompatibility than
uncoated CdTe:Gd QDs. Specifically, the cell viability of NIH/3T3 cells incubated with
DA-CdTe:Gd QDs (conjugation ratio=20) was greater than 80% for QD concentrations
up than 2.5 pM. Furthermore, pairwise comparisons between coated QDs prepared at
conjugation ratio of 20 and other coated QDs indicate that at higher concentration
(>0.625 M), coated QDs with the conjugation ratio of 20 have a statistically significant
lower cytotoxicity compared with coated QDs with lower conjugation ratios (1 and 10).
However, when the concentration of the coated QDs was reduced to 0.0025 M, the
cell viability of coated QDs with 3 different conjugation ratios all higher than 80%.

This is likely because the concentration of the QDs is too low to show any cytotoxicity.

For uncoated CdTe:Gd QDs, they were more cytotoxic than coated QDs at all
concentrations. The cell viability of uncoated CdTe:Gd QDs remained less than 72%
regardless of the concentration used in this experiment. Based on these results, it can
be concluded that DA coated QDs have better biocompatibility and when the amount
of coated DA molecules is higher the cytotoxicity of DA-CdTe:Gd QDs is lower,
especially when the initial DA/CdTe:Gd QDs ratio is 20. The oxidative stress induced
by Cd?* ions are considered as one of mechanisms of QDs cytotoxicity [195]. Reactive
oxygen species (ROS) accompanied by oxidative stress trigger the cellular
morphological changes of organelles and eventually cell death [195]. Therefore, the

coverage of the nontoxic DA layer may prevent the leakage of Cd?* from QDs
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improving biocompatibility. These results agree well with reported studies about
functionalized QDs [176, 177]. As reported in reference [176] the cell viability of QDs

increased 30% after surface functionalization of the QDs at a concentration of 20 nM.

4.6 Paramagnetism characterization and MR imaging of

prepared multimodal imaging probe

On the basis of the surface density of DA molecules and cytotoxicity results, initial DA
to CdTe:Gd QDs molar ratio was fixed at 20 and DA-CdTe:Gd QDs prepared with this
condition were evaluated by a 7T MRI scanner to see the contrast property. The results
are shown in Figure 19. The liner relationship between relaxation rate (R1, R2) and Gd
concentration of DA-CdTe:Gd QDs suggests that rq relaxivity and rz relaxivity of
functionalized CdTe:Gd QDs are higher than that of Magnevist®. The contrast effect
of DA-CdTe:Gd QDs was confirmed in T>-weighted images. Figure 19 (C) shows the
negative contrast enhancement of functionalized CdTe:Gd QDs. However, as shown in
Table 3, DA modifications on the QDs slightly reduced the contrast ability of
nanoparticles. The reason of this is most likely because bulky DA molecules increase
the spatial distance and steric hindrance between Gd atoms (electrons) in the QDs and
the surrounding water molecules (protons), The interaction of electron-proton coupling

fades with distance and the relaxivities are reduced as well [159].
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Figure 19. Contrast property of prepared DA-CdTe:Gd QDs measured ina 7 T MRI: (A) R1 (1/T1)
determination of different DA-Gd:CdTe QDs concentrations suspended in PBS buffer. (B) R2 (1/T2)
determination of different DA-Gd:CdTe QDs concentrations suspended in PBS buffer. (C) T2-
weighted images of DA-Gd:CdTe QDs with different concentrations, PBS buffer was used as control.

Table 1

Contrast effect comparison between DA-CdTe:Gd QDs and commercial contrast agent (Magnevist®)

Magnevist® (Gd- DA-CdTe:Gd QDs
Contrast agent CdTe:Gd QDs
DTPA) (DA/CdTe:Gd QDs=20)
-1 -1
r(mM:'s) 3.1 3.8 3.5
-1 -1
r,(mMs) 54 33.2 31.9
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CHAPTER S

CONCLUSIONS AND FUTURE WORK

5.1 Project conclusions

In this project, water-soluble GSH capped Gd doped CdTe QDs (CdTe:Gd QDs) have
been successfully synthesized by a one-step refluxing method. The synthesis conditions
were optimized and determined by highest QY and MRI contrast effect. The resulting
optimal conditions are: pH=9.5 and Gd/Te molar ratio = 1/2. The optical properties of
as-prepared CdTe:Gd QDs were characterized by UV-Vis absorbance spectra and
fluorescence spectra. Both spectra demonstrate the narrow QD size distribution and
size-dependent optical properties. The size and structure of prepared CdTe:Gd QDs was
confirmed by the TEM. The size of CdTe:Gd QDs was 2.5 0.3 nm (kem = 551 nm). In

addition, XRD results indicate the formation of a CdS shell on nanoparticle surface.

To use the QDs for non-invasive axonal tracing, DA molecules, a neuron tracer, was
conjugated on the surface of CdTe:Gd QDs. During the conjugation process, the effect
of the initial DA to CdTe:Gd QDs molar ratio on the final amount of conjugated DA

molecules was investigated. The results show that the number of conjugated DA
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molecules per QDs is saturated when the initial DA to CdTe:Gd QDs molar ratio was
20. Furthermore, aiming to optimize the conjugation condition and evaluate the
biocompatibility of DA-CdTe:Gd QDs, the cytotoxicity of CdTe:Gd QDs and DA
coated CdTe:Gd QDs was tested with mouse fibroblast NIH/3T3 cells by MTT assay.
The cytotoxicity experiment indicated that coated CdTe:Gd QDs have a better
biocompatibility than uncoted CdTe:Gd QDs. In addition, coated QDs do not show
evident cytotoxicity when the initial DA to CdTe:Gd QDs molar ratio is 20, which also

suggests that the optimal conjugation ratio of DA to CdTe:Gd QDs is 20.

The MRI contrast effect of DA-CdTe:Gd QDs was tested to assess their potential ability
as a non-invasive neuron tracer. Although the relaxivities of DA- CdTe:Gd QDs (r1=3.5
mM™s " and r,=31.9 mM'ls'l) are slightly reduced compared with plain QDs, they are

still higher than that of Magnevist® (=3.1 mM"s " and r;=5.4 mM's ) which is a

commonly used commercial MRI contrast agent.

In conclusion, the as-prepared CdTe:Gd QDs possess excellent optical properties,
crystal-structures and potential ability to be used as optical/MRI multimodal imaging
probes. After surface functionalization with DA molecules, the DA- CdTe:Gd QDs
retain a good contrast property and have good biocompatibility, which makes them
well-suited for non-invasive axonal tracing. However, the available data are insufficient
to conclude that our image probe is readily to be used in clinical studies. The heavy

metal of QDs components still has potential risk to human bodies and the in vivo tracing
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effect need to be test in future studies. There is still a long way to go before applying

QDs in human bodies, however, the future of this material is bright.

5.2 Future work

R/

% Interference of auto-fluorescence from tissue and deep tissue penetration limit are
the major obstacles blocking the potential applications of optical imaging.
Therefore, further exploration of near-infrared optical imaging probes is more

desirable.

% Heavy metals in the QD matrix increase the risk of applying as-prepared QDs in
pre-clinical applications. Synthesizing QDs without heavy metal and with high

quality is suggested for further studies.

% Although the preliminary cytotoxicity and MRI contrast effect of as-prepared
multimodal imaging probes have been tested, their impact on normal tissue and in

vivo tracing still need to be explored by animal experiments.

The employment of the novel multimodal imaging probes in pre-clinical trials requires
more study. This project provides a conjugated high contrast potential application of
multimodal imaging in non-invasive axonal tracing. Ultimately, it is hoped that this
imaging probe will help us to better understand the axon regeneration mechanisms in

real time without sacrificing animals at intervening time-points.
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