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ABSTRACT

The research work presented in this thesis focuses on the fabrication of rare earth (RE)
doped nanomaterials as potential contrast agents for optical and magnetic resonance
imaging. Owing to the sharp and intense emission obtained over the range of visible to
the near-infrared regions in a wide variety of hosts, RE-doped nanomaterials have

attracted strong interests as contrast agents in bioimaging applications.

The current study has successfully demonstrated the fabrication of fluorescent, and
bifunctional magnetic-fluorescent RE-doped nanomaterials as contrast agents for
bioimaging. At first, doping of different RE ions in yttrium oxide (Y,0O3) host was
investigated to fabricate the down- and up-conversion fluorescent nanoparticles. Effect
of different synthesis parameters and type of RE dopants was investigated, and optimum
conditions in relation to synthesis temperature, time, and concentration of RE dopants
were reported and discussed. Spherical nanocrystals and nanorods could selectively be
produced by varying different synthesis conditions. An evolution mechanism has been

proposed to elucidate the morphology transformation to nanorods from nanocrystals.

We further investigated the use of RE doping in different magnetic host such as y-Fe,03,
Gd,0s, and Dy,0s3 to fabricate novel bifunctional magnetic-fluorescent nanoparticles for
bimodal optical/magnetic resonance imaging. The key feature of these nanomaterials is
that they are single-phase and bifunctional materials. One of these nanomaterials, RE-
doped Gd,0;, demonstrate both down- and up-conversion fluorescence, and show
excellent Tj-image contrast, which closely resembles that of commercial Gadovist™ for

MRI applications.

We also proposed a new method for cytotoxicity evaluation of nanomaterials based on
American National Standard ISO 10993-5 and evaluated the cytotoxic effects of the
synthesized RE-doped nanoparticles. Two different cell lines (Hepatoma HepG2 and
fibroblast NIH3T3 cells) were exposed to the nanoparticles and their extracts. We
inferred the RE-doped nanomaterials possessed minimal toxicity compared to

semiconductor quantum dots.
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CHAPTER 1

Introduction

Nanoscience and nanotechnology have been one of the most popular research frontiers in
the past decades. The trend of shrinking the dimensionality of materials is driven by the
desire to explore the unique material properties and superior performances that appear in
the transition from bulk to nanometer length scales. The distinct chemical and physical
properties in nanomaterials often significantly differ from their corresponding bulk
counterparts.!'! As size diminishes to the nano-scale, certain properties of matter
become size dependent; for example optical property, conductivity, magnetism, surface
energy, and reactivity. Many of these properties are extremely promising and have been
studied for a wide range of applications such as optoelectronics, photovoltaics,
communication, information storage, energy conversion, catalysis, environmental

protection, sensors and detectors, and biomedical applications.™!

In biomedical research, the quest for early detection and diagnosis of diseases, and more
efficient treatment is ardently pursued. In recent years, nanomaterials have been
investigated extensively for the potential use in non-invasive visualization of molecular
markers in the early stages of diseases and targeted delivery of therapeutic agents with

lower side effects.>¢

! The conventionally used imaging and therapeutic agents such as
gadolinium complexes and anticancer chemical drugs suffer from a short blood

circulation time, non-specific biodistribution and many unwanted side effects.) In
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comparison, nanomaterials can be engineered to overcome these limitations. For
example, blood circulation time can be enhanced significantly by controlling size and
modifying the surface of the nanoparticles; site specific targeting can be achieved by
conjugating targeting molecules, such as peptides and antibodies, on the nanoparticle

13, 16

surface.! ! In addition, nanomaterials enrich detection and diagnosis by providing

better spatial resolution, enhanced signal sensitivity of biomedical imaging with special

ability to provide information at the molecular and cellular level of biological systems.!'"!

Biomedical imaging plays a critical role in modern medicine in both successful diagnosis
and treatment of diseases. Imaging techniques such as magnetic resonance imaging
(MRI), computed X-ray tomography (CT), positron emission tomography (PET), and
optical imaging have been serving as diagnostic tools for decades. Each of these imaging
modalities has its own advantages and limitations. For instance, PET gives good target
sensitivity while MRI gives good spatial resolution; and therefore, a single technique
does not possess comprehensive capabilities to understand and diagnose the fundamental
biological process of diseases. However, the combination of imaging modalities that
integrate the strengths and compensate deficiencies of individual modalities offers
improved diagnostics at molecular and cellular level, therapeutic monitoring and
preclinical research using imaging approach. As a result, significant efforts have been
dedicated in past decades to develop multimodal imaging agents in an attempt to shift the
paradigm from conventional imaging to multimodal imaging technologies.'”>® For
example, Weissleder group reported a trimodal imaging agent combining near infra-red
(NIR) fluorescent dyes on an aminated dextran coating of cross-linked iron oxide (CLIO)

and conjugated diethylenetriaminepentaacetate (DTPA) chelate to PET tracer *‘Cu,
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resulting in a PET, MRI, and NIR fluorescent detectable imaging agent.*®! At the
forefront of the novel multimodal imaging contrast agents development, nanostructured
materials offer great potential since they can be designed from bottom-up approach,
offering numerous opportunities to tailor and combine functionalities to the requirement

of the individual modal imaging system.

Magnetism and fluorescence in nanomaterials have been exploited in bioimaging
applications over the years for MRI and optical imaging respectively. MRI and optical
imaging are two powerful and non-invasive diagnostic techniques. MRI offers high
spatial resolutions (i.e. 25-100 um)*’! and the capacity to simultaneously obtain
physiological and anatomical information while optical imaging allows rapid screening
and molecular information. Current commercial MRI contrast agents are in the form of
either superparamagnetic iron oxide nanoparticles or paramagnetic complexes.”**"!
Superparamagnetic iron oxide nanoparticles accelerate the transverse (T) relaxation of
water protons and exhibit dark contrast. Paramagnetic complexes, which are typically
gadolinium or manganese chelates, accelerate the longitudinal (T;) relaxation of water
protons and exhibit bright contrast.*”! Optical imaging agents include various dye

12424 Janthanide compounds

molecules,*" dye-doped silica materials,”’ quantum dots,!
with up- and down-conversion luminescent properties,'* *! and near infrared (NIR)
emitting fluorophores.*®! Several strategies have been reported to combine magnetism
and fluorescence in nanomaterials. Examples include embedment of optical and MR

18,22, 30, 47] and

imaging agents in a nanostructured matrix,”****! formation of heterodimer,'
core-shell”! nanocrystals for combined optical-MR imaging. However, in spite of some

successful reports, the development of multimodal nanoparticle-based contrast agents is
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still in its early stage.'”! The majority of multimodal contrast agents reported in open
literature is in the form of hetero-structured nanocomposites, of which two or more
nanomaterials of different functionalities were combined by some means. In contrast,
reports of single-phase multimodal contrast agents are scarce. The notion of single-phase
contrast agents would be useful in terms of ease of large scale synthesis and functional
homogenization for biomedical applications.!**! In addition, important issues such as the
dispersity, stability and toxicity of the multifunctional nanomaterials in physiological

environment need to be addressed.!”!

The work presented in this PhD thesis aims to engineer novel single-phase bifunctional
magnetic-fluorescent nanostructures for bimodal optica/MR imaging. In addition, this
work aims to demonstrate the potential applicability of the designed nanostructures by
demonstrating down- and up-conversion fluorescence, T;-weighted MRI contrast, and
investigating their short term toxicity in cell models. With the above aims in mind, rare
earth (RE) materials have been chosen as the working materials. RE materials such as
RE fluorides and oxides have been reported to be good host structures for up- and down-
conversion luminescence and extremely promising as bioimaging probes.!'* * RE*" jons
have long emission lifetimes (ranging from ps to ms), superior photostability, multicolor
emission, and most importantly, are less toxic compared to common organic dyes and
semiconductor quantum dots.*”? In addition, some RE nanomaterials such as gadolinium
oxides and gadolinium phosphates have been reported to be very promising as contrast

agents for MRL.°*>4
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This thesis has been subdivided into following sections. Following this introduction, a
review will be presented in Chapter 2 on magnetic and fluorescent nanoparticles, state-of
arts of multifunctional nanoparticles for multimodal imaging technologies, motivation
behind choosing rare earth materials for multimodal imaging agents, their synthesis
approaches, surface modification techniques, and toxicity concerns of nanomaterials for

bioapplications.

The basic principles of different materials characterization techniques used throughout
the study, some key features of the American National Standard ISO 10993-5 and the

one-way analysis of variance (ANOVA) are presented in Chapter 3.

Chapter 4 demonstrates the use of yttrium oxide (Y20s) as the host and other RE*" jons,
such as terbium (Tb’"), europium (Eu’"), erbium (Er’"), and ytterbium (Yb"), as
dopant(s) to fabricate down- and up-conversion luminescent nanomaterials. Spherical
nanocrystals, and nanorods can be selectively produced by varying synthesis conditions.
The overall aims of this study are to: (I) understand various synthesis parameters, (II)
investigate the impact of different RE dopant(s) concentration on down- and up-
conversion luminescence, and lastly (IIT) functionalize the nanomaterials to render them
biocompatible and suitable for further bioconjugation. It was observed that synthesis
parameters such as reaction temperature, time, amount of surfactant, and type of
liganding solvent have a significant influence on the morphology and the fluorescence
emission process of the Y,0; nanomaterials. In addition, different dopant ions and
dopant concentrations were observed to produce emission at different wavelengths

(colors) and intensities respectively.
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Chapter 5 describes the synthesis and characterizations of a new class of bifunctional
superparamagnetic-fluorescent nanocrystal using iron oxide (y-Fe,Os3) as the host and RE
ion terbium (Tb") as the dopant. The key feature of this study is to bring magnetism and
fluorescence into a single-phase nanocrystal for multimodal imaging instead of
fabricating nanocomposites by assembling different functional entities. A fluorescence
enhancement technique has been demonstrated through passivating the nanocrystal
surface with a higher bandgap material (ZnS) which resulted in improved
photoluminescence (PL). Surface functionalization of the nanocrystals with a thin layer
of silica (to render them water-dispersible, suitable for further bioconjugation and

cytotoxicity studies) has also been discussed in this chapter.

Chapter 6 presents fabrication of bifunctional paramagnetic-fluorescent Tb**-doped, and
Yb**/Er**-codoped Gd,0s, and Dy,05 nanocrystals and nanorods. The key feature of
these bifunctional nanomaterials is: they are RE-based single-phase nanocrystals where
both fluorescence and paramagnetism originate from RE ions. One of these bifunctional
nanomaterials Gd,O3 show good T;-weighted MRI contrast, and demonstrate both down-
and up-conversion fluorescence. The nanorod formation mechanism has been
investigated and elucidated in this chapter. The nanomaterials are highly promising as

contrast agent for multimodal optical/ MR imaging.

Since all the nanomaterials synthesized are envisioned to be used as probes for
bioimaging, their cytotoxicity needed to be evaluated. Chapter 7 presents a new,
comprehensive approach of evaluating in vitro cytotoxicity of nanoparticles based on

American National Standard ISO 10993-5. The cell viability was evaluated based on the
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detection of metabolic activities and observing Hepatomoa HepG2 and fibroblasts
NIH3T3 cell morphological changes in the presence of the nanoparticles and their
extracted products. In general, RE nanomaterials were found to have minimal toxicity

towards these cell lines.

Lastly, Chapter 8 summarizes the major findings of this study, followed by the

recommendations for further works.
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CHAPTER 2

Literature Review

2.1 Introduction

Specific targetability, non-invasiveness, high spatial resolution, three-dimensional
tomography, and real time imaging are some of the important requirements for next
generation biomedical imaging technologies.!'” *”* 1 Therefore, the development of
target-specific and real-time imaging agents is essential not only to understand the
fundamental biological process but also to successfully diagnose various diseases. A
number of non-invasive imaging modalities such as magnetic resonance imaging (MRI),
positron emission tomography (PET), computed tomography (CT), single photon
emission computed tomography (SPECT), ultrasound and optical imaging have been
used in the diagnosis of various diseases. In general, the imaging modalities are
complementary rather than competitive, yet each differs in terms of resolution,
sensitivity, and data acquisition time (Table 2.1).” Hence, a specific imaging modality
alone does not possess all the necessary capabilities to meet all the requirements. For
example, MRI and CT have the advantages of being non-invasive and showing three-
dimensional tomography, but they are limited by low target sensitivity. On the other
hand, radioactive imaging techniques such as PET have very high target sensitivity but
of poor spatial resolution. Other optical imaging methods such as fluorescence imaging
have relatively good sensitivity but suffer from low tissue penetration depths. In brief,
each imaging modality has its own advantages and disadvantages, but combination of

different modalities into a single platform can compensate the deficiencies of a single
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Table 2.1 Comparison of imaging modalities”]

) ) Detection Tissue Spatial Sensitivity
Imaging Technique ] ]

penetration depth  resolution

Magnetic resonance radiowave No limit 25-100 um mM to pM
imaging (MRI) (low)
Positron emission high energy No limit 1-2 mm pM
tomography (PET) y-rays (high)
Single photon emission low-energy No limit 1-2 mm nM to pM

computed tomography y-rays

(SPECT)

Computed tomography X-rays No limit 50-200 pm Not well

(CT) characterized

Optical imaging visible or <lcm 2-3 uminvivo  nM to pM
near-infrared sub-pum in vitro  (medium)
light

Ultrasonography ultrasonic waves mm - cm 50-500 pm Not well

characterized

? sensitivity of the detecting probe is relative to background

imaging modality. The development of multifunctional nanomaterials as multimodal
contrast agents is a step further in the same direction. Reported multimodal contrast
agents include the combination of MRI-optical, PET-near-infrared (NIR) optical

fluorescence, PET-CT modalities, and MRI-PET-NIR optical fluorescence. % 3% 36: 36371

Since the main focus of the thesis is to engineer novel multifunctional magnetic-
fluorescent contrast agent for multimodal imaging, we will focus our review on the
properties of magnetic and fluorescent nanoparticles, and highlight the latest

development of magnetic-fluorescent contrast agents. A good portion of the review is
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dedicated to rare earth materials since they are the materials of choice as multifunctional
agents in the current thesis. Lastly, a brief discussion on the cytotoxicity issues of

nanoparticles for bioapplications will be presented.

2.2 Magnetic Nanoparticles

Magnetic nanoparticles have been studied and employed in a wide range of disciplines
ranging from data storage, biotechnology, magnetic resonance imaging, catalysis, and
environmental remediation.”*** In most of the envisaged applications, the nanoparticles
of some critical size range performs better than others. The critical size limit depends on
materials but usually falls in the range of few tens of nm.™ Usually, each nanoparticle of
this size range becomes a single magnetic domain and shows superparamagnetism above
the blocking temperature. Such individual nanoparticles have large magnetic moment
and behave like a giant paramagnetic atom with a fast response to applied magnetic
fields with negligible remanence and coercivity. Remanence and coercivity are two
important characteristic parameters of magnetic materials. The former measures the
residual magnetism left behind in the magnetic materials after removal of magnetic field
and the later measures the field required to bring the magnetization to zero. Because of
very low remanence and coercivity, the superparamagnetic nanoparticle have negligible
risk of forming nanoparticle aggregates at room temperature and, therefore, is attractive

choices for a broad range of biomedical applications.

2.2.1 Origin of Magnetism

Spin angular moment generally dominates orbital angular momentum in determining the

magnetic properties of a material. Materials in which all spins are paired are diamagnetic

10
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and generate a weak moment that opposes the direction of an applied field. When there
are unpaired spins present that do not interact with those on adjacent atoms, the sample is
paramagnetic (PM), and the unpaired spins give rise to a moment that aligns parallel to
the direction of an applied field (Figure 2.1). Paramagnetic effects dominate diamagnetic
effects in magnitude. When unpaired spins on adjacent atoms interacts, they may have
alignments of ferromagnetic (FM), antiferromagnetic (AFM), or ferrimagnetic type. In
the ferromagnetic case, the spins align parallel to one another, and their moments add. If
the spins align antiparallel to each other, the moments cancel, and the material is
antiferromagnetic (AFM). If there are two different sublattices aligned antiparallel to
each other, the material is ferrimagnetic. Ferromagnets (FMs) have a magnetic ordering

temperature called Curie temperature, above which they are paramagnetic.

M - M

e @ @ H
W

(a) ©) (d)

(b) ()

Figure 2.1 The different magnetic effect occurs in magnetic nanoparticles. All the
figures presented here are rather simplistic view of the phenomena present in small
magnetic particles. Spin arrangement in (a) a ferromagnet (FM), (b) an antiferromagnet
(AFM), (c) An illustration of the magnetic moment in a superparamagnet (SPM). An
SPM is defined as an assembly of giant magnetic moments which are not interacting;
(d) Superparamagnetic particle exhibit no remanence or coercivity, hence no hysteresis
in magnetization curve. (f) Pure antiferromagnetic nanoparticle could exhibit
superparamagnetic relaxation.

11
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Antiferromagnets and ferrimagnets also have an analogous temperature, the Néel
temperature, above which they are paramagnetic. All different magnetic effects are

shown schematically in Figure 2.1.1%!

2.2.2 Field-dependent Magnetization

Magnetization (M) vs applied field (H) measurements are useful for characterizing
magnetic materials. A typical M vs H curve for ferromagnetic materials is shown
schematically in Figure 2.2. The field is usually adjusted to the highest available field in
the magnetometer. A ferromagnetic material that has never been previously magnetized
or has been thoroughly demagnetized will follow the dashed line as H is increased. If the
curve flattens at high field, the magnetization has reached a maximum value, called
saturation magnetization (Ms). As the field is decreased to zero, the magnetization

decreases to the remanence (Mgr). When the field is applied in the negative direction, the

M Saturation, Mg

Saturation in
opposite direction

Figure 2.2 Schematic curve of magnetization (M) as function of magnetic field
strength (H).

12
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magnetization eventually decreases to zero. The magnitude of the field at which this
occurred is called the coercive field or coercivity (Hc). As the applied field is increased
in the negative direction, the material will again become magnetically saturated in the
opposite direction (point "d"). Reduction of H to zero will result in a level of residual
magnetism equal to the same value in other direction (point "e"). Further, increasing H in
the positive direction will return M to zero (point "f"') while further increment will lead
the curve back to the saturation point (point "a") to complete the loop. If we choose a
field and wish to know magnetization, we must also know the history of the sample,
since each field values in the plot corresponds to two magnetizations. This property is
called hysteresis (i. e. the loop abcd-defa). As the sample is heated up, Hc decreases, and
the two curves collapse into one. That happens when the sample becomes paramagnetic

because the thermal fluctuations erase the memory of its history of each nanoparticle.”

2.2.3 Superparamagnetism

A region in ferromagnetic materials where all magnetic moments points in the same
direction is called a magnetic domain. Large magnetic particles are generally multi-
domain structure and regions of uniform magnetization are separated by domain walls.
Domain wall formation process is driven by the balance between the domain-wall
energy, and magnetostatic energy. Domain-wall energy is directly proportional to the
volume of the material while magnetostatic energy are proportional to the interfacial area
among the domains.”) If the size of a material reduces below a critical volume, it
demands more energy to create a domain wall than to support the external magnetostatic

energy of the single-domain state. Therefore, below a critical size magnetic particles
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usually form single-domain state. Typically, the single-domain limit is material-

dependent but lies in the range of a few tens of nanometers.*”

Superparamagnetism is a form of magnetism which usually occurs in single-domain
nanoparticles. Single-domain particles are uniformly magnetized and have all its spins
lined up in the same direction. Essentially, single-domain particles have no domain wall
and magnetization will change with the rotation of the spins. The magnetic anisotropy
energy per particle, which is responsible for holding the magnetic moments along a
certain direction, can be expressed as:L’

E(0) = K V sin’0 (Eq. 2.1)
where K, V, and 6 are the anisotropy constant, the particle volume, and the angle
between the magnetization and the easy axis respectively. The energy barrier KV
separates the two energetically equivalent easy directions of magnetization. In small
enough particles, the thermal energy (KgT) exceeds the energy barrier KV, and the
magnetization can easily flip. Thus for ferromagnetic materials, at few tens of nanometer
the system behaves like a paramagnet due to formation of giant moment inside each

particle (Figure 2.1¢c).”) Such system should ideally have no hysteresis and coercivity.

This system is called as superparamagnetism.

Nanoscale materials generally fall in the region of well-isolated single-domain. Despite
material dependence, the sizes of the magnetic nanoparticles studied in this PhD work
are sufficiently small to assume single-domain nanoparticles which are

superparamagnetic or paramagnetic.
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2.3 Luminescent Nanoparticles

The application of the luminescence and the luminescent materials in science and
technology is ubiquitous, ranging from biological labeling to information technology and
beyond. The excellent spatial and temporal resolutions, and the high signal-to-noise
ratios inherent in luminescent analysis, make luminescent nanomaterials the ideal
candidates as luminescent probes. Currently, several classes of materials have been
employed as fluorescent emitters/probes, which includes fluorescent proteins, organic
and metallorganic dye molecules, semiconductor nanoparticles (commonly known as
quantum dots), lanthanide-doped inorganic materials, polymer/dye-based nanoparticles
and silica/dye hybrid particles.!®” These materials have their distinct advantages and
disadvantages. A comparison of currently employed fluorophores is shown in Table 2.2.
It is seen that the commonly used dyes have good fluorescence quantum yield (QY) but
are susceptible to photobleaching. They also have broad emission spectrum which often
overlaps with tissue autofluorescence. On the other hand, inorganic nanoparticle based
fluorophores have relatively good fluorescence QY and are photostable. However, their
application in bioimaging, especially quantum dots, is constrained by cytoxicity and

biocompatibility issues.

2.3.1 Luminescence Mechanism

When a fluorophore is excited by quanta of specific energy, electrons are transferred
from a ground state (G) to a higher energy singlet state (i.e. E;, E;). Upon relaxation to
the ground state, the excited state electrons release the energy either by non-radiative
energy decay (thermal decay) or by emitting as photons of lower energy. In the later

case, fluorescence takes place. The excitation and emission process can be described as:
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Table 2.2 Comparison of properties among organic dyes and inorganic

nanoparticles'®!
Type of fluorescent Advantages Limitations
agent
Organic Dyes
Fluoresceins and High absorptivity. Very much susceptible to photobleaching and
Rhodamines High fluorescence QY. pH sensitivity.
(examples FITC) Good aqueous solubility. Low photostability.
Broad emission spectrum.
Cyanine dyes High photostability. Susceptible to photobleaching.
(example Cy5) Relatively efficient QY. Generally have narrow excitation spectra so
Good aqueous solubility. that can only be excited within a very limited
range of wavelength
Alexa dyes High photostability and pH Nonspecific interactions with cell due to net
insensitivity over a broad range. negative charge carrying with them.
Inorganic
nanoparticles
Semiconductor Great assay sensitivity and stability Major drawback is QDs are generally toxic to
quantum dots (QDs) over conventional organic cellular environment.

Rare earth doped

nanoparticles

fluorophores.

Stable against photobleaching.
About one-third spectral line width
compare to organic fluorophores.
Multicolor emission.

Low autofluorescence.

Multicolor emission.

Low toxicity.

Can readily synthesized in water.

Capable of producing up-conversion

luminescence at NIR excitation which

is the best window for deep tissue

imaging.

Large wavelength separation between

excitation and emission.
Long fluorescence lifetime.

Sharp emission spectra.

QDs themselves are not biocompatible and
need surface modification for

bioapplications.

Applications of RE-doped nanoparticles are
still in early stages and an open area of

investigation.

QY-Quantum Yield; FITC-fluorescein-5-isothiocyanate; NIR-Near-infrared
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Excitation: G + hv, — E, (i =1,2.3..) (Eq.2.2)
Emission (luminescence): E, - G + hv,, (Eq. 2.3)

Where, hv is a generic term for photon energy, h is Planck’s constant, andv is the
frequency of light. State G and E; are called the ground and electronically excited states

of the fluorophores respectively.

In addition to luminescence and non-radiative relaxation, the excited state electrons can
also relax via conversion to a triplet state which may subsequently relax via
phosphorescence or by a secondary non-radiative relaxation step. Relaxation from an
excited E; state can also occur via a second molecule through fluorescence quenching, a
phenomenon results in the decrease of fluorescence intensity. For example, molecular
oxygen (O,) is an extremely efficient fluorescence quencher. A schematic illustration of

fluorescence process is shown in Figure 2.3.

2.3.2 Down- and Up-conversion Fluorescence Emission

The difference between the position of the band maxima of the excitation and emission
spectra of the same electronic transition is known as the Stoke’s shift. A fluorescence

emission can be either of Stoke’s or anti-Stoke’s type.

Down-conversion fluorescence emission occurs when the energy of the emitting photon
is lower than that of an exciting photon, which follows the principle of the Stoke’s law.
In other words, output photon energy is lower than input photon energy. This principle is

valid only when one excited ion system is considered. On the other hand, up-conversion
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Figure 2.3 A schematic illustration of fluorescence process.

fluorescence contradicts Stoke’s law and emits photon of higher energy than that of
excitation. It has been shown in lanthanide, uranide and transition-metal ions systems,
when embedded in a solid or host, produce up-conversion emission of anti-Stoke’s types.
In anti-Stoke’s emissions or up-conversion process, emission energy exceeds excitation
energy even by 10-100 times thermal energy (KgT).®”” A number of different
mechanisms have been recognized to be involved in up-conversion, either being a stand

alone mechanism or in combinations such as excited state absorption (ESA), energy

18



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 2: Literature Review

transfer up-conversion (ETU), and photon avalanche (PA). This will be further reviewed

in section 2.5.2.

2.3.3 Interaction of Light with Tissues

The fundamental hurdles of tissue imaging using optical means are autofluorescence,
high absorption and light scattering by e.g. hemoglobin (Hb). In tissues, absorption
coefficient of light depends on the wavelength employed and absorbers such as water,
hemoglobins, and lipids. Based on the wavelength of the light employed, different
penetration depths can be achieved. For example, ultraviolet (UV) - visible (VIS)

photons are strongly absorbed by deoxy- and oxyhemoglobin (HbO;), and tissue

A
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£ '
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Figure 2.4 Interaction of light with tissue. The graph is calculated assuming normally
oxygenated tissue (saturation of 70%), a hemoglobin concentration of 50 mM, and a
composition of 50% water and 15% lipids. (Reprinted with permission from ref. [68].
Copyright 2001, Nature Publishing Group).
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chromophores within the first few micrometers to a millimeter of tissue thickness. These
possess serious limitation in terms of tissue penetration depth. On the other hand, near-
infrared (NIR) light of 650 to 900 nm have minimal absorbency as hemoglobin (the
primary absorber of visible light), water and lipids (the primary absorber of infrared
light) have their lowest absorption coefficients in the NIR region (Figure 2.4) 16861

Therefore, NIR fluorophores remains the best choice for deep tissue imaging and

tomographic display.

2.4 Contrast Agents for Bioimaging

2.4.1 Conventional Contrast Agents

Contrast agents for bioimaging can be broadly categorized into two classes: endogenous
agents and exogenous agents. Endogenous agents typically use an enzyme-mediated
process inside the body to generate visible light when a substrate is degraded. Example
of endogenous agent is green fluorescent protein (GFP).[’7? GFP offers good potential
in extracting information at cellular and molecular level but they have some critical
intrinsic limitations which inhibit their widespread application in clinical phase.[> ™! For
example, GFP emission at ~510 nm overlaps with autofluorescence of many tissues
which restricts its application in cellular labeling. GFP with red shifting has been
engineered to overcome this problem but maximum shift attained was only ~25 nm.!*! 1
contrast, exogenous imaging agents are more advantageous. Examples of this type of
agents include different organic/inorganic fluorophores, gadolinium chelates, and
superparamagnetic iron oxides. Some of the critical limitations associated with

. . 4
conventional organic contrast agents are:\’"
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II.

I1I.

IV.

VL

Fluorescence emission from organic dyes is not continuous for longer period
of time (due to photobleaching). Therefore, they are not suitable for longer
period of bioimaging observations.

Generally, the emission spectra of most of the organic fluorophores are
relatively broad which may overlap with the emission wavelengths of other
fluorophores. Hence, they are not suitable for simultaneous multicolor
imaging applications.

Local chemical environment such as change in pH, ions are often very
sensitive to emission.

Emission from fluorescent dyes sometimes overlaps with tissue-
autofluorescence.

Lanthanide  chelates such as  Gd-based chelates = Gd-DTPA
(diethyltriaminepentaacetic acid) have been used in MRI. But the non-
specific uptake by intravascular and extravascular space limits their
applications.

Besides, Gd in its ionic form has been reported to be toxic with a half-life of
several weeks.!””! Though Gd is administrated as complex form, its stability is
influenced by concentrations of surrounding ions, pH, temperature, and

capping ligands.

2.4.2 Nanoparticle-based Contrast Agents

Example of nanoparticle based contrast agents includes gold nanoparticles, organic dye

doped silica, quantum dots, superparamagnetic iron oxide nanoparticle and lanthanide

based phosphors. In comparison to conventional fluorophores discussed above,
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nanoparticle-based contrast agents consist of a number of desired properties. Table 2.2
has summarized briefly major advantages and limitations of QDs and rare-earth based
contrast agents. However, with proper surface modification, the nanoparticle-based
contrast agents generally have the following advantages over conventional organic

contrast agents:[74]

I.  Relatively superior resistant to photobleaching.
II. High absorbency and quantum yield.
III. Better resistance to metabolic degradation resistant.
IV. Emission tuning in the NIR 700-900 window for good tissue penetration.
V. Good dispersibility in biological environment.

VL in vivo and in vitro stability.

A single contrast agent in conventional imaging techniques usually provides limited
information of the organs. Hence, the current research trend in bioimaging has been
directed towards the integration of multimodal imaging techniques and concurrently the

7671 The significance of

development nanoparticle based multifunctional contrast agents.!
medical imaging contrast agents research could be assessed from sales of medical
imaging contrast agents, which were $1.41 billion in 2004 but are expected to go up to
$2.58 billion by 2009 in US market only.[’® One of the advantages of nanoparticle based
probes is their flexibility in conjugation with various moieties such as DNAs, peptides,
and antibodies, whichever is needed for monitoring special molecular events and

biological process. In the following section, we will focus on the review of recent

development of multifunctional nanoparticles as contrast agents.
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2.4.3 Multimodal Contrast Agents

In general, imaging modalities can be broadly classified into two groups: (I) modalities
providing structural information (e.g. MRI, CT, and ultrasound), and (II) modalities
providing functional or molecular information (e.g. optical imaging, SPECT, and
PET)."® Therefore, in the development of multimodal contrast agents, considerable

efforts have been devoted toward integrating one modality from each group, which

should enable function and structure to be examined within the same individual and at

the same time. A variety of nanoparticle based contrast agents have been developed
combining the modalities from two groups, such as the combination of MRI-optical,
PET-CT, PET-NIR optical fluorescence, MRI-PET-NIR optical fluorescence.’® " 7!
However, we will limit our discussion to the advancement and recent efforts made on
fabrication of magnetic-fluorescent nanoparticles as multifunctional contrast agents for

MRI-optical imaging. As reviewed by Corr et al.,”*”

on the basis of fabrication strategy,
there are few types of magnetic-fluorescent nanocomposites that have been reported in
the literature such as (I) a magnetic core coated with a silica shell containing fluorescent
components, (II) polymer-coated magnetic nanoparticles functionalized with a
fluorescent moiety, (III) ionic aggregates consisting of a magnetic core and fluorescent
ionic compounds, (IV) fluorescent labeled bilipid-coated magnetic nanoparticles, (V) a
magnetic core covalently bound to a fluorescent entity via a spacer, (VI) a magnetic core
directly coated with a semiconducting shell, (VII) magnetically doped QDs, and (VIII)
nanocomposites, which consists of magnetic nanoparticles and QDs encapsulated within
a polymer or silica matrix (Figure 2.5). Superparamagnetic iron oxide (SPIO), or

paramagnetic gadolinium (Gd)-based chelates or nanoparticles have been mostly used as

the magnetic entity of the multifunctional contrast agent, while the fluorescent entity
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Table 2.3 Comparison of various SPIO and Gd based multimodal imaging contrast agents

e Relaxivity -
Multimodal nanoparticles Particle Size Emission T T Magnetic Field strength, By
wavelength 1 2

(nm) (nm) (mMs (T)
BASED ON SPIO
CLIO-SS-R4-Cy5.5 8 ~70 695 27.8 91.2 9.4
CLIO-Cy5.5-EPPT I8 35.8 695 26.42 53.44 9.4
Fe;04-SiPEG-Cltx-Cy5.58 ~10.5 695 47
Fe;04-SiPEG-TCL-Cy5.58 ~33 695 1.5
CoFe,0,@Si0,(FITC)*4 60 518 4.7
Fe;0,@SiO,(FITC)®) 50 128 1.5
DySiO,-(Fe304)n! 46 580 397 9.4
Fe;O4@mesoporous Length ~154 518 153 4.7
silica(FITC)®
Fe,04/CdSe@silica*” 11~14 600
Au-Fe;0, ") 8 (Au)- 530 105 3

20(F 6304)
FePt—Au 6 (FePt)- 530 58.7 9.4
10(Au)

Fe,0;-SWNTH®! >1000 NIR 14.1
BASED ON GD* IONS
Gd-DTPA-phospholipid 5 560 12
stabilized QDP®!
Gd-TSPETE-QD@silica®” 10-20 590 20.5 151 47
Gd-TSPETE-silica 100 600 9 116 47
nanoparticle-[Ru(bpy);]* !
Gd-DTPA-PAMAM 5-6 699 13.9 36.5 3
G6 dendrimer-Cy5.5%
Gd-Si-DTTA-silica 40 615 19.7 60.0
nanoparticle-[Ru(bpy);]* %!
Gd-LbL(3 layers)-silica 40-50 615 19.0 55.0
nanoparticle-[Ru(bpy);]* %
Gd-DTTA-mesoporous 60-120 575 28.8 65.5 3
silica nanoparticle-RITC>
Gd-DTTA-mesoporous Length 520 22.0 41.0 0.47
silica nanorod-FITCP®! 320-540
Gd,0,@Cy5-doped silical®” 33 690 8.8 11.4 7

ri-longitudinal relaxivity; r,-transverse relaxivity , CLIO-Crosslinked iron oxide nanoparticles; EPPT-a peptide, PEG-poly(ethylene
glycol), FTIC-fluorescein isothiocyanate, DTPA-diethylenetriamineoentaacetate, SWNT-single wall nano tube, TSPETE- n-
(trimethoxysilylpropyl)ethyldiame  triacetic =~ acid  trisodium  salt, PAMAM-polyamidoamine  dendrimers, = DTTA-
diethylenetriaminetetraacetate
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comprises of organic dyes, QDs, and rare-earth doped materials. Most multifunctional
nanostructure fabrication techniques involve combining fluorescent and magnetic entities
into a nanocomposite (as exemplified in Table 2.3). In comparison, the fabrication of
single-phase multifunctional nanocomposites would be more advantageous since all the
functionalities would come from a single crystal which is easy to fabricate, functionalize
and apply to biological systems. The synthesis process of fabricating multifunctional
nanoparticles (such as those shown in Figure 2.5) often involves multiple steps.
Therefore, single phase contrast agents would potentially be superior either in the view

point of synthesis feasibility or functional homogenization compared to the

Fluorescent moiety

Charged
fluorophore

Charged
stabilizer

5

Polyeletrolyte coated
magnetic core

Tonically linked stabilizer

and flrorophor¢
Fluorescent entity

Silica coated

magnetic core

Magnetic ..
entity U u ..
= m
viii

Magnetic-fluorescent .
(::l nanocomposite materials ::}

Fluorescent iv
entity \y .
vi
Magnetic nanoparticle-quantum v
dot embedded nanocomposite

Fluorescently labeled
bilipid coated magnetic

P

,.‘.] 4 [Fluorescent entity

Fluorescent entity

Magnetic !
entity

Magnetically doped j"l‘
quantum dot Direct coating of magnetic core {:il E

by semiconductor shell

Direct covalent linkage between
fluorescent entity and magnetic core

Figure 2.5 Magnetic-fluorescent nanocomposites on basis of fabrication strategy.
(Reprinted with permission from ref. [35]. Copyright 2008, Springer).
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heterostructured multifunctional nanocomposites.**! To some extent, these benefits have
motivated us to fabricate multimodal contrast agents in the form of single-phase
nanostructures. The working material for this dissertation, rare earths, will be reviewed

in detail in section 2.5.

2.4.4 Imaging Modalities

There are various imaging modalities that are currently used for non-invasive imaging
(as shown in Table 2.1). However, we will focus our discussion on MRI and optical

imaging in this section.

2.4.4.1 Magnetic Resonance Imaging (MRI)

MRI is a non-invasive imaging technique that works on the fundamental principles of

nuclear magnetic resonance (NMR). Water, which consists of two hydrogen nuclei or

protons, is the most abundant fluid in body. MRI generates two-dimensional images of

tissues or internal organs based on the response of these protons to magnetic field. When
an external magnetic field (By) is applied, a fraction of the proton nuclei aligns in the By
direction (Figure 2.6), and subsequently the aligned nuclei start to gyroscopically precess
with a net magnetic moment of m and a Larmor precession frequency of wy (0o = yBy),
where v = 2.67 x 10® rad.s™.T" for 'H.’”) When a resonant radio frequency (RF)
transverse pulse is applied perpendicular to By, it causes resonant excitation of the
magnetic moment procession into the perpendicular plane. Upon removal of the RF, the
magnetic moment gradually relaxes to equilibrium by realigning to By. The relaxation
process involves two pathways: longitudinal relaxation, accompanying loss of energy
from excited state to its surroundings, and transverse relaxation from the loss of phase

coherence of the precessing nuclei spins. The longitudinal and the transverse relaxation
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times are known as T; and T, respectively. The values of T; and T, are tissue-dependent
and responsible for different image contrast from tissue to tissue. For example, in cancer
diagnosis, due to difficulties in distinguishing tumor from healthy tissues, contrast agents
are often injected during MR imaging. The fabrication of MRI contrast agent is hence
critical as it changes the T, and/or T, of the protons in the surrounding area of the agent

which produce different image contrasts (bright/dark).

Relaxation of water protons by contrast agent is a multifaceted phenomenon. Water
molecules in close proximity to the contrast agents are relaxed and then rapidly
exchanges relaxivity with the bulk water. Thus, water molecules surrounding the contrast
agents are generally classified into three categories: (I) inner sphere water, where the
water oxygen is directly coordinated to the contrast agents; (II) second-sphere water,
which describes the water molecules that hydrate the contrast agent and have a finite
residency time that is longer than the translation diffusion time of bulk water; (III) outer-
sphere water, where the interaction of the water with the contrast agents is governed

solely by translation diffusion.”® Positive contrast agents such as Gd-based agents

(@ (b) (c

B,

T . i
o / time

—> o m relaxation
m,,
time

M RF pulse
Figure 2.6 Schematic of the magnetic resonance (MR) principle; (a) net magnetic
spins (m) of water protons precess with a Larmor frequency (mp); (b) upon
application of a RF pulse, m begins precessing perpendicular to By; (c) m relaxes
back to its original equilibrium states through longitudinal (7}, m.) and transverse in-
planar (73, m,,) modes.

signal ~

T

signal
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primarily shorten the T; relaxation time through the inner sphere water and second-
sphere water while negative contrast agents such as iron oxide exert their effect though

bulk water.

2.4.4.2 Optical Imaging

Light can create contrast by its properties such as nonlinear effects, intensity,
interference lifetime, polarization, wavelength, and coherence.”®1% Different physical
parameters of light interaction with tissues are used in various optical imaging

techniques as shown in Table 2.4. For example, surface and multispectral images have

[101 102]

been used for assessing brain function,!"") epithelial tissue structure and physiology.!

[104

Reflectance imaging!'® or diffuse optical tomography''®* have been used in probing of

hemoglobins deeper in tissue. Other techniques which exploit the properties of light are

[100

light interference!'®” and polarization."”®! For these techniques, image signal is primarily

. . . C e . .o . 69
a function of ‘internal contrast’, and sometimes is limited in information content.[”!

In contrast, fluorescence imaging can impart molecular specificity to in vivo imaging
technologies.!®”! In fluorescence imaging, the energy from an external source of light is
absorbed and almost immediately re-emitted at a lower- or higher-energy wavelength
depending on whether up- or down-conversion fluorophores are used respectively.
Fluorescence imaging can be done at different resolutions and tissue penetration depths,
ranging from micrometers (intravital microscopy) to centimeters (fluorescence molecular
tomography, FMT). In section 2.3.1, a detail mechanism of fluorescence emission has
been described. As discussed, fluorescence depends much on the inherent properties of

the fluorophores used.
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Table 2.4 Optical imaging techniques [*”!

Commonly used
Imaging Techniques Contrast  Depth wavelength

Microscopic resolution

Epi A, Fl 20 pm Visible
Confocal Fl 500 pm Visible
Two-photon Fl 800 pm Visible

Mesoscopic resolution

Optical projection tomography A, Fl 15 mm Visible
Optical coherence tomography S 2 mm Visible, NIR
Laser speckle imaging S 1 mm Visible, NIR

Macroscopic resolution, intrinsic contrast

Hyperspectral imaging A,S,F1  <Smm Visible
Endoscopy A,S,F1  <Smm Visible
Polarization imaging A, S <l.5cm Visible, NIR
Fluorescence reflectance imaging (FRI) A, Fl <7 mm NIR
Diffuse optical tomography (DOT) A, Fl <20 cm NIR
Macroscopic resolution, molecular contrast

Fluorescence resonance imaging (FRI) A, Fl <7 mm NIR
Fluorescence molecular tomography F1 <20 cm NIR
(FMT)

Bioluminescence imaging (BLI) E <3 cm 500-600 nm

A —absorption, E-emission, S-scattering, Fl-Fluorescence, NIR-near infra-red.

The bifunctional nanoparticles synthesized in this PhD work are aimed to be applied as

contrast agent for fluorescent imaging.

2.5 Rare Earth (RE) Materials

2.5.1 Magnetic-Fluorescent RE Inorganic Nanomaterials

The rare earths (RE), otherwise referred to as the lanthanides, include a series of
elements in the sixth row of the periodic table stretching from lanthanum (La) to
ytterbium (Yb). The trivalent RE materials have partially filled 4f electron shell shielded
by 5s® and 5p° electrons. Therefore, the energy levels of these elements are not very

sensitive to external influences when incorporated in amorphous or crystalline hosts. In
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the host materials, the RE materials may exist as trivalent (RE®"), or occasionally
divalent (RE*") ions. Generally, the trivalent (RE*") ions exhibit intense narrow-band
intra-4f luminescence in a wide variety of hosts owing to the strong shielding provided
by the 5s* and 5p° electrons, electron—phonon coupling is weak and radiative transitions
of RE ions in solid hosts resemble those of the free ions. The positions of the RE
electronic levels are influenced more by spin—orbit interactions than by applied crystal
field. The intra-4f transitions are generally parity forbidden and are partially allowed by
crystal field interactions mixing opposite parity wavefunctions.!'””! For these reasons, RE
ion produces long luminescence lifetimes (usually in micro to millisecond range), and
narrow emission line-widths. By choosing appropriate RE ions, sharp and intense
emission can be obtained over the range of visible to the near-infrared regions. Figure
2.7 shows energy level diagrams for the individual RE’" jons of each of the 13
lanthanides from cerium (Ce) to ytterbium (Yb) with partially filled 4f orbitals.!'%®! A
conventional way to denote energy levels of rare-earth ions is 2S+1Lj, which is labeled
according to their angular momentum and spin quantum numbers. In symbol, the letter L
refers to the total orbital angular momentum of the ion obtained by combining the orbital
angular momenta of the individual electrons in the ion according to the Clebsch—Gordan
series. The left superscript, presented as 2S+/, is the number of possible orientations of
the total spin of the ion, where S is the total spin of the ion. The right subscript j
represents the total angular momentum of the ion and is determined using the Russell-

Saunders coupling scheme.!'"”
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Figure 2.7 Energy level diagram of the rare earth materials (Dieke diagram).!
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In recent years, rare earth (RE)-doped nanomaterials have been emerging as a new class
of luminescent optical labels that appears to be very promising alternatives to organic
fluorophores and quantum dots for bio-related applications such as biological assays and
medical imaging. This type of fluorophores offer low autofluorescence background, large
Stoke’s and anti-Stoke’s shifts, sharp emission bandwidths, high resistance to
photobleaching, and high temporal resolution. The RE ions exhibit up-conversion
luminescence which could achieve high tissue penetration and therefore are more
effective for deep tissue imaging. In addition, some recent studies reported rare-earth

£ 5154 1081 11y this work, we will present the

materials as potential MRI contrast agen
results of fabricating single-phase bifunctional nanoparticles by combining the intrinsic

magnetic and fluorescent properties of RE materials to engineer bifunctional contrast

agents for bimodal optical/ MR imaging.

2.5.2 Fluorescence Mechanism in Rare Earth Materials: lIon-ion

Interactions

In rare earth doped materials (doped with one or more RE species), a number of ion-ion
interactions could occur which leads to different electronic transition pathways. Simple
schematic diagrams are presented in Figure 2.8 to illustrate the most important
interactions.

2.5.2.1 Co-operative Up-conversion

Co-operative up-conversion is a special type of luminescence in which two interacting
ions in the excited state return to the ground state simultaneously, exciting one ion to an
energy state which is the sum of the energies of the two interacting ions.!""! The first

observation of co-operative luminescence was reported by Nakazawa et al.!''®) for Yb**
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pairs in YbPO,4. A simple schematic for the co-operative up-conversion mechanism is

presented in Figure 2.8a.

2.5.2.2 Energy Migration
An ion 1 in the metastable state can interact with a nearby ground state ion 2, promoting
it to the higher energy level (Figure 2.8b). Although radiative emission may still occur
from ion 2, the probability of non-radiative decay is increased with each successive

transfer.

2.5.2.3 Cross-relaxation
In a cross-relaxation process, excitation energy from an ion decaying from a highly
excited state promotes a nearby ion from the ground state to the metastable state. For
example, the energy gap between two consecutive the energy levels E, to E; is close to
energy gap between E; to G (Figure 2.8c). At sufficiently high concentrations of excited
ions in level E,, the population of the metastable state E; could increase by the decay of
ions from the E, level which transfer its equivalent energy to promote nearby ions from

the ground state G to metastable state E;. This process is called cross relaxation.

2.5.2.4 Excited State Absorption (ESA) and Ground State Absorption (GSA)
ESA takes the form of successive absorption of pump photons by a single ion. The
general energy diagram of the ESA process is shown in Figure 2.8d. If excitation energy
is resonant with the transition from ground level G to excited level E;, phonon absorption
occurs and populates E; from G in a process known as ground state absorption (GSA). A

second pump photon then promotes the ion from E; to higher-lying state E,. During
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relaxation from E, to ground level G, the ion may result in emission (shown as red

arrow), or relaxes non-radiatively.

2.5.2.5 Energy Transfer Up-conversion (ETU)

ETU is similar to ESA in that both processes utilize sequential absorption of two photons

to populate the metastable level. The essential difference between ETU and ESA is that

the excitation in ETU is realized through energy transfer between two neighboring ions.

In an ETU process, each of two neighboring ions can absorb a pump phonon of the same

(@) E (b) E, (©) E

E,

ol ¥

Ionl &2 Ion 3

Co-operative upconversion

(d) E;

E,

G

Ton 1

Excited State Absorption

E . E

G Y G
Ton 1 Ton 2 Ton 1 Ton2
Energy Migration Cross-relaxation
® E;
7y E,
G
Ton 1 Ton2

Energy Transfer Upconversion

Figure 2.8 Ion-ion interactions are shown using a simple three-level system energy
level diagram. The black solid line, and dashed lines represents photon excitations,
and relaxations respectively, the blue arrow shows energy transfer process between
ions and the red arrow represents emissions.
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energy, thereby populating the metastable level E; (Figure 2.8f). A non-radiative energy
transfer process promotes one of the ions to upper emitting state E, while the other ion
relaxes back to ground state G. The dopant concentration that determines the average
distance between the neighboring dopant ions has a strong influence on the efficiency of

the up-conversion process.

2.5.3 Factors Affecting Choice of RE Host/dopant

Inorganic nanocrystals in most cases do not exhibit fluorescence at room temperature.
Therefore, care has to be taken in choosing right crystalline host and dopants especially
in preparation of new nanomaterials of well defined optical properties. The dopants are
usually in the form of localized luminescent centers within the hosts. The dopants ions
radiate upon excitation. The ion emitting the radiation is called an activator ion and the
ion transferring the energy is called the sensitizer. Sensitized luminescence often takes
place in up-conversion fluorescence where two or more RE ions are doped in host. In
single doped nanocrystals, the distances between two neighboring activator ions and the
absorption cross-section of the ions are important in the fluorescence process. High
doping level may lead to deleterious cross-relaxation which results in quenching of
excitation energy. A sensitizer with a sufficient absorption cross-section in the NIR
region is usually codoped along with the activator to allow efficient ETU process
between the sensitizer and the activator. The concentrations of the activator and
sensitizer often require careful adjustment to avoid fluorescence quenching. For example,
the trivalent Yb*" possesses an extremely simple energy level scheme with only one
excited 4f level of *Fs) (refer to Figure 2.7) with absorption band located around 980 nm

due to the 2F7/2 — 2F5/2 transition which is larger than other rare-earth ions. Beside the
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2F7/2 —%Fs) transition, Yb®" is resonant to the f — f transition of other up-converting rare
earth ions like erbium (Er), thulium (Tm), holmium (Ho) which makes it very effective

up-conversion codopant pair in different host.!'¥

Selection of host material is also important for favorable optical properties. The host
materials require close lattice matches to dopant ions and should have low phonon
energies. Heavy halides like bromides, chlorides, and iodides generally exhibit low
phonon energies but they are hygroscopic which quenches fluorescence. Oxides have
relatively higher phonon energies but show higher chemical stability. Fluorides show
lower phonon energies and good chemical stabilities. In addition, crystal size, symmetry
of host also affects luminescence of the rare earth nanocrystals.''*''>) The most
extensively explored rare-earth host nanomaterials for doping are different forms of
oxides, fluorides, and phosphates.!''® Yttrium oxide (Y-Os) is one of very widely
investigated hosts among them. Y,0; has similar crystal structure to other lanthanide
oxides, and the ionic radii of Y>" is similar to other lanthanide ions. Besides, lanthanide
doped Y,03 have been fabricated using a wide range of synthesis method. Morphology
of Y203 can be tuned; few different morphologies of lanthanide Y,O; such as
nanoparticles, hollow spheres, and disks have been reported.'''**) Yittrium ortho-
vanadate (YVOy) is also a very good host for doping lanthanides. Doping of Eu’", and
Er’", Dy’", and samarium (Sm®") in YVO, have been reported to produce high intensity

[119, 121-122]

multicolor emitting phosphors. Some other RE doped hosts have also been

reported as potential contrast agents for optical imaging as well as MR imaging such as
LaPO4,[123] GdPO4,[51’ 53] Gd203,[52’ 108-1091 and Dy203[54], and fluorides like GdF3,[“O]

NaGdF,.!"""! Gadolinium (Gd*") ions are paramagnetic and their chelate forms are used
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as clinical paramagnetic relaxation agents in nuclear magnetic resonance (NMR) and

MR8 124

In our work, we started our investigation with Y,O3 host with a number of RE* dopants
which includes Tb3+, Eu3+, Er and codopant Yb*'/Er*". Y,0; was chosen as the host
because it has broad transparency range (0.2- 8§ pum) and relatively low phonon
energy,!'*”) which makes it one of the better choices for fluorescent study by doping RE**
ions. Based on the knowledge from the Y,03:RE’" system, we have further developed
Tb*" ion-doped superparamagnetic host (y-Fe,O3) to fabricate single-phase bifunctional
superparamagnetic-fluorescent nanocrystals. Finally, we extended our study by choosing
paramagnetic RE oxides (Gd,O3 and Dy,0s) as hosts for doping different RE** ions,
forming single-phase bifunctional paramagnetic-fluorescent nanoparticles as potential

contrast agent for the bimodal optical/magnetic resonance imaging.

2.5.4 Rare Earth Nanomaterials Synthesis

Different synthesis techniques for rare earth nanomaterials have been reported, which
include coprecipitation, hydrothermal synthesis, sol-gel processing, thermal
decomposition, and combustion synthesis. Optimization of synthesis process and
parameters are very critical in tailoring nanoparticles with desired phase, size,
morphology, chemical composition, surface functional groups, and optical properties.
Depending on the applications, different synthesis process can be adopted. For example,
narrow size distribution and high aqueous dispersity are very important for biomedical

application. In the following section, summary of the key features of the above
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mentioned synthesis techniques are presented in Table 2.5, and is followed by short

description of the commonly used methods for synthesizing fluorescent nanocrystals.

Table 2.5 Typical synthetic routes to several fluorescent nanocrystals!'*!

Method Hosts Key Features

Coprecipitation NaYF, Fast growth rate without the need for costly
LuPO, equipment and complex procedures. Post-heat
YbPO, treatment typically required.
LaF3

Thermal decomposition NaYF, Expensive, air-sensitive metal precursors. High
LaF; quality, monodisperse nanocrystals, toxic by-
GdOF products.

Hydro(solvo)thermal LaF; Cheap raw materials. No post-heat treatment. Good

synthesis NaYF, control over particle size and shape. Specialized
YVO, reaction vessels required.

Sol—gel method 710, TiO, Cheap raw materials. Calcinations at high
Lu;GasOy, temperatures required.
YVO,

Combustion synthesis Y,04 Time and energy saving. Considerable particle
Gd,04 aggregation.
Lazozs

Flame synthesis Y,0; Time saving and readily scalable.

2.5.4.1 Coprecipitation Method

Coprecipitation is one of the convenient techniques that usually produce small
nanocrystals with narrow size distribution. The synthesis condition of this method is less
stringent, low-cost, and less time consuming compare to others. In most of the cases the
nanocrystals synthesized by coprecipitaiton method need post heat treatment to obtain

better crystallinity. In many occasions, commercially available ligands such as di-n-

[126] 127]

octadecyldithiophosphate, polyvinylpyrrolidone (PVP),! and polyethylamine

(PEI)!"**! have been used in the synthesis process to control particle growth, prevent
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agglomerates, and render water dispersity property. RE doped fluorescent nanocrystals

synthesized using this method includes LaF3,[126’ 129] NaYF4,[”5] LuPQOy, and YbPO,. 3

2.5.4.2 Thermal Decomposition Method

This method is a very effective route to synthesize high crystalline, highly monodisperse,
and uniform nanoparticles. Generally, the metal precursor is thermally decomposed at
very high temperature using a high boiling point (bp) liganding solvent (e.g. octadecene;
bp 317 °C) and a surface passivating ligand (e.g. oleic acid) to passivate the nanoparticle
surface and prevent aggregation. This method produces nanoparticles with very small
size distribution and nanoparticle size can be tuned very precisely. Some of the uniform
RE-doped fluorescent nanocrystals with narrow size distribution reported using this
method are NaYF4:Yb,Er(Tm),!"*'"**! LaF,.["*¥] One of the limitations of this method is
that the synthesized nanoparticles are not readily dispersible in polar solvent such as
water, despite being well-dispersible in non-polar solvent like cyclohexane. Hence, post
synthesis surface modification of the nanoparticles with hydrophilic groups is often

needed to render them water dispersible.

2.5.4.3 Hydrothermal Method

The hydrothermal method offers an alternative of synthesizing nanoparticles with good
dispersibility in solvents including water. This method utilizes the supercritical condition
of the solvent. At an elevated pressure and temperature above the critical value, the
solubility increases and the reactivity among the reactants are enhanced. As a result,
highly crystalline nanomaterials can be produced at much lower temperature using this
method. The reaction is carried out in a specially designed reaction vessel known as the

autoclave which can sustain high temperature and pressure for a prolonged period of
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time. But generally the synthesized nanocrystals are not as monodisperse as the
nanocrystals produced by thermal decomposition method. Reported RE doped
nanocrystals using this method are NaYF4:Tb(Eu/Yb,Er),[134] LangYb,Er(Tm/Ho).[m]
Like thermal decomposition method, surfactant have also been used in this method to

tailor morphology and crystal size of the nanoparticles.[134’ 136]

2.5.4.4 Sol-gel Method
Sol-gel technique is a wet-chemical method which is characterized by the hydrolysis and
polycondensation of metal alkoxide/halide based precursors. This method works well for
the fabrication of nanocrystals for applications like thin film coating. Though there has
been some reports of synthesizing different RE doped fluorescent material using this
method, the method is not particularly suitable for bioapplications due to difficulty in
particle size control and nanoparticle aggregation in aqueous solutions. Example of RE
doped nanoparticles includes TiO,:Er, Lu,GasOi,:Er, BaTiO;:Er, YVO4:Yb,Er.“37'139]

Beside these methods, some other methods such as combustion synthesis!'*"!

1“1 have been reported for RE doped fluorescent nanocrystals. However, in this

synthesis
PhD work, we have chosen to use thermal decomposition method. The choice of thermal
decomposition method is motivated by its ability to tailor various nanoparticles

morphology and yet produce highly monodisperse, uniform nanoparticles, which is one

of the key prerequisites for bioapplications.
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2.6 Surface Modification

Surface modification of the fluorescent nanoparticles may provide improved
photostability, colloidal stability, and platform for attaching biological molecules. The
surface phenomena at nanoscale materials are very pronounced compare to their bulk
counterparts due to their higher surface to volume ratio. For nanomaterial-based
fluorophores, the presence of surface defects often significantly influences their
luminescent properties. For RE doped fluorescent nanoparticles, the presence of any
surface dopant ions in incomplete coordination may quench the luminescence.
Quenching may take place due to high energy oscillators arise from weakly bound
surface impurities, ligands, and solvent due to lack of effective protection by the host
lattice.'*! Introduction of an inert crystalline shell around the doped nanoparticles can
passivate the surface defect (Figure 2.9) and improve luminescent efficiency. For

example Mai et al'*

reported a two fold increase of luminescence efficiency for
NaYF4Yb,Er, while Yi er all'¥! reported 30 times increment of NaYF4:Yb,Tm
nanocrystals coated with a 1.5 nm thick NaYF, shell. Amorphous shells have also been
reported to surface passivate and improve luminescence. For example, amorphous silica
shell has been reported to improve the up-conversion luminescence for Y,0Os3:Tb,Tm

nanocrystals with the ability to vary the luminescence by varying thickness of the silica

shell.['#4]

Beside surface passivation, the nanocrystals intended for bioapplications often require
surface functionalization with different ligands to render them biocompatible.
Nanocrystals prepared by high-temperature routes, such as thermal decomposition, lack

functional moieties for dispersion in aqueous media. Hydrophilic ligands are commonly
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Figure. 2.9 Proposed distributions of lanthanide dopants in (a) a nanocrystal without

the protection of a shell and (b) a core—shell type nanocrystal. (Reprinted with
permission from ref. [14]. Copyright 2009, The Royal Society of Chemistry (RSC).

used to functionalize the nanocrystals surface prior to disperse in aqueous media or
attachment with biomolecules. Different strategies have been explored to provide
nanocrystal with properties such as water dispersity and, biomolecule conjugation for
biomedical applications and biodetection schemes. Table 2.6 shows some of the major
strategies reported in the literature which include ligand exchange, ligand oxidation,

ligand attraction, layer by layer assembly, and surface silanization.

Ligand exchange has been demonstrated by Yi et al.'** for up-converting NaYF,
nanocrystals where they used polyethylene glycol 600 diacid (HOOC-PEG-COOH) to
replace the surface amine ligand (oleylamine) with carboxyl-functional groups. The
carboxyl-functional groups on the nanoparticle surface render them to water-dispersible.
Chen et al'* developed ligand oxidation technique alternative to ligand exchange.
Lemieux-von Rudloff reagent was used to oxidize the surface oleic acid to azelaic acid.
The oxidized ligands have carboxyl groups on the surface which provide them water

dispersity. The same group later reported a strategy based on epoxidation of the double
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bond followed by the reaction with PEG-amines to render the nanocrystals water
dispersible.'*”) A limitation of this process is that it can only be applied to ligands
containing unsaturated carbon-carbon bonds and not applicable to all ligands in general.
A ligand attraction process was reported by Yi et al."**! where they coat the core-shell
nanocrystals with 25% octylamine and 40% isopropylamine modified poly(acrylicacid)
(PAA). Wang et al'"*”! reported layer-by-layer assembly technique which is based on the
adsorption of alternatively charged polyions on the nanocrystals surface. They reported
sequential adsorption of poly(allylamine hydrochloride) and negatively charged
poly(sodium 4-styrenesulfonate) onto the NaYF, surface to generate water-dispersible

nanocrystals.

In comparison, the surface silanization technique is versatile and applicable for both
hydrophobic and hydrophilic nanocrystals. The Stober method (1501 s o popular
silanization technique for hydrophilic nanoparticles while reverse-microemulsion
technique has been adopted for silanization of hydrophobic nanoparticles. The
silanization process is based on the hydrolysis and polycondensation of silica precursor
(e.g. tetraethoxysilane, TEOS) in presence of alkali hydroxide (e.g. ammonium
hydroxide, NH4OH). In the surface silanization process, organosilanes with amine
functional groups are assembled onto nanoparticles surface, making the nanoparticles
water-dispersible and biocompatible. This method is attractive because silica coating is
very much biocompatible and can be conjugated to a wide range of biomolecules
conveniently."”] Some example of silanization include silica coating of PVP-stabilized

NaYF4:Yb,Er,[m] a thin layer of silica formation on Fe;O3;-CdSe magnetic quantum

30] 24, 151]

dots,”" and encapsulation of magnetic and fluorescent nanocrystals in silica shell.!
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Table 2.6 Some of the generic strategies for solubilization and functionalization of
nanoparticles. Reprinted with permission from ref. [14]. Copyright 2009, The Royal
Society of Chemistry (RSC).

Type of Strategies Scheme of strategies Representative reagents
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Silanization Silanizatian | I
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Considering the above advantages, we have adopted surface silanization technique in our
work for making a thin layer of silica coating using aminopropyl trimethoxysilane (APS)

as silica precursor, and tetramethylammonium hydroxide (TMAH) as the alkali hyroxide.
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2.7 Shape Control of Nanoparticles

Size, shape and composition play critical roles in determining the properties of the
nanomaterials. For example, the electronic band of quantum dots has been revealed to be
gradually quantized with size reduction of the nanocrystal (i.e. decrease in crystal-size
increase the band-gap energy). The ability to control and manipulate the size and shape
of the nanoparticles is one of the challenges in chemistry and materials science research
due to poor understanding of nucleation and growth process of the nanocrystals.!'** In
the last decade, successful syntheses of various metal nanocrystals with different
morphologies have been reported.!''® '**'151 On the basis of dimensionality, basic motifs
of the inorganic nanocrystals fabricated can be categorized as 0-dimensional cubes,
spheres, polyhedrons; 1-D wires and rods; 2-D prisms, plates, discs; and some complex
structures such as stellations and tetrapods. Figure 2.10 shows the schematics of the basic
motifs. As described by Xia er al!"? the nucleation and growth mechanisms behind
different shape formation is extremely complicated and current perceptive is far from
being able to present atomistic details for the evolution pathways that a precursor
compound may take to form metal atoms, nuclei, and then well-defined nanocrystals.
However, typical nanocrystal formation mechanism can be broken down into three
distinct phases: (I) nucleation, (I) evolution of nuclei into seeds which are something
larger than nuclei, and (III) growth of seeds into nanocrystals. The final shape of the
nanocrystals depends primarily on the inherent crystal structure of the corresponding
seed crystal. Many other factors also play significant roles in forming different shapes
such as inherent anisotropy of the crystal structure, crystal surface reactivity, dipolar

interactions, and binding affinity of the capping ligands. The internal structures of the
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intermediate seeds and nanocrystals end products are usually analyzed by techniques

such as electron microscopy and X-ray diffraction.

In our experiments, we achieve controlled synthesis of 1-D nanorods of rare earth oxides
which evolve from their spherical nanocrystals. Evolution of nanorods from the
nanocrystals can be selectively controlled. The synthesis and formation mechanism have
been investigated using high resolution transmission electron microscope which will be

discussed in chapter 5.
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Figure 2.10 Basic motifs of inorganic nanocrystals: OD spheres, cubes, and
polyhedrons; 1D rods and wires; 2D discs, prisms, and plates. Reprinted with
permission from ref. [153]. Copyright 2006, Wiley-VCH Verlag GmbH & Co. KGaA).
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2.8 Toxicity Concern of Nanoparticles

Toxicity is a critical consideration in evaluating nanomaterials intended for biomedical
applications. There are number of literatures reporting potential toxic effects of
nanoparticles in cellular environment.[>*"**) Toxicity depends on many factors which
include constituent materials, materials dosage, surface charge of the nanomaterial,
surface molecules of nanomaterials, incubation time with cells, and cell types. Due to
their small size, nanoparticles can readily enter the cells, the cell nuclei, and other
subcellular compartments. Nanoparticle toxicity, both in vitro and in vivo, is thus

important characteristics for defining and limiting their applications.

In cellular environment, nanoparticles are reported to generate reactive oxygen species

(ROS) such as free radicals both in vivo and in vitro. ROS are reactive, are capable of

degenerating biomacromolecules such as DNA and proteins, leading to deterioration of

cellular function. ROS can influence oxidative signaling in cells, resulting in alteration of

gene expression, cell proliferation, differentiation, and cell death. ' The nanoparticles
reported to produce ROS includes fullerene (C60),!'*" Ti0,,'* CdTe Qds,!'®! CdSe
QDs," CdSe@ZnS Qds, "% single wall carbon nanotubes (SWCNT),!"*”) and silver

nanoparticles.!'*®

Mitochondria, the redox active organelles in the cytoplasm of the cell, play a critical role
in cell biology not only as the producer of adenosine triphosphate (ATP), but also in the
sequestration of calcium ions (Ca®") and generation of free radicals. They are also
repositories of several proteins that regulate apoptosis."® Studies on intracellular

localization show that some nanoparticles such as fullerenes could cross the external
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cellular membrane and preferentially relocate in mitochondria.l'’*'”" Perturbations in
normal functions of mitochondria will inevitably disturb cell functions, may sensitize
cells to neurotoxic insults, and may initiate cell death.'*” Different mechanisms of cell
deaths have been proposed, among which changes in nucleus is an important one.
Nuclear condensation with DNA fragmentation is typical for apoptotic cell deaths, while
the nucleus is swollen for necrotic cell death. Mitochondrial damage and intracellular
metabolism of the nanoparticles may generate free electrons which also induce ROS
production.!"® Up till now, the mechanism of which nanoparticles trigger cellular
responses is not well understood. However, ROS and Ca’" seem to be involved in
eliciting nanoparticle-induced cytotoxicity while ROS generation has been a dominating

explanation for the biological reactivity of the nanoparticles.

The cytotoxicity studies of the nanoparticles have been conducted for: (I) carbon based

nanomaterials such as fullerene, single and multi-walled carbon nanotubes;!' 7 (11)

[176] 177] [18, 178-

metal-based nanoparticles such as gold nanoparticles,!”® nanoshells,!'””! nanorods,

179] [168, 180-181]

superparamagnetic iron oxide nanoparticles, and (IIT) semiconductor-based
nanoparticles such as quantum dots.."**'*! In contrast, cytotoxicity studies of rare-earth
doped inorganic nanoparticles or rare-earth based nanoparticles are very few. In this
work, we have conducted cytotoxicity study of RE-doped fluorescent inorganic
nanocrystals and compared the results with iron oxides and CdSe QDs using a new
approach based on American National Standard ISO 10993-5. This approach of

conducting cytotoxicity studies for rare earth nanomaterials, as presented in chapter 6,

should be useful for the evaluation of all the nanoparticles in general.

48



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 2: Literature Review

2.9 Motivation behind the Research Conducted

The development of multifunctional nanoscale platforms for integrated imaging is still in
its early stage.'”! In an effort to fabricate nanoparticle-based multifunctional contrast
agents, many different materials and integration strategies have been reported. In most
cases, they are fabricated by combining two or more functional entities. In addition,
potential short-term and long-term toxicity effect, degradation, and metabolism of
nanoparticle based agents are not well studied.!'™ Our contribution to the field is
through the realization of single-phase bifunctional nanomaterials as bimodal contrast
agent via a simple synthetic strategy, and to demonstrate their potential application in
optical imaging and MRI. Their in vitro cytotoxicities were also evaluated using a new
method proposed by us. Such multimodal contrast agents may be extended to therapeutic
applications by functionalizing drug molecules with the probes, or by using the magnetic

component in hyperthermia or as a guiding vector to the targeted area.
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Materials Characterization and Analysis
Techniques

This chapter describes the characterization techniques used throughout the study and
illustrates their basic principles, operating conditions and methods of sample preparation.
In addition, some of the key features of the American National Standard ISO 10993-5,
which was used to evaluate in vitro cytotoxicity of the nanomaterials, will be presented.
The last section will include a brief introduction of the one-way analysis of variance

(ANOVA), a statistical analysis method which was used to analyze the cytotoxicity data.

3.1 Transmission Electron Microscopy (TEM)

The transmission electron microscope (TEM) is a microscopy technique which operates
on the same basic principles as the light microscope but uses electrons instead of light.
The use of electrons makes it possible to get a resolution a thousand times higher than

that of a light microscope.

An electron gun at the top of the microscope ejects the electrons that travel through a
vacuum in the column of the microscope towards the specimen. Instead of using glass
lenses to focus the light in the light microscope, a TEM uses electromagnetic lenses to
focus the electrons into a very fine beam. Depending on the density of the material
present, some of the electrons are scattered while some penetrates through the sample. At

the bottom of the microscope the unscattered electrons hit a fluorescent screen, which
50



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 3: Characterization Techniques

give rise to a shadow image that provides morphological features at low resolution and
lattice/atomic arrangements at high resolution for the nanostructured materials.!'**! The
image can be studied directly or photographed with a charge coupled device (CCD)

camera. A simple schematic diagram of a TEM is presented in Figure 3.1.

Electron
source

Electron
beam

Specimen —

Electromagnetic ————
lens

)7

Viewing screen
|

Figure 3.1 Schematic of a transmission electron microscope!'**

In addition, this technique can be very powerful in providing electron diffraction
patterns, and elemental information of the specimen. The electron diffraction X-ray
spectroscopy (EDS) data can be collected with a nanometer resolution, which enables the

construction of detailed elemental maps of the nano-object under study.!'®”

For the specimen preparation in current study, a few drops of nanoparticle were
dispersed onto a holey carbon film supported on a 200 mesh copper grid (3 mm in
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diameter) and allowed to dry in air at room temperature. The carbon grid with sample
was then mounted into the vacuum chamber for imaging and selected area electron
diffraction (SAED) The observation was carried out in JEOL 3010 and JEOL JEM-

2100F microscopes, operated at an accelerating voltage of 200 kV.

3.2 Powder X-ray Diffraction (XRD)

Powder X-ray diffraction (XRD) is an analytical technique primarily used for phase
identification of a crystalline material and can provide information about unit cell
dimensions. X-ray diffraction is based on constructive interference of monochromatic X-
rays and a crystalline sample. These X-rays are generated by a cathode ray tube, filtered
to produce monochromatic radiation, collimated to concentrate and direct toward the
sample. The interaction of the incident X-rays with the sample produces constructive
interference (and a diffracted ray) when conditions satisfy Bragg’s law:['*"]
nl =2d sin 0 (Eq. 3.1)

where A is the wavelength of incident X-ray, d is the crystal plane distance, and 0 is the
diffraction angle. Bragg’s law (Figure 3.2) relates the wavelength of electromagnetic
radiation to the diffraction angle and the lattice spacing in a crystalline sample. These
diffracted X-rays are then detected, processed and counted. By scanning the sample
through a range of 20 angles, all possible diffraction directions of the lattice should be
attained due to the random orientation of the powdered material. Conversion of the
diffraction peaks to d-spacings allows identification of the materials because each
material has a set of unique d-spacings. Typically, this is achieved by comparison of d-

spacing with standard reference patterns.
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Figure 3.2 Bragg’s law and the interaction of the X-rays with the atoms in a crystal.

In a powder XRD, the sample is prepared in the form of fine homogeneous powder. As a
result, the sample contains a large collection of vary small crystals which could be
orientated in every possible direction relative to the beam of radiation. For the specimen
preparation in this study, approximately, 40-50 mg of a sample was stirred gently in an
agate mortar to break up lumps. The powdery samples of the nanoparticles were then
spread evenly onto a zero-background holder. Step-scan X-ray powder diffraction data
were collected over the range of 20 range of 10-85° on a D8 Advance Bruker powder X-
ray diffractometer with Cu Ko (operated at 40 kV, 40 kA) radiation (A = 0.15406 nm)
with 6 mm divergence slit, | mm scattering slit, and 0.2 mm receiving slit. The scanning

step size was 0.015° in 20 with a counting time of 1 s per step.

The diffraction peaks can be used to calculate the average crystallite size, Dp, by

Scherrer formula:!'*!
Ka

FWHM cos 6 (Eq.3.2)

Dp=
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where k is the Scherrer constant that falls in the range 0.87-1.0 (in this study 0.89 has
been chosen), A is the wavelength of X-ray; and FWHM is full width at half maximum of

the diffraction peaks.

3.3 X-ray Photoelectron Spectroscopy (XPS)

X-Ray Photoelectron Spectroscopy (XPS) is an analysis technique used to obtain
chemical information about the surfaces of solid materials. Both composition and the
chemical states of surface constituents can be determined by XPS. The sample is placed
in an ultrahigh vacuum environment and exposed to a low-energy, monochromatic X-ray
source. The incident X-ray causes the ejection of core-level electrons from sample atoms.
The energy of a photoemitted core electron is a function of its binding energy and is
characteristic of the element from which it is emitted (Eq. 3.3). Energy analysis of the
emitted photoelectrons (Figure 3.3a) is the primary data used for XPS. When the core
electron is ejected by the incident x-ray, an outer electron fills the core hole. The energy
of this transition is balanced by the emission of an Auger electron (Figure 3.3b) or a
characteristic X-ray. Analysis of Auger electrons can be used in XPS, in addition to
emitted photoelectrons. The photoelectrons emitted from the sample are detected by an
electron energy analyzer, and their energy is determined as a function of their velocity
entering the detector. By counting the number of photoelectrons as a function of their
energy, a spectrum representing the surface composition is obtained. The energy
corresponding to each peak is characteristic of an element present in the sample volume.
The area under a peak in the spectrum is a measure of the relative amount of the element
represented by that peak. The peak shape and precise position indicates the chemical

state for the element. XPS is a surface sensitive technique because only those electrons
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Figure 3.3 A scheme showing the principles of X-ray photoelectron spectroscopy.

generated near the surface escape and are detected. The photoelectrons of interest have
relatively low kinetic energy. Due to inelastic collisions within the sample's atomic
structure, photoelectrons originating more than 20 to 50 A below the surface cannot

escape with sufficient energy to be detected.

Mathematically, bombarding a sample in vacuum with x-rays gives rise to the emission
of electrons. If monochromatic X-rays are used with a photon energy hv, the kinetic
energy (KE) of the emitted electrons is given by:!"""

KE=hv-BE-¢ (Eq. 3.3)
where, BE is the binding energy of the atomic orbital from which the electron originates

and ¢ is the work function. The work function is the minimum amount of energy an

individual electron needs to escape from the surface. Each element produces a unique set
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of electrons with specific energies. By measuring the number of these electrons as a

function of kinetic (or binding) energy, an XPS spectrum is obtained.

The XPS spectra presented in this report were collected from a VGESCALAB 250
spectrometer using a monochromatic Al Ko X-ray source (1486.6 eV) operating at 15 kV
and a pressure of 10” torr. Samples were finely ground before being mounted onto the
adhesive tape. BEs of all elements were corrected by referring to the C 1s peak (BE of

284.6 eV) that was sputtered on the samples under study.

3.4 Fourier Transform Infrared (FTIR) Spectroscopy

Qualitative infrared spectroscopy is one of the most powerful tools for the analysis of
compounds or moieties in a sample. This is achieved by recognizing characteristic
shapes and patterns within the spectrum. The generated spectrum is formed as a
consequence of the absorption of electromagnetic radiation at frequencies that correlate
to the rotational and vibrational motions of specific chemical bonds within a

911 Molecular bonds vibrate at various frequencies depending on the elements

molecule.
and the type of bonds. For a given bond, there are several specific frequencies at which it
can vibrate. According to quantum mechanics, these frequencies correspond to the
ground state (lowest frequency) and several excited states (higher frequencies). One way
to increase the frequency of a molecular vibration is to excite the bond by absorption. By
interpreting the infrared absorption spectrum, the chemical bonds in a molecule can be

determined. The FTIR spectra of pure compounds are generally unique and therefore can

be used as molecular fingerprints.
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The potassium bromide (KBr) pellet technique is widely used for solid sample analysis.
In this work, a few milligrams of finely ground sample was mixed with KBr powder with
a mass ratio of about 1:100. The mixture was then palletized before the measurement.
The measurement was conducted in a Digilab FTS 3100 instrument by collecting 64
scans with a resolution of 4 cm™ at the mid-infrared region (400-4000 cm™). In this
work, FTIR was used to analyze the chemical bonding information of metal-oxygen, the

surfactants adsorbed, and silica coating layer on the surface of the nanoparticles.

3.5 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a technique in which the mass of a sample is
monitored as a function of temperature while the sample is subjected to heating under a
controlled atmosphere."® This analysis is used to study the physical or chemical
changes that occur in the sample upon heating. In this work, TGA study was carried out
in a Diamond TG/TGA (Perkin Elmer) with a heating rate of 10 °C/min and an air flow

rate of 200 ml/min from room temperature up to 800 °C.

3.6 Inductive Coupled Plasma-Atomic Emission Spectroscopy

(ICP-AES)

The principle of this analytical technique is based on the excitation of electrons of the
element by electronically generated plasma to the higher level of energies above the
ground state. A plasma is an electrically neutral, highly ionized gas that consists of ions,

[192

electrons, and atoms.'® When an electron returns to ground state, a photon with a

particular wavelength corresponding to the difference in the energy levels is emitted.
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There is an empirical correlation between the power of the emitted radiation to the
quantity of the corresponding element in the sample. Such information is then used to
generate a mass spectrum for the quantitative analysis of inorganic components in a
solution. In this work, the solid samples were first dissolved in 2% nitric acid solutions to
obtain clear solutions containing metal cations of the samples. The measurement was

conducted in a Teledyne Prodigy ICP-AES using Argon plasma as an excitation source.

3.7 Particle Size Analysis using Dynamic Light Scattering

(DLS)

A colloidal dispersion is known to be able to scatter a beam of light. The light scattering
behavior, in turn, offers an opportunity for the determination the size of colloidal
particles as the intensity of the scattered light has a proportional correlation with particle
size.l'”?! The method of dynamic light scattering (DLS) has been widely used, especially
to determine particle sizes below 1 pum. It utilizes a coherent, monochromatic, and
intense laser as the light source for detecting a wide range of particle shapes and size at
high accuracy. In our study, dispersion of the nanoparticles was analyzed with a
Brookhaven 05-LHP-928 laser (Brookhaven Instruments Corporation) light scattering

system fitted with a He-Ne laser (35 mW).

3.8 Vibrating Sample Magnetometer (VSM)

A vibrating sample magnetometer (VSM) is used to measure the magnetic behavior of
magnetic materials as a function of magnetic field, temperature, and time. A VSM

operates on Faraday's law of induction which states that a changing magnetic field will
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produce an electric field. Thus by measuring the electric field, information about the
magnetic field can be obtained. If a material is placed within a uniform magnetic field, a
magnetic moment will be induced in the sample. In VSM, a sample is placed within
suitably placed sensing coils. The resulting magnetic flux changes induce a voltage in the
sensing coils that is proportional to the magnetic moment of the sample. In the case of a
typical recording medium, the hysteresis loop gives the relationship between the
magnetization (M) and the applied field (H). A hysteresis loop of a magnetic recording
medium is illustrated schematically in Figure 2.2. The parameters extracted from the
hysteresis loop are the saturation magnetization (Ms), the remanence (Mg), the coercivity

(He).

In this study, the magnetization values of the samples were acquired at room temperature
with a LakeShore 7400 vibrating sample magnetometer (VSM) using an applied
magnetic field from 0 to 10 KOe. Approximately 10 mg dry powder samples were used

for the magnetization measurements.

3.9 Fluorescence Studies

Luminescence arises from the emission of photons from a substance that is at
electronically excited states as discussed earlier in section 2.3.1 and section 2.5.2. In this
study, down- and up-conversion fluorescence of the RE-doped nanoparticles has been
investigated. Nanoparticle samples were dispersed in cyclohexane in a standard suare
quartz cuvette at room temperature. Up-conversion fluorescence spectra were obtained
using a Fluoromax-4, Horiba Jobin Yvon Spectrofluorometer, which employs a photon-

counting detection system for the detection of fluorescence emission. To obtain the
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emission spectra, sample excitation was accomplished using a diode laser, BWF-2 (980
nm, Py,x=2.0 W at 3.0 A, B&W TEK Inc.) coupled to a 100 um (core) optical fiber. The
emission spectra in the visible region were obtained with a resolution of 1 nm and a laser
power of 0.75W. Down-conversion fluorescence spectra were obtained using a
Shimadzu RF-5301PC Spectrofluorometer fitted with a 150 W xenon lamp as the

excitation source with a resolution of 1 nm.

3.10 Magnetic Resonance Imaging (MRI)

MRI is a widely used non-invasive diagnostic tool which has an excellent spatial
resolution and delivers no radiation burden. The basic principle of MRI is based on
nuclear magnetic resonance (NMR) together with the relaxation of proton spins in a
magnetic field. In MRI, contrast agents have been frequently used to enhance image

contrast. The basic principles of MRI have been discussed early in section 2.4.4.1.

In this study, we conducted in vitro MRI for RE3+-d0ped Gd,O3 nanoparticles. The T;-
weighted images were obtained on a Varian 9.4T MRI system. All samples were
dissolved in double distilled water. The repetition time (TR) and echo time (TE) values
were optimized for T,-weighting while using the spin echo sequence. Other parameters
used for imaging are: number of acquisitions = 25, field of view = 35 mm, slice thickness
= 3 mm, and acquisition time ~ 6 min/sample. All experiments were performed in 1%

agarose medium.
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3.11 American National Standard ISO 10993-5

3.11.1 Introduction

ISO (International Organization for Standardization) is a worldwide federation of
national standards bodies. ISO 10993 with a general title - “Biological evaluation of
medical devices” have 20 different parts for evaluation and testing of medical devices.
The part 5 (ISO 10993-5) is for the test of in vitro cytotoxicity of medical devices. This
part was adopted for the evaluation of in vitro cytotoxicity of the nanomaterials

synthesized in this study. Some of its key features are given in the following sections.

3.11.2 Scope

The ISO 10993-5 describes test methods to assess the in vitro cytotoxicity of medical
devices. These methods specify the incubation of cultured cells in contact with a device
and/or extracts of a device either directly or through diffusion. These methods are
designed to determine the biological response of mammalian cells in vitro using

appropriate biological parameters.

3.11.3 Principle of Extraction

Extracting conditions should attempt to simulate or exaggerate the clinical use conditions
so as to determine the potential toxicological hazard without causing significant changes
in the test sample, such as fusion, melting or any alteration of the chemical structure,

unless this is expected during clinical application.

One or more of the following vehicles can be used for mammalian cell assays: (a) culture

medium with serum; (b) physiological saline solution; (c¢) other suitable vehicle.
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Considerations will be given to the use of both a polar and a non-polar vehicle. Culture
medium with serum is the preferred extraction vehicle. The use of culture medium with
serum is preferred for extraction because of its ability to support cellular growth as well
as extract both polar and non-polar substances. In addition to culture medium with
serum, use of medium without serum should be considered in order to specifically
extract polar substances (e.g. ionic compounds). Other suitable vehicles include purified

water and dimethyl sulfoxide (DMSO).

Fetal Bovine Serum was used as the medium in our experiments.

3.11.4 Sample and Control preparation

Due to the general applicability of in vitro cytotoxicity tests and their widespread use in
evaluating a large range of devices and materials, the ISO 10993-5 define a scheme for
testing rather than to specify a single test for decision making. Three categories of test

are listed: (I) extract test, (II) direct contact test, and (III) indirect contact test.

The choice of one or more of these categories depends upon the nature of the sample to
be evaluated, the potential site of use and the nature of the use. This choice then
determines the details of the preparation of the samples to be tested, the preparation of
the cultured cells, and the way in which the cells are exposed to the samples or their
extracts. Controls should be selected so that they can be prepared by the same procedure

as the test sample.
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In the cytotoxicity experiments, we have used direct contact tests and extracts test of the

nanoparticles exposed at different time and temperature.

3.11.5 Extraction Conditions

The extraction shall be conducted at one of the following conditions and shall be applied
according to the device characteristics and specific conditions for use:

a)(24+£2)hat(37+ 1) °C;

b) (72 £2) hat (50 + 2) °C;

c)(24+2)hat (70 +2) °C;

d)(1£0.2)hat(121£2)°C.
Extraction conditions described above, which have been used to provide a measure of the
hazard potential for risk estimation of the device or material, are based on historical
precedent. Other conditions such as prolonged or shortened extraction times at 37 °C
simulate the extraction that occurs during clinical use or provide an adequate measure of
the hazard potential. A minimum of three replicates shall be used for test samples and

controls.

In this study, nanoparticles extract were collected at 37, 50, 70, and 121 °C with a
maximum nanoparticle concentration of 0.25 mg/ml and exposure time of 24, 48, and 72

h. More detail of sample preparation will be discussed in section 7.2.3.

3.12 Analysis of Variance (ANOVA)

One-way analysis of variance (ANOVA) has been used to statistically analyze the toxic

response of the cells to nanoparticles. One-way ANOVA is an exploratory test designed
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to detect evidence of any difference among a set of group means. The analysis provides a
set of formulas that enable to compute test statistics and confidence intervals required to
make inferences. The analysis tests the null hypothesis (Hy) that samples in two or more
groups are drawn from the same population."”*! The ANOVA produces an F statistic, the
ratio of the variance calculated among the means to the variance within the samples,

which help to determine the acceptance or rejection of Hy.!'**!

There are some assumptions upon which the test is developed which are as follows:
1. The probability distributions of the populations of responses associated with each
treatment must be normal.
2. The probability distributions of the populations of responses associated with each
treatment must have equal variances.
3. The samples of experimental units selected for the treatments must be random

and independent.

3.12.1 P-Value

Once the test statistic F is calculated, a measure is obtained of how unusual that observed
value is relative to what would be expected for its value if Hy is true. To calculate such a
measure, we consider the collection of possible values for the test statistic that give at
least as much evidence in favor of the alternative hypothesis as the observed test statistic.
The P-value is defined to be the probability that the test statistic would occur in this

collection of values, if Hy were true. !4
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The P-value is used as a measure of the weight of evidence supporting the null
hypothesis (Hp). A moderate to large P-value means that the data are consistent with Hy.
On the other hand, the smaller the P-value, the more contradictory the sample results are
to Hy. In practice, researcher usually requires very small P-value, such as P< 0.05, in

order to conclude that the data contain sufficient evidence to reject Hy.

In the cytotoxicity studies of this thesis, all the cell viability data has been statically

analyzed by one-way ANOVA and P-value lower than 0.05 was considered statistically

significant.
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CHAPTER 4

Investigation of RE Doping in Y,03; Host
as Potential Contrast Agent in Optical
Imaging

4.1 Introduction

The endeavor to develop novel fluorescent nanomaterials in the fields
nanobiotechnology, photonics and optoelectronics has been burgeoning in the past

1 . . . . .
% 66. 1961 A5 reviewed in chapter 2, several classes of nanomaterials including

decade.|
organic, metallorganic and polymer based dye, fluorescent proteins and semiconductor
nanocrystals have been investigated or operational as fluorescent emitters. These
fluorescent nanomaterials have their respective advantages and disadvantages. In brief,
dye molecules have good quantum yield but often undergoes photobleaching and
fluorescence quenching due to interactions with solvent molecules and reactive species
such as oxygen or ions dissolved in solution.””) Another class of nanomaterial, colloidal
I1-VI semiconductor nanocrystals, more commonly known as quantum dots (QDs),!
29 were the subject of intense study as light-emitting materials for biological labeling.
However, their translation to clinical application is hindered by their potential toxic
effects in cell environment.!'"" 16%! QDs consist of metals such as, Pb** or Cd**, which are
toxic and therefore not suitable for bioapplications without proper surface

[201-202

modifications. "' In comparison, rare-earth (RE) doped nanophosphors offer an

alternative for biological labeling due to their large Stoke’s shift, sharp emission spectra,

44, 197-

Much of this chapter has appeared in print in Journal of Physical Chemistry C, 2008, 112, 11211-11217.

Reproduced with permission. Copyright 2008 American Chemical Society.
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long lifetime, multiphoton and up-conversion excitation, reduced photobleaching, and
lower toxicity over semiconductor nanocrystals like quantum dots and organic phosphors
molecule.'* #2929 The RE™ jons have the ability to emit intensely at various
wavelengths by an appropriate choice of color-center elements instead of varying particle
size.”™ In RE-doped nanophosphors, the RE®" ions 4f electronic levels are spatially
localized to dimensions much smaller than the size of the nanoparticles and thus are not

affected by the dimensions of the nanostructure.

Yttrium oxide (Y,03) has been widely investigated as the host for RE** ions for optical

[120, 125, 206-208]

application. Its combination of favorable properties such as broad

transparency range (0.2 — 8 um), a wide band gap of 5.6 eV, high refractive index, good
thermal conductivity and low phonon energy makes it an attractive choice as the host

material [

The bulk of Y,03:RE research has been focused primarily on their
luminescence properties. In contrast, few works have addressed their morphological
characteristics. Some recent works have reported different morphologies of Y,Os:RE.

(1201 showed self-assembly of Y,0;:Eu nanocrystals to nanodisks, Si ef al.

Wang et al.
reported the formation of Y,0O; nanoplates, while other morphologies like a flower-

like,[zlo] wire-like®'" nanostructure of RE-doped Y,0s; has also been reported.

[209]

In this work, we principally aimed to study the photoluminescence (PL) properties of

Y,0; nanomaterials when doped with different RE*" ions including terbium (Tb3+),
europium (Eu’"), erbium (Er’"), and codoping with ytterbium (Yb*") and erbium (Er’).
In addition, we achieved controlled morphological evolution from nanocrystals to
nanorods for all RE*" doped and codoped Y,03;. We herein present the results in two

subsections: (I) The synthesis conditions affecting the morphology of RE*" (RE = Tb,
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Eu, Er, Yb/Er) doped yttrium oxide (Y,03:RE*) nanomaterials, and (II) The effect of
different RE dopant concentrations on the photoluminescence properties of the
Y203:RE3+ materials. Lastly, a silanization process will be shown to render the

nanomaterials water dispersible and suitable for further bioconjugation.

4.2 Experimental Section

4.2.1 Chemicals

Terbium (IIT) chloride hexahydrate (99.9%), ytterbium (III) chloride hexahydrate
(99.99%), europium (III) chloride hexahydrate (99.9%), erbium (III) chloride
hexahydrate (99.9%), tetramethylammoniumhydroxide (TMAH) 25wt% in methanol,
Igepal CO-520 (Polyoxyethylene(5)nonylphenylether), oleylamine (tech., 70%), and 1-
dodecylamine (98%) were purchased from Aldrich and used without further
purifications. Yttrium oxide (99.99%), HNO; (analytical reagents, 70%) and oleic acid
(tech., 90%) were purchased from Alfa Aesar. NaOH (reagent grade, 97%, beads),
hexadecylaine (puriss > 99%) 3-aminopropyltrimethoxysilane (APS) (97%) were

purchased from Fluka. Ethanol, hexane, cyclohexane and chloroform were of analytical

reagent grade and were used as received.

4.2.2 Synthesis of Y,05;:RE’" Nanocrystals and Nanorods

Yttrium (RE)-oleate complex was first prepared by reacting Y,0O; powder, oleic acid,
sodium hydroxide and RE chlorides hexahydrates (i.e. TbCl;.6H,O, EuCls;.6H,0,
ErCl;.6H,0, YbCl;.6H,0). Typically, 10 mmol of Y,0; was dissolved in 4 ml of HNOs
(70%), and x mmol of RE chlorides hexadydrates (varied from 0.05 to 2 mmol) was then
added. To this precursor, 21 ml of oleic acid, 100 ml of hexane, 80 ml of ethanol and 60
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ml of H,O was added and then stirred for 1 h. Then, 2.65 g of NaOH was added and aged
in a silicon oil bath at 70 °C in oven for 4 h. After that, the upper organic layer
containing Y(RE)-oleate complex was collected using a seperatory funnel, washed with
30 ml of distilled water and dried overnight at 70 °C to evaporate off the water and
hexane. Y,03:RE’" nanocrystals or nanorods were then synthesized by the thermal
decomposition of Y(RE)-oleate complex in the presence of the long-chain alkyl amines.
In a typical synthesis process for nanocrystals and nanorods, 1 mmol of Y(RE)-oleate
complex was dissolved in x mmol (x varied from 10 to 40) of oleylamine (or
dodecylamine, hexadecylamine) in a three-neck flask. The mixture solution was then
heated to the crystallization temperature at 5°C/min under N, environment. Nanocrystals
and nanorods were grown in the solution by varying the reaction time at fixed
temperature 280 °C. Reaction was halted by cooling the reaction solution to room
temperature and precipitating with excess ethanol. The precipitate was collected by
centrifugation and the supernatant decanted. This washing process was repeated several

times and the purified nanomaterials then dispersed in hexane.

4.2.3 Silica-coating and Amine Functionalization

Silica coating of the nanoparticles was performed according to the process described by
Selvan et al.®" At first, micelles were prepared by dissolving 0.2 g of Igepal CO-520 in
4 ml of cyclohexane, followed by stirring vigorously for 30 min. Meanwhile,
nanoparticles were redispersed in chloroform at a concentration of 4 mg/ml. Next, 0.5 ml
of nanoparticles in chloroform was added to the micelle solution and stirred for 15 min.
Subsequently, 20 ul of APS was added and the mixture was stirred for another 1 h. Then,

20 pl of TMAH in methanol was added. After 1 more h of stirring, 20 pl of deionized
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water was added and stirred for 30 min. At this stage, some globules were formed and
settled at the bottom of the flask, leaving the upper solution transparent. The globules of
Y,05:RE*" (RE = Tb, Eu, Er, Yb/Er) nanoparticles were then collected and the
transparent organic phase was discarded. After this the functionalized nanoparticles were
washed with chloroform and ethanol for the complete removal of excess surfactant and
other reactants. The silica-coated Y203:RE3+ nanoparticles were then dispersed in

deionized water.

4.2.4 Characterization

Transmission electron microscope (TEM) images were obtained on a JEOL 3010
electron microscope operating on 200 kV. High resolution transmission electron
microscope (HRTEM) images were obtained on a JEOL JEM-2100F electron
microscopy operating on 200 kV. The X-ray diffraction patterns of the as-synthesized
nanomaterials were collected using a D8 ADVANCE X-ray diffractometer with Cu Ka is
used as X-ray source (A=1.5406 A). Photoluminescence (PL) spectra were collected on a
Shimadzu RF-5301 PC Spectrofluorophotometer using 150 W Xenon lamp as an
excitation source. Up-conversion fluorescence spectra were recorded using a Fluoromax-
4, Jobin Yvon spectrofluorometer. All Y,05:RE** (RE = Tb, Eu, Er, Yb/Er)
nanomaterials were dispersed at a concentration of 0.25 mg/ml in hexane in standard
quartz cuvettes at room temperature for all the luminescence spectra measurement.
Fourier Transform Infrared (FTIR) spectra were recorded using a Digilab FTS3100

spectrometer with a resolution of 4 cm™.
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4.3 Results and Discussions

4.3.1 Morphology

We observed a morphological evolution from nanocrystals to self-assembled nanorods of
all RE*" doped and codoped Y,Os. It was found that process parameters such as reflux
time, reaction temperature, and the type of liganding solvent influence the morphology
of Y,0;:RE*" (RE = Tb, Eu, Er, Yb/Er), within the scope of our investigation. The
effects of the parameters are summarized in Table 4.1 and discussed in the subsequent

sections.

Table 4.1 Effect of different experimental parameters in morphology change

Name of the Liganding solvent: Reaction Growth ~ Morphology
Liganding Y(RE)-complex ratio ~ Temperature Time
Solvent
(mole) 0 (h)
Oleylamine 30:1 280 0.16 Nanocrystals
Oleylamine 30:1 280 0.5 Nanocrystals and few Nanorods
Oleylamine 30:1 280 2.0 Nanorods
Oleylamine 10:1 280 2.0 Nanocrystals
Oleylamine 40:1 280 2.0 Nanorods
Oleylamine 30:1 250 2.0 Nanocrystals
Dodecylamine 30:1 260 2.0 Nanocrystals
Hexadecylamine 30:1 280 2.0 Nanorods of different type

4.3.1.1 Effect of Reflux Time: Crystal Structure and Composition Analysis

To investigate effect of reflux time, all other conditions were kept fixed. At 280 °C, and
oleylamine to Y(RE)-oleate complex ratio of 30:1, a longer reflux time was observed to
cause morphological changes of Y,O3:RE’" nanocrystals to nanorods. The typical

observation of as-formed Y203:RE3+ nanocrystals and nanorods are shown in the TEM
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images in Figure 4.1. After 10 min of reflux, reaction mixture produced monodisperse
quasi-spherical nanocrystals of 2.5 + 0.3 nm (Figure 4.1a). Refluxing the solution to 30
min yielded a mixture of nanocrystals and nanorods (Figure 4.1b), while extending the
reflux time to 2 h resulted in the formation of nanorods of length in the range of 20 + 5.3
nm (Figure 4.1c). This trend of morphological evolution was observed for all RE*'-
doped (i.e Tb*", Ev’", Er’") and co-doped (Yb**/Er’") Y,0; nanomaterials. We attribute
this observation to small amount of RE*" dopants used, which are of similar ionic
diameter of the host Y*" ion, and therefore the type or amount of dopant did not exert
significant influence on the nanoparticle morphology.”'? The HRTEM images (Figure
4.1d) show high magnification view of parallel nanorods while the clear lattice stripes
(Figure 4.1e) suggest the nanorods are single crystalline with an interplanar distance of
0.19 nm, corresponding to the (440) planes of a cubic Y,0;. Selected area electron
diffraction (SAED) from a bunch of nanorods (Figure 4.1f) can be indexed as cubic Y,0;
with (222), (440) and (622) diffraction rings at real space interplanar distances of 0.329
nm, 0.19 nm, and 0.163 nm respectively. The corresponding fast Fourier transformation

(FFT) pattern (Figure 4.1g) further characterizes the cubic structure of Y,03:RE*".

The crystal structure of the as-synthesized nanocrystals and nanorods was analyzed by
powder X-ray diffraction (XRD). Figure 4.2a shows the powder XRD pattern of as-
prepared RE-doped Y,03:RE’" nanomaterials. The diffraction peaks obtained from XRD
confirmed the crystallinity of the as-prepared Y,03:RE’" nanomaterials. The peaks can
be assigned to cubic Y03 (JCPDS file no. 89-5592). Broadening of the peaks suggests
small crystalline size. The intense peaks at (440) in Figure 4.2a(i) indicate the anisotropic

growth due to formation of nanorods at longer heating time. XRD analysis further
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Figure 4.1 Typical TEM images of Y,03:RE*" obtained at 280°C (a): after 10 min,
indicating the formation of nanocrystals; (b): after 30 min, indicating the formation of
mixture of nanocrystals and nanorods; and (c): after 2 hour, indicating the formation of
nanorods only. (d) HRTEM image of several nanorods; (¢) HRTEM image of a single
nanorod; (f) SEAD pattern of the nanorods; (e) the corresponding FFT pattern.
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Figure 4.2 (a) Typical XRD patterns of as-prepared Y,0;:RE*" (RE = Tb, Eu, Er,
Yb/Er) (i) nanorods; (ii) nanocrystals; (b) EDX spectrum of the as-synthesized
Y,05:Tb** nanorods.
provides support that Y,O3:RE’" crystal growth is independent on the type and
concentration of RE dopant. Energy dispersive X-ray (EDX) spectrum (Figure 4.2b) of

Y-03:Tb*" sample was obtained as the representative, which shows that the samples are

composed of Y, O, and Tb. The peaks of C, and Cu originated from the surfactants
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capped the nanorods and the carbon film of the copper TEM grid. The formation of the
nanorods was identified as the self-assembly of the nanocrystals along the longitudinal
axis due to dipole-dipole interactions. Owing to self-assembly along the longitudinal
axis, the diameters of the nanorods were similar to that of the nanocrystals. Detailed
investigation of the self assembly phenomenon will be provided in Chapter 6 in section

6.3.2.

4.3.1.2 Effect of Reaction Temperature
A fixed reflux time (2 h), and oleylamine to Y-complex ratio (30:1) were used to study
the effect of temperature on the morphology of Y,O3:RE*". It was observed that only a
few nanocrystals were formed at 230 °C while increased number of nanocrystals nuclei
was observed at an elevated temperature 250 °C. However, no nanorods were formed
until the reaction temperature reached to 280 °C or above. The highest number of
nanocrystals formation was observed at 280 °C. It was anticipated that high number of
nanocrystals would favor nanorods formation due to their self-assembly, and henceforth
this temperature was chosen for the study of nanorods formation. The above observation
suggests that temperature influences the growth kinetics, and therefore the morphology.
At higher temperature, growth rate is increased and formation of the anisotropic
nanorods is favored. The temperature dependent nanorod evolution phenomenon is due
to change in surface energy of nanocrystals at higher temperature. A possible nanorod
evolution mechanism is that at a higher temperature, the nanocrystals with high surface
energy approached each other and lowered their surface energy by elimination of the
curved surfaces by fusing end-to-end longitudinally. *'*2'*! This enthalpy favorable

process resulted in self-assembly of nanocrystals to the nanorod structures.
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4.3.1.3 Effect of Liganding Solvent
A number of liganding solvents have been reported to be used for controlling shape and

[120, 215-219] Liganding solvents

size of different semiconductors and metal nanoparticles.
play the important role of stabilizing the nanoparticles and providing the spacing among
them. Appropriate choice of liganding solvents can afford tailoring anisotropically grown
nanostructures such as nanorods, arrow-like, tetrapods and so forth.121> 220 Here, we
investigated two aspects of the liganding solvents on the nanoparticles morphology: (1)

molar ratio of the liganding solvent with respect to the reactant precursor, and (II)

different type of amine-based liganding solvents (summarized in Table 4.1).

When a molar ratio of 10:1 (oleylamine to Y(RE)-complex) was used, only nanocrystals
were formed after 2 h of reaction at 280 °C. However, the 30:1 and 40:1 molar ratio were
found to be favorable for producing uniform, monodispersed nanorods. Hence, molar
ratio of 30:1 was chosen for the subsequent experiments involving the use of
hexadecylamine and dodecylamine as solvents. Figure 4.3 shows the typical TEM
images of the nanoparticles formed in hexadecylamine and dodecylamine respectively.
The TEM images show that some non-uniform and random nanorods were obtained for
hexadecylamine (Figure 4.3a) while no nanorods were formed using dodecylamine after
2 h of reflux at 280 °C (Figure 4.3b). The result implies that the liganding solvent
oleylamine favors the formation of uniform nanorods while other two amines

(hexadecylamine and dodecylamine) do not produce similar results. This could be

attributed to different nanocrystals-surface energies associated with different types of

solvents. During thermal decomposition of the precursor complex, the liganding solvent

together with the surfactants (i.e. oleic acids) adsorbed onto the crystal surface. The

[216

adsorption process depend on the type and concentration of the solvents.”'®! Besides, the
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chemical nature of the liganding solvents significantly affects the surface energy of the
nanocrystals.””! Thus at 30:1 molar ratio, the surface energy and the lateral spacing
provided by the adsorbed oleylamine on nanocrystals surface offered the most favorable
surface conditions for fusion of nanocrystals as compared to that of dodecylamine and

hexadecylamine.

Figure 4.3 Typical TEM images of effect of liganding solvent on the morphology of
Y,03;RE* (RE = Tb, Eu, Er, Yb/Er). (a) hexadecylamine; (b) dodecylamine as
ligating solvent produces few non-uniform nanorods and nanocrystals respectively.
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4.3.2 Optical Properties

4.3.2.1 Room Temperature Down-conversion Photoluminescence (PL) Spectra of
Y,03:RE*" (RE = Tb, Eu, Er)

The room temperature photoluminescence (PL) spectra of single RE*" (RE = Tb, Eu, Er)
doped Y»03; nanomaterials dispersed in hexane are shown in Figure 4.4. Emission peaks
at different wavelengths correspond to the electronic transitions between energy levels in
the respective RE*" ions. Figure 4.4a shows photoluminescence excitation and emission
spectra of Y203:Tb3+ nanomaterials. The emission spectrum of Y203:Tb3+ nanomaterials
under 235 nm excitation displays four emission bands at 490, 545, 585 and 620 nm,
which can be assigned to 4f — 4f transitions within Tb*>" ions. The most intense peak at
545 nm corresponds to Dy — 7F5 transition, while the peaks at 490, 585 and 620 nm
correspond to Dy — 'Fe, Dy — "F4 and "Dy — 'Fj transitions respectively.?’” 2!1 PL
excitation and emission spectra of Y203:Eu3+ nanomaterials is shown in Figure 4.4b.
Three emission peaks were observed at 590, 612 and 625 nm at 255 nm excitation. The
most intense peak at 612 nm corresponds to Dy — 'F, transition within Eu’" ions while
the other peaks at 590 and 625 nm corresponds to Dy — 'F; and °Dy — 'F; transition

120, 208] 1o o . 3+
> 208] Figure 4.4c shows excitation and emission spectra of Y,O3:Er.

respectively.!
Two emission peaks at 525 and 553 nm were found at 245 nm excitation. The intense
peak at 525 nm corresponds to 2H11/2 — 4115/2 transition and the other at 553 nm

corresponds to 483/2 -4 152 transition.**?

4.3.2.2 Investigation of the Dopant Concentration on the PL of Y>03:RE>"
To investigate the effect of the RE*™ (RE = Tb, Eu, Er) dopant concentration on Y,O3

photoluminescence (PL), doped RE** concentration were varied in a range of 0.5 to 20
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Figure 4.4 Room temperature photoluminescence emission and excitation spectra of
(a) Y203:Tb"; (b) Y,03:Eu’"; and (¢) Y,03:Er’" nanomaterials. All PL measured at a
concentration of 0.25 mg sample/ml in hexane.
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mol%. As shown in Figure 4.5, no shift in the peaks position was observed by varying
Tb, Eu and Er dopant concentration but intensity of the PL emission varied considerably.
The inset of Figure 4.5a shows PL intensity as a function of Tb concentration (mol%) at
545 nm for Dy — 'Fs transition, while insets of Figure 4.5b and Figure 4.5¢ shows PL
intensity as a function of Eu concentration at 612 nm for Dy — 'F, transitions and Er
concentration at 525 nm corresponds to 2H1 12— 1 15,2 transition respectively. By varying
Tb, Eu and Er concentrations in the range of 0.5 — 20 mol%, the highest PL intensity was
observed at 5 mol% for all three RE dopant concentrations. The trend of the dopant
concentration dependence luminescence is consistent with the trends reported in

223]

literatures. Park et al.”**) reported 8% Tb dopant to be the highest PL intensity while

207]

Muenchausen et al. reported optimum Tb concentration was 1.8% in Y,Oj; host. For

210]

Eu dopant, Zeng et al.”*'” reported that the highest PL was obtained at 4% Eu dopant in

224]

Y,0; while Pang et all reported that at 6% in Y,0; host. Yet in another report, Yi et

(2221 found that 4% Er-doped Y,0; resulted in the highest luminescence. Thus, the

al.
luminescence property is not only dependent on dopant concentration but also on other
factors such as synthesis process, host material, crystal size, and temperature.*>>**! This
is because luminescence property is related to the exact energy level positions,
absorption cross sections, dielectric constant and typical phonon energy of the host
material. The general trend is an initial increase of the PL intensity up to a critical
concentration, at which photoluminescence intensity is the maximum. Higher PL
intensity is attributed to the larger number of luminescent centers in the respective
emitting level. With the increment of doped RE*" ions, more excited ions are transited to
respective emitting level (for example, 5 D, for Tb, 5 Dy for Eu, 2H11/2 for Er). Therefore,

increasing RE ions concentration will increase the intensity of photoluminescence up to a

critical concentration of which the luminescence is the maximum. However,
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photoluminescence decreases beyond the critical concentration. At too high RE**
concentrations, interaction among RE*" ions causes an output-limiting effect. Studies on
Tb-120 27228 gnd Eu-22 22929 oped systems suggested that concentration quenching
beyond a optimal dopant concentration is due to energy transfer between adjacent

. . . . 231
luminescence centers via cross-relaxation. For Er-doped system, Lei at al.**"!

explained
the concentration quenching in terms of a cooperative up-conversion process. At too high
Er’* ions concentration when two erbium ions come to very close proximity, an excited
Er’* ion de-excites the neighboring excited Er’” ion by energy transfer, and itself returns
to ground state by non-radiative relaxation. Hwang et al.'***! investigated cooperative up-
conversion for Er-doped phosphate glasses and reported similar de-excitation
mechanism. Thus, at too high Er dopant concentrations, neighboring excited Er’* ions

depopulates 4111/2 level which in turn lowers the number of excited ions and hence

photoluminescence intensity.

4.3.2.3 Effect of Liganding Solvent on the PL

In addition to other factors, liganding solvents were found to influence the PL of
Y203:RE3+. Tb3+—d0ped Y,0;, taken as the representative sample, were synthesized in
three different amine-based liganding solvents (oleylamine, hexadecyl- amine, and
dodecylamine) to investigate the influence of liganding solvents on the PL. The PL
spectra of the nanomaterials synthesized in three different solvents are shown in Figure
4.6. Similar to the dopant concentration study, we obtained all four Tb**-ion
characteristics emission peaks with different intensity for the nanomaterials synthesized
at three different solvents. It can be observed that the nanocrystals synthesized in

oleylamine manifest the most intense luminescence followed by hexadecylamine and by
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Figure 4.5 Effect of dopant concentration on photoluminescence for (a) Tb**-doped
and (b) Eu*"-doped (c) Er’"-doped Y,O3 nanomaterials.
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dodecylamine. At 545 nm emission the nanocrystals in oleylamine is almost five times

more intense than that of dodecylamine.

The above data inferred that the photoluminescence of the RE**-doped nanocrystals is

1.3 reported the influence of

sensitive to the type of liganding solvents. Wuister et a
alkyl chain length on the luminescence of CdSe QDs where they observed the organic
surface passivation layer play significant roles both in passivating dangling lone pairs
and in surface reconstruction which influence the luminescence considerably. In
addition, overall surface state of the nanocrystals, quantum confinement effects, and
difference in crystal structures are reported to be the factors affecting the luminescence

(2332331 A5 discussed earlier, the affinity of different liganding molecules on

properties.
the nanocrystal surface is not the same. Thus, different surface-bound liganding

molecules are likely to produce photoluminescence emission of different intensity.
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Figure 4.6 Effect of liganding solvent on the PL of Y,03:Tb’". PL measured at a
concentration of 0.25 mg of sample/ml in cyclohexane.
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4.3.2.4 Up-conversion Luminescence for Yb*'/Er’ " -codoped Y03

While photoluminescence has been investigated for single RE**-doped systems, it has
also been studied for codoped system of which two different RE** ions were doped in the
same host material. Codoping can increase the efficiency of the luminescence with the
help of a sensitizer ion and in some cases can induce up-conversion luminescence which

236 . 3+
(2361 Tn our experiment, Yb™ was

is not possible in the single ion doped materials.
codoped with Er’" and their room temperature photoluminescence was studied. Yb*" was
chosen as codopant because it can act as a sensitisier. Its 2F5/2 level is nearly resonant to
the “I,12 level of Er'", therefore capable of inducing energy transfer to the Er’* ion. In
addition, Yb’" has a much longer excited state lifetime.'”* The up-conversion
luminescence spectra of the Yb*/Er’-codoped Y,O; are shown in Figure 4.7. Figure
4.7a shows the up-conversion emission spectra of 2 mol% Er’*/1 mol% Yb’" codoped
Y,0; excited at 980 nm. The bands centered at 525 and 535 nm in the green emission
region corresponds to 2H11/2 — 4115/2 transition and 4S3/2 — 4115/2 transition respectively

while the other peak appears at 652 nm correspond to 4F9/2 | 1512 transition.***
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Figure 4.7 (a) Up-conversion spectra of Yb*"-Er*" (1:2 mol%) co-doped Y,O; at
980 nm excitation; (b) Concentration dependence up-conversion spectra at 980 nm
excitation.
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4.3.2.5 Investigation of Dopant Concentration on Up-conversion Luminescence of
Yb3+/Er3+-cod0ped Y>0;

The concentration dependence of up-conversion spectra of Yb**/Er’*-codoped Y,0; was
investigated and is shown in Figure 4.7b. Using a fixed Er concentration (1 mol%) and
increasing Yb concentration (from 1% to 5 mol%), it was found that green emission
intensity decreased while red emission intensity increased. When Yb concentration was
fixed at 1 mol% and Er concentration was increased from 1 mol% to 5 mol%, red
emission intensity increases while green emission intensity was almost unchanged. The

27 and Vetrone et

observed phenomenon is consistent with that reported by Guo er al.
al " for Yb**/Er’" codoped up-conversion. The up-conversion mechanism in Yb*"/Er**
co-doped systems is very well studied and occurs via two successive energy transfers
from Yb to Er jon.!3% 140 195:206. 2371 Bioyre 4.8 shows the schematic of the up-conversion
mechanism. At 980 nm excitation, the Er’* ions can be excited to the 4111/2 excited state
via two processes: ground-state absorption (GSA: 411 50 — 1 112) and energy transfer (ET)
from excited Yb*" ions (2F5/2 + 4115/2 — 2F7/2 + 4111/2). The latter process is particularly
dominant in codoped samples with higher Yb concentrations because Yb*" ions have

1% Upon absorbing 980

larger absorption cross section than Er’" ions around 980 nm.!
nm photons, the Er’’ ions in the 411 12 level can be further excited to 4F7/2 level by

excited-state absorption (ESA) process. The ions then undergo multi-photon relaxation to

2 4 4 .
Hi1, S35 and "Fo» luminescent levels.

Considering the first case where red emission was enhanced with increasing Yb
concentrations. The red emission enhancement is certainly due to more population of
Er’” jons at red emitting level *Fo,,. One of the most likely reason is the higher efficiency

of the cross relaxation (ET1: 4F7/2 + 4111 n —> 4F9/2 + 4F9/2) which can directly populate the
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4F9/2 level."* Another possible route is the populated 4113/2 level was excited to the 4F9/2
level by energy transfer from excited Yb** ions (ET2: 4113/2 + 2F5/2 — 4F9/2 + 2F7/2).[23 7l
However, unlike the red emission enhancement, the green emission of the co-doped

sample was decreased with increased Yb concentration. Guo et al.**”]

proposed that the
energy-transfer process of (ET3: 4F7/2+ 2F7/2 — 4111 n+ 2F5/2) depopulates the excited ‘F 7
level at higher Yb concentrations. This results in less population of the 2H11/2 and 4S3/2
green emitting levels and causes a decrease in green emission intensity. In the second
case when Er’" concentrations are five-fold higher than Yb** concentrations, it is more
likely that the up-conversion is occurring via Er’* ions. At first, Er’* ions are excited to
1112 level via ground-state absorption. One ion subsequently transfers it energy to its
neighboring Er’" ion and returns to 4115/2 ground state while the second ion further
excited to 4F7/2 level by a energy-transfer process (ET4: 4111/2 + 4111/2 — 4F7/2 + 4115/2).
Hence, more Er’* ions are excited to the 4F7/2 level and relax non-radiatively to the 2H1 172

238]

*S3> and *Fo), luminescent levels. In addition, Lin et al'”** proposed an energy transfer
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Figure 4.8 Schematic of the different up-conversion mechanism of Yb*"/Er’'-
codoped Y,0; excited at 980 nm. 36
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mechanism (ETS5: 4113/2 + 4111/2 — 4F9/2 + 4115/2) which may populate 4F9/2 level at high
Er’" concentration. The combined effect of ET4 and ET5 results in red emission
enhancement while green emission intensity remains relatively unchanged in the

observed up-conversion spectra.

Figure 4.9 shows the digital photographs of the fluorescent RE** (RE=Tb, Er, and Eu)
doped and Yb*"/Er’" codoped Y03 samples. Green emission is visible from the Tb>*-
and Er’*-doped Y03 nanorods due to their dominant green emission peaks at 545 and
525 nm respectively while red emission is observed from Eu’*-dope Y03 nanorods due

to the Eu®" ions’ strong emission at 612 nm. Figure 3.9b shows the photographs of up-

(a)

(b)

Figure 4.9 (a) Digital photographs (top view) of the cuvettes containing luminescent
Tb**-, Eu’™-, Er’’-doped Y,O; nanomaterials excited at 235, 255, and 245 nm
respectively; (b) Side-view of up-conversion luminescent green and red emitting
Y,05: YL ,Er’" excited at 980 nm.
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conversion emission of Y203:Yb3+,Er3+ samples. The up-converting Y,0O3; samples
(Er05Yb01 and Er01Yb0OS5S samples shown in Figure 4.7b) produce green and red
emissions at 980 nm excitation from external diode laser as expected due to different

concentration of codopants.

4.3.3 Surface Functionalization of the Nanomaterials

To render these nanoparticles water dispersible and afford them with surface functional
groups for further derivatization, a silanization procedure was carried out using a reverse
microemulsion technique. The diagram of a silanized nanocrystal is presented in Figure
4.10a. These amine groups can afford easy biomolecule functionalization. The existence
of silica- framework and amine (NH,) groups on surface was confirmed by Fourier
transform infrared (FTIR) spectroscopy. The FTIR spectrum in Figure 4.10b(i) was
obtained for the typical as-synthesized Y,03:Tb’" nanoparticles capped with oleic acid.
The peaks at 3018, 2915 and 2850 cm™ are due to =C-H stretching, asymmetric and
symmetric C-H stretching respectively."”!! The peaks at 1549 and 1454 cm™ are
attributed to C=C stretching and C-O-H in plane bending band. The peak at 570 cm™ is
assigned to Y-O vibration bands.® The FTIR spectrum of amine-functionalized
Y,05:Tb*" nanoparticles is shown in Figure 4.10b(ii). The peak at 685 cm™ is identified
as N-H bending band. The relatively strong peak at 1109 cm™ is due to the overlay of C-
N stretching vibration, normally observed at 1000-1200 cm™, and IR absorption of Si-O-
Si bond at the range of 1000-1130 cm™.*****! The peaks at 1570 and 1663 cm™ are due
to NH, symmetric bending and N-H bending respectively. The peak at 3635 cm™ is

[240

assigned to N-H stretching for terminal amine (NH,) group.**”) Amine-functionalization

renders hydrophilic groups on the nanoparticle surface and enhances the dispersity of
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Figure 4.10 (a) A diagram of silanized nanocrystals (NC) with exposed amine (-NH;)
functional groups (b) FTIR spectra of (i) as-synthesized Y,03:Tb’"; (ii) silanized
Y,05:Tb™".
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these nanoparticles in water. These waster-dispersible, amine functionalized
nanoparticles can be potentially exploited for further bioconjugation. Amine surface

[242

functional group is reported to be less cytotoxic**! and hence suitable for cytotoxicity

studies.

4.4 Conclusion

Nanocrystals and nanorods of various doped and codoped Y-O3:RE*" (RE = Tb, Eu, Er,
Yb/Er) have been synthesized in the presence of long-chain alkyl amines by adjusting the
experimental parameters. The nanorods are formed from spherical nanocrystals by
oriented attachment. The type of alkyl amine solvents has influence on the morphology
of the nanoparticles as well as on the photoluminescence (PL) properties. It has been
observed that the longer the chain length of alkyl amines, the stronger the PL emission
intensity. The type of dopant had little or no effect on the morphology of the
nanomaterials formed. Tb>", Eu’", Er'-doped and Er’’/Yb*'-codoped Y-O;
nanomaterials exhibit photoluminescence at room temperature. Under 980 nm excitation,
green and red up-conversion emissions of Er*"/Yb*"-codoped Y,Os have been observed.
The dopant concentration plays an important role in tuning the green and red up-
conversion intensities. In the first case, when Yb>" concentration was increased five-fold,
the red emission enhancement was attributed to enhanced population of the ‘Fo,, level via
ET1 ( *F7n + *Lis — *Fon + *Fop) and ET2 (*Lizn + *Fsp — *Fopn + “Fyp), while green
emission diminishment was attributed to ET3 (4F7/2+ Py — I n t+ 2F5/2) which
depopulates the excited *Fy level at higher Yb®" concentrations. In the second case,
when Er'" concentration was 5 times higher than Yb*" concentration, the combined

effect of ET4 (4111/2 + 4111/2 — 4F7/2 + 4115/2) and ET5 (4113/2 + 4111/2 — 4F9/2 + 4115/2)
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resulted in red emission enhancement while green emission intensity remains relatively
unchanged. Surface functionalization with amine groups via a silanization process
renders the nanomaterials water soluble and the ability to afford further functionalization

by other biomolecules.

The rare-earth doped and codoped oxide synthesis method reported herein could be
applied broadly to other RE oxide materials. This provides a general synthetic strategy
for tailoring functional properties in rare earth oxide nanomaterials for potential
applications such as bioimaging. Up-conversion fluorophores are envisioned to have

potential in deep-tissue imaging.
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CHAPTER 5

Tb’"-Doped y-Fe,05: Novel Bifunctional
Superparamagnetic-Fluorescent
Nanocrystals

5.1 Introduction

Multifunctional nanomaterials that combine different useful functionalities offer a new
platform for both diagnostics and treatment of disease.l” ' As briefly reviewed in
chapter 2 (section 2.4), significant efforts have been made in recent years towards
fabricating multifunctional nanomaterials for different biomedical applications. One of
the most popular research focuses is to fabricate nanoparticle-based probes for combined
optical/magnetic resonance imaging. Individually, both magnetism and fluorescence in
materials have been exploited extensively in the biomedical research.'* ' Magnetic

materials have been found in a variety of applications which includes magnetic data

storage, ferrofluid technology, magnetorheological polishing, and energy storage."

Recent advancement in superparamagnetic colloidal synthesis has enhanced their

potential for many other fields related to biology, pharmacy, and diagnostic, including

magnetic fluids, magnetic bioseparation of labeled cells and biological entities,*****¥

magnetic resonance imaging (MRI) contrast agents,***2* targeted drug delivery,**”

radio frequency induced destruction of cells and tumors via hyperthermia,*****! and

[250

biosensing.>”! On the other hand, fluorescent nanomaterials have been exploited mostly

for detection and sensing of cells and intracellular molecular events in the biomedical

Much of this chapter has appeared in print in Journal of Materials Chemistry, 2009, 19, 3696-3703.
Reproduced by permission of The Royal Society of Chemistry (RSC).
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field." The conventional fluorescent probes such as organic dyes, organic/inorganic
fluorophores, have their respective advantages and shortcomings (details review has been
presented in section 2.4). However, combining fluorescent with other properties like
magnetism in nanomaterial has been considered as an effective mean of compensating
the shortcomings and adding up the advantages of each.l’- 71835 2311
strategies (a scheme is provided in section 2.4.3) includes magnetic and fluorescent

44, 200]

nanocrystals incorporated into silica shells,' magnetic nanocrystals attached to

fluorescent nanocrystals by means of ligand molecules, >

or magnetic and luminescent
nanoparticles encapsulated into silica spheres,** ** to produce hybrid nanostructures by
colloidal syntheses. However, tailoring multifunctional nanocomposites by assembly of
desired functional nanomaterials are rather tedious which involve multiple synthesis
steps and potentially less attractive for large scale production. In comparison, the notion
of engineering a single-phase multifunctional nanoparticle would be more advantageous,

both in terms of ease of synthesis and applications."**

In chapter 4, we have presented the investigation of rare earth (RE) ions doping and co-
doping into an oxide host (Y,03) to fabricate fluorescent nanomaterials for bioimaging.
The rare-earth ions exhibited intense, narrow-band intra-4f luminescence. In this work,
by adopting the RE doping strategy, we doped terbium (Tb) ion in a superparamagnetic
oxide host (y-Fe,O3) to fabricate a novel single-phase bifunctional nanocrystal which
combine two useful functionalities, superparamagnetism and luminescence, into the
same crystal. The luminescence of the nanocrystals was further improved by affording a
surface-passivating ZnS shell. Amine surface-functionalization of the Tb>"-doped y-
Fe;Os; has also been demonstrated to render the bifunctional nanocrystals water

dispersible, hence suitable for in vitro cytotoxicity studies and for further bio-
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conjugations. The synthesized bifunctional nanocrystals are envisioned to be useful as

negative contrast agents in T,-weighted MRI as well as in optical imaging.

5.2 Experimental Section

5.2.1 Chemicals

All chemicals were used as received without further purifications. Terbium (III) chloride
hexahydrate (99.9%), 1-octadecene (tech. 90%), diethylzinc (1.0M solution in hexanes),
tetramethylammoniumhydroxide (25 wt% in methanol) (TMAH) and Igepal CO-520
(Polyoxyethylene(5)nonylphenylether) were purchased from Aldrich. Iron (III) chloride
hexahydrate (98%) and oleic acid (tech. 90%) were purchased from Alfa Aesar. NaOH
(reagent grade, 97%, beads), 3-aminopropyltrimethoxysilane (APS) (97%)
trioctylphosphine (TOP), hexamethyl disilthiane were purchased from Fluka. Ethanol,

hexane, cyclohexane and chloroform were of analytical reagent grade.

5.2.2 Synthesis of Th**-doped v-Fe,03; Nanocrystals

Single-phase magnetic-fluorescent Tb>"-doped y-Fe,O3 nanocrystals were synthesized
based on a modified method developed by Hyeon et al.*'® In a typical synthesis process,
2 mmol of FeCl;-6H,0 and 0.2 mmol of TbCl;-:6H,0 (99.9%, Aldrich) was dissolved in
3 ml of deionized water. 1.9 ml of oleic acid, 7 ml of hexane and 4 ml of ethanol were
added and stirred at room temperature for 30 min. Then, 6.25 mmol of NaOH was added
to the reaction mixture and refluxed the reaction mixture at 70 °C for 4 h. The resultant
solution was allowed to form two different layers in a separatory funnel. The top organic
layer containing Fe(Tb)-oleate complex was collected, washed with 30 ml of water and

then heated at 70 °C overnight in order to remove the hexane. The sticky iron(Tb)-oleate
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precursor was dispersed in 1.5 ml of oleic acid and 12 ml 1-octadecene. The mixture
solution was degassed with N, for 30 min at room temperature. After that, the mixture
was heated to 320 °C at 3 °C/min and maintained at that temperature for 30 min under N,
flow. Afterwards, the solution was cooled to room temperature and precipitated by
excess ethanol. The precipitate was collected by centrifugation and the supernatant
decanted. The isolated solid was redispersed in hexane and then precipitated with
ethanol. The precipitation-redispersion process was repeated for several times to purify

the as-prepared Tb*"-doped iron oxide nanocrystals.

5.2.3 ZnS Coating of Thb*'-doped y-Fe,0; Nanocrystals

The as-prepared Tb**-doped iron oxide nanocrystals were dried at 70 °C overnight. A

method similar to the literatures®>>2>*

was adopted to form Zn$ coating onto Tb>*-doped
v-Fe,03 nanocrystals. 30 mg of dried Tb**-doped iron oxide nanocrystals was dispersed
in 2 g of trioctylphosphine (TOP). The solution mixture was then degassed with N, for
30 min at room temperature and slowly heated up to 280°C under N, flow. A solution of
250 ul of hexamethyl disilathiane and 1 ml of diethylzinc premixed in 2 g of TOP was

injected very slowly drop-wise into the hot reaction mixture and the reaction was kept at

that temperature for 1 h under N».

5.2.4 Amine Functionalizations
Silanization and amine functionalization were carried out in a similar process described
in chapter 4 which was adopted from method developed by Selvan et al.*% In a typical
process, y-Fe;O3:Tb>" nanocrystals dispersed in hexane were separated by centrifugation

and 4 mg of the nanocrystals were re-dispersed in chloroform. Micelles were prepared by
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dissolving 0.2 g of Igepal CO-520 in 4 ml of cyclohexane and the mixture was stirred
vigorously for 1 h. Next, 200 pl of nanocrystals in chloroform was added to the mixture
and stirred for 15 min. Subsequently 50 pl of aminopropyl trimethoxysilane (APTMS)
was added and the mixture was stirred for another 1 h. Then, 20 pl of
tetramethylammonium hydroxide (TMAH) in methanol was added. After 1 h of stirring,
10 pl of deionized water was added and stirred for another 30 min. At this stage, some
globules were formed and settled at the bottom of the flask leaving a transparent organic
phase at the top. The transparent organic phase was then discarded and globules of -
Fe,0;5:Tb>" nanocrystals were washed with chloroform and ethanol for the complete
removal of excess surfactant and other reactants from the surface. The amine-

functionalized y-Fe,05:Tb’" nanocrystals were then dispersed in deionized water.

5.2.5 Characterizations

The as-prepared samples were characterized by powder X-ray diffraction (XRD) (D8
ADVANCED X-ray diffractometer), transmission electron microscopy (TEM), high
resolution TEM (HRTEM) (JEOL JEM-3010) and Energy Dispersive X-ray
Spectroscopy (EDS) supported by TEM. X-ray photoelectron spectroscopy (XPS)
investigation was conducted on a VGESCALAB 250 spectrometer using a
monochromatic Al Ko X-ray source (1486.6 eV). All binding energies (BEs) were
referenced to the C 1s peak (BE = 284.6 eV) arising from surface hydrocarbons.
Photoluminescence spectra were collected on a Shimadzu RF-5301 PC
Spectrofluorophotometer using 150 W Xenon lamp as an excitation source. The
magnetic properties of the iron oxide nanocrystals were studied using a vibrating sample

magnetometer (VSM) (Lake Shore, 7300). Thermogravimetric analysis was performed
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using a Diamond TG/DTA (Perkin Elmer). Dynamic light scattering (DLS) experiments
were performed with a Brookhaven 05-LHP-928 laser light scattering system (He-Ne

laser, 35 mW).

5.3 Results and Discussion

5.3.1 Morphology, Size, and Crystal Structure of the Nanocrystals

Figure 5.l1a shows a typical TEM image of as-synthesized Tb>“-doped y-Fe,Os
nanocrystals. It is observed that almost all the nanocrystals are spherical in shape and
highly monodispersed with an average diameter of 13 £+ 0.2 nm. The clear lattice fringes
(Figure 5.1b) show the highly crystalline nature of the y-Fe,O5:Tb®" nanocrystals. The
distance between two adjacent planes was measured to be about 0.29 nm, corresponding

to (220) lattice planes in the spinel-structured y-Fe,Os.

The X-ray powder diffraction (XRD) pattern of the as-prepared sample shown in Figure
5.2a which confirms that all the peaks match very well with XRD pattern of y-Fe,O3
(maghemite) nanocrystals (PDF no.# 04-0755). The diffraction peaks at 30.3, 35.5, 43.1,
53.5,57.1, 62.5 and 74.6° can be indexed as (220), (311), (400), (422), (511), (440), and
(533) planes of y-Fe,Os3. The broadening of the peaks indicates small crystalline size of

(251 the average

the resulting iron oxide particles. As calculated using Scherrer’s formula,
size of these iron oxide nanoparticles is about 12.8 nm, which is quite consistent with the
result obtained from TEM analysis. XRD patterns for Tb**-doped and undoped y-Fe,Os
nanocrystals were compared (Figure 5.2¢). Comparing these two patterns, it is observed

that there is a slight shift towards the lower angles for the Tb-doped sample which is

probably ascribed to a larger ionic radius of doped Tb>* cation compared to that of host
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Fe’" cation. Such a phenomenon indicates that solid solution was likely formed by
incorporating Tb>" into the structure of y-Fe,03.The hydrodynamic size of the colloidal
suspension was also obtained using dynamic light scattering (DLS). According to the
particle size distribution plot, the average particle size is about 12.7 nm (as shown in

Figure 5.2b), which is close to the results from TEM and XRD.

Figure 5.1 (a) A typical TEM image of Tb*-doped y-Fe,Os nanocrystals; (b) The
inset shows HRTEM image of a single nanocrystal.
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Figure 5.2 (a) XRD pattern of as-prepared iron oxide nanocrystals, showing the
cubic spinel structures; (b) Particle size distribution of Tb**-doped iron oxide
nanocrystals. (¢) XRD pattern of Tb>-doped and undoped y-Fe,O3 nanocrystals.
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5.3.2 Composition Analysis of the Nanocrystals

The composition of these nanocrystals was analyzed by energy dispersive X-ray
spectroscopy (EDS) by a JEOL JEM-3010 TEM. Figure 5.3 shows that these
nanocrystals are composed of C (from the surfactant and carbon film on TEM copper
grid), Fe, O and Tb. The peaks of Cu element are from the copper TEM grid.

Quantitative analysis shows that the atomic ratio of Fe to Tb is about 10.5: 1.
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Figure 5.3 Energy dispersive X-ray spectra (EDS) of Tb*'-doped v-Fe,Os

X-ray photoelectron spectroscopy (XPS) was used to examine the oxidation states of the
iron and Tb on the surface of these nanocrystals. The representative XPS survey
spectrum is shown in Figure 5.4. The peaks of the C 1s, O 2p and Fe 2p observed
indicate the organic coating (oleic acid) on the surface of iron oxide nanoparticles. The
binding energies at 710.9 and 724.7 eV are attributed to Fe 2ps, and Fe 2p;/, core-level

electrons, respectively, in good agreement with the values reported for y-Fe,O; but not

100



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 5: y-Fe,03:Tb

for Fe3O4.[256'257] The XPS spectrum of the Tb 4ds, of the as-prepared sample is shown in

Figure 5.4d. A single peak at 149.5 eV corresponds to Tb in the trivalent state.*"

(@)
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Figure 5.4 XPS spectra of the as-prepared: (a) survey; (b) Fe 2p; (c) Ols; (d) Tb 4d.

5.3.3 Optical Properties

5.3.3.1 The Room Temperature Photoluminescence (PL)

The room temperature PL spectra of Tb®"-doped y-Fe,O; nanocrystals dispersed in
hexane are shown in Figure 5.5. The emission spectrum at 235 nm excitation display

four sharp but relatively weak emission bands which can be assigned to 4f — 4f
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transitions within Tb*" ions. The most intense peak at 545 nm corresponds to the Dy —>

’Fs transition. The other emission peaks at 490, 585, and 620 nm correspond to

transitions from Dy to 7F6, "F, and "Fs respectively.ml]
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Figure 5.5 Excitation and emission spectra of as-obtained Tb’*-doped y-Fe,Os
nanocrystals in hexane at room temperature.

5.3.3.2 ZnS Surface Passivation

Although the emission bands suggest the presence of Tb>" ions in y-Fe,O3 nanocrystals,
the possibility of Tb*" ions adsorbed at the surface and bound to organic ligands rather
than doped in the y-Fe,Os; matrix cannot be ruled out completely. Considering this
possibility, a surface passivation was carried out. The Tb>"-doped y-Fe,O3 nanocrystals
were surface-coated with a thin layer of ZnS. Figure 5.6a shows the TEM image a thin
layer of ZnS shell forms over the nanocrystals while the inset shows uniform dispersity
of the ZnS coated nanocrystals in the solution. EDS analysis (Figure 5.6b) of the ZnS
coated nanocrystals was also carried out. It confirms the presence of Zn and S on the

nanocrystals surface which suggests that the nanocrystals are composed of C, Fe, O, Tb,
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Figure 5.6 (a) HRTEM image of a single Tb*"-doped y-Fe,O3 nanocrystal coated with
ZnS layer. Inset showing the uniform dispersity of the ZnS coated nanocrystals; (b) EDS
analysis of ZnS coated Tb>*-doped y-Fe,O3 nanocrystals.
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Zn, S and P. Carbon (C) and phosphorous (P) peaks appears from the surfactants oleic

acid and trioctylphosphine (TOP) used in the synthesis process.

The PL spectra of the nanocrystals (Figure 5.7) before and after ZnS coating suggest that
ZnS-coating enhances the PL intensity of the nanocrystals. The difference in
luminescence properties can be ascribed to passivation of nanocrystals surface. Previous
studies elucidated that surface states play a key factor for the occurrence of band-gap

[234-235

states that quench the excitation luminescence. IZnS is a higher bandgap material

which may help to enhance the fluorescence through the passivation of the

(2521 The ZnS shell can reduce luminescence quenching at the

nanocrystalline surface.
nanocrystal surface and increase the stability of nanocrystal to photochemical corrosion,
which improve the PL. Yet, the increase of PL after ZnS coating is not very significant.

The PL spectrum of ZnS-coated Tb>*-doped y-Fe, 05 also evidences the incorporation of

Tb®" ions in the y-Fe,O; matrix instead of present as adsorbates on the nanocrystal

surface.!*!
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Figure 5.7 PL spectra of Tb**-doped y-Fe,O;3 nanocrystals before and after ZnS coating.
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5.3.4 Magnetic Properties

Figure 5.8a shows the room-temperature magnetization curves of undoped, Tb>"-doped
and silanized y-Fe,O3 nanocrystals. The coercivity values of undoped and Tb*"-doped y-
Fe;Os3 nanocrystals at room temperature are almost negligible at 8.52 G and 3.53 G
respectively, which is a typical characteristic of superparamagnetic materials.**” This
also indicates that the thermal energy can overcome the anisotropy energy barrier of a
single particle at room temperature, and that the net magnetization of the particle
assemblies in the absence of an external magnetic field is almost zero. The saturation
magnetization of Tb*"-doped y-Fe,O3; was 30.51 emu/g, which is slightly lower than
those of similar size nanoparticles prepared by other methods.**") The saturation
magnetization of undoped y-Fe,O3 was found to be similar at 30.39 emu/g. The lower
saturation magnetization value of the as-synthesized iron oxides is most likely attributed
to the existence of surfactants on the surface of y-Fe,Os nanoparticles. Kodama et al.’s
studies suggested that noncollinear spin structure, which originated from the pinning of
the surface spins and coated surfactant at the interface of iron oxide, results in the

2621 The amount of weight loss due

reduction of magnetic moment in such nanoparticles.
to the surfactant layer on the as-prepared nanocrystals was estimated. Based on TGA
analysis conducted in air with a heating rate of 10 °C/min (Figure 5.8b), it was estimated
that the percentage loss due to the removal of oleate was around 27%, indicating that our

nanocrystals are covered by oleate groups which may reduce the magnetization of the

nanocrystals.
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Figure 5.8 (a) Room temperature magnetic hysteresis curves for Tb>"-doped, undoped
v-Fe,05, and silanized Tb**-doped y-Fe,O;. Insert: Magnified values at low fields; (b)
Percentage of weight loss of the as-prepared Tb**-doped y-Fe,0;3 using TGA method.
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5.3.5 Amine Surface Functionalization

Surface functionalization via silanization was carried in a reverse microemulsion to
render the bifunctional nanocrystals water dispersible and ease of further
functionalization for bio-conjugation. A thin layer of silica was produced on Tb’"-doped
v-Fe,O3; with surface NH, groups after silanization using aminopropyl trimethoxysilane
(APS). The silanized nanoparticles were well-dispersed in deionized water at pH 6.95.
Proposed structure of the amine-functionalized nanocrystals is similar to that shown in
Figure 4.10a (in chapter 4). FTIR spectroscopy was conducted to confirm the presence of
silica layer and surface amine (NH;) group. The FTIR spectrum in Figure 5.9a(i) was
obtained for as-synthesized Tb>"-doped y-Fe,O3 capped with oleic acid. The peaks at
2923 cm™ and at 2852 cm™ are due to asymmetric and symmetric C-H stretches in oleic
acid. Peaks at 1709 cm™, 1562 cm™, 1450 cm™, 1132 cm™ are attributed to C=0O
stretching, C=C stretching, C-O-H in plane bending and C-O stretching band
respectively.[m] A relatively small peak at 580 cm™ is due to Fe-O vibration band. The
spectrum for amine functionalized nanocrystals is shown in Figure 5.9a(ii). The
incorporation of silica framework and amine groups can be qualitatively confirmed by
this spectrum. A relatively strong peak at 630 cm™ is due to bending of N-H bonds
indicating the existence of amine groups. The C-N stretching vibration, normally
observed in the range of 1000-1200 cm™, is overlaid with the IR absorptions of Si-O-Si
in the range of 1130-1200 cm™ and of Si-CH,-R in range 1250-1200 cm™ producing a
wide peak at 1109 cm™.***?*!] peaks at 1560 cm™ and 1632 cm™ are attributed to N-H
bending and -NH, scissoring band respectively while the peak at 3416 cm™ is due to N-
H stretching band for terminal amine groups. Silanized magnetic nanoparticles show

decreased saturation magnetization of 22.11 emu/g (Figure 5.8a). The coercivity was
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Figure 5.9 (a) FTIR spectra of (i) as-synthesized Tb®" doped y-Fe,Os; (ii) APS-
modified Tb®" doped y-Fe,O3 nanocrystals; (b) Particle size distribution of Tb**-doped
v-Fe,Os nanocrystals after silica silanization; (¢) HRTEM image of amine functionalized
Tb’"-doped y-Fe,Os nanocrystals; Inset: Well-dispersed amine functionalized

nanocrystals in water.
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estimated to be 14.1 G. The mean hydrodynamic size after silanization and the particle
size distribution is presented in Figure 5.9b. There is a small increase in mean particle
size and a shift in particle size distribution. The mean size has increased from about 12.7
nm to 12.9 nm after silanization. The silanization process only yields a thin layer of silica
coating. TEM image of the silanized nanoparticles (Figure 5.9c) shows that the layer
owing to silanization is too thin to be visible under TEM. The silanized water-dispersible

nanocrystals were further used for in vitro cytotoxicity studies.

A photograph of green emitting fluorescent Tb**-doped y-Fe,O; at 235 nm excitation is
shown in Figure 5.10a. The green fluorescence emission line is visible along the
excitation path. Figure 5.10b shows the as-synthesized nanocrystals kept in a sample vial
while Figure 5.10c shows the nanocrystals being attracted to a magnet due to its

superparamagnetism.

L

Figure 5.10 (a) Digital photograph (top view) of the Tb>*-doped y-Fe,O3; showing
emission (green color); (b) the as-synthesized Tb>*-doped y-Fe,O; in a sample vial; (c)
sample attracted by a magnet.

109



ATTENTION: The Singapore Copyrigh

pplies to the use of this document. Nanyang Technological University Library

Chapter 5: y-Fe,03:Tb

5.4 Conclusions

In summary, a facile method has been developed to synthesize single-phase bifunctional
magnetic-fluorescent Tb>*-doped y-Fe,O; nanocrystals. These iron oxide nanocrystals
are highly monodispersed and around 13 nm in diameter. The as-obtained nanocrystals
are superparamagnetic (saturation magnetization strength of 30 emu/g) and exhibit room
temperature photoluminescence emission at 235 nm excitation. We have also shown that
the nanocrystals can be amine-functionalized. The reported single-phase bifunctional
nanocrystals are envisioned to have potential in integrated imaging technology, of which
T,-weighted MRI and florescence microscopy can be combined to provide better

resolution in tissue and cellular imaging.
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CHAPTER 6

RE-DOped Gd203 & DY203:
Multimodal Contrast Agents for
Optical/Magnetic Resonance Imaging

6.1 Introduction

Development of contrast agents for cellular and molecular imaging has been thriving in
the past decades (as reviewed in section 2.4), particularly in areas of improving detection
limits, incorporating functionalities and imaging modalities..’”* 7! Of these, MRI and
optical imaging probes draws substantial interest. In particular, superparamagnetic iron
oxides (SPIO) prevailed among inorganic nanoparticle-based MRI contrast agents, but
they have been used to provide negative contrast only.[** ***2% As a result, simultaneous
efforts have been made over the years to develop positive contrast agents. Generally,
metal ion chelates such as Gd**- and Mn*"-based chelates have been used as positive (T))

contrast agents in MRL® ¥

For example, Gd-based chelate gadolinium
diethylenetriaminepentaacetate (Gd-DTPA) has been used clinically for detecting the
breakage of the blood-brain barrier (BBB) and changes in vascularity, flow dynamics,
and perfusion.”**” However, the metal ion chelates are limited by quick removal by renal
excretion, non-specificity to target, and short accumulation time.”® *** In comparison,
rare-carth based inorganic nanoparticles agents such as gadolinium oxide* '*'%) and

gadolinium fluorides!"'” show very good potential in T;-weighted MR imaging. For

example, small Gd,O; (20-40 nm) was reported to show comparable relaxivity to Gd-

Much of this chapter has appeared online in Langmuir, 2010, 26, 8959-8965. Reproduced with
permission. Copyright 2010 American Chemical Society.
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DTPA chelates by Alexander er al'®™ while Fortin et al'®' showed poly(ethylene)
glycol coated ultrasmall Gd,O3 (~3 nm) demonstrated relaxivity twice as high as for Gd-
DTPA chelate. Other rare earths such as dysprosium oxide (Dy,0Os3) has also been
reported as potential T,-weighted MRI contrast agent by Norek et al.®*! Furthermore,
rare earth oxides have been fabricated as bimodal imaging probes by Bridot ez al.™”
They integrated paramagnetic Gd,Os; with fluorescent organic fluorophores by an
encapsulation technique and manifested the applicability of the bifunctional

nanomaterials to combined optical/MR imaging.

In chapter 5, rare earth (i.e. Tb’") doping in y-Fe,Os hosts has been demonstrated which
resulted in single-phase bifunctional superparamagnetic-fluorescent nanocrystals. In this
work, we extended our quest of fabricating single-phase multimodal contrast agent by
choosing two paramagnetic RE oxide hosts gadolinium oxide (Gd,O3) and dysprosium
oxide (Dy,03) doped and codoped with RE*" ions (i.e. Tb, and Yb/Er). Adopting similar
synthesis strategy, single-phase bifunctional paramagnetic-fluorescent Gd,O3:RE’" and
Dy,03:RE*" nanocrystals and nanorods have been synthesized. It is observed that the
nanorods (with uniform diameters of 2.5 + 0.3 nm and lengths of 18.8 £ 5.7 nm) evolve
from the quasi-spherical nanocrystals (2.5 + 0.3 nm). The nanocrystals and nanorods
demonstrate both down- and up-conversion fluorescence, and are paramagnetic, and one
of these nanorods (Gd203:RE3+) demonstrates good positive contrast in T;-weighted

MRI.

112



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 6: GnggZRE & Dy203:RE

6.2 Experimental Section

6.2.1 Chemicals

All chemicals were used as received without further purifications. Gadolinium (IIT) oxide
(99.99%), and dysprosium (III) oxide (99.99%), terbium (III) chloride hexahydrate
(99.9%), ytterbium (III) chloride hexahydrate (99.99%), erbium (III) chloride
hexahydrate (99.9%), tetramethylammoniumhydroxide (25 wt% in methanol) (TMAH)
and Igepal CO-520 (Polyoxyethylene(5)nonylphenylether), oleylamine (tech., 70%),
were purchased from Aldrich. HNO; (analytical reagents, 70%), and oleic acid (tech.
90%) were purchased from Alfa Aesar. NaOH (reagent grade, 97%, beads), 3-
aminopropyltrimethoxysilane (APS) (97%) were purchased from Fluka. Ethanol, hexane,

cyclohexane and chloroform were of analytical reagent grade.

6.2.2 Synthesis of RE3+-d0ped Gd,0; and Gd,0; Nanocrystals and

Nanorods

Typically, to synthesize RE**-doped Gd,0O; (or Dy,0;3) nanocrystals and nanorods, 2

mmol Gd,0; (or Dy,03) were dissolved in 0.8 ml HNO3 (70%) to which 0.22 mmol of

TbCl3.6H,O was added. To this precursor, 6 ml H,O, 9 ml ethanol, 15 ml hexane, and 2
ml oleic acid were introduced in sequence and the mixture stirred in a closed vessel at 70
°C for 2 h. A second solution, prepared by dissolving 0.24 g NaOH (reagent grade, 97%,
beads) in 6 ml H,O was then added dropwise very slowly and heating with stirring at 70
°C continued for another 4 h. After reaction, the mixture separated into two transparent
layers. The upper organic layer containing the doped RE-oleate complex was collected,
washed with 30 ml of distilled water and dried overnight at 70 °C to evaporate water and

hexane. The waxy complex obtained after drying, was dissolved in 20 ml oleylamine
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(tech., 70%) in a three-neck flask and purged with N,. The solution was then heated at a
rate of 5 °C/min to 300 °C under N,. At this temperature, first nanocrystals and then
nanorods were grown in the solution with different reflux times. The mixture was cooled
to room temperature before precipitation and extensive washing with ethanol by
centrifugation. The nanorods were finally redispersed in cyclohexane for further
characterization. For Yb>"/Er*" codoped samples, 0.18 mmol YbCl;.6H,O and 0.04

mmol ErCl;.6H,0 were used, instead of TbCl5.6H,0.

6.2.3 Silanization of the Gd,03; Nanomaterials

Washed GdyO3:Yb’" Er’"  nanomaterials were silanized using aminopropyl
trimethoxysilane (APS) in a similar process described in section 4.3.3 and used for T;-

weighted MR imaging and cytotoxicity studies.

6.2.4 MRI Sample Preparations

T,-weighted images were obtained on a Varian 94T MRI system. The sample
concentrations were 0.015, 0.030, 0.06, 0.125, and 0.25 mM (shown in Figure 6.12). All
samples were dissolved in (double distilled) water. TR and TE values were optimized for
T,-weighting while using the spin echo sequence. Other parameters used for imaging are:
number of acquisitions = 25, field of view = 35 mm, slice thickness = 3 mm, acquisition
time ~ 6 min/sample. In order to avoid susceptibility effects, all experiments were
performed in 1% agarose medium. The image of the water sample was taken for

reference.
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6.2.5 Characterization

The high resolution transmission electron microscopy (HRTEM) and selected area
electron diffraction (SAED) were obtained using a JEOL JEM-2100F high resolution
transmission electron microscope operated at 200 kV. The X-ray diffraction (XRD)
patterns were collected with a D8 ADVANCE X-ray diffractometer with Cu Ka
radiation (A = 0.15406 nm). Down-conversion luminescence spectra were obtained using
a Shimadzu RF-5301 PC spectrofluorophotometer fitted with a 150 W xenon lamp as the
excitation source. Up-conversion luminescence spectra were recorded using a
Fluoromax-4, Horiba Jobin Yvon spectrofluorometer equipped with an adjustable laser
(980 nm, maximum power 2W, B & W TEK Inc.) as the excitation source with a fiber-
optic accessory. The room temperature magnetization properties of the nanorods were
studied using a vibrating sample magnetometer (VSM) (Lakeshore, 7300). MRI images

were obtained on a Varian 9.4T MRI system.

6.3 Results and Discussion

6.3.1 Morphology and Growth of the Nanorods

The doped RE-oleate complexes were decomposed at a fixed reaction temperature of 300
°C with morphological evolution compositionally independent. The nucleation and
growth phenomena of Gd,03:RE*" (RE= Tb, Yb/Er) and Dy,03:RE*" (RE= Tb, Yb/Er)
are broadly similar, and the results of Gd,03:RE*" are shown as representative in some
cases. Typically, monodisperse quasi-spherical crystals of 2.5+ 0.3 nm in diameter are
produced after refluxing for 10 min (Figure 6.1a). The crossed lattice is clearly visible
(upper inset of Figure 6.1a) and the interplanar distance was measured to be 0.31 nm,

which corresponds to the (222) planes of cubic Gd,Os;. The X-ray diffraction (XRD)
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pattern (Figure 6.2a) is consistent with the body-centered cubic structure of gadolinium
oxide (JCPDS File No. 00-011-0604). However, it is noted that the symmetry is probably
pseudocubic as the peak shape of the (222) reflection is anisotropic. The wide diffraction
peaks are consistent with nanocrystallite size, with Scherrer line-width analysis yielding
a domain diameter of 2.6 nm, in agreement with TEM. As refluxing progresses,
nanocrystals evolve into nanorods and after 30 min, a few nanosized oligomers and
nanorods are observed (Figure 6.3). After 1 h, most of the nanocrystals are fused into
nanorods (Figure 6.4) and after 2 h the evolution is essentially complete (Figure 6.1b).
The Gd,O3:RE*" (RE= Tb, Yb/Er) nanorods display preferred growth on (222) planes
(right inset of Figure 6.1b) that matches well with XRD (Figure 6.2b), where the (222)
reflection is enhanced compared to the nanocrystals. Selected area electron diffraction
(SAED) from nanorod agglomerates (lower inset of Figure 6.1a) can be indexed as cubic
Gd,03:RE*" with (222), (440) and (622) diffraction rings at real space interplanar
distances of 0.31 nm, 0.19 nm, and 0.16 nm respectively. The strongest intensity of (222)
diffraction ring may provide further evidence of a preferred orientation to that direction
as well. For Dy,03:RE*" (RE= Tb, Yb/Er), the preferential growth direction of the
nanorods is found on (440) planes. The HRTEM, XRD, and SAED results for the
Dy,03:Tb>" nanorods are shown in Figure 6.5 as representative sample. Energy
dispersive X-ray (EDX) analysis was conducted for Tb>*-doped Gd,O; and Dy,O;. The
EDX results are shown in Figure 6.6. The C and Cu peaks are resulted from surfactant
oleic acid and copper grid used for TEM, respectively. The analysis suggests molar ratio

of Tb in Gd,03, and Dy,031s 10.1 and 8.9 mol% respectively.
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« 031 nm

Figure 6.1 (a) Typical TEM images of monodispersed Gd,O3:RE*" (RE= Tb, Yb/Er)
nanocrystals; Upper inset: HRTEM of a single nanocrystal; Lower inset: SAED pattern
obtained for Gd,O3:RE* nanorods; (b) Typical TEM image of monodispersed
Gd,03:RE*" (RE= Tb, Yb/Er) nanorods. Inset: HRTEM image of a single nanorod
showing interplanar distance equivalent to (222) planes; (¢c) HRTEM image of a dimer
fused together, creating a neck.
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Figure 6.2 XRD patterns of Gd,O3:RE’" (RE= Tb, Yb/Er) (a) nanocrystals; (b)
nanorods.

Figure 6.3 Gd,03:RE*" samples after 30 min of reflux. Region (1): One of the many
nanocrystals present in the solution; (2): A few nanocrystals fusing to form oligomer;
(3): Oligomer produced after nanocrystals fusion, creating necks with adjacent
nanocrystals; and (4) As-formed ultra-narrow nanorods.
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Figure 6.4 Typical TEM images of samples after 1 h of reflux (a) Gd,O3:RE*" (RE= Tb,
Yb/Er); (b) Dy,03:RE*" (RE= Tb, Yb/Er). The arrows indicate the presence of a few
nanocrystals amongst the nanorods.
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Figure 6.5 (a) HRTEM of a single DyzngTb3+ nanorod showing interplanar distance
equivalent to (440) planes; (b) SAED pattern obtained for Dy,0O3:Tb>" nanorods; and
(c) XRD pattern of Dy203:Tb3+ nanorods (JCPDS File No. 00-022-0612).
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Figure 6.6 Energy dispersive X-ray (EDX) analysis of: (a) Gd,O3:Tb*"; and (b)

Dy203:Tb3+ nanorods.
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6.3.2 Study of Nanorods Formation Mechanism

The coalescence of two individual GdyO3:Tb>* nanocrystals by crystallographical
orientation and fusion is depicted in Figure 6.1c, where oriented attachment takes place
on (222) planes. This topotaxial creates a neck with fusion along the <111> axis. When
many nanocrystals fuse in this fashion, necklace-like chains are created (Figure 6.7). The
formation of pearl necklace-like chains of diameter equal to that of a single nanocrystal

(2171 Oriented attachment is a mechanism

evidenced the oriented attachment mechanism.
for many different materials to form one-dimensional nanostructures.
Differences in crystal surface reactivity or dipolar interactions have been proposed as the
main driving forces for 1D growth. For the current RE oxide nanocrystals, we believe the
latter is the most probable cause of chain assembly. The dipole moments along the
<111> and <110> axes induce the alignment of the nanocrystals in Gd,O3:RE*", and
Dy,03:RE*" respectively. The oleylamine ligands adsorbed on the nanocrystals surface,
which provide steric stabilization and prevent aggregation, change the growth kinetics
and surface energies of the crystal facets leading to anisotropic structures. 2’" The role of
dodecylamine and hexadecylamine as ligating solvents was also investigated, but they
did not promote uniform nanorods formation as shown in Figure 4.3 for Y203:RE3+
nanorods (section 4.3.1.3). Based on the analogous observations for all Y,O3:RE
Gd203:RE3+, and Dy203:RE3+, a simple scheme has been devised to elucidate the pattern
of the growth mechanism of these nanorods as shown in Figure 6.8. First, the
nanocrystals form extended chains due to dipolar attractions are stabilized by oleyamine.
Second, the chains fuse longitudinally and recrystallize into single crystal ultranarrow
nanorods. The fusion of nanocrystals eliminates curved spheroid surfaces, which is an

[213

enthalpy favourable process.*'” Third, filling of the necks takes place by conventional

dissolution and growth of monomers."*’"!
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Figure 6.7 TEM images of samples at early stage of growth showing formation of pearl
necklace-like chains. The marked circles show regions where chains of nanocrystals are
observed. Upper inset: The magnified portion of the indicated region. Each arrow indicates
individual nanocrystal forming into chain. Lower inset: Fusion of nanocrystals.

300 °C Q 300 °C 300 °C
=
10 min % 2h

RE-oleate comlex The as-formed Nanocrystals fusing end-to-end Nanorods formation
nanocrystals at 300 °C formimg dimers, trimers, and  through orientation and
after 10 min oligomers smoothening

Figure 6.8 Proposed mechanism of the nanorods formation by oriented attachment.
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6.3.3 Room Temperature Down- and Up-conversion Fluorescence of the

Doped RE Oxides

The room temperature photoluminescence (PL) spectra of the Tb>"- doped Gd,O; and
Dy,0s nanorods excited at 235 nm shows down-conversion emission for both RE oxides
(Figure 6.9a). The characteristic emission peaks of Tb ions appear at 489, 545, 585, and

21 the strongest green

619 nm from °Ds — 7Fj (G =6, 5, 4, 3) transitions respectively;[
emission at 545 nm corresponds to the Dy — 'Fs transition. To demonstrate the
versatility of RE doping approach for up-conversion emission, we codoped the nanorods
with Yb*" and Er’" ions. The up-conversion luminescence of Yb**/Er**-codoped Gd,0s
nanorods at 980 nm excitation is shown in Figure 6.9b. The up-conversion spectrum
shows characteristic Er’" green emissions at 520 and 539 nm which can be assigned to
2H11/2 — 4115/2 and 483/2 — 4115/2 transitions respectively. The dominant red emission
appears between 651 and 667 nm is due to 4F9/2 — 4115/2 transitions.”**) No up-
conversion luminescence was observed for Yb*"/Er’*-codoped Dy,O; as Dy’ ions are
reported to behave as poisonous centers in the Yb-Er, Yb-thulium(Tm), or Yb-

holmium(Ho) up-converting codopants.*’*!

Figure 6.10a shows a digital photograph of a Tb>*-doped RE oxides solution emitting
green color at the point of excitation which is due to its dominant green emission while
Figure 6.10b shows a photograph of the up-conversion luminescence of the nanorods

which appears red due to dominant red emission over green.
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Figure 6.9 Room temperature (a) down-conversion luminescence spectra of Tb* -doped
Gd,0s, and Dy,03; (b) up-conversion luminescence spectra of Yb**/Er’" codoped Gd,O3.
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(b)

Figure 6.10 Digital photograph of (a) a down-converting Tb>"-doped Gd,O3 solution
emitting green color at the point of 235 nm excitation; (b) a up-converting Yb*"/Er’'-
codoped Gd,0; solution emitting red color at 980 nm excitation.
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6.3.4 Magnetic properties

6.3.4.1 The Room Temperature Magnetization Curve

The room temperature magnetization (M) plots of Gd,O3:RE*" (RE = Tb, Yb/Er), and
Dy,03:RE’" (RE = Tb, Yb/Er) as a function of applied field (H) (-10 to +10 kOe) shows
a linear correlation that suggests both are paramagnetic (Figure 6.11). The magnetization
is 2.46 and 2.15 emu/g for the Gd,03:RE’", and Dy,03:RE’" nanorods respectively at 10
kOe. As a comparison, the room temperature magnetization value reported by Huang et
al®¥ is ~1.25 emu/g (at 10 kOe) for 200 nm porous Gd,O; while magnetization of 0.75

emu/g (at 300 K , and at 15 kOe) for polyethylene glycol-covered 3 nm Gd,Os is

reported by Fortin et al.!'""!
3
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Figure 6.11 Typical room temperature magnetization plots of (i) Gd,O3:RE*" (RE = Tb,
Yb/Er); and (ii) Dy203:RE3+ (RE =Tb, Yb/Er).
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6.3.4.2 T;-weighted MRI Imaging

To examine the potential application of nanorods as MRI contrast agents, T;-weighted
images were acquired, and T;-relaxation times measured in vitro for Gd203:Yb3’+,Er3+
nanorods on a Varian 9.4T MRI system in 1% agarose gel. As shown in Figure 6.12, the
T)-weighted MR images of Gd,03:Yb*" Er*" showed signal enhancement with increasing
concentration. In addition, the longitudinal relaxation time (T;) and the specific
relaxivity (change in relaxation rate per unit concentration of an agent, r;) was
determined to be 665 ms and 1.5 s'mM™, respectively (Figure 5.13a). These values were
compared with Gadovist™, a commercial Gd-based contrast agent. The observed T-
weighted images (Figure 6.12) for Gadovist™ reveals that the image contrasts of the
nanorods closely mimic that of the Gadovist' ™. The longitudinal relaxation time (T;) and
relaxivity (r}) of Gadovist™ obtained are 230 ms and 4.34 s'mM™, respectively (Figure

6.13b). These results suggest that the nanorods are good T; contrast agents.

Concentration (mM)  0.015 0.030 0.06 0.125 0.25

H,O

GnggﬁYb?ﬁL, EI'3Jr

Figure 6.12 T;-weighted images of Gd203:Yb3+,Er3’+ and Gadovist™ at various
Gd**concentrations. T;-weighted image of water sample is shown for reference.
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Figure 6.13 The relaxivity (r;) curves obtained using various concentrations of (a)
Gd,05:Yb*" Er* nanorods, (b) Gadovist'™ in 1% agarose gel.
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6.4 Conclusion

In summary, a facile synthetic strategy has been developed to produce single-phase
bifunctional RE3+-doped Gd,;0; and Dy,0; nanocrystals and nanorods with tunable
optical (down- or up-conversion luminescence), and magnetic (paramagnetism)
properties. More importantly, the Yb**/Er**-codoped Gd,O3 nanorods exhibit good T-
weighted MRI contrast, comparable to the commercial product. The general synthesis
strategy obtained for RE3+-d0ped Y,03, Gd,03 and Dy,0; nanorods also suggest that the
synthesis method could be generalized to other types of RE oxide hosts and dopants. The
simplicity and ease of the methodology to fabricate single-phase magnetic-fluorescent
rare earth nanomaterials could potentially lead to the realization of a range of
bifunctional architectures, as well as contrast agents in integrated imaging technologies,
whereby MRI and florescence microscopy can be combined to provide higher resolution

and contrast in tissue and cellular imaging.

129



ATTENTION: The Singapore C of this document. Nanyang Technological University Library

CHAPTER 7

in vitro Cytotoxicity Evaluation of the
Nanoparticles and Their Extracts

7.1 Introduction

The development of nanotechnology has resulted in a wide array of nanomaterials. Many
of these nanomaterials have been proposed for biomedical applications and have drawn
enormous attention in recent years.'” 2™ Assessment of their potential toxicity is a
key concern in bioapplications since exposure to toxic nanomaterials may lead to
detrimental consequences. Although the type of nanoparticle and their proposed
applications continues to increase, studies to characterize their effects after exposure and
to address their potential cytotoxicity are few in comparison.!"**'** 2! Currently, there is
no uniform way of assessing nanoparticle cytotoxicity in vitro. The development of a

standard protocol for nanoparticle toxicity evaluation is an urgent need.

Nanoparticles used in bio-imaging and drug delivery are often bioconjugated to target
specific cells. Since nanoparticles are engineered to interact with cells, it is important to
ensure that they do not cause any adverse effects. For example, nanoparticles may

accumulate within cells and lead to intracellular changes such as disruption of organelle

[157

integrity or gene alterations.!"’”! Semiconductor nanocrystal quantum dots (QDs) have

shown promise in biological labelling for their robustness and bright emission.!'"" *¥

Most of the studies regarding potential cytotoxicity of QDs revealed that the core metal

[163

constituents of QDs are toxic.'® If the QDs are exposed to conditions promoting

Much of this chapter has published in Journal of Biomedical Materials Research 2010, 93A, 337-346.
Reproduced with permission. Copyright 2010 John Wiley & Sons, Inc.
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degradation, such as an oxidative environment, free metal ions are leached out and
released from the core, causing toxicity. One of the strategies to reduce QDs toxicity is to
protect the core from degradation by surface-coatings — a layer of ZnS or a silica shell.
However, the coating might only be a partial solution since the release of Cd over
prolonged period of time has not been studied comprehensively.!'"! Superparamagnetic
iron oxide nanoparticles with tailored surface chemistry have been used in numerous
applications such as magnetic resonance imaging (MRI) contrast enhancer,

(3] as discussed in chapter 4. In terms of

hyperthermia, drug delivery, cell separation etc.
cytotoxicity, bare iron oxide nanoparticles exert some toxic effects while surface coated
nanoparticles, especially PEG coated nanoparticles, have been found to be relatively
nontoxic.?” In recent years, rare earth (RE) doped nanomaterials has gained attention as
a potential bioimaging probes. One of the reasons is due to its up-conversion ability
which is a nice window for deep tissue imaging.”’® However, to the best of our

knowledge, there are limited studies on the investigation of the cytotoxicity of the RE-

doped inorganic nanocrystals.

In this chapter, we present a new approach of evaluating the toxicity of nanoparticles by
in vitro cell viability testing. This method is based on American National Standard ISO
10993-5 which describes test methods to assess in vitro cytotoxicity of medical devices
through extracts and direct contact of the device. Hepatoma HepG2 and fibroblast
NIH3T3 cell lines were incubated with nanoparticles and their associated extracts
derived at 70 and 121 °C. Nanoparticles proposed as potential biomedical imaging
probes were evaluated based on the detection of metabolic activities and cell morphology
changes. The Alamar Blue assay was selected to measure quantitatively the proliferation

and cytotoxicity of nanoparticles-treated human cell line. This is because Alamar Blue is
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non-toxic and therefore less likely to interfere with normal metabolism. In addition, the
one-step Alamar Blue assay is simple to use. Alamar Blue can be reduced by FMNH,,
FADH,, NADH, NADPH, and cytochromes, where the most commonly used tetrazolium
salt (MTT) assay can be reduced by all the above substance except cytochromes. Innate
metabolic activity of cells results in a chemical reduction of Alarmar Blue, and causes
this redox indicator to change from its blue color oxidized form to reduced form in red
color.?”" Cells exposed to compounds that induce cytotoxcity will rapidly lose
metabolic capacity, and do not reduce this REDOX indicator. Therefore, the absorbance
from Alamar Blue is proportional to the number of viable cells. We believe that this new
approach could contribute towards the goal of a generalized and systematic evaluation of
toxicity of nanomaterials for biomedical application. Here, we have chosen nanoparticles
that have been proposed as bioimaging probes as model samples such as semiconductor
nanocrystals (CdSe and CdSe@ZnS quantum dots), y-Fe,O3:Tb’", and Y,0s:Er’”,
Y203:Yb3+,Er3+ nanocrystals. These nanoparticles were amine-functionalized to render
them dispersible in water, since it has been reported that QDs surface functionalized with
amine groups were less cytotoxic.***! It should be noted that Y,O3:RE*™ (RE = Er,
Yb/Er) nanocrystals were taken as the representative samples from the three doped RE
oxides (i.e. Y203, Gd,03, Dy,03), and hence we will compare the cell viability results of
the QDs, and the Tb’ “-doped iron oxides with Er'*, and Yb*'/Er'” doped Y,0;
nanocrystals. Cytotoxicity studies for Gd,03:RE*" and Dy,03:RE’" nanocrystals will be

reported in the future.
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7.2 Experimental Section

7.2.1 Chemicals

Ytterbium (III) chloride hexahydrate (99.99%), erbium (III) chloride hexahydrate
(99.9%), tetramethylammoniumhydroxide (TMAH; 25 wt% in methanol), 1-octadecane
(tech., 90%), Igepal CO-520 (Polyoxyethylene(5)nonylphenylether), diethylzinc (1.0M
solution in hexanes), trioctylphosphine oxide (TOPO; 99%), and oleylamine (tech.,
70%), were purchased from Aldrich. Yttrium oxide (99.99%), Iron (III) chloride
hexahydrate (98%), selenium powder (99%), HNO; (analytical reagents, 70%), n-
octadecylphosphonic acid, and oleic acid (tech., 90%) were purchased from Alfa Aesar.
3-aminopropyltrimethoxysilane (APS; 97%), NaOH (reagent grade, 97%, beads),
trioctylphosphine (TOP; 90%), hexamethyl disilthiane were purchased from Fluka.
Cadmium oxide (99%) was purchased from Hayashi Pure Chemicals Ind. Ltd.
Dulbecco’s Modified Eagle’s medium (DMEM) and penicillin were purchased from
Biochrom AG. l-glutamine was purchased from JRH Biosciences, Inc. Phosphate-
Buffered Saline (PBS) (1x, containing 144 mg/L KH,PO4, 9000 mg/L NaCl and 795
mg/L Na,HPO,4.7H,0) and Fetal Bovine Serum (FBS) were purchased from Invitrogen
Corporation. Ethanol, hexane, cyclohexane and chloroform were of analytical reagent

grade and were used as received. Unless stated otherwise, reagents are used as received.

7.2.2 Synthesis and Functionalization of Nanoparticles

Red emitting CdSe and CdSe@ZnS QDs nanocrystals were synthesized based on the
methods described in the literature.'*** ?’®! Single-phase magnetic-fluorescent Tb> -doped
218] o

v-Fe,05 nanocrystals were synthesized based on a method developed by Park et al.!

described in chapter 5. Er''-doped and Yb*'/Er’'-codoped Y.Os; were prepared by
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reacting yttrium oxide powder, oleic acid, sodium hydroxide and RE-salts as described in
the chapter 4. In every case, the as-synthesized nanoparticles were washed extensively 4-
5 times using ethanol to obtain clean particles. Amine functionalization of the

nanoparticles was conducted according to the process described by Selvan ez al.*”

7.2.3 Samples Preparation

Nanoparticle dosages of 0.0625, 0.10 and 0.25 mg/ml, which are typically used in in
vitro experimentation, were used to prepare extracts at 37, 50, 70 and 121 °C. A dosage
of 0.25 mg/ml is approximately double that used by Jaiswal et al. 'Y for the labeling of
HeLa cells, and roughly 60 times higher than the concentrations used by Wu et al.*” for
targeting Her2 epitopes on breast cancer cells. However, it is 4 times less than that used
by Derfus et al'®! Three types of nanoparticle sample solutions at the three different
sample dosages were prepared with the synthesized nanoparticles: (1) Direct dispersion
in PBS, (2) formation of nanoparticles extract at 70 °C for 24 h in PBS, and (3) formation
of nanoparticles extract at 121°C for 1 h in PBS. Samples from (1) were used in the
direct contact method (DC) of which the nanoparticles were incubated directly with the
cells at 37 °C. Samples from (2) and (3) were extract samples and were prepared
according to the American National Standard ISO 10993-5. It should be noted that the
Standard proposes 4 extraction conditions at 37, 50, 70 and 121 °C. The higher
temperature conditions at 50, 70 and 121 °C are accelerated test conditions used to
determine what might be expected at longer time periods at a body temperature of 37 °C.
However, we have only found ions present at 70 and 121 °C and hence have only
reported results based on these extraction conditions. The cells (HepG2 and NIH3T3)
were then exposed to the above described extracts and nanoparticles for different

exposure times (24, 48, and 72 h).
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7.2.4 Cell Culture and Viability

Human hepatocellular liver carcinoma (HepG2), and mouse embryonic fibroblast
(NIH3T3) cells were used for cell viability tests. Cells were cultured in DMEM,
supplemented with 10% FBS, and 1% penicillin/streptomycin at 37 °C in a humidified
incubator with 5% CO,. The cells were seeded in 96-well plates with a concentration of
10,000 cells/well. Twenty-four hours after seeding, spent media was removed and
replaced with fresh media. The nanoparticle samples prepared as described in section
7.2.3 were then added, followed by incubation for 24, 48 or 72 h. Control experiments of
which no nanoparticle samples were added were also prepared for comparison purposes.
Cell viability tests were performed using Alamar Blue™ assays (Biosource, USA) to
evaluate cell proliferation based on detection of metabolic activities. The tests were

repeated three times for each experimental condition to ensure reproducibility.

7.2.5 Characterization

Transmission electron microscope (TEM) images were obtained on a JEOL 3010
electron microscope operating on 200 kV. Photoluminescence (PL) spectra were
collected on a Shimadzu RF-5301 PC Spectrofluorophotometer using 150 W Xenon
lamp as an excitation source. Cell morphologies were observed with a Motic AE21
microscope. The concentrations of Cd, Se, Zn, Fe, Tb, Yb and Er ions in the extract
solutions were determined using High Dispersion Induction Coupled Plasma-Atomic
Emission Spectroscopy (ICP-AES) (Teledyne Prodigy). For analysis using ICP-AES, the

samples were dispersed in a 2% nitric acid solution.
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To reduce any possible influence of the nanoparticles size and morphology on
cytotoxicity, monodisperse and similar size spherical nanocrystals were taken. The size
of the Y203:RE3+, CdSe QDs, and y-F6203:Tb3+ measured to be around 3, 6, and 7 nm
respectively. TEM images and luminescence properties of the Y,O3:RE’" (RE = Er,
Yb/Er) nanoparticles have been shown in chapter 4, while the TEM image and
photoluminescence spectra of the CdSe nanocrystals are shown in Figure 7.1. Figure 7.1c¢
shows the as-synthesized 7 nm bifunctional y-Fe,O3:Tb’" nanocrystals for cytotoxicity

study.

CdSe (b)

A, = 355 nm

P.L. Intensity (a.u.)

i T T T
500 550 600 650

Wavelength (nm)

Figure 7.1 (a) TEM image of CdSe quantum dots synthesized for cytotoxicity study.
Inset shows a single quantum dot; (b) PL spectra of the quantum dots emitting at 585 nm;
(c) TEM image of Tb’"-doped y-Fe,O3 nanocrystals for the cytotoxicity study.

7.2.6 Statistical Analysis

The results are presented as means + standard deviation (SD). Responses of the cells to
the nanoparticles were statistically analyzed using one-way analysis of variance
(ANOVA). In all cases P values lower than 0.05 were considered statistically significant.

Significant changes induced by samples are marked by asterisks in the figures.

136



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 7: in vitro Cytotoxicity Studies

7.3 Results

7.3.1 Nanoparticles Extracts

The ion concentration from the cell media exposed directly to the nanoparticles for 72 h,
and the extracts formed at 70 and 121 °C is presented in Table 7.1. Extractions at 37 and
50 °C for 72 h, which were described in the standard, were also investigated. However,
no ions could be detected in these extracts. For CdSe, CdSe@ZnS and 1(—F6203:Tb3+
nanoparticles, the highest ion concentration was found when the nanoparticles were
exposed directly to the cells for 72 h. However, the concentration of RE ions was not
significantly higher for the DC method. It is suggested that the harsher conditions at 121

°C resulted in more rare-earth ions leaching out compared to the DC method of which

Table 7.1 Ion concentrations of samples prepared under different conditions.

Ion concentrations (ppm)

Cell medium
(Direct contact method, 72 h after

Nanoparticle Ion incubation at 37°C) 70 °C 121 °C
Samples Released HepG2 NIH3T3 Extract Extract
cd 421 5.93 0.51 1.51
CdSe@ZnS Se 5.34 4.72 ND 3.32
Zn 477 6.20 1.01 1.75
cd 8.41 10.53 2.11 5.11
CdSe Se 9.22 8.87 ND 731
v- Fe,05:Tb*" Fe 5.23 6.41 1.89 448
Tb 0.59 1.63 ND 1.42
Y,0;:Er** Y 2.46 423 2.34 5.24
Er 0.12 0.65 ND 1.92
I Y 2.07 3.78 2.01 3.43
Y,05:Yb™,Er Er 0.43 ND ND 1.12
Yb ND ND ND 0.90

ND: Non-detectable (detection limit at 10 ppb).
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the incubation took place at 37 °C. It is also notable that the amount of ions was

generally higher in the NIH3T3 cell media.

7.3.2 in vitro Cytotoxicity Studies using HepG2 Cells

The exposure of the HepG2 cells at a concentration of 0.25 mg/ml with exposure
duration of 72 h is the highest concentration and longest exposure time used respectively
in the current study. This condition is referred to as the extreme condition. The HepG2
cells exposed to the extreme condition are shown in Figure 7.2. Out of the five types of
nanoparticles, y-F €,05:Tb*, Y,05:Er*", and Y,05:Yb*" Er’* studied via the DC method
and their associated extracts produced minimal cytotoxicity, with cell viabilities
observed to be almost 100%. The results obtained here are consistent with other studies
where iron oxide was reported to be of little or no toxicity at low Fe concentration.!"> '
2801 The presence of these nanoparticles, and the ions (Fe, Tb, Yb, Y, and Er) seem to
pose minimal toxicity to HepG2 cells. The results obtained for cell viability were found
to be statistically significant with respect to control and marked by asterisks in Figure
7.2. The data show different level of statistical significance categorized on the basis of
their P value lower than 0.05, 0.01, and 0.001. CdSe and CdSe@ZnS QDs showed
toxicity in the extreme condition with low cell viability using the DC method and with
the 121 °C extract. Cells subjected to 70 °C extracts have shown comparatively higher
cell viability. CdSe and CdSe@ZnS QDs showed toxicity in the extreme condition with
cell viability as low as 19.2% (P < 0.01) and 23.1% (P < 0.01) respectively using DC
method, and 57.5% (P < 0.05) and 62.5% (P < 0.001) respectively when subjected to
their 121°C leachate. Cells subjected to 70 °C leachates have shown comparatively

higher cell viability at 85.1% (P < 0.05) and 91.9% (P < 0.06) for CdSe and CdSe@ZnS

respectively.
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Figure 7.2 Cell viability of HepG2 cells at 0.25 mg/ml and 72 h exposure. Data are
presented as mean = SD for at least three independent experiments. Value statistically
significant compared to control (ANOVA), *P< 0.05; **P< 0.01; ***P<0.001.

The observed changes of the cell morphology in Figure 7.3 are indicative of cytotoxicity.
Figure 7.3a shows the confluency of HepG2 control cells. Hepatoma cells generally
exhibited spindle-shape morphology. The morphology of the viable cells was similar to
control cells when exposed to relatively non-toxic nanoparticles like Y,O3:Er'™,
Y,03:Yb*",Er’*, and y-Fe,03:Tb*". However, changes in cell morphology were observed
when low cell viability was encountered in the cases of DC method and 121 °C extract.
For the case of

DC method subjected to CdSe@ZnS QDs, there were evidence of significant cell

disruption and ubiquitous cell debris as shown in Figure 7.3b. For the case of cells
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subjected to 121 °C CdSe@ZnS extract, cell membranes showed “blebbling”, cell

volume was reduced, and cells were found to be sparsely packed Figure 7.3c.

We have further investigated the effects of higher nanoparticle concentration and longer
exposure time using DC method and 121 °C extracts (Figure 7.4). Figure 7.4 indicates
higher nanoparticles concentration and longer exposure time result in decrease in cell
viability. For example, using DC method at 72 h incubation time, the cell viability
decreased from 61.4% to 23.2% for increase in CdSe@ZnS nanoparticle concentration
from 0.0625 mg/ml to 0.25 mg/ml (Figure 6.4a). Yet, longer exposure time also lead to
decrease in cell viability. For instance, using DC method cell viability drops from 55.9%
to 23.2% at exposure time of 24, and 72 h respectively for CdSe@ZnS nanoparticles
(Figure 7.4a). Cells exposed to 121°C leachates shown similar results as well. For
example, an increment of CdSe@ZnS dosage from 0.0625 to 0.25 mg/ml caused the cell
viability declined from 79.2 to 62.5% (Figure 7.4b), corresponding to an increase of Cd
ions concentration from 0.89 ppm to 1.51 ppm and indicating dose-dependent

cytotoxicity.
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Figure 7.3 Morphology of HepG2 cells at 0.25 mg/ml and 72 h exposure observed under
microscope: (a) control , (b) cells subjected to DC method with CdSe@ZnS, (c) cells
subjected to 121 °C of CdSe@ZnS leachate.
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Figure 7.4 Effects of concentrations and exposure time of CdSe@ZnS nanoparticles on
cell viability of HepG2 cells: (a) DC method, (b) 121 °C leachate. Data are presented as
mean + SD for at least three independent experiments. *P< 0.05; one way ANOVA for
repeated measures.
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7.3.3 in vitro Cytotoxicity Studies using NIH3T3 Cells

The cell viability of NIH3T3 cells in response to these nanoparticles and their extracts
was investigated. Similarly, we started with exposing the NIH3T3 cells to the
nanoparticles at the extreme condition. The response of the NIH3T3 cells to the
nanoparticles is shown in Figure 7.5. y-Fe,O3:Tb’" nanoparticles and its associated
extracts showed minimal cytotoxicity. NIH3T3 cell viability was found to be depressed
in the presence of CdSe and CdSe@ZnS nanoparticles and their extracts and in fact, the
viability was lower compared to that of HepG2 cells. The cell viability was found to be
lowest in the DC method, followed by the extracts obtained at 121 °C and then 70 °C.
The cell viability was well-correlated to the concentration of toxic Cd ions. Low cell
viability was observed at high Cd ion concentration. Revisiting Table 7.1, the highest Cd
ion concentration was found in the DC method. Higher Cd ions concentration was found
in the CdSe cell media and leachates as compared to that of the CdSe@ZnS
nanoparticles, again indicating that ZnS may provide a protective layer to retard, but not

totally inhibit, the oxidation of CdSe to Cd ions.

Contrary to results from HepG2 cell viability studies, Y203:Yb3+:Er3+ and Y203:Er3+
nanoparticles and their extracts at 70 and 121 °C showed lower cell viability. As shown
in Figure 6.5, the cell viability is lowered to 71.4% when incubated with nanoparticles
directly, and to approximately 85.2% for the extracts for Y,05:Er** samples. Small
amounts of rare-earth ions were found in the extracts and cell media (Table 7.1). This
finding indicates NIH3T3 cells were more sensitive to the rare-earth ions than HepG2
cells. The presence of rare-earth ions, though present in small concentration, caused

aggregation and deformation of the NIH3T3 cells (Figure 7.6b). When exposed to the
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Figure 7.5 Cell viability of NIH3T3 cells at 0.25 mg/ml and 72 h exposure. Data are
presented as mean £ SD for at least three independent experiments. Value statistically
significant compared to control (ANOVA), *P< 0.05; **P< 0.01; ***P<0.001.

121 °C extracts of CdSe@ZnS nanoparticles, the cells were sparsely-spaced, and
numerous cell debris were observed, indicating more severe toxicity compared to the rare

earth oxides (Figure 7.6¢).

Figure 7.7 shows the effect of dosage concentration and exposure time of Y,Os:Er'”"
nanoparticles via the DC method. We found that the concentration changes in Y ions
were minimal (3.98, 3.79 and 4.23 ppm) with increasing exposure time. These results
indicate that the main contribution to decrease in cell viability is the presence of the rare-

earth nanoparticles.
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Figure 7.6 Morphologies of NIH 3T3 cells at 0.25 mg/ml and 72 h exposure: (a) control,
subjected to (b) 121 °C leachate of Y,Os:Er’" nanoparticles, and (c) 121 °C leachate of
CdSe@ZnSe nanoparticles.
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Figure 7.7 Effects of concentrations and exposure time on cell viability of NIH 3T3 cells
via DC method using Y,05:Er’t nanoparticles. Data are presented as mean £ SD for at
least three independent experiments.

7.4 Discussion

7.4.1 Effects of Nanoparticles and Their Extracts on Cell Viabilities

Based on the results obtained from the extreme condition, it is apparent that the QDs
were toxic under conditions of DC method and 121 °C extract. However, as suggested by
Figure 7.2, Figure 7.5 and the cell morphology observations, nanoparticles incubated
directly with cells (DC method) were more cytotoxic than their respective extracts. The
higher cytotoxicity can be attributed to the presence of both the nanoparticle itself and
the toxic Cd ions. For HepG2 cells, only the quantum dots and their associated extracts
showed cytotoxic effects. The presence of the other nanoparticles, and their ions (Fe, Tb,
Yb, Y, and Er) produce minimal toxicity to HepG2 cells. However, for NIH3T3 cells,

QDs and rare-earth oxides nanoparticles and their extracts showed cytotoxicity.
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Few mechanisms have been proposed to explain the cytotoxicity of CdSe QDs.
Oxidation of the QDs can cause decomposition of CdSe nanocrystals leading to release

[281

of Cd ions and/or CdSe complex from the core.”®! In addition, QDs can induce reactive

oxygen species (ROS) generation through energy or electron transfer to molecular
oxygen.**! Moreover, the nanoparticles could be internalized by the cells, disrupting the
cell membrane leading to leakage of cellular content, or affecting the functions of cell
organelles and nucleus.">” In our study, high concentrations of Cd and Se ions were
found in the cell media after the CdSe and CdSe@ZnS nanoparticles were incubated
with the cells for 72 hrs. The lower cytotoxicity of the CdSe@ZnS is attributed to its ZnS
coating which offers a barrier to the leaching of Cd ions (Table 7.1). The cell viability
correlates strongly to the Cd ion concentrations found in the cell media (via DC method)
and extracts.

£, the presence of small amount

Even though rare earth oxides are temperature resistan
of rare earth ions in the extracts suggest that ions have leached out from the nanoparticle
surface, the most probable reason being the high surface area. Very few studies report the
toxicity of rare-earth ions at low concentrations. Hopp et al.®® tested cytotoxicity of
neodymium (Nd) and samarium (Sm) alloy compounds in NIH 3T3 cells and found that
Sm alloy was significantly more toxic than Nd. In an earlier effort, Palmer et al.'**”
tested cerium (Ce), lanthanum (La), and Nd metal cytotoxicity in rat pulmonary alveolar

%] yeports that

macrophages and reported low toxicity of these metal ions. Duchen et al'
the radii of RE ions are very similar to that of Ca** (0.099 nm), hence they may mimic

Ca®" ions in the cellular environment. High uptake of calcium causes mitochondrial

dysfunction and cell death.
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Figure 7.4 and Figure 7.7 indicate that higher nanoparticles dosage results in more ions
in the media, resulting in lower cell viability. Longer exposure time also depresses cell
viability. The presence of the nanoparticles also contributes to higher cytotoxicity. A
number of studies have reported similar findings on nanoparticles dosage dependent

[163. 287-288] Bagides the toxic effects of Cd ions, internalization of the

cytotoxic behavior.
nanoparticles could induce cell death, and the number of nanoparticles internalized
correlates to cytotoxicity as reported.[zgg] A higher amount of internalized nanoparticles
could induce a greater extent of cell damage or death by disrupting the cell membranes

or destroying the cell organelles, ™"

as inferred by Figure 7.3b. In summary, the cell
viability of HepG2 is nanoparticle dosage dependent and ion concentration dependent.

Toxic ion concentration increases with longer exposure time and higher nanoparticle

dosage.

7.4.2 Sensitivity of Cells to Different Nanoparticles

The comparison of the sensitivity of the different cell lines to the CdSe@ZnS and
Y,05:Er** nanoparticles and their extracts at 121 °C is presented in Figure 7.8. It was
found that the cell viability in the DC method is lower than in the extraction method.
Both cell lines were sensitive to CdSe@ZnS nanoparticles. However, NIH3T3 cells
show lower viability. This is indicative that different cell lines respond differently to
different nanoparticles. Being a liver cell, HepG2 is capable of the production of
metallothionein, a metal sequestering protein, which binds to toxic metal ions forming

(2% This could explain the higher tolerance of HepG2 cells towards Cd

inert complexes.
ion toxicity in all the cases presented in the current study. We also propose that

metallothionein is capable of sequestering rare-earth ions, in particular Y ions. The

interaction of metallothionein with metal ions takes place via the thiol groups in the
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(2912921 Therefore, it is possible that the

cysteine moieties, which are nucleophiles.
metallothionein can form complexes with electrophiles such as metal ions. However,
studies have shown that the electronic configuration of the metal ions plays a crucial role

(23] The metal ions may induce the production of

in forming stable metal complexes.
metallothionein, but may not be able to bind to the protein.”®”) Metal ions with d10
electronic configuration such as Cd*" andY”" ions are suited for complex formation with

the multiple cysteine moieties in metallothionein. This could explain why the HepG2

cells were more resilient towards the metal ions, manifesting higher cell viability.

In addition to the sequestering of toxic metal ions, smaller nanoparticles size plays a vital

1.4 shows that cytotoxicity

role in inducing higher cell toxicity. A study by Lovric ef a
is more significant with smaller QDs (2.2 nm) than with larger ones (5.2 nm) at the same

concentration. They proposed that the smaller QDs could end up in the nucleus,

subsequently causing DNA damage and inducing apoptosis. The rare-earth oxide
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Figure 7.8 Comparison of HepG2 and NIH3T3 cells sensitivity to different
nanoparticles under different experimental conditions.
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nanoparticles used in the current studies are about 3 nm. This is smaller than the
quantum dots nanoparticles (~6 nm) and magnetic nanoparticles (~7 nm). Comparing the
results of the DC methods and leachates for the rare-earth oxides, the cell viability is
lower in the presence of nanoparticles compared to in the presence of the 121°C
leachates, even though the rare earth ion concentrations were lower in the cell medium
(Table 7.1). This suggests that the presence of smaller size rare-earth oxide nanoparticles

causes lower cell viability.

7.5 Conclusion

We herein propose a new approach for evaluating the in vitro cytotoxicity of
nanoparticles by analyses of their extracts obtained at different extraction conditions.
This approach contributes towards the goal of a generalized and systematic evaluation of
toxicity of nanomaterials. From the current study, metal (Cd, Zn, Y, Fe, Yb, Er) ions
were only found in extracts obtained at 70 and 121 °C extraction conditions, as well as in
the cell media incubated directly with the nanoparticles. The dosage concentration was
found to be a critical factor affecting the cell viability. Cells viability was found to
decrease in higher concentrations of Cd ions found in extracts obtained at 121 °C and
cell media charged with nanoparticles. Such decrease in cell viability is principally due
to the toxic Cd ions leached out into the cell media. Particle-induced cell death attributed
to internalization of the nanoparticles was also suggested. Cd ion was identified as the
most toxic metal ion in the scope of our investigation (cell viability as low as 10.2% =+
3.6 for NIH3T3 cells). HepG2 cell viability appeared unaffected in the presence of rare

earth ions. NIH 3T3 cells viability was affected in the presence of both Cd and rare earth
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ions, showing lower cell viability than HepG2 cells. In addition, our study has shown

that different cell lines have different sensitivity to nanoparticles and metal ions toxicity.

In summary, the presence of ions in the extracts suggested that the current proposed
method of evaluating cytotoxicity is necessary for nanomaterials intended for biomedical
application. As nanoparticulates have increased surface area compared to bulk material,
it is expected that more surface ions can be leached out, of which higher concentration
could result in dosage dependent toxicity. In order to undertake a comprehensive
evaluation of in vitro cytotoxicity, a range of cell lines, representative of various mode of
contact with the nanoparticles and their associated ions, should be used. Finally, the
doped and codoped rare earth oxide nanoparticles studied are found to be less cytotoxic
than the Cd-based quantum dots and therefore could be suitable candidates as

bioimaging probes.
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Conclusions and Recommendations

8.1 Conclusions

The works presented in the preceding chapters of this dissertation show the efforts
towards the development of single-phase rare earth doped nanomaterials contrast agents
for optical/magnetic resonance imaging. A simple thermal decomposition technique was
adopted for the synthesis of the nanomaterials followed by post-synthesis treatment,
either by surface functionalization or surface passivation. Different synthesis media,
additives, and synthesis conditions have been applied to obtain nanomaterials of different
size, morphology, and physiochemical properties. Detail characterizations and analysis
were performed to study the properties and investigate the mechanism involved in the
fluorescence emission and the growth process of the nanomaterials. The important

results and findings of this study are summarized as follows:

(1) Doping and codoping of different rare earth (RE) ions such as terbium (Tb),
europium (Eu), erbium (Er), and ytterbium (Yb) in yttrium oxide (Y;03)
resulted in down- and up-conversion fluorescent nanomaterials. The
morphology of the RE-doped yttrium oxide (Y,03:RE®") could be selectively
controlled from spherical nanocrystals to nanorods. The liganding solvents and
synthesis conditions such as reflux time and temperature influenced the
nanomaterials morphological evolution, yet the type and amount of dopant
showed no influence on nanomaterials morphology. Red and green up-

conversion emissions could be selectively tuned by adjusting the concentration
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of the codopants. Nanomaterials could be easily surface-functionalized to
render them water-dispersible and the ability for further bioconjugation. These
nanomaterials have potential in fluorescence optical imaging, especially the up-

converting nanomaterials which are promising for deep-tissue imaging.

(2) Highly monodisperse, single-phase bifunctional spherical nanocrystals were
synthesized by doping Tb*" ion in superparamagnetic iron oxide (y-Fe;O3) host
using a thermal decomposition method. The ~13 nm nanocrystals show
superparamagnetism (saturation magnetization strength is 30 emu/g) and down-
conversion fluorescence. A fluorescence enhancement technique was applied
by passivating the nanocrystal surface with a higher band gap material, ZnS,
which resulted in improved PL. The synthesized bifunctional nanomaterial has
potential as contrast agents in bimodal imaging, where T»-weighted MRI and
fluorescence microscopy can be combined together. However, the PL obtained
from the Tb*"-doped y-Fe,O; is relatively weak. We believe that the iron oxide
host quenches the fluorescence arisen from the 4f—4f intra-transition of the
Tb>" ions. Iron oxide has been reported to quench fluorescence of different

- - - - 295-297
organic molecules and inorganic nanoparticles.! ]

(3) Extending the doping strategy and carefully selecting a paramagnetic host, we
have fabricated RE** (RE =Tb, Yb/Er)-doped Gd,03 and Dy,0O3 nanomaterials,
which showed strong down- and wup-conversion fluorescence, and
paramagnetism. The RE3+—doped Gd,0; and Dy,0; nanomaterials demonstrated
single-phase bifunctionality with a controllable morphology from nanocrystals

and nanorods. The evolution mechanism of the nanorods from the spherical
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nanocrystals was investigated, where oriented attachment was identified as the
mechanism. The RE3+-d0ped Gd,Os3 showed both down- and up-conversion
luminescence (for Tb**-doped Gd,O; and Yb*'/Er’*-codoped Gd,0s
respectively), and were paramagnetic (magnetization strength of 2.46 emu/g at
10 KOe, 300 K). in vitro Ti-weighted MRI for Gd,03:Yb*" Er’* showed close
contrast compared to commercial Gd-based contrast agent Gadovist™. The
other paramagnetic host Dy,Os (magnetization strength of 2.15 emu/g at 10
KOe, 300 K) showed only down-conversion emission (for Tb**-doped Dy,03),
but no up-conversion emission was observed for Yb*"/Er*'-codoped Dy,Os.
The presence of Dy ions is believed to act as up-conversion fluorescence
quencher in Yb*'/Er’" codopant system as inferred by Auzel.”’”?! In conclusion,
the single-phase up-converting and paramagnetic ~GdyO3:Yb*" Er’”
nanomaterials demonstrate good potential as contrast agent in deep tissue

imaging as well as in T;-weighted MRI in multimodal imaging systems.

(4) in vitro cytotoxicity of the RE-doped nanoparticles was evaluated through a new
approach based on American National Standard ISO 10993-5. RE**-doped Y,0;
nanomaterials were evaluated as a representative sample of the three RE doped
oxides (i.e. Y203ZRE3+, Gd203:RE3+, Dy203:RE3+), together with y—FezO3:Tb3+,
and semiconductor quantum dots (QDs). Generally, the type and concentrations
of nanomaterials, incubation time, and type of cell subjected to the nanomaterials
were found to have influence on cell viability. Cell death was attributed mainly
due to leaching of toxic metal ions from the nanomaterials. QDs were shown to
be the most toxic while y—FezO3:Tb3+ the least. Y203:RE3+ (RE =Er, Yb/Er )

showed less toxicity in hepatoma HepG2 but revealed relatively greater toxicity
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in fibroblast NIH3T3 cell lines. The proposed approach could contribute towards

a generalized and systematic evaluation of cytotoxicity of nanomaterials.
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8.2 Recommendations

Nanomaterials with novel optical, magnetic, electronic or structural properties are
currently under intense research. Among the nanomaterials, rare earth (RE) doped
nanomaterials with novel optical and magnetic properties are one of the most promising
candidates. In order to exploit their full potential for biomedical applications, the author
proposes the following recommendations for improvement of the RE-dope oxide
nanomaterials investigated in this dissertation, and future development of RE-doped

nanomaterials in general.

(1) Fundamental studies of Tb> -doped y-Fe;O3, and Yb>/Er*-codoped Dy,O;
nanomaterials: In the current work, we have suggested that the emission from
doped Tb®" ions was quenched by the iron oxide host in y-Fe,O3:Tb>*
nanocrystals. The possible explanations are: (a) quenching via electronic
coupling and energy transfer; (b) iron oxide may broadly absorb the visible
spectrum which could attenuate both the excitation light and fluorescence
emission; and (c) the applied crystal field of the iron oxides interacts with excited
state electrons of the doped Tb>" ions to promote non-radiative transitions. Also,
there was no up-conversion fluorescence observed in Yb*"/Er’"-codoped Dy,0s
due to quenching by the energy states in Dy ions, leading to non-radiative

relaxation.

A fundamental study is recommended for future work to clearly elucidate how
the doped RE ions are spatially distributed in the host materials. Since the crystal
[105]

field around the doped RE ions greatly influences their emission properties,

determination of the spatial distribution of RE ions would provide a better
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understanding of the dopant-host interaction, which will enable us to fabricate
more efficient RE-doped fluorescent materials. Furthermore, a computational
study can be done to devise a model to predict such interactions between host and
dopants. A qualitative analysis of dopant ion distribution can be done by

conducting an etching experiment*®!

in which the diameter of the nanocrystals
will be reduced in a controlled manner by exposure to hydrofluoric acid (HF) or
any suitable reagents. Qualitatively determination of the locations of the dopant
ions (whether on the surface or in the core), and the effect of dopant distribution

on the luminescent properties can be elucidated by characterizing the reduced-

sized nanoparticles.

We believe that by understanding the dopant-host interaction, and therefore the
quenching mechanism, nanomaterials with enhanced up-conversion emission

efficiency could be fabricated for more effective deep-tissue imaging.

(2) Investigation of other types of host materials and nanostructures for further
enhancement of up-conversion fluorescence, and T- and T,-relaxivities: We have
demonstrated successful synthesis of bifunctional down- and up-conversion
fluorescent Gd203:RE3+ nanomaterials, which showed good T,;-weighted MRI
contrast property. However, the up-conversion fluorescence efficiency could be
improved if a fluoride-based host is used. Fluoride hosts, such as NaYF4:RE3+
and NaGdF,:RE*, have been reported as some of the best up-conversion

[ In addition, the problem of up-conversion quenching by Dy ions may be

hosts.
circumvented by adopting a core-shell configuration. Despite advocating a

single-phase crystalline system in this work, we realize that such system may not
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be favorable for our purpose of incorporating both T;-, T.-MRI contrast (Dy ions
have been reported to produce T>-MRI contrast)?®! and up-conversion emission

into a single nanocrystal.

Forming a core-shell structure of the same host material such as core-shell
Gd,05:Yb* Er''/Gd,03:Dy>" would be a possible way to integrate such
multifunctionality (up-conversion fluorescent, and T;- and T>-MRI contrast). In
addition, the formation of a core-shell fluoride structure NaGdF4Yb>" Er’"/
NaGdF,:Dy’" could probably produce strong T;- and T,-MRI contrast, as well as

strong up-conversion emission.

(3) Long-term cytotoxicity studies: In the current work, we have proposed a new
method of cytotoxicity evaluation of nanomaterials and conducted short-term cell
viability studies using the synthesized RE-doped nanoparticles. However, long-
term cytotoxicity investigations are needed to ensure the safe application of these
nanoparticles in biomedicine. Studies to be undertaken can include the
investigation of reactive oxygen species (ROS) generation in cells in the presence
of these nanoparticles, biodistribution profiles and metabolic pathways of the
RE-doped nanomaterials (all RE oxides in this work, eg. Y,O3:RE’", y-
FezongE3+, GD203:RE3+, Dy203:RE3+, as well as the fluoride-based
naomaterials). We also recommend comparative studies of poly(ethylene glycol)
(PEG)-coated nanomaterials with non-PEG coated ones for such long term
studies. PEG-modified nanoparticles have been found to prolong blood-
circulation time. The PEG layer prevents the adsorption of plasma proteins

(opsonins) that triggers phagocytosis by reticulo-endothelial system (RES).!"*!
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(4) To devise an one-pot synthesis method of water-dispersible, uniform, and
monodisperse nanoparticles: Water-dispersibility of nanoparticles is one of the
important requirements for bioapplications. The limitation of many synthesis
methods, including the thermal decomposition method used in the current work,
is that post-synthesis surface modifications are necessary to render the
nanomaterials biocompatible. Hence, it is highly desirable to devise a one-pot
synthetic strategy to produce water-dispersible, uniform, and monodisperse
multifunctional nanocrystals. Several groups reported fabrication strategy of one-
pot water-dispersible nanocrystals with the aid of polymers or surfactants such as
PEG-derivatives (e.g. monocarboxyl-terminated poly(ethylene glycol))® or
amphiphilic surfactants (e.g. polyvinylpyrrolidone)."*”) However, uniformity,
monodispersity, and stability of these nanoparticles remain as the issues to be
addressed. Thus, concerted efforts are needed to devise synthetic strategies for
fabrication of water-dispersible nanoparticle with desired surface properties for
bioconjugations, or by developing water-dispersible and biocompatible polymer

derivatives as strong stabilizing agents in aqueous environment.

(5) Future development of RE-based nanomaterials for treatment and diagnosis: A
common goal in medicine is to achieve early and accurate diagnosis, so that early
treatment can be delivered. A multifunctional nanoparticulate platform with the
capability of simultaneous diagnosis (achieved via functional and/or structural
bioimaging), targeting (to achieve specificity in treatment) and therapy has been
envisioned to achieve this goal. Rare-earth nanomaterials, with their unique
fluorescence and magnetic properties, have tremendous potential to achieve this

vision. The RE nanomaterial platform can incorporate multimodal contrast agents
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(eg. up-conversion optical/T;-, T.-MR imaging), together with therapeutic agents
(eg. drugs), and targeting moieties (such as folic acid to folate receptors mediated
cancer cell targeting) by techniques such as surface functionalization and polymer
encapsulation.!**! Such multifunctional nanoparticulate platform could ultimately
have the ability to label biomolecules and cells, and image disease organs with
high sensitivity in a combinable fashion with magnetic and fluorescent tags, and

achieve improved therapeutic efficacy and reduced drug toxicity.
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