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Abstract

X-ray fluorescence computed tomography (XFCT) is an emerging biomedi-
cal imaging technique. The KTH-XFCT laboratory system offers a charac-
teristic 24 keV emission line, and high spatial resolution (200 𝜇m) images.
XFCT as a newly emerging modality also requires the exploration and de-
velopment of suitable contrast agents. Nanomaterials have been widely used
as contrast agents in many popular imaging modalities like MRI, PET, and
CT. They have several advantages including long blood circulation time,
high ratio of surface area to volume, and enhanced image contrast. However,
the use of nanomaterials as contrast agents is limited by their biocompati-
bility and toxicity, which are determined by the physicochemical properties
including size, morphology, surface chemistry. Therefore, the study on the
synthesis and characterization of nanomaterials is an indispensable step.

In this thesis, a group of elements (Y, Zr, Nb, Ru, Rh) are selected
based on the X-ray K𝛼-absorption energy, matching with the 24 keV emis-
sion line of KTH-XFCT source. Y, Zr, Nb, Ru and Rh based nanoparticles
are synthesized by hydrothermal and polyol method, identified as the ce-
ramic and metallic groups. XRF performance is demonstrated by the XFCT
system. Metallic Ru and Rh nanoparticles are further selected to study the
synthesis conditions and in vitro toxicity for their smaller TEM and hy-
drodynamic size. Surface properties are investigated to show the isoelectric
point and polymer coating on the metallic nanoparticles. Morphological
different Rh nanoparticles are obtained by introducing different additives
during the synthesis, indicating the different cytotoxicity performance at-
tributed to different morphologies. Silica coating is further performed on
the surface of metallic and metallic nanoparticles to improve their biocom-
patibility. The in vitro toxicity assessment are performed on the murine
macrophages and human ovarian cancer cell lines. X-ray fluorescence per-
formance is evaluated for each nanoparticles by using soft-tissue equivalent
holder and in situ small-animal imaging experiments. The results indicates
the spatial resolution and detection sensitivity of the concentration of the
metallic nanoparticles.

In this work, we demonstrate the potential of a group selected nanoma-
terials as XFCT contrast agents for the first time, especially, investigate the
synthesis, surface properties, in vitro toxicity as well as detection sensitivity
of the metallic nanoparticles.
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Sammanfattning

Röntgenfluorescenstomografi (XFCT) är en ny och lovande teknik för bio-
medicinsk avbildning. Det kompakta KTH-XFCT systemet har en röntgene-
mission på 24 keV och möjliggör avbildning med hög spatial upplösning (200
𝜇m). Eftersom XFCT är en ny modalitet behövs forskning och utveckling av
lämpliga kontrastmedel. Nanomaterial har använts brett som kontrastmedel
inom många etablerade avbildningstekniker, så som magnetresonanstomo-
grafi (MR), positronemissionstomografi (PET) och datortomografi (CT).
Nanomaterial har flera fördelar jämfört med traditionella kontrastmedel,
exempelvis längre blodcirkulationstider, större yta per volym och överlag
förbättrad kontrast. Däremot begränsas användningen av nanomaterial som
kontrastmedel av egenskaper såsom biokompatibilitet och toxicitet vilket
bestäms av fysikokemikaliska egenskaper såsom storlek, morfologi och ytke-
mi. Därför är studier av syntes samt karakterisering av nanomaterial viktigt
för biomedicinska tillämpningar.

I denna avhandling har en grupp grundämnen (Y, Zr, Nb, Ru, Rh)
valts ut baserat på att deras K-absorptionskanter matchar röntgenemissio-
nen på 24 keV hos KTH-XFCT systemet. Y, Zr, Nb, Ru och Rh nanopar-
tiklar synteserades med hydrotermiska samt polyol-metoder och klassades
som antingen keramiska eller metalliska nanopartiklar. Röntgenfluorescen-
sen från nanopartiklarna påvisades med KTH-XFCT systemet. De metal-
liska nanopartiklarna med mindre storlek baserade på Ru och Rh valdes ut
och studerades närmare i termer av syntesparametrar samt in vitro toxicitet
i cellkulturer. Ytegenskaper hos dessa metalliska nanopartiklar undersök-
tes för att uppvisa deras isoelektriska punkter samt PVP-ytskikt. Morfo-
logiskt kontrollerbara Rh nanopartiklar tillverkades genom att introducera
olika tillsatser under syntesprocessen, vilket sedan användes för att påvisa
att cytotoxiciteten är morfologi-beroende. Ytan hos de metalliska nanopar-
tiklarna modifierades med ett skikt av kiseldioxid för att ytterligare för-
bättra biokompatibiliteten. Murina makrofager och mänskliga cellinjer för
äggstockscancer användes för att evaluera toxiciteten in vitro. Röntgenfluo-
rescensavbildning med nanopartiklarna demonstrerades både med hjälp av
mjukvävnad-liknande fantomer samt med in situ experiment i avlivna möss.
Resultaten indikerade både spatial upplösning och observerbar koncentra-
tion av ackumulerade nanopartiklar i KTH-XFCT systemet.

I detta arbete demonstreras för första gången potentialen hos en grupp
utvalda nanomaterial som kontrastmedel för XFCT. Detta arbete inkluderar
studier av syntes, ytkemi, in vitro toxicitet samt detektionssensitiviteten hos
de metalliska nanopartiklarna.
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Chapter 1

Introduction

1.1 Nanomaterials in Medicine

Nanomaterials are defined as “materials with any external dimension in the
nanoscale or having internal structure or surface structure in the nanoscale
(the length range approximately from 1 nm to 100 nm)”. [1] For the mate-
rials within nano dimension including nanocrystals, nanowires, nanotubes,
nano-clusters and quantum dots, the nanostructure shows unique physic-
ochemical properties in comparison to macro or bulk materials with the
same composition. Over the past decades, with the progress of novel syn-
thesis methods and characterization techniques, nanomaterials have been
engineered in terms of size, shape, structure, chemical composition and
surface functionalization, for the sake of applications in optics, electron-
ics, mechanical, and biological fields. [1–4] Thereinto, nanomedicine is one
of the notable branches. By incorporation of the designed nanomateri-
als, nanomedicine demonstrates the improvement during the diagnosis and
treatment for different diseases.

The pathogenesis of many diseases are known as the abnormal changes
such as the dis-function of cell expression induced by genetic mutation, mis-
folding proteins, or the infection by virus or bacteria. The diseased regions
are usually surrounded by biological tissues and located at the molecular
level, forming the ”nano-scale biological barrier”, which causes difficulty
for achieving efficient medical treatment. [5] As an advantage, nanomate-
rials show the potential being able to pass through the barriers and reach
the interesting region as diagnostic or therapeutic agents. There is a large
family for the nanomaterials being reported in application or under re-
search as nanomedicine, as shown in Figure 1.1. [6] It encompasses metal-
lic, semiconducting and polymeric nanoparticles, as well as biocompatible-
nanostructures. For instance, liposome was the first nanomaterial stud-
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ied in drug delivery carriers by Gregoriadis in 1971. Liposome has sev-
eral properties such as high biocompatibility and the capacity in delivering
both hydrophobic and hydrophilic molecules. DOXIL is the first liposo-
mal nanomedicine approved by FDA. [7–9] Other types of nanomaterials
including polymeric micelles, dendrimers, protein nanoparticles, as well as
inorganic nanomaterials like gold nanoparticles, carbon nanotubes, silica
nanoparticles, iron oxide nanoparticles, quantum dots for different biologi-
cal applications are also under investigation. [5, 10–14]

Figure 1.1. Various kinds of nanomaterials in medicine. Adapted from paper [6].

The application of nanomedicine also varies in the dependence of the
specific nanomaterials, as the remarkable differences in physical and chem-
ical properties. In general, the use of nanomedicine could be summarized
by four aspects: 1) drug delivery carriers; 2) disease therapeutic agents; 3)
imaging contrast agents and diagnostics agents; 4) nano-implants. [5,11,15]

Firstly, as the common feature, nanomaterials has much higher ratio of
surface area to volume than that of bulk materials, possessing high capacity
in coating or conjugating with small molecules as nano-carriers. This con-
cept is introduced by Feynman in 1960. [16] The use of nanocarriers has the
advantages as reducing drug toxicity as well as protecting sensitive drugs,
and improved efficacy. [16] Typical examples are biodegradable liposome,
solid lipid nanoparticles, dendrimer and gold nanoparticles, and mesoporous
silica. [17] Nanocarriers are also usually combined with diagnostic or ther-
apeutic purposes including imaging or drug controllable release, drug tar-
geting treatment. Secondly, nanomedicine has good permeability through
the biological tissues because of the favorable size. Particularly, nanopar-
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ticles can approach tumor tissue by passing through the leaky vasculature
based on the enhanced permeability and retention (EPR) effect. [18] Be-
sides, nanomedicine also shows long blood circulation time with enhanced
binding affinity by surface modification of specific ligands. These features
make nanomedicine under development in multiple therapies. For instance,
photosensitizer (PS) molecules conjugated Au nanoparticles used in Photo-
dynamic therapy (PDT); Carbon nanotubes (CNTs) used in Photothermal
therapy (PTT); magnetite nanoparticles used in Magnetic Hyperthermia
(MH);TiO2 nanoparticles used in Sonodynamic therapy (SDT). [15] Then,
nanomaterials are widely studied as contrast agents in most of the popular
imaging modalities. It helps to visualize diseased region with enhanced con-
trast and resolution, and improve the diagnostic performance. As examples,
Iodine-based nanoparticles used in X-ray computed tomography (CT); Iron
oxide nanoparticles in Magnetic Resonance Imaging (MRI); Quantum dots
for optical imaging; Positron-emitting radionuclides labeled liposomes used
in positron emission tomography (PET) imaging, etc. [10, 19, 20] At Last,
nanomedicine is also used in tissue engineering. One typical example is the
hydroxyapatite (HAp) nanoparticles as implantable orthopedic and dental
materials, which has desirable biocompatibility, bioactivity, and mechanical
strength. [11,15]

To utilize nanomaterials as nanomedicine, the optimum phyiscochemical
properties as well as biocompability are always pursued and being focused by
researchers. The properties of nanomaterials are found significantly affected
by size, morphology, composition and surface chemistry. Therefore, efforts
have been dedicated to adjust synthesis method or parameters and design
delicate nanostructures, in order to prepare the nanomaterials with better
biocompatibility, safety and efficacy. [21] There are several issues in need of
better understanding considering the biological influences by nanomaterials,
like toxicity effects and accumulation behavior at certain organs etc. [11,13]
In this thesis, a group of materials developed as potential contrast agents
for X-ray fluorescence tomography imaging (XFCT) is studied from the
synthesis method to toxicity assessment, as well as imaging performance.

1.2 Nanomaterials for Biomedical Imaging

As one of the popular application fields, nanomaterials are being studied
as contrast agents for molecular imaging to improve the disease diagnosis.
Despite the requirement of good biocompatibility, the selection and use of
nanomaterials family are also related to the physics principle for different
image modality, except the KTH-XRF tomography system in this thesis.
Such as MRI, PET, OI, X-ray CT and conventional XFCT are used widely
in clinical and research. In this section, the basic principles, advantages,
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disadvantages as well as nanomaterials contrast agents for these modalities
will be introduced.

1.2.1 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a well-known medical imaging tech-
nique as in clinical or research. MRI scanner generates images of the objects
through strong magnetic field, magnetic field gradients and radio waves. It
is recognized as non-invasive and non-ionizing in anatomical and physiolog-
ical imaging for diagnostic purposes.

Figure 1.2. Basic principle of MRI modality.

MRI system is developed from nuclear magnetic resonance (NMR) by
Mansfield and Lauterbur in 1980s. [22] The physical principle of MRI is
shown in Figure 1.2. The nuclear resonance frequency is proportional to the
magnetic field, while any fluctuations of the magnet will lead to spectrum
changes in the biological object like human body, hydrogen protons are
the main nucleus abundant in water, fat and organic molecules. During
the scan, external strong magnetic field is introduced and interact with
the nuclear spin. The protons spin will then align with the magnetic field
direction. And a radio frequency (RF) pulse is introduced to activate the
protons from equilibrium spin status. Then the RF field is turned off,
the protons release the energy as emitted RF signal and realign with the
magnetic field. The relaxation time varies depending on the different tissue
circumstances as well as the molecules, therefore the contrast of tissues is
generated by detecting the different relaxation rate in MRI. The spatial
resolution of MRI is 2-3 mm and sub 100 𝜇m in clinical and preclinical
performance.

Contrast agents as nanomaterials are used in MRI to improve the image
contrast by modifying the proton relaxation rates. There are three factors
determining the image contrast in MRI: T1 recovery, T2 decay and proton
density. T1 recovery and T2 decay are known as two independent relaxation
processes: longitudinal relaxation, and transverse relaxation. Accordingly,
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MRI contrast agents are classified as T1-weighted contrast agent and T2-
weighted contrast agent. For instance, para-magnetic ions like Gd3+ and
Mn2+ are able to enhance T1-weighted signal by changing the longitudinal
relaxation of protons significantly. Unpaired electrons of Gd3+ also prolong
the electronic relaxation times. Gd-based nanomaterials such as Gadolinium
oxides (Gd2O3), gadolinium phosphates (GdPO4) are developed for MRI
application. [23–25] Iron oxide (Fe3O4) nanomaterials are used as typical
T2 contrasts agent due to the high magnetization property, which induces
the magnetic field gradient and lead to the shorter T2 relaxation time.
Other iron-based nanomaterials including FeCo, CoFe2O4, MnFe2O4 etc,
were also developed as T2 contrast agents. [23, 26]

1.2.2 Optical Imaging

Optical Imaging (OI) is well known as depending on the detection of the flu-
orescence or bioluminescence photons emitted from the probes. It contains
the imaging techniques that use ultraviolet, visble or infrared illumination
light. The probes in optical imaging are also classified as fluorophores and
reporter gene-based probes. The fluorophores have a large family including
organic dyes, semiconductor nanoparticles and fluorescent proteins such as
cyanine dyes or quantum dots (QDs). And the reporter genes include green
fluorescence protein or luciferase enzyme. By the irradiation of illumination
light, the electrons in the probes are excited from the ground state, then the
electrons return back to ground state and release the absorbed energy as
fluorescence emission photons. The fluorescence emission usually occurs at
a longer wavelength than the excitation light. By utilizing proper fluores-
cence marker such as cyanine dyes, optical imaging can also be applied at
in vivo molecular imaging. However, different modalities have own merits
and drawbacks, such as MRI has high resolution but low sensitivity to con-
trast agents, while OI has high sensitivity with low resolution. Therefore,
multimodality imaging has been developed as well as multimodal contrast
agents, in order to combine the strength of different modalities. [27]

1.2.3 Positron Emission Tomography

Positron emission tomography (PET) is also an analytical and functional
nuclear imaging technique. The physical principle of PET is similar with
SPECT (Single-photon emission computed tomography) shown in Figure
1.3. For both modalities, radioactive isotope labeled probes are used to
image patients and monitor the metabolism process at molecular level. In
PET imaging, positron-labeled radio-tracer is injected intravenously and
distribute with blood flow inside the body. Then the radio-tracer decays
and emits positrons, along with neighboring electrons (511 keV) to produce
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gamma rays in the opposite direction at 180° to each other. The gamma rays
will be detected by the ring-shape detector placed within the PET the scan-
ner. By computer reconstruction, the energy and location of these gamma
rays are converted into the image showing the tracer concentration within
the body. In SPECT image, the radiation mechanism and radioisotopes
are different with that in PET image. During the process, the radio-tracer
decays and emits Gamma rays detected by the lead collimator. The spatial
resolution in clinical and preclinical PET is around 4-6 mm and 1-2 mm,
respectively, limited by detector sizes and positron travel distance, annihi-
lated photon-pairs. And the clinical SPECT has a spatial resolution above
10 mm. [28,29]

e+

e-

511keV Gamma ray

511keV Gamma ray

Gamma ray

Detector

Detector

PET SPECT

Detector

Figure 1.3. Illustration of PET and SPECT modality. Adapted from paper [30].

There are several radioisotopes used in PET/SPECT imaging, includ-
ing technetium-99m, indium-111, iodine-123, and iodine-131. [31] However,
the half-life of these radioisotopes are very short which limits the detection
time. Radioisotope label nanomaterials are developed as contrast agents
for PET/SPECT image. For example, F-18-labeled glucose analog, 2-[F-
18]fluoro-2-deoxy-D-glucose (FDG) is commonly used in PET to image nor-
mal and altered metabolic states of disease processes of brain and heart, like
detecting cancer, NaF is widely used for detecting bone formation, and O-
15 labeled H2O is used to measure blood flow. One of the disadvantages of
PET scanners is its expensive operating cost. [31]

1.2.4 X-ray Computed Tomography

X-ray computed tomography (CT) image system is developed by Cormack
and Hounsfield in 1979. It is a noninvasive medical imaging technique for di-
agnostic lesions in tissues and organs. The physical principle of CT is based
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on the X-ray attenuation coefficients which is dominated by photoelectric
effect and Compton scattering. The total attenuation changes depending
on the mass or density of the object, as shown in Figure 1.4. The X-ray
mass attenuation coefficients are mainly dependent upon the photoelectric
absorption and Compton scattering, as shown in Figure 1.5. During the
scanning, X-ray source rotates around the object, meanwhile following with
the rotation at the same axis of the detector placed at the opposite di-
rection. A series of X-ray attenuation projections at the specific area of
interest is generated, then proceeded by computer-reconstruction to create
3D images. The cross-sectional images in X-ray CT are used for diagnostic
and therapeutic purposes. CT has a spatial resolution of 0.5-0.625 mm. [32]
The contrast of the CT image is determined by the materials of the object.
It is explained as materials with higher density (𝜌) or high atomic number
(Z) tend to absorb more X-rays. The relationship is expressed as X-ray
absorption(or attenuation) coefficient (𝜇): [19]

𝜇 = 𝜌𝑍4

𝐴𝐸3
(1.1)

Where A is the atomic mass and E is the X-ray energy. The Z4 factor allows
for contrast levels of several orders of magnitude between different tissues
and types of contrast agents. As the incident X-ray energy matches with
the binding energy of the electrons at the K-shell of the atom, absorption
coefficient will increase. The energy is considered as absorption edge (𝜅)
that increases with atomic number and density of the materials. [33]

In the X-ray CT images of human body, good contrast is commonly
observed between dense bone structures and surrounding soft tissues, due to
the great difference of X-ray attenuation value as it is 1000 HU (Hounsfield
unit) for mineralized tissue but between 30 HU to 100 HU for most soft
tissues. However, it is difficult to distinguish adjacent different soft tissue
with similar density, like tumor in the liver. [19] Hence, contrast agents like
iodine-based compound are used to enhance the X-ray attenuation of the
soft tissues of interest, to improve the image contrast. While iodine-based
compound is limited by short blood circulation time and high renal clearance
rate. It is further improved by using nanomaterials such as iodine-based
nanoparticulate like liposomes containing iohexol, N117 nanosuspensions
and polymeric nanoparticles, etc. Inorganic nanomaterials like Lanthanide-
based nanoparticles, gold are also developed as CT contrast agents. [35]

1.2.5 X-ray Fluorescence Computed Tomography

As described in CT, objects comprised of high atomic number elements
with high concentration can be visualized in good contrast. However, it is
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Figure 1.4. Mass Attenuation Coefficients as a function of energy for different
materials like adipose tissue, muscle, bone, lung, water and iodine. Adapted from
paper [34]

difficult at low elemental concentration because the X-ray absorption will
be very low and background noise is high. X-ray fluorescence is a more
sensitive tool to detect low elemental concentration.

The basic principle of X-ray fluorescence (XRF) is based on photoelectric
effect shown in Figure 1.5. An incident X-ray beam interacts with the
matter, electrons at K-shell of the atoms get excited to higher energy state
and escaped with vacancy left. Then, electrons from outer shell jump to fill
up by releasing energy, which partly emits as secondary X-ray fluorescence
photons. X-ray fluorescence spectrum is unique for each element, making
the technique as an ideal tool for elemental analysis. It has been widely
used in material science, archaeology etc. Recently, the application of X-
ray fluorescence in biological filed are more and more popular. Such as
study of the uptake and distribution of metallopharmaceuticals, elemental
distributions in tissue and organ etc. [36]

X-ray fluorescence computed tomopgraphy (XFCT) is an imaging tech-
nique combining traditional CT and X-ray fluorescence. During the scan,
X-ray fluorescence photons and transmitted X-rays are simultaneously col-
lected by the detectors. Then the obtained spectrum is processed for im-
age reconstruction, and the combined XRF-CT image is produced. Con-
ventional XFCT is usually operated at 125 kVp with polychromatic X-ray
beams, resulting the radiation dose of 743 mGy per slice and 2.5 mm x 2.5
mm spatial resolution, in which gold nanoparticles have been investigated
as the contrast agents. [38, 39]
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a.

b.

Figure 1.5. Schematic Illustration of the Photoelectric (a) and Compton Effects
(b). Adapted from paper [37].

1.3 Targeting Schemes of Nanomaterials

Nanomaterials are used as contrast agents in the different imaging modal-
ities, particularly for the diagnostic and therapeutic purposes targeted in
tumor treatment. There are usually two ways influencing the design of
nanomaterials, known as passive targeting and active targeting.

1.3.1 Passive Targeting

The micro-environment surrounding tumor tissue shows distinct character-
istics, as shown in Figure 1.6. The tumor cells grow rapidly in the de-
mand of vast oxygen and nutrients, resulting in the formation of new blood
vessels. The tumor tissue releases angiogenic factors to increase the micro-
vasculature, in order to sustain the growth. However, the angiogenic factors
and matrix metalloproteinases are imbalanced for tumor tissues, leading to
the highly disorganized vessels with numerous dilated pores and wide gap
junctions between endothelial cells. In normal tissue, the vasculature is
equipped with tight junctions which is not permeable for molecules sized
above 2 4 nm. In this case, the tumor tissue offers the so called ”enhanced
permeability and retention (EPR)” effect, allows the stay of nanoparticles
with size from 5 nm to 200 nm. [40–42]

Besides, tumor tissue does not own normal lymphatic system either, the
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extravasated nanoparticles can stagnate within the neoplastic tissue. The
size of nanomaterials is studied as the key factor referring to EPR effect.
Nanomaterials can enter the tumor and remain at the disease region for
long circulation time, which benefits the imaging process.

Figure 1.6. Schematic of passive targeting and active targeting. Adapted from
paper [43]

1.3.2 Active Targeting

In passive targeting, nanoparticles are expected to accumulate at the tumor
tissue based on the EPR effect. By contrast, nanoparticles can also be engi-
neered to initiatively recognize and interact with specific tumor cells, which
is named as active targeting in the literature. [44] As it is shown in Figure
1.6, the main routes of active targeting is to funtionalize the nanoparticles
by surface modification during synthesis with affinity ligands, which are
for specific retention and uptake by the targeted tumor cells. The ligands
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conjugated on the surface of nanoparticles can bind surface molecules or re-
ceptors over-expressed by diseased tissues. Antibodies, affibodies, proteins,
peptides, nucleic acids, sugars, and small molecules etc are typical ligands
for the design of active targeting nanoparticles.

Unlike small molecules with one binding site, usually nanoparticles have
the capacity to conjugate a great deal of targeting molecules for high avidity
binding. The improvements in binding and circulation time by nanoparticles
will also increase the accumulation, specificity, and retention at the targeted
tumor tissue. It not only enhances the image contrast but also reduces
total injection dose. There are some limitations in using nanoparticles for
active targeting too. For example, non-specific binding of proteins on the
nanoparticles surface can reduce the targeting ability. Besides, the ligand
types and density, size and morphology of the nanoparticles have an affect
on the efficacy of active targeting. [43,45,46]

1.4 KTH Laboratory XFCT Setup

In this thesis, the currently in-use KTH Laboratory X-ray fluorescence
(XRF) setup is shown in Figure 1.7. It consists of a high-brightness liquid-
metal-jet X-ray microfocus source and a W-C coated multilayer Montel
mirror, where the anode materials is made from the liquid-alloy of gallium,
indium, and tin. During the scan, the polychromatic x-ray beam generated
from the source is focused by the multilayer mirror, then converted to a
monochromatic pencil beam. The source has a 40x10 𝜇m line focus and is
operated at 170 W/120 kVp. And the pencil beam focus diameter is 100
𝜇m with a full-width-at-half-maximum (FWHM) of 1.4 keV, the monochro-
matic pencil beam is a characteristic Indium K𝛼 emission line (24.1 keV)
with the flux 2.8x107 ph/s.

The XRF detector is placed at 90° of the incident pencil beam direction,
meanwhile, transmitted X-ray photons are collected by the CT detector
placed along the transmitted beam direction. During the imaging process,
the object will be scanned in the horizontal direction continuously. The full
spectra of XRF signals and X-ray absorption signals will be collected at
the same time. Through data processing and computer reconstruction, the
combined XRF images with CT images will be displayed for further analysis
of the distribution of nanoparticles.

In the traditional XRF system, a small section of polychromatic emission
spectrum is used to generate X-ray fluorescence, but the rest spectrum
increases the radiation dose and background noise, along with long scan
times, low resolution, high nanoparticles dose. For instance, in micro-CT,
the image resolution of 135 𝜇m can be acheived with high radiation dose
of 250 mGy. [48] These shortages have been improved in the KTH XFCT
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Figure 1.7. Experimental setup for in vivo small-animal XFCT. Adapted from
[47]

system, which offers a low background and high flux source, and produces
high resolution in vivo image within reasonable scanning time and radiation
dose. Molybdenum-based nanoparticles has been proved successfully as
contrast agents in this image modality, where the acquisition of whole-body
mouse tomography took 1 h with 15 mins per projection and the average
radiation dose was 22 mGy. [47,49,50] In addition, the 24 keV emission line
also requires specific contrast agents in the KTH XFCT system, of which
the K𝛼 absorption energy needs to match the source, such as the low atomic
number elements based nanoparticles presented in this thesis.
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Chapter 2

Nanoparticle Synthesis Methods

In this chapter, several synthesis methods commonly used for nanomate-
rials are introduced. The properties of nanomaterials are strongly linked
to the size, morphology and surface chemistry, that are tunable during the
synthesis process. Therefore, different methods have been developed for
nanoparticles preparation for decades. In general, these methods can be
classified as top-down or bottom up approaches. The “Top-down methods”
include mechanical milling, sputtering, laser ablation, lithography, electro-
spinning etc. Literally, top-down methods take advantage of external tools
or micro-fabrication to cut, mill or shape materials from macro to nano
scale dimension. The “bottom-up methods” include chemical vapor de-
position, solvothermal/hydrothermal, microemulsion and sol-gel synthesis.
These methods produce nanomaterials through chemical reaction to assem-
ble molecules. [51] In this thesis, hydrothermal and polyol methods are used
to synthesis nanoparticles.

2.1 Hydrothermal/Solvothermal Synthesis

Hydrothermal/Solvothermal synthesis is one of the popular methodologies
in the preparation of inorganic materials, particularly. The method origi-
nates from the micro-sized quartz synthesis in 19th century, it has been ap-
plied greatly in synthesising nanomaterials since 1990s along with the emerg-
ing high resolution characterization techniques like TEM and SEM. [52] In
definition, hydrothermal synthesis is the method to perform chemical reac-
tions in aqueous system under sef-generated high pressure and above the
boiling point of water, while solvothermal synthesis means the reactions in
non-aqueous system at relatively high temperature. [53, 54] The synthesis
methods are suitable for precursors with low solubility at low temperature.
During the synthesis, the precursors with other components are dissolved
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in the solvent, then sealed in a steel-vessel. By heating the vessel, the inner
temperature can go up to 300 ℃ for hydrothermal and 600 ℃ for solvother-
mal synthesis. Meanwhile, the pressure normally increases up till above 100
bar. [55]

Except the precursors in hydrothermal/solvothermal synthesis, there are
also two other components used for different purposes. Firstly, it is the
mineralizers that are usually inorganic/organic additives, with the func-
tion to adjust the pH of the solution. The other component is the capping
agents that are additives, which actually can also be mineralizers, in order
to improve particles’ dispersity and control the morphology. [52] The crys-
tallization formation of nanomaterials in the solution during the synthesis
is described in two steps: nucleation and crystal growth. The process is
shown in Figure 2.1, so called LarMer diagram, that describes the process
of nanocrystals formation in the homogeneous colloidal system. [56] As the
reaction begins, large amounts of atomic species generates and accumulates
until reaching the critical concentration, where the nucleation begins. With
the rapid consumption of reactants, crystal growth also starts by the dif-
fusion along with the nucleation. [56] Hence, this nucleation and crystal
growth can be affected by changing the reaction temperature, pH of the
solution, concentration of the reactants, mineralizers and capping agents.
In this way, nanomaterials with controllable size and morphology is synthe-
sized.

Figure 2.1. Illustration of La Mer diagram for the generation of atoms, nucle-
ation, and subsequent growth of colloidal systems. Adapted from paper [57].

There are several advantages of hydrothermal/solvothermal methods in
synthesizing nanomaterials. It produces well crystallized nanocrystals in
high yield of a relatively low cost. External energy sources can also be uti-
lized like microwave and magnetic field to improve the quality of the final
products. Many metal oxides and semiconductor nanomaterials based on
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Group II-VI, III-V, and IV have been reported by hydrothermal/solvother-
mal synthesis, including Fe2O3, TiO2, ZrO2, CdSe and ZnSe. [53,58,59]

2.2 Polyol Synthesis

The polyol synthesis method was firstly reported in 1989 by Fievet et al.
It is defined as a liquid-phase synthesis route, commonly used to prepare
metallic nanoparticles or metallic oxide nanoparticles. [60] The liquid-phase
are poly alcohols including ethylene glycol (EG), diethylene glycol (DEG),
triethylene glycol (TEG), and propanediol (PDO), butanediol (BD), etc
shown in Table 2.1. The use of polyols is considered as solvent as well as
reducing agent during the synthesis. There are several advantages of polyol
synthesis. First of all, it is the water equivalent solubility and high boiling
point of the polyol solvents. Therefore, salts as metallic halides, nitrates
and sulfates can also be used as the precursors. Besides, the high boiling
point allows the reaction temperature up till 200-320 ℃ at atmospheric
environment. Thirdly, the polarity and viscosity of the polyols also offer
the adaptability and flexibility for this method. At last, the polyol solvent
can functionalize the nanoparticles’ surface by coordination and improve
their colloidal stability. [61]

Table 2.1. Overview of the most widely used polyols. Adapted from paper [61]

Polyol Acronym Boiling point (°C)
HO–CH2–CH2–OH EG 197
HO–CH2–CH2–O–CH2–CH2–OH DEG 244
HO–(CH2–CH2–O)2–CH2–CH2–OH TrEG 291
HO–(CH2–CH2–O)3–CH2–CH2–OH TEG 314
HO–(CH2–CH2–O)𝑛–CH2–CH2–OH PEG >350 (decomposition)
HO–CH2–CH2–CH2–OH PDO 213
HO–CH2–CH2–CH2–CH2–OH BD 235
HO–CH2–CH2–CH2–CH2–CH2–OH PD 242
HO–CH2–CH2(OH)–CH2–OH GLY 290
C(CH2OH)4 PE 276 (102 Pa)

The polyol synthesis process also includes three steps: the dissolution
of the precursor, nucleation and nanoparticles growth. To synthesis of
nanoparticles with controllable morphology, strategies like seeding the re-
active medium with foreign nuclei has been proved effective and applicable.
In addition, the use of protective agents like polyvinylpyrrolidone (PVP) or
surfactants are also helpful to direct the cystal growth into certain shapes
of particles. [60, 62,63]
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In this thesis, polyol synthesis is used to prepare metallic particles. It
is a redox process that the metal precursor is reduced by the polyols. The
standard electrode potential of the metallic ions could be used to calculate
the Gibbs free energy(Δ𝐺0), and evaluate the relative reducibility:

Δ𝐺0 = −𝑛𝐹𝐸0 (2.1)

where F is faraday constant, E0 is the value of standard electrode potential,
and n is the number of moles of electrons transferred in the redox process.
A spontaneous redox reaction is characterized by a negative value of Δ𝐺0,
meaning the positive value of E0. The standard electrode potential (E0) are
given corresponding to aqueous solution at 25 ℃. The oxidation process of
the polyols is another key factor of the reaction mechanism. EG is the most
popular polyol used and the oxidation mechanism is shown in Figure 2.2. It
can be seen that Glycol aldehyde is produced through a first two-electron
process and then different two-electron oxidation steps leading to the final
CO2 product.

Figure 2.2. Stepwise oxidation of EG to CO2. Adapted from paper [64]

In addition, the coordination behavior of metal cations in the polyol so-
lution forms metal complexes and increases the solubility of metal ions. It
is postulated that metal-polyol or metal-polyolate adducts are the possible
actual precursors. However, thermodynamic studies are need to Figure out
the complexes mechanism during reaction. Another study of the reaction
mechanism based on 3d transition metals is also reported. [65] It indicates
that intermediate phase is formed as the reaction temperature goes up. The
intermediate phase acts as metal-cation reservoir, and controls the concen-
tration of the reduced metal ions. Then it is the nucleation and crystal
growth process shared with theory in Figure 2.1. Ostwald ripening is one
of the growth mechanisms for understanding the size controllable synthesis
of nanoparticles. It can be described as the colloidal nanoparticles tends
to minimize the surface-to-volume ratio with low surface free energy. The
nanoparticles with radius larger than the critical radius grow; inversely,
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Figure 2.3. The development of various shapes in a cubic crystal. A)illustrate
the effects of face-selective growth on the final particle shape of a cuboctahedron
crystal with both {111} and {100} facets. B)shows various morphologies of a cubic
crystal, which can be formed by tuning the ratio of growth rates along ⟨100⟩ to
⟨111⟩. Adapted from paper [67]

nanoparticles with size smaller than the critical radius dissolve. The criti-
cal radius depends on the solution and nanoparticles properties, defined by
the following equation: [66]

𝑟𝑐𝑟 = 2𝛾𝑉𝑚
𝑅𝑇 𝑙𝑛𝑆

(2.2)

Where S is the ratio of concentration to solubility of the monomers at a flat
surface, R is the universal gas constant; T is the absolute temperature; 𝛾 is
the specific surface energy; and V𝑚 is monomer volume. And the dissolu-
tion of nanoparticles referring to different sizes is defined by the curvature
dependence of the chemical potential in equation 2.3. Where 𝜇0 is the chem-
ical potential of atom on a flat surface, 𝜅 is the mean interfacial curvature.
It indicates that smaller nanoparticles of high curvature with high surface
energy dissolve, meanwhile larger nanoparticles of low curvature with low
surface energy grows. [66]

𝜇 = 𝜇0 + 𝑉𝑚𝛾𝜅 (2.3)

Typically, the morphology or shape evolution of metallic nanoparticles
can be explained based on the Gibbs–Wulff theorem. [67] It is described as
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the equilibrium shape of a crystal tends to minimize surface energy in the
given enclosed volume. Because the surface energy of crystalline solids is
anisotropic, the energy-minimizing shape is prioritized by the facets with
the lowest surface energy and truncating facets to decrease surface area,
resulting in polyhedron shapes. The morphology changes of fcc crystals are
typical examples as shown in Figure 2.3.

Besides the reaction mechanism discussed, there are two limitations in
the polyol synthesis. Firstly, the reducing power is restricted such that it
reaches the limit at high temperature (>230 ℃) for less-noble metals. At
last, non-polar metal surfaces are difficult to be stabilized by polar polyol.
[61, 64] Typically, Fe, Ru, Rh, Ag, Au, Pt, Pd, Cu metallic nanoparticles
have been successfully prepared by polyol synthesis.

2.3 Precipitation

The precipitation, or co-precipitation, is recognized as a simple and facile
method in the preparation of nanomaterials. It provides a good solubility
and size control process. There are several advantages of co-precipitation
method such as high product purity and yield, reproducibility, and low cost.
In addition, the method avoids the use of hazardous organic solvents, and
rigorous reaction conditions like high pressure or temperature. It is firstly
reported in the preparation of magnetic liquids by Maasart. [68] The mech-
anism of co-precipitation was reported by Kolthoff at 1932. [69] Three cases
are usually included in co-precipitation: the formation of mixed crystals;
occlusion; surface adsorption.

The properties of the obtained particles by co-precipitation including
size, shape, and composition are highly dependent on the reaction parame-
ters (temperature, pH, ionic strength, kind of basic solution, etc). A typical
co-precipitation process is the synthesis of metal ferrite nanoparticles. The
chemical reaction process is described as the following equation:

𝑀2+(𝑎𝑞) + 2𝐹𝑒3+(𝑎𝑞) + 8𝐻𝑂−(𝑎𝑞) ⇌ 𝑀𝐹𝑒2𝑂4(𝑠) + 4𝐻2𝑂(𝑙) (2.4)

It is found that the particle size and shape, crystallinity, and magnetic
properties of the products could be achieved by changing different reaction
parameters, such as metal cation precursors, molar ratio between M(II) and
Fe(III) cations, and alkaline agent. For example, cobalt(II) ferrite nanopar-
ticles with enhanced magnetic properties are synthesized by co-precipitation
with adjusted reagents adding sequence, concentration of NaOH solution,
as well as subsequent annealing temperature. [70] Other types of nanomate-
rials like Y2O3, TiO2 nanoparticles have also been reported in the synthesis
by co-precipitation method. [71,72]
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2.4 Thermolysis

Thermolysis method is known as a chemical process that the precursors
decompose under suitable thermal treatment into solid compound as prod-
uct, at the same time the by-products can be removed by evaporation or
subsequent washing process. It is one of the simplest and cost-effective syn-
thesis methods. Themolysis in non-aqueous media such as organic solvents
can produce nanoparticles with narrow size distribution and higher crys-
tallinity. Nanomaterials such as metallic nanoparticles, metal oxides, and
metal sulfides have been prepared by thermolysis.

Thermolysis can be divided into two routes: dry thermolysis and wet
thermolysis. [73] Literally, dry thermolysis is that the precursor decomposes
without solvent at high temperature; wet thermolysis happens as precursor
dissolution, or dispersed in water or organic solvents. Therefore, thermol-
ysis is partially overlapping with hydrothermal technology. The choice of
the precursor is the key factor in the thermolysis method, like nitrates, car-
boxylates, polymers, complex coordination compounds can all be used as
precursors. The corresponding ligand environment of different precursors
have an influence on the size or morphology of the final products. Typical
examples like ferrite nanocrystals, TiO2 nanoparticles, ZrO2 nanoparticles
have been reported by thermolysis method. [74–76]

2.5 Sol-Gel Synthesis

Sol-gel method is a ”wet-chemistry” route for the synthesis of oxide nano-
materials. It has the advantages at the control of size, composition and mor-
phology of the final products. ’Sol’ is the colloidal suspension of nanopar-
ticles in a monomer solution, where the particles could be amorphous or
crystalline with different structures; ”gel” is known as a 3D interconnecting
network surrounding the continuous liquid phases. [77] Sol-gel synthesis is
based on the hydrolysis, condensation, and polymerization reactions of the
precursors, the general chemical reaction is given below:

𝑀 − 𝑂𝑅 + 𝐻2𝑂 → 𝑀 − 𝑂𝐻 + 𝑅𝑂𝐻(𝐻𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠)
𝑀 − 𝑂𝐻 + 𝑋𝑂 − 𝐻 → 𝑀 − 𝑂 − 𝑀 + 𝑋𝑂𝐻(𝐶𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛)

where M= metal, R= alkyl group (C𝑛H2𝑛+1), X= H or alkyl group
(C𝑛H2𝑛+1). [78]

The sol-gel process can be optimized by adjusting the parameters in-
cluding pH, reaction time, temperature, precursor species and concentra-
tion, solvent species and surfactants. The process can be carried out in
both aqueous and non-aqueous solvent. In aqueous sol-gel synthesis, silica
nanoparticles is the most well known product and reported by Stöber firstly
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in 1967. [79] Since then, mesoporous silica nanoparticles or silica coated
nanocomposites have been prepared from derivated Stöber methods. [21,80]
However, metal oxide nanoparticles are usually produced by nonaqueous sol-
gel process. It is due to the high sensitivity of the metal alkoxide precursors
towards hydrolysis. Therefore, organic solvents are used to slow down and
control the reaction kinetics. Typically, benzyl alcohol is successfully used
for the synthesis like ZnO, TiO2, ZrO2 nanoparticles. [81, 82]
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Chapter 3

Experimental Methods

In this chapter, the synthesis process of the nanomaterials in this work
will be introduced. The basic principle of characterization techniques used
in the analysis of nanomaterials’ chemical composition, size, morphology,
surface chemistry will also be presented as well. At last, the in vitro toxicity
assessment method and X-ray fluorescence imaging setup and methodology
used will be explained.

3.1 Materials

In this thesis, ceramic nanoparticles based on Yttrium, Zirconium and Nio-
bium; as well as metallic nanoparticles of Ruthenium and Rhodium are
prepared. The chemicals used during the corresponding synthesis methods
are listed in the table below:

Table 3.1. Materials used in the preparation of nanomaterials.

Method Precursor Solvent Capping agent Additive
Hydrothermal
Synthesis Y(NO3)3⋅6H2O DI water Urea

Hydrothermal
synthesis ZrOCl2⋅xH2O DI water Urea

Hydrothermal
Synthesis NH4NbO(C2O4)2⋅xH2O DI water Urea

Polyol
Synthesis RuCl3⋅xH2O Ethylene glycol PVP55k

Polyol
Synthesis RhCl3⋅xH2O Ethylene glycol PVP55k 1*

1*.The additives used in Rh synthesis are introduced in paper C.



22 | EXPERIMENTAL METHODS

3.2 Synthesis Methods

In this section, the synthesis procedures are introduced for the specific nano-
materials.

3.2.1 Ceramic Nanoparticles

In paper A, ceramic Y, Zr, and Nb-based nanoparticles are synthesized by
using the hydrothermal method. The experimental procedure is shown in
Figure 3.1. Typically, the precursors of Y, Zr, Nb presented in Table 3.1
are dissolved in DI water, together with urea at a certain molar ratio. After
stirring for a few minutes (5-10 mins), the mixture becomes transparent
solution which were then transferred into a 50 mL Teflon-tube sealed in
the stainless-steel autoclave. The whole set is heated up in the oven for 20
h with preset temperature of 180 °C. Then the autoclave is cooled by tap
water. The products are washed by DI-water or ethanol at least three times
to remove the residual chemicals. At last, the samples are re-dispersed in
DI water for further characterization.

Y3+, Zr4+, Nb5+

precursors

Dissolved in DI 

water+

Urea

Stainless steel

Autoclave

Cooling, washing, 

centrifuge

Heat to180℃ for 

20h
Final product

Figure 3.1. Schematic of the hydrothermal synthesis of ceramic nanoparticles

3.2.2 Metallic Nanoparticles

In paper B, C and D, metallic Ru and Rh nanoparticles are prepared by
the polyol method adapted from ref. [83]. A mixture of ethylene glycol with
PVP is heated up in a flask by a glycerol bath under stirring. After reach-
ing the targeted temperature, transparent solution is observed indicating
that PVP is fully dissolved in EG. Then the solution of Rh or Ru salts
as precursors are injected in the mixture. Dark solution is observed and
maintained at this temperature for 15 mins. The color became brownish.
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Then the solution was heated to a focus temperature, and maintained for
another 1.5 h. The focus temperature is different for Ru and Rh precursors,
as the reaction mechanism is different for them. During the whole process,
thermometer is used to monitor the temperature inside the flask. The fi-
nal solution is jet-black and cooled in cold water bath. After washing with
acetone and precipitation by centrifuging, the nanoparticles are obtained
and dispersed in DI water for stock and further characterization. In paper
C, Rh nanoparticles are synthesized by the addition of several additives in
the beginning mixture to modify the morphology of final products, with
remaining other parameters unchanged.

3.2.3 Core-Shell Nanoparticles

Ru/Rh nanoparticles are coated with silica by an aqueous sol-gel method,
as a modified Stöber process. [79] The process is shown in Figure 3.2. To be
detailed, the stock solution of colloidal Rh/Ru nanoparticles was dispersed
in a mixture of a certain molar ratio with etanol to DI water, followed by
adding Tetraethyl orthosilicate (TEOS) as the precursor for silica. After
stirring the solution for 30 mins, ethanolamine (EA) is added slowly to
promote the hydrolysis of TEOS, in order to form the silica coating on
the surface of metallic nanoparticles. The as prepared silica coated Ru/Rh
nanoparticles are washed with ethanol by centrifuging, then re-dispersed in
DI water for further measurements.

Ethanol/Water TEOS

EA stirring

O

OH

Si

Si

Si
O

OH

OH

O
O

Ru/Rh NPs Ru/Rh@SiO2 NPs

Figure 3.2. Schematic of silica coating synthesis.

3.3 Characterization Methods

3.3.1 X-Ray Powder Diffraction

X-ray powder diffraction (XRD) is a technique commonly used for the anal-
ysis of phase composition of the crystalline materials, and study the crystal
structure and atomic spacing. In this work, X-ray powder diffraction (PAN-
alytical, step size=0.02, scanning rate=0.13∘/min) with Cu K𝛼 radiation
(𝜆=1.54056 Å) is used. The samples of the materials could be finely and
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homogenously ground or average bulk status. The X-ray diffraction instru-
mental setup usually includes three parts: X-ray tube, sample holder, X-ray
detector. The X-ray tube consists of the cathode generating electrons and
the anode being targeted to emit X-rays. The principle of X-ray diffraction
is based on the constructive interference of monochromatic X-rays inside the
crystalline materials, because the wavelength of X-rays is 0.1 to 1 nm which
is in the same magnitude of inter-planar crystal spacing, where the atoms
are arranged regularly as shown in Figure 3.3. Therefore, the X-rays are
diffracted by the crystalline materials, the incident X-rays are scattered by
the atoms, and the elastic scattering appears to be the diffraction pattern,
according to Bragg’s Law:

2𝑑 sin 𝜃 = 𝑛𝜆 (3.1)
where d is the spacing distance between diffracting planes, 𝜃 is the incident
angle, n is any integer, and 𝜆 is the wavelength of the incident X-rays
beam. From the obtained spectrum from XRD, the chemical composition
and crystal structure of the samples could be identified by the analysis with
crystallography database.

θ

Incident X-rays Diffracted X-rays

d

Figure 3.3. Illustration of X-ray diffraction.

3.3.2 Transmission Electron Microscopy

The morphology of the nanomaterials are mainly characterized by Trans-
mission electrons microscopy (TEM). TEM is well known for the analysis
of the materials’ structure. In this work, TEM (JEM-2100F, Field emission
Gun, Accelerate Voltage 200 kV) is used. Based on the electrons interaction
with the atoms inside the materials, it is capable to observe the crystal struc-
ture, morphology and grain boundaries in TEM images. TEM instrument
contains three sections: illumination system, specimen stage and imaging
system. [84]

The illumination system equipped with an electron gun produces high
energy electron beam, which is then focused by condenser lenses and passes
through the specimen. The interaction between electrons and matters by
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elastic and inelastic scattering within so-called interaction volume is shown
in Figure 3.4. It can be seen that different signals are generated. In TEM,
the thickness of the specimen is preferable around 100 nm for bulk materials,
in order to let electrons transmit.

Imaging system consists of objective lens, aperture and stigmator,
selected-area aperture, intermediate lens and projector lens, fluorescence
screen and camera system. The objective lens offers the first magnified
real specimen image. Objective aperture is placed at the back-focal
plane (BFP) of the objective lens where forms the specimen diffraction
pattern. By adjusting the diameter of objective aperture, scattering
contrast or diffraction contrast will be observed in final TEM images.
Objective stigmator is used to correct the astigmatism. Selected-Area
Aperture is used to select the observing area by limiting the transmitting
electrons. For crystalline materials with thickness below 100nm, electrons
are scattered by atoms and forms diffraction pattern of the selected area
at the sample. The intermediate lens can change the image magnification
or the current to produce diffraction pattern. Projector lens is used to
minimize image distortion and produce centimeters-scale-diameters image
or diffraction pattern. The phosphor screen and camera system are used to
observe and capture images. The TEM image resolutions can reach close
to 0.1 nm, smaller than the inter-atomic distance. The contrast is based on
the density and thickness of the samples. Chemical composition analysis
can be done by coupled with Energy-dispersive X-ray spectroscopy (EDS).

The specimen preparation is very important in order to obtain TEM
images with ideal contrast and resolution. There are several techniques
such as chemical thinning, electro-chemical thinning and ion-beam thinning
being in TEM sample preparation. In this thesis, the nanoparticles are
diluted and dispersed in water. Then a pipette is used to transfer 10 𝜇l
dispersion and drip it on a copper grid, placed in the hood for several hours
until it is dried.

3.3.3 Scanning Electron Microscopy

The requirement of the specimen thickness in the TEM, that it is necessary
to be very thin in order to transmit the electrons, which is also the lim-
itation because of the difficulty in sample preparation. Scanning electron
microscopy (SEM) was invented later for analysing thick specimens. [86] In
this work, SEM (JSM7000F, Accelerate Voltage 30 kV) is used.

In SEM, two types of electrons during the interaction with the specimen
are commonly used for imaging as shown in Figure 3.4. Firstly, it is sec-
ondary electrons (SE) that atomic electrons in the sample emits during the
inelastic scattering process with the incident electrons. Secondly, it is the
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Figure 3.4. Illustration of electrons interaction with Matter. Adapted from [85]

backscattered electrons (BSE) that incident electrons interact with atomic
nuclei by elastic scattering. Inelactic scattering has smaller scattering an-
gles compared with elastic scattering, and the interaction volume is smaller
for high atomic number materials. Therefore, there are two image modes as
secondary-electron (SE) images and backscattered electron (BSE) images.

The secondary electrons escaped into the vacuum, which usually gen-
erated from the small esape depth (<2 nm) below the specimen surface.
As a result, the SE images show the properties of the surface structure
of the detected specimen. While the BSE have high kinetic energy com-
pared with secondary electrons, the peneration depth is also much larger.
Since the backscattering coefficient also increase with atomic number, as
expected, the backscattered electron images give contrast by the chemical
composition variation of the specimen. The specimen preparation for SEM
is not as strict as in TEM. In this thesis, the nanoparticles dispersion (10
𝜇l) is dripped on a silicon wafer, then wait until it is dried maturely in the
ventilation.

3.3.4 Dynamic Light Scattering – Zeta Potential

Dynamic light scattering (DLS) is used to analyse the particle size distribu-
tion in certain media. In this work, DLS system (Nano-ZS90) is used. The
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physics principle of DLS is based on Brownian motion that particles collid-
ing with molecules in the suspension. Energy transfer happens among the
colliding process and the moving speed of particles is affected by the sizes
significantly, the relation is illustrated by the Stokes-Einstein equation:

𝐷 = 𝑘𝐵𝑇
6𝜋𝜂𝑅𝐻

(3.2)

where D is translational diffusion coefficient representing the moving speed,
𝑘𝐵 is Boltzmann constant, T is temperature, 𝜂 is the viscosity of the solvent
and 𝑅𝐻 is the hydrodynamic radius.

During the measurement, a single frequency laser shines on the particles
dispersion. The incident laser is scattered by the particles to all direction,
and the scattered light is detected over time at an adjustable angle. Usually,
the detection angles are at 15°, 90° and 175°. 15° is the forward angle to
measure the aggregation, 90° is side scattering to measure weakly scattering
samples, and 175° is back scattering for high concentrated or turbid samples.
[87]

The diffusion coefficient is determined by detecting the intensity fluctu-
ation of scattered light, and then calculate hydrodynamic size. The DLS
measurement monitors the motion of the particles instead of measuring par-
ticle size directly. The hydrodynamic size represents the particles in ideal
spherical shape moving in the dispersion. Therefore, no morphology infor-
mation is displayed by DLS. The polydispersity index (PDI) indicates the
broadness of particle size distribution, with the value below 0.1 indicating
monodispersed particles in solution. [87]

The hydrodynamic stability of nanoparticles in the media are affected
by many factors. One key point is surface zeta potential (𝜉) which is also
measured in the DLS system. It is used to study the surface property of
the particles and the stability of the dispersion. Typically, 𝜉 >|±30𝑚𝑉|
means stable dispersion and 𝜉 < |±30𝑚𝑉| means aggragation or sedimenta-
tion. [88] The nanoparticles surface charge is explained by the double layer
model. [89] The particles’ surface caused interacts with surrounding disper-
sion media, absorbing the functional groups and ions. Therefore, the surface
zeta potential of the nanoparticles is depending on the factors as pH, ionic
strength and salt concentration in the dispersion media. [90]

3.3.5 Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) is a technique to anal-
yse the surface exposed organic groups on the nanoparticles. In this work,
FTIR system (Thermo Scientific Nicolet iS20) is used. The basic princi-
ple of FTIR is based on the molecular spectroscopy, that molecules absorb
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light at certain wavelength related with the vibration bond energy of the
functional groups. The molecular structure is identified by the position and
intensity of the spectral bonds. During the measurement, a infrared beam
pass through the sample where the absorption happens and results in inter-
ferogram. By Fourier transform, the intensity vs time signal is converted
into the intensity vs frequency spectrum. After deducting the background,
infrared absorbance or transmission spectrum of the specimen is displayed.

Typically, the samples were motivated by an infrared light source
around the wave-number from 4000 to 400 cm−1. There are four modes
in FTIR measurements: attenuated rotal reflection (ATR); diffuse
reflectance (DRIFTS); True specular reflectance/reflection-absorption and
Transmission. In this thesis, transmission mode is used to analyse the
nanoparticles, where the nanoparticles are mixed with KBr and made
into a platelet. Then it is placed directly into the IR beam path. The
transmitted energy is detected and generate the spectrum. It is a rapid
and convenient technique for detecting organic compounds or surrounding
functional groups on the surface properties of coating nanomaterials.

3.3.6 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is used to analyse the composition
of nanomaterials and their thermal stability. In this work, TGA system
(TA550) is used. The basic principle of TGA is based on monitoring
the mass changes of the sample during the thermal analysis process
over time as temperature changes. It provides information including
phase transitions, absorption, adsorption, and desorption. It can quantify
loss of water, oxidation and decomposition etc. TGA consists of a
precision balance with a sample pan, being placed inside the furnace
with controllable temperature. During the measurement, the furnace is
heated up to targeted temperature. The atmosphere inside the furnace
and heating rate are adjustable. The results give the curve of the mass
or percentage of the specimen vs temperature over time. In this work,
the samples are pre-dried at 80℃ in the vacuum oven overnight. The
target temperature is 700 ℃ with the heating rate 15 ℃/min during the
measurements of Ru an Rh samples, in the atmosphere of air.

3.3.7 Inductively Coupled Plasma-Optical Emission Spectroscopy

Inductively coupled plasma optical emission spectrometry (ICP-OES) is
used to determine the elemental concentration of the as-prepared nanopar-
ticles dispersion. It is an important step for the quantitative study on in
vitro/vivo toxicity and XFCT detection sensitivity. In this work, the ICP-
OES system (iCAP 6000 series, Thermo Scientific) is used. ICP-OES is
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based on the detection and quantification of chemical elements. During the
measurements, inductively coupled plasma is used to produce excited atoms
and ions from the samples dispersion, which emits electromagnetic radia-
tion at wavelengths characteristic of the particular element. The plasma
used is a high temperature source of ionized source gas (Argon). The tem-
perature of the plasma source is in the range from 6000 to 10000 K. The
intensity of the emissions at different wavelengths are proportional to the
concentrations of the elements in the sample dispersion, and there is a ICP
standards sample with known concentration used as the references, in order
to determine the elemental concentration in the samples. In this work, the
ICP samples for different nanoparticles are prepared by diluted the concen-
trated stock solution with in a certain volume ratio, and the corresponding
ICP standards are bought form Sigma-Aldrich.

3.3.8 Confocal Microscopy

Confocal microscopy (CM) is a kind of standard fluorescence microscopy
used to generate high-resolution images of biological samples stained with
fluorescent probes. In this work, Laser microscope LSM700 (Zeiss) is ap-
plied to image the intracellular localization of the uptake nanoparticles by
the murine macrophages. Confocal microscope is different with traditional
widefield fluorescence microscopes, which the whole sample is excited si-
multaneously and the fluorescence photons within unfocused part are also
detected. Confocal microscope has a particular configuration of optical path
that an aperture is placed at the focused plane of the image in front of the
detector. By adjusting the position and size of the aperture according to the
objective lens aperture, it is able to screen out the out-of-focus light. And
only the fluorescence photons close to the focal plane will be detected, there-
fore the resolution and depth direction of image is better than traditional
widefield microscope. [91]

The spatial resolution in confocal microscope can reach 0.8 𝜇m in the
axial direction and 0.3 𝜇m in the lateral direction. Confocal microscope can
also provide 3D reconstruction of the sample by acquiring images at different
focus planes which is called ”optical sectioning”. The image depth of confo-
cal microscope is limited by several factors including sample transparency
and surface layer (100-200 𝜇m), wavelength of the illumination. [92] In this
work, the sample is the cells exposed to Cy5.5-doped or undoped nanopar-
ticles, then fixed by post treatments. Cy5.5 is a near-infrared fluorescence-
emitting dye commonly used to stain the samples for in vitro and in vivo
applications.



30 | EXPERIMENTAL METHODS

3.4 In-vitro Toxicity Evaluation

In this section, the methods and procedures of toxicity measurements for
the nanoparticles prepared in this work are introduced.

3.4.1 Limulus Amebocyte Lysate Assay

Lipopolysaccharides (LPS) contamination testing is done before the in vitro
toxicity measurements of the nanoparticles in paper B, C, D and E. It
is used to detect the bacterial endotoxins lipopolysaccharide. The LPS
influences the immune system and triggers clear response, also promotes the
secretion of cytokines by cells. Therefore, it is necessary to measure the LPS
contamination of the nanoparticles before cell toxicity study. The LAL assay
Endosafe-PTS™ (Charles River) is carried out to the nanoparticles stock
solution, following the manufacturer’sinstructions using PTS cartridges with
a sensitivity of 0.005 EU/mL.

3.4.2 Cell Lines

The in vitro toxicity tesets are performed based on two cell lines in paper B
and C, including the Murine Macrophages (RAW264.7) (ATTC TIB-71 and
91062702-1VL); human derived ovarian Cancer cell lines (SKOV-3) (ATCC
HTB-77). The RAW264.7 cell lines serves as a model for immune cells, and
the SKOV-3 cell lines serves as a model of tumoral cells. In Paper D, only
Murine Macrophages (RAW264.7) is used.

3.4.3 Cytotoxicity Assays

Three different toxicity assays were used, inclduing Cell Counting Kit-8
(CCK-8) in paper B and C, and NucGreen viability assay (NucGreen) in
paper C and Real-Time Cell Analysis (RTCA) in Paper D. The viability
of the cells exposed to nanoparticles is normalized to the viability of the
non-exposed cells (the negative control). The cells were split and seeded
into 96-well plates one day before exposure to nanoparticles. The cells were
exposed for 24 h to a dilution concentration series of nanoparticles. In
the CCK-8 assays, WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-
5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt) is added directly
to the cells. WST-8 is bio-reduced by cellular dehydrogenase to an orange
formazan which is soluble in tissue culture medium. The amount of for-
mazan product is proportional to the number of living cells. NucGreen is a
cell-impermeant stain that emits bright green (535 nm) fluorescence when
bound to DNA. It stains only the cells that have lost plasma membrane in-
tegrity, therefore, it is used to estimate live/dead cell ratios. In RTCA assay,
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a high confluence of cells impedes the electric current flow, increasing the
impedance value (measured at the bottom of the culturing well plates) ex-
pressed as cell index and any factors affecting the cells adherence will cause
the fluctuations of impedance value. RTCA monitors long time changes on
the cell behavior and offers information on acute toxicity as well as effect
on long term growth and proliferation changes.

3.5 XFCT Experiments

In order to demonstrate the XRF performance of the synthesized nanopar-
ticles, different experiments were designed and carried out in the laboratory
KTH-XRF tomography system, as in Paper A, B, C, and D.

In paper A, XRF phantom experiments are done for Y, Zr, Nb, Ru and
Rh based nanoparticles dispersion. A 20 mm diameter cylinder made of soft-
tissue equivalent material polyethylene terephthalate (PET) is used. The
2 mm diameter hole in the cylinder was filled with nanoparticles solution
with the elemental concentration of 1000 ppm, one element at a time for
each experiment. During the phantom experiment, incident X-ray pencil
beam created by liquid-metal-jet source (D2, Excillum AB, Sweden) was
positioned to penetrate the hole with nanoparticles. The XRF spectra were
recorded by the detector for each element. And the background signal was
recorded by filling the same hole with water. After background subtracted,
the XRF spectra is displayed for the individual elements.

In paper B, to study the contrast potential of the metallic nanoparticles,
the XRF phantom experiments are performed on a small-animal size hollow
cylinder with 30 mm diameter made of polylactic acid (PLA). It is filled
with water to simulate soft tissue, meanwhile there are six holes in the
cylinder inserted by 3 mm tubes filled with different concentrations of Ru
and Rh nanoparticles dispersion in DI water, as 1.0, 0.8, 0.6, 0.4, 0.2 and
0.1 mg/mL. The scan is performed by 200 µm step size for each of the total
60 projections over 180 degrees. Each projection was exposed to X-rays for
10 ms with a radiation dose of 50 mGy per slice. The XFCT data was then
reconstructed and displayed.

In paper C, to investigate the XRF performance of the Rh nanoparticles
in small-animal XFCT, the in situ animal imaging experiment is performed.
During the process, a pipette tip filled with Rh nanoparticles of the elemen-
tal concentration 250 µg/mL is placed surgically in a sacrificed mouse. The
mouse was put inside a 60 mL tube and imaged. 30 projection images over
180 degrees are acquired, by 200 µm step size and exposure time of 10 ms
per projection. The estimated radiation dose is same with Paper B. Then,
the XFCT data reconstruction is done and displayed as image.
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In paper D, during the in situ animal imaging experiments, three spher-
ical holders with 3 mm inner diameters were filled separately with the dis-
persion of silica coated MoO2, Rh, Ru nanoparticles. The elemental concen-
tration for all is 250 µg/mL. The spherical sample holders were surgically
inserted in the abdominal of a sacrificed mouse. Then, the mouse was po-
sitioned and scanned in a tube. The parameters of X-ray scanning and the
XFCT image reconstruction process are the same with paper C.
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Chapter 4

Results and Discussion

In this chapter, the characterization results and in vitro toxicity assessment,
as well as X-ray fluorescence performance of the nanoparticles in paper A,
B, C and D will be presented and discussed.

4.1 Ceramic Nanoparticles

4.1.1 Y, Zr, Nb based Nanoparticles

Yttrium, Zirconium, Niobium-based nanoparticles are prepared by
hydrothermal synthesis method as shown in paper A. The selection of
the three elements are based on their X-ray K𝛼 absorption edge energy
(Y, 17 keV; Zr, 18 keV; Nb, 19 keV). The reaction mechanism is thermal
decomposition under high temperature and pressure. Stainless steel
autoclave was used in hydrothermal synthesis, creating high pressure,
and high temperature (>100 ℃) conditions in aqueous system during
the heating procedure which facilitate the thermal decomposition of the
precursors.

The as-synthesized products are analyzed by XRD and TEM with
SAED, in order to study the crystal structure, crystallinity and morphology.
The results are shown as Figure 4.1. Yttrium-based nanoparticles showed
wide FWHW (full width at half maximum) peaks of low intensity in
the XRD spectrum, as well as blurred rings in SAED pattern, which is
confirmed to be amorphous Y(OH)CO3 according to earlier report. [93] It
also has the spherical shape and particle size ranging from 300 nm to 400
nm. The Zirconium-based nanoparticles are identified as monoclinic ZrO2
(ICDD card: 00-001-0750) by matched XRD spectrum with reference
peaks, nice crystallinity is also obseverd by SAED. The particles also
show irregular shape and nonuniform size, with the clusters size around
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Figure 4.1. X-ray powder diffraction
patterns (left column) of as-synthesized
Y, Zr and Nb-based nanoparticles. In-
dexed diffraction peaks for the corresponding
phases are displayed by the reference pat-
terns according to ZrO2 (ICDD card: 00-
001-0750) and Nb2O5 (ICDD card:00-028-
0317). TEM micrographs with SAED pat-
terns of each nanoparticles are listed corre-
spondingly (right column). Adapted from
paper A.

50 nm and primary particles size
around 5-6 nm by TEM im-
ages. The niobium-based nanopar-
ticles are identified as orthorhom-
bic Nb2O5 phase by matched XRD
characteristic peaks with reference
(ICDD card:00-028-0317). The
particles morphology is observed as
agglomerated nanorods, the length
varies from 8 to 20 nm with the 5
nm cross section.

The hydrodynamic size distri-
bution for all samples are tested by
DLS. The average hydrodynamic
size is generally larger than the dry
size in TEM, because of the solva-
tion layer and the principle of DLS
results representing ideal spherical
shape. For YOH(CO3) nanoparti-
cles, the DLS average size is 375
nm slightly larger than TEM aver-
age size 350 nm, with the polydis-
persity index 0.15 indicating good
monodispersity, well matched with
TEM images. For ZrO2 nanopar-
ticles, DLS average size is 275 nm
-far larger than TEM average size
40 nm, with the polydispersity in-
dex 0.18 indicating monodispersed
agglomerated clusters in the disper-
sion. For Nb2O5 nanoparticles, the DLS average size is 420 nm with the
polydispersity index 0.54, indicating the agglomeration of the NP with a
wide size range.

4.1.2 XRF Phantom Performance

The metallic content of the ceramic nanoparticles is determined by
ICP analysis, to further dilute all the samples dispersion into same
metallic concentration (1000 ppm). It is because that the XRF signal is
proportional to the concentration of the emitting elements, but unrelated
to the size and morphology or chemical composition. The XRF phantom
experimental process is described in Chapter 3. After subtraction of
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Figure 4.2. The obtained XRF spectrum of
Y, Zr and Nb-based nanoparticles. Adapted
from paper A.

the background, the resulting XRF
spectra is shown in Figure 4.2.
Nb-based nanoparticles gives opti-
mum signal levels with low back-
grounds and good signal-to-noise
ratio (SNR). By comparison, Y, Zr
based nanoparticles show lower flu-
orescence yield, which is reason-
able due to the larger K absorp-
tion energy mismatch with the X-
ray source, and higher absorption
in the phantom. The resulted XRF
yield for all three samples is lower
than the in-use Mo-based nanopar-
ticles, but well matched with the
simulation. However, considering
the biocompatibility of the materi-
als is the determining factor in ani-

mal tests, the XRF performance proves these nanoparticles as flexible plat-
forms, and it is necessary to study the toxicity for the further in vivo XFCT
experiment.

4.2 Metallic Nanoparticles

4.2.1 Ru, Rh Nanoparticles

Ru, Rh Synthesis Conditions and Characterization

In paper A, Ruthenium and Rhodium nanoparticles are prepared by polyol
synthesis method, as the reaction is known as a reduction process. The
experimental process is described in Chapter 3. The selection of the two
elements are based on the X-ray K𝛼 absorption edge energy (Ru, 22 keV;
Rh, 23 keV). The as-synthesized products are analyzed by XRD and TEM
with SAED as shown in Figure 4.3, to investigate the chemical composition,
crystal structure and morphology. The results show that the products are
identified as metallic Ru (ICDD card: 01-089-4903) and Rh (ICDD card:
03-065-2866) nanoparticles. The diffraction peak around 20° observed in
both samples are found due to the semi-crystallized PVP. [94] In TEM
images, Ru nanoparticles show spherical shape with well dispersed assem-
bly, the average size is about 4 nm. And Rh nanoparticles show triangle
and polygonal shape with the average size about 8 nm. The hydrody-
namic size distribution of Ru and Rh in DI water is also measured by DLS.
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Figure 4.3. X-ray powder diffraction pat-
terns (left column) of as-synthesized Ru and
Rh nanomaterials, indexed diffraction peaks
with the reference patterns are shown as
the corresponding phases to Ru (ICDD card:
01-089-4903) and Rh (ICDD card: 03-065-
2866). TEM micrographs with SAED pat-
terns of each nanoparticles are listed corre-
spondingly (right column). Adapted from
paper A.

The DLS average size of Ru is 25
nm with the polydispersity index
0.25, indicating agglomerated small
nanoparticles cluster with narrow
size distribution. The DLS average
size of Rh is 17.5 nm with the poly-
dispersity index 0.3, indicating less
agglomeration compared with Ru,
but with wider clusters size distri-
bution.

In paper B, to further under-
stand the effect of synthesis condi-
tions on the metallic Ru and Rh
nanoparticles, experiments are de-
signed with varied precursor con-
centration, reaction temperature
and time, PVP molecular weight
and concentration. Ru nanoparti-
cles are synthesized at three differ-
ent temperature 140 ℃, 150 ℃ and
160 ℃. As observed in Figure 3 in
Paper B, the temperature shows a
major effect on the growth of Ru
nanoparticles, that small particles are produced at 140 ℃ and 160 ℃ de-
spite prolonged reaction time. It could be explained by the dominating
nucleation kinetics at this temperature, resulting in high yield of nuclei but
restrained nuclei growth. Larger Ru NP are obtained at 150 ℃, proved as
the ideal temperature for nucleation and growth of Ru nanoparticles. Be-
sides, changing the amount of PVP used shows no significant impact of the
particle size by TEM images in Paper B. But with the amount of precursor
reduced by half, the products resulted in tiny particles with size <1 nm,
mostly because the precursor is consumed for nucleation process, leading to
insufficient particle growth, which is also the reason for the small particles
formed with shortened reaction time.

Studies on the reaction conditions of Rh nanoparticles synthesis were
also performed. The resulted TEM images shows that Rh nanoparticles
with size around 8 nm are synthesized at 115 ℃, which is much lower than
that during Ru synthesis, attributing to the higher reduction potential for
Rh3+ compared to Ru3+. For the PVP with different molecular weight, it
reveals that larger PVP chains result in smaller Rh nanoparticles. Besides,
reduced the amount of PVP used results in larger Rh nanoparticles. It is
reasonable that less PVP forms looser ion pools during the particle growth.
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The higher focusing temperature as 150 ℃ also favors the obtain of larger
Rh particles.

Figure 4.4. Fourier-transform infrared
spectra (FTIR) for the pure PVP (55
kDa) and PVP coated Ru and Rh samples.
Adapted from paper B.

Therefore, Ru (150 ℃, 0.2 mmol
precursor, 1.5 h reaction time, 0.004
mol PVP 55kDa) and Rh (115 ℃,
0.2 mmol precursor, 1.5 h reac-
tion time, 0.004 mol PVP 55kDa)
nanoparticles prepared at the op-
timum conditions are selected to
study the surface properties. FTIR,
TGA, DLS and Zeta potential anal-
yses are used. From the FTIR mea-
surement shown in Figure 4.4, typ-
ical absorption spectra of PVP is
observed, proving the PVP coat-
ing on the surface of both Ru and
Rh nanoparticles. The absorption
band of C=O bond was shifted to
shorter wavenumbers, which indi-
cate that the surface of Ru and
Rh nanoparticles interact with the
PVP by C=O group. In the sup-
plementary material of paper B,
the results of TGA measurements
for both samples show a significant
amount of PVP on the particles’

surface, which decomposes in the temperature range from around 200 ℃
to 500 ℃. The weight loss is around 44% for Ru nanoparticles and 57% for
Rh nanoparticles.

Figure 4.5. Dynamic light
scattering results (DLS) for the
PVP coated Ru and Rh samples.
Adapted from paper B.

Typically, DLS results of the selected
Ru and Rh nanoparticles are shown in Fig-
ure 4.5, the average hydrodynamic size is
30 nm for Ru sample and 26 nm for Rh
sample. In the table 2 of paper B, DLS
measurement for all samples show that
the average hydrodynamic size is generally
larger than the TEM size for all samples,
as expected, due to the agglomeration of
nanoparticles with different size and PVP
content. Besides, reduced amount of PVP
used during synthesis also results in causing
larger particles clusters, observed in both
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samples by larger average hydrodynamic size. The polydispersity index is
generally below 0.3 for all samples, indicating narrow size distribution of
the metallic nanoparticles clusters.

Figure 4.6. pH vs Zeta-potential of PVP-coated Ru and Rh nanoparticles dis-
persed in DI water. Adapted from paper B.

To further understand the colloidal stability, the pH dependence of Zeta
potential for Ru and Rh nanoparticles is measured and are shown in Figure
4.6. The isoelectric point (IEP) for Ru nanoparticles was estimated at
pH 6.6, and it was at pH 7.2 for Rh nanoparticles. It can be seen that
both nanoparticles’ surface had low magnitude of negative surface charge
nearby the physiological pH 7.5, attribute to the carbonyl group in PVP
molecule. And the steric hindrance created by large amount of PVP layer
coating also contribute to the good dispersity of the metallic nanoparticles
in the colloidal dispersion. Besides, the weak Zeta potential for Ru and Rh
nanoparticles dispersion in DI water also explain the phenomenon of large
agglomeration indicated by DLS results.

Rh Morphology Controllable Synthesis

The cytotoxicity of nanoparticles is influenced by several factors such as
shape, surface functional groups. To further explore the cytotoxicity of
Rh nanoparticles, in paper C, morphologically controlled Rh nanoparticles
are prepared by introducing different additives during synthesis, including
sodium acetate, sodium citrate, CTAB, CTAC, and potassium bromide.

The products are analysed by TEM and micrographs are shown in Fig-
ure 4.7. It shows that trigonal nanoparticles are obtained with only PVP
addition, but additives containing Br− ions (CTAB and KBr) in the syn-
thesis results in cubic nanoparticles, the use of Cl− ions (CTAC) contained
surfactant results in a mixture of polygon shape particles, while additives
with carboxyl groups (sodium citrate and sodium acetate) formed spheroid
nanoparticles. As the shape growth mechanism discussed in Chapter 2, Rh
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metal has a face-centered cubic crystal structure, in which the surface en-
ergy of different crystal facets are modified by absorbing halide ions, and
directing the crystal growth.

Figure 4.7. TEM micrographs of (a) Rh-PVP; (b) Rh-KBr; (c) Rh-NaAc; (d)
Rh-CTAB; (e) Rh-NaCit; and (f) Rh-CTAC. Adapted from paper C.

The average TEM size of Rh nanoparticles is measured as PVP only
(7.6 nm) and PVP-CTAC (6.6 nm). Br− containing additives like KBr
and CTAB formed nanoparticles with average size of 4.7-4.8 nm. Carboxyl
groups containing additives NaAc and NaCit resulted in Rh nanoparticles
with average size of 3.1-3.4 nm. The size differences indicate that the addi-
tives leads to differing impact on the crystal nucleation and growth kinetics,
in addition to directing the morphology.

DLS measurements of these Rh nanoparticles dispersion were performed
in DI water and cell culture media DMEM with 10%FBS, as shown in Table
4.1. Rh nanoparticles synthesized with PVP, PVP-Cit and PVP-Ac have an
average hydrodynamic size of around 30 nm, in the presence of PVP-KBr
and PVP-CTAC show an intermediate size of 40-50 nm and about 100 nm
when PVP-CTAB were used. The polydispersity index shows narrow size
distribution except PVP-CTAC and PVP-Ac samples. The surface zeta po-
tential tests in DI water show generally low charge (under (±)30 mV) for all
Rh nanoparticles, the colloidal stability is due to the steric hindrance by the
polymer coating. The DLS tests in cell media shows smaller size distribu-
tion with larger PDI for all samples, which could attribute to the proteins in
the DMEM causing agglomeration. FTIR and TGA measurement in paper
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Table 4.1. TEM size, DLS hydrodynamic size and polydispersity index (PDI),
and zeta potential of Rh NPs with different morphologies in DIW and DMEM
with 10% FBS. Adapted from paper C.

In DIW In CCM + 10%FBS

Sample TEM Size
(nm)

DLS Size
[PDI](nm)

Zeta Potential
(mV)

DLS Size
[PDI](nm)

Zeta Potential
(mV)

Rh-PVP 7.6 29.1[0.23] 0.18 18.1[0.49] -9.72
Rh-PVP-KBr 4.7 41.1[0.23] -7.74 16.5[0.46] -11.24
Rh-PVP-CTAB 4.8 97.1[0.19] -11.57 37.8[0.64] -8.76
Rh-PVP-CTAC 6.6 46.2[0.39] -3.59 19.7[0.55] -5.69
Rh-PVP-NaAc 3.4 31.9[0.41] -9.43 17.8[0.44] -10.02
Rh-PVP-NaCit 3.1 28.3[0.18] -5.05 50.7[0.68] -9.38

B shows that all nanoparticles are coated by PVP without clear indication
of the secondary additives. TGA analysis also shows the large amount of
PVP is coated on the Rh nanoparticles, and the nanoparticles content in
the range of 6 wt% to 13 wt%.

4.2.2 In Vitro Toxicity

Ru and Rh In Vitro Toxicity

In paper B, the murine macrophages (RAW264.7) and human ovarian cancer
(SKOV-3) cell lines are used with the CCK-8 assay to study the cytotoxicity
of Ru and Rh nanoparticles. The assessment procedures are described at
Chapter 3. The results of the cytotoxicity tests are by the cell viability as
a function of Ru and Rh concentration, which is shown in Figure 4.8. It
can be seen that the viability of macrophages (RAW264.7) are reduced until
below 20%, revealing significantly toxic influences at the presence of the high
concentration of Ru (276.5 𝜇g/mL) and Rh (206 𝜇g/mL) nanoparticles. By
comparison, the viability of the SKOV-3 cell line are much higher at the
same conditions.

As the toxicity performance of the whole concentration range, the via-
bility of macrophages goes up to 50% at the presence of Ru concentration
of 55 𝜇g/mL. However, although the macrophage viability is decreased sig-
nificantly till below 10% at the Rh concentration of 206 𝜇g/mL, which was
then increased up above 80% upon five-fold dilution. Cancer cell lines gave
comparably much lower toxicity responses at the presence of Ru and Rh
nanoparticles even at the highest concentration, where the viability were
above 60% for Ru (at 277 𝜇g/mL) and around 50% for Rh (at 206 𝜇g/mL).
It could be due to the different response mechanism of the two cell lines to
external factors. But it is difficult to identify the mechanism for the differ-
ent toxicity performance of Ru and Rh nanoparticles, many factors could
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have influences including the different morphology and surface chemistry.

Figure 4.8. CCK-8 based cytotoxicity assay of Ru and Rh NPs in murine
macrophages (RAW 264.3) and human-derived ovarian cancer cells (SKOV-3).
Adapted from paper B.

Rh morphological performance in vitro toxicity

In paper C, the cytotoxicity of Rh nanoparticle with different morphologies
is studied also based on the murine macrophages (RAW264.7) and human
ovarian cancer (SKOV-3) cell line, and membrane integrity (fluorescence
NucGreen assay) and cellular metabolic activity (colorimetric CCK-8 assay)
are performed. The result are shown in Figure 4.9 for NucGreen assay and
Figure 4.10 for CCK-8 assay.

Firstly, in the toxicity tests with macrophages cell lines. The mem-
brane integrity NucGreen assay shows that trigonal Rh nanoparticles have
negative effects that the viability decreased to around 80% with concen-
tration increased till 250 𝜇g/mL. For cubic Rh nanoparticles, the viability
was reduced till below 50% for all nanoparticles concentration range. The
spherical Rh nanoparticles affected the viability within an obvious con-
centration dependent route, where viability goes down from 100% to below
50% as the Rh concentration increased from 62.5 𝜇g/mL to 125 𝜇g/mL. The
macrophages exposed to polygonal Rh nanoparticles shows high viability in
all the tested concentration, presented in Paper C. The CCK-8 assay also
gave similar results of the toxic performance different shape Rh nanopar-
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Figure 4.9. NucGreen assay of Rh NPs in murine macrophages (RAW 264.3)
and human-derived ovarian cancer cells (SKOV-3) after 24h incubation. Adapted
from paper C.

ticles. Macrophages cell lines at the presence of trigonal Rh nanoparticles
shows better viability, followed by spherical nanoparticles. The cells incu-
bated with cubic nanoparticles shows the lowest viability, as also observed
with polygon nanoparticles.

Secondly, in the toxicity tests with human ovarian cancer cell lines. The
NucGreen assay shows that the membrane integrity of cancer cells do not
compromise as much as the macrophages, being kept above 80% in the pres-
ence of trigonal, spherical and polygon Rh nanoparticles, which is expected
because of the high adaptive capacity to external invaders of cancer cells.
Besides, the viability is decreased till around 50% after the cells exposed
to are cubic Rh nanoparticles with the concentration 125 µg/mL. In the
CCK-8 assay of the SKOV-3 cancer cells, similar toxicity performance was
also observed. Trigonal nanoparticles had the least toxic effect, followed by
spherical nanoparticles. Cubic Rh nanoparticles had strongest toxic effects
which drasticly decreased the cell viability till below 10% at the concentra-
tion 125 𝜇g/mL. Polygon morphology also showed clear toxicity at higher
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concentration, the viability was around 60% by incubation with nanoparti-
cles of 13 𝜇g/mL Rh concentration, further decreased till around 10% with
Rh concentration at 100 𝜇g/mL.

In conclusion, the Rh nanoparticles with trigonal shape shows the least
negative impact on the viability of macrophages and cancer cell lines. And
polygon Rh nanoparticles showed the strongest toxic effects to cellular ac-
tivity, followed by cubic, spherical Rh nanoparticles.

Figure 4.10. CCK-8 assay of Rh NPs in murine macrophages (RAW 264.3) and
human-derived ovarian cancer cells (SKOV-3) after 24h incubation. Adapted from
paper C.

4.2.3 XFCT Performance

Ru and Rh XRF phantom performance

In Paper A, XRF performance for Ru and Rh is measured. the experimen-
tal details are described at Chapter 3. The elemental concentration of Ru
and Rh samples is determined by ICP, then diluted to 1000ppm for XRF
phantom experiment. The obtained XRF spectra for both nanoparticles are
shown in Figure 4.11. The characteristic K𝛼 peak for Ru and Rh matched
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very well with the simulation results. Ru and Rh have the K-absorption
edges (22.1 keV and 23.2 keV respectively), close to the excitation energy
of the X-ray source (24 keV). However, due to the detector has low detec-
tion probability at high energy K𝛼 emission, as well as the high Compton
background at the high energy edge, Ru and Rh show lower signal level
compared with Molybdenum despite the high fluorescence yield.
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Figure 4.11. (a) X-Ray fluorescence spectra of Ru and Rh nanoparticles. (b)
X-Ray fluorescence computed tomography (XFCT) contrast potential of Ru and
Rh NPs in a small-animal sized phantom. Adapted from paper A and B.

In paper B, the contrast potential of the Ru and Rh nanoparticles is
tested in a small-animal phantom experiment. The procedure is described
in Chapter 3. The results are shown in Figure 4.11. It reveals that the
3mm diameter holes filled with Ru and Rh concentration from 0.2 mg/mL
to 1 mg/mL are clearly visible by the reconstructed XFCT images. The
reconstructed concentrations for both metallic nanoparticles are also shown
linearly fitting with the actual values measured by ICP.

Rh in situ XFCT performance

In paper C, trigonal Rh nanoparticles with 250 𝜇g/ml concentration are
selected based on the lowest toxic effect to study the imaging performance
by in situ small animal XFCT imaging experiments. The resulted recon-
structed XFCT image is shown in Figure 4.12. In the conical tip (inner
diameter from 0.5 mm at the bottom to 4 mm at the top) filled with 250
𝜇g/ml Rh nanoparticles dispersion, nanoparticles content of the tip between
4 to 2.5 mm is reliably reconstructed. However, the bottom part below 2.5



RESULTS AND DISCUSSION | 45

mm diameter is hardly separated clearly from the background, especially,
no XRF signal extracted from the part below 2 mm diameter. It can be
concluded that few-mm features are able to be imaged by the XFCT system,
by using the metallic nanoparticles as contrast agent with the concentration
around 100 𝜇g/ml range.
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Figure 4.12. In situ X-ray fluorescence computed tomography (XFCT) perfor-
mance of trigonal Rh nanoparticles. Adapted from paper C.

4.3 Core-Shell Nanoparticles

4.3.1 SiO2 Coated Ru, Rh Nanoparticles

In paper D, silica coating Ru and Rh metallic nanoparticles is prepared
by the modified sol-gel method, in order to improve the biocompatibility.
The procedure is described in Chapter 3. The as-prepared nanoparticles
are characterized by TEM shown in Figure 4.13. It shows the Ru and
Rh nanoparticles are coated uniformly by the SiO2 layer. The cores are
observed to contain single metallic particles as well as multiple particles,
possibly due to the bridging effect by PVP. DLS measurements are per-
formed and are shown in Table 4.2. The TEM sizes are 44 nm for SiO2-Rh
and 38 nm for SiO2-Ru, and the hydrodynamic sizes are 101 nm for SiO2-
Rh and 94 nm for SiO2-Ru nanoparticles dispersed in DI water. The PDI
is also decreased after silica coating, which is reasonable as the strong neg-
ative surface charge revealed by the zeta potential tests, and high surface
charge minimizes agglomeration. Besides, silica shell was doped with Cy5.5-
APTES to funtionalize nanoparticles with optical fluorescence properties.
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Table 4.2. Zeta-Potential, TEM size, DLS size and PDI for Rh, Rh-SiO2, Ru
and Ru-SiO2 nanoparticles. Adapted from paper D.

Rh SiO2-Rh Ru SiO2-Ru
Zeta potential (mV) 4 -48 0 -47
TEM Size (nm) 6 44 2.4 38
DLS Size (nm) 44 101 50 94
PDI 0.26 0.18 0.19 0.11

The DLS for Cy5.5-Silica coated metallic nanoparticles shows a slightly in-
crease of the hydrodynamic size, possibly enlarged by the conjugated dye
molecules. Slight decreased value of surface zeta potential was also observed,
which could be explained by the positive amine groups on the surface. No
clear changes on the morphology observed was in TEM. In conclusion, the
overall size of silica coated Ru and Rh nanoparticles is around 100 nm which
is suitable for further biomedical study.

Figure 4.13. TEM micrographs for silica coated Ru and Rh nanoparticles.
Adapted from paper C.

4.3.2 In Vitro Toxicity

The cytotoxicity of the SiO2-coated Ru and Rh nanoparticles are tested
based on the RAW264.7 macrophages cell line by Real-Time Cell Analysis
(RTCA) assay. RTCA assay is utilized to study the viability and prolif-
eration. Based on the previous toxicity performance of the uncoated Ru
and Rh nanoparticles in paper B and C, the concentration of 250 𝜇g/ml of
SiO2-coated Ru and Rh nanoparticles is used for the toxicity measurements.
The results are shown in Figure 4.14, which reveals that the ions (Rh and
Ru) negatively affect the cell viability. Rh and Ru metallic nanoparticles
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showing less toxic effects, as they are considered inert materials and no dis-
solution is expected in biological environment. The cells exposed to silica
coated Ru and Rh nanoparticles show higher viability compared to others,
due to the silica coating as protective barrier resulting in lower toxicity. In
addition, the addition of Cy5.5-doping on the silica shell did not add any
adverse impact, or decrease in proliferation in comparison with the silica
coated Ru and Rh nanoparticles.

Figure 4.14. RTCA assay on RAW 264.7 cell lines with the uncoated and sil-
ica coated Ru and Rh nanoparticles, along with the corresponding metallic ions.
Adapted from paper D.

Figure 4.15. Confocal Images of fixed and stained RAW Macrophages incubated
for 72 h with Cy5.5-SiO2-MoO2 nanoparticles (250 �g/mL, in red, (a-c). DAPI
(in blue) and Alexa 555 (in yellow) are markers for cell nuclei and actin filaments,
respectively. Lysotracker (in green) is a marker for lysosomes (b-c). Adapted from
paper D.

4.3.3 In Vitro Fluorescence Images

Cy5.5 dye stained nanoparticles are also used to track the intracellular inter-
action between nanoparticles within the macrophages by fluorescence con-
focal microscope. And the Cy5.5 stained SiO2 coated Rh, Ru and MoO2
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nanoparticles are observed in the cytoplasm of the macrophages after 24
hours and 72 hours exposure time. Fluorescence lysotracker including DPAI
and Alexa 555 are also used to label the cells to investigate the transporta-
tion of nanoparticles in the organelles. The obtained confocal images for
Cy5.5 SiO2 coated MoO2 nanoparticles are shown in Figure 4.15. It indi-
cates that the signal of Cy5.5 overlapped with the lysotracker Alexa 488,
revealing the nanoparticles are phagocytized an transported to the lyso-
some. Besides, it also revealed the cell division is not influenced by the
nanoparticles.

4.3.4 XFCT Performance

Figure 4.16. Image of XFCT in situ ex-
periment of silica coated MoO2, Rh and Ru
nanoparticles and spectra showing the K𝛼
XRF peak for the elements. Adapted from
paper D.

In paper D, XFCT in situ ex-
periment was also performed for
the silica coated MoO2, Ru and
Rh nanoparticles. Spherical sam-
ple holders with 3 mm diame-
ters are filled with the particles of
the metallic elemental concentra-
tion 250 𝜇g/ml. The holders are
placed in the sacrificed mouse. The
reconstructed whole-body XFCT
image is shown in Figure 4.16. The
samples are clearly distinguish and
identified by the characteristic K𝛼
peak. And the background signal
from the Compton scattering of in-
cident 24 keV X-ray beam increases
with the K𝛼 absorption energies of
the elements going up close to the
X-ray source energy. Besides, SiO2
coated on the surface of metallic
particles did not show any signifi-
cant absorption of the XRF, as the
quantitative reconstructed elemen-
tal concentration is 250 𝜇g/mL well
matched with the actual ICP re-
sults.
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Chapter 5

Conclusions and outlook

This thesis presents the first comprehensive work on the exploration of a
group of nanomaterials as potential contrast agents for the high-resolution
laboratory KTH-XRF tomography system. Various classes of nanomateri-
als have been synthesized using a range of chemical synthesis procedures.
These materials were thoroughly characterized for their structural, physic-
ochemical and surface properties. Their cytotoxicity was evaluated through
interaction with different cell lines using cytotoxicity assays. Finally, their
performance in XFCT has been demonstrated in phantom tests.

The selection of the nanomaterial family for this study as potential XRF
contrast agents is based on the inherent physical properties, that the X-ray
K-absorption energy of elements matches with the liquid-metal-jet source.
The selected nanomaterials are classified under two categories: ceramic
nanomaterials including Yttrium, Zirconium and Niobium based; metal-
lic nanomaterials including Ruthenium and Rhodium. The XRF phantom
experiments within a soft-tissue equivalent holder demonstrate the differ-
ences of the photons yield and the SNR in the XRF performance, which
is slightly behind the in-use Molybdenum-based nanoparticles. Although,
considering the toxicity and biocompatibility are the determining factors
during biological application, these nanomaterials are promising alternative
platforms for XRF tomography.

Y, Zr and Nb based ceramic nanoparticles are successfully synthesized
by hydrothermal method. The as-prepared nanoparticles show diverse mor-
phology and size in TEM images, as the hydrodynamic size distribution
and polydispersity in DI water. However, as the goal application of these
contrast agents is targeted tumor tissue imaging, the size of the ceramic
nanoparticles needs to be reduced till below 200 nm according to the previ-
ous studies. It can be done by the optimization of the synthesis procedures
by adjusting the parameters, changing the precursor, or inducing capping
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agents etc.
Ru and Rh based metallic nanoparticles are also successfully prepared

by the polyol method. By studying on the synthesis conditions, the op-
timum concentration of precursor and capping agents-PVP, as well as re-
action temperatures are determined. The nanoparticles are characterized
by TEM, showing spherical shape for Ru and triangle shape for Rh. The
primary particle size for both is below 10 nm, while the hydrodynamic is
below 40 nm, making them promising ad contrast agents. Surface zeta po-
tential measurements reveal the isoelectric points are close to pH 7. The
FTIR measurements indicate the PVP coating on the surface for both, ex-
plaining the good dispersity in DI water. XFCT experiments show the
detection sensitivity of the concentration as low as 0.2 mg/ml for Ru and
Rh nanoparticles, the spatial resolution as high as 2 mm within the 250
𝜇g/ml Rh concentration.

In vitro toxicity measurements are done for Ru and Rh nanoparticles
based on murine macrophages and human ovarian cancer cell lines. The
CCK-8 assay results show that both nanoparticles have more significant
toxic effects on the cell viability for macrophages at all concentration range,
it could be due to the different functions of the two cell lines. But the
mechanism of the cytotoxicity effects is difficult to distinguish, many fac-
tors of the nanoparticles could have influences. To further understand the
mechanism, Rh metallic nanoparticles with different morphologies are pre-
pared by introducing additives during the synthesis. As a result, spherical,
triangle, polygonal and square Rh nanoparticles are obtained by TEM. The
surface is all coated by PVP from FTIR tests. Referring to the in vitro toxi-
city, triangle Rh nanoparticles show least toxic effect compared with others.
Then spherical Rh nanoparticles have less toxic effect than cubic ones, while
polygonal Rh nanoparticles have the strongest toxic effects. Surface func-
tionalization is also a strategy to reduce the nanoparticles, SiO2 coating
considered as a protective barrier is applied to Ru and Rh nanoparticles.
The particles are strongly negatively charged indicating the successful coat-
ing as expected. RTCA assay also proves the toxicity is reduced compared
to uncoated Ru and Rh nanoparticles. The confocal imaging by Cy5.5 dye
stained nanoparticles also reveal the potential as multi-modal OI-XFCT
contrast agents.

The main achievement is that the comparison of XRF phantom perfor-
mance based on the selected group of nanomaterials; the effects of synthesis
conditions on the Ru and Rh metallic nanoparticles; the effects of the addi-
tives on the morphology of Rh nanoparticles; characterization of the chem-
ical composition, morphology, dispersity, surface properties for as prepared
products, in vitro toxicity measurement and in situ XRF performance of
metallic nanomaterials.
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The KTH-XRF tomography system offers a powerful biomedical imag-
ing technique, also opens up the new application as contrast agents for the
group of nanomaterials as presented in this thesis. In order to utilize these
nanoparticles for in vivo imaging, there still a lot of work needs to be done.
It is important to study the in vivo toxicity for determining the dose, includ-
ing organ-distribution and renal clearance, blood circulation time; besides,
the correlation with in vitro toxicity in order to understand the mechanism.
Active targeting is another promising direction to be spotlighted, such as
functionalizing the nanoparticles with specific molecules for targeting cer-
tain type of tumor.
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Summary of papers

This thesis is based on the four papers listed below. The results include
synthesis and characterization of the nanoparticles (NPs) as potential con-
trast agents for laboratory KTH X-ray fluorescence tomography system,
as well as in vitro toxicity study, XRF phantom and in situ performance.
The author was the main responsible for synthesis, characterization, writing
manuscripts in Papers A, B and C. In Paper D, the author contributed to
the synthesis of the metallic nanoparticles Ru and Rh; characterization of
size and morphology, surface properties of these NPs prior to coating.

Paper A: A Library of Potential Nanoparticle Contrast Agents for X-Ray
Fluorescence Tomography Bioimaging

This paper reports the study of a group of nanomaterials based on the el-
ements, of which the X-ray K-absorption energy matches with the 24 keV
liquid-metal-jet source in the KTH-XRF laboratory system. These materi-
als are classified as ceramic and metallic groups, prepared by two different
synthetic methods as hydrothermal and polyol synthesis. Chemical com-
position and morphology of as synthesized products are analyzed by XRD
and TEM. It shows that spherical shape with average size of 350 nm for
Y(OH)CO3, irregular shape with average cluster size around 50 nm for
ZrO2, and nanorods clusters with length around 20 nm for Nb2O5, spheri-
cal Ru nanoparticles around 4 nm and triangle Rh nanoparticles around 8
nm. XRF phantom tests were performed successfully and well fit with the
simulation results. It indicates the potential of the selected nanomaterials
as XRF contrast agents.

Paper B: Synthesis and Cytotoxicity Studies on Ru and Rh Nanopar-
ticles as Potential X-Ray Fluorescence Computed Tomography (XFCT)
Contrast Agents

This paper reports the studies on synthesis conditions and surface prop-
erties, XFCT detection sensitivity of metallic Ru and Rh nanoparticles.
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Based on the polyol synthesis method, the effect of parameters including re-
action temperature and time, concentration of precursor and capping agent
PVP, and PVP molecular weight are investigated for preparing Ru and Rh
nanoparticles. The results shows that 150 ℃ is the optimum crystal growth
temperature for Ru nanoparticles, with 0.2 mmol RuCl3 precursor and 0.004
mol PVP (55k). For Rh nanoparticles, the crystal growth temperature is
much lower as 115 ℃, high temperature does not contribute clear effect on
the final particles. The zeta potential measurement also reveals the isoelec-
tric point for Ru is at pH 6.6, and Rh is at pH 7.2. The PVP coating on
the surface of both nanoparticles proved by FTIR measurements enhanced
the hydrophilicity. Cytotoxicity tests show Ru and Rh nanoparticles have
negative impact on the cell viability of macrophages than on the cancer
cells, especially at high concentration. XFCT phantom tests also show that
the detection sensitivity of the concentrations is as low as 0.2 mg/ml for
both nanoparticles filled in the 3 mm diameter hole.

Paper C: Synthesis, Physicochemical Characterization, and Cytotoxicity
Assessment of Rh Nanoparticles with Different Morphologies -as Poten-
tial XFCT Nanoprobes

This paper presents the morphology controlled synthesis of Rh nanoparti-
cles, and the impact of the morphology on the cytotoxicity of these parti-
cles on macrophages and cancer cell lines. The results reveal that additives
as halide salts and surfactants including sodium acetate, sodium citrate,
KBr, CTAB and CTAC results in the different shape of Rh NPs. Spheri-
cal Rh NPs are obtained in the presence of citrate and acetate, while KBr
and CTAB generated cubic Rh NPs, and CTAC yielded nanoparticles with
mixed polygon morphology. This could be summarized due to the selective
adsorption of the anions (carboxyl or halide ions) in the additives on the
facet during the crystal growth. Cytotoxicity tests based on macrophages
and ovarian cancer cell lines show clear differences in response, depending of
Rh NPs morphology. Trigonal Rh NPs show the lowest toxic effect, followed
by cubic and spherical NPs. Nanoparticles with mixed polygon morphology
showed the most toxic effect. The in situ XFCT tests shows the potential
for using Rh NPs for in vivo imaging.

Paper D: Dye-Doped Core-Shell Nano Probes as Dual Mode X-ray and
Optical Fluorescence Contrast Agents

This paper presents the synthesis of silica coated Ru, Rh and Molybdenum
oxide nanoparticles. Cy5.5 dye doping of the silica layer is also performed
to induce optical emission properties to the nanoparticles. In particular,
the comparison of toxicity performance between silica coated NPs and un-



SUMMARY OF PAPERS | 55

coated NPs is investigated in detail. The results demonstrate decreased
cytotoxicity in all NPs upon silica coating. The confocal fluorescence imag-
ing shows the potential application of these nanoparticles as multiplexing
contrast agents.
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