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Chapter 1. 

Introduction 

1.1 Cancer 

Cancer, also known as malignant neoplasm, is a leading cause of death 
worldwide. According to global cancer estimates in 2008 about 12.7 million 
new cancer cases are found each year, while 7.6 million people die yearly 
from cancer.[1] Cancer is a broad group of diseases (more than 200)[2] that is 
difficult to cure. The main reasons for this are the uncontrolled growth of 
cancer cells in the human body and the migration ability of cancer cells which 
leads to spreading from the original site (primary cancer) to distant sites 
(metastasized cancer). On the other hand, cancer is not incurable. According 
to estimates by oncologists, the cancer cure rate might be able to reach 80%-
90% if tumors could be found and treated at an early stage (sub-millimeter 
(mm) level).[3] The ability to achieve an early diagnosis of cancer is thus of 
immense social importance. 

1.1.1 Fluorescence imaging 
With the rapid development of various biomedical technologies during the 

last few decades, more and more imaging methods have become available 
for cancer diagnosis including ultra sound (US), computed tomography (CT), 
magnetic resonance imaging (MRI), positron emission tomography (PET), 
single photon emission computed tomography (SPECT), and optical imaging. 
However, most of these methods only detect late-stage tumors and usually fail 
in early-stage cancer imaging.[4,5] For example, CT is able to achieve whole-
body diagnosis because of its strong tissue penetration ability, but has a poor 
resolution (>2 mm) and is harmful to normal tissues. A more sensitive imaging 
method is therefore urgently needed for early cancer diagnosis. 

Because of its properties such as intrinsic high sensitivity and high 
resolution, it has been concluded that fluorescence imaging could be a 
promising approach for early-stage cancer imaging.[6] Compared with CT, the 
use of non-ionizing irradiation has various advantages including its 
noninvasive character, lower cost, portability, and potential for personalized 
treatment. Based on its operational mode, optical imaging can be further 
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divided into intravital microscopy (IVM), bioluminescence imaging (BLI), 
fluorescence molecular tomography (FMT) and others. Clinical optical imaging  
methods are still limited by their relatively poor tissue penetration depth.[6] The 
standard approach of fluorescence imaging uses down-conversion of the 
excitation light, i.e., the emission wavelength is longer than the excitation 
wavelength and the latter falls mostly in ultraviolet (UV) or visible region. The 
strong absorption and scattering of the light in animal tissues and the strong 
intrinsic fluorescence are in this case a serious source of interference that 
effects the signal collection and processing, and severely limits the 
fluorescence signal-to-noise ratio (SNR) for in vivo imaging.[7] 

Most currently used fluorescence imaging probes are organic 
fluorophores that can only be excited by ultraviolet or visible (UV-Vis) light. 
They therefore have serious drawbacks such as a high autofluorescence 
background noise, low photostability, poor target-labeling efficiency, and broad 
emission spectra. Moreover, they are inappropriate for multicolor labeling and 
molecular tracking. Probes that can be excited at longer wavelengths thus 
would have significant advantages. This does not only pertain to reducing 
autofluorescence, but also to the scattering problem since the scattering 
intensity is proportional to 1/λ4. Taking into account the absorption spectrum of 
water, hemoglobin, melanin etc., it then turns out that the optimal region of 
excitation wavelengths is the region between 650 nm and 1100 nm. In this 
region usually designated as the “tissue optical window” minimal absorption 
occurs by tissue.[8] 

1.1.2 Photodynamic therapy (PDT) 
The ultimate goal of cancer treatment is to remove the cancer lesions 

completely without damaging other tissue. In present clinical oncology, cancer 
is treated by surgery, chemotherapy, radiation therapy, or a combination of 
them. However, these traditional methods always have negative effects on 
healthy tissue.[9,10] Fortunately, a large number of new treatment methods like 
photodynamic therapy, immunotherapy, targeted therapy, hormonal therapy, 
and angiogenesis inhibitors are under development in the laboratory or are 
already in a preclinical stage. They aim to cure cancer at an earlier stage,[9] 
thereby avoiding the negative side effects of the traditional therapies 
mentioned before. 

Photodynamic therapy (PDT) is an evolving treatment modality that has in 
the last three decades developed from an experimental treatment to a routine 
clinical therapy for some special diseases. In PDT, photosensitizer (PS) 
molecules are, ideally, selectively bound and retained in tumor lesions. Upon 
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irradiation with light of a particular wavelength, PS molecules can interact with 
molecular oxygen and generate reactive oxygen species (ROS, type I) or 
singlet oxygen (1O2, type II),[11] which are known to be highly toxic to bio-
macromolecules such as proteins and DNA, and thus can efficiently kill the 
cancer cells. It is important to distinguish PDT from other light- or laser-based 
therapies that do not require the presence of a photosensitizer such as 
thermal tumor removal and rejuvenation.[9] As PS molecules can be designed 
to be more-or-less selectively deposited (passive or active targeting) in tumors 
and the activating light is also focused on the tumor, the selectivity of PDT 
towards tumor lesions is quite high, resulting in limited damage to surrounding 
healthy tissues. 

Despite its favorable characteristics, there are still two major drawbacks 
restricting an extensive clinical application of PDT. The first drawback 
concerns the limited specificity of photosensitizers towards cancer cells. 
Although cancer cells are primarily targeted, also healthy cells absorb to some 
extent PS molecules. Caution therefore has to be taken to make sure that 
upon irradiation with light healthy cells are not damaged as well. For example, 
the widely adopted PS porfimer sodium (Photofrin®) always makes the skin 
and eyes sensitive to light after injection. Patients are therefore advised to 
avoid direct sunlight and indoor light for at least six weeks.[11] The second 
drawback, as mentioned before, is the shallow treatment depth. Most of the 
currently employed PS molecules need UV-Vis light for excitation, but light at 
such wavelengths has a very poor penetration depth in tissue. For treatment 
of deeper cancers the currently applied PDT treatments are thus ineffective. 

1.2 Fluorescent Nanoparticles 

With the fast development of nanoscience and nanotechnology, a variety 
of photonic nanoparticles (NPs) have been developed aimed to improve the 
efficacy of cancer diagnosis and therapy. Such nanoparticles include 
fluorescent silica nanoparticles (FSNPs), semiconductor quantum dots (QDs), 
fluorescent carbon nanoparticles (FCNPs), gold nanoparticles (GNPs), and 
upconversion nanoparticles (UCNPs).[12-15] In the following we will briefly 
discuss the properties of such particles as well as their pros and cons in the 
context of cancer diagnosis and treatment.  

FSNPs are a new class of engineered optical probes consisting of silica 
NPs loaded with fluorescent dye molecules like FITC (fluorescein 
isothiocyanate). Compared to commonly used organic fluorescent dye 
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themselves, FSNPs exhibit a high photostability and are suitable for sensitive 
cancer cell imaging. However, the dyes still need to be excited by UV-Vis light 
and background noise arising from autofluorescence is thus still a drawback. 

QDs are nanometer-sized particles of group II-VI or III-V atoms from the 
periodic table of elements. As the nanoparticles are smaller than the exciton 
Bohr radius (typically 1-10 nm),[16] QDs exhibit quantum confinement effects, 
resulting in optical properties that are significantly different from the properties 
of the corresponding bulk material. By varying the size and chemical 
composition of the particle, the emission can be fine-tuned from the blue down 
to the infrared.[17] For example, cadmium sulfide (CdS) and zinc selenide 
(ZnSe) dots can be prepared to emit blue to near-UV light, while cadmium 
selenide (CdSe) can emit light across the entire visible spectrum. In 1998, 
Alivisatos[18] and Nie[19] independently demonstrated that it is possible to 
synthesize water-soluble quantum dots that can be tagged to biological 
molecules. Since then, quantum dots have attracted widespread interest in 
biology and medicine for tagging and tracking biological species. However, 
because QDs usually contain highly toxic heavy metals such as Cd and Se, 
one is still very hesitant to employ such NPs for further clinical applications.[20] 

FCNPs are a new generation fluorescent nanoparticles with a size of 1-
10 nm that exhibit size-dependent tunable visible emission.[21] FCNPs have 
been demonstrated to be promising alternatives to semiconductor 
nanocrystals for bioimaging probes, light emitting diode materials and other 
applications. Apart from that, FNSPs can be easily modified for further 
biofunctionalization and are less toxic than QDs in biomedical applications. 
However, carbon nanoparticles still require UV-Vis light for excitation, which 
restrict their applications for deep tissue imaging. 

UCNPs are unique luminescent nanoparticles that can be excited with 
near-infrared (NIR) light and generate light at shorter wavelengths 
(upconversion, see below)) from the UV to the visible to the NIR. Compared to 
conventional down-conversion fluorophores in which emission occurs at 
longer wavelengths than the excitation wavelength, UCNPs have many 
advantages for biomedical applications.[22] These include (i) a larger 
penetration depth of the excitation light into tissues, (ii) significantly decreased 
auto-fluorescence from surrounding tissues, (iii) absence of photobleaching 
and photoblinking, (iv) high spatial resolution, (v) decreased photo-damage to 
biological species (e.g., RNA, DNA) due to lower-energy NIR excitation, and 
(vi) low cytotoxicity. Since lanthanide-doped nanoparticles normally contain 
nontoxic elements and have stable luminescence, they offer a huge potential 
for labeling, imaging and other biological applications. 
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1.3 Upconversion Nanoparticles Doped with Rare Earth 

Ions 

1.3.1 Upconversion luminescence 
Upconversion luminescence (UCL) refers to nonlinear optical processes 

in which the sequential absorption of two or more photons leads to the 
emission of light at shorter wavelengths than the excitation wavelength (anti-
Stokes). In contrast to other emission processes based on two-photon 
absorption (TPA),[23,24] upconversion can be efficiently achieved even with a 
low excitation density, e.g. using a low-power continuous wave (CW) laser. 
Several upconversion mechanisms, some of which are shown in Figure 1.1, 
have been confirmed experimentally. These mechanisms are based on the 
sequential absorption of two or more photons by long-lived metastable states. 
Such a sequential absorption leads to the population of a highly excited 
electronic state from which upconverted emission occurs. In case of excited-
state absorption (ESA), the emitting ion is excited sequentially by two or more 
photons to reach the emitting level (Figure 1.1A). In energy-transfer 
upconversion (ETU), one photon is absorbed by the ion, but subsequent 
energy transfer from neighboring ions results in the population of a highly 
excited state of the emitting ion (Figure 1.1B). Photon-avalanche 
upconversion (PAU) involves both absorption from a metastable intermediate 
level and cross-relaxation energy transfer (Figure 1.1C). The two main 
features of these mechanisms are that (1) the pump wavelength corresponds 
to the rare earth ion energy level difference from the metastable state, rather 
than from the ground state to the up-converted excited state; and (2) the 
intensity or efficiency of the upconversion luminescence is dependent on the 
pump power density: at a low pumping power density only weak conversion 
luminescence is generated, once the pump power density exceeds a certain 
threshold the absorption will be significantly enhanced, resulting in an 
increase of the upconversion luminescence.[25] 

1.3.2 Synthesis of UCNPs 
An inorganic upconversion phosphor consists of a crystalline host 

material and lanthanide ion luminescent centers (RE3+ like Ho3+, Tm3+, Er3+ 
and similar) added at a low concentration. The host material provides a crystal 
structure matrix to bring these centers into optimal positions where the 
surroundings have minimum effect on their energy level structures. Till now, a 
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large amount of host materials have been put forward, including oxides like 
Gd2O3, Y2O3, and ZrO2, as well as fluorides like NaYF4, NaGdF4, and YF3. 
Amongst these host materials, fluorides exhibit a stronger upconversion than 
the others because they have lower phonon energies. Size, crystalline phase 
purity, morphology and monodispersity are critical parameters influencing the 
upconversion luminescence properties. As yet, NaYF4 has been shown to 
give rise to the highest upconversion efficiency, and this host will also be the 
material of choice in the present thesis.  

 

Figure 1.1. Schematic of upconversion luminescence mechanisms: (A) excited-state 
absorption (ESA); (B) energy-transfer upconversion (ETU); (C) photon-avalanche 
upconversion (PAU). (GSA: ground-state absorption, CR: cross relaxation) 

In the past decades, many different methods have been developed for 
synthesizing upconversion nanoparticles, such as co-precipitation, thermal 
decomposition, the hydro(solvo)-thermal method, and the sol-gel method. 
1) Co-precipitation method 

The co-precipitation synthetic method is simple in the sense that it is not 
time consuming and does not require a costly setup, complex procedures, or 
severe reaction conditions. Nanoparticle growth can be controlled and 
stabilized by adding capping ligands such as polyvinylpyrrolidone (PVP), 
polyethylenimine (PEI) and ethylenediaminetetraacetic acid (EDTA) into the 
solvent.[26] Co-precipitation generally yields cubic-phase NaYF4 which is not a 
very efficient upconverting matrix. It has been reported that hexagonal-phase 
NaYF4:Yb,Er nanocrystals exhibit an upconversion efficiency that is 
significantly higher than cubic-phase NaYF4:Yb,Er.[27] So cubic-phase 
NaYF4:Yb,Er nanocrystals are therefore usually converted into the hexagonal 
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phase by a calcination process at high temperatures.[26] 
2) Thermal decomposition 

Thermal decomposition is another widely used technique. In this method, 
rare earth trifluoroacetates are thermolized in the presence of solvents with a 
high boiling point, e.g. oleic acid (OA), oleylamine (OM), or octadecene (ODE), 
at a temperature usually exceeding 300 °C for the synthesis of highly 
monodispersed UCNPs.[28] Using this method, Yi et al. decomposed the 
precursors Na(CF3COO), Y(CF3COO)3, Yb(CF3COO)3, and Er(CF3COO)3 

/Tm(CF3COO)3 in oleylamine at 330 °C and obtained hexagonal-phase 
NaYF4:Yb,Er and NaYF4:Yb,Tm nanoparticles with an average particle size of 
10.5 nm.[29] However, the disadvantages associated with this method are the 
use of expensive and air-sensitive metal precursors and the generation of 
toxic byproducts. 
3) Hydro(solvo)-thermal method 

Hydrothermal/solvothermal synthesis can be defined as a method to 
synthesize crystals using the solubility of minerals in hot water or a hot solvent 
under high vapor pressures. The crystal growth is performed in an autoclave 
in which the nutrients such as YCl3, YbCl3, ErCl3, NaCl3, NH3F are supplied 
along with complexant solutions of ethylene diamine tetraacetic acid (EDTA) 
or others. Compared with other nanocrystal synthetic routes, the hydrothermal 
method has the following advantages:[30,31] (1) the synthesis occurs at a 
relatively low temperature (in general < 250 °C); (2) the size, structure, and 
morphology of the products depend on the hydrothermal conditions and can 
be controlled easily; (3) the purity of the product is high owing to 
recrystallization in the hydrothermal solution; and (4) the required equipment 
and processes are simple. In order to obtain small and uniform particles, 
organic additives are often used to stabilize the particles in solution and 
control particle growth, e.g., EDTA as mentioned before, 
cetyltrimethylammonium bromide (CTAB), and trisodium citrate (TSC) etc. 

Our group reported an ionothermal synthesis method in 2011.[32] Ionic 
liquids are non-volatile, non-flammable and thermally stable liquid organic 
salts, which have been suggested as a ‘green’ alternative to conventional 
organic solvents for synthesizing inorganic compounds. However, the stability 
of the resulting nanoparticles is poor and further surface modification is 
needed. Apart from the methods described above, other procedures such as 
the sol-gel process,[33] microwave-assisted synthesis,[34] and combustion 
synthesis[35] have also been employed for fabricating lanthanide-doped 
UCNPs.  

http://en.wikipedia.org/wiki/Single_crystal
http://en.wikipedia.org/wiki/Crystal_growth
http://en.wikipedia.org/wiki/Autoclave


Chapter 1 

~ 8 ~ 

1.3.3 Surface modification of UCNPs 
In general, the nanoparticles generated by the high-temperature thermal 

decomposition method have a narrow size distribution, low crystalline defects, 
a tunable shape and a good dispersibility in organic solvents. The down-side, 
however, is that this approach produces nanocrystals with hydrophobic 
surfaces. As is well known, the ideal luminescent nanoparticles used for 
biology/biomedicine should meet several requirements, such as being 
homogeneously dispersed and colloidally stable in aqueous solutions, 
maintaining a high quantum yield, and showing high specific binding to 
biological components. The lack of dispersibility of such nanocrystals in 
aqueous solution thus greatly limits their bio-applications. Surface 
modification of nanocrystals is obviously one of the research foci in the fields 
of materials science. Several strategies have been developed to transfer 
nanocrystals from the hydrophobic to the hydrophilic phase, not only for 
UCNPs but also for other hydrophobic nanoparticles such as quantum dots, 
magnetic nanoparticles and others.  
1) Silica coating 

Silica coating is one of the most popular methods for nanoparticle surface 
modification. It can be used for both hydrophilic and hydrophobic 
nanoparticles of metals, metal oxides, and quantum dots.[36-38] This coating 
technique introduces a silica shell to protect the core nanoparticle from the 
external environment. The silica coating method has several challenges. The 
formation of insoluble silica-nanoparticle aggregates is a common problem 
due to the sensitive surface chemistry of nanoparticles. Preparation of finer 
core/shell particles by this method is also difficult as particles with thin silica 
coatings have a very high tendency to aggregate, leading to multicore 
formation within the silica shell. Moreover, this method is difficult to apply to 
nanoparticles that are insoluble in the alcohol-water media. 
2) Ligand exchange 

Ligand exchange is a popular method to make nanoparticles hydrophilic. 
The method is based on replacing hydrophobic surfactants on the particle 
surface by molecules containing polar groups on both ends. The advantage of 
this method is that it generates water-soluble nanoparticles with the lowest 
possible hydrodynamic diameter. In 2007, Yin et al. reported a general 
approach for transferring hydrophobic nanocrystals into water through a 
ligand exchange procedure.[39] Polyelectrolytes such as poly(acrylic acid) and 
poly(allylamine) are used to replace the original hydrophobic ligands on the 
surface of nanocrystals at an elevated temperature in a glycol solvent and 
eventually render the nanocrystals highly water soluble. The physical 
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properties of the nanocrystals, such as superparamagnetism, photocatalytic 
activity, and photoluminescence are maintained or even improved after ligand 
exchange. In 2009, we reported an efficient surface-ligand-exchange 
procedure employing hexanedioic acid molecules to replace the original 
hydrophobic ligands in diethylene glycol solvent at high temperature. This 
procedure was shown to have negligible adverse effects on the quality of the 
UCNPs including size, up-converting emission and dispersibility. The obtained 
carboxyl-functionalized UCNPs were found to have a good specific molecular 
recognition capacity after avidin-functionalization, confirming their suitability 
for biological labeling.[40] 
3) Polymer encapsulation 

Polymer encapsulation is another method for phase transfer. In this 
method the original hydrophobic ligands are retained on the nanoparticles’ 
surface. Because single polymer chains contain multiple hydrophobic units 
and their interactions with the native organic coatings on nanocrystals can be 
numerous, they can be bound more strongly than conventional surfactants. 
One advantage of this method is that the functionality of the nanocrystal-
polymer assembly can be widely varied through introduction of different 
amphiphilic moieties. Colvin et al.[41] used amphiphilic copolymers containing 
poly(ethylene glycol) (PEG). Those copolymers are generated using a maleic 
anhydride coupling scheme that permits the coupling to hydrophobic tails of a 
wide variety of PEG polymers, both those with or without functional groups 
like carboxyl or amine. The benefit of this approach is that after encapsulating 
the hydrophobic nanocrystals the amphiphilic polymers offer not only PEG 
chains available for biocompatibility but also free carboxylic acid groups for 
further reaction. However, it is obvious that the polymer encapsulation method 
has one large disadvantage: it increases the hydrodynamic diameter. 
Moreover, the polymers are often not commercially available and 
functionalized polyethylene glycol (PEG) derivatives are also very expensive. 
4) Other methods 

Apart from these popular methods to convert the hydrophobic UCNPs 
into hydrophilic ones, a few other strategies such as ligand oxidation reaction 
and ligand-free UCNPs have also been developed recently. Huang et al.[42] 
introduced a novel strategy to prepare hydrophilic upconversion nanoparticles. 
The Lemieux-von Rudloff oxidation method was utilized to oxidize selectively 
a carbon-carbon double bond (R-CH=CH-R’) in the oleic acid ligand to provide 
two carboxylic acid groups. Owing to the presence of the free carboxylic acid 
groups on the surface, the oxidized UCNPs could be directly conjugated with 
biomolecules. This method, however, still suffers from limitations such as a 
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relatively long reaction time (> 48 hours) and a low production yield. 
In 2011, Capobianco et al.[43] obtained water-dispersible ligand-free 

UCNPs by removing the oleate ligand from the surface of oleate-capped 
UCNPs synthesized via thermal decomposition using a simple acid treatment 
process. After adding HCl solution, the carboxylate groups of the oleate ligand 
were protonated to yield oleic acid. The ligand-free nanoparticles could be 
dispersed in water, but further surface functionalization of these UCNPs would 
be needed for bio-applications. 

1.4 UCNPs in Biomedical Applications 

Upconversion nanoparticles are presently widely explored as a promising 
photonic label/platform for biological applications. Compared with traditional 
fluorophores such as fluorescent organic dyes and quantum dots (QDs) which 
are mainly based on down-conversion fluorescence, these upconversion 
fluorophores do not have the drawbacks such as photobleaching, background 
noise from bio-tissue autofluorescence, and photodamage to biological 
materials. 

1.4.1 UCNPs for biological sensing and detection 
The first biomedical application of UCNPs was reported in the field of 

biosensing. In 2001, Hampl et al. reported the use of upconversion particles in 
immunoassays as an alternative to conventional labeling agents. Submicron-
sized (400 nm diameter) Y2O2S:Yb3+,Er3+ particles were shown to enable a 
detection limit of 10 pg human chorionic gonadotropin in a lateral flow 
immunochromatographic assay format. In contrast to conventional labeling 
agents such as gold nanoparticles or colored latex beads, the upconversion 
particles exhibited a ten-fold improvement in detection sensitivity.[44] 

The Hampl immunoassay was a solid phase immunoassay. Nowadays 
biosensors are generally fluorescence resonance energy transfer (FRET) 
based homogeneous assays.[45-50] FRET is a radiationless excitation transfer 
process that relies on the distance-dependent transfer of energy from a donor 
molecule to an acceptor molecule, as illustrated in Figure 1.2. The excitation 
can be transferred from the donor to the acceptor molecule without emission 
of a photon, and leads to a decrease of the excited state lifetime of the donor 
and a decrease of its emission quantum yield. According to Förster theory,[51] 
the energy transfer efficiency 𝐸𝐸 depends on the inverse sixth-power law due 
to the dipole-dipole coupling mechanism: 
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𝐸𝐸 = 1 − 𝐹𝐹𝐷𝐷
′
/𝐹𝐹𝐷𝐷 =

1

1 + ( 𝑟𝑟𝑅𝑅0
)6

 

𝐹𝐹𝐷𝐷 and 𝐹𝐹𝐷𝐷′  are the donor fluorescence intensities with and without an acceptor, 
respectively. 𝑅𝑅0 is the Förster distance of this pair of donor and acceptor, i.e. 
the distance at which the energy transfer efficiency is 50%. The Förster 
distance depends on the overlap integral of the donor emission spectrum with 
the acceptor absorption spectrum and their mutual molecular orientation. 
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Figure 1.2. Schematic of the FRET process between a donor and an acceptor. 

In 2005, Li et al. constructed a FRET system to detect trace amounts of 
avidin with upconversion luminescent nanoparticles as energy donors and 
gold nanoparticles (λabs~520 nm) as energy acceptors. Both UCNPs and gold 
nanoparticles were biofunctionalized with biotin. Because the absorption of 
the gold nanoparticles matches well the UCNPs emission spectrum, the 
luminescence of UCNPs is quenched when UCNPs and gold nanoparticles 
are in close proximity due to the biotin-avidin interaction. The results indicate 
that this FRET system is a sensitive and simple system for biological 
analyses.[45] 

Xu et al. utilized a UCNP-gold nanoparticle system to determine the 
amount of goat anti-human immunoglobulin G (IgG) in a sandwich-type 
bioassay. In this system, rabbit anti-goat IgG functionalized NaYF4:Yb3+,Er3+ 
nanoparticles served as the donor and human IgG functionalized gold 
nanoparticles as the acceptor. A short spacing between the donor and 
acceptor nanoparticles was achieved through sandwich-type 
immunoreactions of human IgG/goat anti-human/rabbit anti-goat IgG. The 
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presence of goat antihuman IgG as a bridge leads to energy transfer, which 
enables the determination of the concentration of the goat antihuman IgG in 
the system.[46] A short spacing between the donor and acceptor nanoparticles 
was achieved through sandwich-type immunoreactions . 

UCNPs also show great potential in DNA detection based on FRET. In 
2009, Rantanen et al. utilized the different emission bands of the UCNPs 
donor simultaneously. Such a method can be used as long as the emission 
wavelengths of the acceptor fluorophores are sufficiently apart from each 
other and do not overlap with the other labels in the assay. In a dual-
parameter sandwich hybridization assay, two probe oligonucleotides with 
sequences complementary to a target sequence of β-actin or HLA-B27 were 
selectively conjugated to AF546 and AF700. The oligonucleotide-modified dye 
molecules (AF546 and AF700) and target oligonucleotides were then mixed 
with UCNPs premodified with capture oligonucleotides. Upon formation of the 
sandwich complex through hybridization, upconversion emission at 540 and 
653 nm was quenched by AF546 and AF700, respectively. By measuring the 
intensities of probe-specific emissions at 600 and 740 nm, two different target-
oligonucleotide sequences could be detected simultaneously and quantified 
with a measurement range from 0.35 to 5.4 nM.[47] 

1.4.2 UCNPs for biomedical imaging 
In vitro cell imaging. The advantages of fluorescent upconversion 

nanoparticles are a high upconversion quantum yield compared with other 
two-photon absorption molecules, a tunable emission wavelength from the UV 
to the NIR and a high stability against photobleaching. In 2009, Yu et al. 
demonstrated that the UC-based visualization technique has negligible fading 
effects over time, implying the ability to use UCNPs for long-period 
observation of cells. Furthermore, in contrast to down-conversion fluorescent 
materials, upconversion nanoparticles show very low background emission 
and a deep penetration depth of excitation light. Due to their unique 
luminescence properties they have become a new generation of fluorescent 
labels.[52] Target imaging of tumor cells with UCNPs has been widely 
investigated by using UCNPs functionalized with biomolecular recognition 
moieties.[53-55] Wang et al. demonstrated that NaYF4:Yb/Er nanoparticles 
conjugated with an antibody can be used for highly specific staining and 
imaging of Hela cells with the antigen expressed on the cell membrane.[53] 

In vivo animal imaging. In 2008, Nyk et al. demonstrated for the first 
time in vivo imaging of a BALB/c mouse injected with UCNPs. These 
experiments showed a high uptake in the liver and spleen after intravenous 
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injection. In contrast to traditional down-conversion fluorescence imaging 
using QDs or organic dyes, UCNP-based UCL imaging does not suffer from 
autofluorescence.[56] By varying the Ln3+ dopants during UCNP synthesis, the 
UCL emission spectra of nanoparticles could be tuned well, enabling 
multicolor UCL imaging in biological systems.[57] Liu et al. synthesized a series 
of PEGylated UCNPs NaYF4:Yb,Er, NaYF4:Yb,Tm with different UCL emission 
spectra.[58] Upon 980 nm laser excitation, three types of UCNPs were easily 
differentiated after spectral deconvolution. Multicolor in vivo UCL imaging was 
demonstrated by imaging subcutaneously injected UCNPs, and applied in 
multiplexed in vivo lymph node mapping as well as in multicolor in vivo cell 
labeling and tracking. 

Multimodal imaging. The concept of using tumor volume as the only 
measure of disease progression has been shown to be inadequate since it 
only gives an indication of a delayed response to therapy and no indication of 
metabolism and other parameters. Multimodal imaging, such as the most 
successful PET/CT system which has been regarded as a revolution in 
modern medicine, combines several different imaging modalities of MRI, CT, 
PET, and PA etc. to overcome the limitations of each single imaging approach. 
It has received tremendous attention in the area of in vivo biomedical imaging 
and diagnosis. Recently, large efforts have been made to obtain a new 
generation of multimodal imaging probes based on UCNPs and their 
nanocomposites.[59-62] For example, Li et al. fabricated 18F-labeled magnetic- 
upconversion nanophosphors as multimodal bioprobes and demonstrated for 
PET, UCL, and MR triple-modal imaging in animal experiments. 

1.4.3 UCNPs for photodynamic therapy 
In recent years, the development of upconversion nanoparticles (UCNPs) 

capable of converting NIR to the visible range under relative low power 
density (500 mW/cm2) excitation conditions has attracted considerable 
interest in PDT because NIR excitation sources can penetrate deeper into bio-
tissues. 

Silica encapsulation. The first PDT research using UCNPs was reported 
in 2007, when NaYF4:Yb3+,Er3+ nanoparticles were coated with a thin layer of 
SiO2 doped with merocyanine-540 photosensitizer and functionalized with a 
tumor-targeting antibody on the surface.[63] Under 980 nm excitation 
conditions, in vitro cancer cells were observed to decline by 1O2. This 
nanosystem could be delivered to cancer cells in a highly specific way, and 
was capable of targeting different types of cancer cells. The only problem was 
the low photosensitizer loading. In order to solve this problem, NaYF4 UCNPs 
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were coated with mesoporous silica, which has a large surface area of ~770 
m2g-1 and an average pore size of 2 nm. By incorporation of the 
photosensitizer into the mesoporous silica a high loading of zinc 
phthalocyanine photosensitizers could be achieved. It was shown that the 
photosensitizer encapsulated in mesoporous silica was protected from 
degradation in the harsh biological environment and was not released from 
the silica during NIR excitation.[64,65] 

Polymer encapsulation. In 2011 a polymer encapsulation method for 
loading Chlorin e6 (Ce6) photosensitizer on UCNPs was developed. Based on 
the UCNP-Ce6 complex, in vivo photodynamic therapy on a tumor bearing 
mouse model was successfully demonstrated.[66] In 2012 it was shown that 
very good cancer therapy results in mice could also be obtained using 
amphiphilic chitosan polymer to encapsulating photosensitizers Zinc 
phthalocyanine (ZnPc) onto UCNPs.[67] However, when polymer 
encapsulation is used, the photosensitizers are loaded via a noncovalent 
interaction. There are thus still serious drawbacks like a poor loading 
efficiency and a poor bonding stability. 

1.5 The Thesis 
1.5.1 Aim of the Thesis 

Till now, we have described the unique optical properties of UCNPs and 
their promising advantages in biomedical applications like cancer cell imaging 
and therapy. But there are still some major challenges to overcome to 
expanding their applications, including the low energy transfer efficiency 
between UCNPs and PS, the poor target delivery probilities of UCNPs in 
cancer cells etc. The objective of the thesis is to develop new surface 
modification methods and functionalization methods to improve their bio-
compatibilities, target delivery properties, and energy transfer efficiency 
between UCNPs and PS in PDT applications, especially to achieve the 
precisely localization and treatment of cancer cells at the relative earlier stage.  

1.5.2  Outline of the Thesis 
In Chapter 2, we introduce a new design of a dual-functional nanosystem 

where the bioimaging and photodynamic therapy can be realized 
simultaneously. In Chapter 3, core/shell structured UCNPs are introduced to 
form a FRET system for singlet oxygen generation. It will be shown that a 
proper shell thickness of core/shell UCNPs can facilitate not only strong 
luminescence but also optimization of energy transfer efficiency compared to 
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pure core UCNPs. In Chapter 4, NaYF4:Yb3+,Er3+ UCNPs are modified with 
different ligand materials. Relevant nonspecific adsorption properties and their 
cytotoxicities are studied in different cell lines. In Chapter 5, we develop the 
tumor spheroid bearing chicken chorioallantoic membrane (CAM) model and 
perform in vivo studies on the vascular circulating and target labeling 
properties of the antibody (Ab) functionalized NaYF4 nanoparticles. In 
Chapter 6 we deal with light penetration quantitatively utilizing UCNPs and 
demonstrate a novel method for determining the depth-in-tissue of the 
fluorophores for cancer diagnosis and staging. 
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