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Abstract 

Upconversion nanoparticles (UCNPs) have emerged as a new generation of 

fluorescent probes for bioimaging owing to their unique upconversion (UC) property. 

Traditional labeling agents, such as quantum dots (QDs), organic dyes and fluorescent 

proteins suffer from non-idealities such as autofluorescence and photobleaching. QDs 

have also inherent high toxicity which may pose potential health hazards. Therefore, 

these non-idealities limited their applications as labeling agents. In contrast, UCNPs are 

excited by near infrared (NIR) radiation and thus they offer reduced autofluorescence, 

photodamage and deep tissue penetration. Moreover, they have low toxicity and high 

resistance to photobleaching. This work aims to develop new types of UC materials for 

multi-modal bioimaging based on rare-earth doped UCNPs. The UCNPs are synthesized 

by one-step and facile hydrothermal synthesis and then characterized by transmission 

and scanning electron microscopy, Fourier transform infrared spectroscopy, 

photoluminescence, X-ray diffraction, vibrating sample magnetometer, confocal optical 

microscopy and cytotoxicity. 

Firstly, NaGdF4:Yb/Er phosphors are synthesized by various surface modifiers 

via hydrothermal synthesis. The red to green ratio of UC emission and crystal phase 

variations are observed. Therefore, rational choices of surface modifiers can tailor the 

UC and structural properties of UCNPs. Moreover, these phosphors demonstrate 

paramagnetic and cathodoluminescence properties, which are suitable for applications 

in magnetic resonance imaging (MRI) and bioseparation.  
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Additionally, barium based UCNPs have pure simple cubic phase structure, 

eliminating the phase transition issue. Novel PEI-modified Ba2LaF7 UCNPs possess 

small average size suitable for bioimaging. The Ba2LaF7 UCNPs achieved in-vitro bio-

imaging at low concentration and the corresponding images are clearly recorded in 

green and red channel. Besides, fluorescent imaging in HeLa cells and MRI with 

various concentrations are successfully demonstrated using multi-functional PEI-

modified BaGdF5:Yb/Er UCNPs. The cytotoxicity assay confirms the low toxicity 

nature of BaGdF5:Yb/Er UCNPs. Moreover, PEG-modified BaGdF5:Yb/Er UCNPs 

consist of Ba and Gd elements which show strong X-ray k-edge absorption values. The 

BaGdF5:Yb/Er UCNPs are injected intravenously into a living mouse and the spleen is 

clearly imaged under irradiation of X-ray with a circulation time of 2 h. Importantly, a 

tri-modal UC/MRI/computed X-ray tomography bioprobe is developed in a single 

phased compound by one-step hydrothermal method.  

In conclusion, a facile technique for controlling UC and crystal phase provides a 

low cost and simple strategy for synthesizing tailor-made UC phosphors. Also, PEI-

modified Ba2LaF7 UNCPs have no problem with phase transition and they are able to 

demonstrate clear fluorescent imaging. Moreover, multi-functional BaGdF5:Yb/Er 

UCNPs are very useful multi-modal bio-imaging agent because three imaging 

techniques are integrated in one simple system and the corresponding advantages of one 

imaging technique can compensate the weakness of the others. Owing to low inherent 

toxicity, it is expected that the barium based UC materials are useful multi-modal bio-

imaging agent. 
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Chapter 1 Introduction  

1.1  Photoluminescence 

Luminescence is the phenomenon that the electronic state of a substance is 

agitated by external excitation, such as electrical, photo or thermal energy, and 

subsequently the emitted energy is released in the form of photons. The emission does 

not confine in the visible region (400 to 700 nm) of the electromagnetic wave spectrum, 

but also the neighboring regions such as, ultraviolet (UV) and infrared (IR) regions [1]. 

In this work, photoluminescence (PL) is the major process that accounts for the 

emission of the rare-earth (RE) doped phosphors. PL is initiated by the absorption of 

electromagnetic radiation. Schematically, the mechanism of PL can be explained by Fig. 

1.1. In general, a photoluminescent material consists of a host material and activator 

ions. The host material is a crystal or a grain in which activators are well occupied in 

the lattice sites of the host materials. Fig. 1.1a shows a simple system which consists of 

host material and activators. In this system, the activator ions (denoted as ‘A’) are 

excited by the incoming energy directly and return to ground state to emit a photon. The 

excessive energy is dissipated as heat and emit as phonons. As a result, the emitted 

energy does not equal to the excitation energy and this is known as the Stoke shift 

process (hυ2 < hυ1). For example, GdF3:Eu
3+

 nanocrystals consist of the host material 

GdF3 and the activator Eu
3+

 ions. The nanocrystals are excited by UV and emit visible 

radiation [2].  
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To date, co-doped ion system is very popular because sensitizer ions are doped 

into the host material to enhance the emission efficiency of the photoluminescent 

material. Fig. 1.1b shows a sensitizer (denoted as ‘S’)-activator system, sensitizer ions 

are doped to assist the absorption of incoming photons and thus enhancing the 

efficiency of energy transfer type PL. Sensitizer ions, such as Yb
3+

 ions, are doped into 

host material to solve the problem of poor absorption cross section of activator ions. 

Common upconverting nanoparticles, NaYF4:Yb/Er, rely on Yb
3+

 ions to facilitate 

energy transfer between neighboring ions for efficient upconversion photoluminescence 

because Er
3+

 ions exhibit poor absorption cross section in near infrared (NIR) region, 

thus Yb
3+

 ions can assist the absorption of NIR energy [3-5]. Similar to Fig. 1.1a, the 

transferred energy eventually reaches the activator ions and results in the emission of 

photons. 

 

Figure 1.1 Schematic diagram of (a) Host-activator photoluminscent material with 

activator labeled as ’A’ (b) Sensitizer-activator co-doped photoluminscent material with 

sensitizer ion labeled as ‘S’ and activator ion as ‘A’. 
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1.2  Upconversion 

In optics, there are two kinds of processes: linear optics and non-linear optics. In 

the former process, the optical property of the materials is independent of the intensity 

of the incident light. Besides, non-linear optical process is describing the dependence of 

the optical material on the intensity of the incoming radiation. Upconversion (UC) 

refers to non-linear optical processes that facilitate successive multi-absorption of two 

or more pumping photons to convert lower energy photons into higher energy photons 

[6]. The UC phenomena can be further divided into three types of processes: excited 

state absorption (ESA), energy transfer upconversion (ETU) and photon avalanche (PA) 

[7-9]. The three processes are based on the nature of ladder-like energy levels and long 

life time of the metastable states of RE ions. Therefore, the unique property of UC 

materials enables successive absorption of two or more photons. However, it should be 

noted that UC process should be distinguished from multi-photon processes (MP) and 

second harmonic generation (SHG), in which simultaneous absorption of two or more 

photons and high excitation power are required [10-13]. 

1.2.1 Excited state absorption 

Firstly, excited state absorption is the simplest process among the UC 

phenomena and it facilitates sequential absorption of two or more photons by a single 

activator ion. A simplified energy level diagram is shown in Fig. 1.2a to aid the 

understanding of the process. According to Fig. 1.2a, if the energy of photon equals to 

the difference of G and E1, the photon will resonant the ions and thus the ion will 

populate E1 from G in a process known as ground state absorption (GSA). Owing to the 
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long life time of metastable state, the ion absorbs the second photon and populates E2. 

The downward transition from E2 to G results in UC emission [12], [14-15]. 

1.2.2 Energy transfer upconversion 

To a certain extent, the ESA process is comparable to the energy transfer 

upconversion (ETU) due to its sequential absorption of photons to populate the activator 

ion to higher energy levels. The basic difference between ESA and ETU is the 

manifestation of energy transfer between neighboring ions. In order to realize ETU 

process, Fig. 1.2b shows two ions where the ion on the left is a sensitizer ion and the 

right one is an activator ion. The two independent ions absorb the incoming pumping 

photon simultaneously and results in population of E1. Eventually, the sensitizer ion 

returns from E1 to G and emits a phonon to resonant to the neighboring activator ion. 

As a result, the activator ion is promoted to E2 and return to G for UC emission. It is 

important to note the average separation of ions is determined by the concentrations of 

doping ions which affects the UC efficiency significantly [12], [14-15]. 

1.2.3 Photon avalanche 

The photon avalanche (PA) phenomenon was introduced by Chivan’s group and 

the observation was based on a Pr
3+

 ion infrared quantum counter. The uniqueness of PA 

is distinguished in high pumping power to overcome the threshold PA value. The 

mechanism of PA can be explained by the simplified energy level diagram in Fig. 1.2c. 

PA starts with the population of ion from G to E1 by non-resonant weak GSA. After 

that, resonant ESA populate E2 (The transition of E2 to E1 is eye-visible radiation) for 

setting up of metastable state. Then, energy transfer takes place between excited ion and 
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a neighboring ion at G. Hence, two ions will occupy E1. This process continues for 

intense UC emission and known as PA [12], [14-16]. 

1.2.4 Energy migration upconversion 

 Recently, a new upconversion process termed EMC was discovered and this 

process requires a well-defined core-shell structure UCNPs. The RE ions are well 

distributed in the core and shell. For example, the core is NaGdF4:Yb/Tm and the shell 

is NaGdF4:Tb [9]. To aid the understanding of EMC, fig. 1.2d shows a simplified 

energy level diagram with two zones. The first zone is the core region consisting of type 

I ion (sensitizer), type II ion (accumulator) and type III ion (migrator) while the second 

zone is the shell region consisting of migrator and type IV ion (activator) [8-9]. Similar 

to ETU and PA, this process is initiated by sensitization of pumping photon and 

populating the accumulator ions to higher energy states. Then, the migrator ion extracts 

the energy and transfer to neighboring migrator ions by exchange interaction 

Eventually, the transferred energy arrives at the activator ion and released as visible 

photons [8-9]. 
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Figure 1.2 Simplified energy level diagram showing different type of upconversion 

processes: (a) excited state absorption (ESA) (b) energy transfer upconversion (ETU) 

(c) photon avalanche (PA) (d) energy migration upconversion (EMC) with ground state 

(G), energy levels (E1 and E2) and energy transfer (ET). 
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1.2.5 Upconversion efficiency 

 After the introduction of different types of UC process, it is worthwhile to 

compare their efficiencies. Among them, ESA is the least efficient process. PA may be 

an efficient UC process because the establishment of metastable state for photon 

storage. Unfortunately, PA suffers from some non-idealities such as, high pump power, 

slow response time looping of ESA cycles and cross-relaxation processes. In contrast, 

ETU process is fast and independent of pump power. Therefore, ETU has been 

employed in the development of advanced upconverting nanoparticles for various 

applications over the past decades [12], [14-15]. Moreover, Auzel has reported that the 

UC efficiency of ETU is higher than ESA by about two orders of magnitude [6]. 

1.3  Properties of trivalent rare-earth ions 

 Nowadays, trivalent RE ions have found many applications in bio-labeling, 

laser, solid state lightings and displays [17-20]. This is due to various properties of RE 

ions including luminescence and magnetism. In this work, the luminescence and 

magnetism of RE doped fluoride phosphors are studied extensively for bio-labeling 

applications and thus the properties of some RE ions are highlighted in this section. 

From Table 1.1, those RE ions that lack 4f electrons, such as Sc
3+

, Y
3+

 , La
3+

 and Lu
3+ 

lack electronic energy levels in or near the visible region. Other 4f electron-possessing 

RE ions has partial filled 4f orbitals such as, Ce
3+

 to Yb
3+

 ions, is usually doped in the 

photoluminescent materials and contributes to different emission characteristics of the 

photoluminescent materials. The electronic states of different energy levels are 

characterized by the term symbol. The term symbol is defined as 
2S+1

LJ with S, L and J 
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representing spin angular momentum, orbital angular momentum and total angular 

momentum respectively. Fig. 1.3 shows the energy levels (electronic states) of various 

RE ions to explain the energy transfer and existence of UC emission peaks in this work. 

1.3.1 Luminescence property of co-doping Er and Yb ion 

 Nowadays, common rare-earth doped phosphors (REPs) are doped with Er
3+

 and 

Yb
3+

. In this case, 980 nm laser is used as an excitation source because the photon 

energy matches well with the energy difference between 
2
F5/2/

2
F7/2 of Yb

3+
 ions and 

4
I11/2/

4
I15/2 and 

4
F7/2/

4
I11/2 of Er

3+
 ions (Fig. 1.3). As a result, this combination can enable 

efficient energy transfer between Yb
3+

 and Er
3+

 ions for UC emission. Usually, Yb
3+

 

ions are doped into the host lattice with high concentration of about 18-20 mol% [12]. 

In fact, Er
3+

 ion is known to emit green and red colors and the observation of these 

colors are mainly due to the three transitions 
2
H11/2/

4
S3/2 → 

4
I15/2 and 

4
F9/2 → 

4
I15/2 with 

corresponding UC emission center wavelengths at about 521, 544 and 660 nm [21-26]. 

1.3.2 Magnetic property of Gd ion 

 Originally, Gd atoms are ferromagnetic but Gd
3+

 ions are paramagnetic. The 

paramagnetic behavior of Gd
3+

 ion originates from the seven unpaired 4f electrons. The 

seven unpaired inner 4f electrons are closely bound to the nucleus and effectively 

shielded by the outer closed shell electrons 5s
2
 5p

6
 from the crystal field. Also, the 

doping of Gd
3+

 ions in REPs reduces the spatial overlap of the 4f orbitals and hence the 

magnetic moments are localized [2], [27-28]. As a result, the Gd-doped REPs 

demonstrate paramagnetic property upon applied magnetic field. 
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Table 1.1 Electronic configurations of rare-earth elements at ground state [1]. 
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Figure 1.3 Energy levels of various rare-earth elements [1]. 
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1.4  Current status of rare-earth doped phosphors 

This work focuses on the development of new generation of REPs for bio-

labeling applications. To date, there are numerous reports on the bio-labeling 

application of REPs. However, nano-sized REPs are  preferred for bio-labeling because 

size of the molecule in targeted cells and tissues are usually from several to a few tens 

of nanometers [29-30]. Therefore, many synthesis strategies are developed to synthesize 

small-sized REPs. Apart from size, hydrophilic property, uniformity and physical 

properties are important considerations for tailoring nanoparticles for bio-labeling 

applications. Among various types of phosphors, RE doped upconversion nanoparticles 

(UCNPs) are reported extensively owing to their unique UC emission property. In order 

to optimize UCNPs, various reaction methods are developed by many groups, such as 

hydrothermal, thermal decomposition, fire combustion, and co-precipitation synthesis 

[5], [8], [20], [31-36]. Nowadays, hydrothermal, co-precipitation and thermal 

decomposition syntheses are the three popular reactions for synthesis of UCNPs [37].  

1.4.1 Comparison of UCNPs with conventional phosphor for bio-labeling 

 Conventionally, organic dyes (ODs) [38-40] and quantum dots (QDs) [41-42] 

are common agents for fluorescent bio-labeling. They are excited by UV and thus 

prolonged exposure to these high energy sources results in DNA and cell damage. 

Moreover, the resultant signal to noise ratio (SNR) is low because high energy radiation 

causes considerable amount of autofluorescence from backgrounds due to the 

absorption of energy by biological tissues. This also implies a shallow penetrating depth 

[37]. To overcome these shortages, UCNPs are emerged as a class of fluorescent bio-
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labeling material compared with traditional ODs and QDs. Firstly, the excitation 

wavelength range of UCNPs is broader than QDs and ODs, thus one can use different 

light sources for excitation (UV and NIR). Moreover, NIR enjoys advantages such as 

deep penetration, reduced photodamage and free of autofluorescence [8], [15], [37]. 

These features are pivotal for biological applications. Apart from excitation source, 

unlike QDs and ODs, UCNPs emit narrow bandwidth and multiple wavelengths. This 

unique emission characteristic of UCNPs can facilitate multi-channel tracking and 

imaging of biological samples without interference of channels. Among the three types 

of samples, UCNPs has long fluorescent lifetime, which is another advantage because 

long fluorescent lifetime can enable high resolution measurements to distinguish the UC 

signals from different nanoparticles and background. Finally, high photostability is a 

key merit for pro-long tracking and imaging of biological cells and tissues to observe 

temporal evolution of samples [43-46]. Above all, it is clear that UCNPs offers superior 

performance to the traditional fluorescent agents, such as QDs and ODs.  

1.4.2 Biological applications of UCNPs 

 Recently, UCNPs have been emerged as a new class of material in therapy, 

luminescence assay and biological imaging. Photodynamic therapy (PDT) is capable of 

killing cancer cells by using the fact that some kinds of cancer cells are susceptible to 

attack of particular chemicals under red visible radiations. In addition, PDT is a non-

intrusive, low-cost and increasingly effective treatment [47]. In addition, luminescence 

assay is divided into heterogeneous and homogenous assay [8], [37]. The former is 

achieved by using molecules which are biologically-functionalized and these molecules 

are conjugated to the UCNPs on a substrate. By recording the UC signal from the 
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UCNPs, the concentrations of the molecules can thus be measured.  On the other hand, 

homogenous assay is based on a short ranged optical process called fluorescence 

resonance energy transfer (FRET) for measurement, for example Chen’s group 

demonstrated the detection of avidin by amine-functionalized RE doped ZrO2 sub-5 nm 

nanoparticles that showed a remarkable detection limit of 3.0 nM  [46], [48].There is 

various bio-imaging techniques comprising fluorescent in-vitro and in-vivo imaging, 

diffuse optical tomography (DOT) and multi-modal imaging.  In-vitro and in-vivo 

imaging and DOT utilize the UC emission property of UCNPs under the irradiation of 

NIR excitation. Human cervical cells, living nematode and nude mouse have been 

successfully imaged by UCNPs [49-52]. On the other hand, DOT can image the cross-

section of the target under irradiation of NIR radiation [52]. Multi-modal imaging is the 

incorporation of two or more imaging modes within a single system. It is known that the 

paramagnetic property of Gd
3+

 ions enables UCNPs to be applied as magnetic 

resonance imaging (MRI) contrast agent [53-54]. Doping Gd
3+

 avoids the complexity of 

combining two kinds of imaging modes into a host material. In addition, doping offers a 

greater degree of control on synthesis of smaller particles for multi-modal imaging [46]. 

1.5  Motivation of research 

Owing to the versatile ability of UCNPs in biological application, many 

strategies are developed to synthesize well-dispersed and water soluble UCNPs. 

Thermal decomposition of organic chemicals in coordinating oleic acid is a common 

approach to synthesize uniform UCNPs [53], [55-57]. However, this method requires 

high reaction temperature with purging of protective inert gases. Obviously, the as-

synthesized products require further surface ligand engineering to change the 
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hydrophobic UCNPs to hydrophilic UCNPs for biological applications [37] and thus 

this increases the complexity and cost of synthesis procedures. Apart from synthesis 

method, sodium based host are frequently reported for bio-imaging purpose [17], [51] 

[58-60]. Unfortunately, as-synthesized sodium based UCNPs consist of cubic and 

hexagonal phases [61]. Therefore, additional physical and chemical modifications are 

needed to synthesize pure phase UCNPs. Moreover, the existing reports mainly focus 

on UC fluorescent imaging of cells. Fluorescent imaging offers good planar resolution 

but it is not able to provide 3D information of tissues. Besides, MRI and computed X-

ray tomography (CT) imaging techniques are able to overcome the shortage of 

fluorescent imaging and they can image the 3D structure of soft tissues and organs [62]. 

As a result, it is important to explore simple and one-step synthesis for synthesizing 

hydrophilic UCNPs at low temperature. Additionally, further researches can focus on 

developing new UC host materials beyond sodium-based UCNPs for multi-modal 

imaging. 

1.6  Scope of work 

This work aims to develop new generation of UC materials for multi-modal 

bioimaging based on RE doped UCNPs. 

 

 This thesis consists of five chapters. In Chapter one, the fundamental 

mechanism for different types of UC process, physical properties of RE ions and the 

current status of RE doped phosphors are introduced. 

 In Chapter two, the hydrothermal synthesis is briefly introduced. 

Characterization instruments and techniques including PL and VSM are discussed in 
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detail while XRD, FTIR, TEM and SEM are briefly discussed. 

 

 In Chapter three, the phase and UC control of multi-functional NaGdF4:Yb/Er 

upconversion phosphors (UCPs) is discussed. The NaGdF4 UCPs demonstrate photo 

luminescence, cathodoluminescence and paramagnetic property. The underlying 

physical mechanisms of the phenomena are investigated. 

 

 In Chapter four, fluorescent imaging in HeLa cells was achieved by Ba2LaF7 

UCNPs with a low concentration. The images are free of autofluorescence and MTT 

assay indicates that the Ba2LaF7 UCNPs has low toxicity. Moreover, a novel multi-

modal bioprobe based on BaGdF5:Yb/Er UCNPs with PEI and PEG surface 

modification is synthesized and studied. The BaGdF5:Yb/Er UCNPs consist of pure 

cubic phase with average size less than 20 nm, which is an ideal average size for 

biological application. Moreover, in-vitro fluorescent imaging, MRI and in-vivo CT was 

demonstrated.  

 

In Chapter five, conclusions and future work will be presented. 

  



Chapter 2 

               

           THE HONG KONG POLYTECHNIC UNIVERSITY 

Tsang Ming Kiu Page 16 

 

  

 
 

Chapter 2 Hydrothermal synthesis and 

characterizations 

2.1  Hydrothermal synthesis 

In Section 1.6, some of the phosphor synthesis methods have been reviewed and 

this work relied on a facile and one-step hydrothermal method to synthesize water 

dispersible phosphors. Hydrothermal is a synthesis technique that heat up a solvent 

under high pressure and temperature above the critical point of the system to enhance 

the solubility of solid. Therefore, it can speed up the reaction between solids. In 

addition, hydrothermal synthesis requires Teflon-lined container stored in a stainless 

steel container. The whole container is known as autoclave [15]. The popularity of this 

method is ascribed to the easy control of experimental parameters such as pH, reaction 

duration and temperature to yield different morphologies and shapes of nanostructures, 

such as nanorods, nano-arrays and nanospheres. However, the shortcomings of this 

method are poor yield, irregular shapes and size of UCNPs [3], [34], [63-67].
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2.2  Characterizations 

 In this work, several characterization techniques are applied to characterize the 

as-synthesized phosphors. They include X-ray diffraction (XRD), scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), Fourier transform 

infrared spectroscopy (FTIR), photoluminescence (PL), vibrating sample magnetometer 

(VSM) measurement, optical confocal microscopy and 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide assay (MTT assay). Except for the confocal optical 

microscopy and MTT assay, the listed characterization techniques will be briefly 

introduced. 

2.2.1 Photoluminescent measurement 

 The photoluminescence property of the as-synthesized phosphors is 

characterized by the photoluminscent spectrometer from Edinburgh Instruments 

Limited of model FLSP920. The exterior and interior structures of the system are shown 

in Fig. 2.1a and b.  

 

http://en.wikipedia.org/wiki/Di-
http://en.wikipedia.org/wiki/Di-
http://en.wikipedia.org/wiki/Thiazole
http://en.wikipedia.org/wiki/Phenyl
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Figure 2.1 (a) Photograph of exterior structure of the photoluminscent spectrometer system and 

(b) interior structure of Edinburgh Instruments Limited (model FLSP920) [68]. 

 This PL system can be used to measure steady-state, temperature dependent and 

time-resolved photoluminescence property. A xenon lamp and various types of lasers 

ranging from ultraviolet to near infrared can be equipped as excitation source for PL 

measurements. Moreover, powder, liquid and thin film samples can be readily mounted 

on the testing platform by using quartz holders. There are two optical detectors, the 

visible light photomultiplier tube (PMT) and NIR PMT with detecting ranges from 200 

to 900 nm and 400 nm to 1700 nm respectively. 
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2.2.2 Vibrating Sample Magnetometer 

 The vibrating sample magnetometer (VSM) examines the magnetic property of 

the as-synthesized phosphors and the structure of the commercial VSM from Lakeshore 

of model 7400 series - 7407 is shown in Fig. 2.2. This system consists of a pair of 

electromagnets to supply magnetic field to the mounted sample in the middle of the 

coil. At the same time, the sample vibrates with the driving frequency of the head drive. 

Owing to the change in magnetic flux of the sample, an electrical signal is detected by 

the machine and thus records the magnetization of the sample at different magnetic 

field. 

 

  

Figure 2.2 An external view of Lakeshore vibrating sample magnetometer (model: 7400 series - 

7407) [69]. 
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2.2.3 X-ray diffraction 

 The crystal phases of the phosphors are revealed by X-ray diffraction (XRD). 

Mainly, XRD technique is performed to reveal the crystalline planes, 2-theta angle and 

size of the phosphors. This is due to the fact that each material possesses a unique set of 

diffraction angles and planes. By acquiring the diffraction angles, the diffraction planes 

at each angle can be indexed to standard XRD patterns to evidence the crystallographic 

information of the materials.  

2.2.4 Scanning electron microscopy and transmission electron microscopy 

 In order to investigate the morphologies, chemical composition, planar 

information and average size of the as-synthesized phosphors, scanning electron 

microcopy (SEM) and transmission electron microscopy (TEM) are used. SEM is 

suitable for characterizing phosphors with size of greater than 100 nm and this 

technique constructs a 3-dimentsional image of the phosphors. The scintillating detector 

of SEM collects secondary electrons due to bombardment of high energy electron on the 

sample surface for secondary electron imaging. While, TEM can characterize phosphors 

smaller than 100 nm and this technique is capable of investigating the average size, 

morphologies and phase of particles because of selected area electron diffraction and 

high resolution transmission electron microscopy. Both SEM and TEM can be equipped 

with energy dispersive X-ray system to reveal the chemical composition of a point or an 

area on the sample. 
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2.2.5 Fourier Transform Infrared spectroscopy 

 Fourier transform infrared spectroscopy (FTIR) is a spectroscopic method to 

evident the existence of organic ligands on the surface of the sample. The broadband 

light source of the machine will illuminate a combination of frequencies of optical 

radiation on the sample and detect the amount of absorbed light at each wavelength. 

Also, the spectrometer consists of a motorized mirror which blocks and transmits light 

periodically. At the mirror, the optical signal will interfere and reaches the optical 

detector. Then, the raw data are processed by the computer using Fourier transform 

algorithm to form spectrum. 
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Chapter 3 Phase and upconversion control of 

NaGdF4:Yb/Er phosphor 

3.1  Introduction 

UC photoluminescence is a non-linear optical process facilitated by successive 

multi-absorption of two or more pumping photons to convert lower energy photons into 

higher energy photons [6],
 
[70]. Owing to the ability of converting near-infrared (NIR) 

radiation to visible light, RE doped UCNPs offer advantages such as minimized photo-

damage, high penetration depth and low background fluorescence [71-72]. Differing 

from conventional fluorescent phosphors including organic dyes and quantum dots [73-

74], RE doped UCNPs are excited by NIR to emit visible emission. Therefore, RE 

doped UCNPs have demonstrated promising applications in biological fluorescent 

labeling, flat-panel displays and light sources [17-18], [20], [62], [75-76]. In recent 

years, many UC host materials including oxides and fluorides have been developed 

because of their unique luminescent property [77-78]. Among them, NaYF4:Yb/Er has 

been regarded as the most efficient host material for UC emission because of its high 

UC luminescent efficiency [20], [33], [79]. However, literature data indicated that the 

as-synthesized NaYF4:Yb/Er nanocrystals consist of α- and β- NaYF4:Yb/Er. Moreover, 

reports found that the β-NaYF4:Yb/Er exhibits an order of UC emission intensity 

enhancement relative to its α phase counterpart
 
[23]. Apart from the phase issue, the 

ability to tune multi-color UC emission wavelength is important to applications, such as 

field-emission display (FED), solid state lasers and light sources. In principle, the 

tailoring of UC emission can be achieved by rational choice of host/activator material 
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and dopant concentrations [24]. However, the presence of high concentration and 

multiple types of RE dopants may lead to high cross relaxation and energy loss [80]. As 

a result, tuning multi-color UC emission and single β phase have become challenges for 

advance.  

Recently, an annealing strategy to transform mixture of α- and β-NaGdF4:Yb/Er 

into pure β-NaGdF4:Yb/Er at 700 
o
C and the UC emission intensity of β-NaGdF4:Yb/Er 

is enhanced at 600 
o
C [61]. Unfortunately, high temperature results in detrimental 

aggregation of nanoparticles. On the other hand, Liu’s group developed a strategy for 

simultaneous phase and emission tuning for UCNPs through Gd
3+

 doping method and 

controlling Gd
3+

 sub-lattice mediated energy migration through a well-defined core-

shell structure [9], [81]. Later on, the former technique was applied in the development 

of other RE-based phosphors, such as NaLuF4
 
which exhibits high dispersibility and 

intense UC luminescence property [82].
 
Apart from modifying dopant concentrations 

and host/activator combinations, surface modification by using organic ligand is a 

common approach in tuning UC emission and single β phase UCNPs.
 
By varying the 

molar ratio of octadecylamine and oleamide, UC emission with different red/green ratio 

was observed. Meanwhile, the resultant pure β-NaYF4:Yb/Er UC phosphors have 

regular shape and high dispersibility [83]. However, this method suffers from high 

reaction temperature and the use of an inert gas medium. Although many works have 

been done on the phase and emission tuning of UC phosphors, it is still a challenge to 

develop a simple and cost effective protocol to tune single β phase and UC emission of 

UC phosphors. Besides, due to the large magnetic moment of Gd
3+

, the UC phosphors 

containing Gd
3+ 

present paramagnetic behavior and can be used as magnetic resonance 
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imaging (MRI) agent [84-86]. Moreover, Lin’s group demonstrated 

cathodoluminescence (CL) property of GdBO3:Eu and GdBO3:Tb under the irradiation 

of low-voltage electron beam [87]. However, there are only limited reports on the CL 

property of Re doped NaGdF4 host material. 

In this part, tunable UC emission color and single β phase of multifunctional 

NaGdF4:Yb/Er phosphor with fixed composition of host/activator are synthesized by a 

facile and one-pot hydrothermal method using ethylene glycol (EG) as reaction 

medium. Phase and different red/green ratios (RGR) can be tuned simply through 

surface modification using fixed amount of 3-Mercaptopropionic acid (3MPA), 

polyethylene glycol (PEG) and polyethylenimine (PEI). The physical mechanism 

underlying the tunable luminescence is discussed. Moreover, the magnetic and CL 

properties are investigated. Our approach provides an alternative pathway for rational 

phase and UC emission tuning. Therefore, these multifunctional phosphors have high 

potential in FEDs, light sources and solid state lasing applications. 
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3.2  Experimental 

3.2.1 Hydrothermal synthesis of NaGdF4:Yb/Er phosphor 

 RE nitrate LnN3O9•6H2O (Ln = Gd, Yb and Er) of purity 99.9% trace metal 

basis, 3-Mercaptopropionic acid (3MPA, 99 %+) and branched polyethylenimine (PEI, 

molecular weight = 25 kDa) were obtained from Sigma-Aldrich Co. Ltd. Ethylene 

glycol (EG, 99 %) was obtained from International Laboratory, USA. Polyethylene 

glycol (PEG, molecular weight = 6 kDa) and sodium fluoride powder (Analytical grade) 

were purchased from Sinopharm Chemical Reagent Co., China. All of these materials 

were used as received without further purifications. The RE nitrates were dissolved in 

de-ionized water to form 0.1 M Gd(NO3)3, Yb(NO3)3 and 0.05 M Er(NO3)3 solutions. 

 The phosphors were synthesized by a one-pot hydrothermal method [86], [88] at 

200 
o
C for 20 h with surface modifier S (S = 0.5 g PEG/3MPA/PEI). Typically, total 

molar amount of RE dopants is 1 mmol with proportion of Gd:Yb:Er as 80:18:2. 2.1 g 

of NaF was dissolved in 50 ml of de-ionized water to produce a 1M NaF solution as 

sodium and fluorine source. The molar ratio of F
-
/Re

3+
 was kept at 5 mmol. Firstly, 

respective amount of S was dissolved in 20 ml ethylene glycol (EG). After that, 1 mmol 

of RE dopants and 5 mmol
 
of NaF were added to the above mixture under vigorous 

stirring for 1 h until semi-transparent colloidal solution is formed. Finally, the as-

obtained solution was transferred to a Telfon-lined autoclave for hydrothermal reaction 

at 200 
o
C for 20 h. Then, the autoclave was allowed to cool down to room temperature 

naturally and separated from the reaction mixture by centrifugation using ethanol and 

de-ionized water. 
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3.2.2 Characterizations 

The shape of as-prepared 3MPA, PEG and PEI modified phosphors were 

characterized by scanning electron microscopy (SEM) (JSM-6335F JEOL, Japan) with 

accelerating voltage of 8 kV. The crystal phase compositions of the synthesized 

phosphors were recorded by powder XRD using Rigaku smart lab 9 kW (Rigaku, 

Japan) with Cu Kα radiation (λ = 1.5406 Å). Fourier transform infrared spectrometry 

(FTIR) analysis was carried out using Magna 760 spectrometer E. S. P. (Nicolet, 

Thermo Scientific, USA). The UC spectra were recorded using an FLS920P Edinburgh 

Analytical Instrument apparatus equipped with an external 980 nm diode laser (MDL-

980 nm, 2 W) as the excitation source. Low voltage CL spectra were obtained using a 

RELIOTRON III CL instrument. The spectra data were collected using an Ocean Optics 

USB4000 charge-coupled device spectrometer. The magnetization of phosphors as a 

function of the applied magnetic field ranging from -20 to 20 kOe was measured using a 

Lakeshore 7410 vibrating sample magnetometer. All measurements were performed at 

room temperature. 
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3.3  Results and discussion 

3.3.1 Structural property 

Phase and structure of 3MPA, PEG and PEI modified phosphors are recorded by 

XRD as shown in Fig. 3.1. In Fig. 3.1c, the PEG modified phosphors show that the 

diffracted peaks are in good agreement with the standard XRD pattern of β-NaGdF4 

(JSPDF No: 27-0699), which confirms that the PEG modified NaGdF4 phosphors 

possess hexagonal phase structure with negligible amount of α-NaGdF4. However, 

under the same experimental conditions, the diffracted peaks of 3MPA and PEI 

modified phosphors in Fig. 3.1a and b consist of mixture of cubic and hexagonal 

phases. Moreover, the relative peak intensity of α (denoted by rhombus) to β phase in 

PEI modified phosphors is higher than that of 3MPA and PEG modified phosphors. As a 

result, the portion of α-NaGdF4 was reduced by using the surface modifier from PEI to 

3MPA. Deduced from the XRD data, the addition of 3MPA and PEI favors the 

formation of α-NaGdF4, in which PEI exhibited a stronger effect on the formation of α-

NaGdF4 compared to 3MPA.  
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Figure 3.1 XRD patterns of the (a) PEI modified, (b) 3MPA and (c) PEG modified 

NaGdF4:Yb/Er phosphors, (d) β-NaGdF4 (JCPDS 27-0699) and (e) α-NaGdF4 (JCPDS 

27-0697). Rhombuses attached at diffracted peaks denote α-NaGdF4. 
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To reveal the morphology and size of the phosphors, the as-synthesized 3MPA, 

PEG and PEI modified phosphors were further observed by SEM. Fig. 3.2a, b and c 

show the morphology of the three types of as-synthesized phosphors. From Fig. 3.2c, 

PEG modified phosphors present spherical shape. With the addition of 3MPA and PEI, 

the phosphors consist of mixed phases with both spherical and rod-like shapes. By 

correlating the respective XRD spectra and SEM images of phosphors, the phase, shape 

and size of these samples can be readily tuned simply by adding different surface 

modification agents, such as 3MPA, PEI and PEG. It is known that reaction time and 

temperature play important role in formation of phase and shape of phosphors. Here, 

reaction time and temperature factors are eliminated by fixing reaction conditions at 20 

h and 200 
o
C. As a result, capping ligand is the sole factor to affect the formation of 

phase and shape. As far as we know, selective adhesion of capping ligand onto specific 

crystal planes is critical in the epitaxial growth of nanocrystals. Consequently, the 

growth of long rods is observed during crystallization of phosphors. Yet, the existence 

of spherical particles is attributed to a ligand-concentration kinetic effect. In the early 

stage of reaction, the concentration of ligands is high and thus selective adhesion is the 

dominant factor. However, PEI, 3MPA and PEG are consumed in different rates. 

Eventually, intra-particle movement of atoms occurs due to complete consumption of 

ligands. Atoms tend to move from single growing facet to other facets and thus a 

transition from rods to spherical particles is observed. To the best of our knowledge, the 

impact of different organic surface modifications on the formation of α- and β-UC 

phosphors has not been reported. Differing from the reported methods of annealing, RE 

doping phase tuning and energy migrating method [9], [61], [81], the addition of surface 
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modifier here can simultaneously control the crystal phase, shape and size of UCNPs.  

 

 

 

Figure 3.2 FE-SEM image of the (a) PEI modified, (b) 3MPA modified and (c) PEG 

modified NaGdF4:Yb/Er phosphors. 



Chapter 3 

               

           THE HONG KONG POLYTECHNIC UNIVERSITY 

Tsang Ming Kiu Page 31 

 

  

 

3.3.2 Surface group characterization 

The respective FTIR spectra of 3MPA, PEG and PEI modified phosphors are 

shown in Fig 3.3a. As shown in Fig. 3.3a, the absorption band at about 3445 cm
-1

 is due 

to the stretching vibration of O-H group. On the other hand, the weak absorption band 

at about 2938 cm
-1

 is attributed to the asymmetrical vibration modes of -CH2 group. 

Originally, the wavenumber at 2569 cm
-1

 is present in the FTIR spectrum of pure 

3MPA. However, this absorption is not present in Fig. 3.3a. It suggests that the –SH 

group at the end of 3MPA molecule is bonded on the surface of phosphors because of 

the strong binding ability of mercapto group and metal ions. Moreover, the peak at 1645 

cm
-1

 is attributed to the asymmetrical stretching vibration modes of C=O group while 

the peaks at about 1409 and 1268 cm
-1

 are due to in-plane vibration of C-OH and 

stretching vibration of C-O groups of 3MPA, respectively
 
[88]. From the above 

analysis, we deduce the successful capping of 3MPA on phosphors. In Fig. 3.3b, the 

broad absorption band at 3445 cm
-1

 is attributed to bond stretching of O-H. Moreover, 

the absorption peaks at 1632 and around 1114 cm
-1

 correspond to the methylene 

scissoring and C-O-C bond vibrations. From the results, we could confirm the capping 

of PEG on the surface of phosphors [89]. For PEI modified phosphors, Fig. 3.3c shows 

an absorption peak at 3451 cm
-1

 corresponding to the bond stretching of O-H and N-H 

bondings. In addition, the transmission peaks at 1628, 1564 and 1414 cm
-1

 are attributed 

to the bond vibration of C-N, bending modes of primary and secondary amine 

respectively, indicating the successful capping of PEI on the surface of phosphors [60]. 
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Figure 3.3  FTIR spectra of the (a) 0.5 g 3MPA, (b) 0.5 g 6 kDa PEG and (c) 0.5 g 

branched 25 kDa PEI modified NaGdF4:Yb/Er phosphors. 

3.3.3 Upconversion luminescence 

The UC emission spectra of 3MPA, PEG and PEI modified phosphors are 

investigated under the excitation of 980 nm laser diode. The UC emission spectra of the 

PEG, 3MPA and PEI modified phosphors are shown in Fig. 3.4a, b and c. When the 

phosphors are dispersed in DI water to form colloidal solutions with concentration of 

2.5 mg ml
-1

, three kinds of eye-visible emissions of green, yellowish green and red 

resulting from PEG, 3MPA and PEI modified phosphors are shown in Fig. 3.4e, f and g, 
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respectively. All emission spectra are recorded under the same laser power and the 

emission intensity of PEG modified phosphors is the strongest among the three types of 

phosphors. This observation is consistent with the accepted fact that β-UC phosphor 

usually exhibits stronger emission intensities than α-UC one. Moreover, Fig. 3.4a shows 

three major emission bands with peak emission wavelengths of 521, 554 and 660 nm, 

which are attributed to the 
2
H11/2 → 

4
I15/2, 

4
S3/2 → 

4
I15/2, and 

4
F9/2 → 

4
I15/2 transitions of 

Er
3+

, respectively [37], [90-91]. According to the energy level diagram shown in Fig. 

3.4h, the UC process is initiated by the Yb
3+

 sensitizer ions and subsequent energy 

transfer to activator Er
3+ 

leads to pumping of Er
3+

 to higher energy levels [71]. Then, 

non-radiative relaxations followed by further downward transitions to lower energy 

levels give rise to three visible emission bands. Interestingly, different red to green ratio 

(RGR) is observed in PEG, 3MPA and PEI modified phosphors. The quenching of two 

emission bands with peak wavelengths 521 and 544 nm gives rise to different RGRs as 

shown in Fig. 3.4d. It indicates that the decrease in green components in 3MPA and PEI 

modified phosphors results in yellowish green and red emissions. Different RGRs are 

attributed to the presence of different surface groups such as hydroxyl (-OH), mercapto 

(-SH) and amino (-NH2) group on the surface of PEG, 3MPA and PEI modified 

phosphors. NH2 groups capped on the surface of PEI modified phosphors exerts a 

higher green emission quenching effect than -OH and -SH groups. The quenching effect 

can be originated from the simplified energy level diagram in Fig. 4h in which the 

presence of -OH and -NH2 groups favor the non-radiative relaxations at low-lying 

energy level, i.e. 
2
H11/2 → 

4
F9/2. Eventually, the green emission band is quenched and 

hence the emission color is changed from green, yellowish-green and finally to red. In 
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addition to the presence of surface ligands that change the RGRs, the ligand-induced 

structural and morphological change also contribute to the difference in observed 

RGRs. From the XRD, PL and RGR data, PEG-modified NaGdF4:Yb/Er (pure 

hexagonal) emits intense green emission while the UC emission spectrum of 3MPA and 

PEI-modified NaGdF4:Yb/Er in Fig. 3.4b and c consists of fewer green wavelength 

component than PEG-modified NaGdF4:Yb/Er and therefore it is reasonable to deduce 

the hexagonal phase NaGdF4 favors green emission component while the cubic phase 

favors red emission component. Typically, the luminescence lifetime and quantum yield 

of RE based UC phosphors are in magnitude of several milliseconds and in a range of 

0.005 to 0.3 depending on size [92-93]. To further reveal the UC mechanism, power 

dependence study was performed on PEG-modified NaGdF4:Yb/Er phosphor for the 

three emission peaks observed in Fig. 3.4a, b and c. The result is consistent with the 

power law for upconversion, IUC α I
n

IR. [62], [86], where n is the number of pump 

photons required to populate the upper emitting level and its value can be obtained from 

the slope of the line in the plot of log IUC versus log IIR. Fig. 3.4i shows the log-log plots 

of the UC emission intensity as a function of excitation infrared radiation power of the 

green and red emissions in the NaGdF4:Yb/Er phosphor. The slopes of the linear fits for 

the green and red emissions at 521, 544 and 660 nm are 1.88 1.94 and 1.87, 

respectively, indicating a two photon process is required by both green and red UC 

emissions. As a result, this facile UC tuning technique is an advantage for controlling 

emission wavelength of phosphors for displays.  
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Figure 3.4 UC luminescence spectra of (a) PEG modified, (b) 3MPA modified and (c) 

PEI modified NaGdF4:Yb/Er phosphors under 980 nm continuous wave (CW) laser 

excitation, (d) red to green ratio (RGR) of PEG, 3MPA and PEI modified phosphors. 

Emission color of (e) PEG modified, (f) 3MPA modified and (g) PEI modified 

phosphors dispersed in water with a concentration of 2.5 mg ml
-1

. (h) Simplified energy 
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level diagram of Yb
3+

/Er
3+

 doped system showing the upconversion process and 

emission wavelengths. (i) Log-Log plots of the UC luminescence intensities versus 

excitation power of PEG-modified NaGdF4:Yb/Er phosphor. 

3.3.4 Cathodoluminescence 

Apart from PL property, the phosphor can also be excited by low voltage 

electron beam (~3.5 kV). Fig. 3.5a shows the CL spectrum of PEG modified phosphors 

irradiated by electron beam with 3.5 kV and a tube current of 1.396 mA. As shown in 

the inset of Fig. 3.5a, the intense and eye-visible green emission can be observed from 

the PEG modified phosphors. The obtained CL spectrum is similar to PL spectrum in 

Fig. 3.4a. It is known that electron beam has a greater penetration depth and thus the 

electrons can penetrate into the phosphors to excite the Er
3+

 to give visible emission. 

Moreover, the current and voltage dependent CL intensity measurement was carried out 

by adjusting the vacuum condition and the measured results are shown in Fig. 3.5b and 

c respectively. The CL intensity for PEG modified phosphors exhibits an almost linear 

relationship with the accelerating voltage ranging from 2.4 to 3.5 kV. These results can 

be explained by the equation regarding the electron penetration depth: 

 

1
2

250

n

A E
L

Z

  
   

      

 

where, n = 1.2/(1-0.29Z), A  the atomic or molecular weight of the material, ρ  the bulk 

density, Z the atomic number or the number of electrons per molecule in the case 

compounds and E is the accelerating voltage of electron beam [94]. It is known that the 



Chapter 3 

               

           THE HONG KONG POLYTECHNIC UNIVERSITY 

Tsang Ming Kiu Page 38 

 

  

 

penetration depth of an electron beam into a particular specimen is dependent on the 

value of excitation voltage
 
[61]. As a result, more Er

3+
 are being excited due to 

increased interaction volume of electrons and phosphors, subsequently contributes to 

intense emission peaks. Also, the CL intensities increase with filament current from 0.7 

to 1.3 mA. Therefore, the phosphors with intensive green CL emission may be suitable 

to be used as phosphor for FED devices. 

 

Figure 3.5 (a) Cathodoluminescence (CL) spectrum of PEG modified NaGdF4:Yb/Er 

phosphors irradiated by low voltage electron beam at 3.5 kV with a tube current of 

1.396 mA (Inset figure showing green emission), (b) current dependent CL intensity 

under irradiation of electron beam at 3.0 kV, (c) voltage dependent CL intensity by 

maintaining tube current at 1 mA of PEG modified NaGdF4:Yb/Er phosphors@ 544 nm. 
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3.3.5 Magnetic property 

In addition to UC and CL luminescence property, the magnetic property of the 

as-synthesized phosphors is also measured. As demonstrated in Fig. 3.6, the PEG 

modified phosphors possess paramagnetic property at room temperature. Existence of 

paramagnetic property is due to the seven unpaired inner electrons in the 4f subshell 

strongly bounded by the nucleus and effectively shielded by the outer closed-shell 

5s
2
5p

6
 electrons from the crystal field [61]. As a result, localized and non-interacting 

magnetic moment of Gd
3+

 in phosphors gives rise to paramagnetism. The magnetic 

mass susceptibility of PEG modified phosphors are measured to be 8.36 × 10
-5

 emu/g 

Oe at 298 k. This value is similar to the reported value of GdF3:Eu (0.94×10
-4

 emu/g 

Oe) and KGdF4:Yb/Tm (3.99 × 10
-5

 emu/g Oe) [2], [95]. Moreover, a peak 

magnetization at 20 kOe is found to be 1.538 emu/g and this value is close to the 

reported values for bio-separation. 

 

Figure 3.6 Magnetization (emu/g) as a function of the applied magnetic field (Oe) of 

PEG modified NaGdF4:Yb/Er phosphors. 



Chapter 4 

               

           THE HONG KONG POLYTECHNIC UNIVERSITY 

Tsang Ming Kiu Page 40 

 

  

 

Chapter 4 Barium-based UCNPs for multi-modal 

biological imaging 

In this chapter, PEI-modified Ba2LaF7:Yb/Er UCNPs with no phase transition 

were prepared by hydrothermal method. The as-synthesized UCNPs have small average 

size (< 20 nm) suitable for bioimaging. The UCNPs are able to demonstrate UC 

fluorescent imaging at low concentration (100 µg ml
-1

) in HeLa cells. In addition, 

BaGdF5:Yb/Er UCNPs was synthesized by similar method. The structural, chemical 

composition, phase, photoluminescence and magnetic properties were studied. The 

surface of BaGdF5 was capped with PEI and PEG respectively to enhance uptake in 

HeLa cells and living animal. In contrast to high temperature method, such as thermal 

decomposition, BaGdF5:Yb/Er was synthesized by a low temperature method which 

reduce the cost for synthesis. The as-synthesized BaGdF5 UCNPs possess pure cubic 

phase structure and hydrophilic property which do not require further surface and phase 

transition treatment for biological application. MTT assay indicates that this host 

material has low cytotoxicity and high cell viability can be maintained at high UCNPs 

concentration. Importantly, the PEI and PEG modified BaGdF5 demonstrate in-vitro UC 

fluorescent, magnetic resonance imaging (MRI) and in-vivo computed X-ray 

tomography (CT) in a single system without complicated synthesis and treatments. 

Thus, the respective strengths of the particular imaging technique compensate the 

weakness of the other technique. As a result, the barium-based UCNPs have very high 

potential for bio-imaging applications. 
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4.1  In-vitro fluorescent imaging by Ba2LaF7:Yb/Er UCNPs 

4.1.1 Introduction 

UCNPs have been studied extensively and applied in fluorescent bio-imaging 

because of their unique UC properties [96-97]. Unlike conventional bio-imaging agents, 

UCNPs are excited by NIR radiation which possesses deep tissue penetration. Contrary 

to traditional fluorescent bio-imaging agents, UCNPs have no autofluorescence, low 

toxicity, high photostability and large anti-stoke shift [15], [46], [98-99]. The common 

UC host materials are RE doped fluorides with formula ALnF (A= Na, Li, Ba or K) and 

this formula has been regarded as a promising host formula because this structure has 

low phonon energy and hence enhancing radiative transition probability and efficiency 

[12]. Among the host materials, sodium-based UCNPs have been studied extensively 

for numerous biological applications, such as detection of DNA, Avidin, Glutathione 

and fluorescent in-vitro and in-vivo bioimaging [37], [48], [100-105]. Owing to the size 

range of the targeted biomolecules in cells and tissues is usually from several to a few 

tens of nanometers, small-sized fluorescent probes should be relatively small in size so 

that the probe can be compatible with the targeted cell [27-28]. However, the size of the 

reported UCNPs (20–60 nm) is not optimal for their use as bioimaging probes. As a 

result, much effort has been focused on the synthesis of small-sized (less than 20 nm) 

UCNPs for bioimaging applications. 

 Recently, there was report about the synthesis of ultra-small sized Ba2LaF7 

UCNPs based on an oleic-acid assisted solvothermal method [106]. The as-synthesized 

UCNPs demonstrated intense UC emission with a sub-10 nm size. What deserves to be 

mentioned is the comparison on UC emission intensity of small-sized Ba2LaF7 and 
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cubic phase NaYF4 UCNPs. NaYF4 is a common host material that is able to emit 

intense UC emission. It was found that Ba2LaF7 UCNPs emit stronger UC emission than 

cubic phase NaYF4 UCNPs under the same conditions [106] .Unfortunately, the as-

synthesized small UCNPs are hydrophobic which limited their biomedical applications. 

Obviously, further surface modifications are needed to enable hydrophilic property. 

Hence, it is worth to develop a simple method to synthesize UCNPs with hydrophilic 

and excellent UC property.  

In this chapter, a one-step hydrothermal synthesis and UC fluorescent in-vitro 

imaging of PEI-modified Ba2LaF7 UCNPs is reported. The as-synthesized products have 

small average size of about 18 nm and pure cubic phase. Intense green UC emission 

was observed from a Ba2LaF7:Yb/Er colloidal solution (1 wt%) under 980 nm laser 

excitation. Also, the fluorescent imaging in HeLa cells and MTT assay suggests that this 

host is capable of presenting no autoflourescence imaging with low cytotoxicity. 

4.1.2 Experimental 

4.1.2.1 Hydrothermal synthesis of Ba2LaF7:Yb/Er UCNPs 

 Ln(NO3)3
. 
6H2O (Ln = La, Yb, Er) was purchased from Aldrich and dissolved in 

de-ionized water (DI-water) to form solutions with concentrations of 0.5 M and 0.1 M. 

Ethylene glycol (EG, 99%) and branched polyethylenimine (PEI, 25 kDa) were 

purchased from Sigma-Aldrich. NH4F (99.99%) and BaCl2 (99.99%) were obtained 

from Sinopharm Chemical Reagent Co., China. All of these chemicals were used as 

received without further purifications.  

 Water-soluble and PEI-modified Ba2LaF7:Yb/Er UCNPs with high 
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monodispersity were synthesized by a modified one-pot hydrothermal method (Fig. 4.1) 

[62] [86]. Typically, 1.0 g of PEI was added into 20 mL of EG containing 1 mmol of 

La(NO3)3 (0.5 M), Yb(NO3)3 (0.5 M) and Er(NO3)3 (0.1 M) with the molar ratio of 78 : 

20 : 2 under vigorous stirring. Then, 1 mmol of BaCl2 was added to the above solution. 

The mixture was stirred for 30 min to form a homogeneous solution. After that, 6 mmol 

of NH4F in 10 mL of EG was added to the above mixture. The obtained mixture was 

agitated for another 30 min, and then transferred into a 50 mL stainless Teflon-lined 

autoclave and kept at 190 
o
C for 24 h. After the reaction, the system was naturally 

cooled down to room temperature. The prepared samples were separated by 

centrifugation, washed several times with ethanol and DI-water to remove other residual 

solvents, and finally dried in a vacuum at 70 
o
C for 24 h. 

 

Figure 4.1 One-pot hydrothermal synthesis of PEI-modified Ba2LaF7 :Yb/Er UCNPs. 
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4.1.2.2 Characterizations 

  Powder X-ray diffraction (XRD) patterns of the as-prepared UCNPs were 

recorded using Rigaku smart lab 9 kW (Rigaku, Japan) with Cu Kα radiation (λ = 

1.5406 Å) at 45 kV and 200 mA. The shape, size and structure of the as-prepared 

samples were characterized by using JEOL-2100F transmission electron microscopy 

(TEM) equipped with an Oxford Instrument EDS system, operating at 200 kV. Fourier 

transform infrared spectrum (FTIR) was recorded by a Magna 760 spectrometer E. S. P. 

(Nicolet). UC spectra were recorded using FLS920P Edinburgh analytical instrument 

apparatus equipped with a 980 nm diode laser as an excitation source. 

 Human cervical carcinoma HeLa cells were purchased from the American type 

Culture Collection (ATCC) (#CCL-185, ATCC, Manassas, VA, USA). The HeLa cells 

were grown in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% 

fetal bovine serum (FBS) 1% penicillin and streptomycin at 37
o
C and 5% CO2. To apply 

Ba2LaF7:Yb/Er UCNPs for fluorescent imaging, HeLa cells were incubated in DMEM 

containing 100 µg mL
-1

 of PEI modified UCNPs at 37 
o
C for 24 h under 5% CO2, and 

then washed with PBS sufficiently to remove excess UCNPs. 

 In order to test the suitability of the obtained PEI modified UCNPs as bioprobes, 

bioimaging of HeLa cells incubated with Ba2LaF7:Yb/Er UCNPs was performed on a 

commercial confocal laser scanning microscope, Leica TCS SP5, equipped with a 

Ti:Sapphire laser (Libra II, Coherent). The samples were excited by a 980 nm 

wavelength laser, and two visible UC emission channels were detected at green (500–

600 nm) and red (600–700 nm) spectral regions. 

 The in-vitro cell viability was measured using 3-(4, 5-dimethylthiazol-2-yl)-2, 5 
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diphenyl-tetrazolium bromide (MTT) proliferation assay in HeLa cells. HeLa cells were 

seeded in a 96-well micro-plate (6000 cells per well) and pre-incubated at 37 
o
C under 

5% CO2 for 3 h. The cell culture medium in each well was then replaced by DMEM 

solutions containing PEI modified UCNPs with different concentrations. Subsequently, 

the cells were incubated for another 20 h in the incubator at 37 
o
C under 5% CO2. After 

that, 10 mL of MTT (5 mg mL
-1

 in phosphate buffered saline solution) was added to 

each well and incubated for further 4 h at 37 
o
C under 5% CO2. After the growth 

medium was removed, 200 mL of DMSO was added to each well and the cells sat 

overnight at room temperature to completely dissolve the formazan crystals. The 

absorbance at 570 nm was measured by Multiskan EX (Thermo Electron Corporation). 

4.1.3 Results and discussion 

4.1.3.1 Structural property 

 TEM is applied to reveal the morphology, size and shape of the as-synthesized 

Ba2LaF7:Yb/Er UCNPs. The UCNPs presented a spherical morphology with good 

monodispersity as shown in Fig. 4.2a and b. The corresponding selected area electron 

diffraction (SAED) pattern is shown in Fig. 4.2c in which the diffraction pattern 

suggests that the Ba2LaF7:Yb/Er UCNPs possess a simple cubic structure. To further 

investigate the UCNPs, high resolution TEM (HRTEM) of three NPs in Fig. 4.2d shows 

clear lattice fringes of the UCNPs. The measured d-spacing is 2.17 Å and this value was 

consistent with the spacing of the (220) plane of standard cubic phase Ba2LaF7 (2.15 Å). 

Therefore, the measurement confirmed the good crystallinity of the UCNPs. Moreover, 

the size distribution of the NPs in is shown in Fig. 4.2e, the average size of the NPs is 
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about 18 nm with a range of 13-24 nm. The average size of UCNPs is an ideal size for 

bioimaging applications. Moreover, X-ray diffraction (XRD) characterized the phase 

composition of Ba2LaF7:Yb/Er UCNPs under 45 kV and 200 mA X-ray irradiation (Fig. 

4.2f) and the diffracted peaks are indexed to the standard diffraction pattern of cubic 

phase Ba2LaF7 (JCPDS: 48-0099). The diffraction peaks were well matched with the 

standard pattern with no impurity phases. As a result, the XRD matching agrees with the 

SAED pattern. In addition, owing to the substitution of La
3+

 ions by smaller Yb
3+

 ions, 

the diffracted peaks shift to higher angles. In fact, this observation is similar to that in 

the previous reported XRD of RE doped UCNPs [62], [106]. The above analysis proves 

that the one-pot hydrothermal synthesis iss able to produce pure cubic phase 

Ba2LaF7:Yb/Er UCNP s with high monodispersity. 

 

Figure 4.2 TEM and XRD results of the PEI modified Ba2LaF7:Yb/Er UCNPs: (a) low 

magnification TEM image, (b) high magnification TEM image, (c) SAED, (d) HRTEM 
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image of single particle, (e) histogram of the particle size distribution, (f) XRD pattern. 

4.1.3.2 Upconversion photoluminescence 

 In bioimaging, the UCNPs were readily dispersed to form colloidal solution and 

excited by near infrared (NIR) radiation. However, a satisfactory signal to noise ratio 

(SNR) was important for clear observation of cells, therefore eye-visible and intense 

UC luminescence was one of the key to achieve the aim. Inset of Fig. 4.3 shows 

colloidal solution of as-prepared Ba2LaF7:Yb/Er UCNPs (1 wt%) emitting strong UC 

green color under irradiation of 980 nm laser. Three emission bands of Ba2LaF7:Yb/Er 

UCNPs centered at 521, 544, and 660 nm are located in Fig. 4.3. The manifestation of 

emission bands could be deduced from the simplified energy level diagram of Yb/Er 

system (Fig. 4.4). The green and red UC emissions are due to the electronic transitions, 

2
H11/2 / 

4
S3/2 → 

4
I15/2 and 

4
F9/2 → 

4
I15/2 of Er

3+
 ion, respectively. Owing to the pumping 

by 980 nm laser, the Yb
3+

 and Er
3+

 ion are excited simultaneously to higher metastable 

state. Then, Yb
3+

 ion is pumped from 
2
F7/2 to the first excited state 

2
F5/2. Subsequent 

energy transfer from Yb
3+ 

ion to the nearby Er
3+

 ion pumps the Er
3+

 ion from its ground 

state to 
4
I11/2. Owing to the long lifetime of the metastable state of Er

3+
 ion, it could 

further absorb energy from Yb
3+

 ion and pumps to 
4
F7/2. After that, the excited Er

3+
 ion 

relaxed non-radiatively to 
2
H11/2 / 

4
S3/2/

4
F9/2. Finally, the Er

3+
 ion decays to the ground 

state and resulted in green (521/544 nm) and red emissions (660 nm) [8], [37], [82], 

[84], [86].  



Chapter 4 

               

           THE HONG KONG POLYTECHNIC UNIVERSITY 

Tsang Ming Kiu Page 48 

 

  

 

 

Figure 4.3 Upconversion spectrum of the PEI modified Ba2LaF7:Yb/Er UCNPs and the 

right inset shows the photograph of the Ba2LaF7:Yb/Er UCNPs colloidal solution (1 

wt%) excited by 980 nm laser. 

 

Figure 4.4 Simplified energy level diagram of Yb/Er system. 

4.1.3.3 Surface group characterization 

 The successful capping of PEI on the surface of Ba2LaF7:Yb/Er UCNPs is 
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supported by the FTIR analysis. Fig. 4.5 shows the IR transmission spectrum of the 

UCNPs and the wavenumber located around 3439 cm
-1 

is due to O-H and/or N-H 

stretching vibration. In addition, the absorption peaks at 1409, 2850 and 2928 cm
-1

 are 

ascribed to the stretching vibrations of C-N bond and asymmetric and symmetric 

stretching vibrations of C−H bond, respectively. Also, a strong IR absorption band at 

1638 is observed and this band is attributed to the N-H bond bending mode of amino 

group (-NH2) and thereby supports the successful capping of PEI on the surface of the 

UCNPs [107-108]. 

 

 

Figure 4.5 FTIR spectrum of the PEI modified Ba2LaF7:Yb/Er UCNPs. 

4.1.3.4 In-vitro fluorescent bioimaging of HeLa cells 

 In the upconversion photoluminescence experiment, Ba2LaF7:Yb/Er UCNPs 

were excited by 980 nm laser and able to emit intense green and red UC emission. Also, 

the small size (< 20 nm) and good biocompatibility of the UCNPs favored them as a 
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fluorescent bioimaging agent. To verify the bioimaging ability, Ba2LaF7:Yb/Er UCNPs 

(100 µg ml
-1

) was incubated with HeLa cells for 24 h at 37 
o
C with 5 % CO2 for in-vitro 

fluorescent imaging. Firstly, the bright field image of HeLa cells (Fig. 4.6a) was taken 

to locate the position of cells. Upon 980 nm excitation, the fluorescent images of HeLa 

cells were detected in green (500-600 nm) and red (600-700 nm) channels. The HeLa 

cells are imaged clearly in Fig. 4.6b and c, which confirms the successful uptake of 

Ba2LaF7:Yb/Er UCNPs. Moreover, the corresponding intensity of green and red is 

similar to the observed UC emission spectrum that the green emission is more intense 

than the red emission. Fig. 4.6d-f shows the magnified bright field and respective 

fluorescent images of HeLa cells. These results indicated that the UCNPs had been 

uptaken by HeLa cells and reached the cytoplasm. 

 

 

 Figure 4.6 In-vitro imaging of the PEI modified Ba2LaF7:Yb/Er UCNPs in HeLa cells: 

 

 

 

(c) (b) (a) 

 

(d) 

 

(e) 

 

(f) 
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(a) bright field image of HeLa cells (low magnification) , (b) corresponding green UC 

fluorescent image (500–600 nm), (c) the red emission UC fluorescent image (600–700 

nm) (d) bright field image of HeLa Cells (high magnification), (d) corresponding green 

UC fluorescent image (500–600 nm), (e) the red emission UC fluorescent image (600-

700 nm). The concentration of UCNPs was 100 µg mL
-1

 and the incubation time was 24 

h. 

4.1.3.5 Cytotoxicity 

 Apart from satisfactory signal to noise ratio (SNR) for obvious fluorescent 

images, an ideal UC fluorescent imaging probe should present low toxicity. MTT assay 

was carried out to measure the toxicity of Ba2LaF7:Yb/Er UCNPs. HeLa Cells were 

incubated with Ba2LaF7:Yb/Er UCNPs at 37 
o
C for 24 h and 5% CO2 at four different 

concentrations. Fig. 4.7 summarizes the cell viability at the corresponding concentration 

of Ba2LaF7:Yb/Er UCNPs. At 100 µg mL
-1

, the cell viability is above 90 % which 

indicates the UCNPs concentration in bioimaging is of low toxicity. Importantly, when 

the concentration increases to 2500 µg mL
-1

, the cell viability is able to maintain above 

80 %. The fluorescent bioimaging and toxicity results indicate that the as-synthesized 

PEI-modified Ba2LaF7:Yb/Er UCNPs are low toxicity fluorescent bioimaging agent 

with no autoflourescence.  
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Figure 4.7 MTT assay for cytotoxicity of the PEI modified Ba2LaF7:Yb/Er UCNPs in 

HeLa cells. The PEI modified Ba2LaF7:Yb/Er UCNPs were incubated with HeLa cells 

at 37 
o
C for 24 h. 
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4.2  Dual-modal fluorescent/magnetic imaging by BaGdF5:Yb/Er  

UCNPs 

4.2.1 Introduction 

In the previous Section, PEI modified Ba2LaF7 UCNPs present small average 

size (~ 18 nm) for bioimaging. The corresponding UC fluorescent images of HeLa cells 

are recorded in red and green channels. Fluorescent image provides good planar 

resolution but this technique is not able to image the 3D structures of soft tissues and 

organs [62]. Hence, it is important to increase the number of modes for bioimaging. 

Multi-modal imaging techniques, such as MRI and CT, are able to compensate the 

weakness of fluorescent imaging. 

It is known that Gd doped NaGdF4 UCNPs are able to demonstrate T1 and T2-

wieghed MRI [53]. Unfortunately, the reported material is sodium based UCNPs. 

Recently, Lin’s group reported a thermal decomposition method to synthesize core-shell 

structured BaGdF5 which showed higher UC efficiency than hexagonal phase NaYF4 

UCNPs [109]. However, the as-synthesized core-shell structured BaGdF5 UCNPs were 

hydrophobic and therefore they were not suitable for bioimaging applications. 

Additionally, BaGdF5 provided additional paramagnetic property compared to NaYF4 

UCNPs because of the large magnetic moment of Gd
3+

 ions. 

In this part, dual modal fluorescent/magnetic BaGdF5 bioprobe were synthesized 

by a one-step hydrothermal synthesis with PEI modification. As-synthesized UCNPs 

can be readily dispersed in water and they have a size range of 8-15 nm which is ideal 

for bio-imaging application. Moreover, strong paramagnetic behavior was also detected 
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in the UCNPs. To test the biological imaging application of the PEI modified 

BaGdF5:Yb/Er UCNPs, in-vitro fluorescent imaging and T1-weighted MRI was 

achieved. In addition, MTT assay indicated that the BaGdF5:Yb/Er UCNPs has low 

cytotoxicity. The BaGdF5:Yb/Er UCNPs with no autofluorescence and low toxicity are 

expected to be a useful bioimaging probe. 

4.2.2 Experimental 

4.2.2.1 Hydrothermal synthesis of PEI-modified BaGdF5:Yb/Er UCNPs 

Water-soluble and PEI-modified BaGdF5:Yb/Er UCNPs with high 

monodispersity were synthesized by a modified one-pot hydrothermal method [24] [88]. 

The synthesis procedures are the same as the aforementioned steps in section 4.1.2.1 

and the molar ratio of RE dopants are changed to 78 : 20 : 2 with Gd(NO3)3 (0.5 M), 

Yb(NO3)3 (0.5 M) and Er(NO3)3 (0.1 M). 

4.2.2.2 Characterizations 

The characterization techniques are the same as mentioned in section 4.1.2.2 

while ζ-potential measurements were performed on a Zetasizer 3000 HAS (Malven 

Instruments, UK) and the magnetization of BaGdF5:Yb/Er UCNPs was measured as a 

function of the applied magnetic field ranging from -20 to 20 kOe at room temperature 

(RT) using a Lakeshore 7410 vibrating sample magnetometer (VSM). 

In this section, HeLa cells are still used as the cell line for fluorescent 

bioimaging. Also, the cell incubation and MTT assay procedures are the same as 

described in section 4.1.2.2. The fluorescent agent was changed to BaGdF5:Yb/Er 

instead of Ba2LaF7:Yb/Er  UCNPs. 
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 The relaxation property of the amine-functionalized BaGdF5:Yb/Er UCNPs was 

characterized on a 3T Siemens Magnetom Trio by detecting the longitudinal relaxation 

times (T1) using a standard inversion-recovery (IR) spin-echo sequence. The molar 

relaxivity 1/T1 (R1) can be determined by the slope of the following equation [108]. 

 

(1/T1)obs = (1/ T1)d + R1[M] 

 

Where (1/T1)obs and (1/T1)d are the observed values in the presence and absence of 

BaGdF5 UCNPs, respectively. [M] is the concentration of BaGdF5 UCNPs. The T1-

weighted MRI images were acquired at RT using a 3T Siemens Magnetom Trio. Various 

concentrations of amine functionalized BaGdF5:Yb/Er UCNPs (0, 0.2, 0.4, 0.8 mM) 

water solutions were put in a series of 1.5 mL tubes for T1-weighted MRI with a T1-

weighted sequence. 

4.2.3 Results and discussion 

4.2.3.1 Structural property 

The size and morphology of amine-functionalized BaGdF5:Yb/Er UCNPs was 

revealed by TEM. Fig. 4.8a, b and f shows the UCNPs present a spherical-like 

morphology and the average size of UCNPs is about 10 nm. The selected area electron 

diffraction (SAED) pattern of the UCNPs is shown in Fig. 4.8c and the patterns suggest 

that the as-prepared UCNPs demonstrate cubic phase structure. Moreover, the observed 

lattice fringes in the high resolution TEM (HRTEM) image in Fig. 4.8d confirms the 

single crystalline nature and high crystallinity of the UCNPs. The inset of Fig. 4.8d 
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shows the corresponding fast Fourier Transformation (FFT) pattern of a single UCNP 

which results in regular diffraction spots along the [111] zone axis and therefore 

suggesting that the UCNPs have a single crystalline nature. Also, the inter-planar 

separation, d, is found to be about 2.13 Å, which is close to the d value of the (220) 

plane of the face-centre cubic phase of BaGdF5. Moreover, the XRD pattern in Fig. 4.8e 

matchs well with the standard XRD pattern of cubic phase BaGaF5 and no other 

spurious peaks are detected. To verify the chemical composition of BaGaF5:Yb/Er, 

energy dispersive X-ray spectroscopy (EDS) was applied and the corresponding EDS 

spectrum is shown in Fig. 4.8g. The EDS peaks are mainly due to Ba, Gd, F and Yb. 

Due to the low level doping of Er, this element is not detected in the spectrum. 

However, it is important to note that the strong EDS peaks from Cu and C are due to the 

TEM copper grid and the carbon film covering the copper layer. The EDS spectrum has 

confirmed the chemical composition of the as-synthesized BaGdF5:Yb/Er UCNPs.  
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Figure 4.8 TEM and XRD results of the amine-functionalized BaGdF5:Yb/Er UCNPs: 

(a) typical low magnification TEM image, (b) high-magnification TEM image, (c) 

SAED, (d) HRTEM image of single particle, (e) XRD pattern, (f) histogram of the 

particle size distribution, (g) energy dispersive X-ray (EDS) spectrum. 

4.2.3.2 Surface group characterization 

 In order to enhance the water dispersibility and cell uptake of BaGdF5:Yb/Er 

UCNPs, PEI was selected as the surfactant in hydrothermal synthesis. From earlier 

report, it is known that the capping of positively charged amino group on the surface of 

NPs can enhance the water solubility and facilitates cell-uptake compared with some 

neutral and negatively charged polymers such as polyvinylpyrrolidone (PVP) and 

polyacrylic acid (PAA) [110]. Firstly, the ζ-potential of the colloidal amine-

functionalized BaGdF5:Yb/Er UCNPs was measured to be about +27.6 mV and this 

confirmed the positive surface nature of UCNPs thus providing a primary evidence of 

successfully capping of PEI on UCNPs. The capping of PEI was further revealed by 

FTIR spectrometry and the corresponding FTIR spectrum is shown in Fig. 4.9. A 

broadband absorption is observed at 3449 cm
-1

 and it is attributed to the amine (N-H) 
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bond stretching vibration [107]. 

 

Figure 4.9 FTIR spectrum of the amine-functionalized BaGdF5:Yb/Er UCNPs. 

4.2.3.3 Upconversion photoluminescence 

 In order to demonstrate the enhancement of water solubility due to capping of 

PEI, the as-prepared BaGdF5:Yb/Er UCNPs are dispersed in water to form a colloidal 

solution (1 wt%) of BaGdF5:Yb/Er UCNPs solution is shown in the left inset of Fig. 

4.10a. The high transparency of the solution indicates good water solubility of UCNPs 

in water. Moreover, the right inset of Fig. 4.10a shows intense and eye-visible green UC 

emission from UCNPs under illumination of 980 nm laser diode (LD). Fig 4.10a depicts 

the UC emission spectrum of PEI-modified UCNPs and three strong emission bands 

centered at 521, 544 and 660 nm are observed. The power law for UC is applied to 

realize the physical mechanism of the UC at 521, 544 and 660 nm, generally, the 

formula is given by IUC α I
n

IR .The formula describes that the output UC luminescent 

intensity (IUC) is proportional to the infrared excitation (IIR) power and n is the number 
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of pump photons required to populate the upper emitting level and its value can be 

obtained from the slope of the line in the plot of log IUC against log IIR [35]. Fig. 4.10b 

shows a log-log plot of the UC emission intensity as a function of pump power intensity 

for each of the observed emission band. From the slope, n can be found and the values 

for 521, 544 and 660 nm are 1.76, 1.79 and 1.55 respectively. These values indicate that 

the UC at the respective wavelengths are two photon UC process. In addition, the 

existence of the three emission bands can be deduced by the simplified energy level 

diagram in Fig. 4.4. According to the diagram, it was clear that UC process is initiated 

by the absorption of 980 nm IR photon by Yb
3+

 ion, then energy is transferred to the 

neighboring Er
3+

 ion in the form of phonon due to upward transition of Yb
3+ 

from 
2
F7/2 

to 
2
F5/2. Owing to the ladder-like and well matching of energy level of Er

3+
 ion, the Er

3+
 

ion was pumped to higher energy levels. It is also important to note that the life time for 

the metastable state of Er
3+

 ion was long to facilitate pumping of Er
3+

 ion to higher 

energy level is possible. As a result, Er
3+

 ion is pumped from 
4
I15/2 to 

4
I11/2 and 

4
F7/2. 

Subsequently, non-radiative transition and downward transition result in three emission 

bands at 521, 544 and 660 nm due to electronic transitions:
 2
H11/2, 

4
S3/2 and 

4
F9/2 to 

4
I15/2 

of Er
3+

 ion respectively. 
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Figure 4.10 (a) UC spectra of the amine-functionalized BaGdF5:Yb/Er NPs, the left 

inset showed the optically transparent solution of BaGdF5 NPs dispersed in water, the 

right inset showed the photograph of the transparent solution excited by 980 nm laser, 

(b) log-log plots of the UC luminescence intensity versus excitation power study of 

BaGdF5:Yb/Er NPs. 

4.2.3.4 In-vitro bioimaging 

 Owing to the strong and eye-visible luminescence property of water dispersible 

PEI-modified BaGdF5:Yb/Er UCNPs, they had high potential to be used in in-vitro 

imaging. As a result, the UCNPs (100 µg mL
-1

) were readily incubated with HeLa cells 

at 37 
o
C with 5% CO2 for 24 h under multi-photon confocal microscopy. The 

luminescence of UCNPs in HeLa cells excited by 980 nm photons were detected in two 

channels: green (500-600 nm) and red (600-700 nm). Fig. 4.11a shows a bright field 

image of the as-incubated HeLa cells and the respective UC luminescence images are 

shown in Fig. 4.11b and c. It is clear that the UCNPs are effectively uptaken by the 

HeLa cells and hence the cell membrane is imaged under 980 nm excitation. Moreover, 

the intensity of the green UC image in Fig. 4.11b is stronger than red color in Fig. 4.11c. 
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Indeed, this observation is consistent with the PL spectra of Fig. 4.10a. The power 

dependent UC luminescence of UCNPs in HeLa cells are examined by using the red 

channel. Fig. 4.12b, c and d show a series of red UC image of incident laser power 

ranging from 300 to 800 mW. First, this result indicates that there was no background 

fluorescence under a high pumping power (800 mW) and thus resulted in good signal to 

noise ratio. Second, the enhanced red UC signal further confirms the incubation of 

UCNPs in HeLa cells. 

 

Figure 4.11 In-vitro imaging of the PEI modified BaGdF5:Yb/Er colloidal UCNPs in 

HeLa cells: (a) bright field image of HeLa cells, (b) corresponding green UC 

fluorescent image (500–600 nm), (c) the red emission UC fluorescent image (600–700 

nm). The concentration of UCNPs was 100 µg mL
-1

 and the incubation time was 24 h. 
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Figure 4.12 Power dependent In-vitro imaging of HeLa cells upon excitation by 980 nm 

laser with different excitation power after being incubation of amine-functionalized 

BaGdF5:Yb/Er UCNPs: (a) bright field image, and: (b) 300 mW, (c) 500 mW, (d) 800 

mW, (e) the corresponding upconverting in-vitro emission spectra obtained from Fig. 

4d. The concentration of UCNPs was 100 µg mL
-1

 and the incubation time was 24 h. 

4.2.3.5 Cytotoxicity 

MTT assay was used to examine the cytotoxicity of BaGdF5:Yb/Er UCNPs. 

Different concentrations of BaGdF5:Yb/Er UCNPs were prepared and incubated with 

HeLa cells at 37 
o
C, 5% CO2 for 24 h. Fig. 4.13 suggests that the cell viability is over 

90 % at 100 µg mL
-1 

UCNPs. When the concentration of UCNPs is increased to 2500 

µg mL
-1

, the viability of cells is still able to maintain above 80%. As a result, the as-

synthesized PEI-modified BaGdF5:Yb/Er UCNPs is a low toxicity and promising 

fluorescent bio-probe with no autofluorescence. 
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Figure 4.13 MTT assay for cytotoxicity of the BaGdF5:Yb/Er UCNPs in HeLa cells. 

The UCNPs were incubated with HeLa cells at 37 
o
C for 24 h. 

4.2.3.6 Magnetic resonance imaging 

 It is known that Gd
3+

 ions possess large magnetic moment and the doping of this 

ion into BaGdF5:Yb/Er UCNPs enables the magnetic property. As a result, it is possible 

for the UCNPs to be used as a magnetic resonance imaging (MRI) contrast agent. 

Firstly, the magnetic property of BaGdF5:Yb/Er UCNPs was revealed by VSM and the 

corresponding magnetization is measured from the applied magnetic field range -20 

kOe to 20 kOe under room temperature (Fig. 4.14a). The UCNPs exhibit paramagnetic 

behavior and the paramagnetism in the UCNPsias originated from the seven unpaired 

inner 4f electrons, which are closely bound to the nucleus and effectively shielded by 

the outer closed shell electrons 5s
2
5p

6
 from the crystal field [2], [61]. The magnetic 

mass susceptibility of the amine-functionalized BaGdF5 UCNPs is found to be 4.72 x10
-

5
 emu/gOe. The magnetization of BaGdF5 UCNPs is about 0.95 emu/g at 20 kOe, which 
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was close to the value reported for nanoparticles used for common bioseparation [2], 

[82], [84]. After that, different concentrations of UCNPs were prepared to demonstrate 

the feasibility of using BaGdF5 UCNPs as MRI contrast agent. A 3 T MRI scanner is 

applied to study the ionic longitudinal relaxivity (R1) at different molar concentrations. 

From the slope of Fig. 4.14b, the molar relaxivity is found to be 1.194 S
-1 

mM
-1

. 

Moreover, Fig. 4.14c show the typical concentration dependent MRI images of BaGdF5 

UCNPs and it can be clearly seen that the MRI contrast is greatly enhanced upon 

increment of UCNPs concentrations. Therefore, BaGdF5 UCNPs may be able to be used 

as a T1-weighted MRI contrast agent. Here, the results presented a simple protocol to 

prepare bi-functional UCNPs (fluorescent and magnetic property) and it had 

significantly reduced the need for complicated procedures. 
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Figure 4.14 (a) Magnetization as a function of applied field for BaGdF5:Yb/Er UCNPs 

at room temperature, (b) relaxation rate R1 (1/T1) versus various molar concentrations 

of BaGdF5:Yb/Er UCNPs at room temperature using a 3 T MRI scanner, (c) T1-

weighted images of BaGdF5:Yb/Er UCNPs with different concentrations (mM) in water. 
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4.3  Multi-modal fluorescent/MRI/CT imaging by BaGdF5:Yb/Er 

UCNPs 

4.3.1 Introduction 

 Recently, much effort has been focused on studying bioimaging because of its 

ability to visualize and realize many features, functions and structures of cells and 

tissues. Fluorescent imaging [96], [111-112], magnetic resonance imaging (MRI) [86], 

[113-114] and computed X-ray tomography (CT) [115-117] are three important 

bioimaging techniques. Among them, CT is a well-established clinical diagnostic 

technique which is capable of providing high-resolution 3D information of the anatomic 

structure of tissues based on the difference in X-ray absorption of the tissues. However, 

this imaging technique is limited by the low absorption of soft tissues and thus limits its 

applications in disease detection. On the other hand, MRI is capable of imaging 

excellent 3D soft tissue details and functional information because of the non-intrusive 

radiation. Despite the superior features of CT and MRI, they have limited planar 

resolution which is not suitable for cellular level imaging. In this regard, fluorescent 

imaging can compensate the shortage. As a result, it is worth to combine the three 

imaging techniques into a single system. 

To date, there are limited reports about the development of trimodal imaging 

bioprobe. Recently, a trimodal fluorescent/MRI/CT imaging system based on CdS: 

Mn/ZnS quantum dots were reported [118]. Unfortunately, quantum dots suffer from 

non-idealities such as high toxicity and shallow penetration depth in tissues owing to 

the UV excitation. Hence, these non-idealities limited their biological applications. On 
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the other hand, NaYF4 is a frequently reported UC fluorescent bioimaging agent [103-

104], [119] and a recent report about the design of a trimodal bioimaging agent based 

on PEGylated NaY/GdF4:Yb/Er, Tm@SiO2-Au@PEG5000 UCNPs synthesized by co-

thermolysis method in non-hydrolytic solvents and multi-step synthesis [120]. The 

problem of non-hydrophilic is solved by further surface modifications in which results 

in complicated and costly procedures. Thus, it is worthwhile to develop a facile method 

to prepare trimodal fluorescent/MRI/CT bioimaging agent. Previously, RE doped 

BaGdF5 UCNPs demonstrate outstanding UC property with paramagnetic property 

because of the large magnetic moment of Gd
3+

 ions. By combining the two properties, a 

dual-modal fluorescent/MRI bioprobe was developed for biomedical applications [51], 

[86]. What deserved to be mentioned is the large K-edge values of barium (Ba) and 

gadolinium (Gd) in BaGdF5 (Ba K-edge: 37.4 keV, Gd K-edge: 50.2 keV) [121] and 

high X-ray mass absorption coefficients (at 60 keV, Ba: 8.51 cm
2
 g

-1
, Gd: 1.18 cm

2 
g

-1
; 

at 80 keV, Ba: 3.96 cm
2
 g

-1
, Gd: 5.57 cm

2
 g

-1
) [122] which enable them for potential CT 

contrast imaging applications. Considering the different X-ray mass absorption 

coefficients and large K-edge values, BaGdF5 host have high potential as CT contrast 

imaging agents at different photon energies for different groups of patient in clinical CT 

applications. Moreover, BaGdF5:Yb/Er based trimodal fluorescent/MRI/CT probe has 

not been reported. 
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4.3.2 Experimental 

4.3.2.1 Hydrothermal synthesis of PEG-modified BaGdF5:Yb/Er UCNPs 

Other materials and concentration of RE dopants are the same as section 4.1.2.1 

and 4.2.2.1. The surfactant PEI was changed to Poly (ethylene glycol) methyl ether 

(PEG, average molecular weight = 5000), which was purchased from Sigma-Aldrich.  

PEG-modified BaGdF5:Yb/Er UCNPs were synthesized by a one-pot 

hydrothermal method [86]. The synthesis procedures were identical to the steps 

described in section 4.2.2.1 and 4.2.2.2. The surfactant was changed from PEI to PEG. 

4.3.2.2 Characterizations 

The characterizations of PEG modified BaGdF5:Yb/Er UCNPs were the same as 

described in section 4.2.2.2 while the PEI-modified BaGdF5:Yb/Er UCNPs was 

changed to PEG-modified BaGdF5:Yb/Er UCNPs. 

PEG-modified BaGdF5:Yb/Er UCNPs at different concentrations (0, 5, 10, 20, 

40, 80 mM) were dispersed in de-ionized water for in-vitro CT imaging. In order to 

study the in-vivo CT imaging, a mouse was first anesthetized by intraperitoneal 

injection of chloral hydrate solution (10 wt%), and then 500 µL physiological saline 

solutions containing the PEG-modified BaGdF5:Yb/Er UCNPs (0.05 M) were 

intravenously injected into the mouse via the mouse’s caudal vein. CT images were 

acquired using ZKKS-MCT-Sharp (Chinese Academy of Sciences and Guangzhou 

Kaisheng Medical Technology Co., Ltd.) as following parameters: thickness, 0.14 mm; 

pitch, 0.07; 60 KVp, 0.5 mA; large field view; gantry rotation time, 0.5 s; speed, 5 

mm/s. 
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4.3.3 Results and discussion 

4.3.3.1 Structural property 

 TEM image of the as-prepared BaGdF5:Yb/Er UCNPs is shown in Fig.4.15a. 

The UCNPs demonstrate excellent monodispersity. The UCNPs present spherical 

morphology with a measured average size of 12.02 ± 1.55 nm (inset of Fig. 4. 15a). In 

addition, the selected area electron diffraction (SAED) pattern in Fig. 4.15b indicated 

that the as-synthesized UCNPs are face-centered cubic (FCC) structure. High resolution 

TEM (HRTEM) image of a single NP is captured (Fig. 4.15c) and clear lattice fringes 

are observed. The measured d-spacing of 2.1 Å matches well with the (220) standard 

lattice plane of FCC phase of BaGdF5. To further confirm the phase structure of PEG-

modified BaGdF5, powder X-ray diffraction (XRD) was applied to detect the phase 

composition. In Fig. 4.15d, the diffracted peaks are readily indexed to FCC BaGdF5 

(JSPDS 24-0098) and no impurity peaks were detected. Moreover, the substitution of 

Gd
3+

 by Yb
3+

 ions results in the shifting of diffracted peak to higher 2-theta angle in Fig. 

4.15d [81-82], [84]. The chemical composition of BaGdF5 UCNPs was investigated by 

energy dispersive X-ray spectroscopy (EDS) and Fig. 4. 15e suggests that the UCNPs 

consist of Ba
2+

, Gd
3+

, F
-
 and Yb

3+
 ions, in which Yb

3+
 ions were successfully doped into 

the BaGdF5 matrix. It should be noted that the C and Cu peaks are due to the TEM 

copper grid and the covered carbon film on the supporting copper. 
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Figure 4.15 (a) TEM image and (inset) the size distribution with average size in nm (b) 

selected area electron diffraction (SAED) pattern (c) high resolution TEM (HRTEM) of 

a single NP showing the d-spacing (d) X-ray diffraction pattern indexed with standard 

FCC BaGdF5 (JSPDS 24-0098) (e) energy dispersive X-ray spectrum of PEG-modified 

BaGdF5 :Yb/Er UCNPs. 

4.3.3.2 Surface group characterization 

 Multi-functional PEG-modified BaGdF5:Yb/Er UCNPs were synthesized by a 

one-step hydrothermal method using PEG as capping agent. Firstly, Fig. 4.16 shows the 

Fourier transform infrared (FTIR) spectrum and the broad absorption band centered at 

3451 cm
-1

 is due to the O-H bond stretching vibration. Moreover, the absorption peaks 

at 1634 and 1496 cm
-1

 are attributed to the methylene scissoring and C–O–C stretching 

vibration [88]. The FTIR results indicate the successful capping of PEG on the surface 
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of BaGdF5: Yb/Er UCNPs.  

 

Figure 4.16 FTIR spectrum of the PEG-modified BaGdF5:Yb/Er UCNPs. 

4.3.3.3 Upconversion luminescence 

 The UC property of PEG-modified BaGdF5:Yb/Er UCNPs was examined by 

980 nm laser excitation. The resultant UC spectrum is shown in Fig. 4.17a. In the inset 

of Fig. 4.17a, intense and eye-visible green UC emission is observed in a 1 wt% 

colloidal solution of PEG-modified BaGdF5:Yb/Er. From the UC emission spectrum, 

three UC emission peaks centered at 520, 544 and 660 nm are observed and the 

existence of corresponding emission peaks could be deduced by using the simplified 

energy level diagram of Yb/Er system (Fig. 4.4). The three emission bands with peaks at 

520, 544 and 660 nm are attributed to the following electronic transitions: 
2
H11/2 /

4
S3/2 

→ 
4
I15/2 and 

4
F9/2 → 

4
I15/2 of Er

3+
 ions. To further reveal the UC mechanism of the 

transitions in Er
3+

 ions, the UC power dependence of the UC emission wavelengths 
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were studied by using the following formula, IUC α I
n

IR ,where n is the number of NIR 

photon absorbed for per visible photon emitted and its value can be obtained from the 

slope of by linear fitting in the plot of log IUC versus log IIR (Fig. 4.17b) [86]. The slope 

values of the linear fit for the green and red emissions at 520, 544 and 660 nm are 2.05, 

1.95 and 1.92, respectively. These values are close to two which means that a two 

photon UC process was involved in both green and red UC luminescence. Hence, the 

slope values can support the deduction in the simplified energy level diagram. 

 

 

Figure 4.17  (a) UC photoluminescence spectrum of PEG-modified BaGdF5:Yb/Er 

UCNPs under 980 nm laser excitation (inset showing intense green UC emission with 1 

wt% UCNPs colloidal solution) (b) Log-log plot of UC intensity at 520,554 and 660 nm 

against output 980 nm laser excitation. 

4.3.3.4 In-vitro fluorescent bioimaging and cytotoxicity 

 To test the bio-imaging ability of the PEG-modified BaGdF5:Yb/Er UCNPs, 

UCNPs (150 µg ml
-1

) were incubated with HeLa cells at 37 
o
C for 24 h under 5% CO2 

and then tested by confocal optical microscopy. The fluorescent bio-imaging were 

detected at green (500-600 nm) channel and red (600-700 nm) channel (Fig. 4.18). In 
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Fig. 4.18b and c, the cells appear green and red under 980 nm laser excitation and these 

results indicate the successful incubation of UCNPs into the HeLa cells. In addition, 

MTT assay (Fig. 4.19) shows that the as-prepared PEG-modified BaGdF5:Yb/Er 

UCNPs for fluorescent bio-imaging had low toxicity. In Fig. 4.19, the corresponding 

cell viability of HeLa cells at various concentrations are shown. At high concentration 

(2500 µg ml
-1

), the viability of HeLa cells could be maintained at about 86 % and it 

showed that the PEG-modified BaGdF5:Yb/Er UCNPs are promising fluorescent 

bioprobe with low toxicity. 

 

Figure 4.18 (a) bright field image of HeLa cells, (b) corresponding green UC 

fluorescent image (500-600 nm) and (c) the red emission UC fluorescent image (600-

700 nm) of in-vitro bioimaging of the PEG-modified BaGdF5:Yb/Er UCNPs (150 µg 

ml
-1 

in HeLa cells). 
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Figure 4.19 Cell viability of HeLa cells under various concentrations of PEG-modified 

BaGdF5: Yb/Er UCNPs incubated at 37 
o
C for 24 h under 5% CO2. 

4.3.3.5 Computed X-ray tomography imaging 

 Owing to the large X-ray K-edge values of Ba and Gd in PEG-modified 

BaGdF5:Yb/Er UCNPs, they have great potential to be used as a CT contrast agent. To 

test the CT imaging ability of the UCNPs, X-ray CT phantom images were captured by 

using different concentrations of PEG-modified BaGdF5:Yb/Er in deionized water at 60 

keV. In Fig. 4.20a, upon increment of concentrations of UCNPs, the CT images exhibit 

enhanced contrast. To analyze the results (Fig. 4.20b), the CT number called Hounsfield 

units (HU) increased linearly with the concentrations of the UCNPs which implies 

increased absorption at higher concentrations.  
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Figure 4.20 (a) CT images of water solutions under different concentrations and (b) the 

measured CT values (Hounsfield units, HU) of PEG-modified BaGdF5: Yb/Er UCNPs. 

 To further validate the in-vivo application of PEG-modified BaGdF5:Yb/Er 

UCNPs as a CT imaging bioprobe, a mouse was intravenously injected with PEG-

modified BaGdF5:Yb/Er UCNPs solution (500 mL, 0.05 M) and was detected by X-ray 

CT imaging at different injecting time (Fig. 4.21). Before injection, no soft tissues could 

be rendered by CT imaging (Fig. 4.21a). After injecting for 5 min, a weak signal of the 

spleen could be observed from the 3D volume-rendered (VR) CT image (Fig. 4.21b). 

When time increases to 30 to 60 min, enhanced CT image of the spleen could be 

observed in Fig. 4.21c and d. At 120 min, the spleen could be clearly imaged by 3D VR 
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(Fig. 4.21e) which manifests the UCNPs could be used as CT contrast imaging agent for 

splenic disease detection. Importantly, the persisting enhancement of the signal may 

improve the detection of diseases [117]. Moreover, owing to the different absorption 

coefficients of Ba and Gd at different photon energies in BaGdF5 (Fig. 4.22) [122] the 

UCNPs might meet the requirements from various groups of patients for diagnostic 

imaging. 
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Figure 4.21 In-vivo X-ray CT imaging of a mouse before and after intravenous injection 

of 500 mL of PEG-modified BaGdF5:Yb/Er UCNPs (0.05 M) at different time periods: 

(a) pre-injection, (b) 5 min, (c) 30 min, (d) 60 min, (e) 120 min. The left panel: 

maximum intensity projection (MIP), the middle panel: the corresponding 3D volume-

rendered (VR). In-vivo CT images of mice, the right panel: lateral view of 3D VR CT 

images. 
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Figure 4.22 X-ray K-edge absorption coefficients of Ba, Gd, and I at different photon 

energies [6]. Ba has maximum X-ray absorption coefficient at 60 keV and Gd possesses 

maximum X-ray absorption coefficient at 80 keV. The graph shows that our designed 

PEG-modified BaGdF5:Yb/Er UCNPs as CT contrast agent can achieve high CT 

contrast efficacy at different photon energy for various diagnostic imaging of various 

patient groups. 

4.3.3.6 Magnetic property 

 Gd possesses large X-ray k-edge value thus it can facilitate X-ray CT, however 

it should be noted that Gd
3+

 also provides the UCNPs additional paramagnetic property 

(Fig. 4.23) owing to the large magnetic moment of Gd
3+

 which enables it be used as an 

MRI contrast agent. The arising of paramagnetic property is due to the seven unpaired 

inner 4f electrons in Gd
3+

 [107]. The magnetization and magnetic mass susceptibility of 

PEG-modified BaGdF5 UCNPs at room temperature was found to be about 1.05 emu/g 

and 5.2 x 10
-5

 emu/g Oe at 20 kOe respectively. Importantly, these values are close to 
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the magnetization required for MRI and bio-separation applications [85], [107]. 

 

 

Figure 4.23 Magnetization as a function of applied magnetic field of PEG-modified 

BaGdF5:Yb/Er UCNPs at room temperature. 
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Chapter 5 Conclusions and suggestions for future work 

5.1  Conclusions 

The present work aims to develop a new generation of fluorescent labeling 

agents based on RE doped phosphor. All RE doped phosphors are synthesized by a one-

step hydrothermal method with surface modifiers to enhance water dispersibility.  

Bi-functional NaGdF4:Yb/Er UC phosphors with fixed amount of 3MPA, PEG 

and PEI possess UC and paramagnetic properties. Contrary to those common 

approaches, a simple protocol for simultaneous control of α to β-NaGdF4 and tunable 

UC emission with different RGRs are demonstrated in 3MPA, PEG and PEI modified 

phosphors. When the phase was changed from α to β-NaGdF4, the shape of phosphors 

was changed from a mixture of rods and spherical particles to pure spherical particles. 

Upon excitation of 980 nm laser, the phosphors exhibited tunable UC luminescence. 

Additionally, PEG modified phosphors exhibited intense CL emission under low 

voltage electron beam irradiation. Also, the phosphors possessed paramagnetic behavior 

with magnetic mass susceptibility and magnetization of 8.36 × 10
-5

 emu/gOe and 1.538 

emu/g at 20 kOe. These results demonstrated that the phase, shape, and UC colors could 

be simultaneously modified simply by adjusting the surface modification agents. It is 

expected that these phosphors with tunable UC and paramagnetic property have high 

potential applications in lightings, anti-fake labeling systems and displays.  

Besides, water dispersible Ba2LaF7:Yb/Er UCNPs were synthesized by simple 

and low temperature one-step hydrothermal reaction. While maintaining detectable 

upconversion luminescence for bioimaging application, the as-synthesized UCNPs 
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presented pure cubic phase structure, which had completely been absent of phase 

transition leading to large size in most reported UCNPs.  The small-size UCNPs with 

PEI modification enable them to be suitable for bioprobe and the Ba2LaF7:Yb/Er 

UCNPs had successfully demonstrated fluorescent bioimaging in HeLa cells. Also, the 

Ba2LaF7:Yb/Er UCNPs exhibited a low toxicity at high concentrations. As a result, the 

Ba2LaF7:Yb/Er UCNPs are expected to be a very useful fluorescent bioprobe. 

Furthermore, a new type of bi-modal imaging probe based on PEI modified 

BaGdF5:Yb/Er UCNPs was synthesized for fluorescent imaging and T1-weighted MRI 

applications. The PEI modified BaGdF5:Yb/Er UCNPs have an average size of about 10 

nm, making them ideal for bioprobes,. Owing to the positively charged amino group 

(+27.6 mV) on the surface, the novel UCNPs have high water solubility and could 

readily enter the cells. The as-prepared UCNPs were successfully used as fluorescent 

labels for the effective imaging of HeLa cells and the local luminescence ascribed to the 

energy transition of Er
3+

 ion was observed from fluorescent microscopy. Cytotoxicity 

assays revealed that the as-prepared UCNPs possess low toxicity. Moreover, 

BaGdF5:Yb/Er UCNPs presented excellent paramagnetic property and relatively large 

longitudinal relaxivity of 1.194 S
-1

 mM
-1

. Importantly, T1-weighted MRI showed that 

the PEI modified BaGdF5:Yb/Er UCNPs could be used as T1-MRI contrast agent.  

Additionally, PEG-modified BaGdF5:Yb/Er UCNPs nanoprobe with optimal 

small size for tri-modal UC luminescence/CT/magnetic imaging was developed by a 

simple one-pot hydrothermal method for the first time. Apart from previously reported 

UC in-vitro fluorescent imaging and MRI applications, the enhanced CT phantom 

images revealed the feasibilities of using these UCNPs for CT contrast agent. Moreover, 
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in-vivo CT image of a mouse demonstrated the prolong enhancement of signal of spleen 

for 2 h. More importantly, the long circulation time in-vivo of these UCNPs could help 

to detect splenic diseases and future targeted tumor imaging. Besides, owing to the 

different X-ray absorption coefficients of Ba and Gd, the PEG-modified BaGdF5:Yb/Er 

UCNPs can be used as a CT contrast agent at different operating voltages for various 

group of patients. 

5.2  Suggestions for future work 

A multi-modal imaging agent, BaGdF5:Yb/Er UCNPs has been developed in this 

work. The three imaging techniques including fluorescent, MRI and CT are important to 

reveal internal structure, functions and diseases of cells, tissues and organs. Owing to 

the attractive results, we believe that UCNPs have great potential for future biological 

applications. The following suggestions can be regarded as an extension of the present 

work. 

The present UCNPs emit intense visible radiation only. As a result, in-vitro 

fluorescent imaging is limited to visible region. However, some RE activators, such as 

Tm
3+

 and Yb
3+

 can emit NIR radiation upon illumination of NIR radiation. Therefore, 

NIR-NIR fluorescent imaging can be carried out  in-vitro or in-vivo in the future study. 

 Owing to the small size and polar surface of UCNPs, the UCNPs can be 

conjugated with other types of bio materials such as DNA, peptides and avidin. After 

conjugation, the UCNPs can be used as a bio-sensing system through the fluorescent 

resonance energy transfer (FRET) mechanism to sense the existence or the change in 

amount of bio materials by photoluminescence. 
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Besides, nowadays, tracking tumor cells is a trend in modern bioimaging. 

Hence, the surface of UCNPs can be modified according to the surface protein of 

specific tumor cells. After conjugation to tumor cells, photodynamic therapy (PDT) can 

be carried out at the same time to kill cancer cells by using radicals. 
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